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Abstract 
Minimizing heat stress is essential to protect broiler performance, since high temperatures disrupt 
thermoregulation, redox balance, and nutrient utilization. This study was conducted to investigate 
betaine hydrochloride effects on thermoregulatory parameters, serum electrolyte and acid-base balance, 
antioxidant indices, and proinflammatory cytokine profile in heat-stressed Arbor Acre broilers. One 
hundred- and thirty-five-day-old broiler chicks were randomly assigned to three dietary treatments (0, 
0.2, 0.4% Betaine HCl) using a completely randomized design. The treatments were made up of three 
replicates, with fifteen broiler chicks per replicate. The trial lasted 49 days. Temperature-humidity index 
(THI) was used in measuring ambient thermal condition. At day 49, blood samples were collected for 
electrolyte, antioxidant, and cytokine analyses. Dietary Betaine HCl did not significantly affect body 
temperature or respiratory rate (P>0.05). However, supplementation significantly influenced serum 
electrolyte regulation and antioxidant response. Birds receiving 0.2% Betaine HCl exhibited improved 
sodium concentration and higher blood pH (P<0.05), suggesting enhanced acid-base regulation under 
heat exposure. Glutathione concentration increased significantly (P<0.05) at 0.4% supplementation 
relative to the 0% group, showing enhanced endogenous antioxidant capacity. Malondialdehyde, 
interleukin-1β, and tumour necrosis factor were not significantly altered (P>0.05). These findings 
demonstrated that dietary Betaine HCl, particularly at 0.4%, enhanced antioxidant defence and 
contributed to maintaining electrolyte and acid-base stability in heat-stressed broilers without inducing 
inflammatory activation supporting betaine supplementation as a nutritional strategy for improving 
physiological adaptation to tropical heat stress. 
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INTRODUCTION 
Heat stress remains a key challenge for poultry, particularly in tropical and subtropical zones 
of the globe which is characterized by temperatures exceeding their comfort zone (Lara & 
Rostagno, 2013; Mashaly et al., 2004). Under heat stress, birds rely on panting and peripheral 
vasodilation to lose heat, but these heat loss measures are energetically costly and often 
insufficient, leading to depressed feed intake, diminished nutrient absorption, and increased 
mortality (Renaudeau et al., 2012). At the cellular level, it elevates mitochondrial reactive 
oxygen species (ROS), resulting in lipid, protein, and DNA damage, thereby compromising 
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gut integrity and immune competence (Kikusato & Toyomizu, 2023). Markers of oxidative 
stress such as malondialdehyde (MDA) and disrupted antioxidant defences such as 
glutathione (GSH) when elevated, are hallmarks of heat-induced metabolic strain (Aryal et al., 
2025). 
 
Nutritional strategies have been widely explored to mitigate HS, with functional amino acids, 
vitamins, and osmolytes showing promise (Wu, 2010; Sahin et al., 2017). Betaine, a trimethyl 
glycine derivative, has a dual function being as a methyl donor and an organic osmolyte. 
Betaine is involved in transmethylation reactions, sparing methionine and cysteine for protein 
synthesis and glutathione production, thereby enhancing antioxidant defense (Mommsen et 
al., 2018). Betaine helps stabilize intracellular osmotic pressure, reduces the energy cost of ion 
pumping, and preserves cell hydration under stress (Ratriyanto & Mosenthin, 2018). Previous 
research has shown that its supplementation enhances growth indices, intestinal morphology, 
and antioxidant status in broilers exposed to heat stress (Wen et al., 2021; Song et al., 2021; Din 
et al., 2021). Dietary inclusion levels of ~0.1–0.5% in feed have been tested in commercial and 
experimental poultry studies but the specific effects of on electrolyte handling, blood-gas 
(acid-base) dynamics and cytokine responses under tropical heat exposure remains 
insufficiently understood. (Abd El-Ghany & Babazadeh, 2022). Furthermore, information 
describing dose-dependent physiological responses to Betaine HCl in Arbor Acre broilers is 
scarce. Addressing these knowledge gaps is important for developing targeted nutritional 
interventions that improve resilience and productivity under increasing climatic heat burden. 
Therefore, the effects of graded dietary Betaine HCl supplementation (0, 0.2, and 0.4%) on 
thermoregulatory responses, serum electrolyte and acid-base balance, antioxidant status, and 
cytokine dynamics in heat-stressed Arbor Acre broilers reared under tropical conditions is the 
goal of this study. 
 
