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Type-2 diabetes is characterized by obesity-related insulin resistance. Insulin resistance and
accompanying hyperinsulinemia have been reported to play an important role in pathogenesis of the
metabolic syndrome. Conjugated linoleic acid (CLA), a mixture of positional and geometric isomers
of linoleic acid, has attracted considerable attention because of its potentially beneficial biological
effects. Previous studies showed that dietary CLA alleviates diabetes through improvement of glucose
tolerance and insulin-stimulated glucose transport activity in skeletal muscle of diabetic rats. Skeletal
muscle plays an important role both in insulin-mediated glucose metabolism and in lipid metabolism.
In the present study, we evaluated comprehensively the effect of dietary CLA on the expression of
genes related to lipid metabolism and insulin sensitivity in the skeletal muscle of obese, diabetic
Zucker rats. After 8 weeks of feeding, expression of lipogenic genes was decreased in tendency,
while expression of lipolytic genes was markedly increased by dietary CLA. Additionally, expression
of genes-related insulin sensitivity, such as adiponectin receptor 1, was significantly enhanced, and
mRNA level of peroxisome proliferator activated receptor-R, known as a transcriptional factor related
lipid metabolism and insulin signaling in skeletal muscle, was markedly increased in CLA-fed rats.
We also showed that dietary CLA significantly decreased the level of tumor necrosis factor-R (TNF-
R), associated with the development of insulin resistance, in the skeletal muscle of Zucker rats. We
suppose that the attenuated TNF-R accumulation in skeletal muscle may contribute to the alteration
of expression of several genes and the alleviation of insulin resistance in CLA-fed Zucker rats.
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INTRODUCTION

Diabetes is a serious and growing health problem in develop-
ing and industrialized countries. Predicted global prevalence of
diabetes in adults, on the basis of data collected by the World
Health Organization Ad Hoc Diabetes Reporting Group, will
rise from 135 million in 1995 to 300 million in the year 2025
(1). An increased risk of heart disease is well recognized as a
complication of diabetes, and both type-1 and type-2 diabetes
are associated with a several-fold increase in the incidence of
atherogenesis (2-5). Type-2 diabetes is characterized by
obesity-related insulin resistance. It has also emerged that insulin
resistance and compensatory hyperinsulinemia easily evoke the
metabolic syndrome, a syndrome in which multiple atherogenic

risks cluster in an individual (6). Zucker rats develop a syndrome
with multiple metabolic and hormonal disorders that share many
features with human obesity (7-9). Zucker rats have hyperph-
agia, because they have a missense mutation on the leptin
receptor gene, and become obese, developing hyperinsulinemia,
diabetes, hypertension, and nonalcoholic fatty liver disease
(NAFLD). Therefore, the Zucker rat is a good model for the
metabolic syndrome.

Conjugated linoleic acid (CLA) refers to a mixture of
positional and geometric isomers of linoleic acid with conjugated
double bonds. It is found in meat and dairy products, such as
beef, milk, and processed cheese (10). CLA has attracted
considerable attention because of its potentially beneficial
biological effects in inhibiting carcinogenesis, attenuating
atherosclerosis, reducing body fat, and alleviating hypertension
in animal models and humans (11-16). In previous studies,
CLA treatment has been also shown to alleviate diabetes in
animal models. Houseknecht et al. demonstrated that dietary

* To whom correspondence should be addressed. Telephone and fax:
(+81)-952-28-8782; e-mail: yanagitt@cc.saga-u.ac.jp.

† Saga University.
‡ Research fellow of the Japan Society for the Promotion of Science.

J. Agric. Food Chem. 2006, 54, 7935−7939 7935

10.1021/jf061284v CCC: $33.50 © 2006 American Chemical Society
Published on Web 09/02/2006



CLA normalized glucose tolerance and prevented the progres-
sion to hyperglycemia and diabetes in young, prediabetic Zucker
diabetic fatty (ZDF) rat (17). Moreover, Ryder et al. showed
that the alleviation of diabetes revealed that a mixture of CLA
isomers could not be reproduced by the 9-cis,11-trans-isomer
alone in the ZDF rat and concluded that the antidiabetic property
can be specifically ascribed to the actions of the 10-trans,12-
cis-isomer (18). Recently, we also reported that, in Zucker rats,
dietary CLA improved insulin resistance induced hyperinsulin-
emia, NAFLD, and hypertension through the enhanced produc-
tion of adiponectin, which is an adipose-derived insulin-
sensitizing cytokine (19,20).

