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Sesame Oil Attenuates Renal Oxidative Stress Induced by a High
Fat Diet.
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ABSTRACT: The antioxidative effects of the bioactive compounds enriched sesame oil (e.g. lignans and tocopherols) are
well established. This study aims to elucidate whether sesame oil could reduce renal oxidative stress induced by a high fat
diet (HFD). Mice received HFD for 12 weeks (n=7 per group), which was prepared by adding 20% (w/w) lard (lard group)
or sesame oil (sesame group) to the chow diet, respectively. Compared with mice in the lard group, renal lipid levels of
those in the sesame group were reduced, shown by decreases in protein expression of transcription factors and enzymes
involved in fatty acid synthesis (sterol regulatory element-binding protein-1 and acetyl coenzyme A carboxylase o) and an
increase in B-oxidation (peroxisome proliferator-activated receptor a and carnitine palmitoyltransferase I) (P<0.05). In
the sesame group, levels of peroxynitrite and thiobarbituric acid reactive substances were also reduced, whereas the level
of glutathione was increased. In addition, there was elevated protein expression levels of antioxidant enzymes regulated
by nuclear factor-like 2, such as superoxide dismutase, glutathione peroxidase, and glutathione S-transferase (P<0.05),
and decreased expression for nuclear factor kappa B and cyclooxygenase 2 (P<0.05). These results suggest that sesame

oil could ameliorate HFD-induced renal damage by suppressing oxidative stress and inflammation.
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INTRODUCTION

Sesame oil obtained from seeds of Sesamum indicum L. is
widely used in cooking in Asian countries. Recent stud-
ies have demonstrated antioxidative properties of sesame
oil (Wan et al., 2015). Sesame oil prevents lipid perox-
idation and decreases levels of hydroxyl radical and ni-
trites through elevating activities of antioxidant enzyme
(Hsu et al., 2004). In addition, sesame oil inhibits lipid
accumulation in adipocytes through suppression of lipo-
genesis, and elevates lipolysis (Pan et al., 2015). Sesame
oil also shows preventive effects for development of ath-
erosclerosis (Bhaskaran et al., 2006) and hypertension
(Sankar et al., 2005). These health benefits are attributed
to the antioxidant and anti-inflammatory activities
(Monteiro et al., 2014) of lignans (sesamin, sesamol, and
sesamolin) and tocopherols. Lignans in sesame oil have
been extensively studied with respect to their antioxi-
dant (Baluchnejadmojarad et al., 2013), anti-inflamma-
tory (Monteiro et al., 2014), antihypertensive (Zhao et
al., 2015), anticancer (Kanimozhi et al., 2016), and anti-

hyperlipidemic effects (Zhang et al., 2016). In our previ-
ous study, the amounts of sesamin, sesamolin, and toco-
pherols in sesame oil was found to be 6.02, 3.84, and
1.45 g/kg, which is higher than in soybean oil (Kim et
al., 2017). Furthermore, polyunsaturated fatty acids that
have antioxidant activity are high in sesame oil. Linoleic
acid (46.26%), oleic acid (38.84%), and arachidonic acid
(0.9%) are abundantly present in sessame oil (Nzikou et
al., 2009).

Oxidative stress and inflammation are well-known
pathological features of obesity. Reactive oxygen species
(ROS) are generated under the oxidative stress, which
subsequently provokes inflammatory signaling cascades
through the nuclear factor kappa B (NF-«xB) pathway
(Ratliff et al., 2016). The antioxidant status in the body
plays a critical role in alleviating oxidative stress. Gluta-
thione (GSH), an endogenous antioxidant, scavenges free
radicals through its cysteine residues. In addition, nuclear
factor-like 2 (Nrf2) transcribes various antioxidant en-
zyme genes such as superoxide dismutase (SOD), heme
oxygenase-1 (HO-1), glutathione S-transferase (GST), and
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glutathione peroxidase (GSH-Px) (Choi et al., 2014). An-
imal studies have shown that concentrations of antioxi-
dants in both plasma and tissue are low in high fat diet
(HFD)-induced obesity (Noeman et al., 2011; Yang et al.,
2006). HFD is a well-known dietary factor in obesity de-
velopment through inducing lipid accumulation in vari-
ous organs. Lipotoxicity, a critical condition for develop-
ment of diseases, increases systemic inflammation, and
oxidative stress (Ratliff et al., 2016; Kume et al., 2007).