MATERIALS AND METHODS 
Experimental Site 
The study was carried out at the Poultry research unit of the Department of Animal Science, 
Federal University Wukari, Taraba State, Nigeria (07°50′38″ N, 09°46′44″ E). Wukari is in the 
Guinea Savannah agroecological zone, having both wet and dry seasons. According to recent 
national climate assessments and seasonal forecasts released by the Nigerian Meteorological 
Agency (NiMet), northern and central regions of Nigeria continue to experience increasing 
climatic variability marked by elevated ambient temperatures, fluctuating rainfall patterns, 
and periods of moderate to severe thermal stress during the production season. These 
conditions are of particular concern for livestock systems because sustained heat exposure 
may compromise thermoregulation, feed utilization, and physiological stability in poultry 
(NiMET, 2024;2025).  
 
Experimental Design, Dietary Formulation and Husbandry Procedures 
One hundred thirty-five one-day-old Abor Acre broiler chicks were sourced from CHI Farms 
(Ibadan, Nigeria) and randomized into three dietary treatments (0, 0.2, 0.4% Betaine HCl) 
using a CRD; each treatment comprised three replicates of fifteen birds. Birds were managed 
on a deep litter system and fed experimental broiler starter and finisher diets following NRC 
(1994) specifications. 
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Throughout the study, all routine management protocols were strictly followed. The study 
lasted 49 days. 
 
Thermoregulatory Measurements 
Daily records of indoor temperature and relative humidity of the poultry house was taken 
twice at 8:00 a.m. and 3.00p.m., beginning at week four (post-brooding phase) using an 
electronic digital thermo-hygrometer (HTC-1).  The Temperature-Humidity Index (THI) for 
the morning and afternoon was calculated using these values. The formular described by Tao 
and Xin (2003) was applied to calculate the THI: 

𝑇𝐻𝐼 = 0.85𝑇𝑑𝑏 + 0.15T𝑤𝑏 
Where; 

THI = temperature-humidity index (°C) 
Tdb = dry-bulb or ambient temperature (°C) 

Twb = wet-bulb temperature (°C) 
Twb was determined using the empirical expression functions created by Stull (2011): 

𝑇𝑤𝑏 = 𝑇 atan [0.15198(𝑅𝐻% +〖8.31366)〗^(1/2) ] + atan (𝑅𝐻% − 1.67633)
+ 0.0039184(𝑅𝐻%)3/2 atan(0.02320𝑅𝐻%) − 4.68604 

Where; 
RH= Relative Humidity (%) 

Twb = Wet-bulb Temperature (°C) 
T= Ambient Temperature in (°C) 

 
A digital stopwatch was used to determine the respiratory rate of three birds per replicate by 
counting of breaths per minute, alongside the body temperature with the aid of an infrared 

 
 
Table 1: Nutritional composition and Calculated Analysis of Broiler Chicken Starter and 
Finisher diets 
Composition      Starter Diet Finisher Diet 

Yellow Maize   55.0 62.0 

SBM 38.4 31.4  

GNC 1.5 1.5 

Limestone   1.0 1.0  

Bone meal  3.0 3.0 

Methionine   0.25  0.25  

Lysine   0.25  0.25  

Salt   0.3 0.3  

Vitamin Premix  0.3  0.3 

Total   100.0 100 .0 

Calculated Analysis      

ME (Kcal/Kg)  2853.00  2927.00  

CP  23.00  20.00  

CF 4.49  4.06  

Ether Extract  4.75  4.55  

Available P   0.52  0.51  

Ca 1.23  1.21  

SBM=Soyabean Meal; GNC=Groundnut cake; ME=Metabolizable energy; CP=Crude Protein; CF=Crude Fibre 
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digital thermometer. Both the respiratory rates and body temperatures were taken thrice 
weekly. 
 