Skeletal muscle plays a major role in glucose and lipid
metabolism. Because more than half of the insulin-mediated
glucose metabolism occurs in skeletal muscle (21), an insulin-
resistant state of that tissue results in a reduced sensitivity to
insulin in the whole body. In fact, previous studies suggested
that the abilities of CLA treatment to alleviate diabetes are
associated with an improvement of glucose tolerance and
insulin-stimulated glucose transport activity in insulin-resistant
skeletal muscle of Zucker rats (18,22). In addition, Teachey et
al. supported the possible use of combined CLA and lipoic acid
as an intervention to improve insulin action on skeletal muscle
glucose transport in Zucker rats (23). In the present study, we
evaluated comprehensively the effect of dietary CLA on the
expression of genes related to lipid metabolism and insulin
sensitivity in the skeletal muscle of obese, diabetic Zucker rats.

MATERIALS AND METHODS

Animals and Diets.All aspects of the experiment were conducted
according to the guidelines provided by the ethical committee of
experimental animal care at Saga University. Male Zucker rats 6-weeks
old were purchased from Japan SLC, Inc. (Shizuoka, Japan). The rats
were housed individually in metal cages in a temperature-controlled
room (24°C) under a 12-h light/dark cycle. After a 1-week adaptation
period, the rats were assigned to two groups (six rats each) that were
fed one of two diets: a semisynthetic diet supplemented with 5% corn
oil plus 1% high-linoleic safflower oil (control group) or a semisynthetic
diet supplemented with 5% corn oil and 1% CLA (CLA group). The
basal semisynthetic diets were prepared according to recommendations
of the AIN-76 (24) and contained the following (in weight %): casein,
20; cornstarch, 15; cellulose, 5; vitamin mixture (AIN-76), 1; mineral
mixture (AIN-76), 3.5;DL-methionine, 0.3; choline bitartrate, 0.2; fat,
6; and sucrose, 49. The rats consumed the diets for 8 weeks.

Measurement of Triglyceride Level and Fatty Acid Composition
in Skeletal Muscle.Lipids were extracted from skeletal muscle and
were purified according to the method of Folch et al. (25). The
concentration of triglyceride (TG) was measured according to the
method of Fletcher (26). Fatty acid composition of total lipid fraction
was analyzed by gas-liquid chromatography.

Measurement of Tumor Necrosis Factor-rContent in Skeletal
Muscle. For the assay of tumor necrosis factor-R (TNF-R) content in
skeletal muscle, a piece of tissue was homogenized in a 0.1 mol/L
tris-HCl buffer (pH 7.6) that contained 1 mol/L NaCl, 2% fat-free
bovine serum albumin, 2 mmol/L EDTA, 80 units/L aprotinin, and
0.02% NaN3 at 15% wet tissue wt/vol. The homogenate was centrifuged
at 13 500gfor 30 min, and the supernatant was subjected to commercial
ELISA assay kit (rat TNF-R, UltraSensitive, BioSource International,
Inc., Camarillo, CA).

Analysis of mRNA Expression.Total RNA was extracted from 30
mg of skeletal muscle, using a RNeasy Fibrous Tissue Mini Kit (Qiagen,
Tokyo, Japan). A TaqMan Universal PCR Master Mix (Applied
Biosystems, Tokyo, Japan); Assays-on-Demand, Gene Expression
Products (Rn00595644_m1 for acetyl-CoA oxidase 2 (ACO2),
Rn00566242_m1 for carnitine palmitoyltransferase 1b (CPT1b),
Rn00580220_m1 for delta-6 desaturase, Rn00569117_m1 for fatty acid
synthase (FAS), Rn00567070_m1 for insulin receptor (Ins-r),

