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Effects of Endurance Exercise and High-Fat Diet on
Insulin Resistance and Ceramide Contents of Skeletal
Muscle in Sprague-Dawley Rats
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Background: We evaluated the effects of endurance exercise and a high-fat diet on insulin resistance and ceramide contents of
skeletal muscle in Sprague-Dawley rats.

Methods: We randomly divided 32 rats into four groups: control (CON, #n = 8), high fat diet (HE, n = 8), exercise (Ex, 24 m/min
for 2 hours, 5 days/wk, n = 8), HF/Ex (n = 8). After 4-week treatments, plasma lipid profiles, glucose and insulin concentrations
were measured. The triglycerides (TG), ceramide, and glucose transporter 4 (GLUT-4) contents were measured in the skeletal
muscle. The rate of glucose transport was determined under submaximal insulin concentration during the muscle incubation.
Results: Free fatty acid levels were significantly higher in CON and HF than Ex (P = 0.032). Plasma glucose levels in HF were
significantly higher than the two Ex groups (P = 0.002), and insulin levels were significantly higher in HF than in other three groups
(P =0.021). Muscular TG concentrations were significantly higher in HF than CON and Ex and also in HF/Ex than Ex, respec-
tively (P = 0.005). Hepatic TG concentrations were significantly higher in HF than other three groups but Ex was significantly
lower than HF/Ex (P = 0.000). Muscular ceramide content in HF was significantly greater than that in either Ex or HF/Ex (P =
0.031). GLUT-4 levels in CON and HF were significantly lower than those in Ex and HF/Ex (P = 0.009, P = 0.003). The glucose
transport rate in submaximal insulin concentration was lower in CON than in either Ex or HF/Ex (P = 0.043), but not different
from HE

Conclusion: This study suggests that high fat diet for 4 weeks selectively impairs insulin resistance, but not glucose transport rate,
GLUT-4 and ceramide content in skeletal muscle per se. However, endurance exercise markedly affects the content of ceramide
and insulin resistance in muscle.
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INTRODUCTION

Due to the westernization of diet and the lack of exercise, obe-
sity is rapidly spreading throughout the country in Korea. Also,
the World Health Organization (WHO) has said that if the es-
timated number of obese adults in the world is in the mid 400
millions (body mass index > 30), then by 2015, the number of
obese individuals is expected to reach 700 millions [1].

The consumptions of high fat diet are resulting in increased
general insulin levels and insulin resistance in muscles and in
the body overall. It has been reported that increased insulin level
due to a high fat diet causes hyperglycemia and, if left untreat-
ed, will increase the likelihood of developing type 2 diabetes
mellitus [2-5]. Also, the intake of a high fat diet in obese type 2
diabetic patients causes muscular fat to oxidize less, increasing
the accumulation of fat in adipocytes and muscle tissues. Accu-
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Insulin resistance and ceramide content

mulation of lipids within the skeletal muscles increases long-
chain fatty acyl CoAs (LCACoAs), diaglycerol (DAG), ceramide
among other mid-products. This occurs simultaneously with
insulin signal transduction, which causes a decrease in the fre-
quency of glucose transporter 4 (GLUT-4) translocation. As a
result, it is reported that glucose uptake in the muscles is de-
creased, and muscle’s insulin resistance is increased [1,6]. Among
the mid-products, ceramide affects the cellular proliferation,
cellular division, and inflammatory response [7], and it also
takes a noticeable effect on glucose uptake and insulin signaling
[8]. Previous studies have reported that ceramide is increased in
insulin resistant muscles [8-11], which decreases the phosphor-
ylation of insulin receptor substrate-1 among other insulin sig-
naling structures that affect GLUT-4’s translocation and limits
the activity of phosphatidyl inositol-3 kinase. It also brings
about insulin resistance by limiting phosphorylation of protein
kinase B (Akt/PKB) [12-14]. Insulin resistance is observed as a
result of a surplus of lipids which is thought to be caused by an
accumulation of ceramide in the liver and muscle tissue. Re-
duction of the ceramide in the skeletal muscle tissue could im-
prove the insulin resistance.

