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Crocetin attenuates palmitate-induced insulin
insensitivity and disordered tumor necrosis factor-a
and adiponectin expression in rat adipocytes

L Xi1, Z Qian1, G Xu2, C Zhou1 and S Sun1

1Department of Pharmacology, China Pharmaceutical University, Nanjing, PR China and 2Center for New Drug Research
and Development, College of Life Science, Nanjing Normal University, Nanjing, PR China

Background and purpose: A number of studies have implicated adipocyte-derived factors in the development of insulin
resistance. Intracellular redox status has been reported to play a significant role in the modulation of insulin action. This study
was designed to investigate the potential of crocetin, a potent antioxidant, to protect adipocytes against the induction of
insulin insensitivity and disordered expression of tumor necrosis factor (TNF)-a and adiponectin in vitro.
Experimental approach: We used palmitate to induce insulin resistance in freshly isolated rat adipocytes, and observed the
effect of crocetin, N-acetylcysteine, diphenyleneiodonium, rotenone and oxypurinol. Insulin sensitivity was measured using
2-deoxy-D-[1-3H]-glucose uptake assay. Levels of glucose transporter 4, TNF-a and adiponectin were evaluated by
immunoblot analysis, and levels of mRNA for TNF-a and adiponectin by reverse transcription-polymerase chain reaction
analysis. Intracellular production of reactive oxygen species (ROS) was determined spectrofluorometrically using 2’,7’-
dichlorofluorescin diacetate.
Key results: Palmitate induced a 45% decrease in insulin-stimulated glucose uptake in adipocytes. The mRNA and
protein expression of TNF-a were enhanced by 64% and 59% respectively whereas the mRNA and protein expression of
adiponectin were reduced by 43% and 36% respectively by palmitate treatment. These changes were accompanied by a 54%
increase in intracellular ROS levels. Crocetin, N-acetylcysteine and diphenyleneiodonium were found to attenuate these
abnormalities.
Conclusions and Implications: Crocetin blocked the impaired insulin-stimulated glucose uptake and disordered TNF-a and
adiponectin expression induced by palmitate in rat adipocytes. Inactivation of NADPH oxidase may account for these
observations.
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Introduction

Insulin resistance, characterized by lowered responses of body

tissues to insulin action, is a major public health problem

closely associated with obesity, dyslipidemia, hypertension

and type II diabetes mellitus (Reaven and Laws, 1994). The

molecular mechanisms underlying the development of

insulin resistance and its related diseases remain unclear but

are thought to involve a number of adipocyte-derived factors

(Arner, 2003; Lau et al., 2005). As a primary energy-storing

organ, adipocytes accumulate triglycerides and provide

energy in the form of free fatty acids (FFAs), which is accepted

as a crucial link between obesity and insulin resistance.

Adipocytes also produce numerous hormones and cytokines

that participate in a variety of physiological functions, among

which tumour necrosis factor (TNF-a) and adiponectin, as

well as some other adipokines, have been considered as

important modulators of insulin sensitivity (Borden, 1997).

Although expressed at high level in other cells, the inflam-

matory cytokine TNF-a produced from adipocytes has

received much attention because of its insulin resistance-
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inducing property (Hotamisligil et al., 1993). Adiponectin is

an adipocyte-specific circulating protein possessing insulin-

sensitizing, anti-inflammatory and other beneficial effects

(Bays et al., 2004).

Adipocyte dysfunction characterized by excessive release

of FFAs and disordered expression/secretion of adipokines is

implicated in the progression of insulin resistance (Arner,

2003; Bays et al., 2004; Evans et al., 2004), but the underlying

mechanisms are seldom known. Growing evidence suggests

an important role of intracellular redox status in the

modulation of insulin action, and increased oxidative stress

in accumulated fat is recognized as an early instigator of

insulin resistance syndrome (Evans et al., 2004; Furukawa

et al., 2004). In cultured adipocytes, FFAs lead to dysregu-

lated production of adipokines owing to increased cellular

oxidative stress (Furukawa et al., 2004) and chronic exposure

to oxidative stress impairs insulin signalling (Rudich et al.,

1998). The use of antioxidants has been proposed as a

potential new approach for the treatment of insulin

resistance and associated diseases (Caballero, 1993; Tsuda

et al., 2003; Evans et al., 2004; Vasdev et al., 2004). Crocetin is

a unique carotenoid found in the dried stigma of Crocus

sativus Linne and the fruit of Gardenia jaminoides Ellis. This

compound is a potent antioxidant possessing multiple

pharmacological properties including anti-inflammatory,

anti-atherosclerotic and anticarcinogenic activities (Giaccio,

2004). Our laboratory has recently demonstrated that

crocetin has a beneficial effect on insulin sensitivity in

fructose-fed rats (Xi et al., 2007).

