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Editorial on the Research Topic 


Animal-derived foods in our diets: nutrition, health and social implications


Animal-derived foods (ADFs), including meat and meat products, milk and dairy products, fish and eggs, contribute vital nutrients to the diets of people around the world and low intakes have been linked to conditions such as stunted growth, poor bone development and anaemia. At the same time there is concern that some ADFs may pose a risk to health. There is also increasing worry about the environmental cost of some modes of ADF production and with the welfare of the animals involved. The aim of this Research Topic was to assemble a collection of research reports and reviews which give the reader insights into these important topics. Fourteen papers were published which included five reports on original research. Broadly, the papers have covered the whole food chain from the diet of the animal to food quality, human health, consumer attitudes, and food by-products.

Egelandsdal et al. highlighted the fact that animal breeding and feeding have been mainly focused on profitability and yield rather than improving the nutritional quality of ADFs. They proposed that sustainable food production from animals should be within the ‘One Health’ for animals and humans concept. Edirisinghe et al. reviewed the feed to fork concept for the use of sugarcane products as feeds for animals (pigs, poultry, ruminants and fish). They concluded that sugarcane products had promise for promoting growth in pigs, poultry and fish, in part by modulating inflammatory responses and enhancing immune cell activities. They also highlighted beneficial effects on meat tenderness but concluded that more research was needed. Another review examined the enrichment of ruminant meat with health benefiting fatty acids by appropriate animal diets (Ponnampalam et al.). They concluded that high quality pasture was superior for producing ruminant meat enriched with health enhancing fatty acids, notably those of the n-3 PUFA family. The paper of Halmemies-Beauchet-Filleau et al. showed that milled rapeseeds and oats in the diet of dairy cows not only reduced saturated fatty acids in the milk fat by 16-20%, increased cis-MUFA by about 50% but also reduced methane production by the cows by 20%. In addition, the organoleptic quality of the milk, butter, and cheese produced was not compromised by the modified lipid profile.

The paper of Eun demonstrated that changing dietary patterns in a region of South Korea, resulting from an outbreak of African Swine Fever, resulted in a reduction of household carbon dioxide emissions. This illustrated the fact that human dietary change can have a direct impact on the environment. The review by Wood et al. compared the environmental impact of ADFs when expressed per 100g of protein produced vs. the traditional per kg of food product. The former is a more realistic comparison but still disregards other beneficial nutrients present in many ADFs. Both comparisons showed ruminant meat to be linked with the highest environmental impact among foods.

Wood et al. also highlighted the substantial variation that exists in the nutritional composition of the different ADFs which is often ignored when plant-based alternative foods are proposed as a replacement. Smith highlighted the health benefits of oleic acid in the diet and what animal related diet and genotype factors influence its concentration in beef. They also concluded that there is little correlation between concentrations of fatty acids and the flavour of beef unless there are differences in the diet of the animal which can contribute to flavour (e.g. grass vs. grains).

Various aspects of the associations between ADFs and human health were covered in eight of the contributing papers. Wood et al. reviewed associations with chronic diseases in some depth with key conclusions that milk/dairy products have a broadly neutral association with CVD with some evidence that fermented dairy has been associated with a reduced risk of type 2 diabetes. A key conclusion was that higher intakes of processed meat are associated with increased risk of CVD, colorectal cancer and possibly dementia. This supports the current dietary guidance that consumption of processed meat should be low. There is still no clear understanding of what are the damaging components of processed meat and which processed meats pose the greatest problems. Ruedlinger et al. reported on a cross-sectional study in Chile examining processed meat consumption in the MAUCO cohort. Processed meat consumption is increasing and this study found that high consumption of it was associated with frequent consumption of other unhealthy foods and alcohol and was associated with increased risk of CVD. No association was found between self-reported cancer and processed meat, but the cohort does reside in a region with a high mortality rate for colon cancer. It is notable that Fairweather-Tait highlighted that haem iron, typically present in red meat, has a bioavailability consistently higher than non-haem iron present in plants and cereals and discusses the implications of this for vegetarian and vegan diets. It is recommended that vulnerable groups such as teenage girls and women of child-bearing age should have careful monitoring of their iron status. Xu et al. reviewed the health effects of naturally occurring trans fatty acids in foods from ruminants with focus on evidence from mainly observational studies suggesting their association with reduced risk of type 2 diabetes. It was concluded that this benefit has not been seen in some animal studies or human clinical trials although so far, the number of such studies is low. Nutritional issues in low- and middle-income countries (LMIC) were reviewed by Tiwari et al. with a focus on the benefits of ADFs, and eggs in particular, for improving nutrition, health and growth of young children. Whilst the evidence for the benefits of eggs is strong, there are few studies in LMIC, where there are social and cultural barriers to egg consumption. A key conclusion is that governments should develop policies that make eggs more affordable and have education targets to counter sociocultural factors which restrict egg consumption.

Additional aspects of consumer attitudes relating to food quality were considered by other contributing papers. Mulders et al. examined the factors which drive fresh pork purchase in China. They concluded that buying fresh meat is mostly driven by the anticipated pleasure and less by perceptions of quality, safety and healthiness. Lavranou et al. reported on the attitudes of Irish consumers towards hypothetical food products derived from beef offal sources which have been shown to contain worthwhile amounts of high-quality protein. Overall, they found that consumers who had been given benefit information regarding health and the environment of consuming the protein-containing products from beef offal had a more positive attitude toward the products. However, interestingly, the provision of benefit- and risk-orientated information at the same time also had a positive effect on deliberative evaluations. It was concluded that the results have implications for the development of new products and for strategies concerning sustainable food production and consumption.

The recycling of meat processing by-products is covered in two papers. The work of Lavranou et al. clearly represent a route by which products at the end of the meat processing chain can be usefully used. This subject of dealing with meat processing by-products was tackled in depth by Woodgate. Their review gives a history of the so-called rendering process and how it was impacted by the bovine spongiform encephalopathy (BSE) epidemic in Europe. It concluded that rendering is now regarded as an essential part of the food chain that correctly prioritises human and animal health and can now produce safe and environmentally sustainable products which benefit society.

Some papers in the Research Topic noted differences between countries and regions of the world in the conclusions from studies and in the approaches taken by governments. Wood et al. showed that the harmful effects of some ADFs on health have mainly been observed in high-income rather than LMIC. This could be due to differences in intakes. In some high-income countries, governments have considered the use of legislation to reduce the production of ADFs.

We are certain that this special Frontiers Research Topic has stimulated the production of excellent contributions that are concerned with many of the issues in the pathway of food production from animals through food processing, choice, consumption, human health and environmental impacts plus the final step of dealing with the end products of meat processing. The papers also confirm the high degree of diversity both within and between ADFs. This and related nutrition and health characteristics of these foods need to be fully accounted for in decisions concerning their replacement by plant-based alternatives. As always, there are issues that need further research, but the papers have highlighted many of these topics which will aid future thought and research planning.
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Processed meat consumption is increasing in Latin America. While in developed countries processed meat consumption has been associated with cardiovascular diseases and cancer, our region lacks data associated to its consumption and health impact. We characterized processed meat intake and associated factors in a population-based cohort of a Chilean agricultural county, MAUCO. We analyzed baseline dietary data of 7,841 participants, 4,358 women and 3,483 men (38–77 years), who answered an adapted Mediterranean index food frequency questionnaire. Eight percent of the participants presented high processed meat consumption (≥5 times per week). We explored associations of processed meat consumption with participant characteristics using multinomial logistic regression models. Main factors associated with higher consumption were being men, younger and currently employed, and having a high intake (>4 times per week) of red meat (Odds ratio, 2.71, 95% CI 2.10–3.48), butter/cream (1.96, 1.60–2.41), whole-fat dairy products (1.32, 1.04–1.67) and a high intake (≥1 time per day) of sugary snacks/sweets (2.49, 2.04–3.03) and sugary drinks (1.97, 1.63–2.38). Processed meat consumption associated to chronic diseases, particularly cardiovascular disease (Prevalence ratio, 2.28, 95% CI 1.58–3.29). Obesity mediated this association in a proportion of 5.0%, whereas for diabetes the proportion was 13.9%. In this population, processed meat was associated with other unhealthy dietary and lifestyle factors, as well as with chronic diseases, particularly cardiovascular disease.

KEYWORDS
 processed meat, meat consumption, Latin American, Mediterranean diet, population-based cohort, chronic diseases, cancer


Introduction

Worldwide daily consumption of red meat (beef, lamb and pork) is greater than what was recommended by the World Cancer Research Fund (WCRF) in 2018 (350–500g of weekly intake) (1) and even more than suggested as optimal by The Global Burden of Disease Study (GBD) (18–27 g per day) (2). Although both processed meat (i.e., meat transformed through salting, curing, fermentation, smoking, or other processes in order to enhance flavor or improve preservation) and red meat (unprocessed) have been associated with chronic diseases in different populations, the risk is clearer and stronger for processed meat (2–7), which represents a popular form of meat consumption. The associated health conditions are cardiovascular diseases like stroke (7) and coronary heart disease (5), cancer like renal cell carcinoma (8), breast (9–11), gastric (12, 13) and colorectal (14, 15), and type 2 diabetes (16, 17), including mortality due to these and all-causes (3, 4, 18, 19). High processed meat consumption is also associated to overweight and obesity (19), metabolic syndrome (20, 21), and hypertension (22, 23). Moreover, the International Agency for Research on Cancer classified processed meat as “carcinogenic to humans” (Group 1) on the basis of sufficient evidence for colorectal cancer, although a positive association was also reported for stomach cancer (6). Despite recent controversies questioning the evidence behind current international recommendations of limiting red meat and processed meat consumption (24), these risks continue to be warned as the quality of the evidence improves (25, 26).

Average processed meat consumption is well above the suggested intake (2) even in low-income settings in Latin America (27) and some regions of Africa and Asia (2). Low socioeconomic status has been related to higher processed meat consumption, particularly in Chile and Argentina (28), and also in high-income countries in Europe (29). In Latin America, processed meat consumption varies between Southern, Central, Tropical and Andean regions, ranging from 6.2 g/day to 24.8 g/day (28). Among the Organization for Economic Cooperation and Development countries, Chile has one of the highest red meat intakes per year (30). This increased from 81.2 to 89.1 kg/per capita between 2008 and 2013 (31), with pork being the most consumed (31, 32). In Chilean adolescents, in particular, processed meat intake is higher than unprocessed red meat (33).

As shown, most evidence of the health effects of processed meat consumption come from Asian, European and US populations. Given the high and growing consumption of processed meat in Latin America as well as the sustained increase of the chronic diseases associated to it -reported elsewhere (2, 34–38)- an assessment of the magnitude and impact of this preventable risk factor is urgently needed in Latin America. In Chile, processed meat intake has received little attention, even though previous studies showed the country had the highest consumption among 8 Latin American countries (28).

The MAUCO Cohort is located in the agricultural Molina County in the Maule Region, 200 km south of the capital city of Santiago. This population is characterized by the fact that in recent decades it has gone from being undernourished to suffering from excess caloric intake, and has one of the highest national rates of cardiovascular disease, stomach cancer and gallbladder cancer. In addition, poverty rates here dropped significantly in a short period of time (2009–2011) which implied advances in terms of sanitation. As the county economy is agriculture based, pesticide exposure is of particular interest in this population, as well as the study of other environmental risk factors in the development of chronic diseases (39). Here we present the frequency of processed meat consumption and its associated sociodemographic, health and lifestyle factors in this population-based cohort.



Materials and methods


Study design and setting

We conducted a cross-sectional analysis of baseline dietary data of all participants enrolled in the Maule cohort (MAUCO), from the agricultural county of Molina in the Maule Region, central Chile (39). This region is characterized for presenting one of the highest incidence rates for gastric cancer in men and women per 100,000 (regional 46.3 and 17.7 vs. 34.1 and 12.8 nationwide, respectively) (40), one of the highest mortality rates for colon cancer per 100,000 (regional 8.6 vs. 7.19 nationwide) (41) and a prevalence of cardiovascular risk factors above national average (42). MAUCO seeks to analyze the natural history of chronic diseases in Chile. Details of cohort recruitment and study protocols have been described elsewhere (39). In brief, selection criteria were: to be a resident of Molina for at least 6 months and without plans to move for the next 3 years, aged 38 to 74 years, and being able to consent autonomously. Individuals with a diagnosis of terminal illness were excluded (43). We included the 7,841 participants enrolled in the cohort between December 2014 and December 2019 and who had answered the question on consumption of processed meat. Written informed consent was obtained from all participants.



Dietary assessment

Baseline dietary assessment of the regularly consumed foods in the last 12 months was based on a food frequency questionnaire which included items from a Mediterranean diet survey (44). This Mediterranean diet was designed based on traditional food consumption habits in the European Mediterranean region with modifications to incorporate Chilean dietary habits. This “Chilean Mediterranean Diet Index” (Chilean MDI) was the first Mediterranean diet quality index to be adapted and validated specifically for use in Chile (45). The MAUCO food frequency questionnaire, adapted from the Chilean MDI, was applied in person by trained field staff. For each item, four to six consumption frequencies were available, depending on the food item. For example, response options ranged from “none” to “>3 time per day” for vegetables and to “>8 times per week” for whole-fat dairy products. With the exception of processed meat, the consumption frequency of all other dietary items was categorized into two levels based on recommendations for the Mediterranean diet (44–46). Box 1 summarizes the foods and cut-points used.

Box 1. Dietary items in food frequency questionnaire and cut-off points used.
	I. Items categorized according to frequency of intake
	1 Vegetables (1 serving = 1 cup) raw or cooked, consumed as salads, stews, soups made of natural vegetables, and hot side dishes (servings per day: ≥1/ <1).
	2 Fruits (1 serving = 1 cup), including raw, cooked or dried fruits as dried peaches, raisins, dried figs, others (servings per day: >2/ ≤ 2).
	3 Legume (1 serving = 1 plate), as soups, stews and salads, including lentils, chickpeas, beans, and dried or dehydrated peas (servings per week: >2/ ≤ 2).
	4 Nuts (1 serving = 1 handful) such as walnuts, almonds, hazelnuts, cashews, pistachios, peanuts, seeds, etc. (servings per week: >2/ ≤ 2).
	5 Whole grain cereals (1 serving = 1 cup or 2 slices of bread or 6 cookies/crackers), considering brown rice and whole-wheat pasta, whole-wheat bread, whole-grain breakfast cereals, whole-wheat cookies or crackers, and all kinds of dough or dishes made with whole-grain cereals (servings per day: ≥2/ <2).
	6 White meat including poultry, chicken, turkey and lean pork (times per week: ≤ 4/>4).
	7 Red meat considering beef, lamb and fatty pork (times per week: ≤ 4/>4).
	8 Fish or seafood (times per week: >2/ ≤ 2).
	9 Skimmed/fermented dairy products including skimmed, low-fat or fermented milk, all kind of yogurt, cultured milk, cottage cheese and fresh cheese (times per week: >4/ ≤ 4).
	10 Whole-fat dairy products such as milk and yogurt (times per week: ≤ 4/>4).
	11 Butter or cream (times per week: ≤ 4/>4).
	12 Olive oil (teaspoons per day: ≥3/ <3).
	13 Avocados (units per week: >3/ ≤ 3).
	14 Sugary snacks/sweets including candies, cookies, chocolates, and desserts with sugar like jelly, pies, cakes (times per day: <1/≥1).
	15 Sugary drinks (times per day: <1/≥1).
	16 Sugar (teaspoons per day: <4/≥4).
	17 Fried foods (times per week: ≤ 1/>1).
	18 Fresh green chili pepper (times per week: <5/≥5).
	19 Fresh red chili pepper (times per week: <5/≥5).
	20 Dried red chili pepper such as chili powder, chili paste or Chilean smoked chili pepper known as merken (tablespoons per week: <5/≥5).
	II. Processed Meat Meat products transformed through salting, curing, fermentation, smoking, or other processes, e.g., bacon, ham, sausages (including Chilean products as paté, longanizas and other meat by-products) and pre-made hamburgers. Participants were categorized into five groups (weekly frequency: non-consumers, <1, 1, 2–4 and ≥5 times per week).





Sociodemographic, lifestyle, anthropometric and health variables

All participants answered surveys about sociodemographics, lifestyle (i.e., tobacco and alcohol consumption), personal and family medical history, health status, and employment history, among others. Participants provided fasting blood, and received a hepatobiliary ultrasound exam, anthropometry and other physical (blood pressure, tooth count) and laboratory tests (glycemia, triglycerides, cholesterol, alanine aminotransferase, aspartate aminotransferase, among others). Metabolic syndrome score was constructed considering abdominal obesity, high Triglycerides, low HDL cholesterol, high blood pressure and high fasting glucose, according to ATP III criteria (47).

For the present analysis, the following variables were included: sex (male, female), age (years, 38–74), schooling (years completed); self-identified ethnicity (Chilean/Latin, other nationalities or ethnic groups); health insurance (public, private/other); employment status (occupied/employed, not employed); smoking status (current, former/never); drinking pattern (binge drinking: ≥3 drinks for women or ≥4 drinks for men per occasion; abstainers/other drinking patterns); number of chronic conditions (≥2 or <2), including diabetes (self-report or fasting glycemia ≥126 mg/dl or use of hypoglycemic drugs), cardiovascular disease (self-reported history of heart disease, heart failure, stroke or other, excluding hypertension), cancer (self-reported history), digestive symptoms (biliary colic, gastroesophageal reflux and gastritis symptoms in the last 12 months), non-infectious digestive diseases (self-reported history of gastric ulcer, irritable bowel syndrome, inflammatory bowel disease or other) and hypertension (use of hypotensive drugs or measured systolic blood pressure ≥130 mm Hg or diastolic blood pressure ≥80 mm Hg); remaining teeth (<20 or ≥20); waist circumference (cm); body mass index (BMI: >30kg/m2; ≤ 30kg/m2); Ultrasound-detected (48) fatty liver (any degree: yes; no) and gallbladder disease including cholecystectomy or gallstones (yes; no); metabolic syndrome (47) (yes; no); fasting blood glucose ≥126 mg/dl (yes; no); Low-Density Lipoprotein cholesterol (LDL) >160 mg/dL (yes; no); triglycerides ≥200 mg/dL (yes; no); High-Density Lipoprotein cholesterol (HDL) ≤ 40 mg/dL in men, ≤ 50 mg/dL in woman (yes; no); Aspartate Aminotransferase (AST) >48 UI/L (yes; no); and Alanine Aminotransferase (ALT) >55 UI/L (yes; no).



Statistical analysis

To characterize processed meat consumption we analyzed baseline sociodemographic, lifestyle and health characteristics of participants across categories of intake. We present this data as prevalence for categorical variables or as mean ± standard deviation (SD) for continuous variables; reporting p-Values for trend. We obtained odds ratios (OR) and 95% confidence intervals (CI) by logistic regression using processed meat consumption as the explained variable dichotomized into <1 time per week (reference) vs. ≥1 times per week, adjusted by age, sex and schooling.

We also conducted multinomial logistic regression models to explore associations between sociodemographic, lifestyle and dietary variables with processed meat consumption as the outcome variable in four levels (<1 time per week as reference; 1 time per week; 2–4 times per week; and ≥5 times per week). In order to keep most participants in this analysis, we conducted multiple imputation of missing values using MICE (Multiple Imputation by Chained Equations). We created 100 imputed databases. To impute the missing values of each variable, we specified a predictive mean matching model using the 27 variables described. In each imputed dataset we performed a stepwise procedure with backward/forward direction to determine the best multinomial model to explain the outcome (processed meat consumption frequency). According to Akaike information criterion, where the variables that remain in the final model are registered in each of the 100 databases. for the final model, we considered the variables that remained in at least 60% of the models through stepwise (Supplementary Table S1). Finally, five imputed databases were created with MICE and a multinomial model was fitted with the selected variables; all the results of the analysis were aggregated with rubin's rule applying the corresponding transformations (49). We use this method under the assumption that the missing observations of the covariates are missing at random (MAR). We explore this by assessing the relationship between variables and missingness for each variable using the chi-square or kruskall wallis test, as appropriate. Given the relationships we observed (see Supplementary Table S2) and since in epidemiological research missingness appears to be typically MAR (50). We consider our assumption to be feasible. Results were expressed as OR. All models were adjusted by sex, age, schooling, employment status and red meat consumption.

To better understand whether the association between chronic diseases and processed meat consumption is influenced by the presence of obesity, we explored separately the different chronic conditions in the subgroups of high and low processed meat consumers with and without obesity. We reported prevalence ratio adjusted by age, sex, schooling, smoking and binge drinking using logistic regression. To further confirm if obesity was mediating these associations, we run a mediation analysis in the same subgroup of participants. We reported Average Causal Mediation Effect (ACME), Average Direct Effect (ADE) and proportion mediated, all estimated with R using package 'mediation' with non-parametric bootstrap.

Analyses for the multiple imputation routine were also performed in R 4.0.3 and MICE Package 3.13.0. All other data analyses were performed using stata (StataCorp. 2019. Stata Statistical Software: Release 16. StataCorp LLC, College Station, TX, USA). The level of significance of each risk estimate was set at 0.05.




Results


Participants

The study sample included 7,841 MAUCO participants with information about processed meat consumption at baseline; 55% women, a mean age of 53.5 ± 9.7 years, with 8.8 ± 4 years of schooling.



Sociodemographic, lifestyle, health and dietary characteristics in relation to processed meat consumption

The proportion of participants with missing data are reported in Supplementary Table S3. A high intake of processed meat (≥5 times per week) was reported by 8% of the participants (7% of women and 9% of men); 33% reported non-consumption, 21% reported <1 time per week, 19.2% 1 time per week and 18.6% 2–4 times per week. Table 1 shows the prevalence (adjusted by age, sex and schooling) of sociodemographic, lifestyle, and health characteristics of MAUCO participants according to their distribution across the five processed meat consumption categories. Participants who ate processed meat more frequently tended to be male, younger, currently employed and with a greater proportion of smokers and binge drinkers. Regarding health conditions, those who ate processed meat more frequently were more likely to be obese and to have two or more chronic conditions, fatty liver, metabolic syndrome and elevated levels of fasting blood glucose, triglycerides and ALT enzyme. Some of these associations were also evident in the logistic model with processed meat consumption as a dichotomized variable (<1/≥1 per times per week), presented in Table 2.


TABLE 1 Profile of participants by weekly frequency of processed meat consumption.

[image: Table displaying baseline characteristics of study participants categorized by frequency of processed meat consumption, ranging from none to five or more times per week. It includes sociodemographic, lifestyle, health, anthropometry, ultrasound exam results, and laboratory test data. Key variables include age, sex, ethnicity, health insurance, alcohol consumption, presence of chronic diseases, waist circumference, body mass index, and metabolic syndrome. Statistical significance is indicated with P values for trends across consumption categories. Data is based on 7,841 participants from the MAUCO cohort.]


TABLE 2 Sociodemographic and health factors associated with processed meat consumption at least once a week.

[image: Table showing baseline characteristics and odds ratios for processed meat consumption of at least once per week among 3,594 participants. Categories include sex, health insurance, employment, alcohol intake, chronic diseases, body mass index, ultrasound fatty liver, and ALT levels. Odds ratios and confidence intervals are provided for each category, with adjustments for age, sex, and education.]

Table 3 shows that participants who ate processed meat more frequently were also more likely to have a higher intake of other foods, such as red meat, butter or cream, sugary snacks and sweets, sugary drinks, refined sugar and fried foods, and a lower intake of vegetables. Consumption of a variety of chili peppers was also associated with processed meat intake. Some of these foods were also associated in the logistic model with processed meat consumption as a dichotomized variable (<1/≥1 times per week), presented in Table 4.


TABLE 3 Intake of other foods with increasing consumption of processed meat.

[image: Table comparing the frequency of processed meat consumption with various food item intakes among 7,841 MAUCO participants. Categories include vegetables, fruits, legumes, nuts, grains, meats, fish, dairy, oils, avocados, sugary snacks, drinks, and fried foods. Results are shown as percentages across different meat consumption frequencies, from none to five or more times per week. P trend values indicate statistical significance for observed trends.]


TABLE 4 Frequency of intake of other foods associated with processed meat consumption at least once a week.

[image: Table showing various food items with their weekly consumption percentages and odds ratios for meat consumption. Key findings include high odds ratios for red meat (2.05) and sugary drinks (1.87) consumption. Data analyzed from 7,841 MAUCO participants, adjusted for age, sex, and schooling.]

In the multinomial logistic regression model with processed meat consumption as the outcome (4 frequency levels), male sex, lower age and being currently occupied or employed were independently associated with higher consumption. Among dietary options, high processed meat was associated with red meat, whole-fat dairy products, butter or cream, sugary snacks or sweets and sugary drinks (Table 5). On the other hand, a low intake of legumes, fish or seafood and avocados showed an inverse association to processed meat consumption. Other variables like binge drinking, fried foods and low intake of vegetables were associated to processed meat consumption but did not show a clear positive trend.


TABLE 5 Sociodemographic and diet factors associated with processed meat consumption.

[image: A table showing odds ratios and confidence intervals for processed meat consumption categorized by frequency: less than one, two to four, and five or more times per week. Variables compared include gender, age, health insurance, employment, binge drinking, and various food consumptions. The table includes notes on methodology and reference categories.]

Table 6A shows the prevalence of self-reported chronic conditions among participants divided into four groups of high and low processed meat consumers with and without obesity. As expected, hypertension and diabetes were more prevalent in obese participants among both high consumers and low consumers; similarly, cardiovascular disease and digestive symptoms were more prevalent in the obese among low consumers. However, when comparing high consumers vs. low consumers within the same obesity group, the prevalence of cardiovascular disease was 2-fold higher in high consumers vs. low consumers, in both the obese group and in the non-obese group. To further confirm if obesity was mediating these effects and to what degree, we performed a mediation analysis in the same subgroup of participants. Table 6B shows that association between high processed meat consumption and diabetes was partly mediated through obesity in a proportion of 13.9%. This mediation was also evident for cardiovascular disease and digestive symptoms, but to a lesser degree (proportions of 5.0 and 3.0%, respectively).


Table 6A. Association of chronic diseases and processed meat consumption by obesity status in MAUCO participants.

[image: Table showing prevalence and prevalence ratios of various health factors among different consumer groups with and without obesity. Categories include age, sex, smoking, drinking habits, and health conditions like hypertension, diabetes, cancer, cardiovascular disease, and digestive issues. Groups are labeled A to D. Prevalence ratios compare obesity and processed meat consumption effects. Data presented include mean, standard deviation, prevalence ratios, and confidence intervals.]


Table 6B. Mediation analysis of the relationship between processed meat consumption and chronic diseases using obesity as a mediator.

[image: Table showing prevalence ratios for various diseases with and without obesity in the model. Conditions include hypertension, diabetes, cancer, cardiovascular disease, digestive symptoms, and non-infectious digestive diseases. Obesity affects prevalence ratios, particularly in hypertension and cardiovascular disease. The table includes measures for ACME, ADE, and the proportion mediated by obesity, noting that obesity significantly mediates in hypertension (13.9%) and cardiovascular diseases (5.0%). Statistical adjustments are explained in the footnotes, addressing factors like age, sex, and lifestyle habits.]




Discussion

A more frequent consumption of processed meat was associated with male sex, younger age, being employed, binge drinking, a higher consumption frequency of red meat, butter or cream, sugary snacks/sweets, sugary drinks, fried foods, legumes and fish or seafood, and a low intake of vegetables. Participants with higher processed meat consumption were also more likely to be obese and to have multiple chronic conditions, fatty liver, metabolic syndrome, and elevated levels of fasting blood glucose, triglycerides and ALT enzyme. Regarding chronic diseases, when analyzing the conditions separately, the association of processed meat consumption with diabetes and hypertension appear influenced by obesity, while the association with cardiovascular disease was still evident when evaluating the obese and non-obese subgroups. To our knowledge, this is the first population-based cohort study to address associations between processed meat consumption and sociodemographic, lifestyle and health factors in Chile. The Latin American Study of Nutrition and Health (ELANS), conducted in 2014–2015 using 24-h recall in eight Latin American countries (Argentina, Brazil, Chile, Colombia, Costa Rica, Ecuador, Peru, and Venezuela), found that Chile had the highest processed meat consumption; in the region, processed meat intake was higher among men and showed a trend toward higher consumption at low socioeconomic status (28). Processed meat intake was also assessed in Chile in 2010 by a nationwide dietary survey (population ≥2 years of age) (33); geographical distribution was reported, with lower processed meat consumption in the north and higher consumption in the central (which included Maule Region, where the MAUCO cohort is located) and southern zones.


Interpretation of findings

According to the last Chilean dietary survey (2010) (33), the population had a median processed meat consumption of 26.4 g/day; intake among respondents with similar characteristics to our participants in terms of age, sex, region, and rurality, ranged from 19 to 32 g/day. However, these figures are 10 years old, and since then the consumption of animal protein has increased in Chile (51). In our study, more than 25% of participants consumed processed meat twice or more per week. Translating portions to grams per day, we conservatively estimate that our participants in the highest intake category (≥5 times per week) are likely eating processed meat in the upper limit reported in 2010, i.e., 32 g/day. This is 10 times the daily amount of 0–4 g/day suggested to reduce the risk of chronic disease mortality and morbidity (2), including cancer (7). Although specific data on processed meat intake for the Maule Region is not available, Maule is the second largest processed meats producer in Chile (52), and is located in the Central macrozone which has one of the highest processed meat consumptions in the country (33). Interestingly, the lowest intake is in the Northern macrozone of Chile, which has lower cancer and cardiovascular disease mortality than the Central macrozone (53).

In MAUCO, 33% of participants reported being non-consumers of processed meat. This is similar to what was reported in Swiss population in 2014–2015 (54) and lower than what was reported for the countries in ELANS study, including Chile where 40% of the sample reported not consuming processed meat (28). Men ate more processed meat than women in MAUCO, which is consistent with previous reports in Chile (33), and in other populations in Latin America (28), Europe (3, 54–56), Australia (57) and the US (58). Younger people ate more processed meat, also previously reported in Chile (28, 33), other Latin American countries (28, 59), the US (56, 60), and Europe (61), while studies in Switzerland and Ireland found opposite trends (54, 62). However, it should be noted that given the age range of MAUCO participants (38–74 years), it was not possible to assess consumption in younger segments of the adult population. We did not find an association of processed meat consumption with schooling, a marker of socioeconomic status in Chile; this could be explained by its low variability in our sample, with an interquartile range of 6. On the other hand, being employed, a marker of higher current income, was associated with higher processed meat consumption. The association between socioeconomic status and processed meat intake is not clear in the international literature: In some high-income European countries, lower socio-economic groups are higher processed meat consumers (29, 61); in Switzerland, lower intake of processed meat was associated with higher education but not with income (54); in Latin America, although a higher consumption at lower socioeconomic status seems to be the current trend (28), older reports from Chile and Colombia show the opposite (33, 63). Overall, global meat consumption is rising (64) and processed meat consumption is particularly high with respect to an optimal intake (2), and is increasing in some low- and middle-income countries (29), even regardless of per capita family income in countries like Brazil (59).

Meat in general is a dietary source of several micronutrients, so a modest intake can be important for health and disease prevention (65). In the case of processed meat, however, no level of intake can confidently be associated with a lack of risk according to WCRF (1), especially in relation to cancer. Our findings of processed meat consumption being associated with poorer health are in accordance with the literature. Micha et al. (5) reported 42% higher risk of coronary heart disease and 19% higher risk of diabetes per 50 g/day. Chen et al. reported 11% higher risk of stroke per 50 g/day (7). In the US, processed meat was associated with incident cardiovascular disease (66). A recent meta-analysis of sixteen studies covering 10 countries reported that high consumers of processed meat had 35% higher risk of metabolic syndrome (20).

We found an association between processed meat consumption and obesity based on waist circumference or BMI, which is consistent with reports in Chile and elsewhere (55, 67–70). Additionally, we found an association of processed meat consumption with diabetes and hypertension, however, when stratifying by obesity (presence or absence) this association was not observed. On the other hand, a higher prevalence of cardiovascular disease was observed for high consumers, regardless of obesity status. We then confirm that the association of processed meat with diabetes was partly mediated by obesity (13.9%), as were cardiovascular disease and digestive symptoms, but to a lesser degree. A previous study in Chilean population reported that fatty and processed meats (≥1 vs. <1 portion/week) were associated with abdominal obesity (OR 1.30), and with metabolic syndrome components, including high blood glucose (OR 1.41) and high triglycerides (OR 1.19) (68). The association of processed meat intake with diabetes, partly mediated by obesity. has been reported in other populations (16, 17).

We also found a positive trend between processed meat consumption and elevated ALT enzyme (>55 UI/L) and fatty liver, the latter concordant with previous reports (71). The prospective cohort Nurses' Health Study II, with 77,795 women, reported that red meat consumption -unprocessed and processed- was associated with increased risk of non-alcoholic fatty liver disease (72).

In MAUCO, current smoking and binge drinking had a positive trend across processed meat categories. This has also been reported in European and Asian studies (62, 73, 74), while a meta-analysis including four studies in Europe and the US found an association of processed meat with current smoking but not with alcohol drinking (75). Another lifestyle behavior that has been related with high processed meat intake is low physical activity, with studies showing evidence of association in Switzerland (54), France (55) and Spain (70). In MAUCO, the prevalence of low physical activity (<30 min of physical activity 3 times/week), although high (>90%), was very similar across the five categories of intake (data not shown).

Higher amounts of processed meat are consumed in low quality diets, usually classified as western-type patterns and associated with several chronic conditions (76–78). Moreover, some processed meat products such as pre-made hamburgers, sausages and ham, are considered ultra-processed foods (79), a category that also includes carbonated soft drinks, chocolate, pastries, confectionery, mass-produced packaged breads, and margarines, among others, and that has already been associated with chronic conditions like cancer (80) and hypertension (73). In our study, a high intake of red meat, butter or cream, sugary snacks and sweets, sugary drinks, sugar, fried foods and chili peppers were associated with higher frequency of processed meat consumption. These findings are consistent with reports from the EPIC cohort (3) and NHANES III (81). Sugary drinks and sugars have also been associated with processed meat intake and unhealthy dietary patterns (62, 69, 82), making it challenging to identify the risk attributed to each food item. In MAUCO, chili pepper consumption was associated with higher processed meat consumption, as reported in the US population, where consumers of hot red chili pepper were more likely to be younger, male, to smoke cigarettes, drink alcohol, and consume meat (83). Nevertheless, a regular consumption of chili peppers appears to be more related to Mediterranean dietary patterns rather than to western types (84).

Although an inverse relation between processed meat and healthy foods is commonly reported (55, 62, 69), we observed this only for vegetables, and not for legumes, fish, seafood or avocados. This unexpected finding could be partially explained by the fact that in Chile men have a higher intake of legumes than women (28, 85), particularly in the Maule Region, which has the highest compliance with legume national recommendations (86) (≥2 times per week) (85). Additionally, although current recommendations advise against mixing legumes with processed meats, this is one of the most popular ways of consuming them in the country. The positive association of processed meat with fish and avocado in our study could be related to the higher price of these food items, considering that high processed meat consumers were more likely to be employed.



Nutritional relevance of the findings and potential health impacts

Despite the fact that MAUCO participants are from a population with particularities in terms of location, exposures and sociodemographic changes, they have also been impacted by the so-called nutrition transition affecting the entire country. Although the direction of causation cannot be established in this study, the associations of higher processed meat consumption and chronic health conditions are in line with the international evidence, suggesting that a high consumption could promote obesity and associated diseases. However, due to the cross-sectional nature of the study design and the potential confounding role of other dietary factors (69), the results should be interpreted carefully. The findings of this study contribute to a better understanding of other relevant factors that go along with the consumption of processed meat in this population, as well as a better comprehension of this exposure in Chile. This will be useful information for future regulation efforts.



Strengths and limitations of the study

MAUCO is a Chilean cohort with a comprehensive and detailed measurement collection. At baseline, participants answered health and risk factor surveys (exploring diet, alcohol, physical activity and health history, among others) including adapted nationally and internationally validated instruments. MAUCO constitutes an opportunity to address specific health needs of Chile's population in the context of accelerated development and nutritional transition (87); hence, the information obtained from this study will also be relevant for other Latin American populations. The food frequency questionnaire used for the dietary assessment was elaborated from a Mediterranean index (Chilean-MDI) with the advantage of being adapted and validated specifically for use in Chilean population (45).

Among the limitations of this study is that MAUCO is located in a Chilean agricultural county similar to the majority of small counties in the country but some results may not be applicable to residents of large urban areas in Chile (43). In addition, as the main objective of MAUCO is to study the natural history of chronic diseases in adult population from 38 years of age, the representativeness of the results in terms of processed meat intake is limited, as younger segments of the adult population were not included. With respect to diet, processed meat consumption was obtained in terms of weekly frequency, which is often accompanied with serving size estimations to have a better measurement of intake (88); we did not directly assess serving size, but we estimated it based on national nutrition surveys. Finally, being a cross-sectional analysis, it is not possible to establish causal relationship and reverse causality cannot be ruled out.

Future directions of this study include prospectively evaluating the association of processed meat consumption with incidence of chronic conditions, and identifying mediators or potentiators of the damage.

In conclusion, in this population, in addition to male sex and lower age, high processed meat intake was associated with other foods consumed at frequencies considered unhealthy, and with risky alcohol intake, unhealthy weight, and chronic diseases, particularly cardiovascular disease. However, no association was found between self-reported cancer and processed meat. Since this cohort resides in a region with a high incidence rate for gastric cancer and one of the highest mortality rates for colon cancer, future prospective studies are warranted in order to assess this association.
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Iron deficiency is a common public health problem in the UK. This review examines the role of meat in iron nutrition, focusing on the most vulnerable groups of the UK population. Meat contains haem iron which is absorbed by a different pathway to non-haem iron found in cereals and vegetables. A summary of absorption data from studies using isotopically-labelled haem iron shows that, although there is a wide degree of variation, haem iron bioavailability is consistently higher than non-haem iron. The importance of meat alternatives, such a plant protein, insects, and biofortified crops as a supply of bioavailable iron, and the use of food iron fortification is reviewed. Finally, the consequences of excluding meat from the diet in relation to dietary iron requirements is discussed.




Keywords: iron deficiency, iron intake from meat, iron bioavailability, meat alternatives, haem iron





Introduction

Iron deficiency is a long-standing public health problem in the UK, especially in teenage girls, women of child-bearing age, and elderly men and women (Public Health England, 2020). Low iron stores are quite common, especially in teenage girls, and a smaller number have iron deficiency anaemia caused by an imbalance between dietary iron supply and physiological requirements. Approximately one fifth of the UK daily intake of iron in adults is provided from meat and meat products. Meat is also considered to be an important source of iron because it contains haem iron which is more bioavailable than non-haem iron from plants, and it enhances non-haem iron absorption from foods consumed at the same meal. On the other hand, meat is reported to have adverse effects on human health, although the impact of different types and quantities of meat is somewhat controversial (Johnston et al., 2019). In relation to iron nutrition, the consequences of avoiding meat have been examined by measuring the iron status of vegetarians and vegans, but confounding is a well-known weakness of cross-sectional data. Randomised controlled trials provide evidence of causality, but interventions have to be long enough in duration to enact a change in iron status, therefore data of this type are very limited. The drive to consume less meat, for environmental, health, economic and other reasons, has led to a growing number of meat replacement products entering the market. These include protein sources derived from soy and other plants, as well as traditional foods that are novel to the UK, such as insects. Globally, a number of iron-biofortified staple crops have been developed, including beans, cereals and potatoes, and these are being introduced into agricultural practice. However, the problem of low iron bioavailability in high phytate/polyphenol foods remains a practical constraint, and dietary advice to improve iron bioavailability is needed to ensure that iron deficiency does not become widespread in children and women who consume meat-free diets.





Iron deficiency in the UK

Population groups that are at risk of iron deficiency include infants (over 6 months of age), toddlers and young children, adolescents, women of child-bearing age, and pregnant women. The reasons for their vulnerability are the high iron requirements for growth and, in the case of women, losses associated with menstruation and/or the demands of pregnancy. According to the latest figures available from the National Diet and Nutrition Survey (Public Health England, 2020) low haemoglobin concentrations, indicative of anemia, are present in 9% of girls aged 11-18 years, 7% of women aged 18-64 years, and 17% of men and women over 65 years (Table 1). A higher percentage of girls and women have low iron stores (low plasma ferritin), 24% in girls aged 11-18 years, and 15% in women aged 18-64 years, but only 2% of the elderly have a low plasma ferritin concentration. There are two possible explanations for the apparent discordance in the elderly: either iron deficiency is not the cause of anaemia, or ferritin (an acute phase protein) may be raised due to chronic inflammation (as often found in older people) and therefore does not accurately reflect iron stores.

Table 1 | Haemoglobin (Hb) and plasma ferritin (PF) concentrations in different age groups (NDNS years 7-8, 2014/15-2015/16) .


[image: Table displaying data on hemoglobin (Hb) and plasma ferritin (PF) across age groups. Ages 4-10 show mean Hb 128 g/L, PF 31 μg/L; 11-18 (M) Hb 144 g/L, PF 57 μg/L; 11-18 (F) Hb 132 g/L, PF 28 μg/L; 19-64 (M) Hb 149 g/L, PF 153 μg/L; 19-64 (F) Hb 133 g/L, PF 59 μg/L; 65+ Hb 136 g/L, PF 149 μg/L. Percentages below threshold provided for each category.]




Contribution of meat to the iron intake of vulnerable groups of the UK population

The NDNS shows that between 2008 and 2019 there was a small reduction in iron intakes in all age groups except men aged 75 years and over. The greatest reduction was in girls aged 4-10 years (-1.4 mg/d), boys aged 11-18 years (-1.1 mg/d), men aged 65-74 years (-1.1 mg/d), and women aged 75 years and over (-1.5 mg/d).

The sources of dietary iron by food group are shown in Figure 1 for adults aged 19-65 years. Cereals made the greatest contribution to total iron intake (37-53%, depending on age group), with high fibre breakfast cereals, some of which are fortified with iron, contributing 8-15%, followed by meat and meat products (14-19%, depending on age group). The food group entitled ‘beef, veal and dishes’ contribute one quarter, and ‘chicken, turkey and dishes’ contribute another quarter of the iron intake from meat in most age groups. Burgers, kebabs and sausages were consumed in higher amounts in children and teenagers, whereas older people tended to consume more meat pies and pastries. Median consumption of red and processed meat was significantly lower in 2016-2019 than 2014-2016 for men aged 19-64 years and adults aged 65 years and over. Since 2008, there has been a reduction in mean meat consumption in all age groups of 13 g/day, 23 g/day and 19 g/day for ages 11-18 years, 19-64 years and 65 years and over, respectively. The latest data shows that mean consumption in all age or sex groups met the UK recommendation of no more than 70g per day (Scientific Advisory Committee on Nutrition, 2010).

[image: Bar chart illustrating percentage of total iron intake from various food groups. Cereals contribute the highest at nearly 40%, followed by meat and meat products at around 20%, and vegetables and potatoes at about 15%. Other categories, such as eggs, alcoholic beverages, fish, fruit, milk and milk products, confectionery, beverages, and snacks, contribute less than 10% each.]
Figure 1 | Contribution of food groups to total dietary intake of iron.





Iron content of meat

It is generally assumed that 40% of the total iron in meat is in the form of haem iron (Monsen et al., 1978; Monsen and Balintfy, 1982), but the haem iron content of meat is, in fact, very variable, depending on the origin of the meat, and the method of cooking (Gandemer et al., 2020). Pretorius et al. (2016) reported values for the iron content of pooled samples of raw homogenized muscle from carcasses of 4 types of meat. The total haem iron content (mg/100 g fresh weight) for lamb, beef, pork and chicken was 1.32, 1.21, 0.71 and 0.58 mg/100g respectively, with haem iron (%) being reported to be 81, 77, 88 and 74% of total iron respectively. Lombardi-Boccia et al. (2002) analyzed the haem and non-haem iron content of a range of different meats before and after cooking (Table 2). The haem iron content was highest in beef, followed by lamb, pork and chicken. When chicken and turkey were cooked in the oven at 180°C for 50 min, there was a substantial loss of haem iron, ranging from 22-43%. In contrast, when cooked in a pan, the losses were lower, ranging from 1-24%. The decrease in haem iron is the result of the oxidative cleavage of the porphyrin ring which releases iron from the haem complex, which may only occur at relatively high temperatures i.e. above 85°C (Han et al., 1993). Pourkhalili et al. (2013) examined the effect of different cooking methods on the haem iron content of lamb meat. The lean raw meat was boiled at 97°C for 90 min, pan fried in oil for 20 min (internal temperature 85°C), or grilled above a flame for 10 min (internal temperature not higher than 86°C). The greatest losses occurred with boiling, and lowest losses were with grilling. An important finding from this study was that the four analytical methods, modified from Hornsey (1956), used to measure haem iron gave different results, and the authors concluded that a haem extraction solution comprised of 90% acetone, 18% water and 2% hydrochloric acid was the most appropriate because it correlated better with results for haem iron content calculated from the difference between total iron and non-haem iron.

Table 2 | Haem and non-haem iron content (mg/100g) of different types of cooked meat (Lombardi-Boccia et al 2002).


[image: Table showing iron content in various meats. Beef sirloin: total iron 3.59, haem iron 2.64. Lamb chop: total 3.20, haem 2.25. Veal fillet: total 1.58, haem 1.33. Pork chop: total 0.79, haem 0.56. Chicken leg: total 1.20, haem 0.42. Rabbit: total 0.60, haem 0.31. Pork loin: total 0.46, haem 0.21. Chicken breast: total 0.58, haem 0.16.]
Gel filtration can be used to examine the distribution of iron compounds in raw meat. Clement et al. (1972) examined different types of raw meat and found that beef steak had a higher iron concentration (30 µg/g) than chicken (4.7 µg/g in breast compared with 9.0 µg/g in leg meat, which contains more myoglobin). Apart from haemoglobin and myoglobin, the other main component is ferritin (beef steak, chicken breast and chicken leg contain 3.6, 2.4 and 1.9 µg/g respectively). In veal muscle, 15-20% of the total iron was reported to be present as ferritin (Layrisse, 1973). In addition to haem iron in haemoglobin and myoglobin, ferritin, haemosiderin, and a small quantity of low molecular weight iron compounds, are present in meat (Latunde-Dada and Neale, 1986). The % of total iron present as haem in beef, lamb, pork and chicken were reported to be 77, 68, 55 and 42%, respectively. In pigeon, haem iron was 79% and 45% of total iron in breast meat and liver respectively, ferritin was 6% and 26% of total iron in breast meat and liver respectively, and haemosiderin was 14% and 25% of total iron in breast meat and liver respectively. As with haem iron, cooking changes the bioavailability of other forms of iron in meat, presumably through changes in both the solubility and composition of the different iron compounds (Latunde-Dada and Neale, 1986), therefore data obtained from raw meat is of limited use when predicting the potential contribution of different types of meat to iron nutrition.

It is important to take into account haem iron intake when assessing the impact of diet in relation to risk of iron deficiency because of its higher bioavailability (see following section). However, this is a challenging task due to the lack of analytical data on the haem iron content of foods and the discrepancy in quoted values. The haem iron values proposed by Monsen et al. (1978) and Monsen (1988) were 30-40% of iron in pork and liver, and 50-60% in beef, lamb and chicken. Schricker et al. (1982) quote 49%, 57% and 62% in pork, lamb and beef respectively. In addition, the haem iron content can vary between muscles in the same animal and according to the cooking method used (Schricker et al., 1982). In view of the lack of data on haem iron in meat, Cross et al. (2012) developed a haem iron database based on meat type, cooking method and doneness level. Meats with the highest level of haem iron, regardless of cooking method, were hamburgers (mean 10.3 µg/g) and steak (mean 9.3 µg/g). Pork had values in the range of 3.4-7.5 µg/g. Chicken had the lowest haem values but varied according to the cut of meat (mean for chicken breast 2.4 µg/g). The method used to measure total iron was inductively coupled plasma-atomic emission spectrometry (ICP-AES). Haem iron was extracted with acidified acetone (Hornsey, 1956) and analyzed by flame atomic absorption spectrometry. The remaining solid material was subjected to a total acid digestion and analyzed by ICP-AES to provide the non-haem iron. Interestingly, there was no clear effect of cooking method on haem iron, as has been reported previously. However, the extraction solution for haem iron (acetone:H2O:HCl) was 80:10:10, which differed from the 90:18:2 composition recommended by Pourkhalili et al. (2013), and the absence of certified reference materials introduces some uncertainty in the data.





Iron absorption from meat

Dietary iron is predominantly inorganic (non-haem) iron which has a well-established mechanism of absorption; ferric iron in the digestate is reduced to ferrous iron, transported across the apical membrane of the intestinal enterocyte by divalent metal-ion transporter 1 (DMT1), and either stored as ferritin in the cell or exported to the circulation via ferroportin 1 (FPN1) where it binds to plasma transferrin (Anderson and Frazer, 2017). Meat contains haem iron, either as haemoglobin in red blood cells or myoglobin in muscle cells, comprised of one ferrous atom bound to four globin molecules. Meat also contains variable amounts of ferritin and haemosiderin, both of which are less well absorbed than haem iron (Martínez-Torres et al, 1976). As is the case with non-haem iron, the efficiency of absorption of iron from ferritin is inversely related to iron status; mean absorption of radio-isotopically ferritin iron was 0.9% in normal subjects, 2.5% in subjects with moderate iron deficiency, and 5.7% in subjects with marked iron deficiency (Layrisse et al., 1975).




Haem iron absorption

The mechanism of absorption of haem iron has not yet been fully characterized (Fairweather-Tait and Sharp, 2021). It is believed to bind to the enterocyte brush border intact and then endocytosed, although the molecular details of the process are unknown, and the possibility of a haem transporter cannot be discounted. Within the enterocyte the iron is released from haem through the action of heme oxygenase and is either stored as ferritin or exported from the cells via FPN1 i.e. by the same pathway as non-haem iron (Anderson and Frazer, 2017). There are a limited number of studies investigating haem iron absorption, the majority of which were carried out several decades ago. The main limitation is that the iron has to be isotopically labelled with radio- or stable isotopes of iron in order to undertake metabolic studies.

Although the findings from different studies cannot be directly compared, an overview of the data generated from the studies undertaken using radio-isotopically labelled haem iron is given in Table 3. There is an inverse relationship between dose of haem iron and percentage absorption. Pizarro et al. (2003) reported that the absorption of radio-isotopically labelled haem iron by healthy women was both dose-related and saturable over the range tested (0.5-100 mg). At levels of haem iron typically found in a portion of meat (approximately 1 mg), mean absorption ranges from 20.7-37.3%, but at higher intakes (e.g. 5-10 mg iron) the efficiency of absorption is greatly reduced i.e. 11-16%.

Table 3 | Absorption of isotopically-labelled haem iron.


[image: A table showing various doses, formats, subjects, percentage absorption, and references for iron absorption studies. Doses range from 0.28 mg to 50 mg, with different formats like rabbit red blood cells, pork, and beefburger. Subjects include different genders and ages. Absorption percentages vary, such as 31.1% for 0.5 mg rabbit rbc capsules and 50.1% for 8 mg pork. The table references studies from 1973 to 2012. Annotations indicate measurements like geometric mean and standard deviations.]
As with non-haem iron, the iron status of individuals (often categorized according to serum ferritin concentration) affects iron absorption. Haem iron absorption from a burger and chips meal containing 1.2 mg radio-isotopically labelled haem iron was inversely correlated to serum ferritin concentration, with mean values of 22-25% in 57 healthy men and women (Roughead and Hunt, 2000). Haem iron absorption is upregulated when iron requirements are raised, as occurs in iron deficiency, although to a much lesser extent than non-haem iron (Cook, 1990). A summary is provided by Cook (1990) for a large set of data obtained from studies measuring haem and non-haem iron absorption from a hamburger, french fries and a milk shake meal (containing 1.4 mg haem iron and 3.4 mg non-haem iron), the two forms of iron being labelled with different radioisotopes of iron. Iron replete men absorbed 2.5% of non-haem iron compared with 26% of haem iron. However, when iron stores were depleted, absorption increased nearly 10-fold (increased to 22%) for non-haem iron, whereas haem iron absorption only doubled (increased to 47%), indicating that the adaptive response for non-haem iron is much greater than for haem iron.

As discussed earlier, cooking changes the forms of iron in meat, and the method used impacts on iron bioavailability. For example, absorption of haem iron from radio-isotopically labelled beef was 23.4 (SEM 1.0)% but when it was fried, the value fell to 19.4 (SEM 1.2)%, and when it was overcooked absorption fell to 14.5 (SEM 1.2)% (Martínez-Torres et al., 1986).

Haem iron absorption is around 50% lower when the globin chains are removed during digestion (Turnbull et al., 1962). One possible explanation is that the released hemin polymerises into large aggregates that are poorly soluble at physiological pH (Gaitán et al., 2011). Haem iron is better absorbed with food than on its own (Table 3) which may be because peptides released from food bind the liberated haem to form monomeric haem products that are readily absorbed by the mucosal cells (Conrad et al., 1966).

When deriving Dietary Reference Values (DRVs) for iron, EFSA reviewed studies on haem iron absorption in whole diets and cited the study by (Hallberg et al, 1997) in which radio-isotopically labelled rabbit haemoglobin was used to label four high bioavailability meals per day (total iron intake 13 mg/day) for five days. The mean absorption of haem iron was 35% in 12 male blood donors and 23% in 19 non-blood donors, with an overall absorption of 28.6% (Table 3). EFSA used this and other evidence to reach a conclusion that the absorption of haem iron from a Western-style diet is approximately 25% (EFSA NDAPanel, 2015).





Effect of meat on non-haem iron absorption

A number of dietary components influence the bioavailability of non-haem iron, either positively or negatively. The most common mechanism is chemical binding between the constituent and iron released from digested food, which either prevents iron from being taken up by the iron transporter protein in the duodenal mucosal cells (reducing bioavailability), or prevents iron from forming insoluble hydroxides with the increase in pH in the duodenum (increasing bioavailability). A recently conducted literature search listed inhibitors of absorption as phytic acid/phytates, polyphenols/tannins, proteins from soya beans, milk, eggs and calcium, and enhancers as ascorbic acid, lactic acid, alcohol (which stimulates iron uptake by inhibition of hepcidin expression), the presence of haem iron, and the so-called ‘meat factor’ in flesh from mammals, birds and fish, (Milman, 2020).

The enhancing effect of meat on non-haem iron absorption has been known for many years and this attribute has been used, for example, as a strategy to optimize iron absorption in children (Etcheverry et al., 2006). Cook and Monsen (1976) found that substituting egg ovalbumin in a semi-synthetic meal with beef, lamb, pork, chicken, liver and fish caused a two to four-fold increase in iron absorption by human volunteers, whereas no increase was observed with milk, cheese, or egg. Hurrell et al. (2006) reported that freeze-dried beef and chicken muscle increased iron absorption by 180% and 100%, respectively, relative to egg albumin, and suggested that the enhancing effect of muscle tissue on iron absorption was mainly protein related. A recent scoping review that systematically mapped studies on the meat factor (Consalez et al., 2022) concluded from data extracted from 77 eligible studies that the addition of muscle tissue and muscle tissue fractions to single plant-based meals steadily increased absorption of iron. There were no clear differences between red meat, poultry and fish in promoting the meat factor effect, and no evidence that milk and egg products contain the meat factor.

Attempts to fully characterise the meat factor (or factors) have been unsuccessful to date. In addition to the well-known gastric acid-promoting effect of meat (McArthur et al., 1988), proposed candidates include amino acids (Martínez-Torres and Layrisse, 1970), peptides (Taylor et al., 1986; Hurrell et al., 2006), and protein hydrolysates (Li et al., 2017). Evidence from in vitro Caco-2 cell studies suggest that glycosaminoglycans (GAG) may enhance non-haem iron bioavailability (Huh et al., 2004). However, an in vivo stable isotope study investigating the effect of GAG (3-10 times the quantity present in 150 g beef muscle) from fish and chicken muscle reported that it had no effect on iron absorption from a semi-synthetic meal of egg albumin, corn oil, maltodextrin and water. Using an initial in vitro screening approach, Armah et al. (2008) separated fractions from cooked beef after it had undergone simulated gastric and intestinal digestion and tested their effect on iron uptake into Caco-2 cells using an 55Fe label. Mass spectrometric techniques were used to identify the active fractions, and L-alpha-glycerophosphocholine (L-alpha) was found to be the compound present in the most active fraction. The effect of L-alpha on iron absorption in vivo was determined in a human stable isotope study measuring non-heme iron absorption from 2 meals of vegetarian lasagne, each containing 10 mg iron. Absorption was significantly increased from 3.4% to 5.6% by the addition of 100mg ascorbic acid to the meal, and from 3.5% to 4.9% by the addition of 46 mg L-alpha to the meal. However, in a different study, the enhancing effect of L-alpha was not observed when 70 mg L-alpha was added to maize porridge, although ascorbic acid did increase iron absorption (Troesch et al., 2009). Although phospholipids might have an enhancing effect on non-heme iron absorption, it is clear that there is no single component of meat that can be identified as the meat factor, and that the enhancing effect of meat on non-haem iron absorption is probably a combination of factors.






The potential contribution of meat alternatives and fortified/biofortified plant foods towards iron nutrition

Alternatives to meat, such as the soy protein Tofu, have been consumed as traditional foods for a long time, and more recently, other meat alternatives, including textured vegetable protein and mycoprotein (Quorn) have entered the market (Thavamani et al., 2020). The acknowledgement that diets containing high intakes of meat have a negative impact on the environment and adverse consequences for human health (Godfray et al., 2018) has stimulated the search for alternative sources of protein to replace meat. Many plant-based meat alternatives have been developed in recent years, including cultured meat, plant protein concentrates, and insect products. Iron is one of the key nutrients in meat and although some plant-based meat analogues are reported to have a higher content of iron than meat (Bryngelsson et al., 2022) others may not (Ismail et al., 2020), and, in fact, the bioavailability of iron is the overriding factor when assessing the quality of a meat alternative in relation to iron nutrition.

Phytate, widely found in plant foods but not meat, dramatically reduces iron absorption; many high iron plant foods, such as pulses, wholegrains and some green leafy vegetables (kale, spinach) contain high levels of phytate (Milman, 2020). An example of a novel plant protein that contains high levels of both iron and phytate is duckweed (Wolffia globosa), a traditional food consumed in Asian countries. A human intervention study in healthy men and women, in which diets containing duckweed were consumed for 6 months, reported no detrimental effect on iron status (Yaskolka Meir et al., 2019). Duckweed is currently under consideration for approval as a novel food by the Advisory Committee on Novel Foods and Processes (https://acnfp.food.gov.uk/ACNFPMeeting_June2021).

Like many plant foods, edible insects have a lower ecological footprint than meat, and are an alternative to meat as they contain high levels of protein and iron. Iron occurs predominantly in non-haem forms, bound to ferritin and transferrin and other transport and storage proteins (Mwangi et al., 2018). In a stable isotope absorption study undertaken in iron-depleted women, Mwangi et al. (2022) found that iron absorption from intrinsically labelled house crickets (Acheta domesticus) added to maize porridge was low (~3%) which they suggested might be due to the presence of chitin and other inhibitors in the cricket biomass. A study of similar design examined iron absorption from mealworm larvae (Tenebrio molitor) and found it was similar to maize porridge (~5%); processing of the T. molitor biomass to reduce the chitin content did not increase iron bioavailability (Hilaj et al., 2022). The authors conclude that T. molitor iron is absorbed from the common nonheme iron pool and could therefore be a useful source of dietary iron.

One of the strategies for addressing the long-standing global problem of iron deficiency has been food iron fortification, but there have been several technical challenges, notably the low bioavailability of iron compounds that can be added to foods without causing adverse organoleptic changes (Hurrell, 2022). Micronutrient deficiencies and the move towards lower meat consumption have led to the development of breeding programmes for biofortified staple food crops. The goal is to generate food crops with a higher iron content, although bioavailability is another important consideration (La Frano et al., 2014). It has been shown, for example, that the phytic acid content of plant foods such as biofortified beans has a strongly negative impact on iron absorption (Petry et al., 2014). Absorption from biofortified purple potatoes was lower than from biofortified yellow potatoes, presumably because of the presence of polyphenols which inhibit iron absorption. Conversely, the absorption of iron from biofortified sweet potatoes, which do not contain phytate or polyphenols, was high (Jongstra et al., 2020).





Vegetarian and vegan diets

Iron is listed as one of the nutrients of concern in a plant-based diet (Craig et al., 2021). A systematic review of the intake and adequacy of vegan diets was recently published (Bakaloudi et al., 2021) and, in general, the intake of iron in vegan diets is no lower than other categories of diet, presumably because of the high iron content of widely consumed vegan foods such as green-leafy vegetables, grains, nuts and beans. Neufingerl and Eilander (2021) undertook a systematic review and analysed data from 38 studies that reported on iron intake (30 assessed intake from foods only). The mean iron intake was higher in vegans (21.0 mg/d) compared to vegetarians (15.3 mg/d) and meat eaters (13.9 mg/d), independent of supplement intake. Fabricius et al. (2021) used a risk-benefit assessment approach to estimate the health impact of substituting unprocessed red meat by pulses in the Danish diet, including the impact of substitution on adequacy of iron intake. There was a small decrease in the proportion of individuals below the average requirement in men and post-menopausal women (men: 32–30%), women>51: 35–33%), but no change for menstruating women (women<52: 75%); no predictions were made about changes in iron status, which would, of course, be an extremely challenging task because of the overriding effect of bioavailability. A modelling study on the unintended consequences of switching from animal- to plant-based foods, based on data from NHANES 2018-2018, predicted that dietary requirements for iron are met with flexitarian, vegetarian and vegan diets comprised of either traditional or novel plant-based foods (Tso and Forde, 2021).

The systematic review by Neufingerl and Eilander (2021) examined data on iron stores (serum/plasma ferritin concentration) in vegans, vegetarian and omnivores, from 17 studies (10 of which excluded supplement users). Iron status was higher in meat-eaters (55.5 µg/L) than in vegetarians (33.8 µg/L) and vegans (31.3 µg/L) and was lowest in vegetarian women (24.3 µg/L). However, mean haemoglobin values were similar and adequate across the three dietary patterns (i.e., 139/136/140 g/L for meat-eater, vegans and vegetarians, respectively). Another meta-analysis of 24 cross-sectional studies found that vegetarians are more likely to have lower iron stores than non-vegetarians, the results being more pronounced in men than premenopausal women (Haider et al., 2018). However, caution must be used when interpreting data from cross-sectional studies because associations are not necessarily causal. Potential confounders include the observation that people who eat more vegetables tend to have healthier diets overall, and could have other healthier lifestyle factors, such as having a higher socioeconomic and educational status, smoking less, being more physically active, and having a lower BMI. In addition, the length of time for iron stores to become depleted varies between individuals, depending on the size of body iron stores at the onset of the dietary change, their physiological requirements and capacity to absorb iron, which may be related to genotype.

There are very few randomized controlled trials on the effects of eliminating meat from the diet on iron status, and most of them were too short to demonstrate an effect on ferritin or haemoglobin. Wells et al. (2003) carried out a 12-week dietary intervention in older men undertaking resistive training. Total iron intake was similar between the group consuming a vegetarian or a beef-containing diet but at the end of the 12 weeks, although serum ferritin had decreased in both groups, the meat-consuming group had an increased haemoglobin and haematocrit compared with the vegetarian group. Another RCT investigating the effect of meat on iron status was a study in New Zealand toddlers, aged 12-20 months at baseline (Szymlek-Gay et al., 2009). The children were given red meat, iron-fortified milk or cow’s milk for 20 weeks. Serum ferritin and body iron were significantly higher in the fortified milk group and serum ferritin was significantly higher in the red meat group than the cow’s milk group. The authors concluded that an increased intake of red meat prevents the decline in iron status observed in toddlers not given additional iron.





Food fortification and biofortification

Iron fortification of foods has been undertaken for a very long time, with differing degrees of success. The first major challenge is the development of technical solutions to allow highly bioavailable forms of iron to be added to foods without adverse organoleptic changes; the second is the physiological response to infection and inflammation which causes a rise in hepcidin and instigates a barrier to iron absorption (Hurrell, 2022).

A more sustainable solution to the widespread problem of iron deficiency is to increase the nutrient density of foods by conventional plant or animal breeding, agronomic management, or genetic engineering. This is known as biofortification. Iron is amongst the most common micronutrients in plant crop biofortification programmes. Whilst there are successful examples of meat biofortified with both vitamin D (Neill et al., 2021) and selenium (D’Amato et al., 2020), there have been no attempts to increase its already high iron content. Therefore, the focus is on producing biofortified plant food crops.

Plant breeding programmes have managed to double the iron content of common beans, but the high phytic acid content of beans reduces iron bioavailability and impedes the effectiveness of bean iron biofortification, highlighting the importance of reducing the phytic acid content of food crops (Petry et al., 2015). Potatoes are low in phytic acid and this may be one of the reasons why the iron bioavailability of iron in yellow fleshed potato (containing 0.33 mg iron/100g fresh weight) was found to be remarkably high; the geometric mean absorption from a meal was 28.4% (95% CI 23.5%, 34.2%). The geometric mean absorption of iron from biofortified purple flesh potato (containing 0.69 mg iron/100g fresh weight) was much lower, namely 13.3% (95% CI 10.6%, 16.6%), probably due to the presence of polyphenols (Jongstra et al., 2020). The higher iron content of the biofortified potato meant that the total iron absorbed was similar between the two species of potato, a good illustration of the advantage conferred by biofortification.





Dietary requirements

In 1998, the World Health Organization and the Food and Agriculture Organization proposed dietary iron bioavailability values for setting DRVs of 15, 10 or 5%, depending on the composition of the diet (Food Agriculture Organization of the United Nations, & World Health Organization, 1988). The highest bioavailability value is for diversified diets with generous amounts of meat and/or foods rich in ascorbic acid. The lowest bioavailability is for diets based on cereals, tubers and legumes with little or no meat or ascorbic acid-containing fruits and vegetables.

Craig et al. (2021) published guidelines for health professionals in relation to plant-based diets in which they stated that vegetarians, and especially vegans, should consume a well-balanced diet, regularly use fortified foods and/or supplements, and pay special attention to calcium, iron, vitamin D, and vitamin B12. When the US Dietary Reference Intakes (DRIs) were derived, approximately 20 years ago, there were separate recommendations for iron intake by vegetarians (Institute of Medicine, 2003). The DRIs for iron are derived factorially whereby physiological requirements, estimated from the sum of iron losses plus iron needed for growth, are converted into dietary intakes with an assumed dietary iron absorption of 18%. However, for plant-based diets they assume that absorption is lower, at around 10%, so they estimate that dietary iron requirements for vegetarians are 1.8 times higher than omnivores. The evidence to support this includes (1) a radioisotope study by Hunt and Roughead (1999) in which non-haem absorption was measured over 2 days and where there was a 6-fold difference in absorption from a lacto-ovo-vegetarian diet compared with a nonvegetarian diet, and (2) a longer-term trial which found a two-fold difference in iron absorption between low bioavailability Western-style diets (mainly vegetarian) and high bioavailability diets (containing meat) consumed for a period of 2 weeks (Cook et al., 1991).

In 2015, EFSA published updated Dietary Reference Values for iron (EFSA NDA Panel, 2015) in which they concluded that the bioavailability of iron from European vegetarian diets is not substantially different from diets containing meat and other flesh foods. The evidence used to reach this conclusion included a randomized controlled trial in 21 women, aged 20-42 years, in which the effect of consuming a lacto-ovo-vegetarian or omnivorous diet for eight weeks on serum ferritin concentrations was determined. There was no difference in iron status between the groups fed a Western-style vegetarian diet or a diet containing meat, indicating that the iron bioavailability of the two diets was similar (Hunt and Roughead, 1999). One possible weakness of this study is the short time duration, which may not have been long enough to elicit a change in serum ferritin. The UK DRVs which were published in 1991 (Department of Health, 1991) used the FAO/WHO value of 15% bioavailability (Food Agriculture Organization of the United Nations, & World Health Organization, 1988) to convert iron requirements to dietary reference values. However, they cautioned that iron in diets containing little or no meat is less well absorbed and that people habitually consuming such diets may need a higher iron intake, although they noted that “data do not exist to quantify this precisely”.

It is possible that the current, and anticipated, reduction in meat consumption may have an impact on iron status. Dietary patterns are constantly evolving in response to food security, changes in lifestyle, and the types and availability of different foods. Meat has a long-established role in the UK diet in relation to its contribution towards well-absorbed dietary iron. It is possible that results of older surveys evaluating the adequacy of dietary iron intake to meet physiological requirements may no longer be pertinent if dietary iron bioavailability falls. Careful monitoring of the iron status of vulnerable groups (particularly teenage girls and women of child-bearing age) is warranted to confirm that they have the capacity to upregulate the efficiency of iron absorption from diets of lower bioavailability.
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Introduction

A considerable body of research has identified that meat by-products contain significant amounts of high-quality protein, which when properly extracted can lead to valuable opportunities for the food industry. However, the market success of food products containing protein extracted from meat byproducts is subject to consumer acceptance. This study explores Irish consumers’ attitudes toward hypothetical food products containing protein derived from beef offal sources.





Methods

A nationally representative survey (n = 953) was undertaken to investigate what attitude processes, that is intuitive and/or deliberative, dominate attitude formation toward food products containing beef offal-derived protein, while accounting for the effects of product familiarity and information provision. Using a 2 x 3 between-subject design, study participants were randomly assigned to one of the 6 study conditions. Participants were exposed to Affect Misattribution Procedure (AMP) tasks which measured their intuitive evaluations, followed by a number of questions that measured deliberative evaluation, attitude ambivalence, attitudes and acceptability toward the food products containing protein extracted from beef offal.





Results

The study reveals that consumers’ intuitive and deliberative evaluations worked in the same direction, predicting overall attitudes toward these products; however, deliberative evaluation was found to be a better predictor of consumers’ attitudesthan intuitive evaluation. Moreover, intuitive evaluations do not influence deliberative evaluations, suggesting that information provision that prompts deliberative evaluations could lead to the formation of more considered and stable attitudes. Familiarity influences acceptance: these findings suggest that the potential impact of a lack of familiarity with the ingredient is offset by familiarity with the carrier products. Consumers who received benefit information about the health and environmental consequences of consuming food products containing protein extracted from beef offal expressed a more positive deliberative attitude toward these products. However, interestingly, the provision of benefit- and risk-orientated information at the same time at the same time also had a positive effect on deliberative evaluations.





Discussion

The findings have implications for new product development, and more generally for strategies that seek to promote sustainable food production and consumption.





Keywords: meat by-products, protein, information, consumer behavior, attitude formation, consumer, valorization, AMP




1 Introduction

The global population is predicted to grow to 9.7 billion by 2050, reflecting a growth of about one-third compared with the figure in 2015 (FAO, 2018). Alongside this are several factors that will influence the nature of the demand for food in the coming decades. These include global concerns regarding climate change and the availability of finite resources, particularly fossil fuel-based resources; the loss of natural ecosystems and declining biodiversity resulting from an expansion of land and fresh water used to produce food for a growing population (IPCC, 2019); health inequalities, such as obesity and malnutrition, which co-exist in many countries (FAO, 2018); and socioeconomic changes, such as urbanization and rapid income growth in some regions. Thus, the quantity of food required is expected to increase significantly, and the nature of food needed will change significantly too. This will place significant demands on the food production system, as evidenced by a recognition that the current means of food production and patterns of consumption are not sustainable (Steenson and Buttriss, 2020) and that fundamental changes to the food production system are required (FAO, 2018; Willett et al., 2019).

