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Abstract

While conjugated linoleic acid (CLA) has received a great deal of attention as a supplement that can favourably modify body composition,
its potential impact on insulin sensitivity has not received equal attention. The aim of the present work was to analyse the effects of
trans-10,cis-12 CLA isomer on insulin sensitivity in hamsters fed an atherogenic diet. Hamsters were divided into three groups: one group was
fed a chow diet (control) and the other two a semipurified atherogenic diet supplemented with 0.5% linoleic acid (LA) or trans-10,cis-12 CLA,
respectively. Serum glucose, FFAs, insulin, leptin and adiponectin were measured using commercial kits. HOMA-IR was calculated using the
formula of Matthews et al. PPARy mRNA was assessed in epididymal adipose tissue by reverse transcription—polymerase chain reaction
(RT-PCR). After 6 weeks, atherogenic feeding produced an increase in body fat accumulation as compared with control feeding. The addition
of trans-10,cis-12 CLA to the atherogenic diet avoided this feature. Atherogenic feeding also led to significantly higher serum concentrations
of glucose, insulin, FFAs, as well as greater HOMA-IR values. trans-10,cis-12 CLA did not prevent these effects. No significant differences
were found among experimental groups in serum leptin and adiponectin concentrations, nor in PPARy expression. In summary, although the
addition of #rans-10,cis-12 CLA to an atherogenic diet reduces fat accumulation, it does not improve the impairment of insulin action
associated with this feeding. The maintenance of insulin resistance in hamsters fed the atherogenic CLA-enriched diet is probably due to the
high serum FFA concentration observed in these animals.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction its potential impact on insulin sensitivity has not received
equal attention. Only a few studies have been performed to
test the effects of CLA isomers on insulin action, and the
results obtained in various rodent models have been
controversial and, in some cases, apparently contradictory.

In C57BL/6J mice a mixture of CLA [4] and #rans-
10,cis-12 isomer [5] induced lipodistrophy and insulin
resistance. The trans-10,cis-12 CLA isomer also induced
a strong increase in plasma levels of glucose and insulin in
ob/ob C57BL/6J mice, reflecting an insulin-resistant state
[6]. Glucose serum concentration was also higher in
hamsters fed a CLA mixture than in control animals [7].
In contrast, trans-10,cis-12 CLA treatment has been shown
to enhance glucose tolerance and insulin-stimulated glucose
transport in skeletal muscle in insulin-resistant female obese

Conjugated linoleic acid (CLA), in particular the trans-
10,cis-12 isomer, reduces body fat accumulation and, thus,
has a potential application in the prevention and manage-
ment of obesity [1-3]. Because many obese people show
insulin resistance, it would be useful to determine the effects
of CLA on plasma insulin and glucose levels.

While CLA has received a great deal of attention as a
supplement that can favourably modify body composition,
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Zucker (fa/fa) rats [8]. Similarly, improvements in insulin
action in Zucker diabetic fatty fa/fa rats were observed by
using CLA mixtures [9—11]. Improved insulin sensitivity
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was also observed in diabetic mice (db/db) after TG-CLA
feeding [12]. Concerning the effects of CLA in humans,
decreased insulin sensitivity induced by trans-10,cis-12
CLA has been shown in insulin-resistant obese men [13].
These results suggest that the effects of CLA on insulin
sensitivity depend on species and/or metabolic status. Thus,
the present work was designed to analyse the effects of
trans-10,cis-12 CLA intake on fat accumulation in adipose
tissue and to determine whether this fatty acid modifies
insulin sensitivity in an experimental model of diet-induced
insulin resistance. The species selected was the hamster.