Blood Analyses 
On day 49, three birds per replicate were randomly taken for cytokine, antioxidant, and 
mineral assessments. Approximately 4 mL of blood was obtained from the birds via jugular 
venipuncture into plain collection tubes. Whole blood was centrifuged at 1200 × g for 10 min 
on an SH120 haematocrit centrifuge to produce serum. Serum electrolytes (Na⁺, K⁺, Ca²⁺, Cl⁻) 
and pH was obtained with an electrolyte analyser (URIT-910C-Plus) in accordance with the 
manufacturer’s instructions. Malondialdehyde (MDA) was quantified using the method of 
Ohkawa (1979) as modified by Atawodi (2011). Briefly, 2 mL of 15% trichloroacetic acid (TCA), 
2 cm³ of thiobarbituric acid (TBA), and 100 µL of serum were combined in a test tube, 
incubated at 80°C for 30 minutes in a water bath, and allowed to cool for 30 minutes. The 
mixture was then centrifuged at 3000 rpm for 10 minutes, after which the absorbance of the 
supernatant obtained was measured at 535 nm using a spectrophotometer. 
 
Reduced GSH concentration was determined following the method described by Rajagopalan 
et al. (2004). In this procedure, 150 µL of serum was mixed with 10% TCA and centrifuged at 
1500 rpm for 5 minutes. Thereafter, 1 cm³ of the supernatant was reacted with 0.5 cm³ of 
Ellman’s reagent and 3 cm³ of 0.2 M phosphate buffer (pH 8.0), and absorbance was read at 
412 nm. In addition, cytokine levels, specifically interleukin-1 (IL-1) and tumour necrosis 
factor (TNF), were quantified using enzyme-linked immunosorbent assay (ELISA) kits in 
conjunction with an immunoassay analyser, following standard protocols. 
 
Data Analysis 
Data were analysed using ANOVA in JMP Clinical 18. When the ANOVA was found to be 
significant, Tukey’s HSD test was used for multiple comparisons of group means. Graph 
showing the THI was generated using GraphPad Prism 10. 
 
RESULTS AND DISCUSSION 
THI measurements during the study period are presented in Figure 1. Mean THI values were 
27 (morning) and 33 (afternoon), with the afternoon values falling within the severe heat-
stress category (Duduyemi & Oseni, 2012).  
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Thermoregulatory indices of body temperature and respiratory rate (Table 2) were similar 
across the treatment groups, indicating that betaine supplementation did not directly alter 
these parameters. This indicates that betaine’s benefits may be primarily metabolic and 
biochemical rather than direct reductions in whole-body heat load. This disagrees with amino 
acid supplementation studies (Wu, 2013; Santos et al., 2021), which reported reductions in 
panting and body temperature. The absence of thermoregulatory changes here may reflect 
dose limitations or the severity of environmental stress, suggesting that betaine’s protective 
effects are more pronounced at the cellular level. 
 
Table 2: Thermoregulatory Indices of Heat-Stressed Broiler Chickens fed Betaine HCl  
Parameters Betaine HCl (%) SEM P-value 

 Control 0.2% 0.4%   

BT (°C) 37.09     37.01     37.07   0.51   0.4796 

RR (bpm) 130.50   105.00     140.00     11.68 0.119 

BT=Body Temperature; RR=Respiratory Rate; bpm=Breaths per minute 

Serum mineral and acid-base indices (Table 3) revealed significant differences in sodium, 
chlorine and pH. sodium concentrations were higher (P<0.05) in birds fed 0.2% betaine HCl 
relative to the 0.4% group. Birds in the control showed higher (P<0.05) chlorine levels 
compared to the betaine containing groups showing a trend toward reduction at 0.2% 
supplementation. Post-hoc comparison indicated that the control differed significantly from 
the 0.2% group, while the 0.4% group was intermediate and similar to both groups. This may 
imply that while treatment effects on chlorine concentration are not statistically conclusive, 
there is evidence of a physiological trend that may become more pronounced with increased 
sample size or under more controlled environmental conditions, particularly given the 
sensitivity of chloride balance to heat load and water-electrolyte interactions in production 
animals. Under heat stress, disruption of water and electrolyte balance increases the energetic 
demand placed on membrane ion transport systems, particularly the Na⁺/K⁺-ATPase pump, 
which consumes substantial cellular ATP to preserve electrochemical gradients and maintain 
acid-base stability (Abd El-Hack et al., 2019; Kikusato & Toyomizu, 2023). Betaine functions as 
an intracellular organic osmolyte that accumulates within cells and contributes to 
maintenance of cellular hydration and osmotic equilibrium under environmental stress 
conditions (Ratriyanto & Mosenthin, 2018; Wen et al., 2021). By supporting intracellular 
osmotic balance, betaine may reduce the metabolic burden associated with active ion 
transport and indirectly improve electrolyte regulation and systemic pH homeostasis 
(Ratriyanto & Mosenthin, 2018; Saleh et al., 2022). The concurrent changes in sodium and 
chloride concentrations further support betaine’s role in modulating electrolyte dynamics. 
Ratriyanto and Mosenthin (2018) reported that betaine enhances sodium retention and 
intestinal nutrient transport, while Chand et al. (2017) suggested that betaine influences 
chloride balance indirectly through osmotic adjustment. These findings align with the current 
study, where moderate supplementation (0.2%) improved sodium retention and pH stability. 
Blood pH increased significantly in the 0.2% group compared with control. Calcium and 
potassium concentrations were similar (P > 0.05). The observed increase in blood pH at 0.2% 
betaine HCl supplementation suggests improved acid-base balance. Betaine’s osmo protective 
function reduces the energy cost of ion pumping, thereby stabilizing systemic pH under stress 
(Abd El-Hack et al., 2019; Saleh et al., 2022).  
 
