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ABSTRACT

BACKGROUND/OBJECTIVES: An increasing life expectancy in society has burdened 
healthcare systems substantially because of the rising prevalence of age-related metabolic 
diseases. This study compared the effects of animal protein hydrolysate (APH) and casein on 
metabolic diseases using aged mice.
MATERIALS/METHODS: Eight-week-old and 50-week-old C57BL/6J mice were used as the 
non-aged (YC group) and aged controls (NC group), respectively. The aged mice were divided 
randomly into 3 groups (NC, low-APH [LP], and high-APH [HP] and fed each experimental 
diet for 12 weeks. In the LP and HP groups, casein in the AIN-93G diet was substituted with 
16 kcal% and 24 kcal% APH, respectively. The mice were sacrificed when they were 63-week-
old, and plasma and hepatic lipid, white adipose tissue weight, hepatic glucose, lipid, and 
antioxidant enzyme activities, immunohistochemistry staining, and mRNA expression 
related to the glucose metabolism on liver and muscle were analyzed.
RESULTS: Supplementation of APH in aging mice resulted in a significant decrease in 
visceral fat (epididymal, perirenal, retroperitoneal, and mesenteric fat) compared to the 
negative control (NC) group. The intraperitoneal glucose tolerance test and area under the 
curve analysis revealed insulin resistance in the NC group, which was alleviated by APH 
supplementation. APH supplementation reduced hepatic gluconeogenesis and increased 
glucose utilization in the liver and muscle. Furthermore, APH supplementation improved 
hepatic steatosis by reducing the hepatic fatty acid and phosphatidate phosphatase activity 
while increasing the hepatic carnitine palmitoyltransferase activity. Furthermore, in the APH 
supplementation groups, the red blood cell (RBC) thiobarbituric acid reactive substances and 
hepatic H2O2 levels decreased, and the RBC glutathione, hepatic catalase, and glutathione 
peroxidase activities increased.
CONCLUSIONS: APH supplementation reduced visceral fat accumulation and alleviated 
obesity-related metabolic diseases, including insulin resistance and hepatic steatosis, in 
aged mice. Therefore, high-quality animal protein APH that reduces the molecular weight 
and enhances the protein digestibility-corrected amino acid score has potential as a dietary 
supplement for healthy aging.
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INTRODUCTION

Aging is marked by a general decline in cellular function and is accompanied by DNA 
damage, oxidative stress, and metabolic dysfunction. It is a gradual and irreversible 
physiological process characterized by diminishing tissue and cell functions. This process 
occurs as damage accumulates in response to various stress factors. Ultimately, aging leads 
to physical and mental illnesses, as well as chronic diseases, such as Parkinson’s disease, 
Alzheimer’s disease, obesity, type 2 diabetes mellitus (T2DM), and atherosclerosis [1]. 
These diseases often influence each other, given that aging is a common risk factor for most 
metabolic diseases. The increasing life expectancy in society has placed a substantial burden 
on healthcare systems because of the rising prevalence of age-related metabolic diseases.

The increased life expectancy is accompanied by additional vulnerability to chronic diseases 
in the elderly, which are associated with obesity. During the aging process, fat is redistributed 
from the subcutaneous to visceral depots, liver, muscles, and other ectopic sites [2]. These 
characteristics can lead to insulin resistance and metabolic syndrome through lipotoxicity 
[3]. Specifically, the increase in visceral fat commonly observed during aging is a major 
contributor to insulin resistance and metabolic syndrome [4]. Therefore, elderly individuals 
who become obese as their fat cells enlarge are at an increased risk of metabolic syndrome 
compared to younger individuals (under 20 yrs old) with the same obesity status [5].

Dysregulation of the hepatic lipid metabolism can also play a central role in the onset of 
metabolic syndrome. Hepatic steatosis is associated with age-related chronic liver diseases, 
and its primary characteristic is fat accumulation within liver cells [6]. McGarry [7] proposed 
that the increased synthesis of hepatic lipids leads to insulin resistance. Specifically, T2DM, a 
global health problem, is influenced by obesity, particularly in older adults [1]. Elevated levels 
of plasma free fatty acids (FFAs) and glucose caused by obesity lead to the accumulation of 
reactive oxygen species (ROS), endoplasmic reticulum stress, and mitochondrial dysfunction, 
which hinder the proliferation of beta cells [8,9]. As aging progresses, various chronic 
diseases can mutually influence and co-occur.

