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Abstract


Obesity and obesity-related diseases represent increasingly serious global health challenges, and effective preventive strategies are urgently needed. This study investigated the anti-obesity effects of carnosine and anserine, representative imidazole dipeptides known for their antioxidant and metabolic regulatory properties, using a mouse model of high-fat (HF) diet-induced obesity. Thirty 6-week-old male C57BL/6n mice were fed an HF diet (56% fat) for eight weeks. Carnosine or anserine was administered in drinking water ad libitum (4 mM). After one week of dietary acclimation, the mice were divided into sedentary and exercise groups (n = 5 per group). The exercise protocol consisted of treadmill running for 30 min/day at 9 m/min, five days per week, for seven consecutive weeks. The results demonstrated that only carnosine supplementation, and not anserine, significantly suppressed body weight gain, visceral white adipose tissue accumulation, and adipocyte hypertrophy induced by the HF diet. Moreover, carnosine supplementation enhanced uncoupling protein 1 (UCP1) expression in epididymal adipocytes and improved serum blood glucose levels. These findings indicate that carnosine exerts anti-obesity effects, potentially through the enhancement of thermogenic and metabolic pathways, and may have therapeutic potential as a dietary intervention for the prevention of obesity-related metabolic disorders.
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1. Introduction


Obesity is a growing global health issue linked to a wide range of chronic diseases, including diabetes, cardiovascular disease, and certain cancers [1,2,3,4]. The increasing prevalence of obesity worldwide has become a major public health concern, and effective strategies for prevention and treatment are urgently needed.



Adipose tissue is currently recognized as an endocrine organ that plays a regulatory role in metabolism-related diseases [5]. Among the various mechanisms underlying obesity-related pathologies, dysfunction of visceral white adipocytes has been identified as a key mediator of disease onset and progression [5]. Adipocytes are classified into two distinct categories: white adipocytes and brown adipocytes. These cells constitute white adipose tissue (WAT) and brown adipose tissue (BAT) [6,7]. WAT is predominantly located in the subcutaneous and visceral regions of the body. It plays a pivotal role in storing energy and secreting various adipocytokines, including adiponectin, leptin, TNF-α, and IL-6 [2,5,6,7]. These adipocytokines are implicated in the regulation of insulin sensitivity, inflammation, and lipid metabolism. Excessive accumulation of WAT, particularly in visceral depots, contributes to metabolic dysfunction and chronic inflammation, which are key mediators in the onset and progression of obesity-related diseases [1,2,6]. BAT, in contrast, is specialized for thermogenesis through the expression of uncoupling protein 1 (UCP1) [8]. The presence of BAT in human adults has been confirmed [7,8,9], and it has become a focus of active research in the fields of obesity prevention and treatment. Recent studies have shown that certain stimuli, such as cold exposure and exercise, can induce the expression of UCP1 in WAT, a process known as “browning.” Browning of WAT is associated with increased energy expenditure and improved metabolic profiles, suggesting a promising target for obesity intervention [10,11,12,13].



Carnosine and anserine are well-known imidazole dipeptides with distinct structural and functional properties [14]. Carnosine (β-alanyl-L-histidine) and anserine (β-alanyl-1-methylhistidine) differ in methylation, which affects their antioxidant capacity, tissue distribution, and metabolic fate [15]. Carnosine is a naturally occurring dipeptide composed of β-alanine and histidine, found in high concentrations in skeletal muscle and brain tissue [15]. It has been reported to possess antioxidant, anti-inflammatory, and anti-glycation properties [16,17,18,19,20]. Anserine, a methylated analog of carnosine, shares similar biochemical characteristics but may differ in tissue distribution and biological activity. These compounds have attracted attention as potential nutraceuticals for the prevention of lifestyle-related diseases.



Furthermore, exercise is well known to improve metabolic health and promote the browning of white adipose tissue (WAT), leading to enhanced thermogenic capacity and energy expenditure [21]. Carnosine and Anserine have been recognized as an ergogenic aid that enhances exercise endurance and reduces fatigue through its buffering and antioxidant effects [22,23]. Recent studies also suggest synergistic metabolic benefits when nutritional supplementation is combined with physical activity [24]. Among imidazole dipeptides, increased muscle carnosine—typically achieved through β-alanine supplementation—has been recognized as an ergogenic mechanism that enhances high-intensity exercise performance [25]. Despite the growing interest in imidazole dipeptides, the comparative effects of carnosine and anserine supplementation, particularly in combination with exercise, on adipose tissue morphology and uncoupling protein 1 (UCP1) expression remain poorly understood. Further elucidation of these interactions may provide new insights into strategies for prevention of obesity and metabolic health improvement.



