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We studied the effect of feeding normal adult male rats with a commercial

diet supplemented with fructose added to the drinking water (10% w/v;

fructose-rich diet, FRD) on the adipogenic capacity of stromal-vascular

fraction (SVF) cells isolated from visceral adipose tissue (VAT) pads.

Animals received either the commercial diet or FRD ad libitum for

3 weeks; thereafter, we evaluated the in vitro proliferative and adipogenic

capacities of their VAT SVF cells. FRD significantly increased plasma

insulin, triglyceride and leptin levels, VAT mass/cell size, and the in vitro

adipogenic capacity of SVF cells. Flow cytometry studies indicated that the

VAT precursor cell population number did not differ between groups;

however, the accelerated adipogenic process could result from an imbalance

between endogenous pro- and anti-adipogenic SVF cell signals, which are

clearly shifted towards the former. The increased insulin milieu and its

intracellular mediator (insulin receptor substrate-1) in VAT pads, as well

as the enhanced SVF cell expression of Zpf423 and peroxisome proliferator

receptor-c2 (all pro-adipogenic modulators), together with a decreased

SVF cell concentration of anti-adipogenic factors (pre-adipocyte factor-1

and wingless-type MMTV-10b), strongly supports this assumption. We

hypothesize that the VAT mass expansion recorded in FRD rats results

from the combination of initial accelerated adipogenesis and final cell

hypertrophy. It remains to be determined whether FRD administration

over longer periods could perpetuate both processes, or whether cell hyper-

trophy itself remains responsible for a further VAT mass expansion, as

observed in advanced/morbid obesity.

Introduction

We have previously shown that the administration of

a fructose-rich diet (FRD) to normal male rats for

3 weeks induces several metabolic and endocrine

dysfunctions, such as hypertriglyceridaemia, impaired

glucose tolerance, and high plasma leptin (LEP) and

insulin levels, together with insulin resistance. In these
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animals, we also recorded a marked increase in visceral

adipose tissue (VAT) mass and impairment of its met-

abolic and endocrine functions [1–3].
Adipose tissue (AT), particularly the VAT fraction,

plays an important modulatory role upon metabolic

homeostasis by affecting energy handling and produc-

ing several bioactive molecules that regulate insulin

sensitivity, as well as immune and vascular responses

[4]. On the other hand, chronic administration of

excess nutrients expands AT, inducing a simultaneous

change in its cellular and matrix remodelling [5], as

well as marked metabolic and endocrine dysfunctions,

as in the case of obesity.

Regarding the FRD, the increase in VAT mass and

the associated dysfunction depends on a hypertrophy

(i.e. the unhealthy expansion) of its cells [6] and an

increased peripheral/VAT oxidative stress [3]. How-

ever, the underlying mechanism whereby the FRD

induces this selective adipocyte hypertrophy rather

than its hyperplasia remains unknown.

Adipogenesis is a multistep process that is regulated

by several transcription factors and hormones,

whereby the precursor cells (pre-adipocytes) differenti-

ate into mature adipocytes [7]. In this process, commit-

ted pre-adipocytes present in the stromal vascular

fraction (SVF) of the AT pad express the transcrip-

tional regulator of pre-adipocyte determination,

Zfp423 [8]. This signal in turn activates the basal

expression of pre-adipocyte peroxisome proliferator-

activated receptor (PPAR)-c2 [8], a key pro-adipogenic

signal [9,10] that assures pre-adipocyte differentiation.

Complementarily, extracellular factors, such as insulin

[11], glucocorticoids [11] and LEP [12], also stimulate

pre-adipocyte differentiation.

