
G e n e  E x p r e s s i o n  o f  I n s u l i n  S i g n a l - T r a n s d u c t i o n  P a t h w a y  I n t e r m e d i a t e s  Is Lower  
in Rats  Fed  a B e e f  T a l l o w  D i e t  T h a n  in Rats  Fed  a Saf f lower  Oi l  D ie t  
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Tomohiro Tamura, Kumpei Tokuyama, and Masashige Suzuki 

To elucidate the effects of dietary fatty acid composition on the insulin signaling pathway, we measured the gene expression of 
the earliest steps in the insulin action pathway in skeletal muscle of rats fed a safflower oil diet or a beef tallow diet. Rats were 
meal-fed an isoenergetic diet based on either safflower oil or beef tallow for 8 weeks. Both diets provided 45%, 35%, and 20% 
of energy as fat, carbohydrate, and protein, respectively. Insulin resistance, assessed from the diurnal rhythm of plasma glucose 
and insulin and the oral glucose tolerance test (OGTT), develc ped in rats fed a beef tallow diet. Body fat content was greater in 
rats fed a beef tallow diet versus a safflower oil diet. The level of insulin receptor mRNA, relative expression of the insulin 
receptor mRNA isoforms, and receptor protein were not affected by the composition of dietary fatty acids. The abundance of 
insulin receptor substrate-1 (IRS-1) and phosphatidylinositol (PI) 3-kinase mRNA and protein was significantly lower in rats fed 
a beef tallow diet versus a safflower oil diet. We conclude that long-term feeding of a high-fat diet with saturated fatty acids 
induces decrease in IRS-1 and PI 3-kinase mRNA and protein levels, causing insulin resistance in skeletal muscle. 
Copyright © 1996 by W.B. Saunders Company 

T HE INCREASING RECOGNITION of obesity, insu- 
lin resistance, and hyperinsulinemia as a risk factor 

for cardiovascular disease has highlighted the search for 
environmental promoters of these syndromes. 1 In addition 
to dietary fat consumption, epidemiological studies have 
shown an association between the fatty acid composition of 
the diet and the incidence of obesity, diabetes, and coro- 
nary heart disease. 2"6 Consumption of a diet high in satu- 
rated fatty acids induced obesity and insulin resistance. 7-9 
We recently reported that when rats were meal-fed an 
isoenergetic diet (45% of energy as fat) based on beef 
tallow (rich in saturated and monounsaturated fatty acids) 
or safflower oil (rich in n-6 polyunsaturated fatty acids) for 
8 to 16 weeks, body fat accumulation was greater in rats fed 
a beef tallow diet than in those fed a safflower oil diet. l°,n 
The clinical severity of the insulin resistance and the effect 
of insulin on daily glucose homeostasis depend on the 
composition of dietary fatty acids, 12-~5 although the mecha- 
nism on a molecular basis remains unknown. 

Insulin initiates the biological effects by binding to its cell 
surface recept0r on target tissues. Activation of insulin 
receptor tyrosine kinase, subsequent phosph0rylation of 
the insulin receptor [3-subunit and the insulin receptor 
substra te-1  (IRS-1),  and  phosphat idyl inos i to l  (PI)  3-kinase 
a te  t hough t  to be  essent ia l  s teps in insul in  s t imula t ion  of 
glucose metabol ism.  Thus,  the  insul in  receptor ,  IRS-1, and  
PI  3-kinase r ep re sen t  t h r ee  of the  earl iest  s teps in insulin 
ac t ion at the  cel lular  level. 16,17 Insul in  res is tance  might  be  

From the Institute of Health and Sport Sciences, University of 
Tsukuba, Tsukuba; the Division of Nutrition and Biochemistry, Sanyo 
Women's College, Sanyo, Japan; and the Max Planck Institute for 
Biochemistry, Martinsried, Germany. 

Submitted September 15, 1995; accepted April 5, 1996. 
Present address for Y.-B.K.: Harvard Medical School and Beth 

Israel Hospital, Division of Endocrinology and Metabolism, Boston, 
MA. 

Address reprint requests to Masashige Suzuki, PhD, Laboratory of 
Biochemistry of Exercise and Nutrition, Institute of Health and Sport 
Sciences, University of Tsukuba, Tsukuba 305, Japan. 

Copyright © 1996 by W.B. Saunders Company 
0026-0495 / 96/4509-0007503. O0 / 0 

caused  by abnormal i t ies  in insulin s ignal - t ransduct ion pa th-  
ways at any level of the  s ignal- t ransmit t ing chain  in the  

target  cell. Therefore .  the  p resen t  study was designed to 
examine  gene express ion of insulin s ignal - t ransduct ion 

pathway in te rmed ia tes  in rats  fed a safflower oil d ie t  or a 
bee f  tallow diet.  