In the present study, we demonstrate that crocetin may

protect against impaired insulin-stimulated glucose uptake

and disordered expression of adiponectin and TNF-a induced

by palmitate, a saturated fatty acid, in rat adipocytes,

probably via its potent antioxidant effects.

Methods

Isolation and treatment of rat adipocytes

Male Wistar rats from Slac Laboratory Animal Company

(Shanghai, China) were housed in a temperature- and light-

controlled (12 h light/dark cycles) room, with free access to

water and standard laboratory chow. All procedures were

performed in accordance with the institutional guidelines

for animal care of China Pharmaceutical University and

approved by the local animal research committee.

The epididymal adipocytes were isolated by collagenase

digestion based on the method of Rodbell (1964) with minor

modification. Briefly, the animals at the body weight of 180–

200 g were killed by decapitation after an overnight fast. The

epididymal fat pads were removed, and washed with 0.9%

NaCl solution (371C) under sterile conditions. The minced

adipose tissues were digested into cells for 90 min at 371C in

Krebs–Ringer bicarbonate HEPES (KRBH) buffer (115 mM

NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.25 mM MgSO4, 1.2 mM

NaH2PO4, 20 mM NaHCO3, 10 mM HEPES, pH 7.4) supple-

mented with 0.5% bovine serum albumin (BSA, Fraction V),

1 mM pyruvate and 0.1% type IV collagenase. The cell

suspension was filtered through nylon mesh (250 mm),

and washed with KRBH buffer containing 0.5% BSA

and 1 mM pyruvate three times. The harvested cells

were resuspended to give 1�1.5�106 cells ml�1 in KRBH

buffer containing 0.5% BSA and 1 mM pyruvate at 371C, in

5% CO2/95% O2.

After stabilization (incubation at 371C for 1 h; 5% CO2/

95% O2), the cells (2–3�105 per tube; 2 ml, sterile poly-

propylene) were treated with control solutions (fatty acid-

free BSA and vehicle; see below), palmitate (300 mM),

palmitate (300 mM) plus high-concentration crocetin (50 mM)

and low-concentration crocetin (5 mM), respectively, for 10 h

at 371C, in 5% CO2/95% O2. The incubation period is based

on preliminary experiments in our laboratory indicating that

insulin-stimulated glucose uptake was significantly de-

creased (by approximately 50%) by palmitate at this time

point. Other experimental groups, used to examine the

possible role of oxidative stress and different enzymes in this

cell model, were treated under the same conditions, with

palmitate plus either N-acetylcysteine (NAC, 10 mM), diphe-

nyleneiodonium (DPI, 20 mM), rotenone (100 mM) or oxypur-

inol (100 mM); these are different types of inhibitors of the

enzymes that catalyse the production of reactive oxygen

species (ROS) (Table 1).

The palmitate solution used for incubation with the

adipocytes was prepared by conjugating the fatty acid with

fatty acid-free BSA according to the method of (Cousin et al.,

2001). Control cells were treated with identical concentra-

tion of fatty acid-free BSA without palmitate. Crocetin was

dissolved in 0.1% dimethyl sulphoxide in KRBH buffer and

other groups were treated with identical concentrations of

dimethyl sulphoxide.

Glucose uptake assay

Glucose uptake assay was performed using radiolabeled

2-deoxyglucose. Briefly, the adipocytes were incubated with

or without insulin (10 nM) in KRBH buffer containing 0.5%

BSA and 1 mM pyruvate at 371C for 30 min. Then 2-deoxy-D-

[1–3H]glucose in KRBH buffer was added (final concentration

0.1 mM) to the cells at 371C for 5 min. The reaction was

terminated by cold silicone oil and the cell layer was

separated by centrifugation. The aqueous solution under

the oil layer was abandoned, and the radioactivity of the cell

layer was measured using a Wallac Guardian 1414 liquid

scintillation counter (PerkinElmer Life and Analytical

Sciences Inc., Boston, MA, USA) in OptiPhase HiSafe 3 liquid

scintillation cocktail (Wallac, Turku, Finland). Nonspecific

glucose uptake was simultaneously determined in the

presence of cytochalasin B.