Therefore, in the present study, we hypothesized that carnosine and anserine supplementation would attenuate obesity-related phenotypes by modulating UCP1 expression in white adipocytes. The objective of this study was to examine the anti-obesity effects of these imidazole dipeptides, both individually and in combination with exercise, using a high-fat diet-induced obese mouse model.




2. Materials and Methods


2.1. Experimental Animals and Diet Groups


Six-week-old C57BL/6n male mice (n = 30; Sankyo Laboratory Inc., Tokyo, Japan) were used as an experimental model of diet-induced obesity. C57BL/6 mice were selected because they are one of the most widely used strains in obesity research, and when fed a high-fat diet, they reliably develop obesity characterized by weight gain, adipose tissue accumulation, and metabolic abnormalities such as impaired glucose tolerance, hyperinsulinemia, hyperlipidemia, hyperleptinemia, and fatty liver [3,6,25]. The composition of the experimental high-fat (HF) diet (56% fat), which was modified based on the American Institute of Nutrition (AIN)-93G formulation (16% fat; Research Diets Inc., New Brunswick, NJ, USA), is shown in Table 1. After one week of acclimatization, thirty mice were randomly divided into six groups (five mice per group) as follows: (1) HF group, fed the HF diet; (2) HFEx group, fed the HF diet with exercise; (3) HFC group, fed the HF diet supplemented with carnosine; (4) HFCEx group, fed the HF diet supplemented with carnosine and subjected to exercise; (5) HFA group, fed the HF diet supplemented with anserine without exercise; and (6) HFAEx group, fed the HF diet supplemented with anserine and subjected to exercise. Mice were allowed free access to food and drinking water throughout the experimental periods for 8 weeks. Environmental housing conditions were maintained at 22 ± 2 °C with 55 ± 10% humidity under a 12 h light/dark cycle. Cage density was 5 mice per cage. All experimental procedures were approved by and conducted in accordance with the institutional animal care and use guidelines. Carnosine or anserine (Tokai Bussan Co., Ltd., Tokyo, Japan) was dissolved in drinking water ad libitum at a concentration of 4 mM. This concentration was selected based on previous studies demonstrating physiological efficacy in murine models [26]. Randomization was performed by simple random selection. Blinding was implemented by coding groups (A–F) by a third party, and cages were labeled accordingly.



The number of mice in each group (n = 5) was chosen as the minimum required for statistical analysis, based on previous studies using similar mouse models and in accordance with institutional guidelines. Although a formal power analysis was not performed, this limitation is acknowledged in the Section 4.



This study was approved by the Daito Bunka University Animal Experiment Committee (approval no. ASH22-005, approved on 1 February 2023) and complied with the guidelines of the Japanese Council on Animal Research at Daito Bunka University in Saitama, Japan. Efforts were made to minimize animal suffering and to reduce the number of animals used.




2.2. Measurement of Diet and Water Intake, and Body Weight


The intake of the experimental diet and drinking water (plain water or water containing carnosine or anserine) was measured once per week. Body weight was also recorded weekly throughout the experimental period.




2.3. Sample Collection and Tissue Preparation


At the end of the 8-week feeding period, the mice were fasted for 5 h, and blood samples were collected from the orbital sinus under isoflurane anesthesia. Serum was obtained by centrifugation. Subsequently, the mice were sacrificed by cervical dislocation under anesthesia, and the liver, epididymal adipose tissue, perirenal adipose tissue, and skeletal muscles (gastrocnemius and soleus) were immediately excised and weighed. After weighing, the epididymal adipose tissue was fixed in formalin and used for histological analysis.