In this context, protein has attracted particular attention, with more sustainable and alternative protein sources being demanded by consumers, pursued by industry and researchers, and driven by policymakers at all levels (Clark and Lenaghan, 2020). Their approaches have targeted both existing and novel sources of protein. A review by Henchion et al. (2017) concluded that different factors influence the potential of these sources to sustainably satisfy protein demand. They found that the sustainability of existing protein sources, particularly animal-derived foods, is primarily limited by their negative environmental impacts and some concerns around health. However, high levels of consumer acceptance and social and economic benefits support their ongoing production. In contrast, proponents of novel proteins have to pay close attention to consumer acceptance, and related issues such as production costs and safety.

The global demand for animal-derived protein is expected to double by 2050 (Westhoek, 2011), thus necessitating particular attention. Novel protein production opportunities are available in this industry, with a focus on increasing the valorization of co-products in several sectors. There are several arguments in favor of this. First, raw materials are available in significant quantities—cattle slaughtering and processing generates by-products that account for 40%–50% of the total weight of the animal slaughtered (Cavaleiro et al., 2013). Second, they represent undervalorized sources of high-quality protein, and many other nutrients including essential amino acids, vitamins, minerals, antioxidants, and bioactive peptides (Florek et al., 2012; Jayathilakan et al., 2012; Mullen et al., 2017; Álvarez et al., 2018). Overall, there is growing scientific awareness that animal by-products contain significant amounts of nutritious and functional components when treated and processed correctly. Indeed, the development of techniques for the recovery and the utilization of protein from such sources has attracted considerable interest in recent years (Darine et al., 2010; Toldrá et al., 2012; Baiano, 2014; Lynch et al., 2017; Mullen et al., 2017). Last, their current use in many countries means that they are treated as waste, incurring costs for meat processors and representing a potential threat to the environment. Thus, from a sustainability perspective, making better use of by-products can help to reduce the environmental impact of meat production, and address the need to use animal proteins in a more responsible manner than is currently the case (Van Der Spiegel et al., 2013).

However, using animal by-products as a significant source of protein on a global basis is likely to elicit challenges relating to the fact that they areco-products and are animal derived. Martins et al. (1997) suggest that consumers tended to exhibit stronger neophobic responses in relation to animal products than to non-animal products, possibly as a result of the greater potential pathogenic threat posed by animal products. Thus, they are likely to be more wary of novel proteins from animal by-products than other sources. Moreover, if consumers are not familiar with potential innovations in this area, they may consider by-products as unhealthy and possibly not edible. Frewer and Gremmen (2007) argue that “unless consumers can agree that the benefits of by-products management are equivalent to sustainable, desirable, and acceptable food production practices, consumers are unlikely to recognize and realize many of the potential benefits of by-products management” (p. 32). This paper aims to explore Irish consumers’ attitudes toward incorporating protein extracted from beef offal into food products. It builds on the methodology used in the study by De Beukelaar et al. (2019), adding theoretical concepts and applying it in a new context.




2 Theoretical framework

Consumers’ food choices and behaviors are influenced by numerous sociocultural and sociopsychological factors, with most of these factors being internalized by individuals through the formation of attitudes. Attitudes are defined as “a psychological tendency that is expressed by evaluating a particular entity with some degree of favor or disfavor” (Eagly and Chaiken, 1993, p. 1). Within food research, the important influence of the attitude construct on consumers’ behavior is evident through its omnipresence in numerous analytical theories, models, and frameworks that examine food choices (e.g., Randall, 1981; Ajzen, 1991; Shepherd, 1999; Rozin, 2006).



2.1 Attitude formation processes

In some cases, people form attitudes effortlessly, without much conscious awareness of their formation, while in other cases, attitudes are consciously controlled and arise from the intentional and thoughtful consideration of attitude-relevant information (Marquardt and Hoeger, 2009; Kruglanski and Gigerenzer, 2011; Olson and Kendrick, 2011; Pachur and Spaar, 2015). The first process, referred to as “intuitive” within this paper, has been described as unintentional, immediate, stimulus based, and can involve emotion-based judgments based on quick intuitions such as “gut” feelings (Haidt, 2001; Duckworth et al., 2002; Pachur and Spaar, 2015). The second process described, referred to “deliberative” within this paper, is an analytic mode that requires individuals to think at complex levels and critically make evaluative judgments (Epstein, 2010). People can engage in both processes simultaneously, with each process exerting either independent or interdependent effects on evaluations (Moskowitz et al., 1995; Marquardt and Hoeger, 2009; Bohner et al., 2011).

Both processes may jointly influence people’s evaluations in an additive, competitive, or sequential manner (Evans, 2008; Gawronski and Creighton, 2013). For example, when deliberative processing is incongruent with the judgment implied from intuition, deliberative evaluation can entirely set aside the intuitive process (Gawronski and Creighton, 2013). This might occur because the outcome implied by deliberate processing is likely to be seen as more reliable, and, therefore, the influence of intuition is reduced (Zuckerman and Chaiken, 1998). People use a common set of core values in their food choices, such as taste, cost, health, and convenience, and attach meanings to these values (Furst et al., 1996; Sobal and Bisogni, 2009). If all these values cannot be met at the same time, people develop ways of negotiating and balancing them (Sobal and Bisogni, 2009). Deliberative evaluation of a food product’s health value may override an initial intuitive evaluation of disgust or a “gut” feeling for this product if consumers are health conscious. Thus, consumers’ attitudes toward a food product can be the result of both intuitive and deliberate evaluations, with intuitive evaluations being formed first.

With the findings in the above literature and the study by De Beukelaar et al. (2019) in mind, it can be hypothesized that:

Hypothesis 1: the more positive consumers’ intuitive and deliberative evaluations toward the food product containing offal-derived protein are, the more positive their overall attitude toward this product will be.

Hypothesis 2: the more positive consumers’ intuitive evaluation toward the food product containing offal-derived protein is, the more positive their deliberate evaluation toward this product will be.




2.2 Ambivalence

Consumers’ food choices and related behavior has been associated with ambivalence (Sparks et al., 2001). Ambivalence can be conceptualized as a state in which an individual “is inclined to give it [an attitude object] equivalently strong positive or negative evaluations” (Thompson et al., 1995, p. 367). For instance, a person may hold an ambivalent attitude toward meat consumption, deriving from strongly held positive and negative attitudes toward the associated benefits and risks. Attitudinal research has shown that individuals are motivated to reduce ambivalence and its associated negative feelings (Stone and Cooper, 2001; Zemborain and Johar, 2007; Sawicki et al., 2013). Empirical studies have shown that ambivalence is related to more effort and deliberation, as ambivalent attitude-holders experience an internal evaluative inconsistency, and, therefore, invest cognitive resources to come to a more unequivocal attitude (Van Harreveld and Van Der Pligt, 2004; Van Harreveld et al., 2004). Therefore, it is reasonable to assume that:

Hypothesis 3: the more ambivalent consumers’ attitudes toward the food product concept containing protein extracted from beef offal, the greater the effect of deliberate evaluation on overall attitudes toward this product.




2.3 Familiarity with food product concept

Previous empirical research (e.g., Wansink, 2002; Fischer and Frewer, 2009; Gmuer et al., 2016) has shown that product familiarity plays an important role in introducing new foods to the market. Research on insects as food has repeatedly shown that insects are likely to be more acceptable when they are incorporated into familiar foods (Schösler et al., 2012; Tan et al., 2015; Gmuer et al., 2016; Tan et al., 2016). Some researchers have also suggested that incorporating insects and offal into convenience foods, such as burger patties and sausages, might be one of the most effective ways of encouraging consumer acceptance (Wansink, 2002; Schösler et al., 2012; Verbeke, 2015). Consumers’ familiarity with a product concept they are required to evaluate might also affect the evaluation process that they use. In cases where individuals have limited knowledge and experience with the attitude object, it is more likely that they will access affective associations than construct cognitive associations (Van Giesen et al., 2015). Research on attitudes toward relatively unfamiliar food developments, such as genetically modified foods and nanotechnology applications, has indicated that affective/intuitive input is the main driver of attitude formation (Lee et al., 2005; Van Giesen et al., 2015). Given the above literature it can be hypothesized that:

Hypothesis 4: consumers who are exposed to an image of a familiar product concept are more likely to have more positive intuitive evaluation toward the food product containing offal-derived protein than consumers who are exposed to unfamiliar product concepts.




2.4 Attitude formation and information processing

Attitude formation is highly related to information provision and processing (Crano and Prislin, 2006; Eagly and Chaiken, 2007), as attitudes can be formed (or altered) as a result of received information (McCarthy et al., 2003). Health-related information is increasingly used in the marketing of food products, and research has shown that it affects consumers’ responses to foods in general, and to unfamiliar or novel foods in particular (Leathwood et al., 2007; Lampila et al., 2009; Lähteenmäki, 2013). Research on functional foods, for example, has shown that consumers are more willing to accept them if information on health benefits is provided (Siegrist et al., 2008; Lalor et al., 2011). In a study on consumer acceptance of unfamiliar acai berry-based fruit juices, Sabbe et al. (2009) demonstrated that health information leads to an increase in overall liking for these unfamiliar fruit juices. In addition or alongside the effect of health benefit information on consumer acceptance of new or unfamiliar foods, the effect of information on environmental benefits has also been studied. In a recent study, Barsics et al. (2017) showed that information on insect-based foods encompassing ecological, health, and gastronomic aspects could change consumers’ attitudes and acceptance of novel insect-based food samples. In a similar vein, Verneau et al. (2016) investigated the effect of benefit communication on insect consumption and showed that providing information about the individual (i.e., health benefits) and social (i.e., environmental benefits) benefits of eating insects increased peoples’ intention to eat insect-based food. Gorissen and Weijters (2016) investigated how consumers process information on the environmental impact of food products and how this information can be subject to biased processing. In one of their experiments, the authors found that people rated a hamburger together with an organic apple as having a lower environmental impact compared with the hamburger alone. The authors attributed this result to the biased effect of the “green product”.

Consumers are often confronted with contradicting information regarding products’ attributes and/or benefits. Insufficient or contradictory information leads to the ambivalence that characterizes public reactions to new foods (Grunert et al., 2001; Bäckström et al., 2003). According to the heuristic-systematic model (HSM) (Chaiken, 1980), in conditions where information is ambiguous, information can be interpreted in line with a heuristic cue and bias the results of deliberate processing (Gawronski and Creighton, 2013).

Hypothesis 5: individuals who are provided with either benefit or ambiguous information are more likely to have a more positive deliberate evaluation of product concepts containing protein extracted from beef offal than people who are provided with no information.

Hypothesis 6: for individuals who are exposed to ambiguous information, it is more likely that their deliberate evaluation will be determined by intuitive evaluation.





3 Materials and methods



3.1 Participants

Data were collected in January 2019 using an online survey. Participants were recruited by a field market research agency, from their consumer panel. Quota controls were applied in terms of age, gender, education, social class, and geographical area to ensure a representative sample of the Irish adult population. All responders had been living continuously in Ireland for the past 3 years and were consumers of burgers and sausages. A total of 1,027 consumers took part in the survey. From those, 74 respondents were excluded due to their not meeting the qualifying criteria1, resulting in a final sample of 953 respondents.




3.2 Manipulations



3.2.1 Carrier product

Previous research on consumer attitudes toward new and novel foods, such as functional foods and insects, has stressed the important role of perceived fit of carrier–ingredient combination on acceptability (e.g., Bech-Larsen and Grunert, 2003; Van Kleef et al., 2005; Lyly et al., 2007; Verbeke et al., 2009; Krutulyte et al., 2011; Lu, 2015; Tan et al., 2015; Tan et al., 2017). In this study, the carrier effect was removed by choosing carrier products that conceptually represent an appropriate carrier–ingredient combination. In accordance with the study by De Beukelaar et al. (2019), we decided to include two different food product concepts to control for individual differences in liking for the specific food products and to serve as internal replications for the study. Sausages and burgers were chosen to fulfil these criteria. Given that these products are commonly produced with minced meat and/or red offal in a patty format, it was expected that it would be ideationally congruent to add ingredients extracted from offal to these products, as opposed to a product characterized by totally different properties (e.g., orange juice). This choice was also reinforced by a review of the meat science literature undertaken by the research team, which indicated that most recommendations concerning the applications of offal-extracted protein for the food industry were focused on processed meat products.




3.2.2 Familiarity

Familiarity with the product concepts was manipulated in terms of product concepts containing protein extracted from familiar compared with unfamiliar beef offal sources. Selection was based on the results of a pretest conducted with 26 Irish consumers, who reported their familiarity with burgers and sausages containing protein extracted from six different beef offal sources: heart, blood, liver, lung, bone, and skin. Familiarity with these product concepts was measured using a five-point scale according to Tuorila et al. (2001). Based on the reported differences in familiarity in this pretest, the following choices were made:

	familiar products consisted of “burger containing protein extracted from beef liver” and “sausages containing protein extracted from beef liver”

	unfamiliar products consisted of “burger containing protein extracted from beef lung” and “sausages containing protein extracted from beef lung”.






3.2.3 Information provision

Manipulations in information provision within the survey consist of three levels: no information, benefit information, and ambiguous information. Participants in all conditions were informed that the presented food products contained protein extracted from beef liver or lung. In the “benefit information” condition, information was given to participants about the health and environmental benefits of protein extracted from beef liver or lung for human consumption. In the “ambiguous information” condition, a more extensive text was given to participants containing ambiguous arguments regarding the health and environmental benefits of protein extracted from beef liver or lung for human consumption. A pretest with 29 Irish third-level students confirmed that the two fictitious information texts differed significantly in terms of the strength and valence of their arguments.

Literature suggests that the impact of information provision on consumers’ attitudes is strongly affected by the perceived credibility and trustworthiness of the information source (e.g., Frewer et al., 2003; Gray et al., 2005; Costa-Font et al., 2008; Cash et al., 2015; Henchion et al., 2016), and this is the case especially in situations where attitudes have not yet crystallized (Frewer et al., 1998). In this study, the source of the information was intentionally unspecified to minimize the potential effect of information source credibility on participants’ expressed attitudes.





3.3 Experimental design

In line with De Beukelaar et al.’s (2019) study design, of a 2 × 3 between-subject design, participants were randomly assigned to one of six possible study conditions (see Table 1). The conditions differed according to the two factors: product concept familiarity (two levels: familiar or unfamiliar) and provision of information (three levels: no information provided, benefit information provided, or ambiguous information provided).

Table 1 | The two stimuli in each of the six study conditions.


[image: A comparison table shows burgers and sausages made with protein extracted from beef liver (familiar) and beef lung (unfamiliar). Under different conditions—no information, benefit information, and ambiguous information—the table describes health and environmental impacts. Each section includes images of a burger and sausages and text describing the source and benefits or drawbacks of the proteins used.]



3.4 Measures



3.4.1 Intuitive evaluations

Intuitive evaluations of the product concepts containing protein extracted from beef offal were measured with an affect misattribution procedure (AMP), which was developed by Payne et al. (2005). The AMP has been used in food studies (e.g., Hofmann et al., 2009; Richard et al., 2017; Woodward et al., 2017) exhibiting relatively high levels of reliability (Lebel and Paunonen, 2011). Payne and Lundberg (2014) reported Cronbach’s alpha coefficients ranging from 0.47 to 0.95 from 45 studies.

According to Payne et al. (2005), the AMP is an implicit measure, in the sense that participants do not directly report their attitudes, but their attitudes are inferred from the responses. This priming-based procedure measures automatically activated responses based on the principle that exposure to a visual positive or negative stimulus causes an affective state, which then automatically biases the evaluation of a subsequent neutral object (Payne and Lundberg, 2014). According to the AMP process, participants have to view pairs of pictures “flashed” rapidly one after the other; the visual prime, followed by a neutral Chinese character2 (Payne et al., 2005, p. 280). Subsequently, they are asked to make evaluative judgments about the neutral target stimulus (i.e., the Chinese character) and are explicitly asked to ignore the photo prime. The stimulus (i.e., the Chinese character) tends to be judged more positively (vs. negatively) when it is preceded by a positive (vs. negative) prime (Payne et al., 2005).

During the survey, each participant was exposed to two AMP tasks containing images from one of the six conditions. Every AMP task began with briefly showing (1,200 ms) a photograph of the product (burger/sausages) containing protein extracted from beef offal (visual prime). After the prime, a Chinese character (see Figure 1) was shown for 1200 ms. Participants were asked to rate the Chinese character on a seven-point scale, ranging from “not very pleasant” to “very pleasant”, plus the option to report “unable to see the image” (Figure 2). Before starting this part of the study, participants were explicitly instructed to ignore the photos prior to the Chinese characters. However, in accordance with AMP principles, it is expected that despite the given instruction, participants are more inclined to perceive the Chinese characters as (un)pleasant if they have formed a (un)favorable intuitive evaluation toward the visual primes, that is the food product concepts containing protein extracted from beef liver or lung.

[image: Chinese characters for "虎" (tiger) and "青" (blue or green) in bold black font on a white background, displayed vertically.]
Figure 1 | Chinese characters used in the AMP (images retrieved from Payne et al. (2005). AMP, affect misattribution procedure.

[image: Flowchart depicting a sequence of steps. First box shows a burger and text, "This burger contains protein extracted from beef liver," displayed for twelve hundred milliseconds. Second box shows a Chinese character, also displayed for twelve hundred milliseconds. Third box contains a rating scale to evaluate the character's pleasantness, with options ranging from "Very unpleasant" to "Very pleasant," with no time restriction.]
Figure 2 | Example of steps for the AMP task. AMP, affect misattribution procedure.




3.4.2 Deliberative evaluation

Deliberate evaluation of the product concepts containing protein extracted from beef offal was assessed using three deliberate attitude items on a seven-point semantic differential scale from Bruner (2017).




3.4.3 Attitude ambivalence

Participants’ “attitude ambivalence” toward the product concepts was measured using three items on a seven-point scale in accordance with Priester and Petty (1996). This scale has been used in numerous research papers (e.g., Nowlis et al., 2002; Nordgren et al., 2006; Clark et al., 2008). The scale is composed of three items that assess the extent to which a person reports having mixed feelings when making an evaluation.




3.4.4 Overall attitude

Overall attitude toward the food products containing protein extracted from beef offal was measured using three items on a seven-point bipolar continuum, in accordance with Pham and Avnet (2004) and Kempf and Laczniak (2001) (with reported Cronbach’s alpha coefficients of 0.97 and 9.4, respectively).




3.4.5 Acceptability

In addition to the attitudinal measurements toward the food products containing protein extracted from beef offal, it was deemed useful to measure individuals’ acceptance of these products. No specific hypotheses were made around acceptability; however, an explanatory analysis of the relationships between attitudinal constructs and acceptance will provide some additional insight. Acceptability was measured using three items on a seven-point scale based on that in the study by Tan et al. (2016).





3.5 Survey procedure

Participants were invited via email by the market research agency to take part in the survey. To avoid self-selection bias, specific project details were not included in the email invitation. Instead, individuals were invited to complete a survey and given the general survey details, that is, the survey theme and the length of survey. On clicking the survey link, participants were informed about the purpose of the study, that the information provided would be protected and anonymous, and asked to provide their consent to proceed with the survey.

The online survey consisted of four parts, which altogether took around 15 min to complete. In part 1, demographic and product consumption questions, and the exclusion criteria questions, were asked. If participants met the requirements to participate in the survey, they were randomly assigned to one of the six study conditions. In part 2, participants completed the AMP task. In part 3, participants rated their overall attitude, attitude ambivalence, and deliberate evaluation and acceptance of the food products containing protein extracted from beef offal. Finally, in part 4, participants rated their general attitudes toward eating burgers and sausages and their attitudes toward the Chinese characters. Piloting was undertaken with 56 participants to ensure the suitability and validity of the data collection instrument and of study manipulations. Age categories were defined a priori and were based on common age bands for adults. Social class categories were defined using a common market research classification, as follows: A—upper middle class; B—middle class; C1—lower middle class, C2—skilled working class; D—working class; E—non-working; and F—farmers.




3.6 Data analysis

Data analysis was performed using IBM SPSS 24. A critical p-value of 0.05 was selected. Prior to analysis, items denoted with (R) were reversed, so that higher-scale scores denote positive valence. For testing the hypotheses and the two scores for the individual products (burgers and sausages) were averaged to obtain a single aggregated score for each variable. Analyses consisted of reliability analysis of scales used (all scales had a Cronbach’s alpha value > 0.70), descriptive statistics, Pearson’s chi-squared correlations, and, finally, a regression analysis and analysis of variance (ANOVA) to test the hypotheses.





4 Results

The study sample is representative of the Irish adult population in terms of gender, age, education, and social class [according to the most recent census survey, conducted by the Central Statistics Office (CSO) in 2016]. Participants’ general attitudes toward the two product carriers indicate that participants were equally positive about consuming burgers and sausages. In terms of consumption frequency, more than two-thirds of the participants (almost 73%) reported eating burgers “less than once per month” or “1–3 times per month”, whereas almost two-thirds of the sample (64%) reported eating sausages “once a week” or “1–3 times per month”. These reported frequencies indicate that more people consume sausages more frequently than burgers3 (see Table 2 for further details).

Table 2 | Participant demographics (n = 953) and Pearson’s chi-squared test to ensure no sampling bias across the six study conditions.


[image: A table displays demographic and survey data. Categories include gender, age, education level, social class, and residence province with entries in percentages and counts. Survey conditions show familiarity levels with information types. Attitudes towards consuming burgers and sausages are evaluated, with frequency data for both. Statistical tests are noted besides each demographic category, including chi-square and p-values.]
Pearson’s chi-squared coefficients show that participants were equally assigned across the six experimental conditions, with respect to sociodemographic characteristics. In addition, participants’ general attitudes toward the two Chinese signs, which were used as the stimuli items in the “intuitive evaluation” section of the survey, in accordance with the AMP method, showed similar results (sign 1: mean = 3.65 SD = 1.12; sign 2: M = 3.70, SD = 1.07). A within-subjects repeated measures ANOVA showed that there were no significant differences between participants’ attitudes toward the two Chinese signs [(F(1,952) = 3.83, p = 0.05, partial η2 = 0.004], which suggests that the two Chinese signs were perceived as being equally attractive by participants. This indicates that any possible statistical difference in participants’ intuitive evaluations was not due to differences in the perceived attractiveness of the Chinese signs.



4.1 Descriptive analysis



4.1.1 Main measured variables across conditions and products

An overview of the means and standard deviations for the main measured variables is provided in Table 3. For almost all variables, the highest values were noted when benefit information was provided and when protein was extracted from the liver (rather than the lung). In comparison, the lowest values were noted when no information was provided and when protein was extracted from the lung. Moreover, when comparing the variable scores acquired for the two product carriers, that is, burgers and sausages, there were no differences in the scores. This confirms that it is reasonable to average the measures coming for the two products to obtain an aggregated score for each variable.

Table 3 | Means (SDs) for intuitive evaluation, deliberate evaluation, overall attitude, and acceptance toward burgers tabulated by study conditions (measured on a seven-point scale) (n = 953).


[image: A table comparing protein sources from liver and lung in sausages and burgers across four categories: intuitive evaluation, deliberate evaluation, overall attitude, and acceptance. Each entry includes a score with standard deviation. Red font highlights the highest score; blue font indicates the lowest. Categories include no information, benefit information, and ambiguous information. Scores vary between liver and lung sources, noting how different information affects evaluation. Results denote consumer perceptions and preferences regarding protein sources and information provided.]




4.2 Hypothesis testing



4.2.1 Predicting attitude formation

Intuitive evaluation had a significant effect on participants’ deliberate evaluation of food products containing offal-derived protein, regardless of the experimental condition [F(1,951) = 117.30, p < 0.001]. The direction of this effect was found to be positive (β = 0.33), meaning that participants with a more positive intuitive evaluation subsequently expressed a more positive deliberative evaluation.

The overall attitudes toward food products containing offal-derived protein were well predicted by data for the deliberate and the intuitive evaluations [F(1,951) = 1429.99, p < 0.001, R2 = 0.87], with deliberate evaluation (β = 0.85) having a greater positive influence on overall attitudes than intuitive evaluation (β = 0.03). Therefore, results confirm hypothesis 1 and hypothesis 2.

The interaction effect of deliberate evaluation and attitude ambivalence was found to be insignificant [F(1,951) = 719.75, p = 0.11], indicating that participants’ deliberate evaluation affected their overall attitude toward these products containing offal-derived protein regardless of experienced ambivalence. Thus, hypothesis 3 is not supported by the data.




4.2.2 Effect of familiarity and information manipulations on the main variables

We found that familiarity had no significant main effect on the intuitive evaluation of product concepts containing protein extracted from beef offal [F(1,951) = 1.46, p = 0.23]. Thus, hypothesis 4 is not supported by the data. Although not hypothesized, a significant main effect of familiarity on deliberate evaluation was detected [F(1,951) = 9.52, p < 0.001]. Specifically, participants’ deliberate evaluation for familiar product concepts was significantly more positive than that for unfamiliar product concepts.

We found that information provision had a significant main effect on deliberative evaluation [F(1,951)= 19.49, p < 0.01] in the direction that providing information, either of benefit or ambiguous, led to a significantly more positive deliberate evaluation than when no information was provided [t(950) = 6.03, p < 0.05 (one-tailed)]. These results provide support for hypothesis 5, that is, receiving any kind of information significantly positively increased deliberative evaluation compared with not receiving any information.

The interaction effect for intuitive evaluation and ambiguous information on deliberate evaluation was not significant [F(1,951) = 39.72, p = 0.38]. These results do not confirm hypothesis 6 and indicate that participants’ intuitive evaluation of products containing protein extracted from beef offal affected their deliberate evaluation of these products similarly, whether or not ambiguous information was provided to them.






5 Discussion

Although we found that attitude ambivalence did not impact on overall attitude, the nature of this attitude needs to be considered. It has been noted that attitude ambivalence is associated with weaker attitudes (Britt et al., 2011; Simons et al., 2019), more susceptibility to change (Bassili, 1996; Armitage and Conner, 2000), and less attitude–behavior consistency (Armitage and Conner, 2004). These three factors need consideration and indeed ambivalence, as it exists in our study, could lead to a significant attitude behavior gap. Furthermore, the behaviors of two individuals displaying the same overall attitudes could vary dramatically. Attitude instability because of ambivalence may result in an openness to new information, resulting in a shift toward either a more positive or negative attitude valence. The credibility, transparency, and relevance of the information provided (to addressing sources of ambivalence) is key to ensuring the emergence of more stable overall attitudes.

Using familiar carrier foods has been shown to increase the acceptance of novel foods (Wansink, 2002; Hartmann et al., 2015); however, exceptions occur when the combination of ingredients is perceived to be inappropriate (Stallberg-White and Pliner, 1999). To counter this risk, in the current study, we used two familiar carrier products. These were mince-based meats, to which the offal ingredient was added. Through this mechanism we were able to test the impact of familiarity of the ingredient on overall attitude. Our findings suggest that the potential impact of lack of familiarity with the ingredient is offset by familiarity with the carrier products. Building on the evidence base that incorporating novelingredients into familiar foods impacts on the acceptance of the former, importantly, this study suggests that the impact is equal across novel ingredients, irrespective of their level of novelty. The study findings also corroborate the conclusion put forward by Henchion et al. (2016), namely that “familiarity with the form of the carrier was significant in overcoming ideational influences”. This is important because ideation could lead to a disgust response, which could manifest in intuitive evaluations. A disgust response results in foods being rejected “because of what they are, where they came from, or their social history” (Martins and Pliner, 2005 p. 215). The evidence here suggests that a disgust response is not dominating the evaluation of these novel foods but creating a “good gut feeling” about their consumption, which could in turn improve intuitive evaluations and indeed attenuate the effect of attitude ambivalence (Groenendyk, 2019).

With respect to attitude formation, this study found that consumers’ intuitive and deliberate evaluations toward the products with novel ingredients worked in the same direction, and predicted their overall attitudes toward these products. However, deliberate evaluation was found to be a better predictor of consumers’ overall attitudes. This result can be related to the differential roles of intuitive and deliberate evaluation. Research has suggested a dissociation pattern, with intuitive evaluation influencing spontaneous choices and behaviors, and deliberate evaluations influencing conscious evaluations (Perugini, 2005; Richetin et al., 2007; König et al., 2016).

In addition, this analysis found that intuitive evaluations do not influence deliberate evaluations, suggesting that information provision that prompts deliberate evaluations could lead to the formation of more considered and stable attitudes. Although this study concurs with the argument of information studies in general and in related areas of application [e.g., Pelchat and Pliner, 1995, Verneau et al. (2016) in relation to insect-based products and Bekker et al. (2017) in relation to cultured meat] that providing information on product benefits results in more positive evaluations, it also found that the provision of information, be it benefit or benefit–risk orientated, has a positive effect on deliberate evaluations. This finding adds to the suggestion that explicitly referencing uncertainty, in this case the risk, can increase persuasion. Karmarkar and Tormala (2010) found that, in certain conditions, when an expert source expresses some level of uncertainty, deeper message processing can occur with a positive impact.




6 Practical implications

The current study demonstrates that consumers expressed relatively positive attitudes toward the food products containing protein extracted from beef offal, indicating that protein extracted from beef offal has a realistic potential of being incorporated into food products as an alternative protein source, and being accepted by consumers in Ireland. Specifically, familiar product concepts containing protein extracted from beef offal were more (deliberately) positively evaluated, than unfamiliar product concepts. Therefore, product developers should focus on incorporating protein extracted from familiar beef offal sources, such as the liver or heart rather than those that are more unfamiliar, such as lungs. Beyond the results of this study which was conducted with Irish consumers, it should be noted that familiarity and exposure to beef offal is culture dependent, and the social influence on individuals’ choices to eat the meat of some animals and avoid that of others may vary among collectivistic and individualistic cultural contexts (Ruby and Heine, 2012).

Consumers’ attitudes and acceptance of food products containing protein extracted from beef offal should be also considered at a societal level. Achieving acceptance on both personal and societal levels might support the emergence of stable attitudes, and, therefore, of decisions to consume these food products. Public acceptance of many new foods (e.g., sushi and avocado, in the European context) and associated technologies (e.g., GM) appears to be an evolutionary rather than a revolutionary process. Studies on foods that were initially perceived as novel and that gained widespread acceptance over time show that new foods initially gain popularity in one small social segment before diffusing further (House, 2016). Technologies that are more established also tend to be viewed more positively by some consumer segments (Food Standard Agency, 2020). Following on from work on the establishment of other new foods, it is recommended that early adopters, rather than general populations, receive greater attention, and familiar food technologies might positively contribute to public acceptance. In this way, the overall market acceptance of food products containing protein extracted from beef offal could be increased over time.

In addition to carefully designing products containing protein extracted from beef offal and ensuring the availability of these products, other elements of the marketing mix, particularly promotion, should be considered as a precondition for their success. Promotion of these products through social media, which allows businesses to be in direct contact with consumers, could be a promising channel of communication. Social networks and platforms enable people to communicate with each other, share information and content, and, in many cases, are used as a way to spread awareness and influence others. Communication of new things is often cognitive in nature, with a focus on explaining (Dudo, 2013). Indeed, the current study shows that providing information about the health and environmental benefits of consuming food products containing protein extracted from beef offal was (deliberately) positively evaluated. Therefore, any action that would favor deliberation is likely to increase the possibility that deliberate attitudes would drive consumers’ attitudes and potentially their decisions in the marketplace. However, the present research also indicates that it is important to address affect when presenting these food products, as consumers’ intuitive evaluations are also important. Therefore, communication campaigns for products containing protein extracted from beef offal should be carefully designed and incorporate both affective and cognitive elements.

Finally, it should be noted that in order to achieve successful inclusion of protein extracted from beef offal into humans’ diet, collective action of a variety of stakeholders (e.g., nutrition experts, the food industry, policymakers, and food quality agencies) is necessary. Although marketing strategies at the product level (i.e., around the food product containing protein extracted from beef offal) are essential, broader communication which targets the consumer acceptance of products containing ingredients that have been extracted from co-processing streams more generally is also very important. This communication could be embedded in the context of drive toward a circular economy and the aim of transitioning toward a more sustainable food system. Moreover, this transdisciplinary approach facilitating engagement between different stakeholders supports learning and knowledge exchange across organizations and sectors. In this way, industry awareness will also be achieved, with manufacturers—across food and non-food sectors—having access to information regarding the opportunities to develop products containing ingredients from co-processing streams. Socializing the idea of valorizing meat by-products for human consumption, through different channels and with the use of consistently delivered, transparent, reliable, and informative content could be an effective strategy to include beef offal extracted protein in diets. In essence, the end goal would be that food products containing protein extracted from beef offal could turn into habitual purchases for some consumer segments. In this process, consumers need to have the tools available to accommodate deliberative evaluation, and, when attitudes are positive, choices can turn into habits.




7 Limitations

As with any research, the scope of the present study is necessarily restricted. One limitation concerns the conceptualization of familiar and unfamiliar product concepts. Although the carrier products, that is, burgers and sausages, are well-established food products, familiarity with the product concepts was addressed through the incorporation of one more familiar (i.e., beef liver) and one more unfamiliar (i.e., beef lung) protein source into the product carriers. Future research should further identify what other product carrier–ingredient combinations are truly familiar or unfamiliar. Comparing attitudes toward unfamiliar food products from other cultures to familiar food products from one’s own culture could be an interesting research direction.

A further limitation has to do with the experimental setup used in this study to investigate consumers’ attitudes. Although a questionnaire-based survey is the most commonly used method, thanks to its relatively low cost and ease of administration, this method suffers from some limitations. The most salient of these are self-representation biases (e.g., responding in a way that reflects social desirability) and an inability to report actual cognitive contents and behaviors (Greenwald and Banaji, 2010; Glöckner and Herbold, 2011). The possible impact of the survey methodology on consumer responses also needs to be considered, as it is unlikely that consumers go through substantial elaboration in the process of attitude expression for most of their daily food decisions.

Finally, limitations arise for the measures used to depict intuitive evaluations such as the AMP used in this study. No intuitive measurement is process pure, as they are all based on a behavioral task that involves a controlled process (e.g., press a button, make a choice) besides the automatic evaluation (Conrey et al., 2005). Physiological measurements such as galvanic skin response, heart rate variability, fMRI (a technique that measures brain activity by detecting changes associated with blood flow), and eye tracking provide insights into underlying psychological processes, without constraining any of the involved processes (Glöckner and Witteman, 2010). Although it is practically impossible to apply these tools to a large study sample, it would be interesting to combine these experimental studies with large representative sample surveys to acquire a deeper understanding of the underlying processes in attitude formation toward the specific food products under investigation.
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Footnotes

1A total of 47 participants were excluded during the analysis due to self-reported missing observations for one or more of the explanatory variables of the analysis. Possible causes for failure to complete the section(s) could be limitations associated with the devices on which the survey was undertaken (e.g., small screen) in combination with the short duration for which some images were presented.

2The research team decided that it was appropriate to exclude individuals who speak Chinese, as their knowledge of the meanings of the Chinese characters could alter the results from the AMP tests.

3This sample represents burger and sausage consumers, as the consumption of these products was a qualifying criterion for participating in the survey.


4The research team decided that it was appropriate to exclude individuals who speak Chinese, as their knowledge of the meanings of the Chinese characters could alter the results from the AMP tests.

5This sample represents burger and sausage consumers, as the consumption of these products was a qualifying criterion for participating in the survey.

6The research team decided that it was appropriate to exclude individuals who speak Chinese, as their knowledge of the meanings of the Chinese characters could alter the results from the AMP tests.

7This sample represents burger and sausage consumers, as the consumption of these products was a qualifying criterion for participating in the survey.
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This mini-review review examines the role of animal by-products (ABP), produced by the process known as rendering. It explains how the use of rendered products has evolved and changed over the last 50 years and how the bovine spongiform encephalopathy (BSE) epidemic in the UK and the rest of Europe challenged the survival of the industry. The subsequent changes to the rendering industry resulting from BSE are described by way of key research and regulatory changes. As a result of the developments in the modern rendering industry, it has evolved into an important component of the current human food chain. The role of the rendering industry in producing a wide range of safe, high quality, sustainable products from ABP materials is explored.
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1 Introduction

Animal by-products (ABPs) are produced as a direct consequence of livestock farming for production of meat, milk and eggs but they are often ignored by many in the livestock industry. It is therefore necessary to emphasise the importance and relevance of ABPs to the livestock industry. Table 1 illustrates the typical proportions of food (meat) and ABP contributed by each of the four main species or types of land animal farmed for the production of human food in Europe. The evolution and rationale for the risk-based categorisation of ABP by the European Union (EU) is described in full in Section 2. ABPs play a very significant role in the economics and dynamics of the European meat industry, as the portion of the animal not utilised as food (meat) can range from 25-50% of its liveweight. This significant ABP portion of the liveweight requires prompt processing by the rendering industry to ensure that the raw material does not degrade due to microbiological activity. This processing thus ensures the continued operation of the meat industry.

Table 1 | Typical composition of meat, meat products and Animal By-Products (ABP) from livestock farmed for food and the categorisation of ABP in Europe.


[image: Table showing the percentage breakdown of animal live weight for cattle, sheep, pigs, and poultry. Meat for human consumption: cattle 60%, sheep 55%, pigs 70%, poultry 68%. Animal by-products not intended for human consumption: cattle 40%, sheep 45%, pigs 30%, poultry 32%. By-product categories show further breakdowns.]
The rendering process is described in full by Woodgate & Wilkinson (2021). In essence the following steps involve using steam at high pressure to indirectly heat ABPs (following size reduction) to; i) evaporate the water present (typically 55-80% moisture), ii) to break open the cellular structure to allow the fat to be separated (rendered) from the protein meal iii) to microbiologically sterilise the final products of rendering, i.e. protein meal (meat and bone meal [MBM] and rendered fat [Tallow]). The former and latter were traditionally used as ingredients in the manufacture of compound feeds for animals, and the latter in the soap and the preparation of industrial fatty acids (oleochemicals) industry. The resulting products, a high protein meal and a rendered fat are therefore dehydrated, stable and microbiologically sterile such that the MBM was safe to be used by the animal feed industry. In the early development of the rendering industry, the rendering process was operated as a batch process, but during the 1960’s and into the 1970’s the majority of batch processes were replaced by continuous systems (Burnham, 1978). Until 1980, ABPs were generally processed as a mixture of all types of raw material from all species in local rendering plants servicing abattoirs and farms within a relatively compact local area. However, while rendering is, in principle, a simple process, there were many different commercial processes on the market. In practice, the dynamic aspects of rendering, such as particle size, retention time and temperature ranges throughout the process were poorly characterised prior to 1985. Nonetheless at the time, the criterion for approval of rendering plants relied upon the protein meal being free from any salmonella bacteria. (PAPO, 1981).

Following confirmation of the link between feeding MBM and bovine spongiform encephalopathy (BSE), (Wilesmith et al., 1988), a radical overhaul of the rendering industry resulted in the complete re-evaluation of ABPs, rendering processes and utilisation of rendered products. As the economic value of ABPs declined, disposal of ABPs became an additional cost to the animal production and meat sectors, and the economic viability of the rendering industry declined.




2 Bovine spongiform encephalopathy and rendering

BSE is a fatal neurological disease in cattle identified in 1986 (Wells et al., 1987) which resulted in over 175,000 infected animal cases in the UK by 2000 (BSE Inquiry, 2000). However, it was not considered to be a zoonotic disease until 1996 when research concluded that there was a strong causal link between BSE in cattle and new variant Creudzfeldt-Jacob disease (v CJD) in young humans (Dorrell, 1996). An indirect consequence of this finding in the UK, was the establishment of the European Food Safety Authority (EFSA) (EFSA, 2001) with the acknowledgement that the rendering industry was considered to be key link in the human food chain. A comprehensive narrative review of the Bovine Spongiform Encephalopathy (BSE) epidemic, from the perspective of the European rendering industry was given by Woodgate and Wilkinson (2021). This paper describes the research background concerning the design and trials conducted to determine if any rendering process was able to inactivate the BSE and/or scrapie agents (both members of the Transmissible Spongiform Encephalopathy (TSE) family of prion diseases). Full details of the research into the inactivation of BSE and sheep scrapie are given in Taylor et al. (1995) and Taylor et al. (1997) respectively. In summary, the results indicated that one of the rendering systems was unable to inactivate TSE agents, and others showed only limited ability to inactivate TSE agents. One system, a high-pressure steam process, provided the greatest level of TSE inactivation. Subsequently, the results of these inactivation trials were used to inform the European Commission and new EU legislation was enacted immediately, as described by Woodgate and van der Veen (2004)

One of the key features resulting from the BSE epidemic was an animal feed ban, introduced in stages, from the UK in 1989 to the entire EU in 2001 (Regulation, 2001). This ban prohibited all rendered animal proteins for use in animal feeds for monogastric, ruminant and aquatic animals farmed for food production. The only practical exemption allowed use of rendered animal proteins in pet foods, as companion and pet animals are not considered to be part of the food chain. This regulation was, in principle, temporary therefore no time limit was set. As such, the rendering industry was in a dilemma about how it could continue even though it was considered to be an essential component of the slaughter and meat production industry. Although the EU regulations in place by 2002 indicated that the rendering industry appeared to have a future, albeit a different future to that expected in the last 25 years, many were uncertain that it would survive. Consequently, the options for rendering and alternative processes for the future were explored by Woodgate (2006) who considered potential replacements for the methods of processing ABPs but without the products being used in animal feeds. One of the areas explored in depth was combustion of the organic content of MBM (75-80 g/100g) by developmental or commercial incinerators to assess if they could both destroy any potential prion contamination and yield enough energy, such as steam or electricity, to be commercially viable. As will be described later, development of technologies of this type became invaluable for the future direction of the rendering industry.

A vital aspect of the key EU regulation (Regulation, 2002) was the introduction of categories of ABP according to risk to animal and human health, since in 2002, BSE was considered the most important risk to be managed. All of the requirements introduced by this regulation are currently active in the EU and the UK, although the original 2002 regulation was amended (Regulation, 2009 and Commission Regulation, 2011). It is important to note that the 2002 regulation marked a significant change between rendered animal proteins produced before 2002 (termed MBM) and those produced after (termed PAP or MBM according to category of ABP). Regulation (2002) defined three categories of ABP as follows; Category 1: BSE risk materials and deadstock containing BSE risk materials; Category 2: Deadstock and ABP condemned at a slaughterhouse; Category 3: ABP from animals fit for human consumption, slaughtered in an approved abattoir. Importantly, processing standards that could be validated and the potential applications for the products of each category of ABP (now termed derived products) were set down in the EU regulation (Regulation, 2002). Category 1 products are required to be disposed of by incineration (directly or indirectly after rendering) or by rendering followed by combustion of the products to avoid the possibility of contamination of the food chain, via animal feed. Category 2 products may be disposed of by the same route as Category 1 products or if the high-pressure steam process is applied, the MBM produced could be used as a component in organic fertiliser and the rendered fat used as an ingredient in biodiesel. Importantly, proteins and fats derived from Category 1 and 2 ABP are not approved for use within animal feeds and hence do not enter the food chain. Only Category 3 derived products (processed animal protein (PAP) and rendered fat) produced from approved and validated processes may be used in animal feeds, subject to the TSE regulations, i.e., no ruminant proteins in feed for any animal, compliance with the intra-species feed ban for monogastric animals (aquafeed, pigs, poultry), (Regulation, 2001).




3 Rendering: opportunities in a post-BSE world



3.1 Alternative uses for rendered products

The requirement to incinerate Category 1 ABP led to the development of new technologies to combust the products of rendered Categories 1 and 2 ABP, i.e. the protein meal (MBM) and the rendered fat to ensure that they posed no further TSE risk. Accordingly, rendered fat was developed as a bio-fuel replacement for fossil fuel in steam raising boilers and MBM was used as fuel in fluid bed combustors to raise steam that powered turbines to produce electricity. A consequence of this process was the production of significant amounts of bone ash (225,000 tonnes per annum in the UK), as the ash content of MBM ranges between 20-25g/100g. The ash material was initially designated as waste for disposal in landfill sites incurring additional cost to the livestock industry. Research was therefore initiated to determine how the chemical structure of bone was affected by combustion of the organic component and to determine if there were any potential use options available (Etok et al., 2007; Dybowska et al., 2009). In summary, the research highlighted important phosphorus-related properties of the bone ash such that the research focus altered to consider if the bone ash could be used as a renewable source of phosphorus fertiliser. Following farm studies to evaluate the benefit to crops, bone ash is now widely used as source of renewable phosphorus in UK agriculture.

The evolution of biofuels in the form of MBM and rendered fat led to consideration that they could partly replace fossil fuels used for steam generation required by the rendering process and this in turn, could reduce the environmental impact of rendering. Accordingly, research was initiated to study the impact of rendering and rendered products resulting from these changes with the focus on assessment of the energy consumption by the UK rendering industry and the quantification of greenhouse gases (GHG) produced using Life Cycle Assessment (LCA). System boundaries were described in accordance with the current ABP categorisation, i.e. Category 1 (and Category 2) ABP rendered products used as a carbon neutral fuel to provide the steam required to process Category 3 ABP into PAP for use in animal feeds (Ramirez et al., 2012).The results of this study illustrated the potential for the rendering industry to provide fats and protein sources with a lower global warming potential than traditional vegetable-based alternatives such as palm oil and soyabean meal. Data from the research above and LCA studies of rendered products in the EU (EFPRA, 2020) are currently being used in LCA projects that are considering the environmental impact of all types of feed ingredients used in livestock production. The recently operational Global Feed LCA Institute (GFLI) is the product of an international consortium that was formed to establish a global standard for calculating the carbon impact of feed ingredients (including rendered products) for animal feeds, (GFLI, 2022).




3.2 Rendering: new opportunities for animal feeds

The EU regulations of 2001 (Regulation, 2001) and their successors set out the conditions under which certain PAPs may be used in animal feeds. Accordingly, research was conducted to determine the species identity of PAPs, a pre-requisite for their approval in animal feeds. The specific conditions laid down in EU animal feed regulations stipulated that a) no ruminant protein should be present in any animal feed and b) that there is no intra-species recycling of proteins (no porcine to porcine, no poultry to poultry and no fish to fish-although fish caught in the open sea were exempted from this constraint). The first research challenge was the preparation of standardised species-specific PAP products by rendering. Thereafter a series of experimental methods were assessed to determine the most appropriate method to detect a target species protein within a mixture. The criteria included the accuracy, sensitivity, and reproducibility. The results of the research published by Woodgate et al. (2009) resulted in a focus being placed on Polymerase Chain Reaction (PCR) techniques which appeared to be more suitable for the detection of low levels of potentially heat denatured proteins in PAPs. Subsequent research at the EU Research Laboratory for PAP (EURL-PAP) (Fumiere et al., 2012) resulted in the EU regulatory approval of PCR methods for the detection of ruminant protein in mixtures of PAPs and animal feeds, (Commission Regulation, 2013a). The situation regarding the potential for safe use of PAPs in animal feeds at the time was reviewed by Woodgate (2012). This paper updated the progress of applying HACCP principles to rendering (Woodgate, 2010), to ensure that rendering processes producing PAPs were compliant with the approved regulatory standard.

It is important to recognise that PAPs are essentially a new potential feed ingredient from 2002 onwards, with no prior history of nutritional evaluation in farmed animals. Even then, PAPs were not approved for use in animal feeds until species identity tests were validated and feed legislation updated. This fact explains the limited number of nutritional studies until post 2013 (in aqua feeds) and post 2021 (for pigs and poultry). Nonetheless, the utilisation of processed animal proteins (PAPs) in several marine fish species was studied in a university setting by Davies et al. (2009). The PAPs evaluated were produced under characterised, validated process conditions which enabled the nutritional data to be more meaningfully interpreted. The investigation produced valuable data for the digestibility coefficients of essential amino acids such that these can be used in feed formulations that include specification limits for digestible amino acids in the diets of three temperate marine species, namely European sea bass, gilthead sea bream and turbot. In addition to the nutritional data yielded, this paper was used as evidence by the European Commission to show the efficacy of PAPs in aquafeed. Subsequently, the use of non-ruminant PAP in feeds for aquatic species was approved, (Commission Regulation, 2013b), and the use of animal proteins in aquatic species was reviewed and updated by Woodgate et al. (2021). Details of the analytical and nutritional profiles of modern PAPs, are described by Woodgate and Wilkinson (2021). More recently, the use of pig or poultry PAP in diets for poultry and pigs respectively was approved (Commission Regulation, 2021). Recent research on the use of poultry PAP in the diet of weaned and growing pigs indicated that it may be used as a sustainable protein ingredient in pig diets (Davin and Bikker, 2021; Davin et al., 2021). It is expected that future nutritional studies will focus on comparison of terrestrial PAPs with PAPs produced from fish by-products (Fishmeal or fish PAP) or Insect PAP which may compete for the same space in feed formulations. However, it is important to note that Insect PAP for use in animal feed can only be produced from feedstock free from ABP. In effect, insects manufactured into insect PAP, must have been feed on a vegetarian feedstock which might affect its production costs and therefore its commercial potential.

Importantly for the rendering industry and the economy of the meat processing chain, the use of PAPs in pet foods has continued since 2002 and has matured to be able to utilise the ruminant and mixed species PAPs that are not able to be used in feeds for food producing animals. The use of PAPs in petfood are regulated by EU and UK rendering and feed regulations and their use in the petfood market is both encouraged and significant (75% of all EU PAPs are currently used in petfood products). Furthermore, PAPs are accepted as important and declared ingredients for omnivore and carnivore pets (dogs and cats) by nutritionists and pet food manufacturers.

However, it is clear to many that meeting safety standards per se is not necessarily the only factor in any assessment that consumers might consider when considering the use of PAP in animal feeds. Consumers (essentially represented by supermarkets) appear to resist the concept of using PAPs even if their use is in full compliance with the intra-species feeding ban. It seems that consumers expect not only that rendered products should meet maximum health safety standards for both animals and humans, but also have a low environmental impact and make a positive contribution to the nutrition, health and welfare of animals farmed for food.




3.3 Rendering: an integrated environmentally responsible process?

The amounts of ABP produced by the EU livestock industry are considerable, amounting to 18.5 mega tonnes per annum (Mtpa). Following rendering, the derived products (of all categories of ABP) amount to approximately 4 Mtpa of protein meals and 3 Mtpa of rendered fats per year (Alm, 2021). Table 2 describes the options for the processing of the different EU categories of ABPs taking the one or two process steps necessary to produce the final derived products. The potential utilisation of the products, in one or more applications, is shown by way of coloured circles. Table 2 also includes data showing the major use by each application in Europe, in 2021.

Table 2 | Potential applications and amounts of derived products from the rendering of ABPs in the EU.


[image: Flowchart detailing application options and amounts for animal by-products (ABP) categorized as EU Category 3, 2, and 1. It highlights amounts, processes, and products like aquafeed, poultry feed, and more. Color-coded circles represent animal feed, pet foods, fertilizer, transport fuel, and process fuel with respective protein, rendered fat, and mineral ash quantities.]
Interestingly, not all the possible application opportunities described are realised simultaneously due to changing global circumstances, such as supply and demand for proteins, fat and energy. Economics play a crucial role in directing the utilisation of rendered products and this feature is illustrated in practice when considering the role of renewable (or short carbon cycle) rendered products, several of which are confirmed as having excellent sustainability credentials (EFPRA, 2020). Should these renewable products, such as rendered fat, be encouraged as replacement for fossil derived fuels, by given a carbon saving credit? Unless this occurs, rendered fat will be utilised by industries, such as biodiesel and oleochemical processors that are willing to pay for the commodity based on supply and demand. If this occurs, the potential for reducing the environmental impact LCA of ABPs and of the primary product, meat, may be lost. Nonetheless, Table 2 illustrates the wide range of possible uses for the products derived from the essential processing of ABPs from the animal production.





4 Conclusions

This review has been written from an EU perspective that includes the UK. Interestingly, the advent of Brexit may in the future offer opportunities for the UK to develop innovative technologies and products for non-EU markets that are not constrained by the EU regulations described in the review. Nonetheless, the processing of ABPs by rendering has undergone reformatory changes over the last 50 years. The catalyst for change was the BSE epidemic in UK and rest of Europe such that even though the basic process remains unchanged, the way the industry operates has been transformed. Rendering is now considered to be an essential component in an integrated livestock system that prioritises human and animal health. The modern rendering process may be considered to be a bio-refinery that produces a wide range of safe, environmentally sustainable and economically valuable products that are able to contribute to society as a whole.
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Plant lipids in the diet are known to modify milk fatty acid (FA) composition and mitigate ruminal methane emissions. The objective of the present work was to examine the potential of milled rapeseeds and oats to decrease both milk saturated FAs and ruminal methane emissions in practical farm settings. In the pilot study, six Finnish Ayrshire cows were fed a control diet for 3 weeks, which was then followed by a lipid-rich test diet for 3 weeks. The experimental diets were based on grass silage supplemented with barley and rapeseed meals in the control diet and with oats and milled rapeseeds in the test diet. The lipid inclusion rate was 55 g/kg dry matter (DM). In the main study, the whole Finnish Ayrshire research herd in milk (n = 49–59) was used in a switch-back-designed study. The cows were fed a control diet for 3 weeks, then a test diet for 4 weeks, and, finally, a control diet for 3 weeks. The diets were the same as in the pilot study except for a lower lipid inclusion level of 50 g/kg DM. The test diet decreased DM intake by 15% and energy-corrected milk (ECM) yield by 13% in the pilot study. The adjustment of supplemental lipids from 55 g/kg to 50 g/kg DM was successful, as the DM intake decreased only by 4% relative to the control diet in the main study. Furthermore, the yields of milk, lactose, protein, and fat were also unaffected by dietary lipids in the main study. The milk fat composition was significantly altered in both studies. The milk fat saturated FAs were decreased by 16%–20% in the test diet, mainly due to the de novo FAs of 6- to 16-carbons (a reduction of 22%–48%). Milk fat cis-9 18:1 was increased by 63%–78% in the test diet relative to the control. Dairy products’ (milk, butter, and cheese) organoleptic quality was not compromised by the modified lipid profile. Ruminal methane and hydrogen intensities (n = 23; g or mg/kg ECM) were 20% and 39% lower, respectively, in the test diet than in the control diet. This reduction can be attributed to a lower amount of organic matter fermented in the rumen, as indicated by the lower DM intake and nutrient digestibility.
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1 Introduction

Ruminants are dependent on the anaerobic microbial ecosystem in the rumen to ferment and transform human-indigestible forages into dairy and meat products of high quality. However, due to the microbial metabolism of carbohydrates, ruminants are also significant producers of enteric methane (CH4). In addition, CH4 formation represents an unproductive loss of dietary energy to the ruminant animal (Min et al., 2022). Adding plant lipids that are not fermentable in the rumen to dairy cow diets suppresses CH4 emission intensity [g CH4/kg energy-corrected milk (ECM)], on average, by 12% (Hristov et al., 2022). Oilseeds have a CH4 mitigation potential similar to that of pure oils, with the advantage that the lipid may be released at a slower rate in the rumen. Therefore, oilseeds may have a less harmful effect on the rumen function (Hristov et al., 2022) and, in turn, allow further lactational performance at high levels of lipid inclusion. However, practical evidence on the feasibility and effectiveness of feeding milled full-fat oilseeds at the whole-herd level to mitigate ruminant methane emissions is lacking.

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality for humans worldwide (Perna and Hewlings, 2023). Compiled evidence suggests that the replacement of saturated fatty acids (SFAs) with unsaturated ones in dairy products may alleviate human CVD risk (Livingstone et al., 2012; Clifton and Keogh, 2017; Vasilopoulou et al., 2020). The research on the effects of individual SFAs is inconclusive, but most studies indicate that SFAs of 12- to 18-carbons may increase the risk for CVD, whereas shorter-chain SFAs may be beneficial or neutral (Perna and Hewlings, 2023). However, some studies suggest that 18:0 stearic acid (SA) does not increase CVD risk (Briggs et al., 2017). Dietary unsaturated fatty acids (FAs) have great potential to modify the FA composition of ruminant milk by decreasing the proportion of SFAs and increasing that of unsaturated FAs inherent to lipid supplements, such as cis-9 18:1 oleic acid (OA) rich in the lipids of rapeseed (Brassica napus) and oats (Avena sativa) (Collomb et al., 2004; Fant et al., 2023). Furthermore, the ability to increase milk fat monounsaturated FAs through dietary inclusion is much greater in magnitude than with polyunsaturated ones (Kliem and Shingfield, 2016). Beyond a certain threshold of dietary lipid supply, both feed intake and milk yield decline significantly (Drackley et al., 2007; Huhtanen et al., 2008; Vanhatalo and Halmemies-Beauchet-Filleau, 2020). Consequently, this threshold, influenced by various factors, especially the basal diet and the characteristics of the lipid supplement (Benchaar et al., 2015; Halmemies-Beauchet-Filleau et al., 2017), should not be exceeded when adjusting milk fat composition in practical farm settings. Moreover, the form in which lipids are included in the ruminant diet significantly affects their bioavailability and the ultimate composition of the final product. Furthermore, rupture of rapeseed seedcoats is necessary to enhance the availability of lipids within the seeds for absorption (Kairenius et al., 2009).

The milk FA composition affects the texture, flavor, and shelf life of dairy products (Kennelly, 1996; Hillbrick and Augustin, 2002). However, monounsaturated FAs are less prone to oxidation than polyunsaturated ones (Kennelly, 1996), which reduces the risk for off-flavors and shorter shelf lives. Furthermore, dairy products with lipids rich in OA have resulted in products with softer textures, but with similar flavors to standard products (Chen et al., 2004; Ryhänen et al., 2005).

The objective of this study was to examine the potential of the lipid in milled rapeseeds and oats to replace a part of the SFAs in milk fat with monounsaturated ones inherent to these lipid supplements and to mitigate ruminal methane emissions in practical farm settings. We hypothesized that replacing rapeseed meal and barley with milled rapeseed and oats in a dairy cow diet will not impair the lactation performance or sensory quality of the dairy products but will soften the milk fat and mitigate rumen methanogenesis.




2 Materials and methods

The experiments were conducted at the University of Helsinki Viikki research farm (60°13′N, 24°02′E) in Finland. The pilot dairy cow study was conducted in the spring of 2018 and the main dairy cow study in the autumn of 2018. Similar dietary ingredients and the same analytical methods were used in both experiments.



2.1 Pilot dairy cow study

The effects of a tailored test diet elevated in lipids were first studied with a limited number of dairy cows. This pilot study was carried out to ensure maximal changes in milk fat composition, without compromising animal health and performance, when later implementing the test diet for a large number of animals. The pilot study was conducted with six multiparous Finnish Ayrshire cows that weighed (mean ± SD) 711 kg ± 35.3 kg, were of parity 3.0 ± 0.63, were 181 ± 32.5 days in milk, and were producing 36.0 kg/d ± 4.77 kg/d of milk pre-trial. All cows were fed a control diet for 3 weeks (period 1), followed by a lipid-rich test diet for another 3 weeks (period 2). The dietary shift was made gradually over 5 days. The dairy cow partial mixed rations (PMRs) were based on grass silage (Table 1). The prewilted grass silage was prepared from a first cut of mixed timothy (Phleum pratense) and meadow fescue (Festuca pratensis) sward, which was ensiled with a formic acid-based additive (4–6 L/t feed; AIV®2 Plus Na; Taminco Finland Ltd, Eastman Chemical Company, Oulu, Finland) in big bales. The concentrates in the PMRs comprised home-grown cereals, rapeseed feeds as a protein supplement, molassed sugar-beet pulp (Opti Leike mure; Lantmännen Feed Ltd, Turku, Finland), and vitamins and minerals (Seleeni-E-Melli TMR; Lantmännen Feed Ltd). The rapeseed protein was isonitrogenously supplied either as a lipid-extracted meal (control diet; Farmarin Rypsi Mixer; Hankkija Ltd, Hyvinkää Suomi) or as domestic full-fat seeds (Hauhon Myllärit Ltd, Hauho, Finland), and was milled using a sieve pore size of 6–8 mm (test diet). The cereal in the control diet was barley (Hordeum vulgare), and in the test diet, oats (Table 1). The amount of additional plant lipids in the test diet from rapeseeds and oats was adjusted to ca. 55 g/kg diet dry matter (DM). The PMRs were distributed three times per day at 09:00, 15:00, and 20:00, fed freely, and supplemented with 3 kg/d of commercial concentrate (Maituri 10 000; Lantmännen Feed Ltd) at milking times. The main ingredients of the commercial concentrate were rapeseed meal, wheat, barley, molassed sugar-beet pulp, sugar-beet molasses, faba beans, and protected fat. The cows had free access to drinking water.

Table 1 | The ingredients of the partially mixed rations.
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The cows were kept in tie-stalls equipped with PMR feeding troughs (Insentec RIC, Marknesse, the Netherlands) that registered intakes. They were milked twice a day (Delpro; DeLaval, Tumba, Sweden) starting at 06:00 and 17:00. The samples of feed and feces were collected during the last week of both periods. The fecal spot (1-L) sample was taken from the rectum during five consecutive milkings, starting on the morning milking of day 17. Furthermore, all milk from the cows was collected over these milkings to produce around 350 L of control and modified milk. This milk was analyzed for major constituents (using a 15- to 20-ml sample preserved with Bronopol; lactose, crude fat, crude protein, urea), as well as FAs (using an unpreserved milk sample of 100 ml). In addition, ultra-high temperature (UHT) processed milk, cheese, and butter were prepared from raw milk for sensory analyses. After adjusting the milk fat content to 1.5%, UHT milk was produced at Valio R&D (Helsinki, Finland) by heating the milk to 150°C for 3 s. The butter and semi-hard Dutch-type cheese were produced at Häme University of Applied Sciences’ pilot dairy plant (Hämeenlinna, Finland). To produce butter, the cream was pasteurized and churned in two phases at 10°C. Salt was added to achieve a salt content of 1.4%. The test diet butter required a longer churning time than the control diet butter (120 min vs. 240 min). To produce semi-hard Dutch-type cheese, raw milk was standardized to a fat-to-protein ratio of 0.8 and pasteurized (for a minimum of 72°C for 15 s). The DVS CHN-019 starter culture (Chr. Hansen, Hørsholm, Denmark) and the CHY-MAX E (Chr. Hansen) rennet were added. The cheese loaves were ripened for 7 weeks at 11°C. The dry matter and fat contents for the control diet cheese were 53.6% and 19.0%, respectively, and for the test diet cheese 54.0% and 20.0%, respectively. In addition, the samples of milk from individual cows were taken every third day at the morning and evening milking starting from the dietary change. The samples were composited according to milk yield by cow and by day and analyzed in a similar way to the tank milk for the major constituents and FAs.




2.2 Main dairy cow study

The whole Finnish Ayrshire research herd in milk (n = 49–59) was used in a switch-back-designed study. The cows were fed a control diet for 3 weeks (period 1) followed by the lipid-rich test diet for 4 weeks (period 2). After this, all cows were switched back to the control diet (3 weeks; period 3). The dietary shifts were made gradually over 5 days. The last week of all periods was the sampling week. The cows were housed in an insulated free-stall barn equipped with a milking robot (Lely Astronaut A3; Lely, Maassluis, the Netherlands). The dairy herd was predominantly autumn calving and the number of cows in milk was 49, 52, 50, and 59 at the beginning of the experiment and during the sampling weeks of periods 1, 2, and 3, respectively. The number of days in milk was, on average, 176, 153, 141, and 117 at the beginning of the experiment and in the sampling weeks of periods 1, 2, and 3, respectively.

The dietary ingredients were the same as in the pilot study. However, based on the observations of the pilot study, the amount of supplemental lipids in the test diet was adjusted from 55 to 50 g/kg DM in order to promote feed intake, and, in turn, higher milk production while on the test diet. The adjustment was carried out by reducing the proportion of milled rapeseed and, correspondingly, increasing that of rapeseed meal in the test diet PMR (Table 1). In addition, propylene glycol was added to the PMR concentrate mixture to prevent concentrate dusting. The chemical composition of the PMR concentrate ingredients is presented in Table 2. The animals had free access to PMRs that were distributed four times per day at 08:00, 12:00, 18:00, and 22:00. When visiting the milking robot, the cows producing less than 30 kg of milk per day, between 30 kg of milk per day and 40 kg of milk per day and over 40 kg of milk per day at the beginning of the trial received 3 kg/d, 4 kg/d or 5 kg/d of commercial concentrate (Maituri 10000, Lantmännen Feed Ltd), respectively, throughout the experiment. The main ingredients of the commercial concentrate were rapeseed meal, maize, barley, sugar-beet molasses, molassed sugar-beet pulp, and protected fat.

Table 2 | The chemical composition of the partial mixed rations (PMRs) concentrate ingredients in the main study.


[image: A table comparing nutritional content of various feed ingredients: barley, oats, rapeseed meal, milled rapeseeds, and molassed sugar-beet pulp. It includes data on dry matter, ash, crude protein, starch, neutral detergent fiber, total fat, metabolizable energy, and various fatty acids.]
The PMR feeding troughs (Insentec RIC) registered intakes automatically and individually. The milk yield, body weight, and commercial concentrate distribution were individually registered by the milking robot throughout the experiment. The experimental feeds were sampled once a day during the sampling week (n = 7), composited by periods, and stored frozen at −20°C until analysis.

The milk and feces were sampled from 13 multiparous dairy cows that weighed (mean ± SD) 678 kg  ± 62.4 kg, were of parity 2.9 ± 1.75, and were producing 32.1 kg/d ± 7.5 kg/d of milk pre-trial. Of these cows, 10 were in late lactation (number of days in milk ranging from 153 to 308 at the beginning of the experiment) and three were in early lactation (number of days in milk ranging from 13 to 27 at the beginning of the experiment). The milk was individually sampled on day 15 of period 1 onwards, via the Lely Shuttle, from the first milking every third day at 09:00 onwards. The milk preserved with Bronopol (15 ml–20 ml) was analyzed for lactose, crude fat, crude protein, and urea, and unpreserved milk (10 ml) for FAs. The milk FA samples were stored frozen at −20°C prior to analysis. In addition, the tank milk was sampled every second day at 09:00 and analyzed for lactose, crude fat, crude protein, and urea throughout the study. The spot fecal samples (1 L) from the rectum were taken every day during the sampling week (n = 7) at 09:00 onwards, composited by cow and period, and frozen at −20°C before the analysis.

All cows freely visited the milking robot equipped with the GreenFeed system (C-Lock Inc., Rapid City, SD, USA) that measures gas exchange (Huhtanen et al., 2015). Automatic gas calibrations using a mixture of nitrogen (N2) and oxygen (O2), and a mixture of CH4, O2, hydrogen (H2), and carbon dioxide (CO2) were performed daily. The CO2 recovery tests were conducted at the beginning of the experiment and every sampling week. Only the records of cows (n = 23) that were in milk during all three experimental periods and, on average, had 10 or more accepted readings from the GreenFeed system (more than 2 min of uninterrupted gas recordings during a visit) in the last week of each experimental period were used in the statistical analysis. These cows weighed 646 kg ± 72.8 kg, were of parity 2.3 ± 1.70, and produced 30.5 kg± 7.74 kg of milk per day pre-trial. Eight cows were in late lactation (number of days in milk ranging from 155 to 332 at the beginning of the experiment) and 15 were in early lactation (number of days in milk ranging from 0 to 36 at the beginning of the experiment). The energy-corrected milk for the gas intensity data was calculated from the tank milk composition of the sampling week and individual milk yields.




2.3 Sample analysis

The primary DM content of feeds and feces was determined by oven drying at 103°C for 20–24 h. The silage DM content was corrected for volatile losses by Huida et al. (1986). The chemical composition of feeds and feces was analyzed by standard procedures. Prior to the analysis, the dried feed (50°C for 48 h) and fecal (70°C for 48 h) samples were ground to pass through a 1-mm sieve. The ash was determined by ashing at 600°C for 20–24 h (Heraeus Thermicon T; Heraeus, Hanau, Germany). The neutral detergent fiber (NDF) was determined using sodium sulfite (Van Soest et al., 1991) and α-amylase (only concentrates) with an automatic FiberTherm FT12 analyzer (Gerhardt, Königswinter, Germany). The NDF content is reported on an ash-free basis. The crude protein was analyzed, as described by Pitkänen et al. (2023), using undried material for feces. For the analysis of total fat, the samples were hydrolyzed with 800 mL of HCl (4 mol/L) (SoxCap 2047 hydrolysis unit; FOSS Analytical, Hillerød, Denmark) following an extraction with 90 mL of petroleum ether (FOSS Soxtec 8000 extraction unit; FOSS Analytical, Hillerød, Denmark). The starch content was measured by using the amyloglucosidase and α-amylase method with a K-TSTA kit (Megazyme Co., Wickslow, Ireland) and a spectrophotometer (Shimadzu UV-VIS mini1240; Shimadzu Europa GmbH, Duisburg, Germany), according to the manufacturer’s instructions (Pitkänen et al., 2023). The silage fermentation quality was determined from undried samples, as described by Pitkänen et al. (2023). The FA analysis of feeds and milk is described in detail by Lamminen et al. (2019). In brief, the lipids in feeds were extracted with a mixture of hexane and isopropanol (3: 2, vol: vol), and the lipids in milk with a mixture of ammonia, ethanol, diethyl ether, and hexane (0.2: 1.0: 2.5: 2.5, vol: vol). The fatty acid methyl esters were prepared and analyzed using a gas chromatograph (GC2010 Plus; Shimadzu, Kyoto, Japan) equipped with a 100-m fused silica capillary column (CP-SIL 88, Agilent J&W, Santa Clara, CA, USA). The milk lactose, crude fat, crude protein, and urea contents were determined by mid-infrared analysis in a commercial laboratory (MilkoScan FT+, Foss Electric A/S, Hillerød, Denmark; Valio Ltd, Seinäjoki, Finland). A trained sensory panel (n = 10) was used to evaluate the test and control UHT milks. Overall liking was rated, and the sensory profile of the milks was studied using the Check-All-That-Apply (CATA) method. Regarding the test and control butter and cheese, both the concept and sensory properties were evaluated by the respondents (n = 151), who were at least monthly users of butter and at least weekly users of cheese. Interest toward the concept, overall liking, product attributes (CATA), preference (which butter/cheese would you prefer), and reasons for preference were studied.




2.4 Calculations and statistical analysis

Energy-corrected milk yield was corrected to an energy content of 3.14 MJ/kg (Luke, 2023). The metabolizable energy (ME), metabolizable protein (MP), and protein balance in the rumen (PBV) were calculated according to the Finnish feed evaluation system (Luke, 2023). The apparent digestibility of nutrients was calculated using acid-insoluble ash as an internal marker in feeds and feces (Van Keulen and Young, 1977).