Table 1 The inhibitors of different enzymes involved in ROS produc-
tion, which were used in this study

Agents Type of action

N-acetylcysteine General antioxidant
Diphenyleneiodonium Specific inhibitor of NADPH oxidase
Rotenone Specific inhibitor of mitochondrial

electron transport chain complex I
Oxypurinol Specific inhibitor of xanthine oxidase

Abbreviations: NADPH, nicotinamide adenine dinucleotide phosphate; ROS,

reactive oxygen species.
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Plasma membrane preparation and GLUT4 translocation assay

The plasma membrane fraction of adipocytes was prepared

based on a previously published method (McKeel and Jarett,

1970) with minor modification. Briefly, after treatment with

or without 10 nM insulin for 30 min, the adipocytes were

homogenized in a buffer containing 250 mM sucrose, 1 mM

ethylenediaminetetraacetic acid (EDTA), and 20 mM Tris-HCl

(pH 7.4) in the presence of protease inhibitors. The

homogenate was centrifuged at 12 000 g for 15 min. After

washing, the pellet was resuspended and centrifuged at 800 g

for 10 min. After centrifugation of the supernatant at

12 000 g for 20 min, the pellet was resuspended and centri-

fuged at 110 000 g for 60 min on a linear sucrose gradient

with the density ranging from 1.05 to 1.25 g ml�1. The

plasma membrane band was removed and centrifuged at

45 000 g for 30 min. All these centrifugations were carried out

at 41C. The final pellet was resuspended to give a concentra-

tion of 1 mg protein ml�1. The plasma membrane extract was

subjected to immunoblot analysis as described below.

Immunoblot analysis

The adipocytes were solubilized in cold lysis buffer (50 mM

HEPES, 50 mM NaCl, 1% Triton X-100 and 10 mM EDTA)

containing freshly added protease inhibitors (25 mg ml�1

aprotinin, 25 mg ml�1 leupeptin and 1 mM phenylmethylsul-

phonyl fluoride). For immunoblot analysis, samples of total

cell lysates or plasma membrane extracts were subjected to

sodium dodecyl sulphate-polyacrylamide gel electrophoresis

on 12% resolving gel with 6% stacking gel. Proteins were

blotted onto polyvinylidine difluoride membranes by electro-

transfer. After blocking with 5% dried milk in PBS at 41C

overnight, membranes were incubated with specific anti-

bodies against glucose transporter 4 (GLUT4), TNF-a or

adiponectin in PBS containing 1% dried milk. Subsequently,

membranes were incubated with horseradish peroxidase-

linked secondary antibodies for enhanced chemilumine-

scent detection (Amersham, Sweden). The density of the

bands was scanned using a Bio-Rad Molecular Imager.

Protein determination

The concentrations of protein in different samples were

determined with a bicinchoninic acid protein assay kit

(Jiangcheng, Nanjing, China), using BSA as the standard.

Reverse transcription-polymerase chain reaction analysis

Total cellular RNA (2.0 mg), extracted using Trizol reagent

(Gibco BRL, Burlington, Canada), was incubated with Oligo

dT(18) primer (0.5 mg ml�1) at 701C for 5 min, and reverse

transcribed to cDNA in a mixture containing 5�Moloney

murine leukaemia virus (MMLV) reaction buffer, 40 U RNase

inhibitor (Toyobo, Osaka, Japan), 0.52 mM deoxynucleoside

triphosphate (dNTP) Mix (Bio-Rad, Hercules, CA, USA), and

200 U MMLV reverse transcriptase (Toyobo). Polymerase

chain reaction (PCR) was performed in a mixture containing

2.5 ml 10�PCR buffer, 2 ml reverse transcribed template

solution, 1.5 mM MgCl2, 0.5mM of each sense and antisense

primers (Sangon, Shanghai, China), 0.2 mM dNTP Mix (Bio-

Rad) and 1 U iTaq DNA polymerase (Bio-Rad). Preliminary

experiments were conducted with different cycles to find the

optimal conditions for PCR amplification of each gene. The

specific primer sequences were: b-actin (GenBank

No.NM_031144) 50-GAG AAG ATT TGG CAC CAC AC-30

(sense) and 50-CAT CAC AAT GCC AGT GGT AC-30

(antisense), GLUT4 (GenBank No. NM_012751) 50-GTG

TGG CTG TGC CAT CTT GA-30 (sense) and 50-AGG AAG

GTG AAG ATG AAG AAG CC-30 (antisense), TNF-a (GenBank

No.X66539) 50-CTC GAG TGA CAA GCC CGT AG-30 (sense)

