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This study examines the sex-based differences in the digestibility of animal- and plant-derived proteins to engineer targeted nutritional solutions optimized for male and female physiology, ultimately informing the development of personalized dietary recommendations and tailored food products designed to promote enhanced health and well-being. An in vitro digestion model, replicating key physiological differences between male and female gastrointestinal tracts, was used to assess the differential release of amino acids and bioactive peptides from bovine milk and oat-based milk alternatives. Results reveal distinct digestive trajectories significantly influenced by the simulated sex-specific environment. This influences nutrient bioaccessibility and suggests the potential for engineering techno-functional foods that better meet consumer needs for health and well-being. By understanding these nuances, targeted food development strategies can be implemented to optimize product formulations, ensuring technical feasibility and maximizing the nutritional benefits of plant-based and animal-derived protein sources for diverse consumer populations. 
Introduction
The global shift towards sustainable and health-conscious diets has intensified the scrutiny of protein sources, particularly the comparison between animal-derived and plant-based options (Chen, Chaudhary, and Mathys 2022; Kieran and Dolan 2024; Lee et al. 2016; Liu, Shen, and Wang 2024; Nirmal et al. n.d.; Verkerk 2019; Willett et al. 2019). Beyond the consideration of essential amino acid profiles, a comprehensive understanding of protein digestibility and the release of bioactive peptides is crucial (Krul et al. 2024; Santos-Sánchez et al. 2024; Sousa et al. 2023; Turgeon and Rioux 2011). This understanding becomes even more nuanced when considering the inherent physiological differences between male and female consumers.
Accumulating evidence suggests that the human gastrointestinal tract operates differently based on sex. Variations in gastric acidity, enzyme activity, and transit times can significantly alter protein digestion(Freire et al. 2011; Gandhi et al. 2004; Lajterer, Shani Levi, and Lesmes 2022; Vinarov et al. 2021; Walther et al. 2019), impacting the bioaccessibility of essential amino acids and the formation of potentially bioactive peptides. These sex-based differences are often overlooked in nutritional research, leading to generalized dietary recommendations that may not be optimal for all individuals. The present study addresses this gap by investigating the in vitro digestibility of bovine milk and oat protein, simulating both male and female digestive conditions. The main goal is to elucidate the differential proteolytic pathways and bioactive peptide release, thereby providing a foundation for more personalized dietary guidance.
Results and Discussion
Differential Proteolysis of Milk and Oat-based milk alternative beverages 
To gain initial insights into the differential digestion of bovine milk (Milk) and oat drink (OD) in simulated male and female digestive environments, Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) was employed. This technique allows for visualization of protein degradation patterns and the appearance of peptide fragments throughout the in vitro digestion process. Digesta samples were meticulously prepared to ensure equal protein loading (20 µg) based on titration data and accounted for volume changes during digestion. Samples were resolved using both standard acrylamide gels (focusing on 10-180 kDa range) and Tris-Tricine gels (optimized for 1.7-40 kDa), providing a comprehensive view of both larger protein breakdown and smaller peptide generation. Gels were stained using Coomassie brilliant blue R250.
The resulting SDS-PAGE profiles revealed striking differences in the proteolytic patterns between male and female digestion models for both milk and oat drink (Figure 1). 
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Figure 1. Qualitative analysis of protein breakdown by SDS-PAGE which shows sex-specific (♂/♀) simulated digestion breakdown of milk and OD .

