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Abstract: Background: Insulin resistance is a key metabolic disorder associated with type 2 diabetes and cardiovascular diseases, 

presenting significant challenges in clinical management. This study explores the potential of tuna bone collagen peptides (TBCP) to 

enhance insulin sensitivity in HepG2 cells through modulation of the PI3K/AKT/GLUT4 signaling pathway. Methods: HepG2 cells were 

treated with varying concentrations of TBCP, and cell viability, glucose uptake, and the expression levels of key proteins and genes related 

to glucose metabolism were assessed. Results: TBCP significantly enhanced insulin sensitivity by improving cell viability, promoting 

glucose uptake, and modulating the expression of PI3K, AKT, and GLUT4. Notably, TBCP upregulated the PI3K/AKT/GLUT4 pathway, 

indicating its role in enhancing insulin signaling. Conclusion: The findings suggest that TBCP could serve as a novel therapeutic agent 

for managing insulin resistance. This study provides valuable insights into the potential of marine-derived collagen peptides for improving 

metabolic health and supports the development of functional foods or therapeutics targeting insulin resistance. 
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1. Introduction 
 

Insulin resistance, a critical metabolic disorder characterized 

by reduced sensitivity to insulin, is a significant contributor to 

the development of type 2 diabetes (T2DM). This condition 

not only impedes glucose uptake and utilization but also 

exacerbates cardiovascular risks [1-3]. Current treatments for 

insulin resistance include lifestyle modifications, oral 

hypoglycemic agents, and insulin therapy. However, these 

approaches often face limitations such as side effects, cost, 

and patient compliance issues [4, 5]. There is, therefore, a 

pressing need for novel therapeutic strategies that are safer, 

more effective, and better tolerated.  

 

Traditional Chinese Medicine (TCM) has been utilized for 

centuries to treat various ailments, including metabolic 

disorders. The use of herbal medicines in TCM often involves 

complex formulations aimed at restoring balance and 

enhancing bodily functions [6]. Recent studies have shown 

promising results in using TCM to treat insulin resistance, 

leveraging its multitargeted and holistic approach [7-9]. 

Collagen peptides, derived from the partial hydrolysis of 

collagen, are known for their diverse biological activities, 

including anti-inflammatory, antioxidative, and anti-aging 

properties [10]. Their potential in managing metabolic 

disorders, including insulin resistance, has been increasingly 

recognized. Collagen peptides have been shown to modulate 

glucose and lipid metabolism, thereby improving insulin 

sensitivity [11]. This makes them promising candidates for 

the development of functional foods or therapeutic agents 

targeting metabolic syndromes.  

 

Tuna, a widely consumed fish, offers not only a rich source of  

 

protein and omega-3 fatty acids but also a potential source of 

collagen peptides through its bones [12]. The recycling of 

tuna bones presents an environmentally sustainable and 

economically viable approach to obtaining bioactive 

compounds [13]. By extracting collagen peptides from these 

bones, the seafood industry can add value to an otherwise 

underutilized byproduct while contributing to the 

development of health-promoting products. The 

PI3K/AKT/GLUT4 pathway is a central regulator of glucose 

homeostasis, playing a pivotal role in insulin signaling and 

glucose uptake [14]. Activation of this pathway leads to the 

translocation of GLUT4 to the cell membrane, enhancing 

glucose entry and utilization [15]. Targeting this pathway has 

emerged as a key strategy in the treatment of diabetes, with 

several pharmacological agents being developed to modulate 

its components [16]. Given the potential of collagen peptides 

in managing insulin resistance and the importance of the 

PI3K/AKT/GLUT4 pathway, this study aimed to investigate 

the effects of tuna bone collagen peptides (TBCP) on insulin 

sensitivity in HepG2 cells. Specifically, we sought to explore 

how TBCP modulates the PI3K/AKT/GLUT4 signaling 

pathway to enhance insulin sensitivity. Our findings could 

provide valuable insights into the mechanisms by which 

collagen peptides exert their hypoglycemic effects and 

contribute to the development of novel therapeutic strategies 

for insulin resistance. This introduction sets the stage for a 

detailed exploration of TBCP's effects on insulin sensitivity, 

drawing on established knowledge of insulin resistance, 

traditional Chinese medicine, and the role of the 

PI3K/AKT/GLUT4 pathway in glucose metabolism. By 

connecting these elements, we aim to provide a 

comprehensive understanding of TBCP's potential as a 

therapeutic agent for insulin resistance. 
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2. Material and Methods 
 