2.4. Exercise Loading Protocol


After one week of feeding on the experimental diets, the mice were divided into exercise and sedentary groups. All animals in the exercise groups (HFEx, HFCEx, and HFAEx) were adapted to treadmill running for 30 min per day at a speed corresponding to moderate exercise intensity, using a TMC-200 treadmill (Melquest, Toyama, Japan). During the first week, the running speed was maintained at 9 m/min, followed by 11 m/min for the subsequent six weeks, based on previously published studies that confirmed these speeds as moderate-intensity exercise for obese C57BL/6 mice. The classification of “moderate” exercise intensity was further supported by preliminary measurements of serum lactate levels, which remained within the range of 2–4 mmol/L, consistent with moderate aerobic activity in C57BL/6 mice [25]. The exercise regimen was conducted five days per week for a total of seven weeks and performed during the dark cycle period. All sedentary mice were fasted during the running sessions of the exercise groups. All sedentary mice were fasted during the running sessions of the exercise groups.




2.5. Morphological Observations in Epididymal Adipose Tissue


Epididymal adipose tissue was weighed, fixed in formalin, embedded in paraffin, and sectioned into 3-μm-thick slices. The sections were stained with hematoxylin and eosin (HE stain). Microscopic observation and image acquisition were performed using ImageJ software (version 1.51; National Institutes of Health, Bethesda, MD, USA). The cross-sectional areas of 30 individual adipocytes per sample were measured for quantitative analysis.




2.6. UCP1 Expression in Epididymal Adipose Tissue by Immunostaining


The expression of UCP1 in epididymal adipose tissue was evaluated by immunohistochemical staining of paraffin-embedded sections (3 μm thick). Sections were deparaffinized, rehydrated, treated with methanol for antigen activation, and blocked using Block Ace (DS Pharma Biomedical, Osaka, Japan). An anti-mouse UCP1 antibody (23673-1-AP; Proteintech, Rosemont, IL, USA) was used as the primary antibody at a 1:200 dilution. UCP1 expression was visualized using 3,3′-diaminobenzidine (DAB) staining, and the UCP1-positive area per 100 μm2 was quantified from microscopic images.




2.7. UCP1 Gene Expression in Epididymal Adipose Tissue by RT-PCR


Total RNA was extracted from epididymal adipose tissue using Isogen II (Nippon Gene Co., Ltd., Toyama, Japan) according to the manufacturer’s instructions. During the initial extraction step, the fat layer on the surface was carefully removed after centrifugation. One microgram of total RNA was reverse transcribed into cDNA using the PrimeScript RT Reagent Kit (Takara Bio Inc., Shiga, Japan). Quantitative real-time PCR (RT-PCR) was performed using SYBR Green Master Mix (Takara Bio Inc.) and gene-specific primers (Applied Biosystems, Foster City, CA, USA). Relative UCP1 mRNA expression levels were normalized to 18S rRNA as the internal control. The primer sequences used were as follows: Ucp1 (forward: 5′-GTACACCAAGGAAGGACCGA-3′; reverse: 5′-TTTATTCGTGGTCTCCCAGC-3′), 18S rRNA (forward: 5′-CTTAGAGGGACAAGTGGCG-3′; reverse: 5′-ACGCTGAGCCAGTCAGTGTA-3′).




2.8. Serum Biochemical Marker


Blood samples collected from the mice were centrifuged at 1200 rpm for 10 min, and the separated serum from each sample was used for biochemical analyses. The biochemical measurements were conducted at the Nagahama Life Science Laboratory (Oriental Yeast Co., Ltd., Tokyo, Japan). Serum glucose levels were determined using the hexokinase/glucose-6-phosphate dehydrogenase (HK/G6PDH) method. Total protein was measured by the Biuret method, albumin by the bromocresol green (BCG) method, serum lipids by enzymatic colorimetry, and aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities by Japan Society of Clinical Chemistry (JSCC)-standardized methods.




2.9. Statistical Analysis


The results are presented as means ± standard errors (SE). Prior to conducting analysis, the assumptions of normality and homogeneity of variance were evaluated using the Shapiro–Wilk and Levene’s tests, respectively. Dunnett’s test was applied to compare body weight, organ weight, and adipose tissue mass among groups relative to the HF group. Two-way analysis of variance (ANOVA) was used to assess the main and interactive effects of carnosine or anserine supplementation and exercise as independent factors. When significant interactions were detected, Tukey’s post hoc test was performed for multiple comparisons. All statistical analyses were conducted using SPSS Statistics software, version 22 (IBM Corp., Armonk, NY, USA). A p-value of less than 0.05 was considered statistically significant.