Previous data on the improvement of insulin resistance have
shown relationship between regular exercise and reduced in-
sulin resistance [15-18]. Ivy [18] reported insulin stimulated
glucose transport during intense training. Dobrzyn and Gor-
ski [19] reported that sustained light cardiovascular exercise
decreases muscular ceramide and neutral Mg™ dependent
sphingomyelinase (nSMase) concentrations. Additionally, it is
reported that intensity exercise decrease the concentration of
sphingosine and sphinganine and that the effectiveness of the
metabolism of ceramide increases. Along with this exercise de-
creases muscular insulin resistance. Studies regarding muscular
glucose uptake have been performed and continue to advance.
However, studies about exercise, ceramide, muscular triglyc-
eride, and glucose transport rates do not yet exist. Thus, in this
experiment, we will explore whether a high fat diet paired with
endurance exercises will have an effect on the insulin resistance
and ceramide content in skeletal muscles.

METHODS

Experimental animals

In this experiment, 32 male Sprague-Dawley (SD) rats were
were divided into four groups and were raised individually in
separate (20.7 x 35 x 17 cm) cages. The rats were kept under a
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constant temperature of 21°C, and exposure to light was regu-
lated in 12 hour intervals 12 hours (7:00-19:00) of darkness,
and 12 hours of light (19:00-7:00). After a one-week environ-
mental adaptation period, subjects were randomly placed into
control group (CON), high fat diet group (HF), exercise group
(Ex), and high fat diet/exercise group (HF/Ex).

Measurements and methods

Experimental procedure

The high fat diet group was provided with 40% beef tallow high
fat feed (#101556 AIN-76A; Dyets Inc., Bethlehem, PA, USA),
and the remaining groups were given regular feed (#100000
AIN-76A; Dyets Inc.). Food and water were provided ad libi-
tum, and endurance training was implemented and regulated
by a motorized treadmill (Jeonkook Machinery Co., Seoul, Ko-
rea) set at an 8% gradient. Rats exercised 5 times per week for
4 weeks. The treadmill speed and duration were gradually in-
creased, and exercise implementation at 4 weeks was 24 m/min
for 2 hours. The final bout of exercise was not performed in
order to exclude the effects of exercise 24 hours prior to tissue
sampling. After the 4 week study, the rats were forced to fast
for 12 hours, after which they were injected with 6.5 mg of an-
esthetic (pentobarbital sodium) per 100 g of body weight, then
muscle was removed and frozen with liquid nitrogen, and blood
samples were collected from abdominal aorta, and plasma was
separated via centrifuge and stored at -70°C. The soleus muscle
was used to measure the glucose transport rate immediately
after sampling.

Plasma lipid concentration

Total cholesterol (TC) and triglycerides (TG) were determined
by an enzymatic method (Elitech, See, France). Free fatty acid
(FFA) was measured using Noma’s method [20].

Plasma glucose and insulin measurement

Plasma glucose levels were measured using a YSI 1500 blood
and lactate analyzer (Yellow Spring Instrument Co., Yellow
Springs, OH, USA). Insulin was measured with radioimmuno-
assay method using a diagnostic kit (Lincoplex Research Inc.,
St. Louis, MO, USA).

Skeletal muscle and liver TG

The plantaris muscle was homogenized in buffer solution (50
mM potassium floride + 1 mM EDTA, pH 7.4) with 1: 20 di-
lution, and the liver was homogenized with buffer solution (50
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mM potassium phosphate + 1 mM EDTA, pH 7.4) as 1 : 10 di-
lution. The homogenized sample was mixed with SDS (100
mM), ethanol, n-heptane in order, and then centrifuged at
1,000 x g for 10 minutes. The supernatant was transferred to a
tube, dried for 12 hours, and then the remaining liquid was
completely evaporated using nitrogen gas. TG in the tube was
dissolved with isopropanol, and then the concentration of TG
was measured using diagnostic reagent (Elitech).

