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Editorial on the Research Topic
 Recent insights in vegetarian nutrition




The most investigated health and environmental effects of vegetarian diets (lacto-ovo-vegetarian and vegan) are actually well-established in current research (1–4), although some aspects remain controversial. This Research Topic offers valuable insights into some aspects of the sector, contributing to expanding current knowledge and providing some mechanistic interpretation.

Wirnitzer et al. cross-sectionally investigated the underlying motivations and lifestyle preferences related to dietary choices, and the associations between these factors and basic health behaviors in 1,350 Austrian school teachers and principals, via an online questionnaire. Health concerns (46.4%) emerged as the most significant reason for dietary choices and engagement in sports. Vegetarians represented 7.5% of the sample (5.2% lacto-ovo-vegetarians and 2.3% vegans), with a female prevalence, and their vegetable intake was significantly higher (92.9% in lacto-ovo-vegetarians and 93.5% in vegans, respectively) compared to omnivores. The Authors conclude that these educational figures, representing influential role models for their students, can contribute to public health strategies.

In their 12-week VEGPREV study (Poland), Wisniewska et al. observed a more pronounced body weight (BW) loss in obese patients, who were randomly prescribed hypocaloric vegan (100% plant-based) and EAT-Lancet Planetary Health (50% plant protein of total protein) diets, compared to those from lacto-ovo-vegetarian (70% plant protein) and Mediterranean (30% plant protein) hypocaloric diet groups. Patients who consumed a traditional hypocaloric diet following the WHO recommendations (20% plant protein) did not show any BW reduction during the study period at all.

In the two reports by Kahleova, Fischer, et al., the Authors examined whether plant-based diet indices (total plant-based dietary index-PDI, healthful-hPDI and unhealthful-uPDI) were associated with weight loss in adults with type 1 diabetes (T1DM) and in overweight adults. In a secondary analysis of a randomized trial, 58 adults with T1DM alternated between an ad libitum low-fat vegan diet and a portion-controlled energy-restricted omnivorous diet for 12 weeks. PDI and hPDI increased significantly in the vegan participants and were associated with weight loss, even after adjustment for changes in energy intake. Conversely, the portion-controlled group showed less change, while changes in the uPDI were not associated with weight loss.

Another secondary analysis of a randomized cross-over trial conducted by the same team involved 62 overweight adults, who alternated between Mediterranean and low-fat vegan diets for 16 weeks, with a 4-week washout period (Kahleova, Smith, et al.). Both PDI and uPDI increased during the vegan diet period, in comparison to the Mediterranean diet period, while hPDI increased during both dietary interventions. Changes in PDI and uPDI were inversely associated with changes in BW, and the association remained significant also after adjusting for changes in energy intake. Conversely, no significant association was found between changes in hPDI and BW.

The results obtained in the above three clinical trials suggest that replacing animal products with plant-based foods in a vegan diet may represent a valuable non-pharmacological intervention for weight loss, and can be beneficial in the management of overweight patients and patients with T1DM. Moreover, the effect of “unhealthy” plant-based foods on BW remains intriguing, since no negative effect was observed after their inclusion in the diet.

This aspect has been addressed by Gréa et al., who analyzed energy, nutrient contents and use of iodized salt in 964 plant-based meat substitutes on the German market. An average of 224 kcal, 13.3 g protein, 12.0 g fat, and 1.60 g salt were found per 100 g of product. Specifically, meat substitutes presented a more favorable nutritional composition compared to sausage substitutes. More than 85% of all products were labeled as vegan, and one third as organic. Nevertheless, the high heterogeneity of these products warrants a better characterization of their nutritional profiles.

In another secondary analysis of a randomized cross-over trial conducted by Kahleova, Maracine, et al. on 62 overweight adults, the dietary acid load decreased significantly within the low-fat vegan diet and was associated with weight loss, suggesting that the alkalizing effect may be an independent mechanism by which a vegan diet can promote weight loss.

Moreover, in their cohort study, Yao et al. evaluated the distinct metabolomic signatures in long-term Chinese vegetarians and omnivores, and their association with a panel of cardiometabolic risk factors. By integrating metabolomic data with detailed dietary analysis, this study identified 17 differential metabolites, 11 upregulated and six downregulated in vegetarians, some of which associated with specific plant-foods and favorably associated with obesity indices, blood pressure, lipid profiles, and insulin sensitivity. This identification of unique serum metabolomic profiles in vegetarians provides mechanistic insights into the diet-metabolite-health axis, supporting the current evidence that vegetarian diets are associated with reduced risks of cardiometabolic diseases.

Tosi et al. assessed the nutritional status and dietary intakes in a cohort of 107 newborn-mother dyads with altered biomarkers of cobalamin metabolism. Most mothers (71%) were omnivorous, 16% lacto-vegetarian, 12% lacto-ovo-vegetarian, and 1% vegan; 87% of mothers had been taking supplements during pregnancy (70.7% folic acid, 68.7% iron, 15% vitamin B12). Plasma vitamin B12 levels averaged 240 pg/ml, with supplemented mothers showing slightly higher levels compared to those who did not supplement (255.5 ± 113 vs. 231.2 ± 104 pg/ml). The Authors highlight that all dietary patterns could result in insufficient nutrient intakes, and current supplementation practices during pregnancy should be tailored.

Finally, Alcalà-Santiago et al. compared the nutritional adequacy and the environmental sustainability of four isocaloric diets—Mediterranean omnivorous, pesco-vegetarian, lacto-ovo-vegetarian, vegan—consumed for 7 days by healthy adults. No differences were found in macronutrient intakes across the four groups. All diets were low in vitamin D and iodine (except pesco-vegetarians) and in ω-3 PUFAs; the vegan diet was also low in vitamins B12 and calcium, but high in fiber, vitamins B9, C and E. Both lacto-ovo-vegetarian and vegan diets were the most sustainable models, showing a decrease in the climate change–related factors, compared to the omnivorous and pesco-vegetarian ones. By addressing the well-known critical nutrients, this study confirms that diet sustainability increases with the reduction of animal foods.

Overall, this Research Topic adds support to the beneficial effects of vegetarian diets on human and environmental health.
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Objective: This secondary analysis tested the relationship of a plant-based diet index (PDI), healthful PDI (hPDI), and unhealthful PDI (uPDI), with weight loss in adults with type 1 diabetes.
Methods: Fifty-eight adults with type 1 diabetes were randomized to follow an ad libitum low-fat vegan (n = 29) or a portion-controlled, energy-restricted diet (n = 29) for 12 weeks. Food records were analyzed and PDI indices were calculated. A repeated measure ANOVA, Spearman correlations, and a linear regression model were used for statistical analysis.
Results: The PDI score increased on the vegan diet (p < 0.001) from 51.8 to 60.4, and did not change on the portion-controlled diet [effect size +6.0 (95% CI + 1.0 to +10.9); p = 0.02]; the hPDI increased on both diets, more on the vegan diet [effect size +9.1 (95% CI + 3.7 to +14.5); p = 0.002]; and uPDI increased on the vegan diet, and did not change on the portion-controlled diet [effect size +7.3 (95% CI + 1.9 to +12.7); p = 0.01]. Changes in PDI and hPDI scores correlated with changes in body weight [r = −0.35; p = 0.04 for PDI; and r = −0.52; p = 0.001 for hPDI], even after adjustment for changes in energy intake [r = −0.37; p = 0.04 for PDI; and r = −0.53; p = 0.001 for hPDI]. An increase in hPDI by 6.1 points was associated with a 1-kg weight loss (p = 0.01). There was no association between the changes in uPDI and changes in body weight (r = −0.07; p = 0.68).
Conclusion: The study results suggest that replacing animal foods with plant foods is an effective strategy for weight loss in adults with type 1 diabetes. The inclusion of “unhealthy” plant-based foods did not impair weight loss, and these benefits were independent of energy intake.
Clinical trial registration: ClinicalTrials.gov, identifier NCT04944316.
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Introduction

People following plant-based diets have been shown to have lower body weight and lower risk of type 2 diabetes. Based on observational data, an attempt has been made to categorize the healthfulness of plant foods, using plant-based (PDI), unhealthful (uPDI), and healthful (hPDI), dietary indices (1). However, a previous randomized trial in overweight adults has shown that eating plant foods (both from the so-called healthful and unhealthful categories), instead of animal products, was associated with weight loss (2). The potential role, if any, of PDI in adults with type 1 diabetes has yet to be explored.

A previously published randomized clinical trial showed that, compared to a portion-controlled diet, a vegan diet resulted in a clinically significant weight loss and improvements in insulin sensitivity in adults with type 1 diabetes (3). This secondary analysis tested the associations of PDI, uPDI, and hPDI with changes in body weight in adults living with type 1 diabetes.



Methods

The study methods have been described in detail previously (3). Briefly, this randomized trial took place in 2021–2022 in Washington, DC. Adults diagnosed with type 1 diabetes were enrolled. The study protocol was approved by the Chesapeake Institutional Review Board on February 03, 2021. The study participants signed an informed consent.


Dietary interventions

The participants were randomized in a 1:1 ratio to an ad libitum low-fat vegan diet (n = 29) or a portion-controlled, energy-restricted diet (n = 29). The low-fat vegan diet was free of all animal products and consisted of only plant foods. The portion-controlled diet emphasized portion control and keeping carbohydrate intake steady. Both groups met weekly online and were supported by registered dietitians. The participants tracked all their meals via Cronometer (Cronometer Inc., Revelstoke, Canada). The participants were instructed to keep their physical activity and their medications constant throughout the study. Insulin was modified in response to repeated hypoglycemia. All outcomes were measured at week 0 and 12.

At week 0 and 12, a detailed food record was filled out for three consecutive days and analyzed by a registered dietitian certified in the Nutrition Data System for Research (4). The PDI, uPDI, and hPDI were assessed (1). “Healthful” plant-based foods, as defined by the PDI system, include fruits, vegetables, whole grains, nuts, legumes, oils, coffee and tea, and “unhealthful” plant-based foods include fruit juice, sugar-sweetened beverages, refined grains, potatoes, and sweets (1).



Statistical analysis

A repeated-measure ANOVA model was performed by a statistician blinded to the dietary interventions. Paired comparison t-tests were used to assess any within-group changes. Spearman correlations were used to test the relationship between changes in PDI, hPDI, and uPDI and in body weight, first unadjusted, and then adjusted for changes in energy intake, and also correlations between changes in PDI, hPDI, and uPDI, and changes in energy intake. Bonferroni correction was used, and p-values less than 0.006 (0.05/9) were presented as significant. A linear regression model was used to determine whether changes in PDI and hPDI were independent predictors of weight loss.




Results


Characteristics of the participants

Fifty-eight adults were randomized to follow a vegan (n = 29) or a portion-controlled (n = 29) diet (Supplementary Figure 1). The attrition rates were similar in both groups. There was no difference between the groups in energy intake.



PDI, hPDI, uPDI

The PDI score increased on the vegan diet (p < 0.001) from 51.8 to 60.4, and did not change on the portion-controlled diet [effect size +6.0 (95% CI + 1.0 to +10.9); p = 0.02]; the hPDI increased on both diets, more on the vegan diet [effect size +9.1 (95% CI + 3.7 to +14.5); p = 0.002]; and uPDI increased on the vegan diet, and did not change on the portion-controlled diet [effect size +7.3 (95% CI + 1.9 to +12.7); p = 0.01]. As expected, compared to the portion-controlled diet, the intake of all animal foods was significantly reduced on the vegan diet. Furthermore, the scores for the “healthful” plant foods changed as follows: legumes, whole grains, and fruits significantly increased, while the scores for vegetable oils and nuts significantly decreased (as the consumption of these foods decreased) on the vegan diet. On the portion-controlled diet, only the score for whole grains increased. The scores for “unhealthful” plant foods had no significant change on either diet, with the exception of a reduced score in refined grains on the portion-controlled diet (see Table 1).



TABLE 1 Plant-based dietary index (PDI), healthful (hPDI), and unhealthful plant-based dietary index (uPDI), and the individual food components at baseline and 12 weeks.
[image: Data table comparing dietary indices and food component intake between vegan and portion-control groups at baseline and after twelve weeks, including mean values, confidence intervals, changes, effect sizes, and p-values for each variable. Significant increases in overall PDI, hPDI, and uPDI scores and certain food group components are shown for the vegan group. Statistical significance is noted by asterisks.]



Associations with changes in body weight

The participants lost 5.2 kg on the vegan diet (p < 0.001), while there was no change on the portion-controlled diet [effect size −4.3 kg (−6.1 to −2.4); p < 0.001]. The changes in PDI and hPDI scores were associated with changes in body weight (r = −0.35; p = 0.04 for PDI; and r = −0.52; p = 0.001 for hPDI) and remained largely unchanged after adjustment for changes in energy intake (r = −0.37; p = 0.04 for PDI; and r = −0.53; p = 0.001 for hPDI]. There was no correlation between the changes in uPDI and changes in body weight [r = −0.07; p = 0.68; see Table 2). A 1-kg weight loss was associated with an increase in hPDI by 6.1 points (p = 0.01). No correlation was observed between changes in PDI, hPDI, or uPDI, and changes in energy intake (Table 2).



TABLE 2 Spearman correlations between changes in body weight and changes in the plant-based dietary index (PDI), healthy plant-based dietary index (hPDI), and unhealthy plant-based dietary index (uPDI).
[image: Data table displaying correlation coefficients and p-values for three variables—PDI, hPDI, and uPDI—across three outcomes: change in body weight, change in body weight adjusted for energy intake, and change in energy intake. Only hPDI shows statistically significant negative associations with both body weight outcomes after Bonferroni correction.]




Discussion

The study demonstrated that replacing animal products with plant foods resulted in weight loss in adults with type 1 diabetes. An increase in hPDI was a predictor of weight loss, independent of changes in energy intake. No association was observed between changes in PDI, hPDI, or uPDI, and changes in energy intake, suggesting that the health benefits of replacing animal products with plant foods are independent of energy intake. These findings are consistent with previous studies.

In a large observational study, higher PDI and hPDI scores correlated with a reduced risk of type 2 diabetes; however, no correlation was observed for uPDI (5). Similar results came from a metabolomic analysis (6). This is, of course, not surprising, because the PDI was developed by identifying dietary factors associated with diabetes in these same cohorts. A previous randomized clinical trial in overweight adults showed, however, that the increase in all three plant-based indices correlated with weight loss. Instead of consuming animal foods, all plant foods (both “healthful” and “unhealthful”) resulted in weight loss (2). While oil and nuts are classified among the “healthful” plant foods, their consumption significantly decreased on the low-fat vegan diet, which likely contributed to the observed weight loss. There was no significant change in the consumption of the individual “unhealthful” plant food components on the vegan diet, which means that the increase in uPDI was driven by excluding animal products, so the absence of an association between changes in uPDI and changes in body weight in this study is not surprising.

The study has some important strengths, mainly the randomized, parallel design. The limitations include the collection of self-reported food records, cumbersome meal and blood glucose monitoring, which contributed to a substantial dropout rate.

In conclusion, these findings suggest that instead of consuming animal foods, eating plant foods, both “healthful” and “unhealthful,” may be an effective strategy for weight loss in adults with type 1 diabetes. The inclusion of “unhealthful” plant foods did not impair weight loss, and these benefits were independent of energy intake.
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During pregnancy, nutrient requirements increase while deficiencies can significantly affect pregnancy outcomes. Deficiencies may result from inadequate dietary intake, impaired absorption, or restrictive diets. This study aimed to retrospectively assess the nutritional status and dietary intakes in a cohort of mothers whose newborns were identified with vitamin B12 deficiency of maternal origin through Newborn Screening. Between 2021 and 2024, 107 newborn-mother dyads with altered biomarkers of cobalamin metabolism were identified and referred to the Metabolic Disease Unit for further evaluation and treatment. Mothers underwent biochemical assessments and nutritional interviews regarding pregnancy diet history, and dietary intakes were quantified using a dedicated software (MetadietaVR). Most of the cohort (47%) was from Asia, with an average age of 32.5 years. Plasma vitamin B12 levels averaged 240 pg/ml. Mothers who reported taking vitamin B12 supplements had higher plasma levels compared to those who did not supplement with B12 (255.5 ± 113 vs. 231.2 ± 104 pg/ml). Dietary habits during pregnancy revealed that 71% of mothers were omnivorous (O), 16% followed a lacto-vegetarian (LV) diet, 12% a lacto-ovo-vegetarian (LOV) diet, and 1% a vegan (V) diet. Most mothers (90%) were taking supplements during pregnancy, with 70.7% taking folic acid, 68.7% iron and 15% vitamin B12. Among women who achieved adequate vitamin B12 intake through both diet and supplementation, 95% were omnivores while 5% followed a LOV diet. This study emphasizes the importance of addressing maternal nutritional needs from the pre-conception period, as dietary patterns may not adequately reflect micronutrient intake. Even omnivorous diets, if unbalanced, can result in insufficient nutrient intake, underlying the necessity of targeted nutritional support during pregnancy.
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1 Introduction

Pregnancy is a critical period marked by rapid and significant physiological changes that heighten the body’s need for macro- and micronutrients to support maternal metabolism and fetal development (1). While these nutritional requirements can be met through a well-balanced diet, supplementation is often necessary to ensure an adequate intake of essential nutrients such as folic acid, which is vital in preventing neural tube defects (2). Dietary patterns play a crucial role in determining micronutrient intake during pregnancy, as different eating habits can affect nutrient adequacy and may predispose pregnant women to deficiencies. Research suggests that deficiencies in key nutrients such as iron, calcium, vitamin D, vitamin B12, folate, and docosahexaenoic acid (DHA) are common among pregnant women and may contribute to pregnancy complications and adverse neonatal outcomes (3–11). Iron deficiency, for instance, is the most widespread single-nutrient deficiency worldwide and has been linked to low birth weight and an increased risk of preterm delivery (12). Among various dietary patterns, vegetarian and vegan diets warrant special consideration during pregnancy, as they can lead to an inadequate intake of important micronutrients, including vitamin B12, iron, and omega-3 fatty acids (13, 14). Vitamin B12 deficiency is particularly concerning, as it is naturally found only in animal-derived foods, making supplementation or fortified foods necessary for people on plant-based diets (15). This vitamin plays a key role during pregnancy, as it is essential in fetal growth and neurodevelopment. Maternal vitamin B12 deficiency has been linked with an increased risk of fetal growth restriction, premature birth, and low birth weight (16). Additionally, newborns of mothers with B12 deficiency may present neuromuscular and developmental impairments, including hypotonia, lethargy, feeding difficulties, seizures, and electroencephalographic abnormalities, which in severe cases can lead to developmental delay or regression (17–19). Postnatally, B12 deficiency can manifest with megaloblastic anemia, hepatosplenomegaly, poor appetite and failure to thrive. Furthermore, recent studies suggest a potential association between B12 deficiency and non-communicable diseases through epigenetic regulation mechanisms (20). Maternal nutrition extends its influence beyond immediate pregnancy results, playing a significant role in long-term offspring health. The Developmental Origins of Health and Disease hypothesis suggests that nutritional deficiencies during pregnancy may have lasting effects on metabolic function and disease susceptibility in adulthood (21). Given the direct connection between maternal micronutrient intake and neonatal health, ensuring adequate B12 levels is crucial for optimal fetal development, particularly since maternal nutrition is linked to neonatal growth outcomes, even in women with a high body mass index (BMI) but no signs of overt malnutrition (22). The aim of our study is to retrospectively evaluate the nutritional status and dietary habits of a cohort of mothers identified through Newborn Screening (NBS) for cobalamin deficiency in offspring.



2 Materials and methods

From November 1st, 2021, to September 30th, 2024, the Regional Reference Laboratory for Newborn Screening for Lombardy Region (Italy) screened 199,526 newborns. Of these, 107 newborns exhibited a negative NBS while having altered biomarker levels suggestive for B12 deficiency of maternal origin, as indicated by increased levels of methylmalonic acid (MMA) and/or homocysteine (Hcy), along with normal levels of methylcitric acid and 3-hydroxypropionic acid on the first dried blood spot (DBS) sample. A second DBS sample was then collected from the birth center to confirm the initial findings. At the same time, maternal and neonatal serum and plasma samples were analyzed for B12 and Hcy concentrations. If results matched, a diagnosis of neonatal B12 deficiency secondary to a maternal condition was confirmed. All 107 mother-newborn pairs were referred to the Metabolic Disease Unit and Clinical Nutrition Service of Vittore Buzzi Children’s Hospital for further evaluation and treatment with hydroxycobalamin supplementation. This study was approved by the Local Ethics Committee LOMBARDIA 1 (protocol n #CET 132–2023 of December 6th, 2023). All procedures adhered to the guidelines of the Local Ethical Committee and were performed in accordance with the ethical standards of the 1964 Helsinki Declaration. Informed consent for the treatment of anonymized data was obtained from a parent or a legal guardian. Data was reported and stored on the REDCap platform.


2.1 Hematological and biochemical assessments

Following referral to the Regional Reference Laboratory for Neonatal Screening, a first multidisciplinary evaluation was scheduled between 20 and 30 days of age of infants. During this first visit, mothers underwent a thorough hematological and biochemical assessment, including a complete blood count with peripheral blood smear. Biochemical testing involved measuring plasma levels of vitamin B12, homocysteine, and folic acid to assess micronutrient status. Folic acid and total B12 were measured using Elettrochemiluminescence (ECLIA) Roche Cobas, and homocysteine levels were analyzed by Chemiluminescent Microparticles Immunoassay (CMIA) Abbott Alinity. Iron status was assessed by measuring serum iron, ferritin, and transferrin levels. Nutritional status was further evaluated by testing prealbumin, albumin, and total protein levels. Celiac disease was screened using anti-tissue transglutaminase IgA anti-bodies (anti-TTG IgA reflex test), while anti-parietal cell antibodies were assessed to rule out atrophic gastritis. Moreover, urinary MMA levels were measured as an indirect index of vitamin B12 deficiency. Urinary MMA concentrations were measured on 2 ml urine samples by a LC–MS/MS system (Sciex Triple Quad 6,500), together with the internal quality control (ERNDIM Internal Quality Control System (IQCS) Special Assays in Urine). The concentration of urinary creatinine was determined, and urinary MMA was expressed as mM/M creatinine. All these assessments were conducted following established internal clinical procedures, and the results were compared to reference values.



2.2 Nutritional assessment

During the initial evaluation for infants, mothers’ dietary history during pregnancy was retrospectively collected by registered dietitians to identify potential nutritional factors contributing to vitamin B12 deficiency. This assessment included a retrospective examination of the mothers’ pre-pregnancy weight, total weight gain throughout pregnancy, and the post-pregnancy weight, which was measured on the day of the visit. Considering the entire pregnancy, the dietitians meticulously documented dietary intakes, including main meals (breakfast, lunch, and dinner) and snacks consumed throughout the day and at bedtime. A photographic food atlas (Atlante Fotografico delle Porzioni degli Alimenti developed by the Istituto Scotti Bassani) was employed to estimate the portions size, allowing for an accurate determination of the actual food intake. These dietary assessments were conducted by analyzing changes in eating habits, food consumption frequencies across the trimesters, with particular emphasis on animal-source foods. Portion sizes, consumption frequencies, cooking methods and the locations of meals were recorded. The evaluation also considered factors such as nausea or vomiting, which could have influenced food intake, ensuring a comprehensive understanding of the mothers’ nutritional status during pregnancy. Each food item, including portion size and frequency of consumption, was entered into a dedicated software (MetadietaVR; METEDAsrl, via S. Pellico 4, San Benedetto del Tronto, AP, Italy), designed to calculate a weighted average of energy, macronutrients, and micronutrients intake, providing a detailed and accurate nutritional analysis. The mean intake levels of macro and micronutrients were then compared to the Dietary Reference Value (DRVs) established by the European Food Safety Authority (EFSA) (23) for pregnant women. The specific reference value considered for each nutrient was chosen depending on the available data and included the average requirement (AR) for calcium and iron, population reference intake (PRI) for calcium and iron, and adequate intake (AI) for magnesium, phosphorus and potassium. Zinc reference values were estimated by adding AR and PRI for pregnancy (respectively, +1.3 mg/day and +1.6 mg/day) to the AR and PRI for adult women. Mothers were then classified into five dietary groups based on their dietary habits: omnivores (O) consuming all animal-derived protein sources, lacto-ovo-vegetarian (LOV) excluding meat, fish and poultry but including eggs and dairy products, lacto-vegetarian (LV) for those eating only dairy products, ovo-vegetarian (OV) eating only eggs, and vegan (V) for those excluding all animal-derived protein sources. Additionally, the use of vitamin and mineral supplements during pregnancy was documented, with questions focusing on the timing and dosages taken.



2.3 Covariables

Different covariables were also collected. For the neonate, the type of infant feeding was documented, with categories defined as: exclusively breastfed infants (receiving only breast milk), bottle-fed infants (receiving only infant formula) and mixed feeding (receiving both breast milk and infant formula). Demographic data for mothers, including maternal age and nationality, were gathered post-pregnancy. Nationality was categorized as follows: Italy, and other continents, Western Europe, Eastern Europe, Asia, Africa, North America, South America and Oceania.



2.4 Statistical analysis

All continuous variables are expressed as mean ± standard deviation (SD), while categorical variables are presented as percentage (%). The normality of continuous variables was assessed using the Kolmogrov-Smirnov and Shapiro–Wilk tests. To compare the mean plasma values of hemoglobin (Hb), folate and vitamin B12 across different diet groups, the Kruskal Wallis test was applied. Statistical comparisons were made only among O, LOV and LV, excluding the OV and V groups due to insufficient sample size in both categories. The Chi-square test (Χ2 test) was applied to evaluate whether specific diet adherence (O, LOV, LV expressed as %) was significantly associated with low ferritin levels (defined 0 for values ≥30 μg/L; 1 for values <30 μg/L), or insufficient hemoglobin values (defined 0 for values ≥12 g/dl; 1 for values <12 g/dl). Differences in plasma vitamin B12, hemoglobin and mean corpuscular volume (MCV) between dietary vitamin B12-supplemented and non-supplemented groups were assessed using the Unpaired t test for normally distributed variables and the Mann–Whitney tests, for not-normally distributed ones. The correlation between the presence of anti-gastric parietal cell antibody (APCA) and vitamin B12 was analyzed using the Spearman test. Statistical analysis was performed using GraphPad Prism (version 9.0.0 for Windows, GraphPad Software, Boston, Massachusetts USA, www.graphpad.com). A p < 0.05 was considered statically significant.




3 Results


3.1 Study population

The study included 107 mother-newborn pairs with vitamin B12 deficiency. Of these, 31% (n.33) of mothers were from Italy, while the remaining came from different ethnic backgrounds: 47% (n.50) were from Asia, 9% (n.10) from Africa, 8% (n.9) from Eastern Europe and 5% (n.5) from South America. The average age of the mothers was 32.5 years, with ages ranging from 15 to 46 years. A small percentage (10%, n.11) were teenagers or young adults (aged < 25 years), 22% (n.24) were between 26 and 30 years, while most (68%, n.72) were > 31 years. Regarding infant feeding, 62% (n.66) were exclusively breastfed, 10% (n.11) were bottle fed and 28% (n.30) received a combination of breast milk and infant formula.



3.2 Biochemical and clinical assessment in mothers and offspring

Mothers’ mean plasma values revealed: B12 240 pg/ml (SD ± 116) and Hcy 14.2 μmol/L (SD ± 6.7). In addition, 33% (n.35) of them had Hb levels below 12 g/dl. Regarding MCV, 16% (n.17) had values below 80 fl, and 5.5% (n.6) above 100 fl. Transferrin saturation was lower than 20% in 26% (n.28) of women. Additionally, 10% (n.11) of the total sample tested positive for APCA, and 11% (n.12) experienced hyperemesis gravidarum. No cases of coeliac disease were reported. Table 1 summarizes the key plasmatic and urinary results related to cobalamin metabolism obtained from both mothers and newborns prior to hydroxycobalamin administration. Newborns at first admission, before hydroxycobalamin administration, presented the following mean values: plasma vitamin B12 175.76 pg/ml (SD ± 75.32), plasma homocysteine 18.26 μmol/L (SD ± 8.75) (normal values <10 μmol/L), plasma Methylmalonic Acid (MMA) 3.50 μmol/L (SD ± 2.73) (normal values 0–4 μmol/L), and urinary MMA 54.96 μmol/L (SD ± 55.56) (normal values 0–2 μmol/L). To date, 71% (n.76) of children have reached the age of 12 months. No significant abnormalities in growth or neurological objective examination at neonatal age, at 6 and 12 months were observed. The assessment of psychomotor development at 24 months is in progress. Supplementary Table 1 shows the reference values for the hematological and biochemical parameters assessed.



TABLE 1 Plasma and urinary findings related to vitamin B12 metabolism at the first visit.
[image: Table comparing mean plasma and urinary values for mothers and newborns: mothers have B12 levels of 240 pg/ml, Hcy 14.2 µmol/L, and MMA not tested; newborns have B12 175.76 pg/ml, Hcy 18.26 µmol/L, plasma MMA 3.50 µmol/L, and urinary MMA 54.96 mM/M creatinine.]



3.3 Nutritional and dietetic assessment

Considering body weight, the average pre-pregnancy BMI was 25 kg/m2, with a range from 15.2 kg/m2 to 41.1 kg/m2. Most women (59%, n.63) were in the normal weight range (BMI 18.5–24.9 kg/m2), 35% (n.37) were either overweight or obese (BMI > 25 kg/m2), while a minority (6%, n.7) were underweight (BMI < 18.5 kg/m2). The average weight gain during pregnancy was 8.6 kg across all mothers, with variations by BMI category: 10.1 kg for underweight, 10.5 kg for normal weight, and 5.5 kg for overweight/obese mothers. Regarding dietary patterns during pregnancy, most mothers (71%, n.76) followed an O diet, 16% (n.17) adhered to an LV diet, and 12% (n.13) followed a LOV diet. Only 1% (n.1) followed a V diet. LOV, LV and V patterns were mostly followed by mothers of Asian descent. In particular, among Asian mothers, 48% (n.24) were omnivores, 20% (n.10) followed an LOV diet, 30% (n.15) adhered to an LV diet, and 2% (n.1) followed a vegan diet. Supplementary Table 2 presents the characteristics of the subjects, categorized by their B12 supplementation status, including also includes the analysis of the dietary patterns followed during pregnancy.



3.4 Supplementation during pregnancy

Most mothers (90%, n.96) were taking mineral or vitamin supplements during pregnancy. Of these, 70.7% (n.68) supplemented folic acid, 68.7% (n.66) iron (either alone or as part of a multivitamin), but only 15% (n.16) supplemented vitamin B12, always as part of a multi-vitamin, and the supplementation was reported to have been taken daily throughout the entire pregnancy. Notably, only 14% (n.13) supplemented both folate and vitamin B12. A small group (10%, n.10) did not take any supplement during pregnancy. Details about supplementation according to dietary patterns are shown in Supplementary Table 3. Among mothers who were supplemented with vitamin B12 during pregnancy, mean plasma vitamin B12 level was 253.5 ± 114 pg/ml. This was not significantly different from the plasma B12 levels in the non-supplemented group (231.2 ± 105, p = 0.54). Similarly, there were no significant differences between the supplemented and non-supplemented groups in terms of hemoglobin (12.3 ± 1.07 vs. 12.8 ± 1.1) and MCV (85.6 ± 7.4 vs. 87.7 ± 7.5).



3.5 Dietary intake compared with EFSA DRV

The intake of minerals (calcium, iron, magnesium, phosphorus, potassium, zinc) and vitamins (cobalamin, folate, vitamin D) was evaluated for all 107 mothers to determine whether it met the DRVs set by the EFSA. Table 2 shows the dietary intake of micronutrients during pregnancy, compared to EFSA DRVs, along with the percentage of mothers who achieved this intake, regardless of the dietary pattern followed during pregnancy. Several micronutrients were frequently consumed below EFSA DRVs. Vitamin D, folate, calcium (both AR and PRI), and iron PRI showed the most critical deficiencies, with nearly all participants failing to meet recommended levels. Magnesium, potassium, and vitamin B12 intake were also low in the majority of mothers. In contrast, phosphorus intake was generally adequate. When including supplementation, 21% (n.22) of women met the EFSA AI for vitamin B12, a 10% improvement compared to diet alone. Supplementary Table 4 shows the dietary intake of micronutrients and the percentage of mothers who achieved EFSA DRVs intake according to the vitamin B12 supplementation during pregnancy.



TABLE 2 Micronutrients dietary intake during pregnancy compared to EFSA DRVs for pregnancy.
[image: Table outlining micronutrient intake among women compared to EFSA Dietary Reference Values, detailing mean intake ranges for calcium, iron, magnesium, phosphorus, potassium, zinc, vitamin B12, vitamin D, and folate, along with the percentage achieving reference values for each nutrient.]



3.6 Dietary intake according to dietary pattern

For women who met the EFSA DRVs, the dietary patterns associated with each micronutrient were analyzed. Figure 1a illustrates the distribution of women achieving DRVs according to dietary pattern (O, LOV and LV), considering only dietary intake, while Figure 1b shows the distribution of women not achieving DRVs, always according to dietary pattern. The V diet was excluded from the analysis due to its low representation in the sample. Interestingly, Figure 1a shows that only one mother achieved the DRV for folate through diet and she was omnivorous. Regarding vitamin B12, 91% of the mothers who consumed sufficient quantities to meet the DRVs were omnivorous, while 9% were LOV. In contrast, in Figure 1b, it can be observed that, for mothers who did not meet the DRV for vitamin B12, 69% were omnivorous, 13% were LOV, and 18% were LV. Similarly, all the data presented in the figures can be interpreted in this way. Regarding B12 and folate supplementation occurrence during pregnancy, of those mothers who met B12 AI, 95% followed an omnivorous diet while 5% a LOV diet. As for folate AI through supplementations, 78% were omnivores, 10% LOV and 12% LV. The mother following a V diet did not meet any of the DRVs through diet alone.

[image: Bar chart with two panels shows the distribution of women achieving (panel A) and not achieving (panel B) EFSA dietary reference values (DRVs) for various nutrients, categorized by dietary pattern: omnivores (green), lacto-ovo vegetarians (blue), and lacto-vegetarians (orange). Panel A indicates higher achievement rates among omnivores for most nutrients, while panel B shows larger proportions of non-achievement among vegetarians and lacto-vegetarians, especially for calcium and vitamin B12. Numbers within the bars specify the exact count or proportion per group per nutrient.]

FIGURE 1
 (a) Distribution of women achieving DRVs according to dietary pattern. *For Zinc, only lower level of the range 7.5–11.5 mg/day for AR and 9.1–14.3 mg/day were considered. Among women exceeding the zinc intake of 11.5 mg/day, they were 100% O, while among those exceeding 14.3 mg/day, 25% were LOV. (b) Distribution of women not achieving DRVs according to dietary pattern.




3.7 Association between diet type and biochemical parameters

No significant differences were observed in the mean plasma levels of hemoglobin, folate, and vitamin B12 among O, LOV, and LV. Similarly, the Chi-square test revealed no significant association between specific dietary adherence and low ferritin (40.7% O, 20% LOV, 26% LV; p = 0.33) or insufficient hemoglobin levels (24.1% O, 29.4% LOV, 23.8% LV; p = 0.89). Furthermore, no correlation was found between the presence of APCA and plasma vitamin B12 levels in the cohort of enrolled mothers (Spearman coefficient r = 0.0019, p = 0.98).



3.8 Causes of low blood vitamin B12 levels

The majority of low vitamin B12 blood levels were attributed to isolated low dietary intake of vitamin B12 (74%, n.79). Other contributing factors included hyperemesis gravidarum (10%, n.11), positive APCA (8%, n.9), Methylenetetrahydrofolate Reductase (MTHFR) mutation (4%, n.4), obesity (3%, n.3), and previous bariatric surgery (1%, n.1).




4 Discussion

In our study, we found that 74% of women with vitamin B12 deficiency had an isolated low dietary intake of this essential vitamin. According to EFSA (23), the adequate daily intake of vitamin B12 for adults is 4 mcg/day, but for pregnant women it rises slightly to 4.5 mcg/day. Our findings revealed that only 21% of women who supplemented vitamin B12 reached the recommended intake, while just 11% of women relying solely on their diet met the requirements. These findings align with existing literature, where the most common causes of poor cobalamin status are low dietary intake and malabsorption (24). Since vitamin B12 is mostly found in animal-derived foods, such as meat and fish, individuals following vegan or vegetarian diets are at greater risk of insufficient intake, especially during pregnancy, where the demand for B12 increases. This can increase the risk of deficiency among pregnant women following these dietary patterns (25). Interestingly, our study found that nearly half of the mothers with a cobalamin deficiency in our cohort were from Asia, particularly southern India, where low consumption of animal-based foods is common for cultural-religious reasons (26). While women following an omnivorous diet were more likely to meet their vitamin B12 intake requirements, significant variability still exists, especially among those who infrequently consume meat or fish, and no significant differences were observed in plasma vitamin B12 levels between omnivores, lacto-ovo-vegetarians, and lacto-vegetarian. This suggests that even omnivorous women are at risk of insufficient B12 intake, especially during pregnancy when nausea and dysgeusia can impact food choices and reduce the consumption of animal-derived proteins. Furthermore, in accordance with other studies (27), also mothers who supplemented with oral cobalamin exhibited low plasma B12 and high homocysteine serum levels, pointing out the importance of monitoring both direct and indirect markers of B12 status during pregnancy and breastfeeding. This underscores the importance of regular nutritional assessment, as even women on omnivorous diets with low meat or fish consumption may experience inadequate B12 intake during pregnancy. Our findings also revealed that dietary intake alone often fails to meet the requirements for vitamin D and folate during pregnancy. This is particularly noteworthy as these nutrients are crucial during pregnancy for both maternal health and fetal development (28). Vitamin D deficiency has been linked to adverse pregnancy outcomes such as gestational diabetes, preeclampsia, and low birth weight (29). Similarly, adequate folate intake is essential for preventing neural tube defects in the fetus (30). Despite dietary shortfalls, it is encouraging to note that a substantial proportion of women (70.7%) were taking folate supplements during pregnancy, reflecting widespread public health claims about its importance. Regarding mineral intake, while omnivorous women are more likely to meet the EFSA PRI and AR for iron and zinc during pregnancy, there remains a significant portion of omnivores who do not achieve these nutritional goals. This shortfall often results from unbalanced diets that do not fully address nutritional needs, highlighting that merely consuming animal products does not guarantee adequate mineral intake. The literature indeed supports our findings by documenting cases of iron deficiency even among omnivores (31). Additionally, it is noteworthy that the calcium needs are met by LOV and LV dietary patterns. These diets, which include dairy products, provide a valuable source of calcium, crucial for both maternal and fetal bone health. The study found that O women took more supplements during pregnancy compared to LOV and LV woman. This difference may be attributable to differences in health literacy and cultural background, given that many of the LOV and LV women were from Asian countries where vegetarian dietary practices are shaped by cultural tradition. Nevertheless, across all dietary pattern groups, nutritional deficiencies and insufficient supplement intake, including folic acid, were observed. Considering mineral deficiencies in pregnancy, Cetin et al. (32) emphasized that inadequate maternal micronutrient status is common even in high-income countries, underlining the need for urgent education in nutrition for healthcare professionals. This would enable tailored counseling based on regional dietary habits and specific conditions, ultimately improving outcomes for both infants and adults. The International Expert Consensus on Micronutrient Supplement Use (33) highlights established guidelines for some micronutrients but reveals significant gaps in recommendations for others like vitamin B12. According to our findings, this emphasizes the need to implement preventive strategies, including nutritional investigations and appropriate dietary interventions with adequate supplementation during pregnancy. It is essential to consider targeted supplementation based on individual dietary patterns, rather than providing multivitamin supplements containing all minerals and vitamins. However, micronutrient deficiencies are not solely determined by inadequate intake or provision; they can also result from impaired absorption, altered utilization, or increased losses (34). This is also elucidated in our study in cases of mothers with adequate intake but with relevant underlying factors including APCA, hyperemesis gravidarum, and bariatric surgery.

Offspring of women with B12 deficiency may manifest neurodevelopmental delay and neurological signs such as hypotonia, lethargy, feeding difficulties, seizures, and electroencephalographic abnormalities (17–19). Furthermore, failure to thrive during infancy has been described in literature (35). In our cohort of newborns, early supplemented with hydroxocobalamin, no significant abnormalities in growth or neurological objective examination were documented at neonatal age, at 6 and 12 months.

This study allowed for the identification of additional nutritional risks, based on a sample of women referred for vitamin B12 deficiency in offspring. It underscores that, in addition to the risks identified through screening, other nutritional deficiencies may coexist in the mothers, potentially leading to significant health implications for the offspring. Furthermore, it was observed that many of these women overlook the importance of nutrition, failing to adhere to appropriate supplementation for pregnancy or to adjust their supplementation according to their dietary patterns, often due to limited health and nutritional literacy. Lastly, it is emphasized that not all women received adequate prenatal support, during which appropriate supplementation could have been provided. While this study has some limitations, including a limited sample size and the absence of a control group, our findings align with previous studies showing a high prevalence of cobalamin deficiency during pregnancy (36). Furthermore, mothers were not monitored during pregnancy and the retrospective collection of dietary history relies on memory; therefore, the derived results should be considered approximations, reflecting the best available recall of dietary habits during pregnancy. To minimize recall bias, a portion size photographic atlas was used and dietitians received training to ensure a consistent approach. The retrospective design may be subject to recall bias, particularly in relation to self-reported supplementation practices. Consequently, the apparent lack of benefit from B12 supplementation during pregnancy should be interpreted with caution, as inaccurate reporting may have influenced the findings. Lastly, the patients may not be representative of the general population because they were identified specifically for having a deficiency detected by NBS. This could limit the generalizability of the study findings.


4.1 Open challenges in the diagnosis and treatment of cobalamin deficiency

Diagnosing vitamin B12 deficiency is challenging, as total serum B12 levels may not always reflect true deficiency. Several factors, including inter-laboratory variability and individual daily fluctuations, may interfere with an accurate measurement. Additionally, in individuals who are orally supplemented with vitamin B12, serum B12 concentrations may result within normal values even though deficiency symptoms persist (27). To overcome this issue, many experts recommend measuring at least one indirect marker of cobalamin deficiency, namely MMA and Hcy (37). However, the reliability of homocysteine and MMA concentrations as diagnostic tools for vitamin B12 deficiency remains a topic of debate among researchers. It is important to emphasize that elevated levels of homocysteine and MMA should not be used as first-line tests for diagnosing B12 deficiency. Rather, an increase in these markers above established cut-off values can help in identifying individuals who may require supplementation, particularly when serum B12 levels fall within the “grey zone” (traditionally defined as 100–300 ng/L) (38). More recently, this reference range has been updated to 180–350 ng/L, according to the UK National Institute for Clinical Excellence (NICE) clinical practice guidelines (CPG). Individuals with B12 serum levels within this range may still have a deficiency if they exhibit specific clinical signs and symptoms or if their serum MMA levels are elevated (39). Early screening for vitamin B12 deficiency, particularly during the preconception period or early pregnancy, could indeed allow for timely intervention and prevent long-term complications. Furthermore, preventing cobalamin deficiency in newborns, particularly when it is of maternal origin but not detected by neonatal screening, could significantly reduce the long-term public health costs associated with managing these cases (i.e., intramuscular injections and repeated blood samples). Lastly, it is well recognized that the measurement of holotranscobalamin is a more accurate marker of early B12 deficiency than total B12, particularly in pregnant women and newborns (40). During pregnancy, total B12 levels may appear falsely low due to reduced circulating haptocorrin and hemodilution (40). In newborns, high concentrations of unsaturated haptocorrin in human milk can also affect results (41). Experts recommend holotranscobalamin testing as it detects the active B12 fraction available to cells and is less prone to interference, yet most laboratories still rely on total B12 testing (38). A recent study from our working group (42) examined the clinical management and associated costs of treating newborns with B12 deficiency in Italy. The study showed that the cost of managing a newborn with vitamin B12 deficiency amounts to €3,578.6 (€3,875.75 for preterm infants), with €3,253.16 and €3,550.31, respectively, attributed to the Regional Health System, and €325.44 to caregivers. Moreover, the study projected an expected increase in annual costs from €207,735 to €428,803, highlighting that managing this condition has a significant burden on caregivers, involving financial costs but also considerable stress and logistical demands.




5 Conclusion

Based on the findings of our study, results showed that vitamin B12 deficiency in newborns was primarily associated with inadequate maternal intake during pregnancy in our study. Women following omnivorous diets were more likely to meet their EFSA DRVs compared to those following LOV and LV diets, but also within the omnivorous group some women may also be at risk for insufficient intake of micronutrients during pregnancy, highlighting the importance of nutritional assessment. Giving the significant risks associated with untreated vitamin B12 deficiency, raise awareness among healthcare professionals (i.e., general practitioners, gynecologists and obstetricians) about the importance of dietary assessment, especially for those on vegetarian or vegan diets, is crucial. This supports the need for a multidisciplinary management approach, which is currently not standard practice, and calls for early preventive strategies, ideally starting in the peri-conception period. Nutritional counseling and personalized supplementation are key to preventing deficiency and ensuring optimal health for both mothers and their offspring. Expanded newborn screening can also help in detecting vitamin B12 deficiency early, thus providing a window of opportunity for timely treatment. Addressing maternal nutritional needs from the pre-conception period is essential for promoting the long-term health of future generations.
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Background: Evidence suggests that changes in dietary acid load may influence body weight, and the purpose of this secondary analysis was to assess its role in the context of the Mediterranean and a vegan diet in overweight adults.
Methods: In this randomized cross-over trial, 62 overweight adults were randomized to a Mediterranean or a low-fat vegan diet for 16-weeks, separated by a 4-week washout. Change in body weight was the primary outcome. Three-day dietary records were analyzed, and Potential Renal Acid Load (PRAL) and Net Endogenous Acid Production (NEAP) were calculated as markers of dietary acid load, and their relationship was tested with changes in body weight.
Results: Compared with no change on the Mediterranean diet, PRAL and NEAP significantly decreased on the vegan diet; effect sizes: −25.8 (95% CI −34.1 to −17.5); p < 0.001; and −27.1 (95% CI −35.4 to −18.7); p < 0.001, respectively. Across both diets, changes in PRAL and NEAP were positively associated with changes in body weight in the first 16 weeks of the study: r = +0.34; p = 0.009; and r = +0.39; p = 0.002, respectively, as well as in the second 16 weeks: r = +0.59; p < 0.001, and r = +0.61; p < 0.001, respectively.
Conclusion: These findings suggest that, compared with the Mediterranean diet, dietary acid load decreased significantly on the low-fat vegan diet and was associated with weight loss. The alkalizing effect of a vegan diet may be an independent mechanism by which a vegan diet promotes weight loss.
Clinical trial registration: https://clinicaltrials.gov/, identifier NCT03698955.
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Introduction

A high dietary acid load has been associated with chronic low-grade metabolic acidosis, inflammation, and obesity (1). Moreover, studies found a dose–response relationship between dietary acid load, incidence of metabolic syndrome (2), and risk of cardiovascular disease (3).

Dietary acid load is commonly estimated by two scores. Potential Renal Acid Load (PRAL) estimates the effect of foods on the pH balance, based on five nutrient values (protein, phosphorus, potassium, magnesium, and calcium) (4). The second score, the Net Endogenous Acid Production (NEAP), further adjusts for the participant’s height and weight (5).

Dietary phosphorus and protein found in meat, fish, eggs, cheese, and certain grains release acid precursors (4, 6). In contrast, most fruits and vegetables have an alkalizing effect (4, 6). Alkaline diets have been associated with several health benefits, including weight loss, improved insulin sensitivity, and lower blood pressure (1).

Plant-based diets are typically associated with lower net acid excretion and higher urinary pH levels, compared with diets high in animal products (7). A cross-sectional study of three dietary patterns (flexitarian, lacto-ovo-vegetarian, and vegan) found a stepwise reduction in dietary acid load. The vegan diet displayed the highest alkalizing potential, followed by the lacto-ovo vegetarian and the flexitarian diets (8). A previous randomized clinical trial demonstrated that after adopting an ad libitum vegan diet, the reduction in dietary acid load was associated with weight loss in overweight adults (9).

Mediterranean and vegan diets have long been studied for their beneficial health effects, but the extent to which these dietary patterns affect dietary acid load still needs to be explored. This secondary analysis of a randomized crossover trial, which compared a Mediterranean and low-fat vegan diet head-to-head in overweight adults (10), assessed changes in dietary acid load and its association with changes in body weight.



Methods

The overall study methods have been described earlier (10). Briefly: This randomized, cross-over trial was conducted as a single-center study in Washington, DC. The protocol was approved by the Chesapeake Institutional Review Board. All participants provided written informed consent.

Overweight participants were randomly assigned into 2 groups. The first one started with a Mediterranean diet, and the second one with a low-fat vegan diet. After the first 16 weeks, followed by a 4-week wash-out period, the participants switched to the opposite diet (Supplementary Figure 1). All outcomes were measured at weeks 0, 16, 20, and 36.

The Mediterranean diet followed the PREDIMED protocol (11), which includes fruits, vegetables, legumes, nuts or seeds, fish or shellfish, and favors lean white meats over red meats. Participants were asked to use 50 g of extra virgin olive oil every day. The low-fat vegan diet consisted of vegetables, grains, fruits, and legumes.

The participants completed a 3-day food diary at week 0, 16, 20, and 36. These were then analyzed by a registered dietitian certified in the Nutrition Data System for Research (12). Dietary adherence was checked weekly.

The primary outcome of this analysis was dietary acid load, and its relationship with changes in body weight. The dietary acid load was calculated as follows (13, 14):

[image: Mathematical formula for PRAL, or Potential Renal Acid Load, showing PRAL as a sum of 0.49 times protein intake, 0.037 times phosphorus intake, minus 0.021 times potassium, minus 0.026 times magnesium, and minus 0.013 times calcium intake, with all values standardized per day.]

[image: Mathematical formula for calculating NEAP (net endogenous acid production) in milliequivalents per day, incorporating protein, phosphorus, potassium, magnesium, calcium, height, and weight, each with specified coefficients and units.]

This method of calculation was previously validated against urinary renal net acid excretion and shown to reliably estimate the acid load from diet composition (5). Physical activity was assessed by the International Physical Activity Questionnaire (IPAQ) (15). Body composition was measured by dual energy x-ray absorptometry (Lunar iDXA, GE Healthcare; Madison, WI) with Encore® 2005 v.9.15.010 software.


Statistical analysis

The statistical analysis was performed in all participants with complete data across all timepoints by a statistician blinded to dietary interventions. Treatment effect was quantified by comparing changes from baseline (from week 0 to week 16, and from week 20 to week 36), within study participants while on Mediterranean versus vegan diet, using paired t-tests. The carryover effect was then assessed by comparing treatment effects by the first diet that each participant received using two-sample t-tests. Spearman correlations were used to assess the relationship between changes in body weight and changes in PRAL and NEAP in the first and second 16 weeks of the study, across the study diets. After Bonferroni correction, p-values less than 0.006 (0.05/8) were considered significant. All results are presented as means with 95% confidence intervals (CI).




Results

Of 506 people screened by telephone, 62 met participation criteria and were randomly assigned to start with the Mediterranean (n = 32) or the vegan (n = 30) diet (Supplementary Figure 1). Dietary adherence was consistently high throughout the study in both groups.

Compared with no change on the Mediterranean diet, PRAL and NEAP significantly decreased on the vegan diet; effect sizes: -25.8 (95% CI -34.1 to −17.5); p < 0.001; and −27.1 (95% CI −35.4 to −18.7); p < 0.001, respectively (Table 1). There was no significant carryover effect in PRAL or NEAP (Supplementary Table 1).



TABLE 1 Changes in dietary acid load during the study comparing a Mediterranean and low-fat vegan diet.
[image: Table comparing dietary acid load by PRAL and NEAP for Mediterranean and vegan diets, showing baseline and final values, respective changes, treatment effects with confidence intervals, and p-values for statistical significance, all indicating significant diet-induced reductions, especially in the vegan group.]

Body weight was reduced by 6.0 kg on the vegan diet, compared with no change on the Mediterranean diet (treatment effect −6.0 kg [95% CI −7.5 to −4.5]; p < 0.001). Most of the weight loss was attributable to a reduction in body fat (treatment effect −3.5 kg [95% CI −4.7 to −2.2]; p < 0.001).

In the first 16 weeks of the study, across both diets, changes in PRAL and NEAP were positively associated with changes in body weight: r = +0.34; p = 0.009; and r = +0.39; p = 0.002, respectively. That is, reductions in dietary acid load were directly associated with reductions in body weight. The associations were attenuated after adjusting for changes in energy intake: r = +0.25; p = 0.06; and r = +0.31; p = 0.02, respectively. In the second 16 weeks, across both diets, changes in PRAL and NEAP were also positively associated with changes in body weight: r = +0.59; p < 0.001, and r = +0.61; p < 0.001, respectively. These associations remained significant even after adjustment for changes in energy intake: r = +0.48; p < 0.001, and r = +0.51; p < 0.001, respectively (Table 2).



TABLE 2 Spearman correlations between changes in body weight and changes in dietary acid load in the first and second 16 weeks of the study, across the study diets.
[image: Table showing correlation coefficients and p-values for changes in body weight over two sixteen-week periods by four categories: PRAL, PRAL adjusted for energy intake, NEAP, and NEAP adjusted for energy intake. Most correlations are positive and stronger in the second period, with significance after Bonferroni correction if p-value is less than 0.006.]



Discussion

This randomized cross-over trial demonstrated that, compared with the Mediterranean diet, dietary acid load significantly decreased on a vegan diet and was associated with weight loss, independent of energy intake.