The kidneys are excretory organs that are essential for
sustaining life. Improper function, such as renal failure,
can be fatal. Several studies have demonstrated that renal
injury during obesity may be explained by lipid accumula-
tion in the kidneys (Deji et al., 2009; Praga, 2002). HFDs
induce lipid accumulation through elevating lipogenesis
and inhibiting lipolysis (Kume et al., 2007). In this study,
reno-protective effects of sesame oil were examined in
HFD-fed mice. Lipid lowering, antioxidant, and anti-in-
flammatory effects of sesame oil as its mechanism of ac-
tion were elucidated.

MATERIALS AND METHODS

Materials

Sesame oil (Dubio Co., Eumsung, Korea) and lard (Doo-
Yeol Biotech., Seoul, Korea) were purchased. According
to the information provided by the manufacturer, the ses-
ame oil was prepared through pressed extraction using
sesame seeds that were roasted for 20 min at three dif-
ferent temperatures: 250°C, 40°C, and 150~170°C.

Animals and diets

The HFD was prepared by adding lard or sesame oil, re-
spectively, to the chow diet (2018S Teklad Global; En-
vigo, Madison, WI, USA). Calories from fat or oil in the
HFD contributed 50% of the total calorie count. Male
C57BL/6 mice (4 weeks old; DooYeol Biotech.) were ac-
climatized for 1 week and then divided into 3 groups
based on body weight. The experimental groups were
mice fed a chow diet alone (normal group, NOR group),
a HFD containing either lard (Lard group) or sesame oil
(SSO group). The duration of the animal study was 12
weeks. On the last day of experiment, mice were fasted
for 12 h and then anesthetized by intraperitoneal injec-
tion of 30 mg/kg of Zoletil (Virbac Laboratories, Carros,
France) and 10 mg/kg of xylazine (Rompun; Bayer Korea,
Seoul, Korea). The organs were perfused with ice-cold
phosphate-buffered saline (PBS, 10 mM, pH 7.2) and the
kidneys were excised, frozen in liquid nitrogen, and
stored at —80°C. The animal study was conducted in ac-
cordance with the Guidelines for Animal Experiments ap-
proved by the University Institutional Animal Care and
Use Committee (PNU-IACUC, Approval Number PNU-

2015-0823).

Total cholesterol and triacylglycerol concentrations

The renal tissue was homogenized with 10 volumes (w/v)
of PBS (pH 7.4) using a polytron homogenizer (PT-MR
3100; Kinematica AG, Lucerne, Switzerland). Lipids were
extracted from renal homogenates by the method of Folch
et al. (1957). The triacylglycerol (TG) and total cholester-
ol (TC) concentrations were determined using commer-
cial kits (AM157S-K and AM202-K, respectively; Asan
Pharmaceuticals Co., Ltd., Seoul, Korea).

Thiobarbituric acid reactive substances (TBARS) and gluta-
thione concentrations

The concentrations of TBARS (Ohkawa et al., 1979) and
GSH (Teare et al., 1993) were determined using malon-
dialdehyde and GSH standards, respectively. In brief, the
TBARS reaction mixture containing the renal homoge-
nate and TBARS solution (0.67% thiobarbituric acid and
0.05 N HCI) was prepared, and lipid oxidation was car-
ried out at 95°C for 30 min. The GSH concentration was
measured using a disulfide reagent comprising 0.1 M so-
dium phosphate buffer (pH 8) and 0.01 M 5,5’-dithiobis
(2-nitrobenzoic acid).

ROS and peroxynitrite levels

For ROS and peroxynitrite (ONOO ) assays, the post-
mitochondrial fraction (PMF) was obtained from the re-
nal homogenate centrifugation at 3,012 g for 15 min fol-
lowed by 18,627 g for 15 min at 4°C. The upper layer was
used as the PMF. ROS and ONOO  concentrations were
determined using 2’,7’-dichlorofluorescein diacetate and
rhodamine solution (50 mM sodium phosphate buffer,
90 mM sodium chloride, 5 mM diethylenetriaminepen-
taacetic acid, and dihydrorhodamine 123), respectively.
Changes in the fluorescence of the reaction samples for
ROS or ONOO  were measured for 30 min at an excita-
tion wavelength of 480 nm emission wavelength of 530
nm using a fluorescence plate reader (FLUOstar OPTIMA;
BMG Labtech, Offenburg, Germany).

