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Background
Research to establish a reliable biomarker that allows the practical and accurate evaluation of intestinal functionality and productive performance in broiler chickens is one of the main challenges in modern poultry production. In this context, blood carotenoids have stood out as promising indicators, as they reflect the absorptive efficiency and physiological balance of birds. The objective of this study was to verify whether the determination of total carotenoids in the blood can be used as an effective biomarker in experiments that evaluate nutritional additives, correlating them with zootechnical parameters.
Materials and Methods
Data from five experiments were analyzed, totaling 9,125 broilers. Performance traits and blood total carotenoids were measured, and univariate and multivariate analyses were applied to evaluate the relationships between carotenoid status and performance.
Results
Supplementation with nutritional additives resulted in a mean increase of 14% (p < 0.05) in blood carotenoid concentrations, regardless of the experimental design, diet, or the presence of a health challenge. A positive correlation was also observed between carotenoid levels and weight gain, and a negative correlation with feed conversion, during the periods from 0 to 35 and 0 to 42 days of age.
Conclusion
The results indicate that the quantification of carotenoids in the blood, performed in a fast and minimally invasive way, can be used as an innovative tool to monitor intestinal functionality and predict productive performance in broilers in response to nutritional supplementation.
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INTRODUCTION
Carotenoids are fat-soluble pigments widely found in plants, microalgae, bacteria, and fungi, which cannot be synthesized by animals, so their presence in tissues or fluids is totally dependent on the diet (Miao et al., 2024). In poultry, carotenoids are responsible for the color of egg yolk, meat, and skin; in addition, these compounds have gained prominence for their antioxidant properties and potential role as health promoters (Nabi et al., 2020). Indeed, studies report that supplementing poultry diets with carotenoids can improve oxidative status, enhance immune responses, and ultimately boost growth performance and product quality (Nabi et al., 2020; Csernus et al., 2020).
Carotenoid absorption occurs in the small intestine and depends on the factors such as mucosal integrity, lipid micelle formation, and the efficiency of intracellular transport. The bioavailability can be modulated by dietary, genetic, and physiological aspects, including ingredient quality, fat, protein, and fiber levels; the presence of mycotoxins; and interactions with minerals and vitamins (Castenmiller and West, 1998). In this context, nutritional additives such as probiotics, prebiotics, enzymes, and plant extracts have been shown to be relevant for positively influencing the intestinal microbiota, reducing inflammation, and increasing digestive efficiency, favoring the absorption of fat-soluble compounds such as carotenoids (Shehata et al., 2022; Miao et al., 2023; Bittencourt and Menten, 2023).
A literature review conducted recently by Bittencourt and Menten (2023) presented evidence that the carotenoid absorption mechanism in chickens is associated with high digestive efficiency and thus to response in feed efficiency and growth. It was also shown that the degree of carotenoid absorption is measurable as carotenoid in peripheral blood. Intestinal damage or dysfunction can directly impact carotenoid status; for example, coccidiosis (Eimeria infection) in broilers significantly reduces plasma carotenoid levels, corresponding with gut lesions and depressed performance (Rochell et al., 2016). Mignon-Grasteau et al. (2020) observed that a chicken line selected for high feed efficiency had markedly greater serum carotenoid pigmentation than a low-efficiency line and showed a strong genetic correlation with digestive efficiency. Furthermore, when gut function is enhanced through dietary interventions, carotenoid levels respond accordingly.
Grounded in current evidence that dietary additives can modulate nutrient utilization and oxidative status in poultry, we propose that such supplementation will also be reflected in carotenoid status. Accordingly, our central hypothesis is that broilers receiving nutritional additives will exhibit higher circulating total carotenoid levels than unsupplemented birds and that blood carotenoid concentration will be positively associated with growth performance. Thus, in this study, we aimed (i) to compare blood total carotenoid levels between additive-supplemented and non-supplemented broilers and (ii) to quantify the relationship between blood carotenoids and standard performance metrics, evaluating whether blood carotenoids can serve as a practical biomarker in studies of nutritional additives and for predicting zootechnical outcomes.
