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Eff ect of intensive insulin therapy on β-cell function and 
glycaemic control in patients with newly diagnosed type 2 
diabetes: a multicentre randomised parallel-group trial
Jianping Weng*, Yanbing Li*, Wen Xu, Lixin Shi, Qiao Zhang, Dalong Zhu, Yun Hu, Zhiguang Zhou, Xiang Yan, Haoming Tian, Xingwu Ran, 
Zuojie Luo, Jing Xian, Li Yan, Fangping Li, Longyi Zeng, Yanming Chen, Liyong Yang, Sunjie Yan, Juan Liu, Ming Li, Zuzhi Fu, Hua Cheng

 

Summary
Background Early intensive insulin therapy in patients with newly diagnosed type 2 diabetes might improve β-cell 
function and result in extended glycaemic remissions. We did a multicentre, randomised trial to compare the eff ects 
of transient intensive insulin therapy (continuous subcutaneous insulin infusion [CSII] or multiple daily insulin 
injections [MDI]) with oral hypoglycaemic agents on β-cell function and diabetes remission rate.

Methods 382 patients, aged 25–70 years, were enrolled from nine centres in China between September, 2004, and 
October, 2006. The patients, with fasting plasma glucose of 7·0–16·7 mmol/L, were randomly assigned to therapy 
with insulin (CSII or MDI) or oral hypoglycaemic agents for initial rapid correction of hyperglycaemia. Treatment was 
stopped after normoglycaemia was maintained for 2 weeks. Patients were then followed-up on diet and exercise 
alone. Intravenous glucose tolerance tests were done and blood glucose, insulin, and proinsulin were measured 
before and after therapy withdrawal and at 1-year follow-up. Primary endpoint was time of glycaemic remission and 
remission rate at 1 year after short-term intensive therapy. Analysis was per protocol. This study was registered with 
ClinicalTrials.gov, number NCT00147836.

Findings More patients achieved target glycaemic control in the insulin groups (97·1% [133 of 137] in CSII and 
95·2% [118 of 124] in MDI) in less time (4·0 days [SD 2·5] in CSII and 5·6 days [SD 3·8] in MDI) than those treated 
with oral hypoglycaemic agents (83·5% [101 of 121] and 9·3 days [SD 5·3]). Remission rates after 1 year were 
signifi cantly higher in the insulin groups (51·1% in CSII and 44·9% in MDI) than in the oral hypoglycaemic agents 
group (26·7%; p=0.0012). β-cell function represented by HOMA B and acute insulin response improved signifi cantly 
after intensive interventions. The increase in acute insulin response was sustained in the insulin groups but 
signifi cantly declined in the oral hypoglycaemic agents group at 1 year in all patients in the remission group.

Interpretation Early intensive insulin therapy in patients with newly diagnosed type 2 diabetes has favourable 
outcomes on recovery and maintenance of β-cell function and protracted glycaemic remission compared with 
treatment with oral hypoglycaemic agents.

Funding 973 Programme from the Chinese Government, the Natural Science Foundation of Guangdong Province 
Government, Novo Nordisk (China), and Roche Diagnostics (Shanghai).

Introduction 
The UK Prospective Diabetes Study1,2 has shown that β-cell 
function progressively deteriorates over time in people 
with type 2 diabetes mellitus, irrespective of lifestyle and 
existing pharmacological interventions. Notwithstanding, 
continued eff ort has been directed toward β-cell 
preservation or rejuvenation in an attempt to change or at 
least delay the natural course of type 2 diabetes.3 Other 
studies have indicated that, in newly diagnosed patients, 
short-term intensive insulin therapies that target overall 
glycaemic control, such as multiple daily insulin injections 
(MDI) and continuous subcutaneous insulin infusion 
(CSII), could improve β-cell function and result in 
extended remissions in which only diet was needed to 
maintain normoglycaemia.3–8 The results of our previous 
study7 also suggest that the improvement of β-cell function, 
especially the restoration of the fi rst-phase insulin 
secretion, could be responsible for the remission. Still 

unclear, however, is whether this disease-modifying eff ect 
is due to insulin therapy itself or the eff ects of simply 
eliminating glucotoxicity by achieving excellent glycaemic 
control, and which kind of initiation of early intensive 
therapy would be more benefi cial.

We therefore did a multicentre, randomised, 
parallel-group trial to assess the effi  cacy of short-term 
intensive insulin therapy (including MDI and CSII) 
compared with oral hypoglycaemic agents on glycaemic 
control, remission rate, and β-cell function in patients 
with newly diagnosed type 2 diabetes. Several indicies 
were used for assessment of β-cell insulin-secretory 
capacity, including: HOMA B, which represents basal 
β-cell function; the fi rst-phase insulin secretion after a 
glucose challenge, which represents the acute insulin 
response; and the ratio of plasma proinsulin to 
immunoreactive insulin (PI/IRI), which indicates β-cell 
secretory quality.9
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Methods
436 patients with newly diagnosed type 2 diabetes, 
according to WHO diagnostic criteria (1999),10 who had not 
received previous antihyperglycaemic therapy, were 
enrolled from nine centres in China between 
September, 2004, and October, 2006. The patients, aged 
25–70 years, had levels of fasting plasma glucose between 
7·0 mmol/L and 16·7 mmol/L. Patients were excluded if 
they had acute or severe chronic diabetic complications, 
severe intercurrent illness, or tested positive for glutamic 
acid decarboxylase antibody. Patients with maturity onset 
diabetes in youth and mitochondria diabetes mellitus were 
excluded.11,12 There was a 3–7 days run-in period of diet 
alone. The protocol and informed consent document were 
approved by the research ethics board of the Sun Yat-Sen 
University. All patients gave written informed consent.

Study design 
Patients were randomly assigned to one of three groups 
for antihyperglycaemic therapies: MDI, CSII, or oral 
hypoglycaemic agents. Sealed, opaque envelopes arranged 
in a computer-generated random order were prepared by 
the data-coordinating centre and distributed to each 
participating centre, where they were opened sequentially 
to determine the patients’ treatment assignments.

Patients in the CSII group received human insulin (Novo 
Nordisk, Bagsværd, Denmark) with an insulin pump 
(H-Tron Plus V100; Disetronic Medical Systems). Patients 
in the MDI group were treated with pre-meal Novolin-R, 
and human insulin NPH (Novolin-N, Novo Nordisk) at 
bedtime. Initial insulin doses were 0·4–0·5 IU/kg and 
total daily doses were divided into 50% of basal and 50% of 
bolus injection in the CSII group and into 
30%–20%–20%–30% in the MDI group. In the group 
treated with oral hypoglycaemic agents, patients with a 
body-mass index between 20 kg/m² and 25 kg/m² were 
initially treated with gliclazide (Servier, Tianjin, China) 
80 mg twice a day, which was increased up to a maximum 
of 160 mg twice a day to achieve glycaemic control. Patients 
with a body-mass index of between 25 kg/m² and 35 kg/m² 
were initially treated with metformin (Glucophage, 
Bristol-Myers Squibb) 0·5 g twice a day and increased to a 
maximum of 2·0 g a day. A combination of gliclazide and 
metformin was used in patients who could not reach the 
glycaemic control goal with one oral hypoglycaemic agent 
or who had a fasting plasma glucose of 11·1 mmol/L or 
more at randomisation. The doses were titrated every day 
in the insulin groups and every 3 days in the hypoglycaemic 
agents group in order to attain the glycaemic goal. This 
goal was defi ned as a fasting capillary blood glucose of less 
than 6·1 mmol/L  and capillary blood glucose at 2 h after 
each of three meals of less than 8·0 mmol/L. Treatments 
were maintained for 2 weeks after the glycaemic target was 
reached. Patients who did not achieve glycaemic control by 
CSII or MDI alone or by combined maximum dosage of 
oral hypoglycaemic agents within 2 weeks, or could not 
stand the side-eff ects of oral hypoglycaemic agents, were 

regarded as requiring additional or diff erent therapy and 
were excluded from the effi  cacy analysis.

Fasting blood samples were collected for measurement 
of fasting plasma glucose, proinsulin, free fatty acids, 
and lipid profi les in all patients before and after treatment 
(2 days after insulin or hypoglycaemic agent cessation), 
immediately followed by an intravenous glucose tolerance 
test using 25 g of glucose (50 mL of 50% glucose), with 
serum samples obtained before and 1, 2, 4, 6, and 10 min 
after intravenous glucose load to measure insulin. 2-h 
postprandial (after breakfast) plasma glucose 
concentrations were assessed the day before the 
intravenous glucose tolerance test. The acute insulin 
response during the intravenous glucose tolerance test 
was used to assess the fi rst-phase β-cell insulin secretion, 
which was calculated as the incremental trapezoidal area 
during the fi rst 10 min. Homoeostasis model assessment 
was used to estimate basal β-cell function (HOMA B) and 
insulin resistance (HOMA-IR).13 The following equations 
were used to calculate β-cell function and insulin 
resistance: HOMA B=20×fasting insulin/(fasting plasma 
glucose–3·5). HOMA-IR=fasting plasma glucose×fasting 
insulin/22·5. The PI/IRI ratio was also calculated.

Concentrations of insulin, proinsulin, and free fatty 
acids were assessed centrally at the Diabetes Center of 
First Affi  liated hospital of Sun Yat-Sen University. 
Radioimmunoassay was used for measurement of insulin 
(3V Bio-engineering group, Weifang, China) and 
proinsulin (Linco Research, St Charles, MO, USA). Free 
fatty acids levels were assessed enzymatically with a 
Wako NEFA C test kit (Wako Chemicals, Dallas, TX, 
USA). Measurements of glycated haemoglobin A1c 
(HbA1c) levels and routine clinical laboratory tests were 
done in the central laboratory units of the nine 
participating centres. HbA1c

 

was assayed using the 
Bio-Rad Variant Hemoglobin A1c assay.

After interventions were stopped, patients were 
instructed to continue diet and physical exercise only and 
were followed-up with glycaemic monitoring monthly 
during the initial 3 months and at 3-month intervals 
thereafter. Hyperglycaemia relapse was defi ned as either 
fasting plasma glucose of more than 7·0 mmol/L or 2-h 
postprandial plasma glucose of more than 10·0 mmol/L, 
which was confi rmed 1 week later. The time of glycaemic 
remission was recorded, and patients with hyperglycaemic 
relapse were treated with oral hypoglycaemic agents or 
insulin, according to the guidelines of the International 
Diabetes Federation-Western Pacifi c Region. Patients 
who maintained optimum glycaemic control for at least 
12 months without medication were defi ned as the 
remission group and those who relapsed during the 
12 months of follow-up as the non-remission group. The 
above measures were repeated at 1-year follow-up.

The primary endpoint was the time of glycaemic 
remission and remission rate at 1 year after short-term 
intensive therapy in patients with newly diagnosed type 2 
diabetes. The secondary endpoint was the eff ect of 
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diff erent interventions including CSII, MDI, or oral 
hypoglycaemic agents on β-cell function in these patients.

Statistical analysis
As expected from our previous studies, 45% of patients 
who received insulin treatment (CSII or MDI) and 25% of 
patients treated with oral hypoglycaemic agents achieved 
long-lasting remission. With 89 patients in each group, 
the study had 80% power at 5% signifi cance (2-sided) to 
detect a clinically signifi cant diff erence (20%) in the 
remission rate between the insulin group and the group 
treated with oral hypoglycaemic agents. Since the average 
rate of not achieving glycaemic control by the intervention 
was about 20%, based on the results of previous studies, 
and the estimated dropout rate was 15%, at least 
392 patients in total should be recruited. Effi  cacy analyses 
were done on the population who achieved 2 weeks of 
euglycaemic control during intensive intervention. Safety 
analyses were done on all randomly assigned patients 
who received study medication.

Data were analysed with the SPSS 11·0 program.14 
Normally distributed and continuous variables are 
presented as mean (SD), and non-normally distributed 
variables (triglycerides, acute insulin response, PI/IRI, 
HOMA B, and HOMA IR) expressed as median (IQR). 
For the assessment of diff erences between the treatment 
groups with regard to quantitative variables (ie, fasting 

plasma glucose, HbA1c, lipid profi le parameters, 
HOMA IR, PI/IRI), one-way analysis of variance (ANOVA) 
with multiple comparisons Scheff é post-test was used. 
The non-normally distributed variables have been 
log-transformed and then analysed with ANOVA. The 
comparison of β-cell function among the three groups 
was made using an ANCOVA model with treatment as 
fi xed eff ects and sex, age, body-mass index, and baseline 
triglycerides as the covariates. A Kruskal-Wallis H or 
Friedman test was used to analyse the non-normally 
distributed variables (acute insulin response and the 
change of PI/IRI ratio from baseline to after interventions). 
Time-to-event distributions were summarised with 
Kaplan-Meier curves. The percentage reduction in risk 
was computed as 100×(1−hazard ratio), with the hazard 
ratio estimated from the Cox proportional-hazards model. 
χ² tests were done to analyse the diff erences of remission 
rates among the three intervention groups. Signifi cance 
was defi ned as p<0·05.

This study was registered with ClinicalTrials.gov, 
number NCT00147836.

Role of the funding source
This study was funded by the 973 Programme of the 
Chinese Government, the Natural Science Foundation of 
Guangdong Province Government, Novo Nordisk 
(China), and Roche Diagnostics (Shanghai). The funding 

436 assessed for eligibility 

26 did not meet inclusion criteria  

137 allocated to CSII group 

4 excluded from analysis because
    did not achieve glycaemic
    control with CSII and required
    additional therapy  

6 excluded from analysis because
    did not achieve glycaemic
    control with MDI and required
    additional therapy  

121 allocated to OHA group 

20 excluded from analysis
      13 failed to achieve glycaemic
            control with OHA and
            required additional therapy
        7 discontinued for intolerable
            gastrointestinal side-effects
            of metformin    

124 allocated to the MDI group 

410 randomised 

28 excluded
      17 refused to participate
      11 withdrew for other reasons    

124 completed study 94 completed study 113 completed study 

7 lost to follow-up
     2 for immigration
     5 lost to follow-up 

5 lost to follow-up
    1 for immigration
    4 lost to follow-up 

9 lost to follow-up
    2 for immigration
    7 lost to follow-up 

Figure 1: Trial profi le
CSII=continuous subcutaneous insulin infusion. MDI=multiple daily insulin injections. OHA=oral hypoglycaemic agents.
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sources had no role in study design, data collection, data 
analysis, data interpretation, or writing of the report. The 
corresponding author had full access to all the data in the 
study and had fi nal responsibility for the decision to 
submit for publication.

Results
Of the 436 patients screened, 410 were eligible and were 
randomised. 28 patients withdrew before receiving 
interventions (fi gure 1). The remaining 382 patients 
(mean age 51 years [SD 10], body-mass index 25·0 kg/m² 
[3·0], and mean fasting plasma glucose 11·2 mmol/L 
[3·1]) were allocated to the CSII group (137), the MDI 
group (124), and the hypoglycaemic agents group (121).

Of these patients, 23 (four in the CSII group, six in 
the MDI group, and 13 in the oral hypoglycaemic agents 
group) did not reach the glycaemic control goals and 
seven patients in the oral hypoglycaemic agents group 
were withdrawn because of gastrointestinal side-eff ects 
of metformin. These 30 patients were therefore 
excluded from further analysis. Of the remaining 
352 patients who completed transient intensive 
treatment, 331 completed 1-year visits and 21 (5·5%, 
nine in the CSII group, fi ve in the MDI group, and 
seven in the oral hypoglycaemic agents group) dropped 
out because of immigration or were lost to follow-up 
(fi gure 1).

Clinical characteristics, glucose levels, and lipid 
profi les at baseline were similar between the three 
groups (table 1). 92·1% (352 of 382) of patients reached 
glycaemic goals in 7·9 days (SD 4·6) during the inter-
vention period. More patients achieved target glycaemic 
control in the insulin groups (133 of 137 [97·1%] in 
CSII, and 118 of 124 [95·2%] in MDI) in less time 
(4·0 days [SD 2·5] in CSII and 5·6 days [3·8] in MDI) 
than those in the oral hypoglycaemic agents group 
(101 of 121 [83·5%], 9·3 [5·3] days; p<0·0001 vs CSII 
and p=0·01 vs MDI). The mean maximum daily doses 
were 0·68 IU kg–¹ (SD 0·21) in the CSII group and 
0·74 IU kg–¹ (0·35) in the MDI group, and the median 
maximum daily doses in the oral hypoglycaemic agents 
group was gliclazide 160 mg plus metformin 1500 mg. 
25 patients were treated with gliclazide alone and 
27 with metformin alone.

Of the patients who reached glycaemic targets, the 
improvement of glucose control, represented by 
signifi cant decrease of fasting plasma glucose, 2-h 
postprandial plasma glucose, and HbA1c,

 

did not 
signifi cantly diff er among the groups (table 1). Nor did 
the amelioration of lipid profi le, indicated by decreased 
total cholesterol, LDL-C, triclycerides, and free fatty acid 
levels after intensive therapies.

The indicies of β-cell function and HOMA IR were 
similar between the three treatment groups before 
treatment (table 1). The acute insulin response was 
absent in all patients at that point. After 2–5 weeks of 
intensive treatment, the acute insulin response was 
partially restored and HOMA B was signifi cantly 
increased in all patients (p<0·0001). The PI/IRI ratios 
were markedly decreased (p<0·0001), and HOMA IR 
also decreased (p<0·0001). When the data after therapy 
among three groups were compared, we found no 
signifi cant diff erence in the improvement of acute 

CSII MDI Oral hypoglycaemic 
agents

Number 133 118 101

Men (n) 88 81 58

Age (years) 50 (11) 51 (10) 52 (9)

Body-mass index (kg/m²) 25·1 (3·0) 24·4 (2·7) 25·1 (3·3)

Fasting plasma glucose (mmol/L)

Before therapy 11·3 (3·3) 11·5 (3·2) 10·8 (2·9)

After therapy* 6·6 (1·5) 6·8 (1·6) 6·5 (1·6)

2-h postprandial plasma glucose (mmol/L)

Before therapy 16·1 (5·5) 17·5 (5·5) 16·6 (5·0)

After therapy* 7·5 (2·2) (n=113) 8·1 (2·9) (n=111) 8·2 (2·7) (n=90)

HbA1c (%)

Before therapy 9·8 (2·3) 9·7 (2·3) 9·5 (2·5)

After therapy* 8·0 (1·5) 8·0 (1·6) 7·9 (1·7)

Triglycerides (mmol/L)†

Before therapy 1·7(1·4) (n=132) 1·7(1·4) (n=117) 1·8(1·1) (n=97)

After therapy* 1·3(0·7) (n=127) 1·3(0·8) (n=113) 1·4(1·0) (n=97)

Total cholesterol (mmol/L)

Before therapy 5·2 (1·2) (n=128) 5·4 (1·2) (n=115) 5·4 (1·2) (n=100)

After therapy* 4·7 (1·0) (n=127) 5·0 (1·1) (n=113) 4·7 (0·9) (n=97)

HDL-C (mmol/L)

Before therapy 1·2 (0·3) (n=132) 1·3 (0·4) (n=117) 1·3 (0·4) (n=96)

After therapy 1·2 (0·4†) (n=127) 1·3 (0·4) (n=113) 1·2 (0·4) (n=95)

p value 0·044 0·098 0·158

LDL-C (mmol/L)

Before therapy 3·0 (1·0) (n=132) 3·2 (0·9) (n=117) 3·1 (0·8) (n=96)

After therapy 2·7 (0·8) (n=127) 2·8 (1·0) (n=113) 2·6 (0·7) (n=95)

p value <0·0001 0·001 <0·0001

Free fatty acids (mmol/L)

Before therapy 0·76 (0·39) (n=117) 0·70 (0·27) (n=101) 0·73 (0·22) (n=89)

After therapy 0·61 (0·20) (n=116) 0·62 (0·21) (n=99) 0·62 (0·19) (n=86)

p value <0·0001 0·001 <0·0001

Acute insulin response (pmol/L per min)†

Before therapy –62 (421) (n=126) –7 (347) (n=114) –95 (452) (n=95)

After therapy* 889 (1087) (n=129) 793 (1150) (n=115) 736 (1289) (n=90)

PI/IRI (%)†

Before therapy 23·8 (17·5) (n=123) 26·5 (22·6) (n=115) 28·4 (22·2) (n=95)

After therapy* 12·1 (11·8) (n=113) 16·8 (20·1) (n=105) 21·2 (20·7)‡ (n=90)

HOMA B†

Before therapy 33·6 (45·6) (n=114) 38·3 (36·9) (n=108) 50·0 (60·6) (n=94)

After therapy* 87·5 (82·5) (n=113) 78·9 (65·2) (n=103) 102·3 (16·0) (n=90)

HOMA IR†

Before therapy 6·0 (5·6) (n=114) 6·7 (5·7) (n=108) 6·9 (8·6) (n=94)

After therapy* 3·2 (2·8) (n=113) 3·1 (2·9) (n=103) 4·8 (4·8) (n=90)

Data are mean (SD) unless otherwise indicated. *p<0·0001 compared with before treatment. †Data are median (IQR). 
‡p<0·05 compared with CSII.

Table 1: Comparison of glucose control and β-cell function at baseline and after interventions
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insulin response, HOMA B, and HOMA IR. But the 
decrease in the PI/IRI ratio was more obvious in both 
the insulin groups (median 8·7% [IQR 17·1%] in CSII, 
10·8% [IQR 19·7%] in MDI) than in the oral 
hypoglycaemic agents group (4·1% [IQR 14·5%] vs CSII, 
p=0·038; vs MDI, p=0·011, respectively).

The remission rate at 1 year was 42·0% (148 of 352) in 
all patients who achieved glycaemic control during the 
intensive interventions. Figure 2 shows the remission 
rates at 1 year in the three groups: 51·1% (68 of 133) in 
the CSII group, 44·9% (53 of 118) in MDI group, and 
26·7% (27 of 101) in the oral hypoglycaemic agents group. 
The remission rate was signifi cantly higher in both 
insulin groups than in the oral hypoglycaemic agents 
group (p=0·0012). The risk of relapse was reduced by 44% 
(95% CI 0·40–0·78, p=0·001) with CSII and by 31% 
(95% CI 0·50–0·97, p=0·032) with MDI compared with 
oral hypoglycaemic agents.

The remission group had higher initial body-mass 
index, lower fasting plasma glucose and HbA1c, and also 
achieved glycaemic control faster than the non-remission 
group (table 2). After short-term treatment, the 
remission group had a more marked reduction in 
fasting plasma glucose, 2-h postprandial plasma glucose, 
and HbA1c.

The non-remission patients from diff erent 
interventions were combined into one non-remission 
group in order to compare the acute insulin response 
between remission and non-remission patients. As a 
result, we found the increase of acute insulin response 
induced by CSII (median 1151 [IQR 1131] pmol/L per 
min), MDI (1065 [IQR 1158] pmol/L per min), or oral 
hypoglycaemic agents (968 [IQR 1752] pmol/L per min) 
was greater in the remission groups than in the 
non-remission group (601 [IQR 819] pmol/L per min; 
p<0·0001).

Among the remission groups, the increase of the acute 
insulin response was maintained after 1 year in CSII 
(809 pmol/L per min; p=0·235) and MDI groups 
(729 pmol/L per min; p=0·063) compared with 
immediately after the intervention. But it signifi cantly 
declined in the oral hypoglycaemic agents group 
(335 pmol/L per min; p<0·0001). Acute insulin response 
in the oral hypoglycaemic agents group was signifi cantly 
lower than that in the CSII group (p=0·006), whereas 
there was no diff erence between oral hypoglycaemic 
agents group and MDI group (p=0·097) at 1 year 
(fi gure 3).

There were no severe hypoglycaemic episodes—defi ned 
as an event requiring the assistance of another person to 
actively administer carbohydrate, glucagon, or other 
resuscitative treatments—during the short-term intensive 
interventions. The proportion of patients with one or 
more minor hypoglycaemic episodes—defi ned as having 
classical symptoms of hypoglycaemia or blood glucose 
level below 3·1 mmol/L and prompt recovery after the 
patient self-administered carbohydrate—was higher, 

although not signifi cantly, in the CSII (31%, 42 of 137) 
and the MDI (28%, 35 of 124) groups than in the oral 
hypoglycaemic agents group (19%, 23 of 121). No 
pump-related side-eff ects or injection site reactions were 
reported. Diarrhoea and other gastrointestinal side-eff ects 
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Figure 2: Kaplan-Meier estimates of time to primary endpoint

Remission 
group

Non-remission 
group

p, compared 
between remission 
and non-remission 
group

Number 148 183 

Men (n) 104 110 0·055

Age (years) 50 (10) 52 (10) 0·0157

Body-mass index (kg/m²)

Before treatment 25·5 (2·8) 24·3 (3·1) <0·0001

Fasting plasma glucose (mmol/L)

Before treatment 10·8 (3·2) 11·6 (3·1) 0·014

After treatment* 6·2 (1·0) 7·0 (1·9) <0·0001

2-h postprandial plasma glucose (mmol/L)

Before treatment 16·4 (5·6) 17·0 (5·1) 0·337

After treatment* 7·2 (2·0) 8·5 (2·8) <0·0001

HbA1c (%)

Before treatment 9·2 (2·2) 10·0 (2·4) 0·004

After treatment* 7·7 (1·5) 8·1 (1·7) 0·029

Days of achieving 
euglycaemia

6·1 (4·1) 6·7 (3·5) 0·048

Data are mean (SD) unless otherwise indicated. *p<0·0001 compared with before 
treatment.

Table 2: Comparison between remission group and non-remission group 
before and after treatment
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were reported in 14 patients in the hypoglycaemic agents 
group, all of whom were using metformin, and seven of 
these patients withdrew because of intolerance. The 
mean bodyweight of patients was unchanged after 
transient treatments in all groups. No other severe 
adverse events were reported during the study period.

Discussion
Our results show that excellent glycaemic control could 
be successfully achieved in 7·9 days (SD 4·6) in most 
patients with mean fasting plasma glucose of 11·2 mmol/L 
(SD 3·1), irrespective of the use of CSII, MDI, or oral 
hypoglycaemic intervention. Of those patients who 
reached glycaemic targets, both fasting plasma glucose 
and 2-h postprandial plasma glucose concentrations 
rapidly corrected to near physiological range after 
treatment, and HbA1c was greatly improved after only 
2–5 weeks.

In our study, the acute insulin response was absent 
before treatment and was restored partially in patients 
after short-term treatments. HOMA B was also 
signifi cantly increased. The PI/IRI ratios were markedly 
decreased, indicating the improvement of qualitative 
insulin secretion. Additionally, the decline in HOMA-IR 
and amelioration of the lipid profi le without the use of 
lipid-adjusting agents were also indicators of the 
reduction in glucotoxicity. Besides these improvements, 
148 (42·0%) of 352 responsive patients achieved more 
than 1-year remission in which only diet control and 
exercise were necessary to maintain optimum glycaemic 
control. Hence, in patients newly diagnosed with type 2 
diabetes, any kind of early intensive glycaemic control—
either induced by insulin or oral hypoglycaemic agents—
could rescue β-cell function and induce longterm 
glycaemic remission in almost half of patients, most 
likely through eliminating the eff ects of acute 
glucotoxicity and related pathogenesis factors.

The glucotoxicity generated by hyperglycaemia is 
commonly thought to be the fundamental acquired factor 

causing continuous decline of β-cell function in type 2 
diabetes.3,15 Thus, optimum metabolic control, especially 
early intensive glycaemic control, can eliminate the 
deleterious eff ects of hyperglycaemia and rescue injured 
β cells, avoiding irreversible loss of β-cell secretory 
function and β-cell mass that leads to the worsening of 
diabetes.

