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Abstract

Increased oxidative stress and inflammation in obesity are the central and causal components in the pathogenesis and progression of cardiometabolic
syndrome (CMetS). The aim of the study was to determine the potential role of sesamol (a natural powerful antioxidant and anti-inflammatory phenol derivative
of sesame oil) in chronic high-cholesterol/high-fat diet (HFD)–induced CMetS in rats and to explore the molecular mechanism driving this activity. Rats were fed
with HFD (55% calorie from fat and 2% cholesterol) for 60 days to induce obesity, dyslipidemia, insulin resistance (IR), hepatic steatosis and hypertension. On the
30th day, rats with total cholesterol N150 mg/dl were considered hypercholesterolemic and administered sesamol 2, 4 and 8 mg/kg per day for the next 30 days.
Sesamol treatment decreased IR, hyperinsulinemia, hyperglycemia, dyslipidemia, TNF-α, IL-6, leptin, resistin, highly sensitive C-reactive protein (hs-CRP),
hepatic transaminases and alkaline phosphatase, along with normalization of adiponectin, nitric oxide and arterial pressures in a dose-dependent fashion.
Increased TBARS, nitrotyrosine and decreased antioxidant enzyme activities were also amended in HFD rats. Similarly, sesamol normalized hepatic steatosis and
ultrastructural pathological alteration in hepatocytes, although the effect was more pronounced at 8 mg/kg. Furthermore, hepatic PPARγ, PPARα and e-NOS
protein expressions were increased, whereas LXRα, SERBP-1c, P-JNK and NF-κB expression were decreased by sesamol treatment. These results suggest that
sesamol attenuates oxidative stress, inflammation, IR, hepatic steatosis and hypertension in HFD-fed rats via modulating PPARγ, NF-κB, P-JNK, PPARα, LXRα,
SREBP-1c and e-NOS protein expressions, thereby preventing CMetS. Thus, the present study demonstrates the therapeutic potential of sesamol in
alleviating CMetS.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

The rising frequency of cardiometabolic syndrome (CMetS) is in
direct proportion to the increasing prevalence of obesity and
demands the development of multifactorial strategies directed at its
underlying etiology. Increased oxidative stress and inflammation in
obesity are key factors leading to sequential development of insulin
resistance (IR), type 2 diabetes, dyslipidemia, hepatic steatosis,
hypertension and, finally, to increased frequency of CMetS, which in
turn contribute to an increased morbidity, mortality and escalation in
health care costs [1-7]. Dyslipidemia is a continuum of CMetS and is
characterized by raised plasma triglycerides (TG), small dense low-
density lipoprotein cholesterol (LDL-C) levels, free fatty acids (FFAs)
and decreased high-density lipoprotein cholesterol (HDL-C). Previously,
fatty liver was considered to be benign, but now it is thought to be a
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precursor of more advanced liver disease, such as nonalcoholic
steatohepatitis (NASH), a condition that may lead to cirrhosis and
hepatocellular carcinoma [7,8]. NASH is also associatedwith persistently
elevated liver enzymes such as aspartate aminotransferase (AST),
alanine aminotransferase (ALT) and alkaline phosphatase (ALP) [8,9].

Several experimental and clinical studies have suggested a strong
linkage between the metabolic syndrome and chronic inflammation.
The latter is characterized by increased production of various inflam-
matory mediators such as TNFα, IL-6, leptin, highly sensitive C-reactive
protein (hs-CRP) and decreased adiponectin resulting in activation of a
network of inflammatory signaling pathways and increased IR [1,6,10].
Furthermore, amplified inflammation and oxidative stress in CMetS also
predispose to hypertension by causing NO inactivation, endothelial
dysfunction and vasoconstriction [4,5,10,11].

Sesamol (3,4-methylenedioxyphenol), a potent antioxidant and
anti-inflammatory phenolic component of lignans and a major
constituent of sesame seed oil, has been shown to possess
hepatoprotective, cardioprotective, antiatherogenic, chemopreven-
tive and anti-aging properties [12-14]. It has also been demonstrated
that sesamol reversed the diabetic state and associated neuropathic
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pain in rats by attenuating oxidative–nitrosative stress and inflam-
mation [12]. Of note, some recent studies reported that sesamol
inhibited nuclear factor-κB (NF- κB) and IκB kinase (IKK) activation
and up-regulated phosphatidylinositol 3-kinase/Akt/endothelial
nitric oxide synthase (e-NOS) pathways [13,14].