On the other hand, pre-adipocyte factor-1 (Pref-1), a

transmembrane protein specifically produced by pre-

adipocytes, exerts the most potent inhibitory signal of

the adipogenic process [13–15]. Its expression decreases

progressively in cells undergoing differentiation,

becoming undetectable in mature adipocytes [14]. The

wingless-type MMTV (Wnt) family of secreted signal-

ling proteins also plays a negative modulatory role in

adipocyte differentiation process [16]. Indeed, activa-

tion of Wnt signalling by Wnt-10b inhibits the differ-

entiation of pre-adipocytes in vitro. Furthermore, mice

with Wnt-10b over expression showed a 50% decrease

in total body fat [17,18]. These animals are also resis-

tant to AT accumulation when fed a high-fat diet, as

well as being more glucose-tolerant and insulin-sensi-

tive than wild-type mice.

Although increased fatness and different endocrine

and metabolic alterations have been identified in the

human metabolic syndrome, as far as we are aware,

the effect of FRD intake on the adipogenic capacity of

VAT precursor cells has not been addressed. We

assumed that changes in the pre-adipocyte maturation

process could play an important role in the develop-

ment of this dysfunctional hypertrophic state. Thus,

testing this hypothesis would not only provide new

knowledge on the pathogenesis of VAT cell hypertro-

phy, but also present an opportunity to implement

preventive strategies at an early stage of its develop-

ment. Accordingly, in the present study, we investi-

gated in vitro the overall adipogenic capacity of VAT

precursor cells isolated from FRD-fed rats.

Results

Food intake, body weight and metabolic

parameters in the SVF cell donor

A comparable 21-day mean intake of total food energy

was recorded in both groups of rats (212.3

� 14.3 kj�rat�1�day�1 and 232.6 � 18.9 kj�rat�1�day�1

in commercial diet (CD) and FRD rats, respectively;

P > 0.05, n = 14/16 rats per group).

Although the intake of an FRD did not induce signifi-

cant changes in body weight after the 3-week study

period, it induced a significant increase in VAT mass

and adipocyte size (P < 0.05) (Table 1). However, no

significant differences between groups were found in the

number of SVF cells�g�1 isolated from VAT (Table 1).

The administration of an FRD to rats did not mod-

ify plasma glucose and corticosterone levels, although

these animals had higher peripheral levels of insulin,

triglyceride, LEP and thiobarbituric acid reactive

substances (TBARS) (P < 0.05 compared to CD)

(Table 1).

Table 1. Rat anthropometry and circulating levels of metabolic

parameters. Body weight, VAT pad weight, VAT SVF cell number

and plasma levels of several parameters in CD- and FRD-fed rats.

Values represent the mean � SEM (n = 8 rats per group).

CD FRD

Body weight (g) 368 � 13 388 � 12

VAT mass (g) 3.28 � 0.27 4.27 � 0.21*

VAT adipocyte size (lm) 49.1 � 2.2 58.3 � 1.8*

VAT SVF cell number/g VAT (x 105) 2.95 � 0.46 2.58 � 0.25

Glucose (mM) 6.17 � 0.21 6.34 � 0.14

Insulin (ng�mL�1) 1.57 � 0.18 2.27 � 0.15*

Triacylglycerol (mM) 0.91 � 0.06 1.69 � 0.11*

LEP (ng�mL�1) 2.51 � 0.24 3.45 � 0.31*

Corticosterone (lg�dL�1) 10.55 � 2.76 11.03 � 2.46

TBARS (pmol�mg protein�1�mL�1) 57.98 � 5.85 74.11 � 4.76*

*P < 0.05 compared to CD.
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In vitro proliferation capacity of VAT SVF cells

The proliferation capacity of SVF cells, measured as

the number of cultured cells counted at a 24-h interval

between proliferation days (Pd) 1 and 9, showed no

significant differences between cells isolated from either

CD or FRD rats (i.e. the slopes of the proliferation

curves were 22 089 � 1117 cells�24 h�1 and 20 106

� 1205 cells�24 h�1 in CD and FRD, respectively

(n = 3–4 different experiments, with four wells per

group per experimental day; P > 0.05).