The data were analyzed using PROC MIXED of the Statistical Analysis System (SAS version 9.4, 2012). In the pilot dairy cow study, the data on nutrient intake and digestibility were analyzed with pairwise t-tests (PDIFF option), with a statistical model containing diet as a fixed effect and cow as a random effect. The time series data on lactational performance and milk composition were analyzed by ANOVA for repeated measures using polynomial contrast (linear, quadratic, cubic), and a model that had the sampling day as the fixed effect with a Satterthwaite correction. The AR(1) covariance structure was applied with a cow as the subject for repeated measures. In the main dairy cow study, only data obtained during sampling weeks were analyzed by ANOVA for linear and quadratic responses. The statistical model contained period as a fixed and cow as a random effect. The RedJade Sensory Software (RedJade Sensory Solutions LLC, Pleasant Hill, CA, USA) was used for the collection and analysis of the sensory data of the UHT milks evaluated by an expert panel. The Z test was used to analyze differences between the milks in overall liking and sensory profile. Data on the sensory evaluation of cheese and butter by a consumer panel was analyzed using Microsoft Excel® (version 2016; Microsoft Corporation, Redmond, WA, USA). The differences in overall liking and product preference were analyzed using the t-test, and the frequencies of the different product attributes and product preferences were calculated. The reasons to prefer a cheese/butter were asked with an open question. In all analyses, the results were considered statistically significant when the p-value was ≤ 0.05. The differences at a p-value > 0.05 to 0.10 were considered as a trend toward significance. The normality of the residuals was tested using a univariate procedure and the Shapiro–Wilk test. If the residuals were not normally distributed, the variables were transformed (log, square, inverse) to obtain a normal distribution of the residuals.





3 Results



3.1 Feed and diet composition

The chemical composition of the experimental feeds is presented in Table 3. The grass silages were of high (main study) or moderate (pilot study) nutritive value in terms of their digestible organic matter contents, which is typical of the early to normal growth stage for silage making. In the main study, the grass silage was restrictively fermented, as indicated by the low levels of fermentation acids and high levels of residual sugars. In the pilot study, the grass silage was more extensively fermented. The forage-to-concentrate ratio of the diets consumed averaged 54: 46 and 51:49 on a DM basis for the pilot and the main dairy cow studies, respectively. The experimental PMR concentrates were isonitrogenous for rapeseed protein, but in the control diet, the concentrate contained more starch and less total fat than that of the test diet. Furthermore, milled rapeseeds contained 10 times more total fat than rapeseed meal (Table 2). The predominant FA in grass silage was cis-9,cis-12,cis-15 18:3 α-linolenic acid (ALA), whereas for the PMR concentrates cis-9,cis-12 18:2 linoleic acid (LA) and OA were the most abundant (Table 3). The FA composition of the PMR concentrate ingredients used in the main dairy cow study is presented in Table 2. Of the total FA in the milled rapeseeds, OA formed 53 g/100 g FA followed by 22 g/100 g FA of LA, and 12 g/100 g FA of ALA. The lipids in all the experimental rapeseed feeds were low in cis-13 22:1 erucic acid. The oats contained 1.7 times more total fat than barley. Compared with barley lipids, oat lipids contained more OA (12 g/100 g FA vs 34 g/100 g FA) and less LA (54 g/100 g FA vs 40 g/100 g FA).

Table 3 | The chemical composition of the experimental feeds in the pilot study and in the main study.
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3.2 Nutrient intake and digestibility

In the pilot dairy cow study, milled rapeseeds together with the oats tended to decrease DM intake by 3.3 kg/d (p = 0.072; Table 4) relative to the control diet, but on ME intake the decrease was only numerical (p > 0.10). The test diet increased the intake of total fat by 0.78 kg/d (p < 0.001). The intake of all FA, OA, LA, and ALA, in particular, was increased by the test diet (p < 0.001; Supplemental Table 1). Furthermore, the apparent total tract digestibility of all nutrients was lower for the test than the control diet (p ≤ 0.003; Table 4; Supplemental Table 1).

Table 4 | Nutrient intake, apparent total tract digestibility coefficients, and the composition of tank milk used for processing dairy products, and the dairy product sensory quality in the pilot study.
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In the main dairy cow study, milled rapeseeds together with oats decreased the DM intake by 0.9 kg/d (p = 0.027 for quadratic response; Table 5) relative to the control diet; the decrease originating mainly from the lower silage intake (p = 0.009). Furthermore, the test diet decreased crude protein and starch intake (p ≤ 0.003), but increased that of energy-rich total fat by 0.98 kg/d (p < 0.001). Of the individual FAs, the consumption of OA, LA, and ALA in particular was increased by the test diet relative to the control (p < 0.001). Lipid supplementation had no effect on ME intake (p > 0.10). For both diets, the PBV was positive and was, on average, 34 g/kg diet DM. The apparent total tract digestibility of all nutrients was lower for the test than for the control diet (p < 0.001).

Table 5 | Nutrient intake and apparent total tract digestibility coefficients in the main study.
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3.3 Milk production and composition

In the pilot dairy cow study, the milk yield tended to decrease cubically from 26.6 kg/d to 23.3 kg/d (p = 0.053) and the ECM yield decreased linearly from 27.6 kg/d to 23.9 kg/d (p = 0.041) after switching from the control to the test diet (Supplemental Table 2). However, dietary plant lipids had no effect on milk fat, lactose, protein, and urea concentrations (p > 0.10).

In the main dairy cow study, milled rapeseeds together with oats did not affect the yields of milk, ECM, lactose, fat, or protein (p > 0.10 for quadratic response; Table 6). However, the yields of milk, ECM, lactose, and protein decreased linearly (p ≤ 0.025) during the experiment. Dietary plant lipids had no effect on milk fat or lactose concentration (p > 0.10), but there was a subtle quadratic increase (p = 0.010) in the milk protein concentration, with a concomitant linear decrease (p = 0.028) in the milk urea concentration as the experiment progressed.

Table 6 | Milk yield and milk composition in the main study.
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The milk FA composition was similarly modified by the test diet in both experiments (Table 6; Supplemental Table 2), with the large changes reaching a plateau within 10 days after the dietary changes (Figures 1, 2; Supplemental Table 2). The milled rapeseeds together with oats decreased the total SFA in milk fat by 11.7% to 14.2%-units (p < 0.001 for quadratic response; Table 6; Supplemental Table 2) relative to the control diet. The milk fat concentration of all SFAs of 6- to 16-carbon, 16:0 palmitic acid (PA), in particular, was decreased (p≤ 0.005) by the test diet. By contrast, it almost doubled the milk fat OA and SA concentrations (p < 0.001) relative to the control diet. Furthermore, it resulted in minor decreases in milk fat LA and ALA (p < 0.001) concentrations. The test diet increased milk fat concentration of total trans FAs (p < 0.001), of which trans-11 18:1 predominated. However, the increases in milk fat trans FAs were rather limited in magnitude.

[image: Line graph showing three types of fatty acids (SFA, MUFA, PUFA) measured in grams per 100 grams from September 23 to November 12, 2018. SFA starts high, decreases slightly, and then rises. MUFA follows a similar trend below SFA. PUFA remains low and stable. Periods labeled P1, P2, and P3 are marked with arrows.]
Figure 1 | Effect of milled rapeseeds and oats on tank milk saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), and polyunsaturated fatty acid (PUFA) concentrations in the main dairy cow study. Arrows represent the dietary change of the whole herd from control diet in period 1 (P1) to lipid supplemented diet in period 2 (P2), and back to control diet for period 3 (P3).
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Figure 2 | Effect of milled rapeseeds and oats on tank milk palmitic acid (PA, 16:0), stearic acid (SA, 18:0), and oleic acid (OA, cis-9 18:1) concentrations in the main dairy cow study. Arrows represent the dietary change of the whole herd from control diet in period 1 (P1) to lipid supplemented diet in period 2 (P2), and back to control diet for period 3 (P3).




3.4 Sensory quality of dairy products

No significant differences in sensory characteristics were seen in the UHT milk, butter, and cheese produced from the test milk and the control milk (p >0.05; Table 4). In overall ratings, the new products with less saturated fat got very similar ratings to the control products. There was also no major difference in which products, the test or the control, were preferred. The test butter was considered softer and easier to spread, and more than 40% of respondents found nothing to improve in the butter. The saltiness of the test cheese was better and the taste milder than in the control cheese. Both cheeses were soft, and a slightly harder construction had been hoped for. Regarding the concept of reduced saturated fat dairy products, over half of the respondents considered a good FA composition important. Based on the product description, 70% of respondents would probably buy milk products with a modified FA composition.




3.5 Gas exchange

The dairy cow gas exchange is presented in Table 7. The milled rapeseeds together with the oats decreased ruminal CH4 and H2 total emissions (g/d and mg/d, respectively), yields (g/kg DM intake or mg/kg DM intake), and intensities (g/kg ECM or mg/kg ECM; p < 0.001 for the quadratic response). Depending on the emission unit, the decrease was 16%–20% for CH4 and 36%–39% for H2. However, the effect of plant lipids on CO2 emissions (decrease of 3%–5%; p ≤ 0.084) was limited in magnitude. The plant lipids had no major effect on the O2 consumption of dairy cows (p > 0.10).

Table 7 | Gas production or consumption (mass per day), gas yield (mass per dry matter intake), and gas intensity (mass per energy-corrected milk production) in the main study.
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4 Discussion

The novel feature of this experiment was in assessing the feasibility of simultaneously decreasing both bovine milk fat SFAs and ruminal methane emissions when milled rapeseeds and oats instead of rapeseed meal and barley are fed to animals in practical whole-herd conditions. In addition, the milk was processed into several dairy products (e.g., UHT milk, butter, and cheese), of which the sensory quality was evaluated to confirm the applicability up to the final products.

Given the limited number of animals, the results on feed intake and milk yields obtained in the pilot study should be interpreted with some caution. However, it is noteworthy that the results were highly consistent between the pilot and the main dairy cow studies, except for variations in animal performance. Nevertheless, at high lipid inclusion rates, a significant decrease in feed intake and milk yield, as observed in the pilot study, is expected when a situation-specific threshold in lipid supply is surpassed (Drackley et al., 2007; Benchaar et al., 2015; Halmemies-Beauchet-Filleau et al., 2017). This is discussed in more detail later below.



4.1 Feed and diet composition

The main forage component of the diet affects bovine milk FAs (Glasser et al., 2008) and CH4 response to plant lipids (Vanhatalo and Halmemies-Beauchet-Filleau, 2020). Our experimental diets were based on digestible grass silage that is typical in northern latitudes. The grass silage-rich diets together with using oats instead of barley as the cereal for the test diet PMR led to moderate starch contents for the control (123–158 g/kg DM) and test diets (104 g/kg DM). The lipid content and the FA composition of milled rapeseeds, oats, and barley were similar to previous reports (Welch, 1975; Brask et al., 2013b), with OA forming a major part of the lipid for both milled rapeseeds (53 g/100 g FA) and oats (34 g/100 g FA) in the present work.




4.2 Nutrient intake and digestibility

The milled rapeseeds together with oats decreased DM intake by 15% relative to the control diet in the pilot study. The fluctuation in the daily feed intake indicated a slight excess in lipid supplementation for efficient rumen function. This was reflected also in the standard error of the mean (SEM), which was moderately high for feed intake. To maintain a higher and more regular feed intake, the lipid supplementation rate was decreased from 55 g/kg to 50 g/kg test diet DM for the main study. The lower rate was successful as DM intake was only decreased by 4% relative to the control diet in the main study. At high inclusion rates (i.e., at 40 g/kg or more in DM), lipid supplementation has often suppressed feed intake (Huhtanen et al., 2008; Bayat et al., 2018; Ramin et al., 2021a), with the decrease being generally more pronounced on starch-rich diets (Benchaar et al., 2015; Vanhatalo and Halmemies-Beauchet-Filleau, 2020). The rather low dietary starch content together with the non-excessive lipid inclusion rate probably explains the limited reduction in the feed intake in the main study. In addition to the decreased DM intake, using oats that contain less starch than barley in the test diet relative to the control diet contributed to 0.77 kg and 1. 28 kg lower daily starch intake by the test diet cows in the pilot and main dairy cow studies, respectively. However, the lower starch intake on the test diet was compensated by energy-rich lipids leading to similar ME intakes between diets in both studies.

The milled rapeseeds together with oats substantially increased OA, LA, and ALA intakes relative to the control diet, thus reflecting the FA content and composition of the dietary feed ingredients. The vast majority of the supplemental OA was derived from milled rapeseeds and to a lesser extent from oats. The increase in OA intake was of similar magnitude to the previous studies using high rapeseed oil supplementation (Ferlay et al., 1993; Bayat et al., 2018). It is noteworthy that on the control diet ALA, inherent to the chloroplasts in forage leaves (Glasser et al., 2013), represented the major FA consumed by cows; therefore, highlighting the importance of the basal forage to FA intake. Though forages have rather low lipid concentrations, lipid intake from forage can be substantial because forage intake is typically high in ruminant diets (Glasser et al., 2013).

In the present study, supplying a 50–55 g/kg diet DM of lipids from milled rapeseeds and oats significantly suppressed organic matter and the fiber total tract digestibility. This may also explain, at least in part, the decrease in DM intake of the test diet relative to the control diet. Jenkins (1993) proposed various explanatory mechanisms for this, including the direct adverse effects of unsaturated FAs on ruminal microbial communities, cellulolytic microbes in particular, and free FAs forming a protective lipid layer over feed particles in the rumen. However, several reports have subsequently challenged these theories on fiber-rich diets based on grass or legume silage that indicate little if any effect of plant oils on fiber digestibility, even at rather high inclusion rates (Benchaar et al., 2015; Halmemies-Beauchet-Filleau et al., 2017; Bayat et al., 2018). In addition to lipid supplementation, switching cereal fiber quality from barley in the control diet to oats in the test diet may have contributed to a lowered fiber digestion of the test diet. Furthermore, replacing barley with oats has previously decreased NDF digestibility (Vanhatalo et al., 2006; Ramin et al., 2021b). This can be attributed to the significantly higher indigestible NDF content of oats relative to barley (Ramin et al., 2021b).

Once the seedcoat is ruptured, the lipid digestibility of whole rapeseeds is similar to pure oil (Brask et al., 2013b). The digestibility of lipids is often increased (Benchaar et al., 2015; Halmemies-Beauchet-Filleau et al., 2017) or unaffected (Ferlay et al., 1993; Brask et al., 2013a; Brask et al., 2013b) by plant lipid supplementation. In the present studies, however, the apparent digestibility of total fat was unexpectedly lower for the lipid-supplemented test diet than for the control diet. In part, this may be attributable to the reduced intestinal absorption of SA at high post-ruminal flows (Glasser et al., 2008). Indeed, the intake of 18-carbon dietary unsaturated FAs was many times higher on the test diet relative to the control diet, with SA being the end-product of their ruminal biohydrogenation (Shingfield et al., 2010). Though the milling of rapeseeds was assessed as being visually successful, it can also be speculated that some seeds may have escaped the milling through the 6- to 8-mm sieves intact.




4.3 Milk production and composition

The linear decrease in the ECM yield in the pilot study after dietary change from the control to the test diet is in line with the concomitant large reduction in feed intake, and a numerical 6% decrease in the ME intake. However, due to the experimental design, the effect of time and diet cannot be separated in the pilot study. Therefore, a part of the linear decline in animal performance can be attributed to the natural and gradual decline in the milk yield of late-lactation cows. However, in the main dairy cow study, the ECM yield was unaffected by dietary plant lipids, which is consistent with similar ME intakes across treatments due to a much more limited decrease in feed intake. Previously milled rapeseeds have neither affected the ECM yields when supplementing diets based on grass silage (Kairenius et al., 2009; Mierlita et al., 2023) nor a mixture of grass and maize silages (Brask et al., 2013b). In addition, replacing barley with oats has not affected the ECM (Ramin et al., 2021b) or slightly increased it (Vanhatalo et al., 2006). Similar to the pilot study, the linear decrease in the ECM, and protein and lactose yields during the main study can be attributed to the advances in the lactation stage of animals, as 10 out of 13 were in late lactation at the beginning of the experiment and thus on a descending lactation curve. It is worth noting, however, that the decline in milk yield was almost twice less rapid in the main study than in the pilot study between the periods. This confirms that the advance in the lactation stage was not the only cause of the decline in the milk yield in the pilot study. Overall, milled rapeseeds together with oats had negligible effects on the production of milk and the major constituents of milk in the main dairy cow study.

The milled rapeseeds together with oats significantly modified milk FA composition. Relative to the control diet, the total SFA content of milk fat on the test diet was 14.2%-units lower in the pilot study and 11.7%-units lower in the main study. Plant lipids decreased total SFA by, on average, 0.013%- to 0.015%-units per g of supplemental FA. This decrease was similar in extent to previous reports for milled rapeseeds (0.013%-units per g of supplemental FA; Collomb et al., 2004), and for pure rapeseed oil supplementation (0.015%- to 0.019%-units per g of supplemental FA; Bayat et al., 2018; Razzaghi et al., 2022) the decrease in SFA being generally lower on diets high in fiber and low in starch (Razzaghi et al., 2022; Mierlita et al., 2023). Moreover, the 6- to 16-carbon SFAs, derived entirely or in the case of PA 50%–80% from mammary de novo synthesis (Halmemies-Beauchet-Filleau et al., 2013), were consistently 22% to 48% lower in milk fat from the test diet than from the control diet. This is in good agreement with the increased supply of long-chain FAs known to inhibit mammary de novo synthesis of short- and medium-chain SFAs (Shingfield et al., 2010).

The total monounsaturated FA was 48%–59% higher in milk fat from the test diet than the control diet. This increase principally originated from OA (0.013%- to 0.015%-units per g of supplemental FA) which was the predominant FA in the dietary lipid sources rapeseeds and oats. The increase in milk fat OA was similar to previous studies with rapeseed oil (0.010%- to 0.016%-units per g of supplemental FA; Bayat et al., 2018; Razzaghi et al., 2022) or when replacing barley with oats (0.015%-units per g of supplemental FA; Fant et al., 2023). Milk fat OA has a dual origin. Part of it originates from direct mammary uptake, with circulating OA being derived predominantly from the diet (Shingfield et al., 2010) or during a negative energy balance also from adipose tissue mobilization (Gross et al., 2011; Jorjong et al., 2014). Another part of milk fat OA originates from mammary desaturation of SA, which is the end-product of ruminal biohydrogenation of dietary18-carbon unsaturated FA (Shingfield et al., 2010). Therefore, the significant increase in OA, LA, and ALA intakes for the test diet is directly, and, via SA, also indirectly reflected in the milk OA in the present study. The increase in milk fat SA on the test diet is a typical response to plant lipid supplementation (Bayat et al., 2018; Razzaghi et al., 2022; Fant et al., 2023).

The present increases in milk trans FAs were limited for lipid in milled rapeseeds and oats (0.0011%- to 0.0014%-units per g of supplemental FA) compared with previous studies with pure rapeseed oil (0.0046%- to 0.0062%-units per g of supplemental FA; Bayat et al., 2018; Razzaghi et al., 2022). In addition, the major trans isomers increased in milk fat by the test diet were trans-11 18:1 vaccenic acid and cis-9,trans-11 18:2 rumenic acid, with potentially beneficial effects on human health (Field et al., 2009; Koba and Yanagita, 2014). The moderate increase in milk fat trans FAs was in line with a previous report indicating higher ruminal OA and lower trans-FA outflow when milled rapeseeds were used instead of pure rapeseed oil supplementation (Kairenius et al., 2009). This suggests partial protection from the ruptured rapeseed seedcoat against ruminal lipid metabolism.

Despite the higher LA and ALA intakes, their milk fat concentrations were slightly lower on the test diet relative to the control diet. This is consistent with more extensive biohydrogenation of LA and ALA relative to OA in the rumen (Shingfield et al., 2010) and the limited effects on milk LA and ALA, when these polyunsaturated FAs have been supplemented in the form of plant oils (Rego et al., 2009; Halmemies-Beauchet-Filleau et al., 2017). The increase in ALA intake through forage generally results in a higher transfer efficiency from the diet into milk (Kalač and Samková, 2010; Halmemies-Beauchet-Filleau et al., 2013), probably due to the fact that more microbial digestion of surrounding material is needed before forage lipids are exposed to ruminal metabolism. This is supported by the concomitant decrease in milk fat ALA content and grass silage consumption despite higher general ALA intake on the test diet in the present study.




4.4 Dairy products with modified FA composition

The sensory characteristics of the UHT milk, butter, and cheese containing less SFAs were similar to those of the control products and were preferred by an equal percentage of consumers as the control products. In general, the test diet butter and cheese were perceived to be of softer texture relative to the control products. Rapeseed lipid inclusion in the diet resulted in softer textures of dairy products, with acceptable organoleptic quality also previously (Ryhänen et al., 2005; Halmemies-Beauchet-Filleau et al., 2011). Furthermore, no change in the milk sensory quality was observed when oats replaced barley as a cereal in the dairy cow diet (Vanhatalo et al., 2006). The concept of reduced-saturated-fat dairy products was received positively by Finnish consumers, and respondents had a positive view of it. Most consumers considered the products suitable for themselves, and they would be ready to buy them if the product quality is the same as with current products. Some consumers did not entirely understand how the change in FA composition was achieved. This should be taken into account when communicating about these types of products. The consumers’ level of acceptance and attitudes toward test butter with low levels of SFAs and a low carbon emission footprint has been reported in a separate paper (Asioli et al., 2023). This complementary study indicated that about one-third of Finnish consumers was willing to pay a premium price for the new type of butter, the consumer attitudes being most promising with young and highly educated consumers.

For a considerable time, many human dietary guidelines recommend that SFA intake should be restricted to reduce the risk of CVD. As dairy foods are often the single greatest dietary source of SFAs, there has been a considerable number of studies examining how dairy cow diets can be modified to reduce the SFA content of milk fat, mainly by replacing them with cis-monounsaturated FAs or ALA. There are, however, few detailed human randomized controlled trials (RCTs) examining the chronic impact of such changes on milk FAs on markers of CVD risk. The review of 10 published RCTs, by Livingstone et al. (2012), indicated a tendency toward a believed beneficial lowering effect on fasting serum total and low-density lipoprotein cholesterol (LDL-C) following chronic consumption of modified milk and dairy foods. The recent detailed RESET RCT (Vasilopoulou et al., 2020) used diets containing milk, cheese, and butter with normal (control) or modified FA composition (Kliem et al., 2019), which was similar to the test diet milk in the current dairy cow studies. The study found that in adults at a moderate CVD risk, the consumption of FA-modified dairy foods for 12 weeks significantly moderated the increase in the levels of serum LDL-C seen on the conventional dairy food diet and improved vascular endothelial function. This provides more confidence that milk FA modification, as in the current studies, can provide health benefits. There is, however, increasing uncertainly that the heavy reliance on serum LDL-C as the key risk factor for CVD is too simplistic, in part because it takes no account of the variation in risk linked to the LDL particle size profile (Givens, 2023).




4.5 Gas exchange

The effects of plant lipids on ruminal methanogenesis are dependent on the level of supplementation, the FA profile of the supplements, and the composition of the basal diet (Vanhatalo and Halmemies-Beauchet-Filleau, 2020). Lipids in milled rapeseeds and oats significantly decreased ruminal H2 load in the main dairy cow study. In addition, CH4 and H2 intensities (g or mg gas/kg ECM) were 20% and 39% lower, respectively, on the test diet than on the control diet. For each 1% plant lipid added to the diet, CH4 intensity was reduced by 4.6%. This agrees well with previous plant lipid data for rapeseed oil (a reduction of 4.5%–5.2% in CH4 intensity for each additional 1% in plant lipid; Bayat et al., 2018; Razzaghi et al., 2022) and replacing barley with oats (a reduction of 6.0% in CH4 intensity for each additional 1% in plant lipid; Fant et al., 2021; Ramin et al., 2021b) on high-grass silage diets. However, it was less effective compared with milled rapeseeds in a diet based on a mixture of grass and maize silage (a reduction of 8.2% in CH4 intensity for each additional 1% in plant lipid; Brask et al., 2013b).

The reduction of ruminal CH4 and H2 production in the present study can be attributed to the lower amount of organic matter fermented in the rumen, as indicated by the lower DM intake and nutrient whole-tract digestibility. Having more organic matter in the feces could be expected to increase CH4 emissions from manure. However, Ramin et al. (2021a) reported similar total fecal CH4 emissions in vitro (L/d) from feces of cows fed rapeseed lipids compared with unsupplemented ones, despite higher amounts of organic matter being left in the feces. This was due to a significantly lower CH4 yield (L/kg fecal organic matter) from the feces of cows fed rapeseed lipids. Furthermore, it is possible that the ruminal biohydrogenation of dietary unsaturated FAs served as a minor alternative sink for metabolic H2 to mitigate CH4 formation (Beauchemin et al., 2022). Dietary lipid supplementation may also shift rumen fermentation patterns from acetate to propionate (Vanhatalo and Halmemies-Beauchet-Filleau, 2020). However, decreases in methane production due to rapeseed lipids have not been associated with shifts in ruminal fermentation patterns on grass silage-based diets (Brask et al., 2013a; Bayat et al., 2018).

About 155.2 million tons of bovine milk is produced in EU-27 (Eurostat, 2021). If all the dairy cows in EU-27 consumed a diet mitigating CH4 emissions by 3 g of each kg of milk produced, which is comparable to the decrease observed in the present study, then annual CH4 emissions would decrease by 465,600 t in the EU-27 area. This decrease would represent about 8.4% of the annual bovine CH4 emission, 5.6% of the annual agricultural CH4 emission, and 3.2% of the annual total CH4 emission in EU-27 (Eurostat, 2021).





5 Conclusion

Replacing rapeseed meal and barley with full-fat milled rapeseed and oats in a whole-dairy-herd diet had no adverse effects on ME intake and milk production at a 50 g/kg lipid supplementation rate in the diet DM, but modified milk fat composition as OA inherent to lipid supplements replaced a substantial proportion of the SFAs in the milk fat. This decrease in milk fat SFAs can be attributed to the lower level of mammary de novo synthesis due to the increased supply of OA and its biohydrogenation end-product SA for milk fat synthesis. The dairy products (UHT milk, butter, cheese) with a modified lipid profile were of a similar organoleptic quality to the control products. Further research is needed to assess whether or not the changed milk FA profile has long-lasting health benefits when consumed by humans. The lipids in the milled rapeseeds and oats significantly decreased ruminal H2 load and further CH4 emissions, which is consistent with lower DM intake and nutrient digestibility. Therefore, milled rapeseeds and oats as regular dietary ingredients are an efficient means to soften milk fat and mitigate methane emissions at the whole-herd level.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

Ethical approval was not required for the study involving animals in accordance with the local legislation and institutional requirements because no prior authorization is required for projects that are likely to cause a level of harm lower than that caused by the introduction of a needle. Therefore, milk and fecal sampling carried out in this project did not require ethical approval according to national regulations (https://avi.fi/en/services/individuals/licences-notices-and-applications/animals/laboratory-animals).





Author contributions

AH-B-F: Conceptualization, Supervision, Writing – review & editing, Writing – original draft. SJ: Conceptualization, Writing – review & editing, Supervision. TK: Conceptualization, Supervision, Writing – review & editing. AT: Writing – original draft, Writing – review & editing. DG: Conceptualization, Funding acquisition, Project administration, Writing – review & editing. AV: Conceptualization, Funding acquisition, Project administration, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was financed in part by EIT Food Project: Dairy products with reduced saturated fatty acids (grant number 18095).




Acknowledgments

The authors thank the contribution of the staff at the University of Helsinki Viikki research farm and the laboratory of Animal Science. The valued contributions of MSc students Milja Korjus, Kasperi Ojala, Vappu Tauriainen, and Tuire Tapola for practical experimental work at the dairy barn are much appreciated.





Conflict of interest

Author AT was employed by the company Valio Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fanim.2023.1278495/full#supplementary-material


References
	 Asioli, D., Zhou, X., Halmemies-Beauchet-Filleau, A., Vanhatalo, A., Givens, D. I., Rondoni, A., et al. (2023). Consumers’ valuation for low-carbon emission and low–saturated fat butter. Food Qual. Pref. 108, 104859. doi: 10.1016/j.foodqual.2023.104859
	 Bayat, A. R., Tapio, I., Vilkki, J., Shingfield, K. J., and Leskinen, H. (2018). Plant oil supplements reduce methane emissions and improve milk fatty acid composition in dairy cows fed grass silage-based diets without affecting milk yield. J. Dairy Sci. 101, 1136–1151. doi: 10.3168/jds.2017-13545
	 Beauchemin, K. A., Ungerfeld, E. M., Abdalla, A. L., Alvarez, C., Arndt, C., Becquet, P., et al. (2022). Invited review: Current enteric methane mitigation options. J. Dairy Sci. 105, 9297–9326. doi: 10.3168/jds.2022-22091
	 Benchaar, C., Hassanat, F., Martineau, R., and Gervais, R. (2015). Linseed oil supplementation to dairy cows fed diets based on red clover silage or corn silage: Effects on methane production, rumen fermentation, nutrient digestibility, N balance, and milk production. J. Dairy Sci. 98, 7993–8008. doi: 10.3168/jds.2015-9398
	 Brask, M., Lund, P., Hellwing, A. L. F., Poulsen, M., and Weisbjerg, M. R. (2013a). Enteric methane production, digestibility and rumen fermentation in dairy cows fed different forages with and without rapeseed fat supplementation. Anim. Feed Sci. Technol. 184, 67–79. doi: 10.1016/j.anifeedsci.2013.06.006
	 Brask, M., Lund, P., Weisbjerg, M. R., Hellwing, A. L. F., Poulsen, M., Larsen, M. K., et al. (2013b). Methane production and digestion of different physical forms of rapeseed as fat supplements in dairy cows. J. Dairy Sci. 96, 2356–2365. doi: 10.3168/jds.2011-5239
	 Briggs, M. A., Petersen, K. S., and Kris-Etherton., P. M. (2017). Saturated fatty acids and cardiovascular disease: Replacements for saturated fat to reduce cardiovascular risk. Healthc. (Basel) 5, 29. doi: 10.3390/healthcare5020029
	 Chen, S., Bobe, G., Zimmerman, S., Hammond, E. G., Luhman, C. M., Boylston, T. D., et al. (2004). Physical and sensory properties of dairy products from cows with various milk fatty acid compositions. J. Agric. Food Chem. 52, 3422–3428. doi: 10.1021/jf035193z
	 Clifton, P. M., and Keogh, J. B. (2017). A systematic review of the effect of dietary saturated and polyunsaturated fat on heart disease. Nutr. Metab. Cardiovasc. Dis. 27, 1060–1080. doi: 10.1016/j.numecd.2017.10.010
	 Collomb, M., Sollberger, H., Bütikofer, U., Sieber, R., Stoll, W., and Schaeren, W. (2004). Impact of a basal diet of hay and fodder beet supplemented with rapeseed, linseed and sunflowerseed on the fatty acid composition of milk fat. Int. Dairy J. 14, 549–559. doi: 10.1016/j.idairyj.2003.11.004
	 Drackley, J. K., Overton, T. R., Ortiz-Gonzalez, G., Beaulieu, A. D., Barbano, D. M., Lynch, J. M., et al. (2007). Responses to increasing amounts of high-oleic sunflower fatty acids infused into the abomasum of lactating dairy cows. J. Dairy Sci. 90, 5165–5175. doi: 10.3168/jds.2007-0122
	 Eurostat (2021). Available at: https://ec.europa.eu/eurostat (Accessed June 27, 2023).
	 Fant, P., Leskinen, H., Ramin, M., and Huhtanen, P. (2023). Effects of replacement of barley with oats on milk fatty acid composition in dairy cows fed grass silage-based diets. J. Dairy Sci. 106, 2347–2360. doi: 10.3168/jds.2022-22327
	 Fant, P., Ramin, M., and Huhtanen, P. (2021). Replacement of barley with oats and dehulled oats: Effects on milk production, enteric methane emissions, and energy utilization in dairy cows fed a grass silage-based diet. J. Dairy Sci. 104, 12540–12552. doi: 10.3168/jds.2021-20409
	 Ferlay, A., Chabrot, J., Elmeddah, Y., and Doreau, M. (1993). Ruminal lipid balance and intestinal digestion by dairy cows fed calcium salts of rapeseed oil fatty acids or rapeseed oil. J. Anim. Sci. 71, 2237–2245. doi: 10.2527/1993.7182237x
	 Field, C. J., Blewett, H. H., Proctor, S., and Vine, D. (2009). Human health benefits of vaccenic acid. Appl. Physiol. Nutr. Metab. 34, 979–991. doi: 10.1139/H09-079
	 Givens, D. I. (2023). Dairy foods and cardiometabolic diseases: an update and a reassessment of the impact of saturated fatty acids. Proc. Nutr. Soc 82, 320–345. doi: 10.1017/S0029665123000083
	 Glasser, F., Doreau, M., Maxin, G., and Baumont, R. (2013). Fat and fatty acid content and composition of forages: A meta-analysis. Anim. Feed Sci. Technol. 185, 19–34. doi: 10.1016/j.anifeedsci.2013.06.010
	 Glasser, F., Ferlay, A., and Chilliard, Y. (2008). Oilseed lipid supplements and fatty acid composition of cow milk: a meta-analysis. J. Dairy Sci. 91, 4687–4703. doi: 10.3168/jds.2008-0987
	 Gross, J., van Dorland, H. A., Bruckmaier, R. M., and Schwarz, F. J. (2011). Milk fatty acid profile related to energy balance in dairy cows. J. Dairy Res. 78, 479–488. doi: 10.1017/S0022029911000550
	 Halmemies-Beauchet-Filleau, A., Kairenius, P., Ahvenjärvi, S., Toivonen, V., Huhtanen, P., Vanhatalo, A., et al. (2013). Effect of forage conservation method on plasma lipids, mammary lipogenesis, and milk fatty acid composition in lactating cows fed diets containing a 60: 40 forage-to-concentrate ratio. J. Dairy Sci. 96, 5267–5289. doi: 10.3168/jds.2013-6571
	 Halmemies-Beauchet-Filleau, A., Kokkonen, T., Lampi, A. M., Toivonen, V., Shingfield, K. J., and Vanhatalo, A. (2011). Effect of plant oils and camelina expeller on milk fatty acid composition in lactating cows fed diets based on red clover silage. J. Dairy Sci. 94, 4413–4430. doi: 10.3168/jds.2010-3885
	 Halmemies-Beauchet-Filleau, A., Shingfield, K. J., Simpura, I., Kokkonen, T., Jaakkola, S., Toivonen, V., et al. (2017). Effect of incremental amounts of camelina oil on milk fatty acid composition in lactating cows fed diets based on a mixture of grass and red clover silage and concentrates containing camelina expeller. J. Dairy Sci. 100, 305–324. doi: 10.3168/jds.2016-11438
	 Hillbrick, G., and Augustin, M. A. (2002). Milkfat characteristics and functionality: opportunities for improvement. Aust. J. Dairy Tech. 57, 45–51.
	 Hristov, A. N., Melgar, A., Wasson, D., and Arndt, C. (2022). Symposium review: Effective nutritional strategies to mitigate enteric methane in dairy cattle. J. Dairy Sci. 105, 8543–8557. doi: 10.3168/jds.2021-21398
	 Huhtanen, P., Cabezas-Garcia, E. H., Utsumi, S., and Zimmerman, S. (2015). Comparison of methods to determine methane emissions from dairy cows in farm conditions. J. Dairy Sci. 98, 3394–3409. doi: 10.3168/jds.2014-9118
	 Huhtanen, P., Rinne, M., and Nousiainen, J. (2008). Evaluation of concentrate factors affecting silage intake of dairy cows: a development of the relative total diet intake index. Animal 2, 942–953. doi: 10.1017/S1751731108001924
	 Huida, L., Väätäinen, H., and Lampila, M. (1986). Comparison of dry matter contents in grass silages as determined by oven drying and gas chromatographic water analysis. Ann. Agric. Fenn. 25, 215–230. http://urn.fi/URN:NBN:fi-fe2014102145444.
	 Jenkins, T. C. (1993). Lipid metabolism in the rumen. J. Dairy Sci. 76, 3851–3863. doi: 10.3168/jds.S0022-0302(93)77727-9
	 Jorjong, S., Van Knegsel, A. T. M., Verwaeren, J., Lahoz, M. V., Bruckmaier, R. M., De Baets, B., et al. (2014). Milk fatty acids as possible biomarkers to early diagnose elevated concentrations of blood plasma nonesterified fatty acids in dairy cows. J. Dairy Sci. 97, 7054–7064. doi: 10.3168/jds.2014-8039
	 Kairenius, P., Toivonen, V., Ahvenjärvi, S., Vanhatalo, A., Givens, D. I., and Shingfield, K. J. (2009). “Effects of rapeseed lipids in the diet on ruminal lipid metabolism and milk fatty acid composition in cows fed grass silage-based diets. Abstract,” in Ruminant Physiology: Digestion, Metabolism and Effects of Nutrition on Reproduction and Welfare. Proc. XI Int. Symp. Rum. Phys. (Wageningen, The Netherlands: Wageningen Academic Publishers).
	 Kalač, P., and Samková, E. (2010). The effects of feeding various forages on fatty acid composition of bovine milk fat: A review. Czech J. Anim. Sci. 55, 521–537. doi: 10.17221/2485-CJAS
	 Kennelly, J. J. (1996). The fatty acid composition of milk fat as influenced by feeding oilseeds. Anim. Feed Sci. Technol. 60, 137–152. doi: 10.1016/0377-8401(96)00973-X
	 Kliem, K., Humphries, D., Markey, O., Vasilopoulou, D., Fagan, C., Grandison, A., et al. (2019). Food chain approach to lowering the saturated fat of milk and dairy products. Int. J. Dairy Technol. 72, 100–109. doi: 10.1111/1471-0307.12564
	 Kliem, K. E., and Shingfield, K. J. (2016). Manipulation of milk fatty acid composition in lactating cows: Opportunities and challenges. Eur. J. Lipid Sci. Technol. 118, 1661–1683. doi: 10.1002/ejlt.201400543
	 Koba, K., and Yanagita, T. (2014). Health benefits of conjugated linoleic acid (CLA). Obes. Res. Clin. Pract. 8, e525–e532. doi: 10.1016/j.orcp.2013.10.001
	 Lamminen, M., Halmemies-Beauchet-Filleau, A., Kokkonen, T., Jaakkola, S., and Vanhatalo, A. (2019). Different microalgae species as a substitutive protein feed for soya bean meal in grass silage based dairy cow diets. Anim. Feed Sci. Technol. 247, 112–126. doi: 10.1016/j.anifeedsci.2018.11.005
	 Livingstone, K. M., Lovegrove, J. A., and Givens, D. I. (2012). The impact of substituting SFA in dairy products with MUFA or PUFA on CVD risk: evidence from human intervention studies. Nutr. Res. Rev. 25, 193–206. doi: 10.1017/S095442241200011X
	 Luke (2023) Finnish feed tables and nutrient requirements of farm animals. Available at: https://www.luke.fi/en/luonnonvaratieto/science-and-information/feed-tables-and-nutrient-requirements (Accessed June 27, 2023).
	 Mierlita, D., Santa, A., Mierlita, S., Daraban, S. V., Suteu, M., Pop, I. M., et al. (2023). The effects of feeding milled rapeseed seeds with different forage: concentrate ratios in Jersey dairy cows on milk production, milk fatty acid composition, and milk antioxidant capacity. Life 13, 46. doi: 10.3390/life13010046
	 Min, B. R., Lee, S., Jung, H., Miller, D. N., and Chen, R. (2022). Enteric methane emissions and animal performance in dairy and beef cattle production: Strategies, opportunities, and impact of reducing emissions. Animals 12, 948. doi: 10.3390/ani12080948
	 Perna, M., and Hewlings, S. (2023). Saturated fatty acid chain length and risk of cardiovascular disease: A systematic review. Nutrients 15, 30. doi: 10.3390/nu15010030
	 Pitkänen, O., Halmemies-Beauchet-Filleau, A., Räisänen, S. E., Jaakkola, S., Kokkonen, T., and Vanhatalo, A. (2023). Processed fava bean as a substitute for rapeseed meal with or without rumen-protected methionine supplement in grass silage-based dairy cow diets. J. Dairy Sci. 106, 3217–3232. doi: 10.3168/jds.2022-22897
	 Ramin, M., Chagas, J. C., Smidt, H., Exposito, R. G., and Krizsan, S. J. (2021a). Enteric and fecal methane emissions from dairy cows fed grass or corn silage diets supplemented with rapeseed oil. Animals 11, 1322. doi: 10.3390/ani11051322
	 Ramin, M., Fant, P., and Huhtanen, P. (2021b). The effects of gradual replacement of barley with oats on enteric methane emissions, rumen fermentation, milk production, and energy utilization in dairy cows. J. Dairy Sci. 104, 5617–5630. doi: 10.3168/jds.2020-19644
	 Razzaghi, A., Leskinen, H., Ahvenjärvi, S., Aro, H., and Bayat, A. R. (2022). Energy utilization and milk fat responses to rapeseed oil when fed to lactating dairy cows receiving different dietary forage to concentrate ratio. Anim. Feed Sci. Technol. 293, 115454. doi: 10.1016/j.anifeedsci.2022.115454
	 Rego, O. A., Alves, S. P., Antunes, L. M. S., Rosa, H. J. D., Alfaia, C. F. M., Prates, J. A. M., et al. (2009). Rumen biohydrogenation-derived fatty acids in milk fat from grazing dairy cows supplemented with rapeseed, sunflower, or linseed oils. J. Dairy Sci. 92, 4530–4540. doi: 10.3168/jds.2009-2060
	 Ryhänen, E. L., Tallavaara, K., Griinari, J. M., Jaakkola, S., Mantere-Alhonen, S., and Shingfield, K. J. (2005). Production of conjugated linoleic acid enriched milk and dairy products from cows receiving grass silage supplemented with a cereal-based concentrate containing rapeseed oil. Int. Dairy J. 15, 207–217. doi: 10.1016/j.idairyj.2004.07.003
	 Shingfield, K. J., Bernard, L., Leroux, C., and Chilliard, Y. (2010). Role of trans fatty acids in the nutritional regulation of mammary lipogenesis in ruminants. Animal 4, 1140–1166. doi: 10.1017/S1751731110000510
	 Vanhatalo, A., and Halmemies-Beauchet-Filleau, A. (2020). “Optimising ruminal function: the role of silage and concentrate in dairy cow nutrition to improve feed efficiency and reduce methane and nitrogen emissions,” in Improving rumen function. Eds.  C. S. McSweeney, and R. I. Mackie (Cambridge, United Kingdom: Burleigh Dodds Science Publishing), 651–692.
	 Vanhatalo, A., Gäddnäs, T., and Heikkilä, T. (2006). Microbial protein synthesis, digestion and lactation responses of cows to grass or grass-red clover silage diet supplemented with barley or oats. Agric. Food Sci. 15, 252–267. doi: 10.2137/145960606779216236
	 Van Keulen, J., and Young, B. A. (1977). Evaluation of insoluble ash as a natural marker in ruminant digestibility studies. J. Anim. Sci. 44, 282–287. doi: 10.2527/jas1977.442282x
	 Van Soest, P. V., Robertson, J. B., and Lewis, B. A. (1991). Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides in relation to animal nutrition. J. Dairy Sci. 74, 3583–3597. doi: 10.3168/jds.S0022-0302(91)78551-2
	 Vasilopoulou, D., Markey, O., Kliem, K. E., Fagan, C. C., Grandison, A. S., Humphries, D. J., et al. (2020). Reformulation initiative for partial replacement of saturated with unsaturated fats in dairy foods attenuates the increase in low-density lipoprotein cholesterol and improves flow-mediated dilatation compared with conventional dairy: the randomized, controlled RESET study. Am. J. Clin. Nutr. 111, 739–748. doi: 10.1093/ajcn/nqz344
	 Welch, R. W. (1975). Fatty acid composition of grain from winter and spring sown oats, barley and wheat. J. Sci. Food Agric. 26, 429–435. doi: 10.1002/jsfa.2740260408




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Halmemies-Beauchet-Filleau, Jaakkola, Kokkonen, Turpeinen, Givens and Vanhatalo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 06 November 2023

doi: 10.3389/fanim.2023.1278966

[image: image2]


Health effects of ruminant trans fatty acids with emphasis on type 2 diabetes


Yanqing Xu 1, Michael E. R. Dugan 2, Cletos Mapiye 3 and Payam Vahmani 1*


1 Department of Animal Science, University of California, Davis, Davis, CA, United States, 2 Agriculture and Agri-Food Canada, Lacombe Research and Development Centre, Lacombe, AB, Canada, 3 Department of Animal Sciences, Stellenbosch University, Cape Town, South Africa




Edited by: 

Jeff Wood, University of Bristol, United Kingdom

Reviewed by: 

Valerie Berthelot, AgroParisTech Institut des Sciences et Industries du Vivant et de L’environnement, France

HongGu Lee, Konkuk University, Republic of Korea

*Correspondence: 

Payam Vahmani
 pvahmani@ucdavis.edu


Received: 17 August 2023

Accepted: 20 October 2023

Published: 06 November 2023

Citation:
Xu Y, Dugan MER, Mapiye C and Vahmani P (2023) Health effects of ruminant trans fatty acids with emphasis on type 2 diabetes. Front. Anim. Sci. 4:1278966. doi: 10.3389/fanim.2023.1278966



Recent government bans on industrial trans fatty acids (TFA) in developed countries has left naturally occurring TFA from ruminant products (e.g., dairy, beef, and lamb) as the sole source of TFA in the food supply. In contrast to industrial TFA, which have undisputed adverse health effects, ruminant TFA such as trans vaccenic acid (TVA; trans11-18:1), rumenic acid (RA; cis9, trans11-18:2) and trans palmitoleic acid (TPA; trans9-16:1) have been associated with reduced risk for some diseases such as type 2 diabetes. The present review summarizes the findings from observational, animal and human studies investigating the effects of ruminant TFA on metabolic parameters related to type 2 diabetes, and provides an update on the current knowledge of their biosynthesis, intake and factors affecting their concentrations in ruminant derived foods. Overall, observational studies and a small number of animal studies suggest that ruminant TFA may be protective against type 2 diabetes, whereas the same benefits have not been observed in other animal studies or in human clinical trials. Additional clinical and mechanistic studies are needed to better understand the isomer-specific effects of ruminant TFA. Until then, production practices resulting in increased levels of this group of fatty acids in ruminant milk and meat should be carefully reconsidered.




Keywords: conjugated linoleic acid, trans vaccenic acid, trans palmitoleic acid, type 2 diabetes, ruminant fats





Introduction

Trans fatty acids (TFA) are unsaturated fatty acids that contain at least one double bond in the trans configuration (i.e. the two hydrogen atoms are on opposite sides of the carbon to carbon double bond), resulting in a straighter shape more similar to saturated fatty acids. Consequently, TFA are less fluid and have a higher melting point than unsaturated fatty acids with cis double bonds, which are the major monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) in plants and animals (Bhardwaj et al., 2011).

TFA in foods mainly come from two sources, including partially hydrogenated vegetable oils (i.e. industrial TFA) and ruminant-derived foods such as dairy and beef (i.e. ruminant TFA). Industrial TFA are found in partially hydrogenated vegetable oils generated using hydrogen in the presence of a catalyst (Bhardwaj et al., 2011), while ruminant TFA are made by rumen bacteria using a process called biohydrogenation (Lichtenstein, 2000; Dhaka et al., 2011).

Until recently, industrial TFA were extensively used by the food industry as a replacement for saturated fats. However, in recent years, many countries have banned industrial TFA from the food supply due to their detrimental effects on cardiovascular health (Lichtenstein, 2000; Mozaffarian et al., 2006). Recent government bans on industrial TFA in developed countries including the U.S, Canada and the E.U has left ruminant-derived fats (e.g. dairy, beef, lamb and goat) as the sole source of TFA in the food supply. As such, there is heightened interest in the composition, content, and health effects of ruminant TFA particularly conjugated linoleic acid (CLA) and trans 18:1 isomers (Brouwer et al., 2010; Prada et al., 2022). The aim of this review is to provide an update of the current state of knowledge on the biosynthesis, concentration range and factors affecting the concentration of TFA in ruminant fats, current intake of ruminant TFA, and to evaluate evidence on their health effects with an emphasis on type 2 diabetes.





Biosynthesis of ruminant TFA

Ruminant TFA are formed via biohydrogenation of unsaturated fatty acids in the rumen. The process of biohydrogenation is performed by rumen bacteria, during which dietary unsaturated fatty acids are converted to saturated fatty acids (Lichtenstein, 2000; Dhaka et al., 2011; Dugan et al., 2018). Dietary unsaturated fatty acids are toxic to rumen microbes, hence they biohydrogenate them to saturated fatty acids which are neutral or less toxic (Jenkins et al., 2008). The biohydrogenation process includes several isomerization and hydrogenation steps which result in the formation of many intermediates including conjugated and non-conjugated trienoic, dienoic and monoenoic trans fatty acids (Jenkins et al., 2008; Vahmani et al., 2015). A small portion of these intermediates passes the rumen and subsequently find their way into tissues and milk after post-ruminal absorption (Lichtenstein, 2000; Dugan et al., 2018).

The predominant fatty acids in ruminant diets include 18:2n-6 (linoleic acid; LNA) and 18:3n-3 (alpha-linolenic acid; ALA) and thus are considered the main substrates for ruminal biohydrogenation. It is estimated that on average, about 80% and 92% of dietary LNA and ALA are biohydrogenated in the rumen (Conte et al., 2017). Several different biohydrogenation pathways have been proposed for LNA and ALA. Several factors including forage-to-concentrate ratio and ruminal passage rate/residence time can determine the pathway and extent of the biohydrogenation of LNA and ALA (Chilliard et al., 2014; Dugan et al., 2018; Dewanckele et al., 2020).

The main pathways for the biohydrogenation of LNA and ALA have been described by Harfoot and Hazlewood (1997). Pathways for both LNA and ALA are characterized by initial isomerization of the cis double bond at carbon 12 to a trans double bond at carbon 11 resulting in the production of cis9, trans11-18:2, an isomer of CLA (also known as rumenic acid; RA), and cis9, trans11, cis15-18:3, respectively (Figure 1). This is followed by rounds of hydrogenation and isomerization leading to a trans 18:1 isomer (e.g., trans11-18:1) and eventually complete hydrogenation to 18:0 (stearic acid) as the end product (Dewanckele et al., 2020).
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Figure 1 | Normal and trans-10 shifted biohydrogenation pathways of linoleic acid (cis9,cis12-18:2) and alpha-linolenic acid (cis9,cis12,cis15-18:3). Arrow with solid lines show the main pathways in ruminants fed forage-based diets, and arrows with dashed lines show pathways in ruminants fed grain-based diets (Adopted from Alves et al., 2021).

It is noteworthy that the abovementioned pathways were elucidated when greater forage-to-grain ratios (forage-based diets) were fed. When feeding grain-based diets (e.g., feedlot diets), isomerization of the cis 9 double bonds for LA shifts towards a trans double bond at carbon 10, with the same happening for ALA shifts, resulting in the production of trans10, cis12-18:2 and trans10, cis12, cis15-18:3, respectively (Alves and Bessa, 2014). These have been referred to as the “trans-10 shifted” biohydrogenation pathways (Figure 1) which result in the accumulation of trans10-18:1 as the main TFA in ruminant products such as beef from feedlot (grain-finished) cattle (Alves and Bessa, 2014; Alves et al., 2021). Whereas trans11-18:1 (trans vaccenic acid; TVA) is typically the main TFA found in milk and meat from ruminants fed forage-based diets (e.g., grass-fed beef) (Jaakamo et al., 2019). Findings from animal model studies suggest that trans10-18:1 may harm health in a similar fashion to industrial TFA (Alves et al., 2021). On the other hand, TVA can be converted to RA (cis9, trans 11-CLA), both of which have been associated with several health benefits such as prevention of cancer, cardiovascular disease, and inflammation as well as improved immune function (Derakhshande-Rishehri et al., 2014; Kim et al., 2016). Consequently, TVA and RA are sometimes referred to as “good” TFA (Diane et al., 2016; Vahmani et al., 2020).

In addition to the main biohydrogenation pathways mentioned above, there are numerous minor pathways active in the rumen resulting in a plethora of biohydrogenation intermediates including conjugated and non-conjugated trienoic (18:3), dienoic (18:2) and monoenoic (18:1 and 16:1) TFA isomers (Vahmani et al., 2020). In fact, milk and meat fats from ruminants (e.g. cattle, sheep and goats) have the most complex fatty acid composition (> 100 different fatty acids) among all edible fats, in part due to the presence of numerous biohydrogenation intermediates. However, the human health effects of many of these intermediates are for the most part unknown.





Types and concentrations of TFA in ruminant fats

The biohydrogenation process results in about 50 different types of TFA including trans-16:1 (trans6- to trans12-16:1), trans-18:1 (trans4- to trans16-18:1), conjugated 18:2 known as CLA (≥ 12 different CLA isomers with cis/trans or trans/cis configurations), non-conjugated non-methylene interrupted 18:2 known as atypical dienes (≥ 10 different isomers with cis/trans or trans/cis configurations) and conjugated 18:3 (≥ 3 different isomers with cis/trans/trans or cis/trans/cis configurations). Trans-18:1s are the predominant TFA (70-80% of total TFA), followed by CLA (10-25% of total TFA), atypical dienes (5-15% of total TFA), trans-16:1 (5-10% of total TFA) and conjugated linolenic acid (CLnA, <5% of total TFA) (Table 1). Among individual TFA isomers, TVA, RA and trans9-16:1 (trans palmitoleic acid; TPA) have been the most studied isomers in terms of health effects and bioactivity, due to their high prevalence in ruminant foods and commercial availability (i.e. pure fatty acid isomers).

Table 1 | The TFA composition of common ruminant fats.
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Current intake of ruminant TFA

There have been numerous studies done on the health effects of industrial TFA during the past 4 decades. These studies have consistently found that industrial TFA have been associated with an increased risk of cardiovascular disease, mainly by lowering HDL and raising LDL levels (Stender et al., 2008; Brouwer et al., 2010; Radtke et al., 2017; Oteng et al., 2019). In the mid-1990s, many developed countries including the EU made recommendations to limit the intake of industrial TFA to 1% of the daily energy intake (Wanders et al., 2017). According to a study in 2010, the average daily TFA intake for adults was around 2.5 to 3.49% of daily energy intake in the U.S. (Micha et al., 2014), which was much higher than the 1% recommended limit. About 10 years later in 2015, the U.S. Food and Drug Administration (FDA) ruled that industrial TFA are not safe in food and set a June 2018 deadline for their removal from the food system (USDA, 2020). The official ban on industrial TFA has left ruminant-derived fats as the sole dietary source of TFA in the U.S., as well as in Canada and most European countries.

The estimated dietary intake of ruminant TFA varies between 0.8% to 1.7% of total energy intake depending on the country, with the average intake of ruminant TFA in the U.S. estimated to be about 1.2% of energy intake (Gebauer et al., 2011). In a more recent study, however, ruminant TFA intake in Europe and the U.S. was estimated to be around 0.5% of energy intake (Brouwer et al., 2013). Given recent bans on industrial TFA, there is need for new studies to determine the current intake of TFA from ruminant derived foods.





Factors affecting concentrations of TFA in ruminant-derived foods

The TFA composition of ruminant derived foods is largely influenced by dietary, management and animal factors. Among these factors, diet composition is the main determinant of biohydrogenation pathways, and consequently of the content and composition of TFA in ruminant fats. Adding sources of PUFA to the diet (e.g. plant oil and oilseeds) significantly increases the contents of TFA in ruminant milk and meat including RA, TVA and TPA (Scollan et al., 2017; Guillocheau et al., 2020; Guo et al., 2023). The source of PUFA has the largest impact, with LNA-rich oils, yielding the greatest RA, TVA and TPA contents (Bessa et al., 2015; Kliem and Shingfield, 2016). Feeding ALA-rich sources also enhances CLnA content in ruminant fats (Kliem and Shingfield, 2016; Chikwanha et al., 2018). Seemingly effective novel alternative oil sources for increasing TFA, such as insect oils, warrant further investigation (Hervás et al., 2022). Furthermore, the amount of PUFA increases TFA content, reaching a peak when feeding between 50 and 80 g/kg DM intake (Scollan et al., 2017; Chikwanha et al., 2018). Besides PUFA, feeding forage-based diets, as opposed to grain-based diets, effectively increases TFA with trans-11 double bonds (TVA and RA) in ruminant fats (Chikwanha et al., 2018; Cabiddu et al., 2022). However, the effectiveness of forage-based diets at increasing TFA is determined by several factors relating to the source of forage including species diversity, cultivars, phenological stage, maturity, conservation method, particle length, presence of bioactive compounds and seasonality (Frutos et al., 2020; Cabiddu et al., 2022). Noteworthy, feeding a combination of forages and PUFA for an extend period substantially enhances presence of TFA in ruminant fats (Kliem and Shingfield, 2016; Vahmani et al., 2020; Alves et al., 2021), particularly when forage and PUFA sources are feed separately (Vahmani et al., 2017).

High-grain diets supplemented with LNA substantially increases the content of trans10-18:1 and trans10,cis12-CLA (i.e., trans10-shift) in ruminant meat and milk (Mapiye et al., 2015; Kliem and Shingfield, 2016). The t10-shift is exacerbated by feeding small grains (i.e. barley and wheat versus corn), pelleting, and increasing feeding duration (Mapiye et al., 2012; Mutsvangwa et al., 2012). A multitude of strategies to avoid the trans10-shift such as the addition of forages, non-starch fibers, strong buffers, antibiotics, antioxidants, yeast, chitosan, and agro-industrial by-products to high-grain diets, have been attempted with varying success (Alves et al., 2021; Amin and Mao, 2021; Hervás et al., 2022). Additionally, PUFA protective treatments and adsorbents inhibit the trans10-shift to a limited extent (Guo et al., 2023).

Notably, contents of TFA are more effectively increased in milk versus meat and in small versus large ruminants (Chilliard et al., 2007; Dugan et al., 2011; Chikwanha et al., 2018). The TFA contents in milk are somewhat influenced by animal individuality, breed, stage of lactation and parity (Samková et al., 2012). In meat animals, breed, sex, slaughter age and weight, anatomical location of fat depot and muscle type have marginal effects on TFA contents (Mapiye et al., 2015).





Metabolism of ruminant TFA in the human body

Most published data on TFA metabolism comes from studies on trans 18:1, which are the predominant fatty acid type in both ruminant and industrial TFA. Trans 18:1 isomers are intestinally absorbed to the same extent as cis 18:1 isomers and the double-bond position has little or no effect on their absorption (Baer et al., 2003). After absorption, trans 18:1 isomers can be incorporated into cell membrane phospholipids, or stored in the triacylglycerols of adipose tissues. Trans 18:1 isomers can be metabolized by oxidation, elongation, and desaturation processes, which result in isomer-specific metabolites with different biochemical properties (Vahmani et al., 2020). For TVA, two main metabolic fates have been characterized which include chain shortening to TPA and delta-9 desaturation to RA (Figure 2). It has been estimated that ~19% of TVA, the main t-18:1 isomer in milk and meat from forage-fed ruminants consumed by humans, can be converted to RA by tissue-level Δ-9 desaturation which is catalyzed by the stearoyl-CoA desaturase 1 (SCD1) enzyme (Turpeinen et al., 2002; Miller et al., 2003).
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Figure 2 | Origin of ruminant trans fatty acids in human blood. TPA, trans-palmitoleic acid (trans9-16:1); TVA, trans vaccenic acid (trans11-18:1); RA, rumenic acid (cis9,trans11-18:2); Arrows with thick solid lines describes the major origins, arrow with narrow lines indicates minor origins, arrows with dashed lines shows the very minor origins (Turpeinen et al., 2002; Miller et al., 2003; Jaudszus et al., 2014).

In addition to Δ-9 desaturation, chain shortening of TVA by β-oxidation (peroxisomal β-oxidation of TVA) can lead to elevated levels of TPA in the plasma or tissues after consuming foods containing TVA, particularly grass-fed beef and dairy products. The conversion rate of TVA to TPA has been estimated to be 10% in cultured rat hepatocytes incubated with TVA (Jaudszus et al., 2014), however, the whole body (in vivo) conversion rate of TVA to TPA is not known. Given the very low concentration of TPA in the food supply including ruminant-derived foods (<0.05% of total fatty acids), the major origin of circulating TPA in humans is assumed to be from TVA intake from consumption of ruminant derived foods (Jaudszus et al., 2014).





Health effects of ruminant TFA

The effects of ruminant- versus industrial- TFA on human health have been controversial and a subject of debate for many years. The recent removal of industrial TFA from the food supply in developed countries has renewed interest in understanding the human health effects of ruminant TFA. Several epidemiological studies have shown that, in contrast to industrial TFA, ruminant TFA do not appear to increase cardiovascular disease (CVD) risk and mortality (Ascherio et al., 1994; Pietinen et al., 1997; Jakobsen et al., 2008; Bendsen et al., 2011; Sacks et al., 2017). This has been attributed to the different isomeric profile of trans18:1 between ruminant and industrial TFA, as well as the low concentrations of total TFA in ruminant fats (2-6% of total fatty acids) compared to partially hydrogenated vegetable oils (60-65% of total fatty acids) (Stender et al., 2008). Conversely, based on recent human clinical trials, both industrial- and ruminant- TFA adversely affect cholesterol homeostasis (i.e. increased blood LDL-cholesterol and reduced HDL cholesterol) when consumed at comparable levels (Motard-Bélanger et al., 2008; Brouwer et al., 2013; Gebauer et al., 2015; Stender, 2015; Verneque et al., 2022). However, there is limited information available on the effect of ruminant TFA on other cardiovascular disease risk markers and the development of other chronic diseases such as type 2 diabetes. In the following section, we summarize published data from observational studies, clinical trials and animal studies on the effects of ruminant TFA on metabolic parameters related to type 2 diabetes.




Observational studies

Since 2010, several prospective epidemiological studies have consistently shown that increased blood levels of TPA, the chain shortening product of TVA (the most abundant TFA in ruminant fats) was associated with lower risk and incidence of type 2 diabetes (Mozaffarian et al., 2010). Similarly, two meta-analyses reported circulating TPA was inversely associated with type 2 diabetes (Imamura et al., 2018). In a more recent epidemiological study, circulating TVA but not TPA was inversely associated with diabetes risk (Prada et al., 2022). This discrepancy could be in part due to the limitations in the analytical methods used to determine TFA isomeric profile in human blood samples (Guillocheau et al., 2020). Although available data from observational studies point towards potential antidiabetic properties of ruminant TFA, a cause-and-effect relationship has not yet been proven in humans.





Clinical trials

There is very limited clinical data on the human health effects of ruminant TFA. Gebauer et al. (2015) compared the effects of isocaloric diets containing different TFA isomers in a randomized, crossover feeding trial in 106 healthy subjects who were each provided the diets for 24 days. Diets were designed to have stearic acid replaced with the following TFA isomers (percentage of energy): ~3% pure TVA, ~3% mixed isomers of industrial TFA from partially hydrogenated vegetable oil, or 1% pure RA. In this study, there was no difference among treatments in terms of metabolic parameters related to type 2 diabetes including blood glucose, insulin, or insulin resistance index (HOMA-IR). Another study using a hyperinsulinemic-euglycemic clamp in abdominally obese male subjects reported that supplementation with pure RA (~1% of energy intake for 12 weeks) reduced insulin sensitivity compared with an olive oil placebo (Risérus et al., 2004). To our knowledge, there has been no clinical study investigating the health effect of TPA supplementation in humans, likely due to the lack of pure TPA (Guillocheau et al., 2020). In fact, the above two studies are the only two human clinical studies examining health effects of pure ruminant TFA isomers. However, there are four published clinical studies in which ruminant TFA-enriched dairy fats were fed. In these studies, TVA+RA-enriched butter (1–1.5% of energy intake from TVA+RA) did not alter blood glucose and insulin, HOMA-IR or glucose tolerance in healthy subjects compared with standard butters (Tholstrup et al., 2006; Tricon et al., 2006; Brown et al., 2011; Penedo et al., 2013; Werner et al., 2013). Although observational studies showed that higher circulating levels of ruminant TFA may be protective against type 2 diabetes, available data from clinical trials do not support a beneficial effect of ruminant TFA on glucose homeostasis in humans. It is noteworthy, however, almost all of these clinical trials were done in healthy subjects and not in people with prediabetes or type 2 diabetes.





Animal studies

Most available data regarding the promising health effects of ruminant TFA including their postulated antidiabetic properties come from animal model studies. Feeding a diet enriched with 1% pure TVA (~4.5% of energy intake) to obese insulin resistant JCR-LA:cp rats resulted in significant reductions in fasting and postprandial insulin levels and an increase in insulin sensitivity (lower HOMA-IR) (Jacome-Sosa et al., 2014). The authors attributed these insulin-sensitizing effects of TVA to activation of peroxisome proliferator-activated receptor-γ. In fact, both TVA and its delta-9 desaturation product, RA, have been shown to act as ligands for PPARγ and PPARα, which are transcription factors for several genes involved in lipid and glucose metabolism (Moya-Camarena et al., 1999; Wang et al., 2012). Feeding beef fat enriched with TVA and RA to obese/insulin-resistant JCR : LA-cp rats reduced fasting insulin and HOMA-IR, and lowered insulin secretion following a meal tolerance test, which were accompanied by higher protein expression of PPARγ and PPARα in the liver (Diane et al., 2016). Similarly, feeding Wister rats a high-fat diet containing TVA+RA-enriched butter reduced fasting serum insulin and increased hepatic PPARγ protein expression compared to rats fed a control high-fat diet containing standard butter (De Almeida et al., 2014). The apparent insulin-sensitizing effects of TVA and RA in the above rodent studies were attributed to their potential to bind and activate PPARγ-regulated pathways in the liver and adipose tissues. Moreover, it has been suggested that TVA can also restore glucose homeostasis by promoting insulin secretion from pancreatic islets. In diabetic Sprague–Dawley rats (induced by high-fat diet/streptozotocin), 8 weeks supplementation with pure TVA (1.2% of diet mass) reduced both fed and fasting blood glucose, and increased β-cell area (Wang et al., 2016). In addition, in this study, hyperglycemic clamp showed that TVA increased glucose turnover in diabetic rats, accompanied by an elevated plasma C-peptide concentration, suggesting improved insulin secretion. Moreover, isolated islets from TVA fed diabetic rats had higher glucose-stimulated insulin secretion (GSIS) than the control diabetic rats (Wang et al., 2016). Thus, the authors concluded that TVA may improve glucose homeostasis in diabetic rats in part by promoting insulin secretion (Wang et al., 2016). Consistent with these findings, Wang et al. recently reported that feeding pure TVA to diabetic rats could promote insulin secretion through stimulating G-protein coupled receptor 40 (GPR40) expression and signaling in islets (Wang et al., 2019).

The above studies should be weighed against other studies that have not found ruminant TFA to improve glucose homeostasis in animal models of insulin resistance and type 2 diabetes. In obese/insulin resistant JCR-LA:cp rats, feeding a diet enriched with pure TVA (1.5% of diet as TVA) did not alter fasting levels of insulin or glucose, nor insulin and glucose responses to a meal tolerance test (Wang et al., 2008). Another study using Wistar rats showed that 8 weeks of feeding diets enriched (4% of energy intake) with either TVA, mixed industrial TFA mixed isomers or oleic acid to did not alter insulin and glucose responses to an intraperitoneal glucose tolerance test (Tardy et al., 2008). Similarly, dietary supplementation with pure TPA (0.7% of energy intake) did not modify glucose homeostasis in high fat diet-induced obese (DIO) mice as measured by glucose/insulin tolerance tests and insulin-mediated Akt activation (Chávaro-Ortiz et al., 2022). Another recent study using DIO mice showed that feeding a high-fat diet containing beef fat naturally enriched with TVA and RA (beef fat from flaxseed-fed cattle) for 19 weeks worsened glucose tolerance and liver steatosis compared to mice fed a control high fat diet (Xu et al., 2022). The authors partly attributed the adverse effects on glucose tolerance and liver health to other TFA present in TVA+RA enriched beef fat. It is noteworthy that no study to date has tested the effects of pure TVA or RA in DIO mouse model which is one of the most clinically translatable animal models to test the efficacy of natural compounds and/or drugs against prediabetes and type 2 diabetes.

The discrepancy in findings may be attributed to methodological differences among studies, such as animal model, diet composition, study duration, as well as specific techniques used to assess glucose homeostasis and parameters related to type 2 diabetes. It is noteworthy that no study to date has tested the effects of pure TVA or RA in DIO mouse model which is one of the most clinically translatable animal models to test the efficacy of natural compounds and/or drugs against prediabetes and type 2 diabetes.






Conclusion

Taken together, although TVA and its metabolites (TPA and RA) have been touted as having antidiabetic properties based on data from observational studies and a small number of animal studies, while the same effects have not been observed in other animal studies or in human clinical trials. Additional clinical and mechanistic studies are needed to better understand the isomer-specific effects of ruminant TFA. Nevertheless, based on the current knowledge regarding potential adverse effects of ruminant TFA on blood lipoprotein profiles, practices resulting in increased levels of this group of fatty acids in ruminant milk and meat should be carefully reconsidered.
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Eggs like other animal-source foods (ASFs), contain an array of macro and micronutrients that promote physical and cognitive growth, nutrition, and health outcomes. Hence, they can be used to reduce rampant undernutrition in low-and middle-income countries (LMICs). Yet consumption of eggs remains low in such countries for various reasons. Given their potential as a tool for reducing malnutrition, this paper reviews the literature on the benefits, risks, and barriers to egg consumption in LMICs. Research indicates that egg consumption is associated with several nutritional and health benefits in newborns, young children, and pregnant and lactating women, but few studies on other groups exist. Effects of egg consumption on diet-related chronic diseases seem to be inconclusive, and early introduction of eggs to infants has reduced allergy risk of eggs later in life in several studies. Some main barriers to egg consumption in LMIC include unaffordability and unavailability, partly due to low poultry productivity, high poultry feed prices, cultural beliefs, and social taboos, many of which disproportionately restrict egg consumption among children and pregnant women. The evidence supports egg intake as a mechanism for meeting nutrient recommendations and a healthy diet in LMIC.
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1 Introduction

Consumption of animal-source foods (ASF) such as meat, fish, dairy, and eggs are linked to improvements in nutrition and health status due to their rich profile of nutrients, including as protein, essential fatty acids, minerals, and vitamins (Asare et al., 2022; Fite et al., 2022). ASF has been described as the best nutrient-dense source of food for children under 2 years of age (WHO, 2014). They are also the best source of catalytic proteins that are important for cellular growth and differentiation but cannot be synthesized within the human body. Thus, they must be obtained via the diet (Headey et al., 2018). Adding small quantities of ASF to plant-based diets can augment nutritional and health outcomes in consumers (Neumann et al., 2007; Eaton et al., 2019).

Despite the significant potential contribution of ASF to nutritional security, ASF consumption is very low in low- and middle-income countries (LMICs), where diets are often highly comprised of starchy foods, relative to levels in high-income countries (HICs) (Adesogan et al., 2020). The low ASF consumption in LMICs is attributed to several factors, including low animal productivity, unaffordability, cultural norms, and religious beliefs. Usually, ASF are costlier per calorie in LMICs compared to grains and staple foods, which creates a significant economic barrier to ASF consumption (Headey, 2018), a problem disproportionately affecting the poorest populations (Rawlins et al., 2014; Hoddinott et al., 2015). Taboos on consumption of ASF also hinder their intake in several societies, unfortunately during important periods of development, such as pregnancy and infancy. For example, seafood and eggs are taboos for pregnant women and young children in Southeastern Nigeria (Ekwochi et al., 2016). In Ethiopia, which has one of the largest livestock populations on the planet, meat and fish consumption during pregnancy is low (Nguyen et al., 2013; Zerfu et al., 2016), and avoidance of ASF during fasting seasons is the custom in the Orthodox Christian faith. Many other major world religions also forbid the consumption of certain ASF. In India, most religious and ethnic groups, including Jains, Sikhs, and upper caste Hindus, prohibit the consumption of beef (Dasgupta et al., 2023), yet beef is a good source of iron and India has the highest global prevalence of anemia (Stevens et al., 2013).