Comparing the eff ects of diff erent interventions in 
those patients who achieved 2 weeks of euglycaemic 
control during intensive intervention, we found that 
more patients in the insulin groups achieved the 
glycaemic control goal earlier than did patients in the 
hypoglycaemic agents group. The average times to 
achieve euglycaemia were 4·0 days (SD 2·5) in the CSII 
group, 5·6 days (SD 3·8) in the MDI group, and 
9·3 days (SD 5·3) in the oral hypoglycaemic agents 
group. These fi ndings suggest that more patients would 
benefi t from insulin treatment for near-normoglycaemic 
control, and would have a shorter period of antecedent 
glucotoxicity. The results are consistent with a previous 
study.6

Notably, insulin replacement could provide a type of 
β-cell rest and reduce excessive secretory demands on 
damaged β cells.3,16 However, despite the similar 
improvement of glycaemic control and lipid profi le and 
the magnitude of basal and stimulated insulin secretion 
among groups after treatments, the decrease in the 
PI/IRI ratio was more obvious in the two insulin groups 
than in the oral hypoglycaemic agents group, suggesting 
attenuated β-cell overstimulation with insulin treatment. 
In particular, the maintenance of improved acute insulin 
response was much better in the insulin groups, 
especially in the CSII group, than in the oral 
hypoglycaemic agents group at 1 year. A more profound 
β-cell rest by intensive insulin therapy could possibly 
have an extended benefi cial eff ect. Other insulin eff ects 
such as anti-infl ammatory17 and anti-apoptosis eff ects,18,19 

and the more recent fi nding of normalised glucose-
dependent insulinotropic polypeptide responsive ness by 
intensive insulin treatment, could also have contributed 
to the long-lasting benefi cial eff ects of insulin.20 Thus, all 
these distinct eff ects could reasonably be thought of as 
contributing to the large diff erence in 1-year remission 
rate between the groups. Compared with oral hypo-
glycaemic agents, insulin therapy, including CSII and 
MDI, has obviously increased remission rates (26·7% for 
hypoglycaemic agents vs 51·1% for CSII and 44·9% for 
MDI). The risk of hyperglycaemia relapse was reduced 
by 44% with CSII and by 31% with MDI compared with 
oral hypoglycaemic agents. From these observations, we 
conclude that early aggressive insulin treatment has 
unique eff ects on the recovery and maintenance of β-cell 
function and has more potential to induce glycaemic 
remission in patients with newly diagnosed type 2 
diabetes than with oral hypoglycaemic agents.

Sulphonylurea drugs can exert negative eff ects by 
over-stimulating β-cells, off setting its eff ects in 
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alleviating of glucotoxicity.21,22 Alvarsson and colleagues23 
reported that early insulin versus glibenclamide 
treatment temporarily prolonged endogenous insulin 
secretion and promoted better metabolic control in a 
2-year prospective study. Metformin is known to lower 
the fasting glucose level by reducing basal hepatic 
glucose production and can augment glucose-mediated 
glucose uptake to enhance the tissue sensitivity to 
insulin. Metformin has no stimulatory eff ects on 
insulin secretion.24 We also found a slightly higher 
remission rate in the metformin group than in the 
sulphonylurea group. However, we could not draw a 
conclusion here because only a small proportion of 
patients with a mean fasting plasma glucose of 
11·2 mmol/L (SD 3·1) achieved euglycaemia on one 
oral hypoglycaemic agent. Assessed together, the results 
of these studies suggest that early rigorous glycaemic 
control by intensive insulin intervention could have 
more persistent benefi cial eff ects on β-cell function and 
protracted glycaemic control than treatment with oral 
hypoglycaemic agents, by aff ecting the metabolic 
memory, impeding the progression from metabolic 
abnormalities to irreversible cellular and epigenetic 
alterations. These eff ects might further alter the natural 
history of diabetes and ultimately prevent or reduce 
development and progression of diabetes-related 
complications.25

The characteristics of patients with type 2 diabetes 
who achieved near-normoglycaemic remission in our 
study were moderate obesity, had a shorter time to 
euglycaemia, and had relatively lower glucose levels at 
baseline than did non-remission patients. Those who 
went into remission had signifi cant improvement in 
glycaemic control and greater recovery of acute insulin 
response after treatment than those who did not achieve 
remission during the 1-year study period. Many of these 
factors could indicate a shorter duration of diabetes. We 
should note that a new diagnosis of type 2 diabetes is 
not equivalent to a new onset of the disease. In this 
study, all patients were drug-naive and might have 
diff erent duration of diabetes, although all were newly 
diagnosed. The patients who achieved near-
normoglycaemic remission might possibly have had a 
shorter duration of diabetes. Due to uncertainty in 
disease duration, we could infer, but cannot conclude, 
that patients who did better had a shorter duration of 
diabetes.

In our study, several factors could limit the extent to 
which the results can be generalised. First, the range of 
fasting plasma glucose (7·0–16·7 mmol/L), age 
(25–70 years), and body-mass index (25·0 kg/m² 
[SD 3·0]) of our patients were appreciably wide, so the 
group was heterogeneous. However, the distribution in 
the three groups was even, and the subgroup analysis 
(fasting plasma glucose 7·0–11·1 mmol/L and 
11·1–16·7 mmol/L) showed the same trends as the 
whole group (data not shown). Second, 28 patients 

withdrew before receiving interventions, resulting in 
imbalanced sample size among the three groups. Those 
28 patients shared the same clinical characteristics with 
the whole group. We were concerned that some of the 
variations might have aff ected our results, but they had 
little eff ect on our conclusions.

In conclusion, early intensive insulin interventions in 
patients with newly diagnosed type 2 diabetes have 
favourable outcomes with regard to recovery and 
maintenance of β-cell function and prolonged glycaemic 
remission compared with treatment with oral hypo-
glycaemic agents. Our fi ndings support the initiation of 
early transient intensive insulin treatment in those 
patients.
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Incidence of type 1 diabetes in China, 2010-13: population 
based study
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Weiping Jia, on behalf of the T1D China Study Group

ABSTRACT
OBJECTIVE
To estimate the incidence of type 1 diabetes in all age 
groups in China during 2010-13.
DESIGN
Population based, registry study using data from 
multiple independent sources.
SETTING
National registration system in all 505 hospitals 
providing diabetes care, and communities of patients 
with diabetes in 13 areas across China, covering more 
than 133 million person years at risk, approximately 
10% of the whole population.
PARTICIPANTS
5018 people of all ages with newly diagnosed type 
1 diabetes and resident in the study areas from 1 
January 2010 to 31 December 2013.
MAIN OUTCOME MEASURES
Incidence of type 1 diabetes per 100 000 person 
years by age, sex, and study area. Type 1 diabetes 
was doctor diagnosed and further validated by onsite 
follow-up. Completeness of case ascertainment was 
assessed using the capture mark recapture method.
RESULTS
5018 cases of newly diagnosed type 1 diabetes 
were ascertained: 1239 participants were aged <15 
years, 1799 were aged 15-29 years, and 1980 were 
aged ≥30 years. The proportion of new onset cases in 
participants aged ≥20 years was 65.3%. The estimated 
incidence of type 1 diabetes per 100 000 persons 
years for all ages in China was 1.01 (95% confidence 
interval 0.18 to 1.84). Incidence per 100 000 persons 
years by age group was 1.93 (0.83 to 3.03) for 0-14 
years, 1.28 (0.45 to 2.11) for 15-29 years, and 0.69 

(0.00 to 1.51) for ≥30 years, with a peak in age 
group 10-14 years. The incidence in under 15s was 
positively correlated with latitude (r=0.88, P<0.001), 
although this association was not observed in age 
groups 15-29 years or ≥30 years.
CONCLUSION
Most cases of new onset type 1 diabetes in China 
occurred among adults. The incidence of type 1 
diabetes in Chinese children was among the lowest 
reported in the study.

Introduction
International studies of type 1 diabetes,1 2 such as the 
DiaMond (Diabetes Mondiale) Project and European 
Community Concerted Action Programme in Diabetes 
(EURODIAB) study have shown wide variation in the 
incidence of type 1 diabetes among children. According 
to the DiaMond Project, China had one of the lowest 
incidences of type 1 diabetes in children—0.51 per 
100 000 person years during 1985-94.3 A nationwide 
registry of type 1 diabetes in China does not exist.

The incidence of type 1 diabetes in children has been 
increasing worldwide.2 4 5 Recent results of the SEARCH 
for Diabetes in Youth study from the United States 
suggest that environmental or behavioural factors, or 
both, play larger parts in the increased incidence of type 
1 diabetes compared with decades ago.5 6 The study of 
type 1 diabetes in a low incidence region such as China 
may help advance the understanding of the contribution 
of varying combinations of genetic and environmental 
factors to the development of the disease. Moreover, 
most epidemiological studies of type 1 diabetes focused 
on childhood onset type 1 diabetes. Although type 1 
diabetes most often develops in children, it can occur 
at any age.7 8 Our previous study also indicated that 
the onset of type 1 diabetes in adulthood is not rare in 
China.9 Yet little is known about its incidence in adults 
aged more than 20 years.10

We carried out a nationwide, population based 
registry study (the Epidemiological Study of Type 1 
Diabetes Mellitus in China (T1D China)) to investigate 
the incidence of type 1 diabetes in all age groups in 
China during 2010-13.

Methods
Our study is a population based multicentre 
observational study, with ascertainment of doctor 
diagnosed cases of type 1 diabetes. We identified 
new cases occurring during 2010 to 2013 in the 
resident population of 13 areas across China (Harbin, 
Shenyang, Beijing, Shanghai, Nanjing, Jinan, Wuhan, 
Changsha, Guangzhou, Chengdu, Xi’an, Lanzhou, 
Yinchuan; fig 1, and see supplementary table S1).
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WhAT IS AlReAdy knoWn on ThIS TopIC
The only available data on incidence of type 1 diabetes in China was provided by 
the DiaMond Project, reporting 0.51 and 0.59 per 100 000 person years among 
under 15s in 1985-94 and 1988-96, respectively
Most epidemiological studies worldwide have focused on onset of type 1 
diabetes in childhood
A paucity of information thus exists on incidence of type 1 diabetes spanning all 
ages

WhAT ThIS STudy AddS
The estimated incidence of type 1 diabetes per 100 000 persons years was 1.93 
for 0-14 years, and 1.01 for all ages. Most new cases of type 1 diabetes in China 
are in adults
The incidence rates in under 15s were positively correlated with latitude
More resources should be provided to improve the care of people with onset of 
type 1 diabetes in adulthood
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Study population
Our study population comprised residents of 13 
study areas. These areas were chosen from the seven 
administrative regions of China (northeast, north, 
northwest, southwest, central, east, and south) 
according to geographical location, climate, culture, 
ethnicity, and population, and they are representative 
of the seven administrative regions. We selected at least 
one area from each of these administrative regions. 
Besides, a huge imbalance in population density 
exists in China: more than 90% of the population 
reside in the southeast. We also ensured that there 
was at least one study area every 5° of latitude (fig 
1, and see supplementary table S1). In some of the 
administrative regions we therefore selected one or 
two additional areas. The study areas also consist of 
regions of different economic development levels, as 
represented by the gross domestic product in 2010.11 
The study areas covered the less developed, moderately 
developed, and well developed areas in China.

The study population (denominator) included residents 
of all ages in the 13 study areas during 2010 to 2013. 
According to the 2010 Chinese census,12 we defined the 
resident population as: people whose registered address 
agreed with their primary address and who had stayed 
at their primary address for six months or more; people 
whose registered address disagreed with their primary 
address, but who had stayed at their primary address 
for six months or more; people whose registered address 
disagreed with their primary address, but who had stayed 
at their primary address for less than six months; and 
people in active military service and those whose primary 
address could not be specified—they were not included in 
the resident population.

The 2010 Chinese census12 conducted by the 
National Bureau of Statistics of China provides precise 
information on China’s mainland population, which 
is essential for the calculation of the denominator in 
a nationwide registry study. Our study period was 1 

January 2010 to 31 December 2013, which allowed at 
least 18 months of a diagnostic time window for cases 
to be included in our study when we started the onsite 
data validation and inspection (see supplementary 
materials, section 4) in June 2015. We estimated the 
denominator yearly according to the 2010 Chinese 
census and annual government reports on natural 
population growth (see supplementary materials, 
section 2). Derivation of appropriate denominators is 
a multistep process, adjusted for sex categorisation 
and the natural growth rate of the local population. 
Our study population covered more than 133 million 
person years at risk between 2010 and 2013, which 
represents approximately 10% of the Chinese 
population, including 6% of those aged less than 15 
years. This provided enough power to estimate the 
incidence over 1.0 per 100 000 person years.

The numerator included all newly diagnosed cases 
of type 1 diabetes in the resident population in the 
study areas from 1 January 2010 to 31 December 2013.

Data sources and collection
The data coordinating service provider collected and 
submitted data from four sources: the medical record 
databases from all the hospitals providing diabetes care 
in the 13 study areas (505 hospitals); outpatient based 
pharmacies in tertiary hospitals in the 13 areas (228 
hospitals); government medical insurance databases; 
and patient self reports from online and offline 
communities of patients with diabetes spontaneously 
founded and maintained by patients with diabetes or 
their family members, or both, which were confirmed by 
medical records (see supplementary materials, section 2).

Collected data included identification markers and 
clinical information. Identification markers included 
mandatory and optional markers. For all validated 
cases, mandatory markers, including initials of each 
Chinese character of the name, sex, date of birth, 
registered address, primary address, date of diabetes 

Haerbin

North east China
Haerbin
Shenyang
North China
Beijing
North west China
Yinchuan
Lanzhou
Xi’an
East China
Jinan
Nanjing
Shanghai
South west China
Chengdu
Central China
Wuhan
Changsha
South China
Guangzhou

Latitude

45.8
41.8

39.9

38.5
36.0
34.3

36.4
32.1
31.1

30.7

30.5
28.2

23.2

Population in 2010

10 635 971
8 106 171

19 612 368

1 993 088
3 616 163
8 467 838

6 813 984
8 003 744

23 019 196

14 047 625

9 785 388
7 040 952

12 701 948Guangzhou

Chengdu

Shenyang
Beijing

Jinan

Nanjing
Shanghai

Changsha

Wuhan

Xi’an

Yinchuan
Lanzhou
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diagnosis, date of insulin treatment initiation, 
hospitals where treated (with inpatient or outpatient 
status, or both, specified), and ethnicity, were 
collected, usually as part of the case validation process. 
For cases from communities of patients with diabetes, 
we collected mandatory information from the hospital 
where diabetes was first diagnosed. We excluded 
cases with missing mandatory information after 
onsite validation. Supplementary materials section 2 
lists the optional markers. Clinical information was 
collected from medical record databases, as part of 
the case ascertainment process, including clinical 
presentations at onset (symptoms, occurrence of 
diabetic ketosis or ketoacidosis), family history, 
treatment for hyperglycaemia, C peptide level at onset 
or within 12 months after diagnosis, and presence of 
diabetes autoantibodies at any time.

The data coordinating service provider registered and 
anonymised the cases and sent the information to the 
data management committee. Mandatory information 
was available in 98.8% of cases. Data managers 
used identification markers for matching within the 
same source and across sources to identify potential 
duplicate records at area level (see supplementary 
materials, section 3, part 4)

Case ascertainment
Participating endocrinologists or paediatricians, 
or both, or an expert committee on type 1 diabetes 
established the diagnosis (see supplementary 
materials, section  1). The clinical diagnosis of type 
1 diabetes was based on the American Diabetes 
Association descriptions of type 1 diabetes8 and the 
World Health Organization reports on the classification 
of diabetes.13 Diabetic ketoacidosis was defined 
based on guidelines14 15 and data accessibility in 
China. Diabetic ketoacidosis was diagnosed in people 
with the following history and laboratory results: 
hyperglycaemia (glucose >11.1 mmol/L) or known 
diabetes ; ketonemia: raised levels of blood ketobodies 
as judged by participating investigators, or important 
ketonuria (>++ on standard urine dipsticks); and 
acidemia: bicarbonate (HCO3-) <15.0 mmol/L or 
venous pH <7.3, or both.

Data managers examined all submitted information 
to identify participants with an uncertain diagnosis 
of type 1 diabetes. Uncertain results were sent 
back to the data coordinating service provider. This 
provider required the corresponding investigator to 
feedback on the diagnosis of type 1 diabetes and 
provide any previously absent data related to the 
diagnosis if available. The corresponding investigator 
would make the judgment of diagnosis based on the 
currently available data, and would follow-up the 
patient if necessary and then give feedback to the 
data coordinating service provider. We ensured that 
the diagnostic time window would be no less than 
18 months for participants, as a report shows that 18 
months is the usual duration from the time a patient 
first sees a doctor to the final diagnosis.16 The data 
coordinating service provider informed the data 

managers of the feedback. Any cases of uncertain 
diagnosis were submitted to the expert committee 
for final judgment. We ascertained all cases with a 
final diagnosis of type 1 diabetes (see supplementary 
materials, section 3).

Statistical analysis
To assess the completeness of case ascertainment 
we used the capture mark recapture method17 and a 
two-mode ascertainment model (see supplementary 
materials, section 5). We defined the percentage of 
completeness of ascertainment for each study area as 
the number of observed cases divided by the number 
estimated from the capture mark recapture method. 
Incidence by age group, sex, and area were calculated 
per 100 000 person years at risk, and we calculated 
95% confidence intervals based on inverting the score 
test for a binomial proportion.18 The model to estimate 
the national incidence of type 1 diabetes in China 
was developed from data collected in the 13 study 
areas and based on a Poisson distribution, in which 
factors potentially affecting the incidence of type 1 
diabetes were added as covariates (see supplementary 
materials, section 6). Pearson’s χ2 analysis was applied 
to comparison of rates. Spearman correlation was 
used to analyse the relation between incidence and 
potentially related factors. For all statistical analyses 
we used SAS version 9.4 (SAS Institute, Cary, NC). We 
considered P<0.05 to be statistically significant.

Patient involvement
No patients were involved in setting the research 
question or the outcome measures, nor were they 
involved in developing plans for recruitment, design, 
or implementation of the study. No patients were 
asked to advise on interpretation or writing up of 
results. However, patient self reports were collected 
from online and offline communities of patients with 
diabetes spontaneously founded and maintained 
by patients with diabetes or their family members, 
or both. We contacted the founders and the people 
currently in charge of these communities and 
released a questionnaire asking for members of these 
communities to volunteer to self report. No patient or 
their family members were involved in the design of 
such a questionnaire, and the information collected 
from the questionnaire was anonymised. There are 
no plans to disseminate the results of the research to 
study participants.

Results
Our study population comprised 5018 people with type 
1 diabetes newly diagnosed between 2010 and 2013 
(fig 2): 1239 were aged 0-14 years, 1799 were aged 
15-29 years, and 1980 were aged ≥30 years, and 2755 
(54.9%) were male. Table 1 summarises the number 
of participants and the estimated annual incidence in 
each study area. Completeness of ascertainment was 
estimated to be more than 95% across the 13 areas. 
Completeness was relatively even among age groups, 
at 99.3% in the 0-14 years group, 98.4% in the 15-29 
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years group, and 98.8% in the ≥30 years group. (see 
supplementary table S3).

After adjustment for the denominator of annual 
change in population between 2010 and 2013, the 
overall estimated incidence of type 1 diabetes per 
100 000 person years for all ages in the 13 study areas 
was 0.93 (95% confidence interval 0.90 to 0.95). There 
was a slight difference (P<0.001, χ2=30.43) between 
males (0.95 per 100 000 person years, 0.91 to 0.99) 
and females (0.81 per 100 000 person years, 0.78 
to 0.85; table 2). The incidence (per 100 000 person 
years) by age group was 1.90 (95% confidence interval 
1.80 to 2.01) for 0-14 years, 1.02 (0.98 to 1.07) for 
15-29 years, and 0.51 (0.49 to 0.53) for ≥30 years. 
The incidence per 100 000 person years among the 

0-14 years group was 1.72 (1.58 to 1.86) among males 
and 2.21 (2.05 to 2.39) among females (P<0.001, 
χ2=19.58). The incidence per 100 000 person years 
among the population aged ≥15 years was 0.92 (0.89 
to 0.96) among males and 0.70 (0.67 to 0.74) among 
females (P<0.001, χ2=68.22).

The estimated incidence of type 1 diabetes per 
100 000 persons years for all ages varied from 0.52 
(0.47 to 0.59) in Chengdu to 1.57 (1.38 to 1.79) in 
Lanzhou. For the 0-14 years group, the estimated 
incidence per 100 000 persons years varied from 
1.14 in Chengdu (0.91 to 1.42) to 3.59 in Harbin (3.1 
to 4.16). The incidence in the 0-14 years group was 
positively correlated with latitude (r=0.88, P<0.001). 
The estimated incidence per 100 000 person years for 

Uncertain cases (n=2022)Cases with de�nite diagnosis of type 1 diabetes (n=4448)

All reported cases (n=17 690)

Potentially eligible cases (n=6470)

Validated cases for comparison among di erent sources (n=5368)

Submitted to expert committee on diagnosis of type 1 diabetes

Registration investigator
doubted diagnosis of

type 1 diabetes (n=1072)

Registration investigator
denied diagnosis of

type 1 diabetes (n=492)

Registration investigator
con�rmed diagnosis of

type 1 diabetes (n=458)

Expert committee disagreed
on diagnosis (n=610)

Expert committee agreed
on diagnosis (n=462)

Excluded (n=11 220):
  Not incident during 2010-13 and/or not
    resident population in 13 study areas
    (n=10 721)
  Cases missing crucial data (n=214)
  Duplicates (n=285)

Validated cases deduplicated among di erent sources (n=5018)

Fig 2 | Flow of participants through study

Table 1 | Incidence of type 1 diabetes in different age groups in 13 areas of China

Study area Latitude (°N)

No of cases
Total No  
of cases

Incidence per 100 000 person years (95% CI)

0-14 years
15-29 
years

≥30 
years 0-14 years 15-29 years ≥30 years All

Harbin 45.8 179 265 190 634 3.59 (3.1 to 4.16) 2.43 (2.16 to 2.75) 0.75 (0.65 to 0.87) 1.54 (1.42 to 1.66)
Shenyang 41.8 96 123 118 337 2.48 (2.03 to 3.03) 1.44 (1.21 to 1.72) 0.58 (0.48 to 0.69) 1.03 (0.92 to 1.14)
Beijing 39.9 232 245 263 740 2.46 (2.16 to 2.79) 1.08 (0.95 to 1.22) 0.53 (0.47 to 0.6) 0.91 (0.84 to 0.97)
Yinchuan 38.5 23 31 14 68 2.43 (1.62 to 3.65) 0.14 (0.1 to 0.19) 0.03 (0.02 to 0.05) 0.98 (0.78 to 1.25)
Jinan 36.7 77 73 59 209 2.18 (1.75 to 2.73) 0.99 (0.78 to 1.24) 0.35 (0.27 to 0.46) 0.76 (0.66 to 0.87)
Lanzhou 36.0 40 77 106 223 2.22 (1.63 to 3.03) 0.71 (0.57 to 0.88) 0.42 (0.35 to 0.51) 1.57 (1.38 to 1.79)
Xi’an 34.3 78 107 115 300 1.82 (1.46 to 2.27) 1.13 (0.93 to 1.36) 0.56 (0.47 to 0.68) 0.88 (0.79 to 0.98)
Nanjing 32.1 85 115 135 335 2.23 (1.8 to 2.75) 1.28 (1.06 to 1.53) 0.69 (0.58 to 0.81) 1.03 (0.93 to 1.15)
Shanghai 31.1 130 236 417 783 1.19 (1.00 to 1.42) 0.92 (0.81 to 1.05) 0.72 (0.65 to 0.79) 0.83 (0.77 to 0.89)
Chengdu 30.7 78 104 114 296 1.14 (0.91 to 1.42) 0.69 (0.57 to 0.83) 0.33 (0.27 to 0.4) 0.52 (0.47 to 0.59)
Wuhan 30.5 77 171 186 434 1.61 (1.29 to 2.02) 1.51 (1.30 to 1.75) 0.77 (0.67 to 0.89) 1.08 (0.98 to 1.19)
Changsha 28.2 47 53 81 181 1.29 (0.97 to 1.72) 0.69 (0.53 to 0.9) 0.47 (0.38 to 0.59) 0.64 (0.55 to 0.73)
Guangzhou 23.2 97 199 182 478 1.55 (1.27 to 1.9) 1.36 (1.19 to 1.57) 0.6 (0.52 to 0.7) 0.94 (0.86 to 1.03)
Total 1239 1799 1980 5018 1.90 (1.80 to 2.01) 1.02 (0.98 to 1.07) 0.51 (0.49 to 0.53) 0.93 (0.90 to 0.95)
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the 15-29 years group varied from 0.14 in Yinchuan 
(0.1 to 0.19) to 2.43 in Harbin (2.16 to 2.75) and for 
the ≥30 years group varied from 0.03 in Yinchuan 
(0.02 to 0.05) to 0.77 in Wuhan (0.67 to 0.89). The 
latitude related correlations were not observed in the 
last two age groups (15-29 years: r=0.49, P=0.09; ≥30 
years: r=0.03, P=0.92) (see supplementary table S4).

Table 2 summarises the incidence of type 1 diabetes 
in the different age groups. Among the under 15s, 
the incidence peak was observed in the 10-14 years 
group (incidence per 100 000 person years 1.10 (0.97 
to 1.24), 1.98 (1.80 to 2.18), 2.68 (2.47 to 2.91), for 
age groups 0-4 years, 5-9 years, and 10-14 years, 
respectively). For groups aged more than 15 years, the 
incidence of type 1 diabetes decreased steadily with 
age (P<0.001, χ2=989.54).

Based on previous reports19-23 on factors affecting 
the incidence of type 1 diabetes and data availability, 
we performed correlation analysis and revealed that 
age group, latitude, and exposure to sunlight (as 
represented by average peak sunlight time (kWh/m2/
day)) was statistically significantly correlated with 
incidence (see supplementary materials, section 6). 
Using a Poisson model including these three factors as 

covariates and population size as weight, the annual 
incidence of type 1 diabetes across China based on the 
13 study areas was 1.01 (0.18 to 1.84) per 100 000 
person years. The incidence rates for ages 0-14 years, 
15-29 years, and ≥30 years were 1.93 (0.83 to 3.03), 
1.28 (0.45 to 2.11), and 0.69 (0.00 to 1.51) per 
100 000 person years, respectively.

Table 3 summarises the characteristics of type 1 
diabetes at diagnosis in different age groups from 
medical record databases. Overall, 4661 new cases of 
type 1 diabetes were ascertained from medical record 
databases, including 1143 people aged 0-14 years, 
1664 aged 15-29 years, and 1854 aged ≥30 years. 
Insulin treatment was started immediately in 98.4% 
of participants in the 0-14 years group, 93.5% in the 
15-29 years group, and 91.5% in the ≥30 years group 
(P<0.001, χ2=59.76). The incidence rates of diabetic 
ketosis and diabetic ketoacidosis within six months 
of diagnosis were highest among the 0-14 years 
group (92.9%/51.4%), followed by the 15-29 years 
group (89.0%/43.0%), and lowest in the ≥30 years 
group (83.8%/30.8%) (diabetic ketosis: P<0.001, 
χ2=57.71; diabetic ketoacidosis: P<0.001, χ2=125.72). 
The proportions of cases with non-detectable 

Table 2 | Incidence of type 1 diabetes in different age groups in 13 areas of China
Variables No of cases with type 1 diabetes Population denominator (adjusted person years)* Incidence rate per 100 000 person years (95% CI)
Total 5018 1 35 408 192.0 0.93 (0.90 to 0.95)
Age group (years):
 0-4 251 5 703 458.3 1.10 (0.97 to 1.24)
 5-9 416 5 241 315.0 1.98 (1.80 to 2.18)
 10-14 572 5 326 180.4 2.68 (2.47 to 2.91)
 15-19 501 8 736 839.1 1.43 (1.31 to 1.56)
 20-24 668 15 087 517.4 1.11 (1.03 to 1.19)
 25-29 630 13 181 805.9 1.19 (1.11 to 1.29)
 30-34 489 11 940 293.3 1.02 (0.94 to 1.12)
 35-39 362 12 447 614.5 0.73 (0.66 to 0.81)
 40-44 280 12 972 355.0 0.54 (0.48 to 0.61)
 45-49 246 11 461 933.4 0.54 (0.47 to 0.61)
 50-54 197 8 241 801.7 0.60 (0.52 to 0.69)
 55-59 176 8 160 777.1 0.54 (0.47 to 0.62)
 60-64 99 5 648 184.5 0.44 (0.36 to 0.53)
 65-69 57 3 732 342.8 0.38 (0.29 to 0.49)
 70-74 39 3 083 024.2 0.32 (0.23 to 0.43)
 ≥75 35 2 370 583.5 0.37 (0.27 to 0.51)
Male 2755 290 196 506 0.95 (0.91 to 0.99)
Female 2263 27 8391 771 0.81 (0.78 to 0.85)
Boys <15 years 586 34 082 195 1.72 (1.58 to 1.86)
Girls <15 years 653 29 531 351 2.21 (2.05 to 2.39)
*Estimated according to population data from 2010 to 2013.

