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Insulin resistance results in accumulation of triglyceride content and reduction of glycogen content in skeletal muscle.
However, very few studies have measured lipid content and glycogen content in liver associated with insulin resistance. We
studied the relationship between liver lipid content, liver glycogen, and insulin resistance in high-fat-fed rats, which are
animal models of insulin resistance. High-fat-fed rats were hyperlipidemic, hyperglycemic, and hyperinsulinemic. Further-
more, the glucose infusion rates (GIR) were lower (normal rats, 10.35 + 1.66; high-fat—fed rats, 4.86 = 0.93 mg/kg/min; P <
.01) and the triglyceride and cholesterol contents in liver were higher in the high-fat-fed rats than in normal rats. On the other
hand, the glycogen content in liver was lower than in normal rats. There was an inverse relationship between liver triglyceride
content and liver glycogen content. When the lipoprotein lipase (LPL) activator NO-1886 was administered to the high-fat—fed
rats at a daily dose of 50 mg/kg body weight for 10 weeks, GIR (9.87 + 3.76 mg/kg/min, P < .05 v high-fat-fed control group)
improved, causing an improvement of the hyperlipidemia, hyperglycemia, and hyperinsulinemia. Furthermore, NO-1886
decreased triglyceride and cholesterol concentrations and increased glycogen content in liver of the high-fat—fed rats. In this
study, we found that insulin resistance caused fatty liver and reduced glycogen content in liver. Administration of the LPL
activator NO-1886 improved the insulin resistance, resulting in an improvement in the relationship between triglyceride and

glycogen content in liver of high-fat-fed rats.
Copyright 2002, Elsevier Science (USA). All rights reserved.

INSULIN RESISTANCE is characterized by high plasma
insulin, which causes acceleration of very—low-density li-
poprotein (VLDL) synthesis.! This results in hypertriglyceri-
demia and fatty liver in animals and humans with insulin
resistance. In addition, insulin resistance decreases glycogen
synthetase activity and causes a reduction of glycogen content
in skeletal muscle.>3 However, few reports exist regarding the
relationship between lipid and glycogen contents in liver of
insulin resistant animals and humans. Conflicting results have
been reported regarding glycogen synthesis in liver in diabetes,
with some studies showing a reduction of glycogen synthesis*
and others reporting that glycogen synthesis was not affected.®
The aims of this study were 2-fold. The first was to ascertain
the relationship between lipid and glycogen contents in liver of
high-fat—fed rats, an insulin-resistant animal model.® The sec-
ond was to ascertain the effects of the lipoprotein lipase (LPL)
activator NO-1886, which has previously been reported to
increase LPL activity resulting in elevation of high-density
lipoprotein cholesterol (HDL-C) and reduction of triglycerides
in animals,”-'° on lipid and glycogen contents in liver in the
model rats. We determined that high-fat feeding caused insulin
resistance in rats, which resulted in fatty liver and reduced
glycogen contents in liver. We also determined that there was
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an inverse relationship between triglyceride contents and gly-
cogen contents in liver.

MATERIALS AND METHODS
Materials

Agent NO-1886, 4-diethoxyphosphorylmethyl-N-(4-bromo-2-cya-
nophenyl) benzamide, was synthesized in the New Drug Research
Laboratory of Otsuka Pharmaceutical Factory, Inc, Naruto, Tokushima,
Japan. All other chemicals used were high-grade commercially avail-
able products.

Animal Experiments

Male Sprague-Dawley rats weighing 500 to 600 g at the age of 9
months were obtained from Japan SLC, Inc, Shizuoka, Japan. The
animals were maintained under a 12-hour light-dark cycle (light cycle
from 7 AM to 7 PM) at a constant temperature of 23 * 2°C. Rats were
fed high-fat chow (26.7% safflower oil in standard laboratory chow;
CRF-1, Oriental Yeast Co, Tokyo, Japan) containing NO-1886, which
was equivalent to 50 mg/kg body weight of NO-1886, for 10 weeks
(NO-1886 group). Control rats were fed a high-fat chow. Animals were
allocated to either the control group, NO-1886 group, or normal group
(which was fed standard chow) with stratification based on baseline
body weight. Body weights at the start of the experiment were 552 *+
32, 528 *= 64, and 553 *= 27 g in the normal, control, and NO-1886
groups, respectively. There were no significant differences in body
weight. The animals were given free access to food and tap water. At
the end of the experimental period, after a 12-hour overnight fast, blood
samples were collected at 9 AM from the tail vein for determination of
plasma lipids, glucose, and insulin. A euglycemic glucose clamp study
was then performed, after which the livers were removed. The liver
samples were maintained in liquid nitrogen for measurement of lipids
and glycogen in tissues. Normal-diet—fed Sprague-Dawley rats were
used for comparison (normal group).