MATERIALS AND METHODS
Five prior experiments with broilers reared in floor pens were selected to evaluate the impact of nutritional additives on productive performance. Although aligned in purpose, the studies differed in commercial strains, facilities, treatment designs, diet types, and in whether they imposed nutritional challenges, microbiological challenges, or both. Four of the five experiments were conducted at the Animal Nutrition Center (ANC) of DSM Nutritional Products, Mairinque, São Paulo, Brazil (experiments 1–4), and one experiment was conducted at the Federal University of Paraná (UFPR), Curitiba, Paraná, Brazil (experiment 5). All procedures complied with Brazilian regulations for the ethical use of animals. Experiments 1–4 were approved by the DSM Ethics Committee on the Use of Animals (CEUA), and experiment 5 was approved by the UFPR CEUA.
Five experiments with broiler chickens were selected to evaluate the response of the biomarker in relation to productive performance. To ensure methodological comparability, only studies that quantified carotenoids in whole blood were included. Information on the year of conduction, the presence or absence of an experimental challenge, the number of litter-reuse cycles, and sample size is provided in Table 1; the ingredient composition and nutritional values of the grower diets used in each experiment are presented in Table 2. Diets of similar composition were supplied during the starter and finisher phases of each experiment; however, only the diets from the grower phase (21–35 days of age) are presented here because this was the period that included blood sampling and to avoid information irrelevant to the purpose of the present study. In each experiment, the feed additives were included at expense of the inert ingredient.
TABLE 1 | Summary description of the assays that provided carotenoid blood level data. Whole blood tests of broilers at 28 and 35 days of age.	Trial	Year	Age (day)	Sex	Litter	Challenge	Sample N	Local
	1	2016	28	Male	1st	Yes	96	ANC DSMa
	2	2019	28	Male	1st	No	192	ANC DSMa
	3	2021	28	Male	3 rd	No	198	ANC DSMa
	4	2021	28	Male	5 th	Yes	85	ANC DSMa
	5	2017	35	Male	3 rd	No	100	UFPRb


a ANC DSM, Animal Nutrition Center, DSM Nutritional Products, Mairinque, SP.
b UFPR, Federal University of Paraná, Curitiba, PR.
TABLE 2 | Composition and nutritional levels of the diets used in the grower phase in the five experimental trials.	Ingredient, g kg-1 feed	Trial 1	Trial 2	Trial 3	Trial 4	Trial 5
	Corn	557.06	640.6	651.2	637.8	601.8
	Soybean meal	292.3	279.0	268.0	305.0	335.0
	Meat and bone meal	26.4	28.0	35.0	—	—
	Rice bran	60.0	—	—	—	—
	Soybean oil	47.3	32.0	29.0	26.0	34.0
	Dicalcium phosphate	—	—	—	7.7	7.5
	Limestone	4.90	6.60	2.40	7.4	10.3
	Salt	3.50	4.00	3.90	4.4	4.3
	DL-methionine	2.80	2.90	2.80	2.95	2.50
	L-lysine.HCl	2.10	2.55	2.55	2.50	0.61
	L-threonine	0.500	1.00	1.00	1.10	—
	Vitamin premixa	1.50	1.00	1.00	1.00	1.20
	Mineral premixb	0.500	0.500	0.500	0.500	0.500
	Phytase	0.100	0.050	0.050	0.050	0.100
	Choline chloride 60%	—	0.50	0.50	0.60	0.60
	Coccidiostatc	—	0.50	0.50	0.50	0.55
	Apo-esterd	0.040	—	—	—	0.040
	Inert	1.00	1.00	1.60	2.50	1.00
		1000	1000	1000	1000	1000
	Nutritional level, g kg-1 of feed
	MEn, kcal/kg	3200	3160	3150	3150	3100
	Crude protein	200	203	200	190	200
	Calcium	7.7	8.2	8.6	8.0	8.0
	Phosphorus (available)	4.0	4.1	4.3	4.0	4.0
	Digestible lysine	11.0	10.9	10.8	10.8	10.5
	Digestible methionine	5.5	5.8	5.5	5.6	5.5
	Digestible threonine	7.1	7.1	7.1	7.1	7.3
	Digestible tryptophan	2.1	1.9	1.9	1.9	2.2


a Vitamin premix: vitamin A 9,000,000 IU/kg; vitamin D3 2,500,000 IU/kg; vitamin E 20,000 IU/kg; vitamin K3 2,500 mg/kg; vitamin B1 2,000 mg/kg; vitamin B2 6,000 mg/kg; pantothenic acid 12 g/kg; vitamin B6 3,000 mg/kg; vitamin B12 15,000 mcg/kg; nicotinic acid 35 g/kg; folic acid 1,500 mg/kg; biotin 100 mg/kg; selenium 250 mg/kg of premix.