Table 3 | Clinical characteristics of participants with onset of type 1 diabetes

Characteristics
No of cases with  
information available

Overall 
%

No (%)
0-14 years 15-29 years ≥30 years

Total 4661 100.0 1143 (24.5) 1664 (35.7) 1854 (39.8)
Immediate initiation of insulin treatment at onset 4659 93.9 1125 (98.4) 1555 (93.5) 1696 (91.5)
Diabetic ketosis <6 months of diagnosis* 4652 87.7 1028 (92.9) 1415 (89.0) 1638 (83.8)
Diabetic ketoacidosis <6 months of diagnosis* 4453 40.1 546 (51.4) 694 (43.0) 547 (30.8)
At least one positive result for DAA <6 months of diagnosis† 173 60.7 25 (73.5) 44 (59.5) 36 (55.4)
Fasting C peptide ≤0.2 ng/mL 3475 24.4 191 (22.5) 245 (21.7) 411 (27.5)
DAA=diabetes autoantibody.
*Two deaths were identified in all eligible cases from medical record databases. Both were caused by diabetic ketoacidosis.
†DAAs including glutamate decarboxylase, the insulin antigen 2, islet cell antibody, insulin antibody, and the zinc transporter 8, were measured by radiobinding assay confirmed by the islet 
autoantibody standardization programme at the First Affiliated Hospital of Nanjing University or the Second Xiangya Hospital of Central South University.
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fasting C peptide levels (<0.2 ng/mL) differed among 
the three age groups (22.5% ν 21.7% ν 27.5%, 
P=0.001, χ2=13.88). Data were collected on diabetes 
autoantibodies, including glutamate decarboxylase, 
the insulin antigen 2, islet cell antibody, insulin 
antibody, and the zinc transporter 8, tested under 
standardised procedures. The proportion of patients 
with at least one positive test result for diabetes 
autoantibodies showed a non-significant tendency to 
decrease with age (0-14 years (73.5%), 15-29 years 
(59.5%), ≥30 years (55.4%), P=0.22, χ2=3.16).

Discussion
China remains one of the countries with the lowest 
incidence of type 1 diabetes. In our study from 2010 
to 2013 we found that although type 1 diabetes tends 
to develop in children, most of the new cases are 
diagnosed in adults. Furthermore, higher latitude is 
correlated with a higher incidence of type 1 diabetes 
in under 15s, but not in older population groups. We 
also noticed a high prevalence of diabetic ketoacidosis 
in participants ascertained within six months of 
diagnosis during our study period.

Low incidence of type 1 diabetes in China
Our study confirms that the incidence of type 1 
diabetes remains low in China, even after the 3.8-fold 
increase of what was reported by the DiaMond Project 
two decades ago. Although the underlying mechanism 
is not completely known, the low incidence in China 
is probably attributed to genetic, environmental, 
and behavioural factors. A difference in prevalence 
of type 1 diabetes associated human leucocyte 
antigen genotypes has been reported to attribute to 
the difference in susceptibility to type 1 diabetes.24 
However, other genes and environmental factors could 
also have an influence. Our study population has a 
homogenous gene background: a population of Han 
people. Intriguingly, when we compared the northern 
areas with the southern areas we observed up to a 
threefold difference in incidence of type 1 diabetes 
in the 0-14 years group. Finland is a country of high 
latitude (around 60.1°N), which may contribute to a 
higher incidence of type 1 diabetes. But if we compare 
the incidence in Finland25 with that in Harbin in 
northern China (45.8°N), it is still much lower (64.9 
v 3.59 per 100 000 person years). This suggests that 
other factors, such as genetics, play a more important 
role in the incidence of type 1 diabetes.

Age and incidence
In our study the incidence of type 1 diabetes in under 
15s during 2010 and 2013 was 1.93 (95% confidence 
interval 0.83 to 3.03) per 100 000 person years, 
presenting a 3.8-fold increase over that reported by 
the DiaMond study3 in the 1990s, equal to a roughly 
6.5% annual increase. This increase appears to be 
rapid compared with those reported by the EURODIAB 
(3.3%)26 and SEARCH (1.8%) studies.5 However, we 
did not measure the trends in incidence. In fact we 
compared our results with the incidence reported in 

China in 1998.3 These results were from part of the 
DiaMond study, which may be underestimated as a 
result of incomplete ascertainment, as some of the 
participating centres reported small case numbers. 
Thus the apparent increase should be interpreted with 
caution. China remains one of the countries with the 
lowest incidence of type 1 diabetes globally, despite the 
increasing trend. None the less, considering its large 
population, China has the largest estimated number 
of new annual cases of type 1 diabetes in children, at 
4271 of the estimated 10 000 in the West-Pacific region 
in 2015.27

In our study we found that most new cases of 
type 1 diabetes presented in adulthood. Indeed, 
approximately 65.3% of newly diagnosed cases were 
in participants aged more than 20 years. Our estimates 
for incidence of type 1 diabetes for all ages is 1.01 per 
100 000 person years, and the incidence in the study 
areas for ages 20-29 years was 1.15 per 100 000 person 
years. Previous reported nationwide incidence rates 
at ages 20-29 years varies from 3.4 (Iran, 1990-94)28 
to 19.4 (Kronoberg, Sweden, 1998-2001)29 globally. 
Although the paucity of type 1 diabetes incidence 
among all age groups makes comparison with other 
studies difficult, our estimates in both children and 
adults in China were among the lowest reported in the 
world. Nevertheless, we estimate that 9605 new cases 
occur annually in the population aged 15 or more 
years in China. This finding highlights the importance 
of the care of people with adult onset type 1 diabetes 
and that more resources should be provided to improve 
the care of this age group.

The age distribution of incidence of type 1 diabetes 
showed that the age of onset increases during childhood 
and then steadily decreases towards adulthood (table 
2). The incidence rose to a peak of 2.68 per 100 000 
person years in the 10-14 years group, consistent with 
rates reported by the DiaMond Project,1 the USA,5 
and Japan30 in different periods. Most epidemiology 
studies that reported incidence in both childhood and 
adult type 1 diabetes observed the peak appearing 
close to puberty. However, studies from the USA31 and 
Europe32 described bimodal incidences, with the first 
peak in ages 10-14 years and the second peak around 
age 50 years. Such a peak around age 50 years was not 
observed in our study.

Sex and incidence
Our data show that the incidence of type 1 diabetes 
was higher among girls aged 0-14 years, consistent 
with previous reports. Two international type 1 
diabetes registries (EURODIAB and DiaMond)24 
showed that the overall sex ratio for incidence of type 
1 diabetes is roughly equal in children, with a minor 
excess in males in regions with a high incidence 
(populations of European origin) and an excess in 
females in regions with a low incidence (populations 
of non-European origin) such as Asia and Africa. 
Several reports33-35 indicate an excess in males among 
adults in populations of European origin. In contrast 
with the incidence of type 1 diabetes in children 
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where an excess in girls was observed, we found that 
the incidence of type 1 diabetes in the population 
aged ≥15 years was greater in men than in women, 
consistent with previous findings. Different effects of 
environmental risk factors and lifestyle on incidence 
of type 1 diabetes in females and males were possible 
explanations for this difference.33 Such a difference 
may also suggest that childhood onset and adult onset 
type 1 diabetes have different manifestations in the 
sexes.

Latitude and incidence
Our results showed that the incidence of type 1 
diabetes among children aged 0-14 years was strongly 
correlated with latitude, with higher rates in the north 
and lower in the south, but such correlation was not 
observed in participants aged ≥15 years. Previously 
reported effects of latitude on incidence of type 1 
diabetes among young people are inconsistent. The 
EURODIAB study reported that the incidence of type 
1 diabetes in childhood was positively correlated with 
latitude,36 whereas the SEARCH study did not show 
similar trends.37 The correlation between latitude and 
incidence in the younger but not the older population 
has not been reported previously. The difference 
between childhood onset and adult onset type 1 
diabetes regarding the latitude effects on incidence 
may suggest different triggers for these two disease 
forms.

Although gene pools of the populations, ultraviolet 
radiation level in different regions, and the prevalence 
of virus infections have been postulated to be 
responsible for the correlation between latitude and 
incidence of type 1 diabetes among under 15s,19 
the actual mechanism remains controversial. It has 
been reported that the Han population could be 
divided into three regional groups (northern, central, 
and southern) by variance in several loci of single 
nucleotide polymorphisms, including some in the 
human leucocyte antigen region previously reported 
to be related to psoriasis.38 Although the association 
between this variance and the development of type 1 
diabetes is yet unknown, it is worthy of further study 
to clarify whether such variance is related to the 
incidence of type 1 diabetes.

Prevalence of diabetic ketoacidosis in cases of 
type 1 diabetes
Compared with other studies, ranging from no more 
than 15% (Sweden) to around 30% (the SEARCH study 
and the EURODIAB study) in young people with a 
diagnosis of diabetes,39 we observed a relatively high 
prevalence of diabetic ketoacidosis (40.1% in all age 
groups and 51.4% in under 15s) in participants with 
newly diagnosed type 1 diabetes during the study 
period. We collected the data on diabetic ketoacidosis 
occurring within six months of diagnosis. These 
episodes of diabetic ketoacidosis might occur at onset or 
after onset, reflecting different situations. Occurrence 
at onset of type 1 diabetes could be attributed to the 
acute onset of the disease or to the lack of awareness 

of the signs or symptoms of the disease by patients or 
healthcare providers. Diabetic ketoacidosis after onset 
but within six months of diagnosis could have been the 
result of insufficient education of the participant about 
diabetes or missing an injection of insulin. The high 
prevalence of diabetic ketoacidosis within six months 
of a diagnosis of type 1 diabetes in our study indicates 
that more effort and resources are needed to achieve 
earlier diagnosis, raise awareness, and improve 
education about type 1 diabetes in China.

Strengths and weaknesses of this study
We report the first population based registry study of 
incidence of type 1 diabetes in China in the past two 
decades. Our study is also the first nationwide study 
to provide incidence rates for type 1 diabetes in all 
age groups, covering a vast geographical area. These 
results should not only update the global map of type 
1 diabetes in childhood, but also fill in the blank about 
the incidence of adult onset type 1 diabetes.

It has been a huge challenge to ascertain cases of 
type 1 diabetes. Although we were not able to utilise all 
the data from the medical insurance system owing to 
the inability to distinguish people with type 1 diabetes 
from those with type 2 diabetes, we had established 
a pharmacy based registry system and had utilised 
self report data from communities of patients with 
diabetes. Therefore, we believe that we have given as 
accurate an estimation as possible.

Several weaknesses of our study should be 
considered. The population we covered would provide 
enough power to estimate the incidence over 1.0 per 
100 000 person years, but for the exceedingly low 
incidence rate of adult onset type 1 diabetes, especially 
in groups aged more than 40 years, a larger study 
population would be required to give a more accurate 
estimate. The study areas have a higher proportion of 
urban populations than that of the whole nation. This 
hindered us from studying the association between 
incidence of type 1 diabetes and environmental factors. 
However, correlation analysis showed no statistically 
significant association between incidence and the 
proportion of urban population (see supplementary 
table S4). Like most of the epidemiological studies 
in type 1 diabetes, the diagnosis in our study was a 
clinical one. We adopted a search strategy based on ICD 
(international classification of diseases, ninth and 10th 
revisions) codes and the diagnosis largely relied on 
our participating endocrinologists and paediatricians 
(see supplementary materials, section 3). This could 
result in missing cases or misdiagnosis. However, we 
took multiple steps to minimise such a possibility. We 
included all cases of diabetes in under 15s regardless 
of classification and diabetes coded as “unclassified” 
in all age participants when we searched with ICD 
codes to avoid any missing cases. Clinical information 
(presence of diabetes related symptoms, incidence 
of diabetic ketosis or diabetic ketoacidosis within six 
months of diagnosis, etc), and laboratory test results 
(including C peptide level and diabetic autoantibodies) 
were collected when available to assist the diagnosis. 
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Finally, we ensured that the diagnostic time window 
for cases included in our study was no less than 18 
months.

Conclusions
We found a rapid increase in the incidence of type 
1 diabetes in under 15s in the past two decades in 
China, a country with a low incidence for this disease. 
We estimated that more than 13 000 new cases of 
type 1 diabetes occur every year in China, with more 
than 9000 in people aged 15 or more. Furthermore, 
we found that the incidence of type 1 diabetes was 
positively associated with higher latitude in under 15s, 
but not in the older population.
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SIRT1/HSF1/HSP Pathway Is Essential
for Exenatide-Alleviated, Lipid-Induced
Hepatic Endoplasmic Reticulum Stress
Xiaobin Zheng,* Fen Xu,* Hua Liang, Huanyi Cao, Mengyin Cai, Wen Xu, and Jianping Weng

Recent studies have indicated that lipid-induced endoplasmic reticulum (ER) stress is a major contributor to the progres-

sion of hepatic steatosis. Exenatide (exendin-4), a glucagon-like peptide-1 receptor agonist, is known to improve hepatic

steatosis, with accumulating evidence. In this study, we investigated whether exenatide could alleviate lipid-induced hepatic

ER stress through mammal sirtuin 1 (SIRT1) and illustrated the detailed mechanisms. Male C57BL/6J mice challenged

with a high-fat diet (HFD) were treated with exenatide or normal saline by intraperitoneal injection for 4 weeks. We

observed that HFD feeding induced hepatic ER stress as indicated by increased expression of glucose-regulated protein

78, phosphorylated protein kinase-like ER kinase, and phosphorylated eukaryotic initiation factor 2a, while these increases

were significantly inhibited by exenatide. Exenatide notably decreased the liver weight and hepatic steatosis induced by

HFD challenge. Consistently, in human HepG2 cells and primary murine hepatocytes, exendin-4 also significantly allevi-

ated the ER stress and lipid accumulation induced by palmitate. Importantly, further studies showed that exendin-4

enhanced the binding of heat shock factor 1 to the promoter of heat shock protein (HSP) genes through SIRT1-mediated

deacetylation, which then increased the expression of molecular chaperones HSP70 and HSP40 to alleviate hepatic ER

stress. Finally, inhibition of SIRT1 by genetic whole-body heterozygous knockout or by lentiviral short hairpin RNA

knockdown greatly diminished the effect of exenatide on deacetylating heat shock factor 1, increasing HSP expression and

alleviating ER stress and hepatic steatosis in HFD-fed mice. Conclusion: The SIRT1/heat shock factor 1/HSP pathway is

essential for exenatide-alleviated, lipid-induced ER stress and hepatic steatosis, which provides evidence for a molecular

mechanism to support exenatide and incretin mimetics as promising therapeutics for obesity-induced hepatic steatosis.

(HEPATOLOGY 2017;66:809-824)

N
onalcoholic fatty liver disease (NAFLD) is
now recognized as the most common chronic
liver disease worldwide.(1,2) It ranges from

simple steatosis to more aggressive lesions including
steatohepatitis, fibrosis, and cirrhosis.(3) Recent studies
have demonstrated that NAFLD is considered to be the

hepatic component of metabolic syndrome, which is
closely associated with obesity, type 2 diabetes, and dys-
lipidemia.(4) Hepatic steatosis, characterized by excessive
triglyceride accumulation in hepatocytes, is mainly asso-
ciated with an overload of free fatty acids and serves as
the key metabolic component of NAFLD.(5) It has been

Abbreviations: ChIP, chromatin immunoprecipitation; eIF2a, eukaryotic initiation factor 2a; ER, endoplasmic reticulum; GFP, green fluorescence

protein; GLP-1, glucagon-like peptide-1; GRP78, glucose-regulated protein 78; H&E, hematoxylin and eosin; HFD, high-fat diet; HSF1, heat shock

factor 1; HSP, heat shock protein; Lv, lentivirus; NAFLD, nonalcoholic fatty liver disease; p-, phosphorylated; PA, palmitate; PERK, protein kinase–

like ER kinase; RNAi, RNA interference; SEM, standard error of the mean; shRNA, short hairpin RNA; SIRT1, sirtuin1; UPR, unfolded protein

response; WT, wild-type.
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shown that excess free fatty acids in the liver, especially
saturated free fatty acids, could induce an endoplasmic
reticulum (ER) stress response and contribute to the
pathogenesis of NAFLD.(6,7) In human beings and
rodent models with obesity and NAFLD, enhanced
hepatic ER stress was observed, indicating that ER stress
may represent a common pathophysiological mechanism
involved in systemic metabolic disorders.(8)

ER stress, characterized by accumulation of unfolded
proteins in the ER lumen due to extracellular stress sig-
nals, promotes the dissociation of chaperone glucose-
regulated protein 78 (GRP78) and leads to the activa-
tion of an adaptive program called the unfolded protein
response (UPR) to reestablish equilibrium in the ER.
The UPR is mediated by three transducers that are
transmembrane proteins of the ER: protein kinase-like
ER kinase (PERK), inositol-requiring enzyme 1a, and
activating transcription factor 6. Each of these trans-
ducers activates specific pathways and collectively leads
to decreased overall protein synthesis, enhanced
ER folding capacity, and increased degradation of mis-
folded proteins, resulting in either recovery of ER
homeostasis or cell death.(9) During chronic and unre-
solved ER stress, which is characteristic of obesity and
type 2 diabetes, prolonged activation of UPR plays an
important role in regulating expression of hepatic lipo-
genic genes and contributes to the development of
hepatic steatosis.(10,11) Importantly, studies have shown
that activation of PERK and subsequent phosphoryla-
tion of eukaryotic initiation factor 2a (eIF2a) appear to
promote lipogenesis and thus the development of
hepatic steatosis.(12,13)

Glucagon-like peptide-1 (GLP-1), an insulinotropic
hormone released from the intestinal L cells in
response to nutrient ingestion, has also been exten-
sively shown to have extrapancreatic effects.(14) Studies
have shown that exendin-4 or exenatide (synthetic
exendin-4), a GLP-1 receptor agonist, ameliorated
hepatic steatosis both in vivo and in vitro,(15,16) and

this effect was found to be dependent on sirtuin1
(SIRT1), a highly conservative protein deacetylase in
mammals.(17,18) However, it has not been clearly
defined whether exenatide alleviates lipid-induced
hepatic ER stress and whether this alleviation is
SIRT1-dependent. A study revealed that hepatic over-
expression of SIRT1 attenuated ER stress and hepatic
steatosis in diet-induced and genetically obese mice.(19)

Mechanistic studies also showed that the decreased
SIRT1 expression could promote the greater acetyla-
tion of heat shock factor 1 (HSF1) and reduce its bind-
ing to the promoter of heat shock protein (HSP)
genes, which then decreased the expression of molecu-
lar chaperone HSP and contributed to ER stress in
neuronal cells and an experimental colitis model.(20-22)

Thus, these findings revealed a potential link between
the SIRT1/HSF1/HSP pathway and ER stress.

This study was aimed to investigate whether exenatide
(exendin-4) alleviated lipid-induced hepatic ER stress
through the SIRT1/HSF1/HSP pathway. We demon-
strate that exenatide (exendin-4) increases HSP expres-
sion to alleviate lipid-induced ER stress and hepatic
steatosis through SIRT1-mediated HSF1 deacetylation,
which provides a novel mechanism to support the notion
that exenatide and incretin mimetics act as promising
therapeutics for obesity-induced hepatic steatosis.

Materials and Methods

ANIMAL MODELS

Seven-week-old male C57BL/6J mice were pur-
chased from the Model Animal Research Center of
Nanjing University (Nanjing, China). After a 1-week
acclimatization period, mice were randomly distributed
into two initial groups fed with a chow diet (4% fat
[wt/wt]; Guangdong Medical Laboratory Animal
Center, Guangzhou, China) or a high-fat diet (HFD)
(35.8% fat [wt/wt], D12331; Research Diets, New
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Brunswick, NJ). After 12-week diet intervention, each
group of mice was then randomly subdivided to receive
either exenatide (24 nmol/kg/d; Eli Lilly and Com-
pany, Indianapolis, IN) or normal saline as control by
intraperitoneal injection during the light cycle with the
respective diet feeding for 4 weeks. Body weight and
daily food intake were monitored every 2 weeks.
Glucose tolerance tests and insulin tolerance tests were
carried out at the end of intervention as described in
the Supporting Information.
The whole-body Sirt1 heterozygous knockout

(Sirt11/–) mice in a C57BL/6J genetic background
were from J. Ye’s laboratory at the Pennington Bio-
medical Research Center (Louisiana State University,
Baton Rouge, LA)(23) and bred in the animal experi-
mental center of our hospital. Eight-week-old male
Sirt11/– mice and their wild-type (WT) littermates
were both challenged with an HFD for 12 weeks and
then randomly subjected to either exenatide or normal
saline for 8 weeks in the same way as described above.

A Sirt1 knockdown mouse model was constructed in
C57BL/6J mice by tail vein injection of lentivirus (Lv)
expressing short hairpin RNA (shRNA) targeting Sirt1,
which was designed and chemically synthesized by
Shanghai GeneChem Co. Ltd. (Shanghai, China). The
Lv vector expressing green fluorescence protein (GFP)
only was used as the RNA inference (RNAi) control.
Eight-week-old male C57BL/6J mice were randomly
divided into two groups fed a chow diet or an HFD for
8 weeks. The HFD-fed mice were further divided into
four groups: a normal saline–treated group (HFD), an
exenatide-treated group (HFD1Exe), an Lv-GFP with
exenatide–treated group (HFD1Exe1GFP), and an
Lv-Sirt1 RNAi with exenatide–treated group
(HFD1Exe1Sirt1 RNAi). One week after the injec-
tion of Lv (53 107 transfection units) or control sol-
vent, mice were subjected to either exenatide or normal
saline for 2 weeks as described above.

All animals received humane care, and all study pro-
cedures were approved by the Institutional Animal
Care and Use Committee of Sun Yat-Sen University.
Serum sampling and tissue collection, liver histology
and immunohistochemistry, assays of serum and liver
lipids, as well as serum adiponectin are detailed in the
Supporting Information.

CELL CULTURE AND
TREATMENT

Human HepG2 hepatocytes were cultured in mini-
mum essential medium supplemented with 10% fetal

bovine serum, 1mM sodium pyruvate, 100 U/mL peni-
cillin, and 100lg/mL streptomycin. Cells at 70%-80%
confluence were incubated in serum-free medium for 4
hours before treatment. Primary murine hepatocytes were
isolated from 8-week-old male C57BL/6J mice using a
two-step collagenase perfusion technique as described(24)

and cultured on type I collagen–coated plates in Williams
E medium supplemented with 2mM L-glutamine,
100nM dexamethasone, and antibiotics described above.

Thapsigargin and palmitate (PA) (Sigma-Aldrich,
St. Louis, MO) were used as ER stress inducers. To
examine the effect of exendin-4 (Sigma-Aldrich) on
hepatic ER stress in vitro, hepatocytes were incubated
in medium containing ER stress inducers with or with-
out 100 nM exendin-4 for 24 hours. A SIRT1 inhibi-
tor, EX-527 (Sigma-Aldrich), as well as two SIRT1
agonists, resveratrol (Sigma-Aldrich) and SRT1720
(Selleck, Houston, TX), were also included to investi-
gate the role of SIRT1 in the effect of exendin-4 on
PA-induced ER stress. For Sirt1 knockdown in vitro,
HepG2 cells were transfected with Lv Sirt1 shRNA or
scrambled shRNA at a multiplicity of infection (510/
20) according to the manufacturer’s instructions. Trans-
fected cells were then incubated in medium containing
PA with or without exendin-4 for 24 hours.

IMMUNOPRECIPITATION

Total protein (500lg) was incubated with 10lL
specific antibody against HSF1 (Millipore, Billerica,
MA) overnight at 4 8C with continuous mixing. Then
Protein A/G Mix Magnetic Beads (Millipore) were
added, followed by incubation for 2 hours at 4 8C. After
washing three times, the immunocomplexes were resus-
pended with denaturing elution buffer, heated at 100 8C
for 5 minutes, and separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis, followed by immu-
noblotting with primary antibody against HSF1. For
acetylation western blotting, 50mM trishydroxymethy-
laminomethane (pH7.5) with 10% (vol/vol) Tween-20
and 1% peptone was used for blocking, and 50mM
trishydroxymethylaminomethane (pH7.5) with 0.1%
peptone was used to prepare primary antibody against
acetylated-lysine (Cell Signaling Technology, Danvers,
MA) and secondary antibody.(25)

CHROMATIN
IMMUNOPRECIPITATION ASSAY

Chromatin immunoprecipitation (ChIP) reactions
were performed with an EZ-Magna ChIP HiSens kit
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(Millipore) according to the manufacturer’s instruc-
tions. Briefly, chromatin samples isolated from hepato-
cytes were sonicated, followed by incubation with 5 lL
anti-HSF1 antibody (Millipore) or with control
immunoglobulin G and ChIP A/G magnetic beads
overnight at 4 8C with continuous mixing. Immuno-
precipitated DNA and input genomic DNA were
amplified with primers targeting the Hsp70.1 promoter
region containing heat shock element by real-time
PCR as described above. Primers used for the Hsp70.1
promoter were (forward) 50-TGTCCCCTCCAG
TGAATCCCA-30 and (reverse) 50-TATTCCAGG
GTTTTCGCCTCC-30. Results were normalized to
reactions performed with 100% input samples.

STATISTICAL ANALYSIS

Data are presented as mean6 standard error of the
mean (SEM). The unpaired two-tailed Student t test
was used to determine significant differences between
groups. P< 0.05 was considered statistically significant.

Additional materials and methods are described in
the Supporting Information.

Results

EXENATIDE REDUCES BODY
WEIGHT AND RESTORES
SYSTEMIC AND HEPATIC
GLUCOSE HOMEOSTASIS IN
HFD-FED MICE

From the fourth week of intervention, the mice in
the HFD group began to show a significant increase in
body weight compared to the chow diet group, which
lasted until the end of intervention (Fig. 1A). Interest-
ingly, the HFD-induced mice subjected to 4-week
exenatide treatment exhibited significant weight loss
compared to the HFD group, especially in the first 2
weeks, which was accompanied by a decrease in daily
food intake (Fig. 1A,B). Meanwhile, exenatide treat-
ment showed beneficial effects on glucose tolerance
and insulin sensitivity in HFD-challenged mice as
indicated by glucose tolerance tests and insulin toler-
ance tests (Fig. 1C,D). To investigate the physiological
mechanisms responsible for exenatide-restored sys-
temic glucose homeostasis, the expression of hepatic
glycometabolic genes was measured. As a result, the
mRNA levels of gluconeogenic genes including Pepck
and Pck1 were increased in the liver by HFD challenge,

and these changes were significantly reduced by exena-
tide. In contrast, the expression of a glycolytic gene,
Gck, which was obviously reduced by HFD feeding,
was restored by exenatide treatment (Fig. 1E). These
findings demonstrate that exenatide reduces body
weight and restores systemic and hepatic glucose
homeostasis in HFD-fed mice.

EXENATIDE ALLEVIATES ER
STRESS AND HEPATIC
STEATOSIS IN HFD-FED MICE

To investigate whether exenatide alleviates lipid-
induced hepatic ER stress in an HFD-fed mouse
model, the protein levels of the ER stress marker
GRP78 and the PERK/eIF2a arm of the UPR pathway
were measured in the liver tissues. We found that HFD
challenge strongly induced hepatic ER stress, as indi-
cated by increased protein levels of GRP78, phosphory-
lated PERK (p-PERK) and p-eIF2a in the livers of the
HFD group compared with the chow diet group. How-
ever, these increases were significantly inhibited by exe-
natide treatment (Fig. 2A). Similarly, both the liver
weight and the ratio of liver to body weights in the
HFD group were significantly decreased by exenatide
(Fig. 2B). Consistently, histological analysis including
hematoxylin and eosin (H&E) staining and oil red O
staining revealed that exenatide greatly alleviated the
lipid accumulation in the livers of HFD-fed mice,
which was also indicated by the reduced liver triglycer-
ide and cholesterol levels (Fig. 2C,D). The same trends
were observed in the serum levels of triglyceride and
cholesterol (Fig. 2E). Furthermore, the serum levels of
adiponectin, an adipose-derived cytokine, were
decreased by HFD challenge but reversed after exena-
tide treatment (Fig. 2E). The gene expression of two
adiponectin receptors, AdipoR1 and AdipoR2, was
reduced in the livers of the HFD group. However, only
the expression of AdipoR2 was significantly increased by
exenatide (Fig. 2F). Taken together, these results indi-
cate that exenatide alleviates lipid-induced ER stress
and hepatic steatosis in HFD-fed mice.