Euglycemic Glucose Clamp Studies

After blood samples were collected from the tail vein, the euglyce-
mic glucose clamp study was performed following a 12-hour overnight
fast, which was started after the final NO-1886 administration. Rats
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Table 1. Plasma Lipid, Glucose, and Insulin Levels and GIR in NO-1886-Treated High-Fat-Fed Rats
Plasma Lipids
Total Cholesterol HDL-C Triglycerides NEFA Glucose Insulin GIR
N (mg/dL) (mg/dL) (mg/dL) (Eq/L) (mg/dL) (nU/mL) (mg/kg/min)
Normal rats 5 60 =9 53 +8 131 £ 5t 462 + 45t 161 = 8* 49 *= 61 10.35 * 1.66*
High-fat-fed rats
Control 5 74 = 15 525 184 + 37 598 + 100 192 £ 13 107 = 29 4.86 = 0.93
NO-1886 5 147 = 16* 136 = 16* 94 + 13* 407 * 52* 175 = 7t 62 + 241 9.87 = 3.761

NOTE. Data are expressed as means + SD.

Significantly different from the respective values in control rats: *P < .01, P < .05.

were anesthetized with sodium pentobarbital (50 mg/kg body weight),
and extension tubings were attached to the jugular vein by an adapter
so that glucose and insulin could be infused simultaneously into the
jugular vein. The carotid catheter was used for blood sampling. After a
30-minute basal period, a continuous infusion of human regular insulin
(Novolin R; Novo Nordisk, Copenhagen, Denmark) at a rate of 60
pmol/kg/min was administered throughout the study. Blood samples
were drawn at 10-minute intervals for immediate determination of
plasma glucose (YSI 2300 glucose analyzer; YSI, Yellow Springs, OH)
and plasma concentration was kept constant at 80 mg/dL by a variable
infusion of 10% dextrose solution. Steady-state was generally achieved
within 60 to 90 minutes. A maximal glucose clamp was then started.
Insulin was infused and 20% dextrose was variably infused to maintain
plasma glucose concentration at 80 mg/dL, and the glucose infusion
rate (GIR; glucose mg/kg/min) was determined.

Analytical Methods

Plasma lipids, glucose, and insulin. Plasma total cholesterol,
HDL-C, triglycerides, nonesterified free fatty acid (NEFA), and glu-
cose were determined by conventional enzymatic methods. The cho-
lesterol C-test Wako (Wako Pure Chemical Industries, Osaka, Japan)
was used in the case of cholesterol, the Nescote HDL-C kit N (Nippon
Shoji, Osaka Japan) for HDL-C, the triglyceride G-test Wako (Wako
Pure Chemical Industries) for triglycerides, the NEFA C-test Wako for
NEFA, and the glucose CII test Wako for glucose. Insulin was deter-
mined by conventional enzyme immunoassay, using the Glazyme in-
sulin-EIA test (Wako Pure Chemical Industries).

Tissue lipids. Tissue samples of approximately 0.2 g, together with
2 mL of chloroform-methanol (2:1) solution,!! were added into centri-
fuge tubes and homogenized by Polytron (PCU-2-110; KINEMATICA
GmbH, Luzern, Switzerland). The tubes were then centrifuged at 3,000
rpm. An aliquot of chloroform-methanol extract was transferred to
another tube and dried under a stream of nitrogen gas. These samples
were redissolved in 100 uL isopropyl alcohol, after which cholesterol
and triglyceride levels in the isopropyl alcohol were measured by
conventional enzymatic methods.