b Mineral premix: iron 100 g/kg; copper 20 g/kg; manganese 130 g/kg; cobalt 2,000 mg/kg; zinc 130 mg/kg; iodine 2,000 mg/kg of premix.
c RONOZYME® HiPhos GT, 20,000.
d Salinomycin 12%, 66 ppm.
Experimental trial 1
Eight hundred one-day-old Ross 308 broilers were allocated to four treatments, with eight replicates of 25 birds each. The birds were raised in new bedding, in an air-conditioned shed, for a period of 42 days, with feed and water ad libitum. In this study, different inclusions of the enzyme muramidase (0, 25,000, and 35,000 LSU/kg) and a positive control treatment with inclusion of 10 ppm of enramycin in the starter and grower phases and 5 ppm in the finisher phase were evaluated.
The diets were formulated according to industry levels, based on corn, soybean meal, rice bran, and meat and bone meal and with the inclusion of the phytase enzyme. Rice bran and meat and bone meal were included in the diets to create a nutritional challenge. In addition to the nutritional challenge, all birds were orally gavaged at 2 days of age with 15× the recommended dose of the Bio-Coccivet R coccidiosis vaccine (Biovet Laboratory®, Eimeria acervulina, E. brunetti, E. maxima, E. necatrix, E. praecox, E. tenella, and E. mitis, isolated from field strains), with the objective of provoking a challenge to the intestinal mucosa and simulating field situations. Blood samples were collected from broilers at 28 days of age, with 24 birds per treatment, totaling 96 samples, taken randomly and without prior fasting.
Experimental trial 2
Two thousand four hundred one-day-old Cobb 500 broilers were allocated to eight treatments, each with 12 replicates of 25 birds. The animals were raised in new bedding, in an air-conditioned shed, for a period of 42 days, with feed and water ad libitum. In this study, different nutritional additives were evaluated: T1: blend of essential oils and organic acid; T2: T1 + muramidase; T3: T1 + protease; T4: T2 + protease; T5: enramycin; T6: T5 + muramidase; T7: T5 + protease; and T8: T6 + protease. The diets were formulated according to industry levels, based on corn and soybean meal and with the inclusion of the enzyme phytase.
Blood samples were collected from broilers at 28 days of age, with 24 birds per treatment, totaling 192 samples, taken randomly within each replication and without previous fasting.
Experimental trial 3
Two thousand four hundred seventy-five one-day-old Cobb 500 broilers were allocated to nine treatments, each with 11 replicates of 25 birds. The animals were raised in an air-conditioned shed, placed on reused litter after two growing cycles, for a period of 42 days, with feed and water ad libitum. In this study, different nutritional additives were evaluated: T1: negative control treatment without additive (NC); T2: NC + muramidase; T3: NC + essential oil blend; T4: T3 + muramidase; T5: NC + essential oil blend and organic acid; T6: NC + organic acid; T7: NC + phytogenic; T8: NC + blend of organic acids; and T9: NC + prebiotic.