EXENDIN-4 ALLEVIATES
PA-INDUCED ER STRESS AND
LIPID ACCUMULATION IN
HEPATOCYTES

To confirm whether exendin-4 alleviates lipid-
induced hepatic ER stress in vitro, human HepG2
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cells and primary murine hepatocytes were introduced
in our study. Thapsigargin, modifying Ca21 concen-
tration in the ER lumen by inhibiting Ca21 adenosine
triphosphatase, was served as a positive ER stress
inducer. Here, thapsigargin exposure was observed to
increase the protein levels of GRP78, p-PERK, and p-
eIF2a in parallel with the lipid accumulation in
HepG2 cells (Fig. 3B; Supporting Fig. S1), suggesting
that ER stress could directly lead to lipid accumulation
in hepatocytes. Both immunofluorescence staining and
western blotting revealed that PA exposure also
induced the protein levels of GRP78, p-PERK, and p-
eIF2a in HepG2 cells, to a lesser extent than thapsi-
gargin (Fig. 3A,B). Notably, the increased expression
of these ER stress markers induced by thapsigargin
and PA was significantly inhibited by exendin-4 treat-
ment (Fig. 3A,B). Meanwhile, exendin-4 significantly
alleviated the lipid deposition induced by thapsigargin
and PA in HepG2 cells (Fig. 3C; Supporting Fig. S1).
We also confirmed that exendin-4 reduced

PA-induced lipid accumulation in primary murine
hepatocytes (Fig. 3D). Immunofluorescence staining
revealed that the enhanced positive staining of GRP78
located in the cytoplasm of primary murine hepato-
cytes induced by PA was substantially reduced by
exendin-4 treatment (Fig. 3E). Likewise, the protein
levels of GRP78 and p-eIF2a were increased by PA
exposure alone and significantly decreased by exendin-
4 (Fig. 3F). Collectively, these results suggest that
exendin-4 alleviates PA-induced ER stress, which may
contribute to its amelioration of lipid accumulation in
hepatocytes.

EXENDIN-4 ALLEVIATES PA-
INDUCED HEPATIC ER STRESS IN
A SIRT1-DEPENDENT MANNER

In HepG2 cells transfected with scrambled shRNA,
PA exposure was observed to increase the protein levels
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FIG. 1. Exenatide reduces body weight and restores systemic and hepatic glucose homeostasis in HFD-fed mice. C57BL/6J mice fed
a chow diet or an HFD for 12 weeks were randomly assigned to either normal saline or exenatide treatment (24 nmol/kg) by intraper-
itoneal injection for 4 weeks with the diet intervention maintained (n5 5-6/group). (A) Body weight detected every 2 weeks. (B)
Daily food intake during exenatide treatment. (C) Glucose tolerance tests after exenatide treatment and the area under curve. (D)
Insulin tolerance tests after exenatide treatment and the area under curve. (E) Relative mRNA levels of gluconeogenic genes (Pepck,
G6pase, and Pck1) and a glycolytic gene (Gck) by quantitative real-time PCR. Data are expressed as mean6SEM. *P< 0.05,
**P< 0.01 compared with the chow diet group; #P< 0.05, ##P< 0.01 compared with the HFD group. Abbreviations: AUC, area
under curve; Exe, exenatide.
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of GRP78, p-PERK, and p-eIF2a in parallel with the
reduced SIRT1 expression; and these changes were
significantly reversed by exendin-4 treatment. By con-
trast, no obvious change in the expression of GRP78,
p-PERK, and p-eIF2a was observed after exendin-4
treatment when Sirt1 was knocked down by Sirt1

shRNA (Fig. 4A). We noted that PA exposure
induced a higher expression of GRP78 and p-eIF2a in
HepG2 cells transfected with Sirt1 shRNA than that
with scrambled shRNA (Fig. 4A). We also observed
that exendin-4 significantly decreased the mRNA
expression of Grp78 in PA-exposed HepG2 cells, but
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FIG. 2. Exenatide alleviates ER stress and hepatic steatosis in HFD-fed mice. C57BL/6J mice fed a chow diet or an HFD
for 12 weeks were randomly treated with either normal saline or exenatide (24 nmol/kg/day) by intraperitoneal injection for 4
weeks with the diet intervention maintained (n5 5-6/group). (A) Western blot analysis of ER stress markers (GRP78, p-
PERK, PERK, p-eIF2a, and eIF2a) in liver tissues and b-actin used as a loading control. (B) Liver weight and the ratio of
liver weight to body weight. (C) Representative images of the liver, H&E staining and oil red O staining with 3400 magnifi-
cation. (D) Liver triglyceride and cholesterol levels. (E) Serum triglyceride, cholesterol, and adiponectin levels. (F) Relative
mRNA levels of AdipoR1 and AdipoR2 by quantitative real-time PCR. Data are expressed as mean6 SEM. *P< 0.05,
**P< 0.01 compared with the chow diet group; #P< 0.05, ##P< 0.01 compared with the HFD group. Abbreviation: Exe,
exenatide.
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FIG. 3. Exendin-4 alleviates PA-induced ER stress and lipid accumulation in hepatocytes. HepG2 cells and primary murine hepato-
cytes exposed to thapsigargin (500 nM) or PA (300 lM) were treated with or without Ex-4 (100 nM) for 24 hours. (A) Representative
images of immunofluorescence staining for GRP78 protein (green fluorescence) in HepG2 cells with3 400 magnification. (B) West-
ern blot analysis of ER stress markers (GRP78, p-PERK, PERK, p-eIF2a, and eIF2a) in lysates from HepG2 cells, with b-actin as a
loading control. (C,D) Representative images of oil red O staining were captured in HepG2 cells (C) and primary murine hepatocytes
(D) with3 400 magnification. Absorbance of the oil red O content was determined at 510 nm with a spectrophotometer. (E) Repre-
sentative images of immunofluorescence staining for GRP78 protein (green fluorescence) in primary murine hepatocytes with 3400
magnifications. (F) Western blot analysis of ER stress markers (GRP78, p-eIF2a, and eIF2a) in lysates from primary murine hepato-
cytes, with b-actin as a loading control. Data are expressed as mean6 SEM from three independent experiments. *P< 0.05,
**P< 0.01 compared with the BSA group; #P< 0.05, ##P< 0.01 compared with the PA group; †P< 0.05, ††P< 0.01 compared with
the DMSO group; &P< 0.05, &&P< 0.01 compared with the Thp group. Abbreviations: BSA, bovine serum albumin; DMSO,
dimethylsulfoxide; Ex-4, exendin-4; PA, palmitate; Thp, thapsigargin.
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this was greatly blocked by pretreatment with a SIRT1
inhibitor, EX-527 (Fig. 4B). In addition, the ability of
exendin-4 to restore the reduced SIRT1 expression
and the increased expression of ER stress markers
induced by PA exposure was close to two SIRT1 acti-
vators, resveratrol and SRT1720 (Fig. 4C,D). These
data demonstrate that exendin-4 alleviates PA-
induced hepatic ER stress in a SIRT1-dependent
manner.

EXENDIN-4-AMELIORATED
PA-INDUCED HEPATIC ER
STRESS IS ASSOCIATED WITH
INCREASED HSP EXPRESSION
THROUGH SIRT1-MEDIATED
HSF1 DEACETYLATION

HSP, a large family of molecular chaperones that
regulate protein homeostasis, prevent protein
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FIG. 4. Exendin-4 alleviates PA-induced hepatic ER stress in an SIRT1-dependent manner. (A) HepG2 cells were transfected with lentivi-
ral Sirt1 shRNA or scrambled shRNA and then incubated in medium containing PA (300lM) with or without Ex-4 (100nM) for 24 hours.
Western blot analysis of SIRT1 and ER stress markers (GRP78, p-PERK, PERK, p-eIF2a, and eIF2a) was performed in the lysates, and b-
actin was used as a loading control. Data are expressed as mean6 SEM from three independent experiments. *P< 0.05, **P< 0.01 compared
with the corresponding BSA group; #P< 0.05, ##P< 0.01 compared with the corresponding PA group; †P< 0.05, ††P< 0.01 compared with
the PA group transfected with scrambled shRNA. (B) HepG2 cells were pretreated with the SIRT1 inhibitor EX-527 (10lM) for 1 hour
and then incubated in medium containing PA (300lM) with or without Ex-4 (100nM) for 24 hours. Relative mRNA levels of Grp78 were
analyzed by quantitative real-time PCR. (C,D) HepG2 cells with or without PA (300lM) were treated with Ex-4 (100nM) or two SIRT1
agonists, RSV (50lM) and SRT1720 (5lM), for 24 hours. (C) Relative mRNA levels ofGrp78 by quantitative real-time PCR. (D)Western
blot analysis of SIRT1 and ER stress markers (GRP78, p-PERK, PERK, p-eIF2a, and eIF2a) in lysates, with b-actin as a loading control.
(B-D) Data are expressed as mean6SEM from three independent experiments. *P< 0.05, **P< 0.01 compared with the BSA group;
#P< 0.05, ##P< 0.01 compared with the PA group; &P< 0.05, &&P< 0.01 compared with the PA with Ex-4–treated group. Abbreviations:
BSA, bovine serum albumin; Ex-4, exendin-4; RSV, resveratrol.
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aggregation and participate in refolding or elimination
of misfolded proteins in their capacity.(26,27) To investi-
gate whether HSP were involved in exendin-4-
ameliorated, PA-induced hepatic ER stress, we screened

the expression of the HSP family in this system. As a
result, exendin-4 treatment significantly increased the
protein levels of HSP70 and HSP40 in PA-induced
HepG2 cells. However, this effect disappeared when
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FIG. 5. Exendin-4-ameliorated, PA-induced hepatic ER stress is associated with increased HSP expression through SIRT1-mediated
HSF1 deacetylation. (A,B,D,E) HepG2 cells were transfected with lentiviral Sirt1 shRNA or scrambled shRNA and then incubated
in medium containing PA (300 lM) with or without Ex-4 (100 nM) for 24 hours. (A) Western blot analysis of HSP (HSP70 and
HSP40) in lysates, with b-actin as a loading control. (B) Relative mRNA levels of Hsp70 and Hsp40 by quantitative real-time PCR.
(D) Relative HSF1 binding to the Hsp70 promoter by ChIP and quantitative real-time PCR. (E) Acetylated lysine and total HSF1
expression by immunoprecipitation and western blot analysis. (A,B,D,E) Data are expressed as mean6SEM from three independent
experiments. *P< 0.05, **P< 0.01 compared with the corresponding BSA group; #P< 0.05, ##P< 0.01 compared with the corre-
sponding PA group; †P< 0.05, ††P< 0.01 compared with the PA with Ex-4–treated group transfected with scrambled shRNA;
$P< 0.05, $$P< 0.01 compared with the PA group transfected with scrambled shRNA. (C) HepG2 cells were pretreated with a
SIRT1 inhibitor EX-527 (10 lM) for 1 hour and then incubated in medium containing PA (300 lM) with or without Ex-4
(100 nM) for 24 hours. In addition, HepG2 cells with or without PA (300 lM) were treated with Ex-4 (100 nM) or two SIRT1 ago-
nists, RSV (50lM) and SRT1720 (5lM), for 24 hours. Relative mRNA levels of Hsp70 and Hsp40 were analyzed by quantitative
real-time PCR. Data are expressed as mean6 SEM from three independent experiments. *P< 0.05, **P< 0.01 compared with the
BSA group; #P< 0.05, ##P< 0.01 compared with the PA group; &P< 0.05, &&P< 0.01 compared with the PA with Ex-4–treated
group. (F) Acetylated lysine and total HSF1 expression in the livers of C57BL/6J mice described in Fig. 1 by immunoprecipitation
and western blot analysis. Data are expressed as mean6 SEM. *P< 0.05, **P< 0.01 compared with the chow diet group; #P< 0.05,
##P< 0.01 compared with the HFD group. Abbreviations: BSA, bovine serum albumin; Ex-4, exendin-4; Exe, exenatide.
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Sirt1 expression was inhibited by Sirt1 shRNA (Fig.
5A). The same trend was confirmed in the mRNA levels
by quantitative real-time PCR (Fig. 5B; Supporting Fig.
S2). Moreover, the effect of exendin-4 on gene expres-
sion induction of HSP was greatly blocked by the pre-
treatment with EX-527 (Fig. 5C). By contrast, exendin-
4 was observed to up-regulate the gene expression of
HSP70 and HSP40 comparable to resveratrol and
SRT1720 (Fig. 5C). Taken together, these findings
show that exendin-4-ameliorated, PA-induced hepatic
ER stress is associated with increased HSP expression in
a SIRT1-dependent manner.

Because HSF1 is a major transcription factor regulat-
ing the expression of HSP genes,(28) we performed a
ChIP assay to investigate whether exendin-4 influenced
the binding of HSF1 to the promoter of HSP genes in a
SIRT1-dependent manner. As a result, exendin-4 sig-
nificantly increased the binding of HSF1 to the Hsp70
promoter in PA-induced HepG2 cells. However, no
change was observed after exendin-4 treatment in Sirt1
shRNA-transfected cells (Fig. 5D). Because SIRT1
functions as a protein deacetylase, the acetylation status
of HSF1 was determined. In scrambled shRNA-
transfected HepG2 cells, PA exposure increased the
acetylation of HSF1, and this was significantly reversed
by exendin-4 treatment. In Sirt1 shRNA-transfected
HepG2 cells, the acetylation of HSF1 was significantly
higher and had no change regardless of exendin-4 treat-
ment (Fig. 5E). We also confirmed that the acetylation
of HSF1 was increased in the liver after HFD challenge,
while this was significantly inhibited by exenatide (Fig.
5F). Altogether, these data indicate that exendin-4-
ameliorated, PA-induced hepatic ER stress is associated
with increased HSP expression through SIRT1-
mediated HSF1 deacetylation.

EXENATIDE-INCREASED HSP
EXPRESSION TO ATTENUATE
ER STRESS AND HEPATIC
STEATOSIS IS DIMINISHED
IN HFD-FED Sirt11/– MICE

To validate in vitro findings in animal studies, an
HFD-fed Sirt11/– mouse model was introduced in our
study. We observed decreased SIRT1 expression in
combination with an exaggerated ER stress response
indicated by increased protein levels of GRP78 and p-
PERK in the livers of Sirt11/– mice compared to WT
controls under HFD feeding (Fig. 6A). Not surpris-
ingly, increased SIRT1 expression in parallel with

decreased protein levels of GRP78, p-PERK, and p-
eIF2a were observed after exenatide treatment in
HFD-fed WT mice. However, no significant change
was found in HFD-fed Sirt11/– mice regardless of exe-
natide treatment (Fig. 6A). In addition, exenatide
notably increased the protein levels of HSP70 and
HSP40 in HFD-fed WT mice, while this effect was
greatly diminished in HFD-fed Sirt11/– mice (Fig.
6B). Histological analysis including H&E staining
and oil red O staining showed more severe lipid accu-
mulation in the livers of Sirt11/– mice compared to
WT controls under HFD feeding. The hepatic lipid
accumulation induced by HFD challenge was dramati-
cally improved by exenatide in WT controls. However,
this effect was greatly weakened in Sirt11/– mice (Fig.
6C). Consistently, the same tendency was observed in
the triglyceride and cholesterol contents in both the
liver and serum (Fig. 6D,E). These results suggest that
exenatide-increased HSP expression to attenuate ER
stress and hepatic steatosis is diminished in HFD-fed
Sirt11/– mice.

Lv Sirt1 KNOCKDOWN ABOLISHES
THE EFFECT OF EXENATIDE ON
HSF1 DEACETYLATION, HSP
INDUCTION, AND ALLEVIATION
OF ER STRESS AND HEPATIC
STEATOSIS

A Sirt1 knockdown mouse model was also used to
further confirm our conclusion. As a result, neither
SIRT1 and p-eIF2a nor HSP70 and HSP40 dis-
played any change in protein expression after Lv-
GFP injection compared to the HFD with the
exenatide-treated group, while Lv-Sirt1 RNAi injec-
tion dramatically decreased SIRT1 expression and
abolished the effect of exenatide on increasing HSP
expression and reducing p-eIF2a expression in the
livers of HFD-fed mice (Fig. 7A,B). Consistent with
the in vitro finding, we observed that exenatide-
inhibited acetylation of HSF1 was greatly blocked by
Lv-Sirt1 RNAi injection (Fig. 7C). As shown by
H&E staining and oil red O staining, 2-week exena-
tide treatment ameliorated the hepatic steatosis
induced by 8-week HFD challenge, which was
consistent with the results described above. Unlike
Lv-GFP injection, Lv-Sirt1 RNAi injection greatly
diminished exenatide-ameliorated hepatic steatosis
(Fig. 7D). Triglyceride and cholesterol quantification
in the liver and serum displayed a similar tendency
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FIG. 6. Exenatide-increased HSP expression to attenuate ER stress and hepatic steatosis is diminished in HFD-fed Sirt11/– mice.
Sirt11/– mice and their WT controls fed with an HFD for 12 weeks were randomly treated with either normal saline or exenatide (24
nmol/kg/day) by intraperitoneal injection for 8 weeks with the diet intervention maintained (n5 5-6/group). (A) Western blot analysis
of SIRT1 and ER stress markers (GRP78, p-PERK, PERK, p-eIF2a, and eIF2a) in liver tissues, with b-actin as a loading control.
(B) Western blot analysis of HSP (HSP70 and HSP40) in liver tissues, with b-actin as a loading control. (C) Representative images
of liver H&E staining and oil red O staining with 3400 magnification. (D) Liver triglyceride and cholesterol levels. (E) Serum tri-
glyceride and cholesterol levels. Data are expressed as mean6SEM. #P< 0.05, ##P< 0.01 compared with the corresponding HFD
group; *P< 0.05, **P< 0.01 compared with the HFD group in WT mice. Abbreviation: Exe, exenatide.
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with the histological analysis of liver (Fig. 7E,F). By
contrast, the increased serum adiponectin levels and
AdipoR2 gene expression in the liver induced by exe-
natide treatment were not changed after Lv-Sirt1
RNAi injection (Fig. 7F; Supporting Fig. S3A). In
addition, exenatide-restored hepatic glucose

homeostasis in HFD-fed mice was significantly weak-
ened by Lv-Sirt1 RNAi injection (Supporting Fig.
S3B). Taken together, these findings verify again that
Sirt1 knockdown abolishes the effect of exenatide on
HSF1 deacetylation, HSP induction, and alleviation
of ER stress and hepatic steatosis.
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Discussion
In the current study, we identify a mechanism that

exenatide (exendin-4) increases HSP expression to
alleviate obesity-induced ER stress and hepatic steato-
sis by up-regulating HSF1 deacetylation through
SIRT1. It further supports the notion that exenatide
and incretin mimetics act as promising therapeutics for
obesity-induced hepatic steatosis.

GLP-1 receptor agonists, like exenatide and liraglu-
tide, have been clinically licensed as antidiabetic
agents. An early animal study by Ding et al. revealed
the beneficial effect of exendin-4 on hepatic steato-
sis.(15) In addition, exenatide was observed to reverse
fatty liver better than intensive insulin therapy in
patients with obesity, NAFLD with elevated liver
enzymes, and type 2 diabetes.(29) New clinical studies
also demonstrated that liraglutide, which was safe and
well tolerated, led to histological resolution of nonalco-
holic steatohepatitis.(30,31) However, the mechanism
involved in the beneficial effect of GLP-1 receptor
agonists on hepatic steatosis has not been clearly
defined. Accumulating evidence has indicated that the
chronic and unresolved ER stress could contribute to
the progression of hepatic steatosis through increased
lipogenesis.(10,11) Genetic ablation studies revealed
that the PERK/eIF2a arm of UPR appeared to pro-
mote the lipogenesis and development of hepatic stea-
tosis.(12,13) In this study, we identified that exenatide
(exendin-4) ameliorated hepatic lipid accumulation in
a diet-induced obese mouse model and in PA-induced
hepatocytes due to the alleviation of ER stress, which
was indicated by significantly decreased expression of
ER stress markers including GRP78, p-PERK, and p-
eIF2a. This is the first time to prove that exenatide
ameliorates lipid-induced hepatic ER stress to improve
lipid deposition in hepatocytes both in vivo and in
vitro. In support of our findings, a previous study
showed that liraglutide protected against ER stress in

the livers of HFD-induced insulin-resistant rats.(32)

These findings collectively reveal the ability of GLP-1
receptor agonists to protect against ER stress and
hepatic steatosis. Moreover, our study validated that
exenatide (exendin-4) alleviated hepatic ER stress in a
SIRT1-dependent manner by using genetic or phar-
macological SIRT1 inhibition both in vivo and in
vitro. This finding was supported by a study demon-
strating that hepatic overexpression of SIRT1 attenu-
ated ER stress and hepatic steatosis in obese mice.(19)

Another study also revealed that SIRT1 activation
could alleviate PA-induced ER stress in hepato-
cytes.(33) However, it has not been clearly defined how
SIRT1 regulates hepatic ER stress.

SIRT1, the closest mammalian homolog of yeast
silent information regulator 2, is now also recognized
as a stress-response protein deacetylase.(34) HSF1, a
stress-inducible transcription factor, translocates to the
nucleus and binds to the promoter of HSP genes to
up-regulate their transcription under a variety of
stresses. Then the increased HSP serve as molecular
chaperones to dampen proteotoxic stresses and main-
tain protein homeostasis through refolding of mis-
folded peptides and restraining protein aggregation.(28)

A recent study demonstrates that SIRT1 deacetylates
HSF1 and potentiates its binding to the promoter of
HSP genes in vitro.(20) Thus, we infer that the SIRT1/
HSF1/HSP pathway may serve as a mechanism
involved in ER stress and metabolic disorders that are
closely related with protein homeostasis. As a result,
we found that exenatide (exendin-4) increased the
deacetylation of HSF1 and HSP expression to alleviate
lipid-induced ER stress and hepatic steatosis in a
SIRT1-dependent manner. We identify an effect of
regulation of the SIRT1/HSF1/HSP pathway on ER
stress in hepatocytes, which is a new mechanism differ-
ent from adenosine monophosphate–activated protein
kinase activation that might account for exenatide-
ameliorated hepatic steatosis.(17,18)
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FIG. 7. Lentiviral Sirt1 knockdown abolishes the effect of exenatide on HSF1 deacetylation, HSP induction, and alleviation of ER
stress and hepatic steatosis. Male C57BL/6J mice were randomly divided into two groups fed a chow diet or an HFD for 8 weeks,
and the HFD-fed mice were further divided into four groups: normal saline–treated group (HFD), exenatide-treated group
(HFD1Exe), Lv-GFP with exenatide–treated group (HFD1Exe1GFP), and Lv-Sirt1 RNAi with exenatide–treated group
(HFD1Exe1Sirt1 RNAi). One week after the injection of lentivirus or control solvent, mice were subjected to either normal saline
or exenatide (24 nmol/kg/day) for 2 weeks (n5 5-6/group). (A) Western blot analysis of SIRT1 and ER stress markers (GRP78,
p-eIF2a, and eIF2a) in liver tissues, with b-actin as a loading control. (B) Western blot analysis of HSP (HSP70 and HSP40) in liver
tissues, with b-actin as a loading control. (C) Acetylated lysine and total HSF1 expression in the liver by immunoprecipitation and
western blot analysis. (D) Representative images of liver H&E staining and oil red O staining with 3400 magnification. (E) Liver tri-
glyceride and cholesterol levels. (F) Serum triglyceride, cholesterol, and adiponectin levels. Data are expressed as mean6SEM.
*P< 0.05, **P< 0.01 compared with the chow diet group; #P< 0.05, ##P< 0.01 compared with the HFD group; †P< 0.05, ††P< 0.01
compared with the Lv-GFP injection group. Abbreviation: Exe, exenatide.
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In addition, we observed that exenatide (exendin-4)
up-regulated the expression of molecular chaperones
including HSP70 and HSP40 to alleviate lipid-
induced ER stress and hepatic steatosis both in vivo
and in vitro, which emphasized the link between
molecular chaperones and ER stress–related metabolic
disorders. In support of our findings, studies have
shown that activation of the inducible isoform of
HSP70 protected against obesity-induced insulin resis-
tance.(35,36) Hepatic overexpression of GRP78, an
endogenous ER chaperone protein belonging to the
HSP70 family, inhibited ER stress and sterol regula-
tory element binding protein 1c activation to reduce
hepatic steatosis in mice.(37) Furthermore, chemical
chaperones were found to reduce hepatic ER stress in a
mouse model of type 2 diabetes and in PA-induced
hepatocytes.(38,39) Taken together, these findings indi-
cate that strategies targeting molecular chaperones may
be novel therapeutics for the treatment of metabolic
disorders involved with ER stress. A previous report
showed that exendin-4 enhanced GRP78 expression
but decreased ER stress–related cell death in fat-
loaded hepatocytes.(40) By contrast, decreased GRP78
expression and increased HSP expression after
exendin-4 treatment were observed simultaneously in
our study. This inconsistency in GRP78 expression
might reflect the different extent of ER stress existing
in fat-loaded hepatocytes after exendin-4 treatment,
which varied due to the different dosage and time
course that both fatty acid and exendin-4 used.
Because GRP78 is an ER chaperone protein belonging
to the HSP70 family, we speculate that it is a direct
transcriptional target of both UPR signaling and
HSF1 signaling based on previous studies.(9,28) There-
fore, the decreased GRP78 expression after exendin-4
treatment in our study might be mainly attributed to
the down-regulated UPR signaling rather than the
increased HSF1 deacetylation.

Recent publications have indicated a protective
effect of adiponectin on hepatic steatosis and fibro-
sis.(41,42) AdipoR1 and AdipoR2 are two receptors of
adiponectin, which are both expressed in the liver.
AdipoR1 is primarily expressed in activated hepatic
stellate cells, while AdipoR2 is primarily expressed in
other liver cells such as hepatocytes. Adiponectin binds
to its receptors and stimulates adenosine monophos-
phate–activated protein kinase in the liver, a crucial
factor in glucose and lipid metabolism.(42,43) Thus, we
also detected an effect of exenatide on adipose-derived
adiponectin and its hepatic downstream signaling in
this study. It showed that exenatide restored the

reduced serum adiponectin levels and significantly up-
regulated the mRNA expression of AdipoR2 in the liv-
ers of HFD-induced obese mice, which indicated that
the beneficial effect of exenatide-increased adiponectin
was mainly mediated by AdipoR2 in the liver. Besides,
our previous research verified that exenatide could up-
regulate the adenosine monophosphate–
activated protein kinase activity in the liver.(17) Taken
together, our findings are consistent with a report indi-
cating that exenatide increased serum adiponectin
levels in obese mice,(15) which also provides another
possible mechanism to explain the effect of exenatide
on improving hepatic steatosis.

In our study, tail vein injection of viral shRNA was
used for in vivo gene knockdown as described.(44,45)

Due to the liver first-pass effect of virus, we infer that
Lv-Sirt1 shRNA by tail vein injection in our mouse
model might primarily target to the liver. To confirm
this conjecture, we examined SIRT1 expression in dif-
ferent organs with western blot analysis. As expected,
liver was the organ that SIRT1 was knocked down the
most (�90% reduction). There were no significant
changes of SIRT1 expression in other insulin-sensitive
organs including muscle, white adipose tissue (epididy-
mal fat), and brown adipose tissue after Lv-Sirt1
RNAi injection compared with Lv-GFP control (Sup-
porting Fig. S4A). Meanwhile, immunohistochemical
analysis of liver sections also revealed a marked
decrease in SIRT1 expression after Lv-Sirt1 RNAi
injection (Supporting Fig. S4B). Consistently, the
acetylation of p53 at Lys382, a specific deacetylation
site of SIRT1,(19) showed a 2-fold to 3-fold increase in
the liver after Lv-Sirt1 RNAi injection (Supporting
Fig. S4C). Studies have shown that SIRT1 regulates
the production of adiponectin in adipocytes through
forkhead box O1.(46,47) Importantly, we found no
change in the serum adiponectin levels between Lv-
Sirt1 RNAi injection and Lv-GFP control. Thus, our
result provided another credible proof that tail vein
injection of Lv-Sirt1 RNAi did not affect the white
adipose tissue because adiponectin was primarily pro-
duced and secreted by white adipose tissue. Taken
together, this Lv-Sirt1 knockdown mouse model in
our study could be considered as a proper model for
studying the causal role of SIRT1 in mediating exena-
tide’s effect on the liver. However, it should be noted
that this mouse model has limitations due to the
potential for Lv-Sirt1 shRNA to target other non-
insulin-sensitive organs and that the liver-specific Sirt1
knockout mouse is the ideal mouse model for this
study. Therefore, by combination with the two mouse
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models of SIRT1 inhibition and in vitro models, our
results provide strong biochemical evidence that the
SIRT1/HSF1/HSP pathway mediates the beneficial
effect of exenatide on lipid-induced ER stress and
hepatic steatosis associated with obesity.