2.1 Materials and Reagents 

 

Tuna bone collagen peptides (TBCP) were obtained from 

[Ningbo Meishan International Cold Chain Co., LTD, Ningbo, 

China]. Human hepatocellular carcinoma HepG2 cells were 

purchased from [Shanghai Institute of Cell Biology, Shanghai, 

China]. Dulbecco’s Modified Eagle Medium (DMEM), fetal 

bovine serum (FBS), and penicillin–streptomycin were 

purchased from Gibco (Thermo Fisher Scientific, USA). 

Insulin, MTT, and dimethyl sulfoxide (DMSO) were obtained 

from Solarbio Life Science (Solarbio, Beijing, China). 

Commercial assay kits for glucose, total cholesterol (TC), 

triglycerides (TG), pyruvate kinase (PK), hexokinase (HK), 

superoxide dismutase (SOD), catalase (CAT), 

malondialdehyde (MDA), reduced glutathione (GSH), 

glycogen, and α-glucosidase (α-GC) were purchased from 

Nanjing Jiancheng Bioengineering Institute (Nanjing, China). 

Antibodies against PI3K, phosphorylated AKT (p-AKT), 

GLUT4, and β-actin were purchased from ABclonal 

Technology (Wuhan, China). 

 

2.2 Cell Culture and Induction of Insulin Resistance 

 

HepG2 cells were cultured in DMEM supplemented with 10% 

FBS and 1% penicillin–streptomycin at 37 ℃ in a humidified 

atmosphere containing 5% CO2. To establish insulin 

resistance, cells at approximately 80% confluence were 

exposed to 10 mM insulin for 18 h. After induction, the 

culture medium was replaced with fresh medium containing 

various concentrations of TBCP as described in the following 

assays 

 

2.3 Assessment of TBCP Cytotoxicity in HepG2 Cells 

Using the MTT Assay 

 

HepG2 cells in the logarithmic growth phase were seeded into 

96-well plates and cultured under standard conditions. After 

cell attachment, TBCP was added at final concentrations 

ranging from 0 to 250 µg/mL, and cells were incubated for 12, 

24, 36, or 48 h. Subsequently, 10 µL of MTT solution was 

added to each well and incubated for an additional 4 h. The 

medium was removed, and the resulting formazan crystals 

were dissolved in 100 µL of DMSO. Absorbance was 

measured at 570 nm using a microplate reader. Cell viability 

was calculated relative to the untreated control group to assess 

the cytotoxicity of TBCP toward HepG2 cells. 

 

2.4 Evaluation of Glucose Utilization in Insulin-resistant 

(IR) HepG2 Cells Treated with TBCP 

 

HepG2 cells were induced to develop insulin resistance by 

exposure to 10 mM insulin for 18 h. After induction, the 

culture medium was replaced, and cells were treated with 

TBCP at final concentrations of 0, 50, 100, 150, and 200 

µg/mL for 48 h. The supernatant was collected, and glucose 

concentrations were determined using a commercial glucose 

assay kit. Glucose consumption was calculated by subtracting 

the residual glucose concentration from that of the blank 

control. Data were expressed relative to the insulin-resistant 

control group to evaluate the effects of TBCP on glucose 

utilization in insulin-resistant HepG2 cells. 

2.5 Determination of Intracellular Lipid Levels in 

IR-HepG2 Cells Treated with TBCP 

 

Following insulin-resistance induction, HepG2 cells were 

treated with TBCP at 0, 50, 100, and 150 µg/mL for 48 h. 

Cells were collected and lysed by ultrasonic disruption. 

Intracellular total cholesterol (TC) and triglyceride (TG) 

levels were determined using commercial assay kits according 

to the manufacturer’s protocols. Absorbance was measured at 

500 nm using a microplate reader. TC and TG contents were 

calculated from standard curves and expressed relative to the 

insulin-resistant control group to assess the effects of TBCP 

on lipid accumulation. 