In view of the above facts, we undertook the present study to
investigate whether sesamol improves diet-induced CMetS in rats, if
any, in relation to its effect on oxidative stress, dysregulated
adipocytokines production, IR, hepatic steatosis and hypertension,
and then explore the complex molecular mechanism responsible for
this activity. Overall, our results indicated that sesamol prevents
CMetS in high-fat diet (HFD)–fed rats through increasing PPARγ,
e-NOS and PPARα, and decreasing phosphorylated c-Jun N-terminal
kinases (P-JNK), IKK, NF-κB, liver X receptor α (LXRα), sterol
regulatory element binding protein 1c (SREBP-1c) and fatty acid
synthase (FAS) protein expressions. Although our results need to be
tested further in clinical studies, our findings nevertheless suggest a
role for sesamol in the management of CMetS in addition to the
conventional medications.

2. Materials and methods

2.1. Animals and diets

Male Wistar albino rats weighing between 140 and 170 g (6–8 weeks old) were
obtained from the Central Animal House Facility of All India Institute of Medical
Sciences, New Delhi, India, and fed either regular rats chow or a high-fat diet for 60
days. The high-fat diet contained 25% coconut oil, 2% cholesterol and 73% normal chow
(w/w), which provided 55% of the animals' energy as fat [10]. The rats had free access
to food and water and were kept on a 12-h light/12-h dark cycle. The experimental
protocol was approved by the Institutional Animal Ethics Committee and conformed to
the Indian National Science Academy (INSA) Guidelines for the use and care of
experimental animals in research.

2.2. Drugs and chemicals

Sesamol was purchased from Sigma (St. Louis, MO, USA). Rat TNF-α (Diaclone
Tepnel Company, UK), IL-6, hs-CRP (Bender Med Systems, A-1030 Vienna, Austria),
adiponectin, leptin, resistin (Linco Research, St. Charles, MO, USA) and insulin
(Macrodia, Sweden) ELISA Kit were also purchased. The kits for blood glucose, lipid
profile, AST, ALT and ALP were purchased from Logotech (New Delhi, India).
Pioglitazone was obtained as a gift sample from Zydus Cadila, Ahmedabad, India. All
primary and secondary antibodies were procured from Santa Cruz Biotechnology
(USA). All other chemicals used in the study were purchased from Sigma.

2.3. Experimental design

After 30 days of HFD feeding, 2 ml of blood was withdrawn from the tail vein of
overnight (12 h) fasted rats for confirming hypercholesterolemia [10]. The animals
with serum cholesterol level N150 mg/dl were considered hypercholesterolemic and
included in the study. The animals were randomly divided into six groups; each group
consisted of 12 animals and treated with different doses of sesamol and pioglitazone by
oral gavage for the next 30 days while being maintained on HFD.
Group I: (Normal control) Rats given normal diet, neither HFD diet nor any drug.
Group II: (HFD control) Rats given HFD only.
Groups III–V: HFD rats given different doses of sesamol: 2, 4 or 8 mg/kg per day po,
respectively.
Group VI: HFD rats given pioglitazone 10 mg/kg per day po.

On the last day of the experiment, 2 ml of blood sample was withdrawn from the
tail veins of overnight fasted rats [10]. Serum was separated by centrifugation
(Heraeus, Biofuge, Germany) at 2000×g for 5 min and analyzed for glucose, total
cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C), insulin, leptin, adiponectin, resistin, IL-6, hs-
CRP and TNF-α.

2.4. Evaluation of hemodynamic parameters

After 1 h of blood withdrawal, the animals were anesthetized with pentobarbitone
sodium (60 mg/kg ip), and atropine (0.6 mg/kg ip) was injected to maintain heart rate
and reduce tracheobronchial secretions during the surgical procedure. Tracheostomy
was performed and ventilated with room air from a positive pressure ventilator (Inco,
India) at a rate of 90 strokes/min and a tidal volume of 10 ml/kg. The right carotid
artery was cannulated and connected via a pressure transducer (CARDIOSYSCO-101,
Experirnentria, Hungary) for recording systolic arterial pressures (SAP), diastolic
arterial pressures (DAP), mean arterial blood pressures (MAP) and heart rate. The
animals were then sacrificed with an overdose of anesthesia, and the liver was excised
and processed for biochemical and microscopic analysis [10].

2.5. Estimation of serum glucose, lipid profile, AST, ALT and ALP

Serum glucose, lipid profiles (TC, TG, LDL-C and HDL-C), AST, ALT and ALP were
estimated spectrophotometrically using commercial kits.