Rn00580555_m1 for monocyte chemoattractant protein 1 (MCP1),
Rn00566193_m1 for peroxisome proliferator activated receptor-alpha
(PPAR-R), Rn00565707_m1 for PPAR-δ, Rn00440945_m1 for PPAR-
γ, Rn0000565874_m1 for uncoupling protein 3 (UCP3), Hs99999901_s1
for 18S RNA, Applied Biosystems, Tokyo, Japan), and TaqMan MGB
Gene Expression Kits for adiponectin receptor (ADP-r) 1, glucose
transporter 4 (GLUT4), insulin receptor substrate 1 (IRS1), and stearoyl-
CoA desaturase 1 (SCD1) were used for the quantitative real-time RT-
PCR analysis of ACO2, CPT1b, delta-6 desaturase, FAS, Ins-r, MCP1,
PPAR-R, PPAR-δ, PPAR-γ, UCP3, 18S RNA, ADP-r1, GLUT4, IRS1,
and SCD1 expression in skeletal muscle. The details of the TaqMan
MGB Gene Expression Kits were as follows: ADP-r1 (forward
primer, 5′-GCCTTTATGCTGCTCGGATT-3′; reverse primer, 5′-
GATGAGACTGGAACCATATGTCAAA-3′; and TaqMan MGB probe,
5′-FAM-AGCGCTTCTTTCCTG-MGB-3′), GLUT4 (forward primer,
5′-AGGATGAGAAACGGAAGTTGGA-3; reverse primer, 5′-GCT-
GCCGGTGGGTGC-3; and TaqMan MGB probe, 5′-FAM-CAGCTC-
CTGGGCAGC-MGB-3′), IRS1 (forward primer, 5′-AGTTGCTC-
CAACCCCATCAG-3′; reverse primer, 5′-TGGTTTCCCACCCACCA-
TAC-3′; and TaqMan MGB probe, 5′-FAM-ATCTCGAACTGAGAG-
CAT-MGB-3′), SCD1 (forward primer, 5′-AGCCTGTTCGTCAG-
CACCTT-3′; reverse primer, 5′-CACCCAGGGAAACCAGGAT-3′;
and TaqMan MGB probe, 5′-FAM-CACTCTGGTGCTCAAC-MGB-
3′). The amplification was performed with a real-time PCR system (ABI
Prism 7000 Sequence Detection System; Applied Biosystems). Results
were quantified with a comparative method and were expressed as a
relative value after normalization to the 18S RNA expression.

Statistical Analysis.All values are expressed as means( SEM, n
) 6. Statistical analysis was carried out with Stat View J-4.5 (Abacus
Concepts, Berkeley, CA). The significance of differences between
means for two groups was determined by Student’st-test. Differences
were considered significant atP < 0.05.

RESULTS

Although there was no difference in final body weight, body
weight gain, food intake, and food efficiency between rats fed
both diets, the CLA diet markedly alleviated hyperinsulinemia
and nonalcoholic fatty liver disease in Zucker rats. The data
from the same rats were indicated in detail in our earlier studies
(19, 20). Relevant data on expression of genes related to lipid
metabolism and insulin sensitivity in the skeletal muscle are
presented inTable 2. Expression of lipogenic genes, such as
FAS and SCD1, tended to decrease in CLA-fed rats. In contrast,
expression of lipolytic genes, such as ACO2, CPT1b, and UCP3,
was markedly increased by the CLA diet. In CLA-fed rats,
whose severe hyperinsulinemia and hyperglycemia were mark-
edly alleviated to 35% and 86% of control rats, respectively,
expression of ADP-r1, which relates to insulin sensitivity, was
significantly enhanced in skeletal muscle. The tendency of
expression of IRS1, Ins-r, and GLUT4 was also increased by
the CLA diet. mRNA level of MCP1, an inflammatory molecule,

Table 1. Fatty Acid Composition of Dietary Oilsa

corn oil high-linoleic safflower oil CLA oil

16:0 11.1 6.6 5.7
16:1 0.1 0.1 n.d.
18:0 2.0 2.4 2.0
18:1 29.7 15.2 8.1
18:2 55.0 73.2 2.3
18:2-CLA n.d. n.d. 80.9b

18:3 0.9 0.2 n.d.
20:0 0.4 0.4 n.d.
20:1 0.3 0.2 n.d.
22:0 0.1 0.3 n.d.

others 0.4 1.4 1.0

a Wt %; n.d., not detected. b Contained different isomers: 46.0% of 9c,11t; 47.3%
of 10t,12c; 3.2% of 9c,11c/10c,12c; and 3.5% of 9t,11t/10t,12t.

7936 J. Agric. Food Chem., Vol. 54, No. 20, 2006 Inoue et al.



was significantly decreased in CLA-fed rats compared with the
control diet. Transcriptional factors, PPAR-R, -δ, and -γ, have
been reported to relate lipid metabolism and insulin signaling
in skeletal muscle. In the present study, the PPAR-R mRNA
level was markedly increased, and the PPAR-δ mRNA level
tended to increase in rats fed CLA. These results indicate that
CLA alters expression of genes related to lipid metabolism and
insulin sensitivity in the skeletal muscle, and it may contribute
to the alleviation of hyperinsulinemia in CLA-fed Zucker rats.

As shown in Table 3, CLA consumption resulted in an
incorporation of CLA isomers into skeletal muscle. Consistent
with the data on expression of genes related to lipid metabolism
(shown inTable 2), TG content was decreased and fatty acid
∆9-desaturation was suppressed by CLA in total lipid fraction
of skeletal muscle.

In addition, the CLA diet significantly decreased the level
of TNF-R, whose accumulation in the tissue has been supposed
to be a risk factor for insulin resistance, in the skeletal muscle

of Zucker rats (Figure 1). The data suggested that the attenuated
TNF-R accumulation in skeletal muscle also contributes to the
alteration of expression of several genes and the alleviation of
insulin resistance in CLA-fed Zucker rats.