 

2.6 Determination of Glycolytic Enzyme Activities in 

IR-HepG2 Cells Treated with TBCP 

 

After insulin-resistance induction, HepG2 cells were treated 

with TBCP at 0, 50, 100, and 150 µg/mL for 48 h. Cells were 

collected, lysed by ultrasonic disruption, and the activities of 

pyruvate kinase (PK) and hexokinase (HK) were determined 

using commercial kits according to the manufacturer’s 

instructions. Absorbance was recorded using a microplate 

reader, and enzyme activities were calculated from standard 

curves. Results were expressed relative to the insulin-resistant 

control group to evaluate the regulatory effects of TBCP on 

glycolytic enzymes. 

 

2.7 Determination of Oxidative Stress Markers in 

IR-HepG2 Cells Treated with TBCP 

 

Insulin-resistant HepG2 cells were treated with TBCP at 0, 50, 

100, and 150 µg/mL for 48 h. After treatment, cells were 

collected and lysed by ultrasonic disruption. The activities of 

superoxide dismutase (SOD) and catalase (CAT), and the 

levels of malondialdehyde (MDA) and reduced glutathione 

(GSH), were determined using commercial assay kits. 

Absorbance was measured at the appropriate wavelengths 

using a microplate reader. Data were normalized to total 

protein content and expressed relative to the insulin-resistant 

control group to evaluate the antioxidant effects of TBCP. 

 

2.8 Determination of Glycogen Content and α-glucosidase 

Activity in IR-HepG2 Cells Treated with TBCP 

 

HepG2 cells were induced to develop insulin resistance and 

subsequently treated with TBCP at 0, 50, 100, and 150 µg/mL 

for 48 h. After incubation, cells were collected and lysed by 

ultrasonic disruption. Intracellular glycogen content and 

α-glucosidase (α-GC) activity were determined using 

commercial kits. Absorbance was measured at the specified 

wavelength with a microplate reader. Results were 

normalized to total protein and expressed relative to the 

insulin-resistant control group to assess the influence of 

TBCP on glucose metabolism. 

 

2.9 Quantitative Analysis of PI3K, AKT, and GLUT4 

Gene Expression in IR-HepG2 Cells Treated with TBCP 

 

Following induction of insulin resistance, HepG2 cells were 

treated with TBCP (0–150 µg/mL) for 48 h. Total RNA was 

extracted using a commercial RNA isolation kit, and cDNA 

was synthesized by reverse transcription. The relative mRNA 

280 



 

Journal of Contemporary Medical Practice (JCMP)                    ISSN: 2006-2745Journal of Contemporary Medical Practice (JCMP)                     ISSN: 2006-2745

http://www.bryanhousepub.com

  
  
   

 

                                                                        Volume 7 Issue 10 2025Volume 7 Issue 11 2025    

    
 

               

                  
                 
                

       

expression levels of phosphoinositide 3-kinase (PI3K), 

protein kinase B (AKT), and glucose transporter 4 (GLUT4) 

were quantified by real-time quantitative PCR (qPCR). 

β-actin was used as the internal control, and relative 

expression was calculated using the 2^−ΔΔCt method to assess 

the effects of TBCP on insulin signaling. 

 

2.10 Western Blot Analysis of PI3K, p-AKT, and GLUT4 

Protein Expression in Insulin-resistant HepG2 Cells 

Treated with TBCP 

 

After insulin-resistance induction, HepG2 cells were treated 

with TBCP (0–150 µg/mL) for 48 h. Cells were collected and 

lysed in RIPA buffer, and total proteins were separated by 

SDS–PAGE and transferred onto nitrocellulose (NC) 

membranes. The membranes were blocked and incubated 

overnight at 4 °C with primary antibodies against PI3K, 

phosphorylated AKT (p-AKT), GLUT4, and β-actin 

(ABclonal, 1:2000). After washing with TBST, membranes 

were incubated with HRP-conjugated secondary antibodies 

(ABclonal, 1:2000) for 2 h at room temperature. Protein bands 

were visualized using an enhanced chemiluminescence (ECL) 

detection system, and band intensities were quantified to 

determine the effects of TBCP on insulin signaling proteins. 