2.6. Estimation of serum insulin, TNF-α, IL-6, hs-CRP, adiponectin, resistin and leptin

Serum insulin, TNF-α, IL-6, hs-CRP, adiponectin, resistin and leptin levels were
measured by ELISA kits following the manufacturer's instructions.

2.7. Estimation of thiobarbituric acid-reactive substances content, superoxide dismutase
and glutathione peroxidase activity in serum and liver

For biochemical estimations, the left lobe of the liver excised from a rat was
perfused with chilled phosphate buffer (pH 7.4), minced and a 10% homogenate was
prepared in ice-chilled 0.1 M phosphate buffer (pH 7.4) using a Teflon/glass tissue
grinder (Bharat Electricals, India) and was used to measure thiobarbituric acid-
reactive substances (TBARS) [15]. To the tissue homogenate, 8.1% sodium dodecyl
sulfate (0.2 ml), 20% acetic acid (1.5 ml) and 0.8% thiobarbituric acid (1.5 ml) were
added, mixed thoroughly and heated for 60 min in a boiling water bath. After
incubation for 15 min at room temperature, the pink-colored supernatant was
separated by adding butanol/pyridine (5 ml, 15:1). Finally, absorbance of organic
layer was observed at 532 nm (Specord 200, Germany) and plotted against standard
graph and expressed as millimoles per gram of tissue and the supernatant was used
to assess superoxide dismutase (SOD) [16], glutathione peroxidase (GSH-Px) [17] and
total protein [18]. Similarly, following the above methods, we measured TBARS, SOD
and GSH-Px and total protein in serum.

2.8. Evaluation of IR

IR was calculated by the homeostasis model assessment method (HOMA) [19]. We
used the following equations:

IR HOMA−IRð Þ = Fasting glucose mmol=Lð Þ × fasting insulin lIU=mlð Þ½ �= 22:5

2.9. Western blot analysis

Protein samples (15 μg) were separated by 12% SDS–PAGE; transferred to a
nitrocellulose membrane (MDI, Ambala, India), which was blocked for 1 h with 5%
(w/v) dry milk in Tris-buffered saline; and incubated overnight at 4°C with the
primary antibodies. The primary antibodies used were as follows: insulin receptor
substrate 1 (IRS1), phosphorylated tyrosine 612 IRS1 [P-IRS1 (Tyr162)], PPARγ,
PPARα, LXRα, SREBP-1c, FAS, c-Jun N-terminal kinases (JNK), P-JNK, IKK, NF-κB, e-NOS,
nitrotyrosine (NT) and β-actin. The primary antibody was detected with HRP-
conjugated secondary antibody and Bio-Rad Protein Assay Reagent and visualized by
Bio-Rad Quantity One 4.4.0 software (Bio-Rad, Hercules, CA, USA).

2.10. Microscopic examination

Histology and ultrastructural studies of the liver were performed and graded as
described in our previous study [10].

2.11. Statistical analysis

All results were expressed as mean±S.D. (n=12/group). Statistical analysis was
performed using the SPSS software package version 11.5. The values were analyzed by
one-way analysis of variance (ANOVA) followed by Bonferroni post hoc test. Pb.05 was
considered significant.

3. Results

3.1. Effect on body weight

Table 1 shows the effect of sesamol on body weight changes in
different experimental groups. At the end of the experiment, HFD
control rats showed a significant increase in bodyweight as compared
to the normal control group (Pb.001), which can be solely attributed
to the presence of high fat in the diet. Rats treated with sesamol
(4 and 8 mg/kg per day) for 30 days showed significantly
decreased body weight gain in HFD-fed rats. This reduction can be



Table 1
Biochemical findings and heart rate in different experimental groups at the end of study

Parameters Normal
control

HFD Control HFD+Sesamol HFD+Pioglitazone,
10 mg/kg

2 mg/kg 4 mg/kg 8 mg/kg

Body weight (g)
0 day 150.7±13.9 145.3±15.2 153.8±11.4 149.8±12.8 146.5±9.4 154.8±13.4
30th day 193.5±11.4 230.0±14.2 225.3±10.6 220.3±9.5 223.0±10.8 218.6±14.7
60th day 229.4±15.0 270.3±19.1⁎⁎⁎ 261.0±12.5 246.7±18.0## 237.6±11.8### 244.5±20.0##

Glucose (mg/dl) 94.6±10.7 173.4±14.1⁎⁎⁎ 154.9±11.3 139.6±10.9## 113.0±10.5### 105.9±13.4###

Insulin (±U/mL) 12.3±2.5 44.7±5.2⁎⁎⁎ 38.4±2.7 26.1±3.5### 17.3±1.9### 14.5±4.2###

