Journal of

JAHSSP

Applied Health Studies in Sport Physiology @

Azarbaijan Shahid Madani University
EST,: 1988

http://jahssp.azaruniv.ac.ir

OFEN ACCESS

Original Article

Interactive effect of endurance exercise and chlorogenic acid supplementation on
hepatic gluconeogenesis pathway in obese prediabetic C57BL/6 mice

Milad Abdollahi" "=/, Sayyed Mohammad Marandi! "', Zahra Safaeinejad?":', Mohammad

Hossein Nasr-Esfahani?

Abstract

Background and Objective: Insulin resistance and increased hepatic gluconeogenesis are key
features of the prediabetic stage. Chlorogenic acid, a polyphenolic compound, is known for its
antidiabetic properties, and endurance exercise is one of the most effective non-
pharmacological interventions for improving glucose metabolism. The aim of this study was to
investigate the effect of endurance exercise and chlorogenic acid supplementation on hepatic
gluconeogenesis in obese prediabetic mice. Methods: In this experimental study, 40 mice were
fed a high-fat diet for 12 weeks to induce prediabetes. The obese prediabetic male mice were
divided into four groups: prediabetic, endurance exercise, chlorogenic acid, and a combination
of exercise and supplementation. Endurance training was performed on a treadmill for 10 weeks
(5 days a week, with gradual intensity from 60% to 75% VO:max). Chlorogenic acid
supplementation was administered via gavage (100 mg/kg, 0.2 mL, 5 days a week). The criteria
for entering the prediabetic phase were based on fasting blood glucose and GTT results. After
the intervention, fasting blood glucose, plasma insulin, and glucose tolerance test (GTT) were
measured. The expression of key gluconeogenesis genes, including PCK and G6PC2 in the
liver, was examined using RT-qPCR. Results: The results showed that both endurance exercise
and chlorogenic acid supplementation significantly reduced fasting blood glucose (FBS) and
plasma insulin (p<0.001). The GTT confirmed improved glucose tolerance in the intervention
groups. Moreover, endurance exercise increased the expression of PCK and G6PC2 genes,
while chlorogenic acid supplementation, especially when combined with exercise, inhibited this
increase (p<0.05). The increase in gene expression in the exercise group was likely due to
exercise-induced stress in insulin-resistant animals, activation of the HPA axis, increased
energy demands during exercise, and elevated glucagon-related signaling.Conclusion: Based
on the findings of this study, the combination of endurance exercise and chlorogenic acid, by
improving glucose control and reducing the expression of gluconeogenesis genes, may play a
modulatory role in improving hepatic metabolism and preventing the progression of prediabetes
to type 2 diabetes.
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Extended abstract
Background

The liver plays a pivotal role in maintaining systemic glucose homeostasis through a delicate balance between glycogenolysis,
glycogenesis, and gluconeogenesis. In healthy states, hepatic gluconeogenesis (GNG) is tightly regulated by insulin and glucagon.
However, in pre-diabetes and obesity, insulin resistance in peripheral tissues and the liver leads to uncontrolled upregulation of GNG,
contributing significantly to fasting hyperglycemia and impaired glucose tolerance. The core molecular defect involves the impairment
of the insulin-signaling pathway (IRS1-PI3K-AKT), resulting in the failed suppression of the key transcriptional factor FoxO1 and
subsequent overexpression of the rate-limiting GNG enzymes, phosphoenolpyruvate carboxykinase (PCK) and glucose-6-phosphatase
(G6PC2). This not only increases hepatic glucose production but also exacerbates hyperglycemia and oxidative stress. Therefore,
targeting this pathway is a crucial strategy for preventing the progression to type 2 diabetes. Both endurance training (ET) and
chlorogenic acid (AC), a bioactive polyphenol from green coffee, have shown independent efficacy in improving insulin sensitivity
and modulating GNG. This study aimed to investigate the interactive effects of ET and AC supplementation on the hepatic
gluconeogenic pathway in a pre-diabetic obese rat model.

Methodology

In this experimental study, 40 male C57BL/6 mice were fed a high-fat diet for 12 weeks to induce prediabetes and were then randomly
assigned to four groups (n = 10 per group): prediabetic control (PreD), prediabetic with endurance exercise (PreD/EX), prediabetic with
chlorogenic acid supplementation (PreD/AC), and prediabetic with combined exercise and chlorogenic acid (PreD/Ex+AC). The
endurance training protocol was performed on a motorized treadmill for 10 weeks, 5 days per week, at 60—75% of VO.max with
progressive intensity. Chlorogenic acid was administered by oral gavage at a dose of 100 mg/kg, 5 days per week. Fasting blood
glucose, plasma insulin, and glucose tolerance test (GTT) were measured. Hepatic expression of PCK and G6PC2 genes was assessed
using real-time quantitative PCR. Data were analyzed using one-way and repeated measures ANOVA with a significance level set at
p <0.05.

