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The Effect of Leptin, Tumor Necrosis Factor-� (TNF-�), and 
Nitric Oxide (NO) Production on Insulin Resistance in Otsuka 
Long-Evans Fatty Rats
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Abstract.  Adipocytokines and nitric oxide (NO) play important roles in type 2 diabetes; however, the regulatory

mechanism has not been fully clarified.  To investigate the role of adipocytokines and NO production on insulin resistance

in type 2 diabetes, the LETO rats and the OLETF rats were fed a control diet or a high-fat diet for 4 weeks.  After 4 weeks

the blood levels of leptin, tumor necrosis factor-� (TNF-�), and NO were measured.  As an indicator of insulin resistance,

the homeostasis model assessment for insulin resistance (HOMA-R) was applied.  Food intake in high-fat diet group rats

was lower than in control diet group rats.  The high fat diet increased body weight (BW), but did not significantly affect

the HOMA-R and blood pressure (BP).  Leptin and TNF-� levels were significantly higher in the OLETF rats than in the

LETO rats, while NO levels did not change between the two groups.  The high-fat diet elevated blood leptin levels, but not

TNF-� and NO levels.  The HOMA-R in the OLETF rats was correlated with leptin, but not with BP, BW, TNF-� or NO.

NO showed an inverse correlation with BP.  In conclusion, leptin, TNF-�, and NO may each regulate insulin sensitivity

through their own unique pathways.  The elucidation of the regulatory mechanism of adipocytokines and NO may give a

clue to clarify the pathophysiology of insulin resistance.
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GLUCOSE intolerance, obesity, dyslipidemia, and

hypertension are found in the same individuals, and

they are risk factors for coronary heart disease [1].

Based on these findings, a metabolic syndrome called

syndrome X has been proposed [2], in which insulin

resistance is believed to play a central role.  Syndrome

X is also called visceral fat obesity syndrome, sug-

gesting that adipocytes may play an important role in

insulin resistance.

To date, adipocytes are known to produce such bio-

logical effectors as free fatty acid (FFA) [3, 4], leptin

[5–9], tumor necrosis factor-� (TNF-�) [10–13], adi-

ponectin [14, 15], plasminogen activator inhibitor-1

(PAI-1) [16], and resistin [17].

Leptin is an adipocyte-specific cytokine that regu-

lates feeding behavior and energy expenditure [6].

Leptin is associated with insulin resistance [18] and

hypertension [19, 20].  It production is regulated by

hormones and cytokines such as insulin [21], gluco-

corticoid [22], TNF-� [23], interleukin-1 (IL-1) and

transforming growth factor-� (TGF-�) [22, 24].  TNF-�

secreted by mature adipocytes aggravates insulin resist-

ance [12].  Adiponectin reverses insulin resistance by

decreasing triglyceride content in muscle and liver in

obese mice [14, 15].  Resistin is an adipocytokine

inducing insulin resistance [17].  Drugs including �-

adrenergic agonists [22] and peroxisome proliferator-

activated receptor-� (PPAR-�) ligands [25] regulate

adipocytokine production.  TNF-� gene expression is

inhibited by PPAR-� ligands [26].  Although the role

of adipocytokine on insulin sensitivity and the regu-

latory mechanism of adipocytokine production have

been gradually clarified, the details of these issues still
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remain obscure.

NO participates in the pathogenesis of many dis-

eases via its cytotoxity and its effects on nerve con-

duction, vasodilatation, and the immune system [29].

Glucose and advanced glycation end products decrease

NO activity in vitro [30, 31].  An increase in NO

production observed in rats following exercise training

has been known to improve insulin resistance and

leptin resistance in diabetes mellitus and obesity [32].

Urinary NO excretion decreases in parallel with the

progression of insulin resistance in human type 2 dia-

betes [33].  Therefore, NO is suggested to be related to

the pathogenesis of diabetes.  Previous studies have

demonstrated that adipose tissue is a central site for

nitric oxide (NO) production in rats treated with lipo-

polysaccharide [27, 28].

To clarify the regulatory mechanism of leptin, TNF-

�, and NO in insulin resistance, we investigated the

effects of a high-fat diet on their production in Otsuka

Long-Evans Tokushima Fatty (OLETF) rats, a type 2

diabetic model with polyphagia, obesity, and insulin

resistance [34].