This is consistent with previous observational studies, showing that dietary acid load is an independent risk factor for diabetes (16). Dietary acid load has been shown to affect body weight. Consumption of animal proteins and sodium chloride increases dietary acid load and induces metabolic acidosis by the accrual of non-metabolizable anions, primarily sulfate and chloride (7). A potential mechanism by which metabolic acidosis may contribute to weight gain is by increasing the secretion of glucocorticoids (7), which play a critical role in the maintenance of acid–base balance, adiposity, and insulin sensitivity (17). In contrast, fruits and vegetables are rich in potassium salts of metabolizable anions, which deplete hydrogen ions and therefore have an alkalizing effect (7). Furthermore, plant proteins are often high in glutamate, an amino acid that dissipates hydrogen ions during metabolism (7). Therefore, plant foods may significantly reduce the dietary acid load.

Several observational studies have found that, compared with omnivorous diets, plant-based diets tend to have a lower dietary acid load. Data from the National Health and Nutrition Examination Survey (2007–2010) showed that foods consumed by vegetarians had a significantly lower dietary acid load than that of nonvegetarians (18).

Similarly, observational data showed a lower dietary acid load on the Mediterranean diet, compared with a conventional dietary pattern. In a cross-sectional survey of 346 students at the University of the Peloponnese in Greece, the dietary acid load was negatively associated with the Mediterranean diet adherence score (19). This study suggests that greater adherence to Mediterranean-style eating may reduce the dietary acid load. A different observational study of 459 people in Italy found that dietary acid load, but not Mediterranean diet adherence, was associated with markers of cardiometabolic health (20).

Randomized controlled trials have found significant differences in dietary acid load between vegan and omnivorous diets. A 2021 randomized controlled trial in Germany showed that, compared with a meat-rich diet, a vegan diet significantly lowered dietary acid load (21). Another randomized trial of 244 overweight adults in the United States found a significant reduction in dietary acid load on a vegan diet, which was associated with weight loss, improved body composition, and insulin sensitivity, independent of energy intake (9). Randomized clinical trials exploring the effect of the Mediterranean diet on dietary acid load are missing, highlighting the importance of this cross-over trial.


Strengths and limitations

The strengths of the current trial include a randomized, cross-over design. The duration of the study was sufficiently long enough for adaptation to both diets. Considering the participants were residing at home and preparing their own meals or eating at restaurants, these results are applicable outside the research setting, in free-living conditions. The study also has limitations. The food consumption and dietary acid load calculations were based on self-reported diet records. Attrition is another common limitation of nutrition studies. In this trial, 84% of the participants completed the whole study. Finally, the participants were volunteers and may not represent the general population, although they may represent the population of individuals seeking to lose weight.




Conclusion

In conclusion, compared with a Mediterranean diet, dietary acid load decreased significantly on the low-fat vegan diet, which was associated with weight loss, independent of changes in energy intake. The alkalizing effect of a vegan diet may be an independent mechanism by which a vegan diet promotes weight loss.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by Advarra Institutional Review Board, located in Columbia, MD, United States. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

HK: Writing – original draft, Conceptualization, Supervision, Methodology. CM: Writing – review & editing, Investigation, Data curation. JH: Data curation, Investigation, Writing – review & editing. AJ: Data curation, Investigation, Writing – review & editing. TZ-M: Project administration, Methodology, Data curation, Writing – review & editing. RH: Software, Writing – review & editing, Formal analysis. NB: Supervision, Writing – review & editing, Resources.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The study was funded by the Physicians Committee for Responsible Medicine.



Acknowledgments

Kahleova had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.



Conflict of interest

The 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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2025.1634215/full#supplementary-material



Abbreviations


PRAL, Potential Renal Acid Load; NAEP, XXX.




References
	 1. Wieërs, MLAJ, Beynon-Cobb, B, Visser, WJ, and Attaye, I. Dietary acid load in health and disease. Pflugers Arch-Eur J Physiol. (2024) 476:427–43. doi: 10.1007/s00424-024-02910-7 
	 2. Al-Hawary, SIS, Mushabab, F, Abullais, SS, Althomali, RH, Saleh, EAM, Alnajjar, SN , et al. Metabolic syndrome in relation to dietary acid load: a dose–response meta-analysis of observational studies. Front Nutr. (2023) 10:1233746. doi: 10.3389/fnut.2023.1233746 
	 3. Han, E, Kim, G, Hong, N, Lee, YH, Kim, DW, Shin, HJ , et al. Association between dietary acid load and the risk of cardiovascular disease: nationwide surveys (KNHANES 2008-2011). Cardiovasc Diabetol. (2016) 15:122. doi: 10.1186/s12933-016-0436-z 
	 4. Remer, T, and Manz, F. Potential renal acid load of foods and its influence on urine pH. J Am Diet Assoc. (1995) 95:791–7. doi: 10.1016/S0002-8223(95)00219-7 
	 5. Remer, T, and Manz, F. Estimation of the renal net acid excretion by adults consuming diets containing variable amounts of protein. Am J Clin Nutr. (1994) 59:1356–61. doi: 10.1093/ajcn/59.6.1356 
	 6. Osuna-Padilla, IA, Leal-Escobar, G, Garza-García, CA, and Rodríguez-Castellanos, FE. Dietary acid load: mechanisms and evidence of its health repercussions. Nefrologia. (2019) 39:343–54. doi: 10.1016/j.nefro.2018.10.005 
	 7. Adeva, MM, and Souto, G. Diet-induced metabolic acidosis. Clin Nutr. (2011) 30:416–21. doi: 10.1016/j.clnu.2011.03.008 
	 8. Ekmeiro-Salvador, JE, and Storz, MA. The impact of plant-based diets on dietary acid load metrics in Venezuela: a cross-sectional study. Nutrients. (2023) 15:2745. doi: 10.3390/nu15122745 
	 9. Kahleova, H, McCann, J, Alwarith, J, Rembert, E, Tura, A, Holubkov, R , et al. A plant-based diet in overweight adults in a 16-week randomized clinical trial: the role of dietary acid load. Clin Nutr ESPEN. (2021) 44:150–8. doi: 10.1016/j.clnesp.2021.05.015 
	 10. Barnard, ND, Alwarith, J, Rembert, E, Brandon, L, Nguyen, M, Goergen, A , et al. A Mediterranean diet and low-fat vegan diet to improve body weight and cardiometabolic risk factors: a randomized, cross-over trial. J Am Coll Nutr Assoc. (2022) 41:127–139. doi: 10.1080/07315724.2020.1869625 
	 11. Estruch, R, Ros, E, Salas-Salvadó, J, Covas, MI, Corella, D, Arós, F , et al. Primary prevention of cardiovascular disease with a Mediterranean diet supplemented with extra-virgin olive oil or nuts. N Engl J Med. (2018) 378:e34. doi: 10.1056/NEJMoa1800389
	 12. Schakel, SF, Sievert, YA, and Buzzard, IM. Sources of data for developing and maintaining a nutrient database. J Am Diet Assoc. (1988) 88:1268–71. doi: 10.1016/S0002-8223(21)07997-9 
	 13. Remer, T, Dimitriou, T, and Manz, F. Dietary potential renal acid load and renal net acid excretion in healthy, free-living children and adolescents. Am J Clin Nutr. (2003) 77:1255–60. doi: 10.1093/ajcn/77.5.1255 
	 14. Frassetto, LA, Lanham-New, SA, Macdonald, HM, Remer, T, Sebastian, A, Tucker, KL , et al. Standardizing terminology for estimating the diet-dependent net acid load to the metabolic system 1. J Nutr. (2007) 137:1491–2. doi: 10.1093/jn/137.6.1491
	 15. Hagströmer, M, Oja, P, and Sjöström, M. The international physical activity questionnaire (IPAQ): a study of concurrent and construct validity. Public Health Nutr. (2006) 9:755–62. doi: 10.1079/PHN2005898 
	 16. Fagherazzi, G, Vilier, A, Bonnet, F, Lajous, M, Balkau, B, Boutron-Ruault, MC , et al. Dietary acid load and risk of type 2 diabetes: the E3N-EPIC cohort study. Diabetologia. (2014) 57:313–20. doi: 10.1007/s00125-013-3100-0 
	 17. Weiner, ID. Untangling the complex relationship between dietary acid load and glucocorticoid metabolism. Kidney Int. (2016) 90:247–9. doi: 10.1016/j.kint.2016.04.011 
	 18. Storz, MA, and Ronco, AL. Reduced dietary acid load in U.S. vegetarian adults: results from the National Health and nutrition examination survey. Food Sci Nutr. (2022) 10:2091–100. doi: 10.1002/fsn3.2825 
	 19. Detopoulou, P, Dedes, V, Pylarinou, I, Syka, D, Tzirogiannis, K, and Panoutsopoulos, GI. Dietary acid load is associated with waist circumference in university students with low adherence to the Mediterranean diet: the potential role of ultra-processed foods. Clin Nutr ESPEN. (2023) 56:43–51. doi: 10.1016/j.clnesp.2023.05.005 
	 20. Sanz, JM, Sergi, D, Colombari, S, Capatti, E, Situlin, R, Biolo, G , et al. Dietary acid load but not Mediterranean diet adherence score is associated with metabolic and cardiovascular health state: a population observational study from northern Italy. Front Nutr. (2022) 9:828587. doi: 10.3389/fnut.2022.828587
	 21. Müller, A, Zimmermann-Klemd, AM, Lederer, AK, Hannibal, L, Kowarschik, S, Huber, R , et al. A vegan diet is associated with a significant reduction in dietary acid load: post hoc analysis of a randomized controlled trial in healthy individuals. Int J Environ Res Public Health. (2021) 18:9998. doi: 10.3390/ijerph18199998 


Copyright
 © 2025 Kahleova, Maracine, Himmelfarb, Jayaraman, Znayenko-Miller, Holubkov and Barnard. 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.







 


	
	
ORIGINAL RESEARCH
published: 23 September 2025
doi: 10.3389/fnut.2025.1672143








[image: image2]

Serum metabolomic signatures of vegetarians relative to omnivores in a Chinese cohort: associations with cardiometabolic risk factors

Die Yao1,2†, Linxi Qian3†, Yizhou Jin1,2, Xiaodi Wang1,2, Xintong Lu2, Fangfang Song2 and Xiuhua Shen1,2,3,4*


1Department of Clinical Nutrition, Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China

2Department of Clinical Nutrition, College of Health Science and Technology, Shanghai Jiao Tong University School of Medicine, Shanghai, China

3Shanghai Key Laboratory of Pediatric Gastroenterology and Nutrition, Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China

4School of Public Health, Shanghai Jiao Tong University School of Medicine, Shanghai, China

Edited by
 Luciana Baroni, Scientific Society for Vegetarian Nutrition, Italy

Reviewed by
 Ana Reis, Chemistry and Technology Network (REQUIMTE), Portugal
 Saba Naghipour, TAFE Queensland, Australia
 

*Correspondence
 Xiuhua Shen, srachel@126.com 

†These authors have contributed equally to this work

Received 24 July 2025
 Accepted 04 September 2025
 Published 23 September 2025

Citation
 Yao D, Qian L, Jin Y, Wang X, Lu X, Song F and Shen X (2025) Serum metabolomic signatures of vegetarians relative to omnivores in a Chinese cohort: associations with cardiometabolic risk factors. Front. Nutr. 12:1672143. doi: 10.3389/fnut.2025.1672143
 




Introduction: This study aimed to compare serum metabolomic profiles between vegetarians and omnivores in a Chinese cohort and investigate their associations with cardiometabolic risk factors, including obesity, blood pressure, lipid profiles, and glucose metabolism.
Materials and methods: A cross-sectional study included 444 participants (222 vegetarians and 222 omnivores) matched by age and sex. Serum metabolomic profiling was performed using ultra-performance liquid chromatography–tandem mass spectrometry. Correlation analyses and multivariate linear regression models were employed to examine the associations between metabolites and cardiometabolic risk factors, adjusting for potential confounders such as age, sex, physical activity, and dietary patterns.
Results: Seventeen key differential metabolites were identified, with 11 upregulated (e.g., maleic acid, methylcysteine, citric acid, indolepropionic acid [IPA]) and 6 downregulated (e.g., docosahexaenoic acid, eicosapentaenoic acid, creatine) in vegetarians compared to omnivores. After adjusting for covariates, metabolites such as methylcysteine, aconitic acid, and IPA were inversely associated with obesity indices (BMI, waist-to-hip ratio, body fat percentage), blood pressure, and lipid profiles, while creatine showed positive associations with obesity markers. Notably, IPA was linked to reduced systolic and diastolic blood pressure, and aconitic acid correlated with improved insulin sensitivity. Dietary analysis revealed that IPA and methylcysteine were positively associated with plant-based foods such as whole grains, millet, and legumes, while docosahexaenoic acid and eicosapentaenoic acid showed strong positive correlations with animal-based foods, particularly seafood.
Conclusion: Vegetarian diets are associated with unique serum metabolomic profiles that may improve cardiometabolic health.

Keywords
 vegetarian diets; omnivorous diets; metabolomics; cardiometabolic risk factors; dietary intake
[image: Infographic illustrating a study of 444 Chinese vegetarians where dietary intake is analyzed using metabolomics; specific metabolites are linked to increased or decreased levels, and outcomes measured include body weight, blood pressure, lipid metabolism, and blood glucose.]

GRAPHICAL ABSTRACT
 Diagram illustrating the process from intake to outcomes in a Chinese cohort of 444 vegetarians. Intake includes various vegetables and proteins, leading to metabolomics analysis. This reveals metabolites like maleic acid and DHA, impacting cardiometabolic risk factors such as body weight, blood pressure, lipid metabolism, and blood glucose levels.




1 Introduction

Vegetarian diets, defined by the exclusion of meat and varying degrees of other animal products, have evolved from historical roots in ethics and religion to a modern dietary strategy embraced for its health and environmental benefits (1). Accumulating evidence highlights the association of vegetarian diets with reduced risks of cardiometabolic diseases, including obesity, type 2 diabetes, dyslipidemia, and cardiovascular disorders (2–4). While mechanistic explanations often focus on dietary fiber, antioxidants, and reduced saturated fat intake (5–7), emerging research underscores the importance of systemic metabolic adaptations in mediating these benefits (8). However, the specific metabolic pathways modulated by vegetarian diets—particularly in non-Western populations—remain underexplored, limiting the translation of findings into culturally tailored dietary recommendations.

Metabolomics, the comprehensive analysis of small-molecule metabolites in biological systems, has emerged as a powerful tool to decode the dynamic interplay between diet and physiology (9). Unlike other omics approaches, metabolomics captures real-time metabolic responses to dietary exposures, offering insights into mechanisms linking diet to health outcomes (10). Prior studies comparing vegetarians and non-vegetarians have identified distinct metabolic profiles, including altered levels of amino acids (e.g., essential amino acids), lipid species (e.g., several fatty acids), and microbiota-derived metabolites (e.g., short-chain fatty acids) (11–13). These findings suggest that vegetarian diets may modulate pathways related to energy metabolism, inflammation, and gut microbiome activity. However, few studies have systematically integrated vegetarian metabolomic data with detailed cardiometabolic phenotyping, hindering the identification of clinically actionable biomarkers.

In China, rapid urbanization and dietary transitions have precipitated a dual burden of undernutrition and rising cardiometabolic diseases (14). Traditional Chinese diets rich in plant-based foods, are increasingly supplanted by meat-centric eating patterns, mirroring global trends. This shift underscores the urgency to understand how dietary transitions impact metabolic health in this population. Existing metabolomic studies in Chinese populations have predominantly focused on disease-specific biomarkers (e.g., diabetes, hypertension) (15–17) or isolated nutrient effects (e.g., vitamin D, ω-3 fatty acids) (18, 19), with no published research specifically examining serum metabolomic profiles associated with vegetarian diets. This gap is particularly critical given the unique dietary components (e.g., soy products, rice, and wheat-based foods) and cooking practices in Chinese cuisine, which may drive distinct metabolic adaptations compared to Western vegetarian diets. The absence of such data limits the translation of global vegetarian diet research into actionable insights for Chinese populations.

To address these limitations, we conducted a cross-sectional study to compare serum metabolomic profiles of Chinese vegetarians and omnivores using targeted metabolomics. Our study aims to (1) identify differential metabolites associated with vegetarian diets, (2) evaluate their associations with cardiometabolic risk factors (e.g., obesity indices, blood pressure, lipid profiles, glucose homeostasis), and (3) explore correlations between metabolites and dietary intake patterns. Rigorous adjustments for potential confounders, such as age, sex, and physical activity, were implemented to isolate diet-specific metabolic signatures.



2 Materials and methods


2.1 Study population

Healthy vegetarians were recruited through vegetarian associations and restaurants in Shanghai from March to May 2016. Inclusion criteria required participants to: (1) be aged 18 years or older; (2) have resided in Shanghai for at least 6 months; (3) have maintained a vegetarian diet for a minimum of 1 year; and (4) be able to comprehend the questionnaire content. Exclusion criteria included: (1) a history of severe nutritional malabsorption or systemic diseases; and (2) pregnancy or breastfeeding within the previous 12 months. Omnivore participants were recruited from the friends and relatives of the vegetarians and were matched by sex and age (±1 year). In total, 282 pairs of vegetarians and omnivores were recruited, all of whom reported no history of diabetes or metabolic diseases. For this serum metabolomics study, 222 pairs (444 subjects) with serum samples and complete relevant data of cardiometabolic risk factors were included (Figure 1). This study was approved by the Institutional Review Board of the Shanghai Jiao Tong University School of Medicine (No. 2016029). Informed consent was obtained from all subjects involved in the study.

[image: Flowchart illustrating study design: 282 pairs of vegetarians and matched omnivores were considered, with exclusions for lacking serum samples, incomplete data, or for pair matching. 222 pairs remained and underwent targeted metabolomic data collection, cardiometabolic risk factor assessment, and food and nutrient intake evaluation, leading to final analysis.]

FIGURE 1
 Participants flowchart.




2.2 Demographic data and dietary assessment

Questionnaires were administered to participants, collecting demographic and individual behavioral information, such as age, sex, income, alcohol consumption, smoking, physical activity, sedentary time, sleep quality, vegetarian pattern, and vegetarian duration. Sleep quality was evaluated by the Chinese version of the Pittsburg Sleep Questionnaire Index (PSQI). Experienced dietitians administered a face-to-face semi-quantitative food frequency questionnaire (FFQ) to all participants to assess the intake amount and frequency of various foods over the preceding year. The questionnaire from the 2002 China Nutrition and Health Survey was adopted, encompassing 112 food categories, which were organized into 13 food modules: grains and tubers, beans, vegetables, fungi and algae, fruits, dairy, eggs, nuts, beverages, meat, oils, snacks, and condiments. Participants who adhered to a vegetarian diet at all meals daily for at least 1 year were classified as vegetarian. Otherwise, they were categorized as omnivores. To enhance the accuracy of participants’ food intake estimates, food pictures and models were employed. Daily nutrient intakes were calculated from the questionnaire using Nutrition Calculator v2.5 software, which was developed by the National Institute for Nutrition and Health of the Chinese Centre for Disease Control and Prevention, in collaboration with Beijing Feihua Communication Technology Co., LTD.



2.3 Anthropometric and biochemical measurements

The height, weight, waist circumference, hip circumference, body composition, and blood pressure of the participants were measured by experienced dietitians. Body mass index (BMI) was calculated using the formula: weight (kg) /height (m2), and the waist-to-hip ratio (WHR) was determined by dividing waist circumference (cm) by hip circumference (cm). Body composition was assessed with a calibrated bioimpedance device (InBody720, Biospace Inc., Korea), which provided the percent body fat (PBF). Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured using an UA-774 Aiander electronic sphygmomanometer.

Blood samples were collected following at least 8 h of overnight fasting using Gel & Clot Activator tubes for venous blood collection from Wenzhou GAODE Medical Instrument Co., LTD. The biochemical markers measured included total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), fasting blood glucose (FG), and fasting insulin (FI). Homeostasis model assessment of insulin resistance (HOMA-IR) and β-cell function (HOMA-β) were calculated using FG and FI (20). Biochemical analyses were performed by the Clinical Laboratory Center at Shanghai Xinhua Hospital.



2.4 Sample preparation and instrumental analysis

For targeted metabolomic profiling of serum samples, the Q300 platform (Human Metabolomics Institute, Inc., China) was utilized, as described in previous studies with minor modification (21). The method was optimized for high-throughput detection and quantification of 306 metabolites. In brief, a 20 μL aliquot of serum was mixed with 120 μL methanol containing most of the internal standards in a 96-well plate. The mixture was vortexed for 10 min and then centrifuged at 4°C at 4000 g for 30 min. A 30 μL aliquot of the supernatant was transferred to another 96-well plate for further derivatization. After incubating at 30°C for 60 min, the reaction was terminated by adding 400 μL of a 50% methanol solution and centrifuged. The resulting 140 μL supernatant was transferred to a new 96-well plate, and 10 μL of derivatized internal standard for short-chain fatty acids was added, followed by mixing and centrifugation.

Analyses were performed using a Waters ACQUITY ultraperformance liquid chromatograph coupled with an XEVO TQ-S mass spectrometer, both controlled by MassLynx 4.1 software (Waters, United States). Chromatographic separation was conducted on an ACQUITY BEH C18 column (1.7 μm, 100 mm × 2.1 mm) (Waters). The mobile phase consisted of water with 0.1% formic acid (A) and acetonitrile/isopropanol (70:30, v/v) (B). The gradient elution program was as follows: 0–1 min (5% B), 1–5 min (5–30% B), 5–9 min (30–50% B), 9–12 min (50–78% B), 12–15 min (78–95% B), 15–16 min (95–100% B), 16–18 min (100% B), 18–18.1 min (100–5% B), 18.1–20 min (5% B), with a flow rate of 0.4 mL/min. The mass spectrometer was operated in both positive and negative ion modes, with a capillary voltage of 1.2 kV for negative mode and 3.2 kV for positive mode, a source temperature of 150°C, a desolvation temperature of 550°C, and a desolvation gas flow rate of 1,200 L/h.



2.5 Metabolomic data analysis

The UPLCTQMS data were processed using a TMBQ software (v1.0) to perform peak integration, calibration, and quantification of the metabolites. Briefly, the compounds were identified via the molecular weight and retention time of reference standards, calibrated by internal standards, and quantified by the standard curve generated via a series of diluted reference standards solution. Missing data were handled by replacing undetected metabolites, assumed to be below the LOD, with one Nth of the minimum detected value, where N is the sample size. Principal component analysis (PCA), partial least square discriminant analysis (PLS-DA) and orthogonal partial least-squares-discriminant analysis (OPLS-DA) were conducted based on the metabolite profile. The variable importance in the projection (VIP) values obtained from the OPLS-DA model were taken as a criterion for differential metabolites selection. The OPLS-DA model was further verified by a permutation test to avoid transition fit of the model. For univariate testing, either paired t-tests or Wilcoxon signed-rank tests were employed to compare between groups, depending on data normality and homoscedasticity. Differential metabolites were selected in the first round based on VIP > 1 and p < 0.01. In the second round, the selection criteria were VIP > 1.8 and p < 1e-08. The combined results of OPLS-DA and univariate analysis from the first and second rounds of screening were classified as crude and fine differential metabolites, respectively. The differential metabolites were then imported into the human hsa database of the Kyoto Encyclopedia of Genes and Genomes (KEGG) for further pathway analysis.



2.6 Statistical analysis

Descriptive statistics were calculated to summarize population characteristics. Continuous variables were expressed as means ± standard deviations (SD), while categorical variables were presented as frequencies and percentages. Comparative analyses of population characteristics between vegetarians and omnivores were performed using appropriate statistical tests: continuous variables were analyzed using paired t-tests or Wilcoxon rank-sum tests based on normality assumptions, and categorical variables were examined using McNemar tests. The selection of differential metabolites and the comparison of these metabolites between dietary groups are described separately in the metabolomic data analysis section.

Spearman correlation analyses were employed to examine the relationships between differential metabolite concentrations and dietary components, including foods and nutrients, across the entire cohort as well as within the vegetarian and omnivore subgroups. To investigate the associations between differential metabolites and cardiometabolic risk factors, metabolite concentrations were log-transformed (Ln) to achieve normal distribution. Partial correlation analyses were first performed to assess these associations. Following this, multivariate linear regression was used to further examine these relationships. In multivariate linear regression analyses, participants were categorized into three groups based on tertiles of metabolite concentrations (low, medium, and high), with the low concentration group (T1) serving as the reference category. β coefficients and 95% confidence intervals (CIs) were calculated for the medium (T2) and high (T3) concentration groups. Additionally, the median concentration of each differential metabolite within each tertile was treated as a continuous variable to perform trend tests. To control for potential confounders in the analysis of cardiometabolic risk factors, adjustments were made for both partial correlation analysis and multivariate linear regression as follows: for obesity indicators, the models accounted for age, sex, exercise time, alcohol consumption, and dietary pattern; for other cardiometabolic risk factors, BMI was additionally included as a covariate. All statistical analyses were conducted using SPSS version 26.0 software (SPSS Inc., United States) and R software version 4.2.1 (R Foundation for Statistical Computing, Austria), and statistical significance was defined as a two-sided p value of less than 0.05.




3 Results


3.1 Characteristics of the study population

This study included 444 participants, consisting of 222 vegetarians and 222 omnivores, who were matched by gender and age. The mean ages of vegetarians and omnivores were 34.88 ± 8.47 years and 34.35 ± 8.59 years, respectively. Among the participants, 183 pairs (82.4%) were female. Of the 222 vegetarians, 58 (26.1%) were vegans, while 164 (73.9%) were lacto-ovo vegetarians. The average duration of adherence to a vegetarian diet exceeded 5 years. Demographic characteristics and levels of cardiometabolic risk indicators are summarized in Table 1. Regarding demographic variables, no significant differences were found between vegetarians and omnivores in terms of education, income, smoking, exercise habits, and PSQI sleep scores. However, the proportion of nondrinkers was significantly higher in the vegetarian group compared to the omnivore group (p < 0.001). In terms of cardiometabolic risk factors, vegetarians exhibited lower BMI, WHR, PBF, SBP, TC, HDL-C, LDL-C, FG, FI, and HOMA-IR scores compared to omnivores (p < 0.001). However, there were no significant differences in DBP, TG, and HOMA-β between the two groups.


TABLE 1 Characteristics of vegetarians and omnivores.

	
	Vegetarians (n = 222)
	Omnivores (n = 222)
	p

 

 	Female, n (%) 	183 (82.4) 	183 (82.4) 	


 	Age (years) 	34.88 ± 8.47 	34.35 ± 8.59 	


 	Vegetarian diet duration (years) 	5.43 ± 5.05 	– 	


 	Education, n (%) 	 	 	0.676


 	Elementary and secondary 	73 (33.3) 	80 (35.6) 	


 	Undergraduate 	107 (48.9) 	97 (43.8) 	


 	Graduate or above 	39 (17.8) 	45 (20.5) 	


 	Income per month, n (%) 	 	 	0.200


 	<3,000 	42 (19.1) 	56 (25.5) 	


 	3,000 ~ 5,000 	40 (18.2) 	36 (16.4) 	


 	5,000 ~ 8,000 	55 (25.0) 	59 (26.8) 	


 	>8,000 	73 (33.2) 	69 (31.4) 	


 	Nondrinker (%) 	210 (94.6) 	185 (83.3) 	<0.001*


 	Nonsmoker (%) 	196 (88.3) 	202 (91.0) 	0.405


 	Exercise time (min/w) 	119.59 ± 150.96 	85.27 ± 123.96 	0.183


 	PSQI sleep score 	2.88 ± 2.19 	3.25 ± 1.88 	0.590


 	BMI (kg/m2) 	21.05 ± 2.62 	22.49 ± 3.34 	<0.001*


 	WHR 	0.82 ± 0.05 	0.84 ± 0.05 	<0.001*


 	PBF (%) 	26.17 ± 6.53 	28.52 ± 5.95 	<0.001*


 	SBP (mm Hg) 	108.07 ± 12.76 	112.41 ± 14.18 	<0.001*


 	DBP (mm Hg) 	70.00 ± 9.52 	70.57 ± 10.29 	0.628


 	TC (mmol/L) 	4.08 ± 0.76 	4.63 ± 0.83 	<0.001*


 	TG (mmol/L) 	0.96 ± 0.53 	0.91 ± 0.44 	0.393


 	HDL-C (mmol/L) 	1.26 ± 0.26 	1.37 ± 0.28 	<0.001*


 	LDL-C (mmol/L) 	2.55 ± 0.59 	2.97 ± 0.68 	<0.001*


 	FG (mmol/L) 	4.64 ± 0.67 	4.83 ± 0.39 	<0.001*


 	FI (mU/L) 	4.90 ± 2.23 	5.90 ± 3.03 	<0.001*


 	HOMA-IR 	1.03 ± 0.58 	1.28 ± 0.70 	<0.001*


 	HOMA-β (%) 	93.28 ± 44.61 	94.71 ± 60.12 	0.672





* Statistical significance. BMI, body mass index; WHR, waist-to-hip ratio; PBF, percent body fat; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; FG, fasting blood glucose; FI, fasting insulin; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-β, homeostasis model assessment of β cell function.
 



3.2 Serum metabolomic profiles and differential metabolites of vegetarians

UPLC-MS/MS detected 205 out of 306 metabolites, while the remaining metabolites were not identified due to their concentrations being below the detection limit. The relative abundance of serum metabolite classes in vegetarian and omnivore groups is shown in Table 2. The analysis revealed significant differences in amino acids, fatty acids, indoles, bile acids, benzene ring compounds, benzoic acids, and pyridines.


TABLE 2 Comparison of relative abundance of serum metabolite classes between vegetarians and omnivores.

	Class
	Vegetarians (n = 222)
	Omnivores (n = 222)
	p

 

 	Carbohydrates 	38.809 	39.433 	0.392


 	Organic acids 	27.684 	27.525 	0.099


 	Amino acids 	26.604 	26.592 	0.027*


 	Fatty acids 	5.660 	5.171 	<0.001*


 	Carnitines 	0.501 	0.540 	0.136


 	SCFAs 	0.481 	0.463 	0.148


 	Indoles 	0.061 	0.065 	<0.001*


 	Bile acids 	0.048 	0.043 	0.003*


 	Benzoic acids 	0.041 	0.036 	0.019*


 	Benzenoids 	0.032 	0.041 	0.002*


 	Phenylpropanoic acids 	0.031 	0.033 	0.928


 	Pyridines 	0.022 	0.032 	0.001*


 	Phenols 	0.019 	0.018 	0.054


 	Peptides 	0.008 	0.008 	0.417





* Statistical significance. SCFAs, short-chain fatty acids.
 

PCA, PLS-DA, and OPLS-DA models were constructed to assess the metabolic differences between the vegetarian and omnivore groups (Supplementary Figures 1A–C). The PCA analysis revealed that the first two components explained a relatively low proportion of the variance, suggesting some overlap in the metabolic profiles of these two groups. To further investigate the group separation, the supervised PLS-DA and OPLS-DA methods were applied to refine and analyze the data, confirming distinct metabolic differences between the two groups. The OPLS-DA model, with R2X = 0.262, R2Y = 0.518, and Q2Y = 0.461, indicated a moderate explanation of the variance in the independent variables (X) and dependent variable (Y). The results of the permutation test (Supplementary Figure 1D) further validated the effectiveness of the OPLS-DA model in discriminating between the two groups.

In identifying differential metabolites, two rounds of screening were performed using both multivariate and univariate approaches (Figure 2). The first round used thresholds of VIP > 1 (from OPLS-DA) and p < 0.01 (from univariate analysis), leading to the identification of 62 metabolites with VIP > 1 and 72 metabolites with p < 0.01. The union of these two sets resulted in 83 differential metabolites (Supplementary Table 1). A second round of screening applied stricter criteria, using VIP > 1.8 for the multivariate analysis and p < 1e-08 for univariate analysis. This refined selection revealed 13 metabolites meeting the multivariate threshold and 9 metabolites meeting the univariate threshold, resulting in a total of 17 key differential metabolites associated with the vegetarian diet (Figure 3). These metabolites were categorized into four groups: organic acids, amino acids, fatty acids, and indoles. Compared to the omnivore group, 11 metabolites were significantly upregulated in the vegetarian group, including maleic acid, methylcysteine, malic acid, aconitic acid, glutamine, citric acid, N-acetylaspartic acid, asparagine, guanidoacetic acid, α-linolenic acid, and indolepropionic acid (IPA). Conversely, 6 metabolites were found to be downregulated in vegetarians, including docosahexaenoic acid (DHA), α-aminobutyric acid, eicosapentaenoic acid (EPA), creatine, 2-hydroxybutyric acid, and glycolic acid. Notably, IPA and maleic acid were the most significantly upregulated metabolites in vegetarians, as evidenced by univariate analysis and OPLS-DA statistics, respectively (IPA: p = 6.75e-10; maleic acid: VIP = 2.44). DHA was the most significantly downregulated metabolite in the vegetarian group, with both statistical tests confirming this finding (p = 6.76e-26, VIP = 3.18).

[image: Panel A is an OPLS-DA volcano map with metabolite names labeled above data points, showing two rounds of screening based on VIP values; significant metabolites are highlighted in green. Panel B is a univariate statistics volcano map with metabolites labeled and data points color-coded by up, down, or none after initial and subsequent screenings; significantly changed metabolites are identified in blue and red.]

FIGURE 2
 Differential metabolites identified in vegetarians compared to omnivores using two rounds of screening. (A) Volcano plot for differential metabolites identified by OPLS-DA between vegetarians and omnivores (initial screening: VIP > 1, secondary screening: VIP > 1.8). (B) Volcano plot for differential metabolites identified by univariate analysis in vegetarians vs. omnivores (initial screening: p < 0.01, secondary screening: p < 1e-08). Significantly increased metabolites in vegetarians (FC > 1 and p < 0.01, red dots) and significantly decreased metabolites in vegetarians (FC < 1 and p < 0.01, blue dots). FC, fold change; VIP, variable importance in the projection.


[image: Bar chart shows significant metabolites with their log2 fold change and p value gradient. DHA, alpha-aminobutyric acid, EPA, and creatine are downregulated, while indolepropionic acid and methylcysteine are upregulated. Color gradient represents p value significance from yellow (higher) to purple (lower).]

FIGURE 3
 Differential metabolites identified in vegetarians compared to omnivores using the combined results of OPLS-DA and univariate analysis. The bar plot displays metabolite changes, with metabolites ranked by VIP scores from OPLS-DA. FC value for each metabolite (X) is calculated as the ratio of X level in vegetarians to X level in omnivores. Each bar representing an FC value is color-coded according to its corresponding p-value. FC values are log2-transformed, and p-values are transformed using -ln. FC, fold change; VIP, variable importance in the projection.


To further interpret the biological significance of these differential metabolites, pathway enrichment analysis revealed that these metabolites were primarily involved in six metabolic pathways (p < 0.05): Alanine, Aspartate, and Glutamate Metabolism; Glyoxylate and Dicarboxylate Metabolism; Citrate Cycle (TCA Cycle); Arginine and Proline Metabolism; Nitrogen Metabolism; and Glycine, Serine, and Threonine Metabolism (Supplementary Figure 2).



3.3 Associations between differential metabolites and cardiometabolic risk factors

Partial correlation analysis was employed to explore the intricate relationships between the 17 differential metabolites and key cardiometabolic risk factors, as presented in Figure 4. After adjusting for potential confounding variables, including age, sex, exercise duration, alcohol consumption, and dietary patterns, we identified several metabolites exhibiting distinct patterns of association with obesity indicators. Specifically, metabolites such as methylcysteine, aconitic acid, citric acid, N-acetylaspartic acid, asparagine, and IPA were negatively associated with all three obesity indicators—BMI, WHR, and PBF (p < 0.05). In contrast, creatine exhibited a positive association with each of these obesity markers (p < 0.05). Further refinement of the analysis, which adjusted for BMI in addition to the aforementioned covariates, revealed that IPA was inversely associated with both systolic and diastolic blood pressure (SBP and DBP) (p < 0.05). Methylcysteine, in particular, demonstrated significant negative correlations with three of the four major blood lipid parameters—TC, HDLC, and LDLC (p < 0.05). In contrast, metabolites such as guanidoacetic acid, DHA, α-aminobutyric acid, and creatine exhibited positive associations with at least three of the four lipid parameters (p < 0.05). Additionally, aconitic acid was notably inversely correlated with three of the four blood glucose-related indicators, including FI, HOMA-β, and HOMA-IR (p < 0.05).

[image: Heatmap displaying correlation coefficients between fourteen metabolites and various metabolic health indicators including obesity, blood pressure, blood lipid, and blood glucose-related factors. Blue represents negative correlations, red represents positive correlations, with significance indicated by asterisks.]

FIGURE 4
 Correlation between differential metabolites and cardiometabolic risk factors. For obesity indicators, the model was adjusted for age, sex, exercise time, alcohol consumption, and dietary pattern; for other indicators, additional adjustments were made for BMI. Correlations were determined using partial correlation analysis. The correlation coefficients are presented and color-coded from red to blue. * p < 0.05, ** p < 0.01. BMI, body mass index; WHR, waist-to-hip ratio; PBF, body fat percentage; SBP, systolic blood pressure; DBP diastolic blood pressure; TC, total cholesterol; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; TG, triglycerides; FG, fasting glucose; FI, fasting insulin; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-β, homeostasis model assessment of β-cell function; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid.


The associations between these metabolites and cardiometabolic risk factors were further evaluated in multivariate linear regression models, with the same adjustment as partial correlation analysis. These analyses elucidated the complex relationships between these metabolites and obesity indicators, blood pressure, blood lipid levels, and blood glucose markers. A significant inverse relationship was observed between the concentration of methylcysteine and all three obesity indicators. In the T3 group, methylcysteine was associated with a marked reduction in BMI (β = −0.886, 95% CI: −1.556, −0.215), WHR (β = −0.013, 95% CI: −0.022, −0.003), and PBF (β = −1.625, 95% CI: −2.896, −0.354), suggesting that higher levels of this metabolite may be protective against adiposity (p < 0.05). Although aconitic acid showed an inverse association with PBF (β = −2.343, 95% CI: −3.622, −1.065) in the T3 group (p < 0.001), it had a less pronounced effect on BMI and WHR. Conversely, creatine demonstrated a positive association with these obesity markers. Specifically, in the T3 group, creatine was linked with increased BMI (β = 1.109, 95% CI: 0.387, 1.831), WHR (β = 0.020, 95% CI: 0.009, 0.030), and PBF (β = 2.326, 95% CI: 0.963, 3.689), indicating its potential role in promoting fat accumulation (p < 0.01) (Table 3).


TABLE 3 Associations between differential metabolites and obesity indicators.

	Differential metabolites (μmol/L)
	β (95%CI) of obesity indicators



	BMI
	WHR
	PBF

 

 	Methylcysteine


 	T1 (1.478 ~ 4.735) 	Ref 	Ref 	Ref


 	T2 (4.745 ~ 7.189) 	−0.727 (−1.381, −0.072)* 	−0.008 (−0.017, 0.001) 	−0.905 (−2.145, 0.336)


 	T3 (7.208 ~ 27.961) 	−0.886 (−1.556, −0.215)** 	−0.013 (−0.022, −0.003)** 	−1.625 (−2.896, −0.354)*


 	Ptrend 	0.012 	0.008 	0.013


 	Aconitic acid


 	T1 (25.955 ~ 53.423) 	Ref 	Ref 	Ref


 	T2 (53.446 ~ 67.249) 	−0.775 (−1.436, −0.114)* 	−0.012 (−0.021, −0.003)** 	−1.610 (−2.850, −0.370)*


 	T3 (67.296 ~ 147.972) 	−0.624 (−1.305, 0.057) 	−0.023 (−0.032, −0.013)** 	−2.343 (−3.622, −1.065)**


 	Ptrend 	0.066 	<0.001 	<0.001


 	Citric acid


 	T1 (42.435 ~ 117.497) 	Ref 	Ref 	Ref


 	T2 (117.643 ~ 145.447) 	−0.444 (−1.099, 0.211) 	−0.008 (−0.017, 0.001) 	−1.120 (−2.355, 0.114)


 	T3 (145.862 ~ 291.268) 	−0.546 (−1.217, 0.124) 	−0.018 (−0.028, −0.009)** 	−1.626 (−2.890, −0.362)*


 	Ptrend 	0.113 	<0.001 	0.013


 	N-acetylaspartic acid


 	T1 (0.217 ~ 0.592) 	Ref 	Ref 	Ref


 	T2 (0.594 ~ 0.698) 	−0.916 (−1.565, −0.268)** 	−0.011 (−0.020, −0.002)* 	−1.671 (−2.900, −0.442)**


 	T3 (0.7 ~ 1.432) 	−0.877 (−1.539, −0.215)** 	−0.014 (−0.023, −0.005)** 	−1.542 (−2.796, −0.288)*


 	Ptrend 	0.015 	0.005 	0.025


 	Asparagine


 	T1 (26.377 ~ 59.244) 	Ref 	Ref 	Ref


 	T2 (59.489 ~ 70.604) 	−0.359 (−1.016, 0.299) 	−0.010 (−0.019, −0.001) 	−1.034 (−2.276, 0.209)


 	T3 (70.695 ~ 146.187) 	−0.261 (−0.941, 0.419) 	−0.004 (−0.014, 0.005) 	−0.296 (−1.581, 0.989)


 	Ptrend 	0.460 	0.391 	0.694


 	Guanidoacetic acid


 	T1 (0.805 ~ 2.897) 	Ref 	Ref 	Ref


 	T2 (2.9 ~ 3.734) 	−0.059 (−0.711, 0.594) 	−0.001 (−0.010, 0.008) 	−0.129 (−1.364, 1.106)


 	T3 (3.736 ~ 9.951) 	−0.513 (−1.203, 0.177) 	−0.011 (−0.021, −0.002)* 	−1.059 (−2.365, 0.247)


 	Ptrend 	0.147 	0.024 	0.120


 	IPA


 	T1 (0.008 ~ 1.366) 	Ref 	Ref 	Ref


 	T2 (1.388 ~ 2.98) 	−0.357 (−1.046, 0.331) 	−0.004 (−0.014, 0.006) 	−0.674 (−1.979, 0.632)


 	T3 (2.991 ~ 19.593) 	−0.652 (−1.364, 0.059) 	−0.011 (−0.021, −0.001)* 	−1.208 (−2.557, 0.141)


 	Ptrend 	0.072 	0.027 	0.078


 	Creatine


 	T1 (11.047 ~ 31.003) 	Ref 	Ref 	Ref


 	T2 (31.065 ~ 48.027) 	0.700 (0.035, 1.365)* 	0.010 (0.001, 0.019)* 	1.114 (−0.142, 2.370)


 	T3 (48.067 ~ 116.182) 	1.109 (0.387, 1.831)** 	0.020 (0.009, 0.030)** 	2.326 (0.963, 3.689)**


 	Ptrend 	0.003 	<0.001 	0.001





Multivariate linear regression analysis adjusted for age, sex, exercise time, alcohol drink, and diet pattern. T1, low concentration group as reference; T2, medium concentration group; T3, high concentration group. β coefficients and 95% confidence intervals are provided. * p < 0.05, ** p < 0.01. Ref, reference; BMI, body mass index; WHR, waist-to-hip ratio; PBF, body fat percentage; IPA, indolepropionic acid.
 

In terms of blood pressure, among methylcysteine, guanidoacetic acid, and IPA, only IPA showed strong associations with both SBP and DBP. In the T3 group, IPA was inversely related to both SBP (β = −3.838, 95% CI: −6.825, −0.851) and DBP (β = −3.579, 95% CI: −5.805, −1.353), suggesting its potential as a regulator of blood pressure (Table 4).


TABLE 4 Associations between differential metabolites and blood pressure.

	Differential metabolites (μmol/L)
	β (95%CI) of blood pressure



	SBP
	DBP

 

 	Methylcysteine


 	T1 (1.478 ~ 4.735) 	Ref 	Ref


 	T2 (4.745 ~ 7.189) 	−1.693 (−4.473, 1.087) 	−1.989 (−4.063, 0.085)


 	T3 (7.208 ~ 27.961) 	−0.396 (−3.251, 2.459) 	−1.905 (−4.035, 0.225)


 	Ptrend 	0.852 	0.095


 	Guanidoacetic acid


 	T1 (0.805 ~ 2.897) 	Ref 	Ref


 	T2 (2.900 ~ 3.734) 	−2.214 (−4.952, 0.524) 	−2.377 (−4.421, −0.334)*


 	T3 (3.736 ~ 9.951) 	−1.757 (−4.660, 1.145) 	−1.109 (−3.276, 1.057)


 	Ptrend 	0.227 	0.299


 	IPA


 	T1 (0.008 ~ 1.366) 	Ref 	Ref


 	T2 (1.388 ~ 2.98) 	−1.431 (−4.314, 1.452) 	−2.301 (−4.449, −0.152)*


 	T3 (2.991 ~ 19.593) 	−3.838 (−6.825, −0.851)* 	−3.579 (−5.805, −1.353)**


 	Ptrend 	0.012 	0.002





Multivariate linear regression analysis adjusted for age, sex, exercise time, alcohol drink, diet pattern, and BMI. T1, low concentration group as reference; T2, medium concentration group; T3, high concentration group. β coefficients and 95% confidence intervals are provided. * p < 0.05, ** p < 0.01. Ref, reference; SBP, systolic blood pressure; DBP, diastolic blood pressure; IPA, indolepropionic acid.
 

Several metabolites, such as methylcysteine, citric acid, IPA, and DHA, were significantly associated with lipid profile markers. Methylcysteine demonstrated a consistent inverse relationship with TC (β = −0.329, 95% CI: −0.510, −0.148) and LDL-C (β = −0.243, 95% CI: −0.384, −0.103) in the T3 group, suggesting its potential role in improving lipid metabolism (p < 0.01). Citric acid and IPA displayed a unique pattern, as they did not show significant associations with TC, HDL-C, or LDL-C, but were negatively correlated with TG in the T3 group (citric acid: β = −0.141, 95% CI: −0.244, −0.039; IPA: β = −0.148, 95% CI: −0.257, −0.038). In contrast, DHA exhibited positive associations with TC (β = 0.365, 95% CI: 0.159, 0.572) and LDL-C (β = 0.245, 95% CI: 0.085, 0.406), suggesting a role in lipid regulation (p < 0.01) (Table 5).


TABLE 5 Associations between differential metabolites and blood lipid indicators.

	Differential metabolites (μmol/L)
	β (95%CI) of blood lipid indicators



	TC
	HDL-C
	LDL-C
	TG

 

 	Methylcysteine


 	T1 (1.478 ~ 4.735) 	Ref 	Ref 	Ref 	Ref


 	T2 (4.745 ~ 7.189) 	−0.157 (−0.333, 0.019) 	−0.017 (−0.075, 0.040) 	−0.130 (−0.266, 0.007) 	−0.033 (−0.135, 0.069)


 	T3 (7.208 ~ 27.961) 	−0.329 (−0.510, −0.148)** 	−0.059 (−0.118, 0.001) 	−0.243 (−0.384, −0.103)** 	−0.043 (−0.148, 0.062)


 	Ptrend 	<0.001 	0.047 	0.001 	0.432


 	Citric acid


 	T1 (42.435 ~ 117.497) 	Ref 	Ref 	Ref 	Ref


 	T2 (117.643 ~ 145.447) 	0.038 (−0.139, 0.214) 	0.086 (0.029, 0.143)** 	−0.038 (−0.175, 0.099) 	−0.165 (−0.265, −0.065)**


 	T3 (145.862 ~ 291.268) 	−0.094 (−0.275, 0.087) 	0.058 (0.001, 0.117)* 	−0.122 (−0.262, 0.018) 	−0.141 (−0.244, −0.039)**


 	Ptrend 	0.297 	0.057 	0.087 	0.009


 	Guanidoacetic acid


 	T1 (0.805 ~ 2.897) 	Ref 	Ref 	Ref 	Ref


 	T2 (2.900 ~ 3.734) 	0.078 (−0.097, 0.252) 	0.037 (−0.019, 0.094) 	0.033 (−0.103, 0.168) 	−0.042 (−0.142, 0.059)


 	T3 (3.736 ~ 9.951) 	0.272 (0.087, 0.457)** 	0.081 (0.021, 0.141)** 	0.180 (0.037, 0.324)* 	−0.009 (−0.116, 0.098)


 	Ptrend 	0.004 	0.008 	0.015 	0.854


 	IPA


 	T1 (0.008 ~ 1.366) 	Ref 	Ref 	Ref 	Ref


 	T2 (1.388 ~ 2.98) 	−0.051 (−0.237, 0.134) 	0.007 (−0.053, 0.067) 	−0.045 (−0.189, 0.099) 	−0.120 (−0.225, −0.014)*


 	T3 (2.991 ~ 19.593) 	−0.158 (−0.351, 0.034) 	0.016 (−0.046, 0.079) 	−0.133 (−0.282, 0.016) 	−0.148 (−0.257, −0.038)**


 	Ptrend 	0.108 	0.615 	0.082 	0.008


 	DHA


 	T1 (0.393 ~ 3.043) 	Ref 	Ref 	Ref 	Ref


 	T2 (3.049 ~ 5.479) 	0.222 (0.041, 0.403)* 	0.029 (−0.030, 0.088) 	0.161 (0.021, 0.302)* 	0.135 (0.031, 0.239)*


 	T3 (5.516 ~ 23.145) 	0.365 (0.159, 0.572)** 	0.066 (−0.002, 0.133) 	0.245 (0.085, 0.406)** 	0.132 (0.014, 0.251)*


 	Ptrend 	0.001 	0.057 	0.003 	0.031


 	α-aminobutyric acid


 	T1 (6.813 ~ 21.436) 	Ref 	Ref 	Ref 	Ref


 	T2 (21.484 ~ 30.511) 	0.177 (−0.006, 0.360) 	0.011 (−0.048, 0.070) 	0.161 (0.019, 0.303)* 	−0.023 (−0.128, 0.082)


 	T3 (30.539 ~ 79.344) 	0.277 (0.088, 0.467)** 	0.072 (0.010, 0.134)* 	0.209 (0.062, 0.356)** 	−0.080 (−0.189, 0.029)


 	Ptrend 	0.004 	0.022 	0.005 	0.149


 	EPA


 	T1 (0.224 ~ 0.723) 	Ref 	Ref 	Ref 	Ref


 	T2 (0.724 ~ 0.986) 	0.081 (−0.094, 0.256) 	−0.029 (−0.086, 0.029) 	0.074 (−0.063, 0.210) 	0.076 (−0.026, 0.178)


 	T3 (0.989 ~ 5.919) 	0.382 (0.198, 0.566)** 	0.059 (−0.001, 0.120) 	0.275 (0.131, 0.418)** 	0.042 (−0.065, 0.149)


 	Ptrend 	<0.001 	0.039 	<0.001 	0.490


 	Creatine


 	T1 (11.047 ~ 31.003) 	Ref 	Ref 	Ref 	Ref


 	T2 (31.065 ~ 48.027) 	0.143 (−0.036, 0.322) 	0.057 (−0.002, 0.116) 	0.047 (−0.093, 0.186) 	0.044 (−0.059, 0.147)


 	T3 (48.067 ~ 116.182) 	0.357 (0.161, 0.552)** 	0.047 (−0.017, 0.111) 	0.240 (0.088, 0.392)** 	0.145 (0.033, 0.258)*


 	Ptrend 	<0.001 	0.160 	0.002 	0.011


 	2-hydroxybutyric acid


 	T1 (32.239 ~ 114.988) 	Ref 	Ref 	Ref 	Ref


 	T2 (115.157 ~ 167.29) 	0.185 (0.009, 0.362)* 	0.048 (−0.010, 0.105) 	0.138 (0.001, 0.275)* 	−0.029 (−0.131, 0.072)


 	T3 (167.734 ~ 545.478) 	0.180 (−0.002, 0.362) 	0.055 (−0.004, 0.114) 	0.125 (−0.016, 0.266) 	−0.054 (−0.159, 0.051)


 	Ptrend 	0.050 	0.065 	0.078 	0.310





Multivariate linear regression analysis adjusted for age, sex, exercise time, alcohol drink, diet pattern, and BMI. T1, low concentration group as reference; T2, medium concentration group; T3, high concentration group. β coefficients and 95% confidence intervals are provided. * p < 0.05, ** p < 0.01. Ref, reference; TC, total cholesterol; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; TG, triglycerides; IPA, indolepropionic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid.
 

Fewer metabolites showed association with blood glucose markers. In the T3 group, aconitic acid was significantly associated with reduced FI (β = −0.927, 95% CI: −1.465, −0.388) and HOMA-IR (β = −0.214, 95% CI: −0.336, −0.092), indicating its potential to improve insulin sensitivity and glucose metabolism (p < 0.01) (Table 6).


TABLE 6 Associations between differential metabolites and blood glucose-related indicators.

	Differential metabolites (μmol/L)
	β (95%CI) of blood glucose-related indicators



	FI
	HOMA-IR
	HOMA-β

 

 	Aconitic acid


 	T1 (25.955 ~ 53.423) 	Ref 	Ref 	Ref


 	T2 (53.446 ~ 67.249) 	−0.591 (−1.114,-0.068)* 	−0.131 (−0.250, −0.012)* 	−10.010 (−21.331, 1.311)


 	T3 (67.296 ~ 147.972) 	−0.927 (−1.465, −0.388)** 	−0.214 (−0.336, −0.092)** 	−11.003 (−22.651, 0.644)


 	Ptrend 	0.001 	0.001 	0.062


 	Creatine


 	T1 (11.047 ~ 31.003) 	Ref 	Ref 	Ref


 	T2 (31.065 ~ 48.027) 	0.185 (−0.345, 0.714) 	0.037 (−0.083, 0.158) 	2.660 (−8.802, 14.121)


 	T3 (48.067 ~ 116.182) 	0.845 (0.267, 1.423)** 	0.187 (0.055, 0.318)** 	7.533 (−4.976, 20.041)


 	Ptrend 	0.004 	0.005 	0.236





Multivariate linear regression analysis adjusted for age, sex, exercise time, alcohol drink, diet pattern, and BMI. T1, low concentration group as reference; T2, medium concentration group; T3, high concentration group. β coefficients and 95% confidence intervals are provided. * p < 0.05, ** p < 0.01. Ref, reference; FI, fasting insulin; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-β, homeostasis model assessment of β-cell function.
 