and 50-TTG ACC TCA GCG CTG AGC AG-30 (antisense), and

adiponectin (GenBank No. NM_14474450-TCC TGG TCA

CAA TGG GAT ACC-30 (sense) and 50-ATC TCC TGG GTC

ACC CTT AGG-30 (antisense). iTaq DNA polymerase was

activated by a 941C incubation step for 5 min. After initial

denaturation, reactions were performed as follows: for

b-actin detection, 561C for 50 s, 721C for 40 s, 30 cycles

(213 bp); for GLUT4, 581C for 40 s, 721C for 40 s, 35 cycles

(318 bp); for TNF-a detection, 551C for 50 s, 721C for 40 s, 30

cycles (386 bp); for adiponectin detection, 561C for 40 s, 721C

for 40 s, 28 cycles (109 bp). A final extension step at 721C for

7 min was performed. The products were electrophoresed on

1.5% agarose gel and stained with ethidium bromide. The

density of the bands was measured using a Bio-Rad Gel

Documentation system. Relative quantitation for the PCR

products was calculated after normalization to the amount

of b-actin mRNA level.

Determination of ROS production

Intracellular ROS production was measured using 20,70-

dichlorofluorescein diacetate as described previously (Moini

et al., 2002). Briefly, the cells were loaded with 20 mM 20,70-

dichlorofluorescein diacetate for 30 min. The chemical is

oxidized intracellularly by ROS to the fluorescent form of the

dye 20,70-dichlorofluorescein. After the medium was re-

moved, the cells were sonicated and then the fluorescence

of 20,70-dichlorofluorescein was measured with a spectro-

fluorometer at 485-nm excitation and 525-nm emission.

Based on the previous studies in our laboratory, crocetin has

no effect on fluorescence with both excitation and emission

wavelength for ROS determination. The data were expressed

in arbitrary units and normalized to the protein content of

adipocytes for determination.

Data analysis

All data were expressed as mean7s.d. unless otherwise

stated. The differences among groups were analysed by

analysis of variance. P-values less than 0.05 were considered

to be statistically significant.

Chemicals

Crocetin (498%, high-performance liquid chromatography)

were prepared from the fruit of Gardenia jaminoides Ellis in

our laboratory (Xi et al., 2005). BSA was purchased from

Roche (Mannheim, Germany). 2-Deoxy-D-[1–3H]glucose

(5.4 Ci mmol�1) was purchased from Atom High-tech

(Beijing, China). Polyclonal antibodies against GLUT4,

adiponectin were purchased from Santa Cruz Biotechnology

(Santa Cruz, CA, USA), and other antibodies from Boster
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Bioengineering (Wuhan, China). Other chemicals were of

analytical or molecular biology grade and obtained from

Sigma-Aldrich (St Louis, MO, USA) unless otherwise stated.

Results

Insulin-stimulated 2-deoxyglucose uptake, GLUT4 translocation,

intracellular GLUT4 protein and mRNA expression

As shown in Figure 1, palmitate treatment (300 mM, 10 h)

induced a significant inhibition of insulin-stimulated

2-deoxyglucose uptake by adipocytes, indicating that the

cells became resistant to insulin. This inhibition was reversed

by adding crocetin at either 50 mM or 5 mM, NAC or DPI, but

rotenone and oxypurinol did not show any reversal of the

palmitate-induced inhibition (Figure 1). There was no

significant difference in basal glucose uptake among all

groups. Basal and insulin-stimulated GLUT4 translocation

(Figure 2a), intracellular GLUT4 protein expression

(Figure 2b) and mRNA expression (Figure 4) were comparable

among all groups.