 
 
 
 
Table 3: pH and Mineral Indices of Heat-stressed Broiler Chickens fed Betaine HCl 
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Indices Betaine HCl (%) SEM P-Value 

 0 0.2 0.4   

Ca (mmol/L) 1.89 1.67 1.76 0.06 0.0919 

Na (mmol/L) 86.49ab 97.84a 74.89b 5.08 0.0206 

K (mmol/L) 1.87 2.22 1.84 0.12 0.0721 

Cl (mmol/L) 127.05a 61.01b 100.43ab 17.79 0.0570 

pH 6.18b 7.34a 6.96ab 0.22 0.0084 

SEM=Standard Error of Means 

 
Antioxidant and immune indices (Table 4) demonstrated a marked increase (P<0.05) in GSH 
at 0.4% betaine HCl compared with control. MDA concentrations were not significantly 
altered. The significant elevation of GSH at 0.4% betaine HCl supplementation highlights 
betaine’s role in enhancing endogenous antioxidant defenses. By donating methyl groups, 
betaine spares methionine and cysteine for glutathione synthesis, thereby increasing 
intracellular antioxidant capacity (Mommsen et al., 2018). This agrees with the report by Attia 
et al. (2020), who observed improved GSH activity in broilers supplemented with betaine 
under heat stress. Din et al. (2021) also reported betaine improving hepatic antioxidant status, 
reducing oxidative damage in heat-challenged birds. The lack of significant change in MDA 
suggests that betaine’s primary effect was to bolster antioxidant reserves rather than directly 
reduce lipid peroxidation at the tested inclusion levels, consistent with Sahin et al. (2017), who 
noted variable MDA responses depending on environmental severity. 
 
Pro-inflammatory cytokines IL-1β and TNF were not significant (P > 0.05) among treatments, 
indicating that betaine supplementation did not provoke inflammatory responses. Cytokine 
responses (IL-1β and TNF) remained stable, agreeing with Awad et al. (2019) and Zaki et al. 
(2023), who found that betaine supplementation did not significantly alter cytokine profiles 
under non-challenged conditions. The numerical downward trend in TNF may indicate subtle 
immunomodulation, enhancing tolerance to oxidative stress without provoking 
inflammation. This supports the idea that betaine contributes to immune homeostasis rather 
than immune activation (Li et al., 2007; Kim et al., 2012). 
 
Table 4: Antioxidative and Immune Indices of Heat-stressed Broiler Chickens fed 

Betaine HCl 
Indices Betaine HCl, % SEM P-Value 

 0 0.2 0.4   

GSH (µmol/L) 0.81b 0.63b 2.34a 0.25 0.0004 

MDA (nmol/L) 2.12 2.46 2.76 0.39 0.5323 

Interleukin-1β (pg/ml) 9.83 11.37 10.56 1.61 0.7988 

TNF (pg/ml) 195.76 188.18 184.43 17.70 0.8997 

SEM=Standard Error of Means; GSH=Glutathione; MDA=Malondialdehyde; TNF=Tumor Necrosis Factor 