3.4 Associations between differential metabolites and dietary components

Figure 5 illustrates the correlation analysis between differential metabolites and dietary foods in the entire cohort. The results revealed that all upregulated metabolites in vegetarians were negatively correlated with animal food intake, while all downregulated metabolites exhibited the opposite trend. Additionally, methylcysteine, aconitic acid, citric acid, and maleic acid showed negative correlations with milk or yogurt intake. Notably, IPA displayed a strong negative correlation with animal foods, but a mild positive correlation with millet, coarse grains, mixed beans, and potatoes. Figure 6 presents the correlation analysis between differential metabolites and dietary nutrients in the entire cohort. The upregulated metabolites, such as methylcysteine and IPA, in the vegetarian group were significantly negatively correlated with niacin, selenium, vitamin A, vitamin D, vitamin B2, and several macronutrients. Almost all upregulated metabolites demonstrated a significant negative correlation with niacin and selenium. Conversely, DHA, EPA, α-aminobutyric acid, 2-hydroxybutyric acid, and creatine, which were downregulated in the vegetarian group, showed strong positive correlations with niacin, selenium, vitamin A, and vitamin D.

[image: Clustered heatmap comparing correlations between various metabolite concentrations (horizontal axis) and food groups or products (vertical axis), using a color gradient from red (positive r values) to blue (negative r values), with significance indicated by symbols: plus signs for p less than 0.01 and asterisks for 0.01 less than p less than 0.05, a color legend, and hierarchical clustering shown on both axes.]

FIGURE 5
 Heatmap of the correlations between differential metabolites and dietary foods in entire cohort. Correlations were determined using Spearman correlation analysis. The colors from red to blue represent the correlation coefficients. DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; IPA, indolepropionic acid. * p < 0.05, † p < 0.01.
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FIGURE 6
 Heatmap of the correlations between differential metabolites and dietary nutrients in entire cohort. Correlations were determined using Spearman correlation analysis. The colors from red to blue represent the correlation coefficients. DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; IPA, indolepropionic acid. * p < 0.05, † p < 0.01.


Significant differences in food and nutrient intake were observed between the vegetarian and omnivore groups. To further refine the associations identified in the correlation analysis of the entire cohort, additional analyses were conducted within the vegetarian and omnivore groups to examine the relationships between differential metabolites and dietary foods (Supplementary Figures 3, 4) and nutrients (Supplementary Figures 5, 6). Notably, DHA and EPA showed strong positive correlations with seafood, while maleic acid, malic acid, α-linolenic acid, aconitic acid, and citric acid positively correlated with tofu and soy products. IPA, methylcysteine, N-acetylaspartic acid, and glutamine showed positive correlations with cereals, rice, millet, and peanuts, all observed within the omnivore group (p < 0.05). The major source of DHA in vegetarian group is eggs. The significant correlations between differential metabolites and dietary foods observed across the entire cohort, vegetarian group (with meat foods excluded), and omnivore group are summarized in Table 7. Notably, methylcysteine consistently correlated negatively with yogurt intake across all three cohorts (entire cohort: r = −0.22, vegetarians: r = −0.14, omnivores: r = −0.15, all p < 0.05). Maleic acid, IPA, and 2-hydroxybutyric acid consistently showed positive correlations with dried tofu, coarse cereals, and total eggs, respectively, across all three cohorts (IPA with coarse cereals entire cohort: r = 0.24, vegetarians: r = 0.13, omnivores: r = 0.16) (2-hydroxybutyric acid with eggs entire cohort: r = 0.25, vegetarians: r = 0.16, omnivores: r = 0.15) (all p < 0.05). Meanwhile, the significant correlations between differential metabolites and dietary nutrients observed across the entire cohort and different groups are summarized in Table 8. Consistently, DHA, α-aminobutyric acid, and 2-hydroxybutyric acid were positively associated with vitamin A intake across all three cohorts. Of these, DHA showed highest consistent correlation with vitamin A intake (entire cohort: r = −0.46, vegetarians: r = −0.31, omnivores: r = −0.18) (all p < 0.05).


TABLE 7 Summary list of correlations between differential metabolites and dietary foods.

	Differential metabolites
	Associated nutrients
	r



	Entire cohort
	Vegetarian group
	Omnivore group

 

 	Maleic acid 	Dried Tofu 	0.26 	0.2 	0.19


 	Methylcysteine 	Fresh Frozen Beef 	−0.27 	/ 	−0.17


 	Fresh Frozen Lamb 	−0.27 	/ 	−0.18


 	Yogurt 	−0.22 	−0.14 	−0.15


 	Aconitic acid 	Total Animal Foods 	−0.27 	/ 	−0.13


 	Fresh Frozen Lamb 	−0.25 	/ 	−0.14


 	Cola 	−0.21 	−0.14 	−0.18


 	Glutamine 	Crabs 	−0.27 	/ 	−0.21


 	Total Animal Foods 	−0.24 	/ 	−0.14


 	Total Livestock and Poultry 	−0.24 	/ 	−0.13


 	Shrimps 	−0.24 	/ 	−0.16


 	Meat Products 	−0.21 	/ 	−0.14


 	Citric acid 	Total Animal Foods 	−0.26 	/ 	−0.15


 	Fresh Frozen Lamb 	−0.25 	/ 	−0.15


 	N-Acetylaspartic acid 	Total Animal Foods 	−0.25 	/ 	−0.15


 	Crabs 	−0.22 	/ 	−0.14


 	Coffee 	−0.17 	−0.14 	−0.13


 	Guanidoacetic acid 	Shrimps 	−0.26 	/ 	−0.17


 	IPA 	Coarse Cereals Total 	0.24 	0.13 	0.16


 	DHA 	Total Aquatic Foods 	0.44 	/ 	0.25


 	Total Animal Foods 	0.42 	/ 	0.16


 	Crabs 	0.4 	/ 	0.17


 	Shrimps 	0.39 	/ 	0.15


 	Mollusks 	0.38 	/ 	0.2


 	Pork Kidney 	0.26 	/ 	0.21


 	α-Aminobutyric acid 	Total Livestock and Poultry 	0.4 	/ 	0.14


 	Total Eggs 	0.33 	/ 	0.14


 	Pork Liver 	0.32 	/ 	0.15


 	EPA 	Total Aquatic Foods 	0.56 	/ 	0.26


 	Total Animal Foods 	0.55 	/ 	0.18


 	Shrimps 	0.52 	/ 	0.13


 	Crabs 	0.5 	/ 	0.2


 	Mollusks 	0.49 	/ 	0.18


 	Pork Kidney 	0.3 	/ 	0.2


 	Creatine 	Crabs 	0.41 	/ 	0.14


 	2-Hydroxybutyric acid 	Total Eggs 	0.25 	0.16 	0.15





Correlations listed in the table were all statistically significant with p < 0.05. Spearman’s correlation coefficients (r) are provided. IPA, indolepropionic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid.
 


TABLE 8 Summary list of correlations between differential metabolites and dietary nutrients.

	Differential metabolites
	Associated nutrients
	r



	Entire cohort
	Vegetarian group
	Omnivore group

 

 	Glutamine 	Iodine 	0.13 	0.14 	0.17


 	DHA 	Vitamin A 	0.46 	0.31 	0.18


 	Selenium 	0.39 	0.14 	0.15


 	Vitamin B2 	0.21 	0.15 	0.13


 	α-Aminobutyric acid 	Vitamin A 	0.38 	0.24 	0.18


 	2-Hydroxybutyric acid 	Vitamin A 	0.31 	0.17 	0.2





Correlations listed in the table were all statistically significant with p < 0.05. Spearman’s correlation coefficients (r) are provided. DHA, docosahexaenoic acid.
 




4 Discussion

Our targeted metabolomic analysis identified 17 key differential metabolites associated with the vegetarian diet, with a particularly notable upregulation of metabolites involved in the TCA cycle, including citric acid, malic acid, maleic acid, aconitic acid, fumaric acid, succinic acid, and isocitric acid. These metabolites play crucial roles in mitochondrial energy production. Although there is no direct evidence linking vegetarian diets to TCA cycle intermediate accumulation (anaplerosis), studies on ketogenic diets—metabolically opposite to plant-based diets—suggest that such diets inhibit anaplerosis (22, 23). This hints at the possibility that vegetarian diets, which rely heavily on carbohydrates, may promote anaplerosis by increasing TCA cycle intermediates. The vegetarian diet, rich in plant-based carbohydrates from fruits, vegetables, and grains, provides a significant carbohydrate source, which supports efficient energy production through mitochondrial processes. Additionally, metabolites like malic acid and citric acid are important for buffering reactive oxygen species (ROS) produced during mitochondrial respiration. This buffering capacity may help explain the reduced oxidative stress observed in vegetarians (24, 25), potentially contributing to their protection against chronic diseases like cardiovascular disease and diabetes. Our findings contrast with a study on high-fat-diet-induced insulin-resistant mice, which reported distinct changes in TCA cycle metabolites associated with metabolic dysfunction and insulin resistance (26). In high-fat-diet-fed mice, serum concentrations of TCA cycle intermediates were significantly reduced. In contrast, the upregulation of these intermediates in vegetarians underscores a clear divergence in metabolic outcomes, highlighting the opposing effects of plant-based and high-fat diets on mitochondrial efficiency. Furthermore, a clinical study on women with obesity showed that combining exercise with a low-calorie diet elevated TCA cycle intermediate, suggesting that such interventions can enhance mitochondrial function (27).

Regarding amino acid metabolism, the elevated levels of glutamine and asparagine in vegetarians suggest alterations in nitrogen metabolism and amino acid catabolism. Glutamine, a key amino acid involved in protein synthesis, immune function, and acid–base balance (28), showed increased concentrations in the vegetarian group. This could indicate an upregulation of protein turnover or enhanced catabolism of non-essential amino acids in vegetarians. Similarly, asparagine, essential for protein synthesis and cellular function (29), showed higher concentrations as well, which also might be related to an increased catabolism of non-essential amino acids. These findings suggest a shift in energy metabolism towards greater dependence on the oxidation of carbohydrates and non-essential amino acids in vegetarians. Furthermore, the downregulation of metabolites such as 2-hydroxybutyric acid and α-aminobutyric acid, which are derived from the metabolism of methionine, threonine, and leucine (30, 31), indicates a decreased reliance on the breakdown of essential amino acids. Notably, our findings align with a previous study that identified 2-hydroxybutyric acid as an early biomarker of insulin resistance and glucose intolerance in a non-diabetic population (30). In our study, the reduced levels of 2-hydroxybutyric acid in vegetarians hint at a potential protective effect, which could reduce the risk of insulin resistance or glucose intolerance.

DHA and EPA are essential long-chain ω-3 polyunsaturated fatty acids predominantly found in animal-based foods, particularly fish and seafood. As such, the exclusion of meat and seafood from the diet can significantly impact the intake of these crucial fatty acids. The observed lower levels of these metabolites in vegetarians likely reflect a reduced dietary intake of animal- derived ω-3 fatty acids, which are vital for maintaining cardiovascular health and modulating inflammatory responses (32). This finding aligns with existing literature, which consistently demonstrates that vegetarians generally exhibit lower levels of DHA and EPA compared to omnivores (33, 34).

However, vegetarians often compensate for this reduced intake of DHA and EPA by increasing their consumption of plant-based ω-3 fatty acids. One of our findings of this study is the elevated levels of α-linolenic acid in the serum of vegetarians. α-linolenic acid, an essential ω-3 fatty acid, is primarily sourced from plant oils like flaxseed, hemp, and soybean oils (35). These oils are rich in α-linolenic acid, which likely accounts for the higher concentrations observed in individuals following plant-based diets. In contrast, omnivorous diets, which often contain a higher proportion of animal-derived fats, tend to provide lower amounts of this specific fatty acid. Our results align with previous studies, which have also reported increased α-linolenic acid levels in the serum of vegetarians (36). That being said, it is important to note that the conversion efficiency of α-linolenic acid into longer-chain polyunsaturated fatty acids, such as DHA and EPA, can be inadequate to fully compensate for their deficiency in vegetarians (37). For this reason, it is important to emphasize the intake of ALA-rich food to overcome the low conversion efficiency.

Another noteworthy finding was the reduced concentration of creatine in the serum of vegetarians. Creatine, a compound primarily derived from red meat and fish, plays a critical role in energy metabolism, particularly in tissues with high energy demands like muscles and the brain (38, 39). The lower creatine levels in vegetarians are likely attributed to their limited intake of animal products, which are the main dietary sources of this compound. Multiple clinical studies have demonstrated that creatine supplementation can benefit vegetarian athletes by replenishing their creatine levels, boosting energy metabolism, and thereby enhancing overall athletic performance (40). However, an elevation of guanidoacetic acid— a direct precursor to creatine— was observed in vegetarians (41). This suggests that while vegetarians are capable of synthesizing guanidoacetic acid, they may face challenges in efficiently converting it into creatine. This inefficiency in creatine synthesis could be linked to a reduction in methylation processes. The methylation process depends on methyl donors derived from nutrients such as methionine, with S-adenosylmethionine serving as the key molecule for methylation reactions (42). In vegetarians, the lower availability of methionine in their diet, combined with potential vitamin B12 deficiency—a critical cofactor for methionine synthesis and homocysteine metabolism—may lead to a partial impairment of methylation capacity.

In our cohort, vegetarians demonstrated significantly lower BMI, WHR, and PBF compared to omnivores, which is consistent with previous research linking plant-based diets to lower obesity prevalence (43, 44). Further metabolic analysis revealed that methylcysteine and N-acetylaspartic acid were inversely associated with BMI, WHR, and PBF, suggesting their potential role in mitigating fat accumulation. Additionally, aconitic acid and citric acid showed a negative correlation with WHR and PBF. Another noteworthy finding was the inverse relationship between IPA and both SBP and DBP among vegetarians, indicating a potential protective effect of plant-based diets against hypertension (43, 45). Vegetarians also exhibited significantly improved lipid profiles and glucose regulation compared to omnivores, aligning with previous studies associating plant-based diets with better metabolic indices (43, 44). Our metabolomic analysis further revealed that methylcysteine and guanidoacetic acid were significantly correlated with lipid markers. However, it is important to note that the lipid-lowering effects of vegetarianism may come at the expense of reduced bioavailability of DHA and EPA, key ω-3 polyunsaturated fatty acids (46). In terms of glucose metabolism, aconitic acid was strongly inversely correlated with both FI and HOMA-IR. Integrating these findings, we identified aconitic acid, citric acid, methylcysteine, and IPA as key serum biomarkers strongly inversely associated with cardiometabolic risk in vegetarians compared to omnivores.

Aconitic acid and citric acid, key intermediates in the TCA cycle, play a crucial role in energy metabolism. A clinical study demonstrated that higher serum levels of both aconitic acid and citric acid were associated with improved insulin sensitivity in adipose tissue (47). Animal studies have shown that serum concentrations of TCA intermediates were significantly reduced in high-fat diet-induced insulin-resistant mice (26). However, there is ongoing debate regarding the beneficial effects of TCA intermediates on metabolic and cardiovascular health, with some studies presenting opposing views (48). Despite these conflicting perspectives, our results indicated that higher serum levels of aconitic acid and citric acid were positively correlated with favorable metabolic outcomes in vegetarians. Further research is needed to fully understand the complex roles of TCA intermediates and their impact on health.

Methylcysteine and its derivatives play a vital role in promoting metabolic health through their potent anti-inflammatory and antioxidant properties. These compounds effectively combat oxidative stress in mice by enhancing glutathione synthesis, reducing the accumulation of ROS, and modulating key inflammatory pathways (49). Additionally, oral treatment of methylcysteine is effective in improving insulin resistance while attenuating metabolic syndrome, inflammation, and oxidative stress in rats fed with fructose rich diet (50). In particular, certain derivatives have been shown to activate NRF2 signaling, a pivotal regulator of cellular antioxidant defenses, while concurrently inhibiting NF-κB and NLRP3 inflammasome activation, thereby enhancing their protective effects against oxidative stress and inflammation (51).

IPA, a gut microbiota-derived metabolite of tryptophan, serves as a key mediator of the interactions between vegetarian diets and the microbiota-host environment (52). Epidemiological studies conducted in Finland, have demonstrated positive correlations between circulating IPA levels and dietary fiber intake, particularly from whole grains (53). In our study, vegetarians exhibited higher serum IPA levels, which were significantly associated with increased cereals, grain, and millet consumption. Growing evidence highlights the relevance of IPA in metabolic diseases, with studies linking its levels to the risk of obesity (54), type 2 diabetes (53), metabolic-associated fatty liver disease (55), and hyperlipidemia (56). Mechanistically, IPA may modulate these metabolic conditions through its involvement in glucose metabolism, insulin sensitivity, lipid homeostasis, inflammatory pathways, and gut microbiota dynamics (57). Additionally, animal studies have demonstrated that IPA exerts beneficial effects on heart function and enhances mitochondrial energy production (58). These findings underscore the potential role of IPA as a critical mediator of the cardiometabolic benefits associated with vegetarian diets.

Our study also explored the relationship between dietary components and metabolite profiles. Notably, metabolites such as methylcysteine, IPA, and maleic acid showed significant correlations with the intake of specific plant-based foods. Methylcysteine, primarily found in foods such as cruciferous vegetables (e.g., broccoli and cabbage) and seeds (e.g., bean and legume) (59, 60), was negatively correlated with animal food intake, which is consistent with its higher concentration in vegetarians. Similarly, IPA, a compound primarily produced by the gut microbiota from dietary tryptophan, was negatively correlated with animal foods but positively correlated with millet, coarse grains, mixed beans, and potatoes, which are staples in vegetarian diets (61, 62). These findings reinforce the idea that plant-based diets, rich in whole grains, legumes, and vegetables, have a distinct metabolic signature that influences health outcomes. In contrast, metabolites like DHA and EPA, which are predominantly found in aquatic foods (particularly fish), were strongly correlated with the intake of these foods (63, 64). This highlights the potential dietary shortfall in vegetarians with respect to ω-3 fatty acids. In terms of nutrients, the differential metabolites between vegetarians and omnivores were found to be correlated with niacin, selenium, vitamin A, and vitamin D. This indicates that vegetarians may have a lower intake of certain micronutrients, especially those that are predominantly found in animal-based foods.

The findings of this study suggest that vegetarian diets are associated with distinct serum metabolomic profiles, which contribute to improved cardiometabolic health, as shown in previous research (65). However, the observed downregulation of ω-3 fatty acids and certain fat-soluble vitamins, such as vitamin A and D, in vegetarians highlights the importance of personalized dietary recommendations (32). For vegetarians, especially those adhering to a strict plant-based diet, supplementation with ω-3 fatty acids, like algal oil, and careful monitoring of fat-soluble vitamin levels may be necessary to ensure a well-rounded nutrient intake that supports long-term health (33, 66).

Despite the robust findings, this study has several limitations. First, the cross-sectional design limits the ability to establish causal relationships between diet and metabolic health, and the dietary intake data collected through FFQ are subject to potential biases such as recall errors and inaccuracies in portion estimation (67–69). Therefore, while these findings provide clues for food- and nutrient-related biomarkers, the observed correlations alone cannot establish a direct causal relationship between metabolite changes and specific food or nutrient intake. Longitudinal studies are needed to assess the long-term effects of vegetarian diets on cardiometabolic risk factors and their potential role in disease prevention. Second, we utilized the Q300 commercial metabolomics platform to detect 305 metabolites, which did not include trimethylamine-N-oxide and its associated choline—substances closely linked to vegetarian diets and cardiometabolic diseases. Future studies should incorporate these metabolites to gain a more comprehensive understanding of their potential impact on cardiometabolic health in relation to diet. Third, while this study was conducted in a Chinese cohort, it is important to acknowledge that dietary patterns and metabolic responses to vegetarian diets may vary across different populations. Further studies in diverse populations are needed to explore the generalizability of our findings and determine how cultural and environmental factors influence the metabolic effects of vegetarian diets.



5 Conclusion

This study identified distinct serum metabolomic profiles associated with vegetarian diets in a Chinese cohort, which may contribute to a more favorable cardiometabolic risk factor profile. Furthermore, by elucidating differential metabolites linked to dietary intake and metabolic health, our findings provide valuable insights for the development of personalized and culturally appropriate dietary recommendations. We anticipate that this study will deepen the understanding of the metabolic mechanisms underlying the health benefits of vegetarian diets.
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SUPPLEMENTARY FIGURE 1 | Multivariate analysis of serum metabolomic profiles for the discrimination between vegetarians and omnivores. (A) PCA score plot with principal component boxplot. (B) PLS-DA score plot with principal component boxplot. (C) OPLS-DA score plot. (D) Permutation test results showing correlation coefficients.

SUPPLEMENTARY FIGURE 2 | Bubble plot of metabolic pathway analysis based on hsa database. The node color is based on its p value and the node radius is determined based on their pathway impact values.

SUPPLEMENTARY FIGURE 3 | Heatmap of the correlations between differential metabolites and dietary foods in vegetarian group. Correlations were determined using Spearman correlation analysis. The colors from red to blue represent the correlation coefficients. DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; IPA, indolepropionic acid. * p < 0.05, † p < 0.01.

SUPPLEMENTARY FIGURE 4 | Heatmap of the correlations between differential metabolites and dietary foods in omnivore group. Correlations were determined using Spearman correlation analysis. The colors from red to blue represent the correlation coefficients. DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; IPA, indolepropionic acid. * p < 0.05, † p < 0.01.

SUPPLEMENTARY FIGURE 5 | Heatmap of the correlations between differential metabolites and dietary nutrients in vegetarian group. Correlations were determined using Spearman correlation analysis. The colors from red to blue represent the correlation coefficients. DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; IPA, indolepropionic acid. * p < 0.05, † p < 0.01.

SUPPLEMENTARY FIGURE 6 | Heatmap of the correlations between differential metabolites and dietary nutrients in omnivore group. Correlations were determined using Spearman correlation analysis. The colors from red to blue represent the correlation coefficients. DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; IPA, indolepropionic acid. * p < 0.05, † p < 0.01.
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Glossary


	BMI

	
Body mass index


	WHR

	
Waist-to-hip ratio


	PBF

	
Percent body fat


	SBP

	
Systolic blood pressure


	DBP

	
Diastolic blood pressure


	TC

	
Total cholesterol


	TG

	
Triglycerides


	LDL-C

	
Low-density lipoprotein cholesterol


	HDL-C

	
High-density lipoprotein cholesterol


	FG

	
Fasting glucose


	FI

	
Fasting insulin


	HOMA-IR

	
Homeostasis model assessment of insulin resistance


	HOMA-β

	
Homeostasis model assessment of β-cell function


	UPLC-MS/MS

	
Ultra-performance liquid chromatography–tandem mass spectrometry


	FFQ

	
Food frequency questionnaire


	PCA

	
Principal component analysis


	PLS-DA

	
Partial least squares-discriminant analysis


	OPLS-DA

	
Orthogonal partial least squares-discriminant analysis


	VIP

	
Variable importance in projection


	KEGG

	
Kyoto encyclopedia of genes and genomes


	TCA Cycle

	
Tricarboxylic acid cycle


	DHA

	
Docosahexaenoic acid


	EPA

	
Eicosapentaenoic acid


	IPA

	
Indolepropionic acid


	ROS

	
Reactive oxygen species
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Background: Consumer food choices are changing towards a more plant-based diet (PBD) due to growing awareness of their less detrimental effects on health and the environment. However, PBDs—particularly vegan diets—may lead to nutritional deficiencies compared to non-PBDs. These differences may, in part, be influenced by the typically lower caloric content of PBDs.
Objective: To compare the nutritional adequacy and environmental footprints of four 7-day menu models (~ 2,000 kcal/day) Mediterranean (omnivorous) diet, two vegetarian-like diets, and one vegan.
Methods: Menus were designed based on the recommendations of the Spanish Society for Community Nutrition (SENC) and Vegetarian Union (UVE), substituting animal-based foods with plant-based alternatives. Nutritional intake was assessed using the Spanish BEDCA food composition table (Base de Datos Española de Composición de Alimentos) and adequacy was evaluated using Dietary Reference Intakes (DRIs) and recommended intake levels. Daily environmental footprints were estimated with Agribalyse. Differences between the four diet models were evaluated by one-way ANOVA or Kruskal-Wallis tests, followed by post-hoc analyses to identify pairwise differences in nutrient intake (significance level: 95%).
Results: Daily macronutrient intake did not differ substantially across the diet groups. Furthermore, all four menus met protein needs and most micronutrient DRIs. Shortfalls were observed for vitamin D and iodine across all diets, and for vitamin B₁₂ in the vegan model; ω-3 PUFA were below the 250 mg/day target in all diets, while saturated fat remained < 8% of total energy intake. Mean daily environmental footprints decreased progressively from omnivorous to vegan diets: −46% CO₂, −6.6% deprived water and −33% land use among others.
Conclusion: Well-planned PBDs can achieve comparable sustainability and nutritional adequacy to a healthy Mediterranean diet, although attention is required to ensure adequate intake of certain micronutrients.

Keywords
 vegetarian diet; plant-based diet; diet design; environmental foodprint; nutritional quality


1 Introduction

The global adoption of plant-based diets (PBDs) is rising across diverse populations, driven by ethical, religious, health-related, social and environmental concerns (1–4). Transitioning from current western diets to PBDs is estimated to reduce diet-related greenhouse-gas emissions to 54–87% and lower premature mortality from non-communicable diseases by 18–21% (2, 5). Consequently, PBD adoption directly supports the 2030 Sustainable Development Goals (SDG), specifically SDG 3 (Good Health and Well-being), SDG 12 (Responsible Consumption and Production) and SDG 13 (Climate Action) (6). In line with these benefits, the Food and Agriculture Organization (FAO) and the World Health Organization (WHO) recommend a diet rich in fruits, vegetables, legumes, cereals, and nuts, with moderate consumption of fish, eggs, poultry, and dairy products, and limited consumption of red meats and starchy vegetables (5). Within this context, a dietary transition toward PBDs is taking place globally, as evidenced by declining consumption of animal-source foods such as meat, fish, eggs, and dairy, and a notable shift in the type of animal proteins consumed, with lower red-meat consumption and higher poultry intake (1, 2).

PBDs include both vegetarian and non-vegetarian diets, as well as vegan diets, which are the strictest form of PBDs. Vegan diet excludes all animal-based foods and avoids products that are made from or tested on animals (7). The vegetarian patterns comprise ovo-(and/or) lacto-vegetarian diets (which allow eggs and/or dairy), pesco-vegetarian diets (which include fish and seafood, along with eggs and/or dairy), and non-vegetarian patterns, such as the Mediterranean diet, which also aligns with plant-based (PB) principles. Indeed, the Mediterranean diet includes a high proportion of plant foods with reduced meat intake, which places this dietary pattern within a PB healthy omnivorous diet and along the “vegetarian-like” spectrum (8).

The vegetarian dietary patterns have been linked to lower risk of numerous diseases such as cardiovascular diseases mortality (9) and incidence of cerebrovascular events (10–12), diabetes, cancer, osteoporosis (13, 14), chronic kidney disease (15), and inflammation related to fibromyalgia (16).

However, while PBDs are widely considered health-promoting, they require careful planning and sufficient variety to deliver all essential nutrients (5, 17). Research on dietary intake and nutritional status among PBD consumers, particularly among vegans, remains inconsistent, making it difficult to draw firm conclusions on this issue (5, 18). Current evidence suggests that vegetarian and vegan adults consume less protein, vitamin B12, vitamin D, ω-3 series fatty acids [eicosapentaenoic acid (EPA) + docosahexaenoic acid (DHA)], iron, zinc, selenium, iodine and calcium than omnivores (5, 8, 18). In addition, according to some studies, vitamin B12, calcium and iodine are among the most compromised nutrients in vegans (18–20). However, PBDs can enhance the intake of other nutrients naturally present in PB foods such as fibre, polyunsaturated fatty acids (PUFAs) including α-linolenic acid (ALA), vitamin E, folate and magnesium, which are often underconsumed in omnivorous diets (5).

Because most comparative studies do not adjust nutrient intakes for total energy, lower-calorie vegan menus often appear deficient simply because they provide less energy, not because their nutrient density is inferior. Some studies have argued that well-planned vegetarian diets are nutritionally adequate by targeting foods rich in critical micronutrients, and, when necessary, using fortification or supplements (8, 21), but this issue remains controversial due to the methodological quality of the studies and the above given reason. Therefore, it is important to compare isoenergetic menus that represent well-defined patterns (ovo-lacto-vegetarian, pesco-vegetarian, vegan and omnivorous diet) in order to assess true nutrient equivalence.

Thus, this study aimed to compare the nutritional and sustainable quality of four isocaloric PBDs: Mediterranean omnivorous, pesco-vegetarian, ovo-lacto-vegetarian, vegan.



2 Methods

Study type: comparative diet modelling study.


2.1 Diet design

Four 7-day, isoenergetic menus (2,000 kcal/day: average daily energy requirement for adults) were constructed: (i) Mediterranean omnivorous; (ii) pesco-vegetarian; (iii) ovo-lacto-vegetarian; and (iv) vegan.


2.1.1 Design of the omnivorous menu

The reference menu was designed in concordance with the Spanish Society of Community Nutrition (SENC) for adults (Supplementary Table S1) (22, 23). This diet model resembles the Mediterranean diet and a healthy diet; thus, the proposed approach is applicable to other dietary guidelines across different countries or populations. The consumption frequency of each food group, along with recommended portions and serving sizes, was taken into account for the diet design.

To design a diet that supplies about 2,000 kcal for an average adult, we chose the median values of the recommended portion size ranges given by SENC (24); this approach aligns with the target energy intake. For milk, yogurt, and nuts, portion sizes were instead drawn from typical household measures and the servings most commonly consumed by the Spanish population according to a modern Mediterranean diet (25). The theoretical quantities for the menu preparation, in the order they appear in the Supplementary Table S1, were: 250 mL of milk, 125 g of yogurt, 50 g of cured cheese, 100 g of fresh cheese, 50 g of bread, 70 g of pasta/rice, 175 g of potatoes, 175 g of vegetables, 150 g of fruit, 10 mL of olive oil, 70 g of legumes, 30 g of nuts, 110 g of meat, 130 g of fish, and 60 g of eggs.

To adjust portion sizes, diet calibrations were conducted on the third day of the menu to check the diet design. i.e., the energy content was reviewed and modified, if needed, to remain within ± 10% of the target caloric intake (2,000 kcal). The omnivorous diet plan, which served as the basis for developing the vegetarian diets (pesco-vegetarian and ovo-lacto-vegetarian) and vegan diet is shown in Table 1.


TABLE 1 Detailed 7-day standard omnivorous menu plan with dish names, ingredients, and portion quantities by meal.


	Eating occasion
	Monday
	Tuesday
	Wednesday
	Thursday
	Friday
	Saturday
	Sunday

 

 	Breakfast 	Coffee with milk (100 mL), whole wheat toast (60 g) with tomato (50 g) and EVOO (5 g) and kiwi (150 g) 	Milk (150 mL) with oats (30 g), kiwi (75 g), strawberries (75 g), and banana (75 g) 	Coffee with milk (100 mL), whole wheat toast (60 g) with tomato (50 g) and EVOO (5 g) and kiwi (150 g) 	Milk (150 mL) with oats (30 g), kiwi (75 g), strawberries (75 g), banana (75 g), and nuts cream butter (30 g) 	Coffee with milk (100 mL), whole wheat toast (60 g) with tomato (50 g) and EVOO (5 g) and kiwi (150 g) 	Coffee with milk (100 mL), whole wheat toast (60 g) with tomato (50 g) and EVOO (5 g) 	Glass of milk (250 mL), whole wheat toast (60 g) with tomato (50 g) and EVOO (5 g) and kiwi (150 g)


 	Mid-morning 	Natural yogurt (125 g) with oats (30 g) and banana (150 g) 	Coffee with milk (100 mL), whole wheat toast (60 g) with tomato (50 g) and
 EVOO (5 g), banana (75 g) 	Milk (150 mL) with oats (30 g) and blueberries (150 g) 	Coffee with milk (100 mL), whole wheat toast (60 g) with tomato (50 g) and EVOO (5 g) and banana (75 g) 	Natural yogurt (125 g) with oats (30 g), strawberries (75 g), and banana (75 g) 	Milk (150 mL) with oats (30 g) with natural nuts cream butter (30 g) and blueberries (150 g) 	Natural yogurt (125 g) with strawberries (150 g) and nuts (30 g)


 	Lunch 	Bean stew with vegetables (75 g tomato, 75 g green pepper, 50 g onion, 50 g carrot, 150 g chard, 60 g beans, 150 g potato, 10 g EVOO) Bread (40 g) and apple (150 g) 	Pasta salad with vegetables and tomatoes sauce, tuna and cheese (75 g eggplant, 75 g zucchini, 150 g tomato, 50 g onion, 60 g raw pasta, 10 g EVOO, 30 g fresh cheese, 80 g canned tuna)
 Bread (40 g) and pear (150 g) 	Beef stew (75 g tomato, 75 g green pepper, 50 g onion, 50 g carrot, 100 g potato, 150 g mushroom, 110 g beef, 10 g EVOO)
 Bread (40 g) and mango (150 g) 	Eggs on a plate (60 g egg, 100 g eggplant, 100 g zucchini, 50 g onion, 5 g garlic, 100 g tomato, 50 g peas, 10 g EVOO, 30 g cured ham)
 Bread (40 g) and apple (150 g) 	Lentil stew with pumpkin and rice (60 g lentils, 50 g onion, 75 g green pepper, 75 g tomato, 50 g zucchini, 50 g carrot, 150 g pumpkin, 60 g raw rice, 10 g EVOO)
 Bread (60 g) and pear (150 g) 	Grilled salmon with sautéed quinoa and artichokes (salmon 130 g, 5 g garlic, 50 g onion, 150 g artichokes, 80 g quinoa, 10 g EVOO)
 Bread (60 g) and mango (150 g) 	Baked sea bream with vegetables and potatoes (130 g sea bream, 50 g onion, 75 g green pepper, 75 g red pepper, 150 g potato, 75 g broccoli, 10 g EVOO)
 Bread (60 g) and apple (150 g)


 	Snack 	Milk shaker with milk (150 mL) with natural nuts cream butter (30 g) and blueberries (150 g) 	Natural yogurt (125 g) with kiwi (75 g), strawberries (75 g) and nuts (30 g) 	Natural yogurt (125 g) with strawberries (150 g) and nuts (30 g) 	Natural yogurt (125 g) with kiwi (75 g) and strawberries (75 g) 	Milk shaker with milk (150 mL), strawberries (75 g), banana (75 g) and nuts (30 g) 	Natural yogurt (125 g) with kiwi (150 g) and banana (150 g) 	Whole wheat toast (60 g) with tomato (50 g) and EVOO (5 g) and banana (150 g)


 	Dinner 	Grilled turkey fillet with sautéed rice and vegetables (110 g turkey, 60 g raw rice, 75 g asparagus, 150 g mushrooms, 5 g garlic, 10 g EVOO, 75 g zucchini)
 Bread (40 g) and mandarin (150 g) 	Carrot puree (150 g carrot, 50 g potato, 5 g EVOO) Potato omelette (60 g egg, 100 g potato, 5 g EVOO)
 Bread (40 g) and orange (150 g) 	Hummus toast (60 g bread, 60 g chickpeas, 5 g EVOO) Gratin cauliflower (150 g cauliflower, 30 g grated cheese)
 Grapes (150 g) 	Grilled hake with sautéed green beans and potatoes (Hake 130 g, 200 g green beans, 100 g potatoes, 10 g EVOO)
 Bread (40 g) and mandarin (150 g) 	Chicken fajitas with mixed vegetables (60 g corn tortillas, 110 g chicken, 50 g onion, 75 g red pepper, 75 g green pepper, 10 g EVOO) Orange (150 g) 	Spinach and cheese tortilla sandwich (60 g bread, 60 g egg, 200 g spinach, 10 g EVOO, 30 g grated cheese) Grapes (150 g) 	Minced meat soup (250 mL chicken broth, 60 g egg, 40 g ham, 50 g toasted bread) Salad (75 g spinach, 50 g escarole, 75 g tomato, 40 g fresh cheese, 25 g corn, 50 g grated carrot, 5 g EVOO)
 Mandarin (150 g)





Foods of animal origin (and the portion sizes) that were replaced throughout the 3 types of PBD are indicated bold. The names of the dishes are written in italics. EVOO: extra-virgin olive EVOO.
 



2.1.2 Design of the plant-based menu

In the 7-day pesco-vegetarian diet menu, meat and its derivatives were substituted with PB foods, e.g., tofu and textured soy protein, or animal-based foods allowed in this diet, such as fish, eggs and cheese, accounting for nutritional quality intake.

In the vegan diet menu, all animal-based foods (meat, fish, eggs and dairy) were excluded. These were replaced exclusively by PB foods, such as PB meat alternatives (tofu, textured soy protein, seitan, tempeh), PB beverages, soy yogurt, seeds, and legumes or legume flours.

In all cases the SENC recommendations were followed for overall diet planning, while Spanish Vegetarian Union (UVE) guidelines were used for PB protein sources not included in the SENC recommendations (26).

Energy calibration was also performed for each day to ensure caloric adequacy. For each isocaloric menu, if the total energy deviated by more than ± 10% from the 2,000-kcal target, portion sizes were adjusted, or foods were modified, according to UVE recommendations for plant-protein foods to maintain energy value within the acceptable range.

Table 2 summarises every food change applied to generate the alternative menus. For each animal-derived item removed from the reference diet, the table lists the replacement food, PB or an allowable animal product, and its portion size. Substitutions are shown by day of the week (Monday–Sunday) and by eating occasion (e.g., breakfast, mid-morning snack, lunch).


TABLE 2 Substitutions of animal-based foods by PB foods applied to Table 1.


	Menu rotation
	Omnivorous
	Pesco-vegetarian
	Ovo-lacto-vegetarian
	Vegan

 

 	Daily 	Milk (250 mL) and yogurt (125 g) 	- 	- 	Soy drink (250 mL) and soy yogurt (125 g)


 	Monday 	Turkey fillet (100 g) 	Tofu (100 g) 	Tofu (100 g) 	Tofu (100 g)


 	Tuesday 	Canned tuna (80 g) 	- 	Textured soy (40 g) and grated cheese (30 g) 	Textured soy (40 g)


 	Egg (60 g) 	- 	- 	Chickpea flour (40 g)


 	Wednesday 	Beef (100 g) 	Cod (125 g) 	Seitan (100 g) 	Seitan (100 g)


 	Grated cheese, mozzarella (30 g) 	- 	- 	Soybean sprouts (50 g) and flax seeds (10 g)


 	Thursday 	Egg (60 g) and ham (30 g) 	Grated cheese, mozzarella (30 g) 	Grated cheese, mozzarella (30 g) 	Peas (60 g)


 	Hake (125 g) 	- 	Seitan (85 g) and chickpeas (30 g) 	Seitan (85 g) and chickpeas (30 g)


 	Friday 	Chicken (100 g) 	Textured soy (40 g) and grated cheese, mozzarella (30 g) 	Textured soy (40 g) and grated cheese, mozzarella (30 g) 	Textured soy (40 g)


 	Saturday 	Salmon (125 g) 	- 	Tofu (100 g) and flax seeds (10 g) 	Tofu (100 g) and flax seeds (10 g)


 	Egg (60 g) 	- 	- 	Chickpea flour (40 g)


 	Sunday 	Sea bream (125 g) 	- 	Tempeh (100 g) 	Tempeh (100 g)


 	Chicken broth (250 mL), egg (60 g), ham (30 g) and fresh cheese (40 g) 	Vegetable broth (250 mL), chickpeas (30 g) and flax seeds (10 g) 	Vegetable broth (250 mL), chickpeas (30 g) and flax seeds (10 g) 	Vegetable broth (250 mL), soy sprouts (50 g), lentils (30 g) and flax seeds (10 g)




 




2.2 Assessment of compliance with dietary guidelines

The alignment of the 7-day menus was evaluated by analysing serving sizes and intake frequencies in comparison with the reference dietary guidelines (SENC 2018 and UVE), as detailed in Supplementary Table S2. More specifically, we considered food groups with their respective intake frequencies (daily or weekly) based on the aforementioned guidelines. The food groups considered from the SENC Dietary Guidelines were: milk and dairy products; bread, cereals, rice, pasta, and potatoes; vegetables; fruits; olive oil; legumes; nuts; fish and seafood; lean meats; and eggs. The food groups included in the UVE recommendations were: legumes, soy and its derivatives, seitan, and seeds. Although legumes appear as a separate group in the SENC Dietary Guidelines, the UVE framework classifies them (along with soy foods and seitan) under a single “legumes and derivatives” category. To maintain internal consistency, we applied the UVE criteria for this food group when designing the PB menus. Thus, for legumes, the intake frequency from the SENC guidelines was applied to the omnivorous diet, while for the PBDs, legume intake frequency was evaluated together with soy-based foods and seitan.

The four menus met all the recommended consumption frequencies from the SENC Dietary Guidelines (except for animal-based foods not included in the PBDs) and the UVE recommendations, supporting that all were healthy and balanced.



2.3 Assessment of energy and nutrient intake

To compare the macro- and micronutrient intake of the four diet types, two different Food Composition Tables (FCTs) were used: All foods present in the Spanish BEDCA database (Base de Datos Española de Composición de Alimentos) were transferred to an Excel spreadsheet (27). Foods not included in BEDCA, such as tempeh, seitan, and soy yogurt, were added using USDA (United States Department of Agriculture) nutritional data (28). Once the spreadsheet was complete with all foods and their respective nutritional information, the daily diets were added in columns (7 columns for each diet, totalling 7×4 = 28 columns). Formulas were applied to each nutrient column to calculate the energy and nutrient contribution for each food and day (food in g x nutrient/100 g of food). While foods were considered as whole items (including both edible and inedible parts) in diet planning, only the edible part was considered when compiling nutrient values, as indicated in the FCT. For instance, for 150 g kiwi, the edible portion considered was 132 g (edible portion: 0.82).

To distinguish between nutrients derived from PB and animal-based food sources, we estimated the percentage contribution of nutrients by dietary source. As for iron, we assumed that 40% of the total iron in meat, poultry, and fish was heme iron, with the remaining 60% classified as non-heme iron. The same was considered for eggs and dairy products. Iron from PB sources was considered entirely non-heme (29).



2.4 Diet quality and adequacy assessment

To assess diet quality, a comparison based on Nutritional Goals (NGs) established by the SENC, the FAO, and the European Food Safety Authority (EFSA) were used, specifically regarding the lipid profile of the diet and other key targets (Supplementary Table 3) (30–32). In addition, Nutrient Reference Values (NRV) (33) were considered to assess nutrient intake for an adult with an average energy requirement of 2,000 kcal.

Other nutrient intake recommendations, namely the Dietary Reference Intakes (DRIs) from the Institute of Medicine (IOM) (34), for age and gender-specific recommendations were applied (35–41). Only the adult categories of 19–30, 31–50, and 51–70 years, for both women and men, were considered. Nutritional adequacy was assessed by calculating the percentage of the Recommended Dietary Allowance (RDA) covered by the average daily intake (of the 7-day menu) for each nutrient. Nutrient intakes meeting the RDA levels (>100% compliance) were considered adequate; otherwise, the intake of nutrient was considered potentially inadequate. Tolerable Upper intake levels (ULs) were also considered to account for potential over-adequacy. In addition, macronutrient intake was evaluated based on the Acceptable Macronutrient Distribution Ranges (AMDRs) established by IOM, which states that carbohydrates provide 45–65% of total energy, fats 20–35%, and proteins the remaining part of total energy (10–35%).



2.5 Methodology for compiling footprints indicators

A cradle-to-home life-cycle boundary was adopted. Included processes comprised primary production (crop, livestock, aquaculture or wild fishery). The edible portion weights of single ingredients in the menu were considered.

Environmental-intensity factors were obtained from Agribalyse 3.1.1 (42), in the case of missing foods (e.g., mushrooms), values from Robinson et al. 2019 (43) were used. The final daily footprints were calculated by summing the mass of each edible food ingredient (g) multiplied by its corresponding intensity factor. Water and land footprints were computed analogously. Other footprint indicators reported in AGRIBALYSE 3.1.1 were also included in this study (climate change, ozone depletion, ionizing radiation, photochemical ozone formation, fine particulate matter, human toxicity—non-carcinogenic substances, human toxicity—carcinogenic substances, terrestrial and freshwater acidification, freshwater eutrophication, marine eutrophication, terrestrial eutrophication, freshwater ecotoxicity, land use, water resource depletion, energy resource depletion, mineral resource depletion).



2.6 Statistical data analysis

For each food and nutrient, the seven daily values per menu were treated as independent replicates (n = 7). Intakes were expressed as mean ± SD. Normality was checked with the Shapiro–Wilk test and homogeneity of variances with Levene’s test. If both assumptions held, a one-way ANOVA (factor = dietary pattern, 4 levels) was performed; otherwise, a Kruskal–Wallis test replaced ANOVA. When the overall test was significant (p < 0.05), pairwise differences were explored with Tukey’s HSD (parametric), or Dunn’s test (non-parametric) with Benjamini-Hochberg (BH) multiple testing correction. Analyses were run in Python 3.11 with SciPy 1.11, statsmodels 0.14 and scikit-posthocs 0.7, and in R version 4.4 (44).




3 Results


3.1 Nutrient distribution in isoenergetic menus

Table 3 shows the nutritional profile of the menus. All 7-day menus were isocaloric, delivering 2,000 kcal/day, and all complied with the macronutrient ranges proposed by the Spanish NGs and EFSA for a balanced diet (10–15% of energy from protein, <40% from fat, and >50% from carbohydrates). The macronutrient distribution also met those set as AMDR by the IOM. No statistically significant differences were seen among diets for total fat, protein or carbohydrate energy contribution. Interestingly, the vegan menu supplied a significantly higher amount of dietary fibre (>10 g/day) than the other three patterns (p = 0.02). All four menus provided fibre intakes above the NG recommendations (>14 g/d per 1,000 kcal).


TABLE 3 Macronutrients (mean ± SD; n = 7 days) presented in the isocaloric menus for omnivorous, pesco-vegetarian, ovo-lacto-vegetarian and vegan diets.


	Nutrient
	Omnivorous (mean ± SD)
	Pesco-vegetarian (mean ± SD)
	Ovo-lacto-vegetarian (mean ± SD)
	Vegan (mean ± SD)
	p-value1

 

 	Energy (kcal) 	2146.47 ± 186.35 	2078.36 ± 193.82 	2113.77 ± 173.60 	2197.59 ± 201.07 	0.684


 	Fat (g) 	92.68 ± 32.41 	80.08 ± 8.46 	80.80 ± 8.56 	72.97 ± 7.43 	0.166


 	Protein (g) 	91.97 ± 11.91 	88.16 ± 11.85 	88.64 ± 10.32 	91.31 ± 15.06 	0.952


 	Carbs (g) 	263.13 ± 35.95 	251.33 ± 33.97 	256.41 ± 34.57 	293.58 ± 24.42 	0.096


 	Fiber (g) 	45.76 ± 9.36b 	45.18 ± 5.72b 	46.54 ± 5.56b 	56.35 ± 6.80a 	0.020


 	Fat (% of E) 	39.26 ± 15.07b 	34.78 ± 3.27b 	34.50 ± 3.64b 	29.87 ± 0.78a 	0.036


 	Protein (% of E) 	17.15 ± 1.75 	16.96 ± 1.53 	16.78 ± 1.50 	16.58 ± 1.82 	0.757


 	Carbs (% of E) 	48.93 ± 3.99b 	48.27 ± 3.49b 	48.43 ± 4.20b 	53.51 ± 2.28a 	0.056





1 p-values derived from one-way ANOVA or Kruskal-Wallis, where appropriate. Pairwise comparisons were performed via Tukey (parametric) or Dunn (non-parametric) post-hoc tests, with p-values corrected for multiple testing through BH. Means sharing a common superscript letter do not differ significantly between the groups (p < 0.05).
 

The macronutrient profile of all four menus was relatively similar. The only notable difference was the vegan menu, which supplied less than 30% of total energy as fats, whereas it ranged from 34–39% in the other diet groups. Moreover, this difference was statistically significant. No significant differences were observed for protein or carbs relative to energy intake between the diet groups.

With respect to the vitamin and mineral profiles of the isoenergetic menus (Table 4), statistically significant differences emerged for iodine (p = 0.003), selenium (p = 0.002), vitamin B3 (p < 0.001), vitamin B12 (p = 0.007), vitamin D (p = 0.001) and sodium (p = 0.042); in all cases the vegan menu provided the lowest intake compared to the others diet groups (p < 0.05). In contrast, the same vegan pattern provided higher amounts of several micronutrients, reaching statistical significance for vitamin B1 (p = 0.014) and iron (p = 0.026) and showing non-significant upward trends for folate (p = 0.257), potassium (p = 0.401) and magnesium (p = 0.164).


TABLE 4 Micronutrients: vitamins and minerals (mean ± SD; n = 7 days) presented in the isocaloric menus for omnivorous, pesco-vegetarian, ovo-lacto-vegetarian and vegan diets.


	Nutrient
	Omnivorous (mean ± SD)
	Pesco-vegetarian (mean ± SD)
	Ovo-lacto-vegetarian (mean ± SD)
	Vegan (mean ± SD)
	p-value1

 

 	Vit B₁ (mg) 	1.90 ± 0.16b 	1.78 ± 0.18b 	1.79 ± 0.17b 	2.16 ± 0.17a 	0.001


 	Vit B₂ (mg) 	2.19 ± 0.32 	2.10 ± 0.20 	2.13 ± 0.20 	2.40 ± 0.25 	0.119


 	Vit B₃ (mg NE) 	28.74 ± 4.12a 	26.62 ± 2.82a,b 	22.80 ± 1.22b-c 	21.62 ± 2.16c 	<0.001


 	Vit B₅ (mg) 	1.17 ± 0.76 	1.16 ± 0.63 	1.14 ± 0.56 	1.50 ± 0.41 	0.634


 	Vit B₆ (mg) 	3.30 ± 0.35 	3.21 ± 0.26 	3.09 ± 0.35 	3.16 ± 0.34 	0.667


 	Vit B₉ (μg) 	590.66 ± 127.86 	594.53 ± 90.42 	606.83 ± 64.55 	716.59 ± 123.15 	0.103


 	Vit B₁₂ (μg) 	3.65 ± 1.84a 	4.31 ± 2.24a 	2.90 ± 1.11a 	0.30 ± 0.63b 	<0.001


 	Vit C (mg) 	435.25 ± 112.09 	436.16 ± 110.77 	436.53 ± 110.57 	432.43 ± 114.08 	0.985


 	Vit D (μg) 	2.85 ± 4.88a 	3.82 ± 5.06a 	0.86 ± 0.50a 	0.00 ± 0.00b 	0.001


 	Vit E (mg α-TE) 	16.81 ± 3.08 	17.00 ± 2.84 	16.72 ± 2.09 	18.56 ± 2.39 	0.253


 	Retinol (μg)* 	1436.73 ± 634.78 	1470.01 ± 614.38 	1462.64 ± 605.29 	1334.58 ± 588.12 	0.974


 	Potassium (mg) 	5265.68 ± 668.85 	5246.44 ± 562.88 	5232.86 ± 586.16 	5707.41 ± 586.21 	0.401


 	Calcium (mg) 	1158.09 ± 240.47 	1258.96 ± 113.81 	1312.88 ± 175.90 	1190.82 ± 235.09 	0.146


 	Sodium (mg) 	1820.25 ± 495.65c 	1643.30 ± 238.54c 	1581.46 ± 242.48b-c 	1270.61 ± 243.13a,b 	0.042


 	Iron (mg) 	19.57 ± 3.77c 	19.77 ± 4.33b-c 	20.83 ± 3.85a,b 	26.12 ± 4.92a 	0.026


 	Iodine (μg) 	119.52 ± 16.68a 	143.61 ± 61.52a 	109.20 ± 18.67a,b 	55.16 ± 20.87b 	0.003


 	Selenium (μg) 	105.54 ± 22.53a 	101.86 ± 11.30a,b 	83.79 ± 8.47b-c 	76.52 ± 11.51c 	0.002


 	Magnesium (mg) 	544.42 ± 174.04 	533.47 ± 102.20 	555.36 ± 119.97 	680.88 ± 153.71 	0.164


 	Phosphorus (mg) 	1703.54 ± 145.60 	1752.27 ± 169.48 	1741.37 ± 182.36 	1601.28 ± 246.49 	0.511


 	Zinc (mg) 	11.52 ± 1.58 	10.93 ± 1.48 	11.11 ± 1.48 	10.96 ± 1.90 	0.899





1 p-values derived from one-way ANOVA or Kruskal-Wallis, where appropriate. Pairwise comparisons were performed via Tukey (parametric) or Dunn (non-parametric) post-hoc tests, with p-values corrected for multiple testing through BH. Means sharing a common superscript letter do not differ significantly between the groups (p < 0.05). * Retinol (preformed Vitamin A).
 

