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Green tea polyphenol epigallocatechin-3-gallate 
ameliorates insulin resistance in non-alcoholic fatty 
liver disease mice
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Aim: Epigallocatechin-3-gallate (EGCG) is a major polyphenol in green tea.  In this study, we investigated the effects of EGCG on insulin 
resistance and insulin clearance in non-alcoholic fatty liver disease (NAFLD) mice.
Methods: Mice were fed on a high-fat diet for 24 weeks.  During the last 4 weeks, the mice were injected with EGCG (10, 20 and 40 
mg·kg-1·d-1, ip).  Glucose tolerance, insulin tolerance and insulin clearance were assessed.  After the mice were euthanized, blood 
samples and tissue specimens were collected.  Glucose-stimulated insulin secretion was examined in isolated pancreatic islets.  The 
progression of NAFLD was evaluated histologically and by measuring lipid contents.  Insulin-degrading enzyme (IDE) protein expression 
and enzyme activity were detected using Western blot and immunocapture activity assays, respectively.
Results: The high-fat diet significantly increased the body weight and induced grade 2 or 3 liver fatty degeneration (steatosis, lobular 
inflammation and ballooning) accompanied by severe hyperlipidemia, hyperglycemia, hyperinsulinemia and insulin resistance in the 
model mice.  Administration of EGCG dose-dependently ameliorated the hepatic morphology and function, reduced the body weight, 
and alleviated hyperlipidemia, hyperglycemia, hyperinsulinemia and insulin resistance in NAFLD mice.  Furthermore, EGCG dose-
dependently enhanced insulin clearance and upregulated IDE protein expression and enzyme activity in the liver of NAFLD mice.
Conclusion: EGCG dose-dependently improves insulin resistance in NAFLD mice not only by reducing body weight but also through 
enhancing the insulin clearance by hepatic IDE.  The results suggest that IDE be a potential drug target for the treatment of NAFLD.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is considered to be 
the most common cause of chronic liver disease worldwide 
and is a multifactorial disease with a complex pathophysiol-
ogy, including hepatic steatosis, non-alcoholic steatohepatitis 
(NASH), and subsequent fibrosis, cirrhosis and hepatocel-
lular carcinoma.  Insulin resistance is closely associated with 
NAFLD and is a risk factor for NAFLD[1, 2].  It has been shown 
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that a chronic exposure of tissues to high insulin levels (ie, 
hyperinsulinemia) induces insulin resistance[3, 4].  The circu-
lating insulin level depends on a tightly regulated balance 
between insulin secretion and clearance[5].  Much consider-
ation has been given to the importance of insulin secretion in 
the development of hyperinsulinemia and insulin resistance.  
However, relatively less attention has been directed to the role 
of insulin clearance in NAFLD, which is an important determi-
nant of plasma insulin.  

Insulin clearance is mostly controlled by the liver.  Usu-
ally, 50%–80% of insulin is cleared upon degradation by the 
insulin-degrading enzyme (IDE) in the liver, which is a rate-
limiting enzyme in the insulin degradation process[6].  IDE 
is an intracellular 110-kDa metalloproteinase located in the 
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cytosol, peroxisomes and endosomes.  It catalyzes the deg-
radation of several proteins, including insulin, amylin and 
β-amyloid.  Several human genetic studies have demonstrated 
that IDE gene polymorphisms and mutations are associated 
with insulin resistance[7].  The inactivation of IDE by gene 
mutation or gene knockout induces hyperinsulinemia and 
insulin resistance in both rats and mice[8, 9].  These findings 
suggest that IDE is important in maintaining normal plasma 
insulin levels and insulin sensitivity.  A recent study has 
shown a close relationship between disease severity, hyperin-
sulinemia and impaired insulin clearance in NASH patients[10].  
However, this study did not mention whether IDE is involved 
in NAFLD, which is an important enzyme mediating insulin 
clearance.