Many studies have indicated a positive impact of protein supplementation on muscle health 
in old age [10,11]. On the other hand, research on the effects of protein supplementation on 
metabolic conditions in old age is limited. Furthermore, while some reports suggest that 
animal-based protein quality is superior to plant-based protein, among various animal-based 
proteins, most supplements primarily use casein [12,13]. Therefore, additional research is 
needed to understand the qualitative differences in animal-based proteins and their impact 
on elderly health. Among high-quality protein sources, chicken meat has a higher content 
of essential amino acids, such as lysine, methionine, and tryptophan, compared to other 
meats. Therefore, chicken breast meat was hydrolyzed to increase the Protein Digestibility-
Corrected Amino Acid Score (PDCAAS), reduce molecular weight, and enhance the 
functionality of animal-based protein supplements that can potentially benefit the elderly. 
As shown in Table 1, the commercial casein used as the control group is a mixture of α, β, 
and κ-casein with molecular weights of 22,068–25,230, 23,944–24,092, and 19,007–19,039, 
respectively. In contrast, animal protein hydrolysate (APH), which is hydrolyzed from 
chicken breast, has a molecular weight of approximately 675. APH has much higher PDCAAS 
at 128.8 than casein (98.34). On the other hand, there was no significant difference in the 
essential amino acid composition between APH and casein.
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This study compared the quantities of APH and casein in aged mice to determine the effects 
of PDCAAS and the differences in the molecular weight of animal proteins on metabolic 
disorders. Specifically, the effects of APH in relation to age-related diseases, such as obesity, 
fatty liver, and insulin resistance, were assessed.

MATERIALS AND METHODS

Materials and preparation of APH
Chicken breast and enzymes were purchased in 2021 from Kyochon F&B Co., Ltd. and Vision 
Biochem Co., Ltd. The chicken breast was sliced, pulverized, and subjected to enzymatic 
hydrolysis under specific conditions, including alkaline protease, prozyme 2000P, bromelain, 
and papain. After the enzymatic reaction, the enzyme activity was deactivated by heating. The 
sample was then filtered, concentrated, sterilized, and spray-dried to obtain the final product 
with a Brix value of 15–20.

Molecular weight and PDCAAS assessment of APH
The protein molecular weight was analyzed. A 0.1 g sample was mixed with 10 mL of 
deionized water and sonicated for 10 min. After cooling, the solution concentration was 
adjusted to 4 mg/mL with deionized water, filtered through a 0.45 μm polyvinylidene fluoride 
syringe filter, and analyzed by high-performance liquid chromatography with polyethylene 
glycol as the standard. Gel permeation chromatography was conducted on a Shodex column 
and 0.1 M NaNO3 as the mobile phase, operating at a flow rate of 0.8 mL/min and an injection 
volume of 80 μL. PDCAAS was calculated using the method reported by Schaafsma [14], and 
the formula is as follows:
	 PDCAAS (%) = Amino Acid Score (AAS) × TPD (%)
	 AAS = �Contents of Limiting Amino Acid in Test Protein (mg/g)/Contents of the 

Same Amino Acid in Reference Protein (mg/g)

Table 1 lists the molecular weights and PDCAAS measurement results for casein and APH.

Animals and diet
In this study, 24 male aged mice (C57BL/6J, 50 weeks old) and nine male young mice (C57BL/6J, 
8 weeks old) were obtained from JA Bio (Suwon, Korea). All mice were kept under controlled 
conditions (12-h light-dark cycle, 25°C, 40–60% humidity) and underwent an adaptation 
period. The aged mice were divided into 3 groups: Negative control (NC) group (n = 8, with 
protein calories from casein at 16% of total energy), low-dose APH-supplemented (LP) 
group (n = 8, with protein calories from APH at 16% of total energy), and high-dose APH-
supplemented (HP) group (n = 8, with protein calories from APH at 24% of the total energy). 
Dietary compositions were adjusted based on the casein and APH contents. In addition, 
8-week-old mice were used as a young control (YC) group. All mice were fed their respective 
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Table 1. Average molecular weight and PDCAAS of protein sources
Protein source Molecular weight PDCAAS (%)
Casein 98.34 ± 0.55

α 22,068–25,230
β 23,944–24,092
κ 19,007–19,039

APH 675 128.8 ± 0.85
PDCAAS, Protein Digestibility-Corrected Amino Acid Score; APH, animal protein hydrolysate.



diets ad libitum for 12 weeks. The animal experiment procedures complied with the protocols 
approved by the Institutional Animal Care and Use Animal Ethics Committee (DHU 2022-055).