In summary, our study demonstrates that exenatide
(exendin-4) increases HSP expression to alleviate
lipid-induced ER stress and hepatic steatosis through
SIRT1-mediated HSF1 deacetylation. This indicates
that the SIRT1/HSF1/HSP pathway is essential for
exenatide-alleviated, lipid-induced ER stress and
hepatic steatosis, which provides a novel mechanism
supporting exenatide and incretin mimetics as promis-
ing therapeutics for obesity-induced hepatic steatosis.
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SIRT1 Mediates the Effect of
GLP-1 Receptor Agonist
Exenatide on Ameliorating
Hepatic Steatosis
Diabetes 2014;63:3637–3646 | DOI: 10.2337/db14-0263

GLP-1 and incretin mimetics, such as exenatide, have
been shown to attenuate hepatocyte steatosis in vivo and
in vitro, but the specific underlying mechanism is unclear.
SIRT1, an NAD+-dependent protein deacetylase, has been
considered as a crucial regulator in hepatic lipid homeo-
stasis by accumulated studies. Here, we speculate that
SIRT1 might mediate the effect of the GLP-1 receptor
agonist exenatide (exendin-4) on ameliorating hepatic
steatosis. After 8 weeks of exenatide treatment in male
SIRT1+/2 mice challenged with a high-fat diet and their
wild-type (WT) littermates, we found that lipid deposition
and inflammation in the liver, which were improved dra-
matically in the WT group, diminished in SIRT1+/2 mice. In
addition, the protein expression of SIRT1 and phosphor-
ylated AMPK was upregulated, whereas lipogenic-
related protein, including SREBP-1c and PNPLA3, was
downregulated in the WT group after exenatide treat-
ment. However, none of these changes were observed
in SIRT1+/2 mice. In HepG2 cells, exendin-4–reversed
lipid deposition induced by palmitate was hampered
when SIRT1 was silenced by SIRT1 RNA interference.
Our data demonstrate that SIRT1 mediates the effect
of exenatide on ameliorating hepatic steatosis, suggest-
ing the GLP-1 receptor agonist could serve as a potential
drug for nonalcoholic fatty liver disease (NAFLD), espe-
cially in type 2 diabetes combined with NAFLD, and
SIRT1 could be a therapeutic target of NAFLD.

Nonalcoholic fatty liver disease (NAFLD) is a burgeoning
health problem that begins with the aberrant accumulation

of triglyceride in the liver. It includes isolated fatty liver
and nonalcoholic steatohepatitis (NASH), the latter of
which can progress to cirrhosis and liver cancer in some
individuals (1). In addition, NAFLD is mostly common in
obesity and metabolic syndrome, both of which are
strongly associated with insulin resistance. The most chal-
lenging problem is that no drug therapy has been approved
for NAFLD so far (2).

GLP-1, an incretin hormone, is a gut-derived peptide
secreted by intestinal L cells after a meal. It has pleiotropic
functions in mammals to promote insulin secretion of
pancreatic b-cells, suppress inappropriate glucagon secre-
tion, slow gastric emptying, and induce insulin-mediated
glucose uptake (3). As a new kind of antidiabetes drug,
incretin mimetics, such as exenatide (exendin-4), increas-
ing amounts of evidence have proved that they effectively
improve lipid deposition in the liver (4–6). However, the
specific underlying mechanism is little known. That the
GLP-1 receptor is present on human hepatocytes and has
a direct role in decreasing hepatic steatosis in vitro has
been reported (5). A recent study found that exendin-4
could reduce inflammation in the liver by inhibiting mac-
rophage recruitment and activation (7). Nevertheless, the
exact mechanism of the signaling pathway of GLP-1 and
its mimetics on improving hepatic steatosis is not fully
understood.

SIRT1, mammalian sirtuin 1, is a kind of NAD+-dependent
protein deacetylase and is an important regulator of energy
homeostasis in response to nutrient availability (8,9). We
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previously found that loss of SIRT1 leads to more serious
liver steatosis in SIRT1+/2 mice compared with wild-type
(WT) mice after high-fat diet (HFD) induction (10). An-
other study also showed that hepatocyte-specific deletion
of SIRT1 alters fatty acid metabolism and results in hepatic
steatosis and inflammation (11). However, hepatic over-
expression of SIRT1 in mice attenuates endoplasmic retic-
ulum stress and insulin resistance in the liver (12).
Activating the SIRT1 signaling program by resveratrol or
SRT1720 relieves fatty liver, with reduced lipid synthesis
and an increased rate of fatty acid oxidation (13,14). A
recent study reported that SIRT1 mediated the activation
of FGF21, which could prevent liver steatosis caused by
fasting (15). Another study demonstrated that hepatic de-
letion of SIRT1 promoted steatosis and inflammation in
response to an ethanol challenge via lipin-1, a transcrip-
tional regulator of lipid metabolism (16). All of the above
indicate that SIRT1 is vital in the lipid homeostasis of the
liver.

Because SIRT1 plays such an essential role in the lipid
metabolism of the liver, whether the amelioration of
hepatic steatosis by the GLP-1 receptor agonist exenatide
is mediated by SIRT1 remains to be investigated. Here, we
presume that exenatide improves liver steatosis via the
SIRT1 pathway. In our study, SIRT1+/2 mice and their WT
littermates were challenged with an HFD, followed by
exenatide treatment. We found that GLP-1 receptor ago-
nist treatment could reverse liver steatosis in WT mice
but not in SIRT1+/2 mice, which indicates that loss of
SIRT1 significantly impairs the effect of the GLP-1 recep-
tor agonist. These results, for the first time to our knowl-
edge, point out that SIRT1 is indispensable in mediating
the effect of the GLP-1 receptor agonist exenatide on
ameliorating hepatic steatosis.

RESEARCH DESIGN AND METHODS

Animals and Diets
SIRT1+/2 mice in C57BL/6J gene background were a gift
from Prof. Jianping Ye from Pennington Biomedical Re-
search Center, Louisiana State University (10). C57BL/6J
breeders (7–8 weeks old) were purchased from the Model
Animal Research Center of Nanjing University, Nanjing,
China. Male SIRT1+/2 mice and their WT littermates were
used in the study. The mice were maintained at 22 6 2°C
and 50 6 5% relative humidity with a 12-h light/dark
cycle. All mice had ad libitum access to rodent chow diet
(5% fat wt/wt; Guangdong Medical Laboratory Animal
Center) and water. The HFD (D12492; Research Diets),
which contains 60% calories from fat, was used to induce
obesity and fatty liver. After 12 weeks of the chow diet or
the HFD challenge, mice were divided randomly into the
following five groups: WT + chow diet, WT + HFD + saline,
WT + HFD + exenatide, SIRT1+/2 + HFD + saline, and
SIRT1+/2 + HFD + exenatide. Mice were treated with a daily
intraperitoneal injection of exenatide (24 nmol/kg; Eli Lilly
and Company, Indianapolis, IN) or normal saline control
for 8 weeks. Food intake and body weight were monitored

once every 2 weeks during this period. By the end of the
20th week, all the animals were fasted for 8 h, anesthetized
with ether, and then killed for blood and tissue collection.
All experiments were approved by the Sun Yat-Sen Univer-
sity Animal Ethics Committees.

Cell Culture and Treatments
HepG2 human hepatoma cells obtained from the American
Type Culture Collection were cultured in minimum es-
sential medium containing 10% (vol/vol) FBS, 2 mmol/L
L-glutamine, 1 mmol/L sodium pyruvate, 100 units/mL
penicillin, and 100 mg/mL streptomycin at 37°C in a hu-
midified atmosphere containing 5% CO2. Cells were grown
to 70% confluence and incubated in serum-free medium
for 4 h before treatments. To knock down SIRT1 in HepG2
cells, cells were transfected with a lentivirus vector express-
ing SIRT1 short hairpin (sh)RNA sequence and the control
vector as scramble (Genechem, Shanghai, China). HepG2
cells were treated with palmitate (#P9767; Sigma-Aldrich)
and exendin-4 (#E7144; Sigma-Aldrich) or resveratrol
(#R5010; Sigma-Aldrich), if indicated. Cell lysates were col-
lected for Western blot analysis.

Intraperitoneal Glucose Tolerance Test and Insulin
Tolerance Test
For the intraperitoneal glucose tolerance test (IPGTT),
mice were fasted overnight and administered with glucose
(2.5 g/kg wt i.p.) the next morning. The intraperitoneal
insulin tolerance test (IPITT) was conducted by an
injection of insulin (0.75 units/kg wt i.p., Novolin R;
Novo Nordisk) after 4 h fasting, as previously described.
Tail vein blood glucose was measured at 0, 30, 60, and
120 min with the Optium Xceed glucometer (Abbott
Diabetes Care, Inc., Alameda, CA) in IPGTT and IPITT.

Quantitative Real-Time PCR
Tissues were collected, kept in liquid nitrogen, and stored
at 280°C. Total RNA was extracted from the liver using
TRIzol reagent (Invitrogen, Shanghai, China). RNA was
reverse transcribed to cDNA using the Prime Script
RT Reagent Kit (Takara Bio, Shiga, Japan). The primers
(Applied Biosystems, Foster City, CA) included F4/
80 (Mm00802530_m1), tumor necrosis factor (TNF)-a
(Mm00443258_m1), and monocyte chemoattractant
protein (MCP)-1 (Mm00441242_m1). The quantitative
real-time PCR was conducted with the LightCycler 480II
Real-Time PCR System (Roche Diagnostics, Mannheim,
Germany).

Western Blot
Livers were rinsed with ice-cold PBS and stored at 280°C
until Western blot analysis. Liver tissues were homoge-
nized in the whole cell lysis buffer. Antibodies included
these against SIRT1 (#2496; Cell Signaling Technology,
Danvers, MA), phosphorylated (p)-AMPK (Thr1724, #2535;
Cell Signaling Technology), total-AMPK (#2603; Cell Sig-
naling Technology), p-acetyl-CoA carboxylase ([ACC] #3661;
Cell Signaling Technology), ACC (#3676; Cell Signaling Tech-
nology), PNPLA3 (ab81874; Abcam, Cambridge, U.K.),
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SREBP-1 (#9874; Cell Signaling Technology), SREBP-1 (sc-
367; Santa Cruz Biotechnology, Inc., Dallas, TX), and p-
SREBP-1c (#9874; Cell Signaling Technology). b-Actin
(#4970; Cell Signaling Technology) served as a loading con-
trol. The membranes were incubated with secondary anti-
bodies (1:10,000, DyLight 800; Thermo Fisher Scientific,
Waltham, MA) at room temperature for 1 h. The mem-
branes were imaged with the Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE). Band intensities
were quantified by densitometry.

Liver Lipids Test
Liver tissues were homogenized in PBS (1 g/20 mL). The
lipids were extracted from the liver tissue lysates using a
chloroform/methanol (2:1) mixture (17). Triglyceride and
glycerol were determined using the Serum Triglyceride De-
termination Kit (TR0100; Sigma-Aldrich). Cholesterol was
determined with Cholesterol Reagent 80015 (Biovison, Mil-
pitas, CA) according to the instructions by the manufacturer.

Hematoxylin and Eosin Staining
Fresh liver tissues were collected and fixed in 4% neutral
buffered formalin solution (HT50-1-2; Sigma-Aldrich).
The tissue slides were obtained through serial cross-
section cutting at 6–8 mm thickness and processed with
a standard procedure of hematoxylin and eosin staining.

Oil Red O Staining
Accumulation of triglyceride content in the liver and in
the treated HepG2 cells was visualized by Oil Red O
(Sigma-Aldrich) staining, as previously described (18). The
lipids accumulation was photographed with a BX51WI
microscope (Olympus, Tokyo, Japan).

Immunohistochemistry Staining
Fresh liver tissues were fixed in neutral buffered formalin,
dehydrated, and embedded in paraffin. Thin tissue slides
(3–5 mm) were deparaffinized, blocked, and incubated
overnight at 4°C with antibody of mouse anti-rat F4/80
(sc-71087; Santa Cruz Biotechnology, Inc.). The immuno-
reactions were revealed using OneStep Polymer HRP anti-
mouse/rat/rabbit Detection System (GTX83398; GeneTex,
Inc., Irvine, CA) and using DAB as chromogen. Photomi-
crographs were taken under a DM 2500B microscope
(Leica Microsystems, Wetzlar, Germany) with original
magnification 320 and 340.

Statistical Analysis
The data are presented as the mean 6 SEM from multiple
samples (n = 5–12 for each group in the animal study). All
of the in vitro experiments were replicated at least three
times. The two-tailed, unpaired Student t test was used in
the statistical analysis, with significance at P # 0.05.

RESULTS

The Effect of Exenatide on Reducing Body Weight and
Maintaining Glucose Homeostasis Is Attenuated in
SIRT1+/2 Mice
First, SIRT1+/2 mice and their littermate WT mice were
induced with the HFD for 12 weeks and then treated with

exenatide or saline as normal control for another 8 weeks.
Body weight of WT mice on the HFD challenge was sig-
nificantly higher than the body weight of mice fed the
chow diet from 8 to 12 weeks. From 10 to 12 weeks,
SIRT1+/2 mice became statistically heavier than WT
mice fed the HFD (Fig. 1A). No significant difference
was observed in food intake (kcal/kg/h) between WT
and SIRT1+/2 mice fed the HFD (Fig. 1B).

After 4 weeks of exenatide administration, WT mice
began to show a significant reduction of body weight
compared with the saline control, which lasted until the
end of the intervention period. However, this body
weight–reducing effect diminished in SIRT1+/2 mice,
reflected by no significant difference observed between
exenatide-treated mice and control mice (Fig. 1C). Food
intake declined slightly after exenatide treatment in the
WT and SIRT1+/2 groups, yet still remained statistically
comparable among all groups (Fig. 1D).

The IPGTT and IPITT were conducted after 8 weeks of
exenatide administration. The fasting blood glucose (FBG)
level of the HFD-challenged WT mice was higher than the
level of those fed the chow diet and showed a significant
reduction after exenatide treatment. SIRT1+/2 mice had
higher FBG compared with WT mice fed the HFD, and
this difference was sustained after exenatide treatment in
the two groups. However, the FBG level of SIRT1+/2 mice
did not show any statistical difference with or without
exenatide treatment (Fig. 1E). After administration of
glucose, all trends above were maintained or even stron-
ger at 30 and 60 min (Fig. 1E). The area under the curve
also revealed significantly improved glucose tolerance in
WT mice after exenatide treatment. However, the im-
paired glucose tolerance of SIRT1+/2 mice fed the HFD
was not improved as much as that in the WT mice after
exenatide treatment (Fig. 1E). During the IPITT test, ad-
ministration of insulin led to a significant decrease of
blood glucose levels in WT mice after the exenatide treat-
ment but not in SIRT1+/2 mice (Fig. 1F). The area under
the curve showed statistically improved insulin sensitivity
in WT mice after the exenatide treatment. However, no
statistical improvement of insulin sensitivity was ob-
served in SIRT1+/2 mice fed the HFD after exenatide
treatment (Fig. 1F).

All of the above results indicate that the effect of
exenatide on reducing body weight and maintaining
glucose homeostasis is attenuated in SIRT1+/2 mice.

Exenatide-Improved Liver Weight, FBG, and Lipid
Profile Are Weakened in SIRT1+/2 Mice
After all of the treatments, we collected and weighed the
livers, detected FBG and fasting insulin levels, and tested
the lipids profile in these mice. As expected, the liver
weight in WT mice fed the HFD was dramatically
decreased after exenatide treatment compared with the
saline control. However, this effect was weakened in
SIRT1+/2 mice. The same trend was observed in FBG
change. The fasting insulin level did not show a significant
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difference among these groups due to the big variation
within groups (Table 1).

Next, the lipids profile, including triglyceride, glycerol,
and total cholesterol, in serum were tested. Exenatide
treatment decreased the triglyceride, glycerol, and total
cholesterol level by 37%, 29%, and 9% in HFD-induced
WT mice compared with the saline control, respectively
(Table 1). SIRT1+/2 mice had significantly higher serum
lipids levels than WT mice fed the HFD, and this differ-
ence was sustained after exenatide treatment in the two
groups (Table 1). However, no statistical changes were
observed in SIRT1+/2 mice regardless of exenatide treat-
ment (Table 1).

Exenatide-Ameliorated Liver Steatosis Disappears in
SIRT1+/2 Mice
Although a recent study showed a GLP-1 receptor ag-
onist could relieve hepatic steatosis by upregulation of

SIRT1 in C57BL/6J mice (19), whether exenatide-
induced hepatic steatosis attenuation is directly medi-
ated by SIRT1 is still unclear. To test this possibility, we
examined the morphology, histology, and lipids content
of the livers in SIRT1+/2 mice and their littermate
WT mice, with or without exenatide treatment. Photo-
graphs showed the livers exhibited bigger size and
white coloring in SIRT1+/2 mice irrespective of exena-
tide treatment (Fig. 2A). Hematoxylin and eosin stain-
ing and Oil Red O staining both showed a significant
increase of lipid droplets in hepatocytes of SIRT1+/2

mice compared with WT mice fed the HFD (Fig. 2B,
original magnification 340). The white coloring and
lipid droplets in hepatocytes were dramatically im-
proved in HFD-induced WT mice after exenatide treat-
ment compared with the saline control; however, all
of these effects disappeared in SIRT1+/2 mice (Fig.
2A and B). Consistently, triglyceride, glycerol, and total

Figure 1—The effect of exenatide on reducing body weight and maintaining glucose homeostasis is attenuated in SIRT1+/2 mice. A: Body
weight during HFD feeding detected every 2 weeks. *P< 0.05 WT+HFD vs. WT+chow; #P< 0.05 SHK+HFD vs. WT+HFD. B: Average food
intake during HFD feeding before exenatide treatment. C: Body weight during exenatide treatment detected every 2 weeks. D: Average
food intake during exenatide treatment. E: IPGTT after exenatide treatment and area under the curve. F: IPITT after exenatide treatment and
area under the curve. For C, E, and F, *P < 0.05 WT+HFD vs. WT+chow; #P < 0.05 SHK+HFD vs. WT+HFD; §P < 0.05 WT+HFD+Exe vs.
WT+HFD; †P < 0.05 SHK+HFD+Exe vs. WT+HFD+Exe. Data are expressed as mean 6 SEM (n = 5–12). Exe, exenatide; SHK, SIRT1
heterozygous knockout mice.
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cholesterol contents in the livers were decreased by
38%, 29%, and 13% in HFD-induced WT mice with
exenatide compared with the saline control, respec-
tively. But no change was observed in lipid contents
in HFD-induced SIRT1+/2 mice after exenatide treat-
ment (Fig. 2C–E).

SIRT1 Is Required by Exenatide to Alleviate
Inflammation in the Liver
As we know, activation of inflammatory processes was
considered to be a consequence of fatty acids accumulation
in liver (20). Our previous research showed that inflam-
matory genes expression was enhanced in the livers

Table 1—Exenatide-improved liver weight, FBG, and lipid profile are weakened in SIRT1+/2 mice

Assay WT+chow WT+HFD SHK+HFD WT+HFD+Exe SHK+HFD+Exe

Liver weight (g) 1.16 6 0.06 1.26 6 0.06* 1.36 6 0.07# 0.98 6 0.05§ 1.21 6 0.06†

FBG (mmol/L) 7.60 6 0.38 11.55 6 0.58* 12.19 6 0.61# 10.10 6 0.51§ 11.51 6 0.58†

Insulin (pg/mL) 2,747.43 6 393.71 2,379.88 6 763.22 2,663.23 6 859.33 2,173.86 6 976.46 1,351.72 6 602.80

Serum
Triglyceride (mg/dL) 12.94 6 0.65 20.82 6 1.04* 28.86 6 1.45# 13.10 6 0.67§ 28.40 6 1.53†
Glycerol (mg/dL) 8.58 6 0.43 14.79 6 0.80* 21.96 6 1.09# 10.52 6 0.53§ 21.10 6 1.10†
Cholesterol (mg/dL) 157.23 6 7.82 199.39 6 9.97* 218.30 6 10.92# 181.11 6 9.06§ 218.78 6 10.88†

Exe, exenatide; SHK, SIRT1 heterozygous knockout mice. After 12 weeks of HFD induction and 8 weeks of exenatide treatment, mice
were fasted overnight and tail vein blood glucose concentrations were measured the next morning. The mice were anesthetized before
being killed. Blood was collected first, and then livers were collected and weighed. Serum levels of insulin, triglyceride, glycerol, and
cholesterol were determined. Values are mean6 SEM (n = 5–12). *P, 0.05 WT+HFD vs. WT+chow. #P, 0.05 SHK+HFD vs. WT+HFD.
§P , 0.05 WT+HFD+Exe vs. WT+HFD. †P , 0.05 SHK+HFD+Exe vs. WT+HFD+Exe.

Figure 2—Exenatide-ameliorated liver steatosis disappears in SIRT1+/2 mice. A: General photographs show liver size. B: Liver sections
with hematoxylin and eosin (H&E) staining (top row) and Oil Red O staining (bottom row). Photomicrographs were taken using a microscope
with original magnification 340. Hepatic triglyceride (C), glycerol (D), and cholesterol (E) contents were determined. Data are expressed as
mean 6 SEM (n = 5–12). *P < 0.05 WT+HFD vs. WT+chow; #P < 0.05 SHK+HFD vs. WT+HFD; §P < 0.05 WT+HFD+Exe vs. WT+HFD;
†P < 0.05 SHK+HFD+Exe vs. WT+HFD+Exe. Exe, exenatide; SHK, SIRT1 heterozygous knockout mice.
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of mice fed the HFD, indicated by F4/80 and TNF-a
gene expression (10). Here, the results demonstrated
that exenatide could reduce inflammatory gene expres-
sion, including TNF-a, F4/80, and MCP-1, in the
livers of HFD-induced WT mice. However, no obvious
change was observed in the expression of those genes in
SIRT1+/2 mice, with or without exenatide treatment
(Fig. 3A–C). Macrophage infiltration was also deter-
mined using F4/80 protein expression in the liver.
Immunohistochemical staining of F4/80 suggested
that the F4/80 protein was remarkably reduced in
the livers of WT mice after exenatide treatment com-
pared with saline control mice, but not in SIRT1+/2

mice (Fig. 3D). The data suggest that exenatide SIRT1
is required by exenatide to relieve inflammation in
liver.

Exenatide-Reduced Hepatic Steatosis Depends on the
SIRT1/AMPK Pathway
AMPK is a metabolic fuel gauge that regulates lipid
metabolism through phosphorylation by sensing changes
in the intracellular AMP-to-ATP ratio, especially in the
liver (21). To test whether the actions of exenatide are
mediated by SIRT1 through AMPK, protein expression of
SIRT1 and AMPK was examined. In accordance with the
upregulation of SIRT1 by exenatide in HFD-induced WT
mice, p-AMPK expression was also remarkably increased

compared with saline control; however, no change was
observed in the livers of SIRT1+/2 mice, irrespective of
exenatide injection (Fig. 4A–C).

We then verified the above hypothesis in the HepG2 cell
line in vitro. Because exenatide is a synthetic version of
exendin-4, we used exendin-4 for the treatment in HepG2
cells to exclude the influence of auxiliary material. In-
tracellular lipid detection by Oil Red O staining showed
that exendin-4 could reverse palmitate-induced lipid accu-
mulation in HepG2 cells (Fig. 4D). In addition, exendin-4
(20 nmol/L and 200 nmol/L, respectively) increased SIRT1
and p-AMPK protein levels significantly in palmitate-
induced HepG2 cells (Fig. 4E). The phosphorylation of
ACC, a substrate enzyme of AMPK, was upregulated in
parallel with p-AMPK (Fig. 4E). After silencing SIRT1 using
SIRT1 RNA interference (RNAi), the effect of exendin-4
(20 nmol/L) was attenuated sharply (Fig. 4F). Resveratrol
(50 mmol/L), an SIRT1 activator, was provided to compare
with the effect of exendin-4 on palmitate-induced HepG2
cells. As shown, the effect of exendin-4 on activating SIRT1
and p-AMPK was comparable with resveratrol (Fig. 4G).

Because SIRT1 is NAD+ dependent, whether exendin-4
acts by altering the level of NAD+ or the NAD+-to-NADH
ratio were further investigated in HepG2 cells in vitro. The
results showed that exendin-4 did reverse the palmitate-
reduced NAD+ level and the NAD+-to-NADH ratio in

Figure 3—SIRT1 is required by exenatide to relieve inflammation in liver. Relative mRNA expression is shown for TNF-a (A), F4/80 (B), and MCP-1
(C) in the liver. D: Immunohistochemical staining with macrophage marker F4/80 in the liver. Data are expressed as mean 6 SEM (n = 5–12).
*P < 0.05 WT+HFD vs. WT+chow; #P < 0.05 SHK+HFD vs. WT+HFD; §P < 0.05 WT+HFD+Exe vs. WT+HFD; †P < 0.05 SHK+HFD+Exe vs.
WT+HFD+Exe. Exe, exenatide; SHK, SIRT1 heterozygous knockout mice.

3642 Exenatide Improves Hepatic Steatosis via SIRT1 Diabetes Volume 63, November 2014



HepG2 cells in a dose-dependent way (Fig. 4H), which
suggest exendin-4 could induce not only the upregulation
SIRT1 of protein expression but also its activation
through increasing the NAD+-to-NADH ratio.

These data support our speculation that exenatide-
reduced hepatic steatosis depends on the SIRT1/AMPK
pathway.

Exenatide Requires SIRT1 to Ameliorate Lipogenesis
Through Inhibiting SREBP-1 in the Liver
SREBP-1c is one of the master transcription factors of de
novo lipogenesis in the liver (22). PNPLA3, a target gene

of SREBP-1c, also plays a role in lipogenesis in the mouse
liver (23). These two factors were both examined in our
study. The results showed a significant decrease of SREBP-1
and PNPLA3 protein expression in HFD-challenged WT
mice with exenatide treatment compared with saline con-
trol. Not surprisingly, again, neither SREBP-1 nor PNPLA3
protein expression changed in SIRT1+/2mice, whether with or
without exenatide treatment (Fig. 5A–C). In vitro, exendin-4
(20 nmol/L and 200 nmol/L) significantly decreased SREBP-1
protein expression in palmitate-induced HepG2 cells (Fig.
5D). After knocking down SIRT1 in HepG2 cells, the effect
of exendin-4 (20 nmol/L) on inhibiting SREBP-1 expression

Figure 4—Exenatide-reduced hepatic steatosis depends on the SIRT1/AMPK pathway. A: Total protein extracted from liver lysates was
used in Western blot. SIRT1, p-AMPK, and total (T-)AMPK were detected with specific antibodies. Ratios of SIRT1 to b-actin (B) and
p-AMPK to T-AMPK (C ) were quantified in three independent experiments per condition. Data are expressed as the mean6 SEM (n = 3).
D: Oil Red O staining of HepG2 cells treated with PA (0.3 mmol/L) and Ex-4 (20 nmol/L) as indicated for 24 h. E: HepG2 cells were treated
with PA (0.3 mmol/L) and Ex-4 (20 nmol/L and 200 nmol/L, respectively) as indicated for 24 h. F: HepG2 cells were transfected with
lentiviral vectors expressing SIRT1 RNAi for 12 h and the medium was changed, and cells were cultured for another 48 h. Then,
transfected cells were treated with PA (0.3 mmol/L) and Ex-4 (20 nmol/L) as indicated for 24 h. G: HepG2 cells were treated with PA
(0.3 mmol/L) and resveratrol (50 mmol/L) or Ex-4 (20 nmol/L), as indicated, for 24 h. H: Intracellular levels of the NAD+-to-NADH ratio,
NAD+, and NADH in HepG2 cells treated with PA (0.3 mmol/L) and Ex-4 (20 nmol/L and 200 nmol/L, respectively), as indicated, were
quantified in three independent experiments per condition. Data are expressed as the mean 6 SEM (n = 3). For H, *P < 0.05 vs. control;
#P < 0.05 vs. PA; §P < 0.05 vs. Ex-4 (20 nmol/L). For B and C, *P < 0.05 WT+HFD vs. WT+chow; #P < 0.05 SHK+HFD vs. WT+HFD;
§P < 0.05 WT+HFD+Exe vs. WT+HFD; †P < 0.05 SHK+HFD+Exe vs. WT+HFD+Exe. Exe, exendin; Ex-4, exendin-4; PA, palmitate; SHK,
SIRT1 heterozygous knockout mice.
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was weakened dramatically (Fig. 5E). Besides, resvera-
trol (50 mmol/L) was provided to treat with palmitate-
challenged HepG2 cells. As shown, the effect of exendin-4
on inhibiting SREBP-1 was comparable with resveratrol
(Fig. 5F).

These results indicate that exenatide requires SIRT1 to
ameliorate lipogenesis via inhibiting SREBP-1 in liver.