2. Material and methods
2.1. Animals, diets and experimental design

Twenty-four, 9-week-old, male Syrian Golden hamsters
were purchased from Harlan Ibérica (Barcelona, Spain).
They were individually housed in polycarbonate metabolic
cages (Techniplast Gazzada, Guguggiate, Italy) and placed
in an air-conditioned room (22+2°C) with a 12-h day—night
rhythm. After a 6-day adaptation period, the hamsters were
randomly divided into three groups of eight animals each
and fed the experimental diets for 6 weeks. One group
(control group) was fed a commercial chow diet (Panlab,
Barcelona, Spain). The other two groups were given semi-
purified atherogenic diets consisting of 200 g/kg casein and
4 g/kg L-methionine (Sigma, St. Louis, MO, USA), 200 g/kg
wheat starch (Vencasser, Bilbao, Spain), 404 g/kg sucrose
(local market), 100 g/kg palm oil (Agra-Unilever, Leioa,
Spain), 30 g/kg cellulose (Vencasser) and 1 g/kg cholesterol
(Sigma). Linoleic acid (LA diet) or frans-10,cis-12 CLA
(CLA diet) (Natural Lipids, Hovdebygda, Norway) was
supplemented at a level of 0.5% to the atherogenic diets.
Vitamin and mineral mixes were formulated according to
AIN-93 guidelines [14] and supplied by ICN Pharmaceut-
icals (Costa Mesa, CA, USA). All animals had free access to
food and water.

2.2. Tissue removal and serum sampling

At the end of the experimental period the hamsters were
fasted for 12 h, and blood samples were collected under
inhalation anaesthesia (diethyl ether) by cardiac puncture.
Adipose tissues from different anatomical regions (perire-
nal, epididymal and gluteal subcutaneous) were dissected
and weighed. Serum was obtained from blood samples after
centrifugation (1000xg for 10 min at 4°C). All samples
were stored at —80°C until analysis.

2.3. Serum analysis

Serum glucose and free fatty acids (FFAs) were
measured by spectrophotometry using commercial Kkits
(BioSystems, Barcelona, Spain). Insulin, adiponectin and
leptin were assessed by RIA using commercial kits (Linco,
St. Charles, MO, USA). The homeostatic model assessment
for insulin resistance (HOMA-IR) was used because it is a

valuable method that shows a strong relationship with
euglycemic—hyperinsulinemic clamp [15]. It was calculated
from insulin and glucose values using the formula of
Matthews et al. [16]:

HOMA — 1R

_ Fasting glucose (mmol/L) x fasting insulin (mU/L)
B 22.5

2.4. Extraction of total RNA and semiquantification by
reverse transcription—polymerase chain reaction

Total RNA was extracted from 100 mg of epididymal
adipose tissue using Trizol (Invitogen, Carlsbad, CA, USA),
according to the manufacturer’s instructions. One and a half
micrograms of RNA was used to synthesize first-strand
complementary DNA (cDNA) after 60 min at 37°C treatment
with RNase-free DNase 1 (Roche, Mannheim, Germany).
The reverse transcription—polymerase chain reaction (RT-
PCR) was carried out as previously published [17]. Specific
sense and antisense primers used to amplify PPARy cDNA
(GenBank AF156665) were 5 -ATTCTGGCCCACCAAC-
TTCGG-3' (sense, 222-242) and 5 -TGGAAGCCTGA-
TGCTTTATCCCCA-3' (antisense, 537-560); primers for
p-actin cDNA (GenBank J00691) were 5’ -TCTACAATG-
AGCTGCGTGTG-3' (sense, 1599-1618) and 5 -GGTCA-
GGATCTTCATGAGGT-3' (antisense, 2357-2376). Primers
used for PPARy were those designed previously [18].
Specific primers used to amplify (-actin were designed
using Oligo 6.0 Primer Analysis Software for Windows
(National Biosciences, Plymouth, MN, USA). cDNAs were
amplified for 31 cycles, using the following parameters:
94°C for 45 s, 55°C for 30 s and 72°C for 90 s (PPARY) or
95°C for 30s, 59°C for 30 s and 72°C for 30 s (B-actin). A
first step of denaturation (94°C for 3 min for PPARy and
95°C for 5 min for P-actin) and a final extension step of
denaturation (72°C for 10 min for PPARy and 72°C for
7 min for P-actin) were applied for all primers. Amplifica-
tions were linear under these conditions and carried out in a
Gene Amp PCR System 2700 (Applied Biosystems, Foster
City, CA, USA). Our preliminary experiments demonstrated
that the cycle numbers were well below the plateau phase
for PCR products. The linearity of the PCR reactions was
tested by amplification of 200 ng of first-strand cDNA per
reaction from 20 to 40 cycles. The amplified products were

