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Abstract To understand the mechanism by which early

insulin therapy improves insulin sensitivity in type 2 dia-

betes, we investigated endoplasmic reticulum (ER) stress in

the liver of type 2 diabetic rats. A high fat diet plus a low

dose of streptozotocin (STZ) in Sprague–Dawley (SD) rats

was implemented to create an animal model mimicking

diabetes. After 3 weeks of insulin treatment, the rats were

examined for insulin sensitivity and ER stress in the liver.

To investigate insulin sensitivity within the liver, serine

phosphorylation of IRS-1 (Ser307) and Akt (Ser473) and

expression of gluconeogenic genes, PEPCK and G6Pase,

were tested. Protein levels of ER stress markers, such as

immunoglobulin binding protein (Bip), inositol-requiring

protein 1 alpha (IRE1a), and unspliced and spliced x-box

binding protein-1 (XBP-1), were determined to assess ER

stress. In the diabetic (DM) group, IRS-1 phosphorylation

was increased (P \ 0.05), Akt phosphorylation was

reduced (P \ 0.05), expression of PEPCK and G6Pase was

elevated (P \ 0.05), and ER stress markers were up-reg-

ulated (P \ 0.05) relative to the non-diabetic rats. In the

insulin (INS) therapy group, all of aforementioned changes

were attenuated or reversed (P \ 0.05). In addition, c-Jun

N-terminal kinase (JNK) activity and SREBP-1 expression

were decreased (P \ 0.05). Adipose tissue mass was

increased (P \ 0.05). These data suggest that short-term

insulin therapy relieved ER stress and enhanced insulin

sensitivity in the liver of diabetic rats. The mechanism is

likely related to fat redistribution from liver to adipose

tissue. These cellular and molecular responses may repre-

sent a mechanism for improvement of insulin sensitivity in

type 2 diabetic rats by insulin therapy.
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Abbreviations

ER stress Endoplasmic reticulum stress

IRS-1 Insulin receptor substrate 1

Akt Protein kinase B

PEPCK Phosphoenolpyruvate carboxykinase

G6Pase Glucose-6-phosphatase

JNK c-Jun N-terminal kinase

SREBP-1 Sterol regulatory element binding protein 1

TG Triglyceride

Introduction

Our recent studies demonstrate that short-term intensive

insulin therapy for 2–3 weeks improves systemic and

hepatic insulin sensitivity in type 2 diabetes [1–3], which

are consistent with those reported by other laboratories that

insulin treatment enhances insulin sensitivity [4–7]. How-

ever, the mechanism of improved insulin sensitivity is not

clear. Several possible mechanisms may be involved, such

as reduction of oxidative stress from hyperglycemia,
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attenuation of lipotoxicity in liver and muscle, and inhi-

bition of inflammatory responses [8–11]. Ectopic lipid

deposition induces insulin resistance through endoplasmic

reticulum (ER) stress and c-Jun N-terminal kinase (JNK)

activation [12]. Our recent study shows that insulin sensi-

tivity is enhanced in the liver with insulin therapy [2].

Hepatic steatosis is associated with obesity and involved

in the pathogenesis of insulin resistance [13, 14]. Lipid

accumulation in the liver is related to adipose tissue dys-

function in fat storage. Adipocytes have a high level of

insulin receptor and glucose transporter 4 (GLUT4). In

response to insulin, adipocytes exhibit an increase in glu-

cose uptake through GLUT4 translocation. Insulin also

induces triglyceride (TG) synthesis in adipocytes through

expression of enzymes for TG biosynthesis. Under insulin

therapy, the adipocyte response may induce lipid transfer

from the liver to adipose tissue, reducing ectopic fat

deposition in the obese condition. Reduction in hepatic

steatosis may contribute to insulin sensitivity from insulin

therapy.

Lipid may induce insulin resistance in the liver through

ER stress. ER stress induces JNK activation and inhibits

insulin signal transduction. Serine phosphorylation of

insulin receptor substrate 1 (IRS-1) at Ser307 may link

JNK activation to the signaling inhibition of insulin [12].

The JNK-IRS-1 pathway is a molecular mechanism of

hepatic insulin resistance in ER stress that results from

liver lipid deposition. Reduction of lipid accumulation in

the liver may attenuate ER stress and restore insulin sen-

sitivity by reducing JNK activation. This possibility is

supported by an early study from our lab showing a

reduction in hepatic triglyceride content by insulin therapy

in diabetic rats [2].