DISCUSSION

NAFLD has become a worldwide health concern because
the global incidence of obesity has increased. Epidemio-
logical studies showed that NAFLD is strongly associated
with type 2 diabetes mellitus (T2DM)—each is highly pre-
dictive of the other (24,25). The coincident occurrence of
hepatic steatosis and insulin resistance also leads to the
hypothesis that excess triglyceride in the liver causes in-
sulin resistance, which contributes to T2DM (2). Because
the ideal treatment for NAFLD has not been estab-
lished, novel approaches aimed at reducing lipotoxicity
and inhibiting proinflammatory cytokines are urgently
needed. The incretin hormone GLP-1 and its mimetics,
a new kind of antidiabetes drugs, show pleiotropic func-
tions in pancreatic b-cells and in extrapancreatic organs
in mammals (26,27). Accumulated evidence demonstrate
that it could improve lipid deposition and inflammation
in liver effectively (6,7,28), which indicates GLP-1 and its

mimetics could be a potential drug for the treatment of
NAFLD, especially in NAFLD combined with T2DM
(29,30). Here, we report a new mechanism of a GLP-1
receptor agonist on improving liver steatosis, which dem-
onstrates that SIRT1 mediates the effect of exenatide
(exendin-4) on ameliorating hepatic steatosis.

SIRT1 plays a vital role in hepatic lipid metabolism by
deacetylation of acetylated lysine residues on histones
and various transcriptional regulators (8). Complete de-
letion of the SIRT1 gene leads to developmental defects
and postnatal lethality (31,32), which implies that
SIRT12/2 mice are not appropriate for the study for med-
ication intervention. SIRT1+/2 mice are normal in devel-
opment and postnatal growth (31,32). As our animal
experiments were proceeding, a study was reported that
the GLP-1 receptor agonist exendin-4 attenuated fatty
liver through activation of SIRT1 in HFD-induced C57BL/
6J mice (19). However, whether the effect of the GLP-1
receptor agonist on improving fatty liver is mediated by
SIRT1 has never been proved in a genetic model of SIRT1
knockout, and the exact underlying mechanisms remain
elusive. Our data showed that hepatic steatosis, which
was improved dramatically in the WT group, diminished
in SIRT1+/2 mice after exenatide treatment (Fig. 2B–D).
This indicates that exenatide-improved lipid deposition in
the liver is indeed mediated by SIRT1. We inferred the

Figure 5—SIRT1 is required by exenatide to ameliorate lipogenesis through inhibiting SREBP-1 in the liver. A: Total protein extracted from
liver lysates was used in Western blot. SREBP-1 and PNPLA3 were detected with specific antibodies. Ratios of SREBP-1 to b-actin (B) and
PNPLA3 to b-actin (C) were quantified in three independent experiments per condition. Data are expressed as the mean 6 SEM (n = 3).
D: HepG2 cells were treated with PA (0.3 mmol/L) and Ex-4 (20 nmol/L and 200 nmol/L, respectively), as indicated, for 24 h. E: HepG2 cells
were transfected with lentiviral vectors expressing SIRT1 RNAi for 12 h, the medium was changed, and cells were cultured for another 48 h.
Transfected cells were then treated with PA (0.3 mmol/L) and Ex-4 (20 nmol/L), as indicated, for 24 h. F: HepG2 cells were treated with PA
(0.3 mmol/L) and resveratrol (50 mmol/L) or Ex-4 (20 nmol/L), as indicated, for 24 h. *P < 0.05 WT+HFD vs. WT+chow; §P < 0.05 WT+HFD
+Exe vs. WT+HFD; †P < 0.05 SHK+HFD+Exe vs. WT+HFD+Exe. Exe, exendin; Ex-4, exendin-4; PA, palmitate; SHK, SIRT1 heterozygous
knockout mice.
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reason steatosis was not improved in response to exendin-4
in SIRT1+/2 mice was that the effect of exenatide on
improving liver steatosis might require not only the exis-
tence of SIRT1 but also a certain amount of SIRT1 expres-
sion. More than 50% loss of SIRT1 protein level was not
able to exert the effect of exenatide on hepatocytes. After
knocking down SIRT1 by RNAi in HepG2 cells (Fig. 4F),
there was still very low SIRT1 expression, although much
less compared with scramble control, but exendin-4 was
not able to upregulate SIRT1 and its downstream factors.
This indicates that low expression of SIRT1 is not enough
to mediate the effect of exendin-4.

AMPK is a metabolic fuel gauge that regulates lipid
metabolism through phosphorylation by sensing changes
in the intracellular AMP-to-ATP ratio, especially in the liver
(21). One recent study demonstrates that SIRT1 plays an
essential role in the ability of moderate doses of resveratrol
to stimulate AMPK and improve mitochondrial function
(33). SIRT1 also mediates the effect of a-lipoic acid on
regulating lipid metabolism through activation of AMPK
(34). In the current study, we tested whether the actions
of exenatide were mediated by SIRT1 through the activa-
tion of AMPK. Our data showed that exenatide upregulated
SIRT1 and p-AMPK in the livers of HFD-induced WT mice
but not in SIRT1+/2 mice (Fig. 4A–C). After silencing SIRT1
by lentivirus expressing SIRT1 RNAi in palmitate-induced
HepG2 cells, the effect of exendin-4 on increasing SIRT1
and p-AMPK protein levels was attenuated sharply as well
(Fig. 4E and F). The results support our speculation that
the role of exenatide in hepatic steatosis alleviation is me-
diated by SIRT1 through AMPK.

Hepatic steatosis could result from an increase of de
novo lipogenesis. SREBP-1c is one of the master lipogenic
transcription factors of de novo lipogenesis in the liver
(22). PNPLA3, a target gene of SREBP-1c, also participates
in lipogenesis in the mouse liver (23). In our study,
SREBP-1 and PNPLA3 protein expression were both
decreased remarkably in HFD-challenged WT mice after
exenatide treatment, whereas no changes were observed
in SIRT1+/2 mice with exenatide treatment (Fig. 5A–C). In
vitro, the effect of exendin-4 on inhibiting SREBP-1 was
mediated by SIRT1 using the RNAi method to knock
down SIRT1 expression in palmitate-induced HepG2 cells
(Fig. 5E). We also found that exendin-4 reduced the pre-
cursor of SREBP-1 (-P) (Supplementary Fig. 1A) and that
this effect was mediated by SIRT1 (Supplementary Fig. 1B).
Meanwhile, exendin-4 inhibited the nuclear translocation
of SREBP-1 (Supplementary Fig. 2). Besides, SREBP-1 Ser
372 phosphorylation did not change under the concentra-
tion of 20 nmol/L exendin-4 and was upregulated with the
concentration of 200 nmol/L (Supplementary Fig. 1A). Our
data indicated that exendin-4 inhibited the synthesis of the
precursor SREBP-1 (-P) and the nuclear translocation of
SREBP-1 instead of affecting its proteolytic processing. Pre-
vious study verified SREBP-1c is an in vivo target of SIRT1
and that SIRT1 deacetylates and inhibits SREBP-1c activity
in the regulation of hepatic lipid metabolism (35). Our

results indicate that exenatide required SIRT1 to amelio-
rate lipogenesis via inhibiting the synthesis of the precur-
sor of SREBP-1c in the liver. Whether exenatide affects the
acetylation/deacetylation of SREBP-1c through SIRT1 re-
mains to be investigated.

NAFLD includes isolated fatty liver and NASH. Hepatic
steatosis is usually accompanied with chronic inflamma-
tion, indicated by inflammatory cell infiltration during
NAFLD progression according to liver histology findings
(2). A recent study found that exendin-4 reduced inflam-
mation in liver by reducing macrophage recruitment and
activation (7). In T2DM patients, administration of lira-
glutide, a GLP-1 analog, improved liver inflammation and
altered liver fibrosis (28). Here in our study, inflammation
was reduced by exenatide in the livers of WT mice, and
this effect disappeared in the livers of SIRT1+/2 mice (Fig.
3). Recent studies have demonstrated SIRT1’s properties
in anti-inflammation (36–38). SIRT1 knockdown led to
enhanced inhibitor of kB kinase phosphorylation and
nuclear factor-kB activation in adipocytes stimulated by
lipopolysaccharide and also resulted in increased ex-
pression of proinflammatory cytokines such as TNF-a,
interleukin-1b, and interleukin-6 (36). In line with
SIRT1’s role of anti-inflammation, that SIRT1 is required
by exenatide to alleviate inflammation in liver in our
study is not hard to understand, although the exact mech-
anism remains to be investigated further.

In conclusion, the current study demonstrates that
SIRT1 mediates the effect of the GLP-1 receptor agonist
exenatide on relieving liver steatosis. The actions of
exenatide in ameliorating lipogenesis mediated by SIRT1
are through activation of the AMPK pathway and the
inhibition of SREBP-1c simultaneously; moreover, exena-
tide requires SIRT1 to alleviate inflammation in liver as
well. Our study indicates, for the first time to our
knowledge, that SIRT1 is essential for the GLP-1 receptor
agonist exenatide to reduce hepatic steatosis in mice,
which suggests that the GLP-1 receptor agonist could
serve as a potential drug for NAFLD, especially in T2DM
combined with NAFLD and that SIRT1 might be a ther-
apeutic target of NAFLD.
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Epidemiology of T2DM in China

Epidemiology of T2DM

The past 30 years have witnessed significant increases in
the prevalence of type 2 diabetes mellitus (T2DM) in
China. A 1980 epidemiological survey that included
30 000 people from 14 provinces and cities nationwide
indicated that the prevalence of diabetes was 0.67% [1].
A 1994–1995 epidemiological survey that included
210000 people from 19 provinces and cities found that
the prevalence of diabetes was 2.5% among individuals
who were 25–64 years old (with a population standard-
ized rate of 2.2%) and that the prevalence of impaired
glucose tolerance was 3.2% (with a population standard-
ized rate of 2.1%) [2]. A national nutrition survey con-
ducted in 2002, showed that the prevalences of diabetes
were 4.5% and 1.8% among people over 18 years in the
urban and rural areas, respectively [3]. In 2007–2008,
the Chinese Diabetes Society (CDS) performed an epide-
miological survey in 14 provinces and cities nationwide.
After adopting a weighted analysis that took into account
factors such as gender, age, rural and urban distributions
and regional differences, the estimated prevalence of dia-
betes was 9.7% in adults over 20 years of age in China [4],
accounting for 92.4 million adults with diabetes (43.1
million rural residents and 49.3 urban residents) (Table 1).

In summary, the current epidemic of diabetes in China
shows the following characteristics:

1. T2DM accounts for more than 90% of the overall
population with diabetes in China; type 1 diabetes

mellitus (T1DM) accounts for approximately 5.0%,
and other types of diabetes account for only 0.7% [5].
Notably, due to lack of reliable data onT1DM incidences
and prevalences over the past years in China, further in-
vestigation has to be conducted to report the proportion.

2. The prevalences of diabetes appear to be correlated
with degree of economic development: in the 1994
survey, the prevalence of diabetes among the high-
income group was 2–3 times higher than that of the
low-income group [2]. A latest study showed that the
prevalence of diabetes in developed regions was still
significantly higher than that in under-developed
regions, and the prevalence rate in cities was higher
than those in rural areas [4].

3. A large proportion of diabetes is undiagnosed: in the
2007–2008 national survey among adult population
over 20 years, patient with newly diagnosed diabetes
accounted for 60% of total diabetes population.

4. Male gender and low-education levels are risk factors of
diabetes: in the 2007–2008 survey, after adjusting for
other risk factors, the risk for men were found increased
by 26% comparedwith that for women, and risk of diabe-
tes among people without college education was 57%
higher than those with college or higher education [4].

5. Phenotypic characteristics: the average body mass
index (BMI) of China’s T2DM population is
approximately 25 kg/m2, whereas the average BMI of
Caucasian diabetes population is generally higher than
30 kg/m2. In China, there is a larger proportion
characterized by postprandial hyperglycaemia. Further,
postprandial hyperglycaemia alone accounts for nearly
50% of the overall newly diagnosed population [6].

Table 1. Summary of five nationwide epidemiological surveys of diabetes in China

Year of survey
(diagnostic criteria)

Number of
surveyed people

(10 000) Age (years)
Prevalence of
diabetes (%)

Prevalence of
impaired glucose
tolerance (%) Screening method

1980a [1]
(Lanzhou standard)

30 Entire
population

0.67 — Urine glucose+2h PG (steamed bread
tolerance test) for screening the high
risk subjects

1986 [49]
(WHO 1985)

10 25–64 1.04 0.68 2h PG (steamed bread tolerance test) for
screening the high risk subjects

1994 [2]
(WHO 1985)

21 25–64 2.5 3.2 2h PG (steamed bread tolerance test) for
screening the high risk subjects

2002 [3]
(WHO 1999)

10 ≥18 4.5 (urban) IFG 2.7 FPG screening of the high-risk group
1.8 (rural) IFG 1.6

2007–2008 [4]
(WHO 1999)

4.6 ≥20 9.7 15.5b One-step OGTT method

1 mmol/L= 18 mg/dL.
FPG: fasting plasma glucose;WHO:World Health Organization; IFG: impaired fasting glucose; OGTT: oral glucose tolerance test; 2 hPG, 2-h
postprandial blood glucose; —, no data.
aDiagnostic criteria are FPG ≥130 mg/dL and/or 2 hPG ≥200 mg/dL and/or more than three items on the OGTT curve that are above the
diagnostic criteria [0′ 125, 30′ 190, 60′ 180, 120′ 140, and 180′ 125 mg/dL, in which 0′, 30′, 60′, 120′ and 180′ are time points (min),
and 30′ or 60′ is one time point; the glucose measurement uses the o-toluidine method with 100 g of glucose].
bPrediabetes, including IFG, IGT or both (IFG/IGT).
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6. Cardiovascular diseases are common among diabetic
patients. Because diabetes population in China shows
a shorter disease duration late chronic complications
such as diabetic retinopathy and diabetic nephropathy
may pose great challenges in the future.

Diagnosis and classification of
diabetes mellitus

Diagnosis of diabetes

This guideline recommends the World Health Organiza-
tion’s (WHO) (1999) the criteria for diagnosis and classifi-
cation of diabetes, and classification of metabolic status
(Table 2): either the fasting plasma glucose (FPG) or the
2-h plasma glucose (2-h PG) value after a 75-g oral glucose
tolerance test (OGTT) can be used alone for epidemiolog-
ical investigations or mass screenings [7]. However, the
data in China include only the FPG levels, resulting in a
larger proportion of diabetes being missed. The ideal
investigation should simultaneously check FPG and 2-h
PG after the glucose load; blood glucose levels at other time
points after the OGTT are not used as diagnostic criteria.

Individuals with impaired fasting glucose should un-
dergo the OGTT to reduce the number of missed diabetes
diagnoses.

The issue of using HbA1c for diabetes
diagnosis

The 2010 American Diabetes Association guidelines
added glycated haemoglobin (HbA1c) ≥6.5% as a

diagnostic criterion for diabetes [8]. In 2011, the WHO
also recommended that wherever conditions permit,
countries and regions may consider adopting this cut-
off point for diabetes diagnosis [9]. However, given that
the HbA1c test is not yet commonly applied in China,
the insufficient degree of standardization, and the fact
that the instruments and quality control for measuring
HbA1c are currently unable to meet the current diagnos-
tic standard for diabetes, this guideline does not recom-
mend the use of HbA1c for diagnosis of diabetes in
China. Nevertheless, for hospitals that use a standardized
HbA1c assay with a normal reference value of 4.0–6.0%
and strict quality control, HbA1c ≥6.5% can be used as
a reference when diagnosing diabetes.

Classification of diabetes mellitus

This guideline adopts the diabetes aetiology classification
system proposed by the WHO (1999), which divides
diabetes into four major categories based on aetiological
evidence, that is, T1DM, T2DM, gestational diabetes
mellitus (GDM) and special types of diabetes.

Primary, secondary and tertiary
diabetes prevention

Primary, secondary and tertiary
prevention of T2DM

The goal of primary prevention is to prevent the occur-
rence of T2DM. Secondary prevention aims to prevent
diabetic complications in patients with T2DM. Tertiary
prevention aims to delay the progression of diabetic
complications, to reduce morbidity and mortality and to
improve the patients’ quality of life.

Strategies for the primary prevention of
T2DM

Risk factors and intervention strategies for T2DM
The risk of T2DM depends primarily on the patient’s
number and degree of risk factors. Some of these factors
cannot be changed, whereas others can (Table 3).

Diabetes screening of high-risk populations
Primary prevention efforts for T2DM should adopt hierar-
chical management approaches based on the differences
between the high-risk population and general population.
It is not feasible either to screen prediabetes in the entire
Chinese population or to systematically identify high risk
groups by blood glucose tests, considering the huge

Table 2. Diagnostic criteria for diabetes and prediabetes

Diagnostic methods
Venous plasma

glucose level (mmol/L)

(1) Typical symptoms of diabetes
(polydipsia, polyuria, polyphagia
and weight loss) plus random
blood glucose testing

≥11.1

or
(2) Fasting plasma glucose ≥7.0
or

(3) 2 h after the glucose load test ≥11.1
Individuals who do not present
diabetes symptoms should be
re-tested on a separate day.

The fasting state refers to not eating for at least 8 h. Random blood
glucose refers to the blood glucose level at any time of day regard-
less of the time of the last meal, which cannot be used to diagnose
impaired fasting glucose or impaired glucose tolerance.
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population in China. Therefore, the identification of high-
risk groups relies primarily on opportunistic screening
(e.g. screening that occurs during routine physical exami-
nations or during treatment for other diseases).

Screening of diabetes benefits the early diagnosis of
diabetes and improves the prevention and treatment of
diabetes and its complications. Therefore, when conditions
permit, high-risk groups should be targeted for diabetes
screening.

Definition of the high-risk diabetes group among adults
are as follows: adults (>18 years) with one or more of the
following diabetes risk factors: (1) age ≥40 years, (2)
history of impaired glucose regulation, (3) overweight
(BMI ≥24 kg/m2) or obesity (BMI ≥28 kg/m2) and/or
central obesity (male waist circumference ≥90 cm and fe-
male waist circumference ≥85 cm), (4) sedentary lifestyle,
(5) first-degree relatives with T2DM, (6) women who
delivered a baby weighing ≥4 kg) or were diagnosed with
GDM (7) hypertension [systolic blood pressure
≥140 mmHg and/or diastolic blood pressure ≥90 mmHg
(1 mmHg=0.133 kPa)] or on therapy for hypertension,
(8) dyslipidemia [high-density lipoprotein cholesterol
(HDL-C) ≤0.91 mmol/L (≤35 mg/dL) and triglycerides
≥2.22 mmol/L (≥200 mg/dL)] or on therapy for hyperlip-
idemia, (9) atherosclerotic cardiovascular disease, (10) a
transient history of steroid diabetes, (11) polycystic ovary
syndrome and (12) long-term use of antipsychotics and/or
antidepressant treatment. Of the aforementioned factors,
impaired glucose regulation is the most important high-
risk factor: approximately 5%–10.0% of patients with
impaired glucose tolerance progress toT2DM annually [10].

Diabetes screening age and frequency. For adults in the
high-risk group, diabetes screening should be performed
as early as possible, regardless of age; for populations
with no diabetes risk factors other than age, screening
should begin at ≥40 years of age. For children and adoles-
cents at a high risk for diabetes, screening should begin at
age 10 years; however, for individuals with an earlier on-
set of puberty, this guideline recommends that screening

starts at puberty. Those whose initial screening results
are normal are recommended to undergo screening again
at least once every 3 years.

Diabetes screening strategy. At medical institutions with a
qualified laboratory, diabetes screening is recommended
for high-risk patients during their visits or physical
examinations.

Diabetes screening method. The fasting blood glucose test
is a simple diabetes screening method that should be used
for routine screening, albeit there’s risk of missing diagno-
sis. When conditions permit, the OGTT (both FPG and 2-h
PG after glucose load) should be performed as often as
possible. HbA1c testing is not currently recommended as
a routine screening method.

Diabetes screening of the general population. To improve
the effectiveness of diabetes screening for the general
population, targeted diabetes screening should occur
according to the individual’s degree of diabetes risk.

T2DM prevention through intensive lifestyle intervention
Multiple randomized and controlled studies have shown
that people with impaired glucose tolerance can be
delayed or prevented from developing to T2DM, through
appropriate lifestyle interventions, [11–13]. In a study
conducted in Daqing, China, patients in the lifestyle inter-
vention group were asked to increase vegetable intake
and reduce intake of alcohol and monosaccharides, and
those who were defined as overweight or obese (BMI
>25 kg/m2) were encouraged to lose weight, increase in-
tensity of physical activity by performing at least 30 min of
moderately intense activity per day. After a 6-year lifestyle
intervention, the cumulative incidence of T2DM risk for
the subsequent 14 years decreased by 43% [14]. The life-
style intervention groups in the Finnish Diabetes Preven-
tion Study [15] and the American Diabetes Prevention
Program [16] also demonstrated that the intervention
could significantly reduce the risk of developing T2DM
among patients with impaired glucose tolerance.

Table 3. Risk factors for type 2 diabetes mellitus

Unchangeable risk factors Changeable risk factors

Age Prediabetes (impaired glucose tolerance or combined impaired
fasting glucose), the most important risk factor

Family history or genetic predisposition Metabolic syndrome

Ethnicity Overweight, obesity and depression

History of gestational diabetes mellitus or women with history
of delivery of a baby weighing ≥ 4 kg

Excess dietary caloric intake, sedentary or physically inactive

Polycystic ovary syndrome Use of drugs that can increase the risk of diabetes

Intrauterine growth retardation or premature birth Social environments that can cause obesity or diabetes
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This guideline recommends that patients with prediabetes
lower the risk of diabetes through diet control and exercise;
that patients should receive regular follow-up that provides
psychosocial support to ensure patients’ long-term adher-
ence to a healthy lifestyle; that blood glucose levels should
be regularly tested; that the cardiovascular disease risk
factors (such as smoking, hypertension and dyslipidemia)
should be closely monitored; and that appropriate interven-
tion measures should be provided. The specific objectives
are (1) the BMI of overweight or obese patients should be
lowered to approximately 24 kg/m2 or weight loss of at least
5–10% should be achieved, (2) the patients’ total daily
caloric intake should be reduced by at least 400–500 kcal
(1 kcal=4.184 kJ), (3) the patients’ saturated fatty acid
intake should be less than 30% of their total fatty acid intake
and (4) the patients should be encouraged to engage in
moderate-intensity physical activity for at least 150min/week.

T2DM prevention through medical intervention
Drug intervention trials in a pre-diabetic population showed
that the oral administration of hypoglycaemic agents, such
as metformin, α-glucosidase inhibitors, thiazolidinediones
(TZDs), metformin combinedwith TZDs, the diet pill orlistat
and traditional Chinese herbal medicine (Tianqi capsules),
reduced the risk of diabetes [13,17–21]. However, because
there is no sufficient evidence showing that drug interven-
tions have long-term efficacy and/or health economics
benefits, the clinical guidelines developed by various coun-
tries have not widely recommended medical interventions
as the primary prevention for diabetes. Given that economic
development in China is still in the preliminary stage and
significant regional imbalances exist and that diabetes
prevention-related health care is currently unsophisticated
and imperfect, this guideline currently does not recommend
the use of drug interventions to prevent diabetes.

Strategies for the secondary prevention
of T2DM

Blood glucose control
The clinical trials on intensive glucose control, such as the
Diabetes Control and Complications Trial (DCCT) [22], the
United Kingdom Prospective Diabetes Study (UKPDS) [23]
and the Kumamoto Study in Japan [24], found that among
patients in the early stage of diabetes, intensive glucose con-
trol can significantly reduce the risk of diabetic microvascu-
lar diseases. The UKPDS study also showed that in obese
or overweight populations, the use of metformin was corre-
lated with a significant decrease in the risk of myocardial
infarction and death [25]. The long-term follow-up studies
of the DCCT and UKPDS patient populations indicated that
early intensive glycaemic control was correlated with a re-
duction in diabetic microvascular diseases and a significant

decrease in the risks of myocardial infarction and death
[26,27]. These results provide evidence that intensive blood
glucose control during the early stages of T2DM can reduce
the risks of diabetic macrovascular and microvascular
diseases.

This guideline recommends that for newly diagnosed
diabetes patients and early T2DM patients, strict
glycaemic control strategies should be adopted to reduce
the risk of diabetic complications.

Blood pressure control, lipid control and aspirin use
The UKPDS study showed that in patients newly diagnosed
with diabetes, intensive blood pressure control not only
significantly reduced the risk of diabetic vascular diseases
but also the risk of microvascular diseases [28]. An analysis
of a subgroup in a trial of hypertensive optimization therapy
and other clinical trials of anti-hypertensive therapy also
showed that intensive blood pressure control reduced the
risk of cardiovascular diseases in diabetic patients without
significant vascular complications [28,29]. The British
Heart Protection Study–subgroup analysis of diabetic
patients [30], the Collaborative Atorvastatin Diabetes
Study [31] and other large-scale clinical studies [32] indi-
cated that the use of statins to lower low-density lipoprotein
cholesterol (LDL-C) could reduce the risk of cardiovascular
diseases in diabetic patients without causing significant
vascular complications. The Action to Control Cardiovascu-
lar Risk in Diabetes (ACCORD) study showed that the
combination of statins and lipid-lowering drug did not
achieve additional cardiovascular benefits, as compared
with statins alone [32]. The results of clinical trials using as-
pirin for the primary prevention of cardiovascular diseases
in diabetic patients varied [33,34]; therefore, whether aspi-
rin has a protective effect in the primary prevention of car-
diovascular diseases in diabetes patients remains unclear.
Nevertheless, a systematic review of multiple clinical trials
demonstrated that among patients with T2DM and cardio-
vascular disease risk factors, aspirin showed a certain car-
diovascular protective effect [35].

This guideline recommends that for T2DM patients
without significant diabetic vascular complications but
with risk factors for cardiovascular diseases, controlling
blood glucose, lowering blood pressure and adjusting
lipids (mainly to reduce LDL-C) and aspirin therapy are
all useful methods to prevent cardiovascular diseases
and diabetic microvascular diseases.

Strategies for the tertiary prevention of
T2DM

Blood glucose control
The clinical findings in intensive glucose control trials
such as DCCT, UKPDS, Kumamoto, The Action in Diabetes
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and Vascular Disease: Preterax and Diamicron Modified
Release Controlled Evaluation (ADVANCE), and the
Veterans Affairs Diabetes Trial (VADT) suggest that inten-
sive glucose control reduced the progression of diabetic
microvascular diseases (e.g. background diabetic retinop-
athy and microalbuminuria) [22,24,28,36,37].

Among patients who have already developed severe
diabetic microvascular diseases, relevant clinical evidence
is still necessary to verify whether intensive glucose
control measures can reduce the risks of blindness, kidney
failure and amputation.

The results of clinical trials such as ADVANCE, ACCORD
and VADT all suggest that for patients with a longer
duration of diabetes, who are older in age and who have
multiple cardiovascular risk factors or cardiovascular
diseases, the use of intensive glucose control measures
does not reduce the risks of cardiovascular diseases and
death. Conversely, the ACCORD study showed that in
the aforementioned described population, intensive
glucose control was correlated with an increased risk of
all-cause mortality [38].

This guideline recommends that for patients who are
older and who have a longer diabetes duration and cardio-
vascular diseases, the pros and cons of adopting intensive
glucose control must be cautiously evaluated. In addition,
an individualized strategy should be used and, a patient-
centred diabetes management system should be devel-
oped to determine glycaemic control targets.

Blood pressure control, lipid control and aspirin use
There is sufficient clinical evidence that in patients with
T2DM who have had cardiovascular diseases, lowering
blood pressure, lowering lipids, or the proper use of aspirin
therapy alone or in combination can reduce the risk of
cardiovascular disease recurrence and death [35,39–43].
In patients with diabetic nephropathy, the use of blood
pressure-lowering agents, particularly the use of
angiotensin-converting enzyme inhibitor or angiotensin II
receptor antagonist drugs, significantly reduced the risk of
diabetic nephropathy progression [43].

This guideline recommends that for older patients who
have had a long diabetes duration and cardiovascular
disease, in terms of individualized glycaemic control,
measures such as lowering blood pressure, adjusting
lipids (mainly to reduce LDL-C) and taking aspirin should
be used to reduce the risk of recurrent cardiovascular
diseases and death and to reduce the risk of diabetic
microangiopathy.

Diabetes education and management

The risks of microvascular and macrovascular diseases in
diabetic patients are significantly higher than in non-

diabetic patients, and reducing these risks in diabetic
patients depends not only on controlling high blood glucose
but also on addressing other cardiovascular disease risk
factors and improving lifestyle. In addition to drug therapy,
diabetes control must also monitor blood glucose and other
cardiovascular risk factors so as to determine whether the
control reaches the target or whether the treatment must
be adjusted. Moreover, as diabetes is a lifelong disease,
the patient behaviour and self-management ability are keys
to successful diabetes control; further, diabetes control is
not a treatment in the traditional sense but a management
approach in nature.