 

2.11 Statistical Analysis 

 

Data are presented as the mean ± standard deviation (SD) 

from at least three independent experiments. Statistical 

significance was determined using one-way analysis of 

variance (ANOVA) followed by Tukey's post-hoc test for 

comparisons between multiple groups. Differences were 

considered significant at p < 0.05. All statistical analyses were 

performed using GraphPad Prism (version X, GraphPad 

Software, USA). 

 

3. Result 
 

3.1 Time- and Concentration-Dependent Cytotoxicity of 

TBCP in HepG2 Cells 

 

The cytotoxicity of TBCP in HepG2 hepatocellular carcinoma 

cells was assessed at 12, 24, 36, and 48 hours following 

treatment with increasing concentrations (0–250 µg/mL). Cell 

viability was expressed as a percentage of untreated controls. 

At 12, 24, and 36 hours (Figure 1A–C), no significant 

differences in viability were observed across all 

concentrations, indicating minimal cytotoxicity within the 

first 36 hours of exposure. In contrast, after 48 hours (Figure 

1D), cell viability significantly decreased at 250 µg/mL (p < 

0.05), suggesting a concentration- and time-dependent 

cytotoxic effect. Overall, TBCP displayed negligible 

short-term toxicity but induced measurable cell damage upon 

prolonged, high-dose exposure, defining a temporal threshold 

for its hepatocellular safety profile. 

 

3.2 Time- and Dose-Dependent Hypoglycemic Effects of 

TBCP in IR-HepG2 Cells 

 

The hypoglycemic activity of TBCP was assessed in 

IR-HepG2 cells. Cells were treated with TBCP at 0–200 

µg/mL, and glucose consumption was measured at 12, 24, 36, 

and 48 hours. At 12 and 24 hours (Figure 2A–B), TBCP had 

no significant effect on glucose utilization compared with the 

IR group. After 36 hours (Figure 2C), glucose consumption 

significantly increased at 150 and 200 µg/mL (*p < 0.05), 

indicating the onset of a dose-dependent effect. At 48 hours 

(Figure 2D), TBCP markedly enhanced glucose uptake in a 

concentration-dependent manner, with significant increases 

observed at ≥50 µg/mL (*p < 0.05, **p < 0.01). These 

findings demonstrate that TBCP improves glucose 

metabolism in IR-HepG2 cells in a time- and dose-dependent 

manner, suggesting its potential to enhance insulin sensitivity 

and support glucose homeostasis under insulin-resistant 

conditions. 

 
Figure 1: Cytotoxic effects of tuna bone collagen peptides (TBCP) on HepG2 cells at different exposure times. (A) 12 h, (B) 24 

h, (C) 36 h, and (D) 48 h after treatment. Cell viability was measured using the control (0 µg/mL) group as reference. *p < 0.05, 

**p < 0.01 vs. 0 group. 

 

Figure 2: Effects of tuna bone collagen peptides (TBCP) on glucose consumption in insulin-resistant HepG2 (IR-HepG2) cells 

at different exposure times. (A) 12 h, (B) 24 h, (C) 36 h, and (D) 48 h after treatment with TBCP (0–200 µg/mL). Data are 

presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01 vs. IR group. 
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3.3 TBCP Improves Lipid Metabolism in IR-HepG2 Cells 

 

The effects of TBCP on lipid metabolism were evaluated by 

measuring TC and TG levels in IR-HepG2 cells treated with 

0–150 µg/mL TBCP. As shown in Figure 3A, TC levels were 

significantly reduced at 100 and 150 µg/mL (**p < 0.01), 

indicating that TBCP effectively lowers cholesterol under 

insulin-resistant conditions. Similarly, TG levels (Figure 3B) 

decreased significantly at ≥50 µg/mL (*p < 0.05, **p < 0.01), 

demonstrating a concentration-dependent improvement in 

lipid metabolism. Collectively, these results suggest that 

TBCP ameliorates dyslipidemia by reducing both TC and TG 

levels in IR-HepG2 cells, highlighting its potential as a 

functional ingredient or therapeutic agent for managing lipid 

abnormalities associated with insulin resistance. 

 
Figure 3: Effects of tuna bone collagen peptides (TBCP) on 

lipid metabolism in insulin-resistant HepG2 (IR-HepG2) cells. 

