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Abstract We have currently studied the changes induced

by administration of a fructose-rich diet (FRD) to normal

rats in the mass and the endocrine function of abdominal

(omental) adipose tissue (AAT). Rats were fed ad libitum a

standard commercial chow and tap water, either alone

(control diet, CD) or containing fructose (10%, w/vol)

(FRD). Three weeks after treatment, circulating metabolic

markers and leptin release from adipocytes of AAT were

measured. Plasma free fatty acids (FFAs), leptin, adipo-

nectin, and plasminogen activator inhibitor-1 (PAI-1)

levels were significantly higher in FRD than in CD rats.

AAT mass was greater in FRD than in CD rats and their

adipocytes were larger, they secreted more leptin and

showed impaired insulin sensitivity. While leptin mRNA

expression increased in AAT from FRD rats, gene

expression of insulin receptor substrate, IRS1 and IRS2

was significantly reduced. Our study demonstrates that

administration of a FRD significantly affects insulin sen-

sitivity and several AAT endocrine/metabolic functions.

These alterations could be part of a network of interacting

abnormalities triggered by FRD-induced oxidative stress at

the AAT level. In view of the impaired glucose tolerance

observed in FRD rats, these alterations could play a key

role in both the development of metabolic syndrome (MS)

and b-cell failure.
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Introduction

Fructose syrup has become a popular sweetener used in

soft drinks and many other products of massive daily

consumption; in countries like the USA, the annual per

capita fructose consumption rose from 0.2 kg in 1970 to

28 kg in 1997 [1, 2]. It has been postulated that such

increased consumption would contribute to the current

obesity, type 2 diabetes and metabolic syndrome (MS)

epidemics [3]. Several studies demonstrated that adminis-

tration of a fructose-rich diet (FRD) to normal rats induces

several features of the MS [4, 5]. However, the mecha-

nisms whereby FRD induces the MS are still not fully

understood. It has been suggested that the main mechanism

triggered by the FRD is an increased production of reactive

oxygen species (ROS) that cause oxidative stress [6].

Recent studies from one of our laboratories [7] demon-

strated that FRD administration to normal rats for 3 weeks

induces simultaneously: (a) an increase of serum triglyc-

eride and free fatty acids (FFAs) levels; (b) a state of

insulin resistance together with an impairment in glucose

tolerance; (c) an increase in the percentage of saturated

fatty acid composition in the abdominal adipose tissue

(AAT); (d) larger basal in vitro release of FFAs by AAT

pads together with a local pro-oxidative state.

Because adipose tissue is widely recognized to be an

active endocrine organ [8] rather than a simple deposit of

energy-rich substrates and, on the basis of our previous [7]
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and other [9] studies, we currently investigated whether

FRD-induced AAT oxidative stress could promote a local

(AAT) endocrine dysfunction. For this purpose we studied

in normal rats fed a FRD for 3 weeks: (1) peripheral levels

of lipids and several adipokines; (2) the AAT mRNA

concentration of leptin [10] and of some intracellular

insulin mediators (Insulin Receptor Substrate (IRS)1 and

IRS2) [11]; (3) morphometric characteristics of AAT adi-

pocytes; and (4) the in vitro endocrine function of

adipocytes isolated from AAT.

Results

Effect of FRD on peripheral biomarkers

As expected [7], FRD rats had significantly (P \ 0.05)

higher plasma concentrations of glucose (8.27 ± 0.23 vs.

7.16 ± 0.27 mM), triglyceride (1.28 ± 0.07 vs. 0.76 ±

0.08 g/l), and FFA (9.43 ± 0.41 vs. 6.28 ± 0.30 mM);

however, similar concentrations of total cholesterol were

found in the two groups (CD and FRD: 0.37 ± 0.03 and

0.39 ± 0.02 g/l). Circulating leptin, adiponectin, and plas-

minogen activator inhibitor factor-1 (PAI-1) levels were

higher (P \ 0.05) in FRD than in CD rats (Fig. 1: upper,

middle, and lower panels, respectively). Conversely, both

groups (CD and FRD) had similar levels of C-reactive pro-

tein (0.65 ± 0.11 and 0.54 ± 0.04 mg/ml) and corti-

costerone (9.01 ± 2.62 and 8.22 ± 1.45 lg/dl).