Epigallocatechin-3-gallate (EGCG) is the most abundant 
catechin extracted from natural green tea.  EGCG has been 
extensively studied for its beneficial effects on cardiovascular 
diseases, cancer and inflammation, has negligible side effects 
and is relatively inexpensive compared to conventional phar-
maceutical drugs[11].  Recent studies have shown a strong 
correlation between the consumption of green tea and the 
prevention of NAFLD.  Other studies have shown that EGCG 
reduced the severity of liver injury by reducing circulating 
insulin, improving insulin sensitivity and attenuating insu-
lin resistance in type 2 diabetes mellitus (T2DM) or NAFLD 
mice[12–14].  Although EGCG reduces circulating insulin, it is 
not clear whether IDE is involved.  Any effects of EGCG on 
insulin clearance by hepatic IDE in NAFLD have not been 
reported.  In this study, we investigated the effects of EGCG 
on insulin clearance and insulin resistance in NAFLD mice 
induced by a high-fat diet, and evaluated the effects of EGCG 
on the activity and expression of hepatic IDE.

Materials and methods
Green tea extracted EGCG
High purity EGCG (99%) extracted from green tea was pro-
vided by Gosun Biotechnologies Co, Ltd (Hangzhou, China).  
EGCG was freshly prepared in 0.9% NaCl solution before use.

Animal experimental procedures
All experiments were performed according to the National 
Institute of Health Guide for the Care and Use of Laboratory 
Animals and were approved by the Experimental Animals 
Ethics Committee of Nanfang Medical University.  Male 
C57BL/6 mice that were 6–8 weeks old were acquired from 
the Guangdong Medical Laboratory Animal Center and were 
housed in animal quarters at 22 °C with a 12 h light-dark 
cycle, and after 1 week in quarantine, the mice were randomly 
divided into two groups: a control group (CTRL, n=6) and a 
high-fat diet group (HFD, n=24).  There were no significant 
differences in body weights between the CTRL and HFD mice.  
For 20 weeks, the CTRL mice were fed with a standard chow 
diet and had ad libitum access to tap water; the HFD mice were 
fed with a high-fat diet (containing 10% lard, 2% cholesterol, 
0.4% sodium cholate and 10% yolk powder) ad libitum in addi-
tion to the standard chow diet (the chow composition is listed 

in Supplementary Table S1).  At the end of the 20th week, the 
HFD mice were divided into four subgroups: (1) HFD (n=6); 
(2) EGCG (10 mg/kg; L-EGCG, n=6); (3) EGCG (20 mg/kg; 
M-EGCG, n=6); and (4) EGCG (40 mg/kg; H-EGCG, n=6).  
Mice in these four subgroups were fed with the high-fat diet 
for an additional 4 weeks.  Mice in the EGCG groups received 
an intraperitoneal injection of EGCG (10, 20, and 40 mg·kg-1·d-1 
body weight, respectively) for 4 weeks[15].  A 0.9% NaCl solu-
tion was used as a sham injection to the non-EGCG groups.  At 
the end of the 24th week, the food was removed and 12 h later, 
all the mice were anesthetized and euthanized.  Blood was 
collected for biochemical analyses.  Tissue specimens were 
excised, fixed in 4% paraformaldehyde or frozen immediately 
in liquid N2 and stored at -80 °C until analysis.

Serum biochemical analysis
Blood samples were allowed to clot, and the sera were iso-
lated by centrifugation at 3000 rounds per minute for 8 min 
and then stored at -20 °C until assaying.  The enzymatic 
activity of the glutamic-oxalacetic transaminase (GOT) and 
glutamic-pyruvic transaminase (GPT), and the serum lipid 
levels of triglycerides (TG), total cholesterol (TC), high density 
lipoprotein-cholesterol (HDL-C) and low density lipoprotein-
cholesterol (LDL-C) were measured using commercial kits 
(Nanjing Jiancheng Bioengineering Institute, China) and a 
microplate reader (Bio-Rad 680, USA).

Intraperitoneal glucose tolerance tests (ip-GTTs) 
In mice, ip-GTTs were carried out (2 g glucose/kg body 
weight in 0.9% NaCl) after a 12 h fast.  Blood samples were 
collected by tail bleeding at the indicated time points.  Glucose 
was evaluated with glucose strips on a glucometer (ONE-
TOUCH® Ultra Easy, Johnson & Johnson Ltd, USA).  Serum 
insulin levels were assayed by enzyme linked immunosorbent 
assay (ELISA; Mercodia, Sweden).  The area under the curve 
of blood glucose (AUCG), the area under the curve of serum 
insulin (AUCI), the HOMA insulin sensitivity index (HOMA-
ISI) and the HOMA insulin resistance index (HOMA-IRI) were 
calculated as previously described[16–18].  

