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Abstract

Crocetin, a unique carotenoid with potent antioxidative and anti-inflammatory activities, is a major ingredient of saffron which is used as

an important spice and food colorant in various parts of the world. In the present study, the effect of crocetin on insulin resistance and its

related abnormalities induced by high-fructose diet were investigated in male Wistar rats. Compared to the control rats fed on normal

laboratory diet, fructose-fed rats developed a series of pathological changes including insulin resistance, hyperinsulinemia, dyslipidemia and

hypertension. Although having no evident effect on the body weight, fructose feeding caused a marked increase in the weight of epididymal

white adipose tissue. Furthermore, a significant reduction in the expression of both protein and mRNA of adiponectin (an insulin-sensitizing

adipocytokine) was observed, whereas those of tumor necrosis factor (TNF)-a and leptin were enhanced in epididymal white adipose tissue

in fructose-fed rats. These disorders were effectively normalized in crocetin-treated rats. Crocetin was also demonstrated here to alleviate free

fatty acid (FFA)-induced insulin insensitivity and dysregulated mRNA expression of adiponectin, TNF-a and leptin in primary cultured rat

adipocytes. These findings suggest the possibility of crocetin treatment as a preventive strategy of insulin resistance and related diseases. The

favorable impact on adiponectin, TNF-a and leptin expression in white adipose tissue may be involved in the improvement of insulin

sensitivity observed in crocetin-treated rats.

D 2007 Elsevier Inc. All rights reserved.

Keywords: Crocetin; Insulin resistance; Adipose tissue; Adiponectin; TNF-a; Leptin
1. Introduction

Functional plant-based foods that contain bioactive

components may provide desirable health benefits beyond

basic nutrition and are practically useful for the prevention

of chronic diseases such as cardiovascular diseases and

cancer. Saffron, the world’s highest priced spice, is collected

from the dried stigmas of Crocus sativus L. which

originated in the Middle Eastern region of the Eurasian

continent [1]. This carotenoid-rich spice is commonly
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consumed in different parts of the world and also used as

an herbal medicine. Among the major ingredients of saffron,

crocetin, which is responsible for its coloring property, is a

special carotenoid with multi-unsaturated conjugate olefin

acid structure. The compound exhibits favorable effects in

the prevention or treatment of a variety of diseases such as

dyslipidemia, atherosclerosis, myocardial ischemia, hemor-

rhagic shock, cancer and arthritis [2]. Crocetin also showed

obvious inhibitory effects on atherogenic factor-induced

disorders in vascular endothelial cells, smooth muscle cells

and monocyte-derived macrophages [3] (unpublished data).

Recently, we have found that crocetin may prevent low-dose

dexmethasone-induced insulin resistance in rats [4].

Insulin resistance is a remarkable and growing health

problem tightly associated with obesity, dyslipidemia,

hypertension and type 2 diabetes mellitus [5]. The develop-

ment of insulin resistance is linked to both genetic and

environmental factors. A key environmental element is diet
ochemistry 18 (2007) 64–72
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composition [6]. In this study, a well-established model

in which insulin resistance was induced by feeding

high-fructose diet was employed, and fructose-fed rats

were characterized by hyperinsulinemia and dyslipidemia

with normoglycemia.

Adipose tissue mass (especially visceral adipose) en-

largement has been identified as a crucial factor responsible

for insulin resistance [7]. As a primary energy-storing organ,

adipose tissue accumulates triglycerides during nutrition

excess and provides energy in the form of free fatty acids

(FFAs), which may induce insulin resistance if produced

excessively [8]. Besides, adipose tissue releases numerous

bioactive molecules named adipocytokines that participate

in a variety of physiological functions. For example,

adiponectin is an important adipocyte-specific circulating

protein that possesses insulin-sensitizing, anti-atherosclerot-

ic and anti-inflammatory activities [9,10]. TNF-a is a

central modulator of adipocyte metabolism which interferes

in insulin-mediated biological processes. In addition to a

direct inhibitory effect on insulin signaling cascade, TNF-a

also raises FFA concentration by decreasing lipogenesis and

increasing lipolysis [7,11]. Leptin, which is also chiefly

secreted by adipocytes, has also been shown to affect insulin

sensitivity [7,12]. Dysregulation of adipocytokines due to

fat accumulation is implicated in the progress of insulin

resistance, but the involved mechanisms are seldom known.