AAT mass and adipocyte characteristics

FRD rats showed a slight but significant increase in AAT

mass (2.46 ± 0.29 vs. 1.87 ± 0.21 g; n = 6/7 rats per

group; P \ 0.05). AAT pads from FRD rats digested with

collagenase yielded a significantly (P \ 0.05 vs. CD) lower

number of adipocytes (1.74 ± 0.16 9 106 vs. 2.69 ±

0.21 9 106 cells per gram of AAT; n = 6/7 rats per

group). These data fully agree with the morphological

characteristics of these cells. In fact, FRD AAT pads dis-

played a decrease in cell number and an increase in both

adipocyte diameter and volume (Table 1).

Leptin, IRS1, and IRS2 gene expression in AAT

In agreement with the higher circulating leptin levels and

the size of the adipocytes, leptin mRNA abundance in AAT

pads was significantly (P \ 0.05) higher in FRD-fed than

in CD rats (Fig. 2).

Conversely, the expression of IRS1 and IRS2 mRNAs in

this tissue was significantly lower (P \ 0.05) in FRD than

in CD rats (Fig. 2).

Leptin secretion by isolated AAT adipocytes

Figure 3 shows (left panel) the release of leptin by adipo-

cytes isolated from AAT and incubated in absence (basal)
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Fig. 1 Plasma concentrations of leptin (upper panel), adiponectin

(middle panel), and PAI-1 (lower panel) in CD and FRD rats. Values

represent means ± SEM, n = 6/7 animals per group. *P \ 0.05 vs.

CD values

Table 1 Abdominal adipose tissue adipocyte number, diameter, and

volume (100 cells per section, n = 3 animals per group) were mea-

sured in CD and FRD rats (values are means ± SEM)

CD FRD

Adipocyte number (cells per

mm2)

1.81 ± 0.14 1.22 ± 0.11*

Adipocyte diameter (lm) 48.2 ± 2.6 54.1 ± 2.6*

Adipocyte volume (lm3 9 103) 89.57 ± 33.69 119.52 ± 12.83*

* P \ 0.05 or less vs. CD values
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or in presence of increasing concentrations of insulin

(0.1–10 nM). In basal condition, adipocytes from FRD

released significantly larger amounts of leptin than those

from CD (P \ 0.05). Insulin increased this release in both

groups in a concentration-dependent fashion, but at any

concentration tested leptin release was higher in adipocytes

from FRD animals. In AAT from FRD, however, the

response curve shifted to the right, i.e., only the highest

concentration of insulin tested (10 nM) increased leptin

secretion significantly. Similar leptin response was elicited

by adipocytes incubated with dexamethasone (Dxm; 25–

100 mM): it significantly stimulated leptin release in

presence of its highest concentration (Fig. 3, right panel).

Discussion

In the present study we confirmed that, administration of a

FRD to normal male rats for 3 weeks increases circulating

levels of glucose, triglyceride, and FFAs [7]. These chan-

ges were associated with a significant increase of serum

leptin, adiponectin, and PAI-1 levels. No changes were

recorded in total cholesterol, C-reactive protein, or the

corticoadrenal hormone. This metabolic and endocrine

profile observed in FRD rats resembles most of the char-

acteristics of the human MS [12] and strongly indicates a

switch of a selective set of biomarkers from the homeo-

static to the allostatic system.

Among new altered components identified in the FRD

rats we found: (a) a significant increase in AAT mass and

its adipocyte size; (b) a significantly decreased expression

of IRS1 and IRS2 genes in AAT; (c) higher LEP gene

expression in AAT; (d) increased basal and stimulated

release of leptin from adipocytes isolated from AAT; and

(e) a shift to the left in the in vitro concentration-response

curve of leptin release induced by insulin or Dxm.

The lower sensitivity of the AAT adipocytes to the

stimulatory effect of insulin on leptin release and the lower

expression of IRS1 and IRS2 currently described, demon-

strate that this tissue plays a role in the insulin resistant

state observed in FRD rats [7, 13, 14].

On the other hand, our data shows that FRD rats have a

clear alteration of the AAT endocrine function: there is a

significant increase in peripheral concentrations of leptin

and adiponectin, and of LEP mRNA in AAT. These adi-

pocytes release a larger amount of leptin in both basal and

stimulated (insulin/Dxm) conditions. The changes in the

serum concentration and in the in vitro release of leptin by

adipocytes observed in FRD rats could be ascribed to the

larger adipocyte size measured in these animals and to their

increased expression of the LEP mRNA [15]. On due time,

the high leptin production could further contribute to

impair adipocyte response to insulin by affecting both the

hormone binding to its receptor [10] and the expression of

IRS1 and IRS2 downstream receptor mediators [16, 17].

FRD rats displayed high circulating levels of both

insulin [7] and adiponectin, similar to the hormone pattern

previously observed in human beings with defective insulin

receptor function [18], and in mice with selective inacti-

vation of insulin receptor gene in their adipocytes [19].