Skeletal muscle ceramide content

Ceramide was measured using adenosine 5-[y-**P] triphos-
phate [21]. The plantaris muscle was homogenized using Tris
potassium chloride buffer (0.25 M sucrose, 25 mM KCl, 50 mM
Tris, 0.5 mM EDTA, pH 7.4) with 1 : 10 dilution, and then lip-
id was extracted using the Burton method [22]. The experimen-
tal standard for ceramide used was: (brain; Avanti polar lipid
Inc., Albastar, AL, USA). Extracted fat and ceramide standard
was dissolved in 1,2-dioleoyl-sn-glycero-3-[phosphor-rac-(1-
glycerol)] (DOPG) solution, was evaporated under nitrogen gas,
and then re-dissolved using n-Octyl-B-D-glucopyranoside (8-
OG) solution, vortex mixed to form micelles, and then it was
incubated in 4°C for 12 hours. DAG kinase reaction mixture
(100 mM imidazole; pH 6.6, 100 mM LiCl, 25 mM MgCl, 2
mM EGTA, 4 mM dithiothreitol, DAG kinase) and initiation
mixture (10 mM imidazole; pH 6.6, 1 mM EDTA, 5 mM [**P]-
v-ATP) were added to a culture medium in order to make a DAG
kinase reaction. It was then cultured at 26°C for 30 minutes.
Afterwards, lipid was extracted and then the remainder was
evaporated using nitrogen gas. The lipid extract was eluted by
adding chloroform/methanol (4 : 1, v/v) 40 uL. After dividing
the mixture into 60 silica gel plates, the depths of each TLC
chamber was set between 0.5-1 cm and then a solution com-
posed of chloroform, acetone, methanol, acetic acid, and water
(10:4:3:2:1,v/v) was added and then filtered to remove any
bubbles, and following that, silica gel plates were inserted. After
sample loading was completed, the plates were taken out and air
dried. The plates were then exposed to X-ray film at -20°C for
12 hours. Then, ceramide 1-[**P] phosphate’s activity was mea-
sured for one minute per plate using a liquid scintillation coun-
ter (Wallac 1409 DSA; PerkinElmer Inc., Waltham, MA, USA).

Skeletal muscle GLUT-4

After separating gastronemius muscle into red gastronemius
(RG), and white gastronemius (WG), they were mixed with a
cold 1: 20 HEPES buffer (20 mM N-2- hydroxyethylpiperazine-
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N’-2-ethanesulfonic acid, 1 mM EDTA, and 250 mM sucrose,
pH 7.4), and then homogenized using a polytron homogeniz-
er (Kinematica, Littau, Switzerland). Homogenized muscle
tissue was diluted using 1 : 2 2x Laemmli sample buffer
(53401; Sigma-Aldrich, St. Louis, MO, USA), left out at room
temperature for 20 minutes, and then 75 ug of protein contain-
ing sample was loaded into 10% SDS-polyacrylamide gel elec-
trophoresis (PAGE), electrophoresis was initiated (100-120 V,
60-90 minutes). Standardization of GLUT-4 in each gel was
verified by GLUT-4 content in 50 pg of rat cardiac muscle [23].
After electrophoresis was completed, the gel was divided and
then using semi-dry (BioRad, Hercules, CA, USA), the gel was
transferred to a PVDF membrane (BioRad). The transferred
membrane was blocked in 5% non-fat skim milk for 60 min-
utes, and then incubated with GLUT-4 antiserum (Santa Cruz
Biotechology, Santa Cruz, CA, USA) diluted to a 1 : 10,000
mixture (T-TBS/5% non-fat skin milk), and was shaken and
incubated for 90 minutes. After washing, secondary antibod-
ies (ZYMED Laboratories, South San Francisco, CA, USA) were
diluted into a 1 : 5,000 ratio (T-TBS/1% non-fat skin milk) and
incubated for 60 minutes. The GLUT-4 protein was visualized
by Hyperfilm (Eastman Kodak, Rochester, NY, USA) using the
Western blot luminal reagent (Santa Cruz Biotechology).

Rate of glucose transport in skeletal muscle

Glucose transport rate was measured using Methyl [’H]-D-
glucose and D-[1-"*C] mannitol [24]. For the sake of measure-
ment, thin portions (20-30 mg) of the left soleus muscle were
extracted for use, and the removal of the muscular glucose, it
was cleaned a single time with 18 mM mannitol and 0.1% BSA,
+ 2 mM pyruvate containing KHB for 10 minutes. After the
initial cleaning, it was again incubated in 16 mM mannitol and
0.1% BSA, + 4 mM glucose + (with/without) Insulin (1,000 uIU/
mL) containing [25,26] KHB for 30 minutes, cultured, and then
cleaned for another 10 minutes. Afterwards, it was once again
incubated at 30°C in 4 mM [3-’H] MG (2.2 uCi/mL) and 16
mM ["“C] mannitol (0.2 pCi/mL) containing 1.5 mL KHB. Af-
ter culturing, the soleus muscle was fixed with liquid nitrogen
and was immediately weighed. The weighed muscle was
placed in 1 N NaOH and then put in a 50-60°C water bath and
shaken for 60 minutes. Afterwards, it was separated via centri-
fuge at 1,600 rpms for 4 minutes. The supernatant was re-
moved and then after adding Optiphase Hisafe 2, it was mea-
sured with a liquid scintillation counter (Wallac 1220 Quantu-
lus; PerkinElmer Inc.) for 10 minutes.
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Statistical analysis

The mean and standard error (Mean * SE) of each measure-
ment was calculated, and statistical analysis was done using the
statistics program, SPSS version 17.0 (SPSS Inc., Chicago, IL,
USA). One-way ANOVA was used to see the change between
groups after handling. Least significant difference (LSD) was
used for post hoc analysis. The statistical significance was de-
fined as P < 0.05.