Experimental design

Following 12 weeks of high-fat diet feeding to induce a prediabetic state, animals were randomly allocated into four experimental
groups (n = 10 each): PreD (control), PreD/Ex (endurance training), PreD/AC (chlorogenic acid supplementation), and PreD/Ex+AC
(combined intervention). The interventions lasted 10 weeks. The endurance training protocol was conducted on a motorized treadmill
five days per week with progressively increasing intensity (60—75% VO.max). Chlorogenic acid (100 mg/kg) was administered via
oral gavage five days per week, and in the combined group, supplementation was given approximately 30 minutes before exercise
sessions. At the end of the intervention period, metabolic assessments and tissue sampling were performed for biochemical and gene
expression analyses.

Training protocol

The endurance training protocol was performed on a motorized treadmill for 10 consecutive weeks, five days per week.
Exercise intensity was progressively increased and maintained between 60% and 75% of VO.max to ensure a moderate-
to-vigorous workload. Each session included a gradual warm-up period followed by the main running phase at the
prescribed intensity. The duration and speed were adjusted throughout the intervention to maintain the targeted relative
intensity. This progressive design aimed to induce metabolic adaptations associated with improved glucose regulation
and insulin sensitivity in prediabetic mice.

Statistical analysis

Data were expressed as mean + standard deviation (SD). Normality of distribution was assessed prior to analysis. Between-group
differences in fasting blood glucose, plasma insulin levels, and gene expression of PCK and G6PC2 were analyzed using one-way
analysis of variance (ANOVA), followed by appropriate post hoc tests when significant differences were detected. Changes in glucose
levels during the glucose tolerance test (GTT) were evaluated using repeated measures ANOVA to examine time, group, and time X
group interaction effects, and the area under the curve (AUC) was calculated for further comparison among groups. Statistical
significance was set at p < 0.05.

Results

The results demonstrated significant improvements in metabolic parameters following the interventions. Fasting blood glucose (FBS)
levels were significantly reduced in the endurance training (PreD/EX), chlorogenic acid supplementation (PreD/AC), and combined
intervention (PreD/Ex+AC) groups compared with the prediabetic control group (PreD) (p < 0.001). Similarly, plasma insulin
concentrations were markedly lower in all intervention groups relative to PreD (p < 0.001), indicating improved insulin sensitivity.
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During the glucose tolerance test (GTT), repeated measures ANOVA revealed a significant effect of time and a significant time x
group interaction (p < 0.001), reflecting improved glucose clearance in the intervention groups. Furthermore, analysis of the area under
the curve (AUC) showed significantly lower values in the treated groups compared with PreD, confirming enhanced glucose tolerance,
with the combined intervention demonstrating the most pronounced improvement.

Regarding hepatic gene expression, endurance training alone significantly increased the expression of phosphoenolpyruvate
carboxykinase (PCK) and glucose-6-phosphatase catalytic subunit 2 (G6PC2) compared with the PreD group (p < 0.001). In contrast,
chlorogenic acid supplementation attenuated this upregulation, and the combined intervention group exhibited significantly lower
expression levels of both genes compared with the exercise-only group (p < 0.001). These findings suggest that while endurance
training improves systemic glycemic control, it may simultaneously stimulate gluconeogenic gene expression, whereas chlorogenic
acid appears to modulate hepatic glucose production at the molecular level, particularly when combined with exercise.

Conclusion

In conclusion, both endurance training and chlorogenic acid supplementation significantly improved glycemic control in prediabetic
mice, as evidenced by reductions in fasting blood glucose, plasma insulin levels, and enhanced glucose tolerance. However, endurance
training alone was associated with an upregulation of hepatic gluconeogenic genes (PCK and G6PC2), whereas chlorogenic acid,
particularly when combined with exercise, attenuated this effect. These findings suggest that while endurance exercise enhances
systemic metabolic function, chlorogenic acid may exert complementary regulatory effects at the molecular level by modulating hepatic
glucose production. Therefore, the combined intervention may represent a more effective strategy for improving metabolic health and
preventing progression from prediabetes to type 2 diabetes.

Avrticle message

This study demonstrates that endurance training and chlorogenic acid supplementation independently improve glycemic control in a
prediabetic model, as evidenced by significant reductions in fasting blood glucose, plasma insulin levels, and improved glucose
tolerance test responses. Importantly, the findings reveal a differential molecular response in hepatic gluconeogenic pathways. While
endurance training enhanced systemic metabolic outcomes, it was associated with increased expression of key gluconeogenic genes,
PCK and G6PC2, suggesting a compensatory hepatic adaptation to exercise. In contrast, chlorogenic acid supplementation attenuated
the upregulation of these genes, particularly when combined with exercise, indicating a modulatory effect on hepatic glucose production
at the transcriptional level.

Collectively, the results highlight that combining structured endurance exercise with chlorogenic acid may provide complementary
metabolic benefits—improving whole-body glucose regulation while simultaneously regulating hepatic gluconeogenesis. This
integrative approach could represent a promising non-pharmacological strategy for preventing the progression from prediabetes to type
2 diabetes by targeting both systemic insulin sensitivity and molecular pathways involved in glucose homeostasis.
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Table 1-Statistical values of measured variables
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