Intracellular protein and mRNA expression of TNF-a
and adiponectin

Figures 3 and 4 demonstrate that both protein and mRNA

expression of TNF-a were significantly enhanced, while those

of adiponectin were reduced in palmitate-treated adipocytes.

This abnormal expression of TNF-a and adiponectin was

corrected by adding crocetin at either 50 mM or 5 mM, NAC or

DPI, but rotenone and oxypurinol were ineffective in

reversing palmitate-induced changes (Figure 4)

Intracellular ROS production

A significant elevation in intracellular ROS level was

observed in palmitate-treated adipocytes (Figure 5) and this

was controlled by DPI (a specific nicotinamide adenine

dinucleotide phosphate (NADPH) oxidase inhibitor), NAC

(a general antioxidant) and two concentrations of crocetin.

Rotenone and oxypurinol, however, did not exhibit any

inhibitory effects on the increased intracellular ROS produc-

tion, induced by palmitate. These results suggest

that NADPH oxidase may constitute the major source of

enhanced oxidative stress in palmitate-treated adipocytes.

Discussion and Conclusions

Much attention has focused on the potential role of

adipocyte dysfunction in the onset and development of

insulin resistance (Bergman and Mittelman, 1998). Although

traditionally recognized as an energy-storing organ, the

adipocyte has been clearly established as an active endocrine

and paracrine organ, which secretes various adipokines.

Adipocyte-derived factors, including FFAs and adipokines,

are closely related to the alteration of insulin sensitivity

(Arner, 2003). We have recently demonstrated that crocetin

can enhance insulin sensitivity and favourably regulate TNF-a
and adiponectin expression in white adipose tissues in

fructose-fed rats (Xi et al., 2007). This study employed

palmitate (a saturated fatty acid)-treated rat adipocytes to

investigate the effect of crocetin on impaired insulin action,

as well as disordered expression of TNF-a and adiponectin,

and explored the possible cellular mechanisms of action of

crocetin.

It is well known that elevated plasma levels of FFAs can

cause inhibition of insulin-stimulated glucose disposal and

insulin signalling in vivo (Shulman, 2000; Belfort et al., 2005).

However, the effect of FFAs (especially palmitate) on insulin

action in adipocytes is presently not well understood as

previous studies have yielded contradictory results (Joost and
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Figure 1 Insulin-stimulated 2-deoxyglucose uptake in control
(CON) and treated adipocytes. Treatments were with palmitate
alone (PA) or palmitate with crocetin (50mM, PAþCROh; 5 mM,
PAþCROl), N-acetylcysteine (PAþNAC), diphenyleneiodonium
(PAþDPI), rotenone (PAþROT) or oxypurinol (PAþOXY).
2-Deoxy-D-[1–3H]glucose was added (0.1 mM) at 371C for 5 min
after incubation of adipocytes (2–3�105) with 10 nM insulin at 371C
for 30 min, and then 2-deoxy-D-[1–3H]glucose uptake was mea-
sured. Data are expressed as mean7s.d. of three independent
experiments (n¼6). **Po0.01 vs CON; wPo0.05, zPo0.01 vs PA.
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Figure 2 GLUT4 translocation (a) and intracellular GLUT4 protein
expression (b) in control (CON) and treated adipocytes. Treatments
were with palmitate alone (PA) or palmitate with crocetin (50 mM,
PAþCROh; 5 mM, PAþCROl), N-acetylcysteine (PAþNAC), diphe-
nyleneiodonium (PAþDPI), rotenone (PAþ ROT) or oxypurinol
(PAþOXY). (a) After treatment with or without 10 nM insulin for
30 min, plasma membrane extracts were prepared and GLUT4
protein expression was examined by immunoblot analysis. (b) Total
cell lysates were prepared and GLUT4 protein expression was
examined by immunoblot analysis. Representative results of an
immunoblot analysis are shown. A¼CON; B¼PA; C¼PAþCROh;
D¼ PAþCROl; E¼ PAþNAC; F¼PAþDPI; G¼ PAþ ROT;
H¼PAþOXY.
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Steinfelder, 1985; Hardy et al., 1991; Hunnicutt et al., 1994;

Van Epps-Fung et al., 1997; Lundgren and Eriksson, 2004).