Since adiponectin is a recognized enhancer of insulin
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Fig. 2 Leptin (LEP), IRS1 and IRS2 mRNA concentration measured

in AAT pads from CD and FRD rats by q-PCR. Data were normalized

to the levels of ACTB, and then presented as relative to values

obtained in fat pads from CD rats. Values are means ± SEM (n =

3–4 pads per group). *P \ 0.05 vs. CD values
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Fig. 3 Effects of increasing concentrations of insulin (left) and

dexamethasone (right) on leptin release by adipocytes isolated from

AAT of CD and FRD rats. Values represent means ± SEM (n = 4–5

different experiments). *P \ 0.05 vs. respective 0 nM insulin/dexa-

methasone values. **P \ 0.05 vs. insulin 0 and 0.1 nM values.
?P \ 0.05 vs. CD values in similar conditions
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sensitivity [20] and FA oxidation [21], its increase in ani-

mals with insulin resistance such as the FRD rats could

represent a compensatory autocrine mechanism to coun-

teract the local impairment in insulin sensitivity [22].

Regarding the high plasma PAI-1, its production has been

associated with enhanced oxidative stress [22], enlarged

adipocyte size, and increased lipid content [23]. Since these

latter alterations are present in our FRD rats, they could

explain, at least partly, their high circulating PAI-1 levels.

All the FRD-induced endocrine changes currently

described plus those previously reported in fatty acid com-

position and in glycoxidative stress markers [7], could be

part of an AAT network of interacting abnormalities namely:

the lower insulin antilipolytic effect observed in these rats

could be responsible for their high AAT FFA release and the

abnormal pattern of saturated/unsaturated ratio [7]. The high

circulating levels of saturated FFAs could in turn enhance

AAT NADPH oxidase activity and ROS production [24].

The increased local ROS production could lead thereafter to

the AAT endocrine dysfunction [24]. Following similar

reasoning, Brownlee et al. have proposed [25] a unifying

hypothesis to explain the cause–effect relationship between

oxidative stress and metabolic/endocrine dysfunctions such

as those found in FRD rats. This hypothesis is based on the

following: an increased offer of a metabolic substrate will

increase ROS mitochondrial production; in turn, ROS sets

off a chain reaction that: (a) decreases antioxidant defense,

(b) stimulates protein kinase C isoform activity (switching

tyrosine to serine-treonine phosphorylation, thus decreasing

insulin mediator effectiveness), and (c) increases both PAI-1

production and the nonenzymatic glycosylation rate. Thus, it

could be assumed that FRD intake-induced oxidative stress

at the AAT level could represent a main and early change

responsible for most of the metabolic/endocrine abnormal-

ities observed in these animals.

We previously reported that administration of a FRD to

normal rats induces an increase in serum insulin levels

together with an impairment of glucose tolerance [7]. This

latter alteration suggests that AAT metabolic/endocrine

dysfunction could secondarily affect other tissue functions

such as b-cell insulin secretion. This effect could be

ascribed to the deleterious action of saturated FAs on b-cell

function and mass [26], as well as of ROS due to the low

islet antioxidant defense capacity [27].

In summary, our study demonstrates the appearance of

indicators of the MS in normal rats shortly (3 weeks) after

administration of a FRD. They include a state of decreased

insulin sensitivity and several AAT endocrine/metabolic

dysfunctions. The alteration in these markers could be part

of a network of interacting abnormalities triggered by early

FRD-induced AAT oxidative stress [7], and probably plays

a key role in both the development of MS and b-cell

failure.

Materials and methods

Animals and experimental design

Normal adult male Wistar rats (180–200 g body weight)

were kept in a temperature-controlled environment (238C)

with a fixed 12-h light/dark cycle and fed ad libitum for

1 week (stabilization period) with a standard commercial

rat chow (Ganave, Argentina). Thereafter, the rats were

randomly divided into two groups (30 animals each): rats

fed ad libitum during 3 weeks with a commercial standard

chow and tap water without (control diet group, CD), and

with the addition of 10% fructose (w/v) (FRD). Body

weight as well as food and fluid intake were recorded daily.

This protocol provides comparable total calorie intake and

body weight in both groups [7]. We complied with inter-

national regulations concerning the ethical use of animals.