Like many ASF, eggs are a rich source of micro and macronutrients (Lutter et al., 2018). Eggs have been considered among the best sources of protein because of the similarity of the amino acid profile to that of reference proteins (Rao et al., 1964; FAO, 2023). Eggs contain relatively high concentrations of vitamins A, D, E, K, B1, B2, B5, B6, B9, and B12 (Réhault-Godbert et al., 2019), as well as choline (Patterson et al., 2007). Eggs also contain phosphorus, calcium, potassium, iron, iodine, zinc, and essential fatty acids (EFAs) (Lutter et al., 2018).

Eggs are unique in their support for early growth and development (Iannotti et al., 2014). The essential omega-3 and 6 fatty acids in eggs, especially docosahexanoic acid (DHA) are important for vision and the early stages of brain development (Iannotti et al., 2014). Hence, such fatty acids from eggs are essential during pregnancy and infant development (Miranda et al., 2015). Adding eggs more frequently in diet can also help older people to maintain their muscle strength and function, thereby preserving their functional capacity (Smith and Gray, 2016).

In many HIC, but not most LMIC, eggs are nutrient-dense whole food, relatively low cost sources of protein (Drewnowski, 2010; Alexander et al., 2016) and have the lowest planetary impact amongst ASF (Myers and Ruxton, 2023). They are a renewable source of protein (Lesnierowski and Stangierski, 2018) that can contribute to household food security whether they are produced at home or purchased. Eggs, kept with intact shells under appropriate conditions, are sterile and easy to cook (Board et al., 1994), which are significant advantages over other ASF, for which food safety is a concern (Bukachi et al., 2021). Chickens or other egg-laying poultry, such as guinea fowl, are often ubiquitous in rural, smallholder farming communities of LMICs. Yet, the productivity of poultry and egg consumption is often low in such areas (Wong et al., 2017; Stark et al., 2021). This is partly because food taboos exist in many of such places limiting egg consumption (Onuorah and Ayo, 2003; Iradukunda, 2020), but may also be because of culturally derived norms and understandings of the chicken-egg lifecycle (Stark et al., 2021). Figure 1 shows that egg consumption has remained low in LMICs as compared to HICs over time.

[image: Bar graph showing per capita egg consumption from 2000 to 2020 in high income and low and middle income countries. High income countries consistently consume over 12.5 kg per year, while low and middle income countries consume less, typically below 3 kg per year.]
Figure 1 | Pattern of per capita egg consumption in High Income Countries (HICs) and Low- and middle-income countries (LMICs) during 2000 to 2020. Data source: FAOSTAT, Food and Agriculture Organization of the United Nations. Retrieved from http://www.fao.org/faostat/en/#data/FBS on October 23, 2023.

Against this background, we present a review of the literature on benefits and risks of chicken egg (hereafter, egg) consumption (Figure 2), particularly in LMICs, and outline the rationale for further investigation of benefits of egg consumption and the attendant policy implications. First, the paper examines the literature on nutritional benefits of egg consumption and then it examines actual and perceived health risks of egg consumption. Finally, it explores the barriers to increasing egg consumption, particularly among LMICs. The conclusion provides a brief synopsis of key deductions and potential solutions for increasing egg consumption in LMICs.

[image: Flowchart illustrating benefits, risks, and barriers of egg consumption. Benefits are noted for high, low, and middle-income countries, specifically aiding infants, young children, and pregnant women. Risks are identified for high-income countries, focusing on cholesterol, chronic disease, and egg allergies without conclusive evidence for middle-income countries. Barriers in low and middle-income countries include low availability, affordability, and food taboos.]
Figure 2 | Overview of the study.




2 Egg consumption and health benefits

The nutritional benefits of eggs to human health likely cover the lifespan, including infants, young children, adolescents, adults, childbearing, pregnant and lactating women, adult men, and the elderly (McKune et al., 2022). However, there is little published information on the benefits of egg consumption except in infants, young children and pregnant and lactating women. In the US, egg consumption is associated with greater energy intake, protein, total choline, lutein + zeaxanthin, fat and other micronutrients (Papanikolaou and Fulgoni, 2018). These authors reported that relative to non-egg consumers, egg consumers had lower prevalence of people with calcium, iron, magnesium, and vitamins A, C, and E levels below the respective estimated average requirements, and greater prevalence of people with potassium and choline levels above the average requirements. A recent review by Myers and Ruxton (2023) found increased muscle protein synthesis and reduced fat mass due to increased egg consumption.



2.1 Infants and young children

During infancy and early childhood, a nutritious, diverse diet is vital for optimal physical and cognitive growth (McKune et al., 2022). This stage demands more than double the energy requirement per kilogram compared to that for adults (Bégin and Aguayo, 2017). Eggs can contribute substantially to children’s development because they provide approximately half of the daily nutritional requirements of children (Waters et al., 2018). In support, a 49-country study of children aged 6-23 months (Headey et al., 2018) found that egg consumption was associated with a lower (1.3%) prevalence of stunting.

A Randomized Controlled Trial (RCT) by Iannotti et al. (2017) compared nutritional outcomes among 6–9-month-old children in a treatment that supplemented one egg per day for 6 months versus those in a Control group with a usual unsupplemented diet in Ecuador. They found that length for age z-score (LAZ) increased by 0.63 Standard Deviation (SD), that stunting prevalence decreased by 47% in the treatment group compared to the Control group, and they attributed the difference at least partly to an increase in choline levels in the treatment group by 0.35. Other early growth outcomes, such as weight, length, and head circumference, were unaffected. However, the same research team (Stewart et al., 2019) conducted a similar RCT in Malawi with 660 children of the same age (6-9 months), but did not find any increase in LAZ, weight-for-age (WAZ), or weight-for-length z-scores (WLZ) due to egg consumption. The latter study attributed the lack of effect of egg consumption on nutritional measures to a fish-rich background diet and low prevalence of stunting at baseline. Nevertheless, authors reported that egg consumption increased head circumference for age, sometimes used to measure cognitive development (Veena et al., 2010; Wright and Emond, 2015).

In Uganda, Baum et al. (2017) evaluated the provision of one versus two versus no eggs five days per week to children aged 6-9 months in a school feeding program. Compared to those receiving no eggs, children receiving two eggs had significantly higher growth and weight gain at 6 months as well as lower tricep skinfold thickness (-0.64 cm) and greater mid-upper arm circumference (MUAC) (+0.52 cm).

In a three-arm trial in Burkina Faso, McKune et al. (2020) examined effects of providing chickens and nutritional training (full intervention), only nutritional training (partial intervention) and no intervention (Control) to 270 mother-child dyads on egg consumption and anthropometry. The study reported increases in egg consumption among children in full and partial intervention groups. Wasting (increase in WLZ by 0.58) and underweight (increase in WAZ by 0.47) were reduced among children in the full intervention group versus the Control group. In a similar study in Ethiopia, Omer et al. (2022) compared an intervention of nutritional training (to mothers) combined with child-owned egg-laying hens to a Control group with only nutrition education. The intervention significantly increased egg intake and WAZ and WLZ by 0.38 and 0.43, respectively, among 6-18 months-old children. The study also noted that in the intervention group, children were 54% and 42% less likely to be underweight and stunted than in the Control group. Asare et al. (2022) examined the effects of ASF consumption in LMICs among 6–24-month-old children. They concluded that egg consumption non-statistically increased LAZ and WAZ with clinically relevant high effect sizes of 0.31 and 0.2, respectively. However, among 3-8-year-old children in Haiti, Stewart (2018) did not find any improvement in child growth outcomes with an intervention of two eggs per day (10 per week) in the diet for 6 months. The study attributed the null results to limited food access and non-compliance with the study design. In Malaysia, lhab et al. (2014) conducted a trial examining the effect of milk and egg as supplements for malnourished children aged 2-10 years. No significant difference in height and weight gains was reported, but supplementation with milk and eggs almost doubled MUAC values relative to those in the Control group.

The improvements in nutritional status and anthropometry measures in the studies above are at least partly attributable to the macro and micronutrient supply from eggs. By increasing concentrations of DHA and other micronutrients like vitamin B12, zinc and iron, increased consumption of eggs by young children potentially impacts cognitive development. DHA is vital for neurodevelopment, but is often low in diets of young children in resource-poor settings (Forsyth et al., 2017). One 50g egg contains approximately 30 mg DHA, which translates to 30% of the recommended amount for children under 24 months of age by the European Food Safety Authority (100 mg DHA/day) (Papanikolaou and Fulgoni, 2018). A DHA supplement intervention study in Ghana (Van Der Merwe et al., 2013) among 3-9 month-olds resulted in greater a concentrations of plasma n–3 fatty acid and MUAC at 9 months. The previously described Ecuador study (Iannotti et al., 2017) found that egg consumption increased the effect size of DHA concentration by 0.43. In another study in Ecuador, Sibbald et al. (2021) found egg consumption to be a significant factor for cerebellar diameter. They observed trends for positive effects of maternal consumption of eggs on fetal brain dimensions. Omer et al. (2022) found that children in the intervention (with child-owned poultry and nutritional training for mothers) achieved higher scores in motor skills (running, kicking a ball, and throwing a ball) at a younger age than those in the Control group (with nutritional training for mothers alone). These children had 1.43, 1.39, and 1.37 times greater chances of attaining the milestones mentioned above than the Control group children. From the discussion above, it is evident that eggs can contribute often missing essential nutrients for optimal growth and development in the diets of young children in LMIC.




2.2 Pregnant and lactating women

Eggs can contribute to nutritional needs during adolescence—”a period of rapid growth, hormonal changes, and brain restructuring” (Bundy et al., 2017), as well as during pregnancy and lactation (Lutter et al., 2018). For several vital nutrients, eggs can contribute a large portion of the Recommended Daily Allowance (RDA) or adequate intake (AI) for pregnant and lactating women; for instance, two 50-g eggs provide between 20% and 35% of the AI/RDA for vitamin A, riboflavin, pantothenic acid, vitamin B12 and phosphorus for pregnant and lactating women, and more than 18% of the RDA for protein and 50% of the AI/RDA for choline and selenium (Lutter et al., 2018). Studies in the US and South Africa show that pregnant mothers had choline intakes below the AI, and this was associated with lower egg and dairy intake (Wallace and Fulgoni, 2017; Robb et al., 2021). Wallace and Fulgoni (2017) reported that meeting the AI for choline without egg consumption or a dietary supplement is challenging, even in the US. Choline supports various cellular membrane reactions and is a precursor of acetylcholine, an important neurotransmitter and non-neuronal signalling molecule essential for memory, muscle control, mood, and other brain and nervous systems functions (Wallace and Fulgoni, 2017). Yet published studies on the effect of egg consumption on nutritional and health outcomes in pregnant or lactating women are few. Such studies have shown that compared to pregnant non-egg consumers, pregnant egg consumers had higher intakes of protein, fat, vitamin K, vitamin E, selenium, beta carotene, lutein and zeaxanthin, cholesterol, total polyunsaturated fatty acids, and DHA among predominantly Puerto Rican Latinas (Bermúdez-Millán et al., 2009), lower gestational diabetes and blood pressure in Iran (Milajerdi et al., 2018), and lower prevalence of anemia in Ghana (Tibambuya et al., 2019). These beneficial responses highlight the need for more studies on the nutritional and health benefits of egg consumption in pregnant and lactating women in LMICs and in other adolescents and adults.





3 Risks associated with egg consumption

Despite the nutritional benefits mentioned above, egg consumption has been associated with adverse effects on human health (Miranda et al., 2015). Associated health risks of egg consumption such as cancer, diabetes, cardiovascular diseases (CVD) are studied in several meta-analyses. But the evidence was often conflicting, complicating the making of dietary recommendations.(Zhang et al., 2020) Further, most of the studies investigating the risks of egg consumption are conducted in middle and high-income countries. Below we summarize the risks of egg consumption that might be relevant for LMICs.



3.1 High cholesterol content and its association with diet related chronic diseases

Health risks attributed to egg consumption have usually been associated with the high cholesterol content in eggs. Egg cholesterol accounts for 26-32% of total dietary cholesterol intake in the USA and 48% of total dietary cholesterol intake in Japan (Nakamura et al., 2006). However, the effects of egg consumption on plasma cholesterol levels is not straightforward. While some studies suggest that increased consumption of eggs increases plasma total cholesterol, others do not. One study noticed that daily consumption of 3 eggs for four weeks did not affect plasma cholesterol in people with metabolic syndrome (DiBella et al., 2020). Another study concluded that more than 70% of human subjects experience only little or no increase in plasma cholesterol concentration when they consumed high levels of dietary cholesterol, as could occur from consumption of eggs (Asare et al., 2022). A third study suggested that eggs do not increase plasma cholesterol concentration because the cholesterol they supply appears to regulate the endogenous synthesis of cholesterol so that the LDL-C/HDL-c ratio is maintained (Lemos et al., 2018). In another study, a 100 mg daily increase in dietary cholesterol from eggs, equivalent to 3-4 eggs a week, increased LDL cholesterol by approximately only 0.05 mmol/L (Natoli et al., 2007).

Further, there is some evidence that daily egg intake may favorably shift HDL lipid composition and function beyond increasing plasma HDL-C in individuals with metabolic syndrome (Andersen et al., 2013). However, it is also important to note that other studies have reported increased plasma cholesterol due to egg consumption. For instance, in a meta-analysis of 17 randomized controlled trials Li et al. (2020) concluded that egg consumption increased LDL-C/HDL-C ratio and LDL-C levels, especially with a longer intervention period. Another meta-analysis by Rouhani et al. (2018) concluded that egg consumption increased total cholesterol, LDL-C, and HDL-C, but not LDL-C:HDL-C, TC : HDL-C, and Triglycerides compared with low egg Control diets. Clayton et al. (2015) found a significant decrease in triglycerides levels among participants who consumed egg-based (2 eggs per day) versus bagel-based breakfasts for 12 weeks but reported no effect on total cholesterol.

Existing evidence, therefore, indicates a complex relationship between egg consumption and cholesterol levels due to factors such as preparation methods, other dietary components, and individual variations that might affect cholesterol metabolism (Miranda et al., 2015). Others have also attributed the inconsistent plasma cholesterol response to egg consumption in different studies to individual variation (Herron et al., 2006; Sanlier and Üstün, 2021).

Higher egg consumption has been linked to both positive and negative effects on specific health conditions. For example, higher egg consumption was associated with increased blood glucose levels among individuals with type 2 diabetes and/or impaired glucose tolerance (Guo et al., 2018). However, improved blood glucose levels associated with egg consumption were reported in people with pre-diabetes and type 2 diabetes (Pearce et al., 2011; DiBella et al., 2020). Meta analyses studies have also yielded conflicting results (Shin et al., 2013; Tamez et al., 2016; Wallin et al., 2016).

Another risk sometimes linked to egg consumption is CVD, but the literature findings are inconclusive. Some studies found no positive relationship between egg consumption and CVD, such as myocardial infarction or stroke (Rong et al., 2013; Zhong et al., 2019). In contrast, moderate egg consumption has been associated with a reduced risk of metabolic syndrome, lower risk of cardiovascular disease, and lower risk of developing hemorrhagic stroke (Myers & Ruxton, 2023; Qin et al., 2018; Woo et al., 2016). A meta-analysis by Alexander et al. (2016) indicated that daily intake of 1 egg was associated with reduced risk of stroke but no clear association for coronary heart disease. Further, some studies report no correlation between egg intake and CVD risk (Fernandez and Calle, 2010). Godos et al. (2021) in their meta-analysis found no conclusive evidence on the role of egg in CVD risk. Similarly, meta-analysis conducted by Krittanawong et al. (2021) also suggested no association between higher egg consumption and increased CVD risk, but they found that higher egg consumption was associated with a significant reduction in coronary artery disease Consequently, it has been suggested, that where evident, the harmful effects of eggs on CVD may be attributed to negative dietary patterns associated with high levels of food intake rather than egg consumption (Fardet and Boirie, 2014).

From the evidence above, it is inferred that the effects of egg consumption on health outcomes are multifaceted and vary among individuals. Consequently, more research is needed on this subject. In the absence of definitive studies, therefore, dietary recommendations aiming to restrict egg consumption should not be generalized for all, as there seems to be considerable evidence that healthy populations experience no increased risk of developing diet-related chronic disease by increasing egg consumption (Fernandez, 2006).




3.2 Egg allergies

Allergies are another important risk often associated with consumption of eggs. Egg allergies are immune responses triggered by proteins found in eggs, mainly ovalbumin, ovomucoid, lysosome, ovomucin and ovotrasferrin (Heine et al., 2006). Egg allergies are common in children, with various reported prevalence rates: 1.3-2.5% among children under 5 years of age in Japan (Nishino et al., 2022), 8.9% among one-year-olds in Australia (Loh and Tang, 2018), 0.07% to 2.18% among two-year-olds in Europe (Xepapadaki et al., 2016), and 3 to 4% among 0 to 2 year olds in China (Lee et al., 2013). In the US, egg allergies are the second most common food allergy in children after cow’s milk, with a prevalence of 0.9% among all children and 1.3% among children under the age of five (Samady et al., 2020). These allergies can manifest as immediate-type reactions, such as hives, swelling, and anaphylaxis, or delayed-type reactions, including gastrointestinal symptoms and atopic dermatitis (Loh and Tang, 2018; Lunhui et al., 2021). Allergic reactions to eggs can cause physical discomfort, anxiety, and social limitations (Morou et al., 2021). Individuals with egg allergies may have an increased risk of developing allergies to other foods, such as milk, peanuts, and tree nuts (Jo et al., 2019). Sensitization to egg proteins can also occur through exposure to other allergenic sources such as chicken serum albumin (De Silva et al., 2018).

Various published studies, predominantly from MHICs, show that introducing eggs to infants does not increase the risk of allergy incidence or egg sensitization and, in fact, may reduce the risk of egg allergies later in life. Bellach et al. (2017) did not find any evidence that egg introduction to 4–6-month-olds prevented egg allergy in Germany. However, Natsume et al. (2017) conducted a RCT in Japan among infants 4-5 months of age, assigning them to 50 mg of egg powder per day from 6-9 months and 250 mg per day thereafter until 12 months of age, concluding that early egg treatment is a safe and effective way to prevent egg allergy in high-risk infants. Likewise, in their systematic reviews and meta analyses, Burgess et al. (2019) and Al-Saud and Sigurdardóttir (2018) concluded that introducing eggs to 4 month olds and 3-6 month olds was associated with reduced risk of egg allergies. Wei-Liang Tan et al. (2017) found that introducing egg whites to the diets of infants reduced sensitization to egg whites by 9.8% in Australia.





4 Barriers to egg consumption and solutions

Despite their nutritional advantages and relative availability and affordability compared to other ASF, the per capita consumption of eggs is still low in many countries, especially in LMICs. For instance, the per capita egg consumption in the United States in 2020 was 286 eggs a year (Snibbe, 2021). In contrast, the average long term per capita egg consumption in Sub-Saharan Africa is estimated to be 44 eggs (Vincent, 2023). In Africa, based on 24 hour recall prior to the survey, only 12.6% of children reported egg consumption, and in India, the corresponding number was just 14.7% of children, a level much lower than other South Asian countries (25.0%) (Morris et al., 2018). Only 9 out of the 43 countries in the Sub-Saharan Africa consume a yearly average of 2 kg of eggs per person, equivalent to 30 to 40 eggs, and in many countries, including Burundi and Rwanda) consumption is much lower (Júlia Pié Orpí, 2020). A study in Ethiopia found out that only 20% of households consumed eggs one to two times per week (Daba et al., 2021). Another study in Burkina Faso found out that eggs were amongst the least consumed foods in 618 children studied and only 6.6% women gave eggs to their breastfed children (Bougma et al., 2023).



4.1 Low availability

Numerous factors contribute to the low consumption of eggs in LMICs. Generally, the productivity of poultry in LMIC is low, particularly among indigenous breeds, which are hardier and disease resistant, thus often favored. The low productivity of local breeds, limited supply of quality feed, low adoption of best management practices, underdeveloped veterinary services, and generally high and increasing cost of production are the main reasons for the low levels and efficiency of egg production in these countries (Bachewe et al., 2017; Birhanu et al., 2023), which both contribute to low availability.




4.2 Low affordability and increasing production cost

Low-income households consume lower amounts of eggs compared to higher income countries. A study in Ethiopia found low egg consumption in infants and young children was associated with low economic status, indicated by wealth and occupation (Kase et al., 2022). Similarly, in India, per capita income is a determinant of egg purchase probability and consumption (Umanath et al., 2016).

Generally egg consumption is found to be highly correlated with affordability and nationwide availability, both of which are related to the price of eggs (Morris et al., 2018). Studies report that eggs are more expensive sources of calories than staple cereal crops and that this difference is higher in LMICs. For instance, while in MHICs, egg are 2.3 times as expensive source of calories as the cheapest cereal, reflecting the increased poultry productivity overtime and large economies of scale (Narrod et al., 2007), in Latin America, Eastern Europe and Central Asia, the relative prices are three to five times higher; and in sub-Saharan Africa, eggs are 9.5 times as expensive as cereals (Morris et al., 2018).

The low affordability of eggs is primarily attributable to the high and increasing production costs. The cost of poultry feed has been continuously increasing in several African countries, thus increasing the cost of poultry products (Conway, 2019; Wongnaa et al., 2023). In Nigeria the price of feed ingredients has risen by over 168% in the last 3 years (2019-2022) threatening many poultry farms (Poulty World, 2022). Notable increases in price of poultry feed have been reported in other African countries, including 350% in the past year in Ethiopia, forcing the closure of 15 large commercial poultry farms (Business Info Ethiopia, 2022).

Global factors such as COVID-19, the Russo-Ukrainian war, and other local conflicts have also compounded the problem of high prices of livestock feed and, hence, egg prices. For instance, in Bangladesh, broiler chicken and egg prices increased by 40% and 30%, respectively, following the COVID-19 pandemic (Amin et al., 2023). Severe outbreaks of bird flu in the United States and France, together with breakdown of global market networks due to the Ukraine war, tightened global egg supplies and raised prices, especially in LMICs that depend on imported eggs (Polansek and de la Hamaide, 2022). Table 1 shows recent increases in prices of poultry feed and eggs in LMIC.

Table 1 | Recent increases in poultry feed and egg prices in selected countries.


[image: Table showing the increase in the price of poultry feed and eggs across various countries. Nigeria saw a 168% increase in feed and a 37.40% rise in eggs between 2019-2022. Ethiopia's feed rose 45-55% and eggs 46% between 2020-2021. China's feed increased 4.3-6.6% in 2021-2022. The US had a 60% increase in eggs. Bangladesh's feed rose 70%, eggs 17% in February-March 2023. Kenya experienced 31% and 26% increases in feed and eggs, respectively. India's feed went up 25-30% in early 2022. Pakistan, the United Kingdom, and Ghana are also included.]



4.3 Food taboos, restrictions, and allocation biases

Communities all over the world have various taboos or restrictions against consumption of various types of foods. Some cultures have restrictions on egg consumption for some members of the household or community (Madzimure et al., 2011); such taboos on egg (and poultry) consumption that target pregnant women are common in many cultures (Washington, 2015; Schnefke et al., 2019). For example, women are discouraged from eating eggs when pregnant because they are thought to increase fetal growth and cause labor pain and difficult birth in many countries (Meyer-Rochow, 2009; Arzoaquoi et al., 2015; Chakona and Shackleton, 2019; Tsegaye et al., 2021). Other reasons for taboos against egg consumption by pregnant women include perceptions that they have adverse effects on mental health and cognitive development of newborns in Kenya (Kariuki et al., 2017), cause early deaths among infants in Ethiopia (Zerfu et al., 2016), and cause development of bad habits among children in Ghana (Gadegbeku et al., 2002). In many cultures, the avoidance or restrictions usually target a certain age, gender, or reproductive status, often pregnant women. However, in some countries, the restriction applies to members of the whole community. For example, in India, consumption of non-dairy ASF (including eggs) is forbidden because of religious beliefs and the idea of non-violence among Jains and upper caste Hindus, respectively. Such taboos restricting or regulating consumption of nutritious foods such as eggs based on gender or age have been described as traditional mechanisms by which members of households with the highest decision power, mostly men, control the allocation of nutritious foods (Blum et al., 2023). Hence most of the egg taboos tend to favor men over more vulnerable groups such as women, particularly pregnant women and children (McNamara and Wood, 2019).




4.4 Limited knowledge of nutrition

Limited knowledge of nutrition among parents and caregivers can contribute to inadequate feeding practices, including the lack of diversity in complementary diets for children (Waswa et al., 2015). In Ethiopia, 53.4% of children did not consume eggs in a seven-day study period and the probability of a child consuming eggs during the study period was 4.33 times higher when caregivers had some college education compared with no education (Kase et al., 2022). In Ghana a very low per capita consumption of eggs (about 12 eggs per year) was attributed in some communities to lack of education and misconceptions about the health benefits of eggs (Abive-Bortsi et al., 2022).

High cholesterol intake concerns are common reasons for limited consumption of eggs among communities and households who have adequate access to eggs (Kralik et al., 2020; Sanlier and Üstün, 2021), and even among educated consumers in developing countries (Abive-Bortsi et al., 2022).




4.5 Tackling barriers to egg consumption

Both demand and supply side policies can serve as strategic solutions to removing barriers to egg consumption in LMICs (Headey, 2018). Supply-side policies, including those targeting agriculture, trade, value chain policies, and investment, can help drive down the relative price of feed, poultry production, and ultimately eggs, thereby increasing egg affordability. Further enabling policies that provide incentives, the requisite training, and affordable resources to farmers and value chain agents for increasing poultry production can increase egg availability. In addition, demand-side policies through nutritional counselling and media campaigns, including behavior-change campaigns, social protection programs, inclusion of eggs in school meals, etc. can remove the cultural barriers and taboos and significantly foster and facilitate egg consumption in LMICs (Lutter et al., 2018; McKune et al., 2020). Such social marketing and behavior change messaging strategies can be particularly successful when they account for cultural norms and involve individuals respected by the community. For instance, McKune et al. (2020) successfully increased egg consumption among 6- to 12-month-olds in Burkina Faso who rarely ate eggs (from 0 to 6 eggs per week) by involving village chiefs in a culturally tailored behavior-change campaign.





5 Conclusion

This paper presents a review of evidence-based literature on health benefits, risks and barriers to egg consumption in LMICs. While the health benefits of egg consumption in infants and young children are better documented, few studies from LMICs exist on benefits in pregnant and lactating women and adolescence or adulthood, emphasizing the need for more studies that focus on life stages outside of infancy and childhood. Studies on the risks of egg consumption in LMICs are also limited, and those available from MHICs are largely inconclusive for health risks including cholesterol, cardiovascular disease, and allergies. Early introduction (3 to 6 month) of eggs to infants is associated with reduced egg allergies. Barriers hindering the consumption of eggs in LMICs include high feed costs, unavailability, unaffordability, cultural beliefs, and social norms. These barriers vary across communities and primarily limit consumption of eggs among women and children. Given the health benefits of eggs, it is imperative that governments enact and or implement policies that 1, make egg consumption more affordable in LMICs, 2, provide enabling environments, which increase poultry production and egg availability, and 3, enhance understanding about the nutritional importance of eggs in the diet while countering sociocultural norms that restrict egg consumption by children and pregnant women who need them most. In addition, tailored behavior-change campaigns may be needed to break the cultural barriers, norms, or taboos that limit egg consumption.
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What are consumers aiming to get when they buy fresh meat? Is it the emotional pleasure, the nutritional quality and functionality, or the status that goes with it? We examine this question for Chinese consumers buying fresh pork. In order to understand the driving forces for pork purchases, we use the concept of perceived value of a product, and distinguish emotional value, quality/performance and social value, together with price/value for money. We look at how perceived value of pork products in China is related to consumers’ attitude to these products and to their repeated purchase of these products. In addition, we look at how value perception and its role in determining attitude and purchase behavior differ between different consumer segments, distinguished based on their shopping behavior. An online survey was carried out in 5 Chinese 1st and 2nd tier cities. Respondents were segmented based on their usage of different ways of shopping for pork using latent class cluster analysis. Relationships between constructs were estimated using PLS. Quality/functional value was the strongest determinant of attitude, but emotional value was both the strongest direct determinant of purchase behavioral and the strongest determinant overall when taking effects mediated by attitude into account. Customer journey segments differed in their pattern of determinants of attitudinal and behavioral loyalty. We conclude that buying fresh meat is, for Chinese consumers, mostly driven by the expected pleasure and to a lesser degree by quality and functional properties like safety and healthiness. The latter do have an impact on consumers’ attitude to the product, but less so on their buying behavior, suggesting that attitude and purchase are driven by different mental processes. We discuss implications for future demand for fresh pork in China.
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1 Introduction

What are consumers aiming to get when they buy fresh meat? It is a widely accepted tenet in marketing that if a customer does not perceive value in a market offering, the customer is not likely to buy (Day and Wensley, 1988; Woodruff, 1997). As the concept of value has many meanings both in science and in everyday language (Loebler and Wloka, 2019), considerable effort has been made in exploring the concept of customer perceived value, from the simple notion that value is the perceived balance between what you get and what you have to give, to multi-dimensional conceptualizations of customer value, where different aspects of the gain component are distinguished (for example functional, emotional and social gains, see Zeithaml et al. (2020), for an overview). When customer perceived value becomes a multi-dimensional concept, the importance of the various dimensions for creating customer loyalty can differ, and these differences may be dependent on characteristics of both the market offering and the customer, a notion that has been amply supported by research (Swait and Sweeney, 2000; Leroi-Werelds et al., 2014). This also goes for value perception of fresh meat.

When consumers consistently perceive high value in a product, they may become loyal customers, buying the product again and again and praising it when talking to others. Loyalty as well is not unidimensional. It is common to distinguish between attitudinal and behavioral loyalty, and it has been shown that these two components do not always align (Dick and Basu, 1994). With both customer value and loyalty being multidimensional concepts, what if the way dimensions of customer value affect customer loyalty is different for attitudinal and behavioral loyalty? This question has received only scant attention in the literature, even though it is of obvious importance for practice. Purchases – the manifestation of behavioral loyalty – are the ultimate aim of all sellers, but without underlying attitudinal loyalty even repeated purchases may be unstable and easily influenced by, for example, competitor activities. When different dimensions of customer value affect attitudinal and behavioral loyalty, how can a seller ensure a strong positive attitude that also will translate into strong behavioral loyalty?

With multiple channels for sales, delivery and communication proliferating in the meat industry, the way customers perceive value can be linked to the multiples ways in which the customer can come into contact with the product and the brand over time. Every occasion in which the customer has such contact – for example, when seeing advertising, having the product discussed in social media, seeing it in the store – can be defined as a touchpoint between the customer and the product, and the sequence of touchpoints that the customer experiences over time is dubbed the customer journey. The concept of customer journey segments has been proposed in order to capture differences in customers’ use of these different touchpoints (Herhausen et al., 2019). Different touchpoints differ in their ability to convey information to the customer and in their ability to contribute to the value creation process, and will in many cases attract different types of customers. We therefore argue that the way in which dimensions of customer value perception are linked to attitudinal and behavior loyalty will differ between customer journey segments.

In the following, we present a study on how dimensions of customer perceived value for fresh pork meat are linked to attitudinal and behavior loyalty for different customer journey segments in China. Fresh pork in China is an interesting case for several reasons. The market for fresh pork in China is a good example of multi-channel marketing, with a multitude of brands being available across a range of channels ranging from brick-and-mortar stores via online channels to wet markets. Pork is a highly competitive market in China, with many brands competing for consumer demand, and is a frequently bought staple, which is interesting from the customer journey point of view. Most existing research on customer journeys is on services or durable products, where a journey across several touchpoints can be categorized into a pre-purchase, purchase and post-purchase phase (Lemon and Verhoef, 2016). This perspective is not applicable in relation to fast moving consumer goods like pork, where consumers are in almost continuous contact with a variety of touchpoints and where the customer journey becomes an ongoing process with single purchases being just elements in this process. Pork in China is a fast moving consumer good, but is still (in contrast to the situation in Europe or the USA) heavily, such that the consumer can get into contact with the brand on multiple occasions, for example in advertising and on social media. While mapping individual consumer journeys for a fast-moving consumer good like pork is difficult, the concept of customer journey segments, defined based on the patterns of channel usage, is a promising way of making the customer journey concept usable for such a product.

Our contribution to the literature is twofold. First, we add to the literature on attitudinal and behavioral loyalty by showing that discrepancies between the two can attributed to attitudinal and behavioral loyalty being affected by different components of customer perceived value. Third, we show how the concept of customer journey segments can be related to loyalty formation by invoking the customer value construct, responding to the Marketing Science Institute’s (2018) call for more research on sources of loyalty during the customer journey.




2 Conceptual development



2.1 Customer value

In a widely cited paper, Zeithaml (1988) defined customer perceived value (CPV) as the balance between the perceived gains and the perceived sacrifice linked to a market offering, a notion that has become widely adopted. The concept of customer perceived value has since been recognized as a cornerstone in understanding consumer behavior. The two-dimensional view of CPV has been developed into a multi-dimensional view, mostly based on distinguishing different types of gains. Sweeney and Soutar (2001), building on earlier work from Sheth et al. (1991), proposed a four-dimensional conceptualization of CPV, distinguishing the components emotional value, social value, quality/performance value and price/value for money. This conceptualization and the scale that has been developed for measuring it has been widely adopted in subsequent studies on CPV (Wang et al., 2004; Smith and Colgate, 2007; Papista and Krystallis, 2013; Hernandez-Ortega et al., 2017; Fazal-E-Hasan et al., 2018), although other multi-dimensional approaches have appeared in the literature (see Zeithaml et al. (2020), for an overview).

In our study, we adopt the concept of CPV of Sweeney and Soutar (2001) and investigate how the four dimensions of emotional value, social value, quality/performance value and price/value for money affect both attitudinal and behavioral customer loyalty to fresh pork brands. Important to note is that we validated that these four dimensions covered the main aspects of value perception for consumers in a Chinese context by conducting two preparatory focus groups. For example, one participant in these focus groups stated that one of the pork brands they knew was Economical, cost-effective, high-class meat quality, it is clean and makes you feel assured.




2.2 Attitudinal and behavioral loyalty

It seems intuitive that customer perceived value and customer loyalty should be related, although research has shown that this relationship is actually complex (Leroi-Werelds et al., 2014). For example, Floh et al. (2014) found that different dimensions of CPV are drivers of repurchase intention for different types of customers. In analyzing this relationship, it is important to address the distinction between attitudinal and behavioral loyalty. It has long been argued that loyalty as measured by repeated purchases may be based on ‘inertia’ rather than on a conviction of brand superiority (Assael, 1984). Dick and Basu (1994), in a widely cited contribution, have therefore argued that loyalty has two components, relative attitude and repeat patronage, and that these two need not be aligned. When they are not aligned, there can be cases of ‘latent loyalty’ (when attitude is positive but does not translate into repeat patronage) or of ‘spurious loyalty’ (when repeat purchases occur without being based on positive attitude). The existence of such cases of non-alignment has been demonstrated also for the grocery sector (Møller Jensen, 2011; Ngobo, 2017). Potential discrepancies between relative attitude and repeat patronage can be analyzed as a special case of the attitude-behavior gap (Boulstridge and Carrigan, 2000; Carrigan and Attalla, 2001; Sheeran, 2002; Auger et al., 2007; Papaoikonomou et al., 2011). This attitude-behavior gap has been clearly documented also with regard to food-related behaviors (for example for purchasing organic food, (Shepherd et al., 2005); environmentally friendly products (Moraes et al., 2012); or fair-trade foods (Chatzidakis et al., 2007). A number of reasons for this gap have been discussed in the literature, including the role of social norms (Fishbein and Ajzen, 1975), a lack of control over the behavior (Ajzen, 2002), the advent of unforeseen circumstances, or a lack of attitude activation at the time of the behavior, especially when the attitude is weakly grounded in a belief structure (Fazio et al., 1989).

We would like to argue that an additional possible reason for discrepancies between attitudinal and behavioral loyalty is that they are affected by different dimensions of customer perceived value. There is some patchy existing evidence to support this notion. Pura (2005), in a study on mobile services, found support for her hypotheses that different dimensions of CPV affect commitment and behavior intentions, although her hypotheses were specific to the service investigated. Also, there was no attempt at generalizations regarding which CPV dimensions would generally have more impact on the one or the other. Wang et al. (2004), studying an unspecified service, looked at how CPV dimensions related to, among other constructs, behavioral intentions and felt loyalty, and found that not all effects of CPV dimensions on behavioral intentions were completely mediated by felt loyalty.

Differential effects of CPV dimensions on attitudinal and behavioral loyalty may be related to attitude functions. Attitudes cannot only guide behavior but can also help define one’s identity (Maio and Olson, 1999; Briñol et al., 2019). If a consumer defines him/herself as quality conscious and thrifty, the quality/performance and price/value for money dimensions of CPV may have most influence on that consumer’s attitudinal loyalty, because it provides consistency with that person’s self-perception. Still, the emotional and social dimensions of CPV may have an impact on that person’s behavioral loyalty, based on the emotional and social gratification that these dimensions of CPV bring about.




2.3 Customer journey segments

Consumer decision-making and purchasing often occurs in a multi-channel setting, where consumers travel between different touchpoints where they encounter the products that they decide between. The sequence of these interactions is often called ‘the customer journey’ in the marketing literature (Lemon and Verhoef, 2016). For frequently bought consumer products like fresh pork, the customer journey will be expressed by the pattern of usage of different sales channels and other touchpoints where the consumer meets the competing brand across an ongoing sequence of purchases (Ieva and Ziliani, 2018). Consumers will differ in touchpoint usage during the customer journey, and these differences can be captured by distinguishing customer journey segments. Herhausen et al. (2019) showed that drivers of loyalty differed between customer journey segments, which they identified across a range of different product categories, though not including groceries, which they argued are still too much dominated by offline selling. We extend this research into the grocery sector in a market, China, where multi-channel selling of groceries is widespread, and provide additional insights by linking drivers of loyalty to the customer perceived value construct. For example, it could be the case that price/value for money is more important for those who shop more via online supermarkets vs. regular supermarkets, and that for those who shop in high-end supermarkets more than regular supermarkets quality and social recognition is more important.




2.4 Research context

Fresh pork in China is distributed through different sales channels, of which different variations of brick-and-mortar supermarkets and online retail stores are the most important, and in addition is heavily branded, allowing consumers to identify competing products across different channels and touchpoints. The Chinese food retailing system has changed quite drastically and rapidly during the past decades (Veeck and Veeck, 2000; Si et al., 2016). While the traditional wet markets still have a large share of fresh food retailing, other channels such as super- and hypermarkets are now dominant channels for purchasing fresh food (Veeck and Veeck, 2000; Si et al., 2016). Moreover, online purchasing channels have proliferated greatly in the last years and provide consumers with easy means of purchasing food and having it delivered to their doorsteps quickly (Maimaiti et al., 2018).




2.5 Hypotheses and conceptual model

This study aims to gain an understanding of how different dimensions of customer perceived value of pork affect attitudinal and behavioral loyalty for different customer journey segments. Overall, we hypothesize that:

	H1: The four dimensions of customer perceived value – emotional value, social value, quality/performance value and price/value for money – affect attitudinal loyalty.

	H2: The four dimensions of customer perceived value affect behavioral loyalty both directly and indirectly via attitudinal loyalty.

	H3: The pattern of direct influence of the four dimensions of perceived value on attitudinal loyalty differs from the pattern of direct influence of the four dimensions of perceived value on behavioral loyalty.

	H4: Different customer journey segments differ in the relationship between customer perceived value, attitudinal loyalty and behavioral loyalty.



See Figure 1 for a graphical presentation of our conceptual model.

[image: Flowchart illustrating the relationship between perceived customer value and loyalty. Perceived customer value, including functional, emotional, social value, and value for money, leads to attitudinal loyalty and customer journey segments, which further influence behavioral loyalty. Arrows indicate the directional relationships.]
Figure 1 | Conceptual approach.





3 Materials and methods



3.1 Sample

Data were collected by means of an online survey with consumers in the 1st tier cities Guangzhou, Shanghai, Shenzhen, and the 2nd tier cities Hangzhou and Nanjing, n = 400 per city, resulting in a total sample size of 2000. Respondents were recruited through a major commercial consumer panel provider. Respondents were included if they were at least partly responsible for food shopping in the household and if they had bought pork at least once during the last month. Limiting the sampling to 1st and 2nd tier cities is meaningful as this is where purchasing power is concentrated, and this is where multiple channels in the distribution of pork are most clearly visible.




3.2 Measures

Brand awareness for eleven major brands of fresh pork in China was measured by asking the participants which of these 11 pork brands they had seen previously. This was used as a filter for measuring customer perceived value, attitudinal loyalty and behavior loyalty. Buying frequency for each of these brands was measured by asking participants how frequently they bought any of these brands in their last 10 purchases of pork meat. Out of all the brands that participants were familiar with, participants were asked questions about customer perceived value, attitudinal and behavioral loyalty for two randomly selected brands.

Customer perceived value was measured for the four dimensions: quality/performance, price/value for money, emotional value and social value with items adapted from Sweeney and Soutar (2001), e.g., brand X has consistent quality or brand X offers value for money rated on a 1-7 Likert scale (‘strongly disagree’ – ‘strongly agree’). The items and their loadings can be seen in Table 1.

Table 1 | Measurement model for PLS analysis (n=4000).


[image: A table displays constructs/items related to customer perceived value, attitudinal loyalty, and behavioral loyalty. It includes categories such as quality/performance, price/value for money, emotional value, and social value. Each item is evaluated with mean (M), standard deviation (SD), and loadings. For quality/performance, scores range from 5.69 to 5.78 on trust and health factors. Price/value items score from 5.46 to 5.59. Emotional value scores range from 5.39 to 5.63, and social value from 5.10 to 5.22. Attitudinal loyalty evaluates brand perception, scoring from 4.56 to 5.56. Future purchase intention scores 5.42. Data is based on n=4000.]
Attitudinal loyalty was measured with four items, e.g., Purchasing meat from brand X is … where participants could rate the answers on a 1-7 scale ranging from e.g., harmful (1) to beneficial (7); see Table 1.

In this study, we measured behavioral loyalty in two different ways: First, we measured future purchase intention. This was measured with the question In the future, when I buy pork, brand X will be the brand I buy most often on a 1-7 scale (‘not at all likely’ – ‘very likely’). Secondly, we measured whether respondents had one particular brand that they bought more often than any other brand during their last 10 pork purchases. We coded this as follows: If one brand was chosen more frequently than all other brands, then this was listed as the respondent’s favorite (e.g., a brand was coded as a consumer’s ‘favorite brand’ if it was bought most frequently, for example 6 times out of the last 10, whereas the remaining 4 choices were made for several other different brands). However, if several brands were chosen equally frequently (e.g., multiple brands being chosen twice in the last 10 purchases, yet none being chosen more than twice), then this respondent was classified as having ‘no favorite’.

Channel usage patterns. In relation to channel use, consumers were asked to think of the last ten times that they purchased pork meat. For each of these purchases, respondents had to select from a list of common shopping channels where they had bought the pork: mainstream supermarkets, wet markets, convenience stores, high-end supermarkets, online stores, and imported-goods stores. The responses thus show how the last ten purchases were distributed across the different channels. We use these data to identify customer journey segments.





4 Results

Below, we will first elaborate on the sample composition and the reliability of our measures. This is followed by our segmentation analysis and the investigation of the effects of customer perceived value on attitudinal and behavioral loyalty.



4.1 Sample composition and reliability of measures

We collected data from 2000 participants. The sample consisted of 70% females, indicating that there are still more females than males doing the household shopping. All demographic characteristics of the sample can be seen in Table 2.

Table 2 | Sample characteristics.


[image: A table presenting demographic profiles in various cities: Guangzhou, Shanghai, Shenzhen, Nanjing, and Hangzhou. Categories include gender, age, marital status, education level, household size, children in the household, and economic status. Each city has specific data under these categories, with numbers and percentages displayed, showing diversity in demographics and economic conditions.]
We also computed Cronbach’s α for the measures for customer perceived value and attitudinal loyalty. For CPV we found that all four dimensions had good reliability (perceived quality= .87; value for money= .85; expected enjoyment= .83; social recognition= .89). Attitudinal loyalty (.75) also had good reliability.




4.2 Identification of customer journey segments

We identified segments according to differences in their channel usage. Most respondents reported buying pork at a mainstream supermarket (94%) at least 1 out of 10 purchases, but differed in the frequency with which they used other channels. Respondents were grouped according to their channel usage by performing a latent class analysis in LatentGold (Vermunt and Magidson, 2013). A four-cluster solution was adopted as a compromise between analysis of the information criteria AIC and BIC and interpretability.

A large segment of consumers buys most frequently at mainstream supermarkets, and does not use other channels very frequently, except for the wet markets. We termed this group the ‘mainstream buyers’, and they make up for 46% of our sample. The second segment was termed ‘online buyers’ as the people in this segment use online channels much more frequently than the other groups (16% of our respondents). Third, there is a consumer group who purchase using all channels, which we named ‘channel nomads’ (17% of our respondents). Finally, there is a group of consumers, who next to mainstream supermarkets buy most frequently in high-end supermarkets, convenience stores and imported goods stores, which are arguably more upscale channels than wet markets or online, and thus we termed this group the ‘high-end buyers’. This final cluster makes up 21% of our respondents (see Figure 2).

[image: Bar chart illustrating shopping preferences across different store types. Mainstream buyers dominate mainstream supermarkets. High end buyers favor high end supermarkets and convenience stores. Channel nomads and online buyers are prevalent in online and imported goods stores. Each group’s percentage is displayed: mainstream buyers 46%, high end buyers 21%, channel nomads 17%, and online buyers 16%.]
Figure 2 | Customer journey segments.




4.3 Effect of customer perceived value on attitudinal and behavioral loyalty

In order to analyze the effect of the four dimensions of CPV on attitudinal and behavioral loyalty, we performed a partial least squares structural equation model (PLS-SEM) analysis in SmartPLS 3 (Ringle et al., 2015). The structural model consisted of six correlated constructs (quality/performance, emotional value, social value, price/value for money, attitudinal loyalty, and behavioral loyalty). The convergent validity of our measurement model was acceptable (i.e., the average variance extracted, AVE, is larger than.5). as our AVEs ranged from.54-.75. Moreover, the Cronbach’s alphas, as reported previously, are all satisfactory, as are all values for Jöreskog’s composite reliability (>.82). With regard to discriminant validity, the heterotrait-monotrait (HTMT) ratio of the correlations should be under.90 for conceptually similar constructs, which was the case in our study (ranging from.32 to.89). The complete measurement model can be seen in Table 1.

As PLS-SEM is a nonparametric method, bootstrapping is required to determine statistical significance of the path coefficients (Hair et al., 2019). In our study, we used a bootstrapping of 5000. The results of the model for the full sample can be found in Table 3.

Table 3 | Direct, indirect and total effects table for model on full sample and segment-specific subsamples.


[image: A table illustrates the effects of various factors on attitudinal and behavioral loyalty across different buyer segments: whole sample, mainstream buyers, high-end buyers, channel nomads, and online buyers. It includes columns for total, direct, and indirect effects. Significant levels are indicated by asterisks, demonstrating varying strengths of influence for factors like quality/performance, price/value, emotional value, and social value. NS denotes non-significant effects.]
When looking at the effect of dimensions of CPV on attitudinal and behavioral loyalty, we see that perceived quality/performance is a positive predictor of attitudinal loyalty, but does not directly predict behavioral loyalty. Price/value for money and emotional value also have a direct positive influence on attitudinal loyalty. Social value had a small - but negative - influence on attitudinal loyalty. Overall, three out of four dimensions of PCV have a strong positive effect on attitudinal loyalty. Furthermore, we find the same pattern for the indirect effects of all four PCV measures on behavioral loyalty, mediated by attitudinal loyalty.

Additionally, price/value for money is a stronger predictor for behavioral than for attitudinal loyalty. Moreover, social value is a positive predictor for behavioral loyalty, yet a negative predictor for attitudinal loyalty. All three results combined give a clear indication that attitudinal and behavioral loyalty indeed have different determinants. This will be further elaborated on in the discussion section.

We then investigated if these relationships differ for the customer journey segments distinguished based on their channel usage. In order to do this, we conducted a multi-group path analysis using SmartPLS. The results for the different segments can also be found in Table 3. We found the following significant differences between the path coefficients for the customer journey segments: High-end buyers differ from mainstream buyers in that emotional value was a larger predictor of behavioral loyalty for mainstream buyers than for high-end buyers. Moreover, quality/performance was a significant predictor of behavioral loyalty only for the high-end buyers, making them significantly different from the mainstream and online buyers (but not from channel nomads). Finally, channel nomads were significantly different from mainstream buyers as well as online buyers in the relation between attitudinal and behavioral loyalty, as for mainstream and online buyers’ attitudinal loyalty is a stronger predictor of behavioral loyalty than for channel nomads. This may hint towards channel nomads also being more likely brand nomads. This will be addressed in the following section.




4.4 Customer journey segments and behavioral loyalty

When looking at current behavioral loyalty, the results show that one third of the respondents did not have a favorite brand, meaning that current behavioral loyalty for pork meat in China is rather low. We investigated if the four consumer segments distinguished earlier differ in terms of their patterns of preferred brands, see Figure 3. The results show that the distribution of purchases on different brands differs between consumer segments: channel nomads purchased 5.5 different brands on average in their last 10 purchases, the online buyers 4.1, the high-end buyers 3.8 and the mainstream buyers 3.3. Interesting to note, however, is that the channel nomads are the ones who do not favor one brand over another the most, meaning that they are indeed also most likely to be ‘brand nomads’. This may be partly explained due to the smaller effect that attitudinal loyalty has in predicting behavioral loyalty.

[image: Bar chart showing the percentage of respondents in four segments—online buyers (green), channel nomads (yellow), high end buyers (orange), mainstream buyers (red)—with favorite brands. Key brands include Shuanghui, Yihao Tuzhu, Yurun, Jinlou, and others. "No favorite" has the highest overall percentage, notably among channel nomads.]
Figure 3 | Behavioural loyalty, measured as brand most frequently purchased, by customer journey segment.





5 Discussion

In this study we investigated how different dimensions of customer perceived value for fresh pork affect attitudinal and behavioral loyalty and how this differs between customer journey segments. Overall, we found support for our four hypotheses: the four dimensions of CPV, quality/performance value, emotional value, social value and price/value for money, were predictors of both attitudinal and behavioral loyalty, but the pattern of influence was different between attitudinal and behavioral loyalty. In addition, the patterns differed between different customer journey segments.



5.1 Discussion of findings

We looked at four dimensions of CPV: quality/performance, price/value for money, emotional value and social value. We find that quality/performance is the strongest predictor of attitudinal loyalty, whereas expected emotional value is the strongest predictor of behavioral loyalty. Further, the effect of quality/performance on behavioral loyalty is fully mediated by attitudinal loyalty, whereas the other three dimensions of CPV have both direct and indirect effects on behavioral loyalty. Overall, this confirms our expectation that the four dimensions of CPV affect attitudinal and behavioral loyalty differently, strengthening the preliminary evidence provided by Pura (2005) and Wang et al. (2004).

We may interpret these findings based on theories of attitude functions (Shavitt and Nelson, 2002). Attitude to the brand may in this case primarily serve a self-assertive function, reinforcing consumers’ self-perception of being a quality conscious and thrifty buyer. This does to some extent translate to behavioral loyalty, but in addition behavioral loyalty is affected by the perceived emotional value of the product, which becomes the dominant driver of behavioral loyalty. That affective reactions can affect purchase intention for a meat product besides or on top of its quality evaluation has been shown before (Saeed and Grunert, 2014).

Another interesting finding was that the perceived social value had a negative direct effect on attitudinal loyalty, yet a positive direct effect on behavioral loyalty. Social value pertains to the social recognition that people perceive being linked to using the product. It is thus close to the construct of social norm, which has been widely used to explain gaps in the link between attitude and behavior, also with regard to food (e.g., Vermeir & Verbeke, 2006). Hence, our results are in line with the common finding of a positive effect of perceived social pressure or encouragement on behavior and behavioral intentions. In addition to that, however, our findings suggest that buying a meat brand because of the perceived social recognition coming with it, is something that detracts from the attitude to the brand. A possible explanation for this is because buying a brand for such a reason is not in line with one’s self-perception as an autonomous decision-maker, which again would be in line with the view of attitude as having a self-expressive function.

We also looked at how different patterns of customer journeys across different channels may affect the way in which CPV affects attitudinal and behavioral loyalty. Our results show that the pattern of influence of dimensions of CPV on attitudinal and behavioral loyalty differs between the segments. Two aspects are worth emphasizing. First, the overall finding that quality/performance is the strongest direct predictor of attitudinal loyalty, whereas emotional value is the strongest predictor of behavioral loyalty, holds for most of the customer journey segments, but not for the high end buyers, where the effect of these two dimensions on behavioral loyalty is about equal, which is in good correspondence with the defining criterion for these customers, namely that they shop a lot in high-end outlets. Second, the ambivalent effects of social value discussed above work differently in the different segments. The negative effect of social value on attitudinal loyalty is found only for the mainstream buyers segment. The positive effect of social value on behavioral loyalty occurs only for high end buyers and for channel nomads. Thus, the segments react differently on the perception of social value of the different brands.

Our results have some implications for loyalty building on the market for fresh pork in China. China is unique in their heavy branding of fresh meat, whereas in most Western countries fresh meat is sold unbranded or under retailer labels. Still, brand loyalty of the Chinese consumers with regard to pork brands appears to be low. This could mirror the fact that, apart from a distinction of some premium brands mostly distinguished by the use of a particular pig race (black pigs), brand differentiation is rather low, with most brands having similar brand positioning based on safety and good taste (Pedersen et al., 2020). Our results underline the importance of creating customer value both in terms of quality and in terms of emotional benefits. In addition, our results indicate that the use of different channels has an effect on brand image; therefore, ensuring consistent brand encounters across the different channels may be very important.




5.2 Limitations and future research

Some limitations should be considered when interpreting the results of this study. Most importantly, this is a single country study and the results therefore do not easily generalize. Future research could experimentally investigate the effect of different value propositions, defined in terms of the dimensions of CPV distinguished here, on attitudinal and behavioral loyalty. This could be combined with measures of attitude function in order to be able to test the soundness of our interpretation that attitude function is a major factor in explaining these differential effects.

Second, the investigation is based on a cross-sectional online survey, which means that interpretations in terms of causality should be made with caution. A third limitation is that all behaviors measured in this study are based on self-report and not on direct observations.




5.3 Conclusion

We conclude that buying fresh meat is, for Chinese consumers, mostly driven by the expected pleasure and to a lesser degree by quality and functional properties like safety and healthiness. The latter do have an impact on consumers’ attitude to the product, but less so on their buying behavior, suggesting that attitude and purchase are driven by different mental processes. Moreover, we find that these relationships differ between different segments of consumers distinguished based on their customer journey patterns.
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Fatty acids are important components of foods derived from livestock species, as they contribute to the healthfulness and benefits of beef and beef products. Oleic acid (18:1n-9) is the most highly regulated and most abundant fatty acid in animal tissue. The greatest risk factor for cardiovascular disease (CVD) is low circulating high-density lipoprotein cholesterol (HDL-C), and consumption of beef naturally enriched with oleic acid increases plasma HDL-C concentrations in men and women. Oleic acid is synthesized by the activity of stearoyl-coenzyme A (CoA) desaturase (SCD). In cattle, SCD activity and SCD1 gene expression are highest in adipose tissue depots, followed by skeletal muscle, intestinal mucosa, and the liver. Early studies demonstrated that the concentration of oleic acid beef contributes to positive flavor attributes, but this finding has been difficult to replicate in more recent studies. Including grain (especially corn) in the finishing diets of cattle is essential for the upregulation of SCD1 expression and activity. The measurement of SCD activity is technically difficult, but quantifying SCD gene expression or the concentration of palmitoleic acid (16:1n-7) in beef often provides insight into SCD activity. DNA polymorphisms in SCD1, the sterol regulatory element binding protein-1, the fatty acid synthase, and the growth hormone are associated with oleic acid concentration in the muscle of Japanese Black cattle, indicating a strong genetic component to the regulation of fatty acid composition of beef.
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Introduction

Unlike the essential fatty acids, linoleic acid (18:2n-6) and α-linolenic acid (18:3n-3), the concentration of oleic acid (18:1n-9) can readily be increased in bovine adipose tissue and muscle. Oleic acid is the most abundant fatty acid in the bovine muscle, subcutaneous adipose tissue, and intramuscular adipose tissue (Westerling and Hedrick, 1979; St. John et al., 1987; Sturdivant et al., 1992; May et al., 1993; Smith et al., 1998; Chung et al., 2006; Brooks et al., 2011). Oleic acid is produced by the activity of the Δ9 desaturase, stearoyl-coenzyme A (CoA) desaturase (SCD), and SCD is encoded by stearoyl-CoA desaturase-1 (SCD1), which is expressed in virtually all bovine tissues. This mini-review describes the effects of oleic acid-enriched beef on risk factors for cardiovascular disease (CVD); the relationship between oleic acid and sensory attributes in beef; and dietary and genetic factors regulating SCD1 gene expression and SCD activity in bovine tissues.





Oleic acid and risk factors for CVD

We have demonstrated that the increased consumption of oleic acid-enriched ground beef increases plasma high-density lipoprotein cholesterol (HDL-C) concentration from baseline (Adams et al., 2010; Gilmore et al., 2011; Gilmore et al., 2013). The subjects for Adams et al. (2010) were mildly hypercholesterolemic men; those for Gilmore et al. (2011) were normocholesterolemic men; those for Gilmore et al. (2013) were normocholesterolemic, postmenopausal women; and those for Choi et al. (2018) were normocholesterolemic, postmenopausal women and mildly hypercholesterolemic, older men. Adams et al. (2010) compared the effects of ground beef formulated from lean and fat trim from grass-fed (low oleic acid) and grain-fed (high oleic acid) Wagyu steers and conventional cattle (Table 1). Gilmore et al. (2011) prepared ground beef patties from lean and fat trim from 20-month-old Angus steers raised solely on pasture and hay (low oleic acid) and Angus steers fed a corn-based feedlot diet for 8 months following weaning (high oleic acid). Gilmore et al. (2013) produced patties from retail chub pack ground beef (low oleic acid) and utilized premade ground beef patties formulated from Akaushi (American Red Wagyu) steers (high oleic acid). For Trials 1–3, the high oleic-acid ground beef patties contained 2–3 g more oleic acid per patty than the low oleic-acid patties (Table 1).

Table 1 | Characteristics of low oleic-acid (Low) and high oleic-acid (High) ground beef used in four randomized, controlled trials1.


[image: Table comparing fatty acid content in 114-gram patties across four trials with low and high-fat variants. Fatty acids include Myristic, Myristoleic, Palmitic, Palmitoleic, Stearic, Oleic, cis-Vaccenic, Linoleic, and alpha-Linolenic acids. Total trans fats and total fat are also listed, with MUFA to SFA ratios. Data sources are cited for each trial.]
In an effort to create ground beef patties that contained similar amounts of oleic acid, we formulated patties from chub pack ground beef (low oleic acid; 25% fat) and used premade Akaushi patties (high oleic acid; 20% fat) (Choi et al., 2018). However, after fatty acid analysis of the patties, we found that the chub pack patties contained more oleic acid (9.66 g/patty) than the Akaushi patties (7.72 g oleic acid/patty). We continue to refer to the Akaushi ground beef as high oleic acid because the monounsaturated fatty acid (MUFA):saturated fatty acid (SFA) ratio was higher in Akaushi patties (1.24) than in chub pack patties (0.96).

In Trial 1, men first consumed low oleic-acid ground beef (5 patties/week for 5 weeks) followed by a 3-week washout, during which they returned to their habitual diet. Following the washout period, the men consumed the high oleic-acid ground beef (5 patties/week for 5 weeks). During the first ground beef intervention period, the low oleic-ground beef decreased the plasma HDL-C concentration. During the second ground beef intervention period, the high oleic-acid intervention increased the plasma HDL-C concentration to pretrial levels. Trials 2–4 were randomized crossover trials in which participants consumed low oleic-acid or high oleic-acid ground beef (five 114-g patties/week for 5 weeks) and following a 4-week washout period, consumed the opposite type of ground beef. In Trials 2 and 3, the high oleic-acid ground beef increased plasma HDL-C concentration (Gilmore et al., 2011; Gilmore et al., 2013). Choi et al. (2018) demonstrated that high oleic-acid (Akaushi) ground beef had no effect on HDL-C concentration but increased the plasma concentration of the most buoyant and more healthful low-density lipoprotein cholesterol (LDL-C) fractions, LDL1-C plus LDL2-C, by over 4 mg/dL. On average, Trials 1–4 demonstrated a 3–4 mg/dL increase in HDL-C concentration when men and women consumed high oleic-acid ground beef as compared to conventional ground beef (Smith et al., 2020). A combined analysis of the Framingham Heart Study (1,428 participants), the Lipid Research Clinics Prevalence Mortality Follow-up Study (6,234 participants), the Lipid Research Clinics Coronary Primary Prevention Trial (1,808 participants), and the Multiple Risk Factor Intervention Trial (5,792 participants) concluded that a 1 mg/dL increase in HDL-C was associated with a 2%–3% depression in CVD mortality (Gordon et al., 1989). Therefore, even a relatively small increase in HDL-C concentration might reduce risk for CVD.

In Trial 2, both low and high oleic-acid ground beef decreased HDL2-C and HDL3 particle diameters (Gilmore et al., 2011). Roussell et al. (2012) reported that a Beef in an Optimal Lean Diet (BOLD) depressed HDL-C concentrations in men and women, and Wu et al. (2021) documented that BOLD decreased the abundance of the larger HDL2b lipoprotein particles. Lytle et al. (2023) reported that consumption of lean ground beef (5% fat) decreased HDL-C concentration in men and depressed the abundance of the larger HDL2b and HDL2a lipoprotein particles. The effects of these lean beef interventions might explain the decreased HDL2 and HDL3 particle size reported by Gilmore et al. (2011).





Fatty acids and beef sensory attributes

For over six decades, researchers have attempted to establish a relationship between fatty acid composition and beef palatability. Waldman et al. (1968) investigated the relationship of palatability traits with the percentage of fatty acids in lipids from three adipose tissue depots and the longissimus muscle (LM) but there were no significant associations among fatty acid composition, LM tenderness, juiciness, or flavor. Dryden and Marchello (1970) reported that the percentage of oleic acid was positively correlated with beef flavor, but not juiciness, in LM intramuscular lipid (IML), whereas linoleic acid was negatively correlated with juiciness. Westerling and Hedrick (1979) compared fatty acid composition and the flavor characteristics of steers and heifers fed fescue pasture or fescue pasture plus grain. Beef flavor score increased with time for those fed the grain-based diet and was positively correlated with oleic acid and negatively correlated with palmitic acid (16:0), stearic acid (18:0), and linoleic acid. Melton et al. (1982a) reported a significant, positive correlation with flavor score and oleic acid in beef from grass-finished, forage-grain-finished, and grain-finished steers. Melton et al. (1982b) demonstrated that the percentage of oleic acid was low and that stearic acid was higher in ground beef from steers backgrounded on pasture than in ground beef from steers that had been fed a cracked corn finishing diet. Positive flavor descriptors increased with days on feed and negative flavor descriptors declined with days on feed, and oleic acid was negatively correlated with negative flavor descriptors. Conversely, stearic and α-linolenic acids were positively correlated with negative flavor descriptors. Mandell et al. (1998) compared beef from forage-fed cattle to beef from grain-fed cattle and surmised that higher concentrations of linoleic acid and lower concentrations of oleic acid may have been responsible for the differences in beef flavor.

It has been more difficult to establish a relationship between fatty acid composition and beef flavor attributes when cattle are feedlot-finished the same number of days. Gilbert et al. (2003) fed Brangus steers cracked corn, casein-formaldehyde-protected canola lipid (high in oleic acid), or casein-formaldehyde-protected starch (which also contained canola oil). There was no difference in the oleic acid concentration of subcutaneous or intramuscular adipose tissue or in descriptive meat sensory or flavor attributes among treatments. Blackmon et al. (2015) produced ground beef from beef brisket, flank, and plate primals. Brisket is especially high in oleic acid (Turk and Smith, 2009; Smith et al., 2012; Smith et al., 2020) and the ground beef formulated from the brisket primal contained more oleic acid than ground beef from the flank or plate (Blackmon et al., 2015). Brisket ground beef had greater bloody/serumy and fat-like sensory attributes than ground beef from the flank, but there was no correlation between oleic acid concentration and any sensory panel flavor attributes. Kerth et al. (2015) formulated ground beef containing fat trim from the brisket, chuck, flank, and round. Brisket ground beef contained slightly more oleic acid than ground beef formulated from the other fat trims but there were no differences in consumer sensory traits.

Frank et al. (2016) reported the influence of intramuscular fat, animal feed, and breed type on sensory characteristics, chemical characteristics, and fatty acid composition of Australian Angus and Wagyu cattle. Although they observed several significant relationships between the percentages of IML, sensory attributes, and headspace volatile compounds, Frank et al. (2016) did not report associations among fatty acids and sensory characteristics. Chen et al. (2022) documented muscle fatty acids, beef flavor compounds, and beef flavors in Angus and Xianxi Yellow cattle. Although they reported principal component analysis (PCA) for flavor compounds and flavor attributes, a PCA was not reported for beef fatty acids and flavor attributes. We interpret the results of Frank et al. (2016) and Chen et al. (2022) to mean that there was no relationship between beef fatty acids and any sensory attributes. We conclude that there is little correlation between the concentration of fatty acids and flavor attributes of beef unless there are differences in the production of cattle (e.g., grass feeding vs. grain feeding).





Fatty acid composition, SCD activity, and SCD1 gene expression

As marbling score increases across a broad range of production conditions, the concentration and amount of oleic acid increase, and there is a concomitant decrease in stearic acid in bovine adipose tissue (Waldman et al., 1968; Chung et al., 2006; Brooks et al., 2011; Legako et al., 2015; Frank et al., 2016). In ruminants, dietary oleic acid is largely hydrogenated to stearic acid by ruminal microorganisms before reaching the abomasum (St. John et al., 1991; Ekeren et al., 1992). For bovine tissues, SCD activity is highest in adipose tissues but readily detectable in intestinal mucosal cells (St. John et al., 1991; Chang et al., 1992; Page et al., 1997; Archibeque et al., 2005). We interpret this to mean that duodenal stearic acid is converted in large part to oleic acid before being incorporated into chylomicrons. The primary source of oleic acid in bovine adipose tissue is de novo synthesis. Glucose, acetate, and lactate can be incorporated in fatty acid in bovine subcutaneous and intramuscular adipose tissues (Whitehurst et al., 1978; Smith and Prior, 1981; Smith, 1983; Smith and Crouse, 1984). The fatty acid synthase reaction produces palmitic acid and a small amount of myristic acid (14:0); stearic acid is synthesized by fatty acid elongase; and oleic acid is produced by desaturating stearic acid via SCD. Small amounts of palmitoleic acid (16:1n-7) are also generated by the desaturation of palmitic acid.

Percentages of palmitoleic acid in bovine tissues may provide evidence for current and/or past SCD activity (Smith et al., 1998). Subcutaneous adipose tissue from Japanese Black steers produced in Japan contained 5.2% palmitoleic acid, and subcutaneous adipose tissues from cattle raised in Australia and fed wheat and/or barley contained 1.6% palmitoleic acid (Smith et al., 1998). The proportions of stearic acid for these two groups of steers were 7.6% and 26.1%, respectively. These results illustrate the impact of finishing diets on the fatty acid composition of bovine adipose tissue.

Several studies have documented higher SCD1 gene expression and/or higher SCD activity in subcutaneous adipose tissue is associated with higher concentrations of MUFA (Yang et al., 1999; Archibeque et al., 2005; Chung et al., 2007; Duckett et al., 2009; Brooks et al., 2011). Yang et al. (1999) measured SCD activity in subcutaneous adipose tissue from Australian pasture-finished and feedlot cattle, in which feedlot cattle were fed sorghum-based finishing diets in the absence and presence of rumen-protected cottonseed oil (CSO). Subcutaneous adipose tissue from pasture-finished cattle had higher SCD activity than adipose tissue from grain-finished cattle, and protected CSO strongly depressed SCD activity relative to grain-finished cattle that were not fed CSO. The results of Smith et al. (1998) (which also included Australian grain-finished cattle) and Yang et al. (1999) were quite the opposite of the effects of grain finishing of cattle in the US. Research from the US has consistently demonstrated that MUFA increased over time in adipose tissue from grain-finished steers (Westerling and Hedrick, 1979; Huerta-Leidenz et al., 1996; Chung et al. 2006). SCD1 gene expression is not upregulated until cattle are fed a grain-based diet (Brooks et al., 2011) and SCD1 gene expression increases in LM and most adipose tissue depots the longer the steers are fed a corn-based finishing diet (Martin et al., 1999; Chung et al., 2007; Smith et al., 2012; Li et al., 2018).





Genetic regulation of fatty acid composition in beef cattle

Adipose tissue and muscle from Japanese Black, Hanwoo, and Yanbian Yellow cattle (raised in Japan, Korea, and China, respectively) contain an unusually high concentration of oleic acid (Sturdivant et al., 1992; Zembayashi et al., 1995; Smith et al., 2001; Smith et al., 2009; Maharani et al., 2012; Li et al., 2018). Comparisons of beef from Black Wagyu, Akaushi (Red Wagyu), Angus, and commercial beef raised in the US have confirmed that beef from Wagyu and Akaushi cattle fed a grain-based diet contains a higher concentration of MUFA than beef from domestic cattle (May et al., 1993; Chung et al., 2006; Adams et al., 2010; Gilmore et al., 2013; Choi et al., 2018).

Lunt et al. (1993) were the first to compare American Wagyu and Angus steers under the same management conditions. The Wagyu’s subcutaneous adipose tissue contained more MUFA and less SFA (MUFA : SFA ratio = 1.50) than adipose tissue from Angus steers (MUFA : SFA ratio = 1.17) (May et al., 1993). Subsequently, we documented USDA quality grade, fatty acid composition, SCD activity, and SCD1 gene expression in Angus and Wagyu slaughtered at a targeted final body weight of 525 kg and 650 kg (Chung et al., 2006; Chung et al., 2007). The MUFA : SFA ratio increased over time in Wagyu and Angus subcutaneous adipose tissues and was higher in adipose tissues from corn-fed steers than in hay/corn-fed steers (Chung et al., 2006) (Figure 1A). The MUFA : SFA ratio was higher in adipose tissue from Wagyu steers and the slip point (a measure of melting point) was lower in subcutaneous adipose tissue lipids from cattle raised to the Japanese endpoint than in cattle raised to the US endpoint (Chung et al., 2006) (Figure 1B). These findings illustrate the importance of the duration of feeding a finishing diet for adipose MUFA and lipid slip point. SCD activity increased over time in subcutaneous adipose tissue from corn-fed Angus and Wagyu steers and in hay/corn-fed Wagyu steers (Figure 1C) (Chung et al., 2007), and SCD1 expression increased over time in adipose tissue from Wagyu steers (but not Angus steers) fed either the corn or the hay/corn diet (Figure 1D).