In this study, we examined the ER stress response and

JNK activation in the liver of obese diabetic rats after

insulin therapy. Our data suggest that insulin therapy

reduced ER stress and improved insulin sensitivity in the

liver.

Results

Insulin signaling pathway in the liver

In this study, type 2 diabetic rats were generated in SD rats

by a high fat diet (HFD) in combination with a single

injection of low dose streptozotocin (STZ) (40 mg/kg) as

reported in our previous study [2]. Diabetic rats exhibited

insulin resistance and hyperglycemia [2, 15], which

resemble type 2 diabetes in humans. This animal model is

widely used in the study of type 2 diabetes by many groups

[16–19]. To investigate the mechanism of insulin therapy,

we treated the diabetic rats with insulin for 3 weeks.

Insulin sensitivity was improved by the therapy as reported

in our previous publication [2]. Here, we report that the

visceral adipose tissue mass was significantly increased in

the insulin therapy group (INS) in comparison to the dia-

betic group (DM) (22.40 ± 3.63 g over 11.96 ± 2.63 g,

P \ 0.05).

To investigate the molecular mechanism of insulin

sensitivity, we examined the insulin signaling pathway in

liver. Liver plays a critical role in the control of systemic

insulin sensitivity. Liver controls plasma insulin levels by

removal of at least 50% of insulin at the portal vein. Liver

determines fasting blood glucose through gluconeogenesis.

When the liver suffers insulin resistance, insulin clearance

is reduced leading to hyperinsulinemia; hepatic glucose

production will be enhanced contributing to hyperglyce-

mia. In this study, we examined liver insulin sensitivity by

measuring the activities of IRS-1 and Akt (Protein kinase

B, PKB) in the insulin signaling pathway. IRS-1 Ser307

phosphorylation (a marker of insulin resistance) and the

Akt Ser473 phosphorylation (a marker of insulin action)

were quantified in the liver by Western blotting after

insulin challenge [20]. In the DM group, the IRS-1 phos-

phorylation was increased (P \ 0.05, Fig. 1a), and the Akt

phosphorylation was reduced (P \ 0.05, Fig. 1b). In the

INS group, the alterations were reversed (Fig. 1a, b),

suggesting an improvement in the insulin signaling activ-

ity. The data provide molecular evidence for improvement

of liver insulin sensitivity in the INS group.

Phosphoenolpyruvate carboxykinase (PEPCK) and glu-

cose 6 phosphatase (G6Pase), two rate-limiting enzymes

of hepatic gluconeogenesis, are negatively regulated by

insulin at the transcriptional level [21]. Under insulin

resistance, their expression is enhanced, leading to elevated

hepatic gluconeogenesis. We determined expression of the

two enzymes in liver lysates by Western blot. In the DM

group, expression of both proteins was increased (P \ 0.05

for both; Fig. 1c, d). In the INS group, the increases in

protein expression were eliminated in both enzymes

(P \ 0.05 for both; Fig. 1c, d). These data provide another

line of molecular evidence for the improved insulin sen-

sitivity in the liver of the INS group.

Reduced JNK activity in the INS group

IRS-1 serine 307 is phosphorylated by the serine kinase

JNK [22]. The phosphorylation of IRS-1 at serine 307 is a

marker of insulin resistance. In the DM group, increased

phosphorylation of IRS-1 suggests activation of JNK. To

test this possibility, we examined phosphorylation status of

the JNK substrate, c-JUN, by Western blot. We found that

c-JUN phosphorylation in the liver was increased in the

DM group (P \ 0.05) but decreased in the INS group

(P \ 0.05; Fig. 2). The data suggest that JNK activity was
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increased in the DM group, and the increase was attenuated

by the insulin therapy. The changes in JNK activity were

not due to an alteration in the protein levels of JNK, as JNK

protein was unchanged among the three groups (Fig. 2).

Therefore, the reduced JNK activity may contribute to the

molecular mechanism of improved insulin sensitivity in the

INS group.

Reduced ER stress in the INS group

Endoplasmic reticulum stress is a risk factor for insulin

resistance in obesity. ER stress is a result of lipotoxicity in

obesity and impairs insulin signaling by activation of the

serine kinase JNK [12]. The reduction in JNK activity

suggests a low level of ER stress in the INS group. To test

this possibility, we examined expression of immunoglob-

ulin binding protein (Bip), an ER stress marker protein

[23]. In the DM group, Bip protein was increased 55%

relative to the non-diabetic control group (P \ 0.05,

Fig. 3a). The increase in Bip was markedly reduced in the

INS group (P \ 0.05, Fig. 3a). Furthermore, we examined

three other ER stress marker proteins, including inositol-

requiring protein 1 alpha (IRE1a) and spliced and

unspliced x-box binding protein-1 (XBP-1s and XBP-1u).