Blood samples were collected from broilers at 28 days of age, with 22 birds per treatment, totaling 198 samples, taken randomly within each replication and without prior fasting.
Experimental trial 4
Two thousand two hundred one-day-old Cobb 500 broilers were allocated to eight treatments, each with 11 replicates of 25 birds. The animals were raised in an air-conditioned shed, placed on reused litter after four growing cycles, for a period of 42 days, with feed and water ad libitum. In this study, the microbiological challenge was evaluated as an additional factor. At 10, 11, and 12 days of age, the birds were orally gavaged with Clostridium perfringens (108 CFU/bird—isolated from the field) to promote a challenge to the intestinal mucosa and simulate field situations.
Thus, the treatments were as follows: T1: treatment without challenge and without additive; T2: treatment with challenge and without additive; T3: T2 + enramycin; T4: T2 + blend 1 of essential oils and organic acid; T5: T2 + blend 2 of essential oils and organic acid; T6: T2 + prebiotic; T7: T2 + muramidase; and T8: T6 + muramidase. The diets were formulated according to industry levels, based on corn and soybean meal and with the inclusion of the enzyme phytase.
Blood samples were collected from broilers at 28 days of age, with 11 birds per treatment and 8 birds from the control group, totaling 85 samples, taken randomly within each replication and without previous fasting.
Experimental trial 5
Two thousand two hundred one-day-old Cobb 500 broilers were allocated to eight treatments, each with 11 replicates of 25 birds. The animals were raised in reused litter for a period of 42 days, with feed and water ad libitum. In this study, different nutritional additives were evaluated: T1: negative control treatment without additive (NC); T2: positive control with enramycin; T3: NC + muramidase enzyme; T4: T3 + blend of essential oils with organic acid; and T5: T3 + phytogenic additive. The diets were formulated according to industry levels, based on corn and soybean meal (Table 2) and with the inclusion of phytase and xylanase enzymes. Blood samples were collected from broilers at 35 days of age, with 20 birds per treatment, totaling 100 samples, taken randomly and without prior fasting.
Performance data collection
Feed intake was calculated as the difference between the feed offered and orts collected at the end of each experimental period, with values expressed as g/bird and also accumulated to the end of the trial. Birds were housed in experimental units with ad libitum access to water and feed under comparable conditions across treatments. Body weight gain (BWG) was determined by weighing at the start and end of each week (and cumulatively at trial end), performed individually or per pen, and expressed as g/bird or as cumulative gain. The feed conversion ratio (FCR) was computed as feed intake divided by weight gain over the same weekly interval, representing feed-use efficiency relative to growth. To avoid bias—particularly in intake and FCR—mortality was recorded daily, and performance calculations were adjusted for the number of birds in each unit.
Collection and analysis of blood carotenoid levels
Blood sampling was performed at 28 days of age in experiments 1–4 and at 35 days in experiment 5. These trials were primarily designed to assess the effects of feed additives on broiler performance rather than carotenoid metabolism; therefore, complete harmonization of sampling age across all experiments was not feasible. To preserve biological comparability, sampling was intentionally scheduled after 21 days of age—that is, after the transition to the grower diet—when gastrointestinal functionality faces an additional challenge and circulating biomarkers stabilize under the new nutritional regime. This timing ensured that birds in all experiments were sampled under comparable post-transition physiological conditions, despite the 7-day difference in calendar age.
To determine the level of total carotenoids in the blood, blood from the brachial vein was collected into a tube containing EDTA, with a minimum volume of 1 mL to ensure proper homogenization with the anticoagulant. Determinations of blood total carotenoids were performed on the same day of collection, using iCheck™ CAROTENE equipment, a portable photometer from BioAnalyt (BioAnalyt GmbH, Teltow, Germany), which contains a carotenoid extraction kit for each sample (technical specifications in Table 3).