RESULTS

Weight

After 4 weeks, the weight of the Ex group (293.9 + 19.0 g) was
compared with the other three groups (313.1 £4.1g,311.6+4.6
g, 276.9 + 3.3 g, respectively, P = 0.000) with notable differences
between them. The weight of HF/Ex group (276.9 + 3.3 g) was
significantly lower than the other three groups (313.1 + 4.1 g,

400 r 1 CON [OEx I HF M HF/Ex
300 - a,_c',_d a,b,c
5 200
100
0

Fig. 1. Changes in body weight. Data are shown as means +
standard error, n = 8. CON, control group; HE, high fat diet
group; Ex, exercise group; HF/Ex, high fat diet/exercise group.
*P < 0.05 vs. CON, "P < 0.05 vs. Ex, °P < 0.05 vs. HE, ‘P < 0.05
vs. HF/Ex.

Table 1. Plasma lipid profiles
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293.9£19.0 g, 311.6 + 4.6 g, respectively, P = 0.000) (Fig. 1).

Blood plasma lipid

Four weeks after the experimental period, the measured FFA
concentrations of the CON and HF groups were significantly
higher than in the Ex group (P = 0.032). The TC concentration
in the HF group was significantly higher than the other three
groups (P = 0.000). The concentration of TG in the HF and HF/
Ex groups was significantly higher than the concentration in
the CON and Ex groups, and concentration in the HF/Ex group
was higher than the concentration in the HF group (P < 0.001)
(Table 1).

Plasma glucose and insulin

Plasma glucose concentrations of groups Ex and HF/Ex 297.1
+ 14.9 mg/dL, 269.8 + 9.1 mg/dL, respectively) were lower than
the HF group (361.2 + 19.0 mg/dL), and the concentration in
the HF/Ex group was significantly lower than the concentra-
tion in the CON group (321.9 + 1.3 mg/dL) (P = 0.002) (Fig. 2).
The insulin concentration in the HF group (57.1 + 6.4 uIU/
mL) was significantly high compared to the other three groups
(324 + 55 nIU/mL, 28.6 + 7.0 uIU/mL, 31.2 + 8.0 uIU/mL,
respectively, P = 0.021) (Fig. 3).

TG in muscle and the liver

The TG content in the plantaris muscle of the Ex group (5.7 +
0.8 umol/gww) was significantly lower than the HF/Ex group
(10.4 + 1.2 umol/gww), and was significantly higher in the HF
group (12.2 + 1.7 uymol/gww) than in the CON and Ex groups
(7.2 £ 1.4 ymol/gww;, 5.7 + 0.8 umol/gww; respectively, P = 0.005).
The TG content in the liver of the Ex group (18.7 + 0.3 umol/
gww) was significantly lower than in the HF/Ex group (22.4 +
0.7 umol/gww), and was significantly higher in the HF group
(34.9 £ 1.9 pmol/gww) than in the other three groups (P = 0.000)

(Fig. 4).

Varijable CON (n=38) Ex (n=38) HF (n=38) HF/Ex (n=8) Pvalue
FFA, mmol/L 0.43 +0.03 0.35+0.01*" 0.45+0.03 0.42 +0.02 0.032
TC, mg/dL 94.5+3.0° 885+ 1.7° 108.5+3.9 94.5+1.5° <0.001
TG, mg/dL 47.1+2.1% 483+ 1.2 575+ 1.1 63515 <0.001

Data are means + standard error.

CON, control group; HE high fat diet group; Ex, exercise group; HF/Ex, high fat diet/exercise group; FFA, free fatty acid; TC, total cholesterol;

TG, triglyceride.
*P < 0.05 vs. CON, P < 0.05 vs. HE, °P < 0.05 vs. HF/Ex.
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247



Jung HL, et al.