Intraperitoneal insulin tolerance tests (ip-ITTs)
In mice, ip-ITTs were carried out (0.5 IU insulin/kg body 
weight in 0.9% NaCl) after a 4 h fast.  Blood samples were col-
lected by tail bleeding at the indicated time points.  Glucose 
was measured with glucose strips on a glucometer (ONE-
TOUCH® Ultra Easy, Johnson & Johnson Ltd, USA).  The 
natural logarithms of the glucose measurements were taken, 
and the slope was calculated using linear regression (time×Ln 
[glucose]) and multiplied by 100 to obtain the constant glucose 
decay rate during the insulin tolerance tests (kITT).

Glucose-stimulated insulin secretion (GSIS) in pancreatic islet 
The islets were isolated by collagenase digestion, preincubated 
in Krebs-Henseleit buffer solution (KHBS) containing 0.5% 
BSA and 2.8 mmol/L glucose, and equilibrated with 95% O2 
and 5% CO2 at 37 °C for 1 h.  Then, the medium was discarded, 
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and the islets were incubated for an additional 1 h in 1 mL 
KHBS containing 2.8, 11.2, or 22.4 mmol/L glucose, respec-
tively.  Subsequently, the supernatant was collected to evalu-
ate insulin secretion, the remaining islets were homogenized 
in KHBS, and the supernatant was collected for the determina-
tion of total insulin content by ELISA (Mercodia, Sweden).

Hepatic histology and lipid content
The liver and body weights were measured to calculate the 
liver indexes.  To perform hematoxylin and eosin (H&E) 
staining, a portion of liver tissues were fixed in 4% parafor-
maldehyde and embedded in paraffin.  The frozen sections of 
the liver tissues were used to perform oil red O staining.  To 
analyze the hepatic lipid content, additional portions of the 
liver tissues (50–100 mg) were collected.  The TC and TG levels 
were measured according to the instructions of kits (Nanjing 
Jiancheng Bioengineering Institute, China), and the values 
were normalized to liver weights.  

In vivo insulin clearance test
The serum insulin was evaluated during the ip-ITTs.  The area 
under the curve of the insulin (AUCI) was calculated.  The 
metabolic clearance rate of insulin (MCR-I) was evaluated as 
previously described[19].  

Western blotting
Proteins were extracted from mouse liver using RIPA lysis 
buffer with a protease inhibitor cocktail (Sigma-Aldrich, USA) 
and 1 mmol/L PMSF.  The total protein levels of the lysates 
were determined using the Bradford method.  Then, 50 μg of 
protein were loaded and electrophoresed using SDS-PAGE, 
transferred onto polyvinylidene difluoride membranes (Amer-
sham Biosciences, Bucks, UK), and incubated with rabbit 
monoclonal primary antibody to IDE (Abcam, USA) and then 
with peroxidase-conjugated secondary antibody.  The immu-
nocomplexes were visualized with enhanced chemilumines-
cence kits (Amersham Biosciences).

Insulin-degrading enzyme activity assay
The IDE activity was assessed by measuring the levels of pro-
tein extracts from the livers with the InnoZyme™ Insulysin/
IDE Immunocapture Activity Assay Kit (Calbiochem, Ger-
many) and was expressed as relative fluorescent units.

Statistical analysis
The results are expressed as the mean±SD.  Statistical analyses 
were performed using repeated measures ANOVA and one-
way ANOVA.  Differences were considered to be significant 
if P<0.05 or P<0.01.  All of the calculations were performed 
using SPSS 13.0 software.

Results
EGCG improves metabolic disorders induced by a high-fat diet
Male C57BL/6 mice were fed a high-fat diet for 20 weeks 
to induce NAFLD.  Then, the NAFLD mice were treated 
with low, moderate, or high doses of EGCG (ie, L-, M-, and 
H-EGCG, respectively) in the subsequent 4 weeks.  The HFD 
mice had a significant enhancement in the body and visceral 
fat pad weights attributed to the increased energy intake, com-
pared with the CTRL mice.  In a dose-dependent manner, the 
EGCG treatment decreased energy intake and the body and 
visceral fat pad weights induced by the high-fat diet (Table 1).  