(A) Total cholesterol (TC) and (B) triglyceride (TG) levels 

after treatment with TBCP (0–150 µg/mL). Data are presented 

as mean ± SD (n = 3). *p < 0.05, **p < 0.01 vs. IR group. 

3.4 TBCP Enhances Glycolytic Enzyme Activities in 

IR-HepG2 Cells 

 

The effects of TBCP on key glycolytic enzymes were 

IR-HepG2 cells. Cells were treated with TBCP (0–150 

µg/mL), and the activities of PK and HK were measured. As 

shown in Figure 4A, PK activity significantly increased at 100 

and 150 µg/mL (**p < 0.01), indicating enhanced glycolytic 

flux. Similarly, HK activity (Figure 4B) was elevated in a 

concentration-dependent manner, with significant increases at 

50 µg/mL (*p < 0.05) and greater effects at 100 and 150 

µg/mL (**p < 0.01). These results suggest that TBCP 

enhances glucose utilization by upregulating PK and HK 

activities, thereby improving glycolytic efficiency under 

insulin-resistant conditions. Collectively, TBCP may exert its 

hypoglycemic effect through activation of key enzymes 

involved in glucose metabolism, supporting its potential as a 

natural modulator of insulin sensitivity. 

 
Figure 4: Effects of tuna bone collagen peptides (TBCP) on 

glycolytic enzyme activities in insulin-resistant HepG2 

(IR-HepG2) cells. (A) Pyruvate kinase (PK) and (B) 

hexokinase (HK) activities after treatment with TBCP (0–150 

µg/mL). Data are presented as mean ± SD (n = 3). *p < 0.05, 

**p < 0.01 vs. IR group. 

3.5 TBCP Alleviates Oxidative Stress in IR-HepG2 Cells 

 

The effects of TBCP on oxidative stress were evaluated in 

IR-HepG2 cells. Cells were treated with TBCP (0–150 

µg/mL), and the activities of SOD, CAT, GSH content, and 

MDA levels were measured. As shown in Figure 5A–C, 

TBCP significantly increased SOD, CAT, and GSH levels at 

100 and 150 µg/mL (**p < 0.01), indicating enhanced 

antioxidant capacity. Conversely, MDA content was 

markedly reduced at the same concentrations (**p < 0.01; 

Figure 5D), suggesting decreased lipid peroxidation. 

Collectively, these results demonstrate that TBCP alleviates 

oxidative stress by strengthening cellular antioxidant defenses 

and reducing oxidative damage in IR-HepG2 cells, thereby 

contributing to improved insulin sensitivity under oxidative 

stress conditions. 

 
Figure 5: Effects of tuna bone collagen peptides (TBCP) on oxidative stress markers in insulin-resistant HepG2 (IR-HepG2) 

cells. (A) Superoxide dismutase (SOD) activity, (B) catalase (CAT) activity, (C) glutathione (GSH) content, and (D) 

malondialdehyde (MDA) levels after treatment with TBCP (0–150 µg/mL). Data are presented as mean ± SD (n = 3). *p < 0.05, 

**p < 0.01 vs. IR group. 

3.6 TBCP Regulates Glucose Metabolism in IR-HepG2 

Cells 

 

The effects of TBCP on glucose metabolism were evaluated 

in IR-HepG2 cells. Cells were treated with TBCP (0–150 

µg/mL), and glycogen content and α-glucosidase (α-GC) 

activity were measured. As shown in Figure 6A, TBCP 

significantly increased glycogen content at 100 and 150 

µg/mL (**p < 0.01), indicating enhanced glucose storage. 

Conversely, α-GC activity was markedly reduced at the same 

concentrations (**p < 0.01; Figure 6B), suggesting inhibition 

of glycogen breakdown. These results demonstrate that TBCP 

improves glucose homeostasis in IR-HepG2 cells by 

promoting glycogen synthesis and suppressing its degradation. 
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Collectively, TBCP may enhance insulin sensitivity and exert 

hypoglycemic effects through dual modulation of glucose 

synthesis and breakdown pathways. 