Blood measurements

Nonfasting animals were sacrificed (between 08:30 and

09:00 h) and trunk blood was collected into EDTA coated

tubes. Tubes were rapidly centrifuged (48C at 3000 rpm)

and plasma samples immediately analyzed or stored at

-208C. We measured plasma glucose (Bio System,

Argentina), triglyceride (Bio System), FFA [7], and total

cholesterol (Wiener Laboratories Argentina) levels. Leptin

concentration in plasma and in the incubation medium was

measured by a previously validated radioimmunoassay

(RIA) (standard curve 0.04–15 ng/ml) [28], as well as

plasma corticosterone concentrations by RIA (standard

curve 0.05–50 lg/dl) [28]. Coefficients of variation (CV)

intra and interassay of both RIAs were 3%–7% and

5%–9%, respectively. Circulating levels of total adipo-

nectin (Linco Research, Cat. # EZRADP-62 K; standard

curve: 3–100 ng/ml), total PAI-1 (American Diagnostica,

Inc., CT, USA, IMUCLONE Cat. # 601; standard curve:

1–20 ng/ml) and C-reactive protein (Life Diagnostics, Inc.,

PA, USA, Cat. # 2210-2; standard curve: 0.5–30 ng/ml)

were also measured. CVs intra and interassay for all these

adipokines were 0.5%–3% and 4%–9%, respectively.

Histological studies

AAT pads were removed and immediately fixed in 4%

paraformaldehyde (in 0.2 M phosphate buffer), at 4�C for a

maximum of 3 days. Tissues were then washed with 0.01 M

PBS, and immersed in 70% ethanol for 24 h before being

processed and embedded in paraffin. Sections of 4 lm were

obtained at different levels of the blocks and stained with

hematoxylin–eosin, then examined with a Jenamed 2 Carl

Zeiss light microscope; quantitative morphometric analysis

was performed using a RGB CCD Sony camera together
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with the OPTIMAS software (Bioscan Incorporated,

Edmons, WA, USA) (409 objective). For each AAT sam-

ple, 1 section and 3 levels were selected (n = 3 animals per

group). Systematic random sampling was used to select 10

fields for each section and a minimum of 100 cells per group

were examined. We then measured the number of adipo-

cytes, their diameter and volume (4/3pr3) [29].

AAT adipocyte isolation and incubation

Adipocytes were isolated from preweighed AAT pads as

previously described [30]. Briefly, fat pads were transferred

into sterile plastic tubes containing 4 ml/g fat of Krebs-

Ringer-MOPS medium with 1% w/v of BSA, antibiotics

(streptomycin–penicillin), and supplemented with 1 mg/ml

collagenase type 1 (Sigma) (pH 7.4). Tubes were incubated

at 378C with gentle shaking for 40 min. Fat suspension was

then filtered through a nylon cloth and centrifuged (30 s at

400 rpm) at room temperature. Infranatants were aspirated,

and adipocytes were washed with 10 ml of fresh sterile

Krebs-Ringer-MOPS-BSA medium and centrifuged (3

times) as described above. After washes, cells were diluted

with 3–4 ml of sterile Dulbeccos’s Modified Eagle’s

Medium (Sigma) (supplemented with 1% w/v of BSA

(Sigma), 1% v/v of FCS and antibiotics (25 mg/l strepto-

mycin and 15 mg/l potassium penicillin G), pH 7.4

(Incubation Medium)) and counted. Cells were then diluted

with incubation medium in order to obtain *200,000

adipocytes/900 ll of medium, distributed in 15 ml conical

tubes and incubated for 45 min at 378C, in a 95% O2–5%

CO2 atmosphere without (basal) or with insulin

(0.1–10 nM, Novo Nordisk Pharma AG, Switzerland) [31]

or dexamethasone (Dxm; Sidus Lab., Argentina, 25–

100 mM) [31]. Each condition was run in five replicates in

3–4 different experiments. At the end of the incubations,

aliquots of media were carefully aspirated and kept frozen

(-208C) for leptin concentration measurements.

AAT RNA isolation and real-time quantitative PCR

Total RNA was isolated from AAT pads of both experi-

mental groups by a modification of the single step, acid

guanidinium isothiocyanate–phenol–chloroform, extraction

method (Trizol; Invitrogen, Life Tech., USA; cat. # 15596-

026) [32]. The yield and quality of extracted RNA were

assessed by 260/280 nm optical density ratio and electro-

phoresis in denaturing conditions on 2% agarose gel. One

microgram of total RNA was reverse-transcripted using

random primers (250 ng) and Superscript III Rnase

H-Reverse Transcriptase (200 U/ll Invitrogen, Life Tech,

USA; cat # 18989-093). For quantitative real-time PCR the

following primers were applied: b-actin (ACTB) (R):

50-ACCCTCATAGATGGGCACAG-30, (F): 50-AGCCAT

GTACGTAGCCATCC-30 (115 pb) (GenBank accession

number: NM_031144); LEP (R): 50-CTCAGCATTCAG

GGCTAAGG-30; (F): 50-GAGACCTCCTCCATCTGCT

G-30 (192 pb) (GenBank accession number: NM_013076);

IRS1 (R): 50-ACGGTTTCAGAGCAGAGGAA-30, (F): 50-
TGTGCCAAGCAACAAGAAAG-30 (176 bp) (GenBank

accession number: NM_012969); and IRS2 (R): 50-CCAG

GGATGAAGCAGGACTA-30, (F): 50-CTACCCACTGAG

CCCAAGAG-30 (151 pb) (GenBank accession number:

AF087674).

