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Abstract

Aim: The aim of the present study was to observe the effects of resistin on insulin

sensitivity and glucose output in rat-derived hepatocytes.  Methods: The rat

hepatoma cell line H4IIE was cultured and stimulated with resistin; supernant

glucose and glycogen content were detected.  The insulin receptor substrate

(IRS)-1 and IRS-2, protein kinase B/Akt, glycogen synthase kinase-3β (GSK-3β),

the suppressor of cytokine signaling 3 (SOCS-3) protein content, as well as the

phosphorylation status were assessed by Western blotting.  Specific antisense

oligodeoxynucleotides directed against SOCS-3 were used to knockdown SOCS-3.

Results: Resistin induced insulin resistance, but did not affect glucose output

in rat hepatoma cell line H4IIE.  Resistin attenuated multiple effects of insulin,

including insulin-stimulated glycogen synthesis and phosphorylation of IRS, pro-

tein kinase B/Akt, as well as GSK-3β.  Resistin treatment markedly induced the

gene and protein expression of SOCS-3, a known inhibitor of insulin signaling.

Furthermore, a specific antisense oligodeoxynucleotide directed against SOCS-3

treatment prevented resistin from antagonizing insulin action.  Conclusion: The

major function of resistin on liver is to induce insulin resistance.  SOCS-3 induc-

tion may contribute to the resistin-mediated inhibition of insulin signaling in H4IIE

hepatocytes.
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Introduction

Type 2 diabetes has been tightly linked to obesity by

several lines of epidemiological and metabolic evidence[1].  A

key site for lipid storage in mammals is adipose tissue, which

can act as an endocrine and secretory organ by secreting a

wide range of hormones and other protein factors called

adipokines[2,3].  Among the latter is resistin, recently shown

to be involved in insulin sensitivity and glucose tolerance[4,5].

Resistin was discovered while screening for genes that are

downregulated in adipocytes by activators of the peroxi-

some proliferator-activated receptor nuclear receptor[4].

Resistin impaired insulin sensitivity in adipocytes and skel-

etal muscles by impairing insulin-mediated glucose trans-

port[6–8].  Further studies show that administering resistin to

rodents increases blood glucose levels[4,5].  Resistin knock-

out mice exhibit low blood glucose levels after fasting, due

to reduced hepatic glucose production[9].  These findings

support that the major effect of resistin is on the liver in the

maintenance of blood glucose.  However, the direct effect of

resistin on hepatocytes is unknown.

Another protein involved in insulin regulation is the sup-

pressor of cytokine signaling 3 (SOCS-3).  It is a 32 kDa

protein that belongs to a family of proteins (SOCS family)

originally identified as inducible inhibitors of signal trans-

duction by gp130 cytokines[10,11].  SOCS-3 inhibits insulin

signal transduction by promoting the reduction tyrosine phos-

phorylation of insulin-induced insulin receptor substrate (IRS)
[12].  Moreover, SOCS-3 may decrease insulin signal transduc-

tion by targeting IRS-1 and IRS-2 for proteasomic degrada-
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tion[13].

In the present study, we found that resistin induced in-

sulin resistance, but did not affect glucose output in H4IIE

hepatocytes.  We also investigated whether resistin and

SOCS-3 interact to exert their effects on insulin signal

transduction.  We found that the effects of resistin on the

insulin signaling pathway occurred at the level of IRS-1 and

IRS-2 by inducing SOCS-3 and blocking SOCS-3; antisense

oligodeoxynucleotides (ASO) prevented resistin from an-

tagonizing insulin action.  In this study, we investigated the

direct action of resistin on rat-derived hepatocytes.

Materials and methods

Cell culture  The rat hepatoma cell line H4IIE was cul-

tured and maintained at 37 °C in an atmosphere of 5% CO2 in

Dulbecco’s modified Eagle’s medium (DMEM; Gibco BRL,

Grand Island, NY, USA) containing 1 g/L glucose and 10%

fetal bovine serum (Gibco BRL, Grand Island, NY, USA).

Viability tests The H4IIE hepatocytes were seeded at a

density of 2×104 cells/well in 100 µL culture medium in 96-

well microplates; a 3-(4,5-dimethyl-2-thiazol-yl)-2,5-

diphenyltetrazolium bromide (MTT) colorimetric assay

(Amersham, Picataway, UK) was performed.  Before testing,

the cells were incubated in serum-free DMEM (1 g/L glucose)

overnight in the presence of recombinant rat resistin (100

ng/mL; Alexis, San Diego, CA, USA) for 8 h.  Then they were

incubated for 2 h at 37 °C in supplemented 0.5 g/L MTT, after

which the formazan crystals were solubilized with DMSO.