 
CONCLUSION 
Betaine HCl improved selected physiological responses of heat-stressed Arbor Acre broilers 
reared under tropical conditions. While thermoregulatory indices remained unaffected, 
supplementation influenced electrolyte and acid-base regulation and enhanced antioxidant 
capacity. Birds receiving 0.2% Betaine HCl demonstrated improved sodium balance and 
blood pH, suggesting better maintenance of electrolyte homeostasis during thermal challenge, 
whereas 0.4% supplementation significantly increased glutathione concentration, indicating 
enhanced endogenous antioxidant defence. Since lipid peroxidation and pro-inflammatory 
cytokines were left unchanged, it is possible the protective effects of betaine were achieved 
primarily through osmotic adaptation and antioxidant support rather than inflammatory 
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modulation. Overall, dietary Betaine HCl may serve as a practical nutritional approach to 
improving physiological resilience of broilers chickens under tropical heat stress. 
 
REFERENCES 
Abd El-Ghany, W. A., & Babazadeh, D. (2022). Betaine: A Potential Nutritional Metabolite in 

the Poultry Industry. Animals, 12(19), 2624. https://doi.org/10.3390/ani12192624  
Abd El-Hack, M. E., Samak, D. H., Abdelnour, S. A., Arif, M., Khafaga, A. F., Taha, A. E., & 

Swelum, A. A. (2019). Betaine supplementation and its impact on poultry performance 
under heat stress. Animals, 9(9), 665. https://doi.org/10.3390/ani9090665  

Aryal, B., Kwakye, J., Ariyo, O. W., Ghareeb, A. F. A., Milfort, M. C., Fuller, A. L., Khatiwada, 
S., Rekaya, R., & Aggrey, S. E. (2025). Major oxidative and antioxidant mechanisms 
during heat stress-induced oxidative stress in chickens. Antioxidants, 14(4), 471. 
https://doi.org/10.3390/antiox14040471  

Attia, Y. A., Al-Harthi, M. A., & El-Shafey, A. S. (2020). Enhancing antioxidant status and 
performance of heat-stressed broilers using betaine. Poultry Science, 99(9), 4425–4435. 
https://doi.org/10.1016/j.psj.2020.06.018  

Awad, W. A., Ghareeb, K., & Böhm, J. (2019). Betaine supplementation and immune responses 
in broilers. Animal Nutrition, 5(2), 134–140. https://doi.org/10.1016/j.aninu.2018.11.001  

Chand, N., Khan, R. U., & Naz, S. (2017). Effect of betaine supplementation on chloride balance 
and acid–base regulation in broilers. Journal of Applied Poultry Research, 26(3), 367–374. 
https://doi.org/10.3382/japr/pfx013  

Din, J. U., Khan, R. U., & Naz, S. (2021). Betaine supplementation improves hepatic 
antioxidant status in heat-stressed broilers. Journal of Thermal Biology, 98, 102915. 
https://doi.org/10.1016/j.jtherbio.2021.102915  

Duduyemi, O.A. & Oseni, S.O. (2012). Modelling Heat Stress Characteristics on The Layers 
Performance Traits in South Western Nigeria. Available at: 
www.tropentag.de/2012/abstracts/posters/280.pdf. Accessed Feb 9th, 2026. 

JMP® Clinical (2024) Software Version 18.00 of the SAS System for Windows. SAS Institute, 
Inc., Cary, NC, USA 

Kikusato, M., & Toyomizu, M. (2023). Mechanisms underlying the effects of heat stress on 
intestinal integrity, inflammation, and microbiota in chickens. Journal of Poultry Science, 
60, jpsa.2023021. https://doi.org/10.2141/jpsa.2023021  

Lara, L. J., & Rostagno, M. H. (2013). Impact of heat stress on poultry production. Animals, 
3(2), 356–369. https://doi.org/10.3390/ani3020356  

Li, P., Yin, Y. L., Li, D., Woo, J., & Wu, G. (2007). Amino acids and immune function. British 
Journal of Nutrition, 98(2), 237–252. https://doi.org/10.1017/S000711450769936X  

Mashaly, M. M., Hendricks, G. L., Kalama, M. A., Gehad, A. E., Abbas, A. O., & Patterson, P. 
H. (2004). Effect of heat stress on production parameters and immune responses of 
commercial laying hens. Poultry Science, 83(6), 889–894. 
https://doi.org/10.1093/ps/83.6.889  

Mommsen, T. P., Vijayan, M. M., & Moon, T. W. (2018). Osmolyte and methyl donor functions 
of betaine in poultry metabolism. Comparative Biochemistry and Physiology Part B: 
Biochemistry and Molecular Biology, 224, 1–8. https://doi.org/10.1016/j.cbpb.2017.12.004  

National Research Council (1994). Nutrient Requirements of Poultry (9th Ed.). National 
Academy Press, Washington, DC. 