TABLE 3 | Technical specifications of iCheck™ CAROTENE equipment and the iEX™ test kit.	Equipment
	Analyte	Total carotenoids
	Method of analysis	Photometric determination of the total carotenoid concentration using absorption at 450 and 525 nm
	Arrays	Blood, serum, and plasma
	Sample volume	400 μL (0.4 mL)
	Linear range	>0.15–15 mg/L
	Accuracy in 95% confidence interval at 25 °C	±5%–20% (depends on sample type and concentration)
	Method compared	Validated with HPLC (high-performance liquid chromatography)
	Use	Portable
	Analysis time	<10 min


	Test kit
	Contains	Tubes with reagents (iEX™ extraction units), syringes, and needles (1.6 mm × 25 mm)
	Chemical composition	N-hexane and alcohols
	Volume per tube	2 mL
	Validity	12 months at 20 °C–30 °C, no direct sunlight, vertical


A volume of 0.4 mL of blood was injected into the extraction unit, iEX™ tubes, followed by strong manual agitation for 10 s until a homogeneous mixture was obtained, with the blood cells completely mixed with the reagent. After homogenization, the tubes were left to stand for 5 min to allow carotenoid extraction and the separation of the tube contents into two phases. After separation, the iEx™ was placed into the equipment for instant reading, following the instructions provided in the equipment manual (iCheck™ CAROTENE User Manual/Version 10).
Statistical analysis
As the experiments were conducted independently to evaluate a variety of unrelated feed additives as growth promoters, a summary of performance results illustrates the response obtained relative to the control diet (Table 4).
TABLE 4 | Descriptive statistics of the variables under the study.	Experiment	FI 35d	BWG 35d	FCR 35 d	FI 42 d	BWG 42 d	FCR 42 d
	1	Mean	4.09	2.60	1.57	5.53	3.24	1.71
	SEM	0.13	0.08	0.08	0.19	0.11	0.10
	2	Mean	3.87	2.63	1.47	5.38	3.37	1.60
	SEM	0.09	0.07	0.04	0.15	0.11	0.04
	3	Mean	3.89	2.70	1.44	5.25	3.32	1.58
	SEM	0.13	0.08	0.05	0.19	0.11	0.05
	4	Mean	3.71	2.49	1.52	5.21	3.30	1.62
	SEM	0.21	0.07	0.06	0.24	0.09	0.06
	5	Mean	3.18	2.04	1.56	4.38	2.61	1.68
	SEM	0.16	0.12	0.04	0.16	0.14	0.03
	All	Mean	3.74	2.49	1.51	5.15	3.16	1.63
	SEM	0.35	0.27	0.08	0.44	0.31	0.08


BWG_35d and BWG_42d denote body weight gain accumulated over 0–35 and 0–42 days, respectively; FI_35d and FI_42d denote feed intake accumulated over the same intervals; FCR_35d and FCR_42d denote feed conversion ratio values for 0–35 and 0–42 days, respectively.
To evaluate the influence of the use of nutritional additives on carotenoid absorption, the results of the five experiments were submitted to joint data analysis, performed in the SAS PROC MIXED procedure at 5% probability, considering the experiment effect as random.
Principal component analysis (PCA) was used to examine the multivariate structure among variables and to assess potential between-experiment heterogeneity. All variables were mean-centered and standardized (z-scores), and the PCA was conducted on the correlation matrix. A two-step strategy was adopted: (i) an initial PCA using the pooled dataset from the five experiments to screen for location-related heterogeneity, and (ii) a prespecified sensitivity PCA excluding experiment 5—conducted at a different location—to minimize potential confounding by site. After this exclusion, the between-experiment effect was re-evaluated. Component retention followed conventional criteria (eigenvalues >1, scree plot inspection, and cumulative variance threshold), and the first two components—exceeding 70% cumulative variance—were retained for visualization. Scores and loadings were displayed in two-dimensional biplots to facilitate interpretation (Figures 1a,b).