When the fatty-acid profiles of the four diet groups (7-day menus) were compared, as shown in Table 5, significant differences were apparent for total saturated fatty acids (SFA, p = 0.001); the vegan menu provided markedly less SFA (9.36 ± 1.13 g/day) than the other patterns (18.1–19.9 g/day). A non-significant increasing trend was observed for PUFA in the vegan diet (p = 0.082), whereas monounsaturated fatty-acid (MUFA) intake did not differ across the menus. At the individual-fatty-acid level, intake of stearic, lauric and myristic acids was significantly lower in the vegan menu, whereas intakes of linoleic acid (LA, 18:2 ω-6) and alpha-linolenic (ALA, 18:3 ω-3) were significantly higher in this group than in the other three diet patterns. Of note, intake of EPA was similar among pesco-vegetarians (0.12 ± 0.17 g/day) and the omnivorous diet group (0.13 ± 0.17 g/day). The intake of DHA was similar among the pesco-vegetarian diet.


TABLE 5 Fatty acid profile and cholesterol composition in the isocaloric menus for omnivorous, pesco-vegetarian, ovo-lacto-vegetarian and vegan diets.


	Nutrient
	Omnivorous (mean ± SD)
	Pesco-vegetarian (mean ± SD)
	Ovo-lacto-vegetarian (mean ± SD)
	Vegan (mean ± SD)
	p-value1

 

 	SFA (g) 	19.90 ± 4.54a 	19.24 ± 2.87a 	18.96 ± 2.49a 	9.36 ± 1.13b 	<0.001


 	MUFA (g) 	32.11 ± 2.73 	32.53 ± 3.56 	32.42 ± 3.07 	29.00 ± 2.58 	0.114


 	PUFA (g) 	22.34 ± 4.25 	22.47 ± 2.17 	22.95 ± 2.55 	25.31 ± 3.11 	0.082


 	LA, 18:2 n-6 (g) 	13.65 ± 0.87b 	13.98 ± 1.42a,b 	14.83 ± 1.96a,b 	17.07 ± 2.26a 	0.034


 	ALA, 18:3 n-3 (g) 	0.73 ± 0.10b 	0.81 ± 0.28a,b 	0.93 ± 0.36a,b 	1.20 ± 0.36a 	0.019


 	AA, 20:4 n-6 (g) 	0.03 ± 0.03 	0.01 ± 0.02 	0.00 ± 0.00 	0.00 ± 0.00 	0.062


 	EPA, 20:5 n-3 (g) 	0.13 ± 0.17a 	0.13 ± 0.17a 	0.01 ± 0.00a,b 	0.01 ± 0.00b 	0.006


 	DHA, 22:6 n-3 (g) 	0.23 ± 0.31 	0.23 ± 0.31 	0.01 ± 0.00 	0.01 ± 0.00 	0.189


 	Lauric acid (12:0) (g) 	0.21 ± 0.08a 	0.21 ± 0.00a 	0.21 ± 0.00a 	0.00 ± 0.00b 	0.001


 	Myristic acid (14:0) (g) 	0.72 ± 0.28a 	0.71 ± 0.09a 	0.66 ± 0.00a,b 	0.02 ± 0.00b 	0.001


 	Stearic acid (18:0) (g) 	2.12 ± 0.21a 	2.02 ± 0.14a 	1.99 ± 0.19a,b 	1.53 ± 0.19b 	0.001


 	Cholesterol (mg) ¥ 	227.90 ± 105.36a 	211.00 ± 122.87a 	174.43 ± 107.13a,b 	0.00 ± 0.00b 	0.001


 	LA: ALA2, ¥ 	18.69 	17.26 	15.94 	14.23 	


 	PUFA: SFA2, ¥ 	1.12 	1.17 	1.21 	2.70 	


 	(MUFA+PUFA): SFA2, ¥ 	2.73 	2.86 	2.92 	5.80 	





1 P-values derived from one-way ANOVA or Kruskal-Wallis, where appropriate. Pairwise comparisons were performed via Tukey (parametric) or Dunn (non-parametric) post-hoc tests, with p-values corrected for multiple testing through BH. Means sharing a common superscript letter do not differ significantly between the groups (p < 0.05). 2 Calculated ratios. ¥ Diet quality indicators based on NGs established by SENC (Supplementary Table 2): cholesterol: < 300 mg/d; LA: ALA: 4/1–5/1; PUFA: SFA: ≥ 0.5; (MUFA+PUFA): SFA: ≥ 2. SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsatured fatty acids; LA: linoleic acid: ALA: linolenic acid; AA: araquidonic acid; EPA: eicosapentanoic acid; DHA: docosahexaenoic acid.
 



3.2 Diet quality indices of the menus

Supplementary Tables S3, S5 show the comparison of the four types of diet in relation to compliance with the NGs for the Spanish population. It was observed that all met most of the quality indices set in these guidelines. Compliance with the intake of fiber and of fruits and vegetables, was similar across the four diets and above the reference value. The contribution of PUFAs to total energy intake was above the 5% threshold across all four diet groups. The intake of SFAs met the objectives, with the vegan diet showing the greatest compliance. The percentage of ω-3 and ω-6 fatty acids in the diet relative to the total energy intake did not vary notably among the diet groups; none met the recommendations for ω-3 fatty acids. As a consequence, the ω-6/ω-3 ratio was markedly high in all diet groups. Finally, all complied with the threshold given for cholesterol; as expected, the amount of cholesterol was negligible in the vegan diet. As for the Ca/P ratio, this index showed a higher trend for the intake of P in all diet groups. As also shown in Table 4, intakes over 1,000 mg/day of calcium and 400 μg/day of folate were met in the four groups.



3.3 Nutrient adequacy in adult men and women

Nutritional adequacy by sex for the age group 19 to 30 years is shown in Table 6. Those given for age groups 31 to 50, and 51 to 70, are shown in Supplementary Tables S4, S5, respectively.


TABLE 6 Nutritional adequacy in adult (19–30 years) men and women (% of RDA) presented in the 7-day isocaloric menu (2,000 kcals) for each diet.


	
	Men
	Women



	Nutrient
	Omnivorous
	Pesco-Vegetarian
	Ovo-lacto-Vegetarian
	Vegan
	RDA
	Omnivore
	Pesco-Vegetarian
	Ovo-lacto-Vegetarian
	Vegan
	RDA

 

 	Energy (kcal) 	107 	104 	106 	110 	2000 	107 	104 	106 	110 	2000


 	Protein (g) 	164 	157 	158 	163 	56 	200 	192 	193 	199 	46


 	Total carbohydrate (g) 	202 	193 	197 	226 	130 	202 	193 	197 	226 	130


 	Dietary fibre (g) 	120 	119 	123 	148 	38 	183 	181 	186 	225 	25


 	Vit B₁ (mg) 	158 	148 	149 	180 	1.2 	173 	162 	163 	196 	1.1


 	Vit B₂ (mg) 	168 	162 	164 	185 	1.3 	199 	191 	194 	218 	1.1


 	Vit B₃ (mg NE) 	180 	166 	143 	135 	16 	205 	190 	163 	154 	14


 	Vit B₅ (mg) ¥ 	23 	23 	23 	30 	5 	23 	23 	23 	30 	5


 	Vit B₆ (mg) 	254 	247 	238 	243 	1.3 	254 	247 	238 	243 	1.3


 	Vit B₉ (μg) 	148 	149 	152 	179 	400 	148 	149 	152 	179 	400


 	Vit B₁₂ (μg) 	152 	180 	121 	13 	2.4 	152 	180 	121 	13 	2.4


 	Vit C (mg) 	484 	485 	485 	480 	90 	580 	582 	582 	577 	75


 	Vit D (μg) 	19 	25 	6 	0 	15 	19 	25 	6 	0 	15


 	Vit E (mg α-TE) 	112 	113 	111 	124 	15 	112 	113 	111 	124 	15


 	Vit A (μg)* 	160 	163 	163 	148 	900 	205 	210 	209 	191 	700


 	Potassium (mg) ¥ 	155 	154 	154 	168 	3,400 	203 	202 	201 	220 	2,600


 	Calcium (mg) 	116 	126 	131 	119 	1,000 	116 	126 	131 	119 	1,000


 	Sodium (mg) ¥ 	118 	110 	105 	85 	1,500 	118 	110 	105 	85 	1,500


 	Iron (mg) 	245 	247 	260 	327 	8 	109 	110 	116 	145 	18


 	Iodine (μg) 	73 	96 	73 	37 	150 	73 	96 	73 	37 	150


 	Selenium (μg) 	192 	185 	152 	139 	55 	192 	185 	152 	139 	55


 	Magnesium (mg) 	136 	133 	139 	170 	400 	176 	172 	179 	220 	310


 	Phosphorus (mg) 	243 	250 	249 	229 	700 	243 	250 	249 	229 	700


 	Zinc (mg) 	105 	99 	101 	100 	11 	144 	137 	139 	137 	8


 	LA, 18:2
 ω-6 (g) 	80 	82 	87 	100 	17 	114 	117 	124 	142 	12


 	ALA, 18:3
 ω-3 (g) 	46 	51 	58 	75 	1.6 	66 	74 	85 	109 	1.1





RDA (Recommended Dietary Allowance) and AMDR (Acceptable Macronutrient Distribution Range) established by IOM. All intakes are below the Tolerable Upper Intake Levels (ULs) established for vit B3 (35 mg), vit B6 (100 mg), vit B9 [folic acid] (1,000 μg), vit C (2,000 mg), vit D (100 μg), vit E (1,000 mg), calcium (2,500 mg for 19–50 y; 2,000 mg for ≥51 y), iron (45 mg), iodine (1,100 μg), selenium (400 μg), magnesium (350 mg from supplements), phosphorus (4,000 mg), and zinc (40 mg). ¥ nutrients with Adequate Intake (AI) reference values. * Retinol (preformed Vit A). LA: linoleic acid: ALA: linolenic acid; AA: araquidonic acid.
 

The omnivorous, pesco-vegetarian and ovo-lacto-vegetarian patterns showed similar adequacy profiles, whereas the vegan pattern deviated only for a restricted set of micronutrients.

None of the four menus (diet groups) reached full (100%) coverage regarding the RDA for vitamins B₅ and vitamin D, and minerals including, iodine, or the essential fatty ALA, with some exceptions. Essential fatty acid requirements were met in vegan men regarding LA, only. Intake of ALA was under the threshold given by the RDA in all diet groups. By contrast, in women, LA requirements were met across the diet groups, whereas intakes of ALA complied with the recommendations among the vegans. These potential differences between men and women could be attributed to the 2,000 kcal diet menu fixed for both sexes.

When comparing the menus, the vegan menu showed higher coverage for vitamin B₅ (30%), and LA and ALA (100 and 75%, respectively). The pesco-vegetarian menu had marked gains for vitamin D (25% of RDA) and iodine (96%). And the ovo-lacto-vegetarian menu showed intermediate increases for LA (87%) and ALA (58%). Moreover, the lowest adequacy values were observed for iodine and vitamin D in the ovo-lacto (73% and 6%) and vegan (37% and 0%), and for vitamin B12 in the vegan (13%) menus.

Sodium coverage was slightly lower in the pesco-vegetarian (126–110%) and ovo-lacto- vegetarian (122–105%) patterns than in the omnivorous group (136–118%), with the vegan pattern showing the lowest range (98–85%). Conversely, iron coverage was very high for all menus and maximal in the vegan diet (327%), followed by the ovo-lacto (260%), pesco (247%) and omnivorous (245%) groups. The vegan menu also provided the greatest coverage for vitamin B1 (148–196%), vitamin B2 (218–226%) and vitamin B9 (179%).

With regard to compliance with the NRV (vitamins: A, D, C, E, B1, B2, B3, B6, B9, B12; minerals: phosphorus, iron, magnesium, zinc), reference values were likewise not met for vitamin D, and for vitamin B12 in the vegan diet (data not shown).

Nutrient intake as a percentage of total diet by the type of diet is shown in Supplementary Table S6. Overall, PB foods were the major contributors to the dietary nutrient intake (iron, calcium, etc.) in PBDs.



3.4 Environmental impact assessment of the menus

Environmental assessment revealed a clear gradient across the four dietary patterns (Figure 1; Supplementary Table S7). Mean cradle-to-home greenhouse gas emissions (CO₂e) declined stepwise from the omnivorous menu (3.8 ± 9.1 kg/day) through the pesco-vegetarian (3.2 ± 9.1 kg) and ovo-lacto-vegetarian plans (2.6 ± 5.2 kg), reaching the lowest value in the vegan menu (2.1 ± 4.6 kg). The same ranking was observed for deprived water use (10.2 ± 2.1 m3 to 9.5 ± 2.1 m3) and agricultural land occupation (226 ± 84.1 Pt/NW of product to 151 ± 58.4 Pt/NW of product). There were statistically significant differences between the dietary patterns for two indicators (CO₂e, p = 0.001; land, p = 0.02). Each animal food substitution by a PB alternative, first replacing meat with fish, then with legumes, dairy and eggs, and finally adopting a fully vegan composition, yielded a statistically meaningful reduction in environmental footprint, with the pesco-vegetarian and vegan plan cutting gas emissions, deprived water and land demand by 15 to 46% (Figure 1A), 4.0 to 6.6% and 21 to 33% (Figure 1D), respectively, relative to the omnivorous diet.

[image: Four line graphs compare environmental and health impact reductions among omnivorous, pesco, ovo-lacto vegetarian, and vegan diets. Panel A shows pollutant reductions; panel B shows nutrient emission reductions; panel C shows disease and toxicity reductions; panel D shows resource depletion reductions. In all panels, vegan diets consistently demonstrate the highest reductions across metrics, while omnivorous diets show the least or none. All axes are labeled, and legends indicate specific reduction types, measured as percentages per day.]

FIGURE 1
 Relative reductions (%) in environmental and health footprint indicators across dietary patterns compared with an omnivorous baseline. Values are expressed as percentage decreases per day for pesco-vegetarian, ovo-lacto-vegetarian, and vegan menus. Indicators include climate change and emissions (A), ecosystem quality (B), human toxicity (C), and resources (D). Negative values indicate higher impacts than the omnivorous diet for that specific indicator.


Among other relevant indicators, several exhibited reductions following a similar trend of about 50%, including kg NMVOC eq/day (−17 to 49%; p = 0.01), disease incidence/day (12 to 56%; p = 0.001), mol H+ eq/day (14 to 58%; p = 0.001), kg N eq/day (5.7 to 56%; p = 0.01), and mol N eq/day (21 to 59%; p = 0.0005). Notably, the pesco-vegetarian diet was associated with increases in CFC-11 eq/day and NMVOC eq/day.




4 Discussion

The present study assessed the nutrient profile and the environmental footprint of a 2,000 kcal omnivorous 7-day menu modelled on the Spanish dietary guidelines reflecting a Mediterranean diet, and of three equivalent PBDs where animal-based foods were replaced by PB foods according to specific PBD guidelines. The three PB menus were modelled for a pesco-vegetarian, ovo-lacto-vegetarian and vegan diet (22, 26). To our knowledge, this is the first study to apply dietary guidelines to simulate both PB and non-PBDs, in order to evaluate and compare, under isocaloric conditions, their environmental impact and nutritional adequacy. Through an integrated analysis of their alignment with nutritional goals, dietary recommendations and a comprehensive set of environmental footprint indicators, this study provides novel data on the sustainability and nutritional balance of PBDs of different types.

Together, the four menu plans provided the same amount of energy and were balanced with regard to the macronutrient composition to facilitate nutritional comparisons. Only the intake of fat and fibre deviated to some extent in the vegan diet due to the nutritional composition of foods defining this dietary pattern. These comparisons revealed similar intakes of various nutrients and compliance with dietary recommendations and nutritional intake, except for vitamin D, vitamin B12, iodine and certain PUFAs. The most meaningful difference between the dietary patterns were noted with regard to vitamin B12, whose intake met the recommended intakes in all PBDs, except in the vegan diet. Furthermore, this study demonstrates that dietary transition towards a PBD results in an up to 46% reduced environmental impact.

The Mediterranean diet was considered as the reference dietary model, considering that this is a predominantly PB and health-promoting dietary pattern. In fact, this model defines high consumption of whole grain cereals (at least 1 serving/day) and considerable amounts of fruits, vegetables (3–4 servings/each) and other PB foods. As a consequence, this dietary pattern consequently resulted in elevated fiber intake, low SFA intake, and aligned well with nutritional recommendations. The PBDs models derived from it showed similar nutrient composition and could be regarded as nutritionally equivalent and healthy. Thus, our results support that a similar outcome can be achieved by replacing meat and meat products with fish and shellfish, eggs, milk, and dairy products. Moreover, the pesco-vegetarian diet could be considered as a dietary pattern close to the Mediterranean diet, followed by the ovo-lacto-vegetarian diet. Importantly, the vegan diet model showed a more distinctive profile due to the avoidance of animal-based foods, with the highest intake of fibre, the lowest intake of SFA and cholesterol, and the highest intake of PUFAs. Thus, the lipid profile of this diet could be considered more favorable. In contrast, this diet model also showed insufficient intakes of nutrients including vitamin D, vitamin B12 and iodine. The most striking differences of the four dietary models are described below.


4.1 Protein requirements and concerns in plant-based menus

Protein requirements were met in every menu plan or diet model. A previous Belgian cross-sectional survey (n = 1,475) reported the lowest energy and protein intakes in vegans. We removed this energy-intake bias by comparing isocaloric menus when calculating overall nutrient density. However, it was not possible to explore whether there are differences by the amino acid profile of the four menus (diet groups) since the BEDCA food composition table lacks this data. In a large-scale study on the amino-acid content of 2,335 foods it was shown that the amino-acid content vary two- to six-fold across the food supply, with PB dietary patterns clustering at the lower extreme for lysine, threonine, tryptophan and methionine while remaining broadly comparable for most other amino acids (45). Thus, it can be assumed that proteins provided in the PBD menus are low in these amino acids. In fact, within the EPIC-Oxford study, a biomarker analyses found circulating lysine, methionine, leucine, valine and tryptophan to be 6–13% lower in long-term vegans than in meat-eaters, with vegetarians exhibiting intermediate levels (46).



4.2 Micronutrient shortfalls and critical nutrients

Micronutrient shortfalls were limited to a small set of nutrients: vitamins D and iodine (except among pesco-vegetarians) in every diet model, with an additional likely deficit of vitamin B₁₂ in the vegan diet. These results agree with findings from large observational studies, as those included in a recent narrative review (5) and umbrella review (20), which concluded that PBDs are typically low in vitamins B₁₂ and D, calcium and iodine, but high in vitamins B9, C and E, phosphorus and magnesium. Our dietary models reproduce in part this pattern: the vegan model provides limited amounts of vitamin B₁₂, vitamin D and iodine but excels in vitamins B9, C, E and magnesium, calcium and phosphorus. While some studies have argued that there are several critical nutrients in the PBDs (5), the present modelling study does not support this. These data must be interpreted with caution, however, because the bioavailability of nutrients can differ substantially between plant and animal food sources. No menu exceeded the ULs.


4.2.1 Calcium

All modelled diet plans exceeded the threshold intakes of calcium set for adults by the EFSA (adequate intake: AI = 950 mg/day), the WHO reference intake (reference intake: RNI = 1,000 mg/day), and those given by the IOM (DRIs = 1,000–1,200 mg/d). Among the PBDs, the ovo-lacto-vegetarian pattern scored highest because it included milk and dairy products, which is the main dietary source of this nutrient (51–53% of Ca in the diet; Supplementary Table S6). Other important contributors were vegetables, legumes, nuts (46–49%), whereas fish and other animal foods accounted for only 1–2% of dietary Ca, based on FCT data and our menu models (27). Remarkably, the vegan menu resulted in a calcium intake similar to that of the omnivorous model, a result that agrees with some studies on this topic (18, 47) but diverges from others (2, 47), possibly due to the lack of isocaloric comparisons in these earlier studies. For instance, a meta-analysis of 74 studies reported that vegans consume on average 30% less calcium than omnivores (729 mg/day vs. 993 mg/day) (18). Some small cross-sectional studies have also reported differences in calcium status between vegans and omnivores (47). These differences have been related with potential impacts on bone health. As such, the EPIC-Oxford cohort reported a 40% higher fracture risk in vegans (48), whereas the Adventist Health Study-2 found no excess fractures when calcium and vitamin D intakes were adequate (49). Other modelling studies addressing the nutritional balance of the EAT-Lancet diet as a proxy for a PBD, in comparison to other healthy dietary guidelines, have encountered inadequate amounts of calcium (50, 51). This lower calcium intake observed in the EAT-Lancet diet may be explained by the limited allowance of dairy products (~250 g/day), which are the primary source of calcium (52). In our modelling study, the Spanish dietary guidelines seem to overcome this limitation thanks to the higher recommended intake of dairy foods. In fact, the EAT-Lancet Commission also proposed recommendations to address current shortfalls, including considerations of nutrient bioavailability and specific needs across genders and population groups, among others (53).

The UVE recommends two daily servings of calcium-rich foods such as fortified PB beverages or yogurts, cruciferous and low-oxalate leafy vegetables, tofu, nuts and seeds. Calcium absorption efficiency, however, is highly variable: 5% from oxalate-rich greens (spinach and chard); 20–25% from legumes, nuts and tahini; 32% from soy products and calcium-carbonate-fortified soy milks — equivalent to cow’s milk —, and > 50% in certain green leafy vegetables (e.g., kale), whereas absorption of tricalcium-phosphate-fortified drinks are 20% lower (52). Phytate and oxalate chelation hinder the absorption of calcium, but soaking, sprouting or fermenting markedly improve its bio-availability (52). These culinary methods are therefore key to enhance the calcium bioavailability in a PBD. Importantly, PBDs also generate a lower renal acid load than meat-rich diets, reducing urinary calcium excretion and enhancing the net calcium balance (52). Our study also shows that the Ca/P ratio of the four diet groups could affect the absorption of calcium in PBDs, despite this ratio being adequate in terms of dietary intake of the two nutrients. Furthermore, the fractional absorption of calcium is expected to be lower in PBDs, likely due to the aforementioned chelation effects (54). As outlined previously, this potential reduced absorption of calcium could affect bone health in individuals following strict PBDs (47, 55).

In terms of bioavailability of calcium, gastric acid first solubilises calcium and uptake along the gut proceeds via a vitamin-D-regulated pathway (55). Vitamin D levels are also key to optimize the absorption of this nutrient. Luminal factors also have an influence on the absorptive efficiency of calcium; for instance, the presence of certain amino acids such as leucine, proline, hydroxyproline, isoleucine, alanine, lysine and small peptides may stimulate Ca2+ transport (55). Conversely, high sulfur-amino-acid loads increase urinary calcium losses, while increasing absorption of zinc (52). Besides, it has been noted that calcium is absorbed more effectively when the food matrix is liquid, which supports the use of calcium-fortified PB beverages. Soy drink is particularly relevant in this regard: its essential amino-acid scores for threonine, leucine and lysine meet 92.7%, 90.8%, and 77.4% of requirement values. Thus, soy drink may help optimize calcium absorption, especially when fortified with calcium (52, 56).



4.2.2 Iron

The vegan menu model supplied the highest iron intake (26.1 mg/day) compared with the omnivorous (19.6 mg/day), pesco-vegetarian (19.8 mg/day) and ovo-lacto-vegetarian (20.8 mg/day) models. Similar intake hierarchies have been reported in other studies, where vegan diets provided the highest iron intake. Meat, fish, cereals, nuts and eggs, are the richest food sources of this nutrient (27). A greater intake of these foods, however, does not ensure an optimal iron status because plant foods contain only non-heme iron, whose fractional absorption (5–10%) is considerably lower than that of heme-iron (15–30%) contained in animal foods, due to its ferric coordination chemistry and low solubility. Regarding non-PBDs, the heme-iron content of meat varies considerably (20–70%) depending on the meat type (57), contributing significantly to total iron intake in omnivorous diets and influencing overall iron bioavailability. In this regard, our modeled diets show that 89% of total iron intake in the omnivorous pattern was derived from non-heme sources, while heme iron contributed 6.2% (Supplementary Table S6). In the pesco- and ovo-lacto-vegetarian diets, non-heme iron accounted for 93–95% of total intake, with heme iron contributing 2.2% in the pesco model only, and 4.3–4.5% originating from eggs and dairy products. In the vegan diet, iron intake was only supplied as non-heme iron. Our findings are consistent with previous reports of heme iron intake in omnivorous, vegetarian and vegan diets (58).

Bioavailability can, however, be enhanced when meals contain adequate vitamin C and others small organic acids (citric, malic, lactic) that reduce Fe3+ to Fe2+ and form soluble chelates (59). Since PBDs are rich in vitamin C, it can be assumed that the absorption of non-heme iron is facilitated (58). Traditional processing methods (soaking, etc.) further improve uptake by hydrolysing phytic acid, the main chelator of divalent metals in PBDs rich in whole grain cereals and legumes. Soybean ferritin represents an additional exception, with an intermediate absorption of 22–34% (52).

Because median fractional iron absorption from PBDs is only 10% (vs. 18% in mixed diets), the IOM applies a 1.8 correction factor to the RDA reference values; this raises daily requirements from 8 mg to 14 mg for adult men and from 18 mg to 32 mg for pre-menopausal women. In our simulations, the vegan menu model met the male target but fell slightly short of the female requirement (34).

Epidemiological evidence indicates that lower bioavailability does not necessarily lead to higher anaemia rates. The clinic-based study of 1,340 Brazilian adults found no excess of true iron deficiency in healthy vegetarians or vegans except among menstruating women (60). Likewise, a meta-analysis of 27 studies showed significantly lower ferritin concentrations in vegans/vegetarians (pooled mean difference: 34 μg/L) without a higher prevalence of iron-deficiency anaemia, implying that roughly half of the additional iron typically consumed in PBDs is not retained (61). However, a recent study found that vegans and vegetarians have undergone a metabolic adaptation that allows them to absorb non-heme iron more efficiently than omnivores (62).



4.2.3 Iodine

The intake of iodine did not reach the adult RDA of 150 μg/day in any menu. Predicted intakes were 119 ± 16 μg in the Mediterranean pattern (73% of RDA), 143 ± 61 μg in the pesco-vegetarian (96%), 109 ± 19 μg in the ovo-lacto-vegetarian (73%) and only 55 ± 21 μg in the vegan plan (37%). The shortfall in the vegan menu could reflect the exclusion of the richest dietary iodine source; mainly marine products, eggs and milk (27). However, it should be noted that iodized salt contribution was not quantified in any of the dietary patterns analyzed in our study. Given the widespread use of iodized salt, its consumption is expected to compensate for the apparent iodine shortfalls across all menus, particularly in the vegan pattern where natural dietary sources of iodine are more limited (63).

Iodine absorbed as free iodide (the form present in iodized salt, dairy, fish and eggs) is >90% bioavailable; excess is rapidly excreted in urine and only 10% is retained for thyroid-hormone synthesis. By contrast, part of the iodine bound to polysaccharides in certain brown seaweeds has a relatively low and highly variable absorption despite its high iodine content (1.5–2.4 mg/g) (20, 64). Isoflavones from soy and glucosinolates from cruciferous vegetables can further inhibit thyroidal uptake of iodide and accentuate the need for a sufficient intake (63). Epidemiological data confirm that 60–70% of vegetarians and vegans fall below 150 μg/day when they neither supplement nor consume seaweed, with minimal intakes of 17 μg/day reported in UK vegans (20).

Three practical strategies could enhance reliable iodine supply in PBDs: (1) use of iodized salt (63); (2) consumption of fortified foods such as PB milks or breads providing 100–150 μg/serving, which have been shown to raise intakes in vegetarians and vegans (20); and (3) occasional inclusion of iodine-rich seaweeds (65).



4.2.4 Phosphorus

The main food sources of phosphorus are milk and dairy products, as well as grains (27). Phosphorus requirements (RDA = 700 mg/day) were met in every modelled menu, although the vegan pattern provided the smallest amount. This mineral was predominantly supplied by PB foods, accounting for 61–69% of total intake in the omnivorous, pesco-, and ovo-lacto-vegetarian diets (Supplementary Table S6). However, there might be substantial differences between the diet patterns because absorption of this nutrient depends on the chemical form of this mineral; animal foods contain hydrolysable organic phosphates, whereas plant foods store phosphorus mainly as phytic acid (phytate), of which <50% is absorbed in humans lacking intestinal phytase (54).

Intervention studies confirm that, at equal total intake, vegetarian diets have lower levels of serum phosphate and reduced urinary excretion than omnivorous diets (66), reflecting the smaller absorbable fraction in PBDs. In agreement with this, it has been shown that the usable phosphorus load of predominantly PBDs falls by 40%, whereas phosphorus from additive phosphates in ultra-processed products is absorbed almost entirely (67).

The vegan menu modelled in this study, intentionally minimised ultra-processed substitutes, to keep the definition of a healthy diet. The PB alternatives were soy milk and soy yogurt, and texturized vegetable proteins, and thus, may contribute little to highly absorbable phosphate. However, this does not imply any insufficiency as phosphorus intake is well above recommended levels. In fact, the current RDA values assume 65% absorption in a mixed diet, yielding 420 mg of usable phosphate. If a diet supplied phosphorus almost exclusively as phytate, with only 30–40% absorption, roughly 1,200 mg/day (1.6 × 700 mg) would be needed to deliver the same absorbed dose. All PB models in this study provided ≥ 1,500 mg of this nutrient, ruling out any risk of phosphorus deficiency despite the lower bioavailability from PB food sources (54). Also, culinary practices, such as soaking and fermentation, activate endogenous or microbial phytases that can raise phosphorus (and iron, zinc) bioavailability (68).



4.2.5 Cobalamin (B12)

In our menus, omnivorous patterns surpassed the RDA for vitamin B12 (≥ 2.4 μg/day) in adults. In contrast, the ovo-lacto- and pesco-vegetarian diets, while meeting the recommendations, are close to the lower limit of adequacy. Given the potential culinary losses of vitamin B12 (20–40%), its relative content in milk (0.5 μg/100 g), dairy products (4.2 μg/100 g), and eggs (2.5 μg/100 g) is reduced to approximately 0.4, 3.6, and 1.9 μg/100 g, respectively (28). Also, the dose-dependent fractional absorption (approximately 40–60% at physiological doses), limits the total amount of bioavailable B12, which may fall below 2 μg/day.

Studies in vegetarian cohorts have shown that serum B12 can remain within the reference range for several years, even if tissue depletion progresses. Hence, insufficient dietary intake of this vitamin, while not causing immediate health effects, can lead to megaloblastic anaemia or neuropathy by 2–5 years (52). Current consensus, therefore, recommends systematic supplementation through cyanocobalamin (heat-stable, inexpensive) or methylcobalamin (bio-active but less stable) at 25–250 μg/day, or highly fortified foods for all vegetarians, but especially for vegans (69).

Vitamin B12, which is only contained in animal foods, is released from food proteins in the stomach, bound first to salivary–gastric haptocorrin, transferred to intrinsic factor (IF-B12) in the duodenum, and finally absorbed in the distal ileum via the cubilin receptor. Lysosomal export into the enterocyte cytosol depends on ABCD4 and its chaperone LMBD1. Once in the cytosol, vitamin B12 is processed by the MMACHC protein, to be converted in its active forms: methylcobalamin in the cytosol and adenosylcobalamin in the mitochondria. In blood, vitamin B12 is transported bound to two proteins: transcobalamin II, which delivers active cobalamin to body tissues, and hepatocorrin, which binds the majority of circulating B12 in a non-functional storage form (70–73). This multi-step pathway explains why absorption efficiency saturates at doses above 2 μg (bioavailable vitamin B12). In individuals with limited absorption capacity of vitamin B12 or those following vegan diets, passive diffusion becomes relevant. This mechanism does not require the IF or receptors to be absorbed, but its diffusion into the gastrointestinal tract is of very low efficiency. In fact, only 1% of the ingested vitamin B12 is absorbed via passive diffusion. High oral doses of over 500 μg are needed to turn this mechanism efficient. Current guidelines of vitamin B12 supplementation in vegans (25–250 μg daily or ≥ 1,000 μg once weekly) are based on passive diffusion absorption (52).

Fortified foods can help vegetarians approach the RDA for vitamin B₁₂, but this is not supported for vegans. In fact, it has been shown that commercial PB beverages (milks) can deliver 2–5 μg B₁₂ per glass and are effective at maintaining serum B₁₂ when consumed daily (52, 71, 73). Yet intakes based solely on such products depend on strict, day-to-day compliance and can be highly variable: in the EPIC-Oxford cohort, 52% of vegans but only 7% of vegetarians had serum B₁₂ < 118 pmol/L despite access to varied vitamin B12-fortified foods (46). In our study, only a small amount of this vitamin was provided by the vegan diet, primarily through the consumption of fortified cereals.

Novel plant sources occasionally marketed to vegans require caution. Vitamin B₁₂ from duckweed (water lentil: Lemna minor) appears bioavailable, whereas in Spirulina, a supplement often consumed by vegans due to its high content of proteins, iron, and B vitamins, contain inactive vitamin B12 forms that may even compete for the transcobalamin transporter (71). Thus, while fortified PB milk alternatives and yeast are valuable adjuncts for vegetarian diets and convenient for public-health programs, in strict vegans they are complementary rather than sufficient, a point of particular concern during pregnancy, lactation and infancy (73). Supplements, therefore, remain the only dependable long-term strategy in the vegan diet.



4.2.6 Vitamin D

Vitamin D dietary requirements were not met by any of the four diets, with the pesco-vegetarian diet being the only one reaching 25% coverage of the RDAs, thanks to a higher intake of fish (main dietary source). In contrast, the ovo-lacto-vegetarian and Mediterranean diet achieved less than 20% coverage, whereas the supply of this vitamin in the vegan diet was almost negligible. In our study, the most important source of vitamin D in the vegan diet was soy milk fortified with this nutrient. The difference in coverage between the omnivorous and pesco-vegetarian diets was due to the inclusion of one additional serving of fish in the pesco-vegetarian diet. Earlier studies on nutritional differences between the vegan and omnivore diets have reported similar findings (5, 74). In contrast, in a study from the UK using dietary data of 81 women, that analysed the variation in vitamin D intake by replacing animal-based foods with equivalent amounts of PB alternatives, it was concluded that Vitamin D intake did not substantially change between the baseline and post-replacement diet. Intakes of vitamin D were below 4 μg/day, this intake being close to ours (75).

Vitamin D exists in two main forms: D2 (ergocalciferol), the most bio-available form, found in fungi, and D3 (cholecalciferol), found in animal-based foods and produced in the skin via sun exposure. Therefore, PBDs, and more importantly the vegan diet, are likely to present lower levels of serum 25(OH)D. However, while dietary intake determines vitamin D status, the primary and most efficient source is cutaneous synthesis via sunlight (UVB exposure) (76). In fact, for most people, adequate sun exposure can meet or exceed daily requirements, even if dietary sources, especially in PBDs, are typically insufficient on their own. However, some studies have shown that the prevalence of vitamin D deficiency is higher in vegan than in omnivores (74, 77). Thus, ensuring adequate dietary vitamin D intake through diet becomes essential in PBDs. While some mushrooms exposed to UV light provide D2, the main dietary sources for vegans are fortified foods (such as PB milks) and supplements, preferably D3 from lichen (65). Therefore, supplementation with vitamin D may be necessary when following PBD patterns.



4.2.7 Other minerals and vitamins

The intake of selenium, mainly provided by vegetables and grains including soya beans, also differed significantly between the four dietary models, with this difference being driven by the vegan diet. Nonetheless, selenium content in foods is rather inaccurate in food composition tables (78). Also, intake of this nutrient met the recommended levels across all groups, suggesting no relevant risk of deficiency. Finally, regarding sodium, while intake was also significantly lower in the vegan diet, absolute values remained within acceptable ranges in all dietary models.

Vitamins B1 and B3 also showed differing levels of intakes between the four dietary models (highest and lowest in the vegan diet, respectively), but both reached the RDA. For vitamin B5, there were no differences in intake between the four dietary groups, although none of them met the RDA. However, this result is not considered of concern, as specific data on vitamin B5 was often lacking in the BEDCA food composition database, which may have led to underestimation of the actual intake. Indeed, vitamin B5 deficiency is unlikely in well-nourished populations (79). All other vitamins in the dietary models showed similar intakes, in agreement with previous studies evaluating nutrient intakes in PBDs (5).




4.3 Fatty-acid profile: MUFA, PUFA and long-chain ω-3

Our modelled menus showed that none of the four menus reached the guideline of MUFA intake relative to total energy (E) intake (>20%). The estimated MUFA supply reached 32 g/day (14.4% of E) in the Mediterranean, pesco- and ovo-lacto- diet models and fell to 29 g/day (13.1% of E) in the vegan diet. However, since extra virgin olive oil was the primary fat source used in all models, the overall quality of fat intake can be considered adequate (30).

The intake of SFA also complied with dietary guidelines, remaining below the <7–8% of E threshold (as low as possible), and was even more favourable (halved) in the vegan diet. Consequently, the PUFA: SFA ratio reached 1.1 in the three animal-containing diet models but increased to 2.7 in the vegan model. Likewise, the combined (MUFA + PUFA): SFA ratio improved from 2.7 to 5.8.

Total PUFAs met the requirements (> 5% of E) in every pattern, ranging from 10% of E in the omnivorous and vegetarian diet model to 11.4% of E in the vegan one, likely because daily consumption of nuts, seed or soy should elevate the intake of LA. Indeed, LA intakes contributed to 6–7% of energy intake in the Mediterranean, pesco- and ovo-lacto-vegetarian models (reference value: 3% of E), and rose to 7.7% in the vegan diet (p = 0.034). When considering the ALA supply in terms of the LA: ALA ratio, all were ≤ 8:1 range regarded as cardio-protective (80). Our result is consistent with data of other studies showing LA: ALA ratios of 15–20 in vegans and vegetarians (80).

With regard to the intake of ALA, the recommendations were not fulfilled since all diet models were below the 1% of E target (30). Previous studies have also evidenced low intake levels of ALA in the Spanish population, even among those following a healthy diet (81). In particular, EPA intake was sub-optimal in our study. It reached 60 mg/day in the omnivorous model and 13 mg/day in the pesco-vegetarian diet, but only 1 mg/day in the ovo-lacto and vegan diets. DHA showed a similar decreasing gradient. Thus, none achieved the EFSA target of 250 mg/day for EPA + DHA (82), which agrees with findings of the EPIC–Oxford study that support that the plasma EPA + DHA status is lower in PBD groups despite up-regulated conversion from ALA (46, 72, 73). In fact, when ω-3 PUFAs are scarce, the dietary balance between LA and ALA gains importance because a lower LA: ALA ratio favors endogenous EPA synthesis from ALA (82). In any case, to reach the recommended levels of intake, several authors have claimed to consume two 100-g portions of oily fish weekly (83), or a daily algal-oil supplement, which has been specifically endorsed for vegetarians and vegans (84). However, the EFSA panel sets an adequate intake for ALA at 0.5% of E, based on the lowest estimated mean intakes of the various population groups from a number of European countries without deficiency signs, and does not endorse any specific ω-3/ω-6 ratio (82). In light of these considerations, to supply sufficient intakes of ALA, current dietary guidelines should account for the inclusion of oily fish, algae-based food and fortified foods.



4.4 Environmental-impact

The life-cycle model of our seven-day diet menus showed a notable reduction in climate change–related factors (Figure 1A), including CO₂ emissions, ozone depletion, ionizing radiation, and photochemical ozone formation, for both ovo-lacto-vegetarian and vegan diets. This gradient matches in the case of CO₂e value reported in other studies (a reduction of 35% for ovo-lacto-vegetarians and 50% for vegan diets) (52). Moreover, in an Italian study, vegan diets averaged 2.06 kg CO₂e/day, which is almost identical to our 2.07 kg, whereas omnivorous diets approached 3.6 kg CO₂e/day, similar to our 3.80 kg estimate (85). Climate change–related factors reductions are environmentally significant, as they imply a lower contribution to global warming, decreased stratospheric ozone loss, and diminished formation of secondary air pollutants that adversely affect air quality (2). In contrast, the pesco-vegetarian diet was associated with increases in ozone-related indicators, which can be explained by the high environmental costs of fish production and distribution. In particular, refrigeration, storage, and long-distance transport of seafood often involve emissions of refrigerants and volatile organic compounds, thereby offsetting some of the potential environmental gains of reducing meat consumption.

Additionally, our PB models, including the pesco-vegetarian diet, showed reductions in the percentage of indicators related to ecosystem quality (Figure 1B), human health (Figure 1C), and resources (Figure 1D). Within ecosystem quality, three indicators exhibited reductions > 50% in the vegan diet compared with the omnivorous baseline: acidification (mol H+ eq/day), marine eutrophication (kg N/day), and freshwater ecotoxicity (CTUe/day). Acidification and eutrophication processes directly impair soil fertility, aquatic biodiversity, and crop yields, while ecotoxicity reflects the potential accumulation of toxic substances in freshwater ecosystems, threatening both wildlife and human populations through the food chain. Closely linked to these ecosystem impacts are implications for human health. In this regard, we also observed a marked reduction in disease incidence per day, with decreases > 55% in the vegan model compared with the omnivorous baseline.

In terms of resource use, all PB diets, including the pesco-vegetarian model, showed a reduction in land use exceeding 20% compared with the omnivorous diet, results that are also consistent with previous studies (2, 86), while other authors have reported nearly double reductions of around 42% in land use (52). Consistent decreases in energy demand (MJ/day) as well as mineral and metal use (kg Sb eq/day) were observed only in the ovo-lacto-vegetarian and vegan models. No direct comparison with existing data is possible to corroborate this finding. By contrast, no substantial differences were found for water use, calculated as deprivation according to the AWARE method, with reductions of around 5% across all three PB dietary patterns. A previous review of 41 studies conducted worldwide that focused on the water footprint of dietary patterns, reported similar estimates of water use for “healthy” diets (87). Specifically, this review included two studies based on survey data and simulation models of the Mediterranean Diet, both of which showed that adherence to this dietary pattern results in water savings compared with Western diets (88, 89). In another recent diet simulation study, water demand for the adherence to the Spanish, Italian and American dietary guidelines was evaluated, with similar water use estimates being reported across the dietary patterns (90). While this study estimated the contribution of animal and PB food sources to the total water demand, it did not provide data on PB dietary patterns as a whole (for example, a vegan diet) as we did in our analysis.

Lower greenhouse gas-emission diets have been linked to 12–22% fewer premature deaths by 2030, driven mainly by reduced red-meat intake and higher fruit-and-vegetable consumption (2). Thus, the footprints calculated in the present study corroborates that replacement of animal foods, especially ruminant meat, by PB foods, offers a robust, quantifiable contribution toward the climate and biodiversity targets for the year 2030.




5 Conclusion

This comparative study of four isocaloric 2,000 kcal diet models (Mediterranean, pesco-vegetarian, ovo-lacto-vegetarian and vegan) confirmed that all dietary patterns can meet protein, energy and most micronutrient targets when based on the dietary guidelines of a sustainable and healthy diet. Nutritional inadequacy risks were specific to iodine and to vitamins including D and B₁₂ in the vegan diet. The latter emphasizes the need of systematic fortification or supplementation plus periodic monitoring of vitamin B12. Routine consumption of fortified PB beverages or supplements is also recommendable in PBDs to support both vitamin D status when sunlight exposure is limited, and adequate calcium intake. Although iron provision exceeded the reference intakes, vitamin-C-rich foods and iron-fortified foods should be considered to enhance the absorption of non-heme iron in the PBD. Other nutrients, such as ω-3 PUFAs, also deserve consideration in PBDs.

Taken together, this study supports the feasibility of nutritionally adequate, environmentally sustainable PBDs, which substantially reduce greenhouse gas emissions, improve ecosystem quality, and lower the release of toxic particles harmful to human health. Nevertheless, it is important to note that effective implementation of PBDs require proactive strategies to ensure adequate intakes of essential nutrients, e.g., vitamin B₁₂, vitamin D, iodine, and long-chain ω-3 PUFA.
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Introduction: Few European and Austrian adults live a healthy lifestyle. As critical role models, school teachers and principals are highly influential for delivering basic health education to children and adolescents.
Objective: This investigation aimed to analyze the underlying motivations and lifestyle preferences for diet type adherence among school teachers and principals and the associations with basic health behavior.
Methods: The present study followed a cross-sectional design. School teachers and principals in Austria fill out an online questionnaire, with questions on anthropometrics, physical activity levels, dietary behavior, and alcohol and smoking consumption. Statistical analysis was conducted with ANOVA and chi-squared tests.
Results: The final sample included 1,350 participants (409 males, 941 females) with an average age of 45.8 ± 11.4 years. Health (46.4%) was the most important reason for dietary choice and sports engagement, and lifestyle (pooled 81.7%) the predominant lifestyle preference across all dietary subgroups. Prevalence of vegan, ovo-lacto-vegetarian and omnivorous diet of school teachers and principals was 2.3%, 5.2%, and 92.5%, respectively. Females were more likely to follow an ovo-lacto-vegetarian diet (6.4% vs. 2.4%; p < 0.01) or vegan/ ovo-lacto-vegetarian (9.0% vs. 4.1%) than males. For total sample, no differences were found across the dietary subgroups considering leisure time physical activity, sports and exercise levels (88.7%; n = 1,197) and weekly engagement in sports (range: 2.9–3.3 days/week), the prevalence of daily fruit consumption (62.4%), alcohol intake (81.5%), or smoking prevalence (11.0%). Vegetable intake was significantly higher among ovo-lacto-vegetarians and vegans (92.9 and 93.5%, respectively; p < 0.01) than in omnivores.
Conclusion: This is the first study to investigate the potential differences in basic health behavior among refined dietary subgroups (omnivorous, ovo-lacto-vegetarian, and vegan) in school teachers and principals. The findings indicate that basic diet type differentiation is the first step towards fundamentally healthy behavior, however, further action must be taken to achieve better health among school teachers and principals in Austria (more physical activity, sports and exercise, and fruit and vegetable consumption, less alcohol intake and no smoking).
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1 Introduction

At the 2024 Summer Olympics in Paris, for the first time in history, over 60% of the food (33% in the Athletes’ Village restaurant, 50% for staff, 60% of the snacks on offer to the public) was plant-predominant, including vegan options (1–3). Overall, the 2024 Olympic and Paralympic Games aimed to reduce the carbon footprint by 50% and cater for the many vegan ovo-lacto-vegetarian Olympic athletes and spectators (1–3). Following the International Olympic Committee (IOC), the Union of European Football Associations (UEFA) hosted the 2024 European Football Championship in Germany as an event with ‘driving force for the sustainable development of German and European society’ concerning environmental protection and sustainability by incorporating a vegan and ovo-lacto-vegetarian food offering for players and fans in every stadium (4–7).

Considerable evidence supports the shift in populations towards healthful plant-predominant diets, which reduces or eliminates the intake of animal-originated products while maximizing advantageous impacts on human, environmental, and planetary health (8). The production of animal-based foods takes up 83% of all arable land worldwide but provides only 18% of all calories consumed worldwide (ratio 1:4 at the expense of animal products) (9). Avoiding meat and dairy products can therefore make the greatest contribution to resource conservation and reduce the CO2 footprint of food (75% less greenhouse gas emissions, 75% less land consumption, 54% less water consumption, 73% less water pollution, 66% less biodiversity loss, and more) (9–11). According to researchers of the Oxford University and the Intergovernmental Panel on Climate Change (IPCC), dietary behavior is probably the single biggest way to reduce your impact on planet Earth (i.e., not only greenhouse gas emissions but also global acidification, eutrophication, land, water use, and more) (9, 12–14). Poore and Nemecek emphasize that switching to a plant-predominant diet holds the greatest potential for protecting individual and global health and promoting human sustainability at all socio-ecological levels (9), including the containment of infectious diseases, epidemics and pandemics, NCDs, and the depletion of resources (especially global resources), along with other health measures (13, 14).

The determinants of health indicate that social circumstances, environmental pollutants, genetics, the healthcare system, and personal behavior are the major contributors to health outcomes (15, 16). Likewise, personal behavior is known to make the largest contribution with at least 40% influence over health (15, 16). Thus, the WHO has provided the leading modifiable, behavioral risk factors contributing to NCD development: tobacco and alcohol use, unhealthy diet, and insufficient PA (17). Recent findings have found that few European adults (5.8%) follow a healthy lifestyle (from four modifiable behaviors: PA, fruit and vegetable consumption, not drinking alcohol to excess, and not smoking) and even fewer Austrian adults (2.8%) (18). In contrast, however, over 92% of annual deaths in Austria (vs. 75% globally) are caused by underlying NCDs, which are also dominantly responsible for the leading causes of years lived with disability (e.g., 34.7% cardiovascular disease, 23.5% cancer) (19–22), with half of the global adult population projected to have obesity by 2035 (23).

Consistent with physical activity (PA) and sports/exercise levels (17, 24, 25), food and dietary decisions can make a definitive difference by the immune system response and prevention, considering the risk of moderate-to-severe disease progression and premature death (8, 26–30). However, well-planned and diligently implemented vegan and ovo-lacto-vegetarian diets are considered most beneficial to human health (31). Vegans are generally more health-conscious (regular PA, no or less alcohol and nicotine consumption) than ovo-lacto-vegetarians and mixed dieters. This results in the fact that, on average, vegans in particular are healthier (corresponding parameters are more often within the normal range, e.g., blood pressure, blood levels of lipids, glucose, cholesterol, etc.), have the lowest body weight and BMI, are also less likely to develop overweight and obesity, and are less likely to suffer from NCDs and chronic diseases than mixed dieters and ovo-lacto-vegetarians [31, pp. 97–115, 126, 279, 362–408]. The link between behavior and health is well established, also as health is linked to one’s educational and academic level (32–41). Thus, education plays an essential role in contributing to an individual’s health, interests and knowledge, and consciousness resulting in a specific health behavior (health-promoting or health-threating). Over the life course, higher education is shown to have advantages in terms of health and longer lifespan, including a greater likelihood to achieve a higher socio-economic status, stronger influence on social issues, higher income later on, better protection against unemployment, and effective participation in socio-political public agenda politics (32–41). Thus, regardless of socio-economic background, school, as a health-promoting living environment for all protagonists alike, i.e., pupils, teachers and principals, provides a particularly suitable setting for the development of healthy behavior (42–44).

School teacher and principal health is important to maintain and enhance with scientific evidence given their influential position in providing a safe and educational environment in schools (45). Likewise, school teachers and principals are highly influential role models for delivering health knowledge and competencies through health education to children and adolescents regardless of directly teaching health subjects (46–50). The basic health behavior that teachers and principals exemplify is naturally and seamlessly impressed on school pupils, as the school environment is vastly distinguishable from the home environment, with the opportunity of respected adults of the community leading the growth of children rather than the parents (46, 51–53). Health promotion as a healthy lifestyle, especially PA, sports & exercise paired with a healthy diet, is included in the state mandate (Austrian curriculum) for primary and secondary schools as a cross-curricular educational goal (54). Currently, limited research has been carried out on teacher (55, 56) and principal health (57), mostly concerning mental health or stress management in the school environment. Therefore, a gap in the literature exists on the relationship between PA, sports & exercise and diet types (especially vegan and ovo-lacto-vegetarian) in schools.

Previous studies have examined the lifestyle of teacher health behavior without explicitly analyzing diet types (55, 58–70). Likewise, the individual perceived level of healthy lifestyle was previously self-reported by the teachers themselves (55). Additionally, the importance of the PA levels with diet type (Healthy Eating & Active Living: HEAL) was previously suggested although no further examination of teacher behavior was carried out (58, 59, 61–65). To the best of the authors’ knowledge, no previous study has investigated diet type in connection with PA levels among a sample of Austrian adults working in the school setting. Therefore, From Science 2 School is the first study to investigate school teachers and principals following vegan and ovo-lacto-vegetarian diets in connection with PA, sports & exercise. The present study aimed to analyze the prevalence and motivations of teachers and principals at secondary schools levels I and II following distinct diet types in connection with basic health behavior. It was hypothesized that Austrian secondary school teachers and principals following vegan and ovo-lacto-vegetarian diets have advanced health behavior. In the following, the term “vegetarian” is used synonymously with an ovo-lacto-vegetarian diet, which includes dairy products, eggs, and honey, but excludes fish, meat and processed meat products.



2 Methods

The study From Science 2 School was conducted with a cross-sectional design and included an interdisciplinary approach. The Austrian Federal Ministry of Education, Science, and Research (Bundesministerium für Bildung, Wissenschaft und Forschung) approved this nationwide study (Department 1/7—School and University Sports). The study protocol (see at https://www.science2.school/en/#Publications) was approved by the ethical committees of the Federal Education Authorities in Austria (Burgenland, Carinthia, Lower Austria, Salzburg, Styria, Tyrol, Upper Austria, Vienna, and Vorarlberg); interested readers are kindly referred to the official website and previous publications.


2.1 Procedure and measures

The questionnaire was standardized and available for secondary school teachers and principals (middle school and high school levels) in Austria online (from October 28, 2019 to July,102,020) through an server-certificate encrypted website (SSL; LimeSurvey: 03.17.16; see: Supplementary material—data sheet 2 in the study protocol), and all study participation was anonymized. Before the teachers and principals volunteered to participate in the study, signed informed consent was acquired with the disclosure of detailed information on the study procedure. Study participation may have been ceased at any time without repercussion. The questionnaire consisted of five sections: personal information (Part 1; e.g., Your nationality? Your sex?), PA and sports/exercise (Part 2; e.g., What is your top reason for being physically active? What is your main sports activity?), dietary habits (Part 3; e.g., What is your current diet type? What is your top reason for your current nutrition?), general health (Part 4; e.g., What is the top factor for your health? Do you consider PA and sports/exercise to be health promoting?), and other related aspects (Part 5; e.g., What is your top leisure time activity? Do you smoke cigarettes?). Throughout the survey, control questions were incorporated to identify incoherent responses and possible conflicts to benefit the reliability of the dataset. The design of the survey was piloted at three schools prior to the implementation of the nationwide assessment, as required by the Austrian Federal Education Authorities.