DISCUSSION

We investigated the effects of dietary CLA on the expression
of genes related to lipid metabolism and insulin sensitivity in
obese, diabetic Zucker rats. The results indicated that dietary
CLA alleviates type-2 diabetes through alterations of gene
expressions related to lipid metabolism and insulin sensitivity
in the skeletal muscle of Zucker rats.

Type-2 diabetes is characterized by obesity-related insulin
resistance. Insulin resistance and compensatory hyperinsulinemia
have been reported to play an important role in the pathogenesis
of the metabolic syndrome (2, 6). Skeletal muscle plays an
important role both in insulin-mediated glucose metabolism and
in lipid metabolism. It has been reported that more than 80%
of insulin-stimulated glucose uptake is accounted for by skeletal
muscle and that accumulation of lipid content in skeletal muscle
can disturb insulin action and result in insulin resistance (27,
28). In the present study, expression of lipogenic genes, such
as FAS and SCD1, tended to decrease in CLA-fed rats. In
contrast, the expression of lipolytic genes, such as ACO2,
CPT1b, and UCP3, was markedly increased by the CLA diet.
FAS is a key enzyme of fatty acid synthesis, and SCD-1 is a
microsomal rate-limiting enzyme in the biosynthesis of mono-
unsaturated fatty acids (MUFAs). ACO2 and CPT1b are muscle
abundant isoforms of key enzymes for long-chain fatty acid
oxidation, and UCP3 is implicated in the regulation of thermo-
genesis as well as fatty acid metabolism in the skeletal muscle.
Consistent with those alterations of gene expression, TG content
was decreased and fatty acid∆9-desaturation was suppressed
by CLA in total lipid fraction of skeletal muscle. Previous
studies have suggested that muscle TG content is negatively
related to insulin action (27,28). Moreover, it has been
recognized that MUFAs are the major fatty acid form in fat
depots, and alterations in the ratio of saturated fatty acid (SFA)
to MUFA have been implicated in various disease states
including cardiovascular disease, obesity, and diabetes (28-
30). Therefore, the ratio of SFA to MUFA is of physiological
importance in normal and disease states. Ntambi et al. demon-
strated that the SCD1 knockout mice were resistant to diet-
induced obesity and had increased insulin sensitivity relative
to the wild-type mice (31,32). We supposed that downregulated
lipogenesis, including∆9-desaturation, and upregulated lipolysis
by CLA feeding contribute to the improvement of insulin
sensitivity in Zucker rats.

In the present study, the expression of genes related to insulin
sensitivity, such as IRS1 and ADP-r1, was enhanced in skeletal
muscle by the CLA diet. Insulin-stimulated tyrosine phospho-
rylation of IRS1 increases glucose transport through the

Table 2. mRNA Expression Levels in Skeletal Muscle of Rats Fed the
Control and CLA Dietsa

control CLA

Genes Related to Lipid Metabolism, Arbitrary Unit
FAS 100 ± 30 46.9 ± 9.9
SCD1 100 ± 41 40.2 ± 13.6
∆6-desaturase 100 ± 17 108 ± 8
ACO2 100 ± 14 172 ± 28b

CPT1b 100 ± 10 130 ± 8b

UCP3 100 ± 12 197 ± 22b

Genes Related to Insulin Sensitivity and Inflammatory, Arbitrary Unit
Ins-r 100 ± 12 177 ± 36
IRS1 100 ± 8 156 ± 37
GLUT4 100 ± 10 139 ± 19
ADP-r1 100 ± 17 175 ± 26b

MCP1 100 ± 10 67.3 ± 10.3b

Genes of Transcriptional Factors, Arbitrary Unit
PPAR-R 100 ± 21 167 ± 13b

PPAR-δ 100 ± 16 140 ± 22
PPAR-γ 100 ± 15 106 ± 14

a Values are means ± SEM, n ) 6. b Different from the control group, P <
0.05.