In vitro VAT SVF cell differentiation: impact of

FRD feeding

Accumulation of cytoplasmic lipid, a classical marker

of adipocyte differentiation [9], was already detected

on differentiation day (Dd) 2 and thereafter in both

groups (Fig. 1, upper left). Despite the cellular lipid

content (quantified by Oil-Red O staining) being simi-

lar in both groups on Dd 2, it became significantly

higher in FRD on Dd 4 and thereafter (P < 0.05)

(Fig. 1, upper left).

Because LEP is an adipokine synthesized by adipo-

cytes but not by precursor cells, its presence/release

also represents a reasonable marker of cell differentia-

tion. Although the LEP concentration in the culture

medium was negligible on Dd 2 in both cell groups, it

became detectable on Dd 4 and showed a significant

time-dependent increase from Dd 6 to Dd 10 in cells

obtained from FRD animals (P < 0.05 versus respec-

tive CD values) (Fig. 1, lower panel). This differential

pattern of adipokine production fully agrees with the

one recorded in cell lipid appearance throughout the

culture period.

Complementary, at the end of the differentiation

period (Dd 10), the cell expression levels of marker

genes of fully differentiated adipocytes, adiponectin

(ADIPOQ) and LEP, as well as the intracellular insu-

lin mediator insulin receptor substrate-1 (IRS-1), were

significantly higher in cells obtained from FRD than
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Fig. 1. Time-dependent accumulation of

intracellular lipids during in vitro

differentiation of SVF cells isolated from

VAT of CD and FRD rats (upper left).

Representative micrographs of in vitro

fully differentiated cells (Dd 10) in CD and

FRD after staining with Oil-Red O (upper

right). Time-dependent LEP secretion into

the culture medium by isolated VAT SVF

cells (CD and FRD) undergoing in vitro

differentiation (lower). Values are the

mean � SEM (n = 4/5 different

experiments with 10/12 wells per day per

experiment). ●P < 0.05 compared to CD.
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CD rats (P < 0.05) (Fig. 2). However, no significant

group difference was recorded in the cell concentration

of PPAR-c2 mRNA [1.01 � 0.18 arbitrary units (AU)

and 1.19 � 0.32 AU in CD and FRD, respectively;

P > 0.05].

FRD-induced changes upon adipocyte maturation

rate

Quantitative assessment of the number of cells show-

ing lipidic vacuoles on Dd 10 (performed in cover-slip

fixed cells) showed comparable percentage values of

mature adipocytes (60.2 � 4.24% and 57.7 � 4.93%,

respectively; n = 4/5 different experiments). However,

we found variable differences between groups through-

out the whole maturation process: comparable values

at stage I (Fig. 3, lower), a significantly lower percent-

age in FRD cells at stage II and a larger one at stage

III (P < 0.05 versus CD) (Fig. 3, lower).

Analysis of VAT precursor cells by flow

cytometry

VAT SVF cells were analyzed by flow cytometry using

the strategy of cell identification as noted below. The

ratio CD34+/CD45�/CD31� over the total SVF cell

number was similar in both groups (7.77 � 1.35% and

8.51 � 0.81% in CD and FRD cells, respectively;

n = 4 independent experiments). A representative dot

plot of VAT progenitor cells from both experimental

groups is depicted in Fig. 4.

VAT SVF cell commitment and adipogenic

signals

Zpf423 and PPAR-c2, two markers of the degree of

differentiation commitment of adipocyte precursors,

showed a significantly higher expression in VAT SVF

cells isolated from FRD animals (P < 0.05) (Fig. 5A,

B). Conversely, cell mRNA concentrations of mineral-

ocorticoid receptor (MR) and glucocorticoid receptor

(GR), two pro-adipogenic signal transducers, showed

comparable values in both groups (CD versus FRD;

MR: 1.03 � 0.18 AU versus 0.93 � 0.13 AU; n = 5/6

different experiments; GR: 1.01 � 0.14 AU versus

0.92 � 0.17 AU; n = 5/6 different experiments). On

the other hand, mRNA concentrations of anti-adipo-

genic factors Pref-1 and Wnt-10b were significantly

lower in FRD than in CD VAT SVF cells (P < 0.05)

(Fig. 5C,D).