 
Figure 6: Effects of tuna bone collagen peptides (TBCP) on 

glucose metabolism in insulin-resistant HepG2 (IR-HepG2) 

cells. (A) Glycogen content and (B) α-glucosidase (α-GC) 

activity after treatment with TBCP (0–150 µg/mL). Data are 

presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01 vs. IR 

group. 

3.7 TBCP Activates the PI3K/AKT/GLUT4 Signaling 

Pathway in IR-HepG2 Cells 

 

The effects of TBCP on the expression of key genes involved 

in glucose metabolism were examined in IR-HepG2 cells. The 

study focused on PI3K, AKT, and GLUT4, which are critical 

components of the insulin signaling pathway and glucose 

uptake. Cells were treated with TBCP at 0, 50, 100, and 150  

 

µg/mL, and mRNA levels were quantified relative to the 

insulin-resistant control group. As shown in Figure 7A, TBCP 

significantly increased PI3K expression at 100 and 150 

µg/mL (**p < 0.01), suggesting activation of the upstream 

insulin signaling cascade. Similarly, AKT mRNA levels 

(Figure 7B) were markedly elevated at the same 

concentrations (**p < 0.01), indicating enhanced downstream 

signal transduction within the PI3K/AKT pathway. These 

findings imply that TBCP facilitates insulin-mediated glucose 

metabolism by promoting the transcriptional activation of key 

signaling molecules. Furthermore, TBCP significantly 

upregulated GLUT4 expression (Figure 7C) at all tested 

concentrations (**p < 0.01). Given that GLUT4 mediates 

glucose transport across the cell membrane, its increased 

expression reflects an improved cellular capacity for glucose 

uptake under insulin-resistant conditions. This effect 

highlights a direct role of TBCP in restoring glucose 

utilization, which is typically impaired in metabolic disorders 

associated with insulin resistance. Collectively, these results 

demonstrate that TBCP enhances the expression of genes 

essential for insulin signaling and glucose transport in 

IR-HepG2 cells. By activating the PI3K/AKT/GLUT4 axis, 

TBCP improves glucose homeostasis and may alleviate 

hyperglycemia associated with insulin resistance. These 

findings provide a molecular basis for the hypoglycemic 

activity of TBCP and support its potential as a natural 

modulator of insulin sensitivity and glucose metabolism. 

 
Figure 7: Effects of tuna bone collagen peptides (TBCP) on the expression of glucose metabolism–related genes in 

insulin-resistant HepG2 (IR-HepG2) cells. (A) PI3K, (B) AKT, and (C) GLUT4 mRNA expression after treatment with TBCP 

(0–150 µg/mL). Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01 vs. IR group. 

3.8: Activation of Insulin Signaling Proteins by TBCP in 

IR-HepG2 Cells 

 

The effects of TBCP on the expression of key proteins 

involved in glucose metabolism were investigated in 

insulin-resistant HepG2 (IR-HepG2) cells. The study focused 

on PI3K, p-AKT, and GLUT4, critical regulators of insulin 

signaling and glucose uptake. Cells were treated with TBCP at 

0, 50, 100, and 150 µg/mL, and protein expression levels were 

analyzed by Western blotting. As shown in Figure 8A and B, 

TBCP significantly increased PI3K protein expression at 100 

and 150 µg/mL (**p<0.01), indicating activation of the 

upstream insulin signaling cascade. Similarly, p-AKT levels 

(Figure 8A and C) were markedly elevated at the same 

concentrations (**p<0.01), suggesting enhanced downstream 

signaling that promotes glucose utilization. These results 

indicate that TBCP enhances insulin-mediated signal 

transduction through the PI3K/AKT pathway, a key axis  

 