3. Results


3.1. Body Weight Changes and the HF Diet Intake


The changes in body weight (%) of the mice over the 8-week period following the initiation of the HF diet are shown in Figure 1. After 8 weeks, all groups exhibited an increase in body weight ranging from 133% to 173% as a result of HF diet consumption. The HF group showed the greatest increase, with a 173% gain in body weight at week 8. Body weight gain induced by the HF diet was attenuated in all exercise-loaded groups (HFEx, HFCEx, and HFAEx) by the end of the experimental period. However, the onset of the exercise-induced weight-suppressive effect differed among these groups: it was observed from week 4 in the HFEx group, week 5 in the HFCEx group, and week 7 in the HFAEx group. In addition, the HFC group, which received carnosine supplementation, showed a significant suppression of body weight gain compared with the HF group from week 6 onward. Conversely, the HFA group, supplemented with anserine, did not show a statistically significant difference in body weight change compared with the HF group.



The amount of dietary intake and carnosine or anserine supplementation per mouse was calculated by dividing the total amount consumed per cage by the number of mice. Although exercise loading tended to reduce total energy intake, no statistically significant differences in food or water intake were observed among the groups, indicating that the observed effects were not attributable to differences in consumption volume (Table 2). During the experimental period, the average carnosine supplementation was 1.1 mmol/day in the HFC group and 1.2 mmol/day in the HFCEx group. The average anserine supplementation was 1.1 mmol/day in both the HFA and HFAEx groups, with no significant differences between the supplementation-only and exercise-loaded groups.




3.2. Weight of Visceral Adipose Tissue, Liver and Muscle


Weights of epididymal adipose tissue, perirenal adipose tissue, liver, and muscles (gastrocnemius and soleus) are shown in Table 2. All these weights were analyzed per 100 g of body weight. The weights of epididymal adipose tissue and perirenal adipose tissue were notably lower in the HFEx, HFC, and HFCEx groups than in the HF group. Weights of gastrocnemius and soleus muscles tended to slightly increase owing to the exercise group. The carnosine and anserine supplementation did not influence the weight of the skeletal muscles. Therefore, subsequent analyses focused on the carnosine-supplemented groups, which demonstrated significant suppression of weight gain and visceral adiposity, to further investigate morphological changes and biochemical markers associated with obesity inhibition.




3.3. Morphological Observation of Epididymal Adipose Tissue


Microscopic images of epididymal adipose tissue stained with hematoxylin and eosin (HE) and the corresponding measurements of adipocyte cross-sectional area are presented in Figure 2 and Table 3, respectively. A two-way ANOVA revealed a significant interaction between exercise and carnosine supplementation (p = 0.034; Table 3). The cross-sectional area of white adipocytes was smaller in the HFEx, HFC, and HFCEx groups compared with the HF group, indicating that both exercise and carnosine supplementation effectively suppressed adipocyte hypertrophy in epididymal adipose tissue.




3.4. Histological Expression of UCP1 in Epididymal Adipose Tissue by Immunostaining


The expression levels of UCP1 in epididymal adipose tissue determined by immunostaining are presented in Figure 3 and Table 3, respectively. The HF group showed the lowest UCP1 expression (8.1 ± 2.4 counts/100 μm2). A two-way ANOVA revealed a significant main effect of carnosine supplementation on UCP1 expression (p = 0.039), whereas the main effect of exercise was not significant (Table 3). There was also no significant interaction between exercise and carnosine supplementation (p = 0.058; Table 3). The HFEx group exhibited nearly double the UCP1 expression (15.7 ± 6.2 counts/100 μm2) compared with the HF group. Although individual variability was observed, UCP1 expression in both the HFC and HFCEx groups was higher than that in the HF group (17.9 ± 10.9 counts/100 μm2 and 19.5 ± 11.0 counts/100 μm2, respectively).




3.5. Gene Expression of UCP1 in Epididymal Adipose Tissue


The relative gene expression levels of UCP1 in epididymal adipose tissue are presented in Figure 4. Both carnosine supplementation (p = 0.044) and exercise (p = 0.031) significantly upregulated UCP1 gene expression, whereas no significant interaction was observed between the two factors (p = 0.317).