Materials and Methods

Experimental protocol

Male OLETF rats (diabetes strain) and the controls,

Long-Evans Tokushima Otsuka (LETO) rats (Toku-

shima Research Institute, Otsuka Pharmaceutical Co.,

Ltd.  Tokushima, Japan), were randomly divided into 2

groups: a control diet group (C group: C-L for LETO

rats (n = 12), C-O for OLETF rats (n = 12)) and a

high-fat diet group (H group: H-L for LETO rats

(n = 12), H-O for OLETF rats (n = 12)).  The rats at

the age of 16 weeks were individually housed and

observed for 4 weeks.  The C group rats were fed a

control powder diet (CE-2; Clea Japan, Tokyo, Japan)

and the H group rats were fed a high-fat powder diet

consisting of the control diet mixed with beef tallow at

a ratio of 1 : 1.  A control diet contained 25.4 g

protein, 50.18 g carbohydrate, 4.43 g fat, 4.13 g fiber,

and others 15.86 g/100 g.  A high-fat diet contained

14.95 g protein, 25.09 g carbohydrate, 42.61 g fat,

2.07 g fiber, and others 15.28 g/100 g.  At the end of

the experiment, blood was drawn from the inferior

vena cava under ether anesthesia in rats fasted for

more than 16 hours and all rats were killed by exsan-

guination.  Mesenteric fat pad (MES), retroperitoneal

fat pad (RETRO), and epididymal fat pad (EPI) were

surgically removed from 3 rats in each group and

weighed as visceral fat mass.  The experiments were

performed in accordance with the guidelines for Ani-

mal Experiments of the Kinki University School of

Medicine.  Daily food intake was measured at the age

of 20 weeks.  Daily caloric intake was calculated from

the daily food intake as 342.2 cal per 100 g of the con-

trol diet or as 543.7 cal per 100 g of the high-fat diet.

Body weight (BW) and systolic blood pressure (BP) of

rats were measured at the ages of 16 and 20 weeks.

Systolic BP was measured 3 times by the tail-cuff

method (Softron, BP-98A) and the average of 3 meas-

urements was used for analysis.

Measurement

Fasting plasma glucose levels were measured using

the hexokinase method (Wako, Osaka, Japan).  Plasma

TNF-� levels were measured by an enzyme-linked

immunosorbent assay (ELISA) using Rat TNF-� Ultra

Sensitive® (Biosource, Camarillo, CA, USA), with a

lower limit of 2.3 pg/ml.  Serum insulin levels were

measured by a radioimmunoassay kit (Amersham

Pharmacia Biotech, Tokyo, Japan).  Serum leptin

levels were measured by an ELISA kit (Amersham

Pharmacia Biotech, Tokyo, Japan) with a lower limit

of 0.2 ng/ml.  HOMA-R was calculated as an indicator

of insulin resistance [35–37] according to the formula:

HOMA-R = Fasting glucose (mM) × Fasting insulin

(�U/ml)/22.5

After deproteinization of plasma with Ultrafree®

(Millipore, Bedford, MA, USA), plasma NO levels were

measured as nitrite/nitrate using the ozone chemi-

luminescence method (FES-450, Scholoar Pec) [38].

Statistical analysis

Statistical analyses were performed using Statview

4.5 software (Abacus Concepts, Berkeley, CA).  Stu-

dent’s unpaired t test or the analysis of variance

(ANOVA) plus Fisher’s protected least significant

difference (PLSD) were performed for the significance

of differences between groups.  Linear relationships

between variables of interest were assessed using

Pearson correlation analysis.  A value of P<0.05 was

regarded as statistical significance.  Data are shown as

mean ± SEM.
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Results

Food intake, caloric intake, body weight, and systolic

blood pressure

Since food intake in H-O was not suppressed,

caloric intake was significantly (47%) higher in H-O

than in C-O (p<0.0001).  Although food intake was

significantly lower in H-L than in C-L (p<0.01),

caloric intake was significantly (26%) higher in H-L

than in C-L (p<0.05) (Table 1).

At the start of the experiment body weight did not

differ between C and H group in either OLETF or

LETO rats, while body weight in H-O was signifi-

cantly heavier than C-O at the age of 20 weeks.  Food

intake, caloric intake, and BW were significantly

higher in C-O compared to C-L at the age of 20 weeks

(p<0.001, p<0.001, and p<0.001, respectively).

Systolic BP was significantly higher in C-O than in

C-L (p<0.001), but no significant differences were

observed in systolic BP between C and H groups in

either rat strain (Table 1).

Adipose tissue weight

Fat pad weight in C-O was heavier than that in C-L.

In LETO rats, there were no differences between C

and H groups in each of the fat pad weights (Table 2).

In OLETF rats there were no significant differences

between C and H groups in fat pad weight of MES,

EPI, RETRO and total WAT (Table 2).

Glucose, insulin levels, and HOMA-R 

Fasting blood glucose levels were significantly

higher in C-O than in C-L (p<0.001), but they did

not differ between C and H groups in each rat strain

(Table 1).  Mean levels of fasting blood insulin were

significantly higher in C-O than in C-L (p<0.05), but

were not significantly higher in H groups than in C

groups in each rat strain.