[image: Four line graphs labeled A, B, C, and D show data comparing corn-fed and hay-fed cattle, including Angus and Wagyu breeds, over time (in months). Graph A depicts marbling scores, graph B shows melting points, graph C illustrates the ratio of monounsaturated to saturated fatty acids, and graph D presents data on the ECI. Each graph compares U.S. endpoint and Japanese endpoint values, showing trends for each cattle type.]
Figure 1 | Monounsaturated fatty acid (MUFA):saturated fatty acid (SFA) ratio (A), slip point (B), stearoyl-CoA desaturase activity (C), and SCD1 gene expression (D) in subcutaneous adipose tissues of Angus steers fed a corn-based diet; Angus steers fed a hay/corn diet; Wagyu steers fed a corn-based diet; and Wagyu steers fed a hay/corn diet (n = 4 at all sampling times). All steers were weaned at 8 months of age. The US endpoint steers weighed 525 kg on average at sampling and the Japanese endpoint steers weighed 620 kg on average at sampling. The corn-based diet (Corn-fed) was designed to yield an average daily gain of 1.36 kg/d and the hay-based diet (Hay-fed) was supplemented with the same corn-based diet to yield an average daily gain of 0.9 kg/d. Marbling score was based on USDA marbling standards, and slip point is an estimate of the subcutaneous adipose tissue melting point. Stearoyl-CoA desaturase activity is expressed in nanomoles (nmol) stearic acid converted to oleic acid/(7 min•mg protein) and SCD1 gene expression is the SCD:28S ratio; both were measured in subcutaneous adipose tissues overlying the longissimus muscle. Data were derived from Chung et al. (2006), and Chung et al. (2007).

Taniguchi et al. (2004) demonstrated single-nucleotide polymorphisms in the open-reading frame (exon 5) of an SCD1 cDNA generated from Japanese Black cattle, in which valine was replaced with alanine. The VA and AA genotypes contributed to higher MUFA and lower melting points in intramuscular adipose tissue than the more infrequent VV genotype (Hoashi et al., 2007). Matsuhashi et al. (2011), Narukami et al. (2011), and Yokota et al. (2012) subsequently confirmed that these SCD1 polymorphisms contributed to variations in fatty acid composition across populations of Japanese Black cattle. In contrast, Maharani et al. (2012) reported that SCD1 TT, CC, and CT genotypes in exon 5 had no effect on oleic acid or total MUFA in beef from Korean Hanwoo cattle.

Taylor et al. (1998) first reported quantitative trait loci for stearic and oleic acids flanking the region in BTA19 between 28 cM and 51 cM. This region includes growth hormone (GH; 48.8 cM) but Taylor et al. (1998) were unable to identify the other genes in BTA19 responsible for the differences in stearic and oleic acids. Kawaguchi et al. (2021) reported fatty acid synthase (FASN; 51.4 cM) and sterol regulatory element-binding protein 1 (SREBP1; 35.2 cM) are located on BTA19. FASN regulates myristic acid and palmitic acid synthesis and SREPB1 is a transcription factor that regulates expression of FASN and SCD1 (located on BTA26; Campbell et al., 2001). Hoashi et al. (2007) and Matsuhashi et al. (2011) reported that the genotypes of SREPB1 and SCD1 are associated with the concentration of MUFA in beef from Japanese Black cattle, and Matsuhashi et al. (2011) reported that genotypes of FASN and GH are also associated with the concentration of MUFA.





Summary

Oleic-acid-enriched beef may reduce the risk for CVD but the effect of oleic acid on sensory attributes of beef has been difficult to demonstrate. Oleic acid increases in beef if cattle are raised to heavier weights and fed corn-based diets. Stearic acid in adipose tissue samples predicts the lipid melting point and may be negatively associated with beef sensory attributes. Although considerable research has focused on SCD1 gene expression, genetic polymorphisms in GH, FASN, and SREBP1 also contribute significantly to the fatty acid composition of beef.
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Sugarcane extracts have generated a growing interest due to their potential applications that extend beyond conventional sugar and ethanol production. These by-products, along with sugarcane extracts offer valuable nutrients and compounds that can be utilized in animal feed supplementation, aiming to improve immunity and growth performance, and the quality of animal-derived products consumed by humans. The immune-boosting properties of sugarcane supplementation have been documented through several studies highlighting enhanced cytotoxicity, increased phagocytic capacity, and modulation of immune cells and cytokine production. Abundant in polyphenols and bioactive compounds, sugarcane products are believed to contribute to these immunological effects. However, further research is required to unravel the specific mechanisms underlying these actions. Supplementing sugarcane by-products in animal feed has shown promising results of improved growth rates and weight gains in various animal species. Sugarcane supplementation positively influences animal performance by optimizing nutrient intake and utilization, enhancing feed conversion efficiency, and promoting healthy growth. Moreover, sugarcane supplementation has been associated with improved meat tenderness and overall quality in animal-derived products. To optimize the utilization of sugarcane products, future research will need to focus on determining optimal inclusion quantities and product or extract combinations, identifying specific compound classes, and balancing nutritional profiles in animal feed formulations. Additionally, studies should focus on evaluating long-term effects on animal health and subsequent product quality, and explore the environmental sustainability of sugarcane product supplementation in feed. This mini-review explores the impact of sugarcane product supplementation on swine, poultry, aquaculture species and ruminants, focusing on its effects on immunity, growth performance, and product quality.
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1 Introduction

Given the significant increase in the demand for food in recent years, sustainable animal production has progressively become important (Aland and Madec, 2009). Ensuring peak animal health, growth and performance is therefore of importance to maintain the global demand for animal-based products. In livestock industry, antibiotics are often added into animal feed to avoid infectious diseases and subsequently, increasing their production (Barton, 2000). However, there is a growing apprehension regarding the consequences of the continual usage of antibiotics in farm animals in relation to public health, with evidence demonstrating antibiotic resistance in associated food products originating from animals administered with antibiotics (Papatsiros et al., 2014; Marshall and Levy, 2011). This has the potential to result in significant health consequences for humans who consume animal products further down the food chain. To address this requirement, environmentally sustainable alternatives need to be explored, to not only protect the well-being of farm animals but also optimize their growth and performance. By doing so, the overall quality of products destined for human consumption can be enhanced.

For example, given the influence of the gut microbiota on immune responses and gut health, plant-based antibiotic alternatives are expected to do more than combat pathogens; these are expected to also foster the proliferation of beneficial microbes. This symbiotic relationship between the host animal and its microbial inhabitants emphasizes the importance of interventions that promote a balanced and resilient microbiome, thereby enhancing overall physiological well-being (Kim and Lillehoj, 2019). Furthermore, the systemic effects of plant-based antibiotic alternatives on livestock extend beyond their antimicrobial properties to encompass improvements in digestive processes. These alternatives play a pivotal role in stimulating the production of endogenous enzymes, thereby enhancing feed digestibility and nutrient absorption (Bagno et al., 2018). This highlights their value as integral components in promoting optimal health and performance in animal agriculture. Exploring sugarcane products as environmentally friendly alternatives to antibiotics in animal feed can hold promise for sustainable animal farming practices.

Sugarcane (Saccharum officinarum) serves as a significant economic contributor in the production of sugar and ethanol, as well as food processing and preservation industries (Prakash et al., 2021). There is also an increasing awareness in exploring the commercial potential of sugarcane by-products beyond their traditional use in sugar and ethanol production (de Paula et al., 2021). Sugar processing yields valuable major by-products such as molasses and bagasse, along with other economically beneficial products such as tops, ash, and press-mud (Solomon, 2011). In addition to its diverse applications, sugarcane plays a fundamental role as a primary source of roughage in animal feed supplementation, whether utilized in its entirety, through fermentation, or in the form of its by-products (Almazán et al., 1999; Carvalho et al., 2022).

In the pursuit of delivering animal-based foods of superior quality and high nutritional value, the field of animal nutrition focuses on optimizing the ingredients and refining the manufacturing processes involved in producing high-quality animal feed (Van der Poel et al., 2020). Additionally, the interest in a circular economy model is growing, where combined interdisciplinary approaches to completely utilize beneficial by-products, and minimize waste reduction are increasingly applied in agri-food systems (Hamam et al., 2021). Figure 1 illustrates the interconnectedness of livestock health, human consumption of animal derived products and the environmental sustainability impacts. In addressing the nutritional value of sugarcane products and by products, for example, sugarcane molasses is known to be rich in nutrients with proximate composition analysis showing molasses to be high in carbohydrates and sucrose (Khairul et al., 2022). Similarly, non-centrifugal cane sugar is also high in carbohydrates and sucrose, while also having a high mineral content (Jaffé, 2015). Despite the efforts to incorporate sugarcane products in animal feed, there is still scope for optimization in their effective utilization (Yanti et al., 2021). Particularly, sugarcane’s nutritional value can be limited when used as a standalone feed, due to its low protein content and the fibrous characteristics of its cell wall (Cabral et al., 2020). The benefits of including sugarcane products is therefore largely evident when supplemented with other highly digestible feed components in livestock diets (Cabello et al., 2008; Preston, 1983). Additionally, it is important to consider data beyond the macronutrient composition of sugarcane products and by-products in order to assess the impact of including them as animal feed components.

[image: Diagram illustrating the sustainable use of sugar industry by-products in livestock health and human consumption. It shows reduced wastage, improved animal health, and enhanced human nutrition, safety, and product flavor. Sustainability effects are also highlighted.]
Figure 1 | The effects of sugarcane supplementation in animal feed on livestock health, impact of human consumption of animal products, and implications on environmental sustainability.

The effective management of farm animal diseases is a constant priority, and maximizing animals’ immunological defence capabilities can significantly enhance their overall health and welfare (Novák, 2014). The demand for raising farm animals without synthetic products and pharmaceuticals, especially antibiotics, has prompted feed producers to consider more naturally derived supplementation in feed (Burdick Sanchez et al., 2021). In addition to their role in protecting plants from pests, phytochemicals are considered to have positive effects on animal health and nutrition (Provenza and Villalba, 2010). This mini-review explores the impact of sugarcane product supplementation as by-products (bagasse, molasses) or as extracts in the diets of swine, poultry and aquaculture species raised for human consumption, particularly focusing on its effects on their immunity and growth, alongside examples from ruminant studies.




2 Impact on immunity

Given the important implication of oxidative stress in inflammation in farm animals, the inclusion of polyphenols as feed additives in animal nutrition holds great potential (Gessner et al., 2017).. The by-products of sugar production, for example, sugarcane juice and molasses, are sources of valuable phenolic compounds known for their potent antioxidant properties (Prakash et al., 2021). Consequently, there is an increasing awareness in exploring the potential benefits of these products from both animal and human health perspectives (Bucio-Noble et al., 2018; Deseo et al., 2020). Various types of Reactive Oxygen Species (ROS), including hydrogen peroxide, nitrogen dioxide, superoxide and hydroxyl radicals generated in the body, have the potential to cause damage to biomolecules such as DNA, RNA and proteins (Halliwell, 2013; Feig et al., 1994). Unregulated oxidative stress, particularly long term, is understood to be contributing to the progression of inflammatory diseases (Mittal et al., 2014; Oyinloye et al., 2015). Intestinal diseases in young pigs and chickens, including diarrhoea and enteritis, are associated with oxidative stress and inflammatory reactions, underlining the importance of addressing these factors in managing and preventing such diseases (Lauridsen, 2019). ROS serve as cellular response mediators that can trigger the production of cytokines from many types of cells (Vassilakopoulos et al., 2002). Cytokines, which are proteins generated by several types of immune cells, play vital roles in the immune response by coordinating both physiological as well as behavioural changes required for the immunological challenges faced by animals (Nordgreen et al., 2020). Inflammatory cytokines are rapidly induced in initial stages of disease or injury processes, without the reliance on specific antigens, highlighting their significance in the early phases of immune activation (Murtaugh et al., 1996). Phenolic compounds derived from sugarcane demonstrate that the efficacy in mitigating oxidative stress and inflammation. Bucio-Noble et al. demonstrated ethanol extracts obtained from whole dried sugarcane consisting of polyphenols such as flavonoids displayed potent antioxidant activity, with these bioactive compounds playing a significant role in modulating inflammatory mediator proteins (Bucio-Noble et al., 2018).

Upon examining the impact of a sugarcane juice extract into weanling pig feed on immune responses, a study by Lo et al. showed enhanced cytotoxicity by natural killer (NK) cells, accompanied by up to 58% increase in the phagocytic activity of monocytes (Lo et al., 2005). In another study, the effect of inclusion of the same extract in feed against pseudorabies infection in pigs revealed additional immunological effects. These effects included a 76% increase in lymphocyte proliferation, and up to 52% increase in interferon-gamma (IFN-γ) producing cells. Additionally, the supplementation of a sugarcane juice extract in the diet also resulted in milder clinical signs of pseudorabies infection in these weanling pigs, as well as reduced severity of non-suppurative encephalitis (Lo et al., 2006). Results from these two studies indicate the ability of sugarcane extracts in modulating both the innate immune response, as well as regulating the adaptive immune cells and cytokine production. Collectively, these studies can be used to suggest possibilities of utilizing sugarcane extracts in minimizing the use of antibiotics in farmed pigs. This is a valuable implication of sugarcane product supplementation to pig feed, as the use of antibiotics in livestock have been linked to high levels of antimicrobial resistant bacteria in animals, which has a subsequent detrimental effect on public health (Wegener, 2003; Chang et al., 2015). While sugarcane products hold the potential to serve as an antibiotic alternative, there needs to be a comprehensive comparison between sugarcane extracts and conventional antibiotics, evaluating their impact on pig health, growth, and overall well-being.

In a study carried out by Matsumoto et al. (2021), the authors evaluated the ability of a sugarcane extract to suppress Escherichia coli induced diarrhoea in weaning pigs of 21 days old, which showed 0% mortality in the pigs fed 1.0% (w/w) sugarcane extract supplemented to their basal diet. Sugarcane supplementation also improved both the incidence and duration of diarrhoea in these pigs, while reducing the relative abundance of Enterobacteriaceae in the jejunum and ileum (Matsumoto et al., 2021). The Enterobacteriaceae family comprises of pathogens that pose a significant threat to the livestock industry and can lead to foodborne outbreaks, thereby jeopardizing human health (Wang et al., 2021). While the authors attributed the presence of polyphenols in the sugarcane extract to the observed improvement in immunity, there was no comprehensive chemical profiling of the extract to identify or quantify the polyphenols present. Results of this study carry significant implications such as promising improvements in the wellbeing of pigs. This can potentially have positive downstream implication on meat safety, and human health, therefore, a more comprehensive exploration of the identity of polyphenols responsible for these beneficial effects is crucial to gain an improved understanding of the functional components within these extracts.

It is necessary to consider the supplementation dosage of sugarcane products in pig diets when assessing their potential benefits. In a study conducted by Wijesiriwardana et al. (2020), the authors revealed interesting findings of gilts and sows. Despite an 11% increase in the dietary polyphenol content due to the supplementation of a sugarcane extract that was fed from day 110 of gestation to lactation stages, there was no discernible impact on the inflammatory marker Interleukin-1β in pigs (Wijesiriwardana et al., 2020). It is worth noting that this study utilized a single dose of the extract and did not employ a dose-response design, which leaves room for consideration that the tested dose may not have been sufficient to trigger an immune response. Moreover, in this study, a single cytokine, Interleukin-1β, was employed to evaluate the inflammatory response. Interleukin-1β is a key pro-inflammatory cytokine associated with both acute and chronic inflammatory conditions (Ren and Torres, 2009). It is worth considering that the sugarcane extract may potentially modulate the inflammatory response through other pro-inflammatory cytokines. These results highlight the complexity of nutritional strategies in pig diets, the potential for precision feeding, and the multifaceted nature of immune and inflammatory responses in pigs, all warranting the prerequisite for further investigation.

In a study by Amer et al. (2004), the authors investigated the effects of a sugarcane juice extract supplemented at 500 mg/kg/day to the crop of immunosuppressed 3-weeks old chickens, which resulted in increased levels of total antibodies in response to Brucella abortus and sheep red blood cells. Additionally, it demonstrated an improved delayed-type hypersensitivity (DTH) response to Human γ Globulin (Amer et al., 2004). This suggests the enhanced ability of these chickens to fight specific pathogens and exerting cell mediated reactions, particularly with regards to the DTH response (Black, 1999). The authors’ omission of specific mechanisms underlying the observed protective effects of sugarcane extract against immunosuppression underlines the value of comprehensively chemically profiling the extract, such as using High Resolution Liquid Chromatography-Mass Spectrometry approaches, to gain insights into the compounds responsible for these immunological effects.

In a study by Awais and Akhtar (2012), the authors focused on the administration of an aqueous extract of sugarcane juice and an ethanoic extract of sugarcane bagasse at 4 mL/kg of body weight/day to 5-7 days old broiler chickens. The results showed an increased lymphoproliferative response against Concanavalin-A both in vivo and in vitro. The study also reported findings of increased Immunoglobulin (Ig) titers (i.e. IgG, IgM and total Ig) against sheep red blood cells, along with increased organ-body weight ratios of lymphoid organs, indicative of immune cell activation and proliferation in chickens (Awais and Akhtar, 2012). Specifically, the Ig responses propose an antigen binding and effector immune role as a result of bagasse administration (Lefranc and Lefranc, 2001). Awais et al. (2011) also investigated the anti-coccidial effects of the same two extracts at 4 mL/kg of body weight/day in 5-7 days old broiler chickens, where both extracts increased the resistance against coccidiosis. Notably, the protective effects were more prominent in the ethanolic bagasse extract, followed by the aqueous juice extract. Both extracts also improved the humoral antibody response, where the serum antibody titers were significantly increased when the extracts were supplemented (Awais et al., 2011). These studies encompassed two separate extracts from different sugarcane products, therefore, a comprehensive chemical analysis becomes imperative to determine and quantify the specific constituents within each extract and product, offering insights into how these components may be contributing to the observed immunological effects. The need for a comprehensive chemical analysis is particularly crucial in this case, considering that different extraction solvents have the ability to extract different components from the products, potentially influencing the observed immunological effects. Together, these studies offer the promising prospect of sugarcane product supplementation in enhancing the immune response in broiler chickens.

When sugarcane bagasse at 10 g/Kg was used in a study by Lumsangkul et al. (2021) as a dietary supplement for Nile Tilapia fish, it was able to demonstrate an increase in the expression of Interleukin (IL) cytokines, including IL-1 and IL-8. Additionally, lipopolysaccharide binding protein (LBP), glutathione enzymes and genes were also increased in response to bagasse supplementation (Lumsangkul et al., 2021). In addition to the indications of stimulating an inflammatory response as evident by the production of cytokines, increased LBP, and glutathione enzymes and genes suggest improved protection against infection, and oxidative stress, respectively (Hayes and McLellan, 1999; Lamping et al., 1998). These results suggest that supplementation with sugarcane bagasse may have immunomodulatory and antioxidant effects, contributing to improved overall health and resilience in Nile Tilapia fish.

In the investigation of livestock immunity, gut immunity also plays a dominant role in understanding its overall impact on animal health and well-being. The complex and diverse community of microorganisms residing in the animal intestinal organs, known as the gut microbiome, has been shown to have significant implications for immune function (Chen et al., 2021; Kraimi et al., 2019). An in vitro study by Loo et al. (2022) carried out on a pig faecal fermentation model revealed that a 1g mixture of sugarcane extract and sugarcane fibre altered the pig faecal microbiome, increasing the abundance of probiotic bacteria such as Lactobacillus, and decreasing the abundance of harmful bacteria such as Eschericia-Shigella. With the sugarcane extract having a total phenolic content of 18 mg (GAE)/mL and a total flavonoids content of 4.2 mg (CE)/mL, this study highlights the beneficial incorporation of sugarcane polyphenols and fibre in the positive alteration of pig gut physiology (Loo et al., 2022). Another in vitro study carried out by Loo et al. (2023) demonstrated a similar effect on the pig gut microbiome following the introduction of 0.5 g of sugarcane extract and sugarcane fibre with a total phenolic content of 57.6 mg GAE, where the mixture resulted in the abundance in Lactobacillus, while reducing the harmful bacteria of the genus Streptococcus. While this study also reinforces the positive effects of polyphenols on the pig gut microbiome, the incorporation of polyphenols and fibre mixture resulted in greater beneficial effects than sugarcane polyphenols or sugarcane fibre alone (Loo et al., 2023). Taken together, the results of these two in vitro studies show a potential way to maximise the beneficial effects of sugarcane polyphenols on the pig gut microbiome by the incorporation of other products. Further investigations are required to elucidate the specific polyphenols present in the sugarcane extract and to determine the precise fibre content. Understanding these components in greater detail is crucial for deciphering how they may contribute to positively modulating the pig gut microbiome.

The gut microbiome has a lesser reliance on feed intake, while the structure of the rumen microbiome exhibits a clear correlation with feed intake, highlighting its sensitivity to dietary patterns (Monteiro et al., 2022). In a study by Li et al. (2021), the authors examined the inclusion of sugarcane tops in goat diets. It was observed that the addition of sugarcane tops positively impacted the community structure and diversity of the goat rumen microbiota (Li et al., 2021). The incorporation of sugarcane tops led to increased alpha and beta diversity, metrics used to analyse microbiome diversity within and between samples, indicating its potential as a valuable feed additive for goats (Li et al., 2021; Kers and Saccenti, 2022). To further highlight the importance of these findings, it is essential to conduct chemical analyses aimed at delineating the exact composition of the sugarcane top extract. Akhtar et al. (2008) reported enhanced cell-mediated immunity involving neutrophils, macrophages, and NK cells, as well as improved antibody response to sheep red blood cells against Eimeria, following sugarcane juice supplementation in 12-day-old broiler chickens (Akhtar et al., 2008). In a study by Shakeri et al. (2020), the authors reported the anti-oxidant effects against heat stress with sugarcane extract supplementation for broiler chickens of one-day age measured by breast muscle lipid peroxidase (TBARS). The authors reported a linear reduction in breast muscle TBARS as the dose of sugarcane extract increased from 0-10 g/Kg (Shakeri et al., 2020). The TBARS assay is a widely employed method for assessing lipid oxidation and determining antioxidant activity in food analysis (Ghani et al., 2017). While both studies encompassed a dose-response design, once again, the absence of chemical profiling for both supplemented extracts emphasize a key research gap, impeding the capacity to identify the specific components accountable for the observed positive effects. Furthermore, immunological effects of a sugarcane juice extract were extensively studied on chickens, where it revealed improved humoral immune responses, improved lymphoid organ morphology and weight, protection against Eimeria tenella, and improved delayed-hypersensitivity responses (El-Abasy et al., 2003a; El-Abasy et al., 2004; El-Abasy et al., 2003b; El-Abasy et al., 2002).

It is also worth noting that antibiotics incorporated into animal feed can have an impact on the environment. Antibiotics employed in animal agriculture can navigate their way into the environment through various channels, from the drug manufacturing phase to the disposal of unused medications and containers. Additionally, their presence in animal waste materials used or applied in agricultural practices further contributes to environmental contamination (Chee-Sanford et al., 2012). Therefore, considering sugarcane products as an alternative to current antibiotics hold potential to be a more environmentally friendly approach in animal feed considerations.

Where sugarcane products have undergone chemical profiling to identify the specific types of polyphenols present, it unveiled the occurrence of flavonoids and phenolic acids in these products (Oliveira et al., 2022). Flavonoids such as quercetin, apigenin, and luteolin (sub-classes: flavonols and flavones), and phenolic acids such as vanillic acid, syringic acid, and ferulic acid (sub classes: hydroxybenzoic and hydroxycinnamic acids), are amongst the different polyphenols found in various sugarcane derivatives. Molina-Cortés et al. (2023)). reported a quantitative heatmap of polyphenols present in different sugarcane products, where flavones were the most enriched polyphenol type in sugarcane leaves, molasses and juice. Additionally, sugarcane rind and bagasse were abundant in anthocyanins and phytosterols, respectively (Molina-Cortés et al., 2023). The observed immunological effects of sugarcane products or extract supplementation may be attributed to the enrichment of polyphenols in these products. These polyphenols are known for their potential to enhance immunity. For example, in a study by Prakash et al., the researchers demonstrated the anti-inflammatory effects of a polyphenol-rich sugarcane extract on in vitro human and mouse cell lines in reducing the levels of a range of inflammatory cytokines including TNF-α, IL-4, IL-8 and IFN-γ cytokines, attributing their mechanisms of action to NF- κB and VEGF-1 regulatory pathways (Prakash et al., 2021). Furthermore, Rueda-Gensini et al. examined the anti-inflammatory effects of non-centrifugal cane sugar where they reported the immunomodulatory activities to function via the TLR-4 pathway in human monocytes (Rueda-Gensini et al., 2022). However, further research is warranted to gain a deeper understanding and a broader perspective of the exact targets in these pathways underlying these actions. Exploring the intricate mechanisms by which polyphenols influence immune response in pigs and chickens can provide valuable insights into their potential as immunomodulatory agents. It is important to unravel the specific molecular pathways and cellular interactions involved, in order to comprehensively understand the immunological benefits conferred by sugarcane supplementation. Such knowledge can inform the development of targeted strategies to optimize the immunomodulatory effects of sugarcane products in swine and poultry.




3 Impact on animal growth performance

The key factor in selecting suitable feed additives is the priority of animal health and well-being, as feed additives perform a variety of functions, including fulfilling essential nutrient requirements, optimising growth performance, and improving feed utilization (Wenk, 2003). To meet the increasing demand for high-quality feed ingredients while managing the associated costs, it is necessary to also explore alternative ingredients that offer animal feed the superior quality, while also being economically affordable (Saadaoui et al., 2021). Having access to abundant feed throughout the year is a critical aspect in defining the success in the farm animal industry, and particularly sugarcane, given that it is typically available during seasons where other feedstuffs are in limited supply (Akinbode et al., 2017). When utilising different types of sugarcane by-products including molasses, bagasse, straw and cane tops, either in isolation or in combination in livestock feed, various pre-treatment strategies are also available to maximise digestibility and enhance the dietary quality of the feed (Bordonal et al., 2018).

Several studies have assessed the growth performance of pigs, chicken and aquaculture species as a result of sugarcane product, by-product or extract supplementation in feed. Observed positive outcomes suggest that sugarcane supplementation in feed can contribute to enhanced growth rates and improved weight gain in these animals. In a study by Matsumoto et al. (2021), the authors demonstrated enhanced final body weight in 21-days old male pigs through sugarcane extract supplementation at 1.0% w/w and 0.1% w/w doses compared to a basal (control) diet, while Akhtar et al. (2008) similarly observed improved growth in 12-days old broiler chickens with sugarcane juice supplementation, with the maximum weight gain observable at 400 mg/kg body weight compared to the control condition (Matsumoto et al., 2021; Akhtar et al., 2008). Growth performance in seafood animals was also examined across various studies. For example, Shimul et al. (2018). found enhanced growth in tilapia fingerling with sugarcane extract supplementation at 120 mg/Kg feed compared to a 0% polyphenol (control) diet, Moriyama et al. (2021) observed dose-dependent weight gain in rainbow trout and coho salmon with sugarcane bagasse supplementation at 100 mg/Kg and 500 mg/Kg doses compared to a 0 mg/Kg (control) condition, whilst Penglase et al. (2022) reported a 54% amplified growth in post-larvae black tiger shrimp following sugarcane extract supplementation at 6 g/Kg diet dose, compared to a sugarcane extract-free (control) diet (SHIMUL et al., 2018; Moriyama et al., 2021; Penglase et al., 2022). The specific components of sugarcane, such as polyphenols and other nutrients, may play a role in promoting growth and development. For example, sugarcane leaves are high in its level of crude fibre, and are enriched in soluble carbohydrates (Mahala et al., 2013). Further exploration is necessary to discern whether these observed variations in growth performance are attributable to the palatability of the extracts, potentially influencing the feed intake of these animals.

Where growth investigations were carried out by supplementing sugarcane products, and either no observable effects or no detrimental effects were demonstrated on the animals, it could suggest the influence of various factors, including animal species, dosage, duration of supplementation, and other dietary components added to the feed on growth performance. It is important to consider these factors when formulating pig, chicken or fish diets with sugarcane products to optimise growth outcomes, alongside improving immunity. Moreover, these extracts vary in chemical composition, and therefore, chemically profiling them using chromatographical and spectroscopical means to identify the constituents will provide useful insights into their biological functions.

Regarding animal performance, a study by Pu et al. (2022). was carried out on male quail after supplementing their feed with an extract derived from sugarcane molasses, where the effects of reproductive endocrine activity was evaluated. The study reported a decrease in serum testosterone, and testicular and epidydimal weight, an inhibition of hydroxysteroid dehydrogenase and suppressed sexual behaviour, suggesting the ability of sugarcane molasses supplementation on impeding steroidogenesis (Pu et al., 2022). The authors concluded that this was useful in the poultry industry in managing livestock, as decreased testosterone leads to efficient feed to growth conversion, as well as contributing to improved quality of meat (Rikimaru et al., 2009). While this study focused on quail, a component of the poultry industry, further research across other sectors such as broilers is imperative. Extending the positive implications of this study to the entire poultry industry necessitates comprehensive exploration across various poultry branches. Research exploring the impact of sugarcane supplementation in farm animal feed frequently delves into both growth and performance, highlighting a possible correlation between the two aspects. Additionally, animal performance was assessed in tandem with immune health, suggesting an interconnected relationship between immunity and overall performance. In a recent dairy study conducted by Ahmed et al. (2023), Holstein x Friesian cows ranging from early, mid and late phases of lactation were supplemented with a sugarcane extract at a low dosage of 0.25% of the dry matter intake, which showcased an increase in milk yield, a reduction in methane emission, and an improvement in their mastitis condition. The results for each of these aspects following the treatment with the sugarcane extract were compared to that of pre-treatment results (Ahmed et al., 2023). It is important to comprehensively profile this sugarcane extract to identify the specific compounds, including polyphenols responsible for the observed positive outcomes. Moreover, additional research on ruminants and sugarcane supplementation is essential to establish conclusive evidence regarding the positive effects of sugarcane product supplementation on ruminant performance.

Furthermore, methane stands as the primary greenhouse gas emitted during the natural digestive processes of ruminants and it is crucial to highlight that the release of greenhouse gases by animals and its consequential influence on climate change represent significant global concerns (Broucek, 2014). Therefore, the authors’ finding relating to the methane reduction in response to sugarcane extract supplementation can have significant positive environmental impact.

The incorporation of sugarcane by-products into feed has been shown to improve the quality of chicken, as evidenced by a study by Shakeri et al., where sugarcane extract supplementation for one-day old broiler chickens improved the tenderness of meat compromised by heat stress (Shakeri et al., 2020). Texture is one of the predominant aspects relating to the quality of animal products, and it represents one of the critical sensory properties contributing to the assessment of final quality of poultry meat (Fletcher, 2002). Although the exact aetiology is unclear, several factors affect meat tenderness including temperature, length of sarcomeres and proteolysis as these factors evidently affect the conversion of muscle to meat process (Maltin et al., 2003). The authors utilised four doses of the sugarcane extract ranging from 2-10 mg/Kg and compared the effects to a sugarcane-free control diet. This study demonstrated the positive effects of the inclusion of sugarcane with respect to meat quality, as the authors reported an increase in muscle myofibrillar fragmentation index and decrease in shear force in a dose-dependent manner, both of which correlate with increased meat tenderness. Furthermore, it was also able to negate the consequences of heat stress on multiple aspects including pH, water content and muscle colour (Shakeri et al., 2020; Bencini and Purvis, 1990). Additionally, regarding the quality of milk from early, mid and late phases of lactation cows in response to sugarcane extract supplementation, the study by Ahemd et al. can be considered, where the authors reported a 53% reduction in the somatic cell count (Ahmed et al., 2023). Minimizing mastitis and ensuring the production of high-quality milk are essential for dairy farmers aiming to maintain competitiveness in the marketplace. Somatic cell count of milk has served as a longstanding tool in achieving this goal (Ruegg and Pantoja, 2013). Milk from infected cows typically exhibits an elevated raw milk somatic cell count, indicating potential mastitis issues (Ma et al., 2000). Hence, incorporating sugarcane extract at a dosage of 0.25% of the dry matter intake holds promise for enhancing dairy quality. The integration of sugarcane by-products into animal feed presents a promising avenue to enhance the quality of animal-derived products. These findings underline the potential for improved meat tenderness, milk yield, and overall product quality while aligning with modern consumer expectations for nutritious, safe, and affordable food choices, thus contributing to the sustainable advancement of the livestock industry. Therefore, it is crucial to investigate the quality attributes of animal-derived products when sugarcane supplementation is integrated into feed. Further research is essential to elucidate how the favourable outcomes of sugarcane supplementation can influence product quality.

Table 1 provides an overview of the recent studies conducted on different farm animals raised for human consumption, and the effects of immunity, growth and quality upon feed supplementation with sugarcane products, with a particular focus on swine and poultry.

Table 1 | Impact of sugarcane product supplementation on animal immunity, growth, performance, and quality of derived products.


[image: A detailed table presents various animals categorized by food type, with themes such as immunity and growth. It lists sugarcane products supplemented in feed and their effects, such as enhanced immune response or improved growth. References are cited for each entry. Animals include pigs, goats, poultry like chickens and quails, and seafood such as tilapia, salmon, and shrimp, along with dairy cows. Different sugarcane products like extract derived from sugarcane juice, bagasse, and patented extracts show diverse effects like improved body weight gain and metabolic improvements.]



4 Conclusions and future perspectives

The exploration of sugarcane products as viable supplements in the diets of swine, poultry and fish raised for human consumption presents a multifaceted strategy with potential benefits for immunity and growth. The increasing global demand for animal-based products necessitates a sustainable approach to production that prioritizes animal health while ensuring optimal growth and performance. This mini-review highlights the potential of sugarcane products as valuable additions to swine, poultry, aquaculture species and ruminant feed. These products contain bioactive compounds, including polyphenols, known for their antioxidant properties. The studies discussed here demonstrate the positive impact of sugarcane supplementation on various aspects of immunity, including modulation of inflammatory responses, enhanced immune cell activities, and improved resistance against infections.

Furthermore, sugarcane supplementation shows promise in promoting growth and performance in swine, poultry and fish. Several studies spanning different species, including pigs, chickens, tilapia fish, and quail, consistently reveal positive outcomes in terms of enhanced weight gain, improved growth rates, and increased reproductive efficiency. The observed benefits suggest the potential of sugarcane products to serve as alternative feed ingredients, contributing to the overall well-being of these animals.

The quality of animal-derived products, such as meat and milk, is a critical aspect of modern food production. The inclusion of sugarcane products in animal diets has demonstrated positive effects on meat tenderness and milk yield. These findings align with evolving consumer expectations for high-quality, nutritious, and sustainable food choices.

Despite the promising results, it is essential to acknowledge the existing gaps in research, such as the necessity for comprehensively applying analytical chemical profiling techniques to identify specific bioactive compounds responsible for observed effects in sugarcane products. Additionally, dose-response studies and investigations into the potential variations based on animal species, duration of supplementation, and other dietary components are necessary for optimizing the outcomes of sugarcane supplementation.
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Consumption of animal-derived foods (ADFs), particularly red meat, is declining in high-income countries because of concerns over health and the effects on climate change but is increasing in low- and middle-income countries. As a group of foods, ADFs are high in good-quality protein and several key vitamins and minerals (notably vitamin B12, iron and zinc). There is evidence, though, that processed red meat poses risks of cardiovascular disease (CVD) and colorectal cancer and the same risks, although not so strong, are apparent for unprocessed red meat. Milk and milk products generally have a neutral disease risk and there is evidence of reduced risks of CVD and colorectal cancer. Similarly, white meat (chicken and fish) is not associated with disease risk whilst eggs have been linked with increased CVD risk because of their cholesterol content. The risks of chronic disease seem higher in high-income than in low- and middle-income countries, possibly due to different levels of consumption. Production of ADFs results in high greenhouse gas emissions per unit of output compared with plant proteins. Ruminant meat production has particularly high costs but wide variation between farms in different regions of the world suggests costs can be significantly lowered by changes to production systems. Reducing ADF consumption to benefit health and the environment has been proposed but in low-income countries, current levels of consumption of ADFs may be compatible with health and climate targets.




Keywords: red meat, white meat, fish, eggs, milk, milk products, global warming, cardiovascular disease




1 Introduction

Animal-derived foods (ADFs) (meat and meat products, milk and milk products, fish and seafood, and eggs) have been important constituents of the diets of people around the world for millions of years and are part of the culture of many ethnic groups. They provide high-quality protein and a range of nutrients important for the maintenance of health and they contribute unique tastes and flavours to meals and dishes. However, since the 1950s, their consumption has been linked with the incidence of chronic diseases and more recently with climate change. In low- and middle-income countries, the production and consumption of ADFs have increased rapidly in recent years and are expected to increase further in the next 10 years. In high income countries consumption may have reached a peak and there are calls to reduce consumption for health and environmental reasons. Alternative forms of dietary protein based on plants and microbes are now widely available and others are emerging (e.g., cell-cultured meat and insects). There are therefore many questions surrounding the future of ADFs and this overview aims to summarise the current state of thinking.




2 Trends in consumption of ADFs

Although plants provide most (57%) of the protein in diets globally (Henchion et al., 2017), ADFs provide a high percentage of the dietary protein in many countries, for example 59% in the 19-64 age group in the UK (Public Health England, 2020). Of this, 34% is from meat and meat products, 13% from milk and milk products, 7% from fish and seafood and 5% from eggs. Individual countries vary in the relative contributions of the different ADFs, depending on historical and cultural factors (Auestad et al., 2015).

In the last 50 years (1961-2020), global production of ADFs has greatly increased: meat and meat products by 403% to 352 Mt, milk and milk products by 167% to 918 Mt, fish and seafood by 355% to 176 Mt and eggs by 513% to 92 Mt (FAO, 2021). Low- and middle-income countries, particularly in Asia, have shown the greatest growth, driven by population increases and per capita consumption, the latter explained by increasing incomes. There were wide variations in the growth of per capita consumption between countries and regions of the world (Table 1). Per capita consumption of all ADFs increased markedly in China, milk and milk products by 956% and meat by 1747%. Increases were much smaller in Europe and North America and consumption of milk fell by 23% in the latter. Africa had the lowest levels of consumption and consumption of milk declined in the 50-year period. In China, consumption of all meat types increased, beef by 7388%. In Europe and North America, consumption of beef fell by 13% and 20%, respectively but levels were still higher than in China in 2020. In Africa, sheepmeat and beef consumption declined. Poultry showed the biggest increase among meat types in all regions and increased by 467% in the world as a whole.

Table 1 | Consumption (kg/person/yr) of a. ADFs and b. Meat types, for World, Europe, China, North America and Africa in 1961 and 2020 (FAO, 2021).
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According to the agricultural outlook published by OECD/FAO (2023), global meat production is expected to increase by a further 12% between 2022 and 2032, with most of the growth occurring in Asia. Poultry production will show the greatest growth globally (13%), poultry accounting for half of the additional meat production in the next 10 years. Pigmeat production will outstrip poultry production in China as the country recovers from the African Swine Fever outbreak in 2018. Beef production will show the least growth (9%). Meat consumption per capita is predicted to increase by 2% globally in the next 10 years with most of the growth occurring in low- and middle-income countries. Poultry will show the greatest increase and will provide 41% of protein from meat sources in 2032. The Outlook notes that concerns about some aspects of meat production (animal welfare, environmental costs and human health) is now global and is partly responsible for the switch from beef to poultry consumption in many countries, poultry having lower feed and environmental costs and white meat perceived as having less harmful effects on human health than red meats (see sections 4-6 in this review). These consumer concerns are causing moves towards veganism and vegetarianism in some countries. In UK, a recent poll by YouGov (2023) showed that 3% of adults now consider themselves vegan, 5% vegetarian and 71% meat-eaters. Consumers can now purchase a variety of non-meat protein foods including plant-based and microbial proteins and foods from non-traditional animal sources such as insects and cell-cultured meat (Frank et al., 2022).

World milk production is expected to grow by 15% between 2022 and 2032 (OECD/FAO, 2023). India is the largest milk-producing country and production will increase by 30% in this period. Production in Europe and North America will remain static. Per capita consumption will increase by 7% globally, India having the highest per capita consumption at 52kg per year, most of which is liquid milk. Europe and North America consume more than half of their milk as processed products (butter and cheese) and the share of processed products is also increasing in other regions. As with meat, there is increasing availability of plant-based milk-like products.

Global fish production is expected to increase by 17% between 2022 and 2032 (OECD/FAO, 2023). Aquaculture will account for 54% of fish production in 2032, with production from capture fisheries not expected to increase. China continues to dominate world aquaculture production and will have a 56% share of global production in 2032. Per capita consumption of fish is expected to increase by 4% in the 10-year period with the greatest level of consumption (24.5 kg/year) occurring in Asia.

Global egg production is expected to increase by 12% between 2022 and 2032 (OECD/FAO, 2023) and by 2032, 76% of production will occur in low- and middle-income countries, 35% in China. Per capita consumption is expected to increase by 5% globally, with China having the highest level of consumption in 2032 (24.7 kg/year).

In conclusion, global production and consumption of all ADFs are expected to increase in the next 10 years, particularly in low- and middle-income countries where populations and incomes are increasing. There are downward trends in consumption in high-income countries, particularly for red meat, but per capita consumption levels are still relatively high.




3 Environmental effects of production of ADFs

The climate of the Earth is changing, with temperatures increasing and rainfall and weather events becoming more extreme (Henry et al., 2018). It is now recognised that the production of ADFs contributes significantly to climate change by increasing greenhouse gas emissions (GHGEs), the main cause of climate change and increasing pressure on other environment indicators such as land use, biodiversity loss, depletion of freshwater resources and pollution of aquatic and terrestrial ecosystems (Springmann et al., 2018; Scarborough et al., 2023). Production of ADFs in many parts of the world is negatively affected by climate change, for example production from ruminants in tropical and sub-tropical regions where people depend on livestock for income and nutrition (Henry et al., 2018).

It is estimated that globally the food chain from farm to retail is responsible for around 30% of anthropogenic GHGEs (Crippa et al., 2021; Scarborough et al., 2023), with meat, dairy, fish and eggs contributing about 56% of these emissions (Poore and Nemecek, 2018). The farm stage dominates the production of GHGEs, with post-farm gate activities, including processing, making negligible contributions in comparison. Estimates of GHGEs from the farm to retail stages per kg food product, based on data from 38,700 farms in 119 countries in Table 2 show that animal products are associated with much higher emissions than plant products, the lowest-impact animal products typically exceeding those of vegetable substitutes (Poore and Nemecek, 2018). The biggest emissions are from ruminant production, with beef and cattle milk production estimated to account for 41% and 20% respectively of the livestock sector’s emissions (Gerber et al., 2013). Beef production from dairy herds is associated with about 30% of the GHGEs of those from beef herds because the costs are shared between both meat and milk production. The main source of emissions (44% of livestock emissions) is methane from enteric fermentation and manure handling. Atmospheric amounts of methane have increased rapidly over the last decade and although methane remains in the atmosphere for a much shorter time than CO2 it has approximately 30 times the climate-warming effect when measured over a 100-year period (UN, 2021).

Table 2 | Estimates of greenhouse gas emissions (kg CO2 equivalents) from production to retail of some agricultural products.
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ADFs are major sources of protein in the diet and when expressed per 100g protein, the difference in emission intensity between animals and plants, when expressed per kg, narrows but is still substantial (Table 2). It is argued that expressing GHGEs per 100g protein still overestimates emissions from ADFs compared with plant foods and the unit of comparison should allow for the ideal balance of amino acids in ADFs, their inclusion of all the essential amino acids and their higher digestibility (McAuliffe et al., 2023). Others have suggested that emissions from ruminants should take account of the other valuable nutrients provided in their products such as calcium and iodine in milk (Hobbs et al., 2020) and B vitamins, iron, selenium and zinc in meat (Lee et al., 2021).

The global analysis by Poore and Nemecek (2018) (Table 2) showed that among the 38,700 farms studied, there was wide variation in GHGEs. It was estimated that for beef production from beef herds, 25% of producers were responsible for 56% of GHGEs. There is therefore much scope for mitigation of emissions through changes in practices on farms. In ruminant production there is a strong correlation between productivity and emission intensity so the greatest potential for mitigation is in systems operating at low productivity in areas such as South Asia, South America and Africa (Gerber et al., 2013; Rivero et al., 2021). Better feeding, herd management, animal health and genetics can all improve productivity and reduce emission intensity. An important characteristic of ruminants is their ability to utilise grass-based (forage) diets although production from grain-based (concentrate) diets results in greater productivity and lower GHGEs per kg. Improvements are also possible through changes in feed constituents which reduce methane production (e.g., ionophores, plant bioactive compounds, condensed tannins and fatty acids), changes to manure handling and carbon sequestration in which land use change is reduced and depleted pastures are replenished. Gerber et al. (2013) concluded that because of the high current costs to the environment of ruminant production, even modest improvements in systems can yield substantial gains in emission intensities and food security. Rivero et al. (2021), using data from a global network of farms, showed that key changes in genetic and nutritional approaches can make important contributions to the sustainability of global ruminant livestock production.

Efforts to reduce GHGEs in the production of ADFs has mainly focussed on ruminants, especially beef, because of the evidence that emissions from this group are so high (Table 2). Pigs, poultry and aquaculture are each responsible for about 7-10% of emissions from the livestock sector, mainly in the form of CO2 (from the production, processing and transport of feed) and N2O (from fertilizers and manure) (Gerber et al., 2013; MacLeod et al., 2020). Mitigation in these sectors involves the adoption of better practices, including reducing land use change (e.g., in the production of cereals and soyabeans) and improving efficiency (MacLeod et al., 2020; UN, 2021).

Springmann et al. (2018) modelled the effects of different mitigating influences on GHGEs from agriculture. The results showed that GHGEs could be reduced by 6% if food waste was halved, 10% if technological improvements were introduced on farms and by 29-56% if consumers changed their diets. The much lower environmental cost of vegetarian and vegan diets compared with meat-based diets was shown by Scarborough et al. (2023) in a UK study of 55,504 participants which linked food consumption and nutrient composition data with the environment indicators database of Poore and Nemecek (2018) (Table 2). The analysis accounted for variations in sourcing and production within each food group. The results for global warming potential (GWP), which accounts for emissions from CO2, N2O and methane are in Figure 1. They show that vegan diets had 24% of the GWP of the diets of high meat eaters (140g/d meat and meat products). The diets of low meat eaters (28.3g/d meat and meat products) had 52% of the GWP of those of high meat eaters. The emissions from the diets of low meat eaters were only slightly greater than those from fish eaters (who also consumed 2g meat and meat products per day).
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Figure 1 | GHGEs (GWP 100 kg CO2 equivalents/day) associated with the diets of vegans, vegetarians, fish eaters and low, medium and high meat eaters in UK. 2.5th and 97.5th percentiles were 2.09-3.36 for vegans and 7.04-15.95 for high meat eaters (Scarborough et al., 2023).

Examples of diets modified to reduce GHGEs are given in WHO/FAO (2003), USDA (2020) and Willett et al. (2019). Groups in several countries have established ‘food-based dietary guidelines’ which call for substantial reductions in the consumption of ADFs, particularly in ruminant products (Steenson and Buttriss, 2021; Scarborough et al., 2023). Green et al. (2015) found in a modelling study that a reduction of 30% in GHGEs from UK diets was possible by reducing the contributions from some ADFs and switching between others. Reductions of more that 30% risked impairing nutritional value or required ‘non-trivial’ dietary shifts. Action at government level will be required to bring about these large changes in consumption and in UK, the Committee on Climate change has called for a 20% reduction in the consumption of beef, sheepmeat and dairy products by 2050 to help meet the UKs commitment to achieving ‘net zero’ (where emissions produced and removed from the atmosphere are in balance) by 2050 (CCC, 2020; Stewart et al., 2021).

Calls for reductions in the production and consumption of ADFs in high-income countries contrast with the projections that both production and consumption of ADFs in low- and middle-income countries will increase in the coming years as incomes and demand grow (OECD/FAO, 2023). There are also social considerations which suggest that strategies for dealing with climate change will differ between countries. In some low- and middle-income countries, livestock are required for income, transport and draught power and their ownership increases social inclusiveness (Parlasca and Qaim, 2022). The plant foods available in these countries are deficient in key nutrients such as iron, zinc and vitamin B12 which are provided in meat, milk and fish (Adesogan et al., 2020). It is also probable that the low levels of production and consumption of ADFs in some of these countries results in emissions which are compatible with climate targets (Springmann et al., 2018). Scarborough et al. (2023) suggested that the UK could meet its emissions reduction targets if consumption of ADFs fell to a level above that currently consumed in low-income countries.

In all countries, production from ruminants often occurs in areas which are unsuitable for other forms of agriculture because of topography and soil type. Lee et al. (2021) showed that land use suitable for human-edible food production was much lower for ruminant production than for the production of pigmeat and chicken when expressed in relation to the nutrients produced. Ruminants can also utilise forages (e.g., hay and silages), crop residues (e.g., cereal straw) and food industry by-products (e.g., sugar beet pulp and brewers grains) which are not suitable for other types of animal production or indeed for human food. These benefits of ruminant production are often not accounted for when assessing the overall costs (Van Kernebeek et al., 2016).

It must also be recognised that the alternative forms of protein production suggested to replace production from ruminants and other ADFs (e.g., plant-based foods, microbial protein, cell-cultured meat and insects) are at a relatively early stage of development and have not been fully evaluated regarding their environmental costs and chemical/nutritional profiles (Henchion et al., 2017). Steenson and Buttriss (2021) concluded that the environmental benefits of some meat and milk alternatives have been overstated, for example by underestimating their energy, water and land use costs.




4 Nutrients in ADFs and daily intakes

The different types of ADFs contain nutrients important for the maintenance of health as shown in Tables 3–5. Many databases exist and the data in the Tables 3–5 are from the UK database McCance and Widdowson’s Composition of Foods (Public Health England, 2021). The foods shown are chosen to represent the range of ADFs: lean muscle from red (beef) and white (chicken) meat, liver from beef and chicken representative of organ meats, white (cod) and oily (mackerel) fish, chicken eggs and whole and semi-skimmed milk. The amounts per 100g are compared with the reference intake and ‘significant amount’ figures published by the European Food Safety Authority (EFSA) (EU, 2011) for the purposes of food labelling and making nutrient claims. All the foods are ‘high in protein’ (Table 3) because they contain more than 20% of the energy as protein, ranging from 22% in whole milk to 93% in cod. The UK rolling National Diet and Nutrition Survey (NDNS) (Public Health England, 2020) shows that ADFs contribute about 59% of dietary protein intake in men and women aged 19-64. The protein is of high nutritional value, having a favourable balance of amino acids, including the nine essential amino acids and has high bioavailability from the diet in contrast to plant proteins (McAuliffe et al., 2023).

Table 3 | Macronutrient content (per 100g) of some ADFs (Public Health England, 2021).
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Table 4 | Mineral content of some ADFs (Public Health England, 2021).
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Table 5 | Vitamin content (per 100g) of some ADFs (Public Health England, 2021).
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Fat is a major source of energy in foods but over-consumption has been linked with obesity, coronary heart disease and some cancers (USDA, 2020). The samples of chicken muscle, chicken liver, cod and semi-skimmed milk in Table 3 are ‘low in fat’ (defined as <3g/100g for solids and <1.5g/100g for liquids). These same foods are ‘low in saturated fat’, saturated fat (SFA) being a risk factor for cardiovascular disease (CVD), the leading cause of mortality and morbidity worldwide (USDA, 2020), although the role of SFA in the aetiology of CVD is being increasingly challenged (Givens, 2023; Teicholz, 2023). The fat and SFA content of meat is greatly increased when adipose tissue is included in the food. For example, the sample of beef sausages listed in Public Health England (2021) has 19.5 g/100g fat and 7.6 g/100g SFA and is considered ‘high in fat’. The NDNS survey results show that men and women aged 19-64 obtain 49% and 56% of their fat and SFA intake, respectively, from ADFs (22% of fat and 21% SFA from meat and meat products) (Public Health England, 2020). The definition of ‘low energy’ foods in EU (2011) is <170 kJ/100g so none of the ADFs meet this threshold. Neither can any of the ADFs can be described as ‘high in’ MUFA or PUFA. The foods differ in the percentages of total fatty acids in the three main classes, beef muscle and milk (ruminant foods) having the highest percentages SFA and liver and fish the highest percentages of PUFA. Mackerel had the highest content of n-3 PUFA. About 60% of n-3 PUFA in mackerel are the long-chain fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Strobel et al., 2012) so 100g mackerel provides much more EPA+DHA than the 250mg/d recommended by EFSA (2017) or the 450mg/d recommended in UK (SACN, 2004) to benefit cardiovascular health. Most ADFs have little carbohydrate but both milk products contain intrinsic sugars – these do not contribute to ‘free sugar’ intake which is higher in most UK age groups than the government recommendations (Public Health England, 2020).

Table 4 lists the major minerals in foods and their concentrations in ADFs. There is concern over high intakes of sodium from salt in the diet because this is a risk factor for high blood pressure and CVD (Micha et al., 2012). All the raw ADFs except mackerel and eggs can be described as ‘low in salt’ (< 120mg/100g, EU, 2011). However, the sodium content of foods in which salt is used for curing can greatly exceed this value, for example the sample of cured bacon listed in Public Health England (2021) has 1140mg sodium/100g. The NDNS results show that ADFs provide about 46% of sodium intake for UK men and women in the 19-64 age groups, 26% from meat and meat products (Public Health England, 2020). For the other minerals, low intakes are of greater concern and concentrations which exceed the ‘significant amount’ or ‘source’ level, defined as 15% of the reference intake per 100g, are shown in bold. Phosphorus is at ‘source’ levels in seven of the nine ADFs, potassium, selenium and iodine in five, iron and zinc in three and calcium in two. The NDNS survey results show that ADFs make important contributions to UK intakes of several minerals. For the 19-64 age group, meat and meat products provide 31% of zinc, 29% of selenium and 19% of iron intakes (Public Health England, 2020). Milk and milk products provide 34% of calcium and 32% of iodine intakes. Fish and fish products provide 16% of selenium and 10% of iodine. Intakes of some minerals are considerably below the Lower Reference Nutrient Intake (LRNI) level in several groups in the population, particularly in girls aged 11-18 in which 49% had intakes below the LRNI for iron, 47% for magnesium, 37% for potassium, 41% for selenium, 16% for zinc and 28% for iodine (Public Health England, 2020). It is probable that low intakes of ADFs are responsible for these shortfalls (Givens, 2018) and there is concern that this cohort will become more deficient if ADF intakes are reduced further.

Iron deficiency is a major public health concern in many countries, including UK, in which 9% of girls aged 11-18 have iron deficiency anaemia (Fairweather-Tait, 2023). The haem iron in meat is more bioavailable than the iron in vegetables in which phytates and polyphenols may inhibit absorption. Haem iron concentrations in meat differ between the species. Lombardi-Boccia et al. (2002) found values of 2.64, 2.25, 0.56 and 0.42 mg/100g in beef sirloin, lamb chop, pork chop and chicken leg, respectively.

Table 5 lists the major vitamins in foods and their concentrations in ADFs. The figures in bold indicate the ADF contains a ‘significant amount’ or is a ‘source’ of the vitamin (EU, 2011). As with the minerals, all the ADFs have important levels of some vitamins, with beef and chicken liver being highest in all except vitamins D and E. Intakes of organ meats such as liver have declined in UK and other countries but their high content of micronutrients is invaluable when nutrient density is important, for example in young children, especially in low-income countries with poor access to plant sources of protein and micronutrients (Miller et al., 2023). The NDNS survey results show that ADFs contribute 83% of cobalamin (vitamin B12) and 70% of vitamin D intakes in the 19-64 age groups in UK, more than 50% of riboflavin and niacin and more than 30% of vitamin A, thiamine, pyridoxine and vitamin E (Public Health England, 2020). The results show that intakes of some vitamins are below the LRNI, especially in girls aged 11-18 and women aged 19-64. For these groups, riboflavin intake is particularly low, with 12-21% of participants below the LRNI in girls and women.

Measurement of serum 25-hydroxyvitamin D showed that in 2016-2019 in UK, 19% of children aged 11-18, 16% of adults aged 19-64 and 13% of adults over 65 had levels below which there is a risk to musculoskeletal health (Public Health England, 2020). USDA (2020) reported that 90% of Americans do not consume enough vitamin D. Again, low intakes of ADFs probably contributed to the UK shortfalls (Givens, 2018).

Animal-derived foods also contain many bioactive compounds present in small amounts that have a range of physiological and metabolic functions in the body which are not accounted for in standard nutritional studies. These bioactive compounds include creatine, taurine, carnitine, carnosine, choline, α-lipoic acid, conjugated linoleic acid, glutathione, coenzyme Q10 and bioactive peptides (Park and Nam, 2015; Kulczynski et al., 2019). The properties of these compounds include antioxidant, lipid-lowering, antihypertensive, anti-inflammatory and immunomodulatory effects. Peptides derived from hydrolysis of proteins and studied mainly in milk include the angiotensin 1-converting enzyme (ACE) inhibitors which are antihypertensive (Park and Nam, 2015).

Studies have shown that in some low- to middle-income countries, ADFs provide essential nutrients that are not present in the plant foods available (Adesogan et al., 2020; Parlasca and Qaim, 2022). ADFs, which in general are nutrient-dense, play a vital role in the nutrition of children, especially in the complementary feeding period (6-23 months) when nutrient requirements are high and gastric capacity low (Ortenzi and Beal, 2021). In some parts of the world, where diets are inadequate in several key nutrients, including iron, zinc, folate, vitamin B12 and calcium, ADFs can address the nutritional gaps (Miller et al., 2023). In a meta-analysis of randomised control trials, Pimpin et al. (2019) found that animal protein supplementation during infancy and early childhood increased child weight and height-for-age and reduced the risk of stunting. Nutrient deficiencies in early life can also lead to poor cognitive development and brain-related disorders which can influence health in adult life, increasing the risks of CVD and type-2 diabetes (Adesogan et al., 2020).




5 Consumption of ADFs and chronic disease

Reports from some international organisations have stated that the diets commonly consumed in many developed countries are associated with increased risks from obesity, CVD, type-2 diabetes and some cancers (WCRF, 2018; Willett et al., 2019; USDA, 2020). These bodies advocate changes in dietary patterns that address the nutritional causes of disease in addition to the climate change costs of food production. In many of the dietary patterns suggested, there is an important place for some ADFs (poultry, fish, eggs and low-fat milk) but lower intakes of red meat (beef, sheepmeat and pigmeat), and particularly processed meat, are advocated. The most extreme proposals are those of the EAT-Lancet Commission (Willett et al., 2019) whose ‘healthy reference diet’ contains 14g/day red meat (there is also 29g chicken, 13g eggs and 28g fish). This contrasts with the 50.5g/day intake of red and processed meat currently consumed in the UK (Public Health England, 2020). The WCRF (2018) report recommends ‘consumers eat no more than moderate amounts of red meat and little, if any, processed meat’ in 3 portions per week, amounting to 350-500g (50-71g/day).

The basis for these recommendations on health grounds is evidence from prospective cohort studies and meta-analyses of such studies showing that consumption of processed meat (red and white processed meat are usually not examined separately) is associated with mortality from CVD and all causes (Sinha et al., 2009; Rohrmann et al., 2013; Wang et al., 2016; Zhong et al., 2020; Iqbal et al., 2021). WCRF (2018) has concluded that processed meat is a convincing cause of colorectal cancer. Higher consumption of unprocessed red meat has been linked with CVD and all-cause mortality in some studies (Sinha et al., 2009; Zhong et al., 2020) but not others (Rohrmann et al., 2013; Iqbal et al., 2021). WCRF (2018) have concluded that red meat consumption is probably a cause of colorectal cancer but Lescinsky et al. (2022), noting high heterogeneity between studies, found a weak association between consumption of unprocessed red meat and colorectal cancer in their meta-analysis.

A wide range of meta-analyses of prospective studies indicate that consumption of milk and milk products has a neutral association with CVD risk overall, although some indicate a negative association with CVD, stroke in particular (summarised by Givens, 2023). In addition, there is increasing evidence that yoghurt consumption is associated with a reduced risk of type-2 diabetes (Gijsbers et al., 2016; Soedamah-Muthu and de Goede, 2018; Drouin-Chartier et al., 2019). The overall findings of a neutral or beneficial association of dairy foods with CVD from prospective cohort studies is counterintuitive to many, being contrary to the long-held hypothesis of the link between SFA consumption, LDL-cholesterol and atherosclerotic CVD. There are, however, a range of emerging factors in dairy foods which may explain this, some of which are independent of changes in blood lipids and some which moderate blood lipid effects (Givens, 2023). WCRF (2018) concluded that dairy consumption reduced the risk of colorectal cancer but indicated that there was limited-suggestive evidence that it increased the risk of prostate cancer.

No associations between poultry consumption and CVD or all-cause mortality have been found (Rohrmann et al., 2013; Abete et al., 2014; Zhong et al., 2020; Iqbal et al., 2021) and poultry consumption is not linked with colorectal cancer (WCRF, 2018). For fish consumption, Zhong et al. (2020) found no associations with CVD or all-cause mortality and Mohan et al. (2021) found a lower risk of CVD and overall mortality with a fish intake of 175g (2 servings) per week but only among people at risk of and having CVD, not in the general population. In a study of meat-eaters, fish-eaters and vegetarians, Key et al. (2014) found a lower risk of incident cancers in fish-eaters and vegetarians compared with meat-eaters. However, WCRF (2018), although noting limited evidence that fish consumption reduced the risks of liver and colorectal cancer, concluded that consumption of salted fish may increase the risk of nasopharyngeal cancer. Many studies have investigated the links between egg consumption, cholesterol consumption and the risk of CVD with some showing no risk except in individuals with type-2 diabetes (Rong et al., 2013; Guo et al., 2018; Drouin-Chartier et al., 2020) and some showing increased risks (Song et al., 2016; Zhong et al., 2019; Zhao et al., 2022). Although it is generally agreed that there is only a weak link between dietary and serum cholesterol, high cholesterol intakes can lead to plaque formation and inflammation, increasing the risk of CVD (Zhao et al., 2022).

Huang et al. (2022) reported high relative risks from egg protein in a prospective cohort study of 416,000 men and women with a follow-up period of 16 years. These authors examined the effects of replacing 3% protein from several animal sources (red meat protein, white meat protein, dairy protein and egg protein) with plant protein. Replacing white meat protein did not affect the risk of mortality overall or from cancer or CVD. The biggest reductions in these risks were seen by replacing egg protein.

In contrast to diets containing animal protein, diets containing fruit, vegetables, whole grains, nuts and fibre have been shown to be protective against the risks of cardiometabolic disease outcomes (Huang et al., 2022; Miller et al., 2022). Shah and Iyengar (2022) in a literature review found that a vegetarian plant-based diet was associated with a lower cancer risk than a ketogenic diet based on meat, dairy, fish and eggs. The ketogenic diet had some positive outcomes such as a reduction in obesity, inflammation and insulin levels.

Zhang et al. (2021) noted that globally, the prevalence of dementia is increasing, especially in low- and middle-income countries where meat consumption is also increasing. These authors investigated associations between meat consumption and the risk of dementia in the UK Biobank cohort and found that higher processed meat consumption increased the risk of dementia but increased red meat consumption reduced the risk. Trends were non-significant for poultry and all-meat.

In conclusion, evidence from several sources shows that higher intakes of processed meat are associated with mortality from CVD, colorectal cancer and possibly dementia and supports the suggestion that consumption of processed meat should be at a low level. The evidence is less clear for red meat and Rohrmann et al. (2013), who showed no links between red meat consumption and CVD or cancer in 448,568 people across 10 European countries, contrasted European results with those in the US where meat intake is higher. Also, some US studies have included processed meat within the red meat category (Sinha et al., 2009; Huang et al., 2022). Iqbal et al. (2021) conducted their study in 21 low-, middle- and high-income countries and found that a high daily consumption of red meat (>37g vs 7g) was not associated with all-cause or CVD mortality. Hur et al. (2019) showed that a high proportion of the evidence linking processed and red meat intake with colorectal cancer was from Western countries and that there is no evidence of these associations in Asian countries, including Korea, where rates of colorectal cancer are high. Possible explanations for this discrepancy between countries could be genetic variation and/or differences in the daily amounts of red and processed meat consumed, which have been higher over a long period in Western countries.

Poultry and fish consumption are not linked with CVD or cancer risks and are seen as possible replacements for some processed red meat protein in the diet. The general conclusion is that milk and milk products do not impact on CVD and some studies point to a protective effect of dairy products against colorectal cancer (WCRF, 2018). The data supports advice to maintain but not increase egg consumption but the risk of CVD mortality from extra egg consumption differed between country cohorts in the meta-analysis of Zhao et al. (2022). It was high in US cohorts (RR 1.08, 95% CI, 1.02-1.14), tended to be high in European cohorts (RR 1.05, 95% CI, 0.98-1.14) and was non-significant in Asian cohorts (RR 0.96, 95% CI, 0.87-1.06) (Zhao et al., 2022).




6 Constituents of ADFs and roles in disease

Several possible mechanisms underlying the effects of ADFs on chronic disease have been investigated. For processed meat, high concentrations of sodium, which increase blood pressure, could partly explain the higher risk of CVD (Micha et al., 2012). Nitrite/nitrate in cured meat can react with breakdown products of amino acids to form N-nitroso compounds which increase the risk of insulin resistance, CVD and cancer (Habermeyer et al., 2015). Haem iron catalyses the formation of N-nitroso compounds and increases their production in the gastro-intestinal tract (Sodring et al., 2022). Red meat consumption stimulates the production of N-nitroso compounds in the intestine but white meat, with a lower haem content, does not (Bingham et al., 2002). Both nitrite/nitrate and haem iron are pro-oxidants which can promote oxidative damage and inflammation in different organs (Etemadi et al., 2017). Another compound formed in the gut after the consumption of ADFs is trimethylamine N-oxide. Plasma concentrations of this choline metabolite have been shown to be positively associated with the risk of CVD and to have adverse effects on cholesterol metabolism and oxidative stress (Fretts et al., 2022).

The role of processed red meat in the development of colorectal cancer has been explained by the presence of many known mutagens including heterocyclic aromatic amines (HAA) and polycyclic aromatic hydrocarbons (PAH) produced during cooking (De Smet and Vossen, 2016). The N-nitroso compounds formed from haem iron in red meat are also carcinogenic. Hur et al. (2019) showed that the amounts and types of the N-nitroso compounds HAA and PAH depend on cooking methods and temperature and are sometimes found in other Korean foods at much higher levels than in processed meat. In a review, they found no evidence of correlations between the intakes of processed and red meat and the incidence of colorectal cancer in Asian studies.

Since the 1950s, long-chain (C12-C18) SFA in foods have been seen as risk factors for type-2 diabetes and CVD (WHO/FAO, 2003; USDA, 2020). Saturated fatty acids, particularly C14:0 and C16:0, raise total- and LDL-cholesterol levels in blood with a small HDL-raising effect. SFA increase coagulation, insulin resistance and inflammation, all of which increase the risk of type-2 diabetes and CVD (Calder, 2015). These effects are countered by PUFA and the correct balance of SFA to PUFA in the diet are considered important for cardiovascular health (Hooper et al., 2020).

Despite this evidence of the harmful effects of SFA, debate continues about their direct effects on CVD. Systematic reviews and meta-analyses of controlled trials have concluded there is no evidence to support the view that dietary SFA are associated with CVD (Siri-Tarino et al., 2010; Chowdhury et al., 2014). Others have concluded that advice from governments to limit SFA intake is unwarranted (Astrup et al., 2021; Teicholz, 2023). However, this advice continues to be given. For example, current UK government advice is to limit SFA to 10% of total dietary energy from the current 13% (Public Health England, 2020).

There is evidence that the source of SFA is important in relation to the effects on CVD. For example, the prospective cohort studies of de Oliveira Otto et al. (2012) and Vissers et al. (2019) showed a positive association between CVD risk and SFA from meat but not with SFA from dairy. These conclusions are supported by results from the meta-analysis of prospective cohort studies by Bechthold et al. (2019). In support of these results, Forouhi et al. (2014) and Prada et al. (2021) showed that plasma concentrations of the odd-chain SFA 15:0 and 17:0, which are markers for dairy fat intake, had inverse associations with the risk of type-2 diabetes. Perna and Hewlings (2023) showed that CVD risk was low or neutral for dietary levels of short and medium-chain fatty acids (C4-C10), which are also at higher concentrations in milk than meat.

Givens (2018) noted that hypertension is a risk factor for CVD and that bioactive peptides from milk proteins have hypotensive effects. The high concentration of calcium in dairy products may also reduce CVD risk (Lorenzen and Astrup, 2011).

The consensus view until recently has been that dietary cholesterol is not a factor in blood cholesterol concentrations (USDA, 2020) but recent cohort studies have found that increased egg consumption (0.5-1 egg/day) with its extra cholesterol, significantly increases the risk of CVD mortality (Zhong et al., 2019; Zhao et al., 2022).

Fish have many constituents which impact positively on health including high quality protein, minerals and vitamins (Tables 3–5) (Zheng et al., 2012). Their high content of long-chain n-3 fatty acids is also important. These fatty acids benefit many CVD risk factors including blood triglyceride levels, blood pressure, heart rate, endothelial function and myocardial oxygen demand (Del Gobbo et al., 2016) and have recently been associated with reduced CVD incidence and mortality over 10- and 20-year follow-up periods (Critselis et al., 2023). Randomised clinical trials of fish oil supplements have found mixed effects on CVD events but a meta-analysis of 13 trials concluded that supplementation with marine algae was associated with lower CVD mortality (RR 0.93, 95% CI, 0.88-0.99) and total CVD (RR 0.97, 95% CI, 0.94-0.99) (Hu et al., 2019). It is of concern that farmed salmon, the main oily fish consumed in the UK and elsewhere, has been shown to contain considerably lower concentrations of EPA+DHA (1.2g/100g, Henriques et al., 2014) than the value of 2.5g/100g used by SACN (2004) to set the UK dietary guidelines which would result in an EPA+DHA intake of 450mg/day.




7 Concluding remarks

Animal-derived foods have made important contributions to the diets of consumers over many years and are widely enjoyed as components of a balanced diet. However, high levels of consumption, especially of meat, are now widely seen as a factor in climate change and increasing levels of chronic disease.

Ruminant meat production poses the greatest risks to the environment, from GHGEs, water use, land use and eutrophication of water courses, but wide variation in these indicators suggests average costs can be lowered. The greater use of marginal land and lower use of arable land for beef and sheepmeat production in many countries are mitigating factors. Milk production from ruminants is associated with lower environmental costs than meat production and crossbred beef production from dairy herds lowers costs compared with purebred beef production. The costs of pigmeat, chicken, fish and egg production are lower than those of beef and sheepmeat but still higher than plant-based alternative sources of protein.