MATERIALS AND METHODS 

Animals and Diets 

Forty male Sprague-Dawley rats (5 weeks old) were obtained 
from CLEA Japan (Tokyo). Half of the animals were fed a 
safflower oil diet and the other half a beef tallow diet. The 
composition of both diets has been described previously. 1° Both 
diets provided 45%, 35%, and 20% of energy as fat, carbohydrate, 
and protein, respectively. The metabolizable energy was 19.7 kJ/g 
for the safflower oil diet and 18.4 kJ/g for the beef tallow diet. The 
fatty acid composition of safflower oil and beef tallow has been 
described previouslyl~; safflower oil consisted of 79% linoleic acid, 
and beef tallow consisted of 44% oleic, 27% palmitic, and 18% 
stearic acids. 

Experimental Design 

The animals were individually caged at 23°C with light from 7:00 
AM to 7:00 PM. Each group was meal-fed the diet at 8:00 to 9:00 AM 
and 8:00 to 9:00 PM and allowed free access to water for 8 weeks. 
Both groups of rats were offered the appropriate diet in an amount 
such that the two groups consumed equal metabolizable energy 
during the experimental period. The amount of diet fed to the rats 
was increased gradually from i80 kJ/d for the first week to 326 kJ/d 
for the eighth week of the experiment. On the final day of the 
experiment, each group was killed by decapitation after an over- 
night fast. The gastrocnemius muscle and abdominal adipose 
tissues were removed and weighed, and then stored at -80°C until 
use. All procedures involving animals were approved by the 
experimental animal care committee of the University of Tsukuba. 

Diurnal Rhythm 

Diurnal variations of plasma glucose and insulin were measured 
at 2:30, 6:30, and 10:30 AM and 2:30, 6:30, and 10:30 PM in rats after 
4 weeks of feeding the experimental diet. For determination of 
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Table 1. Sequences of PCR Primers 

Nucleotide Size of PCR GenBank 
Gene Primer No, Product (bp) Accession No. 

Insulin receptor 5'-CCTGATAACTGTCCAGAGAG-3' 4122-4141 289 M29014 
5'-TCCGTTTGATGCTCAGAGAG-3' 4410-4391 

Insulin receptor isoforms (exon 11 +, exon 11 - )  5'-GTGCTGCTCATGTCCTAAGA-3' 2474-2493 270, 234 M29014 
5'-AATGGTCTGTG CTCTTCGTG-3' 2743-2724 

I RS-1 5'-GCCAATCTTCATCCAGTTGC-3' 1382-1401 337 X58375 

5'-CATCGTGAAGAAGGCATAGG-3' 1718-1699 

PI 3-kinase 5'-CAGGATCAAGTTGTCAAAGAAGAT-3' 1297-1320 231 M60651 
5'-TATGTATTCTTTGCTGTACCGCTC-3' 1527-1504 

13-Actin 5 '-CCTAG CACCATGAAGATCAA-3' 2846-2865 377 J00691 

5'-AGCCATGCCAAATGTCTCAT-3' 3222-3203 

NOTE. Sequences of each primer pair and their location in sequences cited in the GenBank database are presented. 

plasma insulin and glucose, a small incision was made in the tail 
artery within 1 minute of removing the animal from its cage, and 
blood samples (150 /xL) were collected into tubes coated with 
heparin and NaF. Plasma samples were stored at -80°C until 
analysis. 
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Oral Glucose Tolerance Test 

At age 10 weeks, an oral glucose tolerance test (OGTT) was 
performed after an overnight fast. A solution of 2 glucose/kg body 
weight was administered orally. 18 Blood samples were collected for 
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Fig 1. (A,B,C) Optimization of RT-PCR conditions. Pictrograph of 
PCR products amplified with increasing number of PCR cycles is 
shown at top of each panel. PCR products were separated by 
electrophoresis in 7.5% polyacrylamide gels. Length of PCR products 
indicated at right, Intensity of PSL of each band was measured by a 
laser image analyzer and plotted on a logarithmic scale against the 
cycle number, In all analyses of samples, PCR products were collected 
before the reactions began to reach the plateau phase. 
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Table 2. Characteristics of Rats Fed a Safflower Oil 

or Beef Tallow Diet 

Safflower Oil Beef Tallow 
Characteristic (n = 10) (n = 10) 

Body weight  (g) 

Initial 139 + 1 136 + 1 

Final 424 _+ 4 422 +- 4 

Gain 285 +_ 4 286 -+ 4 

Body fat (g) 58 _+ 2 75 - 3*  

Gastrocnemius muscle 

Weight (g) 5.56 + 0.14 5.39 -+ 0.15 

RNA (ixg/g tissue) 887 -4- 23 902 -+ 19 

Protein (mg/g  tissue) 144 -4- 7 135 _+ 7 

NOTE, Data are the mean _+ SE. 

*P  < .01 v saf f lower oil group. 

determination of plasma insulin and glucose at 0, 15, 30, 60, and 
120 minutes. 