Oxidative stress caused by enhanced concentrations of

FFA, glucose and inflammatory cytokines plays a major role

in the development of insulin resistance, and increased

oxidative stress in accumulated fat has been recognized as

an early instigator of insulin-resistance syndrome [13,14]. In

cultured adipocytes, elevated FFA increases oxidative stress,

which leads to a dysregulated production of adipocytokines

[13], and long-term oxidative stress impairs insulin signaling

[15]. The use of antioxidants is proposed as a potential new

approach for the treatment of insulin resistance and related

diseases [13,14,16,17]. Besides, owing to the close relation-

ship between insulin resistance and dyslipidemia [18], dietary

fish oils and other lipid-regulating agents have been shown to

be able to prevent adiposity and insulin resistance [19].

Based on these facts, it can be expected that crocetin has

more favorable health-promoting effects. The current study

adopted a fructose-fed rat model to investigate the effect of

crocetin on insulin action. The results showed that fructose-

induced insulin resistance and other accompanied abnor-

malities were significantly attenuated by crocetin. Since

adipocytokine secretion and adipose-specific gene are

proposed as potential important targets for management of

insulin resistance by controlling their expression or actions

[16], regulation of adipocytokine expression represents a

candidate mechanism underlying the beneficial effect

of crocetin on insulin sensitivity. Therefore, the influence

of crocetin on the expression of protein and mRNA of

adiponectin, TNF-a and leptin in epididymal white adipose

tissue was investigated. Furthermore, the effect of crocetin

on FFA-induced impairment of insulin sensitivity and
disordered mRNA expression of adiponectin, TNF-a and

leptin was observed in primary cultured adipocytes.
2. Methods and materials

2.1. Chemicals

Crocetin (N96%, HPLC) was purified from saffron in our

laboratory. 2-Deoxy-d-[1-3H]-glucose (5.4 Ci/mmol) was

purchased from Atom High-Tech (Beijing, China). Other

chemicals were obtained from Sigma or local manufacturers

unless otherwise stated.

2.2. General protocol

Male Wistar rats (Slac Laboratory Animal, Shanghai,

China) with a body weight of 120–150 g were housed at

24F28C with a 12/12 h light–dark cycle. All rats were

supplied with normal laboratory chow and water for 1 week.

The experimental protocols were performed in accordance

with the institutional guidelines for animal care of China

Pharmaceutical University and approved by the local animal

research committee.

After acclimation, the animals were randomly divided into

the following groups consisting of 10 rats each: a control

group (CON), a crocetin (40 mg/kg)-treated group (CRO), a

fructose-fed group (FRU), two fructose-fed groups plus

crocetin at a dose of 40 mg/kg [FRU+CRO(H)] and 20 mg/kg

[FRU+CRO(L)], respectively. Fructose was supplied in

drinking water at a concentration of 10% for 8 weeks, while

the CON group received no supplemented fructose. Crocetin

powder was mixed thoroughly into the powdered chow at a

concentration of 0.02–0.08%, and crocetin-containing diet

was given along with fructose supplement through the

experiment. To ensure accurate dosing, food intake was

measured for 5 days before the study and the dietary crocetin

concentration was reset according to the changes in body

weight and food consumption every 2weeks during the study.

Additional crocetin was given by oral gavage if the consumed

diet did not match enough level of crocetin. Body weights

were monitored twice weekly. The intake of food and fluid

was recorded daily, using metabolic cages. Systolic blood

pressure, heart rate, serum glucose and insulin were measured

every 2 weeks from the beginning of the experiment (Week

0). Systolic blood pressure and heart rate were measured with

the tail-cuff method, using a programmed sphygmomanom-

eter (DeSci Biotech, Nanjing, China).

2.3. Biochemical analyses

Serum glucose, total cholesterol, triglyceride, low-densi-

ty lipoprotein cholesterol (LDL-C), and high-density lipo-

protein cholesterol (HDL-C) were measured using a

Beckman LX-20 automatic analyzer. Serum insulin was

measured with a rat insulin radioimmunoassay kit (Linco

Research, St. Charles, USA). Serum FFAwas measured by a

validated colorimetric method using a commercial kit

(Jiancheng Bioengineering Institute, Nanjing, China).
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2.4. Adipocyte isolation

Epididymal adipocytes were isolated based on Rodbell’s

method [20] with minor modifications. Briefly, the animals

were killed by decapitation. The epididymal fat pads were

dissected and washed with 0.9% NaCl solution under sterile

conditions. After mincing, the adipose tissues were digested

into cells for 90 min at 378C in Krebs-Ringer bicarbonate

HEPES buffer (KRBH) (pH 7.4) supplemented with 0.5%

bovine serum albumin (BSA), 1 mmol/L pyruvate and 0.1%

type IV collagenase. The cell suspension was filtered through

nylon mesh (250 Am) and washed with KRBH containing

0.5% BSA and 1 mmol/L pyruvate twice. The harvested

cells were resuspended to adequate number in KRBH.