In the gastric phase, milk proteins in the male digestion model exhibited a more rapid degradation, as evidenced by the faster disappearance of the prominent whey protein bands and the concurrent appearance of lower molecular weight peptides. In contrast, female gastric digestion of milk showed a slower and more gradual breakdown of these whey proteins. This observation aligns with known differences in gastric physiology, particularly the higher basal acidity and faster emptying rates in males, which facilitate more efficient pepsin activity(Lajterer, Shani Levi, and Lesmes 2022). Unlike milk, OD exhibited less pronounced overall sex-specific differences; however, in the gastric phase, SDS-PAGE analysis revealed a tendency towards a higher abundance of smaller peptide fragments in the male digesta compared to the female digesta.
Following the assessment of protein breakdown via SDS-PAGE, the study further investigated the colloidal behavior of the milk and oat drink systems by characterizing their surface charge properties using zeta potential measurements. Zeta potential (ζ-potential) measurements were conducted to assess the surface charge properties of the colloidal systems formed during the in vitro digestion of milk and OD. This technique, based on electrophoretic light scattering, provides insights into the stability and interactions of food particles in the digestive environment. Initial measurements of milk showed a uniform sub-micron droplet size distribution and zeta potentials of approximately -30 mV, irrespective of consumer sex.
The study observed significant changes in the zeta potential values for both milk and OD throughout the digestion process. In the gastric phase, the zeta potential of milk exhibited notable sex-specific differences. Males showed a charge reversal to a significantly higher positive value (+10.7 mV) compared to females (+4.9 mV) (p < 0.05). This charge reversal, coupled with increased aggregation and larger particle sizes, can be attributed to the dynamics of gastric acidity and the isoelectric point (pI) of the protein emulsifiers (Jean et al. 2006; Li et al. 2022; Wang et al. 2018; Ye et al. 2016). Specifically, the transition from the elevated gastric pH upon ingestion, where proteins are negatively charged, to lower pH values during gastric digestion (below the pI of most dairy proteins, 4.5 < pH < 5.5) results in a positive charge(Dupont, Croguennec, and Pochet 2018).
The lower positive zeta potential values observed in females (+4.9 mV) may indicate less electrostatic repulsion and a higher tendency for flocculation. This aligns with previous observations of whey gastric flocculation or clotting during dynamic gastric digestion emulsifiers (Jean et al. 2006; Li et al. 2022; Wang et al. 2018; Ye et al. 2016). However, these sex-specific differences were abolished upon 2 hours of intestinal digestion, consistent with other reports on emulsion breakdown in men and women (Hunter and Senefeld 2024; Perez, Shani Levi, and Lesmes 2025).
Isolated Protein Results: Gel Electrophoresis, Particle Size, and Bioactive Peptides
SDS-PAGE analysis of the isolated skimmed milk powder (SMP) and oat protein isolate (IOP) digests revealed qualitatively similar protein breakdown patterns between male and female digestion models, suggesting a convergence in proteolytic pathways when matrix effects are minimized. Moreover, measurements indicated distinct particle size variations, hinting at potential differences in peptide release and bioaccessibility (Figure 2). 
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Figure 2. Differential droplet size distribution between males and females found during oral [A], gastric [B] and intestinal [C] in vitro digestion of oat protein isolate (OPI) or skim milk powder (SMP), highlighting sex-based variations. The curves depict the magnitude and direction of particle size variation between female and male simulated digestion phases. Positive values denote larger particle sizes in female digesta; negative values in male digesta.