Western blot analysis

Renal tissue was homogenized in lysis buffer (1:9, v/w)
(50 mM Tris, pH 8.0, 5 mM ethylenediaminetetraacetic
acid, 150 mM NaCl, and 1% nonidet-P40) containing a
protease inhibitor cocktail (10 puL/mL protease inhibitor
cocktail; Sigma-Aldrich Co., St. Louis, MO, USA), 1 mM
dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride
for 90 s using a polytron homogenizer (PT-MR 3100;
Kinematica AG). The upper layer was obtained by centrif-
ugation of the homogenate at 18,627 g for 20 min at 4°C.
The protein concentration was measured using a Bio-Rad
protein assay kit (500-0002; Bio-Rad Laboratories, Her-
cules, CA, USA). Sodium dodecyl sulfate-polyacrylamide
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gel electrophoresis was performed (Jung et al., 2015).
Protein expression was visualized by the enhanced chem-
iluminescence, detected with CAS-400 (Core Bio, Seoul,
Korea), and calculated using Image] software (National
Institutes of Health, Bethesda, MD, USA). Protein expres-
sion was normalized to that of a-tubulin. The primary
antibodies used were o-tubulin (EP1332Y; ab52866;
Abcam Inc., Cambridge, UK), and the following from
Santa Cruz Biotechnology (Santa Cruz, CA, USA): sterol
regulatory element-binding protein-1 (SREBP-1; H-160;
sc-8984), peroxisome proliferator-activated receptor o
(PPARo; H-98; sc-9000), acetyl coenzyme A carboxylase
o (ACCo; T-18; sc-26817), carnitine palmitoyltransferase
I (CPT-1; S-17; sc-139482), SOD (FL-154; sc-11407),
HO-1 (H-105; sc-10789), GSH-Px (B-6; sc-133160), Nrf2
(H-300; sc-13032), GST (B-14; sc-138), NF-kB (p65 A;
sc-109), cyclooxygenase 2 (COX-2; M-19; sc-1747), and
inhibitor of NF-xB (IkB; C-21; sc-371). The secondary
horseradish peroxidase-conjugated antibodies were don-
key anti-rabbit IgG H&L (ab6802), rabbit anti-goat IgG
H&L (ab6741), and rabbit anti-mouse IgG H&L (ab6728)
(all from Abcam Inc.).

Statistical analysis

Statistical analysis was performed using SPSS version 23
(SPSS Inc., Chicago, IL, USA). Results were expressed as
mean=standard deviations (SD). One-way analysis of var-
iance (ANOVA) was carried out, followed by Duncan’s
multiple range test for post hoc analysis. P-values <0.05
were considered statistically significant.

RESULTS AND DISCUSSION

Effects of sesame oil on renal triglyceride and cholesterol
concentrations

Kidney weight and renal lipid concentrations were higher
in mice in the Lard group than those of the NOR group
mice (Table 1). However, kidney weight and TG concen-
trations in the SSO group were 12.67% and 37.66% low-
er, respectively, than those in the Lard group (both P<
0.05). The renal TC concentration was also reduced in
the SSO group compared with the Lard group but the dif-
ference was not significant.

Lipid accumulation in the kidney is a characteristic fea-
ture of obesity-induced renal injury (Kume et al., 2007;
Praga, 2002). This pathological condition elevates oxida-
tive stress and inflammation. A mouse model for HFD-
related renal lipid injury has already been established
(Deji et al., 2009; Jiang et al., 2005). In the present study,
the kidney weight of lard-fed mice was found to be sig-
nificantly higher than that of the chow diet-fed mice, in-
dicating that significant lipid accumulation occurred in
mice receiving lard. In addition, sesame oil significantly

Table 1. Kidney weight and renal lipid concentrations of mice
fed a high fat diet containing roasted sesame oil for 12 weeks

Kidney (g/100 g TG TC

Group body weight) (mg/g tissue) (mg/g tissue)
NOR 1.36£0.09° 7.9842.35° 2.99+0.12"
Lard 1.5040.07° 11.7243.46° 3.0740.31
SS0 1.31£0.05° 7.30£2.07° 2.81+0.34

Data show meanxSD (n=7 each group).

Data with different letters (a,b) are significantly different based
on one-way ANOVA followed by Duncan’s multiple-range test
at P<0.05.

NOR, C57BL/6 mice fed a chow diet; Lard, C57BL/6 mice fed
a high fat diet (HFD); SSO, C57BL/6 mice fed a HFD containing
roasted sesame oil: TC, total cholesterol: TG, triglyceride.
NS, data are not significantly different.

lowered renal TG concentrations, which were elevated by
lard. Reductions in kidney lipid levels may be attributed
to the unsaturated fatty acids and the lipid-lowering ef-
fects of bioactive compounds in sesame oil, such as li-
gnans (Zhang et al., 2016). Lipid lowering effects of poly-
unsaturated fatty acid (PUFA) are well established (Sekiya
et al., 2003). Sesame oil contains a significantly higher
amount of PUFA than lard (Che Man et al., 2011).