Compared with the CTRL mice, the high-fat diet led to sig-
nificant increases in fast blood glucose and insulin, as shown 
in Figure 1A and 1B, and significant increases in serum lipid 
levels, including the TC, TG, and LDL-C levels (Figure 1C).  
The treatment of HFD mice with EGCG dose-dependently 
decreased the fasting blood glucose, serum insulin and lipid 
levels (TC, TG, and LDL-C).  EGCG also dose-dependently 
increased HDL-C compared with HFD mice (Figure 1).  These 
results suggest that the high-fat diet induces metabolic disor-
ders, including hyperlipidemia, hyperinsulinemia and hyper-
glycemia, whereas EGCG dose-dependently improves the 
effects induced by a high-fat diet.

EGCG improves insulin resistance induced by a high-fat diet
There was a significant improvement in the fasting glucose 
and insulin levels in the EGCG groups.  To verify these find-
ings, we performed a homeostatic model assessment.  The 
treatment of HFD-fed mice with EGCG improved insulin 
sensitivity and prevented insulin resistance induced by the 
high-fat diet, as evidenced by the HOMA-ISI and HOMA-IRI 
(Supplementary Figure S1).  

Results from ip-GTTs showed the high-fat diet led to 
glucose intolerance (Figure 2A and 2B), accompanied by an 
insulin release peak delayed to 30 min after glucose load-
ing, compared with an insulin release peak at 15 min after  

Table 1.  EGCG promotes weight loss in HFD mice. The values are expressed as mean±SD. n=6.  cP<0.01 vs CTRL.  eP<0.05, fP<0.01  vs HFD.

                                                                              CTRL                                  HFD                               L-EGCG                           M-EGCG                        H-EGCG   
 
Energy intake (kcal·kg-1·d-1) 664.6±71.2 922.1±104.7c 904.5±92.5c 790.4±91.5ce 676.2±80.2f

Carbohydrate intake (g·kg-1·d-1) 108.6±15.6   98.9±11.3    97.0±11.5   84.6±9.7ce   72.5±9.1cf

Protein intake (g·kg-1·d-1)   36.2±5.7   39.3±5.1   38.5±5.1   34.0±4.7   28.8±4.3cf

Fat intake (g·kg-1·d-1)     9.1±1.7   40.7±4.7c   40.0±4.9c   34.9±4.3ce   29.9±4.8cf

Body weight (g)   22.6±1.1   29.2±1.6c   28.7±1.2c   25.5±1.0f   23.4±0.8f

Visceral fat pad (g)   0.46±0.06   1.35±0.12c   1.22±0.15c   0.77±0.07cf   0.57±0.06f

Food composition intake was calculated based on daily food intake and nominal calorie content of each individual item of the offered diet.  At the end 
of the 24th week, all the mice were weighted, then anesthetized and euthanized.  The visceral fat pad were excised and weighted.  
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glucose loading in the CTRL mice (Figure 2C).  This suggested 
impaired insulin sensitivity in the HFD mice.  EGCG dose-
dependently improved the glucose intolerance induced by 
the high-fat diet (Figure 2A and 2B).  EGCG and especially 
H-EGCG altered the insulin dynamics and presented a higher 
insulin secretion peak at 15 min, which was associated with a 
higher insulin concentration (Figure 2C and 2D).

During ip-ITTs, after intraperitoneal injection with insulin, 
the HFD mice showed a greater insulin tolerance with an 
increased AUCG and a reduced kITT compared with the CTRL 
mice (Figure 3), which suggested that the high-fat diet induced 
insulin resistance.  EGCG improved the insulin resistance 
induced by the high-fat diet in a dose-dependent manner, as 
confirmed by the increased glucose tolerance and insulin sen-
sitivity (Figure 2) and the lower insulin tolerance compared 
with the HFD mice (Figure 3).  

EGCG rescues the insulin secretion in HFD mice 
To assess the insulin secretion levels, we performed GSIS 
assays on the pancreatic islets isolated from the mice.  The 

high-fat diet led to an overall decreased GSIS level (Figure 4A) 
and decreased total insulin contents (Figure 4B).  The insulin 
secretion in the HFD mice significantly decreased even after 
normalization to the total insulin content (Figure 4C).  EGCG 
dose-dependently reversed the decreased insulin secretion and 
total insulin content induced by the high-fat diet (Figure 4).