HOMA-R was significantly higher in C-O than in

C-L (p<0.05) and significantly higher in H-O than in

H-L (p<0.0001).  Although HOMA-R was approxi-

mately 2 fold higher in H-L than in C-L and approxi-

mately 1.5 fold higher in H-O than in C-O, the

differences between C-L and H-L and between C-O

and H-O were not significant (Fig. 1A).

Table 1. Food intake, caloric intake, body weight, blood pressure, glucose, and insulin in each group at the age of 20 weeks.

(n) food intake (g/day)
caloric intake

(cal/day)
body weight (g)

systolic blood

pressure (mmHg)
glucose (mM) insulin (�U/ml)

C-L (12) 22.7 ± 0.6 78 ± 2 466 ± 9 106 ± 3 8.1 ± 0.4 27.5 ± 5.4

H-L (12) 17.9 ± 1.6b 98 ± 8a 497 ± 11 111 ± 5 9.2 ± 0.5 44.5 ± 6.3

C-O (12) 29.1 ± 1.5c 100 ± 5c 573 ± 20c 128 ± 3c 12.0 ± 0.5c 90.5 ± 26.4a

H-O (12) 27.0 ± 1.4f 147 ± 7d, f 658 ± 8d, f 127 ± 4e 12.0 ± 0.4f 148.6 ± 37.5e

a p<0.05, b p<0.01, c p<0.001 vs C-L, d p<0.0001 vs C-O, e p<0.05, f p<0.001 vs H-L.

Blood pressure was measured in 7-8 rats in each group.  Data are shown as mean ± SEM.

C-L, a control diet group of LETO rats; H-L, a high-fat diet group of LETO rats; C-O, a control diet group of OLETF rats; H-O, a high-

fat diet group of OLETF rats.

Table 2. Fat pads weight in each group at the age of 20 weeks.

n MES (g) EPI (g) RETRO (g) total WAT (g)

C-L (3) 0.43 ± 0.15 1.39 ± 0.14 4.22 ± 0.13 6.05 ± 0.31

H-L (3) 1.09 ± 0.11 2.16 ± 0.44 6.68 ± 0.75 9.92 ± 1.27

C-O (3) 2.44 ± 0.29a 3.57 ± 0.55 19.03 ± 4.23a 25.04 ± 4.96a

H-O (3) 3.26 ± 0.53d 5.02 ± 0.80d 27.03 ± 2.36e 35.32 ± 3.68e

a p<0.05, b p<0.01, c p<0.001 vs C-L, d p<0.05, e p<0.01 vs H-L.  Data are shown as mean ± SEM.

C-L, a control diet group for LETO rat; H-L, a high-fat diet group for LETO rat; C-O, a control

diet group for OLETF rat; H-O, a high-fat diet group for OLETF rat.  MES, mesenteric fat pads;

EPI, epididymal fat pads; RETRO, retroperitoneal fat pads; WAT, white adipose tissue.
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Adipocytokines and NO (nitrite/nitrate)

As shown in Fig. 1B, blood leptin levels were

significantly higher in C-O than in C-L (p<0.001).  In

OLETF rats, blood leptin levels were significantly

higher in H group than in C group (p<0.001), while

there was no difference in leptin levels between the C

and H groups in LETO rats.  Blood leptin levels were

significantly higher in H-O than in H-L (p<0.001).

Blood TNF-� levels were significantly higher in

C-O than in C-L (p<0.01), but they did not signifi-

cantly differ between the C and H groups in each rat

strain (Fig. 1C).

There were no significant differences in blood NO

(nitrite/nitrate) levels among all groups (Fig. 1D).

Relationship between HOMA-R, adipocytokines and

other factors

Forty-eight rats (12 rats in C-L, 12 rats in H-L, 12

rats in C-O, 12 rats in H-O) were evaluated altogether.

HOMA-R in LETO rats, OLETF rats and all rats

Fig. 1. Comparisons of the HOMA-R and blood levels of adipocytokines and NO (nitrite/nitrate) 

The number of subject in each group is 10 in A-C and 4-5 in D.  Data are shown as mean ± SEM.  a: p< 0.05, b: p<0.01,

c: p<0.001.
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showed significant positive correlations with leptin

(p = 0.0002, r = 0.681, p = 0.005, r = 0.554, and p<

0.0001, r = 0.702, respectively).  In all rats, HOMA-R

was significantly correlated with TNF-�, BP or BW

(p = 0.0121, r = 0.359, p = 0.0007, r = 0.586, and

p = 0.0001, r = 0.553, respectively), not with NO

(nitrite/nitrate) (Table 3).

Systolic blood pressure showed an inverse corre-

lation with blood NO (nitrite/nitrate) levels in OLETF

and LETO rats (p<0.0001, r = –0.650 and p<0.05,

r = –0.221, respectively).