Reverse Transcriptase-Polymerase Chain Reaction 

Total RNA was extracted from skeletal muscle with a guanidium 
thiocyanate water-saturated phenol extraction method, t9 First- 
strand cDNA synthesis was performed on 5 Ixg total RNA using 
oligo(dT) as described by the manufacturer (BRL SuperScript Kit; 
Life Technologies, Gaithersburg, MD). Sequences of the prim- 
ers 2°-23 used for amplification are shown in Table 1. Before 
polymerase chain reaction (PCR) amplification, the primers were 
labeled with [~-32p]ATP (Amersham, Arlington Heights, IL) by 
using T4 polynucleotide kinase (Takara, Kyoto, Japan). The 
reactions were performed in a DNA Thermal Cycler (Perkin- 
Elmer, Branchburg, N J) using the following cycle conditions: initial 
denaturation at 94°C for 6 minutes, denaturation at 94°C for 1 
minute, annealing at 58°C for 2 minutes (at 62°C in the case of PI 
3-kinase), and extension at 72°C for 3 minutes. 24 Optimization of 
reverse transcriptase (RT) PCR conditions is shown in Fig 1. PCR 
reactions were repeated 25 cycles for the insulin receptor, IRS-1, 
and PI 3-kinase and 18 cycles for 13-actin within the exponential 
and linear range. PCR products (10 txL) were analyzed by 
electrophoresis in 7.5% polyacrylamide gels. The amount of 
mRNA in each sample was quantified by a laser image analyzer 
(Fujix BAS2000; Fuji Film, Tokyo, Japan). 

Western Blotting Analysis 

The frozen samples of gastrocnemius muscle were homogenized 
by a polytron in solubilization buffer (1% Triton X-100, 50 mmol/L 
HEPES (pH 7.4), 100 mmol/L sodium pyrophosphate, 100 mmol/L 
sodium fluoride, 10 mmol/L EDTA, 10 mmol/L sodium vanadate, 
2 mmol/L phenylmethylsulfonyl fluoride, and 0.1 mg/mL aproti- 
nin) and centrifuged at 55,000 rpm at 4°C for 60 minutes, and the 
supernatant was collected. Equal amounts of protein (300 txg) were 
size-fractionated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (7.5% or 10% Tris acrylamid) according to the 
method of Laemmli, 25 and transferred onto Immobilon polyvinyl- 
idene fluoride membrane (Millipore) as described by Towbin et 
al. 26 Nonspecific protein binding to the membrane was reduced by 
preincubating the membrane overnight at 4°C in blocking buffer 
(3% bovine serum albumin, 10 mmol/L Tris, 150 mmol/L NaC1, 
and 0.02% Tween 20). The membranes were then incubated with 
anti-insulin receptor 13 (Santa Cruz Biotechnology, Santa Cruz, 
CA), anti-IRS-1, and anti-PI3-kinase (Upstate Biotechnology) 
antibOdy for 4 hours at 22°C and washed for 60 minutes with the 
blocking buffer without BSA. 27 Bound antibodies were detected by 

incubation with 12SI-protein A (Amersham) for 1 hour at 22°C. 
Band intensities were quantified by a laser image analyzer (Fujix 
BAS2000). 

Cloning and Sequencing of Rat PI 3-Kinase cDNA 

A 231-bp PCR fragment of rat PI 3-kinase eDNA was obtained 
using oligonucleotide primers (Table 1) based on the nucleotide 
sequences of mouse PI 3-kinase cDNA. 22 DNA sequencing was 
performed by a chain-termination method using Taq Dye Deoxy 
Terminator Cycle Sequencing Kit (Perkin Elmer) and a 373A 
DNA sequencer (Perkin Elmer). 

Assays 

Plasma insulin concentration was determined by enzyme immu- 
noassay (Sanko-Junyaku, Japan), and glucose was analyzed enzy- 
matically (Wako Pure Chemical Industries, Japan). Carcass fat was 
analyzed by the method of Mickelsen and Anderson. 28 

Statistical Analysis 

The data are expressed as the mean _+ SE. Statistical analysis of 
the diurnal rhythm of plasma insulin and glucose was performed 
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Fig 2. Diurnal variation of plasma glucose and insulin in rats fed a 
safflower oil diet (©) or a beef tallow diet (0)  after 4 weeks of feeding. 
Data are the mean -+ SE for 9 to 10 rats per group. *P < .05, * *P  < .01: 
v safflower oil group. M, meal; @, darkness. 
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using two-way ANOVA. Where ANOVA yielded significant inter- 
group differences, the data were further analyzed by Student's t 
test. All other data were assessed by Student's t test. 

