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Background: The combined effects of metformin and epigallocatechin-3-gallate (EGCG) on cortisol, 11β- 
hydroxysteroid dehydrogenase type 1 (11β-HSD1), and blood glucose levels have not been investigated. This 
study evaluated the effectiveness of combining EGCG with metformin in regulating those levels in a rat model 
of diet-induced diabetes and obesity.
Methods: Thirty diabetic and obese rats on a high-fat diet were treated daily for 28 days with EGCG (100 mg/kg 
of body weight/day), metformin (200 mg/kg of body weight/day), or both. Control groups comprised lean rats, 
untreated obese diabetic rats, and metformin-only-treated rats. Blood samples were collected to measure corti-
sol and fasting blood glucose (FBG) levels and liver tissue samples were examined for 11β-HSD1 levels.
Results: Rats receiving combination therapy had significantly reduced cortisol levels (from 36.70±15.13 to 
31.25±7.10 ng/mL) compared with the untreated obese diabetic rats but not the rats receiving monotherapy. 
Rats receiving combination therapy and EGCG monotherapy had significantly lower 11β-HSD1 levels compared 
with the untreated obese diabetic rats (92.68±10.82 and 93.74±18.11 ng/L vs. 120.66±14.00 ng/L). Combination 
therapy and metformin monotherapy significantly reduced FBG levels (440.83±133.39 to 140.50±7.36 mg/dL 
and 480.67±86.32 to 214.17±102.78 mg/dL, respectively) by approximately 68.1% and 55.4% compared with 
rats receiving EGCG monotherapy and untreated obese diabetic rats.
Conclusion: Combining EGCG with metformin exhibited synergistic effects compared with monotherapy for 
managing diabetes, leading to improved outcomes in reduction of baseline cortisol levels along with reduction 
in 11β-HSD1 and blood glucose levels.
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INTRODUCTION

A factor contributing to the development of type 2 diabetes mel-
litus (T2DM) is the increased levels of cortisol in individuals with 
obesity. Subjects who are obese tend to have higher cortisol levels 
compared with individuals with a normal body mass index.1 An 

important function of cortisol is to activate gluconeogenesis in the 
liver, contributing to hyperglycemia.2 The excess cortisol contrib-
utes to elevated blood glucose levels and insulin resistance.3 The 
enzyme 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) is 
a key cortisol regulator in tissues and is responsible for converting 
inactive cortisone into its active form, cortisol.4 Therefore, targeting 
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the 11β-HSD1 enzyme to reduce cortisol levels has become an im-
portant therapeutic approach in managing diabetes mellitus.5

Among the various studies in which the therapeutic effects of 
11β-HSD1 inhibitor were investigated, green tea extract has been a 
subject of interest due to its potential benefits in obesity and diabe-
tes management. Green tea extract exhibits anti-inflammatory prop-
erties, aids in weight reduction, helps control glucose levels, and 
improves lipid metabolism.6 One specific component in green tea 
extract is epigallocatechin-3-gallate (EGCG), which is the most 
abundant catechin present in green tea.7 Although limited, existing 
studies in which EGCG was evaluated as an 11β-HSD1 inhibitor 
have shown promising results. EGCG shows the strongest inhibi-
tory activity against the 11β-HSD1 enzyme compared with other 
catechins.8,9 Results of in vitro studies have indicated that EGCG in-
hibits cortisol production by inducing a shift from nicotinamide 
adenine dinucleotide phosphate hydrogen (NADPH) to nicotin-
amide adenine dinucleotide phosphate (NADP), effectively hin-
dering 11β-HSD1 activity.8

Metformin remains the first-line therapy for patients diagnosed 
with T2DM10 and has proven effective in preventing the onset of 
T2DM in high-risk individuals.11 Metformin exerts its effects by in-
hibiting glucose production in the liver, promoting glucose utiliza-
tion by tissues, reducing glucose absorption in the intestines, and 
increasing glucose uptake.12 However, long-term monotherapy with 
metformin becomes less effective as the disease progresses, neces-
sitating combination therapy to achieve optimal glycemic control. 
Combining metformin with other antidiabetic agents has been shown 
to improve metabolic parameters and blood glucose control more 
effectively than metformin monotherapy.13 In a previous study, re-
sults indicated that metformin effectively reduces the level of glu-
cose 6-phosphate (G6P)14 that is utilized by hexose-6-phosphate 
dehydrogenase (H6PD) in the endoplasmic reticulum (ER) to gen-
erate NADPH, a cofactor used by 11β-HSD1 in converting corti-
sone to cortisol.15,16 In another study with different findings, met-
formin increased cortisol regeneration. Therefore, combining met-
formin with 11β-HSD1 inhibitors may yield better outcomes in 
terms of glycemic control for individuals with T2DM.17

To date, the combined effects of metformin and EGCG on corti-
sol, 11β-HSD1, and blood glucose levels have not been investigated. 
Hence, this research aimed to evaluate the effectiveness of this com-

bination therapy.