Sample preparation
At the end of the experimental period, all mice were sacrificed with isoflurane (5 mg/kg body 
weight; Urim Pharm, Daejeon, Korea) after a 12-h fast. Blood samples were collected into 
heparin-coated tubes from the inferior vena cava to analyze biomarkers. The collected blood 
samples were processed into plasma samples by centrifugation at 1,000 ×g for 15 minutes at 
4°C. After separating plasma from blood, it was stored in a deep freezer. The liver, muscle, 
and adipose tissue were promptly removed, rinsed with physiological saline, and weighed. 
After tissue removal, they were frozen immediately in liquid nitrogen and stored at −70°C.

Lipid profiles in plasma and tissues
The plasma levels of total cholesterol (TC), triglycerides (TG), and high-density lipoprotein 
cholesterol (HDL-C) were determined using enzyme kits from Asan Pharm Co. (Seoul, 
Korea). The FFAs were quantified using a separate enzyme kit. The lipids were extracted 
from the tissue by dissolving dried lipid residues with 1 mL of ethanol. Emulsification was 
performed by adding 200 μL of an emulsifier containing Triton X-100 and sodium cholate in 
distilled water to the dissolved lipid solution. Cholesterol, TG, and fatty acids were measured 
using the same enzyme kit used for the plasma analysis.

Fasting blood glucose concentration and intraperitoneal glucose tolerance 
test (IPGTT)
The blood glucose concentrations were measured following a 12-h fast every 4 weeks over 
a 12-week period. An IPGTT was conducted during the 10th week. After a 12-h fast, all mice 
received intraperitoneal glucose injections, and the blood glucose levels were measured at 0, 
30, 60, and 120 min.

Plasma insulin and glucagon
The plasma insulin levels were measured using a Mouse Insulin ELISA Kit (ThermoFisher 
Scientific, Waltham, MA, USA). The plasma glucagon levels were determined using the 
Glucagon Immunoassay Quantikine ELISA Kit (R&D Systems, Minneapolis, MN, USA).

Glycogen analysis in hepatic and muscle tissue
The glycogen concentration was determined using a slight modification of the method 
described by Carroll et al. [15]. For glycogen in the liver and gastrocnemius muscle tissues, 
80 μL of 30% KOH was added after tissue extraction. After heating at 100°C for 30 min, 200 
μL of 95% ethanol was added, followed by overnight incubation at 4°C. The pellet generated 
by centrifugation was dissolved in 1 mL of distilled water. Anthrone reagent was then added 
and heated at 100°C for 20 min. The glycogen concentration was measured at an absorbance 
of 620 nm.

Glucose-related enzyme activity analysis
The phosphoenolpyruvate carboxykinase (PEPCK) activity was assessed by measuring 
the rate of oxaloacetate synthesis and the reduction of NADH to NAD, according to the 
spectrophotometric assay developed by Bentle and Lardy [16]. The glucose 6-phosphatase 
(G-6-pase) activity was determined based on the method described by Alegre et al. [17] with 
slight modifications. The glucokinase (GK) activity in the cytosol was measured using a 
spectrophotometric assay described by Davidson and Arion [18].
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Lipid-regulated enzyme activities in the liver
The ME activity was assessed by measuring nicotinamide adenine dinucleotide phosphate 
(NADPH) production in the cytosol. The assay was initiated by adding 600 μL of 0.4M 
triethanolamine buffer to the tube, followed by the sequential addition of reagents: 30 nM 
L-malate, 0.12 M MnCl, and 3.4 nM TPN. The absorbance was measured at 340 nm. The 
fatty acid synthase (FAS) activity was determined in the cytosol using the method outlined 
by Nepokroeff et al. [19]. The phosphatidate phosphatase (PAP) activity was measured in 
microsomes. Reagent A (0.05 M Tris-HCl, 1.25 mM ethylenediaminetetraacetic acid, and 1 
mM MgCl) and reagent B (1.8 M H2SO4, sodium dodecyl sulfate, ascorbic acid) were added, 
and the absorbance was measured at 820 nm. The carnitine palmitoyltransferase (CPT) 
activity in the mitochondria was measured according to the protocol described by Markwell 
et al. [20]. Fatty acid β-oxidation was measured spectrophotometrically by monitoring the 
reduction of NAD to NADH in the presence of palmitoyl-CoA, as described by Lazarow [21].