[image: Scatterplots labeled as panels (a) and (b). Each plot shows object points labeled by ID along two axes: Dimension 1 and Dimension 2. Panel (a) displays two main clusters of numbers, while panel (b) shows a more dispersed distribution of numbers across the plot.]FIGURE 1 | PCA score plots of performance (35 and 42 d) vs. carotenoids (28 d): (a) all five experiments; (b) four experiments (exp. 5 excluded). Note: axes show PC1 (dimension 1) and PC2 (dimension 2). Points are labeled by experiment; panel (2) illustrates the structure after removing experiment 5.The PCA was also performed to verify the relationship between performance variables and blood carotenoid levels. Subsequently, canonical discriminant analysis (CDA) was used to discriminate the main variables that differentiate the use of additives in broiler feed. The general model of CDA is described in Equation 1.
Zn= ∝+β1X1+β2X2+⋯+βnXn,(1)
where Zn is the dependent variable (with and without the use of additives), ∝ is the intercept, Xn are the explanatory variables, and βn are the discriminant coefficients for each explanatory variable. The stepwise procedure was used to select independent variables with greater discriminatory power over dependent variables. This procedure is a data-mining tool that uses statistical significance to select the independent variables used in a given mathematical model (Smith, 2018). The selection process for the addition or removal of variables was carried out based on the Wilks Lambda statistical test (p < 0.05).
RESULTS AND DISCUSSION
Influence of nutritional additives on broiler performance and carotenoid absorption
Table 5 shows the blood levels of total carotenoids (mg/L) in broilers at 28 and 35 days of age, fed with or without the inclusion of nutritional additives in the diet. The joint analysis of the data shows that supplementation promoted a 14% increase (p < 0.05) in carotenoid absorption, regardless of the presence of a sanitary challenge. This result reinforces the potential of carotenoids as biomarkers of nutrient absorption efficiency, intestinal functionality, and, consequently, zootechnical performance.
TABLE 5 | Blood levels of total carotenoids in broilers at 28 (experiments 1–4) or 35 days (experiment 5) of age with or without the addition of nutritional additive in the diet.	Nutritional additive	Blood level of total carotenoids (mg/L)
	With	4.28a
	Without	3.74b
	Coefficient of variation, %	23.25
	p-value	0.0013


Several authors highlighted that the quality of the ingredients and the composition of the diet directly influence the development and functionality of the gastrointestinal tract, being enhanced by the use of additives that modulate digestion, the microbiota, and the immune system (Celi et al., 2017; Idowu et al., 2025). In the present study, regardless of the type of the additive used, the increase in blood levels of carotenoids reflected an improvement in the gastrointestinal functionality of the birds.
This effect can be explained by the positive impact of additives on intestinal integrity and lipid metabolism. Carotenoid absorption, which occurs in the small intestine, depends on mucosal integrity, micelle formation, and intracellular transport (Nabi et al., 2020). Stressful situations or health challenges can compromise these steps, reducing the use of nutrients. Additives such as probiotics, prebiotics, enzymes, and plant extracts contribute to balancing the microbiota, reducing intestinal inflammation, and increasing lipid digestibility, favoring the absorption of fat-soluble compounds (Moreno et al., 2016; Zurak et al., 2024). In addition, they promote the production of short-chain fatty acids and the maintenance of villi, expanding the absorptive surface and ensuring greater use of nutrients (Bittencourt and Menten, 2023).