The optical density was recorded at 570 nm[14].

Glycogen detection  The H4IIE hepatocytes were incu-

bated in serum-free DMEM (1 g/L glucose) overnight before

the assays were performed.  The glucose levels were ad-

justed to 4.5 g/L and the H4IIE hepatocytes were treated

with resistin (60 ng/mL).  This dose was chosen because it is

the physiological concentration of resistin as determined by

our previous work that the serum levels of resistin are ap-

proximately 60 ng/mL in diet-induced, obese rats.  To as-

sess glycogen synthesis, the cells were lysed with 30% KOH

and then incubated in vials at 100 °C for 20 min.  After the

addition of anhydrous ethanol, the vials were centrifuged at

4000×g for 15 min and the supernatants were discarded.  Next,

0.5 mL distilled water and 1 mL of 0.2% anthrone (0.2 g of

anthrone in 100 mL of 98% H2SO4 [g/mL], prepared freshly

within 1 h) were added, and the vials were placed in boiling

water for 20 min.  The optical density at 620 nm of the solu-

tion in the vials was determined by photometry.  This method

could detect 1.6 µg glucose/mL, which was equivalent to

1.44 µg glycogen/mL[15].

Glucose output  For the glycogenolysis analysis, the glu-

cose output from H4IIE hepatocytes was determined during

a subsequent 30 min, 1 h, 2 h, and 4 h incubation period in

serum-free DMEM without glucose or pyruvate.  Resistin

(60 ng/mL) or 100 nmol/L glucagon (Sigma, St Louis, USA)

was added.  The medium was collected and stored at -20 °C

until assayed for glucose using the glucose oxidase method

(Rongsheng, Shanghai, China)[16].

Immunoblotting and immunoprecipitation  The treated

cells were collected, washed with ice-cold phosphate buff-

ered saline, and lysed in protein lysis buffer (50 mmol/L Tris,

150 mmol/L NaCl, 10 mmol/L EDTA, 1% Triton X-100, 200

mmol/L NaF, and 4 mmol/L Na orthovanadate-containing

protease inhibitors, pH 7.5) for 1 h on ice[17].  The protein

concentration was measured by the Bradford method.  IRS

was immunoprecipitated from the cell lysates (200 µg) with 4

µg of antibody at 4 °C overnight.  Protein A/G-agarose (Santa

Cruz, CA, USA) was added to collect the immune complexes.

The pellets were washed 3 times with lysis buffer, resus-

pended in Laemmli sample buffer and boiled for 90 s, and

then centrifuged to save the supernatant prior to the SDS

gels[4].  The proteins (10 µg/lane) were separated on 10%

SDS–PAGE and transferred to nitrocellulose membranes.

The membranes were blocked with 5% bovine serum al-

bumin (BSA) in TBST (50 mmol/L Tris, pH 7.5, 150 mmol/L

NaCl, and 0.05% Tween-20).  The membrane was incubated

in 2% BSA in TBST containing one of the following primary

antibodies: IRS-1, IRS-2 (1:800; Cell Signaling, Danvers, MA,

USA), anti-phospho-tyrosine (4G10, 1:800; Cell Signaling,

Danvers, MA, USA), anti-phospho-Akt (Thr 308), or anti-

phospho-Akt (Ser 473, 1:1000; Kangchen, Shanghai,

China), anti-phospho-glycogen synthase kinase (GSK)-3β

(Ser 9; 1:1000; Kangchen, Shanghai, China), SOCS-3 (1:

500; Zhongshan, China), or GAPDH (1:2000; Kangchen,

Shanghai, China).  Next, the membranes were washed exten-

sively with TBST, and then incubated with an appropriate

secondary horseradish peroxidase-labeled antibody:

antigoat, antimouse, or antirabbit (Santa Cruz, CA, USA) at a

1:4000 dilution.  The bands were visualized by enhanced

chemiluminescence (Amersham Biosciences, Picataway, UK).