2.5. Glucose uptake assay

Glucose uptake assay was performed using radiolabeled

2-deoxy-d-glucose. Briefly, an aliquot of adipocytes suspen-

sion (2–3�105 cells) was incubated with or without insulin

(10 nmol/L) in KRBH containing 0.5% BSA and 1 mmol/L

pyruvate at 378C for 30min. Then 2-deoxy-d-[1-3H]-glucose

in KRBH was added (final concentration, 0.1 mmol/L) at

378C for 5 min. Uptake of 2-deoxyglucose 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 adipocytes layer

was measured using a Wallac Guardian 1414 liquid scintil-

lation counter (PerkinElmer Life and Analytical Sciences,

Boston, MA, USA) in OptiPhase HiSafe 3 liquid scintillation

cocktail (Wallac, Turku, Finland).

2.6. RNA preparation and reverse transcription-polymerase

chain reaction (RT-PCR) analysis

Total cellular RNA was extracted from epididymal

adipose tissue (100 mg) using Trizol Reagent (Gibco BRL
Table 1

Physical and biochemical characteristics of the rats in the CON, CRO, FRU, FR

CON

Body weight (g) 315F17

Weight of epididymal fat pads (g) 4.97F0.26

Relative weight of epididymal fat pads (g/100 g body weight) 1.58F0.04

Food intake (g/rat per day) 19F2

Fluid intake (ml/rat per day) 20F2

Caloric intake (kJ/rat per day) 243F23

Systolic blood pressure (mmHg) 118F8

Heart rate (beats/min) 348F12

Serum insulin (mU/L) 25.33F4.27

Serum glucose (mmol/L) 6.57F0.80

Serum total cholesterol (mmol/L) 1.43F0.08

Serum triglyceride (mmol/L) 1.50F0.17

Serum FFA (mmol/L) 0.21F0.04

Serum LDL-C (mmol/L) 0.77F0.04

Serum HDL-C (mmol/L) 0.58F0.02

Data are shown as meanFS.D. (n =10).
a P b.01 vs. CON.
b P b.01 vs. FRU.
c P b.05 vs. CON.
d P b.05 vs. FRU.
Life Technologies, Burlington, ON, Canada). The concen-

tration and purity of RNA extracted were checked by

measuring the absorbance at 260 and 280 nm.

Total RNA (2.0 Ag) was incubated with 2 Al Oligo dT(18)
primer (0.5 Ag/Al) at 708C for 5 min, and reverse transcribed

to cDNA in a reaction mixture of 5� Moloney murine

leukemia virus (MMLV) reaction buffer, 40 U RNase

inhibitor (Toyobo, Osaka, Japan), 0.52 mmol/L dNTP Mix

(Bio-Rad Laboratories, Hercules, CA) and 200 U MMLV

reverse transcriptase (Toyobo) at 378C for 90 min. The

mixture was heated at 958C for 5 min to terminate the

reaction. Polymerase chain reaction was performed in a

mixture (25 Al) containing 2.5 Al 10� PCR buffer, 2 Al
reverse transcribed template solution, 1.5 mmol/L MgCl2,

0.5 Amol/L of each sense and antisense primers (Sangon

Biological Engineering Technology and Services, Shanghai,

China), 0.2 mmol/L dNTPMix (Bio-Rad) and 1 U iTaq DNA

polymerase (Bio-Rad). Preliminary experiments were con-

ducted with different cycles to determine the optimal

conditions for the PCR amplification for each gene. The

specific primer sequences were as follows: h-actin (Gen-

Bank Accession No. NM_031144): 5V- GAG AAG ATT

TGG CAC CAC AC-3V (sense) and 5V-CAT CAC AAT

GCC AGT GGT AC-3V (antisense); adiponectin (Gen-

Bank Accession No. NM_144744): 5V-TCC TGG TCA

CAA TGG GAT ACC-3V (sense) and 5V-ATC TCC TGG

GTC ACC CTT AGG-3V (antisense); TNF-a (GenBank

Accession No. X66539): 5V-CTC GAG TGA CAA GCC

CGT AG-3V (sense) and 5V-TTG ACC TCA GCG CTG

AGC AG-3V (antisense); leptin (GenBank Accession No.