RESULTS 

Basic Profiles 

Both groups of rats had the same body weight gain during 
the 8-week experimental period (Table 2). Body fat weight 
(sum of the lipid of carcass and abdominal adipose tissue) 
was significantly higher in rats fed a beef tallow diet than in 
those fed a safflower oil diet (Table 2). These results were 
similar to those reported previously, l°m 

After feeding the experimental diets for 4 weeks, the 
diurnal variation of plasma glucose and insulin was mea- 
sured. Plasma glucose and insulin levels were higher in 
almost all the tests during the day in rats fed a beef tallow 
diet than in those fed a safflower oil diet (Fig 2). Plasma 
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Fig 3. Plasma glucose and insulin responses to OGTT in rats fed a 
safflower oil diet (O) or beef tallow diet (0)  after 5 weeks of feeding. 
Data are the mean -+ SE for 9 to 10 rats per group. *P < .05, * * P  < .01 : 
v safflower oil group. 
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Fig 4. Comparison of nucleotide (A) and deduced amino acid (B) 
sequences of a rat PI 3-kinase cDNA to those of other species. Dots 
indicate nucleotide and amino acid identity with rat, The nucleotide 
sequence data reported herein will appear in the DDBJ, EMBL, and 
GenBank nucleotide sequence databases with the accession number 
D63325. 

glucose and insulin concentrations during the OGTT are 
illustrated in Fig 3. Plasma insulin was significantly in- 
creased but glucose was similar in the beef tallow diet group 
compared with the safflower oil diet group. 

PI 3-Kinase cDNA 

To assay PI 3-kinase mRNA in rats fed a safflower oil diet 
and a beef tallow diet, we cloned rat PI 3-kinase cDNA 
using the RT-PCR technique. Rat PI 3-kinase cDNA is 
similar to those of bovine (95.2% nucleotide and 98.7% 
amino acid identity), 29 mouse (96.5% nucleotide and 100% 
amino acid identity), 22 and human (93.1% nucleotide and 
100% amino acid identity) origin 3° (Fig 4). 

Gene Expression of Insulin-Signaling Pathway Intermediates 

The wet weight, total RNA, and protein content of 
gastrocnemius muscle were not different between the two 
groups (Table 2). The level of insulin receptor mRNA was 
not affected by the composition of dietary fatty acids (Fig 
5). Two specific PCR products were present, showing the 
two insulin receptor mRNA isoforms. Exon 11- was the 
predominant isoform in skeletal muscle (Fig 6). The rela- 
tive expression of insulin receptor mRNA isoforms was not 
different between the two groups (Fig 6). The mRNA level 
of IRS-1, a principal substrate of the insulin receptor 
tyrosine kinase, was determined and was significantly lower 
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Fig 5. Insulin receptor, IRS-1, PI 3-kinase, and I~-actin mRNA levels 
in gastrocnemius muscle from rats fed a safflower oil diet or a beef 
tal low diet. Pictrograph of PCR products is shown at the top of each 
panel. PCR products were separated by electrophoresis in 7.5% 
polyacrylamide gels. Intensity of each band was measured by a laser 
image analyzer. In all analyses of samples, PCR products were 
collected before the reactions began to reach the plateau phase. Data 
are the mean + SE for 10 rats per group. *P  < .05, * * P  < .01: v 
safflower oil group. 

in rats fed a beef tallow diet than in those fed a safflower oil 
diet (Fig 5). The PI 3-kinase mRNA level was also signifi- 
cantly lower in the beef tallow diet group versus the 
safflower oil diet group (Fig 5). There was no significant 
difference in the level of [~-actin mRNA in skeletal muscle 
between the two groups (Fig 5). We also measured protein 
levels of insulin receptor, IRS-1, and PI 3-kinase using 
Western blotting. The abundance of insulin receptor pro- 

tein was not altered, but IRS-1 and PI 3-kinase protein 
were significantly lower in the beef tallow diet group than in 
the safflower oil diet group (Fig 7). 

DISCUSSION 

Rats fed a diet high in saturated fatty acids (beef tallow) 
compared with rats fed a diet high in unsaturated fatty acids 
(safflower oil) exhibit insulin resistance and hyperinsulin- 
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Fig 6. Relative expression of exon 11- in gastrocnemius muscle 
from rats fed a safflower oil diet or a beef tal low diet. Pictrograph of 
PCR products is shown at top. PCR products were separated by 
electrophoresis in 7.5% polyacrylamide gels. Upper band indicates 
exon 11+ (270 bp), and lower band indicates exon 11- (234 bp). 
Intensity of each band was measured by a laser image analyzer. In all 
analyses of samples, PCR products were collected before the reac- 
tions began to reach the plateau phase. Data are the mean -+ SE for 10 
rats per group. 

emia throughout a full diurnal cycle and after a oral glucose 
load. To elucidate the underlying molecular mechanism of 
the effect of dietary fatty acid composition on the develop- 
ment of insulin resistance, 8,9 we examined the gene expres- 
sion of insulin signal-transduction intermediates in skeletal 
muscle of rats fed a safflower oil diet or a beef tallow diet. 