Inhibition of sesame oil on renal oxidative stress
Levels of oxidative stress were significantly higher in the
Lard group compared with the NOR group (Table 2).
However, the elevated oxidative stress induced by lard
was alleviated by sesame oil (P<0.05). ROS concentra-
tion of mice in the SSO group was 55.95% lower than
that in the Lard group (P<0.05). ONOO and TBARS
concentrations were 27.10% and 53.15% lower in the
SSO group than the Lard group, respectively (P<0.05).
In contrast, the renal GSH concentration for mice in the
SSO group was 111.60% higher than that in the Lard
group (P<0.05).

It is well known that lipid accumulation elevates oxida-
tive stress, which subsequently leads to organ disorders.
ROS production and lipid peroxidation are highly notice-

Table 2. Renal ROS, ONOO™, TBARS, and GSH concentrations
in mice fed a high fat diet containing roasted sesame oil for
12 weeks

ROS ONOO™ TBARS GSH
Group  (Flu/min/mg (Flu/min/mg (mmol/g (mmol/g
protein) protein) tissue) tissue)

NOR  3,587+1,220° 4,791+1,925" 14.10+1.74° 2.75+1.58*
Lard  41,631£3,488° 6,6524916° 26.02+2.53% 1.55+1.00°
SSO  18,337+13,917° 4,849+98%° 12.19+1.71° 3.29+0.79°

Data show meanxSD (n=7 each group).

Data with different letters (a-c) are significantly different based
on one-way ANOVA followed by Duncan’s multiple range test
at P<0.05.

See the legend of Table 1 for the experimental groups.
ROS, reactive oxygen species; ONOO™, peroxynitrite; TBARS,
thiobarbituric acid reactive substances: GSH, glutathione.
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able (Noeman et al., 2011). In the present study, renal
ROS, ONOO , and TBARS levels were significantly re-
duced and GSH concentration was significantly increased
in the SSO group compared with the Lard group, indi-
cating that bioactive compounds in the sesame oil might
act as antioxidants. In our previous study, we recorded
higher levels of tocopherol and lignans, such as sesamin
and sesamolin, in sesame oil than in soybean oil (Kim et
al., 2017). The antioxidant activities of these bioactive
compounds may protect against lipid-peroxidation dam-
age (Baluchnejadmojarad et al., 2013). In particular, ses-
amin inhibits lipid peroxidation in the liver (Lv et al.,
2015) and kidneys (Zhang et al., 2016), which is induced
by either carbon tetrachloride or HFD. Sesamol, a metab-
olite of sesamolin in the body or a product of the roasting
process, exhibits antioxidant activity and radical scaveng-
ing activity (Lv et al., 2015) and shows scavenging effect
against superoxide anions, nitric oxide, hydroxyl radicals,
and 2,2-diphenyl-1-picrylhydrazyl radicals (Kanimozhi
and Prasad, 2009). Moreover, DNA damage in lympho-
cytes of mice treated with y-radiation can be prevented
by intraperitoneal administration of sesamol (Kanimozhi
and Prasad, 2009).

Effects of sesame oil on fatty acid synthesis and B-oxidation
In the SSO group, protein expression levels of SREBP-1
and ACCo were 57.14% and 50.29% lower, respectively,
than those in the Lard group (both P<0.05; Fig. 1A). In
contrast, protein expression levels of PPARa and CPT-1
in the SSO group were 158.21% and 144.28% higher
compared with those in the Lard group, respectively
(both P<0.05; Fig. 1B).
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Several studies have demonstrated that HFD induces
fat deposition in kidneys through elevating lipogenesis
with a concomitant decrease of fatty acid oxidation (Kume
et al.,, 2007), which leads to lipotoxicity-induced renal
damage. In this study, dysregulation of lipid metabolism
caused by HFD was alleviated in the sesame oil-treated
group. Sesame oil shows lipid lowering effects through
downregulating SREBP-1 and ACCa, both responsible
for fatty acid synthesis in adipose and hepatic tissues of
rodents (Pan et al., 2015). In addition, the study showed
that sesame oil increases fatty acid oxidation via upregu-
lating PPARa (Bhaskaran et al., 2006), which is in line
with our results. In particular, sesamin reduces hepatic
lipid levels in the rodents via downregulation of SREBP-1
and upregulation of PPARa (Ide et al., 2004; Anilakumar
et al., 2010). Our results show that sesame oil is benefi-
cial against HFD-induced renal damage through suppress-
ing lipogenesis and activating fatty acid oxidation.