Tissue glycogen. Glycogen was measured by the method of Hassid
and Abraham with slight modification.!> Approximately 0.2 g of tissue
was dropped into a centrifuge tube containing 1 mL of 30% potassium
hydroxide solution. The tissue was then digested by heating the tube in
a boiling water bath for 20 minutes. When the tissue was dissolved, 0.5
mL of saturated sodium sulfate was added and the glycogen was
precipitated by the addition of 3 mL of 95% ethanol. The tube and
contents were heated again until the mixture began to boil, then cooled
and centrifuged at 3,000 rpm. The mother liquor was decanted, and the
test tube was allowed to drain. The precipitated glycogen was redis-
solved in 1 mL of distilled water and reprecipitated with 1.5 ML of
95% ethanol, the alcoholic supernatant liquid decanted, and the tube
drained as before. The purified glycogen was redissolved in 1 mL of
distilled water and glycogen in this solution was measured by Anthrone
reagent.!?

Statistical Analysis

The results are expressed as means *= SD. Comparisons among the
3 groups were analyzed for statistical significance using 1-way analysis
of variance, followed by Dunnett’s test multiple comparisons. Corre-
lation analysis was performed using Spearman’s test. P values less than
.05 were considered significant.

RESULTS
Body Weight

At the end of the experiment, the body weights of the
normal, control, and NO-1886 groups were 589 = 43, 750 =
45, and 662 * 53 g, respectively. The mean body weight of the
control group was higher than that of the normal group (P <
.01) and the mean body weight of the NO-1886 group was
lower than that of the control group (P < .05).

Plasma Lipid, Glucose, and Insulin Levels in
High-Fat-Fed Rats

Plasma lipid, glucose, and insulin levels are listed in Table 1.
Plasma triglycerides, NEFA, glucose, and insulin levels of
high-fat—fed control rats were higher than in normal rats. NO-
1886 increased plasma total cholesterol and HDL-C, and de-
creased triglycerides, NEFA, glucose, and insulin levels.

GIR Using a Euglycemic Glucose Clamp

GIR values are listed in Table 1. The GIR values of high-
fat—fed control rats were 53% lower than those of normal rats.
GIR values recovered to normal levels in high-fat—fed control
rats after NO-1886 administration.

Triglyceride, Cholesterol, and Glycogen Contents
of Rat Liver

Triglyceride, cholesterol and glycogen contents in liver are
listed in Table 2. The triglyceride and cholesterol contents in
liver of high-fat-fed control rats increased approximately 4.9-
and 2.7-fold, respectively, compared with normal rats. The
glycogen content in liver of high-fat—fed control rats was 53%
lower than in normal rats. NO-1886 decreased the triglyceride
and cholesterol contents and increased the glycogen content in
liver of high-fat-fed rats compared to control.

Relationships Between Lipid Contents and Glycogen
Contents in Liver and GIR Values

The relationships between lipid contents and glycogen con-
tents in liver and GIR values were assessed in experimental
animals (normal rats and high-fat—fed rats). Triglyceride con-
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Table 2. Liver Trigyceride, Cholesterol, and Glycogen Levels in NO-
1886-Treated High-Fat-Fed Rats

mg/g wet liver

N Triglycerides Cholesterol Glycogen

Normal rats 5 48.74 + 13.80*% 10.30 = 2.57* 43.12 + 5.50*
High-fat-fed rats
Control

NO-1886

5 24154 + 2756 27.84 +£6.12 20.09 = 4.87
5 157.45 + 40.79* 18.44 + 4.33t 33.75 = 5.40*

NOTE. Data are expressed as means + SD.
Significantly different from the respective values in control rats:
*P < .01, tP < .05.

tents were inversely correlated with GIR values (r = —0.790),
while glycogen contents were positively correlated with GIR
values (r = 0.687). Cholesterol contents were inversely corre-
lated with GIR values (r = —0.550). Triglyceride contents
were inversely correlated with glycogen contents in liver (r =
—0.852; Fig 1).

DISCUSSION

Insulin resistance is defined as a subnormal biologic re-
sponse to a given concentration of insulin. Therefore, insulin-
resistant subjects have higher plasma insulin levels than normal
subjects. Hyperinsulinemia causes hypertriglyceridemia and
fatty liver.! Furthermore, insulin resistance causes a reduction
in the rate of muscle glycogen synthesis in people with type 2
diabetes.>? There are many reports stating that insulin resis-
tance causes fatty liver and reduction of glycogen synthesis in
skeletal muscle. However, few reports have discussed the re-
lationship between fatty liver and glycogen contents in liver of
insulin-resistant animals. In this study, we observed the rela-
tionship between fatty liver and glycogen contents in liver of
high-fat—fed rats by using the LPL activator NO-1886.