The questionnaire was distributed across Austria (nationwide) and acquired sociodemographic data on age, sex, teaching level (middle and/or high school), living environment (urban or rural rural), employment status (full time or part time), anthropometrics (height, weight, and calculated BMI (kg/m2) and kind of diet (vegan, vegetarian, omnivorous). In addition, data was collected on (i) lifestyle interests (alcohol, smoking, engagement in PA, sports & exercise, dietary preferences (eating meat, vegetarian-kind), lifestyle preferences (sport/exercise, vegan/vegetarian lifestyle, other), (ii) dietary motivation (animal/environmental protection, heath, sport performance, tradition, taste/preference, no and/or other reason), (iii) dietary behavior (fruit and vegetable intake, level of fluids consumed, and most common fluids), (iv) PA and sports/exercise participation (leisure time activity, fitness club activity, days per week), (v) alcohol consumption, and (vi) smoking habits. Considering the reported dietary intake (any consumption of meat and/or fish/seafood, milk and/or milk products, eggs, honey, fruits, vegetables, grains, potatoes, or legumes; multiple answers possible) with the initial self-reported diet type, school teachers and principals were shifted to the corresponding dietary subgroups: omnivorous diet (intake of meat and other foods from animal sources, but also plant foods), vegetarian diet (no intake of red/white meats or fish/seafood; intake of eggs, dairy products, and honey), or vegan diet (no intake of foods or products from animal origin, 100% plant-predominant diet) (71, 72).



2.2 Participant recruitment

The potential sample size included all teachers and principals (N = 89,243) of secondary (middle and high) schools nationwide in Austria. All secondary schools (N = 2,688) were invited to participate in the online survey by contacting the school principals by e-mail and asked to distribute and fill-in the survey (available in German) with a web-enabled device (e.g., via computer, smartphone, tablet). Signed informed consent was provided within the online survey interface, which was required to complete before survey participation was possible. The final sample included responses from 1,350 teachers and principals (1.5% of the eligible sample) at data closure (July 10, 2020). Figure 1 depicts the teachers´ and principals´ study enrollment.
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FIGURE 1
 Flow of secondary school teachers‘and principals‘ study enrolment following vegan, vegetarian, and omnivorous, diets. Vegetarian—lacto-ovo-vegetarian.




2.3 Data clearance

After checking responses to various dietary control questions, the reported food consumed did not match the reported kind of diet in a total of 52 (3.9%) participants. Specifically, 2 vegan (3.8%) and 43 vegetarian (82.7%) participants were shifted to the omnivorous dietary subgroup. Further, 2 participants reporting a vegan diet (3.8%) were shifted to vegetarian while 5 participants reported eating vegetarian (9.6%) were shifted to vegan dietary subgroups. No participants reported implausible anthropometrics (such as a body weight < 20 kg, a height < 110 cm, or a BMI < 10 kg/m2 or > 50 kg/m2).



2.4 Statistical analysis

Prevalence and mean with standard deviation (SD) were used for the descriptive statistics. Significant effects (p < 0.001) were determined by post-hoc power analysis between dietary subgroups, including a yield of 98.2% statistical power for the given sample size (vegetarian prevalence 5.2% [4.1–6.5; 95%-CI], vegan prevalence 2.3% [1.6–3.2, 95%-CI]; two-sided 95%-CI, eta2 = 0.01). ANOVA and Bonferroni adjustment for post-hoc analyses were used to analyze differences in anthropometric characteristics between dietary subgroups. Associations between dietary subgroups and the prevalence of daily fruit and vegetable consumption, fluid intake, alcohol and nicotine consumption as well as participation in leisure time PA and sports/exercise were examined via Chi-square tests. Furthermore, differences across dietary subgroups in the number of days participants engaged in PA were examined via Kruskal-Wallis tests. Subgroup analyses were conducted for the total sample and sex, teaching level (middle school, high-school, middle and high school pooled), living environment (urban or rural) and employment status (full-time or part-time). SPSS 29.0 (SPSS Inc., IBM Corp. Armonk, NY, USA) was used to perform all statistical tests. The level of significance was set at p ≤ 0.01.




3 Results

A total of 1,350 secondary school teachers and principals were included in the present study. Most participants followed an omnivorous diet (92.5%; n = 1,249), while 70 (5.2%) and 31 (2.3%) participants followed a vegetarian and vegan diet, respectively. The majority of the omnivorous teachers and principals (91.1%; n = 1,138) reported that this has been their kind of diet for their entire life, while 5.7% (n = 4) reported that they have always consumed a vegetarian diet. Within the previous 5 years, 36.6% of vegetarian dieters and 64.5% of vegan dieters switched to their current diet from previously consuming an omnivorous diet.

Table 1 displays the distribution of participants across dietary subgroups based on the reported foods, which was used for subsequent analyses. Across the total sample, vegan participants were youngest with a mean age of 43.6 ± 10.5 years. Significantly more males reported an omnivorous diet (95.8%; n = 392), while the prevalence of vegetarian and vegan diet was higher in female participants (6.4%; n = 60; χ2 = 10.07, p < 0.01). There was no significant difference in BMI across dietary subgroups even though the prevalence of underweight was higher among participants with a vegan diet compared to their peers (χ2 = 17.78, p < 0.01).


TABLE 1 Anthropometrics and sociodemographic distribution of secondary school teachers/principals across dietary subgroups by sex, teaching level, employment status, and residence.


	
	Total
	Vegan
	Vegetarian
	Omnivorous



	N = 1,350
	2.3% (n = 31)
	5.2% (n = 70)
	92.5% (n = 1,249)

 

 	Age ± SD (years) 	45.8 ± 11.4 	43.6 ± 10.5 	46.0 ± 11.4 	45.8 ± 11.4


 	Sex1,2 	Males
 30.3% (n = 409) 	1.7% (n = 7) 	2.4% (n = 10) 	95.8% (n = 392)


 	Females
 69.7% (n = 941) 	2.6% (n = 24) 	6.4% (n = 60) 	91.1% (n = 857)


 	Height (cm) 	171.2 ± 8.3 	172.1 ± 11.6 	169.5 ± 7.0 	171.3 ± 8.3


 	Body Weight (kg)3 	71.3 ± 14.6 	68.2 ± 21.3 	66.5 ± 10.9 	71.6 ± 14.5


 	BMI (kg/m2) 	24.2 ± 4.0 	22.7 ± 4.3 	23.1 ± 3.1 	24.3 ± 4.0


 	Underweight4,5 	2.6% (n = 35) 	11.4% (n = 4) 	2.9% (n = 1) 	85.7% (n = 30)


 	Normal weight 	63.0% (n = 851) 	2.2% (n = 19) 	6.0% (n = 51) 	91.8% (n = 781)


 	Overweight 	25.6% (n = 345) 	1.4% (n = 5) 	4.3% (n = 15) 	94.2% (n = 325)


 	Obese 	8.8% (n = 119) 	2.5% (n = 3) 	2.5% (n = 3) 	95.0% (n = 113)


 	Teaching Level 	Middle School
 33.8% (n = 456) 	2.2% (n = 10) 	6.6% (n = 30) 	91.2% (n = 416)


 	High School
 46.7% (n = 630) 	2.1% (n = 13) 	4.3% (n = 411) 	93.7% (n = 590)


 	Middle and High School Pooled
 19.6% (n = 264) 	3.0% (n = 8) 	4.9% (n = 13) 	92.0% (n = 243)


 	Employment Status 	Full Time
 77.9% (n = 1,052) 	2.3% (n = 24) 	4.7% (n = 49) 	93.1% (n = 979)


 	Part Time
 22.1% (n = 298) 	2.3% (n = 7) 	7.0% (n = 21) 	90.6% (n = 270)


 	Residence 	Urban
 37.7% (n = 509) 	3.3% (n = 17) 	6.7% (n = 34) 	90.0% (n = 458)


 	Rural
 62.3% (n = 841) 	1.7% (n = 14) 	4.3% (n = 36) 	94.1% (n = 791)





Vegetarian—lacto-ovo-vegetarian. Values are prevalences (%), total numbers, and mean ± standard deviation (SD). cm, centimeters; kg, kilograms. Significant difference (p < 0.01).

1 For omnivorous diet.

2 For vegetarian diet.

3 Between mixed and vegetarian diet.

4 Between mixed and vegan diet.

5 Between vegetarian and vegan diet (p < 0.01).
 


3.1 Dietary motives and lifestyle preferences

Health was the primary motive for the selection of any diet type. Almost half (48.4%; n = 15) of participants with a vegan diet reported health as the primary motive for their diet, followed by those with an omnivorous diet (46.9%; n = 586) and vegetarians (37.1%; n = 26). Animal welfare was the second most commonly mentioned motive among participants with a vegetarian (40.0%; n = 28) and vegan diet (29.0%; n = 9). Among those with an omnivorous diet, taste was the second most commonly mentioned primary motive (23.8%; n = 297) followed by tradition (10.2%; n = 127). Among vegetarians, taste was the third most commonly mentioned primary motive for their dietary choices (10.0%; n = 7), while environmental protection was the third most commonly mentioned motive (12.9%; n = 4) among those with a vegan diet. Food intolerances were reported by 14.0% (n = 189) of the participants.

Across the total sample, 70.7% (n = 954) of the participants considered engagement in exercise as a meaningful or cool lifestyle, and an additional 10.9% (n = 147) mentioned a lifestyle of a specific sports activity. A vegan diet and lifestyle were considered meaningful or cool by 7.4% (n = 100) and 2.4% (n = 32), respectively. While PA, sports & exercise remained the most commonly mentioned meaningful or cool lifestyle among those with a vegan diet (41.9%; n = 13), vegetarians reported their dietary choice most commonly as a meaningful lifestyle (51.4%; n = 36). A vegan diet was mentioned as a meaningful or cool lifestyle among 35.5% (n = 11) of participants with a vegan diet. Meat (4.5%; n = 56) and alcohol consumption (1.8%; n = 22) as a lifestyle were only mentioned among those consuming an omnivorous diet. Those with an omnivorous diet also mentioned the vegetarian diet (5%; n = 62) or vegetarian lifestyle (2.2%; n = 27) as a meaningful or cool lifestyle.

Table 2 displays an overview of dietary motives and lifestyle preferences of secondary school teachers and principals across subgroups, while full detail of dietary motives and lifestyle preferences for by diet type for sex, school level, residence and employment status are presented at Appendix Tables A.1 and A.2. (see Supplementary material).


TABLE 2 Dietary motives and lifestyle preferences according to diet type.


	
	
	Total
	Vegan
	Vegetarian
	Omnivorous



	N = 1,350
	2.3% (n = 31)
	5.2% (n = 70)
	92.5% (n = 1,249)

 

 	Dietary Motives 	Health 	46.4% (n = 627) 	48.4% (n = 15) 	37.1% (n = 26) 	46.9% (n = 586)


 	Animal welfare 	4% (n = 54) 	29% (n = 9) 	40% (n = 28) 	1.4% (n = 17)


 	Taste/Preference 	22.3% (n = 305) 	3.2% (n = 1) 	10% (n = 7) 	23.8% (n = 297)


 	Environment protection 	1.6% (n = 22) 	12.9% (n = 4) 	5.7% (n = 4) 	1.1% (n = 14)


 	Other 	6.4% (n = 87) 	3.2% (n = 1) 	1.4% (n = 1) 	6.8% (n = 85)


 	Lifestyle Preferences 	PA and sports/exercise 	70.8% (n = 956) 	41.9% (n = 13) 	31.4% (n = 22) 	73.7% (n = 921)


 	Sports lifestyle 	10.9% (n = 147) 	3.2% (n = 1) 	5.7% (n = 4) 	11.4% (n = 142)


 	Vegetarian diet 	7.3% (n = 99) 	3.2% (n = 1) 	51.4% (n = 36) 	5.0% (n = 62)


 	Vegetarian lifestyle 	2.4% (n = 32) 	3.2% (n = 1) 	5.7% (n = 4) 	2.2% (n = 27)


 	Vegan diet 	1.1% (n = 15) 	35.5% (n = 11) 	4.3% (n = 3) 	0.1% (n = 1)


 	Vegan lifestyle 	0.8% (n = 11) 	9.7% (n = 3) 	1.4% (n = 1) 	0.6% (n = 7)


 	Alcohol 	5.9% (n = 80) 	3.2% (n = 1) 	4.3% (n = 3) 	6.1% (n = 76)


 	Smoking 	1.3% (n = 18) 	3.2% (n = 1) 	NA 	1.4% (n = 17)





Vegetarian—lacto-ovo-vegetarian. Values are prevalences (%) and total numbers. PA, Physical Activity; NA, no answer/not applicable.
 



3.2 Fruit and vegetable consumption

Among the total sample, 62.4% (n = 842) of the participants reported daily fruit consumption and 72.2% (n = 975) reported daily vegetable consumption. There was no difference in the prevalence of daily fruit consumption across dietary subgroups. The prevalence of daily vegetable consumption was significantly lower in omnivores (70.5%; n = 881) compared to vegetarians (92.9%; n = 65) and vegans (93.5%; n = 29; χ2 = 23.65, p < 0.01), while daily vegetable consumption did not differ between those reporting a vegan or vegetarian diet (Figure 2).

[image: Stacked bar chart comparing percentages of daily fruit and vegetable consumption among vegan, vegetarian, and omnivorous groups. For fruit, vegans report 77.4% yes, vegetarians 64.3%, omnivores 61.9%. For vegetables, vegans report 93.5% yes, vegetarians 92.9%, omnivores 70.5%. Significant differences between diet groups are indicated for vegetable consumption. Green bars represent “Yes” responses, red bars represent “No” responses.]

FIGURE 2
 Prevalence (%) of daily fruit and vegetable consumption by diet type (N = 1,350). Vegetarian—lacto-ovo-vegetarian.


Male participants reported significantly less daily fruit and vegetable intake than females (χ2fruit = 12.65, p < 0.01; χ2vegetable = 28.52, p < 0.01). Further, part time teachers reported a higher prevalence of daily fruit and vegetable intake than their peer at fulltime employment (χ2fruit = 10.69, p < 0.01; χ2vegetable = 9.27, p < 0.01). Subgroup analyses further showed a higher prevalence of daily vegetable consumption in those with a vegan and vegetarian diet among full time teachers as well as secondary level I and II school teachers/principals (but at pooled subgroup). No difference was observed in the sex-specific prevalence of daily vegetable consumption across dietary patterns. Moreover, there was no difference in the prevalence of daily fruit consumption across kinds of diet in any subgroup. Table 3 shows the prevalence of daily fruit and vegetable consumption by dietary subgroups.


TABLE 3 Prevalence (%) of daily fruit and vegetable consumption by dietary subgroups.


	Total (N = 1,350)
	Daily Fruit Intake 62.4% (n = 842)
	Daily Vegetable Intake 72.2% (n = 975)



	Vegan
	Vegetarian
	Omnivorous
	Vegan
	Vegetarian
	Omnivorous



	77.4% (n = 24)
	64.3% (n = 45)
	61.9% (n = 773)
	93.5% (n = 29)
	92.9% (n = 65)
	70.5% (n = 881)

 

 	Sex


 	Male 	71.4 (n = 5) 	50.0 (n = 5) 	55.1 (n = 216) 	100 (n = 7) 	90.0 (n = 9) 	61.0 (n = 239)


 	Female 	79.2 (n = 19) 	66.7 (n = 40) 	65.0 (n = 557) 	91.7 (n = 22) 	93.3 (n = 56) 	74.9 (n = 642)


 	Teaching Level


 	Middle School 	80.0 (n = 8) 	70.0 (n = 21) 	63.0 (n = 262) 	90.0 (n = 9) 	93.3 (n = 28) 	69.2 (n = 288)


 	High School 	76.9 (n = 10) 	66.7 (n = 18) 	61.4 (n = 362) 	92.3 (n = 12) 	96.3 (n = 26) 	70.3 (n = 415)


 	Middle and High School Pooled 	75.0 (n = 6) 	53.8 (n = 6) 	61.3 (n = 149) 	100 (n = 8) 	84.6 (n = 11) 	73.3 (n = 178)


 	Residence


 	Urban 	76.5 (n = 13) 	58.8 (n = 20) 	61.1 (n = 280) 	100 (n = 17) 	91.2 (n = 31) 	73.6 (n = 337)


 	Rural 	78.6 (n = 11) 	69.4 (n = 25) 	62.3 (n = 493) 	85.7 (n = 12) 	94.4 (n = 34) 	68.8 (n = 544)


 	Employment Status


 	Full Time 	70.8 (n = 17) 	63.3 (n = 31) 	59.7 (n = 584) 	91.7 (n = 22) 	93.9 (n = 46) 	68.5 (n = 671)


 	Part Time 	100 (n = 7) 	66.7 (n = 14) 	70.0 (n = 189) 	100 (n = 7) 	90.5 (n = 19) 	77.8 (n = 210)





Vegetarian—lacto-ovo-vegetarian. Values are prevalences (%) and total numbers.
 



3.3 Fluids, alcohol, and nicotine consumption

Across the total sample 10.6% (n = 143) and 16.4% (n = 221) reported a fluid intake above 2.5 L/day and 2.0 L/day, respectively. There was no difference in level of fluid intake across dietary subgroups. Among the entire sample 76.1% (n = 1,027) of secondary school teachers/principals reported water as the most common drink, followed by tea (9.9%; n = 134), coffee (4.7%; n = 63) and fruit juices (4.4%; n = 59). Participants with a vegetarian diet only reported water (84.3%; n = 59) or tea (15.7%; n = 11) as their most preferred drink, and coffee was only the most preferred drink among participants with an omnivorous diet (5%; n = 62) (Figure 3).

[image: Stacked bar chart comparing beverage consumption percentages by diet group: vegan, vegetarian, and omnivorous. Each bar shows contributions of water, tea, fruit juice, syrup, coffee, and other beverages. Water is the major drink for all groups, highest in vegetarians at 84.3%, followed by omnivorous at 76.1% and vegans at 61.3%. Tea is higher for vegans at 19.4% compared to vegetarians at 15.7% and omnivorous at 9.4%. Remaining beverage types form smaller proportions. Chart enables comparison of beverage types across dietary patterns.]

FIGURE 3
 Prevalence (%) of most commonly consumed fluid by kind of diet (N = 1,350). Vegetarian—lacto-ovo-vegetarian.


Out of all secondary teachers and principals, 81.5% (n = 1,100) reported alcohol consumption and 11.0% (n = 149) smoked. Alcohol consumption and smoking prevalence did not differ significantly across dietary subgroups (Figure 4; Table 4).

[image: Stacked bar chart comparing percentages of vegans, vegetarians, and omnivores who consume alcohol or smoke, categorized as never, sometimes, or regularly. Alcohol use: vegans 19.4% never, 64.5% sometimes, 16.1% regularly; vegetarians 22.9% never, 55.7% sometimes, 21.4% regularly; omnivores 18.3% never, 58.3% sometimes, 23.5% regularly. Smoking: vegans 93.5% never, 6.5% sometimes, 0% regularly; vegetarians 94.3% never, 0% sometimes, 5.7% regularly; omnivores 88.6% never, 2.5% sometimes, 8.9% regularly.]

FIGURE 4
 Prevalence of alcohol consumption and smoking by kind of diet (N = 1,350). Vegetarian—lacto-ovo-vegetarian.



TABLE 4 Prevalence (%) of alcohol consumption and smoking by kind of diet.


	Total (N = 1,350)
	Alcohol 81.5% (n = 1,100)
	Smoking 11.0% (n = 148)



	Vegan
	Vegetarian
	Omnivorous
	Vegan
	Vegetarian
	Omnivorous



	80.6% (n = 25)
	77.1% (n = 54)
	81.7% (n = 1,021)
	93.5% (n = 2)
	92.9% (n = 4)
	70.5% (n = 142)

 

 	Sex


 	Male 	85.7 (n = 6) 	80.0 (n = 8) 	86.7 (n = 340) 	14.3 (n = 1) 	20.0 (n = 2) 	12.5 (n = 49)


 	Female 	79.2 (n = 19) 	76.7 (n = 46) 	79.5 (n = 681) 	4.2 (n = 1) 	3.3 (n = 2) 	10.9 (n = 93)


 	Teaching Level


 	Middle School 	80.0 (n = 8) 	76.7 (n = 23) 	78.6 (n = 327) 	N/A 	6.7 (n = 2) 	13.5 (n = 56)


 	High School 	76.9 (n = 10) 	81.5 (n = 22) 	85.4 (n = 504) 	7.7 (n = 1) 	7.4 (n = 2) 	11.5 (n = 68)


 	Middle and High School Pooled 	87.5 (n = 7) 	69.2 (n = 9) 	78.2 (n = 190) 	12.5 (n = 1) 	N/A 	7.4 (n = 18)


 	Residence


 	Urban 	70.6 (n = 12) 	85.3 (n = 29) 	84.3 (n = 386) 	11.8 (n = 2) 	2.9 (n = 1) 	12.2 (n = 56)


 	Rural 	92.9 (n = 13) 	69.4 (n = 25) 	80.3 (n = 635) 	N/A 	8.3 (n = 3) 	10.9 (n = 86)


 	Employment Status


 	Full Time 	83.3 (n = 20) 	77.6 (n = 38) 	82.7 (n = 810) 	8.3 (n = 2) 	4.1 (n = 2) 	11.8 (n = 116)


 	Part Time 	71.4 (n = 5) 	76.2 (n = 16) 	78.1 (n = 211) 	N/A 	9.5 (n = 2) 	9.6 (n = 26)





Vegetarian—lacto-ovo-vegetarian.
 



3.4 PA, sports & exercise participation

Participation in leisure time PA, sports & exercise was reported by 88.7% (n = 1,197) of secondary school teachers/principals and 29.2% (n = 394) of them were members in sports clubs (Table 5). Compared to part-time employees full time employment was associated with higher leisure time PA (89.8% vs. 84.9%; χ2 = 5.65, p = 0.02) and club sports participation (30.8% vs. 23.5%; χ2 = 6.00, p = 0.01). There was no difference in leisure time PA by sex, living environment and employment status. Club sports participation, however, was significantly higher in male participants compared to female participants (39.1% vs. 24.9%; χ2 = 28.02, p < 0.01) as well as participants living in a rural environment compared to their peers living in an urban environment (31.4% vs. 25.5%; χ2 = 5.25, p = 0.02).


TABLE 5 Prevalence (%) of PA, sports & exercise engagement by dietary subgroups.


	Total (N = 1,350)
	Leisure Time Sports 88.7% (n = 1,198)
	Club Sports 29.2% (n = 394)



	Vegan
	Vegetarian
	Omnivorous
	Vegan
	Vegetarian
	Omnivorous



	83.9% (n = 26)
	88.6% (n = 62)
	88.9% (n = 1,110)
	29.0% (n = 9)
	22.9% (n = 16)
	29.5% (n = 369)

 

 	Sex


 	Male 	57.1 (n = 4) 	80.0 (n = 8) 	91.8 (n = 360) 	28.6 (n = 2) 	30.0 (n = 3) 	39.5 (n = 155)


 	Female 	91.7 (n = 22) 	90.0 (n = 54) 	87.5 (n = 750) 	29.2 (n = 7) 	21.7 (n = 13) 	25.0 (n = 214)


 	Teaching Level


 	Middle School 	90.0 (n = 9) 	86.7 (n = 26) 	89.7 (n = 373) 	40.0 (n = 4) 	20.0 (n = 6) 	31.0 (n = 129)


 	High School 	76.9 (n = 10) 	85.2 (n = 23) 	88.6 (n = 523) 	15.4 (n = 2) 	25.9 (n = 7) 	26.8 (n = 158)


 	Middle and High School Pooled 	87.5 (n = 7) 	100 (n = 13) 	88.1 (n = 214) 	37.5 (n = 3) 	23.1 (n = 3) 	33.7 (n = 82)


 	Residence


 	Urban 	82.4 (n = 14) 	88.2 (n = 30) 	89.1 (n = 408) 	23.5 (n = 4) 	23.5 (n = 8) 	25.8 (n = 118)


 	Rural 	85.7 (n = 12) 	88.9 (n = 32) 	88.7 (n = 702) 	35.7 (n = 5) 	22.2 (n = 8) 	31.7 (n = 251)


 	Employment Status


 	Full Time 	79.2 (n = 19) 	95.9 (n = 47) 	89.8 (n = 879) 	33.3 (n = 8) 	24.5 (n = 12) 	31.1 (n = 304)


 	Part Time 	100 (n = 7) 	71.4 (n = 15) 	85.6 (n = 231) 	14.3 (n = 1) 	19.0 (n = 4) 	24.1 (n = 65)





Vegetarian—lacto-ovo-vegetarian.
 

Across the entire sample there were no differences in leisure time PA and sports/exercise or club sports participation across dietary subgroups, and—although vegans on average with 3.3 days/week were most active on a weekly basis (vs. 3.1 days/week in vegetarians and 2.9 days/week in omnivorous; Figure 5)—the frequency of PA and sports/exercise also did not differ by diet type. Similar results were observed in subgroup analyses, except for male participants regarding leisure time PA. In men, leisure time PA declined from those with an omnivorous diet to those with a vegan diet (χ2 = 11.56, p < 0.01) while no difference in club sports participation was observed.

[image: Box plot comparing number of days per week for vegan, vegetarian, and omnivorous groups. Medians are similar across all groups, with interquartile ranges spanning two to five days. Whiskers show wider variability for vegan and omnivorous categories.]

FIGURE 5
 PA, sports & exercise participation (days/week) by diet type (n = 1,197). Vegetarian—lacto-ovo-vegetarian. Note. Values are displayed as median and interquartile ranges, including means (x).





4 Discussion

The current investigation from the From Science 2 School study aimed to assess the lifestyle interests, dietary motivations, and associations of key health behaviors among Austrian secondary school teachers and principals following vegan, vegetarian and omnivorous diets. The most important findings include: (1) the prevalence of each respective diet type show the majority of secondary teachers/principal following an omnivorous diet, with a vegan/vegetarian diet adherence similar to current reports; (2) significantly more males consumed an omnivorous diet and significantly more females consumed a vegetarian diet; (3) health is the main driver for a specific diet choice and PA, sports & exercise engagement and lifestyle were reported the predominant lifestyle preferences among school teachers/principals; (4) vegetable consumption was significantly greater among vegan and vegetarian subgroups; and (5) alcohol consumption and smoking prevalences were similar across dietary subgroups; and (6) although vegan teachers/participants are most active on a weekly basis, no differences were found regarding participation in leisure time PA, sports & exercise. Interestingly, despite vegan and vegetarian diet adherence among adults is linked to better health behavior and status due to higher health consciousness and interest [31: pp. 97–115, 126, 279, 362–408] as well as the established fact that health is linked to academic/educational level, the present investigation rejects the hypothesis that secondary level school teachers/principals following vegetarian (including vegan) diets have advanced health behaviors. The results include practical recommendations for upgrading school cafeteria (e.g., breakfast and lunch) options to include sustainable and healthy vegan snack and meal options daily with specific tailoring for promoting adult health (predominantly composed of a variety of whole foods low in fat, including whole grains, legumes, vegetables, fruits, nuts, and seeds combined with lightly processed foods; e.g., vegan meat alternatives, varieties of tofu, plant-based milks like almond or soy, plant-based yogurts, desserts, puddings, etc.) also suitable for vegan/vegetarian and omnivorous peers with lower environmental impact (9, 13, 14, 73).


4.1 Diet type prevalences, motivations, and sociodemographics

Typically, reports of vegetarian diets have been found to range around 7% of the global population (74). Whereas in German culture, vegetarian nutrition appears to be slightly less common, with known nationwide prevalences ranging up to 6% (75). The vegan diet, a special type of vegetarian nutrition, considering the absence of animal meat consumption as well as any product from animal origin (69, 70), is even less prevalent around the world (~2–3%) (74). However, background numbers reported 51% of European citizens, 51% of Austrian and 59% of German populations have reduced their meat intakes (76, 77), with at least 75 million (10%) Europeans adhere to a vegan or vegetarian diet (78). Austria currently has the highest fraction of people eating vegan (5% vegans, 5% vegetarians, 37% flexitarians) while Germany has the highest prevalence of flexitarian dieters (4% vegans, 6% vegetarians, 40% flexitarians) (76), with the prevalence of vegans and vegetarians in Germany having doubled during the COVID-19 pandemic (79). Thus, while approximately 9 in 10 teachers/principals reported eating a traditional mixed diet, the present investigation includes a similar prevalence of vegetarian dieters with vegan reports found slightly below the current average among Austrian school teachers/principals as compared to the general population. Interestingly, it was revealed that a considerable group of vegetarian dieters and most of the vegan dieters had switched to their current diet within the previous 5 years, indicating that many of these participants were rather novice among their dietary subgroups. However, it has been reported that (i) females are more likely to withdraw from the consumption of meat (or all animal products) and (ii) people with higher levels of education follow vegetarian nutrition to a greater extent, possibly due to underlying ethical considerations (e.g., that it is not a necessity to kill for survival or to maintain long-term sustainable health) (80). These findings may explain why the present veggie subgroups were more interested in the lifestyle of their diet as well as the motivations of the veggie dieters, which were mostly linked to health, environmental protection, and animal welfare. A recent report on contemporary eating trends found that especially health (47% vs. 49%), animal welfare (31% vs. 39%), and environment (27% vs. 30%) rank the top three motives in Austria, Germany, and across Europe (health: 38–57%; animal welfare: 13–40%; environment: 12–37%) (76, 77). Moreover, 8 in 10 teachers/principals of the present study reported PA, sports & exercise engagement and lifestyle as dominant lifestyle preferences with approximately 85% of omnivores reporting being active as most important.

Previous results from the WHO Health Behavior of School Aged Children (HBSC) on Austrian teachers (56, 57, 61), the WIENGS (Vienna’s network for health promoting schools), the Austrian Teacher and Principal Health Study (ATPHS) (55, 57, 61–65, 81), and the OECD TALIS (Teaching and Learning International Survey) (66, 67) reports, however, missed the importance of current nutritional trends, nicotine and alcohol consumption, and lacked the linkage of PA patterns with diet types.

In comparison, significantly more males were found to follow the omnivorous rather than a plant-predominant diet in the present investigation, which aligns with the previous literature on the topic, and is possibly due to an underlying cultural misappropriation of the link between meat and masculinity (80, 82). The Global Burden of Disease 2017 Diet Collaborators studied the health effects and overall impact of poor dietary habits on NCD mortality and found that the global consumption of processed meat, sodium, and red meat were markedly above the optimal levels (90%, 86%, and 18% greater, respectively), with men generally having higher intakes of healthy and unhealthy foods than women (83). Therefore, the sex difference between the omnivorous diet subgroup and vegetarian diet subgroup is likely one indication for explaining the difference in body weight between these groups. This finding is consistent with an Austrian report on teachers as a part of the WHO 2010 HBSC study (58, 59), including 60.6% of teachers having a normal BMI (vs. 63% in the current study), and overweight/obesity was much higher among males than females (40.6% vs. 14.7%). On the other hand, the underlying BMI difference may also be a reflection of replacing meat from the diet with a lower calorie plant food alternative (84). However, although vegans were found having the lowest BMI there were no significant differences in BMI across dietary subgroups, which is inconsistent with previous findings where adults consuming vegan diets were found to have the only normal BMI between the three groups (85). Additionally, the present findings on underweight in teachers are consistent with literature from the HBSC report (58, 59), as women (underweight prevalent in females only) tend to present such conditions more commonly than men.



4.2 Fruit and vegetable consumption

While daily fruit consumption did not significantly differ across the dietary subgroups, the vegans reported markedly higher daily intake than vegetarians and omnivores. In the EPIC-Oxford study, it was revealed that people eating vegetarian and vegan diets (i.e., more plant-predominant kinds of diets) consumed significantly more fruit (86). Therefore, an inconsistency was found with the previous research, although this tendency remains in the present findings. One explanation for the likely difference may be due to the rigorous definitions for each diet type, with the vegan dieters required to be eating 100% plant-predominant in the present investigation (71, 72) along with the higher health consciousness linked to generally higher academic/educational levels in teachers/principals. Whereas the classification for the omnivorous subgroup, on the other hand, must have indicated the consumption of animal meat. Therefore, the natural differences between these diet types allow for the heightened consumption of fruit on the vegan diet due to the exclusion of specific foods (meat, dairy products, eggs) and the replacement of calories with further plant-predominant foods. Since 1978, the positive health effects from plant-predominant diets are convincing (87) and frequently confirmed from further renowned studies on vegan and vegetarian diets (e.g., Adventist Health Studies (AHS) 1 and 2, EPIC-Oxford Study, Twin Nutrition Study (TwiNS)) as well as the connection with healthy longevity, better health outcomes, and greater health consciousness from healthier lifestyle patterns (28, 85, 86, 88–94). Subsequently, health outcomes revealed lower prevalences of NCDs and their risk factors among vegetarians and even more so among vegans (28).

This difference between the diet types was even more apparent considering daily vegetable consumption, as both the vegan as well as vegetarian dietary subgroup had significantly higher daily vegetables than the omnivorous subgroup. As fruit and vegetables are the primary components for a healthy diet, these foods should be consumed daily regardless of diet type, with five servings of fruit and vegetables recommended daily by the currently updated Austrian nutritional guidelines (95–97). In connection, less than daily fruit and vegetable consumption is considered to be poor dietary intake, which is known to be the cause of 15% of disability-adjusted life years (DALYs) and 22% (>1 in 5) deaths globally among adults (83); school teachers and principals in Austria as well as adults around the world are urged to at least consume 2 portions of fruit plus 3 vegetables every day (96, 97). Likewise, teachers are known to be major role models for imprinting the health behavior of their pupils (98, 99). The plant-predominant nature of the EAT-Lancet commission for the promotion of the planetary health diet is critically essential for all people to follow at a minimum for mitigating the imminent dangers of climate change (famine, disease, water shortages, forced migration, etc.) (100). In addition, typical meat-centered, high-caloric omnivorous dietary patterns containing red and processed meats are associated with a variety of health issues and adverse effects (e.g., cardiovascular disease, cancer, type 2 diabetes, all-cause mortality, etc.), including overweight/obesity as major risk factor amongst others (101–108). The negative effects of red meat on (all-cause and cardiovascular) mortality risk cannot be compensated for, even with the maximum intake from fruits and vegetables (109). However, reports on fruit and vegetable intakes showed 6 in 10 and 7 in 10 teachers/principals with respective daily consumption of the present sample, with better intakes among part-time employees and females. Regardless of the kind of diet, daily whole plant food consumption high in fiber and low in fat (>90% of daily calories) with considerable variety (legumes, whole grains, fruit, vegetables) may be increased to vastly promote health (110, 111). While the topic of the healthfulness and safety of vegetarian and vegan nutrition is still debated, often with an unenthusiastic or even prejudicial connotation (112–117), most dietitians (75%) lack knowledge on plant foods, protein, and especially whole food vegan diets and feel they did not receive adequate education (79%) (118).

A recent survey performed on 5,000 secondary school pupils aged 14–20 years initiated by the Austrian Pupils´ Representatives revealed that Austrian school children are generally interested in how nutrition affects physical health (87%), the impact of food on environment (71%), and the desire to receive more nutritional education in class during regular school time (82%) (119, 120). However, as by state mandate this learning content is already coped by school health promotion as the overarching teaching principle and educational goal across all grades (primary to secondary level II), with competence-oriented application relevant to teachers of all compulsory subjects enabling pupils to impart health knowledge in larger contexts (121). However, school sports as a starting point (health promotion and education considered as special task of school sports) and primarily the compulsory subject Physical Education has the leading role concerning holistic health concept contribution to the health promoting life organization even by dealing with such health topics (122–125). Therefore, and since not only dietitians and doctors lack basic health knowledge, teachers also need to be adequately educated and trained at university/college in order to be able to empower their pupils accordingly in the future (122–124).



4.3 Fluid intake, alcohol, and nicotine consumption

Adults in Europe are suggested to consume 2 or 2.5 liters of water per day (as plain water, other beverages, and/or within foods) for women and men, respectively (126). The vast majority of the present sample (73%) indicated less than adequate daily fluid consumption. However, the present participants did not consider the water contained in the foods they consumed as part of their daily fluid intake, which may have led to an adequate daily water intake, especially with foods high in water like fruits and vegetables (127). Considering that daily vegetable intake was higher among the vegetarian and vegan subgroups, this may have contributed to a better hydration status in these subgroups without revealing a difference in absolute fluid intake. About 3 in 4 teachers/principals (76.1%) of the total sample did, however, report water as the most common fluid consumed (with an additional water-based prevalence of approx. 10% from tea, adding up to a total of more than 8 in 10 participants reported daily water/tea intake), which is indicative of their alignment with basic health intuition (126). The omnivorous subgroup was the only group to consider coffee as the favored beverage, which may be related to the heightened awareness previously identified among vegetarians and vegans concerning the inessential substances they consume on a regular basis (128).

Interestingly, while most participants (approx. 8 in 10) reported alcohol intake with higher prevalence in full-time teachers/principals, and only a minor incidence of about 1 out of 10 reported smoking, no difference was found among the diet types concerning alcohol intake or smoking habits. For alcohol intake this finding is inconsistent with a previous large-scale, epidemiological study (AHS 2: vegetarians and vegans were found to drink dramatically less alcohol) and may be related to the present sample being schoolteachers and school staff of a European country, whereas previous findings were connected to a religious cohort in the USA (128). However, another study on Belgian adults found an association between vegetarian diets, alcohol consumption, and smoking habits, where the vegetarian (including vegan) subgroup was the least likely to consume either (129). The lack of difference found in the present investigation concerning alcohol consumption and smoking habits may also be related to the relatively small numbers of participants among the vegetarian (n = 70) and vegan subgroups (n = 31) with a considerable group of novice dieters (36.6% and 64.5%, respectively) compared to the total number in the omnivorous subgroup (n = 1,249). Also, it was previously found by the WHO HBSC study that teachers have a lower occurrence of smoking than the general population (12.6% vs. 23.3%) and most teachers were found to quit with older age (58, 59). The previous findings were in line with a study on German teachers indicating 20% smoking prevalence (69). Future research is suggested to include further analyses concerning inessential substance consumption among vegetarian and vegan dietary groups, especially considering subgroup analyses with participants adhering to their diet type for long-duration (e.g., >5 years, lifelong veganism/vegetarianism).



4.4 PA, sports & exercise levels, interests, and motivations

Nearly 9 out of 10 (or 89%) secondary school teachers/principals in the present study reported engagement in leisure time PA, sports & exercise (up to 92% in both vegan females and omnivorous males) with a big fraction of those (approx. one third) additionally being club sports members, too. A discrepancy with previous research was found regarding the similarity of PA levels of about 3 days/week across the dietary subgroups (85), with the vegans being most active of all dietary subgroups along with vegetarians on average being active at >3 days/week vs. omnivores at <3 days/week. In the present sample, the majority of teachers/principals (approx. 82%) considered an active lifestyle to be the most meaningful, which may partly explain the similarity between the participants´ PA levels. This finding may be related to PA, sports & exercise being the most frequently reported lifestyle interest among the vegan subgroup (41.9%). Likewise, about a third of Austrian teachers (32.5%) were previously found to engage in PA on at least three occasions per week (58, 59). The omnivorous subgroup, on the other hand, most frequently mentioned PA, sports & exercise as the top lifestyle interest (85.1%), however, this group performed the least weekly PA, sports & exercise. Previously it was found that 72% of teachers in Germany were engaging in regular sporting activity (69). This result may be connected to an increased interest for an exercise-focused (e.g., healthy) lifestyle but lacking the elevated energy levels to follow through. However, health was the top motivation among all dietary subgroups (46.6% overall), which may indicate that the present sample was more health conscious than the general population (130) possibly due to being more educated and holding professional roles within the context of the school setting. Previously, the Austrian HBSC report found that male and female teachers were more active than the general population (58, 59).

The overview of the present study shows healthier lifestyle behavior of Austrian secondary school teachers/principals (associated with BMI, PA pattern, alcohol intake, smoking) compared to the general population of Austria (58, 131, 132). This finding might be associated with the increased education and knowledge among teachers, particularly more individual attributes (including values, competencies, skills, certifications) and social conditions (e.g., networking, peer support) that aid implementing more scientifically supported healthy behavior (38, 55–59). According to an independent of the socio-economic background of children and adolescents, schools as a health-promoting environment are a particularly suitable setting for the development and training of healthy behaviors in crucial phases of life (42–44, 122). Likewise, previous data show the health of teachers is vital for the quality of teaching, including pupil learning outcomes (133), with the role of the teacher as a multiplier, being the leading factor of successful educational systems (134). In general, a close relationship exists between health, action competence, and personality development (52). Moreover, positive attitudes towards healthy lifestyle behavior is known to track over time (e.g., childhood to adulthood and old age) (135, 136). With regard to the UN SDGs #3—Good Health and Wellbeing and #4—High Quality Education as well as the UNESCO learning objective “cross-cutting competencies” (137–139), teacher health is not only a prerequisite but is essential for building successful societies; healthy teachers contribute positivity for the education and growth of healthy children, with a powerful influence on pupil lifestyle decisions (117, 140). Teacher health promotion is therefore not a “private matter” concerning the individual teachers themselves but a noteworthy contribution to the education system as a whole, reaching the general public, too (52), including public health benefits for nations like Austria.

Recent investigation from the health survey of 5,082 Austrian school headmasters and teachers (ATPHS action report) included no results on PA, sports & exercise, nutrition (fruit, vegetables), smoking, or alcohol consumption but urged the strategic importance of health promotion (62). In a recent report, teachers in an Austrian health study self-reported a high level of health (53). Likewise, the WIENGS study also lacked critical results on PA, sports & exercise, nutrition (fruits, vegetables), smoking, and alcohol due to a closer approach on mental health but highlighted the importance of health promotion at school for teachers and pupils (53, 59, 61, 81). Further, results from an overview on teacher health in Austria and Germany also failed to include findings on PA, sports & exercise, nutrition (fruits, vegetables), smoking, and alcohol with rising concern for the current mental health situation for teachers (63–65), and also the link pointed out by earlier research (70, 141). A recent study reported on the high-demanding nature of being a teacher, which may be related to a higher level of stress and hypertension (68, 142) although generally better health is found among teachers in Austria (63, 64, 143). However, before an improvement of the mental health situation among teachers may be realized, physical health still has much room for improvement, although generally better than the normal population (61, 142, 144). Results from the TALIS study also lacked the analysis of PA, sports & exercise, nutrition (fruit, vegetables) smoking, and/or alcohol consumption but found that teachers and headmasters are mostly satisfied with their professional roles (>93% vs. > 97%, respectively) (66, 67). Teachers are a valuable target group of research and important stakeholders in schools but have yet received little attention and help concerning health promotion (50, 145), and at the same time, are expected to take on even more functional and roles of importance in the school setting (49, 70).



4.5 Study limitations and strengths

Several limitations should be considered when interpreting the findings of the present investigation. The present study was developed as the first to examine differences in the motives, lifestyle preferences, and basic health behaviors of secondary school teachers/principals distinctly differentiated by vegan, vegetarian, and omnivorous diets in order to align with current trends towards more sustainable diets. While cross-sectional studies share the common limitation that no causality may be drawn from the results (146), the study design does allow for large samples to be accessed with particularly relevant themes based on previous literature to better elaborate the context of important areas for aiding future research with interventional designs or even randomized controlled trials (146). Importantly, the questionnaire of the present study was based on self-report data concerning health-related topics, which likely favored the occurrence of socially acceptable answers (possible reporting bias of, e.g., BMI, water intake, fruit, vegetable consumption). However, control questions were implemented throughout the questionnaire to identify inconsistencies for their removal previous to data analyses. In addition, the present sample appears to have provided highly reliable responses considering their respective professional roles (e.g., school teachers and principals, etc.) as pillars of society in connection with the finding of no study exclusions due to conflicting data sets on e.g., height and body weight, thus plausible calculated BMI. Moreover, with a population of of approx. 9 million, Austria has the largest vegan and also a large vegetarian population, respectively 5 and 5% (76, 77). The subjects in this investigation were predominantly female (n = 941; approx. 70%) also among vegan (>3:1-ratio) and vegetarian (6:1-ratio) dietary subgroups, which aligns with previous reports (80) and are in line with reports of females to be more health conscious and interested in following healthy, sustainable diets (147, 148). Likewise, study participation was voluntary, which may limit the results to the highly motivated teachers and principals (e.g., possible selection bias).

A major strength of the present investigation is the basis of the study on Austrian secondary school teachers and principals, as influential role models of favorable health behavior for society, including a large sample (1.5% of the total: 89,243 nationwide population). The present sample did, however, include a sex difference with a predominance of female vs. male participation (2:1 ratio) and more females in the vegan/vegetarian subgroups (5–6 times). While this finding may appear to increase bias, this is rather trivial considering the approach of the cross-sectional design. Additionally, while the results of the omnivorous dietary subgroup were based on a large and representative sample (power analysis revealed the minimum sample required was n = 984; see study protocol at https://www.science2.school/en/#Publications), it is still difficult to enroll a sufficiently large sample of vegans and vegetarians to participate in a study. Thus, although comparable (7.7% pooled) to current reports available on sustainable diet trends among the Austrian population, the respective numbers of vegan and vegetarian dieters in the present investigation were relatively low with a high prevalence of rather novice vegans (64.5%). The present study is the first to overcome the lack of knowledge and bridge the gap in current literature related to adult populations with higher academic level within the educational setting and also to consider the connection of diet type with basic health behaviors among school teachers and principals. Thus, the findings may be especially relevant for providing a basis for the promotion of future health among Austrian teachers, principals, superintendents, and other school staff as well as the close relationship with school pupils, their parents/guardians, and other similar socio-cultural backgrounds. In addition, future interventions or randomized controlled trials are recommended to investigate vegan dietary interventions in schools, primarily targeting the population of school teachers and principals.




5 Conclusion

The present investigation of secondary school teachers and principals health behavior as part of the From Science 2 School study revealed novel findings concerning the connection of diet type (vegan, vegetarian, omnivorous) to contribute to close the gap in teacher reports available. The present investigation found no broad advancement of health behavior among vegan/vegetarian dieters as compared to the general omnivorous dieters (PA behavior, fruit consumption, alcohol intake, or smoking habits), which may be due to the generally higher health interest and consciousness of teachers since health is linked to educational level. Higher health consciousness from a fundamental basic education and of further education among the present population of school teachers and principals may delineate the lack of differences between diet types and BMI in the present investigation. Additionally, health was the most important reason for dietary choice, sports engagement, and the predominant lifestyle preference across all dietary subgroups. School teachers, principals and pedagogues are highly valuable role models and multipliers for promoting the health situation of future generations. Thus, every effort (personal, scientific, school policy, governmental support, etc.) should be made to prioritize improving the health behavior of teachers, principals and pedagogues for benefitting the public health in Austria as well as similar nations around the world.



Data availability statement

The datasets presented in this article are not made publicly available due to data protection and security laws. Requests to access the datasets should be directed to katharina.wirnitzer@uibk.ac.at.



Ethics statement

The ethics boards of all nine of the Austrian Federal Education Authorities approved this study. Following the requests of the educational authorities and school entities, no additional ethical vote (institutional review or ethics board) was required. Before the teachers and principals volunteered to participate in the study, written informed consent was acquired with the disclosure of detailed information on the study procedure (see: Methods section, Chapter 2.1). The study protocol may be accessed for more information.



Author contributions

KW: Conceptualization, Writing – original draft, Writing – review & editing, Methodology, Supervision. DT: Conceptualization, Writing – original draft, Writing – review & editing. CD: Conceptualization, Writing – original draft, Writing – review & editing, Methodology, Formal analysis. GW: Writing – original draft, Writing – review & editing, Investigation, Resources, Data curation, Software. MS: Writing – original draft, Writing – review & editing. GR: Writing – original draft, Writing – review & editing. WK: Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This school study (From Science 2 School; nationwide, Austria) was funded by the TWF (Tiroler Wissenschaftsförderung; reference number: UNI-0404/2413). The TWF had no part in study design, conduction, data collection, data analysis, presentation, and/or publication of the findings.



Acknowledgments

This study was made possible with the support of the Federal Ministry of Education, Science and Research in Austria (Bundesministerium für Bildung, Wissenschaft und Forschung (BMBWF): Abteilung I/7—Schul/Universitätssport). The nine Austrian Federal Education Authorities approved this study (see: https://www.science2.school/en/#Partners). In addition, Prof. Dr. rer. nat. Katharina Wirnitzer, BEd (principal investigator) would like express gratitude for the administrative and personal support for the study, including the aid of partners, governmental, and federal authorities of education. The follow-up study, Sustainably Healthy—From Science 2 Highschool & University (see: https://uni.science2.school/en/), seamlessly surveyed the prevalence of physical exercise connected with diet type in the tertiary educational setting in Austria, which commenced in 2021 (end of data collection: July 31st). No professional relationship exists with companies or manufacturers that benefit from the results of this study.