EGCG improves NAFLD induced by a high-fat diet
We next evaluated the impact of EGCG on the hepatic mor-
phology and the lipid accumulation in HFD mice.  The hepatic 
histological analyses of the CTRL and HFD mice, according to 
the Brunt NAFLD score, revealed that all HFD mice had grade 
2 or 3 fatty degeneration, which is mainly characterized by 
microvacuolar steatosis, approximately 67% of the HFD mice 
had lobular inflammation, and 67% and 33% of the HFD mice 
had grade 1 and grade 2 ballooning, respectively (Figure 5B 
and Table 2).  No changes were found in the CTRL mice (Fig-
ure 5A and Table 2).  Importantly, EGCG dose-dependently 
improved the steatosis, lobular inflammation and ballooning 
induced by the high-fat diet.  Additionally, numerous hepatic 
cells regenerated in the EGCG-treated mice (Figure 5C-5E and 
Table 2).  Oil red O staining in the frozen sections of the mouse 
liver tissue (Figure 5F–5J) demonstrated an abundant lipid 
accumulation in the hepatic cells of the HFD mice and that 
EGCG reduced the lipid accumulation induced by the high-fat 
diet in a dose-dependent manner (Figure 5F–5J).  

We further quantitatively analyzed the effects of EGCG on 
the lipid contents in the liver and the hepatic function.  As 
shown in Figure 5K, the high-fat diet led to an increase in the 
liver weight.  The quantitative analysis of the lipids showed 
the TG and TC levels in the liver tissue of the HFD mice sig-
nificantly increased compared with that of the CTRL mice 
(Figure 5L and 5M).  The fasting GOT and GPT levels in the 
HFD mouse serum were clearly elevated (Figure 5N and 5O).  
EGCG dose-dependently decreased the liver weights and the 
contents of TG and TC in the liver (Figure 5K–5M).  EGCG 
also dose-dependently reduced the GOT levels and especially 
the GPT levels (Figure 5N and 5O), which are considered 
markers of hepatic insulin resistance[20].  Taken together, these 
results demonstrated the effectiveness of EGCG for ameliorat-
ing NAFLD induced by a high-fat diet in mice.

EGCG enhances insulin clearance and upregulates IDE in the 
liver of NAFLD mice
Our results have shown that EGCG dose-dependently 
improved hyperinsulinemia and insulin resistance, and 
increased insulin sensitivity and secretion in NAFLD mice 
induced by a high-fat diet.  EGCG induced variations in the 
decreased fasting serum insulin and the increased insulin 
secretion.  We speculated that these variations could be due 
to the effects of EGCG on insulin clearance.  We analyzed the 
effects of EGCG on insulin clearance in mice.  During ip-ITTs, 
after the intraperitoneal injection of 0.5 IU insulin/kg body 
weight, the serum insulin levels at each time point in the HFD 
mice were significantly higher than those in the CTRL mice, as 
shown in the insulin curves (Figure 6A).  The AUCI increased 

Figure 1.  EGCG improves hyperlipidemia, hyperinsulinemia and hyper-
glycemia induced by a high-fat diet in mice.  At the end of the 24th week, 
all the mice were anesthetized and euthanized.  Blood was collected for 
biochemical analyses.  The fasting blood glucose in mice (A), the fasting 
serum insulin in mice (B), and the fasting serum lipids in mice (C).  The 
values are expressed as the mean±SD.  n=6.  cP<0.01 vs CTRL.  fP<0.01 
vs HFD.
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approximately 3-fold, whereas the MCR-I decreased approxi-
mately 3-fold in the HFD mice compared with the CTRL mice 
(Figure 6B and 6C).  This suggested that a high-fat diet leads 
to a diminished insulin clearance.  Moreover, EGCG dose-
dependently reversed the diminishment in insulin clearance in 
NAFLD mice induced by the high-fat diet, as determined by 
the increased MCR-I (Figure 6C).  

Approximately 50%–80% insulin is cleared by degrada-
tion by IDE in the liver[6].  Thus, we further analyzed the 
protein expression and activity of IDE in mouse liver.  The 
IDE enzyme activity and protein levels in the liver were sig-
nificantly decreased by the high-fat diet.  EGCG increased the 
enzyme activity and protein expressions in the liver of NAFLD 
mice in a dose-dependent manner (Figures 6D and 6E).