Nigerian Meteorological Agency (NiMet) (2024). Seasonal Climate Prediction (SCP) 2024. Abuja, 
Nigeria. 

Nigerian Meteorological Agency (NiMet) (2025). State of the Climate in Nigeria: 2024 Report. 
Abuja, Nigeria.  

https://doi.org/10.3390/ani12192624
https://doi.org/10.3390/ani9090665
https://doi.org/10.3390/antiox14040471
https://doi.org/10.1016/j.psj.2020.06.018
https://doi.org/10.1016/j.aninu.2018.11.001
https://doi.org/10.3382/japr/pfx013
https://doi.org/10.1016/j.jtherbio.2021.102915
http://www.tropentag.de/2012/abstracts/posters/280.pdf
https://doi.org/10.2141/jpsa.2023021
https://doi.org/10.3390/ani3020356
https://doi.org/10.1017/S000711450769936X
https://doi.org/10.1093/ps/83.6.889
https://doi.org/10.1016/j.cbpb.2017.12.004


In Ameliorative Effects of Dietary Betaine Hydrochloride on Electrolyte Stability and Antioxidant Capacity in 

Heat-Stressed Arbor Acre Broilers 

Ademu L.A. et al, DUJOPAS 12 (3a): 448-455, 2026                                                                                       455   

 

Ratriyanto, A., & Mosenthin, R. (2018). Betaine: A key osmolyte and methyl donor in poultry 
nutrition. World’s Poultry Science Journal, 74(1), 89–106. 
https://doi.org/10.1017/S0043933917001050  

Sahin, K., Orhan, C., Akdemir, F., Tuzcu, M., & Sahin, N. (2017). Nutritional modulation of 
high-temperature stress in poultry. World’s Poultry Science Journal, 73(4), 749–760. 
https://doi.org/10.1017/S004393391700073X  

Saleh, A. A., Mahmoud, M. M., & El-Hady, A. A. (2022). Betaine supplementation improves 
acid–base balance and performance in broilers under heat stress. Animals, 12(4), 512. 
https://doi.org/10.3390/ani12040512  

Song, Y., Chen, R., Yang, M., Liu, Q., Zhou, Y., & Zhuang, S. (2021). Dietary betaine 
supplementation improves growth performance, digestive function, intestinal integrity, 
immunity, and antioxidant capacity of yellow-feathered broilers. Italian Journal of Animal 
Science, 20(1), 1575–1586. https://doi.org/10.1080/1828051X.2021.1986681  

Stull, R. (2011). Wet-Bulb Temperature from Relative Humidity and Air Temperature. Journal 
of applied Meteorology and Climatology, 50: 2267- 2269 

Tao, X. & Xin, H. (2003). Acute synergistic effects of air temperature, humidity and velocity 
on homeostasis of market–size broilers. Transactions of the ASAE 46(2): 491-497. 

Wen, C., Leng, Z., Chen, Y., Ding, L., Wang, T., & Zhou, Y. (2021). Betaine alleviates heat 
stress-induced hepatic and mitochondrial oxidative damage in broilers. The Journal of 
Poultry Science, 58(2), 103–109. https://doi.org/10.2141/jpsa.0200003  

Wu, G. (2010). Functional amino acids in animal nutrition. Amino Acids, 37(1), 1–17. 
https://doi.org/10.1007/s00726-009-0269-0  

Zaki, M. S., Hassan, R. A., & El-Sayed, M. A. (2023). Betaine supplementation and cytokine 
profiles in laying hens. Poultry Science, 102(5), 102278. 
https://doi.org/10.1016/j.psj.2023.102278  

 

https://doi.org/10.1017/S0043933917001050
https://doi.org/10.1017/S004393391700073X
https://doi.org/10.3390/ani12040512
https://doi.org/10.1080/1828051X.2021.1986681
https://doi.org/10.2141/jpsa.0200003
https://doi.org/10.1007/s00726-009-0269-0
https://doi.org/10.1016/j.psj.2023.102278