Table 3. Triglyceride Concentration and Fatty Acid Composition of
Total Lipid Fraction in Skeletal Muscle of Rats Fed the Control and
CLA Dietsa

control CLA

triglyceride concentration, mg/g tissue 20.6 ± 3.6 11.0 ± 1.1b

fatty acid composition, wt %
14:0 1.66 ± 0.08 1.71 ± 0.10
16:0 32.3 ± 0.2 33.2 ± 0.5
16:1 9.24 ± 0.56 7.12 ± 0.47b

18:0 7.85 ± 0.52 9.75 ± 0.56b

18:1 26.1 ± 1.1 18.2 ± 0.6b

18:2 14.1 ± 0.4 16.5 ± 0.4b

9-cis,11-trans-CLA n.d. 0.318 ± 0.041
10-trans,12-cis-CLA n.d. 0.257 ± 0.029
20:3 0.501 ± 0.053 0.739 ± 0.050b

20:4 4.07 ± 0.46 5.98 ± 0.54b

22:4 0.225 ± 0.026 0.390 ± 0.029b

22:5 n-6 n.d. 0.301 ± 0.028
22:5 n-3 0.660 ± 0.074 0.831 ± 0.066
22:6 3.31 ± 0.44 4.71 ± 0.42b

∆6-desaturation index (20:4/18:2) 0.287 ± 0.030 0.363 ± 0.033
∆9-desaturation index (16:1/16:0) 0.286 ± 0.016 0.214 ± 0.011b

(18:1/18:0) 3.44 ± 0.37 1.91 ± 0.17b

a Values are means ± SEM, n ) 6. b Different from the control group, P <
0.05.; n.d., not detected.

Figure 1. TNF-R content in skeletal muscle of Zucker rats fed the control
and CLA diets.
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enhancement of phosphatidylinositol 3-kinase activity. ADP-
r1 is ubiquitously expressed, most abundantly in skeletal muscle,
and exhibits high affinity to adiponectin (33). Adiponectin is
an adipocyte-derived circulatory protein and a mediator of
insulin sensitivity (34). Adiponectin has been shown to augment
insulin-stimulated tyrosine phosphorylation of IRS-1 in the
skeletal muscle of mice (35). ADP-r1 was also reported to
mediate enhancement of fatty acid oxidation and glucose
transport activity through activation of AMP kinase and PPAR-R
(33). In skeletal muscle, insulin-induced glucose transport into
cells is stimulated by increasing the translocation of GLUT4
from an intracellular pool to the plasma membrane. The
intracellular signaling pathway by which insulin mediates
glucose transport involves signal transduction through the Ins-
r. In the present study, expression of Ins-r and GLUT4 was
increased in tendency in CLA-fed Zucker rats. Evaluation of
the effect of CLA on the activity of Ins-r and the translocation
of GLUT4 should be addressed in future studies.

PPARs, nuclear receptors related to the modulation of
environmental and dietary stimuli, are involved in gene regula-
tion and are important regulators of glucose and lipid metabolism
(36). In the present study, the PPAR-R mRNA level was
markedly increased in rats fed CLA. Because fibrates treatment
has been shown to exert lipid-lowering activity and insulin-
sensitizing activity via PPAR-R in humans and rodents (37,38),
we suggest that dietary CLA improves lipid metabolism and
insulin sensitivity in skeletal muscle partially through the
transcriptional regulation of PPAR-R. In addition, the PPAR-δ
mRNA level tended to increase in rats fed CLA. Although the
physiological function of PPAR-δ was not fully understood,
Luquet et al. reported that treatment of obese animals by specific
PPAR-δ agonists normalized metabolic parameters and reduced
adiposity (39). This result suggests that the increased tendency
of PPAR-δ mRNA level might be associated with alterations
of genes related to lipid metabolism in skeletal muscle of CLA-
fed rats. Although thiazolidinediones, known as insulin sensitiz-
ers, have been reported to act through the activation of PPAR-γ
(40), we could not find any alteration in mRNA levels of
PPAR-γ by CLA feeding. We need to further evaluate the effect
of CLA on the activity of PPAR-γ.

Although TNF-R was identified as a preinflammatory cy-
tokine that kills tumor cells or microorganisms, many studies
suggest that TNF-R is associated with the development of insulin
resistance in obese patients and in obese animal models (41,
42). It has been suggested that TNF-R lowers insulin sensitivity
associated with the induction of inflammatory molecules, such
as MCP1, and the downregulation of the PPAR-R expression
(43-45). In the present study, the CLA diet significantly
decreased the level of TNF-R in skeletal muscle of Zucker rats.
We also previously reported that CLA feeding suppressed
mRNA expression of TNF-R in the liver of Zucker rats (20).
Therefore, we suppose that the attenuated TNF-R accumulation
in skeletal muscle may contribute to the alteration of expression
of several genes and the alleviation of insulin resistant in CLA-
fed Zucker rats.

ABBREVIATIONS USED

ACO, acetyl-CoA oxidase; ADP-r, adiponectin receptor;
CLA, conjugated linoleic acid; CPT, carnitine palmitoyltrans-
ferase; FAS, fatty acid synthase; GLUT, glucose transporter;
Ins-r, insulin receptor; IRS, insulin receptor substrate; MCP,
monocyte chemoattractant protein; MUFA, monounsaturated
fatty acid; PPAR, peroxisome proliferator activated receptor;

SCD, stearoyl-CoA desaturase; SFA, saturated fatty acid; TG,
triglyceride; TNF-R, tumor necrosis factor-R; UCP, uncoupling
protein.