500 r CJCON O Ex EEHF W HF/Ex
400
_ b

—~ 300 F T ab
—
o
o
g
~ 200

100

0

Fig. 2. Changes in glucose level. Data are shown as means *
standard error, n = 8. CON, control group; HE, high fat diet
group; Ex, exercise group; HF/Ex, high fat diet/exercise group.
“P<0.05vs. CON, P < 0.05 vs. HE
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Fig. 3. Plasma insulin concentrations. Data are shown as
means + standard error, n = 8. CON, control group; HE high
fat diet group; Ex, exercise group; HF/Ex, high fat diet/exercise
group. P < 0.05vs. HE
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Fig. 4. (A) Triglyceride contents in muscle. (B) Triglyceride contents in the liver. Data are shown as means + standard error, n =
8. CON, control group; HE, high fat diet group; Ex, exercise group; HF/Ex, high fat diet/exercise group. *P < 0.05 vs. HE P < 0.05

vs. HF/Ex.

Skeletal muscle ceramide

Ceramide contents in the plantaris muscle in the Ex and HF/
Ex (74.3 £ 4.0 pmol/mg, 67.1 £ 4.5 pmol/mg, respectively)
groups were significantly lower than in the HF group (96.0 +
9.5 pmol/mg, P=0.031, Fig. 5).

Skeletal muscle GLUT-4

The GLUT-4 in the RG muscle in the Ex and HF/Ex groups
(81.6 + 6.8%, 74.8 £ 6.9%, respectively) was significantly high-
er than in the CON and HF groups (56.4 + 5.3%, 54.1 + 5.9%,
respectively, P = 0.009). In the WG muscle, GLUT-4 in the Ex
and HF/Ex (30.8 + 2.8%, 31.2 £ 2.9%, respectively) groups were
significantly higher than in the CON and HF groups (18.1 +
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2.5%, 20.2 + 2.8%, respectively, P = 0.003, Fig. 6).

Glucose transport rate in skeletal muscle

The glucose transport rate in the soleus muscle in insulin-free
conditions was very similar in all four groups. However, in sub-
maximal conditions, the glucose transport rates in the Ex and
HF/Ex (3.3 + 0.4 umol/mL/hr, 3.3 + 0.4 umol/mL/hr, respec-
tively) groups are much higher than in the CON group (2.2 +
0.2 ymol/mL/hr) (P = 0.043) (Fig. 7).

DISCUSSION
In the current study which in investigating the effects of en-
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Fig. 5. Ceramide contents in the plantaris muscle. Data are shown as means + standard error,
' n =7. CON, control group; HE high fat diet group; Ex, exercise group; HF/Ex, high fat diet/ex-
| ! ercise group. °P < 0.05 vs. HE.
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Fig. 6. (A) GLUT-4 contents in the red gastrocnemius muscle. (B) GLUT-4 contents in the white gastrocnemius muscle. Data
are shown as means * standard error, n = 8. CON, control group; HE high fat diet group; Ex, exercise group; HF/Ex, high fat

diet/exercise group. °P < 0.05 vs. CON, °P < 0.05 vs. HE.

durance exercise and high fat diet on insulin resistance, and
ceramide content of SD-rats, plasma lipid (TC and TG), and
insulin levels increased in high fat diet feed group beyond the
regular diet feed group. This high fat diet raises the blood lipid
level, and decreases the insulin sensitivity, and results in a ten-
dency to have a higher resistance to insulin, which is also sup-
ported by existing studies [27]. However, a comparison between
the two exercise groups and high fat diet group showed that in-
sulin and glucose declined, and previous studies regarding en-
durance exercise showed an increase in insulin sensitivity and

www.e-kdj.org Korean Diabetes ] 2010;34:244-252

improved insulin resistance [28].

High fat diet increases lipid content in the liver and muscle.
We are documenting that muscular lipid accumulation drives
the cellular glucose-fatty acid cycle, increases lipid oxidation,
decreases muscular glucose uptake, and increases insulin re-
sistance [29]. Zierath et al. [30] reported results on two groups
of FVB mice placed on a 50% high fat intake diet, one for 3-4
weeks and the other for 8 weeks, with no decrease in total
muscular GLUT-4 and a decrease in the glucose transport
rate. Rosholt et al. [31] performed tests on two groups of SD
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Fig.7. (A) Glucose transport rate at submaximal insulin concentrations in the soleus muscle. (B) Glucose transport rate at non-
insulin concentrations in soleus muscle. Data are shown as means + standard error, n = 7. CON, control group; HE, high fat diet
group; Ex, exercise group; HF/Ex, high fat diet/exercise group. *P < 0.05 vs. CON.

rats, one placed on a high carbohydrate diet, and the other
placed on a high fat diet, and reported that there was no sub-
stantial difference in GLUT-4 in the liver. In this experiment, a
high fat diet resulted in an increase in liver and muscular TG,
and it was reported that there is no significant difference be-
tween skeletal muscule glucose transporter (GLUT-4) and
general glucose transport rate.