These proteins were all significantly increased in the DM

group, and reduced in the INS group (P \ 0.05 for all,
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Fig. 1 Insulin therapy improved insulin sensitivity in the liver of

diabetic rats. On day 3 following insulin therapy, liver samples were

collected. Serine phosphorylation of IRS-1 and Akt were examined

after insulin challenge for 15 min in the rats. Expression of PEPCK

and G6Pase were examined in the liver of rats without insulin

challenge. a IRS-1 phosphorylation (Ser307). b Akt phosphorylation

(Ser473). c Expression of PEPCK. d Expression of G6Pase. IRS-1,

b-actin, and GAPDH were used as a control for protein loading. The

relative signal levels were determined by densitometry and normal-

ized with the loading control. Each bar represents mean ± SD

(n = 4–6 rats). *P \ 0.05 vs. NC; #P \ 0.05 vs. DM. NC normal

control rats; DM diabetic rats with no therapy; INS diabetic rats

treated with insulin

0

1

2

3

4

p
-c

-J
u

n
si

n
g

n
al

T-JNK

p-c-Jun

NC DM INS

NC DM INS

Fig. 2 Insulin therapy reduced JNK activity in the liver of diabetic

rats. JNK activity was determined by phosphorylation status of its

substrate c-JUN in a Western blot. To normalize for JNK activity,

JNK proteins were examined in cell lysates. Anti-JNK antibody that

detects both JNK1 and JNK2 was used. The relative signal levels

were determined by densitometry. Each bar represents the

mean ± SD (n = 4–6). *P \ 0.05 vs. NC; #P \ 0.05 vs. DM. NC
normal control rats; DM diabetic rats with no therapy; INS diabetic

rats treated with insulin
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Fig. 3b–d). The data suggest that ER stress occurred in the

liver of diabetic rats, and its level was reduced by the

insulin therapy. The reduction in ER stress may be

responsible for the decreased JNK activity in the INS

group.

Attenuation of sterol regulatory element binding

protein 1 (SREBP-1) expression

SREBP-1 is a transcription factor that plays a crucial role

in the regulation of triglyceride synthesis in the liver and

adipose tissue [24, 25]. SREBP-1 has two forms, cyto-

plasmic SREBP-1 and nuclear SREBP-1 (nSREBP-1). In

response to sterol depletion or insulin, SREBP-1 is cleaved

and translocated into the nucleus to form nSREBP-1

[26–28]. nSREBP-1 protein determines the transcriptional

activity of several lipogenic genes. In the DM group,

SREBP-1 activity was elevated in both cytoplasmic and

nuclear forms in the liver (Fig. 4a, b). The elevation

was associated with an increase in liver TG content [24,

29]. In the INS group, the liver TG content was reduced

[2]. It is possible that the reduction in TG is due to a

decrease in SREBP-1 activity. To test this possibility, we

examined SREBP-1 in the liver of INS group. Levels of

both SREBP-1 forms were reduced in the INS group

(P \ 0.05 for both, Fig. 4a, b). The data suggest that the

SREBP-1 reduction may contribute to the mechanism by

which insulin therapy decreases liver TG in the INS group.

Discussion

Our results suggest that ER stress is reduced in the liver of

diabetic rats by insulin therapy. Insulin therapy improves

glycogen synthesis and reduces inflammation in skeletal

muscle [2, 30]. These effects may explain insulin sensi-

tivity due to insulin therapy. However, insulin may also act

in the liver, as liver insulin sensitivity is improved by

insulin therapy leading to a reduction in hepatic glucose

production [31]. The mechanism of improved insulin sen-

sitivity through insulin therapy is not clear. It is unknown if

liver lipotoxicity is attenuated by insulin therapy. We

address these issues by examining liver ER stress in dia-

betic rats after insulin therapy. Liver ER stress is an

important mechanism of insulin resistance in obese mice

[12, 32] and humans [25, 33, 34]. Here, we report that liver

ER stress is reduced by insulin therapy. This conclusion is

supported by a reduction in ER stress markers, such as BIP,
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Fig. 3 Insulin therapy down-regulated the ER stress response in the

liver of diabetic rats. Protein concentrations of ER stress markers

were examined in the liver by Western blot to determine ER stress.