Objectives of integrated T2DM control
and treatment options for high blood
glucose

Objectives for comprehensive T2DM
control

The ideal comprehensive control of T2DM varies accord-
ing to the age, comorbidities and complications of patients
(Table 4). A treatment that does not achieve the control
targets should not be viewed as a failure because any im-
provement in the control indicators confers benefits to the
patient and reduces the risks associated with complica-
tions; for example, reductions in HbA1c are closely

Table 4. Targets for the integrated control of type 2 diabetes
mellitus in China

Indicator Target value

Blood glucose (mmol/L)a

Fasting 4.4–7.0
Non-fasting <10.0

Glycated haemoglobin (%) <7.0

Blood pressure (mmHg) <140/80
Total cholesterol (mmol/L) <4.5

High-density lipoprotein cholesterol (mmol/L)
Male >1.0
Female >1.3

Triglycerides (mmol/L) <1.7

Low-density lipoprotein cholesterol (mmol/L)
Not complicated with coronary heart disease <2.6
Complicated with coronary heart disease <1.8

Body mass index (kg/m2) <24.0

Urinary albumin/creatinine ratio [mg/mmol (mg/g)]
Male <2.5 (22.0)
Female <3.5 (31.0)

Urinary albumin excretion rate [μg/min (mg/dL)] <20.0 (30.0)
Active aerobic activity (min/week) ≥150.0

aCapillary blood glucose.
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correlated with reductions in microvascular complications
and neuropathy.

The primary principle for determining the targets for inte-
grated T2DM control is individualization management,
which should comprehensively consider age, disease dura-
tion, life expectancy, severity of complications or comorbidi-
ties and other relevant factors of patients.

Hypertension is a common complication of diabetes.
Younger patients and those with a shorter disease
duration may not require much treatment to reduce blood
pressure to 130/80 mmHg or less. The target blood
pressure value for elderly patients may be adjusted to
150/90 mmHg.

T2DM blood glucose control strategy
and treatment options

T2DM is a progressive disease. The blood glucose tends to
increase gradually as the disease duration increases;
therefore, the intensity of hyperglycaemia control treat-
ment should be increased accordingly. Lifestyle interven-
tion is the basis for T2DM treatment and should be
applied throughout the diabetes treatment process. When
lifestyle change alone is unable to reach blood glucose
target, drug treatment should be initiated. The preferred
first-line drug for T2DM is metformin. If no contraindica-
tions are present, metformin should remain part of the

diabetes treatment regimen. Patients who could not take
metformin may use α-glucosidase inhibitors or insulin se-
cretagogues. When metformin alone is unable to achieve
blood glucose target, insulin secretagogues, α-glucosidase
inhibitors, dipeptidyl peptidase IV (DPP-4) inhibitors or
TZDs (a second-line treatment) can be added. Patients
who could not take metformin may undergo combination
therapy with other oral medicines. When a combination
therapy of two types of oral medicines still unable to
achieve blood glucose target, insulin may be added
(once-daily basal insulin or once-daily or twice-daily
premixed insulin), or a combination of three types of oral
medicines may be initiated. Glucagon-like peptide-1
(GLP-1) receptor agonists can be used as a third-line treat-
ment. When basal insulin or premixed insulin combined
with other oral medications is still unable to achieve blood
glucose target, the regimen should be adjusted to include
multiple daily injections of insulin (basal insulin plus
prandial insulin or thrice-daily premixed insulin ana-
logues). When treating with premixed insulin and multi-
ple insulin injections, insulin secretagogue use should be
discontinued.

Based on the principlesmentioned above, and the recom-
mendations of International Diabetes Federation (IDF)
[44], the American Diabetes Association (ADA) [45] and
National Institute for Health and Clinical Excellence (NICE)
[46], the treatment pathways for hyperglycaemia in T2DM
are proposed and shown in Figure 1.

Figure 1. The treatment algorithm for high blood glucose in T2DM. The blue paths are the recommended primary drug treatment
paths based on comprehensive considerations, including clinical evidence of the drug’s health economics, efficacy and safety and
China’s national conditions. These paths are similar to the drug treatment pathways recommended by most international diabetes
guidelines. The orange paths are alternative paths for the corresponding blue paths. HbA1c, glycated haemoglobin; DPP-4, dipeptidyl
peptidase IV; TZD, thiazolidinedione; GLP-1, glucagon-like peptide-1

448 J. Weng et al.

© 2016 The Authors. Diabetes/Metabolism Research and Reviews Published by John Wiley & Sons Ltd. Diabetes Metab Res Rev 2016; 32: 442–458.
DOI: 10.1002/dmrr



Medical nutrition therapy for T2DM

Principles of nutrition therapy

Patients with diabetes or prediabetes require individualized
medical nutrition therapy. Such treatment should be
provided under the guidance of a dietician or an
integrated management team (including a diabetes educa-
tor) who is familiar with diabetes treatment. To achieve
the metabolic control objective for patients and satisfy his
or her dietary preference, reasonable quality objects should
be established. In order to control the total energy intake
and distribute various nutrients in a reasonable and
balanced manner, the nutrition status should be evaluated
before setting reasonable quality objectives. For overweight
or obese patients, this guideline recommends moderate
weight loss measures combined with physical exercise and
behavioural changes to maintain weight loss outcomes.

Objectives of medical nutrition therapy

1 Maintaining a proper body weight: the weight loss goal
for overweight/obese patients is 5–10% of body weight
in 3–6 months. People who are underweight should
recover and maintain an ideal body weight over the
long term via a sound nutrition plan.

2 Providing balanced nutritious meals.
3 Achieving and maintaining an ideal blood glucose level

and reducing the HbA1c level.
4 Reducing the risk factors for cardiovascular disease,

dyslipidemia and hypertension.
5 Reducing insulin resistance and pancreatic β-cell load.

Exercise therapy for T2DM

Exercise plays an important role in the comprehensive man-
agement of T2DM. Regular exercise increases insulin sensi-
tivity, helps control blood glucose, reduces cardiovascular
risk factors, reduces weight and improves overall well-being
[47,48]. Moreover, exercise has a remarkable primary pre-
ventive effect on populations at high risk of diabetes [49].
Epidemiological studies have shown that the regular exercise
of more than 8 weeks reduced the HbA1c level by 0.66% and
that the mortality of diabetes patients who adhered to
regular exercise for 12–14 years significantly decreases [47].

Smoking cessation

Every diabetic smoker should be advised to stop smoking
or using tobacco products. Patients’ smoking status and

the extent of nicotine dependence should be assessed.
Brief consultations and hotlines for quitting should be
provided, and if necessary, medications should be
prescribed to help patients quit smoking.

Drug treatments for hyperglycaemia

Oral antihyperglycaemic medications

Medical nutrition therapy and exercise treatment are
basic for controlling high blood glucose in T2DM. When
diet and exercise cannot effectively control the blood
glucose level, medication therapy, including oral medica-
tions, should be provided in a timely manner.

T2DM is a progressive disease. During the natural
course of T2DM, pancreatic β-cell function gradually
decreases, meanwhile insulin resistance undergoes less
change. Thus, as T2DM progresses, the reliance on exoge-
nous glycaemic control measures gradually increases.
Clinical treatment often requires the use of oral medica-
tion and a combination of oral medication and injectable
anti-diabetic medications (e.g. insulin and GLP-1 receptor
agonists).

Metformin
Metformin hydrochloride is the primary biguanide
medication currently used in medical practice. The major
pharmacological effect of biguanides is lowering blood
glucose by reducing the hepatic glucose output and
improving peripheral insulin resistance. The diabetes
treatment guidelines of many countries and international
organizations recommend metformin as the basic medica-
tion among the first-line medications and combinations
for control of hyperglycaemia in T2DM [44,45,50].
Systematic reviews of clinical trials have shown that
metformin can reduce HbA1c by 1.0–1.5% and can also
reduce body weight [51]. The efficacy of metformin has
been shown to be separate from the body weight reduc-
tion. The UKPDS study results showed that metformin
also decreased the likelihood of cardiovascular events
and death in obese patients with T2DM [25]. In China,
randomized controlled clinical trials have been conducted
to investigate the effect of metformin and sulfonylureas
on recurrent cardiovascular events in patients with
T2DM combined with coronary heart disease, and the
results showed that metformin treatment was correlated
with a significant reduction of major cardiovascular
events. Metformin alone did not cause hypoglycaemia,
but the combination of metformin and insulin or insulin
secretagogues increased the risk of hypoglycaemia. The
main side effect of metformin was gastrointestinal reac-
tions. Starting with a small dose and gradually increasing
the dosage was an effective way to reduce adverse
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reactions. The efficacy of metformin was unaffected by
body weight [52]. The relationship between biguanides
and lactic acidosis risk is uncertain [53].

Biguanides are contraindicated in patients with renal
insufficiency [serum creatinine >132.6 μmol/L
(1.5 mg/dL) for men, >123.8 μmol/L (1.4 mg/dL) for
women or estimated glomerular filtration rate (eGFR)
<45 mL/min], liver dysfunction, serious infections,
hypoxia or those undergoing major surgery. Metformin
should be temporarily discontinued for patients undergo-
ing angiography with iodinated contrast agents.

Sulfonylureas
Sulfonylureas are insulin secretagogues, and their main
pharmacological effect is increasing the insulin level by
stimulating insulin secretion from pancreatic β-cells,
therefore lowers the blood glucose level [54]. Clinical
trials have shown that sulfonylureas can reduce HbA1c

by 1.0–1.5% [55]. At present, sulfonylureas are the pri-
mary medications recommended in the diabetes treat-
ment guidelines of many countries and international
organizations. Prospective and randomized clinical
studies have shown that the use of sulfonylureas was
correlated with reduced risks of diabetic microvascular
and macrovascular diseases [28]. Currently, the main com-
mercially available sulfonylureas in China are glyburide,
glimepiride, gliclazide, glipizide and gliquidone. Sulfonyl-
ureas, if used improperly, can lead to hypoglycaemia,
particularly in elderly patients and in those with liver and
kidney dysfunctions; sulfonylureas may also cause weight
gain. Patients with mild renal insufficiency should use
gliquidone. Patients who exhibit poor compliance can
take sulfonylurea drugs once a day. Xiao Ke Wan is a fixed
dose combination drug containing glibenclamide and
various traditional Chinese medicines (TCM) that have a
antihyperglycaemic effect similar to that of glyburide.
Compared with glyburide, Xiao Ke Wan carries a lower risk
of hypoglycaemia and yields a more pronounced improve-
ment of diabetes-related TCM symptoms [56].

TZDs
Thiazolidinediones decrease blood glucose primarily by in-
creasing the target cells’ sensitivity to the action of insulin.
Currently, the main commercially available TZDs in China
are rosiglitazone and pioglitazone. Clinical trials have
shown that TZDs can decrease HbA1c by 1.0–1.5% [55].

Thiazolidinediones do not cause hypoglycaemia when
used alone, but theymay increase the risk of hypoglycaemia
when used in combination with insulin or insulin secreta-
gogues. Weight gain and oedema are common side effects
of TZDs, and these side effects are more remarkable when
TZDs are used in combination with insulin. TZD use has
been correlated with increase risk of fractures and heart
failure [57]. Patients with heart failure (New York Heart

Association heart function classification class II and above),
active liver disease, transaminase elevations exceeding 2.5
times the upper limit of normal, and severe osteoporosis
and fractures should not take TZDs.

Glinides
Glinides are non-sulfonylurea insulin secretagogues. The
currently available glinides in China are repaglinide,
nateglinide and mitiglinide. This class of medications re-
duces postprandial blood glucose by stimulating insulin
secretion in the early phase, and they can lower HbA1c

by 0.5–1.5% [55]. These medications must be taken
immediately before a meal and can be used separately
or in combination with other anti-diabetic medications
(except sulfonylurea). The systematic reviews of clinical
studies conducted on T2DM patients in China showed that
in terms of reducing HbA1c, repaglinide was superior to
placebo and sulfonylureas and was equivalent to
α-glucosidase inhibitors, nateglinide, metformin and TZDs.
A systematic review of clinical studies of Asian populations
with T2DM, including Chinese people, showed that in
terms of reducing HbA1c, nateglinide worked better than
α-glucosidase inhibitors and was similar to sulfonylureas,
repaglinide and mitiglinide [58]. For newly diagnosed
T2DM patients, combination therapy using repaglinide
with metformin reduced HbA1c more significantly than
repaglinide alone but with a significantly increased risk of
hypoglycaemia [59].

Common side effects of glinides are hypoglycaemia and
weight gain, but the risk and degree of hypoglycaemia are
lower with glinides than with sulfonylureas. Glinides can
be used in patients with renal insufficiency.

α-Glucosidase inhibitors
α-Glucosidase inhibitors reduce postprandial blood
glucose by inhibiting carbohydrate absorption in the
upper small intestine. They are suitable for patients who
consume carbohydrates as their main food ingredient
and experience postprandial hyperglycaemia. In China,
commercially listed α-glucosidase inhibitors include
acarbose, voglibose and miglitol. Systematic reviews of
clinical studies conducted on the T2DM population,
including Chinese patients, showed that α-glucosidase
inhibitors could reduce HbA1c by 0.50% and cause weight
loss [60]. Clinical studies of Chinese people with T2DM
showed that the hypoglycaemic effect of a daily dose of
300 mg of acarbose was equivalent to that of a daily dose
of 1500 mg of metformin [61]. α-Glucosidase inhibitors can
be combinedwith biguanides, sulfonylureas, TZDs or insulin.

Common adverse reactions to α-glucosidase inhibitors
are gastrointestinal reactions, such as abdominal disten-
sion and flatulence. Starting with a small dose and gradu-
ally increasing the dosage are effective way to reduce
adverse effects. The use of this class alone usually does
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not lead to hypoglycaemia and may reduce the risk of
preprandial reactive hypoglycaemia; no adjustments in
medication dosage and frequency are necessary for elderly
patients, no increase in the incidence of hypoglycaemia oc-
curs and this medication is well tolerated. When patients
using combination therapy with α-glucosidase inhibitors
manifest hypoglycaemia, glucose or honey can be used as
treatments; dietary sucrose and starchy foods have a poor
ability to correct hypoglycaemia.

DPP-4 inhibitors
Dipeptidyl peptidase IV (DPP-4) inhibitors enhance
endogenous levels of GLP-1 by reducing the deactivation
of GLP-1 in vivo through inhibition of DPP-4. GLP-1
enhances insulin secretion in a glucose concentration-
dependent manner and inhibits glucagon secretion.
Currently, the commercially available DPP-4 inhibitors in
China include sitagliptin, saxagliptin, vildagliptin,
linagliptin and alogliptin. Clinical trials in T2DM patients
in China showed that sitagliptin, saxagliptin and
vildagliptin can reduce HbA1c by 0.70–0.90%, 0.40–
0.50% and 0.50%, respectively [62–64]; a comparison
study showed that the HbA1c-lowering effect of
vildagliptin was similar to that of acarbose [64] and that
linagliptin and alogliptin can reduce HbA1c by 0.68%
and 0.57–0.68%, respectively. Notably, the HbA1c-lower-
ing extent of DPP-4 inhibitors is related to the patient’s
baseline HbA1c level, that is, the higher the baseline
HbA1c level, the much it will be reduced by DPP-4 inhibi-
tors. The use of DPP-4 inhibitors alone does not increase
the risk of hypoglycaemia. DPP-4 inhibitors have a neutral
effect on body weight or may increase it. Saxagliptin,
alogliptin and sitagliptin do not increase the risk of cardio-
vascular disease, pancreatitis and pancreatic cancer.
When sitagliptin, saxagliptin, alogliptin or vildagliptin is
prescribed for patients with renal dysfunction, the dosage
must be reduced according to the instructions of medica-
tion. When using linagliptin in patients with liver or
renal insufficiency, dosage adjustments are unnecessary.

GLP-1 receptor agonists

Glucagon-like peptide-1 (GLP-1) receptor agonists reduce
blood glucose by activating GLP-1 receptors. They
enhance insulin secretion and inhibit glucagon secretion
in a glucose concentration-dependent manner and can
delay gastric emptying, thus reducing food intake via
central appetite suppression. Currently, in the Chinese
domestic market, the available GLP-1 receptor agonists
are exenatide and liraglutide, both require subcutaneous
injection. GLP-1 receptor agonists effectively lower blood
glucose; and also significantly reduce body weight and
improve triglycerides and blood pressure. GLP-1 receptor

agonists alone do not significantly increase the risk of
hypoglycaemia. Clinical trials of patients with T2DM, in-
cluding Chinese patients, showed that the HbA1c-lowering
effect of liraglutide was similar to that of glimepiride,
leading to a body weight loss of 1.8–2.4 kg and a decrease
in systolic blood pressure of approximately 3 mmHg [65];
additionally, exenatide reduced HbA1c by 0.8% and body
weight by 1.6–3.6 kg [66]. GLP-1 receptor agonists may be
used alone or in combination with other oral
antihyperglycaemic agents. A number of clinical studies have
shown that when used after the failure of an oral
antihyperglycaemic agent (metformin or sulfonylurea),
GLP-1 receptor agonists showed better efficacy than the ac-
tive control drug [67]. Common side effects of GLP-1 recep-
tor agonists are gastrointestinal symptoms (e.g. nausea and
vomiting), which occur mainly in the initial stage of treat-
ment and gradually diminish with treatment time increased.

Insulin

Initial treatment with insulin
Basal insulin or premixed insulin can be used to initiate
insulin therapy.

Short-term intensive insulin therapy programme for
newly diagnosed T2DM patients.

For newly diagnosed T2DM patients with HbA1c >9.0% or
FPG >11.1 mmol/L and with hyperglycaemic symptoms,
short-term intensive insulin therapy may be implemented
[68–71]. The appropriate treatment duration is 2 weeks–
3 months, with a therapeutic target of 3.9–7.2 mmol/L for
fasting blood glucose and ≤10.0mmol/L for non-fasting blood
glucose, without considering the HbA1c target as treatment
objective. Intensive insulin therapy should be combined
with medical nutrition, exercise therapy and diabetes
education. Intensive insulin treatment regimen include a
basal-prandial insulin regimen [multiple subcutaneous insu-
lin injections or continuous subcutaneous insulin infusion
(CSII)] or premixed insulin injections two or three times a day.

For patients who fail to achieve treatment goals after
short-term intensive insulin therapy, the decision to con-
tinue insulin therapy or to switch to another medication
should be based on the patient-specific conditions as
determined by a diabetes specialist. For patients have
reached the therapy target, regular (e.g. every 3 months)
follow-up monitoring should be planned; if blood glucose
increases again (i.e. FPG >7.0 mmol/L or 2-h PG
>10.0 mmol/L), the medication should be re-initiated.

Intensive insulin therapy programme

Multiple subcutaneous insulin injections.
CSII. CSII is a form of intensive insulin therapy delivered
via an insulin pump. The main appropriate populations
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are T1DM patients, women with diabetes who are preg-
nant or expect to become pregnant, pregnant women
who require insulin therapy and patients with T2DM
who require intensive insulin therapy.

The insulin treatment paths are shown in Figure 2.

Hypoglycaemia

During treatment, patients may experience
hypoglycaemia, which may cause discomfort and can be
life-threatening. Hypoglycaemia poses a major obstacle
to reaching the blood glucose target and warrants special
attention.

Bariatric surgery to treat T2DM

Indications for bariatric surgery

Patients with T2DM who are 18 to 60 years old are gener-
ally in good condition, have a low surgical risk and are
difficult to control the disease or concomitant diseases
(HbA1c>7.0%) after lifestyle interventions and various
drug treatments and who meet the following conditions
may consider bariatric surgery.

1. Indications: gastrointestinal bariatric surgery is feasi-
ble if the patient has a BMI ≥32 kg/m2 with or without
diabetic complications.

2. Precautions: bariatric surgery could be considered
with caution for T2DM patients with a BMI of 28–
32 kg/m2, particularly in the presence of other cardio-
vascular risk factors.

3. Not recommended: patients with a BMI 25–28 kg/m2,
with diabetic complications and central obesity (waist
circumference >90 cm in men and >85 cm in women)
and at least two additional metabolic syndrome com-
ponents: high triglycerides, low HDL-C and high blood
pressure. Surgery should be conducted in strict accor-
dance with study protocol with the patient’s informed
consent. The operation should be regarded as pure for
clinical research and must be approved by the Medical
Ethics Committee in advance; currently, evidence is
insufficient, and surgery is not recommended as a
clinical routine treatment.

Contraindications for bariatric surgery

1 Patients abuse drugs, addict to alcohol or have a
mental illness that is difficult to control, and who are
lack the ability to understand the risks, benefits and
expected consequences of bariatric surgery.

2 Patients with confirmed, diagnosed T1DM.
3 T2DM patients who have a clear failure of pancreatic

β-cell function.
4 Contraindications for surgery.
5 BMI <25 kg/m2.
6 GDM and other specific types of diabetes.

Chronic complications of diabetes

Diabetic nephropathy

Approximately 20–40% of diabetic patients suffer from
diabetic nephropathy, which is the main cause of renal
failure in diabetes patients [72,73].

Figure 2. Insulin treatment paths for T2DM. HbA1c, glycated haemoglobin; FPG, fasting plasma glucose; CSII, continuous subcutane-
ous insulin infusion
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Diagnosis
Diagnosis of diabetic nephropathy: T1DM-induced renal
damage is divided into five stages, which are also used for
T2DM-induced renal damage: stage I, elevated glomerular
filtration rate and increased renal size; stage II, intermit-
tent microalbuminuria; stage III, early diabetic nephropa-
thy with persistent microalbuminuria; stage IV, clinical
diabetic nephropathy with overt albuminuria; and
stage V, renal failure. Diabetic nephropathy is an important
type of chronic kidney disease; for diabetic nephropathy
patients, the eGFR should be calculated using the
Modification of Diet in Renal Disease Study equation or
the Cockcroft–Gault formula (Table 5) [74–77].

Treatment
1. Lifestyle changes: reasonable weight control, diabetic

diet, smoking cessation, proper exercise and so on
2. Low-protein diet.
3. Control blood glucose.
4. Control blood pressure.
5. Correct dyslipidemia.
6. Control proteinuria: starting from the early stages of

diabetic nephropathy (microalbuminuria) with or with-
out hypertension, renin-angiotensin system inhibitors
(angiotensin-converting enzyme inhibitor or angioten-
sin II receptor antagonist drugs) are the preferred drugs
for reducing urinary albumin [78–80]. Because these
drugs may also lead to a short-term decline in the GFR
in the first 1–2 weeks, serum creatinine and potassium
concentrations must be monitored. Renin-angiotensin
system inhibitors are not recommended for patients
with serum creatinine levels>265.2 μmol/L (3mg/dL).

7. Dialysis therapy and transplantation: when the eGFR is
less than 60 mL/(min · 1.73 m2), the potential compli-
cations of chronic kidney disease should be assessed
and treated. Diabetic patients with kidney failure
who require dialysis or transplant treatments should

undergo these procedures as soon as possible. Gener-
ally, when the GFR drops to 15–20 mL/min or the
serum creatinine level is higher than 442 μmol/L
(5 mg/dL), dialysis, either peritoneal dialysis or
haemodialysis, should be prepared. When conditions
permit, a kidney or pancreas-kidney transplant could
be performed.

Diabetic retinopathy

Diabetic retinopathy is the most common cause of new on-
set blindness among adults aged 20–74 years.

Screening
Patients with non-proliferative diabetic retinopathy and
macular oedema may have no obvious clinical symptoms;
therefore, in terms of preventive treatment, regular
fundus examinations are particularly important.

Follow-up frequency: diabetic patients without retinop-
athy are recommended to undergo follow-up check-up
once every 1–2 years; patients with mild retinopathy
should be checked once a year, and patients with severe
retinopathy should be checked once every 3–6 months.
The frequency of check-up should be increased for preg-
nant women.

Diagnosis
Diabetic retinopathy is graded according to the observable
indicators after dilation under ophthalmoscope. The inter-
national clinical grading standard for diabetic retinopathy
is shown in Table 6.

Table 5. Stages of renal function in CKD

CKD
stage Feature description

eGFR
[mL/(min · 1.73 m2)]

1 Increased GFR or normal GFR with
kidney damagea

≥90

2 Slightly decreased GFR with kidney
damagea

60–89

3 3a Mild to moderate GFR decrease 45–59
3b Moderate to severe GFR decrease 30–44

4 Severe GFR decrease 15–29

5 Kidney failure <15 or dialysis

CKD, chronic kidney disease; eGFR, estimated glomerular filtration
rate; GFR, glomerular filtration rate.
aKidney injury is defined as an abnormality in pathological, urine,
blood or imaging examinations.

Table 6. International clinical grading standard for diabetic
retinopathy (2002)

Disease severity
Observation after dilation under

ophthalmoscope

No obvious diabetic
retinopathy

No abnormality

NPDR
Mild Diabetic microaneurysm only

Moderate Diabetic microaneurysm with mild or
moderate NPDR

Severe Any of the following, but without PDR
1. More than 20 intraretinal haemorrhages
in any one quadrant

2. Retinal venous beading in two or more
quadrants

3. Intraretinal microvascular abnormalities
in one or more quadrants

Proliferative diabetic
retinopathy

One or more of the following: new vessels
at the optic disc, vitreous haemorrhage
or preretinal haemorrhage

NPDR, non-proliferative diabetic retinopathy.
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Treatment
Good control of blood glucose, blood pressure and lipids
may prevent or delay the progression of diabetic retinopa-
thy [81,82].

1. Patients with sudden blindness or retinal detachment
require an immediate referral to an ophthalmologist;
diabetic patients with any degree of macular oedema,
severe non-proliferative diabetic retinopathy or any
proliferative diabetic retinopathy should be referred
to an ophthalmologist with extensive experience in
diagnosing and treating diabetic retinopathy.

2. Laser photocoagulation therapy may reduce high-risk
proliferative diabetic retinopathy, clinically significant
macular oedema and the risk of blindness in some
patients with severe non-proliferative diabetic retinop-
athy [83].

3. Anti-vascular endothelial growth factor therapy may be
used to treat patients with diabeticmacular oedema [84].

4. Retinopathy is not a contraindication for aspirin ther-
apy; aspirin therapy does not increase the risk of
retinal haemorrhage.

5. Fenofibrate may slow the progression of diabetic reti-
nopathy and decrease the need for laser treatment.

Diabetic neuropathy

Diabetic neuropathy is one of the most common chronic
complications of diabetes. Neuropathy may affect the cen-
tral nervous system or, more commonly, the peripheral
nerves [85].

Diabetic peripheral neuropathy refers to peripheral
nerve dysfunction-related symptoms or signs in diabetic
patients that cannot be attributed to other causes. Distal
symmetric polyneuropathy is a typical diabetic neuropa-
thy. The diagnosis of other asymptomatic diabetic neurop-
athies relies on the screening of clinical signs or
electrophysiological examination [86].

Prevention
(1) General treatment: good blood glucose control,
correction of dyslipidemia and hypertension control. (2)
Regular disease screening and evaluation: all patients should
undergo screening for diabetic peripheral neuropathy at least
once a year after the diagnosis of diabetes. For patients with
a long course of diabetes or microvascular complications,
such as retinopathy and nephropathy, check-up should occur
every 3–6months. (3) Increased foot care: patients suffering
from peripheral neuropathy should receive education about
foot care to reduce the incidence of foot ulcers [87].

Etiological therapy
(1) Glycaemic control. (2) Nerve repair: commonly used
medications, such as methylcobalamin and growth

factors, may be useful. (3) Anti-oxidative stress: commonly
used medications, such as lipoic acid, may be useful. (4)
Improved microcirculation: commonly used medications
include prostaglandin E1, beraprost natriuretic peptide,
cilostazol, pentoxifylline, pancreatic kallikrein, calcium
antagonists and blood circulation-promoting TCM [88].

Symptomatic treatment
Medications for the treatment of painful diabetic neurop-
athy include anticonvulsants (pregabalin, gabapentin,
valproate and carbamazepine), antidepressants
(duloxetine, amitriptyline, imipramine and citalopram),
opioids (tramadol and oxycodone) and capsaicin [87,88].

Lower extremity vascular disease

Lower extremity vascular disease mainly refers to
peripheral artery disease; although it is not a complication
specific to diabetes, the risk of peripheral artery disease in
patients with diabetes significantly increases compared
with patients without diabetes. In addition, patients with
diabetes also have an earlier age of onset and increased
severity of lower extremity vascular disease, as well as
more extensive pathology and worse prognoses [82].