METHODS

The animal handling procedures in this study followed the guide-
lines from the Institutional Review Board and Institutional Animal 
Care and Use Committee (IACUC) of Diponegoro University. The 
Health Research Ethics Committee of the Faculty of Medicine at 
Diponegoro University approved all procedures of this study (No. 
110/EC/H/FNGUNDIP/IX/2022). 

Chemicals
Metformin was purchased from Bernofarm Pharmaceutical Com-

pany. EGCG (98% purity) was purchased from Arisun ChemPharm 
Co. Ltd. All other chemicals were obtained from standard sources 
with the highest purity available.

Animals
Sample size for animal experiments was based on the World Health 

Organization General Guidelines for Methodologies on Research 
and Evaluation of Traditional Medicine.18 Thirty male Sprague Daw-
ley rats, 10 weeks of age and weighing between 175 and 200 g, were 
purchased from Kemuning (CV Dunia Kaca). Using only male rats 
in this study minimized biases associated with the hormonal cycles 
of female rats, ensuring a more consistent experimental environ-
ment. Because the research on gender-related similarities in out-
comes for diabetes and obesity is limited, this approach aids in con-
trolling hormonal variability, enabling focused investigations.

The rats were allowed to acclimate to their new environment for 
one week, during which the animals had continuous access to wa-
ter, were fed the standard diet BR 594 (containing 21% protein, 5% 
fiber, and 5% fat), and were housed under controlled conditions 
with a 10-hour light and 14-hour dark cycle (7:00 AM to 5:00 PM).

Experiment protocols
After the acclimation period, the rats were randomly divided into 

five groups for the experiment (n = 6). Throughout the study, all 
rats had continuous access to water. The first group, the lean group, 
received standard diet BR 594. The other four groups were fed a 
high-fat (HF) diet composed of 60% standard diet BR 594, 20% 
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cow fat, and 20% egg yolk. This diet was maintained for 7 weeks to 
induce obesity, which was confirmed using the Lee index formula. 

The weight and nose-anus length of each rat was assessed before 
and after the 7-week preparation period. Using the formula  (body 
weight in g/nose-anus length in cm) × 1,000, the Lee obesity index 
was calculated. A Lee index result > 300 was indicative of obesity.19

Before starting the experiments, diabetes was induced in the HF 
diet-fed rats by intravenous injection of streptozotocin (STZ) at a 
dose of 40 mg/kg under ether anesthesia, administered through 
the tail vein. The STZ was dissolved in citrate buffer (pH 4.5). Dia-
betes induction was confirmed by measuring fasting blood glucose 
(FBG) levels, which had to exceed 200 mg/dL at three days after 
STZ injection. Cortisol levels were measured in all five groups be-
fore the initiation of treatment.

The confirmed diabetic rats were subjected to various treatment 
regimens with an HF diet for 28 days. The four treatment groups 
were as follows: the diabetes and obesity baseline was considered 
the negative control (NC) group, in which rats received an oral ga-
vage of saline solution at a concentration of 0.9% body weight/vol-
ume; and the positive control (PC) group included rats receiving 
metformin monotherapy administered orally once a day at a dos-
age of 200 mg/kg of body weight. The EGCG group included rats 
treated with EGCG monotherapy, receiving an oral dose of EGCG 
once daily at 100 mg/kg of body weight; and the combination thera-
py group included rats administered both metformin and EGCG, 
with respective doses of 200 mg/kg of body weight and 100 mg/kg 
of body weight once a day via oral gavage.

After 28 days of treatment, FBG and cortisol levels were mea-
sured before the rats were sacrificed for liver extraction at days 29 
and 30, respectively. 