Conflict of interest

The 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.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2025.1677900/full#supplementary-material




References
	 1. Harrap, C (2024). 2024 Olympics set to double its plant-based food offering. The Paris 2024 summer Olympics will be more plant-based than ever. Plant based news, 20. 2. 2024. Available online at: https://plantbasednews.org/culture/events/olympics-double-plant-based-food/ (Accessed October 10, 2024)
	 2. Irish Farmers Journal (2024). Paris Olympics going 60% meat-free, online 8. 5. 2024. Available online at: https://www.farmersjournal.ie/news/dealer/paris-olympics-going-60-meat-free-816267 (Accessed October 10, 2024)
	 3. Rowlands, S (2024). Exclusive: more than 60% of food at the Olympic games will be vegan for first time ever. Mirror online, 23. 3. 2024. Available online at: https://www.mirror.co.uk/news/uk-news/more-60-food-olympic-games-32426179#google_vignette (Accessed October 10, 2024)
	 4. Schattauer, G (2024) UEFA-Pläne für Deutschland. Vegane Kost, Unisex-Toiletten, Meldestelle – so “woke” wird die Fußball-EM 2024. Focus online, 23.6.2024. Available online at: https://www.focus.de/sport/uefa-plaene-fuer-deutschland-fussball-em-2024-welche-woken-regeln-die-uefa-geplant-hat_id_199488249.html (Accessed October 10, 2024)
	 5. Epp, M (2024) Unisex-Toiletten, alkoholfreie Getränke, vegane Speisen: UEFA plant Zusatz-Angebote bei der EM 2024. Frankfurter Rundschau online: 12.4.2024. Available online at: https://www.fr.de/sport/fussball/em-2024-uefa-nachhaltigkeit-umwelt-lahm-strategiepapier-vegan-92411292.html (Accessed October 10, 2024)
	 6. Epp, M (2024) Vegane Speisen, Unisex-Toiletten: EM 2024 soll neue Maßstäbe setzen. Tz online, 12.4.2024. Available online at: https://www.tz.de/sport/fussball/em-2024-uefa-nachhaltigkeit-umwelt-lahm-strategiepapier-vegan-92411293.html (Accessed October 10, 2024)
	 7. Knauth, S (2024) Fußball-EM 2024: Fußball zwischen Bier, Bratwurst und etwas Veganem. News.de, 7.6.2024. Available online at: https://www.news.de/sport/857813651/fussball-zwischen-bier-bratwurst-und-etwas-veganem-fussball-em-2024-news-der-dpa-aktuell-zu-em-kabarett-und-fussball/1/ (Accessed October 10, 2024)
	 8. World Health Organization. Plant-based diets and their impact on health, sustainability and the environment: A review of the evidence: WHO European Office for the Prevention and Control of noncommunicable diseases. Copenhagen: WHO Regional Office for Europe (2021).
	 9. Poore, J, and Nemecek, T. Reducing food’s environmental impacts through producers and consumers. Science. (2018) 360:987–92. doi: 10.1126/science.aaq0216 
	 10. Scarborough, P, Clark, M, Cobiac, L, Papier, K, Knuppel, A, Lynch, J , et al. Vegans, vegetarians, fish-eaters and meat-eaters in the UK show discrepant environmental impacts. Nat Food. (2023) 4:565–74. doi: 10.1038/s43016-023-00795-w 
	 11. Springmann, M. A multicriteria analysis of meat and milk alternatives from nutritional, health, environmental, and cost perspectives. PNAS. (2024) 121:e2319010121. doi: 10.1073/pnas.2319010121 
	 12. Petter, O (2020) Veganism is ‘single biggest way’ to reduce our environmental impact, study finds. Available online at: https://www.independent.co.uk/life-style/health-and-families/veganism-environmental-impact-planet-reduced-plant-based-diet-humans-study-a8378631.html#:~:text=Lead%20author%20Joseph%20Poore%20said,land%20use%20and%20water%20use.%22 (Accessed October 14, 2024)
	 13. Intergovernmental Panel on Climate Change (IPCC) (2022). Climate change 2022: mitigation of climate change. Technical summary (IPCC AR6 WGIII, p. 119). Cambridge University Press. Available online at: https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_TechnicalSummary.pdf (Accessed December 31, 2024)
	 14. Intergovernmental Panel on Climate Change (IPCC) (2023). CLIMATE CHANGE 2023 Synthesis Report, page 29/42. Available online at: https://www.ipcc.ch/report/ar6/syr/downloads/report/IPCC_AR6_SYR_SPM.pdf (Accessed March 23, 2024)
	 15. Shattuck, SA. We can do better--improving the health of the American people. N Engl J Med. (2007) 357:1221–1228. doi: 10.1056/NEJMsa073350
	 16. GoInvo. (2023). Determinants of Health, 2017–2018. Available online at: https://www.goinvo.com/vision/determinants-of-health/ (Accessed May 20, 2023).
	 17. World Health Organization (2025). Noncommunicable diseases: Risk factors and conditions, Available online at: https://www.who.int/data/gho/data/themes/topics/topic-details/GHO/ncd-risk-factors (Accessed October 11, 2025).
	 18. Marques, A, Peralta, M, Martins, J, Loureiro, V, Almanzar, PC, and de, MMG. Few European adults are living a healthy lifestyle. AJHP. (2019) 33:391–8. doi: 10.1177/0890117118787078 
	 19. Institute for Health Metrics and Evaluation (2025). GBD Results, Available online at: https://vizhub.healthdata.org/gbd-results/ (Accessed May 2, 2025)
	 20. World Health Organization (2025). Non communicable diseases, Available online at: https://www.who.int/news-room/fact-sheets/detail/noncommunicable-diseases (Accessed May 2, 2025)
	 21. World Health Organization (2018). Noncommunicable Diseases (NCD) Country Profiles, Austria. Available online at: https://cdn.who.int/media/docs/default-source/country-profiles/ncds/aut_en.pdf?sfvrsn=cd1153b_40&download=true (Accessed October 11, 2025).
	 22. Statistik Austria. (2025). Todesursachen. Available online at: https://www.statistik.at/statistiken/bevoelkerung-und-soziales/bevoelkerung/gestorbene/todesursachen (Accessed October 11, 2025).
	 23. World Obesity Federation Global Obesity Observatory (2025). World Obesity Day Atlases | Obesity Atlas 2023, Available online at: https://data.worldobesity.org/publications/?cat=19 (Accessed October 11, 2025).
	 24. Warburton, DER, Nicol, CW, and Bredin, SSD. Health benefits of physical activity: the evidence. Canad Med Assoc J. (2006) 174:801–9. doi: 10.1503/cmaj.051351 
	 25. Hansford, HJ, Wewege, MA, Cashin, AG, Hagstrom, AD, Clifford, BK, McAuley, JH , et al. If exercise is medicine, why don't we know the dose? An overview of systematic reviews assessing reporting quality of exercise interventions in health and disease. Br J Sports Med. (2022) 56:692–700. doi: 10.1136/bjsports-2021-104977 
	 26. Barnard, ND, Cohen, J, Jenkins, DJA, Turner-McGrievy, G, Gloede, L, Green, A , et al. A low-fat vegan diet and a conventional diabetes diet in the treatment of type 2 diabetes: a randomized, controlled, 74-wk clinical trial. Am J Clin Nutr. (2009) 89:1588S–96S. doi: 10.3945/ajcn.2009.26736H 
	 27. Esselstyn, CB, Gendy, G, Doyle, J, Golubic, M, and Roizen, MF. A way to reverse CAD? J Fam Pract. (2014) 63:356–364b.
	 28. Orlich, MJ, and Fraser, GE. Vegetarian diets in the Adventist health study 2: a review of initial published findings. Am J Clin Nutr. (2014) 100:353S–8S. doi: 10.3945/ajcn.113.071233
	 29. Landry, MJ, Ward, CP, Cunanan, KM, Durand, LR, Perelman, D, Robinson, JL , et al. Cardiometabolic effects of omnivorous vs vegan diets in identical twins: A randomized clinical trial. JAMA Netw Open. (2023) 6:e2344457. doi: 10.1001/jamanetworkopen.2023.44457 
	 30. Arndt, MB, Abate, YH, Abbasi-Kangevari, M, Abd ElHafeez, S, Abdelmasseh, M, and Abd-Elsalam, S. Global, regional, and national progress towards the 2030 global nutrition targets and forecasts to 2050: a systematic analysis for the global burden of disease study 2021. Lancet. (2025) 404:2543–83. doi: 10.1016/S0140-6736(24)01821-X 
	 31. Leitzmann, C., and Keller, M. (2020). Vegetarische und vegane Ernährung. 4., völlig überarbeitete und erweiterte Auflage. UTB.
	 32. Raghupathi, V, and Raghupathi, W. The influence of education on health: an empirical assessment of OECD countries for the period 1995–2015. Arch Public Health. (2020) 78:20 (2020). doi: 10.1186/s13690-020-00402-5 
	 33. Zajacova, A, and Lawrence, EM. The relationship between education and health: reducing disparities through a contextual approach. Annu Rev Public Health. (2018) 39:273–89. doi: 10.1146/annurev-publhealth-031816-044628 
	 34. WHO Regional Office Europe (2015). Health 2020: Education and health through the life-course. Sector brief on education, July 2015. Copenhagen, Denmark. Document number: WHO/EURO:2015–6161–45926-66190.
	 35. Suhrcke, M, and de Paz Nieves, C, WHO Regional Office Europe. The impact of health and health behaviours on educational outcomes in high-income countries: A review of the evidence. Copenhagen: Denmark (2011).
	 36. Eide, E, and Showalter, M. Estimating the relation between health and education: what do we know and what do we need to know? Econ Educ Rev. (2011) 30:778–91. doi: 10.1016/j.econedurev.2011.03.00
	 37. Institute of Health Metrics and Evaluation (IHME) (2024). Learning for life: The higher the level of education, the lower the risk of dying. Available online at: https://www.healthdata.org/news-events/newsroom/news-releases/learning-life-higher-level-education-lower-risk-dying (Accessed October 11, 2025).
	 38. Hurrelmann, K (2016). Zehn Thesen zur Lehrer- und Schülergesundheit; p. 7. In: Forum Schulstiftung (2016). Forum Schulstiftung, 64. Schwerpunkt: Die Gesunde Lehr-Kraft. Zeitschrift für die katholischen freien Schulen der Erzdiözese Freiburg. 26. Jahrgang; pp. 82.
	 39. Cutler, DM, and Lleras-Muney, A (2012). Education and health: insights from international comparisons. Working paper 17738. NATIONAL BUREAU OF ECONOMIC RESEARCH.
	 40. Groot, W, and Maassen van den Brink, H. The health effects of education. Econ Educ Rev. (2007) 26:186–200. doi: 10.1016/j.econedurev.2005.09.002 
	 41. Ross, CE, and Wu, C. The links between education and health. Am Sociol Rev. (1995) 60:719–45. doi: 10.2307/2096319
	 42. Grundsatzerlass (1997). Erlass des Bundensministeriums fuer Unterricht und kulturelle Angelegenheiten GZ 27.909/115-V/3/96 vom 4. Maerz 1997. Rundschreiben Nr. 7/1997 Herausgegeben vom BMUK, Abt. V/3, Freyung 1, A-1014 Wien.
	 43. Health promoting schools. (2025). Available online at: https://www.who.int/health-topics/health-promoting-schools#tab=tab_1 (Accessed April 15, 2025).
	 44. Schools for Health in Europe (2025). European School Education Platform. 4/14/2025. Available online at: https://school-education.ec.europa.eu/en/discover/resources/schools-health-europe (Accessed April 15, 2025).
	 45. Di Lisio, G, Halty, A, Berástegui, A, Milá Roa, A, and Couso Losada, A. The longitudinal associations between teacher-student relationships and school outcomes in typical and vulnerable student populations: a systematic review. Soc Psychol Educ. (2025) 28:144. doi: 10.1007/s11218-025-10107-8
	 46. He, L, Zhai, Y, Engelgau, M, Li, W, Qian, H, Si, X , et al. Association of children's eating behaviors with parental education, and teachers' health awareness, attitudes and behaviors: a national school-based survey in China. Eur J Pub Health. (2014) 24:880–7. doi: 10.1093/eurpub/ckt177 
	 47. Rechtsinformationssystem des Bundes (2024). Lehrplan der Allgemeinbildenden Höheren Schule, https://www.ris.bka.gv.at/NormDokument.wxe?Abfrage=Bundesnormen&Gesetzesnummer=10008568&Artikel=&Paragraf=&Anlage=1&Uebergangsrecht=.
	 48. Dadaczynski, K, Jensen, BB, Viig, NG, Sormunen, M, von Seelen, J, Kuchma, V , et al. Health, well-being and education: building a sustainable future. The Moscow statement on health promoting schools. Health Educ. (2020) 120:11–9. doi: 10.1108/HE-12-2019-0058
	 49. Scheuch, K, Seibt, R, Rehm, U, Riedel, R, and Melzer, W. Lehrer In: S Letzel and D Nowak, editors. Handbuch der Arbeitsmedizin. Fulda: Fuldaer Verlagsanstalt (2010)
	 50. Johannsen, U. (2007). Die gesundheitsfördernde Schule. Gesundheitsförderung durch Organisations- und Schulentwicklung. Saarbrücken. VDM Verlag Dr. Müller.
	 51. Wilf-Miron, R, Kittany, R, Saban, M, and Kagan, I. Teachers' characteristics predict students' guidance for healthy lifestyle: a cross-sectional study in Arab-speaking schools. BMC Public Health. (2022) 22:1420. doi: 10.1186/s12889-022-13795-5 
	 52. Centeio, EE, Jung, Y, and Castelli, DM. ACTIVE YOU: teacher attributes and attitudes predicting physical activity promotion. Behav Sci. (2023) 13:210. doi: 10.3390/bs13030210 
	 53. Nowak, PF, Lelonek, M, Suliga, E, and Choła, Ł. Determinanty zachowań zdrowotnych nauczycieli i studentów wychowania fizycznego [determinants of health behaviors of physical education teachers and students]. Med Pr. (2024) 75:355–65. doi: 10.13075/mp.5893.01487 
	 54. Bundesministerium für Bildung (BMB) (2025). Unterrichtsprinzipien. Available online at: https://www.bmb.gv.at/Themen/schule/schulpraxis/prinz.html and https://www.bmb.gv.at/Themen/schule/schulpraxis/prinz/gesundheitsfoerderung.html (Accessed April 22, 2025)
	 55. Felder-Puig, R, Ramelow, D, Maier, G, and Teutsch, F. Ergebnisse der WieNGS Lehrer/Innen-Befragung 2017. Institut für Gesundheitsförderung und Prävention: Wien, Austria (2017).
	 56. Steen, R. Lehrer/innen stark machen!—Nachdenken über Gesundheit in der Schule. Ein Beitrag aus Sicht der Gesundheitsförderung. Make Teachers Stronger!—Considerations on Health in Schools. A Contribution from the Viewpoint of Health Promotion. Gesundheitswesen. (2011) 73:112–6. doi: 10.1055/s-0030-1270496 
	 57. Teutsch, F., Hofmann, F., and Felder-Puig, R. (2015). Kontext und praxis schulischer Gesundheitsförderung. In Ergebnisse der Österreichischen Schulleiter/Innenbefragung 2014; LBIHPR Forschungsbericht; Bundesministerium für Gesundheit (BMG): Wien, Austria.
	 58. Hofmann, F., Griebler, R., Ramelow, D., Unterweger, K., Griebler, U., Felder-Puig, R., et al. (2012). Gesundheit und Gesundheitsverhalten von Österreichs Lehrer/Innen: Ergebnisse der Lehrer/Innenbefragung 2010; LBIHPR Forschungsbericht; Bundesministerium für Gesundheit (BMG): Wien, Austria.
	 59. Hofmann, F., and Felder-Puig, R. (2013). HBSC factsheet Nr. 05/2013. In Gesundheitszustand und—Verhalten Österreichischer Lehrkräfte: Ergebnisse der Lehrer/Innen-Gesundheitsbefragung 2010; LBIHPR Forschungsbericht; Bundesministerium für Gesundheit (BMG): Wien, Austria.
	 60. Gesundheitsförderung in der Schule. (2015). Available online at: https://www.sozialversicherung.at/cdscontent/?contentid=10007.844051&portal=svportal (Accessed April 15, 2025).
	 61. Bono, ML, and Hart, P (2024). Wiener Gesundheitsförderung. Abschlussbericht der evaluation des “wiener Netzwerks Gesundheitsfördernde Schulen” (WieNGS) im Jahr 2023; pp. 45. (3.4.2025)
	 62. Lillich, M. und Breil, C. (2024). Gesundheitsbefragung von österreichischen Schulleitungen und Pädagog:innen: Handlungsbericht; pp. 23. Wien: Institut für Gesundheitsförderung und Prävention. (3.4.2025)
	 63. Felder-Puig, R, and Grieber, R (2021). Studienergebnisse zur Gesundheit von Lehrkräften aus Österreich und Deutschland; pp 36-46. In: NCoC (National Center of Competence) für Psychosoziale Gesundheitsförderung an der Pädagogischen Hochschule Oberösterreich (Hrsg.) (2021).
	 64. NCoC (National Center of Competence) für Psychosoziale Gesundheitsförderun (eds). (2021). Gesundsein und Gesundbleiben im Schulalltag Wissenswertes und Praktisches zur Lehrer*innengesundheit. Handreichung für gute, pp. 217. Available online at: https://ph-ooe.at/fileadmin/Daten_PHOOE/Zentren/Persoenlichkeitsbildung/publikationen/HEPI_Publikation_Lehrerinnnengesundheit_ONLINE_2.5.pdf (Accessed October 11, 2025).
	 65. Felder-Puig, R, and Griebler, R (2021). Studienergebnisse zur Gesundheit von Lehrkräften aus Österreich und Deutschland. In: Gesundsein und Gesundbleiben im Schulalltag. Wissenswertes und Praktisches zur Lehrer*innengesundheit. Handreichung für gute, gesundheitsfördernde Schulen. NCoC (National Center of Competence) für Psychosoziale Gesundheitsförderung an der Pädagogischen Hochschule Oberösterreich, Linz, pp. 36-56.
	 66. Schmich, J, and Itzlinger-Bruneforth, U eds. TALIS 2018 (band 1) In: Rahmenbedingungen des schulischen Lehrens und Lernens aus Sicht von Lehrkräften und Schulleitungen im internationalen Vergleich. Graz: Leykam (2019). 148.
	 67. Schmich, J, and Opriessnig, S. TALIS 2018 (band 2). Rahmenbedingungen des schulischen Lehrens und Lernens aus Sicht von Lehrkräften und Schulleitungen im internationalen Vergleich. Salzburg: (2020). 120 p.
	 68. Scheuch, K, Haufe, E, and Seibt, R. Teachers’ health. Dtsch Arztebl Int. (2015) 112:347–56. doi: 10.3238/arztebl.2015.0347 
	 69. Scheuch, K, Pardula, T, Prodehl, G, Winkler, C, and Seibt, R. Betriebsärztliche Betreuung von Lehrkräften. Ausgewählte Ergebnisse aus Sachsen Präv Gesundheitsf. (2016) 2016:147–53. doi: 10.1007/s11553-016-0548-z
	 70. Schaarschmidt, U. Halbtagsjobber? Psychische gesundheit im Lehrerberuf analyse eines veränderungsbedürftigen Zustandes. Weinheim, Basel, Berlin: Beltz (2005). 172 p.
	 71. Melina, V, Craig, W, and Levin, S. Position of the academy of nutrition and dietetics: vegetarian diets. J Acad Nutr Diet. (2016) 116:1970–80. doi: 10.1016/j.jand.2016.09.025 
	 72. Raj, S, Guest, NS, Landry, MJ, Mangels, AR, Pawlak, R, and Rozga, M. Vegetarian dietary patterns for adults: a position of the academy of nutrition and dietetics. J Acad Nutr Dietet. (2025) 125:831-846.e2. doi: 10.1016/j.jand.2025.02.002
	 73. Harris, LM (2025). 23+ healthy and delicious vegan dinner party recipes for a crowd. Homing HQ. Available online at: https://hominghq.com/vegan-dinner-party-recipes/ (Accessed September 4, 2025)
	 74. FMCG Gurus (2025). FMCG Gurus - Understanding the Growing Increase of Plant Based Diets - Global 2020 - FMCG Gurus, Available online at: https://fmcggurus.com/reports/fmcg-gurus-understanding-the-growing-increase-of-plant-based-diets-global-2020/ (Accessed October 11, 2025).
	 75. Paslakis, G, Richardson, C, Nöhre, M, Brähler, E, Holzapfel, C, Hilbert, A , et al. Prevalence and psychopathology of vegetarians and vegans - results from a representative survey in Germany. Sci Rep. (2020) 10:6840. doi: 10.1038/s41598-020-63910-y 
	 76. Smart Protein Report (2023). Evolving appetites: an in-depth look at European attitudes towards plant-based eating. Available online at: https://smartproteinproject.eu/european-attitudes-towards-plant-based-eating/ (Accessed January 23, 2025).
	 77. Vegane Gesellschaft Östereich (VGÖ) (2024). Österreich als Spitzenreiter beim Anteil von vegan und fleischlos lebenden Menschen. Available online at: https://www.vegan.at/zahlen (Accessed January 23, 2025).
	 78. Heinrich-Böll-Stiftung (2014). Fleischatlas 2014 - Daten und Fakten über Tiere als Nahrungsmittel. Available online at: https://www.boell.de/de/2014/01/07/fleischatlas-2014 (Accessed January 23, 2025).
	 79. Bundesministerium für Ernährung und Landwirtschaft (2021). Deutschland, wie es isst – Der BMEL-Ernährungsreport 2021. Available online at: https://www.bmel.de/SharedDocs/Downloads/DE/_Ernaehrung/ernaehrungsreport-2021.pdf?__blob=publicationFile&v=7 (Accessed January 23, 2025).
	 80. Leitzmann, C, and Keller, M. Charakteristika vegetarischer Ernährungs- und Lebensformen In: Vegetarische und Vegane Ernährung, 4th ed.; Vollständig überarbeitete und erweiterte Auflage; UTB, Bd 1868. Stuttgart, Germany: Verlag Eugen Ulmer (2020). 25–31.
	 81. Ramelow, D, Unterweger, M, and Flaschberger, E. (2012). Ergebnisse der WieNGSLehrer/innenbefragung 2012. Ergebnisbericht. Wien: LBIHPR Forschungsbericht.
	 82. Ruby, MB, and Heine, SJ. Meat, morals, and masculinity. Appetite. (2011) 56:447–50. doi: 10.1016/j.appet.2011.01.018 
	 83. Afshin, A, Sur, PJ, Fay, KA, Cornaby, L, Ferrara, G, Salama, JS , et al. Health effects of dietary risks in 195 countries, 1990-2017: a systematic analysis for the global burden of disease study 2017. Lancet. (2019) 393:1958–72. doi: 10.1016/S0140-6736(19)30041-8 
	 84. Murphy, SP, and Allen, LH. Nutritional importance of animal source foods. J Nutr. (2003) 133:3932S–5S. doi: 10.1093/jn/133.11.3932S 
	 85. Orlich, MJ, Singh, PN, Sabaté, J, Jaceldo-Siegl, K, Fan, J, Knutsen, S , et al. Vegetarian dietary patterns and mortality in Adventist health study 2. JAMA Intern Med. (2013) 173:1230–8. doi: 10.1001/jamainternmed.2013.6473 
	 86. Key, TJ, Papier, K, and Tong, TYN. Plant-based diets and long-term health: findings from the EPIC-Oxford study. Proc Nutr Soc. (2022) 81:190–8. doi: 10.1017/S0029665121003748 
	 87. Phillips, R, Lemon, F, Beeson, W, and Kzuma, J. Coronary heart disease mortality among seventh–day adventists with differing dietary habits: A preliminary report. Am J Clin Nutr. (1978) 31:191–8. doi: 10.1093/ajcn/31.10.S191
	 88. Scientific Publications About Adventists (2025). Adventist Health Study. Available online at: https://adventisthealthstudy.org/researchers/scientific-publications/scientific-publications-about-adventists (Accessed February 28, 2025).
	 89. Adventist Health Study-1 Publication Database (2025). Adventist Health Study. Available online at: https://adventisthealthstudy.org/researchers/scientific-publications/adventist-health-study-1-publication-database (Accessed February 28, 2025).
	 90. Adventist Health Study-2 Publication Database (2025). Adventist Health Study. Available online at: https://adventisthealthstudy.org/researchers/scientific-publications/adventist-health-study-2-publication-database (Accessed February 28, 2025).
	 91. Dwaraka, VB, Aronica, L, Carreras-Gallo, N, Robinson, JL, Hennings, T, Lin, A , et al. Unveiling the epigenetic impact of vegan vs. omnivorous diets on aging: insights from the twins nutrition study (TwiNS). medRxiv. (2023):2023.12.26.23300543. doi: 10.1101/2023.12.26.23300543
	 92. Ravi, S, Kankaanpää, A, Bogl, LH, Heikkinen, A, Pietiläinen, KH, Kaprio, J , et al. Suboptimal dietary patterns are associated with accelerated biological aging in young adulthood: a study with twins. Clin Nutr. (2025) 45:10–21. doi: 10.1016/j.clnu.2024.12.018
	 93. Jennings, A, Steves, CJ, Macgregor, A, Spector, T, and Cassidy, A. Increased habitual flavonoid intake predicts attenuation of cognitive ageing in twins. BMC Med. (2021) 19:185. doi: 10.1186/s12916-021-02057-7 
	 94. Tong, TYN, Papier, K, and Key, TJ. Meat, vegetables and health - interpreting the evidence. Nat Med. (2022) 28:2001–2. doi: 10.1038/s41591-022-02006-8 
	 95. Lee, SH, Moore, LV, Park, S, Harris, DM, and Blanck, HM. Adults meeting fruit and vegetable intake recommendations - United States, 2019. MMWR Morb Mortal Wkly Rep. (2022) 71:1–9. doi: 10.15585/mmwr.mm7101a1 
	 96. AGES. (2025). Österreichische Ernährungsempfehlungen. Available online at: https://www.ages.at/mensch/ernaehrung-lebensmittel/ernaehrungsempfehlungen/oesterreichische-ernaehrungsempfehlungen (Accessed April 22, 2025).
	 97. Gesundheit.gv.at (2024). Ernährungsempfehlungen: Gemüse, Obst und Hülsenfrüchte. Available online at: https://www.gesundheit.gv.at/leben/ernaehrung/info/oesterreichische-ernaehrungspyramide/ernaehrungspyramide-obst-gemuese1.html (Accessed April 18, 2025).
	 98. Cheung, P. Teachers as role models for physical activity: are preschool children more active when their teachers are active? Eur Phys Educ Rev. (2020) 26:101–10. doi: 10.1177/1356336X19835240
	 99. Okan, O, Bauer, U, Levin-Zamir, D, Pinheiro, P, and Sorensen, K (eds). (2019). International handbook of health literacy In: Research, practice and policy across the lifespan. Bristol: Policy Press
	 100. EAT Lancet Commission (2021). The Planetary Health Diet - EAT, Available online at: https://eatforum.org/eat-lancet-commission/the-planetary-health-diet-and-you/ (Accessed July 4, 2024).
	 101. Murray, CJL, Aravkin, AY, and Zheng, P ∙, Abbafati, C, Abbas, KM, Abbasi-Kangevari, M , et al. Global burden of 87 risk factors in 204 countries and territories, 1990–2019: a systematic analysis for the global burden of disease study 2019 Lancet (2020); 396:1223–1249, doi: 10.1016/S0140-6736(20)30752-2 
	 102. Kennedy, J, Alexander, P, Taillie, LS, and Jaacks, LM. Estimated effects of reductions in processed meat consumption and unprocessed red meat consumption on occurrences of type 2 diabetes, cardiovascular disease, colorectal cancer, and mortality in the USA: a microsimulation study. Lancet Planet Health. (2024) 8:e441–51. doi: 10.1016/S2542-5196(24)00118-9 
	 103. Yan, D, Liu, K, Li, F, Shi, D, Wei, L, Zhang, J , et al. Global burden of ischemic heart disease associated with high red and processed meat consumption: an analysis of 204 countries and territories between 1990 and 2019. BMC Public Health. (2023) 23:2267. doi: 10.1186/s12889-023-16954-4 
	 104. Bouvard, V, Loomis, D, Guyton, KZ, Grosse, Y, Ghissassi, FE, Benbrahim-Tallaa, L , et al. Carcinogenicity of consumption of red and processed meat. Lancet Oncol. (2015) 1:1599–600.
	 105. WHO (2015) IARC Monographs evaluate consumption of red meat and processed meat. Press release N°240. Available online at: https://www.iarc.who.int/wp-content/uploads/2018/07/pr240_E.pdf (Accessed February 28, 2025)
	 106. WHO (2015). Q&A on the carcinogenicity of the consumption of red meat and processed meat. Available online at: https://www.who.int/news-room/questions-and-answers/item/cancer-carcinogenicity-of-the-consumption-of-red-meat-and-processed-meat (Accessed February 28, 2025)
	 107. Li, C, Bishop, TRP, Imamura, F, Sharp, SJ, Pearce, M, Brage, S , et al. Meat consumption and incident type 2 diabetes: an individual-participant federated meta-analysis of 1·97 million adults with 100 000 incident cases from 31 cohorts in 20 countries. Lancet Diabet Endocrinol. (2024) 12:619–30. doi: 10.1016/S2213-8587(24)00179-7 
	 108. Zhou, X-D, Chen, Q-F, Yang, W, Zuluaga, M, Targher, G, Byrne, CD , et al. Burden of disease attributable to high body mass index: an analysis of data from the global burden of disease study 2021. eClinicalMedicine. (2024) 76:102848. doi: 10.1016/j.eclinm.2024.102848 
	 109. Bellavia, A, Stilling, F, and Wolk, A. High red meat intake and all-cause cardiovascular and cancer mortality: is the risk modified by fruit and vegetable intake? Am J Clin Nutr. (2016) 104:1137–43. doi: 10.3945/ajcn.116.135335 
	 110. Goldfarb, G, and Sela, Y. The ideal diet for humans to sustainably feed the growing population – review, meta-analyses, and policies for change. F1000Res. (2023) 10:1135. doi: 10.12688/f1000research.73470.2 
	 111. Greger, M. Plant-based nutrition to slow the aging process. IJDRP. (2023) 6:4. doi: 10.22230/ijdrp.2024v6n1a423
	 112. Alexy, U. Diet and growth of vegetarian and vegan children. BMJ Nutr Prevent Health. (2023) 6:e000697. doi: 10.1136/bmjnph-2023-000697
	 113. Jakše, B, Fras, Z, and Fidler Mis, N. Vegan diets for children: A narrative review of position papers published by relevant associations. Nutrients. (2023) 15:4715. doi: 10.3390/nu15224715 
	 114. Athanasian, CE, Lazarevic, B, Kriegel, ER, and Milanaik, RL. Alternative diets among adolescents: facts or fads? Curr Opin Pediatr. (2021) 33:252–9. doi: 10.1097/MOP.0000000000001005 
	 115. Kiely, ME. Risks and benefits of vegan and vegetarian diets in children. Proc Nutr Soc. (2021) 80:159–64. doi: 10.1017/S002966512100001X 
	 116. Rudloff, S, Bührer, C, Jochum, F, Kauth, T, Kersting, M, Körner, A , et al. Vegetarian diets in childhood and adolescence: position paper of the nutrition committee, German Society for Paediatric and Adolescent Medicine (DGKJ). Mol Cell Pediatr. (2019) 6:4. doi: 10.1186/s40348-019-0091-z 
	 117. Patelakis, E, Lage-Barbosa, C, Haftenberger, M, Brettschneider, AK, Lehmann, F, Heide, K , et al. (2019) Prevalence of vegetarian diet among children and adolescents in Germany. Results from EsKiMo II Ernaehrungs Umschau, 66, 85–91.
	 118. Metoudi, M, Bauer, A, Haffner, T, and Kassam, S. A cross-sectional survey exploring knowledge, beliefs and barriers to whole food plant-based diets amongst registered dietitians in the United Kingdom and Ireland. J Hum Nutr Diet. (2025) 38:e13386. doi: 10.1111/jhn.13386 
	 119. Land schafft Leben (2024). Umfrage: 82% der Schüler*innen ist gesundes Schulessen wichtig. OTS, 15. Mai 2024. Available online at: https://www.ots.at/presseaussendung/OTS_20240515_OTS0100/umfrage-82-der-schuelerinnen-ist-gesundes-schulessen-wichtig (Accessed April 18, 2025).
	 120. PULS 24 (2024). Wunsch nach mehr gesundem Essen an Österreichs Schulen. Chronik, 15. Mai 2024.Available online at: https://www.puls24.at/news/chronik/wunsch-nach-mehr-gesundem-essen-an-oesterreichs-schulen/328255 Accessed April 18, 2025).
	 121. Bundesministerium für Bildung (BMB) (2025). Unterrichtsprinzipien. Available online at: https://www.bmb.gv.at/Themen/schule/schulpraxis/prinz.html and https://www.bmb.gv.at/Themen/schule/schulpraxis/prinz/gesundheitsfoerderung.html (Accessed April 22, 2025).
	 122. Troppe, I, Tanous, DR, and Wirnitzer, KC (2024) Bewegung & Sport im Lead der schulischen Gesundheitsförderung – Ein systematischer Review der Primarstufen-Curricula in der D-A-CH Region im Kontext des Pflichtfächerkanons. Bewegung & Sport – Die Fachzeitschrift für den Unterricht in Schulen, Kindergärten und Vereinen, Themenheft 02/2024 „Gesund sein, glücklich sein“, Seite 7-12.
	 123. Motevalli, M, Stanford, FC, Apflauer, G, and Wirnitzer, KC. Integrating lifestyle behaviors in school education: A proactive approach to preventive medicine. Prev Med Rep. (2025) 51:102999. doi: 10.1016/j.pmedr.2025.102999 
	 124. Motevalli, M, Apflauer, G, and Wirnitzer, KC (2024). Ist der Sportunterricht „fit for the future? – Eine Perspektive zur Notwendigkeit, den Bewegungs- und Sportunterricht aufzuwerten, zu modernisieren und transformieren. In: Gross et al. Transfer Forschung <−> Schule. Heft 10. Nachhaltig gesund – Bewegen, Essen, kompetenzorientiert lerne 162–172. Bad Heilbrunn: Klinkhardt.
	 125. Norris, E, van Steen, T, Direito, A, and Stamatakis, E. Physically active lessons in schools and their impact on physical activity, educational, health and cognition outcomes: a systematic review and meta-analysis. Br J Sports Med. (2020) 2020:826–38.
	 126. Armstrong, LE, and Johnson, EC. Water intake, water balance, and the elusive daily water requirement. Nutrients. (2018) 10:1928. doi: 10.3390/nu10121928 
	 127. Montenegro-Bethancourt, G, Johner, SA, and Remer, T. Contribution of fruit and vegetable intake to hydration status in schoolchildren. Am J Clin Nutr. (2013) 98:1103–12. doi: 10.3945/ajcn.112.051490 
	 128. Orlich, MJ, Jaceldo-Siegl, K, Sabaté, J, Fan, J, Singh, PN, and Fraser, GE. Patterns of food consumption among vegetarians and non-vegetarians. Br J Nutr. (2014) 112:1644–53. doi: 10.1017/S000711451400261X 
	 129. Alewaeters, K, Clarys, P, Hebbelinck, M, Deriemaeker, P, and Clarys, JP. Cross-sectional analysis of BMI and some lifestyle variables in Flemish vegetarians compared with non-vegetarians. Ergonomics. (2005) 48:1433–44. doi: 10.1080/00140130500101031 
	 130. Buchmann, M, Jordan, S, Loer, A-KM, Finger, JD, and Domanska, OM. Motivational readiness for physical activity and health literacy: results of a cross-sectional survey of the adult population in Germany. BMC Public Health. (2023) 23:331. doi: 10.1186/s12889-023-15219-4 
	 131. Statistik Austria. (2023). Overweight and obesity. 11/16/2023. Available online at: https://www.statistik.at/en/statistics/population-and-society/health/health-determinants/overweight-and-obesity (Accessed April 22, 2025).
	 132. Statistik Austria. (2024). Physical activity. 12/19/2024. Available online at: https://www.statistik.at/en/statistics/population-and-society/health/health-determinants/physical-activity (Accessed April 15, 2025).
	 133. Rothland, M, and Klusmann, U. Belastung und Beanspruchung im Lehrerberuf In: S Rahm and C Nerowski, editors. Enzyklopädie Erziehungswissenschaft online (EEO). Weinheim, Germany: Fachgebiet Schulpädagogik; Juventa (2012)
	 134. Barber, M, and Mourshed, M. How the world’s best-performing school systems come out on top. London: McKinsey & Company (2007).
	 135. Agirbasli, M, Tanrikulu, AM, and Berenson, GS. Metabolic syndrome: bridging the gap from childhood to adulthood. Cardiovasc Ther. (2016) 34:30–6. doi: 10.1111/1755-5922.12165 
	 136. Delaney, L, and Smith, JP. Childhood health: trends and consequences over the life course. Futur Child. (2012) 22:43–63. doi: 10.1353/foc.2012.0003 
	 137. United Nations. (2025). Sustainable Development Goals. Available online at: https://sdgs.un.org/goals (Accessed April 22, 2025).
	 138. UNESCO. (2025). Cross-cutting competencies. Available online at: https://www.unsdglearn.org/unesco-cross-cutting-and-specialized-sdg-competencies/ (Accessed April 22, 2025).
	 139. UNESCO (2017). Education for sustainable development goals: learning objectives, pp. 66. Available online at: https://unesdoc.unesco.org/ark:/48223/pf0000247444 (Accessed April 18, 2025).
	 140. Wong, LS, Gibson, A-M, Farooq, A, and Reilly, JJ. Interventions to increase moderate-to-vigorous physical activity in elementary school physical education lessons: systematic review. J Sch Health. (2021) 91:836–45. doi: 10.1111/josh.13070 
	 141. Schaarschmidt, Uwe/ Fischer, Andreas W. (2003): AVEM – Arbeitsbezogenes Verhaltens- und Erlebensmuster. Handanweisung. Swets & Zeitlinger, Frankfurt. 2. Auflage.
	 142. Schuch, S (2024). Gesundheit von Lehrpersonen - alle Schulstufen.; pp 60. GIVE-Servicestelle für Gesundheitsförderung an Österreichs Schulen Available online at: https://www.give.or.at/material/lehrerinnen-gesundheit/ (Accessed April 3, 2025).
	 143. Frick, J. Gesund bleiben im Lehrberuf. Bern: Verlag Hans Huber, Hogrefe AG (2015).
	 144. Bangert, Carsten (2005). Mit aktivem Selbstmanagement zu mehr gesundheit und Zufriedenheit im Lehrberuf. In: Tagungsband Lehrergesundheit. Praxisrelevante Modelle zur nachhaltigen Gesundheitsförderung von Lehrern auf dem Prüfstand. Dortmund, Berlin, Dresden: Bundesanstalt für Arbeitsschutz und Arbeitsmedizin (Hrsg.), S. 57–74. Available online at: www.baua.de/DE/Angebote/Publikationen/Schriftenreihe/Tagungsberichte/Tb141.pdf?__blob=publicationFile&v=2 (Accessed April 3, 2025).
	 145. Grieben, C, and Froböse, I (2016). Was hält Lehrkräfte gesund? – Was bewirkt Bewegung? Pp. 40–45. In: Forum Schulstiftung (2016). Forum Schulstiftung, 64. Schwerpunkt: Die Gesunde Lehr-Kraft. Zeitschrift für die katholischen freien Schulen der Erzdiözese Freiburg. 26. Jahrgang; pp. 82.
	 146. Wang, X, and Cheng, Z. Cross-sectional studies: strengths, weaknesses, and recommendations. Chest. (2020) 158:S65–71. doi: 10.1016/j.chest.2020.03.012 
	 147. Bärebring, L, Palmqvist, M, Winkvist, A, and Augustin, H. Gender differences in perceived food healthiness and food avoidance in a Swedish population-based survey: A cross sectional study. Nutr J. (2020) 19:140. doi: 10.1186/s12937-020-00659-0 
	 148. Ek, S. Gender differences in health information behaviour: A Finnish population-based survey. Health Promot Int. (2015) 30:736–45. doi: 10.1093/heapro/dat063 


Copyright
 © 2025 Wirnitzer, Tanous, Drenowatz, Wirnitzer, Schätzer, Ruedl and Kirschner. 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.










	
	ORIGINAL RESEARCH
published: 18 November 2025
doi: 10.3389/fnut.2025.1677496






[image: image2]

The VEGPREV study: effectiveness of four plant-based diets on weight loss, metabolic syndrome components and appetitive traits in overweight and obese individuals: a randomized controlled trial

Klaudia Wiśniewska1,2*, Katarzyna Małgorzata Okrȩglicka1, Monika Paskudzka3,4, Anna Maja Jagielska1, Julia Bober5,6, Michał Oczkowski7, Olga Ciepiela3,4 and Aneta Nitsch-Osuch1


1Department of Social Medicine and Public Health, Medical University of Warsaw, Warsaw, Poland

2Doctoral School, Medical University of Warsaw, Warsaw, Poland

3Central Laboratory, University Clinical Centre, Medical University of Warsaw, Warsaw, Poland

4Department of Laboratory Medicine, Medical University of Warsaw, Warsaw, Poland

5Department of Nutrition and Epidemiology, Medical University of Lodz, Lodz, Poland

6International Doctoral School, Medical University of Lodz, Lodz, Poland

7Department of Dietetics, Institute of Human Nutrition Sciences, Warsaw University of Life Sciences (WULS-SGGW), Warsaw, Poland

Edited by
Alexey Vladimirovich Galchenko, Melodia Vitae, Fiji

Reviewed by
Andrea Glenn, Harvard University, United States
 Rajesh Ranjit, Peoples' Friendship University of Russia, Russia

*Correspondence
 Klaudia Wiśniewska, klaudia.wisniewska@wum.edu.pl

Received 31 July 2025
 Accepted 28 October 2025
 Published 18 November 2025

Citation
 Wiśniewska K, Okrȩglicka KM, Paskudzka M, Jagielska AM, Bober J, Oczkowski M, Ciepiela O and Nitsch-Osuch A (2025) The VEGPREV study: effectiveness of four plant-based diets on weight loss, metabolic syndrome components and appetitive traits in overweight and obese individuals: a randomized controlled trial. Front. Nutr. 12:1677496. doi: 10.3389/fnut.2025.1677496






Background: Obesity and its associated metabolic disturbances remain a growing public health concern, highlighting the need for effective and sustainable dietary strategies. This randomized controlled trial aimed to compare the effects of four plant-based dietary patterns: vegan (VG), lacto-ovo-vegetarian (LOV), Mediterranean (MD), and the EAT-Lancet Planetary Health Diet (EAT) with a control diet based on WHO recommendations (CTRL) in reducing body weight and improving selected metabolic and behavioral parameters in overweight and obese adults.
Methods: A total of 90 participants (aged 18–64) were methodically assigned to one of five distinct dietary groups for a period of 12 weeks. The primary outcome measured was the change in body weight. Secondary outcomes encompassed body composition, waist circumference, energy and macronutrient intake, fasting plasma glucose and insulin levels, arterial blood pressure, plasma lipid profile, appetitive traits, physical activity, and quality of life. A total of 85 subjects completed the intervention.
Results: All plant-based diets resulted in a reduction of body weight, waist circumference, fat mass, and energy intake in comparison to the control group. The most pronounced body weight reductions were observed after 12 weeks in the VG group (−6.7%) and the EAT group (−5.6%) (p < 0.001). A significant decrease in fat mass was observed across all intervention groups (p < 0.01). The investigation revealed no substantial between-group disparities in fasting plasma glucose, insulin, HOMA-IR, lipid levels, blood pressure or appetitive traits. No serious adverse events were observed.
Conclusion: Among plant-based dietary patterns differing in animal product content, the EAT and VG diets demonstrated the most pronounced effects on weight and body composition. These findings provide support for the notion that structured, plant-based dietary interventions can be effective strategies for managing body weight.

Keywords
plant-based diets, weight loss, metabolic syndrome, obesity, appetitive traits, dietary intervention


1 Introduction

Obesity and related metabolic disorders have become a major public health challenge worldwide. The findings reported by the GBD 2021 Adult BMI Collaborators show that over 45% of the global adult population, including 1 billion males and 1.1 billion females, are affected by overweight or obesity (1). By 2035, these numbers are projected to rise to 3.3 billion, representing 54% of the adult population (2).

Obesity is characterized by an excessive accumulation of adipose tissue and is closely associated with hypertension (3), impaired carbohydrate (4) and lipid metabolism (5, 6). These issues have been linked to metabolic syndrome (MetS), which has been shown to contribute to the development of cardiovascular disease (CVD) and type 2 diabetes mellitus (T2DM) (7, 8). Consequently, a significant body of current research is focused on the development of optimal and effective treatments for obesity, as well as its potential complications (9).

Despite the pharmacological methods for obesity treatment, behavioral interventions, including dietary modification, continue to be regarded as both efficacious and the preferred treatment option (10–12). A notable solution for weight reduction that has garnered considerable interest is the adoption of plant-based diets (13–15). These diets are distinguished by their beneficial effects on individual components of the metabolic syndrome (16, 17). Additionally, they are gaining popularity among patients, largely due to their growing emphasis on environmental and ethical considerations, as evidenced by their inclusion in expert recommendations (18–20). The health benefits of various types of plant-based diets, such as vegan, lacto-ovo-vegetarian, or flexitarian, which involve the reduction or elimination of animal-based products, are of great interest (21–23). Nevertheless, there is a paucity of scientific evidence comparing the effectiveness of this type of intervention. Most of the available data comes from epidemiological studies. The health benefits of plant-based diets (PBDs) are primarily attributed to reduced calorie intake, although modifying some macronutrients, such as replacing animal-derived protein with plant-based protein, may also offer significant advantages in managing obesity and its related complications (24, 25). The relevance of understanding the links between PBDs and specific appetitive traits is also indicated, which may be crucial in the context of efforts to prevent the overweight and obesity epidemic. This assertion is supported by the findings of prior studies, which demonstrate a correlation between appetitive traits and body weight (26–28). On the other hand, research has shown that adopting PBDs, especially those with multiple restrictions like a vegan diet, can lead to various challenges (29). There is a need to identify a suitable dietary model that can effectively reduce body weight, optimize metabolic parameters, be environmentally sustainable, and be acceptable to patients. Therefore, it is reasonable to verify the efficacy of different types of plant-based diets in terms of weight reduction and improving the components of metabolic syndrome in individuals, compared to dietary patterns recommended by the World Health Organization.

In this study, a 12-week randomized controlled trial was conducted to compare the weight loss effects of plant-based diets: Vegan (VG), Lacto-ovo-vegetarian (LOV), EAT-Lancet Planetary Health Diet (EAT) and Mediterranean diets (MD) with traditional (CTRL – control) diet following the WHO recommendations. The study also aimed to determine which of the dietary models examined was most effective in improving metabolic risk factors in overweight individuals. The dietary patterns examined in this trial represented a spectrum of plant-based eating models differing in their inclusion of animal products. The Mediterranean diet is characterized by a high consumption of fruits, vegetables, whole grains, legumes, nuts, and olive oil, with moderate intake of fish and dairy products (30, 31). The EAT-Lancet Planetary Health Diet advocates a flexitarian approach, characterized by the consumption of predominantly plant-derived foods and limited amounts of animal products (18, 20). The lacto-ovo-vegetarian diet excludes meat, poultry, and fish but permits the consumption of eggs and dairy products. The vegan diet is entirely plant-based, eliminating all animal and animal-derived foods (32–34). The control diet was based on World Health Organization recommendations, emphasizing the daily consumption of fruit, vegetables, whole grains, and low-fat dairy products. Participants in this variant could also consume meat, fish, seafood, dairy products, and eggs (35). The application of this gradation of dietary models permitted the comparison of divergent levels of plant-based eating and their potential effects on body weight and metabolic outcomes.

The hypothesis of this study was that adopting PBDs would be associated with a significant reduction in body weight in obese subjects compared to the CTRL group, with the most pronounced effect observed in individuals from the VG group. It was further assumed that patients from the VG group would experience the greatest improvements in body composition, carbohydrate metabolism parameters (fasting plasma glucose and insulin concentration, HOMA-IR index), arterial blood pressure, lipid parameters, overall health status, and appetitive traits.

As part of this intervention, a comprehensive range of assessments was conducted to capture the multidimensional effects of dietary modification. The evaluations encompassed a range of domains, including biochemical, anthropometric, and behavioral aspects, along with sociodemographic and lifestyle factors. Standardized and validated tools were employed throughout the study to ensure data reliability. In addition to the present analysis, which focuses on anthropometric and metabolic outcomes, several other components of the VEGPREV project, such as inflammatory and cardiovascular biomarkers, liver health parameters, and psychosocial outcomes, are currently under development and will be presented in separate thematic publications.

The findings from this 12-week study are expected to support the refinement of dietary programs for individuals with obesity and metabolic disorders, and to inform the development of practical tools that enhance the effectiveness of weight-management strategies (29–32, 36).

The results of this 12-week study are expected to support the refinement of dietary programmes for individuals with obesity and metabolic disorders, and to inform the development of practical tools that enhance the effectiveness of weight-management strategies.



2 Materials and methods


2.1 Study design, participants and recruitment

A randomized, controlled trial (RCT) was conducted over a 12-week period, during which participants were randomly allocated in a 1:1:1:1:1 ratio to one of five groups: (1) MD, (2) EAT, (3) LOV, (4) VG, and (5) CTRL with WHO dietary recommendations. The randomisation schedule was developed and managed by an independent member of the research team, and the allocation was made using a computer-generated randomisation schedule.

The primary outcome measure was the mean difference in incremental weight change of 1% between each of the five groups [based on (23, 43)].

The secondary endpoints of the study included changes in energy and macronutrient intake, body mass, body composition, waist circumference, fasting plasma glucose and insulin levels, changes in HOMA-IR, blood pressure, blood lipid serum concentrations, and changes in appetitive traits, physical activity level, and quality of life indices.

The study was conducted in the Department of Social Medicine and Public Health at the Medical University of Warsaw, Poland, approved by the Local Bioethics Committee at the Warsaw Medical University (KB/37/2023) and conducted in accordance with the 1975 Declaration of Helsinki (37). The study was also registered on ClinicalTrials.gov (NCT06886490).

The participants' recruitment was conducted electronically through social media and website advertisements. Participants were recruited using a continuous recruitment strategy from November 2023 to April 2024. The study population comprised 90 patients aged between 18 and 60 years. All participants were omnivorous prior to the study enrolment and were randomly assigned to one of the study groups. Each participant was required to provide written informed consent to participate in the study (38).

The inclusion criteria were as follows: (1) age: 18–64 years old; (2) ability to attend regular meetings with the study team; (3) ability to give informed consent; (4) BMI >30 kg/m2 or BMI 25-29.9 kg/m2 with waist circumference in women ≥80 cm, in men ≥94 cm; (5) stable body weight, defined as a change of less than ±10% of the current body weight during the 6 months prior to the study.

The exclusion criteria comprised the following: (1) attempts to change dietary habits, including reduction of energy intake and elimination of meat and animal-based products in the past 6 months; (2) severe medical conditions, including diabetes mellitus, alcoholism, major and extensive surgeries, chronic kidney or liver disease, a history of myocardial infarction, unstable angina pectoris within the last 6 months, history of stroke within the last 6 months, or cancer within the last 5 years; (3) diagnosed insomnia; (4) eating disorders; (5) pregnancy or breastfeeding; (6) use of medications that cause significant weight loss or may affect metabolic parameters (e.g., GLP-1 receptor agonists, other anti-obesity agents, or antidiabetic drugs such as insulin, metformin, SGLT2 inhibitors, or DPP-4 inhibitors, as well as corticosteroids); (7) use of enteral or parenteral nutrition; (8) psychiatric conditions that prevent participation in the study or cooperation with the investigators; (9) lack of consent to participate in the study.

Participants were instructed to refrain from introducing any dietary supplements or discontinuing any existing supplements during the study. It is noteworthy that none of the participants used any dietary supplements other than vitamin B12, which was administered to all subjects in equal doses. Participants could be excluded from the study in the event of pregnancy, initiation or modification of pharmacological treatment affecting metabolism (e.g., antidiabetic, antidepressant, or corticosteroid therapy), or the development of any acute or chronic condition that could interfere with adherence to the nutritional protocol. Exclusion also applied in cases of declared non-compliance with the assigned dietary regimen or failure to attend mandatory study visits during which the required assessments were performed.



2.2 Assessments
 
2.2.1 Anthropometric measurements

A calibrated digital scale with a height meter (C315.60/150.OW-1, RADWAG) was used to record body weight (without shoes and heavy clothing) with an accuracy of 0.1 kg. The height was measured with an accuracy of 0.1 cm. Body mass index (BMI) was calculated as body weight (kg) divided by the square of height (m2). The waist circumference was measured by trained research staff and recorded to the nearest 0.1 cm using a flexible steel tape measure at a point midway between the iliac crest and the lower costal margin (lower rib) in accordance with standard protocols. Body composition was quantified by bioelectrical impedance analysis (BIA) using a body fat analyser (Maltron BioScan 920) with an operating frequency of 50 kHz at 800 μA in the supine position. Tests were conducted at the outset of the study and at weeks 6 and 12.



2.2.2 Biochemical measurements

The venous blood samples were collected into serum tubes with gel separator and centrifuged at 3,000 rpm at 20 °C for 10 min promptly after clot formation. Serum fasting glucose, insulin, and lipid profile were determined in the Central Laboratory, Central Clinical Hospital, University Clinical Center of the Medical University of Warsaw using the Cobas pro system (Roche Diagnostics). The LDL-cholesterol concentration was calculated using the Friedewald equation: LDL-C [mg/dL] = TC [mg/dL] – HDL-C [mg/dL] – TG [mg/dL]/5. For samples with triglycerides (TG) results exceeding 400 mg/dL, serum LDL-C was determined using the direct method. Non-HDL concentration was calculated as the difference between TC and LDL-cholesterol (mg/dl). The HOMA-IR index was calculated according to the equation: (serum fasting insulin concentration [IU/L] x serum fasting glucose concentration [mg/dl])/405.

Blood samples were collected at the commencement of the study, at week 6, and at the conclusion of the study. Fasting blood samples were collected every time in the morning (07:00–10:00) after an overnight fast of at least 8 h. The plasma, serum, and whole blood fractions were collected and analyzed immediately or stored at −80 °C until assayed.



2.2.3 Blood pressure measurement

Patients' arterial blood pressure was measured in the office using an automatic oscillometric sphygmomanometer, using a cuff size appropriate to the arm circumference and following a standard procedure (39). All measurements were taken on the left arm after a period of at least 8 h without food, smoking or physical activity, and the patient remained seated for 5 min before starting the BP measurement. The cuff was placed at heart height, and three measurements were taken 2 min apart. The mean of the BP measurements was recorded at each visit.



2.2.4 Dietary assessment and compliance

The participants were provided with comprehensive instructions regarding their dietary regimens. These dietary plans were discussed at each meeting with the dietitian and during weekly telephone consultations. The degree of compliance with the implementation of the recommendations and dietary patterns was evaluated through additional unannounced telephone calls, during which an interview was conducted to determine the subject's food and beverage consumption over the previous 24 h. On occasion, the subjects were also asked to submit photographic documentation of the meals they prepared. Furthermore, dietary intake was documented using a 24-h food record at the commencement of the study and at week 12. Prior to each of these assessments, participants received a relevant questionnaire and a set of written instructions from a participating dietitian on how to complete the log. Participants were asked to record all food and beverage intake using standard household utensils, such as measuring cups, spoons, and tablespoons. All food records were entered into the Diet 6.D computer program, which was designed for the purpose of planning and ongoing assessment of individual nutrition for the Polish population. The results of this assessment were then compared with the dietary standards for the Polish population, as defined in the Dietary Intake Standards for the Polish population (40).

Since the participants were informed about the type of diet they would follow, they were not blinded to their group assignment, nor were the other participants. To improve adherence to the dietary regimen at the beginning of the study, a thorough analysis was conducted to identify potential risks and strategies to mitigate them. All members of the research team then followed these established procedures, as detailed in Table 1.

TABLE 1 Analysis of potential risks in complying with the testing protocol.




	Potential risks
	Solution method





	Resignation of participants from the study
	A greater number of participants were recruited. Based on the literature review, we estimated a dropout rate of 30%.



	Difficulties in implementing diet and nutrition recommendations
	The materials for the patients were clear and concise. They have been tested in our previous study. The recipes were simple, using only commonly available and inexpensive products. Regardless of the type of diet.



	Lack of motivation in following a diet
	Based on the literature and our own long-term experience with obese patients, we have diversified the contact model with patients and intensified the contact frequencies (once a week video/call with an appropriately trained psychodietitian).



	Worse wellbeing of patients during the diet
	For patients who experienced changes in mood due to dietary changes, the research team made all efforts to ensure that the diet was well-balanced and properly composed. In addition, an internal medicine physician supervised the study.



	The problem with compliance with the implementation of the recommendations and dietary patterns
	Compliance with the implementation of the recommendations and dietary patterns were assessed through additional unannounced telephone calls in advance, during which an interview was conducted about the consumption of the last 24 h.



	Effect of macronutrients on particular parameters
	To minimize differences between groups and the potential impact of nutrients, the same assumptions were made for all dietary interventions.



	Influence of other lifestyle elements on the analyzed parameter changes
	Patients were advised not to make lifestyle changes, including physical activity, diet and use of stimulants outside the study design. In addition, questions about lifestyle changes were asked during check-up visits.



	Omitting to consult and do examinations
	Text messages with appointment reminders were sent.








2.2.5 Questionnaire-based assessment

The assessment of the appetitive traits in the study participants was carried out using the Adult Eating Behavior Questionnaire (AEBQ) (26). The AEBQ measures eight appetitive traits: hunger (H), food responsiveness (FR), emotional over-eating (EOE), enjoyment of food (EF), satiety responsiveness (SR), emotional under-eating (EUE), food fussiness (FF), and slowness in eating (SE). The participants completed the questionnaire at the beginning of the study and again at the end of the final week.

Quality of life was evaluated using the SF-36 questionnaire (41). This tool is dedicated to subjectively assessing an individual's health status and consists of 11 questions and 36 statements that cover eight areas of functioning: physical fitness; limitations due to health problems; experience of pain; general health and wellbeing; energy level (vitality); social functioning; emotional state; and mental health. The quality of life index is calculated by summing the scores from each of the eight scales, providing a comprehensive assessment of overall health. In the Polish version of the questionnaire, a higher score indicates a lower quality of life, while a lower score indicates a higher quality of life. Participants completed the questionnaire at both the beginning and the end of the study.