The decrease in insulin receptor concentration and 
number in skeletal muscle was observed in hypothalamic 
and genetically obese (ob/ob) mice. 3~,32 On the other hand, 
insulin binding to skeletal muscle in other types of geneti- 
cally obese (db/db) mice without hyperinsulinemia was 
normal. 32 Thus, there is an inverse relationship between the 
number of insulin receptors in target tissues and the 
concentration of insulin in b lood ,  31,33-35 suggesting that 
varying extents of the decrease in insulin binding reflect 
degrees of hyperinsulinemia. These observations are most 
likely a consequence of hyperinsulinemia, which results in 
downregulation of cell surface receptors. 36,37 In the present 
study, insulin receptor mRNA abundance was almost the 
same, but protein levels tended to be lower in the beef 
tallow diet group compared with the safflower oil diet 
group. Insulin receptor exists in two isoforms, which are 
generated by alternative splicing of a primary gene tran- 

script and differ by a 12-amino acid insertion sequence 
corresponding to exon 11. The two isoforms possess distinct 
functional properties and are expressed in a tissue-specific 
fashion. 2°,38-41 A recent report showed that non-insulin- 
dependent diabetes mellitus (NIDDM) with hyperinsulin- 
emia is associated with an increase in an insulin receptor 
mRNA isoform without exon 11. 42 In contrast, in diabetes 
without severe hyperinsulinemia, the relative expression of 
insulin receptor isoforms was similar to that of nondiabetic 
controls. 43 Differences in the relative expression of the two 
receptor isoforms may play a role in developing insulin 
resistance. In the current study, we measured alternative 
splicing of insulin receptor in skeletal muscle from two 
dietary groups. Relative expression of insulin receptor 
mRNA isoforms in skeletal muscle was not affected by the 
composition of dietary fatty acids. Recently, we reported 
that the relative expression of insulin receptor mRNA 
isoforms was not altered in skeletal muscle of high-fat-fed, 
endurance-trained,  and genetically NIDDM OLETF 
rats.  24,44,45 The present study suggests that mild hyperinsu- 
linemia caused by a high-fat diet containing saturated fatty 
acids within a physiological range does not downregulate 
expression or alternative splicing of insulin receptor in 
skeletal muscle. 

IRS-1 is the principal substrate phosphorylated by the 
insulin receptor tyrosine kinase. Tyrosine-phosphorylated 
IRS-1 then couples the insulin receptor to downstream 
signaling pathways by serving as a docking protein for signal 
molecules with s r c  homology 2 domains. 16,17 PI 3-kinase, a 
heterodimer consisting of an 85-kd regulatory adaptor 
subunit tightly associated with a 110-kd catalytic subunit, is 
one of the insulin-signaling components that is activated by 
binding IRS-1 and has been implicated as part of the insulin 
signaling that triggers glucose transporter translocation, 
thus stimulating glucose transport. 46 Insulin-stimulated glu- 
cose uptake is significantly decreased in skeletal muscle 
from the obese and in adipose tissue from rats fed a high-fat 
diet, with reduced protein levels of IRS-1 and PI 3-ki- 
nase. 47,48 A recent study showed a reduction in IRS-1 
protein in adipose tissue of insulin-resistant diabetic KKAY 
mice 49 and in IRS-1 and PI 3-kinase protein in skeletal 
muscle of rats treated with dexamethasone. 5° In addition, 
mice made IRS-l-deficient  by targeted gene knockout 
exhibit hyperinsulinemia and glucose intolerance. 51,52 These 
findings suggest that the decreased expression of IRS-1 and 
PI 3-kinase is involved in the developing insulin resistance. 
Therefore, we have investigated whether there is any 
alteration in the level of these putative mediators of the 
insulin-signaling cascade after long-term feeding of rats 
with safflower oil diet and a beef tallow diet. mRNA and 
protein levels of IRS-1 and PI 3-kinase were significantly 
lower in rats fed a beef tallow diet than in those fed a 
safflower oil diet. Our data suggest than an impairment of 
the initial steps in insulin signal-transduction pathways 
contributes to the defect in insulin-stimulated glucose 
uptake in skeletal muscle, thus resulting in insulin resis- 
tance. 