Discussion

We have previously shown that administration of an

FRD to normal male rats for 3 weeks induces several

VAT alterations, such as an increase in VAT mass and

adipocyte size, changes in its lipid composition, and a

marked increase in the release of fatty acids and pro-

inflammatory adipokines [1]. Based on these data and

other reports in the literature [19–22], we assumed that

adipocyte hypertrophy was responsible, at least partly,

for this multiple VAT expansion/dysfunction. Thus

far, however, there is no reported evidence on the

potential effect of FRD administration upon in vitro

adipogenesis. In this regard, the present study clearly

shows that the effect of the FRD starts early at the

stage of SVF precursor cells, increasing the expression

of pro-adipogenic gene factors and decreasing that of

anti-adipogenic ones.
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Fig. 2. mRNA concentrations of adipogenesis markers: ADIPOQ

(upper), LEP (middle) and IRS-1 (lower), measured in fully in vitro

differentiated adipocytes (Dd 10) isolated from CD and FRD

animals. Values are expressed in AU (arbitrary units) and in relation

to values of the corresponding marker displayed by CD SVF cells.

Results are the mean � SEM (n = 4/5 different experiments with

10/12 wells per experiment). ●P < 0.05 compared to CD.
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AT mass expansion is the result of the balance

between enlarged cell size (hypertrophy) and increased

cell number (hyperplasia). Although adipocyte volume/

size mainly reflects energy (lipid) and adipokine stor-

age, their numbers are the main indicator of adipocyte

renewal. In the present study, there was no difference

in both the number and proliferation capacity of VAT

precursor SVF cells measured in the CD and FRD

groups; these data suggest that the increased adipo-

genic capacity recorded could be the result of a real

different maturation capacity rather than changes in

the number of precursors in the FRD group. This

assumption is strongly supported by (a) a higher

expression of pro-adipogenic factors and a lower

expression of anti-adipogenic ones in precursor cells

isolated from FRD rats; (b) an enhanced, time-depen-

dent appearance of adipogenic markers, such as cell

lipid content and adipokine expression (ADIPOQ and

LEP), as well as LEP release; and (c) a larger percent-

age of fully differentiated cells (nucleus position, either

close or adjacent to the cell membrane).

It is known that Zpf423 is a signal that regulates pre-

adipocyte commitment and, subsequently, PPAR-c2
expression [8]. Additionally, Zfp423 acts as a

co-activator of Smad proteins and amplifies the pro-

adipogenic and PPAR- c2-inducing actions of bone

morphogenetic protein signalling [8,23]. Moreover,

silencing Zpf423 expression induces a drastic reduction

in PPAR-positive cell number [8]. In this regard, our

data show that, despite the comparable number of
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Fig. 3. Representative fields containing

fully in vitro differentiated adipocytes

(Dd 10) from CD (upper left) and FRD

(upper right) rats, displaying different

degrees of maturation according to the

nucleus position: I, central (red arrows);

II, center (green arrows); III, fully

peripheral (blue arrows) (white

bars = 200 lm). The percentage of fully

in vitro differentiated adipocytes from CD

and FRD according to their maturation

degree is also shown (lower panel). Values

are the mean � SEM (n = 4/5 different

experiments; data from 200/250 cells

were recorded in each experiment).
●P < 0.05 compared to CD values.
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VAT precursors (CD34+/CD45�/CD31�) isolated

from CD and FRD rats, those cells isolated from the

latter rats over-expressed Zpf423 and PPAR-c2, thus

demonstrating a larger proportion of cells already com-

mitted to promptly differentiate into adipocytes [8].