These discrepancies may be due to differences in cell types or

experimental conditions including incubation periods and

concentrations of FFAs in these in vitro studies. It is

noteworthy that washout of FFAs completely reverses their

inhibitory effect on insulin-stimulated glucose uptake in

3T3-L1 adipocytes (Nguyen et al., 2005), indicating that

TNF-αα protein expression
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Figure 3 TNF-a and adiponectin protein expression in control
(CON) and treated adipocytes. Treatments were with palmitate
alone (PA) or palmitate with crocetin (50mM, PAþCROh; 5 mM,
PAþCROl), N-acetylcysteine (PAþNAC), diphenyleneiodonium
(PAþDPI), rotenone (PAþ ROT) or oxypurinol (PAþOXY). Total
cell lysates were prepared and the protein expression of TNF-a and
adiponectin were examined by immunoblot analysis. Representative
results of an immunoblot analysis are shown. Data are expressed as
mean7s.d. of three independent experiments (n¼6). **Po0.01 vs
CON; wPo0.05, zPo0.01 vs PA.
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Figure 4 TNF-a, adiponectin and GLUT4 mRNA expression in
control (CON) and treated adipocytes. Treatments were with
palmitate alone (PA) or palmitate with crocetin (50mM, PAþCROh;
5 mM, PAþCROl), N-acetylcysteine (PAþNAC), diphenyleneiodo-
nium (PAþDPI), rotenone (PAþ ROT) or oxypurinol (PAþOXY).
Total cellular RNA was extracted and the expression of mRNA for b-
actin, TNF-a, adiponectin and GLUT4 were examined by RT-PCR
analysis. The mRNA expression was calculated after normalization to
b-actin mRNA expression. The representative results of RT-PCR
analysis are shown. Data are expressed as mean7s.d. of three
independent experiments (n¼6). **Po0.01 vs CON; wPo0.05,
zPo0.01 vs PA. RT-PCR, reverse transcription-polymerase chain
reaction.
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experimental design may directly affect results. Our study

used palmitate-treated cells for further analysis without

washing and the results showed that chronic exposure of

adipocytes to palmitate decreased insulin-stimulated glucose

uptake. The uptake of glucose into insulin-sensitive tissues is

mediated by a family of structurally related carrier proteins,

of which GLUT4 has been established as the predominant

glucose transporter (Zierath et al., 1996; Charron et al., 1999).

Much evidence has demonstrated that the decrease in the

activity and the expression at the mRNA or protein level of

GLUT4 is an important molecular mechanism of insulin

resistance (Zierath et al., 1996; Charron et al., 1999; Pessin

et al., 1999). In this study, palmitate treatment did not

evidently affect GLUT4 translocation or expression in

adipocytes. These data were consistent with previous reports

suggesting that palmitate leads to insulin resistance in

adipocytes by inhibiting GLUT4 activation instead of GLUT4

translocation (Van Epps-Fung et al., 1997).

As well, adipocyte dysfunction is involved in the progress

of insulin resistance by altered production of adipokines.

TNF-a, an inflammatory cytokine produced by adipocytes,

directly inhibits insulin signalling cascade by increasing

serine phosphorylation of insulin receptor substrate-1 and

thus reduces insulin receptor kinase activity and induces

insulin resistance (Hotamisligil et al., 1996). Adiponectin, a

circulating protein specifically produced from adipocytes,

enhances insulin sensitivity and suppresses inflammation

and a low adiponectin level is correlated with whole-body

insulin insensitivity and inflammatory states (Arner, 2003).

It is already known that FFAs affect the expression of

adipokines (Ajuwon and Spurlock, 2005; Suganami et al.,

2005). The present study found that both mRNA and protein

expression of TNF-a were enhanced, while those of adipo-

nectin were reduced, in palmitate-treated cells. Crocetin, as

well as NAC and DPI, showed positive regulatory effects on

the abnormal expression of these two adipokines, owing to

palmitate.