HOMA-IR 2.8±1.4 14.9±2.5⁎⁎⁎ 11.6±1.5# 7.3±1.3### 4.5±1.7### 3.7±2.5###

HR (beats min) 350±20 359±18 348±24 363±15 353±22 368±28

HOMA-IR: Homeostasis model assessment of insulin resistance; HR: heart rate. All values are expressed as mean±S.D. (n=12/group). ⁎⁎⁎Pb.001 vs. normal control; #Pb.05, ##Pb.01,
###Pb.001 vs. HFD control.
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credited to sesamol as both HFD and sesamol groups were
subjected to the same diet except for the presence of sesamol in
the sesamol group.

3.2. Effect on hyperglycemia, hyperinsulinemia and IR

Serum glucose, insulin and IR (HOMA-IR) were significantly
elevated by 1.8-, 2.9- and 5.3-fold, respectively, in HFD control rats
compared to normal control (Table 1). Sesamol dose dependently
attenuated hyperglycemia, hyperinsulinemia and IR in such a way
that the sesamol 8 mg/kg group was not different from the standard
pioglitazone drug (Table 1).
3.3. Effect on dyslipidemia

Table 2 depicts the effect of sesamol on serum lipid profile in
different experimental groups. A significant increase in TC (2.7-fold),
TG (4.1-fold), LDL-C (3.5-fold) and FFAs (3.8-fold) with concomitant
decrease in HDL-C was seen in HFD control animals as compared to
the normal control group (Pb.001). Administration of sesamol
(2–8 mg/kg per day) dose dependently decreased TC, TG and LDL-C
with concomitant increase in HDL-C in HFD-fed rats. However, the
effect wasmost prominent at 8mg/kg per day doses and it was higher
than that of pioglitazone (Pb.01).

3.4. Effect on TBARS level, GSH-Px and SOD activity

HFD control rats showed a significant reduction in SOD and GSH-
Px enzyme activities and an increase in TBARS level in liver and serum
(Table 3). Sesamol treatment significantly decreased TBARS and
increased SOD and GSH-Px activity as compared with HFD. The effect
of sesamol 8 mg/kg per day induced increase in enzymatic
Table 2
Lipid profile in different experimental groups

Groups TC (mg/dl) TG (mg
60th da

30th day 60th day

Normal control 93.2±18.9 98.5±10.7 44.8±4
HFD Control 210.1±20.3 266.4±30.8⁎⁎⁎ 153.7±1
HFD+Sesamol
2 mg/kg 225.7±13.3 239.5±15.0 140.3±1
4 mg/kg 213.0±19.7 202.8±13.4## 133.6±1
8 mg/kg 216.5±16.6 130.3±14.0### 81.4±1
HFD+Pioglitazone

10 mg/kg
221.5±14.2 143.6±12.7### 92.4±1

TC: Total cholesterol; TG: triglyceride; LDL-C: low-density lipoprotein cholesterol; HDL-C: high
⁎⁎⁎Pb.001 vs. normal control; #Pb.05, ##Pb.01, ###Pb.001 vs. HFD control.
antioxidant activity and decrease in TBARS level was comparable to
that of pioglitazone.

3.5. Effects on hemodynamic parameters and serum NO levels

The HFD group exhibited a significantly (Pb.001) increased
systolic, diastolic and mean arterial blood pressure as compared to
the normal group (Fig. 1A). In contrast, administration of sesamol
(2–8 mg/kg per day) for 30 days decreased SAP, DAP and MAP. This
effect was significant (Pb.01) at 4 and 8 mg/kg per day doses of
sesamol. Moreover, no significant change in heart rate was observed
in all the experimental groups (Table 1). Furthermore, the low
serum NO level in HFD control rats was significantly increased by
sesamol treatment and sesamol 8 mg/kg brought back the serum NO
level to almost near normal (Fig. 1B).

3.6. Effect on serum AST, ALT and ALP

A significant (Pb.001) increase in serum levels of ALT (4-fold), AST
(2.7-fold) and ALP (3.5-fold) was observed in the HFD control rats as
compared to the normal controls. On the other hand, sesamol 4 and
8 mg/kg per day significantly (Pb.01) decreased the serum levels of
these hepatic enzymes to near normal levels (Fig. 2A).