During the study, participants were required to maintain their usual physical activity habits. They received detailed instructions to avoid any significant increases in physical activity and to refrain from introducing any additional exercise or training. It was essential for participants to report any changes in their physical activity to the research team. Physical activity data were collected using the International Physical Activity Questionnaire-Short Form (IPAQ-SF) (42). This questionnaire assessed physical activity over the past seven days and categorized it into four groups: (1) intense, (2) moderate, (3) walking, and (4) sedentary lifestyle. Additionally, the intensity, frequency, and duration of physical activity were evaluated. The data obtained from the IPAQ-SF was used to estimate the total amount of physical activity performed. This was achieved by weighting the reported minutes in each of the four categories of physical activity according to the estimated metabolic equivalent (MET) of energy expenditure. The total MET minutes per week were calculated by multiplying the MET duration (in minutes), frequency (in days), and intensity, then summing up the different categories of physical activity (vigorous, moderate, walking, and sedentary behavior). It was expected that participants would maintain their usual levels of physical activity throughout the intervention period. Physical activity levels were assessed at the beginning of the study and again at week 12.




2.3 Behavioral intervention

Patients enrolled in the 12-week study were allocated to a control group or one of the dietary intervention groups. They received dietary recommendations tailored to their assigned dietary patterns and were prescribed individualized meal plans. The primary dietary intervention focused on modifying the frequency and quantity of meat and meat-based product consumption, or their complete elimination, depending on the dietary model. Participant meetings with the dietitian were conducted mainly in person, with the option of remote follow-up sessions when necessary (hybrid format). The frequency of meetings remained consistent across all groups. To enhance motivation and support adherence to dietary recommendations, participants also received online consultations with a trained and experienced psychodietitian (Behavioral Nutrition Specialists). Patients were advised to refrain from making lifestyle modifications, including changes in physical activity, diet, and the use of stimulants, outside the parameters of the study design. The meetings were conducted according to a set schedule. During the dietary consultation, participants received dietary advice with a focus on practical aspects such as cooking, shopping, and reducing food waste. All necessary educational materials were also provided. An outline of the dietetic program for participants is presented in Table 2.

TABLE 2 Outline of dietary programme for intervention participants.




	Study week
	Type of meeting
	Description of the meeting
	Received materials





	1
	Face to face meeting
	Dietary advice on how to compose meals, regularity of meal consumption and meal planning (cooking, shopping, reducing food waste).
 Providing the necessary information on the implementation of the dietetic plan.
	Dietary plan Characteristics of the diet implemented in the diet plan



	2
	Online meeting
	Question about the implementation of the diet plan.
	Individual guidance on the implementation of the dietary plan



	3
	Online meeting
	Conduct a review of the implementation of the dietary plan.
 Supporting the patient and motivating them to continue with the dietary plan.
	Summary of the meeting



	4
	Online meeting
	Question about the implementation of the diet plan.
	Individual guidance on the implementation of the dietary plan



	5
	Online meeting
	Question about the implementation of the diet plan.
	Individual guidance on the implementation of the dietary plan



	6
	Face to face meeting
	Conducting verification of the implementation of the dietary plan.
 Supporting the patient and motivating them to continue implementing the dietary plan.
 Provide the necessary information regarding the implementation of the new dietary plan with the new recipes.
	Dietary plan



	7
	Online meeting
	Question about the implementation of the diet plan.
	Individual guidance on the implementation of the dietary plan



	8
	Online meeting
	Question about the implementation of the diet plan.
	Individual guidance on the implementation of the dietary plan



	9
	Online meeting
	Conducting verification of the implementation of the dietary plan.
 Supporting the patient and motivating them to continue with the dietary plan.
	Summary of the meeting



	10
	Online meeting
	Question about the implementation of the diet plan.
	Individual guidance on the implementation of the dietary plan



	11
	Online meeting
	Question about the implementation of the diet plan.
	Individual guidance on the implementation of the dietary plan



	12
	Face to face meeting
	Conducting verification of the implementation of the dietary plan.
	Summary of the dietary programme.






To reduce discrepancies between groups and mitigate the potential effects of nutrients, consistent assumptions were applied across or dietary interventions. An energy deficit of 15% of total energy expenditure was assumed. General assumptions for the dietary plans are provided in Table 3. The vitamin and major and trace elements for each dietary plan was aligned with the recommended daily intake based on the nutrition norms for the Polish population (40).

TABLE 3 General design framework and nutritional assumptions for all dietary interventions.




	Parameter
	Assumptions





	Energy
	85% of total daily energy expenditure



	Protein
	15-20% of the dietary energy



	Fat
	30-35% of dietary energy



	Carbohydrates
	50-55% of dietary energy





Values represent planning assumptions used by the research team to design the diet plans.




Patients were provided with specially designed diet plans that followed the general guidelines established in the dietitian's menu-planning program, which was based on the latest food databases. A key distinguishing feature of these diet plans was the content of animal and plant proteins, which influenced the frequency of consumption of various products, including meat, fish and seafood, dairy products, eggs, and their products (Table 4). Each diet included detailed instructions for meal preparation and a shopping list. The diets were tailored to the season, and the recipes were based on readily available products. Additionally, to ensure consistency across all groups and to prevent the potential adverse effects of nutrient deficiency, all participants received the same vitamin B12 supplement, which contained 100 μg of methylcobalamin per day. The supplement was provided in a convenient, easy-to-swallow chewable form, which was particularly useful for participants who had difficulty swallowing capsules. The product was suitable for vegans and vegetarians.

TABLE 4 Practical features of the dietary models: allowance of animal products, target protein ratio, daily core servings, fats, and exclusions.




	Type of diet
	Animal products: allowance (per week)
	Target animal: plant protein ratio
	Daily core servings*
	Dairy/alternatives (daily)
	Fats: main sources
	Key exclusions/notes





	CTRL
	Red meat ≤ 3 servings ( ≤ 350 g cooked total); poultry 2–3; fish/seafood 1–2; eggs 3–7
	≈80:20
	Whole grains 4–6; legumes 1; vegetables 3–5; fruit 2–3; nuts/seeds 1
	Dairy 1–3
	Mixed oils, limit SFA; allow olive/rapeseed
	Processed meat discouraged



	MD
	Red meat ≤ 1 small serving; poultry 1–2; fish/seafood 2–3; eggs 3-6
	≈70:30
	Whole grains 4–6; legumes 1–2; vegetables 4–6; fruit 2–3; nuts/seeds 1–2
	Dairy 1–2 (yogurt/cheese preferred)
	Extra-virgin olive oil primary; nuts; limit SFA
	Processed meat minimized



	EAT
	Meat ≤ 100 g total/week; fish/invertebrates up to ~2 servings; eggs 2–4
	≈50:50
	Whole grains 4–6; legumes 2; vegetables 4–6; fruit 2–3; nuts/seeds 1–2
	Dairy 1–2 (small portions) or fortified plant alternatives
	Plant oils prioritized; limit SFA
	Red/processed meat strongly limited



	LOV
	Meat/poultry/fish/seafood: 0; eggs 3–7
	≈30:70
	Whole grains 4–6; legumes 2; vegetables 4–6; fruit 2–3; nuts/seeds 1–2
	Dairy 1–3 (or fortified alternatives)
	Plant oils; nuts/seeds
	Excludes meat, poultry, fish, seafood



	VG
	All animal products: 0
	0:100
	Whole grains 5–7; legumes 2–3; vegetables 4–6; fruit 2–3; nuts/seeds 1-2
	Fortified plant alternatives 2–3 (soy/pea drinks, yogurts)
	Plant oils; nuts/seeds
	Excludes meat, poultry, fish, seafood, eggs, dairy, honey





*Standard serving definitions (for planning and reporting): whole grains = 1 serving = 40 g dry (e.g., oats, brown rice, whole-wheat pasta) or 1 slice whole-grain bread; legumes = 1 serving = 150 g cooked (or ~80 g tofu/tempeh); vegetables = 1 serving = 80 g; fruit = 1 serving = 150 g; nuts/seeds = 1 serving = 30 g; dairy = 1 serving = 250 ml milk/yogurt or 30 g cheese; eggs = 1 egg; fish/seafood = 1 serving = 100 g cooked; poultry/red meat = 1 serving = 100–120 g cooked. Ranges represent planning assumptions scaled to individual energy needs; macronutrient targets and the 15% energy deficit are specified in Table 3 (general framework). CTRL, control group; MD, Mediterranean diet; EAT, Eatwell diet; LOV, lacto-ovo-vegetarian diet; VG, vegan diet.






2.4 Statistical analysis

The study was powered to detect a significant difference in weight loss over a 12-week intervention period among five dietary groups, with an expected linear trend in percent body weight reduction from the the CTRL group, through the MD, EAT, LOV, to the VG. Following the methodology of Turner-McGrievy et al. (23) and Wright et al. (43), a mean incremental difference in percent body weight change of 1% was assumed successively between each of the five groups (corresponding to an effect size of 0.57). This 1% difference was used solely as a conservative statistical assumption for power calculation and was not intended to be a clinically meaningful threshold. Based on a pooled standard deviation (SD) of 2.5% and a significance level of α = 0.05, the minimum required sample size was estimated to be 60 participants, providing at least 80% power for detecting between-group differences of at least 2.4% in body weight for linear contrasts. To compensate for a potential dropout rate of up to 30%, the recruitment target was increased to 90 participants (18 per group). This total sample size was estimated to provide over 99% power to detect a significant linear trend in weight loss across the five dietary groups. The assumed linear order of the dietary groups (CTRL → MD → EAT → LOV → VG) was determined a priori, reflecting the progressive reduction in animal-derived food consumption across the models. This approach followed the analytical framework of Turner-McGrievy et al. (23), who applied a similar continuum from omnivorous to fully vegan diets to test for linear trends in anthropometric outcomes.

All statistical analyses were performed using IBM SPSS Statistics for Windows, Version 29.0 (IBM Corp., Armonk, NY, USA) and Statistica 13.3 version (TIBCO Software Inc., Palo Alto, CA, USA), depending on the type of analysis and data presentation. To assess the effect of diet type (MD, EAT, LOV, VG, and CTRL) over time (three measurements: baseline, at 6 weeks, and at 12 weeks) on body weight, waist circumference, body composition, lipid parameters, arterial blood pressure, carbohydrate metabolism (including serum fasting insulin and glucose levels and HOMA-IR index), appetite characteristics, level of physical activity, and quality of life, we performed a variance analysis with repeated measurement in a mixed scheme (5 groups × 3 measurements).

Before the main analysis, the assumption of sphericity of variance of covariance for intra-individual factors was verified using the Mauchly's test. In the cases where this test was not significant, and where only two measurement points were considered, the assumption of sphericity was adopted (44). If the Mauchly's test showed a significant violation of the sphericity assumption, the selection of the appropriate correction was based on the value of the ε coefficient (44). For the variables body weight, waist circumference, body fat percentage, LDL and HDL cholesterol levels, the Huynh–Feldt correction was used. For lean body mass and fasting insulin concentration, the Greenhouse–Geisser correction was employed. The differences between groups were analyzed by the Scheffe post-hoc test.




3 Results


3.1 Participant characteristics

Ninety volunteers who met the eligibility criteria participated in the study. The 85 participants completed the 12-week intervention (94.4%). The full recruitment strategy is shown in the flowchart (Figure 1). Of the five participants who discontinued, two withdrew due to personal scheduling constraints, two were lost to follow-up, and one withdrew due to relocation. No serious adverse events were reported during the study.


[image: Consort flow diagram illustrating a randomized dietary intervention trial. Five study arms are shown: vegan diet, lacto-ovo vegetarian diet, planetary diet, Mediterranean diet, and control group. Each arm details participant allocation, loss to follow-up, and final analysis numbers. Forty-eight participants were excluded, and ninety participants were randomized. Final analyzed counts range from seventeen to nineteen per group.]
FIGURE 1
 CONSORT Flow Diagram. A total of 560 participants were assessed for eligibility and 470 were excluded because they did not meet the inclusion criteria and 55 were excluded because they refused to participate in the study. Ninety participants were randomized to one of five groups: (1) the Mediterranean Diet (MD), (2) the EAT-Lancet Planetary Health Diet (EAT), (3) the Lacto-ovo-vegetarian Diet (LOV), (4) the Vegan Diet (VG), and (5) the control group (CTRL).


The 85 participants were divided into five study groups [χ2(4, N = 85) = 0.12, p = 0.998; N = 16–18 subjects per group]. However, the gender distribution within the groups deviated significantly from randomisation [χ2(1, N = 85) = 14.41, p < 0.001], with approximately three-quarters of participants being female. However, the gender distribution within the subgroups was proportional [χ2(4, N = 85) = 1.36, p = 0.852, V = 0.127]. The gender and group breakdown of the sample is presented in Table 5. Descriptive statistics were calculated for three basic anthropometric indicators: height, body weight, and BMI, both for the entire sample and broken down by gender and inclusion into individual study groups. To determine the characteristics of the variable distributions, the range, mean, standard deviation (±SD), median, skewness, and kurtosis coefficients, as well as the values of the Shapiro–Wilk test (used to assess the normality of the distribution), were calculated.

TABLE 5 Gender and group breakdown in the study.




	Dietary intervention group
	Total number of participants
	Females
	Males



	
	N
	%
	N
	%
	N
	%





	Mediterranean
	17
	20.0%
	13
	21.7
	4
	16.0



	EAT-Lancet planetary health diet
	17
	20.0%
	13
	21.7
	4
	16.0



	Lacto-ovo-vegetarian
	17
	20.0%
	12
	20.0
	5
	20.0



	Vegan
	18
	21.2%
	11
	18.3
	7
	28.0



	Control group
	16
	18.8%
	11
	18.3
	5
	20.0



	Total
	85
	100.0%
	60
	70.6%
	25
	29.4%






In the analysis of the entire sample, most variables showed significant deviations from a normal distribution. The only exception was body weight, which followed a normal distribution. Additionally, the height data exhibited leptokurticity, indicating a strong concentration of results around the mean. When analyzing the data by gender, most variables displayed normal distribution, except for height in men and BMI in women, both of which showed statistically significant deviations from normality. For the men's height, the distribution was right-skewed, indicating a prevalence of lower values, and it was characterized by leptokurticity. Similar patterns emerged in the study groups: while most variables were normally distributed, the CTRL group showed a significant deviation in BMI, and the height of individuals in the EAT group also deviated from normal distribution. In the CTRL group, height demonstrated right-skewness and leptokurticity, suggesting a predominance of lower values and a concentration around the mean. Descriptive statistics for the quantitative indicators of demographic characteristics are detailed in Table 6.

TABLE 6 Descriptive statistics of indicators of quantitative demographic characteristics at baseline (N = 85).




	Parameter
	Range
	Mean
	±SD
	Median
	Sk
	Kurtosis
	W





	Total



	Height [cm]
	152.50–205.00
	169.85
	±9.23
	168.50
	0.74
	1.21
	0.96*



	Weight [kg]
	70.00–126.00
	90.99
	±11.51
	90.00
	0.53
	0.33
	0.98



	BMI [kg/m2]
	26.87–39.06
	31.53
	±3.09
	30.86
	0.47
	−0.74
	0.95**



	Female



	Height [cm]
	152.50–185.00
	166.25
	±6.95
	165.25
	0.41
	−0.23
	0.98



	Weight [kg]
	70.00–110.00
	86.97
	±9.29
	87.50
	0.36
	−0.04
	0.98



	BMI [kg/m2]
	26.98–39.06
	31.51
	±3.29
	30.83
	0.55
	−0.81
	0.93**



	Male



	Height [cm]
	166.00–205.00
	178.50
	±8.31
	177.50
	1.14
	3.13
	0.91*



	Weight [kg]
	79.00–126.00
	100.62
	±10.70
	100.00
	0.50
	0.53
	0.97



	BMI [kg/m2]
	26.87–36.75
	31.58
	±2.60
	31.13
	0.09
	−0.81
	0.98



	Mediterranean diet



	Height [cm]
	152.50–181.00
	168.24
	±8.45
	168.00
	−0.07
	−1.03
	0.95



	Weight [kg]
	70.00–108.30
	93.84
	±10.54
	94.00
	−0.66
	0.02
	0.94



	BMI [kg/m2]
	28.34–39.06
	33.17
	±3.16
	32.49
	0.27
	−0.81
	0.96



	EAT–Lancet planetary health diet



	Height [cm]
	154.50–185.00
	171.18
	±9.08
	173.00
	−0.40
	−0.69
	0.96



	Weight [kg]
	76.00–113.00
	90.74
	±10.32
	91.00
	0.66
	0.41
	0.94



	BMI [kg/m2]
	27.93–37.15
	31.00
	±3.04
	29.87
	0.94
	−0.44
	0.86*



	Lacto–ovo–vegetarian diet



	Height [cm]
	157.00–182.50
	167.94
	±7.46
	167.50
	0.38
	−0.67
	0.96



	Weight [kg]
	72.00–110.00
	87.88
	±10.52
	84.00
	0.97
	0.47
	0.90



	BMI [kg/m2]
	27.60–36.75
	31.14
	±2.81
	30.83
	0.42
	−0.82
	0.94



	Vegan diet



	Height [cm]
	156.00–189.50
	171.39
	±9.92
	169.00
	0.41
	−1.03
	0.94



	Weight [kg]
	70.00–122.00
	90.83
	±13.17
	90.00
	0.50
	0.66
	0.96



	BMI [kg/m2]
	26.87–35.43
	30.85
	±2.96
	30.81
	0.05
	−1.42
	0.92



	Control group



	Height [cm]
	157.00–205.00
	170.47
	±11.37
	166.75
	2.00
	5.23
	0.82**



	Weight [kg]
	74.50–126.00
	91.70
	±13.21
	91.85
	1.08
	1.80
	0.92



	BMI [kg/m2]
	27.73–38.19
	31.54
	±3.25
	30.83
	0.71
	−0.49
	0.92





*p < 0.05,**p < 0.01, SD, standard deviation; Sk, skewness; W, Shapiro–Wilk test.






3.2 Energy and macronutrient intake

Following 12 weeks of the study, reduced calorie intake was observed in all intervention groups (by 337.6 ± 229.2 kcal/day, 394.4 ± 243.6 kcal/day, 315.3 ± 221.4, and 554.9 ± 215.3 kcal/day for participants from MED, EAT, LOV and VG group, respectively) compared to CTRL diet (+77.5 ± 214.8 kcal kcal/day, p < 0.001). Mean daily protein intake (as % of energy intake) was also decreased in all intervention groups compared to CTRL one (15.5 ± 1.2, 15.1 ± 1.9, 15.0 ± 0.6 and 15.0 ± 0.6 vs. 18.0 ± 1.2, respectively; p < 0.001). At the same time, the mean daily fat intake (adjusted to % of energy intake) was reduced in the participants from MD (31.5 ± 3.8) vs. CTRL (34.5 ± 0.6; p < 0.05), LOV (34.2 ± 0.1; p < 0.05) and VG (34.6 ± 1.6; p < 0.01). Carbohydrates intake (expressed as % of daily energy intake) was increased in the participants from EAT compared to CTRL group (48.4 ± 2.4 vs. 43.8 ± 2.2; p < 0.01), however the intervention with MD, LOV and VG diets did not result in significant changes compared to CTRL diet (43.8 ± 3.4, 47.1 ± 2.0, and 46.8 ± 2.3, respectively). A comprehensive dataset illustrating these alterations is presented in Table 7.

TABLE 7 Changes in dietary intake.




	Variable
	Time point
	Dietary intervention
	Post–hoc



	
	
	MED (A)
	EAT (B)
	LOV (C)
	VEG (D)
	CTRL (E)
	





	Calorie intake [kcal/day]
	I
	2,406 (251)
	2,373 (211)
	2,283 (254)
	2,429 (245)
	2,353 (350)
	II.A < I.A***, II.B < I.B***, II.C < I.C***, II.D < I.D***, IIB < II.E **, IIC < II.E **, IID < II.E ***



	
	III
	2,068 (218)
	1,979 (263)
	1,968 (319)
	1,874 (153)
	2,430 (330)
	



	Proteins [% of daily energy]
	I
	14.8 (1.7)
	15.1 (1.9)
	15.1 (0.2)
	14.5 (0.6)
	17.5 (0.9)
	I.A < I.E ***, I.B < I.E ***, I.C < I.E ***, I.D < I.E ***, II.A < II.E***, II.B < II.E***, II.C < II.E***, II.D < II.E***



	
	III
	15.5 (1.2)
	15.1 (2.0)
	15.0 (0.6)
	15.0 (0.6)
	18.0 (1.2)
	



	Fats [% of daily energy]
	I
	31.5 (3.8)
	32.8 (3.1)
	34.2 (0.1)
	34.6 (1.6)
	34.5 (0.6)
	n.s.



	
	III
	33.2 (2.7)
	32.2 (3.0)
	34.0 (1.6)
	34.1 (1.7)
	34.8 (0.8)
	



	Carbohydrates [% of daily energy]
	I
	42.2 (5.2)
	48.2 (1.7)
	46.3 (0.1)
	45.6 (2.4)
	44.6 (1.5)
	I.A < I.B ***, I.A < I.C*, II.A < IIB*



	
	III
	43.9 (3.4)
	48.4 (2.4)
	47.1 (2.0)
	46.8 (2.3)
	43.8 (2.2)
	





Data are expressed as means and standard deviations (SD). Time point: I, baseline; III, after 12 weeks of intervention; *P < 0.05; **P < 0.01; ***P < 0.001.






3.3 Summary of main and interaction effects

Analysis of the interaction effects between dietary regime and intervention duration revealed significant outcomes. Due to the relatively small size of the groups, post-hoc analyses included not only significance at the p < 0.05 level but also results showing a statistical trend (p < 0.10). The direction and magnitude of the observed differences are outlined in Table 8, while the precise data for all subgroups across measures are presented in Table 9. The following section provides a detailed description of interaction effects.

TABLE 8 Interaction effects for all analyzed variables: sphericity assessment, significance, and post–hoc tests.




	Variable
	χ2(2)
	ϵ
	F
	p
	η2
	Post–hoc





	Body weight [kg]
	24.25**
	0.791
	12.13
	< 0.001
	0.183
	II.A < I.A *, III.A < I.A**, II.B < I.B*, III.B < I.B**, II.C < I.C*, III.C < I.C**, II.D < I.D**, III.D < I.D**



	Waist circumference [cm]
	18.10**
	0.83
	5.46
	< 0.001
	0.127
	II.B < I.B*, II.D < I.D*, III.D < I.D**



	Fat mass [%]
	15.26**
	0.851
	4.02
	< 0.001
	0.108
	III.A < I.A**, III.B < I.B**, III.D < I.D**



	Fat–free mass [%]
	128.78**
	0.554
	1.36
	0.252
	0.056
	n.s.



	Total cholesterol [mg/dL]
	4.23
	——
	2.36
	0.020
	0.093
	n.s.



	LDL cholesterol [mg/dL]
	9.10*
	0.902
	2.51
	0.015
	0.106
	n.s.



	HDL cholesterol [mg/dL]
	6.75*
	0.924
	1.21
	0.297
	0.048
	n.s.



	non–HDL cholesterol [mg/dL]
	5.46
	——
	2.34
	0.021
	0.098
	n.s.



	Triglycerides [mg/dL]
	1.74
	——
	1.29
	0.254
	0.059
	n.s.



	Systolic blood pressure [mg/Hg]
	4.52
	——
	0.48
	0.872
	0.021
	n.s.



	Diastolic blood pressure [mg/Hg]
	4.05
	——
	0.48
	0.868
	0.022
	n.s.



	Fasting insulin
	172.80**
	0.530
	0.86
	0.490
	0.041
	n.s.



	Glucose level [mg/dL]
	0.4
	——
	1.08
	0.381
	0.049
	n.s.



	HOMA–IR
	3.87
	——
	1.08
	0.379
	0.052
	n.s.



	Overall health status
	——
	——
	1.46
	0.224
	0.059
	n.s.



	Total physical activity
	——
	——
	1.41
	0.237
	0.065
	n.s.



	Food approach behavior
	——
	——
	0.49
	0.744
	0.023
	n.s.



	Food avoidance behavior
	——
	——
	0.94
	0.444
	0.045
	n.s.





χ2 – Mauchly's variance sphericity test, ε – epsilon coefficient for the correction of the F test; Significance levels: *p < 0.05, **p < 0.01. I–III – subsequent measurement time points. A–E – study (dietary) groups; Scheffe's post-hoc test.




TABLE 9 Interaction effects for all analyzed variables: means, standard deviations, and post–hoc comparisons.




	Variable
	Time point
	Mediterranean diet (A)
	EAT–Lancet planetary health diet (B)
	Lacto–ovo– vegetarian diet (C)
	Vegan diet (D)
	Control group (E)
	Post–hoc





	Body weight [kg]
	I
	94.85 (11.07)
	91.06 (11.69)
	88.61 (11.58)
	91.16 (13.81)
	92.82 (13.70)
	II.A < I.A *, III.A < I.A**, II.B < I.B*, III.B < I.B**, II.C < I.C*, III.C < I.C**, II.D < I.D**, III.D < I.D**



	II
	92.19 (10.97)
	88.43 (11.06)
	85.86 (11.51)
	87.39 (12.36)
	92.44 (14.22)
	



	III
	90.62 (11.13)
	85.89 (10.63)
	84.64 (11.26)
	84.98 (12.65)
	93.36 (14.07)
	



	Waist circumference [cm]
	I
	103.26 (5.94)
	100.15 (10.38)
	102.35 (9.32)
	103.78 (10.38)
	99.81 (10.67)
	II.B < I.B*, II.D < I.D*, III.D < I.D**



	II
	100.41 (7.02)
	98.32 (9.12)
	99.82 (9.04)
	99.58 (9.85)
	97.84 (10.48)
	



	III
	99.59 (6.98)
	94.35 (10.12)
	96.88 (9.33)
	96.50 (10.26)
	99.31 (11.10)
	



	Fat mass [%]
	I
	42.54 (6.75)
	39.47 (5.41)
	39.47 (6.53)
	37.36 (7.27)
	39.51 (7.13)
	III.A < I.A**, III.B < I.B**, III.D < I.D**



	II
	41.19 (7.46)
	38.72 (5.53)
	38.61 (6.45)
	36.12 (7.10)
	38.92 (7.50)
	



	III
	40.53 (7.65)
	37.50 (5.43)
	37.85 (6.53)
	35.15 (7.29)
	39.55 (7.20)
	



	Fat–free mass [%]
	I
	57.47 (6.74)
	57.74 (10.57)
	60.53 (6.53)
	62.64 (7.27)
	60.49 (7.13)
	n.s.



	II
	58.81 (7.46)
	61.28 (5.53)
	61.39 (6.45)
	63.89 (7.10)
	61.09 (7.50)
	



	III
	59.48 (7.65)
	61.85 (4.99)
	62.15 (6.53)
	64.85 (7.29)
	60.45 (7.21)
	



	Serum total cholesterol level [mg/dL]
	I
	193.94 (50.62)
	202.29 (38.41)
	192.65 (31.82)
	180.22 (32.77)
	191.56 (42.68)
	n.s.



	II
	182.47 (54.33)
	180.24 (34.55)
	181.35 (28.34)
	154.06 (26.34)
	197.50 (45.78)
	



	III
	182.76 (45.83)
	187.88 (34.27)
	191.53 (28.16)
	165.17 (26.31)
	185.94 (34.38)
	



	Serum LDL cholesterol level [mg/dL]
	I
	118.65 (46.15)
	121.00 (33.55)
	114.00 (23.25)
	101.83 (25.74)
	115.69 (36.89)
	n.s.



	II
	112.18 (40.29)
	114.47 (30.61)
	114.12 (23.03)
	92.39 (22.59)
	114.00 (32.59)
	



	III
	115.06 (48.29)
	108.94 (32.39)
	104.76 (21.52)
	82.17 (22.94)
	124.50 (43.39)
	



	Serum HDL cholesterol level [mg/dL]
	I
	45.82 (10.32)
	54.94 (12.75)
	56.00 (10.29)
	53.33 (14.90)
	52.94 (13.16)
	n.s.



	II
	43.35 (9.64)
	49.29 (8.81)
	51.41 (10.95)
	46.94 (11.57)
	51.31 (8.60)
	



	III
	45.18 (11.35)
	48.35 (14.55)
	51.82 (10.92)
	49.00 (11.73)
	50.94 (9.70)
	



	Non–HDL cholesterol level [mg/dL]
	I
	148.12 (47.76)
	147.35 (37.42)
	136.71 (30.78)
	126.89 (30.31)
	138.63 (40.75)
	n.s.



	II
	139.12 (51.31)
	130.88 (38.60)
	129.35 (27.63)
	107.11 (28.84)
	146.19 (48.02)
	



	III
	137.59 (41.96)
	136.59 (36.00)
	139.88 (27.21)
	116.17 (31.22)
	135.00 (35.01)
	



	Serum triglycerides level [mg/dL]
	I
	146.53 (50.15)
	131.35 (44.21)
	113.94 (58.90)
	125.56 (75.27)
	107.69 (90.14)
	n.s.



	II
	120.59 (38.54)
	110.41 (58.46)
	123.82 (99.80)
	125.11 (75.63)
	107.25 (72.61)
	



	III
	129.88 (50.17)
	110.35 (43.07)
	129.24 (60.00)
	118.28 (71.82)
	106.25 (64.60)
	



	Systolic blood pressure [mg/Hg]
	I
	136.47 (21.18)
	137.82 (16.25)
	137.76 (7.71)
	133.28 (10.68)
	128.06 (9.53)
	n.s.



	II
	133.71 (17.17)
	132.59 (14.91)
	135.65 (10.32)
	128.28 (9.30)
	124.81 (9.99)
	



	III
	132.94 (13.33)
	128.94 (18.78)
	134.88 (12.35)
	126.22 (11.89)
	125.75 (12.60)
	



	Diastolic blood pressure [mg/Hg]
	I
	85.06 (11.24)
	86.18 (9.19)
	84.71 (7.90)
	81.89 (7.73)
	78.13 (7.18)
	n.s.



	II
	82.65 (10.67)
	82.71 (7.47)
	85.59 (9.10)
	79.94 (10.52)
	78.06 (7.72)
	



	III
	82.18 (9.07)
	82.76 (10.17)
	83.06 (8.18)
	79.56 (8.33)
	76.25 (9.53)
	



	Serum fasting insulin level
	I
	14.43 (7.72)
	9.92 (3.85)
	11.13 (5.59)
	10.54 (4.99)
	10.72 (5.43)
	n.s.



	II
	12.31 (4.62)
	10.23 (6.39)
	9.73 (3.82)
	9.00 (4.80)
	10.50 (5.22)
	



	III
	14.50 (7.52)
	10.96 (6.86)
	21.24 (46.92)
	9.44 (4.16)
	10.43 (4.15)
	



	Serum glucose level [mg/dL]
	I
	90.18 (10.70)
	88.35 (7.28)
	90.47 (8.37)
	89.56 (7.91)
	86.81 (8.68)
	n.s.



	II
	89.71 (6.18)
	89.82 (7.09)
	90.88 (6.81)
	89.56 (6.63)
	91.25 (10.10)
	



	III
	93.12 (8.34)
	89.65 (7.66)
	91.65 (9.27)
	89.72 (7.45)
	90.94 (8.33)
	



	HOMA–IR
	I
	3.38 (1.87)
	2.18 (0.90)
	2.51 (1.40)
	2.38 (1.27)
	2.27 (1.20)
	n.s.



	II
	2.71 (0.96)
	2.34 (1.55)
	2.19 (0.93)
	2.09 (1.10)
	2.39 (1.39)
	



	III
	3.32 (1.76)
	2.51 (1.74)
	2.39 (1.11)
	2.18 (0.99)
	2.37 (1.07)
	



	Overall health status
	I
	117.53 (20.58)
	122.31 (23.99)
	130.19 (19.59)
	122.50 (14.65)
	106.80 (33.92)
	n.s.



	II
	——
	——
	——
	——
	——
	



	III
	126.47 (25.44)
	132.37 (25.52)
	139.50 (11.95)
	123.61 (21.17)
	109.73 (32.78)
	



	Total physical activity
	I
	738.98 (820.05)
	1,062.01 (1,138.56)
	1,234.00 (2,265.72)
	753.39 (643.82)
	700.50 (507.08)
	n.s.



	II
	——
	——
	——
	——
	——
	



	III
	1,079.06 (1,028.69)
	883.12 (817.97)
	1,150.38 (955.32)
	1,391.56 (1,627.69)
	687.69 (507.67)
	



	Food approach behavior
	I
	3.18 (0.74)
	3.44 (0.67)
	3.18 (0.57)
	3.31 (0.68)
	3.26 (0.72)
	n.s.



	II
	——
	——
	——
	——
	——
	



	III
	3.18 (0.65)
	3.31 (0.78)
	2.99 (0.74)
	3.23 (0.67)
	3.25 (0.77)
	



	Food avoidance behavior
	I
	2.21 (0.46)
	2.14 (0.42)
	2.07 (0.45)
	1.99 (0.45)
	1.95 (0.40)
	n.s.



	II
	——
	——
	——
	——
	——
	



	III
	2.33 (0.48)
	2.21 (0.47)
	2.18 (0.45)
	2.12 (0.55)
	2.06 (0.49)
	





Time point: I, baseline; II, after 6 weeks; III, after 12 weeks of intervention; Scheffe's post-hoc significance: *p < 0.05, **p < 0.01.





3.3.1 Changes in body weight and body composition

The initial effect of the interaction pertains to body weight. In the experimental groups, a significant decrease in body weight was observed by week 6 and continued through week 12. In the CTRL group, body weight remained stable. The largest reductions were observed in the EAT and LOV groups, although these changes remained consistent with the direction and proportion of changes seen in the other groups. It is also worth noting that the study groups differed in the baseline level of body weight, which significantly affects the interpretation of the final values (Figure 2).
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FIGURE 2
 Changes in anthropometric and lipid-related parameters over time depending on the type of diet (VG, LOV, MD, EAT, CTRL). (A) Body weight (kg), (B) Fat mass (%), (C) Waist circumference (cm), (D) Total cholesterol (mg/dL), (E) LDL cholesterol (mg/dL), (F) Non-HDL cholesterol (mg/dL). Statistically significant effects of the diet × time interaction were observed for body weight, fat mass percentage, and waist circumference (A–C) (p < 0.05; repeated-measures ANOVA). No significant differences were observed for lipid parameters (D–F). Data are presented as means ± SD. CTRL, control group.


As illustrated in Figure 3, the most significant weight reduction was observed in the VG group (approximately −4%) up to week 6, with the EAT group exhibiting a loss of approximately −2.8%. In the LOV and MD groups, the decreases were about −3.1% and −2.8%, respectively. After 12 weeks, there was a partial decrease in body weight in all intervention groups, ranging from−1.4% in the LOV group to −2.9% in the EAT group, compared to the midpoint of the intervention. In the CTRL group, body weight remained unchanged. It remained within the range of ±1% throughout the entire period.


[image: Line graph illustrating percent weight loss over time for five diet groups: VG, EAT, MD, LOV, and CTRL. All diets show initial weight loss at six weeks, with varying recovery at twelve weeks.]
FIGURE 3
 Dynamic in body weight changes expressed as a percentage of weight loss depending on the type of diet (significant effect of the interaction diet × time).


A gradual (linear) decrease in body fat levels from baseline to the end of the study was observed in all intervention groups, with a slightly larger reduction noted for the EAT (-1.97%) and MD diets (-2.0%). In contrast, the values in the CTRL group remained relatively stable (Figure 2).



3.3.2 Effects on metabolic syndrome components: waist circumference, blood pressure, glucose metabolism, and lipid profile

Similar to body weight, there was a significant decrease in waist circumference (Figure 2) between the baseline measurement and the week 6 measurement in the experimental groups, particularly among those following the EAT (100.1 ± 10.4 cm vs. 98.3 ± 9.1 cm) and the LOV diet (102.3 ± 9.3 cm vs. 99.8 ± 9 cm). However, by week 12, there was a significant decrease in waist circumference compared to the baseline in the EAT (100.1 ± 10.4 vs. 94.3 ± 10.1; p < 0.001) and LOV group (from 102.3 ± 9.3 cm vs. 99.8 ± 9.0 cm; p < 0.001). In the CTRL group, the changes were minimal, although a slight decrease was observed throughout the entire follow-up period. Despite some differences in the dynamics of change at week 6, the decrease in waist circumference (between the beginning and the end of the study) ranged from - 7.3 ± 4.7 cm in the VG group to +0.5 ± 3.7 cm in the CTRL group.

Changes in the serum lipid profile were observed among participants in the intervention groups. The VG group exhibited the most pronounced, but non-significant, decrease in total cholesterol and LDL cholesterol (Figure 2), with concentrations gradually decreasing throughout the intervention period, reaching a low at week 12. There was also a moderate, systematic decline in the EAT group. In the LOV and MD groups, the serum LDL cholesterol concentration decreased by week 6, after which they stabilized or increased slightly. In the CTRL group, on the other hand, there was an opposite trend: after a slight drop by week 6, the LDL cholesterol concentration rose clearly above the baseline value in week 12. A similar pattern was observed for non-HDL cholesterol concentration in the VG group (Figure 2), with values decreasing steadily from baseline to week 12. In the EAT group, a gradual decline was also noted, although less pronounced. The subjects from the MD and LOV groups experienced a reduction in total cholesterol concentration mainly during the first phase of the study, after which their levels stabilized. The CTRL group exhibited the opposite trend: after a slight decrease by week 6, there was an increase that exceeded the baseline value by week 12. There were no statistically significant differences in serum triglyceride concentration between the subjects from CTRL and intervention groups after the dietary intervention. The parameters of carbohydrate metabolism, including serum fasting glucose and insulin concentration, as well as the HOMA-IR index, showed no substantial alterations in response to the dietary interventions compared to the CTRL group. A thorough examination of the findings revealed no statistically significant differences in systolic and diastolic blood pressure values between the CTRL and study groups (Table 8).




3.4 Changes in appetitive traits, physical activity, and quality of life

The assessment of appetitive traits in the study participants was carried out using the Adult Eating Behavior Questionnaire (AEBQ) (26), which had previously been evaluated in a separate study conducted on a cohort adhering to a plant-based diet (45). In the present study, AEBQ was administered at baseline (week 1) and after 12 weeks of dietary intervention. The repeated measures analysis (Table 8) and descriptive statistics (Table 9) showed no statistically significant effects of time, group, or their interaction for food approach and food avoidance traits. These findings indicate that eating behavior patterns remained stable across all dietary groups during the intervention period. Similarly, no significant differences were observed in physical activity levels or quality of life measures (Table 8).




4 Discussion

The present study demonstrated that a 12-week dietary intervention based on various plant-based eating patterns can lead to beneficial changes in body weight, waist circumference, and body composition, particularly among participants following the VG and EAT diets, who experienced the most consistent and pronounced reductions in these parameters. Although these changes did not reach statistical significance, they indicated a positive trend in plasma total cholesterol, LDL, and non-HDL cholesterol concentration, particularly in the VG and EAT groups compared to CTRL group. Analogous trends were observed in the other intervention groups; however, these changes were less pronounced or stabilized later in the study. With regard to other metabolic parameters, including plasma fasting glucose and insulin levels, the HOMA-IR index, and arterial blood pressure, no significant differences were observed between the intervention and control groups. Conversely, no substantial alterations in appetitive traits, physical activity levels, or quality of life were observed among the study participants in response to the dietary interventions. It is important to note that this study was the first to compare four different plant-based diets, each with varying levels of animal-based foods, against a control group consuming a control diet. The present comparison focuses not only on discrepancies in weight loss but also on the efficacy of the models in ameliorating specific elements of metabolic syndrome, appetitive traits, physical activity, and quality of life.

The health benefits of weight reduction are extensive. Research has shown that weight reduction is linked to improvements in many components of the metabolic syndrome (46, 47), including cases where this is achieved through a plant-based diet (16). The present study aimed to determine whether participants in all intervention groups would experience weight loss. The results indicated that this was the case, with the rate and magnitude of weight loss varying depending on the type of diet used and the time of measurement. By week 6, the most significant body weight reduction was observed in the VG group (approximately −4%), which may have been related to the most substantial decrease in energy intake in this group (average −555 kcal/day). Minor discrepancies were also observed between the planned and reported macronutrient composition, reflecting the usual variability in dietary adherence. Nevertheless, the intended nutritional structure and overall macronutrient balance of all intervention diets were maintained. This finding aligns with the observations reported by Turner-McGrievy et al. (23), who also documented substantial weight and calorie loss among individuals adhering to a vegan diet.

After a 12-week period, the subjects who had followed the EAT and VG diets achieved the lowest body weight, thus demonstrating their effectiveness throughout the intervention period. This result is consistent with the findings of previous observational studies (48–50) and the systematic review by Mambrini et al. (51) which identified the EAT-Lancet Planetary Health Diet as a promising tool for weight loss and obesity prevention. The LOV and MD groups experienced moderate weight loss, with a percentage change of approximately −3% and −2.8%, respectively, by week 6. This was followed by a further slight decrease or stabilization by week 12. No significant changes were observed in the CTRL group, as participants' body weights remained within ±1% throughout the study. It is also noteworthy that the participants did not receive financial compensation for their involvement in the study or reimbursement for travel expenses, which may indicate a high level of intrinsic motivation. Although minor baseline differences in body weight were observed between groups, these were statistically controlled for through the repeated measures design, which models changes within subjects over time.

A gradual (linear) decrease in body fat levels was observed from baseline to the conclusion of the study across all intervention groups. Notably, a slightly greater reduction was seen in participants from the EAT and MD group. This decrease was consistent at all measurement points, highlighting the importance of body composition analysis for these dietary interventions. Relying solely on body weight or BMI for dietary management may not provide an accurate picture. The improved outcomes for the EAT and MD diets may be attributable to a slightly higher protein content in these diets compared to the vegan diet, which could enhance feelings of satiety (50, 52, 53). It is important to note that the reductions in weight or body fat observed in the present study were smaller than in the study conducted by Kahleova and her team (54, 55). This may be due, in part, to differences in motivation, as participants in our study exhibited a lower baseline body mass index (31.53 ± 3.09). As a result, the rate of weight loss may have been reduced.

Waist circumference measurement is an established criterion for diagnosing metabolic syndrome; therefore, it was included in the current study. All experimental groups showed a noticeable decrease in waist circumference between the baseline measurement and the measurement at weeks 6 and 12. The effect was particularly significant for the EAT and VG diets. However, it is worth noting that this outcome is not universally observed. A meta-analysis of randomized trials by Melgar et al. (56) found that vegetarian diets were associated with body weight loss but did not result in a significant reduction in waist circumference (mean difference of −3.00 cm, 95% CI: −6.20 to 0.20).

Contrary to the findings of preceding studies, this intervention did not result in statistically significant changes in blood lipid concentrations, including plasma total cholesterol, LDL-C, non-HDL, and triglycerides, among the intervention groups compared to the CTRL group. Despite the presence of downward trends in total cholesterol and LDL-C levels within the VG and EAT-Lancet groups, these trends did not attain statistical significance. The absence of substantial variations in the results may be partially attributed to the low baseline lipid levels of the study participants and the moderate duration of the intervention. It is also conceivable that the effects of PBDs on the lipid profile are more pronounced in populations with dyslipidaemia, morbid obesity, or under strictly controlled conditions. Previous interventions, particularly those involving a low-fat vegan diet, have demonstrated favorable changes in TC and LDL-C levels (43, 57, 58). However, it should be noted that not all studies support these findings. For instance, a study comparing a low-fat vegan diet with the American Diabetes Association (ADA)-recommended diet in patients with type 2 diabetes found no significant differences in lipid profile between the groups (59, 60). A meta-analysis by Koch et al. (61) indicates that, although plant-based diets are associated with reductions in total cholesterol and LDL-C, these effects are most pronounced in studies with precise dietary control and high participant compliance. In the present study, participants exhibited a decline in body weight and body fat; however, the alterations in their lipid profile were not pronounced enough to attain statistical significance. This suggests that the impact of a plant-based diet on lipids may be contingent on the clinical context, the nature of the diet, and the duration and intensity of the intervention.

The present study revealed no significant impact of dietary interventions on serum fasting glucose and insulin concentration, as well as on HOMA-IR. It was observed that mean baseline glucose levels were within the normal range across all study groups, a factor that may have influenced the ultimate outcomes. A systematic review and meta-analysis of randomized controlled trials (62) examined the effect of plant-based diets on markers of insulin sensitivity. In comparison with control diets, plant-based diets have been shown to improve HOMA-IR (95% CI: −1.67 to −0.27; p = 0.007) and fasting serum insulin concentration (95% CI: −7.22 to −1.04; p = 0.009) in overweight/obese subjects. The findings from a parallel meta-analysis (63) confirmed that vegetarian diets significantly reduced fasting serum blood glucose and glycated hemoglobin concentration in comparison with omnivore diets, especially when the period of the diet was longer than 12 weeks. The impact was especially pronounced in the vegan diet.

There has been a limited number of studies on the effects of PBDs on the changes in arterial blood pressure. In this study, no significant changes in systolic or diastolic blood pressure were observed. The baseline blood pressure levels of the subjects may be a contributing factor to the observed variations in outcomes. The duration of the intervention, which was insufficient, may also be an insufficient factor. In the present study, mean baseline blood pressure levels were found to be close to normal values. The (63) study by Mishra et al. (58) on the effects of vegetarian and vegan diets on systolic and diastolic blood pressure found no significant differences. Similarly, in a review of RCTs analyzed by Melgar et al. (56) involving nine studies and a total of 1,628 overweight or obese participants, no significant effect of vegetarian and vegan diets on blood pressure was observed in comparison to conventional diets.

In the present study, the data regarding changes in individual appetitive traits resulting from the type of intervention are inherently organic. A comparable questionnaire was used in the study conducted by Gillies et al. (64), which also involved plant-based diet interventions. The TFEQ-R18 questionnaire was utilized to select participants, with the objective of excluding those at risk of eating disorders. Furthermore, the TFEQ was employed as a control variable (covariation) in the analysis of the effect of diet on adherence and subjective eating experiences. However, the TFEQ was not analyzed in relation to changes before and after the intervention, i.e., the impact of the diet on appetitive traits was not assessed. Our previous cross-sectional study demonstrated the potential of plant-based diets for beneficial changes in selected appetitive traits (45). For instance, food avoidance characteristics, such as food fussiness and slowness in eating, are clearly higher in the group following a plant-based diet. However, we have had no experience with the use of this questionnaire in randomized clinical trials to date. We suspect that a longer participant follow-up time may be required to observe changes in food avoidance and attitudes toward food.

No substantial changes were noted in the quality of life domain among the participants of the present study. We believe this is an important aspect, often overlooked, that should be assessed in dietary intervention studies. The quality of life of the participants under the influence of the diets, according to the studies, can be subject to alteration. In this specific case study, no decline in quality of life was observed during the 12-week period of even the more restrictive PBDs.

Physical activity was assessed using the validated IPAQ-SF questionnaire, a standard tool in dietary intervention research (65, 66). Although more advanced monitoring methods exist, the use of this validated and widely accessible instrument was considered appropriate given the study's design and focus on dietary intervention. No significant changes in physical activity levels were observed at any measurement point, nor between the study groups, suggesting that the differences observed in body weight and composition were attributable to dietary modification rather than changes in physical activity.

The present study faced several limitations. As is common with other dietary interventions, the participants in this study were not blinded to the intervention, despite the randomized trial. It is believed that knowing the type of diet used may influence more conscious behavioral changes in other areas of life (67, 68). Furthermore, the pool of participants for this study may have already shown interest in plant-based diets or a desire to improve their health through dietary modification. Additionally, the majority of the participants were female, a demographic that is often characterized by higher health consciousness and a greater engagement with health and nutrition subjects (69). This could partially explain the positive outcomes observed in the EAT-Lancet Planetary Health Diet. This dietary pattern was not as well-known to the study participants as the WHO recommendations or the vegan diet, and therefore aroused more curiosity, which could have potentially influenced the participants' motivation.

Adherence to dietary guidelines is a significant concern. We did not have full control over the study participants. Despite the implementation of a comprehensive protocol, regular meetings, and unannounced consultations, it is possible that participants have consumed supplementary products not included in their prescribed diet plans. Moreover, the long-term maintenance of a plant-based diet may present certain challenges for some participants, which may be attributable to factors such as taste preferences, product availability, cost, or established eating habits. This is partly illustrated by the increase in weight at the third measurement point after 12 weeks. Despite participants' assertions that they adhered to the stipulated protocols and consumed nutritionally adequate foodstuffs, even within the recommended products for the dietary model, it is conceivable that their energy intake may have exceeded the recommended levels and that they may have modified the diet plans to align with their personal preferences. This may be attributable to fatigue resulting from dietary adherence. This phenomenon was partially elucidated by Kolbuszewska et al. (70) in their study. This is due to the fact that they demonstrated that the degree of adherence to a diet is contingent on motivation. A plant-based diet, initiated primarily for health-related reasons, is more prone to a swift decline in motivation, often resulting in its premature cessation. Conversely, motivations of a moral or environmental nature exhibit greater persistence and serve as a significant catalyst for long-term adherence to plant-based diets. In this study, the significant factor of financial motivation was excluded, and participants were instead asked to provide information on any additional motivations. However, data on the relationship between motivation and other parameters is not yet available. Moreover, the enhanced energy value of the diet, while preserving its quality and adhering to the principles of the respective dietary models, may offer a partial explanation for the observed increase in body weight, accompanied by a concomitant enhancement in body composition, including a reduction in body fat. Furthermore, it is challenging to monitor spontaneous changes in lifestyle outside the diet. An attempt was made to verify this using the physical activity questionnaire; however, as with other questionnaires, the data are declarative and may be subject to bias.

In addition to limitations related to compliance with recommendations and lifestyle control, another important issue is the accuracy of dietary composition assessment. The micronutrient composition of the subjects' diets was not comprehensively assessed. Despite calculating the energy value and macronutrient distribution (i.e., protein, fat, and carbohydrate content) in all dietary plans, it was not possible to accurately assess micronutrient intake due to incomplete data on the content of certain nutrients in the foods consumed and reported by participants in their 24-h dietary diaries. Consequently, it was not feasible to quantify discrepancies in the intake of major and trace elements and vitamins, including zinc, magnesium, chromium, and vitamin C, which have been demonstrated to impact carbohydrate and lipid metabolism (71–74). Furthermore, the subjects' dietary intake was assessed using two 24-h dietary interviews – one at the commencement of the study and one after 12 weeks of intervention. Despite the fact that this approach provides only a snapshot of food intake at each time point, it remains a widely used and practical method in the field of dietary intervention studies. The interviews were collected by trained dietitians and used to estimate the overall direction and magnitude of changes in diet between the start and end of the intervention. Furthermore, no detailed assessment of individual nutrient classes, such as dietary fiber, fatty acid profiles and individual carbohydrate fractions, was conducted. This limitation should be taken into account when interpreting the study's metabolic results. Consequently, the precision of the habitual intake estimate in each dietary group is limited. In the interest of enhancing the comprehensiveness of the assessment, it would be advantageous to incorporate these parameters in subsequent studies.

It is also important to note that the study had a relatively small number of participants, which may not have been representative of the wider population. Moreover, the relatively short study duration of 12 weeks may not have been sufficient to assess additional parameters beyond body weight, selected body composition components, and lipid profile, as evidenced by the lack of statistical significance for blood pressure and carbohydrate metabolism parameters. Despite the prevalence of 12-week dietary interventions in research (21, 75). It is recommended that the recruitment of participants be expanded and the duration of the study be prolonged to facilitate the observation of additional changes. The long-term adherence to different plant-based diet models may present a significant challenge, particularly for individuals who have not previously restricted their meat intake.

Despite these difficulties, this study offers numerous advantages. This is the first study to compare five different dietary models with varying proportions of zoonotic products in terms of differences in weight loss, body composition, and efficacy in improving individual components of the metabolic syndrome and appetitive traits. A key distinction of this study was the recruitment of volunteers who had not previously restricted their meat consumption, an important factor to consider in the analysis. To date, data on the beneficial effects of specific types of plant-based diets on body weight and selected metabolic-related parameters have primarily come from studies involving individuals who have been limiting their meat and zoonotic intake for an extended period. Such individuals are also often characterized by higher dietary awareness (76).

The provision of a range of educational materials, along with ready-made diet plans accompanied by detailed instructions for the preparation of recipes, facilitated patients' adherence to the dietary model assigned during the randomisation process. This approach also served to mitigate the risk of potential nutritional deficiencies. Participants in the study were able to provide essential nutrients for plant-based diets, including protein, calcium, iron and iodine. Each group received an equivalent daily dose of vitamin B12. In order to guarantee that the results were consistent across all groups, the participants in each group were required to ingest precisely 100 micrograms of vitamin B12 on a daily basis. Moreover, the implementation of an intensive support system comprising experts from various professional backgrounds, including dieticians, doctors and diagnosticians, in conjunction with the scheduling of frequent meetings, has been instrumental in ensuring the success of the study. This collaborative approach has resulted in a remarkably low dropout rate of only 5.6%. Additionally, the patients were granted the opportunity to pose inquiries to the experts, thereby facilitating the discussion of the challenges encountered during the dietary regimen, which undoubtedly played a pivotal role in determining their commitment to persevering in the VEGPREV study. Nevertheless, it is recommended that patients' motivation be measured during the study using appropriate psychological tools.

A distinguishing feature of the program was the extensive evaluation of diverse plant-based diets. A direct comparison of the various dietary interventions enables the relative effectiveness of the different diets to be evaluated simultaneously, thus saving researchers time. The subjective reactions of the participants during the meetings, in response to the different models, were observed, and it was found that these reactions held great educational value for the authors, who are practicing dietitians and researchers. However, implementing this approach is challenging, necessitating the allocation of additional resources to the recruitment process, the meticulous randomization of participants, and strict adherence to the stipulated protocol by all researchers involved.