Liver samples were collected on day 3 after insulin therapy.

a Expression of Bip. b Expression of IRE1a. c Expression of spliced

XBP-1. The signal shown in the XBP-1s immunoblot corresponds to

the 54 kDa protein encoded by the sXBP-1 mRNA. d Unspliced

XBP-1. The signal shown in the XBP-1s immunoblot corresponds to

the 31 kDa protein encoded by the XBP-1u mRNA. b-actin protein is

used as the control for protein loading. The relative signal levels were

determined by densitometry. Each bar represents mean ± SD

(n = 4–6). *P \ 0.05 vs. NC; #P \ 0.05 vs. DM. NC normal control

rats; DM diabetic rats with no therapy; INS diabetic rats treated with

insulin
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IRE1a, XBP-1s, and XBP-1u. Inhibition of ER stress may

contribute to improved insulin sensitivity in the liver.

Excessive lipid accumulation may induce ER stress in the

liver leading to insulin resistance [9, 29]. We previously

reported that the liver fat content was reduced by insulin

therapy in diabetic rats [2]. Decreased lipid accumulation

may account for the inhibition of ER stress in the liver.

Our data suggest that JNK activity is reduced in the liver

of diabetic rats by insulin therapy. JNK may inhibit insulin

signaling by serine phosphorylation of IRS-1. Moreover, ER

stress is a major risk factor for JNK activation in the liver of

obese mice [32]. In this study, we demonstrate that liver JNK

activity is reduced in diabetic rats by insulin therapy. Con-

sistently, IRS-1 serine phosphorylation at Ser307 is reduced

by insulin therapy. The reduction in JNK activity and IRS-1

serine phosphorylation provides a mechanism for the

improved liver insulin sensitivity in the INS group.

Our data suggest that insulin therapy may induce the

transfer of fat from the liver to adipose tissue. In our early

studies, liver TG content was reduced in diabetic rats by

insulin therapy [2]. Insulin also reduced TG in the blood.

Here, we report that these reductions are associated with an

increase in visceral fat mass. As changes in visceral fat mass

are observed in the absence of body weight alterations, the

data suggest that liver TG is transferred into visceral adipose

tissue. It is unlikely that the reduction in visceral fat mass is

from a change in energy balance as the total body weight was

not changed by insulin therapy [2]. Thus, the only possibility

is fat redistribution from liver to adipose tissue. Adipocytes

express a high level of insulin receptor and synthesize TG in

response to insulin. Insulin may stimulate adipose tissue

expansion through a couple of mechanisms, such as induc-

tion of glucose deposition into adipocytes, stimulation of

TG biosynthesis, and expression of pro-angiogenic factor

(VEGF) in adipocytes [35, 36]. The angiogenic activity of

insulin may contribute to improvement of the microenvi-

ronment for adipocytes in the adipose tissue. Our previous

studies suggest that the microenvironment is critical to

maintain adipocyte function [37]. A hypoxia response may

occur in the adipose tissue in obesity from an alteration in the

microenvironment. Hypoxia suppresses multiple functions

of adipocytes, such as TG storage and adiponectin expres-

sion [38, 39]. A failure in local angiogenic function may

contribute to the adipose tissue hypoxia [40]. Therefore,

insulin may promote fat tissue expansion through intracel-

lular and extracellular mechanisms.

Reduction in SREBP-1 expression provides a mechanism

for the improvement of hepatic steatosis by insulin therapy.

Hepatic lipogenesis depends on the transcription factor

SREBP-1c [29]. Overexpression of SREBP-1c induces

expression of lipogenic genes and increases lipid deposition

[41]. This study suggests that insulin therapy may reduce

hepatic lipogenesis by down-regulating SREBP-1 expres-

sion as well as its activation. The SREBP-1 analysis was

conducted 3 days after the insulin therapy to allow washout

of exogenous insulin. In this condition, the acute effect of

exogenous insulin is excluded [42].

In conclusion, this study suggests that liver may be a target

of insulin for improvement of whole body insulin sensitivity

with insulin therapy. We provide molecular evidence for the

improvement of insulin sensitivity in the liver of diabetic

rats, including inhibition of ER stress, enhanced insulin

signaling and suppression of gluconeogenic genes in the

liver. These effects are likely due to lipid redistribution from

liver to adipose tissue in response to insulin, which was

observed in the absence of changes in body weight.