NM_013076): 5V-CAT TTC ACA CAC GCA GTC GG-3V
(sense) and 5V-AGC AGA TGG AGG AGG TCT CG-3V
(antisense). iTaq DNA polymerase was activated by a 948C
incubation step for 5 min; after an initial denaturation at

948C for 30 s, reactions were performed as follows: for
U+CRO(H) and FRU+CRO(L) groups at the end of the experiment

CRO FRU FRU+CRO(H) FRU+CRO(L

320F12 314F15 316F14 317F23

5.10F0.28 6.18F0.54a 5.26F0.42b 5.51F0.52c

1.60F0.10 1.97F0.11a 1.66F0.07b 1.74F0.12b

19F1 14F1a 16F2a 16F1a

20F1 33F5a 36F7a 34F5a

250F18 242F22 259F32 256F20

121F5 132F6a 124F6b 122F8b

352F11 374F13a 361F10c 371F8

24.98F4.53 37.38F6.46a 25.20F3.13b 26.91F4.84b

6.49F0.64 6.81F0.87 6.54F1.47 6.56F1.20

1.39F0.06 1.48F0.06 1.42F0.07 1.41F0.16

1.52F0.14 2.18F0.24a 1.42F0.35b 1.64F0.31b

0.20F0.05 0.30F0.08d 0.21F0.05b 0.23F0.04c

0.75F0.04 0.82F0.03d 0.75F0.03b 0.76F0.08

0.57F0.02 0.52F0.03a 0.57F0.03b 0.55F0.03c
)



Fig. 1. Serum glucose level (A), serum insulin level (B) and HOMA value

(serum insulin�glucose/22.5) (C) of the rats in the CON, CRO, FRU,

FRU+CRO(H) and FRU+CRO(L) groups at Weeks 0, 2, 4, 6 and 8 during

the experiment. Data are shown as meanFS.D. n =10. *P b.05, **P b.01

vs. CON; yP b.05, zP b.01 vs. FRU.

ig. 2. Insulin-induced 2-deoxyglucose uptake by adipocytes from the rats

the CON, CRO, FRU, FRU+CRO(H) and FRU+CRO(L) groups (A) and

y adipocytes in the CON, CRO, FFA, FFA+CRO groups in in vitro study

). 2-Deoxy-d-[1-3H]-glucose was added (final substrate concentration,

.1 mmol/L) at 378C for 5 min after incubation of adipocytes (2–3�105)
ith 10 nmol/L insulin at 378C for 30 min, and then 2-deoxy-d-[1-3H]-

lucose uptake was measured. Data are shown as meanFS.D. (A) n =5; (B)

=3�3 independent experiments. *P b.05, **P b.01 vs. CON; yP b.05,

zP b.01 vs. FRU.
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h-actin detection, 568C for 50 s, 728C for 40 s, 30 cycles

(213 bp); for adiponectin detection, 568C for 40 s, 728C for

40 s, 28 cycles (109 bp); for TNF-a detection, 558C for 50 s,

728C for 40 s, 30 cycles (386 bp); for leptin detection, 588C
for 40 s, 728C for 40 s, 30 cycles (201 bp). A final extension

step at 728C for 7 min was performed. The products were

electrophoresed on 1.5% agarose gel. After the gel was

stained with ethidium bromide, the relative density of the

bands was measured using the Bio-Rad ChemiDoc XRS Gel

Documentation system and Bio-Rad Quantity One 1-D

analysis software. Relative quantitation for the PCR

products was calculated after normalization to the amount

of h-actin mRNA level.
2.7. Immunohistochemistry

Small pieces of epididymal adipose tissue were placed

into 10% buffered formalin. The material was processed in

paraffin wax, and 5-Am sections were obtained using a

Leica RM2135 microtome (Wetzlar, Germany). The

employed first antibodies were rabbit–antirat antibodies

against adiponectin (1:100) (Santa Cruz Biotechnology,

California, USA), TNF-a (1:100) and leptin (1:100) (Boster

Bioengineering, Wuhan, China), respectively. Staining was
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Fig. 3. The effect of crocetin on mRNA level of adiponectin, TNF-a and leptin in the epididymal white adipose tissue of the rats in the CON, CRO, FRU,