3.7. Effect on serum TNF-α, IL-6, leptin, resistin, hs-CRP and adiponectin

HFD resulted in a significant increase in serum TNF-α (3.7-fold),
IL-6 (1.8), leptin (3.6-fold), resistin (2-fold), hs-CRP (3.9-fold) and in
a decrease in adiponectin level as compared to the normal control
group (Fig. 3B–D). Administration of sesamol (4 and 8mg/kg per day)
for 30 days resulted in a significant (Pb.01) reduction in serum TNF-α,
IL-6, leptin, resistin and hs-CRP levels and an increase in adiponectin
level as compared with the HFD control group (Fig. 3B–D).
/dl),
y

LDL-C (mg/dl),
60th day

HDL-C (mg/
dl), 60th day

FFAs
(mmol/L),
60th day

.2 38.2±6.1 55.3±6.5 1.2±0.3
0.3⁎⁎⁎ 182.0±16.3⁎⁎⁎ 36.5±4.9⁎⁎⁎ 4.5±0.6⁎⁎⁎

1.7 165.7±12.5 38.5±4.2 3.7±0.8
4.7# 148.1±12.7## 42.3±7.5 2.6±0.4##

5.6### 72.3±13.0### 47.8±6.2## 1.5±0.6###

4.5### 89.2±17.4### 45.7±4.6## 1.9±0.5###

-density lipoprotein cholesterol. All values are expressed as mean±S.D. (n=12/group).



Table 3
Antioxidant status and TBARS level in different experimental groups at the end of study

Parameters Normal
control

HFD Control HFD+Sesamol HFD+Pioglitazone,
10 mg/kg

2 mg/kg 4 mg/kg 8 mg/kg

TBARS
Serum (nmol/L) 2.8±0.6 4.3±0.8⁎⁎⁎ 3.7±1.2 3.2±0.6# 2.5±1.0## 2.9±0.7##

Liver (nmol/g) 52.7±8.4 102.6±15.6⁎⁎⁎ 97.2±13.1 72.5±9.3## 50.6±14.6## 69.3±13.8###

SOD
Serum (U/mg protein) 137.4±15.6 109.6±14.5⁎⁎⁎ 112.3±11.8 131.4±17.5# 138.6±10.5### 132.8±12.6##

Liver (U/mg protein) 164.6±20.8 115.7±13.5⁎⁎⁎ 126.4±16.3 138.9±20.0## 167.4±15.2### 144.5±17.3###

GSH-Px
Serum (U/mg protein) 17.3±1.4 10.5±1.8⁎⁎⁎ 12.1±1.3 15.6±3.2## 16.8±1.7## 15.1±2.8##

Liver (U/mg protein) 24.9±2.3 15.7±2.4⁎⁎⁎ 18.2±1.6 20.9±1.5## 26.3±2.1### 22.8±2.6###

TBARS: Thiobarbituric acid reactive substances; SOD: superoxide dismutase; GSH-Px: glutathione peroxidase. All values are expressed as mean±S.D. (n=12/group). ⁎⁎⁎Pb.001 vs.
normal control; #Pb.05, ##Pb.01, ###Pb.001 vs. HFD control.

1485A.K. Sharma et al. / Journal of Nutritional Biochemistry 23 (2012) 1482–1489
3.8. Effect on PPARγ, PPARα, LXRα, SERBP-1c, FAS, e-NOS P-JNK, IKK and
NF-κB protein expression and NT accumulation in liver tissue

Fig. 3 shows the effects of sesamol treatment on the protein
expression of liver PPARγ, PPARα, P-JNK, NF-κB, LXRα, SERBP-1c, FAS
and e-NOS. The HFD control group showed reduced PPARγ expres-
sion. However, it was not significantly different as compared to the
normal control. Furthermore, sesamol 4 and 8mg/kg and pioglitazone
significantly (Pb.001) increased PPARγ expression (Fig. 3A). The
sesamol-mediated inhibition of oxidative stress and dysregulated
adipocytokines production was associated with significantly
decreased IKK, NF-κB and P-JNK (Fig. 3B and C) translation activity
which further confirms its anti-inflammatory and antioxidant activity.
To investigate whether decreased dyslipidemia and hepatic steatosis
in sesamol-treated rats were associated with modulation of PPARα,
LXRα, SERBP-1c and FAS protein expression which are involved in
lipid metabolism and lipogenesis, we examined their protein
expressions in liver tissue. Interestingly, sesamol treatment signifi-
cantly increased PPARα expression (Fig. 3A) and decreased LXRα,
Fig. 1. (A) Hemodynamic parameters. (B) Serum NO levels in different experimental groups at
mean arterial pressure. All values are expressed as mean±S.D. (n=12/group). ⁎⁎⁎Pb.001 vs.
SERBP-1c and FAS expression (Fig. 3D), and the effect of sesamol
8mg/kgwasmore pronounced than that of pioglitazone. Furthermore,
the decreased IR with sesamol 4 and 8 mg/kg treatment was also
associated with significantly increased P-IRS1 (Tyr162) expression
without any change in total IRS1 expression in liver (Fig. 3E). We also
found significantly decreased expression of e-NOS aswell as increased
accumulation of NT, an inactivation product of NO inHFD rats (Fig. 3F).
Interestingly, sesamol dose dependently increased e-NOS expression
and decreased NT, although the effect was significant at 4 and 8mg/kg.