ACKNOWLEDGMENT

We thank The Nisshin OilliO Group, Ltd. (Yokosuka, Japan)
for providing high-linoleic safflower oil and CLA oil.

LITERATURE CITED

(1) King, H.; Aubert, R. E.; Herman, W. H. Global burden of
diabetes, 1995-2025: prevalence, numerical estimates, and
projections.Diabetes Care1998,21, 1414-1431.

(2) Fisher, M. Diabetes and atherogenesis.Heart 2004,90, 336-
340.

(3) Eberly, L. E.; Cohen, J. D.; Prineas, R.; Yang, L. Impact of
incident diabetes and incident nonfatal cardiovascular disease
on 18-year mortality: the Multiple Risk Factor Intervention Trial
experience.Diabetes Care2003,26, 848-854.

(4) Laing, S. P.; Swerdlow, A. J.; Slater, S. D.; Burden, A. C.;
Morris, A.; Waugh, N. R.; Gatling, W.; Bingley, P. J.; Patterson,
C. C. Mortality from heart disease in a cohort of 23,000 patients
with insulin-treated diabetes.Diabetologia2003,46, 760-765.

(5) Varughese, G. I.; Tomson, J.; Lip, G. Y. Type 2 diabetes
mellitus: a cardiovascular perspective.Int. J. Clin. Pract.2005,
59, 798-816.

(6) Eckel, R. H.; Grundy, A. M.; Zimmet, P. Z. The metabolic
syndrome.Lancet2005,365, 1415-1428.

(7) Chua, S. C.; Chung, W. K.; Wu-Peng, S.; Zhang, Y. Y.; Liu,
S.; Tartaglia, L. A.; Leibel, R. L. Phenotypes of mouse diabetes
and rat fatty due to mutations in the OB (leptin) receptor.Science
1996,271, 994-996.

(8) Phillips, M. S.; Liu, Q.; Hammond, H. A.; Dugan, V.; Hey, P.
J.; Caskey, C. J.; Hess, J. F. Leptin receptor missense mutation
in the fatty Zucker rat.Nat. Genet.1996,13, 18-19.

(9) Stepp, D. W.; Frisbee, J. C. Augmented adrenergic vasocon-
striction in hypertensive diabetic obese Zucker rats.Am. J.
Physiol.2002,2 (82), H816-H820.

(10) Chin, S. F.; Liu, W.; Storkson, J. M.; Ha, Y. L.; Pariza, M. W.
Dietary sources of conjugated dienoic isomers of linoleic acid,
a newly recognized class of anticarcinogens.J. Food Compos.
Anal. 1992,5, 185-197.

(11) Ip, C.; Scimeca, J. A.; Thompson, H. J. Conjugated linoleic acid,
a powerful anticarcinogen from animal fat sources.Cancer1994,
74, 1050-1054.

(12) Lee, K. N.; Kritchevsky, D.; Pariza, M. W. Conjugated linoleic
acid and atherosclerosis in rabbits.Atherosclerosis1994,108,
19-25.

(13) Nagao, K.; Wang, Y. M.; Inoue, N.; Han, S. Y.; Buang, Y.;
Noda, T.; Kouda, N.; Okamatsu, H.; Yanagita, T. The 10trans,
12cis isomer of conjugated linoleic acid promotes energy
metabolism in OLETF rats.Nutrition 2003,19, 652-656.

(14) Smedman, A.; Vessby, B. Conjugated linoleic acid supplementa-
tion in human metabolic effects.Lipids 2001,36, 773-781.

(15) Nagao, K.; Inoue, N.; Wang, Y. M.; Buang, Y.; Hirata, J.; Nagao,
T.; Shimada, Y.; Matsui, T.; Yanagita, T. The 10trans, 12cis
isomer of conjugated linoleic acid suppresses the development
of hypertension in Otsuka Long-Evans Tokushima Fatty rats.
Biochem. Biophys. Res. Commun.2003,306, 134-138.

(16) Inoue, N.; Nagao, K.; Hirata, J.; Wang, Y. M.; Yanagita, T.
Conjugated linoleic acid prevents the development of essential
hypertension in spontaneously hypertensive rats.Biochem. Bio-
phys. Res. Commun.2004,323, 679-684.