 

regulating glucose homeostasis. Moreover, TBCP 

significantly upregulated GLUT4 expression (Figure 8A and 

D) at 50, 100, and 150 µg/mL (**p<0.01). As GLUT4 

mediates glucose transport across the cell membrane, its 

increased expression suggests improved cellular glucose 

uptake under insulin-resistant conditions. This enhanced 

GLUT4 expression provides further evidence of TBCP’s 

capacity to restore glucose metabolism impaired by insulin 

resistance. Collectively, these findings demonstrate that 

TBCP activates the PI3K/AKT/GLUT4 signaling pathway at 

both transcriptional and translational levels, thereby 

enhancing insulin signaling and glucose uptake in IR-HepG2 

cells. This regulatory effect on key metabolic proteins 

supports the molecular mechanism underlying TBCP’s 

hypoglycemic potential and highlights its promise as a natural 

therapeutic agent for improving insulin sensitivity and 

glucose regulation in metabolic disorders. 
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Figure 8: Effects of tuna bone collagen peptides (TBCP) on 

the expression of glucose metabolism–related proteins in 

insulin-resistant HepG2 (IR-HepG2) cells. (A) Representative 

Western blot images of PI3K, p-AKT, and GLUT4; (B) 

relative PI3K protein levels; (C) relative p-AKT protein levels; 

(D) relative GLUT4 protein levels after treatment with TBCP 

(0–150 µg/mL). Data are presented as mean ± SD (n = 3). *p < 

0.05, **p < 0.01 vs. IR group. 

4. Discussion 
 

The present study investigated the effects of TBCP on insulin 

sensitivity in IR-HepG2 cells and elucidated the underlying 

mechanisms focusing on the PI3K/AKT/GLUT4 signaling 

pathway. The major findings demonstrated that TBCP 

improved glucose and lipid metabolism, enhanced glycolytic 

and antioxidant enzyme activities, and upregulated the 

expression of PI3K, AKT, and GLUT4 at both mRNA and 

protein levels. These results suggest that TBCP enhance 

insulin sensitivity by restoring impaired insulin signaling and 

promoting glucose utilization, indicating their potential as 

natural bioactive agents for managing insulin resistance and 

T2DM. 

 

Prior to functional evaluation, we confirmed that TBCP 

exhibited minimal cytotoxicity in HepG2 cells within the 

tested concentration range. Cell viability remained stable up 

to 150 µg/mL, with a minor reduction observed only at 250 

µg/mL after 48 h exposure. This finding confirms that TBCP 

are biocompatible at effective concentrations and that 

subsequent metabolic effects are not attributable to 

cytotoxicity. The safety profile of TBCP supports their 

suitability for long-term nutritional or therapeutic application. 

Considering that hepatocytes play a pivotal role in glucose 

and lipid metabolism, maintaining hepatic viability is critical 

for interpreting metabolic effects and for the translational 

potential of TBCP in managing insulin resistance. 

 

Impaired glucose uptake is a defining feature of insulin 

resistance [17-19]. Our study revealed that TBCP 

significantly increased glucose consumption in IR-HepG2 

cells after 36 h, with more pronounced effects at 48 h and 

higher concentrations (≥150 µg/mL). This time- and 

dose-dependent pattern suggests that TBCP require sustained 

exposure to exert their effects, likely through modulation of 

intracellular signaling and gene expression rather than direct 

insulin mimetic activity. By restoring glucose utilization in 

insulin-resistant cells, TBCP may contribute to improved 

hepatic glucose disposal and overall glycemic control. This 

finding aligns with therapeutic goals for insulin resistance 

management, which emphasize restoration of insulin 

responsiveness over transient glucose lowering. Such 

improvements at the cellular level may have significant 

implications for systemic glucose homeostasis in vivo. 

 

Dyslipidemia is frequently associated with insulin resistance, 

characterized by elevated triglycerides, increased total 

cholesterol, and lipid accumulation in hepatocytes [20, 21]. 

TBCP significantly reduced total cholesterol at 100 and 150 

µg/mL and decreased triglycerides at concentrations ≥50 

µg/mL in IR-HepG2 cells. These results suggest that TBCP 

improve hepatic lipid metabolism and may help mitigate 

lipotoxicity, a major contributor to impaired insulin signaling. 

Excess lipid accumulation interferes with the PI3K/AKT 

signaling pathway through increased diacylglycerol and 

ceramide levels [22]. Therefore, the lipid-lowering effect of 

TBCP may secondarily enhance insulin sensitivity by 

alleviating inhibitory lipid signals. The dual regulation of 

glucose and lipid metabolism positions TBCP as a 

multifunctional modulator of metabolic homeostasis, 

addressing two interconnected hallmarks of insulin resistance. 