Storlien et al have previously reported that high fat-fed rats
are a model of insulin resistance.®'3 This model is also con-
sidered a model of obesity.!3

The mean body weight of the group of rats fed a high-fat diet
significantly increased compared with the normal chow group
by the 10th week of feeding. However, the mean body weight
of the NO-1886 group was lower than that of the control group
after 10 weeks administration of NO-1886 in this study.
Kusunoki et al previously reported that NO-1886 increases fat
oxidation by increasing skeletal muscle LPL activity. This
causes a suppression of fat accumulation, resulting in decreased
body weight gain.!!

In this study, the GIR values in these model rats were lower
than in normal rats, and they were hyperinsulinemic, hypergly-
cemic, and hypertriglyceridemic. Furthermore, we found that
the model rats had fatty liver and low hepatic glycogen con-
tents. Thorburn et al® have reported that a reduction in glycogen
synthase activity causes reduced glycogen formation in muscle
in type 2 diabetic patients. Unfortunately, we did not determine
glycogen synthase activity in this study. However, low glyco-
gen content in the liver of this model may have been caused by
low glycogen synthase activity, similar to type 2 diabetic pa-
tients.> On the other hand, Upton et al reported in Zucker
diabetic fatty (ZDF) rats that glycogen synthase activity and
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glycogen contents in liver did not differ compared to control
(nondiabetic).> We cannot explain the difference between our
results and Upton’s data.

NO-1886 administration resulted in GIR values returning to
normal. This indicates that NO-1886 improved insulin resis-
tance in this model. Specifically, NO-1886 improved not only
hyperinsulinemia, hyperglycemia, and hypertriglyceridemia,
but also improved lipid and glycogen contents in liver of
high-fat—fed rats by improving insulin resistance.

NO-1886 decreased plasma free fatty acid and glucose lev-
els, as well as lipid contents in liver of high-fat—fed rats.
However, NO-1886 did not inhibit triglyceride and cholesterol
synthesis, or free fatty acid release (data not shown). Also,
NO-1886 did not decrease plasma glucose in insulin-deficient
streptozotocin-induced diabetic model rats.® Therefore, these
results show that insulin resistance causes fatty liver and re-
duction of glycogen content in liver. Furthermore, the triglyc-
eride contents in liver were inversely correlated with GIR
values and glycogen, while glycogen contents in liver were
positively correlated with GIR values. On the other hand, the
correlation between cholesterol content and glycogen content
was weaker than with triglyceride contents. These results may
indicate that improvement of insulin resistance causes a reduc-
tion of lipid contents and an elevation of glycogen contents in
liver.

The antidiabetic agent, thiazolidinedione (MCC-555), in-
creases glucose entry into insulin-sensitive tissues, resulting in
a significant increase in hepatic glycogen contents and in-
creased fat pad mass in ZDF rats.> On the other hand, NO-1886
decreases fat accumulation in high-fat—fed obesity rats.!3
Therefore, NO-1886 and thiazolidinedione may have different
mechanisms for the improvement of insulin resistance. How-

Glycogen content (mg/g tissue)
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Fig 1. Relationship between liver triglyceride contents and liver
glycogen contents in high-fat-fed rats. (O) Normal rat group; (<)
high-fat-fed control rat group; (A) NO-1886-treated high-fat-fed rat
group.
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ever, these results may indicate that the improvement of insulin
resistance causes the increase in glycogen contents in diabetes.

In summary, the results of our study indicate that insulin resis-
tance causes fatty liver and a reduction of glycogen contents in
liver. Triglyceride contents were inversely correlated with glyco-
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gen contents in liver. On the other hand, the correlation between
cholesterol content and glycogen content was weaker than with
triglyceride contents. NO-1886 decreased lipid content and in-
creased glycogen content in liver of high-fat—fed rats, an insulin-
resistant animal model, by improving insulin resistance.
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