Discussion

Diabetes mellitus in the OLETF rats is characterized

by polygene and visceral fat accumulation and hyper-

triglyceridemia [39–40].  Moreover, hypertension is

observed at the age of 20 weeks as shown in Table 1

and myocardial fibrosis becomes apparent at the age of

30 weeks, just as seen in human type 2 diabetes [41].

These findings suggest that the OLETF rats are useful

not only as a type 2 diabetic model, but also as a model

of syndrome X as well.  Based on the reports above, to

investigate the role of adipocytokines and NO produc-

tion on insulin resistance in type 2 diabetes, we exam-

ined blood adipocytokine levels in the rats fed the

high-fat diet.  We expected that the high-fat diet might

enhance obesity, and aggravate insulin resistance and

hypertension, and increase the production of leptin and

TNF-�, and decrease NO production in the OLETF

rats.

Feeding behavior is suppressed by the elevation of

peripheral blood leptin levels through the hypo-

thalamus [6, 7].  In the LETO rats fed the high-fat diet,

the food intake was decreased and the increase of

caloric intake and BW was limited to 26% and 7%,

respectively.  On the other hand, in the OLETF rats

fed the high-fat diet, the food intake did not decrease

and caloric intake was increased by 47%.  Consequently,

body weight was increased by 15%.  These results in-

dicated that abnormal feeding behavior in the OLETF

rats enhanced obesity and excessive visceral fat accu-

mulation [42].

In our study, we obtained the following results: 1.

High-fat diet increased body weight and enhanced

leptin production, especially in the OLETF rats, while

it did not affect production of TNF-� and NO.  2.

High-fat diet did not significantly change HOMA-R

and blood pressure.  3. HOMA-R in the OLETF rats

was correlated with leptin, but not with TNF-� or NO.

4. NO showed an inverse correlation with systolic

blood pressure.

Leptin regulates feeding behavior and energy ex-

penditure and is regulated by fat tissue volume and

hormones and cytokines [6, 21–24].  As blood leptin

levels in rats are followed by the increase of body

weight, the excessive visceral fat accumulation is

considered to be one of the causes of elevated leptin

levels.  TNF-� is an inflammatory cytokine produced

mainly by monocytes and macrophages [43].  As TNF-

� produced from adipocytes is thought to be an impor-

tant molecule for insulin resistance, TNF-� in blood is

regarded as an insulin resistance marker [11, 13].

Blood TNF-� levels were higher in the OLETF rats

than in the LETO rats and were not enhanced by the

high fat diet.  Elevation of blood TNF-� levels in the

OLETF rats may be the result of excessive visceral fat

accumulation, not caused by the high-fat diet.  This

idea corresponds to previous reports that blood TNF-�

levels are high in obese rats [12, 44].  NO is known as

a blood pressure regulating factor [45].  NO bioavail-

ability has been reported to decrease in rat model of

hypertension induced by a high-fat diet [46].  In our

study, however, the high-fat diet did not lower NO

levels and did not increase blood pressure.  The differ-

Table 3. Relationship between HOMA-R and adipocytokines or the other factors.

Total OLETF rats LETO rats

n r p n r p n r p

Leptin 48 0.702 <0.0001c 24 0.554 0.005c 24 0.681 0.0002c

TNF-a 48 0.359 0.0121a 24 0.145 0.4958 24 0.399 0.0534

NO 18 0.019 0.941 9 0.65 0.0579 9 0.069 0.8594

Blood pressure 30 0.586 0.0007c 16 0.329 0.2142 14 0.055 0.8511

Body weight 48 0.553 0.0001c 24 0.279 0.1867 24 0.383 0.0644

a p<0.05, b p<0.01, c p<0.001
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ence in NO production between our results and the

previous report may be due to rat strain or the period

of experiment.

Insulin resistance was expected to be enhanced by

the change of leptin, TNF-� and NO [12, 18, 32, 33].

To evaluate insulin resistance, we used the HOMA-R,

which is well correlated with M-values obtained by

euglycemic hyperinsulinemic clamp [35–37].  We

demonstrated that leptin played an important role in

the regulation of insulin sensitivity.  Some reports that

leptin regulates insulin sensitivity support our results

[14, 47].  We also showed that NO was inversely

correlated with systolic blood pressure.  These results

support the hypothesis that hypertension is caused

by decreased NO production in the presence of insulin

resistance and hyperinsulinemia [48] and is enhanced

by the sympathetic nerve activation induced by ele-

vated leptin levels under decreased NO production

[19, 20].  The reports that leptin is involved in regu-

lation of glucose uptake or blood pressure via NO [9,

19, 20] suggest the importance in the reciprocal corre-

lation of leptin and NO in syndrome X.

In conclusion, leptin, TNF-�, and NO may each

regulate insulin sensitivity through their own unique

pathways.  The elucidation of the regulatory mechanism

of adipocytokines and NO may give a new clue to

clarify the pathophysiology of insulin resistance.  
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