(17) Houseknecht, K. L.; Vanden Heuvel, J. P.; Moya-Camarena, S.
Y.; Portocarrero, C. P.; Peck, L. W.; Nickel, K. P.; Belury, M.
A. Dietary conjugated linoleic acid normalizes impaired glucose
tolerance in the Zucker diabetic fatty fa/fa rat.Biochem. Biophys.
Res. Commun.1998,244, 678-682.

7938 J. Agric. Food Chem., Vol. 54, No. 20, 2006 Inoue et al.



(18) Ryder, J. W.; Portocarrero, C. P.; Song, X. M.; Cui, L.; Yu, M.;
Combatsiaris, T.; Galuska, D.; Bauman, D. E.; Barbano, D. M.;
Charron, M. J.; Zierath, J. R.; Houseknecht, K. L. Isomer specific
antidiabetic properties of conjugated linoleic acid.Diabetes2001,
50, 1149-1157.

(19) Nagao, K.; Inoue, N.; Wang, Y. M.; Yanagita, T. Conjugated
linoleic acid enhances plasma adiponectin level and alleviates
hyperinsulinemia and hypertension in Zucker diabetic fatty (fa/
fa) rats.Biochem. Biophys. Res. Commun.2003, 310, 562-566.

(20) Nagao, K.; Inoue, N.; Wang, Y. M.; Shirouchi, B.; Yanagita, T.
Conjugated linoleic acid alleviates nonalcoholic fatty liver disease
in Zucker (fa/fa) rats.J. Nutr. 2005,135, 9-13.

(21) Baron, A. D.; Brechtel, G.; Wallace, P.; Edelman, S. V. Rates
and tissue sites of non-insulin- and insulin-mediated glucose
uptake in humans.Am. J. Physiol.1988,255, E769-E774.

(22) Henriksen, E. J.; Teachey, M. K.; Taylor, Z. C.; Jacob, S.; Ptock,
A.; Kramer, K.; Hsselwander, O. Isomer-specific actions of
conjugated linoleic acid on muscle glucose transport in the obese
Zucker rat.Am. J. Physiol.2003,285, E98-E105.

(23) Teachey, M. K.; Taylor, T. C.; Maier, T.; Saengsirisuwan, V.;
Sloniger, J. A.; Jacob, S.; Klatt, M. J.; Ptock, A.; Kraemer, K.;
Hasselwander, O.; Henriksen, E. J. Interactions of conjugated
linoleic acid and lipoic acid on insulin action in the obese Zucker
rat. Metabolism2003,52, 1167-1174.

(24) American Institute of Nutrition. Report of the American Institute
of Nutrition of ad hoc committee on standards for nutritional
studies.J. Nutr. 1977,107, 1340-1348.

(25) Folch, J.; Lee, M.; Sloane-Stanley, G. H. A simple method for
the isolation and purification of total lipids from animal tissues.
J. Biol. Chem.1957,226, 497-509.

(26) Fletcher, M. J. A Colorimetric method for estimation of serum
triglycerides.Clin. Chem. Acta1968,22, 393-397.

(27) Kelley, D. E.; Mandarino, L. J. Fuel selection in human skeletal
muscle in insulin resistance: a reexamination.Diabetes2000,
49, 677-683.

(28) Storlien, L. H.; Jenkins, A. B.; Chisholm, D. J.; Pascoe, W. S.;
Khouri, S.; Kraegen, E. W. Influence of dietary fat composition
on development of insulin resistance in rats. Relationship to
muscle triglyceride and omega-3 fatty acids in muscle phospho-
lipid. Diabetes1991,40, 280-289.

(29) Jones, B. H.; Maher, M. A.; Banz, W. J.; Zemel, M. B.; Whelan,
J.; Smith, P. J.; Moustaid, N. Adipose tissue stearoyl-CoA
desaturase mRNA is increased by obesity and decreased by
polyunsaturated fatty acids.Am. J. Physiol.1996,271, E44-
E49.

(30) Pan, D. A.; Hulbert, A. J.; Storlien, L. H. Dietary fats, membrane
phospholipids and obesity.J. Nutr. 1994,124, 1555-1565.

(31) Ntambi, J. M.; Miyazaki, M.; Stoehr, J. P.; Lan, H.; Kendziorski,
C. M.; Yandell, B. S.; Song, Y.; Cohen, P.; Friedman, J. M.;
Attie, A. D. Loss of stearoyl-CoA desaturase-1 function protects
mice against adiposity.Proc. Natl. Acad. Sci. U.S.A.2002,99,
11482-11486.

(32) Rahman, S. M.; Dobrzyn, A.; Dobrzyn, P.; Lee, S. H.; Miyazaki,
M.; Ntambi, J. M. Stearoyl-CoA desaturase 1 deficiency elevates
insulin-signaling components and down-regulates protein-tyrosine
phosphatase 1B in muscle.Proc. Natl. Acad. Sci. U.S.A.2003,
100, 11110-11115.