Upon examining the effects of most of the past studies re-
garding muscular glucose uptake, Kahn and Pedersen [32] ex-
amined the results of an 80% high fat diet for 7 weeks, which
showed a decline in the GLUT-4. Han et al. [33] reported on a
high fat diet consisted of 32% hog fat over 8 weeks resulting in
no influence on GLUT-4 after 4 weeks, and a decrease in the
glucose transport rate after 8 weeks. This 4 week study of high
fat diet and muscular GLUT-4 action is thought to be insuffi-
cient to observe the glucose transport rate changes, and fur-
ther study considering more accurate setting of high fat intake
contents, intake period, are required. Although there was such
limitation, we observed increased GLUT-4 expression and glu-
cose transport rate in two exercise groups, which is consistent
with previous studies showing exercise decreased muscular
insulin resistance [34-36].

Recent studies report LCACoAs, DAG, and ceramide as
major metabolites which causes increasing muscular insulin re-
sistance [1,6]. We observed that muscular lipid accumulation
and diverse lipids caused by a high fat diet interrupted insulin
signal transduction and GLUT-4 translocation [9,37], especially
muscular lipid accumulation suppressed sphingomyelinase
activity and increased muscular sphingomyelin concentration,
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and ceramide accumulation caused an increase in insulin re-
sistance [38].

It is known that phosphorylation and activation of protein
kinase B (Akt/PKB) is suppressed by ceramide, as far as results,
the effects of membrane GLUT-4 in translocation also interrupts
Akt’s stimulatory pathway [9]. Mullen et al. [3] reported a 4
week trial using a 60% hog fat high fat diet resulting with the
fatty acid transporter of the cell membrane, cellular DAG, and
ceramide increasing. However, our study showed no apparent
effect on the ceramide after 4 weeks of a high fat diet. Although
the 40% high fat diet for 4 weeks caused an accumulation in
muscular lipid and an increase in muscular insulin resistance,
it did not increase muscular ceramide, suggesting a higher fat
content for longer period is needed.

Ceramide causes the hydrolysis of sphingomyelin in vivo.
Both ceramide and sphingomyelin are important in the sphin-
gomyelin-signaling pathway, and are inserted into the lysosome
and endosome membranes by acidic sphingomyelinase’s (aS-
Mase) activity [39], and sphingomyelin is hydrolyzed into pho-
rycholine and ceramide by nSMase [17]. Most previous stud-
ies have reported that intense exercise and endurance exercise
decrease the concentrations of ceramide and DAG, while in-
creasing insulin sensitivity [15-17,40]. Dobrzyn et al. [16] re-
ported that endurance exercise decreases the concentration of
muscular ceramide. Helge et al. [17] reported that trained groups
and untrained groups had trivial differences in ceramide con-
tent from target, and maximum oxygen intake of the two groups
was at 58% of target after a 3-hour single trial was conducted,
and resulted in a decrease in the ceramide fatty content and

Korean Diabetes ] 2010;34:244-252 www.e-kdj.org
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nSMase of both groups. Our results showing exercise decreas-
es ceramide is consistent previous studies [16,17]. The present
study, both exercise groups showed a significant decrease in
the ceramide content compared to the high fat diet group.

To summarize this study, a high fat diet could significantly
increase plasma lipid levels as well as in the liver and muscles,
but insulin resistance markers including ceramide, GLUT-4,
and muscular glucose uptake were not affected. Since, the en-
durance exercise group had improved GLUT-4, glucose trans-
port rate, and muscular ceramide levels for 4 weeks compared
to the non-exercising group, we can suggest the skeletal muscle
insulin resistance was improved by endurance exercise. There-
fore, endurance exercise could be helpful to improve the skele-
tal muscle insulin resistance which were developed from physi-
cal inactivity or high fat diet habits.
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