Conversely, the expression of two potent anti-adipo-

genic factors, Pref-1 and Wnt-10b [24], was significantly

lower in these cells. These data suggest that the overall

higher adipogenic capacity measured in SVF cells iso-

lated from FRD VAT results, at least partly, from the

combination of an uneven expression of pro-adipogenic

factors/genes (enhanced) and those exerting a negative

(decreased) modulatory effect. These changes in vivo

would apparently remain constant during the in vitro

culture, being responsible for the uneven differentiation

velocity recorded between groups.

We still do not know the precise mechanism that

triggers this pro-/anti-adipogenic balance in FRD rats.

It is tempting to speculate that the general oxidative

stress (TBARS) and local oxidative stress (VAT) [3]

present in FRD animals could be one such trigger.

This state of FRD-induced high oxidative stress could

in turn decrease sirtuin-1 production [25], a NAD+-

dependent histone deacetylase that represses PPARc
expression [26] and thus inhibits adipogenesis. There-

fore, diminished cell sirtuin-1 production would

increase PPARc production, thus triggering adipogene-

sis. Moreover, high PPARc signalling is able to stimu-

late another pro-adipogenic factor, Setd8, a histone

methyltransferase [27], once again epigenetically poten-

tiating an early adipogenic process. Such potential epi-

genetic changes would contribute to the establishment

and maintenance of progenitor cell determination in

culture. Epigenetic mechanisms might explain why the

characteristic of progenitors of different AT depots are

retained in vitro for several generations outside of

organism environment. However, it cannot be ruled

out that other mechanisms may contribute to the per-

sistence of the expression pattern of progenitors cells

isolated from FRD rats [28]. On account of the results

of the present study, studies are in progress in our lab-

oratories aiming to test this hypothesis.

In summary, the data obtained in the present

study indicate that VAT precursor cells isolated from

normal rats fed an FRD display an increased adipo-

genic capacity under in vitro conditions. Changes in

the lipid content of VAT precursor cells were the

earliest marker of this process. Such an effect would

result from a breakdown of the balance between the

pro- and anti-adipogenic circulating and tissue modu-

lators that switch the balance in favour of the for-

mer. FRD rats showed an increase in insulin plasma

levels and in the VAT expression of its intracellular

mediator (IRS-1), as well as in the percentage of pre-

cursor cell commitment, together with a decrease in

the VAT SVF cell expression of key anti-adipogenic

factors. The cellular changes described would be suf-

ficient to settle the faster adipogenic process reported

in the present study. We could assume that the VAT

mass expansion observed shortly after administration
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of an FRD to normal rats depends on the combina-

tion of an initial accelerated adipogenic process and

a final cell size enlargement. It remains to be con-

firmed whether both processes perpetuate in the case

of longer FRD administration, or whether only cell

hypertrophy remains responsible for the potential

additional VAT mass expansion, as occurs in

advanced/morbid obesity [1,2,29,30]. Regardless of

the answer to this question, our data show that the

FRD effect starts very early in the adipogenic

process. From a clinical point of view, the implemen-

tation of preventive strategies at that stage could

probably be more effective than those applied later,

when the abnormality is fully developed.

Materials and methods

Animals and treatment

As described previously [1–3], normal adult male Sprague–

Dawley rats (aged 60 days) were kept in a temperature-

controlled environment under a 12 : 12 h light/dark cycle

at at 23 ºC. Animals were fed a Purina (Ganave SA, Pilar,

Argentina) commercial rat chow ad libitum for 3 weeks

and either tap water only (conventionally designated as

the CD) or with the addition of 10% fructose (w/v) in

drinking water (conventionally designated as the FRD).