 

TBCP treatment significantly increased the activities of key 

glycolytic enzymes—HK and PK—at concentrations of 100 

and 150 µg/mL, indicating improved glycolytic flux and 

glucose utilization. Enhanced HK activity facilitates glucose 

phosphorylation, a rate-limiting step in glycolysis, while 

increased PK activity promotes pyruvate formation, 

facilitating ATP production [23]. Together, these effects 

reflect enhanced intracellular glucose metabolism in 

insulin-resistant hepatocytes. Moreover, TBCP significantly 

enhanced antioxidant capacity, elevating SOD, CAT, and 

GSH levels while reducing MDA. Oxidative stress is a 

well-recognized contributor to insulin resistance by impairing 

insulin receptor substrate (IRS) phosphorylation and 

downstream PI3K activation [24-26]. By mitigating oxidative 

stress, TBCP may preserve insulin signaling integrity. This 

dual modulation of metabolic and oxidative parameters 

suggests that TBCP not only restore insulin sensitivity but 

also protect cells from oxidative damage—a critical 

advantage in chronic metabolic disorders. 

 

At the molecular level, TBCP markedly upregulated PI3K, 

AKT, and GLUT4 at both mRNA and protein levels in 

IR-HepG2 cells. The PI3K/AKT pathway mediates the major 

insulin signaling cascade, linking receptor activation to 

glucose transporter translocation and uptake [27, 28]. 

Activation of PI3K generates phosphatidylinositol 

(3,4,5)-trisphosphate (PIP₃), which recruits and activates 

AKT, leading to phosphorylation of downstream targets that 

promote GLUT4 translocation [29]. GLUT4 serves as the 

primary transporter responsible for insulin-stimulated glucose 

uptake [30]. In insulin-resistant states, this pathway is blunted, 

with decreased PI3K activity, reduced AKT phosphorylation, 

and diminished GLUT4 translocation [31]. Our data show that 

TBCP restore this signaling axis, enhancing both upstream 

(PI3K, AKT) and downstream (GLUT4) components. These 

effects likely explain the observed improvements in glucose 

284 



 

Journal of Contemporary Medical Practice (JCMP)                    ISSN: 2006-2745Journal of Contemporary Medical Practice (JCMP)                     ISSN: 2006-2745

http://www.bryanhousepub.com

  
  
   

 

                                                                        Volume 7 Issue 10 2025Volume 7 Issue 11 2025    

    
 

               

                  
                 
                

       

consumption and glycogen accumulation. Targeting the 

PI3K/AKT/GLUT4 pathway thus represents a 

mechanistically coherent strategy to restore insulin sensitivity. 

The fact that TBCP enhance this pathway suggests their 

potential as natural insulin sensitizers. 

 

Our findings indicate that TBCP exert multifaceted effects on 

hepatic insulin resistance through both direct and indirect 

mechanisms. Directly, TBCP activate insulin signaling via the 

PI3K/AKT/GLUT4 pathway, leading to enhanced glucose 

uptake and utilization. Indirectly, TBCP reduce lipid 

accumulation and oxidative stress, both of which are key 

negative regulators of insulin signaling. The combination of 

these effects likely contributes to the observed improvement 

in insulin sensitivity. Unlike pharmacological insulin 

sensitizers such as metformin, which act primarily on 

AMP-activated protein kinase (AMPK) pathways [32, 33], 

TBCP appear to engage the PI3K/AKT cascade directly, 

suggesting complementary or synergistic potential. Moreover, 

their natural origin and low cytotoxicity profile support their 

suitability as functional food ingredients or nutraceuticals for 

long-term metabolic health management. 

 

5. Conclusion 
 

In conclusion, this study demonstrates that TBCP enhance 

insulin sensitivity in insulin-resistant HepG2 cells by 

activating the PI3K/AKT/GLUT4 signaling pathway. TBCP 

improved glucose and lipid metabolism, enhanced glycolytic 

enzyme activities, and strengthened antioxidant defense, 

collectively contributing to restored insulin responsiveness. 

These findings provide a molecular basis for the 

hypoglycemic activity of TBCP and highlight their potential 

as functional food ingredients or therapeutic candidates for 

the prevention and management of insulin resistance and type 

2 diabetes mellitus. 
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