Hydrogen peroxide and lipid peroxide measurement in the liver
The hydrogen peroxide content was assessed using Wolff 's method, with absorbance 
readings taken at 560 nm. The lipid peroxide content was determined using the method 
outlined by Ohkawa et al. [22], and the absorbance of the supernatant after centrifugation was 
measured at 532 nm.

Antioxidant enzyme activity analysis
The superoxide dismutase (SOD) activity was determined using the autoxidized 
pyrogallol reagent based on the method described by Marklund and Marklund [23]. The 
chloramphenicol acetyltransferase enzyme activity, which decomposes H2O2 into H2O 
and O2, was assessed using the method reported by Aebi [24]. The glutathione peroxidase 
(GSH-Px) activity was measured using a slight modification of the method reported by 
Paglia and Valentine [25]. The glutathione reductase (GR) activity was determined using a 
slight modification of Pinto's method to measure the extent of NADPH reduction [26]. The 
paraoxonase (PON) activity was assessed using the method described by Graham et al. [27].

Fecal lipid profile analysis
After pulverizing the feces, 0.3 g was placed into a tube, and 3 mL of chloroform-ethanol (2:1) 
was added. The mixture was vortexed and left to stand at 4°C for 24 h. After centrifugation, 
the supernatant was carefully collected, dried with nitrogen gas, and re-dissolved in 1 mL of 
chloroform-ethanol (2:1) through sonication. Subsequently, the triglyceride and cholesterol 
contents were determined using the same kit for plasma analysis.

Gene expression levels
After extracting the total RNA from gastrocnemius muscle and liver tissues, reverse 
transcription was conducted to synthesize the cDNA from the RNA samples. Subsequently, 
the samples were diluted with diethylpyrocarbonate, and mRNA expression analysis was 
performed using TB Green® Premix EX Taq™ II on a CFX96™ Real-Time Detection System 
(Bio-Rad, Hercules, CA, USA). Table 2 lists the primers for the genes. The cycle threshold 
values were normalized using glyceraldehyde 3-phosphate dehydrogenase as a reference.

Histological and immunohistochemistry analysis
The liver and white adipose tissues (WAT) removed from the mouse were fixed with a 10% 
formalin solution buffer. The fixed samples were embedded in paraffin, cut to a 5 μm 
thickness, and stained with hematoxylin and eosin stain (H&E) and Masson’s trichrome 
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(MT). The stained tissue was observed using an optical microscope (Zeiss Axio Scope, 
Oberkochen, Germany).

Statistical analysis
The data were analyzed using the SPSS package program (IBM SPSS Statistics, Chicago, IL, 
USA). The experimental results are presented as the mean ± standard error of the mean. 
For the comparison between the YC and NC groups, a Student’s t-test was performed with 
significance levels indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001. For the comparison 
between the aged mice group and experimental groups (LP and HP), a Student’s t-test was 
performed with significance levels denoted as follows: #P < 0.05, P## < 0.01, ###P < 0.001. For 
the comparison among the NC, LP, and HP groups, one-way analysis of variance (ANOVA) 
followed by Tukey-Test multiple range was conducted. The significant differences between 
the groups are represented by the superscript lower case letters (a,b,c).mean values at P < 0.05.

RESULTS

APH supplementation reduced the body fat and plasma lipid profiles
Compared to the YC group, the aging mouse groups had significantly higher body weights 
from the beginning of the experiment, which remained consistent until the completion 
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Table 2. Primer sequences for real-time PCR
Primer Sequence (5′-3′)
AKT F: ACG TGG TGA ATA CAT CAA GAC C