3.6. Serum Biochemical Parameter


The results of serum biochemical analyses are summarized in Table 4. Serum glucose levels were significantly lower in the HFEx, HFC, and HFCEx groups compared with the HF group (p < 0.05). Triglyceride (TG) levels also tended to decrease in these groups, although the differences did not reach statistical significance. High-density lipoprotein cholesterol (HDL-C) levels were significantly higher in the HFC and HFCEx groups, which received carnosine supplementation, compared with both the HF and HFEx groups. Low-density lipoprotein cholesterol (LDL-C) levels were significantly reduced by carnosine supplementation, as revealed by two-way ANOVA (p = 0.028). Total cholesterol (T-CHO) and free cholesterol (F-CHO) levels tended to increase with carnosine supplementation; however, these changes were not statistically significant. No significant differences were observed among the groups in the levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT).





4. Discussion


In the present study, carnosine supplementation, either alone or in combination with exercise, effectively suppressed body weight gain, reduced visceral adipose tissue mass, and prevented hypertrophy of white adipocytes induced by a high-fat diet. These effects were accompanied by increased UCP1 expression in epididymal adipocytes and improved glucose tolerance. In contrast, anserine supplementation did not produce comparable effects, suggesting that structural or metabolic differences between these two imidazole dipeptides may account for their divergent physiological outcomes.



Carnosine and anserine are abundant in skeletal and cardiac muscles, as well as in the brain and blood of animals including humans [14,15,16]. Carnosine differs from anserine by a single methyl group, yet this structural difference alters tissue distribution and antioxidant potential. Carnosine is more abundant in skeletal muscle and exhibits stronger metal ion chelating and antiglycation properties than anserine [15,16,17]. These characteristics may enhance mitochondrial activity and lipid oxidation, thereby contributing to UCP1 upregulation and reduced adiposity. This study aimed to investigate the effects of obesity and focused on analyzing the effects of carnosine supplementation, including analysis of visceral white adipocytes. Furthermore, carnosine supplementation demonstrated a similar suppression of white adipose tissue mass as exercise (Figure 1). These results suggest that carnosine supplementation alone may be able to suppress weight gain and adipose tissue loss, similar to exercise. Carnosine and its precursor, β-alanine, have been studied to examine the effects of supplementation on anti-inflammatory, antioxidant, anti-glycation, chelating, skeletal muscle buffering, and improved glucose tolerance [17,18,19,20,25,26,27].



However, the mechanism by which carnosine regulates UCP1 expression in white adipocytes remains unclear. Previous studies have shown that certain functional food components can induce the browning of white adipocytes, accompanied by increased UCP1 expression, reduced secretion of inflammatory adipocytokines such as TNF-α, and improved glycemic control via AMP-activated protein kinase (AMPK) activation [28,29,30]. This suggests that energy expenditure in adipocytes is enhanced. Furthermore, in the present study, carnosine reduced blood glucose levels to a degree similar to that achieved by exercise (p < 0.05). This finding is consistent with previous reports, suggesting that carnosine supplementation in combination with exercise may improve glucose tolerance and has the potential to serve as a preventive intervention for lifestyle-related diseases, including diabetes, in humans [29,31]. In addition, carnosine supplementation increased high-density lipoprotein cholesterol (HDL-C), which may indicate beneficial effects on lipid metabolism [30,31]. A slight increase in serum total cholesterol (T-CHO) levels and a slight increase in low-density lipoprotein cholesterol (LDL-C) may relate to altered hepatic cholesterol transport or lipoprotein remodeling. However, the concurrent rise in HDL-C levels suggests a compensatory mechanism to maintain lipid homeostasis and possibly confer a protective metabolic effect. Further studies measuring hepatic enzymes and cholesterol efflux transporters are warranted to clarify this phenomenon.