FRU+CRO(H) and FRU+CRO(L) groups (A) and in adipocytes in the CON, CRO, FFA, FFA+CRO groups in in vitro study (B). The mRNA level was

calculated after normalization to the amount of h-actin mRNA level. Total RNA (2.0 Ag) was analyzed by RT-PCR. The representative agarose gel

electrophoresis of RT-PCR products of adiponectin, TNF-a and leptin is shown. Data are shown as meanFS.D. (A) n =6; (B) n =3�3 independent

experiments. **P b.01 vs. CON; yP b.05, zP b.01 vs. FRU.
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carried out according to the instructions of Dako Envision

System (for use with mouse and rabbit primary antibodies,

Dako, Copenhagen, Denmark). The system contains perox-

idase blocking reagent, labeled polymer (HRP), buffered

substrate and liquid DAB chromogen. Two independent

professional observers not aware of the different treatments

made comments on the histological materials.

2.8. In vitro study

Adipocytes were isolated from epididymal fat pads of

normal rats according to the previously described method.

Then, the adipocytes were treated with control (CON),

crocetin (50 Amol/L) (CRO), palmitic acid (300 Amol/L)
(FFA), and palmitic acid (300 Amol/L) plus crocetin

(50 Amol/L) (FFA+CRO) for 10 h. Glucose uptake assay

was performed to evaluate the sensitivity of adipocytes to

insulin. After the medium below the cell layer was removed,

total RNA was extracted from the cultured cells and the

mRNA expression was measured using RT-PCR as previ-

ously described.

2.9. Calculation and Statistical analysis

To estimate the degree of insulin resistance of the animals,

the homeostasis model assessment (HOMA) was used as

insulin-resistance index. The calculation was according to

the following formula: [serum insulin (mU/L)�glucose



Fig. 4. The effects of crocetin on protein expression of adiponectin, TNF-a and leptin in the epididymal white adipose tissue of the rats in the CON, CRO,

FRU, FRU+CRO(H) and FRU+CRO(L) groups as indicated by the representative results of immunohistochemical staining (�400). The distribution and

expression intensity of leptin and TNF-a were significantly increased, whereas those of adiponectin were markedly decreased in the FRU group compared with

the CON group. These changes in adiponectin, TNF-a and leptin protein expressions were prevented by crocetin. Crocetin itself also enhanced adiponectin

protein expression.
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(mmol/L)]/22.5. All data are expressed as meanFS.D. unless

otherwise stated. The differences among groups were

analyzed by analysis of variance. P value of less than .05

was considered statistically significant.
3. Results

There was no significant difference in body weight

among groups at the end of the experiment. Daily fluid

intake was significantly increased and daily food intake was

contrastively reduced in the FRU, FRU+CRO(H) and

FRU+CRO(L) groups, but the energy intake (expressed as

kilojoules per day) was comparable in all groups throughout

the experiment (Table 1). Compared with the CON group,

the absolute and relative weights of epididymal fat pads

were both significantly heavier in the FRU group. Crocetin

suppressed the fructose supplement-induced increase in the

weight of epididymal adipose tissue (Table 1).

The systolic blood pressure was significantly higher in

the FRU group than in the CON group and was effectively
controlled by crocetin (Table 1). Fructose feeding caused a

significant increase in serum triglyceride, FFA and LDL-C

levels and an evident reduction in serum HDL-C level.

These disorders in serum lipid level were prevented by

crocetin treatment except that low-dose crocetin had no

obvious effect on serum LDL-C level (Table 1). Serum total

cholesterol level was comparable in all groups.

During the experiment, serum insulin level in the FRU

group was increased at Week 2, but this was not

significantly different from the CON group (27.20F6.72

vs. 23.62F5.20 mU/L, P=.20). Serum insulin level in the

FRU group was significantly higher than in the CON group

from Week 4 (32.96F8.66 vs. 23.80F6.91 mU/L, P=.02)

to Week 8, which was attenuated by crocetin (Fig. 1A).

Serum glucose levels were similar among groups during the

whole study (Fig. 1B). The development of insulin

resistance, as reflected by higher HOMA value, in fruc-

tose-fed rats was prevented by crocetin (Fig. 1C). The

isolated adipocytes from the FRU group clearly became

insulin resistant based on the result of insulin-induced
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2-deoxyglucose uptake assay (Fig. 2A). There was no

difference in basal 2-deoxyglucose uptake into adipocytes

among all groups.