In terms of chronic disease, meat production from ruminants, especially when processed, poses the greatest risks. It is not clear how processing increases the risks of CVD or colorectal cancer: nitrites/nitrates, salt and carcinogens introduced during cooking have been implicated. Processed meat from chicken is probably less damaging than that from red meat but red and white processed meats have not been studied separately in most studies. Meat products containing low levels of nitrites/nitrates, salt and fat are now widely available.

Milk and milk products are associated with low or negative risks of CVD and cancer compared with beef and sheepmeat. The high haem content of ruminant meats could explain part of the disease risk and this poses the question why pigmeat is included in most studies as a red meat. Apart from a low haem content, it shares other characteristics with chicken, including a similar nutrient profile and similar balance between SFA and PUFA (Wood, 2023). Penkert et al. (2021) noted that the separate effects of pigmeat on health have been examined in very few studies.

The disease risks associated with chicken and fish are low but we draw attention to the risk of CVD from high egg consumption, with it’s extra cholesterol. Chicken has had the greatest success among ADFs and is forecast to provide 41% of protein from meat sources globally by 2030.

The reductions in the consumption of red and processed meat called for in some reports to improve environmental and health outcomes are substantial. The EAT-Lancet Commission called for a greater than 50% reduction in the global consumption of red meat (Willett et al., 2019). Governments respond to such advice in different ways. The UK Government recommended consumption of 70g/day red and processed meat in the Eatwell Guide and present figures are around 50.5g/day (Stewart et al., 2021). The figure of 14g red meat per day included by Willett et al. (2019) in their ‘healthy reference diet’ would be hard to achieve. The assumption that red and processed meat will be replaced in diets by vegetables, fruit, beans and nuts (Willett et al., 2019) may also be problematic. Benefits to health and the environment would not occur if consumers switched to alternatives like ultra-processed foods, sales of which have recently increased (Srour et al., 2019). The use of a ‘ruminant meat tax’ to limit consumption would be difficult politically and could result in unexpected costs (Lee et al., 2021).

Calls for lower levels of ADF consumption in high-income countries contrast with the increases in consumption predicted in low- and middle-income countries in the next 10 years. Some reports have shown lower risks of CVD and colorectal cancer associated with consumption of ADFs in these countries. This may be due to lower levels of consumption of ADFs and as these increase the risks may increase.

This overview has outlined the current (2023-24) position of ADFs as foods in our diets and has described the challenges facing their production. This is a rapidly advancing story for society and the agricultural industry and we await further developments.
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Optimising resource use efficiency in animal- agriculture-production systems is important for the economic, environmental, and social sustainability of food systems. Production of foods with increased health enhancing aspects can add value to the health and wellbeing of the population. However, enrichment of foods, especially meat with health enhancing fatty acids (HEFA) increases susceptibility to peroxidation, which adversely influences its shelf life, nutritional value and eating quality. The meat industry has been challenged to find sustainable strategies that enhance the fatty acid profile and antioxidant actions of meat while mitigating oxidative deterioration and spoilage. Currently, by-products or co-products from agricultural industries containing a balance of HEFA and antioxidant sources seem to be a sustainable strategy to overcome this challenge. However, HEFA and antioxidant enrichment processes are influenced by ruminal lipolysis and biohydrogenation, HEFA-antioxidant interactions in rumen ecosystems and muscle biofortification. A deep understanding of the performance of different agro-by-product-based HEFA and antioxidants and their application in current animal production systems is critical in developing HEFA-antioxidant co-supplementation strategies that would benefit modern consumers who desire nutritious, palatable, safe, healthy, affordable, and welfare friendly meat and processed meat products. The current review presents the latest developments regarding discovery and application of novel sources of health beneficial agro-by-product-based HEFA and antioxidants currently used in the production of HEFA-antioxidant enriched ruminant meats and highlights future research perspectives.
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1 Introduction

There are many breeds and genotypes within the ruminant animal species of sheep, goats and cattle around the world, each of them is adapted to the different environments they live in and the diets they consume. Ruminant animals obtain their nutrients from fresh forage materials of native rangelands or cultivated pastures, crop residues, cereal grains, preserved forages and agri-food by-products (Ponnampalam et al., 2022), and nutrition and feeding strategies play a major role in the wellness, productivity, and survival of animals. Numerous studies have investigated the effect of feeding systems and feed composition on the fat content, fatty acid (FA) composition and antioxidant status of meat in ruminants (Scollan et al., 2006; Chilliard et al., 2007; Noci et al., 2011; Chauhan et al., 2014; Berthelot and Gruffat, 2018; Vahmani et al., 2020). Dietary proteins, lipids and carbohydrates are vital for ruminant growth and development. Equally, vitamins, minerals and health enhancing fatty acids (HEFA) are crucial for animal health, well-being and product quality (Kaur et al., 2014; Ponnampalam et al., 2021a; Guo et al., 2023; Kearns et al., 2023b). The HEFA include the parent (precursors), their products (derivatives) as well as their biohydrogenation intermediates (BHI). These in turn include alpha-linolenic acid (ALA, C18:3n-3), eicosapentaenoic acid (EPA, C20:5n-3), docosapentaenoic acid (DPA, C22:5n-3), docosahexaenoic acid (DHA, C22:6n-3), linoleic acid (LA, C18:2n-6), rumenic acid (RA, cis(c)9, trans(t)11-18:2), and trans vaccenic acid (TVA, cis(c)9, trans(t)11-18:1). The economic return of animal production systems is largely dependent on the yield, quality, nutritional value and storage stability of the meat produced by the flock or herd.

Red meat, obtained from lamb/mutton, beef, and chevon, is rich in vital nutrients, including a high amount of highly digestible proteins, containing all essential amino acids to meet human requirements, B vitamins (mainly vitamin B12), zinc, iron, and selenium (Klurfeld, 2018). Red meat is one of the most important animal source foods in many countries all over the world. However, epidemiological data from meta-analyses shows that excessive consumption of red meat and processed meat can have deleterious effects, including an increased risk of colorectal cancer and premature death (Schwingshackl et al., 2017; WCRF et al., 2018), leading to recommendations to limit consumption to 500 g/week for red meat and 150 g/week for processed meat (Prache et al., 2022a). North America, Europe and Oceania regions consume large quantities of red and white meat, African regions consume the least amount, and the Asia and Latin America regions consume moderate amounts. The per capita consumption per year of beef-veal, sheep meat (lamb and mutton), poultry meat and pork worldwide, and within major regions of the world is shown in Figure 1. As goat meat intake is very small in quantity around the world and mostly associated with some ethnic groups within countries, it was not shown. The per capita consumption of red meat around the world has increased from 10 to 20 kg of meat between 1961 and 2020 (Ritchie et al., 2019).
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Figure 1 | The per capita consumption (kg / year) of beef-veal, sheep meat (lamb and mutton), poultry and pork of world and major regions of world. Source: OECD/FAO (2021), OECD Agriculture statistics (database), http://dx.doi.org/10.1787/agr-outl-dataen.

The mean consumption of unprocessed and processed red meat per person across countries varies due to affordability, availability, and preference. The low-fat content (of particular cuts) relevant to all meats has great importance due to the links found between meat FA consumption and prevalence of chronic disease (Bernstein et al., 2010; Abid et al., 2014). Table 1 below provides some information on consumption of beef-veal, sheep meat (lamb-mutton), poultry meat and pork from developed and developing countries around the world, expressed in retail weight.

Table 1 | Per capita consumption (kg / year) of beef and veal, pork, poultry meat and sheep meat (lamb-mutton) from developed and developing countries around the world.


[image: Table showing per capita consumption of different meats across various countries. Categories include beef and veal, pork, poultry meat, and sheep meat. For instance, Argentina has high consumption of beef and veal at 35.55 kg, while China leads in pork consumption at 28.71 kg. Poultry meat is consumed most in Israel at 63.84 kg, and Kazakhstan shows notable sheep meat consumption at 7.95 kg. Data is sourced from OECD/FAO 2021.]
Ruminant meat is a good source of HEFA. Linoleic acid and ALA are parent (precursor) fatty acids, which cannot be synthesised by the animal and human body and must be obtained from the diet (Kaur et al., 2014; Ponnampalam, 1999). These two FA are vital for the synthesis of their longer chain polyunsaturated fatty acid (PUFA) derivatives and their bioactive intermediates in the rumen and fortification in animal tissues (Ponnampalam et al., 2021b). In addition, ruminant meats contain nutrient antioxidants such as vitamins A, C and E, and the minerals copper, zinc and selenium (Bourre, 2011; Cabrera and Saadoun, 2014), which scavenge the free radicals and reactive oxygen species (ROS) in the cell, thereby mitigating oxidative stress and its consequences in the body (Zehiroglu and Ozturk Sarikaya, 2019). Both HEFA and antioxidants play a crucial role in the maintenance and/or enhancement of animal welfare, meat shelf life and sensory attributes and health of human beings (Scollan et al., 2006; Kurutas, 2015; Lauridsen, 2019; Ponnampalam et al., 2021a; Ponnampalam et al., 2022). Therefore, enriching ruminant meat, which is consumed by the majority of the world population, with HEFA and antioxidants could improve the nutritional value (i.e., health aspects), quality (i.e., sensory), and storage stability (i.e., shelf life) of meat and eventually benefit the health of human beings as illustrated in Figure 2. This review aims to provide an update on aspects of various diets and feeding strategies contributing to the enrichment of HEFA and antioxidants in meat from sheep, goats and cattle, enabling improvement in the nutritional value, quality and health aspects of red meat that in turn may enhance health and well-being of humans upon consumption.

[image: Flowchart showing the process of enriching animal feed to improve meat quality. Feed includes green pastures, lucerne hay, seaweeds, and oil cake. It is enriched with health-enhancing fatty acids and antioxidants. Animals like lamb, sheep, bobby calf, cattle, and goat produce corresponding meats. The goal is to improve nutritional and sensory quality and benefit human and animal health.]
Figure 2 | Schematic diagram showing pathways to enrich meat from ruminants with health enhancing FA and antioxidants delivering improved nutritional value and health aspects for consumers.




2 Feed-based enrichment of health enhancing fatty acid concentrations in red meat from sheep, goats and cattle

Meat from ruminant and monogastric animal species contributes important sources of nutrients from childhood to old age in many communities in developed and developing countries (FAO, 2011; Pereira and Vicente, 2013; FAO, 2017). Red meat from ruminants can offer balanced nutrient profiles and promote consumer health in many societies around the world (Pereira and Vicente, 2013), provided it is not consumed in excess (Prache et al., 2022a). Nutrient composition of meat is influenced by the type of diet that the animals consume. For example, feeding grain-based diets to ruminants increases intramuscular fat (i.e., marbling), omega(n)-6 FA concentrations and the n-6:n-3 ratio in meat (Aurousseau et al., 2004; Ponnampalam et al., 2017; Chikwanha et al., 2018, 2007; Berthelot and Gruffat, 2018; Gruffat et al., 2020; Clinquart et al., 2022; Davis et al., 2022). The latter effects are mainly due to variation in diet composition and nutrient availability of feeds affecting the ruminal biohydrogenation process, digestion and absorption of nutrients in the gastro-intestinal tract (GIT) of the host animal and subsequent metabolism in the body, determining the availability of energy and nutrients for the synthesis of biochemical components in meat.

There are many reasons for the variation in HEFA concentrations in meat, mainly determined by the ruminal lipolysis and biohydrogenation process of microbial activity. Lipids/fats in the diet can be categorised as protected or unprotected, depending on their susceptibility to microbial degradation and biohydrogenation in the rumen. Dietary fats can be protected naturally (e.g., feeding whole oilseeds) or by chemical interventions (fat emulsification or encapsulation within proteins) to form calcium soaps or amides, which protect against rumen degradation. Protected fats are conditioned to limit their degradation in the rumen while unprotected fats are subjected to ruminal degradation, whereby PUFA are hydrogenated into SFA and free FAs as a result of ruminal lipolysis by microbes. Biohydrogenation is not comprehensive; a portion of unprotected fats may by-pass degradation in the rumen, thereby becoming available for absorption and deposition in muscle and other tissues.

Lipids are either consumed or synthesised de novo and it should be noted that the digestion and absorption of lipids (or fats) in ruminant and monogastric animals are not similar. This is due to their feeding nature and structure of digestive systems. Ruminant animals accustomed to consuming diets containing 1–4% fat, and lipid supplements fed to ruminants above 5–6% on a dry matter basis may cause negative effects on rumen microbial activity, affecting feed intake and animal productivity. With monogastric animals having a stomach as one organ for temporary storage of diet (fats) in the absence of rumen microbial activity, they can handle greater amounts of lipids in their diet and the fat deposition in meat resembles dietary lipid composition, while this is not the case for ruminants. More details on ruminal lipolysis, biohydrogenation and digestion process of dietary lipids can be found elsewhere (Swanson, 2019; Ponnampalam et al., 2021b).



2.1 Influence of diets on health enhancing fatty acids in lamb and mutton

Levels of HEFA in ruminant meat are largely dependent on the type of dietary fat consumed, the duration of feeding and ruminal biohydrogenation of PUFA. In this regard, a variety of nutritional strategies have been employed to increase HEFA deposition in sheep meat (i.e., lamb and mutton), which have been summarised in Table 2.

Table 2 | Influence of diet on the health enhancing fatty acid composition (% of total fatty acids) of sheep meat.


[image: Table displaying various diets and their fatty acid percentages, including TVA, RA, LA, ALA, EPA, DPA, DHA, n-3, and n-6. Different diet categories such as Forage, Forage vs. Concentrate, Oil Supplementation, and By-products are listed with associated studies for reference. Detailed values are provided under each category, showcasing how different diets impact the fatty acid composition.]
Meat from pasture-fed animals contains higher n-3 PUFA contents compared to grain-fed animals (Aurousseau et al., 2004; Nuernberg et al., 2005; Hajji et al., 2016, 2007; Berthelot and Gruffat, 2018; Gruffat et al., 2020), due to the naturally high levels of ALA in fresh pasture, a precursor for endogenous production of EPA, DPA and DHA (Ponnampalam et al., 2021b). It also contains a lower proportion of C16:0, which is pro-atherogenic (Berthelot and Gruffat, 2018). Grain supplementation at pasture diminishes these advantages, especially as the quantity of concentrate consumed increases (Montossi et al., 2013; Berthelot and Gruffat, 2018). Prolonged finishing periods on grain post-grazing diminishes n-3 PUFA accumulated in the meat, with lower ALA, EPA and DHA and their BHI such as CLAs (e.g., RA) and TVA levels observed in lamb meat (Aurousseau et al., 2007; Scerra et al., 2011). Conversely, there is a lack of data on the effect of the length of time an animal is finished on pasture pre-slaughter on the HEFA concentration in sheep meat. Pasture type can affect the HEFA composition of meat. Grazing lambs on legumes like lucerne and red clover (Fraser et al., 2004) or white clover (Lourenço et al., 2007) increased ALA levels in meat compared to lambs grazing grasses like perennial ryegrass. Similarly, meat from lambs grazing chicory/arrow leaf clover had higher concentrations of n-3 PUFAs including ALA, EPA and DHA compared to lambs grazing brassica (De Brito et al., 2017). Lambs grazing botanically diverse pastures with phenol-rich plants produce meat richer in PUFA, ALA and LA than lambs grazing intensively managed pastures, with the concentration of these FA in the meat being linearly related to the phenolic concentration of the pasture (Willems et al., 2014). Plant secondary metabolites (polyphenol oxidase, flavonoids, tannins, essential oils and saponins) in legume and forb species can influence microbial biohydrogenation in the rumen, positively affecting beneficial n-3 PUFA and BHI outflow (Campidonico et al., 2016; Chikwanha et al., 2018; Frutos et al., 2020). Moreover, condensed tannins found in certain legumes can improve the lamb flavour by inhibiting the ruminal synthesis of skatole and indole, which are faecal-smelling compounds (Scollan et al., 2008; Girard et al., 2016; Rivaroli et al., 2019). Note here that sheep meat contains more HEFA than beef, due to lower ruminal biohydrogenation and a more selective eating behaviour of the animal (Prache et al., 2022b).

Generally, ruminants grazing fresh pasture consume higher amounts of n-3 PUFA compared to ruminants fed conserved forages (Ciftci et al., 2010) or total mixed ration (TMR) diets (Aurousseau et al., 2004, 2007; Berthelot and Gruffat, 2018; Gruffat et al., 2020). However, supplementation with n-3 PUFA rich oilseeds, marine- and plant-sourced oils and by-products have sometimes yielded more positive results. For example, addition of flaxseed to lamb diets resulted in increased contents of beneficial n-3 PUFA (i.e., ALA, EPA and DPA) in lamb and mutton (Noci et al., 2011; Ponnampalam et al., 2015; Urrutia et al., 2015; Berthelot and Gruffat, 2018). Diets supplemented with fish/algae oils increased long-chain n-3 PUFA levels such as EPA and DHA in lamb meat (Ponnampalam et al., 2016; Parvar et al., 2017), particularly when fed in an encapsulated form to protect against rumen biohydrogenation (Bessa et al., 2015). Supplementation of forage diets with n-6 rich oils (sunflower/soybean) has been shown to increase proportions of LA, RA and TVA, as well as other CLA isomers in lamb meat when compared to supplementation with n-3 PUFA rich oil sources (Chikwanha et al., 2018). Feeding lambs by-products such as grape/pomegranate pomace, soyabean hull and camelina meal, which are rich in antioxidants (polyphenols, flavonoids, anthocyanidins and tannins) led to enriched levels of ALA and total n-3 PUFA in meat (Gómez-Cortés et al., 2019; Natalello et al., 2019; Bennato et al., 2023). In summary, feeding pasture or high forage diets rich in n-3 PUFA leads to higher contents of health beneficial n-3 PUFA (ALA, EPA and DHA) and their BHI (RA and VA) in lamb meat. When high forage diets are fed along with n-6 PUFA rich sources, high concentrations of RA and VA are observed in meat, as n-6 rich dietary sources are more effective at increasing RA and VA levels compared to n-3 rich dietary sources (Bessa et al., 2015; Chikwanha et al., 2018). Total mixed rations and grain-based diets may require the addition of a n-3 PUFA and forage sources to improve HEFA levels in sheep meat.

Meat from suckling lambs is widely consumed in southern Europe. In this case, lambs are considered as monogastric, and their meat FA profile reflects the feed-milk profile. Feeding ewes on good quality pastures (Joy et al., 2012), particularly biodiverse pastures containing various legume species (Cabiddu et al., 2005) has been shown to improve the HEFA content of meat from their lambs. The inclusion of n-3 PUFA rich oilseeds (Gallardo et al., 2015; Nudda et al., 2015) or marine oils (Gallardo et al., 2014) in ewe diets has also been shown to improve the HEFA content of lamb meat, but the inclusion of grape by-products did not significantly alter the HEFA content of lamb meat (Correddu et al., 2023).




2.2 Influence of diets on health enhancing fatty acids in beef and veal

The FA profile of veal and beef is largely influenced by diet, with forage finishing being the most practical strategy to increase the proportions of PUFAs, particularly n-3 PUFA and their BHIs (mostly RA and TVA), as previously reviewed by numerous authors (Mapiye et al., 2015; Vahmani et al., 2015; Berthelot and Gruffat, 2018). Therefore, only recent studies relating to the dietary manipulation of HEFA in beef have been included in Table 3.

Table 3 | Influence of diet on the health enhancing fatty acid composition (% of total fatty acids) of beef from ruminants.


[image: Table displaying the percentage of various fatty acids (TVA, RA, LA, ALA, EPA, DPA, DHA, n-3, n-6) across different diets. Diet types include forage, forage versus concentrate, and oil supplementation, with specific examples such as perennial ryegrass and silage with different supplements. Each entry references a specific study, indicating variability in fatty acid content depending on diet.]
The extent of these changes in beef is mainly dependent on the PUFA content of forage, in particular ALA, which is the predominant PUFA in most forage species (Dierking et al., 2010), and on finishing duration on these forages pre-slaughter (Noci et al., 2005). Noci et al. (2005) observed a linear increase in the n-3 PUFA content of beef up to 158 days of grazing. In general, fresh forages and pastures have higher contents of total lipids and total PUFA compared to conserved forages (i.e., silage and hay). This is mainly due to oxidative degradation of PUFA during haymaking and ensiling processes. In terms of species, legumes generally have higher contents of total FA, total PUFA and n-3 PUFAs, particularly ALA, compared to most grass species. However, grass offers greater levels of ALA than most cereal grains, which are the main sources of n-6 PUFA, mostly LA (Boufaïed et al., 2003). Consequently, beef from cattle grazing pastures containing white or red clover has higher proportions of n-3 PUFAs, along with a lower n-6:n-3 ratio (Lee et al., 2009; Berthelot and Gruffat, 2018; Moloney et al., 2018). Additionally, grazing steers on multispecies pasture consisting of different grasses, legumes and forbs resulted in beef with higher levels of LA, ALA and a higher n-6:n-3 ratio compared to beef from steers grazing perennial ryegrass (Kearns et al., 2023a). Given fresh forages and pastures contain higher concentrations of ALA, grazing is more effective in increasing n-3 PUFA and their respective BHIs while lowering the n-6:n-3 ratio in beef compared to feeding conserved forages and high-grain diets.

Conversely, LA is the predominant FA in grain-based diets which leads to increased n-6 PUFA contents, particularly LA, and higher n-6:n-3 ratios in grain-finished feedlot fed beef (Vahmani et al., 2015; Berthelot and Gruffat, 2018; Klopatek et al., 2022). Despite feedlot beef having a higher n-6:n-3 ratio (5:1 to 8:1) than forage-finished beef (1:1 to 3:1), the ratios are still lower than typical chicken and pork (15:1 to 19:1) (Dugan et al., 2015; Kim et al., 2020). In fact, consuming either forage or grain-finished beef may help to reduce the n-6:n-3 ratio in western diets which is currently estimated to be around 20:1 (DiNicolantonio and O'Keefe, 2021). In addition to forage-finishing strategies, attempts have been made to increase the amount of n-3 PUFAs in beef through supplementing diets with n-3 PUFA rich oils or oilseed meals (e.g., canola oil or canola meal). However, limited n-3 PUFA enrichments can be achieved using this approach because of extensive biohydrogenation of PUFA in the rumen (Vahmani et al., 2015) when compared with supplementing marine-based (algae) or chemically protected n-3 PUFA sources. Moreover, PUFA supplementation, particularly LA in forage diets often results in an increased tissue deposition of BHI, particularly TVA and RA, while supplementation in high-grain diets yields t10-18:1 and t10,c12-CLA (Vahmani et al., 2020; Alves et al., 2021). Given recent studies have shown that ruminant-derived trans FAs such as t10-18:1 (Vahmani et al., 2020) have similar adverse effects to that of industrial trans FAs (Verneque et al., 2022), it would be of importance to determine if the health value of beef enriched with n-3 PUFA is still maintained when different proportions of trans FAs are present.




2.3 Influence of diets on health enhancing fatty acids in chevon

Goat meat (i.e., chevon) has less fat than other red meat from ruminants (James and Berry, 1997), having about 50% less intramuscular fat (IMF) than beef and lamb with similar protein contents (Webb et al., 2005). In general, chevon contains higher ALA, EPA and DPA, but lower undesirable SFA (C14:0, C16:0, C16:1) and n-6:n-3 ratio compared with lamb and beef. Table 4 compares the fatty acid composition of chevon, lamb and beef determined from goat kids, lambs and calves, on % of total fatty acids.

Table 4 | Comparison of fatty acid composition (% of total fatty acids) and intramuscular fat (IMF, g per 100 g of meat) of muscle longissimus dorsi from goats (kids), lambs and calves.


[image: Table comparing fatty acid content among goat kids, lambs, and calves. It includes parameters such as lauric, myristic, palmitic acids, and their sums. Columns show SEM and P-values. Values with superscripts indicate significant differences. SEM ranges from 0.10 to 1.38, and P-values range from <0.01 to 0.81.]
Various factors affect the FA composition of goat meat, particularly the diet of the animal. Meat from goats grazing rangeland forages (Liotta et al., 2020) or high-forage diets supplemented with n-3 PUFA sources contain increased contents of n-3 PUFA and the BHIs than those raised intensively on high grain diets (Gagaoua et al., 2023). It has been reported that feeding goats with a grain diet containing threefold C18:1 compared to an alfalfa hay diet increased C18:1 in both IMF (i.e., marbling) and subcutaneous fat. Thus, when East African goats were supplemented with a grain diet (27% sunflower seed cake + 70% maize bran), the proportions of C18:1, TVA and LA in the omental fat increased compared to non-supplemented goats (Gagaoua et al., 2023). The increase in C18:1 in muscle or adipose tissues in response to higher grain levels in the diet could be due to the increase in the Δ9 desaturase enzyme activities necessary for the conversion of C18:0 to C18:1, which can also be seen in sheep and cattle.

When goats are fed with oils rich in LA, it can bypass the rumen or is isomerised to RA, which can be bio-hydrogenated to TVA in the rumen increasing their deposition in the muscle tissues. Supplementing goat diets with canola or olive oils (e.g., oils rich in oleic acid) and sunflower or soybean oils (e.g., oils rich in LA) has mainly resulted in an increase in C18:1 and RA in the meat, respectively. On the other hand, supplementation of diets with oils rich in ALA can lead to an increase in the n-3 FA level in chevon. Related to this, the incorporation of 3% canola oil, a good source of ALA with a 2:1 ratio of n-6:n-3, into the goats’ diet has enhanced ALA in the muscle, liver, and kidney fats (Karami et al., 2013). Studies report that supplementation of diets with oils can affect expression levels of genes associated with de novo FA synthesis in goats. A blend of linseed and palm oils (2:1) has reduced both rumen biohydrogenation of ALA and muscle oxidation of ALA in Cashmere goats. Diets supplemented with the blended oil, compared to linseed alone, have reduced the relative abundance of Pseudobutyrivibrio, a bacterial species that hydrogenate dietary ALA in the rumen, increasing n-3 PUFA, leading to a decrease in the n-6:n-3 FA ratio in goat meat. In this regard, a variety of nutritional strategies have been employed to increase HEFA deposition in goat meat, which have been summarised in Table 5.

Table 5 | Influence of diet on the health enhancing fatty acid composition (% of total fatty acids) of meat from goats.


[image: A table comparing the fatty acid percentages in various diets, including forage vs. concentrate, oil supplementation, and by-products. Fatty acids listed are TVA, RA, LA, ALA, EPA, DPA, DHA, n-3, and n-6. Each diet is referenced with corresponding studies. Key notable diets include TMR with specific supplements like linseed, fish oil, hemp seed cake, peanut skin, and various by-products.]




3 Feed-based enrichment of antioxidants in red meat from sheep, cattle and goats

It is known that diets rich in antioxidants offer better animal health (Ponnampalam et al., 2022), including resistance to heat stress and contribute to a reduction in deteriorative changes in meat quality post mortem by reducing radical formation within the cellular system and reducing the amount of oxidative damage in muscle tissues (Bekhit et al., 2013; Karre et al., 2013; Ponnampalam et al., 2022). Antioxidants reduce the occurrence of oxidative stress and infectious diseases in animals and humans (Lauridsen, 2019; Ponnampalam et al., 2022). Vitamin E (primarily α-tocopherol) is considered an efficient antioxidant functioning compound in a hydrophobic environment. It has been proven from animal and human studies that vitamin E inhibits lipid peroxidation (Gruffat et al., 2020), and by scavenging lipid peroxyl radicals, it prevents or delays the propagation of free radical-mediated chain reactions in the cellular systems. Antioxidants can act synergistically, for example, α-tocopherol and β-carotene can act as an effective ‘radical-scavenging mechanism’ in biological membranes (Kurutas, 2015; Salami et al., 2016; Lauridsen et al., 2021). The inhibition of lipid peroxidation by a combination of the two fat-soluble antioxidants was shown to be greater than the sum of the individual inhibitions (Wrona et al., 2003). Figure 3 illustrates the mechanism of the effect of antioxidants on the quality of meat from ruminant animals (goat is taken as an example in the diagram). The antioxidant action of vitamin E and selenium have been proven in human and animal studies by their fortification in the tissues and defensive effects to reduce oxidation (Nozière et al., 2006). Carotenoids are also regarded as efficient O2 and ROS scavengers operating in cellular lipid bilayers. However, the action of other plant-based antioxidants, namely polyphenols (phenolic acids, tannins, flavonoids), has not been proven through their fortification in animal or human tissues. Flavonoids are thought to have a lower contribution to the direct antioxidative protection in animals and humans, due to their relatively poor absorption and difficulties with storage in animal tissues, even though they are potent scavengers of hydroxyl and superoxide radicals (Fiedor and Burda, 2014).

[image: Illustration of a goat with labeled steps showing dietary influence on meat quality. Antioxidant-rich diets lead to scavenging lipid peroxyl radicals and reducing oxidative stress in goats, resulting in enhanced meat profiles and longer shelf life.]
Figure 3 | Mechanism of the effect of antioxidants (vitamins and carotenoids) and bioactives enriched feed on the animal health and meat quality of sheep, cattle and goats (goat is taken as an example).



3.1 Influence of diets on antioxidants in lamb and mutton

Modulating the FA profile of lamb and mutton to increase beneficial PUFAs increases susceptibility to lipid oxidation, which can negatively affect meat quality attributes. The presence of natural or supplemented antioxidants in the diet of ruminants can help to reduce oxidation and increase shelf-life (Prache et al., 2022b). Meat from pasture-fed sheep and lambs is characterised by having higher muscle antioxidants levels (mainly α-tocopherol) compared to those fed grains (Zervas and Tsiplakou, 2011; Gruffat et al., 2020), as fresh pasture is a rich source of antioxidants such as tocopherols, carotenoids and phenolic compounds (Prache et al., 2022b). However, variability between breeds in the metabolic fate of ingested carotenoids has been observed (Macari et al., 2017). The presence of different plant species within the pasture can also modulate antioxidant contents in meat, with higher α-tocopherol concentrations reported in the meat of lambs grazing brassica and lucerne/phalaris compared to bladder clover (De Brito et al., 2017). Leguminous species are reported to contain lower levels of α-tocopherol compared to grasses, which may explain higher lipid oxidation values in the meat of lambs grazing alfalfa versus perennial ryegrass (Fraser et al., 2004), however variable results have been reported (Hampel et al., 2021).

The antioxidant content of lamb meat declines with increased inclusion of senesced pasture and TMR in the diet (Ponnampalam et al., 2012, 2017), due to the lower levels of tocopherols, carotenoids and phenolic compounds available in these feed types (Moure et al., 2001). Supplementing feedstuffs containing natural antioxidants to increase concentrations in meat has yielded variable results (Falowo et al., 2014). Supplementing TMR diets with pomegranate silage (Kotsampasi et al., 2014), buckwheat silage (Keles et al., 2018) and increasing levels of Acacia mearnsii leaf-meal (Uushona et al., 2023) increased the antioxidant capacity and phenolic content of lamb meat. Inclusion of oat grain in senesced perennial ryegrass pasture lowered α-tocopherol concentrations in lamb meat compared to senesced perennial lucerne pasture. A reduction in α-tocopherol concentrations and increasing oxidation values have been reported in meat from lambs fed TMR supplemented with algae (Hopkins et al., 2014; Ponnampalam et al., 2016) and camelina hay/meal (Ponnampalam et al., 2021a). Overall, pasture grazing is the most advantageous way to increase the antioxidant content of sheep and lamb meat. Supplementation of senesced pasture and TMR diets with antioxidant rich by-products is important to sufficiently improve the antioxidant content of meat.




3.2 Influence of diets on antioxidants in beef and veal

Use of dietary antioxidants is the most common strategy used to inhibit lipid, protein, and myoglobin oxidation in beef (Estévez, 2021; Petcu et al., 2023) and veal (Skřivanová et al., 2007; D’Agata et al., 2009). It has long been established that forage-based versus grain-based diets are highly endowed with diverse and potent antioxidants, which result in beef and veal with superior antioxidant and oxidative stability profiles (Descalzo and Sancho, 2008; Estévez, 2021). For illustrative purposes, feeding pasture versus grain diets can increase vitamin E content in beef up to 5.9 μg/g of tissue exceeding the ideal concentration of 3.3-3.8 mg/g tissue required to extend oxidative shelf life of beef (Liu et al., 1995; Descalzo and Sancho, 2008). However, the efficacy of these antioxidants in pasture-fed beef depends on dose and type of the antioxidant, plant species and maturity, seasonality, physical form, duration of feeding, amount, and type of pro-oxidants (Ponnampalam et al., 2022; Kearns et al., 2023b).

Low-quality forages and high-grain diets can be supplemented with vitamin E to elevate levels in beef (Descalzo and Sancho, 2008; Petcu et al., 2023) and veal (D’Agata et al., 2009; Franco et al., 2012), subsequently minimizing oxidative deterioration. It has been suggested that vitamin E daily supplementation of 500 IU/head for 126 d or 1300 IU/head for 44 d could meet the ideal vitamin E levels in muscle required to enhance oxidative stability of beef (Liu et al., 1995; Suman et al., 2014). Apart from vitamin E, supplementation of organic selenium appears to somewhat increase oxidative capacity and stability of beef (Rossi et al., 2015; Huang et al., 2023) and veal (Skřivanová et al., 2007; Shabtay et al., 2008). In addition, supplementation of high-grain diets with polyphenolic extracts including flavonoids (Orzuna-Orzuna et al., 2023), a blend of alkaloids, saponins, and phenolic acids (De Zawadzki et al., 2017), resveratrol (Cui et al., 2023), ferulic acid (González-Ríos et al., 2016) and tannic acid (Tabke et al., 2017) enhances the antioxidant capacity and oxidative stability of beef. Similarly, supplementation of polyphenolic fruit by-products such as grape pomace in calves’ (Ianni et al., 2019) and steers’ (Tayengwa et al., 2020) on high-grain diets increased the antioxidant capacity and oxidative stability of meat. Supplementing a blend of essential oils (Rivaroli et al., 2016; Ornaghi et al., 2020) and benzoic acid (Williams et al., 2022) slightly improved lipid stability without affecting colour shelf-life.

The effect of distiller’s grains on the oxidative capacity and lipid stability of beef varies from negative (Suman et al., 2014; De Mello et al., 2018) to neutral (Gill et al., 2008; Depenbusch et al., 2009) and positive (Bloomberg et al., 2011; Merayo et al., 2022) and, thus, merits further investigation. Interestingly, a blend of antioxidant sources tends to either have additive or synergistic effects. For example, a combination of vitamin E with polyphenolic extracts (Gobert et al., 2010; Delosière et al., 2020), essential oils (Fusaro et al., 2021) and distiller’s grains (Bloomberg et al., 2011) was more efficient in increasing antioxidant capacity and oxidative stability than the individual constituents, suggesting synergistic effects with vitamin E. However, high dietary levels of vitamin A suppress tissue deposition of vitamin E reducing antioxidant capacity and oxidative stability of beef (Daniel et al., 2009; Marti et al., 2011). Research should continue to explore synergistic effects of novel nutrient and non-nutrient antioxidants.




3.3 Influence of diets on antioxidants in chevon

Pasture-finished goats differ in colour attributes of meat (L*, a, b, chroma and hue angle values) than goats finished on grain diets (Lee et al., 2008), the same for meat from sheep and cattle. Adding natural antioxidants (Vitamin E, Vitamin C, etc.) and polyphenols, as a nutritional strategy influences the colour stability of goat meat (Karami et al., 2011). For example, pomegranate seed pulp, a cheap source of polyphenols, has improved colour stability in chevon (Emami et al., 2015). Similarly, a dietary green tea by-product (20 g/kg dry matter) has improved the redness and yellowness values of goat meat (Ahmed et al., 2015).

It is noteworthy that supplementing the diet with a high content of n-3 PUFA might increase lipid oxidation and may raise concerns about the impairment of sensory attributes of chevon, similar to that observed with beef and lamb. The inclusion of high doses of n-3 PUFA has produced meat with unusual odours, unpleasant flavours, and a lower overall appreciation of kid meat (Moreno-Indias et al., 2012). A positive association between lipid oxidation and the content of n-3 PUFA in chevon has been reported (Abuelfatah et al., 2016). Intriguingly, liver and muscle (meat) fats from canola oil-fed kids contained fewer lipid oxidative substances compared to those from palm oil-supplemented kids (Karami et al., 2013). The latter study showed that canola oil effectively reduced lipid oxidation both in the blood and muscle tissue of goats. Furthermore, the concern about lipid oxidation of high-PUFA diets could be overcome by dietary supplementation of antioxidant polyphenols, a conclusion that is relevant to all ruminant species.

It has been reported that supplementation of diets containing polyphenols positively improved the FA profile and reduced lipid oxidation in chevon (Cimmino et al., 2018). Similarly, dietary green tea by-products (Ahmed et al., 2015) and extracts from olive mill water waste (Cimmino et al., 2018) reduced lipid oxidation in chevon. Overall, it seems that diets containing phenolic components are positive agents in reducing lipid oxidation in goat meat. These actions may be through synchronised effects with lipids such as unsaturated fatty acids and vitamins (such as vitamin E) at the GIT enterocyte level. However, the dietary biofortification of phytonutrients into tissues such as skeletal muscles is low due to lower rates of digestion and absorption; this is believed to be due to their action as antinutritional factors (causing toxicity to microbes) or binding agents with other nutrients (e.g., protein) leading to complex formation at the GIT level, resulting in reduced microbial degradation.





4 Future directions and gaps

The importance of HEFA and antioxidants is becoming increasingly important, particularly in relation to animal health, as well as the quality and nutritional value of meat, and ultimately human health and wellbeing. Also, there is an increasing trend towards the consumption of red meat compared with other white meats around the world, as global population and affluency increase mainly from Asian and African regions. The social awareness of consumers relating to the quality of meat consumed, the nutrient content of meat that they select, and the health aspects of foods chosen is also expected to change in the coming years as world population become aware of healthy living (Ponnampalam and Holman, 2022). Therefore, addressing the enrichment of red meat with HEFA and antioxidants i.e., improving the nutritional value of meat, has gained much attention. The use of bioactive-rich (vitamins, HEFA, phenolic compounds, tannins, flavonoids) plant by-products for improving the nutritional quality attributes and shelf-life of the meat is under active investigation (Salami et al., 2019), but research is needed to evaluate their effects on other meat quality attributes and animal performance. A point of caution is meat safety, insofar as certain pathogenic agents in plants can be transferred to the meat (Prache et al., 2022a). Although several studies have investigated the effects of feed on the quality and nutritional values of meat, there is a lack of information on the absorption and bioavailability of particular feed-based antioxidants and FA, and their effect in animal- and human-tissues upon deposition. Some authors also point to the gap between food-scale studies and epidemiological studies (Prache et al., 2022a). There is a lack of data linking the FA profile of meat and its antioxidant content (and more generally the way it is produced), to the level of consumption and chronic diseases in humans. This requires a collective effort between research communities working in animal science, meat processing, consumer attitudes, human nutrition and epidemiology (Prache et al., 2022a).

Comparative studies on the consumption of red meat from ruminants versus white meat and their combinations as well as comparing with other sources of animal and plant proteins can provide valuable insights and knowledge into their potential effects on human health. However, this research aspect is lacking and not well proven by human intervention studies, relating it to long term consumption of red meat enriched with HEFA and antioxidants on blood lipid parameters, human health and wellbeing. This may be due to inadequate funding allocated by government bodies around the globe as it requires large funding and intense resources, as well as due to the ethical considerations, regulatory requirements, and recruitment challenges in enrolling adequate numbers of participants (observations) to validate data. Future studies should focus on not only investigating the absorption, bioaccessibility, and bioavailability of different antioxidants and FA through use of in vitro digestion models and in vivo animal studies, but also include human intervention studies undertaken with sound experimental designs covering appropriate replicates and number of observations, comparing the effects of red meat, white meat and other plant and animal protein sources (alone and/or in combination) in human health. Furthermore, animal and human cell lines should be treated (fortified) with plant-based antioxidants, for example phenolic acids or flavonoids, to study their real effects in animal and human tissues as they show antinutritional activities that may lead to lower digestion, absorption and biofortification. Such studies may provide an understanding of the impact of phytonutrients acting as a sole or additive components along with HEFA and other antioxidants (vitamin E, selenium) that are available in the meat to exert a beneficial effect on humans. This, in turn, is key to gaining a deep insight into the mechanism of action of improving human health via enriching red meat with feed-based FA and antioxidants.




5 Conclusions

Regardless of ruminant species, high-quality pasture remains superior in producing meat enriched with HEFA, particularly n-3 PUFA and antioxidants, with some countries already utilising ‘grass-fed’ logos (see Salami et al., 2019; Davis et al., 2022). Low-quality forages and high grain diets require dietary supplementation with n-3 PUFA and antioxidants to raise their contents in meat and extend its shelf life. The importance of some dietary vitamins and minerals in the antioxidant actions and preservative aspects of PUFA in meat has been documented. A combination of nutrient antioxidants, mostly vitamin E and non-nutrient antioxidants, chiefly flavonoids, and carotenoids are speculated to synergistically stabilise high PUFA contents in ruminant meat. Nevertheless, the latter statement needs validation through well-designed in vivo studies undertaken in animal and human populations (with adequate replicates and numbers of observations) along with the quantification of flavonoids or carotenoids in circulatory systems and tissues such as skeletal muscles, and consequently their effects on human health. To this end, research should continue to explore effects of co-feeding of PUFA sources with different mixtures of novel nutrient and non-nutrient antioxidants on animal and human health as well as the underlying mechanisms.
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The last century has witnessed many innovations in agriculture and food technologies that have ensured the production of sufficient quantities of good hygienic food. Animal scientists have contributed substantially to efficient breeding and feeding practices by adapting animals for faster growth and improving feed efficiency and utilization. Breeding goals and feeding recommendations have been proposed with a primary focus on profitability to promote significant changes in the macronutrient content, i.e., animal body protein and fat reduction. However, improving the nutritional quality of meat was not included in the profit assessment. Increasing the lean meat fraction is consistent with the goal of public dietary guidelines for human nutrition proposed in 1980, emphasizing the importance of reducing the consumption of animal fat, particularly saturated fat. The application of breeding and feeding tools to modify and improve the fatty acid composition has been partly implemented in pigs and broiler chickens to supplement the dietary recommendations for humans. The health benefits of lean “red meat” have been questioned in recent years, with dietary guidelines and upper limits being introduced for human intake. Animal breeding indirectly reduces the total and heme iron (the redness generator) content in meat, due to covariation with priority breeding goals. Two micronutrients play important roles in the human diet and are derived largely from meat (selenium) and milk (iodine) if the amount provided and absorbed is sufficient and predictable. The iodine content can be highly dependent on the use of novel (more sustainable) feeds. The micronutrients discussed in this study (Fe, Se, I, and vitamin D) highlight opportunities for the utilization of breeding and feeding knowledge to adjust their levels to procure meat with a high nutrient density. The gaps in micronutrient levels in humans must be addressed by navigating within approved animal feeding levels. Animal scientists must recognize the nutritional impact of breeding and feeding and advertise them. In addition, human nutritionists must acknowledge the existing and potential changes in animal production to meet the dietary guidelines. Sustainable food production within the “One Health” concept can only be achieved through cooperation.
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1 Introduction

Selective breeding has been practiced since the 18th century to improve carcass quality and meat production; however, significant changes have been reported in this practice since 1960 (Siegel, 2014; Knap and Wang, 2012). Larger carcasses, more milk, meat production with less fat, and improved feed efficiency have remained the focus of animal selection. Breeding and efficient feed utilization have yielded more animal products in recent years, sparring debates on the health and well-being of the animals (Tixier-Boichard, 2018). Access to greater amounts of food through efficient agricultural practices, innovative food technologies, and improved nutrition have facilitated the increase in population from a few million during the hunter-gathering period to eight billion at present.

The rapid growth in the production of farmed animals in the 1970s has increased the focus on sustainability. Revising agricultural practices to facilitate the incorporation of more plant-based food in the human diet, reducing the consumption of meat, and use more non-edible and novel resources as feed was an important approach of the sustainability period (1970–present).

Awareness regarding the importance of food and nutrition has increased over the last century. The period from 1950 to 1970 is important in the human nutrition timeline due to the increased focus on protein malnutrition as a major global challenge (Mozaffarian et al., 2018). Food energy surpluses (fat- and starch-rich products) were prevalent in many industrialized countries in the 1980s. Nutritional guidelines have warned against the high intake of animal fat since the late 1970s, with extensive studies being conducted on this topic. Reducing the intake of lean “red meat” has been recommended by nutritional guidelines, with an upper level (UL) provided from around 2015.

Micronutrient deficiency (hidden hunger) is a global challenge that has persisted for centuries. However, the combination of hidden hunger and energy surplus is a more recent challenge. The situation has been associated with a greater availability of energy rich and nutrient poor industrial foods. Although not a pressing topic at present, micronutrient dilution of raw materials may be a future challenge. Thus, in addition to increasing meat healthiness and nutrient density, improving the efficiency and use of more sustainable or novel feeds is also important.

This article reflects on the measures taken in the domain of animal breeding and feeding guidelines over the past 100 years through international and Norwegian/Nordic loops. Guidelines have been formulated for the nutritional requirements of human beings. Thus, the role of food categories (such as meat and grains) in the human diet was also surveyed in this study. The changes in the fat and Fe levels represent historical changes in animal breeding practices. The Se and I levels represent the dominant choice of animal feeding practices. Changes in the production and feeding practices lead to changes in vitamin D levels. Thus, detailed summaries of fat, a macronutrient, and these four micronutrients (Fe, Se, I, and vitamin D) have been provided in this article. Finally, measures to maintain the nutrient-dense nature of animal products, which may provide health benefits, have also been proposed.




2 Changes in meat and milk composition through efficient breeding and feeding in the last century



2.1 Advances in improving the quality of carcass and meat composition through breeding in the last century

The inheritance of genes was described by the Austrian monk Gregor Mendel in 1860. Sewall Wright, along with Ronald Fisher and John B.S. Haldane, established the theory behind breeding in populations (Larson, 2006) as the basis for selecting animals to maximize genetic gain for certain traits in a population in the 1920s. A model for applied animal breeding was established based on these theories (Lush, 1931), with breeding programs increasing animal production and efficiency over the next few decades (Figure 1). Traits that increase the growth rate and lean meat deposition have been favored in the domain of meat production as they improve feed efficiency and enable the production of more meat per kilogram of feed consumed. The implementation of these breeding programs has yielded successful outcomes in all species, particularly in poultry.

[image: Timeline depicting key developments in animal feed and breeding from 1860 to 2014. Highlights include Mendel's genetic discoveries in 1860, introduction of compound feed in 1900, NRC's initial feeding standards in 1944, and the focus on sustainable practices starting in 2000. Important milestones like the BSE crisis in 1996 and increased responsibility of Norwegian feed companies in 1995 are noted. Developments conclude with 2014's genomic selection in pig breeding.]
Figure 1 | Overview of the historical development in animal genetic and dietary changes. Impact of breeding programs and the development of knowledge regarding animal health and feed efficiency on use and guidelines at USA (National Research Council, NRC) and Norwegian levels with a focus on four micronutrients (Fe, Se, I, and vitamin D).

To the best of our knowledge, the nutritional quality of meat has not been considered an economically valuable trait; thus, it is not acknowledged in breeding programs. Leaner meat is considered favorable economically and nutritionally. However, breeding techniques to facilitate faster growth and the production of leaner meat have changed genetic characteristics and favored an increase in the prevalence of larger glycolytic muscle cells over smaller oxidative muscle cells in broiler chickens. This reduces the inclusion of Fe and Se in muscle cells (Thiruvenkadan et al., 2019). Similarly, realizing that the pig is sufficiently lean has increased the focus on dressing percentage, meat quality, reproduction, and animal health without considering the changes in nutritional quality occurring over time. The benefits of consuming pork meat have increased. However, the amount of unsaturated fatty acids in pork has not been adequately acknowledged. The subsequent sections will discuss this point.




2.2 Advances in feeding standards and recommendations in the last century

The first feed standard was introduced by the German scientist Thaer (1754–1828) in 1810, who compared potential feedstuffs with meadow hay (Coffey et al., 2016). Weende analysis (“the proximate analysis”) of main nutrients, along with the pioneering work conducted by Wolff, Armsby, Kellner, and others on the digestibility and energetic contribution, have facilitated the formulation of basic principles for feed evaluation in the second half of the 19th century. These guidelines continued to be used over 150 years later (Weisbjerg et al., 2010). The National Research Council (NRC) set forth the first edition of its recommendations in 1944 in the USA (Figure 1). The NRC recommendations remain the global standard for all domestic animals, including pets and fish. However, the EU recommendations set forth by the European Food Safety Authority (EFSA) in 2002 are followed in Norway (Figure 1). The EU recommendations have defined risks and proposed upper limits (UL) for human food and animal feed, including health and welfare. Thus, this organization influences the achievements in sustainability. Notably, the influence of some nutrients on product quality has been defined in the One Health concept (Mackenzie and Jeggo, 2011) in Europe. For instance, I and Se have been incorporated in animal feed to ensure the minimum or maximum transfer of these elements into human food in accordance with these recommendations.




2.3 Alteration of animal carcass and meat and milk composition through breeding and feeding

Mozaffarian et al. (2018) stated that “relatively few rigorous evaluations have been conducted on the potential long-term health consequences of modern shifts in agricultural practices (breeding, feeding, and food processing)”. This section discusses the variability in the total fat (TF) composition in the carcass, its derived fatty acid (FA) content, and the four micronutrients that play important roles in maintaining human health.



2.3.1 Total fat and fatty acids in meat

Energy deficiency was more prevalent among humans in previous decades. Consequently, the TF content was considered more important than the quantity of lean meat and quality of fat. However, the increased focus on incorporating high-quality protein in the human diet and increasing awareness regarding the health benefits of certain FAs, along with the strong focus on feed utilization and production costs in terms of quantity and quality, especially pig fat, have changed dramatically since 1950. This reduction has been attributed to the efficient breeding and selection of animals using progeny testing, with an emphasis on the traits linked to the growth rate and feed conversion ratio (FCR), such as carcass dissection, backfat measurements, and body composition determined via computed tomography (CT). The Food and Agriculture Organization/World Health Organization (FAO/WHO) has acknowledged the large changes in TA and FA composition via genetics, feeding, and trimming techniques (FAO, 2010). However, the overarching relevance of transitioning to the consumption of healthier meat is underexplored.

Genetic changes in the quantity and quality of fat have been achieved via long-term shifts. Genotyping, which has replaced progeny testing, has enabled a significant improvement in the speed of genetic gain over the past 20–30 years. Emerging genetic technologies may reduce the time required to achieve quality improvement. The short-term shifts, independent of the “permanent” genetic changes, can be traced back to feeding. The FA composition of monogastric animals is easily affected by feeding as the body fat reflects the FA composition of the feed. As such, substantial knowledge exists for designing the quality of monogastric meat according to potential demands. Section 4 highlights examples related to the influence of breeding and feeding on the TF and FA composition of meat in monogastric animals.




2.3.2 Content of selected micronutrients in meat and milk

Micronutrients are not the primary targets in breeding programs, and genetic changes are the consequence of correlations with traits in breeding indexes. However, breeding and feeding techniques have differential effects on the micronutrient content in meat. Selected essential micronutrients, such as Fe, Se, I, and vitamin D, in feeding protocols within a historical framework for dairy cows, beef cattle, fattening pigs, and broilers have been considered in this study to illustrate this. Table 1 summarizes the main dietary sources and feeding recommendations provided in Europe, the USA (NRC), and Norway/Nordic countries.

Table 1 | Aspects related to animal feed dietary sources and animal recommendations of intake or supply through feed for four micronutrients.


[image: Table displaying dietary sources and recommended intake of nutrients—iron, selenium, iodine, and vitamin D—for various animals: dairy cattle, growing cattle, growing pigs, and chickens. Sources include NRC, EU, Norway, and FKF. Nutrient content varies in mg/kg for feed or milk across different animal species. Recommendations are based on dry matter or body weight. Footnotes provide source references and guidelines.]


2.3.2.1 Iron

The role of dietary Fe in the prevention of Fe deficiency in young animals has been known since the early 1930s (Blaxter et al., 1957), and animal feed has been supplemented with Fe for more than a century. Commonly used Fe sources have poor bioavailability; consequently, Fe is supplemented in excess to achieve adequate intake (AI). However, Fe is efficiently recycled in the body, and tissue growth is the main factor affecting the requirement for Fe. The fifth revised edition of the NRC for poultry (NRC, 1966) recommended supplementing the feed for starter chickens (0–8 weeks) with 40 mg Fe/kg; however, this was increased to 80 mg/kg in the 1971 revision (NRC, 1971b). The 1979 edition (NRC, 1979) recommended supplementing the feed for growing pigs (20–120 kg BW) with 40–60 mg Fe/kg. The 1971 revision recommended supplementing the feed for all types of dairy cattle with 100 mg Fe/kg; however, this was reduced to 50 mg Fe/kg in 1978 (NRC, 1978). The current recommendations set forth by the NRC and EFSA reflect these figures (Table 1). The NRC recommendations compensate for the expected milk loss (1 mg/kg milk) in adult dairy cows only (NASEM, 2021).

The addition of Fe to ruminant, pig, and chicken feeds was mandated in Norway when feeding standards were introduced in 1950, 1957, and 1972, respectively (Homb, 1979) (Figure 1). Presently, ruminant feed is not usually supplemented with Fe as Fe intake from natural sources is considered sufficient. However, pig and poultry feeds are supplemented with 160 and 150 mg Fe/kg, respectively (FKF, 2024) (Table 1). This amount is twice that recommended by the NRC, but is well within the maximum content recommended in the EU. Although the upper tolerable limit is high, it is normally not a source of concern in animal feeding. Blood meal and meat and bone meal are rich in Fe; however, they are not commonly used in the feeds for farm animals due to disease risks.




2.3.2.2 Selenium

Selenium is a scarce trace element. The Se content in plants reflects the Se content in the soil. Feed ingredients cultivated in the central plains of the USA and Canada are usually rich in Se. In contrast, the soil and thus plants in most European regions, including the Nordic region, are low in Se content. Selenium was recognized as an essential element in the late 1950s. The NRC has recommended supplementation of Se from the mid-1960s; however, supplementation of poultry and pig feed and later ruminant feed was first approved by the FDA in 1974 (Brummer et al., 2014). Se content in the range of 0.03–0.05 mg/kg feed is considered “marginal” in the UK (ARC, 1980). Notably, 0.1 mg Se/kg was required for the optimal activity of glutathione peroxidase (GPx) in milk-fed lamb, which corresponded with NRC recommendations for dairy cattle (NRC, 1971a, 1978).

The NRC currently recommends increasing the Se content to 0.3 mg Se/kg dry matter (DM) feed for dairy cattle (Table 1). The NRC recommends supplementing pig and poultry feed with 0.10 and 0.15 mg Se/kg DM; in contrast, the EU has limited the Se content to ≤0.5 mg/kg feed for all species (Table 1). Inorganic supplements are used most commonly; however, interest in organic supplements, such as Se-yeast, has been increasing in recent years, and they facilitate more efficient transfer into meat (Malbe et al., 1995; Ortman and Pehrson, 1999; Cruickshank et al., 2021). Thus, the maximum Se content was limited to 0.2 mg/kg feed when using organic supplements (EFSA, 2021). The NRC and EFSA list the upper tolerable level as 5 mg Se/kg feed.

The addition of 0.1 mg Se/kg feed in all animal feed was mandated in 1979 in Norway (Figure 1). The concentration was then increased to 0.2 mg/kg feed. However, 0.40–0.45 mg Se/kg is added to all compound feeds (Table 1) at present such that the upper 0.5 mg/kg feed limit is not exceeded. Fish meal is a good natural source of Se in animal feed. However, Se can also be supplied orally as boluses or tablets before slaughter to increase the Se content in the meat.




2.3.2.3 Iodine

Iodine is present in saltwater oceans and is at relatively high levels in fish meal. The I content in plants and soil diminishes as the distance from the sea increases. Animal feeds are supplemented with I in the form of iodide or iodate; notably, iodate which is more resistant to volatilization. The important role played by I in the proper functioning of the thyroid gland in vertebrates and humans has been reported since the early 1900s. The “Proceedings of the Iowa Academy of Science”, (Evvard and Culbertson, 1924) described I as “a Factor in Feeding Young Growing Swine,” citing several articles published between 1913 and 1924 indicating the requirement for I in animal diets. According to ARC (1980), Mitchell and McClure (1937) estimated requirements of non-lactating cows in the range of 0.03–0.07 mg/kg DM feed. The NRC set forth the first recommendations for I in chicken (0.20 mg/kg feed) and swine (0.22 mg/kg feed) feed in 1954 and 1953, respectively. The NRC recommended supplementing the feed of dairy cattle with 0.76 mg I/kg feed in 1958. However, the Norwegian ministry of Agriculture has recommended supplementation with I in dairy cattle through feed to prevent goiter in humans since 1951, considering the efficient transfer of I from feed to milk (Breirem and Homb, 1958). This recommendation corresponded to approximately 0.5 mg I/kg feed.

Current recommendations for the supplementation of I in animal feed can be classified as additions for the biofortification of milk and AI to meet the requirements of the animal. To meet the requirements of the animal, I is supplemented at 0.15–1.0 mg I/kg feed, with the highest level being supplied for goitrogenic diets (Table 1). Up to 5 mg I/kg feed can be used for the biofortification of milk; however, the upper recommended limit is 2 mg I/kg feed (EFSA, 2013). Concerns have been raised regarding an excessively high content of I in cow milk, which is not suitable for infants. The upper recommended intake is based on public health issues also in the USA, with the intake being set to 50 mg I/day in dairy cows by the NASEM (2021). This limit corresponds to the recommended limit of 2 mg I/kg feed in the diet of high-yielding cows (EFSA, 2013). Supplementation with up to 10 mg I/kg feed is permitted in the feed of growing cattle, pigs, and chickens in the EU (Table 1).




2.3.2.4 Vitamin D

Vitamin D3 is formed in the skin of most mammals in sunlight through the ultraviolet (UV) lighting of 7-dehydrocholesterol. The introduction of synthetic vitamin D in the 1950s and 1960s has led to cod liver oil and sun-cured hay being replaced as the main sources of vitamin D in animal feeds. The NRC has recommended the intake of vitamin D since its inception (1944) based on publications from the 1930s providing the understanding that Ca and P play essential roles in the normal development of the skeletal system. Initially, the feeds for chicken and pigs (20–120 kg) were supplemented with 2.2 and 5.0 µg vitamin D/kg, respectively (NRC, 1953, 1954). In 1950, the NRC recommended supplementation with 0.17 µg vitamin D/kg live animal body weight (BW) in beef cattle. In contrast, the NRC (1958) recommended supplementation with 0.050–0.075 µg vitamin D/kg BW for young heifers, whereas no recommendation was proposed for lactating cows. In UK, the ARC (1980) defined the requirement of vitamin D as 0.10 and 0.25 µg/kg BW in growing cattle and lactating cows, respectively. Current recommendations for AI of vitamin D vary across different species of animals, ranging from 30 to 125 µg/kg DM feed (Table 1), which are considerably higher than the early recommendations. The upper tolerable levels are high. Vitamin D levels of up to 1,000 µg/kg feed can be tolerated for shorter periods (EFSA, 2014), which is much higher than the present recommendations.






2.4 Sustainability and leaving traditional feeds

The strong focus on animal value chain sustainability-related matters in Europe (Figure 1) began in 1996 due to the bovine spongiform encephalopathy (BSE) crisis and the ban on the inclusion of mammalian meat and bone meal in animal feed in 2001 (Coffey et al., 2016). In addition, the increase in global population has led to an increased demand for protein, thereby increasing the requirement for water and land. Furthermore, achieving sustainable feed and food security, along with animal health and welfare, has become a key objective in Europe due to the reliance on soy imports and concerns about greenhouse gas emissions. The use of alternative protein sources, such as micro- and macro-algae, insects, single-cell proteins, and fermented products will facilitate animal food production in a sustainable manner (Makkar, 2018). Alternatives comprising plant matrices with high nutritional profiles and low environmental impacts (like hemp) have attracted further interest in recent years. The potential of novel or alternative feed sources (ingredients, additives, and functional ingredients) to facilitate the production of sustainable livestock is evaluated based on feed efficiency, environmental impact, and economic value (Halmemies-Beauchet-Filleau et al., 2018). However, the development of a strategy for sustainable livestock production is complex and includes accompanying risks, which are possibly reflected in the safety and nutritional value of animal products. The quality of meat and milk and the effects of manipulating their nutritional value using novel breeding tools remain to be elucidated. Furthermore, evidence supporting the changes in meat and milk composition induced by changes in feed composition and dietary treatments remains to be clarified. Therefore, characterizing the effects of alternative feed sources on the nutritive value of livestock is necessary. Section 4.4 exemplifies this through the renewed interest in using seaweed in animal diets.





3 The initiation and timelines of dietary guidelines for humans

The period during and after the Second World War emphasized the requirement for nutritional guidelines (Figures 2, 3). These guidelines were proposed officially in the late 1970s. Joint reports by the UN FAO/WHO often consider selected nutrients for nationwide assessment. The first relevant joint report focused on protein and energy intake (FAO/WHO, 1973). However, the FAO released reports on energy and protein requirements in 1950 (FAO, 1950) and 1958 (FAO, 1958). The first dietary guidelines (DGA) were released in 1980 (thereafter at 5-year intervals) in the USA. The first Nordic Nutrition Recommendations (NNR) were published in 1980 (thereafter at approximately 8-year intervals). The initiative to develop a joint NNR was based on local nutritional advice supported by Report No. 32 released in 1975 (Norwegian Parliament, 1975). The FAO/WHO releases joint reports on specific macronutrients and micronutrients; in contrast, individual countries or regions provide more comprehensive guidelines. Most dietary recommendations are similar and focus on nutrients, products, or raw materials. The focus on reducing the intake of saturated fat, salt, and sugar is clear. However, the Brazilian guidelines, set forth in 2015, introduced the concept of ultra-processed foods and a new classification system for such foods (Ministry of Health Brazil, 2015) to discourage the high intake of nutrient-poor foods that can contribute to lifestyle-related diseases (Dicken and Batterham, 2022). Established in 2002, the EFSA advises the EU on food safety and nutrition in the complete (plant and animals) food chain (EFSA, 2024b).

[image: Timeline depicting changes in dietary guidelines from the 1940s to 2025. Key milestones include the U.S. RDA in 1941, Norway's nutrient recommendations in 1955, various FAO/WHO guidelines, and USDA/HHS guidelines advocating for reduced trans fats, plant oils, and lean meat intake. Focus shifted from caloric intake to reducing saturated fats and emphasizing sustainability.]
Figure 2 | Overview of the development of human dietary guidelines at the global (WHO/FAO) and national (USA and Norway) levels with a focus on macronutrients (protein, fat, FA, and cholesterol). USDA/HHS, Dietary guidelines for Americans; NNR, Nordic Nutrient Recommendations; RDA, Recommended Dietary Allowances; TF, Total fat content; FA, Fatty acids; SFA, Saturated fatty acids; MUFA, Monounsaturated fatty acids; PUFA, Polyunsaturated fatty acids; E%, Energy percentage, i.e., percentage of total energy intake.

[image: Timeline chart depicting historical milestones in nutrition recommendations for Iron (Fe), Selenium (Se), Iodine (I), and Vitamin D from 1700 to 2023. Key events include the discovery of deficiencies, establishment of dietary guidelines, and advancements in nutritional science by organizations such as WHO and NRC. Each section highlights significant developments, such as fortification of foods and recommended daily intakes, across different countries and years. The chart is divided into four labeled parts: A for Iron, B for Selenium, C for Iodine, and D for Vitamin D, detailing each nutrient’s journey through history.]
Figure 3 | Timeline of the discovery and guidelines for four selected micronutrients, (A) Fe, (B) Se, (C) I, and (D) vitamin D, in the human diet (1800–2023) at global (WHO/FAO) and national (USA and Norway) levels. NRC, National Research Council; NNR, Nordic Nutrient Recommendations; RDA, Recommended Dietary Allowances; RI, recommended intake; RS, Recommended supply; AI, adequate intake; DRI, Dietary reference intake.

The following section describes the guidelines for animal fats (TF and FA) and the fate of the four selected micronutrients playing essential roles in meat nutrition in the past 60 years. The term “meat” does not encompass processed meat products unless stated otherwise.



3.1 Animal fats



3.1.1 Total fat

A political report published in the USA in 1977 (McGovern, 1977) recommended reducing the intake of TF and cholesterol (Figure 2). Subsequent guidelines (USDA/HHS, 1980) have reflected the requirement for maintaining energy balance (preventing obesity) and reducing the intake of refined sugar, TF, cholesterol, saturated fatty acids (SFAs), added salt, and animal fat. The FAO/WHO (2002) recommends limiting the maximum intake of TF to 30 E%. The FAO (2010) has reported that the total E% is not an issue at present; however, the quality of fat must be maintained.

The first Nordic recommendations (NNR issues of 1980, 1989, and 1996) sought to reduce the intake of TF and increase the intake of carbohydrates and fiber (Figure 2). In addition, the consumption of lean meat was also supported. The subsequent recommendations proposed by the NNR recommended the intake of TF first to be 30 E% and then 40 E%. The UL was possibly set to 40 E% as starches per se are not healthy (WCRF, 2023) and should not replace fat or protein to a great extent.




3.1.2 Fat categories and fatty acid composition

The USDA/HHS (1990) recommends SFAs of <10 E% (Figure 2). These guidelines also recommend the intake of dietary plant oils and limiting the intake of land-based animal fats. The USDA/HHS (2005) has published specifications regarding the intake of essential FAs. The DGA 2020 recommended limiting the intake of linoleic acid (LA) and α-linolenic acid ALA at 12(17) g/100 g and 1.1(1.6) g/100 g for women and men (age group 19–50), respectively. The SFA recommendations have not changed over time (USDA/HHS, 2020; Astrup et al., 2020).

A report on diet and chronic diseases published by the FAO/WHO (2002) identified myristic acid (C14:0) and palmitic acid (C16:0) as convincing/probable factors promoting CVD. However, ALA, LA, and oleic acid have exhibited opposite trends. The FAO/WHO published a report on sustainable healthy diets (FAO/WHO, 2019) and expressed that monounsaturated fatty acids (MUFA) are an important component of unsaturated fat.

It is recommended in Norway that the polyunsaturated fatty acid (PUFA):SFA ratio be maintained at >0.5 (Norwegian Parliament, 1975). The NNR reports (NNR, 1989, 1996) focus on the quality of fat. The subsequent reports (NNR, 2004, 2012, 2023) have recommended ranges for SFAs, MUFAs, and PUFAs for the population aged ≥2 years. The sum of MUFAs and PUFAs should constitute at least two-thirds of the total FA intake in the diet. The NNR (2004) have provided detailed recommendations for SFAs <10 E%, trans-FA <1 E%, and with 1 E% from n-3 PUFA. Specific recommendations for LA and ALA have been set as >3 E% and >0.5 E% from ALA (NNR, 2004). The NNR reports published from 2012 to 2023 have made recommendations for n-3 PUFA, LA, and ALA. The recommendations for the intake of PUFAs is maintaining an n-6:n-3 ratio of 5; however, the evidence is insufficient (FAO, 2010; NNR, 2023).

The increase in the number of constraints with time, despite no success in reaching SFAs <10 E% in Norway (Directory of Health, 2023), the USA (Biing-Hwan et al., 2023) and the EU countries (EC, 2023), must be noted.





3.2 Lean meat

Figure 2 presents the transition from supporting the consumption of lean meat to specific restrictions (FAO/WHO, 2019; NNR, 2023) due to the reported negative effects of “red meat” on human health (WCRF, 2024) and the environment. Notably, proper local calculations of the environmental effects are often missing. Nevertheless, “white meat” is now a replacement in many parts of the world, and global poultry meat production has increased from <10 Mt in the early 1960s to almost 150 Mt and 40% of the total meat produced in 2023 (FAO, 2023). Limited documentation exists regarding the significant differences in the protein quality ranking of different meats.




3.3 The development of guidelines for some micronutrients needed in the human diet

Figure 3 presents the development of guidelines for micronutrients by the WHO, the USA, and the Nordic region. Section 4 summarizes human deficiencies in detail.

Table 2 highlights the primary deficiency symptoms and the dietary importance of micronutrients across various food categories.

Table 2 | Contribution (%) of various food categories in the human diet to selected macronutrients and micronutrients in which animal food (meat and milk) could be relevant.


[image: Table comparing nutrient contributions in US, EU, and Nordic/Norway diets. Lists nutrients (iron, selenium, iodine, vitamin D), their main functions, deficiency symptoms, and dietary contribution percentages from different food sources. Includes references and notes on data sources.]


3.3.1 Iron

Iron deficiency was first recognized as a health issue in the 17th century (Guggenheim, 1995) (Figure 3A). The presence of Fe in blood was recognized in 1825; however, the role of Fe in the diet was then still a speculation (Poskitt, 2003). Table 2 outlines the primary functions of Fe in humans. The FAO/WHO (1970) recommended the intake of iron according to the percentage of animal foods in the diet. The PRI for menstruating women was set as 14, 19, and 28 mg Fe/day, depending on the intake of animal-based food. The recommendations for women (15–50 years) have since been set to approximately 15 mg Fe/day (USDA/HHS, 2020; NNR, 2023). Fe deficiency in vulnerable groups persists as a challenge, as indicated by the WHO (WHO, 2002, 2009; McGuire, 2015). Ferrari et al. (2011) reported Fe sufficiency (serum ferritin levels of >15 µg/L) in 71.7% of girls aged 12.5–14.99 years in 10 European cities. This finding suggests that Fe deficiency (see Section 4) may be detected in subsamples of the population in the coming decades even in developed countries, possibly amplified by gastrointestinal disorders (Pasricha and Moir-Meyer, 2023) or nutrient dilution (Marles, 2017). The UL for human adults has been set to 45 (NASEM, 2006) and 40 mg Fe/day as a “safe level of intake” (a more conservative UL) (EFSA, 2024a).

The FAO/WHO recognized that heme Fe (HeFe) has higher bioavailability than inorganic Fe in 1970 (FAO/WHO, 1970). Meat contains factors that increase human Fe absorption from plant-based foods (Consalez et al., 2022; Nair and Augustine, 2018; Fairweather-Tait, 2023). However, this factor may be less noticeable when considered for all types of diets (Consalez et al., 2022).




3.3.2 Selenium

Figure 3B presents the Se requirements in human nutrition. Table 2 presents the main symptoms of Se deficiency and its function. The WHO emphasized the lack of knowledge about Se requirements in the human diet (WHO, 1996). The initial recommendations for Se intake were imprecise (NRC, 1989; WHO, 1996; FAO/WHO, 2004).

Selenium intake is suboptimal in many locations in Europe (Stoffaneller and Morse, 2015). A 50% increase in the intake was recommended from 2012 to 2023 in the Nordic region (NNR, 1996, 2012, 2023). The UL for Se intake is 255 µg Se/day (EFSA, 2023). Approximately 70–80% of Se is absorbed depending on the food item (Alexander and Olsen, 2023). C-bound Se (organic Se) is absorbed better than inorganic Se.




3.3.3 Iodine

Fortification of salt with I was commenced in 1924 (Figure 3C) to tackle I deficiency (Andersson et al., 2012), and this is still the main strategy recommended by the WHO (2014). Although the WHO aimed to eliminate I deficiency by the year 2000 (WHO, 1986a, 1990), two billion individuals (WHO, 2007), including citizens in several European countries (Ittermann et al., 2020), are still at risk of developing I deficiency.