Furthermore, given that carnosine concentrations in human skeletal muscle decrease with age [32,33,34], the effects observed in this study may contribute to counteracting age-related metabolic suppression. Previous studies have demonstrated that carnosine regulates blood glucose levels by modulating the autonomic nervous system and improving insulin resistance through the activation of AMP-activated protein kinase (AMPK) [17]. These mechanisms are similar to those involved in UCP1 expression in white adipocytes. Exercise and cold exposure increase UCP1 expression and activation, thereby promoting fat oxidation and suppressing obesity [10,29,35,36]. Moreover, functional food ingredients with antioxidant properties—such as resveratrol from grape skins [37], curcumin from turmeric [38], and berberine from various medicinal herbs [13]—have been reported to promote lipid metabolism through AMPK activation and upregulation of UCP1 expression in white adipose tissue [37,38]. Therefore, we speculate that the anti-obesity effects of carnosine observed in this study are mediated, at least in part, through the enhancement of UCP1 expression in white adipocytes via autonomic nervous system regulation and antioxidant activity. Therefore, we speculate that the anti-obesity effects of carnosine observed in this study are mediated, at least in part, through the enhancement of UCP1 expression in white adipocytes via autonomic nervous system regulation and antioxidant activity.



This study had some limitations. The first limitation is the inability to measure adipocytokines, an indicator of adipocyte function, such as adiponectin, leptin, tumor necrosis factor-α, and other indices that would clarify the mechanism of changes in glucose and lipid metabolism. These factors are critical in linking adipose tissue metabolism to systemic glucose and lipid regulation [6]. Future studies incorporating these markers will provide deeper mechanistic insights into carnosine’s anti-obesity effects. Second, the sample size was n = 5 for each group, based on previous murine studies and institutional ethical guidelines. We acknowledge that this small sample size limits generalizability and statistical power, and future studies with more and increase analyses power are needed. Third, the dependency on carnosine concentration or exercise intensity could not be confirmed. The hypothesis that the simultaneous ingestion of carnosine and exercise would result in a synergistic effect was not supported by the findings of this study. Because carnosine predominantly accumulates in fast-twitch muscle fibers [16,39,40], the moderate exercise intensity used here (9 m/min) might not have fully activated carnosine’s muscular benefits. Additional limitations include the short experimental duration (8 weeks), male-only animals, and the absence of a standard diet control. These constraints should be addressed in future work to strengthen translational validity. It is hypothesized that further investigation is required into the relationship between the supplementation value of carnosine intensity and duration of exercise and the effect of carnosine supplementation on obesity control. Finally, caution is advised when extrapolating these findings to humans. The average carnosine intake of mice in this study corresponds to approximately 0.3~0.5 g/day for a 60 kg adult, an amount that humans can ingest through their diet. However, dose-finding and bioavailability studies in humans are needed to assess the feasibility and safety of daily supplementation. Together, these findings suggest that carnosine may modulate energy metabolism through UCP1 upregulation, antioxidant activity, and improved glucose regulation. However, the modest sample size and lack of mechanistic biomarkers warrant cautious interpretation.




5. Conclusions


Carnosine supplementation effectively suppressed weight gain, reduced visceral adiposity, inhibited adipocyte hypertrophy, and enhanced UCP1 expression in a mouse model of high-fat diet-induced obesity. This study provides new evidence supporting the potential of carnosine as a bioactive compound for metabolic regulation, including improved glucose tolerance and enhanced energy metabolism in adipose tissue. However, as this was an exploratory study with a limited sample size, the findings should be interpreted with caution. Future studies should confirm these effects in larger models and clarify the underlying molecular mechanisms. Overall, these results suggest that carnosine may serve as a promising dietary component for improving metabolic resilience and preventing obesity.
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The following abbreviations are used in this manuscript:



	HF
	high fat



	WAT
	white adipose tissue



	BAT
	brown adipose tissue



	UCP1
	uncoupling protein-1



	AIN
	American Institute of Nutrition



	HFEx
	HF diet, with exercise



	HFC
	HF diet supplemented carnosine



	HFA
	HF diet supplemented anserine



	HFCEx
	HF diet supplemented carnosine, with exercise



	HFAEx
	HF diet supplemented anserine, with exercise



	ANOVA
	analyses of variance



	SE
	standard errors



	T-CHO
	total cholesterol



	F-CHO
	free cholesterol



	TG
	triglycerides



	HDL-C
	high-density lipoprotein cholesterol



	LDL-C
	low-density lipoprotein cholesterol



	AST
	aspartate aminotransferase



	ALT
	alanine aminotransferase



	AMPK
	AMP-activated protein kinase.
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Figure 1. Changes in body weight in the high-fat (HF) diet–induced obese mouse model. Percentage changes in body weight were calculated by dividing the body weight at each time point by the initial body weight (day 0) and multiplying by 100. a p < 0.05 vs. HF group by Dunnett’s test. HF: high-fat diet; HFEx: HF diet with exercise; HFC: HF diet supplemented with carnosine; HFCEx: HF diet supplemented with carnosine and exercise; HFA: HF diet supplemented with anserine; HFAEx: HF diet supplemented with anserine and exercise. Values are expressed as mean ± SE (n = 5). 
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Figure 2. Morphological images of epididymal adipose tissue stained with hematoxylin and eosin (HE). (a) HF group; (b) HFEx group; (c) HFC group; (d) HFCEx group. HF: high-fat diet; HFEx: HF diet with exercise; HFC: HF diet supplemented with carnosine; HFCEx: HF diet supplemented with carnosine and exercise; HFA: HF diet supplemented with anserine; HFAEx: HF diet supplemented with anserine and exercise. Scale bar = 100 μm. 
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Figure 3. Immunostaining of UCP1 in epididymal adipose tissue. UCP1 expression was examined under a light microscope in epididymal adipose tissue. (a) HF group; (b) HFEx group; (c) HFC group; (d) HFCEx group. The arrows indicate some of the sites of UCP1 expression. HF: HF diet with no exercise; HFEx HF diet with exercise; HFC: HF diet with carnosine supplementation and with no exercise; HFCEx: HF diet with carnosine supplementation and with exercise. 
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Figure 4. Gene expression of UCP1 in epididymal adipose tissue. mRNA expression normalized by s17 rRNA as a loading control. Values are mean ± SE (n = 5). HF: HF diet with no exercise; HFEx HF diet with exercise; HFC: HF diet with carnosine supplementation and with no exercise; HFCEx: HF diet with carnosine supplementation and with exercise. The results of the two-way ANOVA were as follows: carnosine: p = 0.044, exercise: p = 0.031, carnosine × exercise interaction: p = 0.317. 
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Table 1. Composition of the high-fat (HF) diet.
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	Contents
	





	 PFC ratios (kcal%)
	



	    Protein
	20 



	    Fat
	56 



	    Carbohydrate
	24 



	    Total
	100 



	    kcal/g
	5.1 



	
	



	 Ingredients (g)
	



	    Casein
	200.0 



	    L-Cystine
	3.0 



	    Corn Starch
	- 



	    Maltodextrin 10
	132.0 



	    Sucrose
	100.0 



	    Cellulose,
	50.0 



	    Soybean Oil
	30.0 



	    Lard
	216.7 



	    t-Butylhydroquinone
	0.014 



	    Mineral Mix S10022G 1
	35.0 



	    Vitamin Mix V10037 1
	10.0 



	    Choline Bitartrate
	2.5 







The HF diet (56% fat) was prepared by Research Diets Inc., based on the AIN-93G diet (16% fat). 1 Research Diets Inc.













 





Table 2. Body weight and weight of visceral fat, liver, and muscle.
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HF

	
HFEx

	
HFC

	
HFCEx

	
HFA

	
HFAEx






	
initial body weight (g)

	
21.12

±0.47

	
22.31

±0.26

	
21.08

±0.26

	
21.74

±0.46

	
22.03

±0.48

	
22.12

±0.56




	
final body weight (g)

	
37.80

±1.21

	
29.83

±0.48 a

	
30.14 a

±0.16

	
29.78 a

±0.16

	
37.23

±1.00

	
34.48

±0.16




	
Total intake of diet (kcal)

	
577.63

	
543.08

	
581.42

	
557.36

	
582.63

	
561.04




	

	
(mg/100 g body weight)




	
Liver

	
2.54

±0.12

	
2.39

±0.18

	
2.75

±0.12

	
2.50

±0.11

	
2.64

±0.21

	
2.47

±0.12




	
muscles (1)