Although much remains unknown about how FFAs induce

insulin resistance, researchers have recognized that oxidative

stress may constitute an underlying factor associated with

insulin resistance and related diseases (Najib and Sanchez-

Margalet 2001; Haber et al., 2003; Urakawa et al., 2003; Evans

et al., 2004; Esposito et al., 2006). Recent reports have

described increased oxidative stress in white adipocytes both

in insulin-resistant animal models and FFA (linoleic acid,

oleic acid and arachidonic acid)-treated adipocytes, and have

also indicated that mitochondrial oxidative stress can lead to

impaired insulin action and dysregulated production of

adipokines (Rudich et al., 1998; Furukawa et al., 2004;

Ajuwon and Spurlock, 2005; Delbosc et al., 2005; Song

et al., 2005), further suggesting a close association between

increased oxidative stress in adipocytes and insulin resis-

tance. We observed increased production of ROS in palmi-

tate-treated cells, which was inhibited by incubation with

crocetin, NAC and DPI, suggesting that oxidative stress may

also be involved in palmitate-induced insulin resistance in

adipocytes. It has been reported that FFAs increase NADPH

oxidase activity in cultured vascular cells and 3T3-L1

adipocytes (Inoguchi et al., 2000; Furukawa et al., 2004).

Activation of NADPH oxidase is proposed as a fundamental

step in mediating inflammation in the metabolic syndrome

(Ferder et al., 2006). Furthermore, NADPH oxidase has

recently found to be involved in the development of insulin

resistance and cardiovascular complications in the fructose-

fed rat model (Delbosc et al., 2005). However, there is lack of

information on whether inhibition of NADPH oxidase

activity can result in an improvement of insulin sensitivity

in FFAs-treated adipocytes. Our study revealed that the

negative effects induced by palmitate on rat adipocytes were

attenuated by concomitant treatment with the specific

NADPH oxidase inhibitor, DPI, in adipocytes, but not by

selective inhibitors of other types of enzymes involved in

ROS generation (see Table 1). The findings suggest that

palmitate exerts its influence in this in vitro model mainly via

an increased activity of NADPH oxidase and that NADPH

oxidase may be a potential important therapeutic target for

pharmacological intervention in insulin resistance and

related abnormalities.

The potential mechanisms for the association between

elevated oxidative stress, reduced insulin sensitivity and

disordered expression of adipokines need further investiga-

tion. It has been demonstrated that inhibition of protein

kinase C (PKC) activity partially restores glucose disposal and

insulin signal transduction in muscle (Cortright et al., 2000;

Itani et al., 2000). A previous study has indicated that PKC is

able to activate NADPH oxidase and thus induce ROS

production in vascular (endothelial and smooth muscle)

cells (Inoguchi et al., 2000). Furthermore, TNF-a expression

has recently found to be triggered by PKC in skeletal muscle

cells (Jové et al., 2006). Therefore, it is worth assessing the

role of the PKC pathway in impaired insulin action and

enhanced TNF-a expression induced by FFAs in adipocytes.

Based on our current findings and previous studies,

some possible mechanisms involved in the effect of crocetin

on palmitate-induced insulin resistance and disordered
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Figure 5 ROS production in control (CON) and treated adipocytes.
Treatments were with palmitate alone (PA) or palmitate with
crocetin (50mM, PAþCROh; 5 mM, PAþCROl), N-acetylcysteine
(PAþNAC), diphenyleneiodonium (PAþDPI), rotenone (PAþROT)
or oxypurinol (PAþOXY). Cells were loaded with 20mM 20,70-
dichlorofluorescein diacetate. Intracellular fluorescence was mea-
sured with a spectrofluorometer at 485 nm excitation and 525 nm
emission. The results are normalized to control. Data are expressed
as mean7s.d. of three independent experiments (n¼6). **Po0.01
vs CON; wPo0.05, zPo0.01 vs PA.

Effect of crocetin on insulin action and adipokines
L Xi et al 615

British Journal of Pharmacology (2007) 151 610–617



expression of adipokines in rat adipocytes are illustrated in

Figure 6.

In conclusion, the current study provides evidence that

crocetin has the ability to protect against impaired insulin-

stimulated glucose uptake and dysregulated expression of

TNF-a and adiponectin induced by palmitate in rat adipo-

cytes. In addition to supporting previous reports indicating

that palmitate possesses insulin resistance-inducing proper-

ties in adipocytes, we have demonstrated that oxidative

stress, mainly via increased activity of NADPH oxidase, may

be involved in the possible mechanisms by which palmitate

exerts its influence on insulin action in adipocytes.

The antioxidant effects of crocetin including inactivation

of NADPH oxidase may, at least in part, explain the ability

of this compound to prevent insulin insensitivity in this

cell model.
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