(33) Yamauchi, T.; Kamon, J.; Ito, Y.; Tsuchida, A.; Yokomizo, T.;
Kita, S.; Sugiyama, T.; Miyagishi, M.; Hara, K.; Tsunoda, M.;
Murakami, K.; Ohteki, T.; Uchida, S.; Takekawa, S.; Waki, H.;

Tsuno, N. H.; Shibata, Y.; Terauchi, Y.; Froguel, P.; Tobe, K.;
Koyasu, S.; Taira, K.; Kitamura, T.; Shimizu, T.; Nagai, R.;
Kadowaki, T. Cloning of adiponectin receptors that mediate
antidiabetic metabolic effects.Nature2003,423, 762-769.

(34) Berg, A. H.; Combs, T. P.; Du, X.; Brownlee, M.; Sherer, P. E.
The adipocyte-secreted protein Acrp30 enhances hepatic insulin
action.Nat. Med.2001,7, 947-953.

(35) Yamauchi, T.; Kamon, J.; Waki, H.; Terauchi, Y.; Kubota, N.;
Hara, K.; Mori, Y.; Ide, T.; Murakami, K.; Tsuboyama-Kasaoka,
N.; Ezaki, O.; Akanuma, Y.; Gavrilova, O.; Vinson, C.; Reitman,
M. L.; Kagechika, H.; Shudo, K.; Yoda, M.; Nakano, Y.; Tobe,
K.; Nagai, R.; Kimura, S.; Tomita, M.; Froguel, P.; Kadowaki,
T. The fat-derived hormone adiponectin reverses insulin resis-
tance associated with both lipoatrophy and obesity.Nat. Med.
2001,7, 941-946.

(36) Schoonjans, K.; Martin, G.; Staels, B.; Auwerx, J. Peroxisome
proliferator-activated receptors, orphans with ligands and func-
tions.Curr. Opin. Lipidol.1997,8, 159-166.

(37) Schoonjans, K.; Staels, B.; Auwerx, J. Role of the peroxisoome
proliferator-activated receptor (PPAR) in mediating the effects
of fibrate and fatty acids on gene expression.J. Lipid Res.1996,
37, 907-925.

(38) Verges, B. Role for fibrate therapy in diabetes: evidence before
FIELD. Curr. Opin. Lipidol.2005,16, 648-651.

(39) Luquet, S.; Gaudel, C.; Holst, D.; Lopez-Soriano, J.; Jehl-Pietri,
C.; Fredenrich, A.; Grimaldi, P. A. Roles of PPAR delta in lipid
absorption and metabolism: a new target for the treatment of
type 2 diabetes.Biochim. Biophys. Acta2005,1740, 313-317.

(40) Staels, B.; Fruchart, J. C. Therapeutic roles of peroxisome
proliferator-activated receptor agonists.Diabetes 2005, 54,
2460-3470.

(41) Hotamisligil, G. S.; Shargill, N. S.; Spiegelman, B. M. Adipose
expression of tumor necrosis factor-alpha: direct role in obesity-
linked insulin resistance.Science1993,259, 87-91.

(42) Kellerer, M.; Haring, H. U. Pathogenesis of insulin resistance:
modulation of the insulin signal at receptor level.Diabetes Res.
Clin. Pract. 1995,28, S173-S177.

(43) Beier, K.; Volkl, A.; Fahimi, H. D. TNF-alpha downregulates
the peroxisome proliferator activated receptor-alpha and the
mRNAs encoding peroxisomal proteins in rat liver.FEBS Lett.
1997,412, 385-387.

(44) Togashi, N.; Ura, N.; Higashiura, K.; Murakami, H.; Shimamoto,
K. The contribution of skeletal muscle tumor necrosis factor-
alpha to insulin resistance and hypertension in fructose-fed rats.
J. Hypertens.2000,18, 1605-1610.

(45) Wang, B.; Jenkins, J. R.; Trayhurn, P. Expression and secretion
of inflammation-related adipokines by human adipocytes dif-
ferentiated in culture: integrated response to TNF-alpha.Am. J.
Physiol. Endocrinol. Metab.2005,288, E731-E740.

Received for review May 8, 2006. Revised manuscript received July
31, 2006. Accepted August 7, 2006. This work was supported by a
research grant from the Japanese Ministry of Education, Culture,
Sports, Science, and Technology.

JF061284V

CLA Lowered TNF-R and Altered Gene Expressions in Muscle J. Agric. Food Chem., Vol. 54, No. 20, 2006 7939