3.9. Histopathological and ultrastructural studies

To evaluate the effect of sesamol on diet-induced hepatic steatosis,
we performed a histopathological and an ultrastructural analysis of
liver tissue (Fig. 4A–L and Table 4). On histopathological examination,
the livers of HFD control rats showed severe swelling of hepatocytes,
fat accumulation (macrovesicular and microvesicular) and loss of
nucleus and inflammatory cells, indicating hepatic steatosis (Fig. 4B),
whereas the electron microscopic analysis of hepatocytes revealed
the end of study. SAP: Systolic arterial pressure; DAP: diastolic arterial pressure; MAP:
normal control; #Pb.05, ##Pb.01, ###Pb.001 vs. HFD control.



Fig. 2. Biochemical findings in different experimental groups at the end of study. (A) Serum levels of AST, ALT, and ALP; (B) TNFα and IL-6; (C) leptin and resistin; (D) adiponectin and
hs-CRP. AST: Aspartate aminotransferase; ALT: alanine aminotransferase; ALP: alkaline phosphate; TNFα: tumor necrosis factor alpha; IL-6: interleukin-6; hs-CRP: highly sensitive C-
reactive protein. All values are expressed as mean±S.D. (n=12/group). ⁎⁎⁎Pb.001 vs. normal control; ##Pb.01, ###Pb.001 vs. HFD control.
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rarefied matrix, lipid accumulation, distension of rough endoplasmic
reticulum, swelling of mitochondria and loss of cristae (Fig. 4H).
Moreover, sesamol 8 mg/kg per day reversed these pathological
changes and restored the normal architecture of the liver (Fig. 4E and
K). Thus, light microscopic and ultrastructural examinations estab-
lished that sesamol alleviates the diet-induced hepatic steatosis.
4. Discussion

The results of the present study suggest a potential role for
sesamol in the regulation of body weight, oxidative stress, inflam-
mation, IR, hypertension and hepatic steatosis in HFD-induced
metabolic syndrome in rats. This beneficial effect of sesamol is
attributable to increased antioxidant enzyme activity, decreased
hs-CRP and attenuation of dysregulated production of adipocytokines
such as TNF-α, IL-6, leptin, resistin and adiponectin. Importantly, the
attenuation of IR and inflammation by sesamol are largely on account
of the up-regulation of PPARγ. This leads to suppression of pro-
inflammatory P-JNK, IKK and NF-κB pathways and increased phos-
phorylated tyrosine IRS1. Notably, in our study, improvement in
hepatic steatosis and dyslipidemia by sesamol treatment is strongly
related to modulation of PPARα, LXRα, SREBP-1c and FAS. Further-
more, it was also observed that reversal of HFD-induced hypertension
by sesamol is mediated by enhanced expression of e-NOS and
normalization of serum NO levels.
Increased incidence of CMetS worldwide is a matter of great
concern. The establishment of a suitable target and new therapeutic
approaches are the need of the hour to further facilitate its
management. Increased visceral obesity augments oxidative stress
and inflammation and is believed to be the major culprit in the
pathogenesis of this cluster of diseases [1,2]. In the present study,
after being fed with HFD diet for 2 months, the rats developed CMetS
characterized by increased body weight, oxidative stress and
inflammation, along with development of IR, dyslipidemia, hepatic
steatosis and hypertension. In parallel to our findings, various
important studies established that chronic administration of HFD
causes CMetS in rats [4,5,9,10,20].