Measurement of metabolic parameters
The FBG measurements were performed before and after the 

experiments by collecting blood samples from the tail vein after a 
fasting period. The procedure involved cutting a small portion of 
the rat’s tail, discarding the first drop of blood, and applying subse-
quent drops to the Glucose Nesco Multicheck 1 Glucose Test Strips 
(Bioptik Technology Inc.). The test strips were then inserted into 
the Nesco GCU-Nesco Multicheck 3 in 1 (GCU/N-01; Bioptik 
Technology Inc.). 

Serum cortisol levels were measured using the rat cortisol enzyme-
linked immunosorbent assay (ELISA) kit (PT Bioenzy; Catalog 
No. BZ-08188280-EB) in a 96-well plate format. Blood samples for 
cortisol analysis were collected from the orbital sinus of the rats in 
the morning, specifically between 7:00 AM and 8:00 AM, follow-
ing the methods used in previous studies.20,21 Pre- and post-treat-
ment samples were collected to measure cortisol levels, with a 1-day 
interval after the pre- and post-test FBG examinations to minimize 
potential biases.

To measure the 11β-HSD1 level, the rat 11β-HSD1 ELISA kit 
(PT Bioenzy; Catalog No. BZ-08188291-EB) was utilized in a 96-
well plate format. The measurements were conducted on liver tis-
sues adapted from previous research.22 The rats were euthanized 
using chloroform inhalation before the liver samples were collected.

Statistical analysis
Results were analyzed using IBM SPSS Statistic version 27 (IBM 

Co.), and data were expressed as mean ± standard deviation. Statis-
tical analyses were performed using analysis of variance (ANOVA) 
followed by post hoc Tukey’s HSD test. Paired sample t-test and 
Wilcoxon test were used to compare the variables before and after 
the treatment. Groups of data were considered significantly differ-
ent if P < 0.05.

RESULTS

All rats in the NC, PC, EGCG, and combination therapy groups 
showed a Lee index > 300 and FBG > 200 mg/dL, confirming suc-
cessful obesity and diabetes induction before the start of the treat-
ment. Rat mortalities did not occur during the entire study period.

Cortisol
A paired t-test was performed for each group to compare the 

cortisol levels before and after the treatment. The results revealed a 
significant increase in cortisol levels of approximately 65% in the 
NC group (from 26.04 ± 12.99 to 43.08 ± 13.33 ng/mL; P < 0.01; 
95% confidence interval [CI], –26.72 to –7.36). However, signifi-
cant differences were not observed in the remaining groups, includ-
ing the combination therapy group, despite a decrease in cortisol 
levels (from 36.71 ± 15.13 ng/mL to 31.25 ± 7.10; 95% CI, –12.93 
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to 23.84) (Fig. 1A). The parametric one-way ANOVA test was per-
formed for differences (pre- and post-treatment) in cortisol level 
data while excluding outliers in the PC group (n = 5). The results 
indicated significant differences in the groups (P < 0.05). Further 
post hoc Tukey’s analysis revealed a significant reduction in cortisol 
levels in the combination therapy group compared with elevated 
cortisol levels in the NC group (−5.45 ± 17.52 ng/mL vs. 17.04 ±  
9.22 ng/mL; P < 0.05; 95% CI, –44.66 to –0.34) (Fig. 1B). Signifi-
cant difference was not found in cortisol levels between the other 
therapy groups (PC and EGCG) and the NC group. In addition, 
significant cortisol level differences were not observed among the 
therapy groups (PC, EGCG, and combination).

11β-HSD1
The analysis of 11β-HSD1 levels was performed on liver tissue 

after sacrificing all rats in the groups, resulting in data available only 
from the post-test. The parametric one-way ANOVA test results 
indicated significant differences between groups (P < 0.05).

The post hoc Tukey’s test (Fig. 2) showed significantly higher 11β- 
HSD1 levels after the 28-day treatment in both the NC (P < 0.001; 
95% CI, −66.17 to −18.93) and the PC groups (P < 0.05; 95% CI, 
−51.55 to −4.31) compared with the lean group (120.66 ± 17.54 
and 106.04 ± 14.00 ng/L vs. 78.11 ± 4.63 ng/L) although the mean 
value in the PC group was lower than in the NC group. Significant 
differences were not found between the EGCG and combination 
therapy groups compared with the lean group (P > 0.05; 95% CI 

[−39.25 to 7.98] and [−38.19 to 9.05] respectively). In contrast, the 
combination therapy and EGCG groups showed significantly lower 
11β-HSD1 levels compared with the NC group (92.68 ± 10.82 and 
93.74± 18.11 ng/L vs. 120.66± 14.00 ng/L; P< 0.05; 95% CI [4.36 
to 51.60] and [3.29 to 50.54] respectively). Significant differences 
were not observed between the PC and NC groups (P > 0.05; 95% 
CI, −8.99 to 38.24). Significant differences were also not found among 
the treatment groups (PC, EGCG, and combination therapy).