The gastric phase exhibits notable sex-dependent variations in particle size, influencing downstream proteolysis and bioaccessibility. Regarding OPI, larger particle sizes were observed under male conditions. This correlates with lower molecular weight peptides are observed in gel samples (Figure 1) and lower extraction of EEAs (Figure 3C) compared to the female digests, which suggest a less digestive breakdown for OPI is happening during the male digestive modelling. In addition, Figure 3 A+E shows a significant decrease in the amino acid count of the main protein 12S globulin, between the stomach and intestine in females compared to males. Conversely, SMP exhibited an opposite digestion pattern when compared to OPI between males and females. Males had high overall effectiveness in the digestion of SMP, compared to females, as evident in the gels (Figure 1). Furthermore, males achieved a higher concentration of EAAs from milk proteins than from the plant-based source (OPI) (Figure 3D). Consequently, proteomic analysis identified β-Lactoglobulin-derived peptides with reported DPP-IV inhibitory activity, selectively produced during male SMP digestion, which may be due to the favourable activity that allows greater peptide release from its surface. In stark contrast, the bioaccessible peptide VAPFPEVFGKEKVNE, an alignment to a reported osteoanabolic peptide, was uniquely recovered from female SMP digests, potentially linking to bone health benefits particularly relevant for women. This divergence suggests that these populations are able to gain different nutrients and health benefits based on a diet. These nuanced differences underscore the impact of sex on the generation of bioactive peptides and bioaccessible amino acids from isolated proteins, calling for further investigation into tailored nutritional strategies.
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Figure 3. Sex-dependent differences in peptide profiles and amino acid bioaccessibility following in vitro digestion of isolated skimmed milk powder (SMP) and oat protein isolate (OPI). Breakdown patterns of peptides generated during the breakdown of β-lactoglobulin (B+F) from whey or 12S globulin from oats (A+E). Concentration of total essential amino acids in intestinal digests of OPI (C) and SMP (D), with bars indicating female and male digestion conditions.
 Conclusion
This research emphasizes the importance of considering sex as a key factor in protein digestion, particularly for animal versus plant sources. Distinct digestive patterns suggest females may process plant proteins more effectively, while males may better utilize animal proteins, resulting in differing bioaccessible compounds. Given the rising prominence of plant-centric diets, acknowledging these sex-related variations is essential for personalized nutrition and innovative food development. Future studies can optimize functional foods based on protein digestive performance depending on sex. This will allow evidence-based development in the food industry and encourage personalized nutrition.
References
Chen, Canxi, Abhishek Chaudhary, and Alexander Mathys. 2022. “Dietary Change and Global Sustainable Development Goals.” Frontiers in Sustainable Food Systems 6. doi:10.3389/fsufs.2022.771041.
Dupont, Didier, Thomas Croguennec, and Sylvie Pochet. 2018. “Milk Proteins - Analytical Methods.” In Reference Module in Food Science, Elsevier, Academic Press, np. doi:10.1016/B978-0-08-100596-5.22616-4.
Freire, Ana C., Abdul W. Basit, Rahul Choudhary, Chee W. Piong, and Hamid A. Merchant. 2011. “Does Sex Matter? The Influence of Gender on Gastrointestinal Physiology and Drug Delivery.” International Journal of Pharmaceutics 415(1–2): 15–28. doi:10.1016/J.IJPHARM.2011.04.069.
Gandhi, Monica, Francesca Aweeka, Ruth M. Greenblatt, and Terrence F. Blaschke. 2004. “Sex Differences in Pharmacokinetics and Pharmacodynamics.” Annual Review of Pharmacology and Toxicology 44: 499–523. doi:10.1146/annurev.pharmtox.44.101802.121453.
Hunter, Sandra K., and Jonathon W. Senefeld. 2024. “Sex Differences in Human Performance.” The Journal of Physiology 602(17): 4129–56. doi:10.1113/JP284198.
Jean, Karine, Marie Renan, Marie-Hélène Famelart, and Fanny Guyomarc’h. 2006. “Structure and Surface Properties of the Serum Heat-Induced Protein Aggregates Isolated from Heated Skim Milk.” International Dairy Journal 16(4): 303–15. doi:10.1016/j.idairyj.2005.04.001.
Kieran, Patricia, and Anne M. Dolan. 2024. “Food for Thought: Zero Hunger (SDG 2).” In Teaching the Sustainable Development Goals to Young Citizens (10-16 Years), Routledge.
Krul, Elaine S, Amanda Gomes Almeida Sa, Erin M. Goldberg, and James House. 2024. “In Vitro Protein Digestibility to Replace in Vivo Digestibility for Purposes of Nutrient Content Claim Substantiation in North America’s Context.” Frontiers in Nutrition. doi:10.3389/fnut.2024.1390146.
Lajterer, Carolina, Carmit Shani Levi, and Uri Lesmes. 2022. “An in Vitro Digestion Model Accounting for Sex Differences in Gastro-Intestinal Functions and Its Application to Study Differential Protein Digestibility.” Food Hydrocolloids 132: 107850. doi:10.1016/J.FOODHYD.2022.107850.
Lee, Bandy X., Finn Kjaerulf, Shannon Turner, Larry Cohen, Peter D. Donnelly, Robert Muggah, Rachel Davis, et al. 2016. “Transforming Our World: Implementing the 2030 Agenda Through Sustainable Development Goal Indicators.” Journal of Public Health Policy 37(1): 13–31. doi:10.1057/s41271-016-0002-7.
Li, Siqi, Zheng Pan, Aiqian Ye, Jian Cui, Anant Dave, and Harjinder Singh. 2022. “Structural and Rheological Properties of the Clots Formed by Ruminant Milks during Dynamic in Vitro Gastric Digestion: Effects of Processing and Species.” Food Hydrocolloids 126: 107465. doi:10.1016/j.foodhyd.2021.107465.
Liu, Jieyu, Qingqing Shen, and Xinxin Wang. 2024. “Emerging EAT-Lancet Planetary Health Diet Is Associated with Major Cardiovascular Diseases and All-Cause Mortality: A Global Systematic Review and Meta-Analysis.” Clinical Nutrition 43(12): 167–79. doi:10.1016/j.clnu.2024.10.021.
Nirmal, Nilesh, Collins Fiifi Anyimadu, Anandu Chandra Khanashyam, Alaa El-din A. Bekhit, and Bablu Kumar Dhar. “Alternative Protein Sources: Addressing Global Food Security and Environmental Sustainability.” Sustainable Development n/a(n/a). doi:10.1002/sd.3338.
Perez, Mijal, Carmit Shani Levi, and Uri Lesmes. 2025. “Sex-Based Differences in the In Vitro Digestibility of MCT Emulsions Stabilized by Various Emulsifiers.” Foods 14(1): 131. doi:10.3390/foods14010131.
Santos-Sánchez, Guillermo, Beatriz Miralles, André Brodkorb, Didier Dupont, Lotti Egger, and Isidra Recio. 2024. “Current Advances for in Vitro Protein Digestibility.” Frontiers in Nutrition 11. doi:10.3389/fnut.2024.1404538.
Sousa, Raquel, Isidra Recio, Dominique Heimo, Sébastien Dubois, Paul J. Moughan, Suzanne M. Hodgkinson, Reto Portmann, and Lotti Egger. 2023. “In Vitro Digestibility of Dietary Proteins and in Vitro DIAAS Analytical Workflow Based on the INFOGEST Static Protocol and Its Validation with in Vivo Data.” Food Chemistry 404: 134720. doi:10.1016/J.FOODCHEM.2022.134720.
Turgeon, Sylvie L., and Laurie-Eve Rioux. 2011. “Food Matrix Impact on Macronutrients Nutritional Properties.” Food Hydrocolloids 25(8): 1915–24. doi:10.1016/j.foodhyd.2011.02.026.
Verkerk, Robert. 2019. “EAT-Lancet – Is There Such a Thing as ‘One- Size-Fits-All’ Sustainability?” 16(3).
Vinarov, Zahari, Mohammad Abdallah, José A.G. Agundez, Karel Allegaert, Abdul W. Basit, Marlies Braeckmans, Jens Ceulemans, et al. 2021. “Impact of Gastrointestinal Tract Variability on Oral Drug Absorption and Pharmacokinetics: An UNGAP Review.” European Journal of Pharmaceutical Sciences 162: 105812. doi:10.1016/J.EJPS.2021.105812.
Walther, Barbara, Aaron M Lett, Alessandra Bordoni, Lidia Tomás-Cobos, Juan Antonio Nieto, Didier Dupont, Francesca Danesi, et al. 2019. “REVIEW GutSelf: Interindividual Variability in the Processing of Dietary Compounds by the Human Gastrointestinal Tract.” doi:10.1002/mnfr.201900677.
Wang, Xin, Aiqian Ye, Quanquan Lin, Jianzhong Han, and Harjinder Singh. 2018. “Gastric Digestion of Milk Protein Ingredients: Study Using an in Vitro Dynamic Model.” Journal of Dairy Science 101(8): 6842–52. doi:10.3168/jds.2017-14284.
Willett, Walter, Johan Rockström, Brent Loken, Marco Springmann, Tim Lang, Sonja Vermeulen, Tara Garnett, et al. 2019. “Food in the Anthropocene: The EAT–Lancet Commission on Healthy Diets from Sustainable Food Systems.” The Lancet 393(10170): 447–92. doi:10.1016/S0140-6736(18)31788-4.
Ye, Aiqian, Jian Cui, Douglas Dalgleish, and Harjinder Singh. 2016. “The Formation and Breakdown of Structured Clots from Whole Milk during Gastric Digestion.” Food & Function 7(10): 4259–66. doi:10.1039/C6FO00228E.