In our study, HFD rats showed development of IR as evidenced by
significantly increased HOMA-IR, hyperinsulinemia, hyperglycemia
and decreased tyrosine phosphorylation of IRS1. Furthermore,
inflammatory mediators like TNFα, IL-6, hs-CRP and resistin were
increased and anti-inflammatory adiponectin was decreased in HFD
rats along with overexpression of P-JNK, IKK and NF-κB. Decreased
tyrosine phosphorylation of IRS1 seems to be a consequence of
activation of JNK and IKK, a phenomenon that is also attributed to
increased oxidative stress and inflammation in metabolic syndrome
[1,2,20]. Notably, sesamol treatment decreased P-JNK, IKK and NF-κB
protein expression aswell as inflammatorymediators that promote IR
such as TNFα, IL6, resistin and hs-CRP, while increased adiponectin
attenuates IR, resulting in increased tyrosine phosphorylation of IRS1
and insulin sensitivity. Furthermore, we observed a significant

image of Fig. 2


Fig. 3. Protein expressions in liver in different experimental groups. (A) PPARγ and PPARα; (B) NF-κB and IKK; (C) P-JNK and JNK; (D) LXRα, SREBP-1c and FAS; (E) P-IRS1 (Tyr612)
and IRS1; (F) e-NOS and NT. Data are expressed as the ratio of normal control value (set to 100%). All values are expressed as mean±S.D. (n=12/group). Representative blots are from
the same experiment in panels A and B, in panels C and D, and in panels E and F, respectively. ⁎Pb.05, ⁎⁎Pb.01, ⁎⁎⁎Pb.001 vs. normal control and ##Pb.01, ###Pb.001 vs. HFD control.
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increase in serum leptin in HFD control rats [9], indicating leptin
resistance which was also attenuated by sesamol. Interestingly, in our
study, sesamol up-regulated PPARγ expression and it is well known
that activation of PPARγ has potential to interfere with transcriptional
pathways that are involved in oxidative stress and inflammatory
responses [21-24].We assume that this enhanced expressionof PPARγ
by sesamol negatively regulates the stimulus-dependent activation of
P-JNK, IKK and NF-κB, and dysregulated production of numerous
adipocytokines that promote IR [1,2,20,22,25].

In addition, in this experiment, HFD rats showed significantly
increased body weight, FFAs, TG, TC and LDL-C with concomitantly
decreased HDL-C. HFD-induced dyslipidemia may result from
increased absorption of TGs in the form of chylomicrons, elevated
endogenous very low density lipoprotein (VLDL) production and
decreased TG uptake in peripheral tissues and/or alteration of
cholesterol metabolism due to either decreased hepatic LDL-C
receptor activity or diminished LDL-C catabolism [2,26,27]. The
morphological examination of the liver of rats fed HFD displayed
hallmark features of hepatic steatosis such as fat accumulation,
microvesicular and macrovesicular hepatic steatosis, inflammatory
cells, rarefied matrix, swelling of rough endoplasmic reticulum and
mitochondria in hepatocytes. It was also associated with hepatocyte
damage as evidenced from increased levels of liver enzymes like AST,
ALT and ALP [8,9]. Of note, hepatic steatosis in the metabolic
syndrome may be a result of hyperinsulinemia and IR causing
increased expression of LXRα and SREBP-1c that leads to decreased
FFA oxidation, increased FAS enzyme activity and increased
lipogenesis [7,26]. Furthermore, increased oxidative stress, mito-
chondrial dysfunction and dysregulated adipocytokine production
(TNFα, IL-6, leptin, resistin and adiponectin) in obesity are also
believed to be the causative factors for NASH [2,8,9,26]. Interest-
ingly, sesamol administration strongly reduced body weight gain,
dyslipidemia, hepatic steatosis and hepatic injury marker enzymes
in HFD rats. The cellular mechanisms underlying this activity of
sesamol are still not fully understood, but some observations,
including ours, suggest the role of its potent anti-inflammatory
and antioxidant activity which attenuates IR, body weight gain and
hepatic steatosis [12-14,28]. Furthermore, we also demonstrated
that sesamol amplified hepatic PPARα expression and reduced the
activation of LXRα, SREBP-1c and FAS in HFD rats, which in turn
markedly attenuated the interrelated steatosis and dyslipidemia
through decreased fatty acid synthesis [7,8,11,24,26].

In order to investigate the possible role of oxidative stress in
HFD-induced CMetS, we measured several oxidant–antioxidant
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Fig. 4. Light microscopic study of hepatic tissue (A–F, 20×, scale bar 50 μm) and electronmicroscopic study of hepatocyte (G–L, 4000×, scale bar 1 μm) in different experimental groups.
(A and G) Normal control; (B and H) HFD control; (C–E and I–K) sesamol 2, 4 and 8 mg/kg per day treated; (F and L) pioglitazone treated. MC: Mitochondria; ER: endoplasmic
reticulum; N: nucleus; →: Fatty changes.
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parameters in liver and serum. HFD administration led to marked
increase in TBARS, a parameter of oxidant activity, accompanied by
decrease in GSH-Px and SOD, parameters of antioxidant activity.
These results allowed us to hypothesize that increased systemic
oxidative stress in HFD rats might be related to the dysregulated
production of adipocytokines, inflammation, IR, hypertension and
NASH [1,2,9,10]. These data are in good agreement with recent
studies, including ours, suggesting that increased oxidative stress in
Table 4
Histological observations of hepatic tissue in experimental groups