Table 1
Initial and final body weights, and food and energy intakes of hamsters fed
the experimental diets for 6 weeks

Control LA CLA
Initial body weight (g) 105+1 105+1 105+1
Final body weight (g) 119+3 120+3 117+1
Food intake (g/day) 7.940.5° 5.6+0.4° 5.6+0.1°
Energy intake (kJ/day) 99.3+6.2 97.6+6.2 96.2+1.7

Values are means+S.E.M., n=38.
3% Values in the same row with different subscript are significantly
different at P <.05.
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Fig. 1. Weights of white adipose tissues from different anatomical locations
of hamsters fed the experimental diets for 6 weeks. Data not sharing a
common letter are significantly different at P <.05.

resolved in a 1.2% agarose gel (MS-8, Pronadisa, Madrid,
Spain) with ethidium bromide. Polymerase chain reaction
band intensity was semiquantified by scanning densitomet-
ric analysis using the Gel Doc 1000 UV fluorescent gel
documentation system and Molecular Analyst software for
quantification of images (Bio-Rad Laboratories, Hercules,
CA, USA). Levels of mRNA were expressed as the ratio of
signal intensity for PPARYy relative to that for -actin, as
published elsewhere.

2.5. Statistical analysis

Results are presented as mean+S.E.M. Statistical analy-
sis was performed using SPSS 8.0 (SPSS, Chicago, IL,
USA). Data were analysed by one-way ANOVA followed
by Newman—Keuls post hoc test. Correlations were ana-
lysed by Pearson’s test. Significance was assessed at the
P<.05 level.

3. Results

No differences in either energy intake or final body
weight were found among the three experimental groups
(Table 1). Feeding an atherogenic diet (LA group) increased

Table 2
Serum parameters of hamsters fed the experimental diets for 6 weeks
Control LA CLA
Glucose (mmol/L) 6.940.5° 9.14+0.9* 9.0+0.6"
Insulin (pmol/L) 60+10° 176+25% 184+16"
HOMA-IR 2.840.6° 10.1+1.6* 10.5+1.4*
FFA (mmol/L) 0.5240.04° 0.97+0.06" 0.96+0.06"
Adiponectin (ng/ml) 1.8040.04 1.97+0.07 1.78+0.05
Leptin (ng/ml) 6.7+0.7 8.4+0.9 6.3+1.1

Values are means+S.E.M., n=8.
2 Values in the same row with different subscript are significantly
different at P <.05.
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Fig. 2. RT-PCR analysis of PPARy mRNA in epididymal adipose tissue of
hamsters fed the experimental diets for 6 weeks.

body fat accumulation: adipose tissue weights from peri-
renal, epididymal and subcutaneous regions were signifi-
cantly greater than in control animals (P<.01). This effect
was more marked in subcutaneous (+45.5%) and epididy-
mal (+45.6%) depots than in perirenal (+28.3%) tissue. The
addition of frans-10,cis-12 CLA to the atherogenic diet
avoided this effect. In fact, subcutaneous adipose tissue
weight was even significantly lower than in control animals
(P<.05) (Fig. 1).

Atherogenic feeding led to significantly greater serum
concentrations of glucose, insulin and FFAs, as well as
HOMA-IR values (P<.05). The inclusion of #rans-10,
cis-12 CLA in the atherogenic diet did not prevent these
effects. No significant differences in serum adiponectin and
leptin concentrations were found among experimental
groups (Table 2).

Neither atherogenic feeding nor CLA intake induced
changes in PPARy mRNA levels in epididymal adipose
tissue (Fig. 2).

Significant correlations were found between serum leptin
concentration and adipose tissue weights from perirenal and
epididymal locations (P=.018, r=.533; P=.050, r=.433
respectively), and between HOMA-IR and serum FFA
concentration, (P=.005, r=.616).