R: GCT ACA GAG AAA TTG TTC AGG GG
ALDOA F: GTG GGA AGA AGG AGA ACC TG

R: CTG GAG TGT TGA TGG AGC AG
CREB F: GAA GAA GCA GCA CGG AAG AGA

R: TCT CTT GCT GCC TCC CTG TT
GAPDH F: TGC AGT GGC AAA GTG GAG AT

R: TTG AAT TTG CCG TGA GTG GA
GLUT4 F: CTG AGA ACT TAA CTG CTG AAG

R: AGG AGT TTG TTG GTG TAT TTA
GPI1 F: CGG AAA GGT CTG CAT CAC AA

R: CCT TCA TCA GGG CCT CAG TC
GLUT2 F: GTC AGA AGA CAA GAT CAC CGG A

R: AGG TGC ATT GAT CAC ACC GA
HK2 F: GAG AAC CGT GGA CTG GAC AA

R: CCA GGA AGG ACA CGT ACAC AT
PDHB F: CAT CTC GTG ACT GTG GAA GGA G

R: A TCA GCA CCA GTG ACA CGC A
PEPCK F: TGC CTC TCT CCA CAC CAT TGC

R: TGC CTT CCA CGA ACT TCC TCA C
PKM F: TTG ACT CTG CCC CCA TCA C

R: GCA GGC CCA ATG GTA CAA AT
PRKAA2 F: CAG AAG ATT GGC AGT TTA GAT GTT GT

R: ACC TCC AGA CAC ATA TTC CAT TAC C
PRKAB1 F: GTT GCT GTT GCT TGT TCC AA

R: ATA CTG TGC CTG CCT CTG CT
PRKAG1 F: TCT CCG CCT TAC CTG TAG TGG A

R: GCA GGG CTT TTG TCA CAG ACA C
PCR, polymerase chain reaction; AKT, protein kinase B; ALDOA, aldolase A; CREB, cAMP response element-
binding protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GLUT4, glucose transporter 4; GPI1, 
glucose phosphate isomerase 1; GLUT2, glucose transporter 2; PDHB, pyruvate dehydrogenase (lipoamide) β; 
PEPCK, phosphoenolpyruvate carboxykinase; PKM, pyruvate kinase M2; PRKAA2, 5′-AMP-activated protein kinase 
subunit alpha-2; PRKAB1, 5′-AMP-activated protein kinase subunit beta-1; PRKAG1, 5′-AMP-activated protein 
kinase subunit gamma-1.



of the study. On the other hand, during the experimental period, the YC group showed 
a significantly larger increase in body weight gain than the NC (aged mice) group. 
Supplementation with APH did not influence the weight changes among the aging groups 
(Fig. 1A and B). The food and energy intake increased significantly in the NC group compared 
to the YC group. In contrast, the food efficiency ratio (FER) showed a significant decrease 
(Fig. 1C). A comparison of the aged mice groups revealed the food and energy intake to be 
significantly lower in the APH-supplemented groups (the LP and HP groups) than the NC 
group, but there was no significant difference in the FER among the aged mice groups.

The weights of the representative WAT, including epididymal fat, perirenal fat, 
retroperitoneum fat, and mesenteric fat, were significantly higher in the NC group than the YC 
group, resulting in a significantly higher amount of visceral fat in the NC group (Fig. 1D). The 
interscapular WAT (iWAT) was also higher in the NC group than the YC group. In contrast, 
the brown adipose tissue exhibited a significant decrease. Supplementation of APH in aging 
mice resulted in a decrease in the epididymal, perirenal, and mesenteric fat weights and 
iWAT compared to the NC group. This effect significantly decreased the visceral and total 
WAT in the APH-treated groups compared to the NC group, with the LP group showing the 
lowest levels (Fig. 1D).

Morphological analysis of the epididymal WAT showed that the adipocyte size was 
significantly larger in the NC group than in the YC group. In contrast, the APH 
supplementation group showed a significant decrease in adipocyte size (Fig. 1E). MT staining 
of the epididymal WAT revealed a significant increase in the fibrotic areas due to aging, which 
was reduced dramatically by APH supplementation (Fig. 1E).

APH supplementation in aged mice significantly reduced the plasma total cholesterol (TC) 
and non-HDL-C levels. The plasma FFA level was significantly higher in the NC group than 
in the YC group, and the HDL-C/TC ratio (HTR) was significantly lower. There were no 
significant changes in plasma TG, FFA, HDL-C, and HTR levels due to the administration of 
APH, but they showed a similar trend to the YC group.