RNA preparation and amplification by RT-PCR  Total

RNA was isolated from cultured H4IIE hepatocytes using

the TRIzol method (Invitrogen, Madison, WI, USA).  Single-

strand cDNA synthesis was performed as follows: the re-

verse transcription mixture contained 1 µg total RNA, 0.5 µg

of oligo d(T) primer, 4 µL of 5×RT buffer, 0.5 mmol/L

deoxynucleotides, 50 U of RNase inhibitor, and 200 U of

reverse transcriptase (Promega, Madison, WI, USA) in a

total volume of 20 µL.  The reaction was performed at 42 °C
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for 1 h followed by heat inactivation at 95 °C for 5 min.  The

number of cycles and reaction temperatures used in the PCR

assay were optimized to provide a linear relationship be-

tween the amount of input template and the amount of PCR

product.  The primers used for the amplification, together

with their specific optimum cycling conditions, were as

follows:

Rat SOCS-3 (366 bp product): sense primer, 5'-CAC AGC

AAG TTT CCC GCC GCC-3' and antisense primer, 5'-GTG

CAC CAG CTT GAG TAC ACA-3', annealing temperature at

58 °C for 29 cycles.

β-actin (240 bp product): sense primer, 5'-TAA AGA

CCT CTA TGC CAA CAC AGT-3' and antisense primer: 5'-

CAC GAT GGA GGG GCC GGA CTC ATC-3' annealing tem-

perature at 57°C for 25 cycles.

ASO against SOCS-3 mRNA  The phosphorothioate-

modified ASO sequences against SOCS-3 were as follows:

sense, 5'-CAT GGT CAC CCA CAG-3' and antisense, 5'-

CTG TGG GTG ACC ATG-3'[18] (Invitrogen, Shanghai,

China).  The H4IIE hepatocytes were transfected with the

ASO at a final concentration of 500 nmol/L in serum-free

DMEM and FuGENE6 (Roche, Basel, BS, Switzerland)[19].

Statistical analysis The data are presented as mean±SEM.

The statistical analysis was performed using one-way

ANOVA or the paired Student’s t-test where appropriate.

Differences between groups were considered statistically

significant when P<0.05.

Results

Resistin induces cellular insulin resistance in H4IIE

hepatocytes  Glycogen synthesis in insulin-stimulated hepa-

tocytes is the most important marker of hepatocyte insulin

sensitivity.  After treatment with resistin for 2 h, basal glyco-

gen synthesis decreased approximately 17% and insulin-

stimulated glycogen synthesis decreased approximately 26%

in the H4IIE cells (Figure 1).

Importantly, cell viability was unaffected by resistin as

assessed by the MTT assay.  After treating the cells with

100 ng/mL resistin for 8 h, the optical density of the reaction

product for the controls was 0.3067±0.018 and 0.3203±0.019

for the resistin-treated cells (n=12).

Resistin does not affect glucose output After incubation

with 60 ng/mL resistin for 30 min, 1 h, 2 h, and 4 h, glucose

output was unchanged compared to the control (Figure 2).

In this experiment, glucose output after stimulation with 100

nmol/L glucagon was used as a positive control.

Resistin inhibits insulin-stimulated IRS-1, IRS-2, Akt,

and GSK-3ββββ phosphorylation  To determine the mechanisms

contributing to resistin-induced insulin resistance, we in-

vestigated whether resistin affects the IRS/PI3K/PDK/Akt/

GSK pathway, which is stimulated by insulin during glyco-

gen synthesis[20].  Resistin decreased insulin-stimulated ty-

rosine phosphorylation of IRS-1 by 79% without affecting

the total protein levels of IRS-1 (Figure 3A).  In parallel, the

insulin-stimulated tyrosine phosphorylation of IRS-2

decreased by approximately 70% by resistin (Figure 3B).  IRS-

Figure 1.  Resistin-induced insulin resistance in H4IIE hepatocytes

was blocked by ASO to SOCS-3. Serum-starved H4IIE hepatocytes

were treated with resistin (60 ng/mL) for 2 h prior to insulin stimula-

tion (100 nmol/L for 2 h), and then glycogen was measured. Basal

glycogen synthesis decreased in H4IIE cells compared to the nega-

tive control (n=6, bP<0.05 vs negative control). Similarly, insulin-

stimulated glycogen synthesis decreased compared to the positive

control (n=6, eP<0.05 vs insulin treatment). Blocking SOCS-3 with

ASO increased glycogen synthesis compared to control ASO (n=6,
hP<0.05 vs control ASO).