Relationship of serum carotenoid levels with zootechnical performance
The positive correlation observed between blood carotenoid concentrations at 28 days and subsequent BWG (Table 2) aligns with previous research linking carotenoid status to broiler performance (Figure 2). Birds exhibiting higher plasma carotenoid levels tend to have better growth, which is consistent with the idea that carotenoid absorption reflects overall gut functionality and nutrient utilization (Bittencourt and Menten, 2023). These authors further stated that the plasma carotenoid level has been proposed as a robust biomarker of gastrointestinal functionality in broiler chickens, showing a consistent correlation with weight gain and feed efficiency. For example, Conway et al. (1993) demonstrated that even mild intestinal lesions from coccidial infection cause noticeable decreases in plasma carotenoid levels, with concomitant reductions in weight gain. Similarly, Beauclercq et al. (2019) reported that chickens genetically bred for high digestive efficiency had significantly greater serum carotenoid (lutein/zeaxanthin) levels than less efficient birds, indicating that better feed utilization is associated with higher carotenoid status. This explains the moderate negative relationship we found between carotenoids and FCR: birds with superior carotenoid absorption (and thus higher blood levels) converted feed more efficiently (lower FCR). Such a relationship is well supported by earlier studies showing that enhancing carotenoid availability or supplementation can improve poultry growth and reduce FCR (Yunitasari et al., 2023). Carotenoids’ antioxidant and anti-inflammatory roles may contribute directly to improved performance, but more importantly, a high carotenoid status indicates an intestine that is efficiently absorbing nutrients (Nabi et al., 2020). Therefore, the present findings—higher BWG and better FCR in birds with elevated plasma carotenoids—are in strong agreement with the literature: birds with greater carotenoid bioavailability tend to exhibit superior growth performance and feed efficiency (Bittencourt and Menten, 2023; Yunitasari et al., 2023).
[image: Biplot with two dimensions showing vectors labeled BWG_42d, BWG_35d, Carotenoid28d, FI_42d, FI_35d, FCR_42d, and FCR_35d. Arrows point from the origin in various directions, indicating relationships among these variables.]FIGURE 2 | Relationship between performance in the periods 0–35 days and 0–42 days of age with blood carotenoid levels in broilers at 28 days of age. Note:BWG_35d and BWG_42d denote body weight gain accumulated over 0–35 and 0–42 days, respectively; FI_35d and FI_42d denote feed intake accumulated over the same intervals; FCR_35d and FCR_42d denote feed conversion ratio values for 0–35 and 0–42 days, respectively, and MCARO28 denotes total blood carotenoids measured at 28 days.The canonical discriminant analysis highlighted that feed intake (particularly over days 0–35 and 0–42; Table 6) and carotenoid levels at day 28 were the most influential variables distinguishing supplemented birds from unsupplemented birds. This finding suggests that dietary additives promoted higher feed consumption and nutrient uptake, which was reflected in elevated blood carotenoid concentrations. Such results are consistent with reports that certain feed additives (e.g., phytogenic compounds, probiotics, and enzymes) enhance gut function and appetite, thereby increasing both feed intake and the absorption of fat-soluble nutrients including carotenoids (Myers and Rochell, 2024). In a recent study, under Eimeria challenge, for instance, birds given a phytogenic additive showed improved feed intake and growth, along with signs of better intestinal health than challenged controls (Galamatis et al., 2025). Correspondingly, these interventions often lead to higher plasma carotenoid levels than those in non-supplemented, challenged birds, consistent with our observation. Thus, the superior classification success of the supplemented group (91.2% correct) in the discriminant function can be explained by the additives’ impact on these key parameters: they stimulated feed intake and helped sustain greater carotenoid bioavailability, ultimately translating to better growth performance. This interpretation is bolstered by prior findings that birds maintaining higher plasma carotenoid levels (due to improved nutrient absorption) exhibit more efficient nutrient utilization (Bittencourt and Menten, 2023). Overall, the close association of carotenoid status with feed efficiency and growth in our study is well founded in the existing literature, lending credence to the idea that carotenoid-rich blood profiles are indicative of optimally performing broilers.