CD and FRD rats were then decapitated in nonfasting

conditions (between 08.00 h and 09.00 h) and trunk blood

was collected into EDTA-coated tubes. Tubes were rapidly

centrifuged at 2500 g for 15 min at 4 °C, and plasma sam-

ples were kept frozen at �80 °C until metabolite measure-

ments. VAT was aseptically dissected, weighed and placed

in sterile Petri dishes containing 10 mL of sterile DMEM-

low glucose (LG) (1 g�L�1). Animals were sacrificed in

accordance with protocols for animal use, in agreement

with NIH guidelines for the care and use of experimental

animals. All experiments received approval from our Insti-

tutional Animal Care Committee.

Peripheral parameter measurements

Plasma levels of LEP [31], insulin [32] and corticosterone [33]

were determined by a specific radioimmunoassay previously

developed in our laboratory. Circulating glucose (Wiener

Laboratory, Rosario, Argentina) and triglyceride (Wiener

Laboratory, Rosario, Argentina) levels were measured using

commercial kits. Plasma lipid peroxidation was determined

by measuring TBARS, as calculated by the extinction coeffi-

cient for the malondialdehyde-thiobarbituric acid reaction

complex of 1.56 9 105 M�cm�1, and expressed as pmol mal-

ondialdehyde�mg plasma protein�1, as measured with the

Bio-Rad Protein Assay kit (Bio-Rad Lab, Hercules, CA,

USA) [3].

Histological studies

VAT 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

NaCl/Pi 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, stained

with haematoxylin and eosin, and then examined with a

Jenamed 2 light microscope (Carl Zeiss, Oberkochen, Ger-

many). Quantitative morphometric analysis was performed

using a RGB charge-coupled device camera (Sony Corp.,

Tokyo, Japan) together with OPTIMAS software (Bioscan

Incorporated, Edmons, WA, USA) (9 40 objective). For

each VAT sample, one section and three levels were

selected (n = 3 animals per group). Systematic random

sampling was used to select ten fields for each section and

a minimum of 100 cells per group were examined. We then

measured adipocyte number and diameter [1].

VAT SVF cell isolation

Fresh VAT pads from CD and FRD rats were digested

with collagenase as described previously [34]. Briefly, VAT

pads were minced and digested with 1 mg�mL�1 collage-

nase solution in DMEM-LG for 1 h at 37 ºC. After centri-

fugation at 750 g for 15 min, floating mature adipocytes

were discarded and the SVF cell pellet was collected, fil-

tered in a 50-lm mesh nylon cloth, and washed twice with

DMEM-LG.

Proliferation assay

VAT SVF cells from both groups where seeded at a density

of 15 000 cells�well�1 in sterile 24-well plates (Greiner Bio-

One GmbH, Frickenhausen, Germany) and cultured at

37 °C in a 5% CO2-atmosphere in DMEM-LG supple-

mented with 20 nM Hepes, 10% fetal bovine serum (v/v),

100 U�mL�1 penicillin and 100 U�mL�1 streptomycin [34].

Every 24 h, cells (four wells per day) were washed (9 1)

with NaCl/Pi buffer. Thereafter, a 0.25% (w/v) trypsin

solution dissolved in NaCl/Pi-EDTA was added for

2–3 min at 37 °C; the cell suspension was then collected

and cell number was determined in a Newbauer chamber.

This procedure was performed every 24 h between days Pd

1 and Pd 9 of culture.

Precursor cell differentiation assay

In separate experiments, after proliferating CD and FRD

SVF cells reached 65–5% confluence on Pd 5–6, they were

induced to differentiate (differentiation day zero, Dd 0) by

addition of a classical mix solution: 5 lg�mL�1 insulin,

0.25 lM dexamethasone, 0.5 mM 3-isobutyl-L-methylxan-

thine in DMEM-LG-Hepes, supplemented with 10% fetal
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bovine serum and antibiotics [34]. After 48 h, media were

removed and replaced by fresh media containing insulin

(5 lg�mL�1), fetal bovine serum (10%) and antibiotics, and

then cultured for 10 days (Dd 10). Through this period,

media were replaced by fresh media every 48 h. After

replacement, medium samples were kept frozen at �20 °C
until measurement of LEP concentrations (see below). Cell

samples were processed on different Dds for several deter-

minations, as described below.