Groups Swelling of
hepatic cells

Fat
accumulation

Displacement of
nucleus

Loss of
nucleus

Normal control − − − −
HFD Control +++++ +++++ +++++ ++++
HFD+Sesamol
2 mg/kg +++++ +++++ ++++ +++
4 mg/kg ++ ++ ++ +
8 mg/kg + + + +
HFD+Pioglitazone,

10 mg/kg
++ ++ + +

++++++, High degree; +++++, severe; ++++, moderate; +++, fair; ++,
mild; +, very mild; −, no changes.
HFD rats mediates the development of metabolic syndrome
[5,9,10,20]. On the other hand, sesamol treatment for 30 days
normalized these oxidant–antioxidant parameters. Moreover, the
mechanisms that underlie the sesamol-induced decline of oxidative
stress and TBARS could be due to direct antioxidant activity of
sesamol or indirectly due to augmentation of SOD and GSH-Px activity
in liver and serum, which scavenges hydroxyl and lipid peroxyl
radicals and normalized the lipid peroxide levels. This is in line with
various other findings that sesamol is a potent antioxidant and its
solubility in both aqueous and oily phases makes it an inimitable
chain-breaking antioxidant by increasing its concentration in cell
membranes [12-14]. However, this observed antioxidant activity of
sesamol, at least in part, is an indirect consequence of the activation of
PPARγ or the suppression of P-JNK, IKK and NF-κB, which further
suggests an important mechanistic insight into its antioxidant activity
[2,12-14,22]. Thus, our findings established that sesamol may have
utility in treating CMetS, now known to involve activation of oxidative
stress, as an important contributor in its etiology and progression.

Furthermore, this increased oxidative stress in HFD rats also
underlies the pathophysiology of hypertension, because increased
reactive oxygen species (ROS), mainly superoxide anions, are
potent inactivators of NO and mediators of vascular injury
[2,3,25]. Previous studies have reported that various mechanisms
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involved in hypertension, viz., increased oxidative degradation of NO,
defective L-arginine availability, decreased expression or activity of the
e-NOS enzymes, result in impaired biological activity of theNO [3-5,25].
Furthermore, superoxide combines with NO to produce peroxynitrite
that subsequently reacts with proteins, lipids and DNA to induce tissue
damage and also reacts with tyrosine residues to produce nitrotyrosine
(NT). Increased level of NT in tissues, an established imprint of NO
inactivation by ROS, can be used as a surrogate measure for ROS-
mediated NO oxidation [4,5]. Moreover, increased hyperlipidemia and
inflammatory mediators in CMetS have suppressive action on e-NOS
leading to deceased NO synthesis [2-5]. Accordingly, in our study, HFD
rats showed significantly increased SAP, DAP and MAP along with
accumulation of NT in liver and decreased e-NOS and serum NO
levels, key evidences of NO inactivation and decreased NO availability
[4,5,10]. Conversely, sesamol treatment abrogated hypertension and
normalized serum NO levels in HFD rats. The precise mechanism by
which sesamol treatment attenuated hypertension, NT accumulation
and improved e-NOS expression and serum NO levels in HFD rats is
not fully clear, but the results of this study, as well as those of others,
point to the partial role of increased antioxidant enzyme activities,
up-regulation of PPARγ and inactivation of P-JNK, IKK and NF-κB
inflammatory pathways [10,12-14,25,28].

In summary, sesamol abolishes several detrimental effects of HFD-
induced CMetS in rats: it attenuates inflammatory response, oxidative
stress and IR; improves dyslipidemia and hepatic steatosis; and offers
protection from development of hypertension. We believe that this is
the first study to examine the molecular mechanism underlying this
activity of sesamol. We demonstrated that prevention of CMetS by
sesamol is associatedwith up-regulation of PPARγ, PPARα and e-NOS,
and suppression of P-JNK, NF-κB, LXRα, SREBP-1c and FAS protein
expression. Thus, our results indicate that sesamolmay be an effective
therapeutic strategy for the treatment of CMetS, although further
experimental and clinical studies are required to explore the
additional mechanisms and establish its clinical utility.
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