After being normalized to h-actin, the relative mRNA

level of adiponectin was significantly decreased, whereas

TNF-a and leptin mRNA levels were enhanced in the FRU

group compared with the CON group. Crocetin treatment

significantly ameliorated the changes in mRNA levels of

these adipoctokines, except that the effect of low-dose

crocetin on leptin mRNA level was not significant (Fig. 3A).

In the CRO group, an obvious increase in mRNA level of

adiponectin was observed, whereas leptin and TNF-a

mRNA expressions were not affected in the adipose tissue.

These changes in mRNA expressions were consistent with

the protein expressions of these adipocytokines as indicated

by the results of immunohistochemical analysis (Fig. 4).

In vitro, incubation of primary cultured adipocytes with

FFA induced a significant inhibition of insulin-stimulated

glucose uptake. FFA also enhanced the mRNA expression

of TNF-a and inhibited the mRNA expression of adipo-

nectin and leptin in adipocytes. All the described disorders

were alleviated by crocetin treatment (Figs. 2B and 3B).

Crocetin itself did not enhance basal or insulin-stimulated

glucose uptake, but, interestingly, it significantly up-

regulated the mRNA expression of adiponectin and leptin

in normal adipocytes.
4. Discussion

It is well known that additional fructose feeding leads to

insulin resistance, hyperinsulinemia, dyslipidemia and

hypertension in animal models [21]. In this study, insulin

resistance was induced by feeding 10% fructose solution

(equivalent to 48–57% fructose diet) in male Wistar rats

[26]. The serum insulin level in the FRU group was not

significantly higher than in the CON group within 2 weeks.

This result is consistent with previous reports which indicate

that 10% fructose feeding only leads to hypertriglyceridemia

without inducing an insulin-resistant state in rats within a

relatively short time [22,23]. During the whole experiment,

the reduction in food intake in fructose-fed animals was

probably compensated by the increased caloric intake from

fructose solution as previously suggested [24]. Based on our

results, fructose consumption had no effect on body weight

but increased epididymal white adipose tissue weight in this

rat model. The inhibition of the weight of epididymal fat

pads by crocetin was not due to a restriction in diet

consumption and energy intake since crocetin did not affect

fructose consumption and calorie intake when compared to

the FRU group.

Insulin resistance as a widespread feature of atherogenic

diseases predisposes the affected individuals to various

diseases including hypertension, dyslipidemia, cardiovascu-

lar problems and type 2 diabetes mellitus [3,25]. Lowering

endogenous insulin levels is a key step to successful therapy

directed at insulin resistance-related diseases [26]. Our
experimental data clearly show that crocetin, especially at

high dose, is capable of attenuating the development of

insulin resistance, compensatory hyperinsulinemia, dyslipi-

demia and hypertension induced by fructose supplement.

Low-dose crocetin also effectively managed these disorders,

but had no obvious effect on elevated serum LDL-C level.

In recent years, the role of adipocyte dysfunction in the

development of insulin resistance has attracted a great deal of

attention. Adipose tissue is now recognized as the primary

site responsible for insulin resistance [7,25,27]. Raised

plasma FFA level is an important inductor of both peripheral

and hepatic insulin resistance by inhibiting insulin signaling.

Excessively released FFA also suppresses insulin secretion

from pancreatic islet [7,9]. It has been suggested that the

elevated FFA transport rate during fasting is due to an

elevated rate of escape of FFA from esterification in adipose

tissue rather than an impaired insulin action in obesity and

type 2 diabetes mellitus [28]. Hypertriglyceridemia was

secondary to increased output of FFA by adipose tissue,

providing excess fatty acids to the liver for triglyceride

synthesis [29]. So hypertriglyceridemia is also an important

marker of insulin resistance [30]. Crocetin restored FFA

metabolism disorders in fructose-fed rats, which may explain

the biochemical and nutritional basis of its inhibitory action

on the progress of insulin resistance.