There is increasing evidence that the impaired insulin 
signal transduction in hyperinsulinemic models of insulin 
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resistance extends to IRS-1 tyrosine phosphorylation and 
PI 3-kinase activation. A reduced tyrosine phosphorylation 
of IRS-1 in response to insulin has been described in 
adipocytes from patients with NIDDM, 53 skeletal muscle 
from obese human subjects 47 and the ob/ob miceY ,54 and 
liver from dexamethasone-treated rats. 5° The blunted stimu- 
lation of PI 3-kinase by insulin is observed in skeletal 
muscle of gold thioglucose-obese mice 55,56 and obese sub- 
jects. 47 These results suggest that a reduction in the initial 

Fig 7. Insulin receptor, IRS-1, and PI 3-kinase protein levels in 
gastrocnemius muscle from rats fed a safflower oil diet or a beef 
ta l low diet. Chromatograph of Western blotting analyses is indicated 
at the top of each panel. Equal amounts of total protein were 
separated by SDS-PAGE, transferred to Immobilon membranes, and 
immunoblotted with the appropriate antibody. Results were mea- 
sured by a laser image analyzer. Data are the mean +- SE for 10 rats 
per group, *P < .05 v safflower oil group. 

steps of insulin action after binding, IRS-1 phosphoryla- 
tion, and activation of PI 3-kinase in target tissues may have 
an important role in the insulin resistance observed in these 
animals. Although we did not examine IRS-1 phosphoryla- 
tion and PI 3-kinase activity in this study, it is possible that 
the reduced expression of IRS-1 and PI 3-kinase leads to a 
diminished IRS-1 tyrosine phosphorylation and PI 3-kinase 
activity in skeletal muscle of rats fed a beef tallow diet. 
Further studies are required to investigate how these early 
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insulin postreceptor  events are regulated by insulin stimula- 
tion. 

The  decreased abundance of  insulin receptor,  IRS-1, and 
PI 3-kinase in the obese state is likely due to decreased 
transcription, since we recently found that levels of insulin 
receptor,  IRS-1, PI  3-kinase, and M A P  kinase m R N A  in 
skeletal muscle were significantly lower in O L E T F  rats 45 
(Nakajma R, Kim Y, Inoue T, et al, unpublished observa- 
tion, January 1996). Fur thermore ,  enhanced insulin sensitiv- 
ity in skeletal muscle of endurance- t ra ined rats is associated 

with increased levels of insulin receptor,  IRS-1, PI 3-kinase, 
and M A P  kinase m R N A  44 (Kim Y, Inoue T, NaKajma R, et 
al, unpublished observation, January 1996). Thus, early 
steps in the insulin signaling network play important roles 
in insulin resistance and other  pathophysiologic states. 

In conclusion, the results of this study indicate that 
long-term feeding of a high-fat diet with saturated fatty 
acids induces a decrease in IRS-1 and PI 3-kinase m R N A  
and protein levels, causing insulin resistance in skeletal 
muscle. 

REFERENCES 

1. Reaven GM: Role of insulin resistance in human disease. 
Diabetes 37:1595-1607, 1988 

2. Berry EM, Hirsch J, Most J, et al: The relation of dietary fat 
to plasma lipid levels as studied by factor analysis of adipose tissue 
fatty acid composition in a free living population of middle aged 
American men. Am J Clin Nutr 44:220-231, 1986 

3. Romieu I, Willet WC, Stampfer MJ, et al: Energy intake and 
other determinants of relative weight. Am J Clin Nutr 47:406-412, 
1988 

4. Bang HO, Dyerberg J: Plasma lipid and lipoprotein in 
Greenlandic west coast Eskimoes. Acta Med Scand 192:85-94, 1972 

5. Dyerberg J, Bang HO, Stofferson E, et al: Eicosapentaenoic 
acid and prevention of thrombosis and atherosclerosis? Lancet 
2:117-119, 1978 

6. Kromann N, Green A: Epidemiological studies in the Uperna- 
vik District, Greenland: Incidence of some chronic diseases 1950- 
1974. Acta Med Scand 208:401-406, 1980 

7. Takeuchi H, Matsuo T, Tokuyama K, et al: Diet-induced 
thermogenesis is lower in rats fed a lard diet than in those fed a 
high oleic acid safflower oil diet, a safflower oil diet or a linseed oil 
diet. J Nutr 125:920-925, 1995 

8. Watarai T, Kobayashi M, Takata Y, et al: Alteration of 
insulin-receptor kinase activity by high-fat feeding. Diabetes 37: 
1397-1404, 1988 

9. Maegawa H, Kobayashi M, Ishibashi O, et al: Effect of diet 
change on insulin action: Difference between muscles and adipo- 
cytes. Am J Physio151:E616-E623, 1986 

10. Shimomura Y, Tamura T, Suzuki M: Less body fat accumu- 
lation in rats fed a safflower oil diet than in rats fed a beef tallow 
diet. J Nutr 120:1291-1296, 1990 

11. Matsuo T, Shimomura Y, Saitoh S, et al: Sympathetic 
activity is lower in rats fed a beef tallow diet than in rats fed a 
safflower oil diet. Metabolism 44:934-939, 1995 

12. van Amelsvoot JMM, van der Beck A, Stare JJ, et al: Dietary 
influence on the insulin function in the epididymal fat cell of the 
Wistar rat. I. Effect of the ratio of carbohydrate to fat. Ann Nutr 
Metab 33:138-148, 1988 