Two microliters of the reverse transcription mix were

amplified using the QuantiTect Syber Green PCR kit

(Qiagen, cat. # 204143), 0.5 lM of each specific primer

and the LightCycler Detection System (MJ Mini Opticon,

Biorad). PCR efficiency was *1. The threshold cycles (Ct)

were measured in separate tubes and in duplicate. The

identity and purity of the amplified product were checked

by electrophoresis on agarose mini gels, and the melting

curve was analyzed at the end of amplification. Differences

between the Ct were calculated in every sample for each

gene of interest as follows: Ct gene of interest-Ct reporter

gene. ACTB, whose mRNA levels do not differ between

control and test groups, was used as reporter gene. Relative

changes in the expression level of one specific gene (DDCt)

were calculated as DCt of the test group minus DCt of the

control group, and then expressed as 2-DDCt.

Statistical analysis

Data were analyzed by ANOVA (one or two factor), fol-

lowed by post hoc comparisons with Fisher’s test.

Morphometric data were analyzed by the Least Significant

Difference test for multiple comparisons [29]. The non-

parametric Mann–Whitney test was used to analyze data

from adipose tissue mRNA expression [33]. Results are

expressed as mean ± SEM, and P values lower than 0.05

were considered statistically significant.

Acknowledgments This study was supported by grants from

FONCyT (PICT-2007-01051 to ES), Fondation de Recherche en

Endocrinologie (2006/2008; to ES), and FNSR (3200BO-105657/1; to

RCG). ES, JJG, and AG are members of the Research Career of

CONICET; ORR is a member of the National University Incentives

Program; AA, AR, and VM are CONICET fellows.

The authors gratefully thank D. Castrogiovanni for his excellent

technical assistance, and A. Di Maggio and S. Rogers for manuscript

edition and correction, respectively.

References

1. S.S. Elliott, N.L. Keim, J.S. Stern, K. Teff, P.J. Havel, Am. J.

Nutr. 76, 911–922 (2002)

2. L.S. Kantor, J.N. Variyam, J.E. Allshouse, J.J. Putnam, B.H. Lin,

J. Nutr. 131, 473S–486S (2001)

Endocr (2009) 35:227–232 231



3. G.A. Bray, S.J. Nielsen, B.M. Popkin, Am. J. Clin. Nutr. 79, 537–

543 (2004)

4. R. Kohen-Avramoglu, A. Theriault, K. Adeli, Clin. Biochem. 36,

413–420 (2003)

5. S. Verma, S. Bhanot, L. Yao, J.H. McNeill, Eur. J. Pharmacol.

322, R1–R2 (1997)

6. S. Delbosc, E. Paizanis, R. Magous et al., Atherosclerosis 179,

43–49 (2005)

7. O.R. Rebolledo, C.A. Marra, A. Raschia, S. Rodriguez, J.J.

Gagliardino, Horm. Metab. Res. 40, 794–800 (2008)

8. T.J. Guzik, D. Mangalat, R. Korbut, J. Physiol. Pharmacol. 57,

505–528 (2006)

9. R. Miatello, M. Vázquez, N. Renna, M. Cruzado, A.P. Zumino,

N. Risler, Am. J. Hypertens. 18, 864–870 (2005)

10. K. Walder, A. Filippis, S. Clark, P. Zimmet, G.R. Collier, J.

Endocrinol. 155, R5–R7 (1997)

11. U. Smith, M. Axelsen, E. Carvalho, B. Eliasson, P.A. Jansson, C.

Wesslau, Ann. N. Y. Acad. Sci. 892, 119–126 (1999)

12. S.M. Grundy, B. Hansen, Smith et al., Circulation 109, 551–556

(2004)

13. U. Smith, E. Cahlin, T. Schersten, Acta Med. Scan. 194, 147–150

(1973)

14. A. Soria, M.E. D’Alessandro, Y.B. Lombardo, J. Appl. Physiol.

91, 2109–2116 (2001)
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