TABLE 6 | Summary of the canonical discriminant analysis for performance of broilers at 35 and 42 days and the carotenoid marker.	Variable in the analysis
	Step	Tolerance	F to remove	Wilks’ lambda
	1	FI 42d	1.00	11.93	
	2	FI 42d	0.20	22.03	0.98
	FI 35d	0.20	11.68	0.92
	3	FI 42d	0.20	21.40	0.94
	FI 35d	0.20	11.57	0.89
	Carotenoids	1.00	5.33	0.85


	Step	Exact F
	Statistic	df1	df2	p-value
	1	11.93	1.00	138.00	<0.001
	2	12.27	2.00	137.00	<0.001
	3	10.21	3.00	136.00	<0.001


	Eigenvalue
	Function	Self-esteem	% of variance	Cumulative %	Canonical correlation
	1	0.225	100.00	100.00	0.43


	Standardized canonical discriminant function coefficient
	Variable	Function 1
	Carotenoids	−0.45
	Feed intake. 35d	−1.45
	FI 42d	1.91


	Classification of results
		Predicted group membership
	Yes	No
	Additives	Yes	93.00 (91.18%)	9.00 (8.82%)
	No	24.00 (63.16%)	14.00 (36.84%)


FI, feed intake.
From a physiological point of view, this result can be understood because the supplemented birds had better intestinal functionality, as previously discussed; therefore, these animals exhibit preserved villi, less inflammation, and greater efficiency in absorbing fat-soluble compounds such as carotenoids. On the other hand, the birds in the control group possibly faced intestinal challenges, such as lesions in enterocytes or local inflammatory processes, which reduced the absorptive capacity and increased oxidative stress. Under these conditions, carotenoids may have been used primarily as antioxidants (Allen and Fetterer, 2002; Beauclercq et al., 2019), which explains its lower circulating levels. This intestinal imbalance, combined with the experimental conditions of challenge, contributes to the greater variability and worse performance observed in non-supplemented birds.
LIMITATIONS
Blood carotenoid concentration represents a promising biomarker for assessing intestinal absorption in broilers, but their interpretation requires attention to certain influencing factors. Variations in feed intake, dietary lipid composition, body fat content, and the carotenoid concentration of feed ingredients—particularly corn—can affect circulating carotenoid levels, potentially masking true absorption efficiency. For example, corn from different regions or hybrids may contain markedly different levels of lutein and zeaxanthin, leading to fluctuations in baseline blood carotenoids unrelated to intestinal health. A strategy to mitigate this variability is the development of a standardized index that correlates dietary carotenoid intake with expected blood levels; such an index would help distinguish whether changes in blood carotenoid concentrations reflect intestinal absorptive capacity or merely differences in feed composition.
These factors do not invalidate the biomarker’s utility but highlight the importance of contextualizing results. By monitoring feed intake, dietary fat quality, ingredient variability, and body composition, research workers and nutritionists can enhance the accuracy of interpretations, making blood carotenoids a valuable tool in evaluating intestinal health when used with appropriate controls. Moreover, the continuation of large-scale evaluations will support the application of this tool beyond experimental settings, strengthening its relevance in commercial production environments.
CONCLUSION
The determination of total carotenoid levels in the blood of broilers, carried out in a simple and practical way using portable equipment, represents a promising biomarker for experimental evaluations of nutritional additives. Regardless of the experimental design, the type of diet, or the presence of sanitary challenges, birds supplemented with additives aimed at improving intestinal functionality showed significantly higher blood concentrations of carotenoids. In addition, a significant correlation was observed between these levels and zootechnical performance indicators, such as weight gain and feed conversion, reinforcing the association between intestinal health and efficiency in the use of nutrients. Nevertheless, in the absence of confirmatory pathological examination and mechanistic assessments of small-intestinal integrity (e.g., histopathology, villus–crypt morphometry, tight-junction protein expression, permeability tests, and inflammatory markers), these associations should be interpreted cautiously; targeted studies integrating pathology, functional assays, and performance endpoints are required to substantiate causality and consolidate the use of blood carotenoids as a biomarker.
These findings highlight the potential of carotenoid measurement as a practical and innovative tool for monitoring intestinal functionality and for developing more efficient and sustainable nutritional strategies in poultry production.
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