APH supplementation ameliorated insulin resistance
The fasting blood glucose concentration was measured every four weeks during the 
experimental period. The fasting blood glucose concentrations in the NC group were 
significantly higher than in the YC group in the fourth, eighth, and 12th weeks. In addition, 
there was no significant difference in the 4th and 8th weeks among the aged mice groups. 
At week 12, the LP and HP groups showed a significantly lower fasting blood glucose 
concentration than the NC group (Fig. 2A). The intraperitoneal glucose tolerance test and 
area under the curve (AUC) analysis revealed insulin resistance in the NC group, which was 
alleviated by APH supplementation (Fig. 2B). The plasma glucose and insulin concentrations 
in the NC group were significantly higher than in the YC group and tended to decrease 
with APH supplementation. The plasma glucagon level tended to increase in the NC group 
compared to the YC group, and the plasma glucagon level was significantly lower in the 
HP group than in the NC group (Fig. 2C). The hepatic glycogen contents were significantly 
increased in the NC group compared to the YC group, and significantly decreased in HP 
group compared to the NC group.

The hepatic PEPCK and G-6-pase activities, which are gluconeogenesis-related enzyme 
activities, were significantly higher in the NC group than in the YC group. The hepatic GK 
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activity, a glycolysis-related enzyme, was significantly lower in the NC group than in the YC 
group. The hepatic PEPCK and GK activities were similar in the old-aged mice. In contrast, 
the G-6Pase activity was significantly lower in the LP and HP groups than in the NC group 
(Fig. 2D). The hepatic mRNA expression of PEPCK, cAMP response element-binding 
protein (CREB), and CREB-regulated transcription coactivator 2 (CRTC2), all involved in 
gluconeogenesis, increased significantly in the NC group compared to the YC group. PEPCK 
and CRTC2 expression decreased significantly in the LP group, while only CRTC2 expression 
decreased significantly in the HP group. In the glycolysis process, glucose transporter 2 
(GLUT2), enzyme pyruvate kinase M2 (PKM), pyruvate dehydrogenase (lipoamide) beta 
(PDHB), and Akt were involved. The mRNA expression of GLUT2 decreased significantly 
due to aging and significantly increased regardless of the APH concentration (Fig. 2E). The 
mRNA expression of 5' AMP-activated protein kinase (AMPK) subunits in the liver was 
measured. The 5′-AMP-activated protein kinase subunit alpha-2 (PRKAA2), 5′-AMP-activated 
protein kinase subunit beta-1 (PRKAB1), and 5′-AMP-activated protein kinase subunit 
gamma-1 (PRKAG1) expression levels were lower in the NC group and were increased by APH 
supplementation, particularly in the HP group (Fig. 2F).

Improved insulin resistance was observed in the liver and the gastrocnemius muscle. 
There were no differences in the muscle glycogen levels among the groups, but the mRNA 
expression of PRKAA2 decreased due to aging and tended to restore in the APH groups. In 
particular, the significant increase in mRNA expression of glucose phosphate isomerase 1 
(GPI), 6-phosphofructokinase-muscle type (PFKM), aldolase A (ALDOA), and PKM in the 
APH supplementation group indicates the activation of pathways that utilize glucose as an 
energy source (Supplementary Fig. 1).

APH supplementation improved hepatic steatosis
The significant increase in liver weight due to aging was reduced significantly in the LP 
group, and there was a tendency for a decrease in the HP group (Fig. 3A). The hepatic TG, 
FA, and cholesterol levels were significantly higher in the NC group than in the YC group. 
Compared to the aged mice groups, the LP and HP groups had significantly higher hepatic FA 
levels than the NC group (Fig. 3B). The hepatic activities of the enzymes involved in fatty acid 
synthesis pathways, malic enzyme (ME), fatty acid synthase (FAS), and PAP were significantly 
lower in the NC group than in the YC group. Among these, the hepatic PAP activity was 
significantly lower in the two groups that received the APH treatment. The hepatic activities 
of CPT and β-oxidation, both involved in the fatty acid oxidation pathways, were significantly 
lower in the NC group than in the YC group. The CPT activity was significantly higher in the 
LP group than in the NC group, and there was a tendency for increased β-oxidation activity in 
the experimental groups (Fig. 3C).

The morphological observations suggested that the accumulation of lipid droplets was higher 
in the NC group than in the YC group. In contrast, the accumulation of lipid droplets was 
reduced through APH supplementation. MT staining shows a significant increase in fibrosis 
in the NC group compared to the YC group. On the other hand, it was decreased significantly 
through APH supplementation (Fig. 3D).