4. Discussion

The results obtained in various rodent models concerning
the effects of CLA on insulin sensitivity have been
controversial. Data in the literature show that CLA improves
insulin sensitivity in Zucker fa/fa rats, an animal model that
shows either severe insulin resistance or type 2 diabetes
[8—11], and in diabetic mice [12]. In contrast, CLA induces
lipoatrophic insulin resistance in C57BL/6J mice, an animal
model not showing previous glucose metabolic disturbances
[4—6]. These results suggest that the effects of CLA on
insulin sensitivity depend on species and/or metabolic status.

In order to gain more insight into this issue, the present
study was performed in a different experimental model.
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Hamsters were selected as species, and CLA was included
in a diet, rich in palm oil and sucrose, which induces
insulin resistance.

The atherogenic diet produced significantly higher
glucose and insulin serum concentrations in LA group,
which were not associated with changes in energy intake, as
compared with the controls. Consequently, HOMA-IR
values were also significantly increased, suggesting the
development of insulin resistance. These features are in
good accordance with other published works. Thus, high-fat
and high-sucrose diets have been shown to increase
adiposity and to impair whole-body insulin action [19-21].
Although the addition of frans-10,cis-12 CLA to the
atherogenic diet did not modify energy intake nor final body
weight, it reduced fat depot sizes; thus, a good insulin
sensitivity, similar to that in control animals, could be
expected in the group fed atherogenic diet plus CLA.
However, HOMA-IR values in this group revealed impaired
insulin sensitivity.

One of the reasons that can justify the impairment of
insulin action in LA and trans-10,cis-12 CLA groups is the
increased serum FFA concentrations observed in both
groups, as compared with the controls. In fact, a positive
and significant correlation (P=.005) was found between
serum FFAs and HOMA-IR. Although the mechanisms
underlying the development of insulin resistance are
multifactorial and only partly understood, increased avail-
ability of FFAs is of particular importance for liver and
skeletal muscle insulin resistance [22,23]. Elevated FFAs
stimulate hepatic gluconeogenesis by inhibiting the ability
of insulin to suppress hepatic glucose production and reduce
muscle glucose uptake and oxidation. Moreover, although
FFAs are normally stored as triacylglycerols for future
energy needs, in the face of excess delivery of FFAs,
intracellular triacylglycerols begin to accumulate in other
organs and tissues such as skeletal muscle, liver and
pancreas, leading to lipotoxicity [24,25]. The FFA-lowering
effect of thiazolidinediones (TDZs), a class of antidiabetic
agents, gives further support to the role of FFAs in insulin
resistance [26,27].

Because HOMA-IR is a parameter that essentially
explores the ability of insulin to restrain hepatic glucose
production in the fasting state, but does not provide good
information related to peripheral glucose disposal [15], in
the present work liver insulin resistance, associated with a
high flux of FFAs from the adipose tissue to the liver, can be
suspected in LA and CLA groups. Other mechanisms
mentioned above which explain peripheral insulin resistance
cannot be discarded.

High serum FFA concentrations in hamsters fed the LA
diet are probably due to their greater adipose tissue size,
because of the high fat intake. It has been described that
FFA levels increase when the adipose tissue mass becomes
enlarged [28,29]. Although #rans-10,cis-12 CLA intake led
to a significant reduction in adipose depot weights, it is
surprising that hamsters fed this CLA isomer showed serum

FFA concentrations and HOMA-IR values as high as those
found in the LA group. Several papers have proposed
that trans-10,cis-12 CLA can stimulate lipid mobilization
[30-32]; nevertheless, this is a controversial issue. In the
present work lipolysis was not evaluated, but it could be
hypothesized that increased triglyceride mobilization in
trans-10,cis-12 group could underlie, at least in part, the
high FFA level observed.