The recommended AI of I has been set to 150 and 200 µg/day in adults and pregnant women, respectively (NNR, 2023). The AI recommended by the NNRs is consistent with those recommended in the EU and USA (USDA/HHS, 2020), whereas the NNRs set forth in 2023 recommend a slightly lower AI for pregnant women (200 µg I/day vs. 220 µg I/day). The UL for adults is set at 600 µg I/day (NNR, 2023). Inorganic I (iodides, I-), like table salt, is easily absorbed from the diet (Jahreis et al., 2001) and is the dominant form of I in milk (80–93% of total iodine) (van der Reijden et al., 2019).




3.3.4 Vitamin D

A link between sunlight (UV) and health was established between 1890 and 1930 (Figure 3D). Diet was then identified to have a similar function as the sun for the human body, and the vitamers D2 and D3 were identified as relevant (Jones, 2022). The bioactivity of the different vitamers D2, D3, 25-(OH)D3, and 1,25-(OH)2D3, are as follows: 1,25-(OH)2D3 > 25-(OH)D3 > D3 = D2 (Blunt et al., 1968). The relative bioactivity of 25-(OH)D3 compared with those of D3 and D2 has been debated (Tripkovic et al., 2017; Cashman et al., 2012; Durrant et al., 2022).

Figure 3D presents the gradual increase in recommendations for vitamin D intake (FAO/WHO, 1970; EFSA, 2016; USDA/HHS, 2020; NNR, 2023) and the UL for vitamin D is set to 100 µg/day. EFSA (2016) has set the suitable blood target value as 50 nmol/L for all population groups.




3.3.5 Balance in micronutrients

Nutritional guidelines recommend assessing dietary patterns (USDA/HHS, 2020) as an additional measure to determine the intake of single nutrients. However, these guidelines should encompass micronutrient ratios (Kelly et al., 2018), provided that the ratio of these micronutrients is significant. Two ratios (vitamin D/Fe and I/Se) were deemed important in this article. Most observational studies have confirmed the presence of a positive relationship between Fe and vitamin D intake (Azizi-Soleiman et al., 2016). An imbalance between the intakes of I and Se may lead to cancer of the thyroid and exocrine organs and glands, e.g. stomach, breast, and prostate (Dijck-Brouwer et al., 2022). A high I:Se ratio indicated a potential harmful effect in rats (Hotz et al., 1997).






4 Changes in carcass, meat, and milk composition: maintaining food healthiness and sustainability through breeding and feeding



4.1 Case 1 – Improvement in the quality and quantity of fats from monogastric animals



4.1.1 Total fat

Dietary animal fats have garnered significant attention. Pork fat is the most ingested type of animal fat in some countries (World Population Review, 2024); thus, clarifying its health benefits is important. The reduction in backfat thickness in pigs has been a breeding goal in Norway since the mid-1950s (Figure 4). This goal aims to transform pigs into lean and feed-efficient animals. The dramatic change in backfat thickness can be attributed to the demand for increased production efficiency. However, this is consistent with the nutritional debate that emerged later regarding the requirement for more protein and less animal fat. Breeding techniques have increased the amount of meat from approximately 40% to 60% of carcass weight (Figure 4; Supplementary Table 1), with the backfat thickness declining from 34 mm to 5 mm (Figure 4B). The reduction in backfat thickness, on average, was approximately 13 kg of adipose tissue per slaughtered pig. The TF content was estimated based on the supplied pig carcasses (devoid of head and front paws) and the Norwegian human population in 1953 (3.429 million individuals, 4.82 kg of pork fat per capita/year consumed) and 2020 (5.379 million individuals, 4.25 kg pork fat per capita per year, wholesale numbers). Notably, Norway is not involved in the major export or import of pork meat (<0.02% import in 2021). The TF content in the muscles of chickens may have declined over time due to extensive breeding (Zotte et al., 2019).

[image: Panel A shows a pork cut with a ruler measuring the backfat thickness. Panel B is a line chart depicting the decline in backfat thickness in millimeters from 1953 to 2007, showing a sharp decrease particularly from 1953 to the mid-1980s, stabilizing thereafter.]
Figure 4 | The impact of Norwegian pig breeding programs on carcass traits. (A) Illustrations of backfat thickness between 1953 (left) and 1980 (right). Source: Originally published in “Studies on a two trait selection experiment in pigs. III. Correlated responses in daily feed intake, feed conversion and carcass traits”, O. Vangen, Acta Agriculturae Scandinavica B, 1980, 29, 337–345 (Vangen, 1980), reprinted by permission of the publisher (Taylor & Francis Ltd, http://www.tandfonline.com). (B) The decrease in backfat thickness. Source: Originally published in Genetic analyses of meat, fat and carcass quality traits measured by rapid methods, E. Gjerlaug-Enger, Philosophiae Doctor (PhD) Thesis No. 13, Norwegian University of Life Sciences (NMBU), Ås, Norway (Gjerlaug-Enger, 2011), reprinted by permission of the author.




4.1.2 Fatty acid composition of pork

The changes in the fat composition of pork observed in previous studies can be attributed to genetic factors or animal feed. In addition to the reduction in backfat thickness in pigs facilitated by selective breeding, important changes have also been observed in the FA composition. The SFA content in pork fat has declined, whereas the PUFA content has increased (Table 3), making pork fat a potentially important source of PUFA for humans. The intake of SFAs via pork has decreased by 33% per capita from 1960 to the present. In addition to the genetic changes, the FA composition of meat from monogastric animals, such as pigs, is strongly influenced by the dietary FA composition.

Table 3 | Changes of fatty acid classes in meat of Norwegian Landrace through breeding goals.
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The pork fat ingested at present is consistent with the updated (NNR, 2023) recommendation for a minimum dietary intake of the MUFA+PUFA fraction (two-thirds of the TF content; Table 3). Various effective strategies can be applied to improve the composition of FA to increase the (long chain) n-3 PUFA content.

Studies investigating whether the changes in animal fat composition significantly affect human health are scarce. However, assessing the changes in fat from monogastric animals (chicken and pork) and the accompanying changes in human health over time is difficult due to the lack of time-correct samples. A comparison of the present composition of animal fat with assumed healthier oils (e.g., rapeseed and olive oils) in terms of health benefits using a mouse model (Figure 5) revealed that the health benefits of pork fat are closer to those of some oils than beef fat. This has led to questions regarding whether the grouping of pork in the “red meat” group based on fat quality is appropriate. Data from the human intervention (Liposcale® data, Figure 5) show that the intake of pork fat is more beneficial than the intake of beef fat. Thus, the ranking supports the mouse model experiment.

[image: Chart comparing effects of different fats on aortic lesions and lipo-scale biomarkers. Top section (A) shows relative total aortic lesions over six months with olive oil/rapeseed oil, sunflower oil, pork fat, and beef fat, indicating significant change with P < 0.05. Bottom section (B) details lipo-scale analysis through a circular graph of 10 biomarkers, including LDL, HDL, and VLDL, conducted at 14 weeks. Images of a black mouse and a smiling person are included.]
Figure 5 | (A) Arthrosclerosis test results using Norwegian Landrace production fat tested for a hard endpoint (aortic lesions) in a mice model. Data adapted from (Morrison et al., 2023). Photo: Harald Carlsen. (B) The results of the Liposcale® test reflect the cardiovascular risk predictions (Mallol et al., 2015). Green lines indicate test diets with fats, whereas the black lines indicate reference lines for the general healthy population (Pinto et al., 2020). The degree of reduction in the area defined by the test lines inside the black line suggests an increased risk prediction. Data were vere adapted from Monfort-Pires et al. (2023). Photo: Anna Haug, used with permission.




4.1.3 Fatty acid composition of chicken

Chicken is an important source of unsaturated FA, such as n-6 FA, in countries wherein the intake of chicken is twice the intake of pork, and the intake of beef is limited. The SFA content in chicken fat is lower than that in pork fat. The n-6 fatty acid levels are significantly higher than the n-3 fatty acid levels in commercial chicken meat. The ratio of 9.5 (The Norwegian Food Safety Authority, 2016–2017a) is approximately two times higher than the ratio based on the recommended intakes of n-6 and n-3 fatty acids in the NNR (NNR, 2023). However, the n-6:n-3 ratio can be improved by implementing feeding programs with an additional focus on reducing the content of inflammatory arachidonic acid (AA).

Haug et al. (2012a) produced two types of chicken meats via feeding. The first type was obtained by feeding the chicken a commercial feed-like concentrate containing 4% soybean oil (SO). The second type was obtained by feeding the chicken a feed in which the SO was replaced with 2% rapeseed oil + 2% linseed oil (RLO). The content of n-3 PUFAs in the RLO feed is 3.4 times higher. The n-6:n-3 ratio in the RLO feed is 1.75, compared with the n-6:n-3 ratio of 9.8 in the SO feed. The n-3 PUFA content of the breast meat of chickens fed RLO was 2.7 times higher than that of the SO meat, and the n-6:n-3 ratios were 1.57 and 6.5 in the RLO- and SO-fed chickens, respectively (Haug et al., 2012a). A human intervention involving the ingestion of approximately 160 g of the two chicken meats daily for 4 weeks was carried out (Haug et al., 2012a). Consumption of RLO chicken resulted in an increase in the content of EPA+DHA in the blood of participants who had a low EPA+DHA% in serum phospholipids (<4.6%) before the intervention. Thus, a simple change in chicken feed can have beneficial effects on the amount of EPA (increased) and AA: EPA ratio (reduced) in the serum phospholipids in humans.

Improvement in the FA composition of meat can be achieved by modifying the diet of these animals; however, the sustainability demand at present is for the inclusion of locally produced oils (including neighboring countries) in feed. The direct use of oils in the human food chain may present challenges. However, the focus on formulating feed for farmed animals that does not involve using fields suitable for farming plant crops for humans has increased in recent years.





4.2 Case 2 – The effect of genetics and production systems on iron content in meat



4.2.1 The reduction of Fe content in muscle through efficient breeding and reduced physical activity

The Fe content in the meat acquired from all production animals has decreased over the previous 80–100 years. Selective breeding has reduced the requirement for Fe and myoglobin (Mb) in muscle cells (see Sections 2 and 3). Extensive breeding may diminish the “normal” function of mitochondria (Zhang et al., 2023; Suliga et al., 2022). Reduced physical activity (increased use of indoor housing) can reduce the requirement for Mb as an oxygen reservoir in cells. Newcom et al. (2004) reported that approximately one-third of the variation in pork muscle Mb can be attributed to different genetic factors. This finding indicates the genetic potential for variation. Apple et al. (2007) tested 50, 100, or 150 ppm of Fe from Availa-Fe (Fe with amino acid complex) and revealed the absence of any significant differences in the Japanese color score, HeFe level, or total He level in slaughtered animals. Thus, the Fe content in pig meat cannot be easily altered by feeding. Similar results have been reported in chickens. Although outdoor production is expected to yield redder meat, it is not always found (Olsson and Pickova, 2005).

The Fe content in indigenous chickens in Kenya (Chepkemoi et al., 2017) is 2.16 mg Fe/100 g of whole chickens. Red Jungle fowl thighs contain approximately 2.6 mg Fe/100 g meat (Callforlife, 2024). The ancient Polverari chicken (known since 1400–1500) contains 1.62 mg HeFe/100 g thigh (Pellattiero et al., 2020), indicating that the TFe is at least 2.1 mg/100 g (RIVM, 2023a). Whole chicken and thighs may contain 0.8 mg Fe/100 g at present (RIVM, 2023b). In Norway (The Norwegian Food Safety Authority, 2023a; 2016–2017b), deskinned raw chicken and thighs contain 0.5 mg Fe/100 g and 0.7 mg Fe/100 g, respectively. Thus, although it is difficult to obtain accurate Fe data to facilitate the comparison of ancient and present chicken breeds, the Fe content in chicken meat has decreased significantly through breeding, presumably by 70–75%.

The longissimus thoracis et lumborum (LTL) of pigs contain 0.8 mg Fe/100 g (The Norwegian Food Safety Authority, 2023b). Similarly, pork fillet contains 0.4 mg Fe/100 g (RIVM, 2023c). Minced pork meat, which represents a larger part of the carcass, contains 0.8 mg Fe/100 g (The Norwegian Food Safety Authority, 2023c) to 0.9 mg Fe/100 g (RIVM, 2023d). The musculus serratus anterior of wild boar, a presumed oxidative muscle, contains 4.0–5.6 mg Fe/100 g (Skobrák et al., 2011). Compared with the commercially available pork meat, an 18–41% reduction in Fe content was reported by the authors. A Polish study reported that Fe content in domestic pigs was 60% lower than that in wild boars (Babicz and Kasprzyk, 2019).

The Fe content in beef has also exhibited a declining trend. Sambugaro et al. (2023) reported that the Fe content in the LTLs of endangered cattle breeds and dominant well-bred Norwegian Red Cattle was 2.73 mg Fe/100 g and 2.09 mg Fe/100 g, respectively, indicating a reduction of approximately 23%. Fairweather-Tait (2023) provided a more detailed description of the HeFe and HeFe/TFe content in meat. Notably, a lesser decline in the Fe content in the meat was observed in animals subjected to lesser breeding.




4.2.2 Breeding affects heme iron reduction in the muscle

Few food composition databases provide the HeFe data for muscle-based foods. Thus, assessing the changes in the HeFe: TFe ratio is difficult. Pellattiero et al. (2020) revealed that compared with those in ancient slow-breeding animals, present-day commercially available chickens had 70.4% and 69.7% lesser HeFe content in the breast and thigh muscles, respectively. The HeFe content in commercially available chickens is 33% of the TFe (RIVM, 2023e).

Changes in the Fe content of pork meat sourced from wild boars have been observed. Kasprzyk et al. (2019) reported the presence of Mb in wild boars of different weights (45–90 kg), with 1.64–4.5 mg HeFe/100 g being detected in the LTL. However, the data reported for TFe in wild boars vary substantially, thereby hindering the precise calculation of the HeFe : TFe ratio. Sampels et al. (2023) reported the color variables of whiteness and redness that are expected to correlate with Mb content in the M. triceps brachii muscle. Whiteness increased from 31.3 in wild boar meat to 47.2 in commercially available pig meat, whereas redness decreased from 15.4 to 2.4 (Minolta data). Whiteness values >60 in commercially available pigs indicate a muscle defect. The HeFe : TFe ratio in pork mince was reported as 0.55 (RIVM, 2023d). Cross et al. (2012) reported that the HeFe level was <67% of the TFe level in the chuck part of beef in the USA. The HeFe level in beef mince accounts for approximately 80% of the TFe, according to RIVM (2023f), indicating a different breeding strategy than that used for pork and chicken. Thus, as shown in Section 4.2.1, the decline in heme content over time in beef is expected to be lower than that in chicken or pork.




4.2.3 A human intervention elucidating the effect of the decline in iron content through animal breeding and feeding dilution

An insufficient amount of absorbable Fe remains the primary cause of Fe deficiency in women in most countries (Pasricha and Moir-Meyer, 2023). The average daily Fe intake in the Nordic and Baltic Countries ranges from 9.4–14.5 mg Fe/day according to the NNR (2023), with the lowest intake being observed among women in Iceland and the highest intake being observed among men in Latvia (Lemming and Pitsi, 2022). The average daily Fe intake of women in the Nordic and Baltic regions was below the recommended intake in all countries (Lemming and Pitsi, 2022).

A relatively recent peer-reviewed publication from the USA (Sun and Weaver, 2021) measured the serum Fe levels, hemoglobin levels, red cell distribution width and mean size, Fe intake, and diseases contracted from 1999 to 2018. A significant decline in Fe intake and hemoglobin levels was observed in this study. Notably, the Fe content in most food products (62.2%), including meat, fruits, and vegetables, was less in 2018 than that in 1999. The Fe content in meat declined to 80–86% of the value in 1999 during the period from 1999–2015, whereas the Fe content in turkey meat declined to 61% of the value in 1999 (Datasource: USDA Nutrient Database). The decline in dietary Fe intake observed in the USA could be related to the decline in the Fe content of food products due to more intensive agriculture and a shift in dietary patterns (Sun and Weaver, 2021). The findings of the study by Yan et al. (2024) support this conclusion. A recent commentary paper questioned the reliability of the estimated decline in Fe intake in the USA; however, this study acknowledged the presence of groups vulnerable to Fe deficiency (Engle-Stone et al., 2022). Fairweather-Tait (2023) summarized human interventions related to HeFe and TFe absorption and indicated that the absorption efficiency also depends on the degree of deficiency. An increase in Fe intake through the consumption of meat has been reported in Norway (up by 3% from 1959 to 2022) (See Supplementary Material).





4.3 Case 3 – The selenium content in meat is affected by breeding and feeding

Approximately one billion individuals are affected by Se deficiency globally (Jones et al., 2017); however, the symptoms of Se deficiency in humans remain unclear (Table 2). Studies from the USA and Europe (Alexander and Olsen, 2023) have defined Se deficiency as plasma/serum Se values <100 µg/L. The intake of Se was below the AI recommended for the Nordic region (NNR, 2023) (Figure 3) in >80% of the participants in an intervention study (Haug et al., 2022). The average daily intake (ADI) of Se in the Nordic and Baltic countries ranges from 20–88 µg Se/day, with the lowest intake being observed among women in Lithuania and the highest intake being observed among men in Finland (Lemming and Pitsi, 2022). Thus, large parts of the Nordic and Baltic populations are below the AI of 75 and 90 µg Se/day recommended for women and men, respectively (NNR, 2023). The dietary sources of Se may change over time (nutrient dilution) and vary across different years depending on the import pattern of food. A Polish study revealed that cereals provide less amounts of Se over time (Zbigniew, 2002). Thus, the consumption of meat products may be more effective in combating Se deficiency than the consumption of cereals (Zbigniew, 2002). The results shown in Table 2 confirm these findings.



4.3.1 Factors affecting the selenium content in meat during recent decades

The Se concentration in the soil is the key determinant of Se concentration in meat. For instance, the Se content in meat sourced from the USA may be higher than that in meat sourced from a European country with suboptimal levels of Se in the soil. The study conducted by Zhang et al. (1993) revealed that ground beef, pork, and chicken sourced from Texas contained 19.0 µg Se/100 g, 27.0 µg Se/100 g, and 13.0 µg Se/100 g, respectively. In contrast, beef, pork, and chicken sourced from France contained 6.0 µg Se/100 g, 8.0 µg Se/100 g, and 5.0 µg Se/100 g, respectively.

According to the Cicual database in France, raw chicken meat contains 12.4 µg Se/100 g (Cicual, 2020). The Se content in beef and pork meat in the USA (USDA/FDC, 2003) is higher than that in some European countries (e.g., Norway), whereas that of other countries is closer to the USA (e.g., Finland). The implementation of a biofortification program using Se (as selenate) as a fertilizer in Finland since 1985 has led to an increase in the Se content in food crops, livestock, and the human population, with the Se levels in human serum doubling over the subsequent 5-year period (Hartikainen, 2005). However, providing a general conclusion regarding the temporal changes in the Se content of meat is difficult. Selective breeding to decrease the number of oxidative muscle cells may have reduced the requirement for Se (Wesolowski et al., 2022) in the muscle. Feed supplementation increases the Se content in the muscles; however, the magnitude achieved via recommended feeding and that achieved via breeding remains unclear.




4.3.2 Selenium content in meat assessed in a human intervention

An intervention study revealed that the intake of 55, 135, or 215 µg Se/day via Se-enriched meat significantly increased the plasma Se levels (van der Torre et al., 1991). Haug et al. (2018; 2022) reported a human intervention wherein 0.5 mg yeast-Se + 0.2 mg Selenite Se/kg of feed was fed to Norwegian Red bulls (control group was fed 0.2 mg Selenite Se/kg feed only). The raw meat (LTL) sourced from the control and experimental groups contained 11.7 and 15.2 µg Se/100 g, respectively. Commercially available LTL in Norway contains, on average, 7.8 µg Se/100 g (Egelandsdal et al., 2020). Biofortification of beef with Se ensures that meat is a source of Se, even in accordance with the updated NNR (2023) recommendations. A high amount of meat was consumed by young women for a short duration in a human intervention study (Haug et al., 2022). This study revealed that the consumption of Se-fortified beef increased the serum Se levels in young women that had less than 85 µg Se/L serum. Se uptake was surprisingly efficient, consistent with the WHO recommendations (WHO 1986b). Thus, muscle is an important organ for the storage of Se (50% of the Se content in the body), and optimizing the Se content in meat to meet specific consumer needs is possible (Oster et al., 1988).

Chicken feed supplemented with Se-rich yeast (0.5 and 0.84 mg Se/kg feed) increased the Se content from 28 to 39 µg Se/100 g in the chicken thigh muscle (Haug et al., 2007a). The higher concentration is similar to the Se content in wild fish (Haug et al., 2007b). In addition, the Se content in pork can be increased by adding organic Se to the feed (Gjerlaug-Enger et al., 2015), but an increase in the plasma Se levels in a human intervention with Se-enriched pork meat yielded unclear results (Bugel et al., 2004).





4.4 Case 4 – Iodine in milk and meat seen through the loop of ruminant diets

Iodine is commonly added to dairy feed at 3–4-fold higher levels than the requirement of the animal in many countries, including Norway, to increase the I content in milk. Dairy products are a major source of I in Mediterranean and Western diets (Table 2; Niero et al., 2023). However, unlike milk, I is not transferred efficiently to the muscles. Consequently, the I content in animal feed for dairy and meat production should vary, as indicated by Meyer et al. (2008). The average daily intake of I in the Nordic and the Baltic countries ranges from 25–268 µg/day, with the lowest intake being observed in women in Lithuania and the highest intake being observed in men in Denmark (Lemming and Pitsi, 2022). The most recent update from the Iodine Global Network (IGN) lists Norway among the countries with insufficient I intake among school-age children (SAC) (IGN, 2022). This is supported by studies showing I deficiency among young and pregnant women (Henjum et al., 2018; Nystrom et al., 2016) indicating the risk of low I intake in certain population groups of the population. The present Norwegian inclusion of 5 µg I/g in one type of table salt is having a minor dietary relevance.



4.4.1 Iodine content in milk is affected by feeding but varies over time and by season

The I content in the feed is the major factor influencing the I content in the milk. However, goitrogenic components, such as thiocyanates originating from glucosinolates in cruciferous plants (e.g., Brassica rapa), inhibit the transfer of I from the feed to milk. Iodine is transferred from the blood into cells via the sodium iodine symporter (NIS). Thiocyanate acts as a competitive inhibitor in NIS. Information regarding the influence of breeding on NIS or the genetic effect on the I content in milk is unknown; nevertheless, the I content in milk can be efficiently manipulated through feeding.

The variation in the I content in milk over the years is a source of concern. Table 4 summarizes the I content in the summer and winter milk in Norway between 1971 and 2013. The I content in milk decreased dramatically from 231 µg/kg in the winter of 2000 (Dahl et al., 2003) to 122 µg/kg in the winter of 2008 in Norway (Haug et al., 2012a) (Table 4). However, the rate of inclusion of I in the diet remained unchanged. The reduction in the I content in milk can be attributed to the increased inclusion of rapeseed products in the dairy cattle diets (Trøan, 2017). Rapeseed products contain glucosinolates, which result in a 30–70% reduction in the I content in milk even at extremely low levels (Trøan et al., 2015). Notably, the I content in milk increased between 2008 and 2012/13 despite the increased use of rapeseed products in feed (Table 4). This increase was achieved by increasing the dietary inclusion of I from 2 to 5 mg/kg in pelleted compound feed mixtures, corresponding to an increase from approximately 0.8 to 2.0 mg/kg DM in the total ration.

Table 4 | Variations of iodine content in Norwegian milk due to time and season.


[image: Table showing iodine content in milk across different years during summer and winter. In 1972/1973, summer content was 66 ± 8.5 and winter was 122 ± 15. In 2000, summer had 93 ± 17 and winter 231 ± 34. In 2008, summer was 92 ± 34 and winter 122 ± 40. In 2012/2013, summer recorded 128 ± 92 and winter 212 ± 78.]
The I content in milk varies seasonally. This reduction in I content in milk during summer could be attributed to the lower concentrate intake, given that I is supplemented through concentrate. However, data from the Norwegian Dairy Recording System from 2011 to 2016 indicated a minor reduction in the intake of the concentrate during summer compared with that in winter. Iodine-containing teat dips are not used commonly (Whist et al., 2007), thus the reduction cannot be attributed to them. The presence of goitrogenic substances in pasture and fresh grass compared with silage could result in a reduction in the I content in milk. Although not well-documented, these substances suppress the transfer of I from feed to milk (Trøan, 2017). Nevertheless, these findings indicate that the I content in the feed should be elevated during summer.




4.4.2 Seaweed as a re-vitalized and iodine rich ingredient in ruminant diets

Seaweed has been used as animal feed in coastal areas for hundreds of years. It was mainly offered along with fish offal as an emergency feed during winter. Isaachsen and Al. (1917) conducted the first experiment on dried seaweed in dairy cow diets (Ringen, 1939) at our university. The palatability and energy value were low; thus, seaweed was not included in quantitative animal feed. Increased focus on sustainable feed systems has garnered attention to the use of seaweed in diet. In addition, seaweed has been identified as a promising mineral source in ruminant diets that positively affects the I content in milk and meat and enhances the physicochemical properties of meat (Grabež et al., 2022, 2023a; Makkar et al., 2016; Newton et al., 2021; Grabež et al., 2023b).

The incorporation of seaweeds in animal diets presents several possibilities and challenges. Compared with that in grazing animals (117 µg I/L milk), supplementation with Ascophyllum nodosum (113 g/day, corresponding to 0.6% in DM) resulted in a significant increase in the I content in milk (480 µg I/L milk) in cows (Antaya et al., 2019). Furthermore, an increase in the inclusion levels of A. nodosum (57 g/d, 113 g/d, and 170 g/d, corresponding to 0.3, 0.6, and 1.0% in DM, respectively) in the diets of dairy cow, had a direct effect on I content in milk (602 µg I/L milk, 1,014 µg I/L milk, and 1369 µg I/L milk) (Antaya et al., 2015). Comparable results were reported by Newton et al. (2023), who demonstrated high I content in milk (1,886 µg I/L milk) when the diet of Holstein cows was supplemented with 330 g (corresponding to 1.3% in DM) A. nodosum daily. Thus, seaweed can biofortify milk with I; however, it is also associated with a risk of the excessive addition of seaweed or the addition of seaweed with excessively high I content, rendering the I content in milk excessive, especially for infants. The transfer of I to milk may be counterbalanced by the simultaneous supplementation of the feed with rapeseed products. To the best of our knowledge, the potential effect in a combination of seaweed and goitrogenic feedstuffs remains underexplored.

A recent experiment conducted at our university farm comprised feeding dairy cows in peak lactation (on average 50 days in milk) a total mixed ration (TMR) comprising grass silage and concentrate (65:35 ratio on DM basis) or a TMR including 1% DM of S. latissima over a 4-week period. Feeding 1% seaweed (corresponding to 220–240 g/day) to dairy cows resulted in a higher feed intake and milk yield (Ueland, 2022). Furthermore, the I content was 6.6 times higher in milk. A potential risk of including high amounts of S. latissima in the feed of dairy animals is the transfer of As, Pb, Cd, and other heavy metals (Sharma et al., 2018). The findings of Ueland (2022) indicate that <1% of the total As content was transferred to milk.

In addition to the use of seaweed in dairy cow diets, the effect of including S. latissima in the diets of finishing lamb and bulls on the I content in meat was also examined (Grabež et al., 2022, 2023b). The inclusion of S. latissima at 2.5% and 5% on a DM basis (105.5 and 204.6 mg I/kg DM feed, respectively) compared with standard feed (5.4 mg I/kg DM feed) in lamb feed increased the I content in lamb meat by 26-fold and 37-fold, respectively, compared with conventionally indoor fed lambs (2.3 µg I/100 g of meat); an intake of 100 g would represent only 1.5% of the recommended AI. Seaweed supplementation could increase this level to 40–59% of the AI (Grabež et al., 2023a), making it another relevant source of I. In another study, 0.8% blanched S. latissima (on DM basis) was added to the feed of finishing bulls as the maximum inclusion level to comply with present law regarding I and As content in ruminant feed. The addition of blanched S. latissima induced a five-fold increase in the I content in meat. Thus, the use of seaweed as an I source in animal feed is feasible. Furthermore, it could be a promising strategy for producing I-rich meat and meat products. However, the level of its inclusion depends on the choice of seaweed species and the characterization of their mineral composition (Cabrita et al., 2016).




4.4.3 I level in milk assessed in human intervention studies

Few studies have investigated the bioavailability of I from various dietary sources. Organically bound I, such as iodiphores (complexed I) and protein-bound I, reduce the bioavailability of I. Nevertheless, Dydykin et al. (2019) reported that iodotyrosine and iodocasein are superior to iodized salt as external additives in meat products in the prevention of I deficiency in children. However, studies assessing the bioavailability of dietary I directly from meat and meat products are scarce.





4.5 Case 5 – The effect of genetics and production systems on the vitamin D content in meat

The vitamin D levels and intake of each species varies depending on the geographical location. Vitamin D deficiency in humans is often defined as blood values of <30 mmol/L for 25-(OH)D3, with a suitable target value of 50 nmol/L for all population groups (EFSA, 2016). This deficiency has been recorded in many countries (Palacios and Gonzalez, 2014). The average daily vitamin D intake in the Nordic and Baltic countries is <10 µg/day, except in Finland (Lemming and Pitsi, 2022). Muscle foods are presently considered vitamin-D-deficient food.



4.5.1 Increasing the low vitamin D content in the muscles via breeding, feed, and UVB light

Vitamin D influences mitochondrial function; thus, breeding glycolytic cells will reduce the requirement for vitamin D (Dzik and Kaczor, 2019). Burild et al. (2016) reported that the total vitamin D content in red pork muscles, independent of the type of vitamer used in feed (max 50 µg 25-(OH)D3 or D3/kg feed), was higher. This may reflect the higher intramuscular fat content in red muscles (Burild et al., 2016). Feeds supplemented with 25-(OH)D3 would be more favorable than those supplemented with D3 if the aim is to increase the total vitamin D content in lean meat (<20% fat). The total vitamin D content varies depending on breeding, feeding, and possibly body mass composition (degree of fatness); the latter has been observed in humans to influence serum 25-(OH)D levels (Kim and Cho, 2019).

A decline in the vitamin D content in meat was also observed when animals were raised indoors without any UV light facility and vitamin D3 content in the feed was low. Outdoor activity (sunlight exposure) may increase vitamin D levels more than feeding (Madson et al., 2012). UVB can increase the vitamin D3 content in pork and poultry (Rosbotham et al., 2022). Schutkowski et al. (2013) reported a vitamin D3 content of 0.5 µg D3/100 g in hen legs following the application of UVB illumination through four daily intervals. The 25-(OH)D3 level also increased, resulting in the effective vitamin D concentration increasing to 1.5 µg/100 g (Jakobsen, 2007) pending the bioactivity factor used for 25-(OH)D3. The use of UV light in pigs for 6 min/day for 10 weeks can result in a significant increase in the D3 level relative to the level recommended by the EFSA in animal feed (Neill et al., 2021, 2023). However, the application of UVB light requires further research (Rana and Campbell, 2021).




4.5.2 Content of 25-(OH)D3 in meat assessed in a human intervention

A higher 25-(OH)D3 content has been observed in beef, with levels of 0.16 µg/100 g being observed in meat (raised indoor) available commercially in the Norwegian market (minced beef) (Egelandsdal et al., 2020). Haug et al. (2018) reported an increase in the 25-(OH)D3 content in minced beef from 0.10 µg/100 g meat to 0.29 µg/100 g when the feed was supplemented with 0.025 g D3/kg feed and 0.1 g D3/kg feed, respectively. The increase in the 25-(OH)D3 content through the EFSA-recommended feed level may not seem large. However, the consumption of beef increased the blood 25-(OH)D3 levels of the intervention participants that had 25-(OH)D3 levels < 30 nmol/l (Haug et al., 2022). Nutrient-optimized beef can improve the blood levels of participants with low to normal 25-(OH)D3. However, the meat was examined in a high-dose-short-time intervention in the study (Haug et al., 2022). Further studies using lower doses and long-term administration must be conducted to verify whether vitamin D optimized meat improves the blood base values of individuals with 25-(OH)D3 levels <50 nmol/L.





4.6 Ratio of the selected micronutrients

The intake ratios for vitamin D/Fe (range 1.18–0.4) and I/Se (range 4.93–0.97) have been reported for the Nordic and Baltic regions (Lemming and Pitsi, 2022; See Supplementary Material, Figure 2 and Table 2 for vitamin D/Fe and I/Se). Although reference blood values are lacking for ratios, extreme ratios may pose an additional burden on the total intake of these micronutrients.





5 Critical views on human and animal nutritional guidelines in the context of improvements in milk and meat healthiness

Europe and the USA have produced enough food to ensure adequate caloric and macronutrient supply since the 1960s (Roser et al., 2023). Obesity (WHO, 2022) and hidden hunger have been included in the agenda. Nevertheless, higher-income consumers consuming fewer but higher-quality foods remains a prevailing trend (Hocquette et al., 2024; Liu et al., 2023).



5.1 The animal breeding and feeding timeline advanced faster than human nutrition guidelines: case fat

Fat limited in or devoid of essential FA and micronutrients is only an energy source. Therefore, the initial focus of the meat value chain is to decrease the ratio of fat to lean meat in animals to improve profitability and human health. However, whether further advancements in fat reduction in pigs, chickens, or turkeys should be continued is debated due to the physiological limitations of the animal. Furthermore, it is unclear whether the focus should be directed toward FA composition and animal health.

An increase in the MUFA and PUFA content is achievable in pork meat via feeding and breeding (Gjerlaug-Enger et al., 2011; van Son et al., 2017). Clear incitements for continuing the improvements have not been proposed, partly due to the challenges in the meat production value chain (e.g., lipid oxidation and soft fat), a lack of recognition from human dietary guideline generators, increased feed and raw food material costs, and constraints on animal feed.




5.2 Breeding achievements: case Fe

The drivers of the increased production of high-quality protein for humans via breeding have not focused on the Fe content in meat. In theory, the losses in Fe with breeding could be compensated for by a higher intake of meat (and organs) from beef in vulnerable groups. However, the consumption of beef is considered to increase the risk of developing chronic diseases (FAO, 2023), which limits intake. Increasing the intake of chicken and turkey may place meat in a category that it is no longer a good source of Fe (i.e., ≥15% of daily intake). Reversing the present breeding choice would increase production costs per kilogram of meat. Thus, increased feed supplementation may be required if high-yield grains/plants with lower mineral accumulation (“the dilution effect”) are used (Marles, 2017).

Few countries record HeFe data in their databases to an extent relevant for epidemiological modeling, bearing in mind that animal breeding is mostly local. Heme, carrying Fe, was in 2015 (WCRF, 2015), but not clearly in 2024 (WCRF, 2024), suggested to be causal for colon cancer. Aglago et al. (2023) reported a negative association between heme and colon cancer only in men.

The genetic changes in cattle, pork, and poultry vary, and the breeding goals for cattle may depend on dairy needs, e.g., if dual-purpose cattle are the focus. Thus, it is questionable that we use only two groups (“red or white” meat) and link these to chronic diseases nationwide. The levels of HeFe and SFAs, two assumed causal predictors implicated in lifestyle diseases, have clearly decreased in pork and chicken over the years. Our Supplementary data suggest that women favor meat with a reduced iron content (for example, chicken) that is less likely to prevent Fe deficiency even when their meat intake is increased.




5.3 Should we aim for nutrient richer or poorer meat: case Se and vitamin D

The Se and vitamin D content in meat may be negatively influenced by breeding choices. However, the existing literature on this topic is not detailed. The approach used here involves the supplementation of the feed with Se. Biofortification will be a necessary step in many parts of the world (Christophersen et al., 2013) to ensure adequate Se intake. This could yield animal products that are beneficial for human health and livestock (Haug et al., 2007b). Thus, focusing on the Se levels in meat and other animal products is important, but the Se content in the feed must be adjusted to obtain an optimal Se content in the products.

The EFSA reported that consumers are unlikely to exceed the UL for Se, except for regular users of supplements (pills) containing high doses of Se or regular users of high-Se foods, such as Brazil nuts (Turck et al., 2023). Supplementing the feed up to the UL of animals, along with intensive end feeding, can increase the Se or vitamin D content of meat.

Increasing the 25-(OH)D3 content beyond 0.5 µg 25-(OH)D3/100 g meat is challenging (Schmid and Walther, 2013); however, even this low level has a high utility in individuals with low vitamin D levels. The preceding sections have discussed the possibilities for increasing the vitamin D content in meat via feeding and technologies. However, further studies must be conducted on increasing the vitamin D levels in lean meat as many individuals have a low vitamin D/Fe ratio. Meat producers should aim to maximize and stabilize vitamin D levels. This is especially relevant in regions where animals are mostly reared indoors.

Nutrient-based criteria (such as proteins, MUFAs, vitamin B, and Zn) must be used by the meat industry to distinguish meat products from refined foods containing mostly fat or sugar and practically no essential nutrients, such as Se or vitamin D. Meat should supply nutrients missing from the diet at the highest level possible while being sustainable. Improving meat production beyond the present solutions is not necessarily costly (Haug et al., 2018). Selenium also accumulates in organs, such as the liver, that are not consumed commonly. The reintroduction of organs into the human food chain appears sustainable, given the global scarcity of Se.




5.4 Human iodine demand may necessitate dairy cattle

Milk and dairy products will continue to be the prime sources of I in the foreseeable future in Norway and many other countries (Bath et al., 2022). Increasing the I content in the feed remains the most efficient way of increasing I content in milk. NASEM (2021) recognizes this role in animal feeding and recommends increasing the levels of I in the ration (from 0.5 to 1.0 mg/kg DM) when using goitrogenic diets. Although the key is to ensure sufficient I content to facilitate thyroxine synthesis in cows, this increase indirectly preserves the I content in milk. Recommendations for achieving the optimal I content in milk remain to be established in Norway. However, considerable knowledge regarding milk production within the preset I range has been accumulated. Trøan et al. (2015) presented a model ensuring that the I content in milk was within certain limits. The I content in milk was related to the dietary I intake and the proportion of rapeseed products in the diet. Such models should be implemented to address the variations in the I content in milk due to the presence of goitrogenic components in the feed. This also plays an important role in facilitating sustainability, as rapeseed products contain sustainable, cost-efficient, and high-quality feed protein. The inclusion of I in the Norwegian compound feed for dairy cows has been set to 5 mg I/kg based on an agreement between the Norwegian feed and dairy industries aiming to declare I content in drinking milk. However, a UL of 5 mg I/kg may not be sufficient to stabilize the I content in milk for declaration. Alternatively, a combination of seaweed and goitrogenic feedstuffs can be used to reduce the level of I in milk.

The transfer of I to meat is not as efficient as that to milk; however, the amount of I in the feed beyond the present UL will increase the I content in meat to a level that makes meat a relevant source of I. In addition, the transfer of I from the feed to meat (and organs) differs among animal species. Implementation of this knowledge would necessitate the adjustment of present practices and regulations regarding the I level permitted in feed rations, depending on which animal to feed and the intended use.





6 Conclusion

More research must be conducted to address the present situation regarding meat. The animal-to-meat value chain must explore the use of their tools, with a stronger focus on meat healthiness. However, human nutrition guidelines are not updated at a sufficient rate in relation to the advances made in livestock research and production. Livestock research is particularly relevant in an era in which the demand for sustainability can accelerate the development of new feed and genetic solutions. Closer collaboration between the entire animal value chain, human nutritionists, and feed and food authorities will aid in addressing the complexity of healthiness and sustainability. The fat case used here would have been developed more efficiently and received more positive publicity through such a collaboration.

The following can be concluded from this article:

	There is an urgent need to terminate the concept of “red meat.” Redness is related to the content of myoglobin-containing heme, which can be measured and adjusted via animal breeding and production. The names of the animal species investigated must be used to accelerate the identification of components associated with an increased risk of colon cancer. This approach will aid in determining how emerging animal science tools can be used to produce healthier meat.

	Regarding sustainability, national accounting must be performed to confirm that an optimal intake of Se can be maintained via the intake of meat (and organs).

	The vitamin D content in meat should be maximized within legislative frames.

	Feeding legislation must be developed to stabilize sustainable I levels in cattle milk, the most important dietary source of I.

	The UL values of feed should be used to improve the nutrient density of meat while maintaining animal health and welfare.

	The nutrient density of meat must be maintained and improved. Consuming less but higher-quality meat should be a beneficial choice in the long run, especially for consumers vulnerable to hidden hunger.
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African swine fever (ASF) occurred in Gyeonggi of South Korea in 2019 and there were 21 reported cases in domestic swine farms. South Korea is the one of top countries for pork consumption, and half of the 2.9 million tons of meat consumed in 2022 were pork. Outbreaks from animal products have a severe impact on the shift of diet and the change in dietary patterns of consumers shape climate change. Moreover, animal products account for 18% of worldwide GHG emissions which is more than industry (16%), transportation (13.5%), and energy usage (13%). This study is the first study to analyze the regional impact of animal products associated with climate change in South Korea. The objective of this study is to analyze the regional effect of dietary shifts on per capita CO2 emissions from household consumption in South Korea. Synthetic Control Method (SCM) is employed to analyze the impact of ASF on the change of per capita CO2 emissions from household consumption by shifting the nutritional patterns in South Korea. The dependent variable is per capita CO2 emissions from household consumption, and the type of event is an epizootic disease. The event period is between 2010 and 2021 (pre-intervention: 2010–2018 and post-intervention: 2019–2021). By establishing synthetic Gyeonggi from the optimal synthetic control unit, the trajectories present how dietary shifts have influenced per capita CO2 emissions from household consumption in a positive direction after ASF. ASF caused consumer dietary shifts from pork to other types of meat. This divergence between Gyeonggi and synthetic Gyeonggi indicates that there is an impact influencing per capita CO2 emissions from household consumption after ASF. Performing an SCM analysis with the treated (Gyeonggi) and control (thirteen municipalities) units, the study found that the two trajectory lines (Gyeonggi and synthetic Gyeonggi) were similar before diverging after the introduction of ASF. The gaps also indicate the impact of the shift in dietary patterns on per capita CO2 emissions from household consumption.
JEL classification: C31, Q54.
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1 Introduction

Pork is the most-consumed meat in the world, and it has an expanding and highly competitive global market (USDA, 2023).1 South Korea is among the top countries for pork consumption; in 2022, around 2.9 million tons of meat were consumed, and half of that meat was pork [Korea Meat Trade Association (KMTA), 2024]. Pork consumption in South Korea has rapidly grown since the early 2000s, and the demand for pork is still highly imbalanced due to Korean consumers' unique preferences for specific cuts of meat (Shi, 2021). Consumers in South Korea have a unique consumption pattern and a strong preference for high-fat cuts such as belly and Boston butt (Choe et al., 2015). Table 1 indicates that in 2019, per capita beef and poultry consumption increased by 7.6% and 6.6%, respectively, while per capita pork consumption decreased by 1.2%. Per capita pork consumption is increasing by an annual average of 2.4%.


TABLE 1 Food consumption per capita in South Korea (kg/person).

[image: A table detailing the consumption of beef, pork, poultry, and fish from 2011 to 2021. Beef consumption rises from 13.5 to 20.5, pork fluctuates between 30.5 and 40.6, poultry increases from 16.1 to 22.2, and fish decreases from 59.7 to 55.6. Data source: Food and Agriculture Organization of the United Nations (2023).]

High feed and energy costs restrict South Korea's domestic pork production, so the total swine supply is expected to decline due to high production costs. Compound feed prices during the first 11 months of 2022 increased by 22% over the same period in 2021 (Ban, 2023). In agriculture, overuse of resources has increased greenhouse gas (GHG) emissions, causing serious environmental consequences such as climate change, and global warming. Animal products, such as red meat, dairy, and eggs, account for 18% of worldwide GHG emissions, more than industry (16%), transportation (13.5%), and energy usage (13%) (Jeong et al., 2023). Considering that over one-third of GHG emissions originate from the food system, livestock meat production plays a large part in the industry (Sugimoto et al., 2020; Liu et al., 2023). Growing demand for meat products causes the release of more GHG emissions into the atmosphere.2

Rogissart et al. (2019) found that the dietary patterns of consumers shape climate change. Nutritional patterns normally comprise 10%−30% of CO2 emissions from households, and animal-based products have a larger impact on GHG emissions than plant-based products (Center for Sustainable Systems, University of Michigan, 2022; Afrouzi et al., 2023). In 2019, African swine fever (ASF)3 occurred in Gyeonggi of South Korea in Figure 1; there were twenty-one reported cases in domestic swine farms and over 2,600 cases in wild boar (Cho et al., 2022). Loss of livestock, decreased market value, food insecurity, environmental impacts, and efforts to respond to animal diseases come at considerable costs to livelihoods and both public and private sector interests (Weaver and Habib, 2020).


[image: Map of South Korea showing provinces and major cities, including Seoul, Incheon, and Busan. An arrow points to the Gyeonggi region, surrounding Seoul in the northwestern part of the country. Jeju Island is labeled at the bottom.]
FIGURE 1
 Map of South Korea. Source: Created by author.


The presence of ASF in China and Southeast Asia indicates the importance of animal diseases to economics, and epizootic diseases highlight the associated economic and human costs and the potential costs of other animal disease outbreaks in the future. Table 2 indicates the cost of living4 of consumer goods in Gyeonggi, South Korea. In 2019, the indexes of beef and poultry increased by 3.4% and 1.2%, respectively, while pork decreased by 4.1% after the outbreak of ASF in Figure 2.


TABLE 2 Index of cost of living in Gyeonggi (2020 = 100).

[image: Table showing food consumption indices in South Korea from 2011 to 2021 for beef, pork, poultry, fish, fruit, and vegetables. Each row lists yearly indices with a base year of 2020 set to 100. Source: Korea Statistical Information Service (KOSIS) 2024.]


[image: Line graph showing the Index of Cost of Living in Gyeonggi from 2000 to 2020. Different colored lines represent beef, fish, fruit, pork, poultry, and vegetables. All show rising trends, with marked increases post-2017, especially after the African Swine Fever incident noted in 2020.]
FIGURE 2
 Index of cost of living in Gyeonggi (2020 = 100).


This study is limited to an analysis of dietary patterns for various foods, making regional data collection difficult. However, this paper is the first study to analyze the regional impact associated with climate change in South Korea. The objective of this study is to analyze the regional effect of dietary shifts on per capita CO2 emissions from household consumption in South Korea. By applying the synthetic control method (SCM), this study shows how ASF has affected dietary changes, causing an increase in per capita CO2 emissions. The food industry causes GHG emissions, and shifts in dietary practices influence the environment and human health (Aleksandrowicz et al., 2016).



2 Method and data

This study applies the Synthetic Control Method (SCM)5 to analyze the impact of ASF on the change of per capita CO2 emissions from household consumption by shifting the nutritional patterns in South Korea. SCM is a particularly useful analysis tool for case studies with relatively small sample data in comparison to other methods. Constructing the donor pool is a critical step for getting an acceptable estimate and two outcomes derive from SCM. The synthetic control unit relies on the analogous factors between the predictor's estimates of the exposed and unexposed units (Bouttell et al., 2018). The weighted average of the control unit from the SCM is needed to make it feasible and similar to the treated unit (Abadie et al., 2010).

Assume that observable units i = 1, …, J and time t = 1, …, T0, T0+ 1, …, T, without the loss of generality, the treated (exposed to the event) unit is i = 1, and the control units (unexposed to the event) are i = 2, …, J; the pre-event period is t = 1, …, T0, and the post-event period is t = T0+ 1, …, T (Abadie et al., 2010). Let [image: Mathematical notation showing \( Y \) with subscript \( t \) and superscript \( N \).] be the outcome with no event, and [image: Mathematical expression of the letter Y with subscript i and t, and superscript I.] be the outcome with an event at time t and unit i.6 Dit be an indicator that indicates the value 1 if unit i experienced the event at time t and the value 0 otherwise; the impact of the event is assessed by the subtraction [image: Mathematical expression showing the letter Y with superscript N and subscript t.] from [image: Mathematical notation showing the variable \( Y \) with subscript \( it \) and superscript \( I \).] in Equation 1 that is, [image: \(\alpha_{it} = Y_{it}^{I} - Y_{it}^{N}\)] in the post-event period in Equation 2.

[image: Equation showing Y sub i t equals Y sub i t superscript N plus alpha sub i t times D sub i t, labeled as equation one.]

[image: Equation showing \(a_{it} = Y^I_{it} - Y^N_{it}\), denoted as (2).]

The optimal synthetic control unit is constructed from four vectors (X0, X1, Z0, and Z1) with two weights (W and V). The X0 and Z0 indicate the predictor's and outcome's values of the control unit, and X1 and Z1 indicate the predictor's and outcome's values of the treated unit. Then, two weights W present the minimized distance between the predictors and each control unit's weight in Equation 3, and V present the minimized distance between the outcomes of treated and control unit in the pre-event period in Equation 4. From a minimized MSPE7 of the outcomes of treated/control units, the outer optimization is derived. The optimization provides asymptotically unbiased estimates of the treated unit (Abadie et al., 2010). Therefore, the optimal weight ([image: Mathematical notation showing "W" with subscript "j" and superscript "*".]) is estimated from four vectors showing the impact of the event in Equation 5.

[image: W star equals the argument minimum over W of the square root of the quantity X one minus X zero W, transposed, times V, times the quantity X one minus X zero W.]

[image: Mathematical expression for V-star as the argument minimum over V of the expression: (Z subscript 1 minus Z subscript 0 W-star of V) transpose multiplied by (Z subscript 1 minus Z subscript 0 W-star of V), equation number four.]

[image: Mathematical equation showing \(\hat{a}_{it} = Y^I_{it} - \sum_{j=2}^{J+1} W^{*}_j \cdot Y_{jt}\) labeled as equation (5).]

In this study, the dependent variable is per capita CO2 emissions from household consumption, and the type of event is an epizootic disease. The event period is between 2010 and 2021 (pre-intervention: 2010–2018 and post-intervention: 2019–2021).

The treated unit, Gyeonggi, and the selected 13 municipalities in South Korea which are not exposed to ASF in 2019 are included. The predictors from 14 municipalities are employment ratio, gross regional domestic product (GRDP) per capita, economic growth rate, and cost of living index (beef, pork, poultry, and fish) in Table 3.


TABLE 3 Variables description.

[image: Table listing variables and descriptions. Dependent variable: per capita CO₂ emissions from household consumption (2010–2021). Treated region: Gyeonggi, South Korea. Control units: 13 municipalities in South Korea. Predictors include cost of living index (poultry, beef, pig, fish), employment ratio (male and female), gross regional domestic product, and economic growth rate. Intervention year: 2019, year of African Swine Fever. Sources: KOSIS, GIR, GDD. Annotations explain employment ratio, gross regional domestic product, and economic growth rate.]



3 Result

This study describes the per capita CO2 emissions from household consumption as a dependent variable, and ten independent variables are taken to create the synthetic control unit. The estimates of predictors in the pre-intervention period are presented in Table 4, which shows the similarity between Gyeonggi and synthetic Gyeonggi.8


TABLE 4 Characteristics in the pre-intervention.

[image: Table comparing Gyeonggi and Synthetic Gyeonggi in parameters like CO2 emissions, cost of living index, employment ratio, GDP, and economic growth rate. Gyeonggi has slightly lower CO2 emissions than Synthetic Gyeonggi. The cost of living differs slightly across various goods such as beef, pork, poultry, fish, fruit, and vegetables. Employment ratios for males and females are displayed, with females having lower percentages. The GDP and economic growth rate are slightly higher in Synthetic Gyeonggi. The data spans different averages and indices measured between 2000 and 2018.]

In Table 5, the weights/regression weights of every municipality for creating the synthetic control unit are stated.9 The numbers in parentheses indicate the optimum synthetic unit for construction, such as Jeju (36.1%), Seoul (34.1%), Gyungbuk (22.0%), and Ulsan (5.5%). This implies that the mix of weighted municipalities provides the optimal synthetic control unit in the pre-event period. The regression weights of the unexposed units also deliver a synthetic control unit.10


TABLE 5 Weight for each control unit.

[image: Table showing synthetic control and regression weight for various regions. Seoul: 0.341, -0.81. Busan: 0.001, 1.56. Daegu: 0.002, -0.21. Gwangju: 0.000, 0.16. Daejun: 0.016, 0.53. Ulsan: 0.055, -0.30. Gangwon: 0.000, -0.96. Chungnam: 0.000, 1.45. Geonbuk: 0.000, -1.23. Geonnam: 0.000, 0.34. Gyungbuk: 0.220, -1.19. Gyungnam: 0.004, 1.32. Jeju: 0.361, 0.35. Source: Estimated by SCM.]

By establishing synthetic Gyeonggi from the optimal synthetic control unit, Figures 3, 4 present how dietary shifts have influenced per capita CO2 emissions from household consumption in a positive direction after ASF. Figure 3 presents the comparison of per capita CO2 emissions between Gyeonggi and synthetic Gyeonggi between 2010 and 2021.


[image: Line chart comparing per capita CO2 emissions from non-household consumption in Gyeonggi and synthetic Gyeonggi from 2010 to 2020. The Gyeonggi line is bold and black, while the synthetic line is gray and dashed. A red circle highlights a divergence around 2019.]
FIGURE 3
 CO2 emissions from household consumption (Gyeonggi and Synthetic Gyeonggi).



[image: Line graph titled "Gaps Gyeonggi with Synthetic Gyeonggi" showing per capita CO2 emissions from 2010 to 2020. Emissions decrease slightly until 2015, then rise steadily, peaking in 2020.]
FIGURE 4
 Gaps in CO2 emissions household consumption of Gyeonggi.


That trajectory of per capita CO2 emissions of synthetic Gyeonggi closely follows Gyeonggi's per capita CO2 emissions in the pre-intervention period. However, in 2019, the per capita CO2 emissions of Gyeonggi and synthetic Gyeonggi diverged in different directions. ASF caused consumer dietary shifts from pork to other types of meat. This divergence between Gyeonggi and synthetic Gyeonggi clearly indicates that there is an impact influencing per capita CO2 emissions from household consumption after ASF. Figure 4 presents the gaps in the per capita CO2 emissions between Gyeonggi and synthetic Gyeonggi. While the difference in the pre-intervention period is within ±1%, a divergence emerged after the introduction of ASF.

Placebo studies were performed by applying the SCM to support the statistical significance of ASF. The significance of the event is not established if there are gaps indicating a distinct magnitude between the tested and synthetic tested units (Abadie and Gardeazabal, 2003). For all thirteen municipalities in the control unit, placebo tests were conducted (Figures 5–7). For per capita CO2 emissions, the study presents a good fit, and other studies present the worst fit if it brings out the distant MSPE. Figure 6 presents the placebo studies, excluding municipalities showing an MSPE 20 times higher than that of the exposed unit (Gyeonggi). Six municipalities, including Seoul, are excluded, and there are still considerable deviations from zero. Figure 7 presents the exclusion of municipalities with 10 times higher MSPE, and one municipality was discarded. After exclusion through placebo studies (Figures 6, 7), there were six unaffected units left. Thus, this study finds that the random permutation possibility of the event is 1/6 = 0.166, representing an 84% statistical significance for the study.11


[image: Line graph showing per capita CO2 emissions from household consumption in kgCObkg across various regions from 2010 to 2020. The graph features 13 lines representing different regions, with some lines fluctuating while others show steady trends. A prominent thick black line displays a significant increase post-2016. Legend indicates regional labels such as Gyeonggi and Seoul. The graph's title is "Placebo with all 13 Controls." The Y-axis represents emissions, and the X-axis indicates years.]
FIGURE 5
 Placebo studies (13 control countries).



[image: Line graph showing per capita CO2 emissions from household consumption from 2009 to 2019. It compares regions: Gyeonggi, Busan, Daegu, Gwangju, Daejeon, Gyeongbuk, Chungnam, Jeju. Gyeonggi shows a significant increase post-2015, while other regions show little change.]
FIGURE 6
 Placebo studies (7 control countries).



[image: Line graph showing per capita CO2 emissions from household consumption from 2010 to 2020, with different regions represented by various line styles. Gyeonggi shows a significant rise post-2015.]
FIGURE 7
 Placebo studies (6 control countries).


The leave-one-out in Figure 8 was performed next to estimate the sensitivity of the results, and the test was applied to give positive weights to the municipalities. The analysis used an optimal W* to minimize the distance between Gyeonggi and synthetic Gyeonggi in the pre-event span (Abadie et al., 2012). The gray lines of synthetic Gyeonggi with one of the six municipalities left out are recreated, and they are close to one another. The gaps between actual Gyeonggi and the six gray lines indicate that the study is robust to the exclusion of any particular municipality (Gong and Rao, 2016). The ratio of the post- to pre-event span MSPE of all 14 municipalities (one treated and 13 control units) is presented in Figure 9.


[image: Line graph showing per capita CO2 emissions in Gyeonggi from 2010 to 2020. The line indicates emissions remain relatively stable with slight variations, marked by two synthetic comparisons. A vertical line at 2019 notes the first confirmed ASF case.]
FIGURE 8
 Leave-one-out distribution.



[image: Scatter plot showing post-period RMSE to pre-period RMSE ratios by state. Data points increase in value, with one notable outlier labeled "Georgia" significantly higher than others.]
FIGURE 9
 Post-/pre-period MSPE ratio.


The MSPE ratio of Gyeonggi stands out, and the post-ASF MSPE is 164.53 times that of the pre-ASF MSPE. The second-highest MSPE ratio is 61.74 in Daejun, indicating that the ratio of Gyeonggi is 266% larger than that of the Daejun. The probability of having such a large ratio as Gyeonggi is 1/13 = 0.076 (7.6%) when any municipality randomly experiences ASF. Table 6 provides the ratio of post- to pre-ASF MSPE and RMSPE (root mean squared prediction error).12 Empirically, by estimating MSPE/RMSPE, the study can assess goodness of fit. MSPE/RMSPE ratios showing the highest values indicate an impact from ASF. The two exhibitive ratios of Gyeonggi are far from the rest of the municipalities. Therefore, there is a substantial event influencing the per capita CO2 emissions from household consumption.


TABLE 6 MSPE/RMSPE ratio (post- to pre-intervention).

[image: Table showing MSPE and RMSPE ratios for different regions. Gyeonggi has the highest MSPE ratio at 164.53, followed by Daejun at 61.75, while Chungnam has the lowest at 0.17. RMSPE ratios are also listed, with Gyeonggi having the highest at 12.83 and Chungnam the lowest at 0.42. Data source: MSCMT.]



4 Conclusion and discussion

Dietary practices can be affected by various factors such as socioeconomic status, demographics, culture, and lifestyle (Czarnocinska et al., 2020; Hassan et al., 2020), and the health of dietary patterns are linked to environmental sustainability (Grosso et al., 2020). Animal-based foods require higher energy use and cause more GHG emissions than plant-based foods (Scarborough et al., 2014). This is what motivated this study to determine the relationship between per capita CO2 emissions and shifts in dietary patterns. In 2019, the swine farms in Gyeonggi in South Korea lost economic animals and consumers had to alter their dietary patterns. When an epizootic disease occurs in a country, the industries related to production and consumption are influenced by the event. Therefore, this study analyzed changes in dietary patterns after the ASF outbreak in South Korea, influencing the per capita CO2 emissions from household consumption.

To analyze the relationship between dietary patterns and per capita CO2 emissions, the synthetic control method (SCM) is employed. In particular, the analysis focused on regional municipalities that provide little data. The SCM is widely used to estimate the impact of an event such as terrorism, political action, economic development plan, and natural disasters. There are studies (Aleksandrowicz et al., 2016; Geibel and Freund, 2023) analyzing the changes in dietary patterns and their impact on the emissions of greenhouse gas emissions, but they focus on the production side. However, this study concentrates on the consumption side, and how the consumers react to an external event such as an epizootic disease.

By performing an SCM analysis with the treated (Gyeonggi) and control (13 municipalities) units, the study found that the two trajectory lines (Gyeonggi and synthetic Gyeonggi) were similar before diverging after the introduction of ASF. The gaps also indicate the impact of the shift in dietary patterns on per capita CO2 emissions from household consumption. These two decisive figures indicate the effects of an epizootic disease, and the critical point of applying the SCM is to establish a synthetic control unit. How the Gyeonggi and synthetic Gyeonggi are similar is provided in the previous section such as per capita CO2 emissions, cost of living indices, and economic factors.

The SCM is an effective method for analyzing limited samples, but it causes statistical problems for sensitivity and robustness. Therefore, the critical part of performing the analysis is selecting predictors that indicate the similarities between the treated and control units. Placebo studies, a post- to pre-MSPE ratio, and a leave-one-out were performed to support the statistical inferences. The figures present evidence that the trajectory divergences result from shifts in consumer dietary patterns. This study is the first to analyze at the level of municipalities, presenting the relationship between dietary pattern shifts and per capita CO2 emissions from household consumption after ASF.

The relationship between the shifts in dietary patterns and per capita CO2 emissions is proven through the evidence supporting the statistical inferences. However, the collection of predictors of municipalities in South Korea for analysis was limited. Climate change is one of the biggest concerns this planet has, and it affects the living. Upon analyzing the relationship between the change in dietary patterns and per capita CO2 emissions, the outcomes of this study are meaningful. When an unexpected epizootic disease occurs in a country, the authority tries to recover the losses of farms and stabilize a disequilibrium in consumption. By building a synthetic control unit, policymakers, farmers, and even consumers can expect how much an epizootic disease causes damage.
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Footnotes

	1Pork is the most widely eaten meat in the world (36%) followed by poultry (33%), beef (24%), and goat (5%) (USDA, 2023).
	2Each kilogram of beef product produces 99.48 kgCO2eq, while poultry and pig products produce 9.87 and 12.31 kgCO2eq, respectively STATISTA (2024).
	3ASF is a highly contagious disease in domestic pigs [World Organization for Animal Health (WOAH), 2023], and it causes tremendous socioeconomic damage.
	4Cost of living is calculated periodically in nearly representative baskets of consumer goods.
	5The Synthetic Control Method (SCM) has been employed to estimate the impact of an intervention on various research interests: terrorism (Abadie and Gardeazabal, 2003), political action (Bohn et al., 2014), local construction (Ando, 2015), and disasters (Wang et al., 2013).
	6The superscript N above Y indicates the outcome is not exposed to the event, and the superscript I above Y indicates the outcome is exposed to the event.
	7MSPE stands for mean squared prediction error that presents the difference between the fitted and the true value.
	8There are variables indicating a not-quite resemblance between Gyeonggi and synthetic Gyeonggi. This is because Gyeonggi's consumption is moderate relative to the regions in the control unit, which means there is no linear combination of regions that implies that synthetic Gyeonggi is not perfectly reproduced (Chelwa et al., 2015).
	9The results are from R, and the codes are modified by Becker et al. (2016).
	10The regression weights are not restricted to lie between zero and one, allowing extrapolation. The synthetic control method makes explicit the contribution of each comparison unit to the counterfactual of interest (Abadie et al., 2012).
	11The statistical inference presents the statistical significance of the proximity of the synthetic control unit to the treated unit. After excluding ten times higher MSPE than Gyeonggi, Figure 8 provides six unaffected units. The proximity of the synthetic control unit to the treated unit has a probability of 1/6 (0.166) and shows 84% significance of proximity.
	12RMSPE is the rooted value of MEPE.
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lodine value SFA!

(9/100 fat) % of total FA
1960 * 53.4 453 433 ‘ 10.4
1987 " na. 418 I 474 ‘ 102
1990 * 61.9 385 459 ‘ 14.4
2021°¢ na. 339 479 153 + 2.8
2022° 67.6 340 476 ‘ 17.0

! FA, Fatty acid; SFA, Saturated fatty acid; MUFA, Monounsaturated fatty acid; PUFA, Polyunsaturated fatty acid.
* Data received from Norsvin; ® high-fat pork mince (Landsforeningen for Kostholdog Helse, 1988); NMBU data; ¢ unidentified FA content. For further details, see Supplementary Information.
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lodine content (ug 1/kg)®

Season/

year 1972/1973 2000 2008 2012/2013
Summer 66 + 8.5 93 +17 92 +34 128 £ 92
Winter 122 £ 15 231 £34 122 + 40 212+ 78

! Average iodine content (+ STD) in studied milk from 1971/1972 (Renaa and Staveland,
1974), 2000 (Dahl et al., 2003), 2008 (Haug et al., 2012b), and 2012/2013, (Troan et al., 2015)
(adapted from (Troan, 2017).
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Factor: product

Familiar (protein extracted from beef liver)

familiar (protein extracted from beef lung)

familiarity
Factor: Not
information provided
provision
Benefit
information
provided
Ambiguous
information
provided

This burger contains protein extracted from beef liver

X
4

These sausages contain protein extracted from beef liver

This burger contains protein extracted from beef liver. Protein
extracted from beef liver has a high health value and is
environmentally friendly

;
}

These sausages contain protein extracted from beef liver. Protein
extracted from beef liver has a high health value and is
environmentally friendly

This burger contains protein extracted from beef liver. Protein
extracted from beef liver has a high health value and is
environmentally friendly. However, when improperly treated,
protein extracted from beef liver does not supply any health value
and can have a negative environmental impact

These sausages contain protein extracted from beef liver. Protein
extracted from beef liver has a high health value and is
environmentally friendly. However, when improperly treated,
protein extracted from beef liver does not supply any health value
and can have a negative environmental impact

This burger contains protein extracted from beef lung

These sausages contain protein extracted from beef lung

This burger contains protein extracted from beef lung. Protein
extracted from beef lung has a high health value and is
environmentally friendly

These sausages contain protein extracted from beef lung. Protein
extracted from beef lung has a high health value and is
environmentally friendly

This burger contains protein extracted from beef lung. Protein
extracted from beef lung has a high health value and is
environmentally friendly. However, when improperly treated,
protein extracted from the lung does not supply any health value
and can have a negative environmental impact

These sausages contain protein extracted from beef lung. Protein
extracted from beef lung has a high health value and is
environmentally friendly. However, when improperly treated,
protein extracted from beef lung does not supply any health value
and can have a negative environmental impact
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n (%) or M (S

across survey col

Gender

Male 489 492 (51.6%) %7(5) = 3.99,p = 0.55
Female 51.1 461 (48.4%)
Age category

18-24 years 112 85 (8.9%) %(25) = 18.86, p = 0.84
25-34 years 18.5 166 (17.4%)
35-44 years 206 214 (22.5%)
45-54 years 17.6 191 (20.0%)
55-64 years 14.2 159 (16.7%)
65+ years 179 138 (14.5%)
Highest level of education completed

Primary school 117 7 (0.7%) %7(15) = 17.96, p = 0.26
Secondary school 455 272 (28.5%)
Third level (non-degree, i.c., diploma, certificate) 117 327 (34.3%)
Third level (degree or higher, i.e., undergraduate, postgraduate, PhD, etc.) 309 347 (36.4%)
Social Class

AB 243 203 (21.3%) %*(20) = 21.98, p = 0.34
C1 17.1 304 (31.9%)
c2 373 142 (14.9%)
DE 148 292 (30.6%)
F 6.6 12 (1.3%)
Provnieco f resiedenc

Dublin 228 280 (29.4%) %*(20) = 2349, p = 0.27
Rest of Leinster 214 252 (26.4%)
Munster 337 274 (28.8%)
Connacht 14.5 100 (10.5%)
Ulster (part of ROI) 7.6 47 (4.9%)
Survey condition

Familiar + no information 161 (16.9%)
Familiar + benefit information 155 (16.3%)
Familiar + ambiguous information 164 (17.2%)
Unfamiliar + no information 158 (16.6%)
Unfamiliar + benefit information 159 (16.7%)
Unfamiliar + ambiguous information 156 (16.4%)
Attitudes toward consuming product carriers®

Burgers 4.65 (1.49)
Sausages 4.85 (1.43)
Frequency of burger consumption

Less than once per month 341 (35.8%)
1-3 times a month 351 (36.8%)
Once a week 208 (21.8%)
2-4 times per week 48 (5%)
5-6 times per week 3 (0.3%)
Daily 2 (0.2%)
Frequency of sausage consumption

Less than once per month 187 (19.6%)
1-3 times a month 278 (29.2%)
Once a week 334 (35%)
2-4 times per week 124 (13%)
5-6 times per week 22 (2.3%)
Daily 8 (0.9%)

“Evaluated by one item: “I am positive about eating...” on a seven-point scale (I = strongly disagree, 7 = strongly agree).

1CS0, Central Statistics Office; M, mean; SD, standard deviation.
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Meat

Beef sirloin 359 2.64
Lamb chop 320 225
Veal fillet 1.58 133
Pork chop 0.79 0.56
V Chicken leg 1.20 042
Rabbit 0.60 0.31
Pork loin 0.46 021
Chicken breast 0.58 ‘ 0.16
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Format Subjects % absorption Reference
0.5 mg Rabbit *rbe (capsules) 13F 311 Gaitan et al., 2012
10 mg 164
20 mg 14.5
50 mg 5.8
8 mg Pork 11F 50.1 + 14.8 Young et al., 2010
5mg Rabbit rbe (capsules) 15F 139 (8.7-22.1) Gaitan et al,, 2011
5mg 11F 111 (6.2-19.8)
0.7 mg Beefburger, bun, fries, apple juice 6M, 6F 22 (20, 25) Roughead et al,, 2005
0.5mg Rabbit rbe (capsules) 14F €27.1 (22.4-32.7) Pizarro et al., 2003
3 mg 132 (11.6-15.0)
15 mg 14.6 (13.3-16.0)
30 mg 7.4 (5.6-9.8)
1.2 mg Beefburger, bun, fries, milk shake, tomato ketchup 27M, 30F ©25(18-34) Roughead and Hunt, 2000
1.8 mg 5 days of high iron bioavailability meals 3IM 28.6 (14.9-43.5) Hallberg et al., 1997
1.1 mg Hamburger (115 g beef), roll, fries, milkshake 6M, 4F 221 Hallberg et al., 1993
1.4 mg Hamburger (113 g beef), 100M 20.6 Lynch et al,, 1989

roll, fries, milkshake 30F 316
0.28 mg Potato, gravy, rabbit rbc 9F ©20.6 (15.5-27.4) Bezwoda et al., 1983
112 mg 9F 19.0 (14.2-25.3)
224 mg 8F 19.6 (14.4-26.8)
4.48 mg 8F 19.5 (14.2-26.8)
1.0 mg Lunch and dinner, rabbit haemoglobin 8M 37.3 (SEM 2.8) Bjorn-Rasmussen et al., 1974
05 mg Veal hamburger 6M, 6F 20.72 Layrisse et al,, 1973

9M, 4F 17.95

2-3mg Veal hamburger 4M, 7F 232 (19.9-26.9) Layrisse et al,, 1975
2-4 mg Veal hamburger 64M, 43F 215 (13.4-34.4) Martinez-Torres et al,, 1976
3mg Haemoglobin 5M, 6F 12.0 (6.9-20.9)

“Red blood cells.
PGeometric mean (-SD, +SD).
“Geometric mean (-SE, +SE).
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Region  MSPE ratio (post/pre) RMSPE ratio (post/pre) MSPE ratio (post/pre) = RMSPE ratio (post/pre)

Gyeonggi 164.53 12.83 1.78 1.34
Daejun 61.75 7.86 Gyungnam 178 1.34
Daegu 47.85 6.92 Jeonnam 1.42 119
Jeonbuk 22.62 4.76 Ulsan 0.93 0.96
Jeju 14.59 382 Gwangju 055 0.74
Gyungbuk 521 228 Gangwon 039 063
Busan 4.22 2.05 Chungnam 0.17 042

Source: Estimated by MSCMT.
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Age (y)

4-10
s ™)
‘ 11-18 (F)
‘ 19-64 (M)
‘ 19-64 (F)

65+

Mean Hb (SD)

g/L
128 (7.8)
144 (9.7)
132 (11.7)
149 (11.3)
133 (9.8)

136 (13.4)

% below threshold

17

Mean PF (SD)

ug/L
31(23.9)
57 (53.5)
28 (17.0)
153 (164.2)
59 (51.5)

149 (134.9)

% below threshold

24

15
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Year Beef Pork oultry Fish  Fru Vegetable
2011 69.2 92.9 104.1 105.0 108.9 95.9
2012 67.5 80.9 103.1 95.8 119.4 93.7
2013 68.2 763 1102 933 | 1205 776
2014 719 89.0 1082 939 | 100.7 742
2015 77.2 90.5 103.5 95.3 102.7 88.6
2016 89.6 923 99.0 929 89.4 873
2017 88.0 97.8 102.7 914 913 1104
2018 89.1 94.6 102.7 917 919 128.4
2019 92.1 90.7 103.9 91.0 90.5 96.0
2020 100.0 100.0 100.0 100.0 100.0 100.0
2021 109.0 120.5 108.6 106.7 119.8 110.1

Source: Korea Statistical Information Service (KOSIS) (2024).
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Variables Description

Dependent variable

Per capita CO, emissions from household
consumption (2010-2021)

Treated region

Gyeonggi in South Korea

Control units (Donor pool)

13 municipalities in South Korea

Predictors®

o Cost of living index (Poultry, Beef, Pig, and Fish)
o Employment ratio (Male and Female)*

o Gross regional domestic product®

e Economic growth rate®

Intervention year

Year of the African Swine Fever occurred (Year of
2019)

Source: KOSIS, Korea Statistical Information Service; GIR, Greenhouse gas Inventory and
Research center; GDD, Gyconggi Data Dream.