The fecal TG level was significantly lower in the NC group than in the YC group. The TG level 
was significantly higher in the HP group than in the aged mouse group. The fecal cholesterol 
levels were similar in the young and aged mice, but they were significantly lower in the LP 
group than in the NC group (Fig. 3E).
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APH supplementation improved antioxidant metabolism
An additional analysis was conducted using RBC and liver to determine if APH influences 
the antioxidant defense system. The measurements of thiobarbituric acid reactive substances 
(TBARS) and H2O2 levels, indicators of oxidative stress, revealed an increase in both RBC and 
liver from the aged mice compared to the young mice (Fig. 4A). The TBARS level in the RBC 
was significantly lower in the LP and HP groups than in the NC group, while TBARS level in 
the liver was significantly lower only in the LP group. The HP-supplemented group exhibited 
significantly lower hepatic H2O2 levels than the NC group. The plasma SOD activity and 
RBC GSH levels decreased with aging, but there was no change due to APH administration. 
The plasma PON activity was increased by APH supplementation (Fig. 4B). The activity of 
antioxidant enzymes SOD, catalase (CAT), and GSH-Px, which directly influence the H2O2 
concentration, was measured in liver tissue. The activities of SOD, CAT, and GSH-Px were 
significantly lower in the NC group than in the YC group. On the other hand, in the group 
treated with LP, there was a significant increase in CAT and GSH-Px activity compared to the 
NC group. Moreover, although not statistically significant, there was a trend of an increase in 
the group treated with HP. The activity of GSH and glutathione reductase (GR) did not show 
changes caused by aging in the liver (Fig. 4B).

DISCUSSION

The changes in body fat distribution and metabolism caused by aging are key factors in 
accelerating the aging process and the onset of age-related diseases [3]. In particular, various 
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studies have shown that removing visceral fat can improve insulin resistance and reduce 
systemic TG, FFA, and hepatic TG levels [28,29]. In this study, APH supplementation in aged 
mice reduced visceral fat significantly, improving insulin resistance and hepatic steatosis.

The aging process is accompanied by decreased skeletal muscle mass and increased 
total body fat, especially visceral fat [30]. The skeletal muscle mass typically accounts for 
approximately 50% of the total body weight in young adults but decreases to approximately 
25% by 75–80 years of age [31]. Therefore, as individuals age, the proportion and amount of 
lean muscle mass decrease while body fat mass increases, representing a key biomarker of 
aging [30]. In particular, visceral fat accumulation is the most prominent feature of aging in 
humans [32]. Importantly, aging rodents also show a similar increase in fat mass to aging 
humans, almost mirroring the pattern [32]. The results of the present study showed that 
there was no significant difference in body weight among the aging mice. On the other hand, 
supplementation with APH led to a significant decrease in the amount of WAT, regardless 
of the dosage. In particular, the epididymal, perirenal, retroperitoneum, and mesentery 
WAT depots decreased, dramatically reducing visceral fat, a hallmark of aging. These effects 
are believed to have been influenced by the reduction in the size of adipocytes and fibrosis. 
Supplementation with APH may help suppress the complications arising from metabolic 
disorders triggered by visceral fat accumulation during the aging process.
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The increase in visceral fat commonly observed during aging is a major contributor to insulin 
resistance and metabolic diseases [3]. Insulin sensitivity decreases when adipose tissue 
reaches its storage capacity [33]. In particular, age-related difficulty in expanding adipose 
tissue makes it more susceptible to ectopic lipid accumulation because adipose tissue can no 
longer accommodate excess energy storage [34,35]. Consequently, obesity is exacerbated by 
ectopic lipid accumulation, leading to lipotoxicity and a vicious cycle that ultimately results 
in the development of insulin resistance and T2DM.

A complex set of mechanisms related to glucose intake and production operates to maintain 
blood glucose in a stable state. Glucose is transported through the cell membrane by 
proteins known as glucose transporters. The insulin-regulated GLUT is one of the glucose 
transporters involved in glycolytic regulation [36]. Glycolysis is a process in which glucose 
is converted into pyruvate through a 10-step reaction to produce energy. This conversion 
is achieved by increasing the activity of enzymes, such as GK, phosphofructokinase, and 
pyruvate kinase in the liver. The glucose utilization increases when glycolysis is enhanced, 
indirectly reducing the movement of intracellular glucose into the bloodstream [37]. In 
addition, it inhibits the release of glucose from the cell by reducing the activity of G-6-pase in 
the liver. On the other hand, glucose production in the liver is carried out primarily through 
glycogenolysis and gluconeogenesis.