Besides FFAs, white adipose tissue secretes a variety of
adipocytokines involved in insulin-sensitivity regulation.
This is true of leptin and adiponectin. Leptin reduces ectopic
fat accumulation in nonadipose tissues, enhancing insulin-
mediated stimulation of glucose disposal [21,33]. Moreover,
adiponectin promotes fatty acid oxidation in muscle and
inhibits liver glucose production [34-36]. Thus, leptin and
adiponectin may work hand in hand to sensitise peripheral
tissues to insulin.

trans-10,cis-12 CLA has been found to decrease leptin
expression [37,38]. In the present work no significant
differences were found in serum leptin levels among
experimental groups, despite differences in adipose tissue
weights. Nevertheless, a trend toward higher levels in LA
group was observed, and, indeed, positive and significant
correlations were found between serum leptin and adipose
tissue weights. It should be remembered that, in the
present work, serum was obtained in 12-h fasted animals.
Thus, potential changes in serum leptin levels associated
with changes in adipose tissue size and/or CLA feeding
may have been masked by the well-known lowering effect
induced by fasting.

Studies concerning the effects of CLA on adiponectin
expression and serum concentrations are scarce. Only
two works have been published and contradictory results
have been found. Thus, whereas Warren et al. [39]
observed a decrease in adiponectin expression in female
mice C57BL/6J fed a diet containing 0.5% of CLA
mixture, Nagao et al. [11] found an increase in adiponectin
expression and serum concentrations in diabetic Zucker
falfa rats fed a diet containing 1% of CLA mixture. In the
present work no changes in serum adiponectin levels were
induced by trans-10,cis-12 CLA intake, suggesting that
insulin resistance observed in CLA group was not related to
this adipocytokine.

PPARw is a transcriptional factor, highly expressed in
adipose tissue compared with muscle or liver [40], that
stimulates the differentiation of preadipocytes into mature
adipocytes (adipogenesis), as well as the storage of fatty
acids in mature adipocytes by acting at several steps: release
of fatty acids from the lipoprotein triacylglycerols (lipopro-
tein lipase), intracellular fatty acid transport (aP2), activa-
tion of fatty acids (acyl-CoA synthase) and fatty acid
esterification. A stimulating effect on the insulin-dependent
glucose transporter GLUT4 has also been described.
Activation of PPARYy controls the expression of products
secreted by the adipocyte, reducing leptin expression and
activating adiponectin expression. By modulating the
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secretion of these proteins and channelling fatty acids into
adipose tissue PPARYy potentiates insulin sensitivity [41,42].

Because PPARYy regulates lipid accumulation and insulin
action, its potential involvement in the effects of the trans-
10,cis-12 CLA isomer has been studied but remains
controversial. In vitro studies performed in 3T3-L1 mature
adipocytes have revealed contradictory effects of CLA on
PPARy mRNA expression. Thus, whereas Kang et al. [43]
and Grandlund et al. [44] reported a reduction in PPARYy
mRNA levels induced by #rans-10,cis-12 CLA, Choi et al.
[45] did not observe any effect. Data concerning in vivo
studies are scarcer and have been performed by using CLA
mixtures. Takahashi et al. [46] reported a reduced PPAR~y
expression in adipose tissue from C57BL/6J mice but no
changes in ICR mice, when a CLA mixture (2%) was added
to the diet. In contrast, Kang et al. [43] found a reduced
PPAR~ expression in epididymal adipose tissue from ICR
mice fed 0.5% of CLA mixture. In the present work no
effects of trans-10,cis-12 CLA intake on PPARy mRNA
levels were observed in epididymal adipose tissue. These
data suggest that the reduction in adipose tissue weight as
well as the maintenance of insulin resistance produced by
this fatty acid was not mediated by changes in PPARrvy
expression. Several authors have reported that CLA isomers
are weak agonists of PPARy [5,9,47], and it could be
speculated that these fatty acids might act as partial agonists,
thereby antagonizing PPAR<y activity by competing with
endogenous ligands with higher efficacy.

In summary, although the addition of trans-10,cis-12
CLA to an atherogenic diet reduces fat accumulation in
perirenal, epididymal and subcutaneous adipose tissues, it
does not improve the impairment of insulin action associ-
ated with this diet. This can be considered as a negative
aspect for the use of CLA in the prevention and manage-
ment of obesity. The maintenance of insulin resistance
in hamsters fed the atherogenic CLA-enriched diet is pro-
bably due to the high serum FFA concentration observed in
these animals.
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