Discussion
The many metabolic pathways of glucose and the lipid metab-
olism in the liver are controlled by insulin, which regulates 
the hepatic glucose output and lipid synthesis.  There fore, any 
transformation in hepatic insulin sensitivity is rapidly reflected 
in glucose homeostasis and TG levels[21].  Insulin resistance has 
been considered an important pathophysiologic mechanism of 
obesity, dyslipidemia, diabetes, hypertension and NAFLD[1, 2].  
A series of studies have shown that insulin resistance is a key 
factor in the pathogenesis and potential evolution of hepatic 

steatosis.  Insulin resistance is associated with increases in glu-
coneogenesis, peripheral lipolysis, the hepatic uptake of lipids 
and hepatocellular TG accumulation[22].  At present, there is a 
lack of effective and safe therapies for NAFLD.  Although life-
style intervention and weight loss is often advocated, it is dif-
ficult to maintain.  Insulin sensitizers (eg, thiazolidinediones) 
improve steatosis and inflammation but induce significant 
weight gain.  The use of antioxidants and other approaches 
have yielded conflicting and heterogeneous results.  Thus, 
safer and more effective treatments for NAFLD should be 
explored.

Our study showed that the EGCG extracted from green 
tea dose-dependently improved steatosis, lobular inflam-
mation and ballooning in the liver (Figure 5 and Table 2), 
and improved dyslipidemia (Figure 1) and hepatic function 
(Figure 5) in NAFLD mice induced by a high-fat diet.  This 
suggests that EGCG is an effective treatment for NAFLD 
mice.  Recently, several studies confirmed that the beneficial 
effects of EGCG on NAFLD may be attributed to its induction 
of hepatic autophagy and the attenuation of inflammation 
and oxidative stress[23–25].  Insulin resistance is closely associ-
ated with NAFLD and is a key factor in the pathogenesis 
and potential evolution of NAFLD[1, 2].  However, the effect 
of EGCG on insulin resistance and its mechanism in treating 
NAFLD has rarely been discussed.  In our study, EGCG allevi-

Figure 2.  Effects of EGCG on glucose tolerance by ip-GTTs.  At the 24th week, ip-GTTs were carried out after a 12 h fast.  Blood samples were collected 
by tail bleeding at the indicated time points.  Blood glucose and serum insulin were analyzed.  The blood glucose curves (A), the AUCG (B), the insulin 
release curves (C), and the AUCI (D).  The values are expressed as the mean±SD. n=6.  P values in (A) and (C) were calculated using repeated measures 
ANOVA.  cP<0.01 vs CTRL.  eP<0.05, fP<0.01 vs HFD (by one-way ANOVA).
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ated hyperinsulinemia (Figure 1), hyperglycemia (Figure 1) 
and insulin resistance (Figure 2 and 3) in a dose-dependent 
manner in NAFLD mice.  This alleviation of insulin resistance 
by EGCG in NAFLD mice may be attributed to the weight 
loss effects of EGCG (Table 1), as previously shown wherein 
weight loss induced by diet control, exercise, pharmaco-
therapy and bariatric surgery improves insulin resis tance[26, 27].  
However, more importantly, our study confirmed that an 
EGCG-induced increase in insulin clearance may contribute 
to the improvement of insulin resistance in NAFLD mice 
(Figure 6).

Several clinical studies have shown that impaired insulin 

clearance, rather than insulin section, strongly correlated 
with hyperinsulinemia and insulin resistance in NAFLD 
patients[10, 28].  Additionally, increased hepatic steatosis is 
associated with reduced insulin clearance and contributes to 
insulin resistance in non-diabetic Japanese individuals[29].  An 
experimental study demonstrated that primary hepatocytes 
treated with TG had a lower insulin clearance than control 
hepatocytes[30].  Together with our study results, this suggests 
that an impairment of insulin clearance may be a key factor 
that leads to insulin resistance in NAFLD.  Additionally, this 
suggests that EGCG improves insulin resistance in NAFLD 
possibly through enhancing insulin clearance.

IDE has been recommended as a potential drug target in 

Figure 3.  Effects of EGCG on insulin tolerance by ip-ITTs.  At the 24th 
week, ip-ITTs were carried out after a 4 h fast.  Blood samples were 
collected by tail bleeding at the indicated time points.  Blood glucose was 
measured.  The blood glucose curves (A), the AUCG (B), and the kITT (C).  
The values are expressed as the mean±SD. n=6.  P values in (A) were 
calculated using repeated measures ANOVA.  cP<0.01 vs CTRL.  fP<0.01 
vs HFD (by one-way ANOVA).