	
0.72

±0.09

	
0.99

±0.15

	
0.74

±0.08

	
0.99

±0.14

	
0.79

±0.08

	
088

±0.09




	
epidydimal adipose tissue

	
5.85

±0.48

	
3.06

±0.52 a

	
3.66 a

±0.80

	
3.46 a

±0.45

	
5.54

±0.53

	
4.38

±0.93




	
perirenal adipose tissue

	
2.20

±0.23

	
1.31

±0.26 a

	
1.34 a

±0.13

	
1.33 a

±0.14

	
2.11

±0.17

	
1.91

±0.43








Values are shown as mean ± SE (n = 5). HF: high-fat diet; HFEx: HF diet with exercise; HFC: HF diet supplemented with carnosine; HFCEx: HF diet supplemented with carnosine and exercise; HFA: HF diet supplemented with anserine; HFAEx: HF diet supplemented with anserine and exercise. (1) Combined value of gastrocnemius and soleus muscles. a p < 0.05 vs. HF group by Dunnett’s tests.













 





Table 3. Areas of adipocytes and UCP1 expression in epididymal adipose tissue.






Table 3. Areas of adipocytes and UCP1 expression in epididymal adipose tissue.





	

	

	

	

	

	
2-Way ANOVA (1)




	

	
HF

	
HFEx

	
HFC

	
HFCEx

	
Carnosine

	
Exercise

	
Interaction






	
Area of

white adipocytes (μm2)

	
8637

±1050

	
4375 *

±038

	
3859 *

±1185

	
4088 *

±1926

	
0.119

	
0.755

	
0.034




	
UCP1 expression (counts/

100 μm2 (1)

	
8.1

±2.4

	
15.7

±6.2

	
17.9

±10.9

	
19.5

±11.0

	
0.039

	
0.398

	
0.058








Values are shown as mean ± SE (n = 5). HF: HF diet with no exercise; HFEx HF diet with exercise; HFC: HF diet with carnosine supplementation and with no exercise; HFCEx: HF diet with carnosine supplementation and with exercise. * p < 0.05 (vs. HF) by Tukey’s post hoc test. (1) The results of the two-way ANOVA.













 





Table 4. Serum biochemical parameters.
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2-Way ANOVA (1)




	

	
HF

	
HFEx

	
HFC

	
HFCEx

	
Carnosine

	
Exercise

	
Interaction






	
glucose

(mg/dL)

	
171.3

±37.0

	
113.3 *

±6.0

	
127.3 *

±10.4

	
124.7 *

±14.5

	
0.211

	
0.350

	
0.049




	
T-CHO

(mg/dL)

	
145.7

±16.8

	
78.3

±10.1

	
163.0

±19.0

	
176.3

±14.9

	
0.057

	
0.239

	
0.075




	
F-CHO

(mg/dL)

	
27.0

±2.6

	
22.0

±2.0

	
32.0

±3.0

	
32.0

±2.0

	
0.110

	
0.115

	
0.115




	
TG

(mg/dL)

	
45.0

±8.9

	
25.7

±5.9 *

	
30.0

±2.6

	
32.3

±9.5

	
0.349

	
0.077

	
0.320




	
HDL-C

(mg/dL)

	
37.3

±13.1

	
69.7

±9.3

	
81.0 *#

±14.5

	
91.3 *#

±3.8

	
0.005

	
0.227

	
0.035




	
LDL-C

(mg/dL)

	
57.0

±19.0

	
35.7

±2.0

	
75.7

±27.8

	
78.7

±13.0

	
0.028

	
0.399

	
0.290




	
AST

(IU/L)

	
137.3

±19.6

	
156.0

±70.1

	
149.0

±54.0

	
110.3

±10.7

	
0.187

	
0.415

	
0.129




	
ALT

(IU/L)

	
28.3

±7.8

	
40.0

±29.0

	
33.7

±12.5

	
24.3

±1.5

	
0.413

	
0.543

	
0.277








Values are presented as mean ± SE (n = 5). HF: high-fat diet with no exercise; HFEx: high-fat diet with exercise; HFC: high-fat diet supplemented with carnosine and no exercise; HFCEx: high-fat diet supplemented with carnosine and exercise. * p < 0.05 (vs. HF), # p < 0.05 (vs. HFEx) by Turkeys post hoc test. (1) Results of the two-way ANOVA.
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