Figure 2.  Resistin does not affect glucose output. After incubation

with 60 ng/mL resistin for 30 min, 1 h, 2 h, and 4 h, glucose output

compared to the control was unchanged. In this experiment, glucose

output after stimulation with 100 nmol/L glucagon was used as a

positive control (n=6).
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associated Akt phosphorylation was reduced in the resistin-

treated hepatocytes (Figure 3C).  Furthermore, the down-

stream activation of GSK by insulin was diminished by 33%

by resistin (Figure 3D).  These results showed that resistin

inhibited the insulin-stimulated phosphorylation of IRS-1,

IRS-2, Akt, and GSK-3β, but did not significantly affect the

total protein levels.  Thus, resistin induced cellular insulin

resistance in rat-derived hepatocytes at the steps of IRS

phosphorylation.

Resistin upregulates SOCS-3 expression  SOCS-3 nega-

tively regulates insulin signaling by 2 distinct mechanisms.

First, SOCS-3 promotes the reduction of insulin-induced IRS

tyrosine phosphorylation[12].  Second, SOCS-3 targets IRS-1

and IRS-2 for proteasomic degradation[13].  Since we found

Figure 3.  Resistin inhibits insulin-stimulated IRS-1, IRS-2, Akt, and GSK-3β  phosphorylation. Serum-starved H4IIE hepatocytes were treated

with resistin (60 ng/mL) for 2 h prior to insulin stimulation (100 nmol/L for 2 h). (A) resistin decreased the insulin-stimulated tyrosine

phosphorylation of IRS-1 by 79% (n=3, eP<0.05 vs insulin treatment) and basal tyrosine phosphorylation of the IRS-1 by 68% (n=3, bP<0.05

vs negative control) without affecting total protein levels of the IRS-1. (B) insulin-stimulated tyrosine phosphorylation of IRS-2 decreased by

approximately 70% (n=3, eP<0.05  vs insulin treatment) and basal tyrosine phosphorylation of IRS-2 by 49% (n=3, bP<0.05 vs  negative

control) by resistin. (C) resistin decreases both insulin-stimulated and basal serine and threonine phosphorylation of Akt (n=3, eP<0.05 vs

insulin treatment; bP<0.05 vs negative control). (D) downstream activation of GSK by insulin was diminished by 33% by resistin (n=3, bP<0.05 vs

insulin treatment). Note that in each case the total protein level is not significantly changed.
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that resistin also decreased IRS phosphorylation, we aimed

to determine whether resistin exerts its effects on insulin

signal transduction via modulating SOCS-3.  SOCS-3 mRNA

was significantly increased 2-fold over the control (Figure

4A).  The SOCS-3 protein level was upregulated approxi-

mately 2.7-fold by resistin (60 ng/mL for 2 h) compared with

the control (Figure 4B).

Blocking SOCS-3 impairs resistin antagonism of

insulin action  The sequence 5 -́CTG TGG GTG ACC ATG-3´

was capable of reducing 70% resistin-stimulated SOCS-3 ex-

pression (Figure 5).  Resistin decreased both basal and insu-

lin-stimulated glycogen synthesis.  Basal glycogen synthe-

sis decreased by approximately 17% and insulin-stimulated

glycogen synthesis was reduced by approximately 26% in

cells treated for 2 h with resistin (Figure 1).  This reduced

insulin-stimulated glycogen synthesis by resistin was de-

creased by 50% when SOCS-3 was inhibited via ASO (Figure

1).  Thus, the effect of resistin on insulin signal transduction

may be mediated in part through its regulation of SOCS-3.

Discussion

In this study we examined the direct effect of resistin on

glucose output and glycogen synthesis and metabolism in

rat hepatocyte cells.  We show that resistin induced cellular

insulin resistance, but did not affect glucose output in

hepatocytes.  We have shown that resistin inhibits basal

and the insulin-stimulated phosphorylation/activation of

IRS-1and  IRS-2, and its downstream targets Akt and GSK.

SOCS-3 may decrease IRS-1 and IRS-2 phosphorylation[12,13].

SOCS-3 was found to be a cellular mediator of the ability of

resistin to antagonize insulin action in adipocytes[8].  We

show that the resistin-induced SOCS-3 expression also ap-

pears to mediate resistin’s inhibitory effects on IRS, Akt,

and GSK in rat-derived hepatocytes.