FBG
The paired t-test conducted in each group to compare pre-test 

and post-test FBG levels revealed significant differences in the com-

Figure 1. Mean cortisol level. (A) The mean cortisol levels before and after the test are reported as mean ± 2 standard deviation (SD; n = 6 rats). (B) 
The mean difference in cortisol levels between pre- and post-test without outliers is presented as mean ± 2 SD (n = 6 rats; except for n in the posi-
tive control group = 5 rats). *P< 0.05; †P< 0.01. NC, negative control; PC, positive control; EGCG, epigallocatechin-3-gallate.
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bination therapy group (P < 0.01; 95% CI, 160.10 to 440.57). In 
the PC group, the Wilcoxon test showed similar results (P < 0.05) 
(Fig. 3A). However, the other groups did not show significant dif-
ferences. Furthermore, the parametric one-way ANOVA on the 
FBG data indicated groups with significant differences (P < 0.05). 

The combination therapy group showed a significantly reduced 
(68.1%) FBG (440.83 ± 133.39 to 140.50 ± 7.36 mg/dL) com-
pared with the NC group (P < 0.001; 95% CI, −515.85 to −138.15) 
and the EGCG group (P < 0.05, 95% CI, −413.52 to −35.81) based 
on the post hoc Tukey’s test (Fig. 3B). In addition, the PC group 
showed a significant (55.4%) decrease (480.67 ± 86.32 to 
214.17 ± 102.78 mg/dL) in FBG compared with the EGCG group 
(P < 0.05; 95% CI, −379.69 to −1.98) and the NC group (P< 0.01; 
95% CI, −482.02 to −104.31). Significant difference was not ob-
served in the reduction of FBG between the PC and combination 
therapy groups. However, although the FBG decreased by 17.9% 
in the EGCG group, the difference was not significant compared 
with the other therapy groups (P > 0.05).

 

DISCUSSION

EGCG reduces insulin resistance23 and inhibits cortisol produc-
tion by shifting from NADPH to NADP+ in the ER lumen, inhibit-
ing 11β-HSD1 activity and converting cortisone to cortisol.8 Met-
formin improves glycemic control through various mechanisms.12 
However, as the disease progresses, monotherapy loses effective-

ness after a few years, necessitating combination therapy to main-
tain glycemic targets.10 In the present study, the effectiveness of 
combining EGCG and metformin in reducing cortisol, 11β-HSD1, 
and blood glucose levels in Sprague Dawley rats with obesity and 
diabetes compared with monotherapy was demonstrated.

The serum cortisol levels stimulated by adrenocorticotropic hor-
mone (ACTH) secretion in the adenohypophysis after stimulation 
of hypothalamic corticotropin-releasing factor were analyzed.24 The 
cortisol present in circulation results from both adrenal gland secre-
tion and the regeneration of cortisol in tissues through the action 
of 11β-HSD1 in the liver and adipose tissues.25,26 To align with pre-
vious studies in which T2DM was predicted based on evening cor-
tisol levels in humans,27 serum samples were collected in the morn-
ing from rats, considering their nocturnal nature. The NC group 
showed a significant increase in cortisol levels, consistent with pre-
vious findings of elevated serum cortisol in untreated diabetes.28,29 
This increase can be attributed to hyperactivity of the hypothalam-
ic-pituitary-adrenal (HPA) axis, impaired negative feedback, and 
elevated blood glucose levels leading to cortisol hypersecretion.29,30 

The combination therapy of metformin and EGCG demonstrat-
ed superior outcomes in reducing cortisol levels compared with 
monotherapy. Metformin improves glycemic control through mul-
tiple mechanisms, including inhibiting gluconeogenesis, stimulat-
ing glycolysis in the liver, reducing glucose absorption in the intes-
tines, and enhancing glucose uptake in tissues.12 In addition, met-
formin activates AMP-activated protein kinase (AMPK), which 
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suppresses proopiomelanocortin (POMC) and ACTH expression 
in the pituitary by inhibiting liver X receptor α (LXRα) phosphor-
ylation, resulting in reduced cortisol levels.31 EGCG can also restore 
HPA axis function by regulating extracellular signal-regulated ki-
nase 1/2 (ERK1/2) signaling and reducing cortisol levels by inhib-
iting ACTH and corticotropin-releasing hormone (CRH) under 
stress conditions.32,33 These processes indicate the synergistic ac-
tion of metformin, activating AMPK and suppressing ACTH ex-
pression, along with EGCG regulating ERK1/2 signaling to inhibit 
ACTH increase, can lead to more effective reduction of cortisol 
levels compared with individual treatment approaches.