Leptin release

LEP concentration in the medium was determined by a

specific radioimmunoassay [31]. In this assay, the standard

curve ranged between 50 and 12 500 pg�mL�1 (intra- and

inter-assay coefficients of variation of 4–6% and 5–8%,

respectively).

Lipid cell content (Oil-Red O staining)

Cells from Dd 0 through Dd 10 were washed with NaCl/Pi

and fixed with 10% formalin in NaCl/Pi for 10–15 min.

Then cells were quickly washed with 60% isopropanol and

stained for 1 h with Oil-Red O solution (2 : 3 v/v

H2O : isopropanol, containing 0.5% Oil-Red O) [35]. After

staining, the cells were washed three times with NaCl/Pi

and the dye from stained material was extracted by adding

200 lL of isopropanol for 10 min. To quantify cell lipid

content, D510 was measured in a spectrophotometer. The

remaining cells were digested with 200 lL of 0.25% Tryp-

sin solution in NaCl/Pi-EDTA at 37 °C for 24 h. Subse-

quently, the cell suspension was centrifuged at 8000 g for

15 s and D260 of the supernatants was measured for DNA

quantification. Cell lipid content (as measured by Oil-Red O)

was then expressed as a function of the corresponding cell

DNA content.

RNA isolation and real-time quantitative PCR

Total RNA was isolated from cells of both groups by the

single-step, acid guanidinium isothiocyanate–phenol–chlo-

roform extraction method (Trizol; Invitrogen, Life Technol-

ogies, Carlsbad, CA, USA; catalogue number 15596-026)

[36]. In total, 1 lg of total RNA was reverse transcribed

using random primers (250 ng) and Superscript III Rnase

HReverse Transcriptase (200 units/lL�1 Invitrogen Life

Technologies; catalogue number 18989-093). The primers

applied were b-actin (ACTB), ADIPOQ, GR, IRS-1, LEP,

MR, PPAR-c2, Pref-1 and Wnt-10b (Table 2). In total,

2 lL of the reverse transcription mix was amplified using

the QuantiTect Syber Green PCR kit (Qiagen, Valencia,

CA, USA; catalogue number 204143), adding 0.5 lM of

each specific primer, and then measured with a LightCycler

Detection System (MJ Mini Opticon; Bio-Rad). PCR effi-

ciency was near 1. The threshold cycle (Ct) was measured

in separate tubes in duplicate. The identity and purity of

the amplified product were checked by electrophoresis on

agarose mini-gels, and analysis of the melting curve was

carried out at the end of amplification. Differences between

Ct were calculated in every sample for each gene of inter-

est: Ct gene of interest – Ct reporter gene ACTB whose

mRNA levels did not differ between the control and test

groups. Relative changes in the expression level of one spe-

cific gene (DDCt) were calculated as the DCt of the test

group minus the DCt of the control group, and then

presented as 2�DDCt.

Table 2. Primers designed for a high homology region of different genes and used for real time RT-PCR analyses. GBAN, GenBank

Accession Number. Amplicon length is given in bp.