The success of this study is also largely attributed to be development of a practical regimen that can be implemented in various dietetic practices. The study participants met with researchers on three occasions over the course of 12 weeks: at the beginning of the study, after 6 weeks and after 12 weeks. These meetings were conducted one-to-one, during which all measurements, blood draws and dietary/nutrition education took place. Between in-person meetings, participants maintained regular communication with a trained psychodietitian and had the opportunity to submit queries via email to the lead dietitian responsible for the educational aspects of the study. Importantly, neither the patients nor the research team faced the significant costs associated with the procedures or the burden of excessive time commitments. In contrast to current practices in other studies, which may prove unrealistic for implementation in dietetic settings (43, 77, 78), this approach offers a more feasible alternative. Additionally, the involvement of a chef and the extensive training required could place a substantial burden on health systems in many countries, potentially extending the time need to achieve measurable results.



5 Conclusions

In a 12-week dietary intervention based on four plant-based eating patterns, the most pronounced and consistent changes in body weight, waist circumference, and body fat percentage were observed in the VG and EAT groups. The magnitude of these alterations was greater than in the other intervention groups and did not occur in the control group. No significant changes were observed between the groups in the remaining analyzed parameters, including glycemia, insulinemia, HOMA-IR, blood pressure, lipid profile, appetitive traits, physical activity level, and quality of life. This finding suggests that the impact of plant-based diets in this intervention was predominantly on anthropometric parameters. The EAT and VG diets have been demonstrated to be efficacious tools in the management of weight and body composition in overweight and obese individuals. These findings provide a compelling rationale for the further exploration of sustainable eating patterns as therapeutic strategies and their potential for public health interventions. This will assist in the promotion of more sustainable dietary patterns that reduce carbon footprint and natural resource consumption in the face of the growing popularity of animal-based diets. However, further research in this area is required, including the investigation of larger populations and longer follow-up periods.
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Objective: The plant-based diet index (PDI) has been proposed as a gauge of diet healthfulness. This study assessed the relationship between the PDI, and the “healthful” hPDI and “unhealthful” uPDI, and weight loss in the context of Mediterranean and vegan diets in overweight adults.
Methods: In a cross-over trial, 62 overweight adults followed a Mediterranean and a low-fat vegan diet for 16 weeks in random order, separated by a 4-week washout. Body weight was the primary outcome. In a secondary analysis, three-day dietary records were analyzed, PDI indices were calculated. Their correlation with changes in body weight was assessed, using Spearman correlations.
Results: Compared with no change on the Mediterranean diet, PDI significantly increased on the vegan diet; effect size: +7.6 (95% CI +4.1 to +11.0); p < 0.001. The hPDI score increased on both diets; effect size: +3.8 (95% CI −0.0 to +7.6); p = 0.05. The uPDI score decreased on the Mediterranean diet, while it increased on the vegan diet; effect size: +11.9 (95% CI +8.9 to +14.8); p < 0.001. In the first 16 weeks of the study, across both diets, changes in PDI and uPDI were negatively associated with changes in body weight, i.e., increases in PDI and uPDI were associated with weight loss: r = −0.32; p = 0.01; and r = −0.47; p < 0.001, respectively. These associations remained significant even after adjustment for changes in energy intake. No association was observed between changes in hPDI and changes in body weight.
Conclusion: These findings suggest that, replacing animal products even with the “unhealthful” plant-based foods on a vegan diet was associated with weight loss.
Clinical trial registration: ClinicalTrials.gov, identifier NCT03698955.
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Introduction

People following plant-based diets have been shown to have lower body weight and lower cardiometabolic risk (1, 2). Based on observational data, an attempt has been made to categorize the healthfulness of omnivorous diets, based on their inclusion of plant-derived foods, generating the plant-based (PDI), unhealthful (uPDI), and healthful (hPDI), dietary indices (3). However, a previous randomized trial in overweight adults showed that replacing animal products with plant foods from both the “healthful” and “unhealthful” categories was associated with weight loss (4). These findings were confirmed by a very well-controlled metabolic ward study (5). However, the potential role of PDI, hPDI, and uPDI in the context of the Mediterranean and a vegan diet, and their association with weights loss in overweight adults, has yet to be explored. The data from randomized clinical trials can deepen our understanding of the PDI concept from observational studies.

This secondary analysis of a randomized crossover trial, which compared a Mediterranean and low-fat vegan diet head-to-head in overweight adults (6), tested the associations of PDI, uPDI, and hPDI with changes in body weight.



Methods

The overall study methods have been described earlier (6). Briefly: this randomized, cross-over trial took place between February and October 2019 in Washington, DC. The protocol was approved by the Chesapeake Institutional Review Board. All participants provided written informed consent.

Overweight participants were randomized in a 1:1 ratio into 2 groups, one starting with a Mediterranean diet for 16 weeks, followed by a 4-week wash-out period, and then switching to a low-fat vegan diet for 16 weeks, while the second group received the interventions in the opposite order (Supplementary Figure 1). Participants were assessed at weeks 0, 16, 20, and 36.

The vegan group was asked to follow a low-fat vegan diet consisting of fruits, vegetables, grains, and legumes. The Mediterranean diet was based on the PREDIMED protocol (7), which includes ≥2 servings/day of vegetables, ≥2–3 servings/day of fresh fruits, ≥3 servings/week of legumes, ≥3 servings/week of fish or shellfish, and ≥3 servings/week of nuts or seeds, and favors lean white meats over red meats. Participants were instructed to use extra virgin olive oil (50 g daily) as their main culinary fat. No instructions on energy intake or processed food consumption were given to either group.

At weeks 0, 16, 20, and 36, a detailed food record was filled out for three consecutive days (two weekdays and one weekend day) and analyzed by a registered dietitian certified in the Nutrition Data System for Research (8). PDI scores were calculated, using the method of Satija et al. (3): “healthful” plant-based foods include fruits, vegetables, whole grains, nuts, legumes, oils, coffee and tea, and “unhealthful” plant-based foods include fruit juice, sugar-sweetened beverages, refined grains, potatoes, and sweets (3). Average daily intake in each of these categories was converted into quintiles, and category-specific food consumption at each timepoint in the study was assigned a score of 1 to 5 based on quintiles of food consumption for all participants at study start (week 0). For the PDI, plant-based food groups were awarded positive scores, while animal-based food groups were assigned reverse scores. The hPDI allocated positive scores to “healthful” plant-based food groups, with “unhealthful” plant-based and all animal-based food groups receiving reverse scores. Conversely, the uPDI assigned positive scores to “unhealthful” plant-based food groups, with reverse scores applied to “healthful” plant-based and animal-based food groups. The summed scores across the 17 distinct food groups were used to compute the respective indices for each participant. Physical activity was assessed by the International Physical Activity Questionnaire (IPAQ) (9).


Statistical analysis

The statistical analysis was performed in all participants with complete data across all timepoints by a statistician blinded to dietary interventions. Treatment effect was quantified by comparing changes from baseline (from week 0 to week 16, and from week 20 to week 36), within study participants while on Mediterranean versus vegan diet, using paired t-tests (an approach yielding estimates and significance levels identical to a mixed model analysis controlling for participant). Thus, the reported treatment effect is the mean difference between each participant’s outcomes on the vegan versus the Mediterranean diet. Carryover effect was then assessed by comparing treatment effects by the first diet that each participant received using two-sample t-tests (an approach equivalent to testing for an interaction between treatment and first diet in an analysis of variance model). Spearman correlations were used to assess the relationship between changes in body weight and changes in PDI, hPDI, and uPDI in the first 16 weeks of the study (as a conservative estimate in the context of a crossover study), across the study diets, first unadjusted, and then adjusted for changes in energy intake. After Bonferroni correction, p-values less than 0.008 (0.05/6) were considered significant. All results are presented as means with 95% confidence intervals (CI).




Results

Of 506 people screened by telephone, 62 met participation criteria and were randomly assigned to start with the Mediterranean (n = 32) or the vegan diet (n = 30) diet (Supplementary Figure 1). As reported earlier (6), physical activity was similar on both diets (p = 0.84).

Compared with no change on the Mediterranean diet, PDI significantly increased on the vegan diet; effect size: +7.6 (95% CI +4.1 to +11.0); p < 0.001. The hPDI score increased on both diets, with a trend to a bigger increase on the vegan diet; effect size: +3.8 (95% CI −0.0 to +7.6); p = 0.05. The uPDI score decreased on the Mediterranean diet, while it increased on the vegan diet; effect size: +11.9 (95% CI +8.9 to +14.8); p < 0.001 (Table 1). There was no significant carry-over effect in either of the indices (Supplementary Table 1).


TABLE 1 Changes in PDI, hPDI, and uPDI and their food components during the study comparing a Mediterranean and low-fat vegan diet.


	Index
	Mediterranean baseline
	Mediterranean final
	Δ Mediterranean
	Vegan baseline
	Vegan final
	Δ Vegan
	Treatment effect
	p-value

 

 	PDI 	55.9 (53.7–58.2) 	56.8 (54.7–58.9) 	+0.9 (−1.5 to +3.3) 	52.4 (50.2–54.5) 	60.8 (58.4–63.2) 	+8.5 (+6.2 to +10.8)*** 	+7.6 (+4.1 to +11.0) 	<0.001


 	hPDI 	58.7 (56.3–61.2) 	65.2 (63.1–67.4) 	+6.5 (+3.7 to +9.3) 	57.9 (55.8–59.9) 	68.1 (66.7–69.6) 	+10.3 (+8.2 to +12.4)*** 	+3.8 (0.0 to +7.6) 	0.05


 	uPDI 	56.7 (55.1–58.3) 	51.6 (49.2–54.0) 	−5.1 (−7.3 to −2.9)*** 	55.9 (54.0–57.7) 	62.7 (61.3–64.0) 	+6.8 (+5.0 to +8.6)*** 	+11.9 (+8.9 to +14.8) 	<0.001


 	“Healthful” plant foods (points)


 	Fruits 	3.2 (2.8 to 3.5) 	3.4 (3 to 3.7) 	0.2 (−0.2 to +0.6)* 	2.8 (2.5 to 3.2) 	3.2 (2.8 to 3.6) 	0.4 (0 to +0.7)* 	+0.2 (−0.4 to +0.7) 	0.4173


 	Vegetables 	3.3 (2.9 to 3.7) 	3.6 (3.2 to 4) 	0.4 (−0.1 to +0.8)* 	2.9 (2.6 to 3.3) 	3.4 (3 to 3.8) 	0.5 (0 to +0.9)* 	+0.1 (−0.4 to +0.6) 	0.7007


 	Whole grains 	3.2 (2.8 to 3.6) 	3.6 (3.2 to 4) 	0.4 (−0.1 to +0.9)** 	3 (2.6 to 3.4) 	3.7 (3.3 to 4.1) 	0.7 (+0.2 to +1.1)** 	+0.3 (−0.4 to +1) 	0.4173


 	Nuts 	2.2 (1.9 to 2.6) 	3.1 (2.7 to 3.5) 	0.9 (+0.4 to +1.3) 	2.5 (2.1 to 2.8) 	2 (1.7 to 2.3) 	−0.5 (−1 to 0) 	−1.3 (−2.1 to −0.6) 	0.0006


 	Legumes 	2.8 (2.4 to 3.3) 	3.2 (2.7 to 3.7) 	0.4 (−0.2 to +0.9)*** 	2.4 (2 to 2.8) 	3.7 (3.3 to 4.2) 	1.3 (+0.8 to +1.9)*** 	+1 (+0.2 to +1.8) 	0.0159


 	Vegetable oils 	3.2 (2.8 to 3.5) 	4.3 (3.9 to 4.6) 	1.1 (+0.7 to +1.6)*** 	2.9 (2.5 to 3.3) 	1.6 (1.3 to 1.9) 	−1.3 (−1.8 to −0.9)*** 	−2.4 (−3.2 to −1.7) 	<0.0001


 	Coffee/Tea 	2.8 (2.4 to 3.2) 	2.5 (2.1 to 2.8) 	−0.4 (−0.7 to 0) 	2.7 (2.3 to 3.1) 	2.5 (2.1 to 2.9) 	−0.2 (−0.5 to +0.1) 	+0.1 (−0.4 to +0.7) 	0.6340


 	“Unhealthful” plant foods (points)


 	Fruit juice 	2.8 (2.4 to 3.3) 	2.8 (2.3 to 3.2) 	−0.1 (−0.7 to +0.5) 	2.4 (2 to 2.8) 	2.7 (2.3 to 3.1) 	0.3 (−0.2 to +0.9) 	+0.4 (−0.4 to +1.2) 	0.3079


 	Sugar sweetened beverages 	2.3 (1.9 to 2.7) 	1.8 (1.5 to 2.1) 	−0.5 (−0.9 to −0.1)*** 	2.3 (1.9 to 2.7) 	1.5 (1.2 to 1.8) 	−0.8 (−1.2 to −0.4)*** 	−0.3 (−0.8 to +0.2) 	0.2849


 	Refined grains 	2.8 (2.5 to 3.2) 	1.7 (1.4 to 2) 	−1.1 (−1.6 to −0.6) 	2.5 (2.2 to 2.9) 	2.2 (1.8 to 2.5) 	−0.4 (−0.8 to +0.1) 	+0.7 (+0.1 to +1.4) 	0.0232


 	Potatoes 	2.7 (2.2 to 3.1) 	2.1 (1.8 to 2.5) 	−0.5 (−1.1 to 0) 	2.3 (1.9 to 2.7) 	2.1 (1.7 to 2.5) 	−0.2 (−0.8 to +0.3) 	+0.3 (−0.5 to +1.1) 	0.4286


 	Sweets 	3 (2.6 to 3.4) 	2.4 (2 to 2.7) 	−0.6 (−1.1 to −0.1) 	2.8 (2.4 to 3.1) 	2.9 (2.5 to 3.3) 	0.1 (−0.4 to +0.6) 	+0.7 (0 to +1.4) 	0.0370


 	Animal foods (points)


 	Animal fats 	3.4 (3 to 3.8) 	3.9 (3.6 to 4.2) 	0.5 (0 to +0.9)*** 	3.4 (3.1 to 3.8) 	4.8 (4.6 to 4.9) 	1.4 (+1 to +1.8)*** 	+0.9 (+0.3 to +1.5) 	0.0032


 	Dairy 	3.5 (3.1 to 3.9) 	3.8 (3.5 to 4.1) 	0.3 (−0.1 to +0.8)*** 	3.2 (2.8 to 3.5) 	4.9 (4.8 to 5) 	1.7 (+1.4 to +2.1)*** 	+1.4 (+0.8 to +2) 	<0.0001


 	Eggs 	3.5 (3.1 to 3.9) 	3.4 (3 to 3.8) 	−0.1 (−0.6 to +0.4)*** 	3.3 (2.9 to 3.6) 	4.9 (4.8 to 5) 	1.6 (+1.2 to +2)*** 	+1.7 (+1.1 to +2.3) 	<0.0001


 	Meat 	3.1 (2.8 to 3.5) 	4.9 (4.8 to 5.1) 	0.4 (0 to +0.9)*** 	3.1 (2.8 to 3.5) 	4.9 (4.8 to 5.1) 	1.8 (+1.4 to +2.2)*** 	+1.4 (+0.8 to +2) 	<0.0001


 	Seafood 	3.3 (2.9 to 3.7) 	3.6 (3.2 to 4) 	0.3 (−0.3 to +0.9) 	3.3 (2.9 to 3.7) 	3.7 (3.2 to 4.1) 	0.4 (−0.1 to +0.9) 	+0.1 (−0.9 to +1) 	0.9146





Data are means and estimated treatment effects with 95% confidence intervals. p-values for treatment effect are from a two-sample t-test comparing mean changes between participants in each treatment arm. *p < 0.05, **p < 0.01, and ***p < 0.001 for within-group changes from baseline assessed by paired comparison t-tests.
 

In the first 16 weeks of the study, across both diets, changes in PDI and uPDI were negatively associated with changes in body weight, i.e., the increase in PDI and uPDI were associated with weight loss: r = −0.32; p = 0.01; and r = −0.47; p < 0.001, respectively. These associations remained significant after adjustment for changes in energy intake: r = −0.33; p = 0.01, and r = −0.43; p < 0.001, respectively. No association was observed between changes in hPDI and changes in body weight (Table 2).


TABLE 2 Spearman correlations between changes in body weight and changes in PDI, hPDI, and uPDI in the first 16 weeks of the study, across the study diets.


	Δ PDI
	Δ Body weight

 

 	PDI 	r = −0.32; p = 0.01


 	PDI, adj. for energy intake 	r = −0.33; p = 0.01


 	hPDI 	r = −0.10; p = 0.43


 	hPDI, adj. for energy intake 	r = +0.04; p = 0.78


 	uPDI 	r = −0.47; p < 0.001


 	uPDI, adj. for energy intake 	r = −0.43; p < 0.001





After Bonferroni correction, p-values less than 0.008 (0.05/6) are considered significant.
 



Discussion

This randomized cross-over trial demonstrated that compared with the Mediterranean diet, PDI and uPDI were significantly increased on a vegan diet. Increases in PDI and uPDI were associated with weight loss, independent of energy intake.

In a large observational study, higher PDI and hPDI scores correlated with a reduced risk of type 2 diabetes; however, no correlation was observed for uPDI (10). Similar results came from a metabolomic analysis (11). This is, of course, not surprising, because the PDI was developed by identifying dietary factors associated with diabetes in these same cohorts. Furthermore, a systematic review and meta-analysis revealed a trend toward lower body mass index and lower waist circumference with higher PDI scores (12). A previous randomized clinical trial in overweight adults showed that the increase in all three plant-based indices correlated with weight loss. Replacement of animal foods with plant foods, either “healthful” or “unhealthful” resulted in weight loss (4).

The current study confirms these findings, and shows that the majority of the PDI, hPDI, and uPDI scores (5.5 points for each) came from avoiding animal foods on a vegan diet. Furthermore, reducing the consumption of oils and nuts further increased the uPDI score by 3.7 points on a vegan diet. These findings suggest that replacing animal products with plant-based foods, and reducing the consumption of oil and nuts, may be successful strategies for weight loss. These foods are rich in fiber, have a lower energy density, and have been shown to stimulate glucagon-like peptide-1 (GLP-1) secretion and enhance satiety (13).


Strengths and limitations

The strengths of the current trial include a randomized, cross-over design. The duration of the study was sufficiently long enough for adaptation to both diets. Considering the participants were residing at home and preparing their own meals or eating at restaurants, our results are applicable outside the research setting, in free-living conditions. The study also has limitations. The food consumption and PDI indices were calculated based on self-reported diet records. The participants were volunteers and may not represent the general population, although they may represent the population of individuals seeking to lose weight.




Conclusion

In conclusion, replacing of animal-based foods with plant-based foods was associated with weight loss, even in the context of “unhealthful” foods as defined by the PDI. The findings suggest that the PDI is not a clinically useful measure in the context of vegan diets.
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A varied, predominantly plant-based diet is recommended for both individual and planetary health. In line with growing interest in limiting meat consumption, the market for plant-based meat substitutes (PBMS) has grown substantially in recent years, especially in Germany. Constant monitoring of this market is warranted to understand key nutritional and sustainability characteristics of PBMS. Using food labeling data of 964 PBMS recorded within the German monitoring of packaged food in 2024, we report the energy and nutrient content per 100 g, use of iodized salt, the presence of Nutri-Score as well as organic and vegan labeling overall and by (sub)category. Median energy/nutrient contents in PBMS were 224 kcal, 12.0 g fat, 13.3 g protein, and 1.60 g salt. At category level, meat substitutes showed lower median fat and salt contents than sausage substitutes, which was echoed in more favorable Nutri-Score ratings, where provided (19% of all products). At subcategory level, raw sausages had the highest median contents of energy, sugars, protein and one of the highest medians in salt content. About one third of all products was labeled as organic, more than 85% as vegan. Less than 6% of the PBMS contained iodized salt. The results show a high diversity of PBMS in the German market, with slightly more favorable nutritional composition of meat substitutes compared to sausage substitutes. Given the heterogeneity of products, more widespread Nutri-Score labeling could help guide consumers in their choices. PBMS manufacturers should consider shifting to iodized salt in their product formulations.
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1 Introduction

There is growing consensus that more sustainable dietary habits are needed for individual and environmental health (1), one decisive factor being the reduction of meat consumption (2). Plant-based meat substitutes (PBMS) may serve as a versatile food option toward this goal without requiring consumers to fundamentally change their dietary behavior. These products are designed to be similar to traditional meat and sausage products in terms of function, sensory properties, appearance, and names (3).

In Germany, the proportion of people who consume vegetarian or vegan alternatives to animal products, including PBMS, on a daily basis increased from 5% in 2020 to 10% in 2024 (4). At the same time, PBMS production has more than doubled, from 60,400 tons in 2019 to 121,600 tons in 2023, and continues to rise (5). Between September 2023 and August 2024, about a third of all German households purchased PBMS at least once, and the sales volume averaged 3.7 kg per household (6). The growing consumption of PBMS and the increasing number of newly launched products show that PBMS are becoming ever more relevant in everyday nutrition (7).

Given the highly variable composition of PBMS, in some cases resulting in high levels of salt or saturated fat (8), regular monitoring of the product offer can identify compositional issues and guide reformulation efforts. In Germany, this is taken care of by the national product monitoring of packaged food, which was established as part of the “National Reduction and Innovation Strategy for Sugar, Fats, and Salt in Processed Foods” (hereafter NRI) (9). The monitoring focuses on product groups of known or potential relevance to sugar, fat, and salt intake, and aims to cover the respective market as completely as possible. A special focus of the NRI is on food groups targeted at children (10). The gathered packaging information includes the declared nutrient contents, ingredient lists, and further items such as Front-of-Pack Labeling (FoPL). For context, FoPL is voluntary in the EU as per current regulation. The Nutri-Score, a color-coded, evaluative FoPL, has been adopted in Germany and is intended to facilitate comparisons between products within a food category (11). Nutri-Score grades products from A (dark green) to E (dark orange) according to their nutritional composition, counting fiber, protein, fruit and vegetables as positive components and saturated fatty acids (SFA), sugar and salt as negative components (12).

Besides the nutritional value of food products, consumers may also be sensitive to further labeling information such as organic origin or purely vegan ingredients (13). Based on the latest data from the national product monitoring, this brief research report provides insights into the labeled energy and nutrient composition of PBMS on the German market, the use of the Nutri-Score as well as vegan and organic labeling on these products. Against the backdrop of declining iodine intake in Germany (14), we further investigated fortification with iodine (in the form of iodized salt) within this product group. As natural sources of iodine in the diet are mainly animal-based products, fortification among plant-based alternatives is particularly important to support adequate iodine intake.



2 Methods

For the present analysis, data on PBMS on the German market, collected in 2024 (6) as part of the German national product monitoring of packaged food [see (10) for details], was used. In each survey year, product data are collected from August to December. Only packaged food products available in the German retail market with a European Article Number (EAN) or Global Trade Item Number (GTIN) are included. To cover the products available on the market as completely as possible, data collection follows a stepwise process including manual online research on original manufacturers’ websites, enquiries with manufacturers as well as on-site research in grocery stores. Data collection focuses on mandatory nutrition declaration of energy, fat, SFA, protein, carbohydrates (CHO), sugars, and salt as the so called Big 7, ingredient list, and further packaging information such as Nutri-Score or organic production.

Data were managed with a customized branded food module within the FoodCASE software, version 8.8.0 (Premotec GmbH, Winterthur, Switzerland).

All calculations were performed using R (version 4.5.0) and RStudio (version 2025.05.0 + 496). Values for energy were rounded to no decimal, fat, SFA, CHO, sugars, protein, and all percentages were rounded to one decimal, salt values to two decimals.


2.1 Definition of PBMS and inclusion criteria

Plant-based meat substitutes are made from vegetarian or vegan ingredients, with a meat-like texture, design, or taste. For such products to be included as PBMS in the German product monitoring of packaged food, the name, the labeling, or the product description had to contain terms of an originally meat-based product such as schnitzel, (ham)burger, or sausage. PBMS without a textual reference to meat were only included if the design of the packaging or the product alluded to a meat product. Products not designed to imitate meat products, such as plain tofu blocks and dry products (e.g., granulated soy for reconstitution), were excluded.

According to the intended use and consumption occasions, PBMS were subdivided into the two categories of meat substitutes and sausage substitutes, and within those categories further divided into the following subcategories:


2.1.1 Subcategories of meat substitutes


	•Minced products: e.g., burger patties, meatball substitutes.

	•Pan-cooked products: diced or chunky meat substitutes, vegan or vegetarian filet or steak.

	•Breaded products: e.g., nuggets, filled and unfilled schnitzel.

	•Other meat substitutes: products that could not be assigned to any specific meat substitutes subcategory (e.g., delicatessen salad with meat substitutes, roast substitutes).

	•Meat substitutes targeted at children:




Any kind of meat substitute is assigned to this category if at least one of the following criteria is fulfilled:


	•Product name includes “child(ren)” or “kids” or appeals directly to children.

	•Packaging is attractively designed for children.

	•Food product itself or its components are designed for children.

	•Packaging includes information aimed at parents or children.




Assignment as product targeted at children overrides further assignment to any of the other subcategories.



2.1.2 Subcategories of sausage substitutes


	•Raw sausages: salamis and further substitutes for raw sausages.

	•Spreads: spreadable sausage substitutes such as liver sausage spread.

	•Cooked sausages and slices: vegan and vegetarian cold cuts, substitutes for boiled, cooked, and fried sausages, wiener.

	•Ham and bacon: substitutes for cooked ham and bacon including bacon cubes.

	•Sausage substitutes targeted at children:




Any kind of sausage substitute is assigned to this category if at least one of the criteria for products targeted at children is fulfilled (See criteria description above for subcategory Meat substitutes targeted at children).




2.2 Labeling parameters examined


2.2.1 Energy and nutrient content

Descriptive statistics, including median, mean, minimum and maximum for energy, fat, SFA, CHO, sugars, protein, and salt in g/100 g product, are shown for the overall sample, the subsample targeted at children, and the categories and subcategories (Table 1).


TABLE 1 Energy and nutrient contents in PBMS for the overall sample, products targeted at children, categories, and subcategories.


	(Sub)categories of PBMS
	n
	Content per 100 g of product



	
	
	Energy in kcal
	Fat in g
	SFA in g
	CHO in g
	Sugars in g
	Protein in g
	Salt in g



	
	
	Median/
 mean
	Min/
 max
	Median/
 mean
	Min/
 max
	Median/
 mean
	Min/
 max
	Median/
 mean
	Min/
 max
	Median/
 mean
	Min/
 max
	Median/
 mean
	Min/
 max
	Median/
 mean
	Min/
 max





	PBMS total
	964
	224/217
	50/466
	12.0/12.8
	0.1/49.0
	1.3/2.3
	0.0/23.0
	7.0/9.2
	0.3/34.3
	1.6/2.0
	0.0/14.0
	13.3/14.8
	0.6/42.3
	1.60/1.70
	0.03/4.16



	PBMS targeted at children
	58
	221/224
	90/339
	11.1/13.5
	4.3/33.0
	1.4/2.9
	0.4/23.0
	7.4/8.9
	1.0/28.5
	1.9/2.1
	0.0/8.7
	12.0/15.2
	2.7/30.6
	1.60/1.73
	0.70/3.30



	Meat substitutes
	506
	219/216
	50/466
	11.0/11.5
	0.1/49.0
	1.2/1.8
	0.0/16.0
	9.0/11.8
	0.9/34.3
	1.5/2.0
	0.0/14.0
	14.0/14.3
	0.6/42.3
	1.35/1.41
	0.03/3.90



	Minced products
	185
	212/206
	78/336
	10.0/10.9
	0.5/23.2
	1.2/2.2
	0.1/16.0
	8.3/11.6
	1.0/32.0
	1.8/2.1
	0.0/14.0
	13.1/13.5
	1.6/34.9
	1.30/1.34
	0.20/2.34



	Pan-cooked products
	108
	194/190
	50/350
	9.0/9.7
	0.1/29.0
	1.0/1.3
	0.0/8.8
	4.9/6.0
	0.9/31.0
	1.0/1.4
	0.0/9.8
	18.0/17.7
	1.5/28.6
	1.40/1.50
	0.03/3.20



	Breaded products
	123
	241/241
	106/328
	12.0/12.5
	3.6/22.0
	1.3/1.8
	0.2/10.9
	19.6/19.1
	2.8/34.3
	1.2/1.8
	0.0/9.4
	11.0/11.2
	2.9/25.0
	1.30/1.33
	0.20/2.10



	Other meat substitutes
	58
	230/234
	50/466
	12.0/15.1
	0.1/49.0
	1.4/1.8
	0.1/9.6
	7.2/7.7
	1.0/19.0
	2.1/3.4
	0.1/13.0
	15.0/15.2
	0.6/42.3
	1.60/1.65
	0.03/3.90



	Meat substitutes targeted at children
	32
	220/228
	141/337
	9.6/11.7
	4.5/32.0
	1.1/1.7
	0.4/6.3
	9.9/11.9
	3.9/28.5
	1.7/2.3
	0.4/8.7
	14.0/17.2
	4.2/30.0
	1.35/1.44
	0.70/2.10



	Sausage substitutes
	458
	229/220
	60/409
	14.0/14.2
	0.5/38.0
	1.5/2.8
	0.1/23.0
	5.7/6.3
	0.3/18.3
	1.6/1.9
	0.0/9.0
	13.0/15.4
	1.0/38.0
	1.90/2.01
	0.90/4.16



	Raw sausages
	48
	252/266
	131/358
	12.7/15.1
	7.7/31.4
	2.2/3.5
	0.3/19.7
	8.3/8.5
	2.7/17.1
	2.7/3.3
	0.0/9.0
	26.5/22.3
	5.0/38.0
	2.50/2.64
	1.20/4.00



	Spreads
	54
	251/247
	66/388
	21.0/20.1
	2.5/36.0
	2.1/5.4
	0.2/22.8
	8.9/9.7
	4.2/17.6
	1.8/2.1
	0.6/6.7
	5.2/5.4
	2.5/13.1
	1.70/1.81
	1.30/2.70



	Cooked sausages and slices
	312
	220/210
	66/409
	13.0/13.3
	2.0/38.0
	1.3/2.2
	0.2/14.5
	5.1/5.5
	0.3/18.3
	1.5/1.6
	0.0/4.4
	15.1/16.1
	1.9/36.0
	1.80/1.91
	0.90/4.10



	Ham and bacon
	18
	208/183
	60/300
	6.0/8.1
	0.5/20.0
	1.2/1.3
	0.1/4.9
	7.3/6.5
	1.3/13.0
	1.8/2.6
	0.6/5.6
	18.3/20.1
	1.0/36.0
	2.55/2.52
	1.10/4.16



	Sausage substitutes targeted at children
	26
	226/218
	90/339
	16.5/15.8
	4.3/33.0
	2.2/4.3
	0.4/23.0
	4.2/5.2
	1.0/11.7
	2.0/1.9
	0.0/3.5
	8.8/12.8
	2.7/30.6
	2.00/2.08
	1.10/3.30






CHO, carbohydrates; Max, maximum; Min, minimum; PBMS, plant-based meat substitutes; SFA, saturated fatty acids.






2.2.2 Provision of Nutri-Score

The provision of the Nutri-Score was assessed on the level of both the overall sample and the category.

Packaging of the included PBMS was checked for any Nutri-Score labeling and, if present, the actual score (A–E) recorded. In case of unavailable packaging, manufacturers’ websites were checked for further information on the use of Nutri-Score. Nutri-Score classes A–E are shown as percentage share.



2.2.3 Organic and vegan labeling

To assess the share of organic products within the overall sample and at category level, packaging was checked for the presence of organic labeling. Products were considered as organic if the official organic label of the European Union or an official German national organic label, such as “Bioland,” “Demeter,” or “Naturland,” was present on the packaging and/or the word “bio” or “eco” was recognizable in the product or sales name. In cases where packaging information was only partly available (e.g., only front of pack), manufacturers’ websites were checked for further information, including whether producers were recognized as 100% organic.

The proportion of vegan products was investigated for the overall sample and at category level. Products were considered as vegan if either a national vegan label was present on the packaging and/or if the term “vegan” was mentioned in the product or sales name, or if terms such as 100% plant-based, purely vegetable, or vegetal were present on the packaging. If no packaging was available, the manufacturer’s website was checked for further information or a direct inquiry performed.



2.2.4 Use of iodized salt

Given the mandatory labeling of iodized salt as a food ingredient in the EU, its use was computed as the share of all products with an available ingredients list and containing salt [see (15) for details], both for the overall sample and at category level.





3 Results

The comprehensive search for PBMS on the German market in 2024 yielded a total of 964 products, of which 6.0% (n = 58) were classified as PBMS targeted at children. Both the overall sample and PBMS targeted at children contained slightly more meat substitutes than sausage substitutes. Cooked sausages and slices formed the largest subcategory, accounting for about one-third of all products surveyed.


3.1 Energy and nutrient contents

For the sake of simplicity, the description of the energy and nutrient contents (see Table 1) focus on the median and its differences between categories and subcategories.

For the overall sample, median energy content was 224 kcal/100 g, median protein content 13.3/100 g, and median salt content 1.60/100 g. The corresponding medians for PBMS targeted at children differed only slightly.

On the category level, sausage substitutes tended to have higher median contents per 100 g for energy (229 kcal), fat (14.0 g), SFA (1.5 g), and salt (1.90 g) than meat substitutes. More distinct differences in ranges and medians were observed for CHO. Median protein and sugar contents were similar between both categories and the overall sample, and both categories exhibited wide ranges in energy and nutrient contents.

At subcategory level, raw sausages had (one of) the highest median contents per 100 g for energy (252 kcal), SFA (2.2 g), sugars (2.7 g), and protein (26.5 g), and the second highest median salt content (2.50 g, only surpassed by ham and bacon with 2.55 g). Spreads showed the highest median fat content (21.0/100 g), and breaded products the highest median CHO content (19.6/100 g). The lowest median contents for energy, SFA, and sugars were seen in pan-cooked products, whereas spreads showed the lowest median protein content (5.2/100 g). Minced and breaded products, both assigned to meat substitutes, showed the lowest median salt content (1.30/100 g). Most subcategories showed wide ranges in energy and nutrient contents.

Since the subcategories targeted at children lack the specificity of the other subcategories in terms of grouping together like products, the comparative analysis of their energy and nutrient contents is omitted.



3.2 Provision of Nutri-Score

About one fifth (19.3%) of all PBMS showed a Nutri-Score on their product packaging or the manufacturer’s webpage (data not shown). Of these, the majority (61.8%) was labeled with Nutri-Score A or B. Among the 58 products targeted at children, nine had a Nutri-Score, all either A or B.

At category level, the percentage of PBMS with a Nutri-Score was three times higher among meat substitutes than among sausage substitutes (28.3% vs. 9.4%), see Figure 1.


[image: Stacked bar chart compares the presence and distribution of Nutri-Score labels among 506 meat substitutes and 458 sausage substitutes. For meat substitutes, 28.3 percent have Nutri-Score labels, with 48.3 percent rated A, 23.8 percent B, 19.6 percent C, and 8.4 percent D. For sausage substitutes, 9.4 percent have Nutri-Score labels, with 7.0 percent rated A, 20.9 percent B, 60.5 percent C, and 11.6 percent D. No products were rated Nutri-Score E. The majority of both product types lack Nutri-Score labeling.]
FIGURE 1
Use of Nutri-Score and corresponding classes within meat substitutes (upper panel) and sausage substitutes (lower panel).


While no product was labeled with Nutri-Score E, the distribution of Nutri-Score classes differed substantially between meat and sausage substitutes. Almost three quarters (72.1%) of the 143 labeled meat substitutes scored A or B, whereas the same share of the 43 labeled sausage substitutes scored C or D (Figure 1).



3.3 Organic and vegan products

Of the overall sample, 31.9% of products were from organic production (data not shown). The share of organic products was slightly higher among sausage substitutes than meat substitutes (36.7% vs. 27.5%) (see Figure 2A). Around 87% of the overall sample was labeled as vegan, with no difference between categories (see Figure 2B).


[image: Bar chart A displays the percentage of products with organic labeling, showing meat substitutes at 27.2 percent and sausage substitutes at 36.7 percent. Bar chart B presents the percentage of products with vegan labeling, with both meat substitutes and sausage substitutes at approximately 87 percent.]
FIGURE 2
Percentage of products with organic (A) and vegan (B) labeling in meat substitutes and sausage substitutes.




3.4 Use of iodized salt

Iodized salt was used in 5.7% (n = 54) of all PBMS with salt in the ingredient list (n = 947), the shares being nearly the same for meat substitutes and sausage substitutes (5.5% vs. 6.0%) (data not shown).




4 Discussion

Using a comprehensive and recent data set of PBMS available on the German market, this brief research report gives a high-resolution account of energy and nutrient contents (Big 7) of major PBMS categories and subcategories. Furthermore, it provides insights into this product group as regards the use of iodized salt as an ingredient as well as the spread of Nutri-Score, organic, and vegan labeling.


4.1 Energy and nutrient contents

With the proliferation of PBMS, several studies have investigated their energy and nutrient composition. Owing to the inherent role of PBMS as a potential replacement for meat in the diet, protein content is a focus of discussion (8, 16). Other studies from Germany, all with substantially smaller sample sizes, reported mean protein contents of 14–21/100 g (17), and 5–21/100 g (18), depending on the respective subcategories. Our study also found large ranges of mean protein contents between subcategories, with values of 5/100 g in spreads and 22/100 g in raw sausages. On the category level, similar results regarding protein content of PBMS as in our study have been reported in studies from other European countries, e.g., Italy or Denmark, in which median protein content was about 14 g (16, 19, 20). In contrast, our data showed higher values for fat and salt than these European studies. The differences in energy and nutrient values may be explained by different national product formulations and food offer resulting in different sample compositions. For example, our sample included a high number of sausage substitutes, which had higher median values for fat and salt than meat substitutes. Due to the diverse national market situations and food cultures, direct comparisons on (sub)category level are even more limited. For example, no previous study outside of Germany specifically included spreads such as substitutes for liver sausage or pork paté, which in our analysis showed the highest median fat content. Regarding a comparison of the protein content on the subcategory level, we could identify only one study, based on PBMS on the Spanish market, which also observed higher protein contents in sausage substitutes than in other substitutes (burgers, meat balls, and nuggets) (21). Within subcategories, our study revealed a particularly high salt content of raw sausages, which may be caused by a desired similarity to the salty flavors typical for raw meat sausages.

For both meat substitutes and sausage substitutes, we differentiated products targeted at children as a separate subcategory. Those subcategories contained a great variety of different products, and their overall share of the total sample was small. However, in line with a growing market and public health interest in products targeted at children, future development in this area should be monitored. In 2023, the World Health Organization (WHO) published an updated nutrient profile model for restricting marketing of unhealthy foods to children (22). Within the category “savory plant-based foods/meat analogues,” nutrient/ingredient thresholds were set as follows: A maximum level of 17 g fat and 0.5 g sodium per 100 g as well as the absence of added sugars and non-sugar sweeteners. A corresponding assessment within the German product monitoring showed that only 7 out of 58 PBMS targeted at children met these criteria (23). Since exceeding the sodium threshold (see Table 1) was the main reason for the non-fulfillment of the WHO nutrient profile, salt reduction remains a major topic for product development and reformulation of PBMS.

As regards the nutritional comparison of PBMS with their meat counterparts, a recent review of studies from different countries reported a more favorable nutritional profile of PBMS (8). For Germany, a detailed comparative analysis by us with meat and sausage products based on monitoring data from an earlier survey showed that most of the PBMS subcategories had significantly lower contents of fat and SFA but higher contents of CHO and sugars than corresponding meat subcategories (24). Our results are similar to a more recent study from Germany, which compared the declared nutritional values of 298 PBMS with 294 meat counterparts for which data where mainly gathered from the German Nutrient Database (18). Overall, our findings are in line with the general observation that PBMS differ greatly in terms of energy and nutrient composition, even within the same product (sub)category (8). Major underlying reasons for the observed variety are the range of raw materials used, such as different pulses, legumes, or isolated plant proteins, and the substantial compositional freedom. Consequently, consumers are faced with a wide spectrum of products and nutrient profiles, which provides choice but may also be challenging as regards informed decision-making. FoPL that empowers consumers to identify nutritionally favorable options at a glance could help alleviate the challenge.



4.2 Provision of the Nutri-Score

Seven European countries (Belgium, France, Germany, Luxemburg, Spain, Switzerland, Netherlands) have adopted the Nutri-Score as their national voluntary FoPL of choice. Within those countries, the proportion of labeled products varies. Up-to-date information of Nutri-Score coverage on the German market is scarce, let alone for PBMS. A market check by German consumer organizations in 2022 for the six product groups breads and rolls, pizzas, milk and dairy drinks, plant-based drinks, and cereals showed that about 40% of the 1,451 products inspected bore the Nutri-Score, with the highest share among pizzas (70%) and the lowest among milk and milk drinks and cereals (each 28%) (25). In comparison, our study showed about 20% Nutri-Score labeling for PBMS in 2024. Further food product groups covered in 2024 by the national product monitoring showed a share of 7% for soft drinks, 12% for pastries, and 18% for cold sauces (26).

We also noted substantial differences in the Nutri-Score labeling between the two categories, both in availability and in actual scoring. Among sausage substitutes, where only 10% of all products carried a Nutri-Score, scores were mostly C or D. In contrast, some 30% of meat substitutes bore the Nutri-Score, and these products mostly scored A or B. As the aim of this paper was to describe the market situation for PBMS in Germany from a consumer perspective, we did not calculate the Nutri-Score for products where it was not used. However, a recent study from Germany (18) computed the Nutri-Score for the entire sample of PBMS (n = 298) and also noted that meat substitutes had higher proportions of favorable ratings (A or B) than sausage substitutes. In that study, 27% of meat substitutes were rated A or B, compared to 4% of the sausage substitutes.

In 2023, the Nutri-Score algorithm underwent a revision to improve the discrimination between products with high and low contents of unfavorable nutrients (27). This includes a stricter evaluation of salt and sugar contents as well as a higher threshold for protein content. A recent Dutch study showed that the adaption resulted in a shift to a less favorable Nutri-Score for some PBMS. The percentage of products labeled with A or B decreased by 5% for cold cuts alternatives, and 15% for meat alternatives (28). As the new algorithm was introduced in January 2024, with a 24-month transition period in Germany, it is likely that our sample contains a mix of Nutri-Score labeling based on the old or the new algorithm.

When interpreting the Nutri-Score it is important to consider its intended application as FoPL to guide consumer choices toward nutritionally more favorable options within a food category. The underlying algorithm trades off selected positive and negative nutrient/ingredient dimensions (e.g., salt content as a negative, fruit/vegetable content as a positive). Aspects like fortification or the use of additives are not considered. As such, the Nutri-Score is not designed to comprehensively assess the healthiness of a product.



4.3 Organic and vegan products

Similar to studies by others (16, 29), the vast majority of PBMS in our survey were labeled as vegan. The share of vegetarian PBMS on the German market, which typically contain milk or egg derivatives, has declined in recent years in favor of vegan products (own unpublished data).

With about 32%, the share of products labeled as organic is similar to an earlier study from Germany (17) and fits with a current market observation showing a significantly higher share of organic products among plant-based alternatives than in longstanding food groups such as eggs or milk (30). The high proportion of organic and vegan labeling may be related to the fact that vegetarians and vegans, who tend to be health- and environment-conscious, are the primary and still growing consumer groups for plant-based alternatives (31). This notwithstanding, PBMS are also increasingly designed to appeal to omnivores as an additional consumer group (32, 33).



4.4 Use of iodized salt

The very low share of PBMS with iodized salt (around 6%) within our sample should be closely monitored as iodine supply in the German population is already on the decline (14, 34, 35). Especially with a fully or predominantly vegetarian or vegan diet, fortification with iodine is needed since an inadequate intake can only partially or not at all be compensated with natural sources such as marine fish, milk, and eggs (35, 36).



4.5 Strengths and limitations

Key strengths of the present report derive from its comprehensive data set, with product information gathered systematically from manufacturer websites and visits to retail stores. The data set comprises food products of both brand manufacturers and discount brands, and it allows for investigating a variety of distinct subcategories. The present study can be seen as covering the German market and thus differs from other studies in the field, which are often limited by one or more of the following: far fewer products, less granularity, or the use of external databases for which it may not be entirely clear how current they are vis-á-vis the actual market situation.

The nutritional content assessment provided is based on mandatory nutrition labeling on packaged products, which is limited both in detail (only Big 7) and precision [EU regulations permit a discrepancy of up to 20% from actual content as determined by chemical analysis (24, 37)]. However, the vast number of products on the German market, which is the largest retail market for PBMS in Europe (16), would not be feasible to analyze chemically for the purpose of a regular and comprehensive monitoring.

A further limitation lies in the fact that the declared nutrient contents are insufficient to make a full assessment of the nutritional equivalence of PBMS to one another or to their animal counterparts. However, it is important to acknowledge that the substantial compositional variability of PBMS makes such an assessment a daunting task. Current research in this area shows (8) that protein biological value and nutrient bioavailability may differ significantly between products. A full qualitative analysis of the ingredient list and quantitative investigation of the micro- and macronutrient composition of individual products, e.g., using estimation algorithms, are beyond the scope of this paper, but could be examined further in the future.



4.6 Directions for future research

The increasing relevance of PBMS in people’s diet requires careful assessment of their nutritional quality. In this regard, future research should explore the reformulation potential hidden in the compositional variability of this product group, seeking to minimize the contents of sugars, SFA, and salt while maintaining food safety (microbiologically and chemically). Since the protein content of PBMS is not necessarily inferior to their meat counterparts, attention should be given to achieving similar protein quality. This could be assessed in in vitro bioavailability trials, which may also serve to study adequate micronutrient provision, including from fortification. Of note, products may not be exchanged on a one-to-one basis and many consumers today combine meat and PBMS in their diet (4). However, continuous product monitoring and dietary surveys are needed to observe the contribution that PBMS make to people’s diets and what this means for nutrition and health. For example, an updated comparison of PBMS with their meat and sausage counterparts based on future product monitoring data or the calculation of the Nutri-Score for unlabeled products could be considered.




5 Conclusion

The market of PBMS in Germany is characterized by substantial variability in terms of product and nutritional composition, as judged by the mandatory labeling information. Compared to meat substitutes, sausage substitutes tend to be less nutritionally favorable owing to their higher average fat and salt contents. Given the diversity of products and the continuing growth and development of the market of PBMS in Germany, a higher share of products using the Nutri-Score could be helpful to guide consumers in their choices. Manufacturers should increase the use of iodized salt, especially where PBMS are used to replace animal-based products that are important dietary sources of iodine. Continued monitoring of PBMS is warranted to track the further evolution of this highly variable product group.
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Category A Body weight, A Body weight,

first 16 weeks second 16 weeks
PRAL 7= +0.34;p = 0009 7= 4059 p < 0.001
PRAL, adj. for 0.25;p=0.06 7= +048;p < 0.001

energy intake
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After Bonferroni correction, p-values less than 0.006 (0.05/8) are considered significant
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Category  Mediterranean

baseline

Mediterranean

AMediterranean ~ Vegan
baseline

AVegan  Treatment
effect

Dietary acid

load (mEq/
day)
PRAL +1.2(-4.0t0 +6.4)
NEAP 49.8 (44.4-55.3)

—16(~7410+42)

~28(-9810+42) 93 (4410
14.3)

~28(-991t0+42) 585 (53.1-
63.9)

-193
(-23810
—147)
26
(@37~
335)

-286 —258(-34110  <0.001
(-33210 -17.5)
—23.9)4*

-299 271 (=35410  <0.001
(-34610 -18.7)
=252+

Data are means and estimated treatment effcts with 95% confidence intervals.p values for treatment ffect are from a two-sample Itest comparing mean changes between participants in each
treatment arm. *p < 0.05, **p < 0.01, and ***p < 0.001 for within-group changes from bascline assessed by paired comparison I-tests.
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After Bonferroni correction, p-values less than 0.006 (0.05/9) were considered significant.
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Variable Vegan group Portion-Control group Effect size

Week 12 Change Week 0 Week 12 Change

PDI 518(490- | 604 (585-62.4) 487 (+5.2t0 543 (50.7- 57.0 (53.0- 427 (-1l +60(+1.0t0 0.02
54.6) +12.1)%4% 57.9) 61.1) +6.6) +109)

hPDI 541(502- | 67.1(643-69.9) +13(+8510 58.7 (547~ 625 (57.8- +39(+07t0 +9.1(+37t0 0.002
58.0) +17.5)4% 626) 67.3) +7.00% +145)

uPDI 546(513- | 609 (58.1-63.7) 463 (+2810 54.1(49.8- 53.1(50.1- ~09(-5410 +73(+19t0 001
57.8) +9.9)* 58.3) 56.1) +3.5) +127)

Food components for PDI (points)

Fruits 29(22-37) 39(33-45) 409(103t0  31(23-38) | 32(26-39) +02(=0710 +08(=0310 014
+1.6)** +11) +1.8)

Vegetables 31(23-38) 38(3.1-45) 407(-01t0 | 29(22-37) | 33(26-40) +04 (=060 404 (0810 053
+15) +13) +15)

Whole grains 31(23-39) 42(36-49) HL1(002to | 29(22-36) | 38(3.2-44) 409 (+0.1 t0 +02(-Llto 073
1225 +17)* +1.6)

Nuts 21(14-29) 10(10-1.0) SLI(-1910 | 34(26-42)  36(30-42) +02(-08t0 ~13(-2410 0.03
—04)** +L1) ~0.1)

Legumes 20(12-28) 47(43-5.0) 427(+19t0 332541 | 38(2-45) +05 (0510 +21(+09 10 0.001
+34)7e +1.6) +3.4)

Vegetable oils 33(28-39) 10(10-1.0) -23(-2910 | 27(18-35)  31(2-39) +04 (=070 ~27(=3910 <0.001
—18)e +15) -16)

Coffee and tea 31(23-38) 22(1.6-29) ~08(-1710 | 29(1-37)  22(15-28) -07(-15t0 ~01(-12t0 082
+0.01) +0.1) +1.0)

Fruit juice 28(20-35) 24(17-32) ~03(-1510 | 28(19-37)  27(18-35) -02(-12t0 ~02(-17t0 0.83
+0.8) +09) +13)

Sugar sweetened | 2.1 (13-29) 16(0.9-23) ~05(-1310 | 18(10-26)  1.4(08-20) -04(-15t0 ~01(-14t0 0.89
beverages +0.3) +07) +12)

Refined grains 29(22-36) 28(21-36) ~01(-10t0 | 31(23-39)  21(14-28) ~L0(-19t0 409 (0310 013
+09) ~02)* +22)

Potatoes 33Q4-41) 28(18-37) ~05(-19t0 | 18(L1-25)  25(16-34) +07 (<0510 ~L1(-29t0 019
+09) +1.8) +06)

Sweets 28(20-36) 20(1.3-27) ~08(-18t0 | 32(26-39)  36(30-42) +04(=05t0 ~L1(-24t0 0.09
+0.2) +1.2) +02)

Animal fats 32(23-40) 50(50-5.0) +L8(+10t0 | 35(26-44) | 34(26-41) ~0.1(-10t0 +20(+08 10 0.001
+2.7)% +0.7) +3.)

Dairy 27(20-3.4) 50(50-5.0) 423(+16t0  33(25-40)  33(24-42)  00(-081008)  +23(+13t0 <0.001
43,07+ +32)

Eggs 31(24-38) 50/(50-5.0) +19(+12t0 | 33(24-42)  44(38-49) | +11(-00210 +08(-0.410 018
+2.6)%*% +2.1) +2.)

Meat 26(18-33) 50/(50-5.0) 124170 37(0-44) | 34(25-43) -04(-09t0 +28(+191t0 <0.001
+3.2)%* +02) +37)

Seafood 38(29-47) 50/(50-5.0) +12(:03t0 | 36(27-45)  45(39-51) | +09(-00210 403 (0910 058
+2.0)% +18) +16)

Data are presented as means with 95% confidence intervals. *p < 0.05; *#p < 0.01; **%p < 0,001
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EFSA DRVs % achieving EFSA DRVs

Micronutriel
Calcium (mg/day) 675.7(176-1708.5) AR (18-24 years old): 860 AR: 1% (n.1)
AR (225 years old): 750 AR: 36.4% (n.39)
PRI (18-24 years old): 1,000 PRI: 0%
PRI (225 years old): 900 PRI: 16.8% (n.18)
Tron (mg/day) 9.5(24-29) AR:7PRI: 16 AR: 78.5% (n.84)
PRI: 2% (1.2)
Magnesium (mg/day) 2104 (88.4-561.3) AL 300 7.4% (n8)
Phosphorus (mg/day) 10346 (316.5-2183.5) AL 550 95.3% (n.102)
Potassium (mg/day) 2623.5 (1147.4-7356.7) ALz 3500 14% (n.15)
Zinc (mg/day) 85(3.2-196) Range AR: 7.5-11.5 Range PRI: 9.1-143 AR 48.5%* (n.52) PRI: 35.5%** (n.38)
Vitamin B12 (meg/day) 26(0-7) Al:45 11.2% (n.12)
Vitamin D (meg/day) 15(0.03-7.9) AL 15 %
Folate (mcg/day) 306.7 (106.2-609) AL 600 <1% (n.1)

Average Requirement (AR), Population Reference Intake (PRI), Adequate Intake (AI).
“For Zinc AR: 14% (n.15) of women exceed the intake of 11.5 mg/day.
**For Zinc PRI: 3.7% (n.4) of women exceed the intake of 14.3 mg/day.
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Mean plasma values Mothers Newborns

B12 (pg/ml) 240 (SD £ 116) 175.76 (SD + 75.32)
Hey (amol/L) 142(SD £67) 18.26 (SD +8.75)
MMA (pmol/L) Not tested 350 (SD £2.73)

Mean urinary values

MMA (mM/M creatinine) Not tested 54.96 (SD + 55.56)
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