*Employment of ratio of each municipality in South Korea.

bGross regional domestic product (GRDP) measures the size of region’s economy.
©Economic growth rate is measured annually of each municipality in South Korea.
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Gyeonggi  Synthetic
Gyeonggi
Per capita CO; emissions 65.61 65.82
from household
consumption
(kgCO,eq/person)*
Cost of living index (2020 = Beef 75.67 76.10
100)®
Pork 85.52 84.96
Poultry 103.70 100.96
Fish 93.81 92.87
Fruit 102.93 85.56
Vegetable 89.46 87.37
Employment ratio (%) Male 73.19 72.76
Female 48.43 53.95
Per capita gross regional 33.80 37.63
domestic product (million
KRW)©
Economic growth rate (%)* 5.70 2.60

Source: Estimated by SCM.

€0, emission from household consumption (tons/person), average between 2010 and 2018.
®Cost of living index measures relative cost of living over regions and measures differences in

the price of goods and services, average between 2000 and 2018.
SGRDP measures the size of a region’s economy, average between 2000 and 2018.
dEconomic growth rate measures a region’s economic growth, average between 2000

and 2018.
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Synthetic control Regression weight

0341 —0381
Busan 0.001 156
Dacgu 0.002 —021
Gwangju 0.000 0.16
Dacjun 0016 053
Ulsan 0055 —0.30
Gangwon 0.000 —096
Chungnam 0.000 145
Geonbuk 0.000 -1.23
Geonnam 0.000 034
Gyungbuk 0220 —119
Gyungnam 0.004 132
Jeju 0.361 035

Source: Estimated by SCM.
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Year Beef ork Poultry

2011 13.5 30.5 16.1 59.7
2012 132 323 16.0 56.4
2013 13.6 329 16.1 523
2014 146 335 18.1 55.4
2015 14.7 359 18.9 56.4
2016 14.5 37.0 19.3 54.9
2017 15.3 37.7 18.8 56.7
2018 15.8 40.6 19.7 56.8
2019 17.0 40.1 21.0 54.7
2020 16.7 38.0 22.5 54.7
2021 205 383 222 55.6

Source: Food and Agriculture Organization of the United Nations (2023).
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Fatty acid (%) Reference

ALA EPA DPA DHA

Forage

Grass-based permanent pasture 292 201 0.8 297 1.48 0.85 | 0.74 | 3.50 435 Rodriguez et al. (2020)
Chicory/plantain 240 1.98 0.76 3.59 191 0.92 0.99 412 5.04

Perennial ryegrass pasture [ 292 1.46 - 139 - - - 240 5.88 Kliem et al. (2018)
Biodiverse pasture 240 1.30 - 1.66 - - - 270 6.74

Botanically diverse 222 0.90 7.06 2.64 2.76 2.69 0.43 - - Lourengo et al. (2007)
Leguminosae-rich pasture 241 0.74 5.28 3.99 1.09 1.08 0.29 - &

Intensive ryegrass pasture 274 0.90 337 2.59 1.33 1.26 0.34 = -

Lucerne pasture 3.10 1.09 4.02 272 0.90 0.80 025 - - Fraser et al. (2004)
Red clover pasture 371 133 447 2.86 1.03 0.90 027 - -

Perennial ryegrass pasture 3.65 1.23 291 2.07 0.93 0.82 0.24 - -

Forage vs. Concentrate

Concentrate + hay - 0.21 4.30 0.29 0.28 0.63 0.21 141 6.94 Gruffat et al. (2020)

Alfalfa pasture - 0.65 3.94 0.02 1.03 1.20 0.50 4.19 9.06

Alfalfa pasture + sainfoin pellets - 049 4.48 0.36 1.29 1.47 0.62 517 7.96

Concentrate = 0.42 3.82 0.44 0.18 0.46 0.80 0.99 5.37 Hajji et al. (2016)
Grass pasture - 0.70 7.92 227 113 171 0.27 4.26 11.96

Concentrate 042 059 | 12.55 0.51 0.38 - 0.28 177 2224 Scerra et al. (2011)
Grass pasture 148 1.38 9.06 313 1.25 - 112 6.09 18.46

Grass pasture 4.40 1.10 5.80 2.60 1.80 2.40 0.60 7.60 9.90 Aurousseau et al. (2007)
Grass pasture/short period on concentrate 4.70 1.00 = 5.70 1.70 1.30 1.80 0.50 5.30 9.10

Grass pasture/long period on concentrate 2.00 0.90 5.70 1.20 1.20 1.50 0.50 4.80 9.50

Concentrate 1.60 0.70 6.40 1.30 1.00 1.40 0.50 4.40 10.10

Concentrate 3.80 1.08 6.60 1.20 1.40 1.20 0.50 4.30 10.10 Nuernberg et al. (2005)
Grass pasture 5.70 1.90 5.00 240 1.80 1.40 0.80 6.30 7.80

Oil Supplementation

TMR = = 7.26 0.45 0.48 0.29 0.32 1.54 8.94 Parvar et al. (2017)

TMR + 3% fish oil - - 9.22 0.82 1.94 0.9 178 5.54 1091

TMR + 3% canola oil - - 9.53 1.09 0.68 0.44 0.44 2,65 11.04

TMR + 3% soybean oil - - 9.94 0.86 0.28 0.53 0.36 2.03 11.32

TMR + 1.5% fish 0il/1.5% canola oil - - 12.03 0.84 1.8 0.81 L12 4.57 14.07

TMR + 1.5% fish 0il/1.5% soybean oil = = 1052 = 0.82 0.72 0.8 0.78 311 12.16

TMR + 1.5% soybean oil/1.5% canola oil = = 1241 0.66 0.8 0.72 0.75 293 14.85

Concentrate 379 0.26 8.79 0.53 0.19 0.42 0.12 143 1338 Urrutia et al. (2015)

Concentrate + linseed 6.65 022 94 1.84 0.42 0.6 0.15 325 1473

Concentrate + chia seed 557 025 9.35 173 0.36 0.54 0.15 3.14 15.29

Annual ryegrass hay/clover hay = = 294 135 0.69 0.55 0.30 = - Ponnampalam
et al. (2015)

Annual ryegrass hay/clover hay + flaxseed - = 3.19 229 0.70 0.43 026 - -

Oil Supplementation

Annual ryegrass hay/clover hay + algae supplement - - 273 125 085 038 247 - =

Annual ryegrass hay/clover hay + flaxseed/ - = 2.84 161 0.67 0.32 193 - -

algae supplement

Concentrate 0.93 0.73 11.88 0.75 0.64 1.46 0.89 3.87 205 Nudda et al. (2015)

Concentrate + linseed 2.82 1.55 12.60 179 0.90 1.43 0.84 512 19.71

Forage/concentrate + 3% palm oil 0.57 0.36 8.41 0.43 0.44 1.02 0.62 - - Gallardo et al. (2014)

Forage/concentrate + 3% olive oil 127 0.7 8.32 0.50 0.58 1.23 0.72 - -

Forage/concentrate + 3% fish oil 375 1.66 7.82 0.96 272 221 1.53 - -

Concentrate + rumen protected saturated fat 285 0.82 345 0.50 0.07 0.20 0.04 0.87 4.31 Noci et al. (2011)

Concentrate + camelina oil 4.61 095 286 127 0.11 0.20 0.05 175 3.70

Concentrate + linseed oil 5.28 0.98 3.01 174 0.12 0.21 0.03 218 372

By-products

TMR 144 1.07 | 10.67 0.67 - - - - - Bennato et al. (2023)

TMR + 10% grape pomace 232 122 | 1197 0.61 - - - - -

Concentrate 0.73 035 537 0.37 0.13 0.26 0.09 0.86 7.29 Natalello et al. (2019)

Concentrate + 20% pomegranate by-product 1.38 0.94 7.09 0.51 0.20 0.36 0.11 119 9.67

Concentrate 0.67 0.18 10.48 0.26 0.16 0.40 0.10 - - Gomez-Cortés
etal. (2019)

Concentrate + 50% camelina meal 1.26 0.28 8.99 0.25 0.15 0.38 0.14 - -

Concentrate + camelina meal/husks 3.59 079 | 1112 0.34 0.13 0.39 0.11 - -

Concentrate 1.88 - 7.36 0.41 0.19 0.57 0.13 - - Asadollahi et al. (2017)

Concentrate + 7% roasted canola seed 2,02 - 9.77 0.64 0.23 0.65 0.19 - -

Concentrate + 36% sugar beet pulp 1.71 = 6.26 0.53 0.20 0.56 0.14 = =

Concentrate + 7% roasted canola seed + 36% sugar 203 - 6.5 0.68 0.23 0.67 0.14 - -

beet pulp

TVA, trans-vaccenic acid; RA, rumenic acid; LA, linoleic acid; ALA, linolenic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, docosaehexanoic acid; n-3, omega-3 fatty
acids; n-6, omega-6 fatty acids.
‘TMR, total mixed ration.
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Frequency of processed meat consumption

Food item(intake category)* Overall None <1/week 1/week 2-4/week  >5/week P trend”
2,596  n=1,651 1,504 n=1459 n=631
(33%) (21%) (19%) (19%) (8%)

Vegetables <1 time/day 341 312 346 333 336 362 0.009
Fruits < 2 servings/day 953 94.0 957 9.2 95.6 96.0 o011
Legumes <2 servings/week 823 846 848 840 80.8 68.6 <0.0001
Nuts <2 servings/week 893 87.7 898 916 89.6 856 019
Whole grain cereals <2 servings/day 983 98.4 989 9.5 97.8 97.2 0.008
White meat >4 times/week 41 45 29 32 38 83 0.0002
Red meat >4 times/week 17 87 77 105 162 275 <0.0001

or seafood <2 times/week 945 939 95.9 96.1 945 88.0 <0.0001
Skimmed/fermented dairy products <4 times/week 814 800 824 832 814 769 0.08
Whole-fat dairy products >4 times/week 153 17 140 153 146 212 0.0004
Butter or cream >4 times/week 214 159 196 26 262 342 <0.0001
Olive oil <3 teaspoons/day 993 99.3 994 995 992 9.6 048
Avocados <3 units/week 860 854 87.3 884 853 79.1 0.0003
Sugary snacks/sweets > 1 time/day 26 215 17.1 192 47 453 <0.0001
Sugary drinks > 1 time/day 355 287 2.6 395 25 49.0 <0.0001
Sugar 24 teaspoons/day 384 357 37.0 380 419 422 0.0003
FGC pepper 5 times/week 78 62 57 68 66 235 <0.0001
FRC pepper =5 times/week 51 39 31 49 43 143 <0.0001
DRC pepper =5 tablespoons/week 69 54 44 64 69 188 <0.0001
Fried foods > 1 time/week 207 165 200 217 258 220 <0.0001

Analysis in 7,841 MAUC
were excluded (s
regre

nts. Values are pre:
; “Only o

fon model, adjusted by age, ing data
ed red chili. %p for trend according to logistic

schooling and sex; Mi

sion model
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Fatty acid (%) Reference

ALA EPA DPA DHA

Forage

Perennial ryegrass pasture - - 3.64 0.82 0.52 1.02 - 277 5.58 Kearns et al. (2023a)
Perennial ryegrass/white clover pasture = = 433 112 0.65 1.20 - 3.40 6.54

Multispecies pasture - - 591 1.56 0.66 1.25 - 393 847

Rangeland pasture 2.08 0.63 3.97 152 0.89 0.95 = 3.52 6.02 Klopatek et al. (2022)
Rangeland pasture/irrigated pasture 244 0.58 2.48 1.09 0.41 0.63 - 224 371

Perennial ryegrass/white clover pasture - 046 | 2.11 113 0.58 0.93 - 292 3.19 Lee et al. (2021)
Permanent pasture - 0.52 | 2.01 1.17 0.66 0.98 - 3.11 3.06

Perennial ryegrass pasture - 047 | 3.08 1.61 0.48 0.69 0.05 3.00 3.76 Moloney et al. (2018)
Perennial ryegrass/white clover pasture = 058 | 251 123 0.48 0.61 0.06 252 3.15

Forage 7

Grass silage 091 0.22 1.87 0.71 0.31 0.55 0.05 1.77 297 Lee et al. (2009)
Red clover silage 0.92 0.17 2.64 1.54 0.44 0.74 0.06 226 3.01

0 days on perennial ryegrass 1.35 0.50 2.64 1.03 0.22 0.38 0.13 1.59 3.50 Noci et al. (2005)
40 days on perennial ryegrass 193 | 050 252 L4 | 028 043 016 | 190 | 380

90 days on perennial ryegrass 227 0.57 | 2.35 1.02 0.25 0.43 0.17 1.88 3.06

158 days on perennial ryegrass 3.01 071 | 2.49 1.29 0.30 0.54 0.21 237 346

Forage vs. Concentrate

Silage + barley concentrate - 0.18 4.07 0.61 0.20 0.36 0.02 121 5.35 Siphambili et al. (2022)

Silage + maize meal concentrate - 021 | 537 0.72 0.33 0.55 0.06 1.69 7.13

Silage + flaked meal concentrate - 019 | 6.64 0.81 0.31 0.58 0.06 178 8.48

‘Whole corn grain - 0.21 5.67 0.22 0.17 0.40 0.09 0.92 8.15 Fruet et al. (2018)
Legume/grass pasture + whole corn gain supplementation = 033 | 371 0.90 0.53 0.99 0.24 244 6.98

Legume/grass pasture - 0.41 422 159 0.66 1.21 0.10 3.60 6.79

Concentrate - - 2.25 0.17 0.05 0.03 - 0.27 295 Hwang and Joo (2017)
Grass pasture - - 1.93 0.97 0.12 0.08 - 122 248

Mixed pasture 3.58 064 | 259 117 0.54 0.85 0.09 2.65 3.46 Duckett et al. (2013)
Alfalfa pasture 332 0.61 | 2.85 1.32 0.60 0.91 0.10 292 3.79

Pearl Millet pasture 3.56 0.70 227 1.06 0.49 0.76 0.07 239 3.08

Concentrate 0.15 0.26 2.62 0.24 0.09 0.21 0.03 0.56 3.18

Qil Supplementation

Silage/concentrate 7.83 1.88 | 2.78 0.77 0.32 0.37 0.09 243 341 Moloney et al. (2022)

Silage/concentrate + sunflower/fish oil 8.34 2.14 2.65 0.74 0.34 0.37 0.10 243 328

Barley based TMR + palmitic acid - 0.42 342 0.46 0.10 0.36 0.06 0.98 4.46 Hennessy et al. (2021)
Barley based TMR + -3 rumen protected supplement - 0.56 4.07 0.53 1.60 0.77 0.55 345 4.95

Grass hay + flaxseed - 064 | 3.72 1.09 0.21 0.34 0.02 1.66 4.94 Mapiye et al. (2013)
Grass hay + sunflower seed - 0.76 | 4.47 0.49 0.10 0.24 0.02 0.85 5.85

Red clover silage + flaxseed - 067 | 3.73 1.38 0.26 0.36 0.03 203 4.96

Red clover silage + sunflower seed - 0.79 5.17 0.39 0.10 0.23 0.02 0.74 6.89

TMR 0.77 0.35 1.89 0.34 0.02 0.10 0.02 0.48 - He et al. (2013)
TMR + 15% camelina meal 0.87 0.35 2.14 0.41 0.03 0.11 0.02 0.56 -

TMR + 30% camelina meal 141 04 2.37 045 0.05 0.13 0.02 0.65 =

Concentrate + rumen protected saturated fat 2.85 082 | 345 0.50 0.07 0.20 0.04 0.87 4.31 Noci et al. (2011)
Concentrate + camelina oil 4.61 095 | 2.86 127 0.11 0.20 0.05 175 3.70

Concentrate + linseed oil 5.28 0.98 3.01 1.74 0.12 0.21 0.03 2.18 372

TVA, trans-vaccenic acid; RA, rumenic acid; LA, linoleic acid; ALA, linolenic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, docosachexanoic acid; n-3, omega-3 fatty
acids; n-6, omega-6 fatty acids.
‘TMR, total mixed ration.
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Frequency of processed meat consumption

Baseline characteristics Overall None <1/week 1/week  2-4/week >5/week P trend”
n=259 n=1651 1,504 n=1459 n=631
(33%) (21%) (19%) (19%) (8%)
Sociodemographics
Sex Men 444 333 460 48.1 556 513 <0.0001
Age Years, mean£SD 535497  553£94 542496  525£96  51L5£96 51999 <0.0001
Years, <55 589 509 57.1 634 68.0 65.5 <0.0001
Ethnicity an/L. 97.0 97.0 9.8 97.3 9.8 973 077
Schooling Years, mean£SD 88£40 86£4.1 89£4.1 89£40 8938 8938 065
Health insurance  Public 855 842 843 859 886 85.4 005
Lifestyle
Work Occupied/employed 808 78.6 79.5 813 810 9L6 <0.0001
Tobacco Current smoker 296 282 200 288 298 348 00019
Alcohol Binge drinking* 194 162 193 203 210 219 0.0004
Health
Chronic diseases 22" 374 37.9 350 386 390 457 0.0022
Teeth Remaining teeth <20 440 465 454 463 459 489 02
Anthropometry  Waist circumference, cm 98941105 983£112  986£112  990£109  96£108 1003108  <0.0001
Body mass index >30 kg/m? 399 37.8 385 423 414 48 00017
Ultrasound exam  Fatty liver (any degree) 484 45.0 477 50.1 509 539 <0.0001
Gallbladder disease® 323 326 322 313 330 313 068
Laboratory tests  Fasting blood glucose 2126 mg/dL. 85 8.5 7.5 7.9 95 105 004
LDL >160 mg/dL 99 97 1.2 94 96 9.1 034
Triglycerides >200 mg/dL 251 249 245 233 260 300 0.0078
HDL =40 mg/dL or <50 mg/dL* 526 529 526 513 533 525 09
AST >48 UL 61 49 66 55 77 62 014
ALT >55 UI/L 106 95 106 109 14 125 003
Metabolic syndrome* 485 48.8 474 462 489 543 00138

Analysis in 7,841 MAUCO participants. Values a fables
‘multiple linear regression. Adjusted by age, schooling and sex. Missing data were excluded (see Supplementary Table $3); %3 drinks for women or >4 drinks for men per occasion;
Pnumber of chronic conditions, including diabetes, cardiovascular disease, cancer, digestive symptoms, non-infectious digestive discases and hypertension; “Including gallstones and
cholecystectomy; ¢<50 mg/dL 40 mg/dL in me of the following: abdominal obesity, high triglycerides, low HDL cholesterol, high blood pressure and high fasting
glucose; LDL, low-density lipoprotein cholesterol; HDL, high-d ipoprotein cholesterol; AST, Aspartate aminotransferase, ALT, Alanine Aminotransferase; “p for trend according to

logistic regression model,

e presented as percentages unless otherwise indicated. Prevalence estimated by logistic regression model. For continuous va
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A B c D Prevalence Ratio (95% CI)

High High Low Low A/B A/C C/D B/D
consumers consumers consumers consumers Obesity ~ PMC  Obesity PMC
with without with without effect in effect effectin effectin
obesity obesity obesity obesity  highPMC inobese lowPMC non-obese
n=252 n=317 =1,572 =2,508

Age, years, meanz:SD 5184100 52599 551494 547495

Sex, women 528 46.1 65.1 60.1

Schooling, years, mean=SD 8739 90£37 8242 9041

Current smoker 345 383 237 2.1

Binge drinking® 214 268 155 158

Hypertension® (n = 2,457) 586 430 625 479 209 105 187 090
(147-3.00)  (0.80-139)  (163-215)  (0.70-1.16)

Diabetes* (n = 735) 214 133 206 126 191 130 175 122
(120-3.03)  (0.94-180)  (147-208)  (0.85-175)

Cancer (n = 178) 36 25 38 41 150 122 087 0.68
(0.57-3.99) (0.59-2.52) (0.62-1.21) (0.30-1.47)

Cardiovascular disease® (n = 298) 155 127 10.1 63 140 203 158 242
0.69-279)  (1.19-345)  (1.22-2.05) (1.45-4.02)

Digestive symptoms' (n = 1,912) 460 463 45.0 384 099 102 106 L12
(095-1.03)  (096-1.08)  (101-1.10)  (1.03-1.20)

Non-infectious digestive discasest 1.1 1.4 1.6 141 093 103 082 088

(n=599) (0.60-1.45) (0.68-1.54) (0.68-0.99) (0.62-1.24)

nted as percent prevalence unless otherwise specified. Prevalences are unadjusted. f Prevalence ratio and 95% confidence intervals obtained by logi
age, sex, schooling, smoking and binge drinking, Obesity, body mass index >30 kg/m2;
systolic blood pressure > 130 mm Hg or diastolic blood press
considering heart , heart failure, stroke or other, and e

inflammatory bowel disease or other. PMC, Proc

egression are adjusted by
>3 drinks for women or >4 drinks for men per occasion; Puse of hypotensive drugs or measured
=80 mm Hg; “self-report or gly reported; self-reported: history
luding hypertension; uleer, irritable bowel syndrom
meat consumption.

emia >126 mg/dL or use of hypoglycemic drugs; 9sel
mptoms; Egast

roesophageal reflux and gastri
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Prevalence ratio (95% CI)
PMC—CD* PMC—CD* ACME  ADE  Proportion mediated
by obesity
Obesity notin model ~ Obesity in model

Hypertension® (n = 2,457) 102 (085-1.23)

Diabetes? (n.=735) 132 (1.04-1.68) 1.28 (1.00-1.63) 0.00541 003348 13.9% (3.0-57.0%)
Cancer® (n = 178) 0.89 (0.53-1.51)

Cardiovascular disease! (n= 298) 228 (1.58-3.29) 222(1.54-3.21) 000399 0.07661 5.0% (0.8-12.0%)
Digestive symptoms® (n = 1912) 1.07(1.02-1.12) 107 (1.02-1.13) 000220 007000 3.0% (0.7-13.0%)
Non-infectious digestive diseases (n = 599) 0.93(071-121)

tervals obtained by logistic regression are adjusted by age, , smoking and binge drinking.
e drugs or measured systolic blood pressure > 130 mm Hg or diastolic blood pressure >80 mm Hg; ®self-
eart failure, stroke or other, and excluding hypertension;

se or other. PMC, Processed meat consumption; CD,

Obesity, Body mass index >30 kg/m2. T Prevalence ratio and 95% confidence
“Prevalence ratio for CD between high PMC and low PMC; *use of hypoter
report or glycemia 126 mg/dL. or use of hypoglycemic drugs; self-reported; 4self-reported: history considering heart discase
ble bowel syndrome, inflammatory bowel

mptoms; ‘gastric ulcer, i
ADE, Average dire

“biliary colic, gastroesophageal reflux and ga

Chronic di causal mediation ef
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Foods items: [reference] PMC Odds ratio
>1/week (%)  (95% CD)T
n=3594 Ref: <l/week

Vegetables, servings/day <1 [>1] 496 1.12(1.01-1.24)
Fruits, servings/day <2 [>2] 462 128 (1.03-1.61)
Legumes, servings/week <2 [>2] 444 073 (0.64-0.82)
Red meat, times/week >4 [<4] 623 205 (1.75-2.38)
Butter or cream, times/week >4 [<4] 552 169 (1.50-1.90)
Sugary snacks/sweets, times/day > 1 [<1] 530 143 (1.28-1.60)
Sugary drinks, times/day >1[<1] 585 187 (1.69-2.07)
Sugar, teaspoons/day >4 [<4] 497 1.19(1.08-1.31)
FGC pepper, times/week >5 (<5] 566 1.65(1.38-1.97)
FRC pepper, times/week >5 [<5] 604 176 (141-2.21)
DRC pepper, servings/week =5 [<5] 606 180 (1.49-2.18)
Fried foods, times/week >1[<1] 569 142 (1.26-1.60)

7,841 MAUCO participants. 1Odds ratios and 95% confide
obtained by logistic regression using processed meat consumption (PMC) as the
explained variable dichotomized in <1/w
k. Age, sex and schooling-adjusted. Missing data were excluded (se:
Supplementary Table $3). FGC, Fresh green chili; FRC, Fresh red chili; DRC, dried
red chili,

K (reference, including no

=1 times per w
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Variables [reference]

Male [female]

Age (years)

Public health insurance [other]

Occupied/employed [not employed]

Binge drinking® (abstainer or other drinking pattern]

Vegetables, servings/day <1 (1]

Legumes, servings/week <2 [>2]

Nuts, servings/week <2 [>2]

Red meat, times/week >4 [<4]

Fish or seafood, times/week <2 [>2]
Whole-fat dairy products, times/week >4 [<4]
Butter or cream, times/week >4 [<4]

Sugary snacks/sweets, times/day <1 [(=1]
Sugary drinks, times/day <1 [>1]

FGC pepper, times/week <5 5]

DRC pepper, tablespoons/week <5 [=5]

Fried foods, times/week <1 [>1]

0dds Ratio (95% CDT
1/week

1.30 (1.13-1.49)
0.98 (0.97-0.99)
116 (097-1.38)
1.16 (0.94-1.45)
1.19 (1.02-1.39)
1.00 (0.88-1.14)
0.94 (0.80-1.12)
1.33 (1.07-1.65)
1.26 (1.01-1.57)
1.35 (0.99-1.84)
104 (0.88-1.23)
1.37 (1.17-1.59)
0.91 (0.78-1.06)
1.64 (144-1.87)
1.00 (0.77-1.30)
122 (093-1.59)
120 (1.03-1.40)

MICE (Multiple Imputation by CI
h red chili; DRC, dried red chili.

Fresh green chili; FRC, Fre

Processed meat consumption

2-4/week

1.72 (1.49-1.98)
0.97 (0.96-0.98)
144 (119-1.74)
1.08(0.89-1.32)
123 (1.05-1.43)
116 (1.02-1.33)
0.77 (0.65-0.90)
116 (0.94-1.44)
1.83 (1.51-2.21)
0,99 (0.74-1.30)
0.96 (0.80-1.15)
1.56 (1.34-1.81)
1.17 (1.00-1.35)
172 (1.50-1.96)
0.93(0.71-1.23)
125 (0.96-1.66)
146 (1.26-1.70)

d Equations); T Referer

>5/week

1.37 (1.11-1.69)
098 (0.97-0.99)
109 (0.84-1.41)
1.91(1.28-2.83)
1.19(0.95-1.49)
122 (1.00-1.48)
0.50(0.41-0.62)
125 (0.93-1.69)
2.71(2.10-3.48)
0.60(0.43-0.83)
132(1.04-1.67)
1.96 (1.60-2.41)
249 (2.04-3.03)
1.97 (1.63-2.38)
242(1.82-3.23)
2.52(1.87-3.39)
113 (0.90-1.40)

e category was <1 time per week, including
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Per capita consumption of meat

Countries
Beef and veal Pork Poultry meat Sheep meat
Argentina 35.55 11.51 4045 0.96
Australia 23.51 2393 45.77 6.94
Brazil 21.56 12.64 44.34 0.6
Canada 189 . 15.64 3491 0.88
Chile 23.14 20.74 34.88 0.39
China 4.73 1 28.71 13.6 327
Colombia 9.67 9.33 31.03 » 0.02
Egypt 6.19 i 0.02 12.69 0.53
Ethiopia 25 0.01 0.49 1.98
European Union 10.41 . 33.18 2391 1.31
India 0.58 0.18 238 0.52
Indonesia 2.01 0.68 12.61 0.45
Iran 4.7 0 2298 » 3.54
Israel 25.08 0.99 63.84 1.52
Japan 7.29 16.65 17.73 0.16
Kazakhstan 218 571 2291 7.95
Korea 12.08 30.35 20.08 0.37
Malaysia 5.1 5.63 44.05 0.89
Mexico 8.81 1537 3235 0.72
New Zealand 11.21 17.99 39.68 3.19
Nigeria 1.09 1.09 0.99 17
Norway 14.02 . 22.05 16.87 . 4.54
Pakistan 7.17 0 7.07 2.97
Paraguay 16.61 7.18 851 0.37
Peru 4.13 4.38 48.83 101
Philippines 2.33 10.66 14.05 0.27
Russian Federation 9.07 22.68 26.67 i 13
Saudi Arabia 42 . 0.31 3722 » 4.53
South Africa 11.35 433 33.72 2.56
Switzerland 13.91 2124 1272 1.29
Thailand 113 9.46 7.24 0.03
Tiirkiye 7.54 0 17.38 L19
Ukraine 4.72 13.84 21.19 I 0.19
United Kingdom » 11.56 16.21 27.75 3.92
United States 26.67 232 51.33 0.53
Vietnam 5.14 3142 152 0.19

Meat consumption expressed in retail weight. Source: OECD/FAO (2021), OECD Agriculture statistics (database), http://dx.doi.org/10.1787/agr-outl-dataen.
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Meat Liver® Fish Milk?

Beef®  Chicken® Beef  Chicken Cod? Mackerel® Semi-skimmed
Water (g) 71.9 75.1 72.0 75.8 81.6 61.9 76.8 87.6 89.4
Protein (g) 225 223 18.3 17.7 15 18.0 12.6 34 38
Fat (g) 4.3 & 3 ¢ 34 23 0.6 179 9.0 3.6 17
Energy (k]) s 457 437 386 320 968 547 265 195
SFA (g)" ‘ 174 0.60 1.00 070 0.16 385 252 229 107
MUFA (g)' T 1.00 0.60 050 0.14 669 s 096 039
PUFA (g 023 0.40 0.80 0.40 0.11 446 144 0.09 Tr
n-3 PUFA (g)* 0.07 NR NR 0.11 0.08 405 0.13 0.02 0.01
Carbohydrates (g) ‘ 0 ‘ 0 Tr Tr 0 0 Tr 46 47

“Lean from 10 different joints.
®Average of white and dark meat.
“Average of 10 samples.

Flesh, average of 10 samples.

“Flesh, average of 7 samples.

IChicken, whole, average 0f 12 samples.
“Pasteurised, average of Summer and Winter milkings.
"SFA saturated fatty acids.

'MUFA monounsaturated fatty acids.
JPUFA polyunsaturated fatty acids.
¥n-3 polyunsaturated fatty acids.

NR not recorded. Tr trace.
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Meat Liver Fish Milk

Chicken  Beef Chicken Mackerel Whole Semi-
skimmed

Sodium (mg) 63 77 71 76 91 153 154 12 43
Potassium (mg) 350 380 310 [ 260 322 335 145 157 156
Calcium (mg) 5 6 6 8 12 20 46 120 120
Magnesium (mg) 22 26 20 19 25 37 13 11 11
Phosphorus (mg) 200 160 320 280 169 220 179 96 94
Tron (mg) 2.7 07 115 9.2 0.10 0.98 172 0.02 0.02
Copper (mg) 0.03 0.03 ‘ 205 0.5 0.02 0.08 0.05 Tr Tr
Zinc (mg) [ 4.1 12 142 3.7 0.3 05 11 05 | 0.4
Selenium (ug) 7 13 22 NR 23 42 23 1 1

Chloride (mg) 51 95 85 130 165 250 180 89 87
Manganese (mg) 0.01 0.01 024 031 0.01 0.01 0.03 Tr Tr
Todine (ug) 10 7 NR v NR 196 ‘ 29 50 31 30

Figures in bold show food is a ‘source’ of the mineral (U, 2011).
Description of samples as Table 3.
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Meat Liver Fish Milk

Chicken Beef Chicken Mackerel Whole  Semi-
skimmed
B1 (thiamine) (mg) 0.10 0.14 0.22 0.48 0.06 0.17 0.08 0.03 0.03
B2 (riboflavin) (mg) 0.21 0.18 2.52 2.16 0.08 0.30 0.50 0.23 0.24
B3 (niacin) (mg) 5.0 7.8 12.5 10.6 23 113 0.10 0.20 0.10
B5 (pantothenic acid) (mg) 0.75 1.16 8.4 6.1 0.25 0.63 135 0.58 0.68
B6 (pyridoxine) (mg) 0.53 0.38 0.48 0.82 0.14 0.40 0.13 0.06 0.06
B7 (biotin) (1g) 1.0 20 39.0 210.0 13 58 19.5 25 3.0
B9 (folic acid) (1g) 19.0 19.0 155 995 7 1.0 | 47 8.0 9.0
B12 (cobalamin) (ug) 2.0 Tr 68.0 35.0 L5 8.8 2.7 0.9 0.9
A (retinol) (ug) Tr 110 18800 9700 20 54.0 126 36.0 19.0
C (ascorbic acid) (mg) 0 0 ‘ 21.0 28.0 Tr Tt 0 2.0 2.0
D (cholecalciferol) (ug) 0.5 0.1 03 0.2 Tr 8.0 3.2 Tr Tr
E (o-tocopherol) (mg) 0.13 0.15 ‘ 0.45 ‘ 0.60 0.66 0.43 1.29 0.06 0.04

Figures in bold show food is a ‘source’ of the vitamin (EU, 2011).
Description of samples as Table 3.
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Main functions

Main deficiency
symptoms/signs

Contribution in diet (%): min - max values

us EU countries Nordic/
Norway
Tron Hemoglobin in blood and Anemia, fatigue, and Grain 45%,1 Grain 26°-38° Grain 26°-43+6/37"
myoglobulin in muscles pallor Meat 20' Meat 14-29° Meat 20°-25%/207
Veg. 8' Veg. 12'-39? Veg. 137°-22%137
Dietary supplements 8
Selenium Antioxidant through glutathione | Higher mortality risk, muscle Meat 37' Meat 24***-34° Meat 21'°-33/20""
peroxidase (GPx) weakness, and fatigue Grain 34" Grain 7*-27° Cereals 6'°-229/29""
Egg 7" Dairy 16**,4 Dairy 15'%-22°/13""
Dietary supplements 7' Fish 12°-15° Fish15'°-20%/15""
Todine Thyroid hormones T3 Goiter, thyroid dysfunction, cretinism, | Dairy 50'? Dairy 12-53" Fish 7-47/21"%
and T4 and pregnancy issues Eggs 16" Grain 2-53" Dairy 30-37/36'%
Fish 4-32'% Grain 4-23/6"
Vit D Ca metabolism, bone growth, Ricket, osteomalacia, and Fortified foods (Dairy, Fish/shell 8-68'° Fish 21-57'°/407

immunity systems

reduced immunity

cereals a.0.) 66'*
Natural diet 19'*

Dietary supplements 15"

Fat spreads 20— Fat spreads 14—

36415 35%,16/307
Meat 10-31"° Dairy 5-23*'¢
Egg 177

*Fortified products included; ** Substitutes included. Data were obtained from adults (>18 years). Sexes were averaged. ' (Yan et al., 2024); ? (Hallberg and Rossander-Hulthen, 1989); * (Roberts
etal, 2018); * (RIVM, 2024); * (Gunnarsdottir et al., 2010-2011); © (Helldan et al., 2013);” (Totland et al., 2012); ® (Pedersen et al., 2015); ° (Buffini et al., 2023); ** (Amcoff et al., 2012); '! (Haug
et al, 2022); "2 (Lee et al, 2016); ** (Bath et al,, 2022); ** (Newman et al., 2019); '* (Spiro and Buttriss, 2014); *® (Itkonen et al., 2021) (reference 11 has poor population representativity).
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1940 — Fe fortification of

‘bread and flour in US and UK. 1970 - WHO advocated Fe intake 2015- WHO: Comprehensive

1700 Fe 12002 — WHO reported 1 out lmplepenmﬁm': Plan on . 2020- US: DGA of 14-18 mg

' deficiency 1930 - anemia-diet link 1946 - NRC: RDA 1980 - 15 US dietary of 10 has Fe deficiency reducing anemia of women in Fe/day women 14-15 yrs
= as 12 mg Fe/day guidelines (DGA) reproductive age
£

1976 - Norway: RI 14-28/5-9 1981 - Norway: RS 12-18/10 mg Fe/day women/ men 2023- NNR: RI 15/9 mg Fe/day women/men
‘mg Fe/day women/ man

oy

%) : 1958 - Se deficienc;

L 1817 - se discovered Romied 197049'9«{)“ ~Se- 1980~ RDA 50200 g Se/day 199;; 761wx-lo deeg?ed 26140

g 1957 Se toxicity PIOIES tion 1996 — WHO: Al of 50-200 pg Se/day 18 Se/day women/man 2015~ 2020 US guidelines: 55 g Se/day
=

(]

w2

1989- NNR: importance of Se 2012 NNR: RI 50/60 g 2023- NNR: Al 75/90

2004 NNR: RI030 g B day women men Se/day women/men hg Se/day women/men

1915 — I-containing thyroid hormone 1986-1990 — WHO Prevention and
control of I-deficiency disorders

2020 - US: DGA of 220 g I/day for pregnant women
2023~ WHO: reminds
of I-salt use

1924 - US: I-fortified salt 1989 ~ NRC: 150 pg I/day 2019~ EFSA: 200 pg I/day for pregnant women

1951 — Norway: milk as a source of '2012- NNR: RI 150 pg I/day = 2023-NNR: AI 150 pg I/day

1922 Vit 1924 diet 1967 — metabolism 1970 - WHO: 2.5 jig vit D/day; 2016 EFSA: Al

and UV light of VitD pregnant women 10 pg vit D/day 15 pg vit Diday 2020-2025 - DGA:
-us: al it D/ i
role 1930-1940 - D2 and D3 1982 - 1,25-(OH)2D3 synthesized 2006 ~ US: DRI 5-15 pg vit Diday 15 pg vit D/day

= Drolein
g bones

1976 - Norway: 2.5 g vit Diday

1981 - NNR: § pig vit Diday 2023~ NNR: RI 10 g vit D/day

2004 - NNR: 7.5 ug vit D/day
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Main dietary sources animals Animal species

Dairy cattle Growing Growing Chicken
cattle pigs
Tron Inorganic salts such as ferrous sulfate, blood meal, ~ NRC 1 mg/kg milk' 50 mg/kg DM? 60 mg/kg feed® 80 mg/kg feed*
meat and bone meal, and soil EU 450 mg/kg feed” 450 mg/kg feed” | 750 mg/kg feed® | 450 mg/kg feed®
Norway 50 mg/kg DM ° 50 mg/kg DM’ 80 mg/kg feed'' | 20 mg/kg"
FKF 0" 0 160 mg/kg feed'® | 150 mg/kg feed'®
Selenium | Inorganic salts like Na selenite or selenate, organic =~ NRC 0.3 mg/kg DM" 0.1 mg/kg DM? 0.1 mg/kg feed* 0.15 mg/kg feed*
components such as Se-yeast and fish meal EU 0.5 mg/kg feed® 0.5 mg/kg feed® | 0.5 mg/kg feed® 0.5 mg/kg feed®
Norway 0.2 mg/kg DM’ 0.1 mg/kg DM’ 0.2 mg/kg feed" | 0.3 mg/kg feed"
FKF 0.4 mg/kg feed"” 0.4 mg/kg feed'® | 0.4 mg/kg feed'® | 0.4 mg/kg feed'
Todine Inorganic Ca iodate, Na- or K iodine, fish meal, NRC 0.5-1.0 mg/kg DM' 0.5 mg/kg DM* 0.14 mg/kg feed® 035 mg/kg feed"
and seaweeds EU 5.0 mg/kg feed” 10 mg/kg feed” 10 mg/kg feed” 10 mg/kg feed”
Norway 1.0 mg/kg DM’ 0.5 mg/kg DM’ 0.30 mg/kg feed'' 1.5 mg/kg feed'”
FKF 5.0 mg/kg feed' 5.0 mg/kg feed'® | 0.65 mg/kg feed'® | 1.5 mg/kg feed'
Vit D Synthetic Vitamin D; (cholecalciferol), cod-liver NRC 1.00 pg/kg BW' 7.5 pg/kg DM* 3.75 pg/kg feed® | 7.5 pg/kg feed”
oil, sun dried hay EU 100 pg/kg DM® 100 pg/kg feed® 50 pg/kg feed® 125 pg/kg feed®
Norway 0.75 pg/kg BW’ 0.25 pg/kg BW’ 10 pg/kg feed'! 110 pg/kg DM
FKF 50 pg/kg feed' 50 pg/kg feed'® 30 pg/kg feed'® 110 pg/kg feed'®

Values with reference to various sources are given as recommended intake (NRC), maximum content allowed (all EU figures), Norwegian recommendations (Norway), and “common”
Norwegian practice (FKF) (at dry matter [DM]; 12% water kg feed; or body weight [BW]).
1(NASEM, 2021); 2(NASEM, 2016); *(NRC, 2012); 4(NRC, 1994); %(EC, 2017); 8(EC, 2020); 7(EC, 2015); }(EC, 2019); °(Volden, 2011); °(FKF, 2024); "!(Tybirk et al.,, 2023); X(Svihus, 2016).
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Fatty acids (%) Reference

LA ALA EPA DPA DHA

Forage vs. concentrate

Rangeland pasture = 0.13 - - - - - 0.12 0.18 Ryan et al. (2007)
Rangeland + 50% concentrate - 0.15 - - - - = 0.05 0.21
Rangeland + 70% concentrate - 0.21 - - - - - 0.04 0.28
Rangeland + 90% concentrate - 0.36 - - - - - 0.00 0.02

Qil supplementation

Palm oil diet - - 0.54 1.39 112 - 0.86 4.17 8.71 ‘Wang et al. (2020)

Linseed oil diet - - 0.64 1.52 122 - 1.04 4.69 9.65

Mixed oil diet = = 0.51 171 151 = 1.25 544 8.91

TMR 122 0.55 8.88 0.51 0.37 0.29 0.37 147 12.75 Abuelfatah et al. (2016)
TMR + 10% whole linseed 0.96 0.73 4.85 232 0.79 0.60 0.63 4.34 7.06

TMR + 20% whole linseed 128 0.53 4.85 333 123 1.08 1.08 6.30 7.34

TMR + canola oil 271 0.86 9.81 L61 1.33 | 1.96 1.38 6.12 16.1 | Karami et al. (2013)
TMR + palm oil 123 0.61 9.93 L12 117 1.48 1.23 4.61 15.7

TMR + palm oil - - 378 0.42 0.18 - 0.16 0.76 4.41 Najafi et al. (2012)
TMR + soybean oil - ‘ - 5.26 0.7 0.19 - 0.19 1.09 5.87

TMR + fish oil - - 359 0.47 0.6 - 0.57 1.65 3.93

By-products

TMR 175 0.14 443 3.99 0.33 0.11 - 443 5.84 Semwogerere et al. (2023)
TMR + 5% hemp seed cake 312 0.18 4.84 5.38 0.44 0.15 - 592 6.78

TMR + 10% hemp seed cake 379 0.19 49 6.08 0.52 0.19 - 6.79 7.33

TMR 0.44 3.33 0.46 2.50 0.99 0.24 = 378 4.85 Kafle et al. (2021)
TMR + 25% peanut skin 0.37 3.48 0.42 272 0.96 0.24 - 392 4.93

TMR + 50% peanut skin 0.38 3.73 0.49 2.80 0.88 0.24 = 3.92 522

TMR + 75% peanut skin 0.36 342 041 233 0.99 0.24 - 3.56 4.89

TMR 119 0.51 3.19 0.34 - 0.46 - 0.62 6.19 Martins Flores et al. (2021)
TMR + 50% grape pomace silage 151 0.49 4.89 0.37 - 0.30 - 0.62 8.15

TMR + 50% grape pomace silage 233 0.68 571 041 = 021 = 0.62 10.63

TMR + 50% grape pomace silage 4.17 1.03 7.03 043 = 024 = 0.79 13.99

TMR 1.56 - 4.70 0.43 0.2 0.39 0.04 0.47 5.85 Pimentel et al. (2021)
TMR + 16 kg Acacia mearnsii extract 1.84 - 4.72 0.41 0.22 0.46 0.04 0.54 7.49

TMR + 32 kg Acacia mearnsii extract 1.60 - 5.46 0.47 0.16 0.35 0.04 0.47 4.93

TMR + 48 kg Acacia mearnsii extract 152 - 7.62 0.72 0.22 0.62 0.05 0.61 9.56

TMR 0.47 - 12.36 0.6 0.39 0.56 0.41 1.95 18.32 Abubakr et al. (2015)
80% decanter cake 0.33 ‘ - 9.38 0.63 0.32 0.63 0.32 1.89 14.51

80% palm kernel cake 0.40 - 9.14 0.61 032 0.58 0.36 1.89 14.16

TMR + 5% palm oil 0.41 - 9.04 0.69 0.39 0.62 0.36 2.06 14.02

TMR - ‘ - 8.01 1.06 0.33 - - 139 11.8 [ Ahmed et al. (2015)
By-products

TMR + 0.5% green tea by-product - - 142 1.06 0.16 - - 122 17.1

TMR + 1% green tea by-product - - 13.1 1.03 0.29 - - 1.32 17.5

TMR + 2% green tea by-product - - 164 1.51 0.15 = = 1.66 21.1

TVA, trans-vaccenic acid; RA, rumenic acid; LA, linoleic acid; ALA, linolenic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, docosaehexanoic acid; n-3, omega-3 fatty
acids; n-6, omega-6 fatty acids.
‘TMR, total mixed ration.
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From 1940’s

1950 - FAO:
caloric requirements

1957 — FAO: protein 1973 - FAO/WHO: protein 1977 - US: reduced TF
requirements and energy intake

~1941 — US: RDA

1955 — Norway: 1% Nutrient intake 1976 - Norway: TF <35 E%,

recommendation PUFA/SFA > 0.5, lean meat intake
1990 — USDA/HHS: 1980 — 1**USDA/HHS: decrease chronical
plant oils, SFA <10 E% diseases, reduction of dairy and "red" meat fat
1996 - 31 NNR: TF 30 E% 1989 - 2% NNR: TF 30 E% 1980 - 1" NNR: TF <35 B%,

PUFA/SFA > 0.5, essential FA>3 E%

2019 - FAO/WHO:
2010 — USDA/HHS: 2015 -USDA/HHS:  Sustainability and reduced 2020 — 2025 — USDA/HHS:
lean animal products lean meat intake rmminant meat intake TF 20-35 E%, SFA <10 E%

2002 - FAO/WHO: TF 30 E%

2004 — 4% NNR: TF 25-35 E% advocated 20122023 — 5+ & 6 NNR: TF 25-40 E%, SFA < 10 E%.
30 E%. SFA with trans-FA <10E%, MUFA 10-20 E%, PUFA 5-10 E%

MUFA 10-15 E%, PUFA 5-10 E%
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Fatty acids Goat kids Calves SEM

Lauric acid (C12:0) 032 035 017 011

Myristic acid (C14:0) 1.77° 2.6 322° 027 <001
Palmitic acid (C16:0) 20.0° 235" 26.0° 078 <0.01
Unhealthy fatty acids (C14:0+C16:0+C16:1) 24.0° 276" 324° 1.22 <0.01
Stearic acid (C18:0) 17.7 16.9 161 122 0.66
Saturated fatty acids (SFA) 414° 462° 474° 135 0.02
Myristoleic acid (C14:1 n-9) 0.11° 0.69° 0.05° 0.11 <0.01
Palmiteoleic (C16:1 n-9) 230" 151° 3.10° 0.40 0.05
Palmiteoleic (C17:1 n-9) 0.63 0.76 091 025 073
Oleic acid (C18:1 n-9) 39.8* 39.8° 35.1° 138 0.01
Linoleic acid (LA; C18:2 n-6) 4.55 5.10 653 0.87 028
o-Linolenic acid (ALA; C18:3 n-3) 1.81° 078" 0.69" 0.16 <001
Arachidonic acid (AA; C20:4 n-6) 2.04 1.82 163 0.44 0.81
Eicosapentaenoic acid (EPA; C20:5 n-3) 137 041" 025" 018 <0.01
Docosapentaenoic acid (DPA; C22:5 n-3) 144" 049" 0.56" 0.19 <001
Docosahexaenoic acid (DHA; C22:6 n-3) 0.26 0.24 0.10 0.08 0.27
Sum of n-6 fatty acids | 7.54 7.15 8.87 1.26 0.60
Sum of n-3 fatty acids 5.12° 1.96° 1.60° 0.49 <0.01
PUFA/SFA ratio 0.33 021 024 0.04 0.20
n-6/n-3 ratio 1.53¢ 352" 6.04° 042 <001
Intramuscular fat content (g per 100 g meat) 26" 39° 2P 037 <001

Source: Kiani et al. (2017); Values are average of 10 observations (n = 10); SEM, Standard error of means; PUFA, polyunsaturated fatty acids.

*P<mean values within a row with different superscript letters are significantly different (P<0.05).
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Constructs/Ite

M SD  Loadings

Customer Perceived Value: Quality/performance

X has consistent quality 574 | 110 | .82
X is trustworthy 574 | 110 | 81
X is good quality 569 109 | 81
X is safe 578 110 | 82
X is healthy 5.72 L11 82

Customer Perceived Value: Price/value for money

X is reasonably priced 551 116 | .83
X is value for money 559 L1381
X is a good product for the price 546 | 120 | .84
X is economical 548 120 | 84

Customer Perceived Value: Emotional value

T will enjoy eating X 563 | L15 | .80
1 will feel relaxed about eating X 554 118 | 82
X will make me feel good 553  1l6 | 83
X will give me pleasure 539 126 81

Customer Perceived Value: Social value
X will help me to feel acceptable 519 140 | 87
X will improve the way I am perceived 510 143 | 88
X will make a good impression other people | 522 = 137 | .87
X will give me social approval 519 | 137 | 86
Attitudinal loyalty

Purchasing meat from brand X is ... 556 113 | .69
(foolish-wise)

Purchasing meat from brand X is ... 471 164 | 79
(bad-good)
Purchasing meat from brand X is ... 552 | 112 | 73

(harmful-beneficial)

Purchasing meat from brand X is ... 456 175 | 82
(punishing-rewarding)

Behavioral loyalty: Future purchase intention

In the future, X will be the brand that I buy 542 116
most often

n=4000, as each participant answered each question for two randomly selected known brands.
The measurement model for the segment-specific subgroups is available from the authors
upon request.
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Demographic profile Shanghai Shenzhen Nanjing Hangzhou

n (%) n (%) n (%) n (%)

Gender
Male 589 (29.5) 99 (24.8) 106 (26.5) 120 (30) 133 (33.25) 131 (32.8)
Female 1402 (70.1) 301 (75.3) 294 (73.5) 278 (69.5) 265 (66.25) 264 (66.0)
Not applicable/Prefer not to say 9 (4) 0(0) 0(0) 2(5) 2(5) 5(1.3)

Age
18-24 69 (3.5) 26 (6.5) 10 (2.5) 17 (4.3) 9(23) 7 (1.8)
25-34 677 (33.9) 193 (48.3) 194 (48.5) 130 (32.5) 97 (24.3) 63 (15.8)
35-40 254 (12.7) 83 (20.8) 75 (18.8) 42 (10.5) 33 (83) 21(53)
41-44 749 (37.5) 84 (21.0) 96 (24.0) 185 (46.3) 180 (45.0) 204 (51.0)
45-54 210 (10.5) 14 (3.5) 16 (4.0) 25 (6.3) 136 (17.0) 87 (21.8)
55-64 37 (1.9) 0 (0) 8(2.0) 1(3) 10 (2.5) 18 (4.5)
65 or more 4(2) 0(0) 1(3) 0(0) 3(8) 0(0)

Marital status
Married/Cohabitating 1745 (87.3) 346 (86.5) 352 (88.0) 349 (87.3) 351 (87.8) 347 (86.8)
Single 213 (10.7) 51 (12.8) 44 (11.0) 39 (9.8) 37 (93) 42 (10.5)
Divorced/Widowed 17 (9) 2(5) 2(5) 3(8) 7 (1.8) 3(.8)
Other 10 (.5) 0 (0) 1(3) 4(1.0) 2(5) 3(.8)
Do not wish to disclose 15 (.8) 1(25) 1(3) 5(L3) 3(8) 5(L3)

Highest education level
Primary school or below 5(3) 1(.3) 1(3) 1(.25) 1(3) 1(.3)
Junior high school 26 (1.3) 3(.8) 1(3) 4 (1.0) 8(2.0) 10 (2.5)
High school/Vocational 114 (5.7) 14 (3.5) 10 (2.5) 24 (6.0) 27 (6.8) 39 (9.8)
school/Technical school 295 (14.8) 49 (12.3) 38 (9.5) 73 (18.3) 71 (17.8) 64 (16.0)
College 1349 (67.5) 288 (72.0) 296 (74.0) 262 (65.5) 255 (63.7) 248 (62.0)
University 210 (10.5) 45 (11.3) 54 (13.5) 35 (8.8) 38 (9.5) 38 (9.5)
Master or higher 1(1) 0(0) 0(0) 1(.25) 0(0) 0(0)
Other

Household size (including only adults

over 18) 115 (5.8) 18 (4.5) 16 (4.0) 23 (5.8) 30 (7.5) 28 (7.0)
1 individual 909 (45.5) 193 (48.3) 210 (52.5) 173 (43.4) 171 (42.8) 164 (40.5)
2 individuals 574 (28.7) 98 (24.5) 112 (28.0) 116 (29.0) 125 (31.3) 123 (30.8)
3 individuals 304 (15.2) 66 (16.5) 50 (12.5) 66 (16.5) 56 (14.0) 66 (16.5)
4 individuals 98 (4.9) 25 (6.4) 12 (3.0) 22 (5.5) 18 (4.5) 21(53)
5 individuals or more

Children in the household
No children 410 (20.5) 64 (16.0) 77 (19.3) 74 (18.5) 87 (21.8) 108 (27.0)
One child 1240 (62.0) 257 (64.3) 259 (64.8) 228 (57.5) 251 (62.7) 245 (61.3)
Two children 294 (14.7) 65 (16.3) 62 (14.2) 82 (20.5) 53 (13.3) 37(9.3)
Three children 47 (2.4) 11 (2.8) 5(L3) 15 (3.8) 7(1.8) 9(23)
Four children or more 9 (.5) 3(8) 2(5) 2(3) 4(5) 1(3)

Self-described economic status of the

household 46 (2.3) 10 (2.5) 4 (1.0) 16 (4.0) 7 (1.8) 9(23)
Difficult 1110 (55.5) 216 (54.0) 212 (53.0) 217 (54.3) 217 (54.3) 248 (62.0)
Modest 769 (38.5) 160 (40.0) 166 (41.5) 155 (38.8) 161 (40.3) 127 (31.8)
Reasonable 75 (3.8) 14 (3.5) 36 (4.5) 12 (3.0) 15 (3.8) 16 (4.0)

Well off
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Total Direct Indirect

Effects Effects Effects

Whole sample

Quality/performance — 3874
Attitudinal loyalty

Quality/performance — Attitudinal 11384 0148 099
loyalty — Behavioral loyalty

Price/value for money — .080***
Attitudinal loyalty

Price/value for money — Attitudinal = .189*** 168+ 021+
loyalty — Behavioral loyalty

Emotional value — 21404
Attitudinal loyalty
Emotional value — Attitudinal 3441 2890 055+

loyalty — Behavioral loyalty
Social value — Brand attitude -.076**

Social value — Brand attitude — .056** 076 -019%*
Behavioral loyalty

Attitudinal loyalty — 2550
Behavioral loyalty

Mainstream buyers

Quality/performance — 412
Attitudinal loyalty

Quality/performance — Attitudinal 069N° -.052" J21
loyalty — Behavioral loyalty

Price/value for money — 097**
Attitudinal loyalty

Price/value for money — Attitudinal = .189*** L OO .028**
loyalty — Behavioral loyalty

Emotional value — 2094%%
Attitudinal loyalty
Emotional value — Attitudinal 406 34500F 062%

loyalty — Behavioral loyalty
Social value — Brand attitude -.086™*

Social value — Brand attitude — WIIN® 0378 -.025%
Behavioral loyalty

Attitudinal loyalty — 204
Behavioral loyalty

High end buyers

Quality/performance — 3320
Attitudinal loyalty

Quality/performance — Attitudinal = .204** 124N 080**
loyalty — Behavioral loyalty

Price/value for money — 058N
Attitudinal loyalty ‘

Price/value for money — Attitudinal = .213*** 200%* 01488
loyalty — Behavioral loyalty

Emotional value — 2197 ‘
Attitudinal loyalty

Emotional value — Attitudinal .202% .149** 053+
loyalty — Behavioral loyalty

Social value — Brand attitude 012"

Social value — Brand attitude — 110* J113% -.003N
Behavioral loyalty

Attitudinal loyalty — 2414
Behavioral loyalty

Channel nomads

Quality/performance — 3590
Attitudinal loyalty

Quality/performance — Attitudinal 165" 108N 057
loyalty — Behavioral loyalty

Price/value for money — 092N
Attitudinal loyalty

Price/value for money — Attitudinal | .148%* 133* 01588
loyalty — Behavioral loyalty

Emotional value — .158**
Attitudinal loyalty

Emotional value — Attitudinal 30244 277 .025*
loyalty — Behavioral loyalty

Social value — Brand attitude -.088N*

Social value — Brand attitude — 066™ .080* -014™
Behavioral loyalty

Attitudinal loyalty — .160***
Behavioral loyalty

Online buyers

Quality/performance — 3641
Attitudinal loyalty
Quality/performance — Attitudinal 088N -018N8 106*%%

loyalty — Behavioral loyalty

Price/value for money — 059N
Attitudinal loyalty

Price/value for money — Attitudinal |~ .215%** .198*** 01788
loyalty — Behavioral loyalty

Emotional value — 2624+
Attitudinal loyalty

Emotional value — Attitudinal e b 3140 076**
loyalty — Behavioral loyalty

Social value — Brand attitude -.046™

Social value — Brand attitude — 058N 07288 0138
Behavioral loyalty

Attitudinal loyalty — 292%*
Behavioral loyalty

NS, non-significant; *=p<.05, **=p<.01, ***=p<.001.
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Country

Increase in
price of poultry

Increase in
price of eggs

References

feed and and
time frame time frame
Nigeria 168% between 37.40% between (Poulty
8 2019-2022 2019-2022 World, 2022)
45-55"% between 46% between {Bmiess T
PO T 0 S
Ethiopia 202021 2020-21 Ethiopia, 2022;
Negash, 2022)
China 4.3-6.6% between N/A .
2021-22 (Doris, 2022)
60% between
us NA 2021-22 (Swann, 2023)
(Financial
17% in a month Express, 2023;
B: desh 70% between 2021-22
anglade % between Feb-March 2023 | TBS
News, 2023)
K 31% between mid- 26% between mid- (Capital
28
enya 2022 to early 2023 2022 to early 2023 | EM, 2023)
Indi 25-30% in 6 months 20.7% between ;ﬁ;;BC L¥=ls.
ndia . H
in early 2022 2021-22 Nahata, 2022)
Pakist 32% between 5.2% between
istan 2018-2020 2018-2020 (Tribune, 2021)
United N/A 20-27% between (Davey, 2022;
Kingdom 2020-23 Julia, 2023)
Ghana N/A 25-35% between

202-21

*Increase is for all animal-source foods. N/A, not cited.

(Kinsley, 2021)
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N. America Africa

1961 2020 1961
a. ADF
Meat 2292 42.26 47.24 75.82 335 61.89 74.24 100.72 13.32 1646
Milk 75.04 70.19 1712 182.3 237 25.02 220.80 169.13 29.96 27.22
Fish 8.96 2025 1385 2177 433 1033 1133 1828 457 9.58
Eggs 452 1033 896 13.90 2.06 2197 1444 1578 124 214
b. Meat
Sheepmeat 191 1.96 3.61 165 0.15 3.80 178 0.64 258 235
Beef 9.32 898 1558 1354 009 674 34.38 27.38 691 515
Pigmeat 7.97 1445 21.63 33.65 2.06 35.70 2352 24.04 072 153
Poultry 2.86 1621 4.61 2529 0.95 15.13 1342 47.93 136 621
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10% pc

Animals

Mean

10" pc

Plants

Mean

a. per kg product

Beef (beef herd) 40.4 99.5 209.9 Wheat 0.8 1.6 23
Beef (dairy herd) 17.9 333 50.9 Tomatoes 04 2.1 6.0
Pigmeat 74 123 223 Peas 0.6 1.0 17
Poultry meat 4.2 9.9 20.1 Bananas 0.9

Milk 1.7 32 4.8 ‘Other vegetables” 0.2 0.5 1.0
Cheese 10.9 239 39.3 Potatoes 0.2 0.5 0.6
Farmed fish 5.7 13.6 26.5 Root vegetables 0.2 04 0.6
Eggs 29 4.7 84 Nuts -37 04 38
b. per 100g protein

Beef (beef herd) 20 50 105 Wheat 0.3 0.6 0.9
Beef (dairy herd) 9L 17 26 . Tomatoes 04 21 6.0
Pigmeat 4.6 7.6 14 Peas 0.3 04 0.8
Poultry meat 24 57 12 Bananas 0.6 09 12
Milk 17 32 438 ‘Other vegetables” 02 0.5 1.0
Cheese 4.9 11 18 Potatoes 0.2 0.6 0.9
Farmed fish 25 6.0 12 Root vegetables 0.2 04 0.6
Eggs 2.6 42 7.6 Nuts -22 0.3 24

Results (mean, 10™ and 90™ percentiles) expressed in relation to a. kg retail product and b. 100g protein (Poore and Nemecek, 2018).
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Food

Type

Animal

Sugarcane Products

Supplemented
in Feed

Effect of Supplementation

References

Red meat | Pig Immunity Extract derived from Enhanced immune response (Lo et al., 2006; Lo
Growth sugarcane juice Reduced disease severity et al., 2005)
No significant growth improvement
Gut Sugarcane extract Improved gastrointestinal health (Matsumoto
Immunity et al., 2021)
Growth Microbiota modulation
Metabolic improvements
Improved growth
Immunity Patented sugarcane extract No significant effect on the inflammatory response (Wijesiriwardana
Growth No observed improvement in growth performance et al,, 2020)
Goat Gut Sugarcane top Different diversity and community structures of rumen microbiota  (Li et al., 2021)
Immunity No effect on growth performance and plasma
Growth biochemical parameters
Poultry Chicken Immunity Extract derived from Enhanced antibody production (Amer et al,, 2004)
Growth sugarcane juice Improved delayed-hypersensitivity responses
Improved body weight
Immunity Sugarcane juice, bagasse Enhanced immune response (Awais and
Growth Improved organ-body weight ratios Akhtar, 2012)
Improved body weight gain
Improved feeding efficiency
Immunity Sugarcane juice Increased antibody response, improved cell-mediated immune (Akhtar et al., 2008)
response
Growth Decreased mortality, decreased lesion scores, decreased oocysts in
faeces, mild haemorrhages
Increased body weight gain
Immunity Patented sugarcane extract (Shakeri et al., 2020)
Quality
Anti-oxidant effect
Improved meat tenderness
Mitigation of heat stress
Immunity Sugarcane juice, bagasse Anti-coccidial effect (Awais et al,, 2011)
Growth Enhanced humoral immune response
Improved body weight gain
Immunity Extract derived from Enhanced immune response, improved humoral immune response  (El-Abasy et al., 2002)
Growth sugarcane juice Improved body weight gain
Immunity Extract derived from Enhanced immune response (El-Abasy et al., 2004)
Growth sugarcane juice Improved body weight gain
Improved lymphoid organ morphology and weight
Immunity Extract derived from Enhanced immune response (El-Abasy, 2003a)
Growth sugarcane juice Improved body weight gain
Decreased mortality, decreased lesion scores, decreased oocysts in
faeces, mild haemorrhages
Immunity Extract derived from Enhanced immune response (El-Abasy, 2003b)
sugarcane juice Improved delayed-hypersensitivity responses
Quail Growth Extract derived from Suppressed sexual behaviour (Pu et al,, 2022)
sugarcane molasses Decreased testosterone levels
Altered reproductive organ characteristics
Inhibition of Hydroxysteroid Dehydrogenase
Seafood Tilapia Immunity Sugarcane bagasse Enhanced immune response (Lumsangkul
Growth Improved mucosal defence et al,, 2021)
Enhanced respiratory burst activity
Increased growth performance
Growth Patented sugarcane extract Improved growth performance (SHIMUL et al., 2018)
Performance Enhanced condition factor
Improved feed conversion ratio
Salmon | Growth Sugarcane bagasse Dose-dependent weight gain (Moriyama
Increased Insulin-like Growth Factor-1 mRNA levels etal, 2021)
Shrimp Growth Patented sugarcane extract Increased growth (Penglase et al., 2022)
Increased feed conversion ratio
Increased survival
Diary Cow Quality Patented sugarcane extract Increased milk yield (Ahmed et al,, 2023)
Performance Decreased Methane emission

Improved mastitis
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Protein extraction Intuitive Deliberate Overall Acceptance

source evaluation evaluation attitude

Sausages Liver 384 (128) 3.70 (1.48) 3.57 (1.82) 3.81 (1.65)
No information Lung 3.72 (131) 3.40 (1.56) 3.12 3.20 (1.76)

(1.87)
Liver 382 (133) 4.25 (1.54) 430 4.26 (1.53)

Benefit information a7
Lung 377 (109) 4.15 (1.62) 425 (1.83) 417 (1.73)
Ambiguous Liver 4.00 (1.04) 4.12 (1.38) 417 (1.63) 417 (1.53)
information Lung 3.81 (1.29) 3.75 (1.58) 3.78 (1.87) 3.68 (1.74)
Burgers Liver 3.57 (1.18) 3.74 (1.34) 3.92(1.70) 3.92 (1.59)
No information 358 (131) 3.33 (1.48) 319 3.14 (168)

Lung

(1.74)
) 3.75 (1.36) 4.39 (1.50) 4.50 437 (152)

Liver 8

Benefit information (1.78)
Lung 366 (1.10) 4.16 (1.62) 4.15 (1.67) 419 (1.62)
Ambiguous Liver 3.70 (1.14) 4.16 (1.30) 424 (1.62) 420 (1.47)
information Lung 363 (1.17) 4.03 (1.56) 3.89 (1.90) 3.80 (1.68)

Red font denotes the highest value; blue font denotes the lowest value.
SD, standard deviation.
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% animal liveweight 60 55 ‘ 70 68
Description Animal By-Products NOT intended for Human Consumption

% animal liveweight 40 45 ‘ 30 32
% ABP Category 1 ¢ 3 5 ‘

9% ABP Category 2 © 17 12 ‘ 11 3
% ABP Category 3 @ 20 28 ‘ 19 29

References: *AHDB Beef yield guide (2020) **AHDB lamb yield guide (2020) **AHDB Pig yield guide (2020) **** Foxcroft and Woodgate; Foxcroft and Woodgate (2004). ® Regulation (2002).
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Bovine milk fat Grass-fed beef fat 2 Grain-fed beef fat 2

Fatty acid % of total FA % of TFA % of total FA % of TFA % of total FA % of TFA
16-8-16:1 024 341 051 6.35 028 578
9-16:1 005 0.77 0.09 110 0.02 037
110-16:1 001 0.19 001 0.15 0.01 0.11
t11-12-16:1 0.04 0.59 005 0.68 0.03 0.70
t14-16:1 002 033 004 ‘ 047 NR NR
Etrans16:1 037 529 070 8.74 0.34 696
t4-18:1 004 0.59 002 027 0.02 0.39
15-18:1 004 0.62 002 023 0.02 044
16-8-18:1 043 6.14 017 209 040 8.22
19-18:1 039 5.52 021 265 0.37 7.62
110-18:1 073 1032 0.19 236 205 4230
t11-18:1 118 16.70 337 4225 0.52 10.81
t12-18:1 058 8.17 012 157 0.10 214
113-14-18:1 1.09 1548 032 407 0.15 3.03
115-18:1 075 10.65 015 188 NR NR
116-18:1 041 574 034 432 0.09 1.87
Strans18:1 564 79.93 492 61.67 357 73.79
t11,t15-18:2 001 0.08 009 118 0.01 0.16
19,t12-18:2 001 0.18 0.02 025 0.01 026
C9t13-/18,c12-18:2 023 3.30 025 314 0.15 318
18,c13-18:2 0.09 132 012 152 0.07 135
9,t12-18:2 NR NR NR NR 0.06 121
19,c12-182 003 043 NR NR 0.01 029
tl1,c15-18:2 0.04 053 057 7.18 0.04 092
SAD 041 583 106 |2 0.36 7.37
17,9-18:2 006 0.79 NR NR NR NR
CO,t11-18:2/t8,c10-18:2 044 6.18 090 1134 0.39 8.07
110,c12-18:2 003 041 001 012 0.04 0.87
tl1,c13-18:2 001 015 012 022 0.02 0.34
H12,t14-/t13,415-18:2 001 015 003 034 0.02 037
t11,t13-18:2 003 040 005 0.67 0.02 044
17,19-t10,t12-18:2 0.04 0.50 0.02 031 0.02 0.49
ICLA 061 8.57 L15 1446 0.55 1131
Ot11,t15-18:3 001 0.10 0.06 0.77 0.01 029
9,t11,c15-18:3 0.02 027 0.09 109 0.01 029
SCLnA 003 037 015 186 0.03 0.57

NR, not reported; TFA, total trans fatty acids; ¢, cis; t, trans; ZCLA, sum of conjugated linoleic acid isomers; £AD, sum of atypical dienes (non-conjugated non-methylene interrupted 18:2;
TCLnA, sum of conjugated linolenic acid (18:3) isomers.

!(Rosemond, 2021).

(Klopatek et al., 2022).
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