Gene Primers GBAN bp

ACTΒ se, 5′-AGCCATGTACGTAGCCATCC-3′

as, 5′-ACCCTCATAGATGGGCACAG-3′

NM_031144 115

ADIPOQ se, 5′-AATCCTGCCCAGTCATGAAG-3′

as, 5′-TCTCCAGGAGTGCCATCTCT-3′

NM_144744 159

GR se, 5′-TGCCCAGCATGCCGCTATCG-3′

as, 5′-GGGGTGAGCTGTGGTAATGCTGC-3′

NW_047512 170

LEP se, 5′-GAGACCTCCTCCATCTGCTG-3′

as, 5′-CTCAGCATTCAGGGCTAAGG-3′

NM_013076 192

MR se, 5′-TCGCTCCGACCAAGGAGCCA-3′

as, 5′-TTCGCTGCCAGGCGGTTGAG-3′

NM_013131 193

PPAR-c2 se, 5′-AGGGGCCTGGACCTCTGCTG-3′

as, 5′-TCCGAAGTTGGTGGGCCAGA-3′

NW_047696 185

Pref-1 se, 5′-TGCTCCTGCTGGCTTTCGGC-3′

as, 5′-CCAGCCAGGCTCACACCTGC-3′

NM_053744 113

Wnt-10b se, 5′-AGGGGCTGCACATCGCCGTTC-3′

as, 5′-ACTGCGTGCATGACACCAGCAG-3′

NW_047784 175

Zfp423 se, 5′-CCGCGATCGGTGAAAGTTG-3′

as, 5′-CACGGCTGGATTTCCGATCA-3′

NM_053583.2 121
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Cell differentiation and maturation

Additionally, 65–75% confluent VAT SVF cells seeded on

sterile cover-glasses were differentiated on Pd 5–6 as

described above. On Dd 10, cells were fixed with 10% for-

malin solution for 1 h at room temperature, and then

stained with haematoxylin and eosyn. The percentage of

differentiated cells was calculated by counting the total

number of cells and the number of cells containing lipid

droplets when visualized under a light microscope (n = 4/5

different experiments, counting, 40–50 cells per field from

five different fields per experiment, thus summing 200–250

cells counted per experiment, 9 40 magnification). Lipid-

containing cells were assigned to three graded stages of

maturation according to the position of the nucleus [37]:

stage I (central nucleus position); stage II (between center

and peripheral nucleus position); and stage III (fully

peripheral nucleus position). The percentage of cells corre-

sponding to the different maturation stages was then

expressed in relation to the total number of differentiated

cells. Image analysis was assessed using a light microscope

and analysis IMAGE software (IMAGE PROPLUS, version 5.0;

Media Cybernetics, Inc., Bethesda, MD, USA).

Flow cytometry analysis

Experiments were performed using a FACSCalibur flow

cytometer (Becton-Dickinson Biosciences, Franklin Lakes,

NJ, USA). Briefly, SVF cells from VAT pads of CD and

FRD animals were isolated and at least 2 9 105 cells (in

100 lL of NaCl/Pi–0.5% BSA) were incubated with fluo-

rescent antibodies or the respective isotype controls (1 : 50

dilution, 1 h at 4 ºC). After washing, flow cytometry analy-

sis was performed. Total SVF cells were initially identified

by size and complexity on the basis of forward scatter and

side scatter. Using a combination of surface cell markers,

CD34 (expressed on haematopoietic stem and progenitor

cells), CD31 (expressed on leukocytes and endothelial cells)

and CD45 (expressed on hematopoietic cells), VAT progen-

itor cells were then identified as: CD34+/CD45�/CD31�

cells [38]. Conjugated monoclonal antibodies used for flow

cytometry analyses were anti-rat CD34:phycoerythrin

(Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA),

anti-rat CD45:fluorescein isothiocyanate (Santa Cruz Bio-

technology Inc) and anti-rat CD31:fluorescein isothiocya-

nate (Santa Cruz Biotechnology Inc). Samples were

analyzed using the CELLQUEST PRO (Becton-Dickinson Bio-

sciences) and FLOWJO (Tree Star Inc., Ashland, OR, USA).

Statistical analysis

Data were analyzed by analysis of variance (one- or two-

way) followed by Fisher’s test. A nonparametric Mann–

Whitney test was applied in the analysis of values from cell

mRNA expression. Morphometric data were analyzed by

the least significant difference test [39]. Results are

expressed as the mean � SEM. P < 0.05 was considered

statistically significant.
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