Lower extremity arterial disease
Lower extremity arterial disease (LEAD) is a component
of peripheral artery disease that manifests as lower
extremity arterial stenosis or occlusion.

Screening for diabetic LEAD
For diabetes patients over age of 50 years, LEAD screening
should be conducted routinely [89,90]. For diabetes
patients with LEAD-associated risk factors (e.g. cardiovas-
cular disease, dyslipidemia, hypertension, smoking or a
diabetes duration of more than 5 years) should be
screened at least once a year.

For diabetes patients with foot ulcers and gangrene,
regardless of their age, a comprehensive examination
and evaluation of arterial disease should be conducted.

Diagnosis of diabetic LEAD
(1) If the patient has a resting ABI ≤0.90, regardless of
the presence of lower limb discomfort, a LEAD diagnosis
should be considered. (2) For a patient who experiences
discomfort upon moving and has a resting ABI ≥0.90: if
ABI decreases by 15–20% after a treadmill test, a LEAD
diagnosis should be considered; (3) if the patient has a
resting ABI <0.40, or ankle arterial pressure <50 mmHg
or toe arterial pressure <30 mmHg, a critical limb ischae-
mia diagnosis should be considered.

Treatment of diabetic LEAD
The therapeutic approach to LEAD includes the prevention
of systemic atherosclerotic disease progression, the
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prevention of cardiovascular events, the prevention of
ischaemic-induced ulcers and gangrene, the prevention of
amputation or the reduction of the amputation level and
the improvement of the functional status of patients with
intermittent claudication. Therefore, the standard treatment
for diabetic LEAD consists of three parts: primary prevention
(to prevent or delay the occurrence of LEAD), secondary pre-
vention (to relieve symptoms and delay LEAD progression)
and tertiary prevention (to promote revascularization and
reduce amputation and cardiovascular events).

Prevention and treatment of
cardiovascular and cerebrovascular
diseases in patients with T2DM

Diabetes is an independent risk factor for cardiovascular
and cerebrovascular diseases. Patients with diabetes have

2–4 times higher risk of cardiovascular and cerebrovascu-
lar diseases [91–93] compared with patients without
diabetes. FPG and postprandial hyperglycaemia are corre-
lated with an increased risk of cardiovascular and cerebro-
vascular diseases, even when they do not reach the
diagnostic criteria for diabetes. Diabetic patients often
present important risk factors for cardiovascular and cere-
brovascular diseases, such as dyslipidemia and hyperten-
sion [94,95].

Clinical evidence suggests that strict glycaemic control
in patients with T2DM has a limited effect on reducing
the risks of cardiovascular and cerebrovascular diseases
and death from those causes, particularly among
patients with a longer disease duration, who are older,
and who have a history of cardiovascular diseases or
multiple cardiovascular risk factors [38]. However, the
comprehensive management of multiple risk factors
can significantly decrease the risk of cardiovascular
and cerebrovascular diseases and death from those

Figure 3. The clinical decision-making paths for screening and the standard lipid-lowering, antihypertensive and antiplatelet treat-
ments for patients with T2DM. ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor antagonist; LDL-C,
low-density lipoprotein cholesterol
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causes in patients with diabetes. Therefore, the preven-
tion of diabetic vascular diseases requires the compre-
hensive assessment and control of cardiovascular
disease risk factors (e.g. high blood glucose, hyperten-
sion and dyslipidemia) and appropriate antiplatelet
therapy.

At present, the incidence of cardiovascular risk factors
is high among T2DM patients in China, and they are in-
sufficiently controlled. Among outpatients with T2DM,
only 5.6% achieved all triple therapeutic goals for
HbA1c, blood pressure, and total cholesterol [96]. The
use of aspirin has also been low. Clinically, more active
screening and treatment of cardiovascular risk factors
and an increased rate of aspirin therapy are
recommended.

The clinical decision-making paths for screening and
the lipid-lowering, antihypertensive and antiplatelet
treatments for patients with T2DM are shown in
Figure 3.

Metabolic syndrome

Diagnostic criteria for metabolic
syndrome

According to an epidemiological analysis of metabolic
syndrome in the current Chinese population, this guideline
has revised the quantitative indicators of the metabolic syn-
drome components based on the CDS’s 2004 recommenda-
tions [97]. The diagnostic criteria are as follows: (1)
abdominal obesity: waist circumference: men ≥90 cm and
women ≥85 cm, (2) high blood glucose: fasting blood
glucose ≥6.l mmol/L or glucose at 2 h after glucose load
≥7.8 mmol/L and/or diabetes diagnosis and treatment, (3)
high blood pressure: blood pressure ≥130/85 mmHg and/or
diagnosed and on antihypertension therapy, (4) fasting TG
≥1.70mmol/L and (5) fasting HDL-C< l.04 mmol/L. Patients
with three or more of the aforementioned characteristics
are diagnosed with metabolic syndrome.

References

1. National Diabetes Study Group. A mass
survey of diabetes mellitus in a popula-
tion of 300,000 in 14 provinces and mu-
nicipalities in China. Zhonghua Nei Ke Za
Zhi 1981; 20(11): 678–683.

2. Pan XR, Yang WY, Li GW, et al., Preva-
lence of diabetes and its risk factors in
China, 1994. National Diabetes Preven-
tion and Control Cooperative Group. Di-
abetes Care 1997; 20(11): 1664–1669.

3. Li LM, Rao KQ, Kong LZ, et al. A descrip-
tion on the Chinese national nutrition
and health survey in 2002. Zhonghua
Liu Xing Bing Xue Za Zhi 2005; 26(7):
478–484.

4. Yang W, Lu J, Weng J, et al. Prevalence
of diabetes among men and women in
China. N Engl J Med 2010; 362(12):
1090–1101.

5. Chinese Diabetes Society. China guide-
line for type 2 diabetes (2010). Chin J
Diabetes 2012; 20(1): S1–S36.

6. Jia WP, Pang C, Chen L, et al. Epidemio-
logical characteristics of diabetes
mellitus and impaired glucose regula-
tion in a Chinese adult population: the
Shanghai Diabetes Studies, a cross-
sectional 3-year follow-up study in
Shanghai urban communities.
Diabetologia 2007; 50(2): 286–292.

7. Alberti KG, Zimmet PZ. Definition, diag-
nosis and classification of diabetes
mellitus and its complications. Part 1: di-
agnosis and classification of diabetes
mellitus provisional report of a WHO
consultation. Diabet Med 1998; 15(7):
539–553.

8. Diagnosis and classification of diabetes
mellitus. Diabetes Care 2010; 33(Suppl 1):
S62–S69.

9. World Health Organization. Use of
glycated haemoglobin (HbA1c) in the
diagnosis of diabetes mellitus: abbrevi-
ated report of a WHO consultation.
2011.

10. Unwin N, Shaw J, Zimmet P, Alberti KG.
Impaired glucose tolerance and im-
paired fasting glycaemia: the current
status on definition and intervention.
Diabet Med 2002; 19: 708–723.

11. Knowler WC, Barrett-Connor E, Fowler
SE, et al. Reduction in the incidence of
type 2 diabetes with lifestyle interven-
tion or metformin. N Engl J Med 2002;
346(6): 393–403.

12. Tuomilehto J, Lindstrom J, Eriksson JG,
et al. Prevention of type 2 diabetes
mellitus by changes in lifestyle among
subjects with impaired glucose toler-
ance. N Engl J Med 2001; 344(18):
1343–1350.

13. Chiasson JL, Josse RG, Gomis R, et al.
Acarbose for prevention of type 2 diabe-
tes mellitus: the STOP-NIDDM
randomised trial. Lancet 2002; 359(9323):
2072–2077.

14. Li G, Zhang P, Wang J, et al. The
long-term effect of lifestyle interven-
tions to prevent diabetes in the China
Da Qing Diabetes Prevention Study: a
20-year follow-up study. Lancet 2008;
371(9626): 1783–1789.

15. Lindstrom J, Ilanne-Parikka P, Peltonen
M, et al. Sustained reduction in the inci-
dence of type 2 diabetes by lifestyle in-
tervention: follow-up of the Finnish
Diabetes Prevention Study. Lancet
2006; 368(9548): 1673–1679.

16. Knowler WC, Fowler SE, Hamman RF,
et al. 10-Year follow-up of diabetes

incidence and weight loss in the Dia-
betes Prevention Program Outcomes
Study. Lancet 2009; 374(9702):
1677–1686.

17. Lian F, Li G, Chen X, et al. Chinese herbal
medicine Tianqi reduces progression
from impaired glucose tolerance to dia-
betes: a double-blind, randomized,
placebo-controlled, multicenter trial. J
Clin Endocrinol Metab 2014; 99(2):
648–655.

18. Torgerson JS, Hauptman J, Boldrin MN,
et al. XENical in the prevention of diabe-
tes in obese subjects (XENDOS) study: a
randomized study of orlistat as an ad-
junct to lifestyle changes for the preven-
tion of type 2 diabetes in obese patients.
Diabetes Care 2004; 27(1): 155–161.

19. Gerstein HC, Yusuf S, Bosch J, et al. Ef-
fect of rosiglitazone on the frequency of
diabetes in patients with impaired glu-
cose tolerance or impaired fasting glu-
cose: a randomised controlled trial.
Lancet 2006; 368(9541): 1096–1105.

20. DeFronzo RA, Tripathy D, Schwenke
DC, et al. Pioglitazone for diabetes pre-
vention in impaired glucose tolerance.
N Engl J Med 2011; 364(12):
1104–1115.

21. Zinman B, Harris SB, Neuman J, et al.
Low-dose combination therapy with
rosiglitazone and metformin to prevent
type 2 diabetes mellitus (CANOE trial):
a double-blind randomised controlled
study. Lancet 2010; 376(9735):
103–111.

22. The effect of intensive treatment of dia-
betes on the development and progres-
sion of long-term complications in
insulin-dependent diabetes mellitus.

456 J. Weng et al.

© 2016 The Authors. Diabetes/Metabolism Research and Reviews Published by John Wiley & Sons Ltd. Diabetes Metab Res Rev 2016; 32: 442–458.
DOI: 10.1002/dmrr



The Diabetes Control and Complications
Trial Research Group. N Engl J Med
1993; 329(14): 977–986.

23. U.K. prospective diabetes study 16.
Overview of 6 years’ therapy of type II
diabetes: a progressive disease. U.K.
Prospective Diabetes Study Group. Dia-
betes 1995; 44(11): 1249–1258.

24. Shichiri M, Kishikawa H, Ohkubo Y,
et al. Long-term results of the Kuma-
moto Study on optimal diabetes control
in type 2 diabetic patients. Diabetes Care
2000; 23(Suppl 2): B21–B29.

25. UK Prospective Diabetes Study (UKPDS)
Group. Effect of intensive blood-glucose
control with metformin on complica-
tions in overweight patients with type
2 diabetes (UKPDS 34). Lancet 1998;
352(9131): 854–865.

26. Holman RR, Paul SK, Bethel MA, et al.
10-Year follow-up of intensive glucose
control in type 2 diabetes. N Engl J Med
2008; 359(15): 1577–1589.

27. Nathan DM, Cleary PA, Backlund JY,
et al. Intensive diabetes treatment and
cardiovascular disease in patients with
type 1 diabetes. N Engl J Med 2005;
353(25): 2643–2653.

28. UK Prospective Diabetes Study Group.
Tight blood pressure control and risk of
macrovascular and microvascular com-
plications in type 2 diabetes: UKPDS
38. BMJ 1998; 317(7160): 703–713.

29. Snow V, Weiss KB, Mottur-Pilson C. The
evidence base for tight blood pressure
control in the management of type 2 di-
abetes mellitus. Ann Intern Med 2003;
138(7): 587–592.

30. Collins R, Armitage J, Parish S, et al.
MRC/BHF Heart Protection Study of
cholesterol-lowering with simvastatin
in 5963 people with diabetes: a
randomised placebo-controlled trial.
Lancet 2003; 361(9374): 2005–2016.

31. Colhoun HM, Betteridge DJ, Durrington
PN, et al. Primary prevention of cardiovas-
cular disease with atorvastatin in type 2
diabetes in the Collaborative Atorvastatin
Diabetes Study (CARDS): multicentre
randomised placebo-controlled trial.
Lancet 2004; 364(9435): 685–696.

32. Ginsberg HN, Elam MB, Lovato LC, et al.
Effects of combination lipid therapy in
type 2 diabetes mellitus. N Engl J Med
2010; 362(17): 1563–1574.

33. Ogawa H, Nakayama M, Morimoto T,
et al. Low-dose aspirin for primary pre-
vention of atherosclerotic events in pa-
tients with type 2 diabetes: a
randomized controlled trial. JAMA
2008; 300(18): 2134–2141.

34. Baigent C, Blackwell L, Collins R, et al.
Aspirin in the primary and secondary
prevention of vascular disease: collabo-
rative meta-analysis of individual partic-
ipant data from randomised trials.
Lancet 2009; 373(9678): 1849–1860.

35. Zhang C, Sun A, Zhang P, et al. Aspirin
for primary prevention of cardiovascu-
lar events in patients with diabetes: a
meta-analysis. Diabetes Res Clin Pract
2010; 87(2): 211–218.

36. Patel A, MacMahon S, Chalmers J, et al.
Intensive blood glucose control and vas-
cular outcomes in patients with type 2
diabetes. N Engl J Med 2008; 358(24):
2560–2572.

37. Duckworth W, Abraira C, Moritz T, et al.
Glucose control and vascular complica-
tions in veterans with type 2 diabetes.
N Engl J Med 2009; 360(2): 129–139.

38. Skyler JS, Bergenstal R, Bonow RO,
et al. Intensive glycemic control and
the prevention of cardiovascular events:
implications of the ACCORD, ADVANCE,
and VA Diabetes Trials: a position state-
ment of the American Diabetes Associa-
tion and a Scientific Statement of the
American College of Cardiology Founda-
tion and the American Heart Associa-
tion. J Am Coll Cardiol 2009; 53(3):
298–304.

39. Pignone M, Alberts MJ, Colwell JA, et al.
Aspirin for primary prevention of cardio-
vascular events in people with diabetes:
a position statement of the American Di-
abetes Association, a scientific statement
of the American Heart Association, and
an expert consensus document of the
American College of Cardiology Founda-
tion. Diabetes Care 2010; 33(6):
1395–1402.

40. Sever PS, Poulter NR, Dahlof B, et al. Re-
duction in cardiovascular events with
atorvastatin in 2,532 patients with type
2 diabetes: Anglo-Scandinavian Cardiac
Outcomes Trial–lipid-lowering arm (AS-
COT-LLA). Diabetes Care 2005; 28(5):
1151–1157.

41. Shepherd J, Barter P, Carmena R, et al.
Effect of lowering LDL cholesterol sub-
stantially below currently recommended
levels in patients with coronary heart
disease and diabetes: the Treating to
New Targets (TNT) study. Diabetes Care
2006; 29(6): 1220–1226.

42. Cooper-DeHoff RM, Gong Y, Handberg
EM, et al. Tight blood pressure control
and cardiovascular outcomes among hy-
pertensive patients with diabetes and
coronary artery disease. JAMA 2010;
304(1): 61–68.

43. Chobanian AV, Bakris GL, Black HR,
et al. The Seventh Report of the Joint
National Committee on Prevention, De-
tection, Evaluation, and Treatment of
High Blood Pressure: the JNC 7 report.
JAMA 2003; 289(19): 2560–2572.

44. IDF Clinical Guidelines Task Force.
Global Guideline for Type 2 Diabetes:
recommendations for standard, compre-
hensive, and minimal care. Diabet Med
2006; 23(6): 579–593.

45. American Diabetes Association. Stan-
dards of medical care in diabetes –

2010. Diabetes Care 2010; 33(Suppl 1):
S11–S61.

46. CG NIFH. National Institute for Health
and Clinical Excellence. Type 2 diabetes:
the management of type 2 diabetes.
NICE clinical guideline 66[DB/OL].
(2008-05-12)[2013-11-12].

47. Boule NG, Haddad E, Kenny GP, et al. Ef-
fects of exercise on glycemic control and

body mass in type 2 diabetes mellitus: a
meta-analysis of controlled clinical trials.
JAMA 2001; 286(10): 1218–1227.

48. Snowling NJ, Hopkins WG. Effects of
different modes of exercise training on
glucose control and risk factors for
complications in type 2 diabetic pa-
tients: a meta-analysis. Diabetes Care
2006; 29(11): 2518–2527.

49. Pan XR, Li GW, Hu YH, et al. Effects of
diet and exercise in preventing NIDDM
in people with impaired glucose toler-
ance. The Da Qing IGT and Diabetes
Study. Diabetes Care 1997; 20(4):
537–544.

50. Shimizu T, Nathan DM, Buse JB, et al.
Medical management of hyperglyce-
mia in type 2 diabetes: a consensus
algorithm for the initiation and adjust-
ment of therapy: a consensus state-
ment of the American Diabetes
Association and the European Associa-
tion for the Study of Diabetes. Nihon
Rinsho 2012; 70(Suppl 3): 591–601.

51. Saenz A, Fernandez-Esteban I, Mataix A,
et al. Metformin monotherapy for type 2
diabetes mellitus. Cochrane Database
Syst Rev 2005; 3: D2966.

52. Ji L, Li H, Guo X, et al. Impact of baseline
BMI on glycemic control and weight
change with metformin monotherapy
in Chinese type 2 diabetes patients:
phase IV open-label trial. PLoS One
2013; 8(2): e57222.

53. Salpeter SR, Greyber E, Pasternak GA,
et al. Risk of fatal and nonfatal lactic ac-
idosis with metformin use in type 2 dia-
betes mellitus. Cochrane Database Syst
Rev 2010; 4: D2967.

54. Groop LC. Sulfonylureas in NIDDM. Dia-
betes Care 1992; 15(6): 737–754.

55. Sherifali D, Nerenberg K, Pullenayegum
E, et al. The effect of oral antidiabetic
agents on A1C levels: a systematic re-
view and meta-analysis. Diabetes Care
2010; 33(8): 1859–1864.

56. Ji L, Tong X, Wang H, et al. Efficacy
and safety of traditional Chinese medi-
cine for diabetes: a double-blind,
randomised, controlled trial. PLoS One
2013; 8(2): e56703.

57. Hernandez AV, Usmani A, Rajamanickam
A, et al. Thiazolidinediones and risk of
heart failure in patients with or at high
risk of type 2 diabetes mellitus: a meta-
analysis and meta-regression analysis
of placebo-controlled randomized clini-
cal trials. Am J Cardiovasc Drugs 2011;
11(2): 115–128.

58. Cai X, Luo Y, Han X, et al. Meta-analysis
of efficacy and safety of nateglinide in
Asian type 2 diabetes. Chin J Diabetes
2013; 21(10): 913–917.

59. Wang W, Bu R, Su Q, et al. Randomized
study of repaglinide alone and in
combination with metformin in Chinese
subjects with type 2 diabetes naive to
oral antidiabetes therapy. Expert Opin
Pharmacother 2011; 12(18):
2791–2799.

60. Cai X, Han X, Luo Y, et al. Comparisons
of the efficacy of alpha glucosidase

Standards of Care for Type 2 Diabetes in China 457

© 2016 The Authors. Diabetes/Metabolism Research and Reviews Published by John Wiley & Sons Ltd. Diabetes Metab Res Rev 2016; 32: 442–458.
DOI: 10.1002/dmrr



inhibitors on type 2 diabetes patients be-
tween Asian and Caucasian. PLoS One
2013; 8(11): e79421.

61. Yang W, Liu J, Shan Z, et al. Acarbose
compared with metformin as initial ther-
apy in patients with newly diagnosed
type 2 diabetes: an open-label, non-
inferiority randomised trial. Lancet Dia-
betes Endocrinol 2014; 2(1): 46–55.

62. Mohan V, Yang W, Son HY, et al. Efficacy
and safety of sitagliptin in the treatment
of patients with type 2 diabetes in
China, India and Korea. Diabetes Res Clin
Pract 2009; 83: 106–116.

63. Dhillon S, Weber J. Saxagliptin. Drugs
2009; 69: 2103–2114.

64. Pan C, Yang W, Barona JP, et al. Compar-
ison of vildagliptin and acarbose mono-
therapy in patients with type 2
diabetes: a 24-week, double-blind, ran-
domized trial. Diabet Med 2008; 25(4):
435–441.

65. Yang W, Chen L, Ji Q, et al. Liraglutide
provides similar glycaemic control as
glimepiride (both in combination with
metformin) and reduces body weight
and systolic blood pressure in Asian
population with type 2 diabetes from
China, South Korea and India: a 16-
week, randomized, double-blind, active
control trial(*). Diabetes Obes Metab
2011; 13(1): 81–88.

66. DeFronzo RA, Ratner RE, Han J, et al.
Effects of exenatide (exendin-4) on gly-
cemic control and weight over 30 weeks
in metformin-treated patients with type
2 diabetes. Diabetes Care 2005; 28(5):
1092–1100.

67. Gao Y, Yoon KH, Chuang LM, et al. Effi-
cacy and safety of exenatide in patients
of Asian descent with type 2 diabetes in-
adequately controlled with metformin or
metformin and a sulphonylurea. Diabetes
Res Clin Pract 2009; 83(1): 69–76.

68. Weng J, Li Y, Xu W, et al. Effect of inten-
sive insulin therapy on beta-cell function
and glycaemic control in patients with
newly diagnosed type 2 diabetes: a
multicentre randomised parallel-group
trial. Lancet 2008; 371(9626):
1753–1760.

69. Li Y, Xu W, Liao Z, et al. Induction of
long-term glycemic control in newly di-
agnosed type 2 diabetic patients is asso-
ciated with improvement of beta-cell
function. Diabetes Care 2004; 27(11):
2597–2602.

70. Zhu F, Ji L, Han X, et al. Induction of
long-term good glycemic control in
newly diagnosed type 2 diabetic patients
by transient intensive insulin treatment.
Chin J Diabetes 2003; 11(1): 5–9.

71. Weng J, Li Y, Xu W, et al. The effects of
short-term continuous subcutaneous in-
sulin infusion treatment on beta-cell
function in newly diagnosed type 2
diabetic patients. Chin J Diabetes 2003;
11(1): 10–15.

72. Lu B, Song X, Dong X, et al. High preva-
lence of chronic kidney disease in
population-based patients diagnosed
with type 2 diabetes in downtown
Shanghai. J Diabetes Complications
2008; 22(2): 96–103.

73. Kramer H, Molitch ME. Screening for
kidney disease in adults with diabetes.
Diabetes Care 2005; 28(7):
1813–1816.

74. Tervaert TW, Mooyaart AL, Amann K,
et al. Pathologic classification of dia-
betic nephropathy. J Am Soc Nephrol
2010; 21(4): 556–563.

75. Lu B, Gong W, Yang Z, et al. An evalua-
tion of the diabetic kidney disease defi-
nition in Chinese patients diagnosed
with type 2 diabetes mellitus. J Int Med
Res 2009; 37(5): 1493–1500.

76. Ma YC, Zuo L, Chen JH, et al. Modified
glomerular filtration rate estimating
equation for Chinese patients with
chronic kidney disease. J Am Soc Nephrol
2006; 17(10): 2937–2944.

77. Dong X, He M, Song X, et al. Perfor-
mance and comparison of the
Cockcroft–Gault and simplified modifi-
cation of diet in renal disease formu-
lae in estimating glomerular filtration
rate in a Chinese type 2 diabetic popu-
lation. Diabet Med 2007; 24(12):
1482–1486.

78. Lindholm LH, Ibsen H, Dahlof B, et al.
Cardiovascular morbidity and mortality
in patients with diabetes in the losartan
intervention for endpoint reduction in
hypertension study (LIFE): a
randomised trial against atenolol. Lancet
2002; 359(9311): 1004–1010.

79. Lewis EJ, Hunsicker LG, Clarke WR,
et al. Renoprotective effect of the
angiotensin-receptor antagonist
irbesartan in patients with nephropathy
due to type 2 diabetes. N Engl J Med
2001; 345(12): 851–860.

80. Parving HH, Lehnert H, Brochner-
Mortensen J, et al. The effect of
irbesartan on the development of
diabetic nephropathy in patients with
type 2 diabetes. N Engl J Med 2001;
345(12): 870–878.

81. Chew EY, Ambrosius WT. Update of the
ACCORD eye study. N Engl J Med 2011;
364(2): 188–189.

82. Standards of medical care in diabetes –
2012. Diabetes Care 2012; 35(Suppl 1):
S11–S63.

83. Keech AC, Mitchell P, Summanen PA,
et al. Effect of fenofibrate on the need
for laser treatment for diabetic retinopa-
thy (FIELD study): a randomised con-
trolled trial. Lancet 2007; 370(9600):
1687–1697.

84. Wilkinson CP, Ferris FR, Klein RE, et al.
Proposed international clinical diabetic
retinopathy and diabetic macular edema
disease severity scales. Ophthalmology
2003; 110(9): 1677–1682.

85. Veves A, Backonja M, Malik RA. Painful
diabetic neuropathy: epidemiology, nat-
ural history, early diagnosis, and treat-
ment options. Pain Med 2008; 9(6):
660–674.

86. Jia WP, Shen Q, Bao YQ, et al. Evalua-
tion of the four simple methods in the
diagnosis of diabetic peripheral neurop-
athy. Zhonghua Yi Xue Za Zhi 2006; 86
(38): 2707–2710.

87. Boulton AJ, Vinik AI, Arezzo JC, et al. Di-
abetic neuropathies: a statement by the
American Diabetes Association. Diabetes
Care 2005; 28(4): 956–962.

88. Zin CS, Nissen LM, Smith MT, et al. An
update on the pharmacological manage-
ment of post-herpetic neuralgia and
painful diabetic neuropathy. CNS Drugs
2008; 22(5): 417–442.

89. Lange S, Diehm C, Darius H, et al. High
prevalence of peripheral arterial disease
and low treatment rates in elderly pri-
mary care patients with diabetes. Exp
Clin Endocrinol Diabetes 2004; 112(10):
566–573.

90. Guan H, Li YJ, Xu ZR, et al. Prevalence
and risk factors of peripheral arterial
disease in diabetic patients over
50 years old in China. Chin Med Sci J
2007; 22(2): 83–88.

91. Buse JB, Ginsberg HN, Bakris GL, et al.
Primary prevention of cardiovascular
diseases in people with diabetes
mellitus: a scientific statement from the
American Heart Association and the
American Diabetes Association. Diabetes
Care 2007; 30(1): 162–172.

92. Morrish NJ, Wang SL, Stevens LK, et al.
Mortality and causes of death in the
WHO Multinational Study of Vascular
Disease in Diabetes. Diabetologia 2001;
44(Suppl 2): S14–S21.

93. Nakagami T. Hyperglycaemia and mortal-
ity from all causes and from cardiovascular
disease in five populations of Asian origin.
Diabetologia 2004; 47(3): 385–394.

94. Lawes CM, Parag V, Bennett DA, et al.
Blood glucose and risk of cardiovascular
disease in the Asia Pacific region. Diabe-
tes Care 2004; 27(12): 2836–2842.

95. Hypertension in Diabetes Study (HDS):
I. Prevalence of hypertension in newly
presenting type 2 diabetic patients
and the association with risk factors
for cardiovascular and diabetic compli-
cations. J Hypertens 1993; 11(3):
309–317.

96. Ji L, Hu D, Pan C, et al. Primacy of the
3B approach to control risk factors for
cardiovascular disease in type 2 diabetes
patients. Am J Med 2013; 126(10):
911–925.

97. Chinese Diabetes Society: Metabolic
Syndrome Cooperative Study Group.
The suggestion about metabolic syn-
drome from Chinese diabetes society.
Chin J Diabetes Mellitus 2004; 12(3):
156–161.

458 J. Weng et al.

© 2016 The Authors. Diabetes/Metabolism Research and Reviews Published by John Wiley & Sons Ltd. Diabetes Metab Res Rev 2016; 32: 442–458.
DOI: 10.1002/dmrr


	（Lancet2008）Effect of intensive insulin therapy on β-cell function.pdf
	Effect of intensive insulin therapy on beta-cell function and glycaemic control in patients with newly diagnosed type 2 diabetes: a multicentre randomised parallel-group trial
	Introduction
	Methods
	Study design
	Statistical analysis
	Role of the funding source

	Results
	Discussion
	Acknowledgments
	References


	(BMJ2018)
	heptology2017
	(Diabetes2014) SIRT1 Mediates the Effect of__ GLP-1 Receptor Agonist Exenatide on Ameliorating Hepatic Steatosis
	(DMRR2016) DMRR-中国2型糖尿病防治指南英文版