image3.png
Male digestion

Maker oM 10 30 6 120 180 200 Time

D) « > Marker oM 10 30 60 120 180 240  Time
R Gastric phase Duodenal phase @8 oy M < 20, . > Gainy
Gastric phase Duodenal phase
ot =t - - -

wker oM 10 30 60 90 10 20 300 Time
" « L > miny

Markercv 10 30 60 %0 150 20 300 Time M
0 Gastric phase Duodenal phase ™% sl Gastic phase Duodenal ph




image4.png
Differential size distribution

B C
10 10 10
Female > Male Female > Male Female > Male
1S3 s s
T T T
£ £ £ 5=15.89
= E} = N\
g0 M So So VA
0.01 1 100 10000 0.01 1 \/100 10000 0.01 1 5= 0;9& 10000
Male > Female Male > Female 5-80.96 Male > Female
Average particles size distribution (1m) "> Average particles size distribution (tim) Average particles size distribution(um)
10 10 10
Female > Male Female > Male Female > Male
gs gs gs
El El
E E SED g $=114.89
= = = =
e So So \/
0.01 1 100 10000 0.01 1 1 10000 0.01 1 100 10000
5 Male > Female ale > Female 5=414.91 Male > Female =~ 3791060
"> Average particles size distribution(jum) Average particles size distribution(uum) "> Average particles size distribution(um)

Oral phase

Gastric phase

Intestinal phase





image5.png
A 900.00
35 _800.00
30 = 700.00
825 & 600.00 325
S [¢)
g tZ 500.00 820
S5 = o15
210 f £ 400.00 2
£ B m & g“’
5 (R J 300,00 5
I R
o, 200 00 & 200.00 o LA
© 200 400
12S sequence 100.00 12S sequence
0.00
900.00
800.00
= 700.00
£
z
g 600.00
=
2 500.00
s
£ 400.00
w
Q 300,00
50 100 150 2008 200.00
B-lac sequence 100.00 0 B-lac l%%]uenceﬁo

0.00





image1.jpeg




image2.jpeg
AIDIC