Materials and methods

Type 2 diabetic rat model

All animal experiments were approved by the Animal Care

and Use Committee of the Sun Yat-Sen University. The

type 2 diabetic rat model was developed as previously

described [2, 17]. All procedures were performed in
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Fig. 4 Insulin therapy down-regulated SREBP-1 in the liver of

diabetic rats. a Expression of SREBP-1. b Expression of nSREBP-1.

b-actin and SP3 protein were used as controls for protein loading. The

relative signal levels were determined by densitometry. Each bar

represents mean ± SD (n = 4–6). *P \ 0.05 vs. NC; #P \ 0.05 vs.

DM. NC normal control rats; DM diabetic rats with no therapy; INS
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accordance with the principles of laboratory animal care

(NIH publication no. 85–23, revised 1985). Forty-two male

SD rats (8 weeks old, approximately 200 g in body weight)

were purchased from the Central Animal Facility of

Southern Medical University (China) and maintained in the

animal facility of Sun Yat-Sen University. The animal

room was conditioned at 20–25�C with a 12-h light–dark

cycle. The rats were allowed free access to water and diet.

After acclimatization for 1 week, the rats were randomly

divided into the NC group (12 rats) and HFD group (30

rats). The control rats were fed the normal diet (10% cal-

orie in fat, 64% in carbohydrate, and 26% in protein). The

HFD had 56% calories from fat, 32% from carbohydrate,

and 14% from protein. After 5 weeks on the HFD, the HFD

group rats were injected intraperitoneally with a low dose

STZ (40 mg/kg, Sigma, USA) after an overnight fast. The

NC rats were fasted in an identical manner and injected

with the same volume of citrate buffered saline. Blood

glucose was measured 3 days after STZ injection. Rats

with blood glucose C16.7 mmol/l in the fed condition were

considered type 2 diabetes. Weight- and glucose-matched

diabetic rats were randomly divided into two groups: DM

group (untreated diabetic rats) and INS group (treated with

NPH insulin for 3 weeks initiated from the 3rd day of STZ

injection). Insulin was delivered daily by subcutaneous

injection (6–8 U/day) for 3 weeks. Insulin dosage was

based on a week long preliminary study using insulin

within a range from 4 mmol/l to 8 mmol/l. The NC group

and DM group were injected with saline. The diets

remained unchanged during the insulin therapy. Blood

glucose was measured in the tail vein blood every 3 days at

09:00–10:00 am with a portable glucometer (Roche, USA).

Insulin challenge and tissue sampling

On day 3 after insulin therapy, rats in each group were

dived into two subgroups for analysis of insulin sensitivity

in the liver. One subgroup (half number of rats in either

DM or INS groups) was challenged with insulin (8 U/kg

body weight, i.p.) to activate the insulin signaling pathway;

the other subgroup was given vehicle. Liver was collected

15 min after the insulin or vehicle injection and frozen in

liquid nitrogen immediately after isolation, and then stored

at -80�C till experiments for insulin signaling and protein

expression assays. Femoral artery blood was collected and

used in preparation of serum. Serum samples were stored at

-30�C before biochemical assays.

Western blot and Immunoprecipitation (IP)

Whole cell lysates were made from liver (*200 mg) by

homogenization in ice-cold lysis buffer (Cell Signaling

Technologies, USA). Protein concentration was determined

using a bicinchoninic acid (BCA) protein assay (Pierce

chemical, USA). The samples were resolved by SDS-

PAGE (10%) and then transferred onto polyvinylidene

fluoride membranes (0.45 lm; Millipore, USA). After

preblotting in blocking buffer for 2 h at room temperature,

the membranes were incubated overnight at 4�C with

specific antibodies to Bip, XBP-1, PEPCK, G6Pase, IRS-1,

SREBP-1 (Santa Cruz, USA), phospho c-Jun (p-c-Jun,

Ser63), IRE1a, phospho IRS-1 (Ser307), phospho AKT

(Ser473), JNK (Cell Signaling Technologies, USA), COOH

terminus XBP-1 (Biolegend, USA), Sp3 and GAPDH

(eBioscience, USA), and b-actin (Boster, China). After

being washed four times in TBST buffer, the membranes

were incubated with an HRP-conjugated secondary antibody

for 1 h at room temperature and then treated for chemilu-

minescence (Santa Cruz, USA). Band intensities were

quantified by densitometry. In the immunoprecipitation

assay, IRS-1 protein was pulled down with an IRS-1 anti-

body and Ser307 phosphorylation was determined by

Western blot.

Statistical analysis

Data are presented as means ± SEM. Statistical analysis

was conducted using one-way ANOVA followed by a

Student–Newman–Keuls test. Significance was defined at

P \ 0.05.
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