The 11β-HSD1 enzyme is highly abundant in metabolically ac-
tive tissues, particularly in the liver and adipose tissues, where it 
converts cortisone to cortisol.2,4 In the present study, the 11β-HSD1 
level in the liver was analyzed. The NC group exhibited elevated 
11β-HSD1 levels compared with the lean group, consistent with 
previous research indicating increased 11β-HSD1 in individuals 
with obesity and metabolic syndrome.4,34 Both the combination 
therapy and EGCG monotherapy significantly reduced 11β-HSD1 
levels. These findings are in agreement with previous studies in 
which EGCG was shown to inhibit cortisol production by induc-
ing a shift from NADPH to NADP+ in the ER lumen, inhibiting 
11β-HSD1 activity.8,9 In addition, EGCG hinders the conversion 
of cortisone to cortisol in intact microsomal vesicles by oxidizing 
NADPH8 and directly binding to the active site of 11β-HSD1, form-
ing hydrogen bonds that compete with the binding of respective 
substrates and/or cofactors.9 Metformin does not affect the conver-
sion of cortisone to cortisol in tissues.17 However, metformin was 
suggested to potentially reduce G6P levels,14 triggering the glucose-
6-phosphate translocase (G6PT)-H6PD-11β-HSD1 catalytic triad 
in tissues.8,15 The combined effects of metformin and EGCG on these 
triad enzymes led to reduced 11β-HSD1 levels in the present study.

Both combination therapy and metformin monotherapy signifi-
cantly reduced FBG levels. Metformin, a first-line anti-T2DM drug,10 
effectively improved glycemic control35 by inhibiting gluconeogen-
esis, promoting glycolysis in the liver, reducing glucose absorption 
in the intestines, and enhancing glucose uptake in tissues.12 A de-
crease in FBG levels was also observed in the EGCG group, although 
statistical significance was not reached compared with the other 
therapy groups. This finding is in agreement with previous studies 

in which stronger anti-hyperglycemic effects of metformin were 
demonstrated.36,37 EGCG enhances glycogen synthesis, improves 
insulin signaling pathways, reduces insulin resistance by increasing 
lipid oxidation, and stimulates glucose uptake in skeletal muscle, 
enhancing insulin responsiveness and maximizing glucose uptake.23,38 
The combination therapy of metformin and EGCG demonstrated 
superior effectiveness in reducing FBG levels, as previously shown 
in studies where EGCG was combined with other diabetes thera-
pies.39

Although the results of the present study provide valuable insights 
into the efficacy of EGCG and metformin combination therapy on 
cortisol, 11β-HSD1, and blood glucose levels in obese and diabetic 
rats, limitations exist. Notably, male rats were exclusively utilized to 
mitigate bias, resulting in a modest sample size. Furthermore, due 
to financial constraints encountered during the study, evaluation of 
the homeostatic model assessment of insulin resistance (HOMA-
IR) and lipid profiles was not performed. Due to the primary focus 
on cortisol and 11β-HSD1, resources were primarily directed to-
ward these parameters, relegating the analysis of HOMA-IR and 
lipid profiles to a secondary consideration. 

In previous studies, combining HOMA-IR assessment with lipid 
profile examination was shown to enable early metabolic syndrome 
detection.40 HOMA-IR, indicating insulin resistance, aids in under-
standing therapy response in diabetes and obesity. Integrating lipid 
profile parameters provides valuable insights due to the obesity-in-
sulin resistance link. For future research, including both sexes and 
examining a broader array of parameters would be beneficial to fa-
cilitate a more comprehensive understanding of the effects of EGCG 
and metformin combination therapy on diabetes and obesity.

In summary, combining EGCG and metformin showed syner-
gistic effects, resulting in better reduction of cortisol levels from 
baseline along with 11β-HSD1 and blood glucose levels compared 
with using either treatment alone. These findings support the po-
tential of combination therapies for managing diabetes and related 
complications.
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