Glucose is absorbed by the target tissues, including skeletal muscles and adipose tissue. 
One of the characteristics of T2DM is excessive hepatic glucose production [38]. In cases 
of insulin resistance or T2DM, hepatic glucose metabolism disorders occur within the 
liver, including increased gluconeogenesis and impairment of enzymes associated with 
this process [38]. In a state of insulin resistance, the activation of genes required for 
gluconeogenesis, most notably PEPCK and G-6-pase, is induced [39]. These results showed 
that PEPCK, G-6-pase, and CRCT2 were down-regulated, while GK and GLUT2 were elevated 
significantly in the LP and HP groups. Therefore, the increase in hepatic glycogen in aging 
mice appears to be through gluconeogenesis, and the reduction in hepatic glycogen in the 
APH group was attributed to increased glucose utilization. Activation of glycolytic pathways 
(GLUT1, GPI1, PFKM, ALDOA, and PKM) in gastrocnemius muscle was also observed with 
APH supplementation.

Lipid metabolism imbalance is the most direct cause of hepatic steatosis. The onset of hepatic 
steatosis occurs due to an imbalance between lipogenesis and lipolysis in the liver. A lipid 
metabolism imbalance is the most direct cause of hepatic steatosis [40]. More than half of 
the FFA contributing to liver lipid accumulation is derived from peripheral fat breakdown. 
Importantly, TG breakdown is mediated by insulin action on adipose tissue. Insulin resistance 
leads to the excessive production of fatty acids from adipose tissue, contributing to hepatic lipid 
accumulation [41]. The second major source of hepatic FFA is de novo lipogenesis (DNL). Through 
DNL, hepatic cells convert excessive dietary glucose and fructose into fatty acids [42].

FFA removal can be considered a crucial link in inhibiting hepatic steatosis. In this study, 
a significant increase in plasma FFA and hepatic FA compared to YC was observed in aged 
mice, increasing hepatic TG. This is believed to be due to the significant increase in hepatic 
ME, FAS, and PAP activities in aged mice compared to YC, while CPT activity decreased 
significantly. High-dose APH supplementation decreased the hepatic FA and PAP activity, and 
low-dose APH supplementation decreased the hepatic PAP activity and increased the hepatic 
CPT activity. Therefore, APH supplementation partially helped improve hepatic steatosis.
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Lipid metabolism disorders affect hepatic steatosis and influence the generation of various 
ROS within the hepatic tissue [41]. As evidence, studies have reported increased levels 
of TBARS in the liver and blood in cases of hepatic steatosis, accompanied by a decrease 
in hepatic CAT, GSH-Px, and GSH activities [43-45]. The dysfunction of the antioxidant 
mechanism exacerbates oxidative stress by continuously generating ROS, particularly 
excessive production of H2O2 [46]. In the aging mice of this study, the RBC and hepatic 
TBARS and H2O2 levels increased compared to YC, and the RBC GSH, hepatic CAT, and 
GSH-Px activities decreased, which is consistent with reported oxidative stress markers in 
hepatic steatosis. In all APH supplementation groups, RBC TBARS and hepatic H2O2 levels 
decreased. In contrast, hepatic CAT and GSH-Px activities increased in the LP group, and 
RBC GSH activity increased in the HP group.

Overall, APH supplementation reduced the visceral fat, a prominent feature of aging, which 
was positively correlated with decreased insulin resistance and increased glucose utilization. 
Such efficacy was followed by the inhibition of hepatic steatosis and oxidative stress. 
Furthermore, high-dose protein supplementation may not be necessary because there was 
little difference in the effect depending on the APH dose.

In conclusion, APH supplementation reduced visceral fat accumulation and suppressed 
obesity-related metabolic diseases, including insulin resistance and hepatic steatosis in aged 
mice. Therefore, the high-quality animal protein APH, which reduces the molecular weight 
and enhances PDCAAS, highlights its potential as a dietary supplement for healthy aging.

SUPPLEMENTARY MATERIAL

Supplementary Fig. 1
Effect of APH on gastrocnemius muscle glycogen (A), mRNA expression of PRKAA2 on the 
gastrocnemius muscle (B), mRNA expression related to glucose metabolism on gastrocnemius 
muscle (C) in aged mice. The data are expressed as the mean ± SEM; Student’s t-test (n = 4–8).
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