13. van Amelsvoot JMM, van der Beck A, Stare JJ: Effect of the 
type of dietary fatty acid on the insulin receptor function in rat 
epididymal fat cell. Ann Nutr Metab 30:273-280, 1986 

14. Storlien LH, Jenkins AB, Chisholm D J, et al: Influence of 
dietary fat composition on development of insulin resistance in 
rats. Relationship to muscle triglyceride and o~-3 fatty acid in 
muscle phospholipid. Diabetes 40:280-289, 1990 

15. Popp-Snijders C, Schouten JA, Heine R J, et al: Dietary 
supplementation of ¢o-3 polyunsaturated fatty acid improves insulin 
sensitivity in non-insulin-dependent diabetes. Diabetes Res 4:141- 
147, 1987 

16. Cheatham B, Kahn CR: Insulin action and the insulin 
signaling network. Endocr Rev 16:117-142, 1995 

17. White MF, Kahn CR: The insulin signaling system. J Biol 
Chem 269:1-4, 1994 

18. Kawano K, Hirashima T, Mori S, et al: Spontaneous long- 
term hyperglycemic rat with diabetic complications. Diabetes 
41:1422-1428, 1994 

19. Chomczynski P, Sacchi N: Single-step method of RNA 
isolation by acid guanidinium thiocyanate-phenol-cbloroform ex- 
traction. Anal Biochem 162:156-159, 1987 

20. Goldstein B J, Dudley AL: The rat insulin receptor: Primary 
structure and conservation of tissue-specific alternative messenger 
RNA splicing. Mol Endocrinol 4:235-244, 1990 

21. Xiao J, Rothenberg P, Kahn CR, et al: Structure of the 
insulin receptor substrate IRS-1 defines a unique signal transduc- 
tion protein. Nature 352:73-77, 1991 

22. Escobedo JA, Navankasattusas S, Kavanaugh WM, et al: 
cDNA cloning of a novel 85 kd protein that has SH2 domains and 
regulates binding of PI3-kinase to the PDGF [3-receptor. Cell 
65:75-82, 1991 

23. Nudel U, Zakut R, Shani M, et al: The nucleotide sequence 
of the rat cytoplasmic 13-actin gene. Nucleic Acids Res 11:1759- 
1771, 1983 

24. Kim Y, Inoue T, Nakajima R, et al: Effect of endurance 
training on gene expression of insulin signal transduction pathway, 
Biochem Biophys Res Commun 210:766-773, 1995 

25. Laemmli UK: Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature 227:680-685, 
1970 

26. Towbin H, Staebelin T, Gordon J: Electrophoretic transfer 
of proteins from polyacrylamide gels to nitrocellulose sheets: 
Procedure and some applications. Proc Natl Acad Sci USA 
76:4350-4354, 1979 

27. Saad MJA, Araki E, Miralpeix M, et al: Regulation of the 
insulin receptor substrate-1 in liver and muscle of animal models of 
insulin resistance. J Clin Invest 90:1839-1849, 1992 

28. Mickelsen O, Anderson AA: A method for preparing intact 
animals for carcass analyses. J Lab Clin Med 53:282-290, 1959 

29. Otsu M, Hiles I, Gout I, et al: Characterization of two 85 kd 
proteins that associate with receptor tyrosine kinases, middle-T/ 
pp60 csrc complexes, and PI3-kinase. Cell 65:91-104, 1991 

30. Skolnik EY, Margolis B, Mohammadi M, et al: Cloning of 
PI3 kinase-associated p85 utilizing a novel method for expression/ 
cloning of target proteins for receptor tyrosine kinases. Cell 
65:83-93, 1991 

31. Le Marchand Y, Jeanrenaud B, Freychet P: Insulin binding 
and effects in isolated soleus muscle of lean and obese mice. Am J 
Physiol 234:E348-E358, 1978 

32. Vicario P, Brady E J, Saperstein R, et al: Insulin receptor 
tyrosine kinase activity is unaltered in ob/ob and db/db mouse 
skeletal muscle membranes. Life Sci 41:1233-1241, 1987 

33. Soil All,  Kahn CR, Neville DM, et al: Insulin receptor 



1088 KIM ET AL 

deficiency in genetic and acquired obesity. J Clin Invest 56:769-780, 
1975 

34. Olefsky JM: Decreased insulin binding to adipocyte and 
circulating monocytes from obese subjects. J Clin Invest 57:1165- 
1172, 1976 

35. Bar RS, Gorden P, Roth J, et al: Fluctuations in the affinity 
and concentration of insulin receptors on circulating monocytes of 
obese patients. Effect of starving, refeeding and dieting. J Clin 
Invest 58:1123-1135, 1976 

36. Kahn CR, Neville DM, Roth J: Insulin-receptor interaction 
in the obese-hyperglycemic mouse. A model of insulin resistance. J 
Biol Chem 248:244-250, 1973 