Furthermore, it has been apparent that insulin sensitivity is

regulated by adipocytokines, a wide group of bioactive

proteins produced by adipose tissues. Substantial observa-

tions indicate an important role of adiponectin in the

improvement of insulin resistance. A decrease in adiponectin

release is causative for insulin resistance and atherosclerosis

[31–33]. TNF-a interferes in several steps in insulin signaling

cascade including reducing synthesis/translocation of insulin

responsive glucose transporters, insulin receptor substrate 1

phosphorylation and tyrosine kinase activity of insulin

receptor. This molecule is overproduced in adipose tissues

in insulin-resistant rodents and humans [34,35]. Administra-

tion of TNF-a converting enzyme inhibitor has been

demonstrated to enhance insulin sensitivity in fructose-fed

rats [36]. As an inflammatory cytokine, TNF-a level is

lowered in the liver by a similar compound of crocetin, trans-

sodium crocetinate, during hemorrhagic shock [37]. Synthe-

sis and circulating level of leptin are both strongly related to

adiposity [21,38]. Leptin replacement therapy can reverse

insulin resistance due to leptin gene mutations. Exogenous

leptin administration may improve insulin resistance, and

excess fructose consumption generally lowers circulating

leptin concentration [9,21]. However, studies have also

observed that there is an inverse relationship between plasma

level or mRNA expression of leptin and insulin sensitivity

[39,40]. Actually, high leptin concentration may reflect

resistance of the body to the effects of this hormone [41].

The current study shows that leptin expression is significantly

increased in white adipose tissue by fructose feeding.

Although dysregulated production of adipocytokines

is known to participate in the pathogenesis of insulin
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resistance, the mechanisms by which fat accumulation

causes adipocytokines dysregulation are still elusive.

Recently, increased oxidative stress is found to be an

important culprit in the induction of insulin resistance, and

consequently, reduction in oxidative stress in adipose tissue

attenuates adipocytokine dysregulation and improves dia-

betes and hyperlipidemia [13]. Since crocetin possesses

powerful antioxidant and anti-inflammatory properties, we

focused on its effects on the expression of adiponectin,

TNF-a and leptin in white adipose tissue. The reduction of

adiponectin expression and the enhancement of TNF-a

expression observed in fructose-fed rats were both sup-

pressed by crocetin. Moreover, crocetin at higher dose

significantly inhibited the abnormal increase of leptin

expression in white adipose tissue. In primary cultured rat

adipocytes, crocetin also prevented FFA-induced abnormal-

ities in insulin action and mRNA expression of adiponectin,

TNF-a and leptin. It is consistent with previous reports that

this kind of fatty acid (palmitic acid) exerts a direct

inhibitory effect on leptin mRNA expression in rat

adipocytes in vitro [42]. In addition, crocetin itself

increased the mRNA expression of adiponectin both in

adipose tissue of normal rats and in primary cultured rat

adipocytes, but only enhanced leptin mRNA expression

in vitro. The discrepancy between in vivo and in vitro

experimental results may reflect the fact that the production

of these adipocytokines is affected by more complex

factors in vivo. However, the circulating levels of adipo-

nectin and leptin do not always correlate with their gene

or protein expression in white adipose tissue [43]. There-

fore, the changes in the plasma levels of these adipocyto-

kines are undiscerned in this study. Similarly, we cannot

know the changes in the secretion of these adipocyto-

kines from isolated adipocytes in the situation in vitro.

Future studies on these problems will further clarify

the modes of action of crocetin involved in its impact

on adipocytokines.

It is accepted that prevention is a more effective strategy

than treatment for chronic diseases including insulin

resistance and related diseases. Research has focused on

identifying the active phytochemicals in functional plant

foods, their biological outcomes and the mechanisms by

which they function to provide health-promoting activities,

which is likely to enhance the understanding of the

nutritional effects of plant foods. In this study, crocetin, a

special carotenoid contained in an ancient spice, saffron,

exhibited a dramatic improvement in insulin resistance,

hyperinsulinemia and other abnormalities in fructose-fed

rats. Crocetin also shows a beneficial regulatory effect on

the mRNA and protein expressions of adiponectin, TNF-a

and leptin in the white adipose tissue of fructose-fed rats and

in FFA-treated adipocytes, which provides further insight

into the mechanisms by which crocetin exerts an insulin-

sensitizing effect. However, the regulatory mechanism(s)

underlying the effects of crocetin on the expression of

these adipocytokines remains unclear. In addition, insulin
resistance and adipocyte-derived factors including FFA,

adiponectin, TNF-a and leptin are interrelated and interact

with each other intricately. Therefore, the dynamic inter-

actions between adipocytokines and insulin resistance

should be another focus in future research.
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