Figure 4.  EGCG rescues the insulin secretion in HFD mice.  At the 
end of the 24th week, all the mice were anesthetized and euthanized.  
The pancreatic islets were isolated by collagenase digestion, GSIS in 
pancreatic islet were performed: insulin secretion (A), total insulin content 
(B), and insulin secretion normalized by total insulin content (C).  The 
values are expressed as the mean±SD. n=6.  bP<0.05, cP<0.01 vs CTRL.  
eP<0.05, fP<0.01 vs HFD.
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the treatment of T2DM due to the IDE-catalyzed degradation 
of insulin[7].  The up-regulation of IDE activity may help to 
control hyperinsulinemia and insulin resistance in T2DM[7–9, 31].  

Unfortunately, not much is known about IDE regulation in 
NAFLD.  We observed that EGCG dose-dependently induced 
IDE enzyme activity in the liver of NAFLD mice, which has 

Table 2.  Grade of NAFLD in the liver of mice according to the Brunt NAFLD score. 

                                                            Steatosis (%)                                                     Lobular inflammation (%)                                        Ballooning (%)
Groups                                                Grade                                                                            Grade                                                              Grade
 (n=6)
                                  0                    1                     2                   3                0                   1                    2                  3          0                   1                  2 
 
CTRL 100 0 0 0 100 0 0 0 100 0 0
HFD 0 0 33 67 33 67 0 0 0 67 33
L-EGCG 0 33 67 0 50 50 0 0 50 50 0
M-EGCG 0 50 50 0 83 17 0 0 100 0 0
H-EGCG 0 83 17 0 100 0 0 0 100 0 0

At the end of the 24th week, all the mice were anesthetized and euthanized.  A portion of liver tissues in each mouse were fixed in 4% paraformaldehyde 
and embedded in paraffin. Then H&E staining was performed.  The hepatic lesions were evaluated according to the Brunt NAFLD score.  There were six 
cases in each group.  The values are expressed as incidence rates in mice.

Figure 5.  EGCG improves NAFLD induced by a high-fat diet.  At the end of the 24th week, all the mice were anesthetized and euthanized.  H&E 
staining, oil red O staining and lipid quantitative analyses in mouse liver were performed.  H&E staining in the paraffin sections of hepatic tissues (A–E, 
magnification ×20, scale bar=50 μm), the oil red O staining in frozen sections of hepatic tissues (F–J, magnification ×40, scale bar=100 μm), the liver 
indexes expressed as the liver weight (g) per g body weight (K), the TC content of liver (L), the TG content of liver (M), the GOT in serum (N) and the GPT 
in serum (O).  The values are expressed as the mean±SD.  n=6.  bP<0.05, cP<0.01 vs CTRL.  eP<0.05, fP<0.01 vs HFD.
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been associated with an increase in IDE protein expression; 
this represents a novel activity of EGCG in the pharmacologi-
cal action.  This activity suggested that EGCG may reduce 
insulin resistance by accelerating the clearance of insulin by 
IDE.  However, this is a preliminary study, and the regulation 
mechanism of EGCG on IDE requires further investigation.  
The current knowledge about the IDE regulation mechanism 
is mostly derived from the study of the β-amyloid peptide in 
Alzheimer disease.  In addition to insulin, IDE catalyzes the 
degradation of β-amyloid; IDE dysfunction is a critical factor 
in the pathogenesis of Alzheimer disease.  In various stud-
ies on Alzheimer disease, researchers have discovered that 
the IDE gene promoter contains a peroxisome proliferator-
activated receptor-γ (PPAR-γ) binding site, and PPAR-γ 
induces IDE gene transcription in neuronal cells[32].  Further-
more, IDE gene transcription is induced by nuclear respira-
tory factor 1 (NRF1)[33] and is reduced in neuronal cells by the 
Notch signaling proteins HES-1 and Hey-1[34].  PPAR-γ, NRF1, 
and Notch signaling will be further investigated to determine 
their roles in mediating the regulation of EGCG on IDE in 
NAFLD.

We demonstrated EGCG dose-dependently improved insu-

lin resistance in NAFLD mice possibly not only by reducing 
body weight but also through enhancing the insulin clearance 
by hepatic IDE.  The IDE protein expression and activity was 
induced by EGCG, suggesting a new action of EGCG in the 
treatment of NAFLD and the importance of IDE as a candi-
date for a targeted therapeutic approach for the treatment of 
NAFLD.  Although this study was only conducted in the liver, 
these observations may apply to IDE regulation by EGCG in 
other tissues, such as kidney, brain and fat tissues.
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