37. Soil AH, Kahn CR: Insulin binding to liver plasma mem- 
branes in the obese hyperglycemic (ob/ob) mouse. Demonstration 
of a decreased number of functionally normal receptors. J Biol 
Chem 250:4702-4707, 1975 

38. Moiler DE, Yokota A, Caro JF, et al: Tissue-specific 
expression of two alternatively spliced insulin receptor mRNAs in 
man. Mol Endocrinol 3:1263-1269, 1989 

39. Seino S, Bell GI: Alternative splicing of human insulin 
receptor messenger RNA. Biochem Biophys Res Commun 159:312- 
316, 1989 

40. Mosthaf L, Grako K, Dull TJ, et al: Functionally distinct 
insulin receptors generated by tissue-specific alternative splicing. 
EMBO J 9:2409-2413, 1990 

41. Benecke H, Flier JS, Moiler DE: Alternatively spliced 
variants of the insulin receptor protein. Expression in normal and 
diabetic human tissues. J Clin Invest 89:2066-2070, 1992 

42. Huang Z, Bodkin NL, Ortmeyer HK, et al: Hyperinsulin- 
emia is associated with altered insulin receptor mRNA splicing in 
muscle of the spontaneously obese diabetic rhesus monkey. J Clin 
Invest 94:1289-1296, 1994 

43. Norgren S, Zierath J, Galuska D, et al: Differences in the 
ratio of RNA encoding two isoforms of the insulin receptor 
between control and N/DDM patients. The RNA variant without 
exon 11 predominates in both groups. Diabetes 42:675-681, 1993 

44. Kim Y, Tamura T, Iwashita S, et al: Effect of high-fat diet on 
gene expression of GLUT4 and insulin receptor in soleus muscle. 
Biochem Biophys Res Commun 202:519-526, 1994 

45. Nakjima R, Kim Y, Inoue T, et al: Effect of high fat diet on 
insulin signaling system in a spontaneously NIDDM model rat 

strain, Otsuka Long-Evans Tokushima fatty (OLETF) rats. FASEB 
J 9:A751, 1995 (abstr) 

46. Okada T, Kawano Y, Sakakibara T, et al: Essential role of 
phosphatidylinositol 3-kinase in insulin-induced glucose transport 
and antilipolysis in rat adipocytes. J Biol Chem 269:3568-3573, 
1994 

47. Goodyear LJ, Giorgino F, Sherman LA, et al: Insulin 
receptor phosphorylation, insulin receptor substrate-1 phosphory- 
lation and phosphatidylinositol 3-kinase activity are decreased in 
intact skeletal muscle strip from obese subjects. J Clin Invest 
95:2195-2204, 1995 

48. Stevenson RW, McPherson RK, Persson LM, et al: The 
antihyperglycemic agent englitazone prevents the defect in glucose 
transport in rats fed a high-fat diet. Diabetes 45:60-66, 1996 

49. Bonini JA, Colca JR, Dailey C, et al: Compensatory alter- 
ations for insulin signal transduction and glucose transport in 
insulin-resistant diabetes. Am J Physio1269:E759-E765, 1995 

50. Saad MJA, Folli F, Kahn JA, et al: Modulation of insulin 
receptor, insulin receptor substrate-1, and phosphatidylinositol 
3-kinase in liver and muscle of dexamethasone-treated rats. J Clin 
Invest 92:2065-2072, 1993 

51. Araki E, Lipes MA, Patti ME, et al: Alternative pathway of 
insulin signalling in mice with targeted disruption of the IRS-1 
gene. Nature 372:186-190, 1994 

52. Tamemoto H, Kadowaki T, Tobe K, et al: Insulin resistance 
and growth retardation in mice lacking insulin receptor sub- 
strate-1. Nature 372:182-186, 1994 

53. Thies RS, Molina JM, Ciaraldi TP, et al: Insulin-receptor 
autophosphorylation and endogenous substrate phosphorylation in 
human adipocytes from control, obese and NIDDM subjects. 
Diabetes 39:250-259, 1990 

54. Folli F, Saad MJA, Backer JM, et al: Regulation of phospha- 
tidylinositol 3-kinase activity in liver and muscle of animal models 
of insulin resistance and insulin-deficient diabetes mellitus. J Clin 
Invest 92:1787-1794, 1993 

55. Heydrick S J, Gautier N, Olichon-Berthe C, et al: Early 
alteration of insulin stimulation of PI 3-kinase in muscle and 
adipocyte from gold thioglucose obese mice. Am J Physio1268:E604- 
E612, 1995 

56, Heydrick S J, Jullien D, Gautier N, et al: Defect in skeletal 
muscle phosphatidylinositol 3-kinase in obese insulin resistance 
mice. J Clin Invest 91:1358-1366, 1993 