Resistin plays a role in diet-induced hepatic insulin re-

sistance[21]; resistin knockout mice exhibit low blood glu-

cose levels after fasting[9].  These findings support a physi-

ological function for resistin in the maintenance of blood

glucose.  The overexpression of resistin impairs the glucose

tolerance in adult human hepatocytes[22], but serum and

plasma resistin levels were either reduced or increased in

type 2 diabetes patients with no significant correlation with

homoeostasis model assessment for insulin resistance, waist

Figure 4.  SOCS-3 expression and protein level is upregulated by resistin. Serum-starved H4IIE hepatocytes were treated with resistin (60 ng/mL

for 2 h). (A) SOCS-3 mRNA was increased by resistin compared to the controls (n=6, bP<0.05 vs control). (B) Western blots show that resistin also

increased SOCS-3 protein levels (n=3, bP<0.05 vs control).

Figure 5.  ASO against SOCS-3 mRNA reduced SOCS-3 protein

levels. H4IIE hepatocytes were transfected with ASO (500 nmol/L)

to SOCS-3. Western blots show that resistin (60 ng/mL for 2 h)

significantly increased SOCS-3 protein levels, and ASO to SOCS-3

markedly reduced this increase (n=3, bP<0.05 vs control ASO).
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circumference, body mass index, or total cholesterol[23].  These

studies suggest that resistin is unlikely to play a critical en-

docrine role in insulin resistance or energy homoeostasis in

humans.  Studies have found that resistin participates in the

regulation of fasted blood glucose in resistin knockout mice[9].

Administering resistin to rodents increases blood glucose

levels[4,5].  These findings suggest that the liver is another

important resistin target organ.  So it is necessary to investi-

gate the function of resistin on rodent hepatocytes.

Resistin affects insulin regulation in several different cell

types.  In L6 rat skeletal muscle cells, it does not alter insulin

receptor signaling, but does affect insulin-stimulated glu-

cose uptake, presumably by decreasing the intrinsic activity

of cell surface glucose transporters[6].  Insulin-stimulated glu-

cose uptake is also inhibited by resistin in matured 3T3-L1

adipocytes[8].

In this study we examined the direct effect of resistin on

glycogen synthesis, glucose output, and the metabolism in

H4IIE hepatocytes.  First, we demonstrated that resistin in-

hibits both basal and insulin-stimulated glycogen synthesis,

but does not affect glucose output in H4IIE hepatocytes.  In

hyperinsulinemic states, the hepatic glucose output was

upregulated in resistin-like molecule β transgenic mice, but

the hepatic glucose output was unchanged in normal states

in resistin-like molecule β transgenic mice[24].  Resistin af-

fects glucose metabolism and may be insulin-dependent, simi-

lar to resistin-like molecule β.  Insulin clamps studies have

demonstrated that resistin infusion increased hepatic glu-

cose output[25].  In that case, the serum resistin concentra-

tion is far more than our 60 ng/mL, which is the physiological

concentration of resistin in diet-induced obese rats.  High

concentration of resistin, not the physiological concentra-

tion may increase glucose output.

Next, we sought to elucidate the mechanisms underlying

the resistin-induced impairment of glycogen synthesis by

studying the IRS/Akt/GSK pathway.  Resistin affected the

insulin signal pathway at the level of IRS-1 and IRS-2, as

evidenced by the decreased insulin-dependent phosphory-

lation of IRS and comparable reductions in downstream

signals, including the phosphorylation of Akt and GSK.

Resistin was also shown to increase SOCS-3 mRNA and

protein in H4IIE hepatocytes.  SOCS-3 belongs to the SOCS

protein family, which is composed of 8 members, all pos-

sessing a common structure that displays a variable N-termi-

nal region, a central SH2 domain, and a C-terminal tail, named

the SOCS box motif[26].  SOCS-3 binds to phosphorylated

insulin receptors and competitively interferes with the bind-

ing of other SH2 domain-containing proteins[26].  The induc-

tion of SOCS-3 in the liver is an important mechanism for

interleukin-6-mediated insulin resistance[27].  Blocking SOCS-

3 expression by ASO showed that the loss of SOCS-3 func-

tion impairs the resistin antagonism of insulin action.  Thus,

the induction of SOCS-3 in H4IIE hepatocytes also appears

to be an important mechanism by which resistin induces in-

sulin resistance.

In summary, we found that the function of resistin on

the liver was to induce insulin resistance, but not to impair

glucose output.  Resistin attenuated multiple effects of

insulin, including insulin-stimulated glycogen synthesis and

the phosphorylation of IRS, protein kinase B/Akt, as well

as GSK-3β.  Furthermore, resistin may antagonize insulin

action by increasing SOCS-3 at both the mRNA and pro-

tein levels.  Taken together, these results show that the in-

duction of SOCS-3 is an important mechanism by which

resistin induces insulin resistance.
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