Effects of sesame oil on antioxidant enzyme expression
Protein expression levels of Nrf2 and antioxidant enzymes
in the SSO group were upregulated in mice compared
with those in the Lard group (P<0.05, Fig. 2). Nrf2, SOD,
GSH-Px, and GST expression in the SSO group were
133.17%, 115.88%, 131.13%, and 220.06% higher, re-
spectively, than those in the Lard group (all P<0.05).
Moreover, higher expression of HO-1 was observed in the
SSO group, however there were no significant differences
between the experimental groups.

The antioxidant status of the body is the most impor-
tant factor contributing to oxidative damage. Nrf2, tran-
scription factor, regulates antioxidant enzymes including
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Fig. 1. Protein expression levels of (A) SREBP-1 and ACCa, and (B) PPARa and CPT-1 in the kidneys of mice fed a high fat diet
containing roasted sesame oil for 12 weeks. Data show mean%SD (n=7 each group). Data with different letters (a-c) are significantly
different based on one-way ANOVA followed by Duncan’s multiple range test at ~<0.05. See the legend of Table 1 for the ex-
perimental groups. SREBP-1, sterol regulatory element-binding protein-1; ACCa, acetyl coenzyme A carboxylase alpha: PPARa,
peroxisome proliferator-activated receptor alpha: CPT-1, carnitine palmitoyltransferase I.
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Fig. 2. Protein expression levels of antioxidant enzymes regulated by Nrf2 in the kidneys of mice fed a high fat diet containing
roasted sesame oil for 12 weeks. Data show meantSD (n=7 each group). Data with different letters (a,b) are significantly different
based on one-way ANOVA followed by Duncan’s multiple range test at ~P<0.05. See the legend of Table 1 for the experimental
groups. Nrf2, nuclear factor-like 2; SOD, superoxide dismutase; HO-1, heme oxygenase-1; GST, glutathione S-transferase; GSH-Px,

glutathione peroxidase; NS, data are not significantly different.

SOD, GSH-Px, and GST (Choi et al., 2014). In a model of
renal injury, Nrf2 activity and expression of its target an-
tioxidant enzymes were significantly diminished (Choi et
al., 2014). Sesame oil rich in tocopherols and lignans has
demonstrated preventive effects against oxidative stress
(Kanu et al., 2010). Sesame oil and sesamin augment
Nrf2 signaling, thereby increasing the amount of antioxi-
dant enzyme expression in tissues (including the kidney)
damaged by oxidative stress (Hamada et al., 2011; Liu et
al., 2015), which are in line with our current results.
Moreover, the antioxidant effects of lignin in sesamin
and sesamol are well documented (Hamada et al., 2011;
Kanimozhi and Prasad, 2009; Lv et al., 2015). It is appa-
rent that bioactive compounds with antioxidative activity
in sesame oil could reduce renal oxidative stress through
increasing Nrf2 signaling and expression of its target an-
tioxidant enzymes.

Anti-inflammatory effects of sesame oil

In the SSO group, protein expression levels of NF-xB and
COX-2 were decreased by 37.17% and 30.48%, respec-
tively, compared with those in the Lard group (both P<
0.05; Fig. 3). In contrast, IkB expression was increased

179.05% in the SSO group compared with that in the
Lard group (P<0.05).

Okxidative stress commonly accompanies inflammation.
ROS stimulates translocation of NF-xB to the nucleus,
where it upregulates inflammation-related enzymes
(Ratliffet al., 2016). NF-xB activation has been observed
in kidneys with elevated oxidative stress (Harikumar et
al., 2010). Sesamin and sesamolin suppress NF-«kB activa-
tion (Geetha et al., 2009) via inhibition of IkB dissocia-
tion through decreasing IxB kinase activity (Harikumar
et al., 2010). Moreover, y-tocopherol inhibits COX-2 and
inducible nitric oxide synthase expression in lipopolysac-
charide-treated macrophages (Jiang et al., 2000), suggest-
ing that bioactive compounds with antioxidative activity
in sesame oil may reduce inflammation. In the present
study, sesame oil significantly inhibited NF-xB activa-
tion by increasing IkB expression (P<0.05), which is in
agreement with the previous reports.

This study shows that sesame oil exerts several mech-
anisms of action to ameliorate HFD-induced renal dam-
age; sesame oil lowers renal lipid concentrations by de-
creasing expression of genes involved in lipogenesis and
increases those involved in fatty acid oxidation. Sesame

2.57 CJ NOR
a Il Lard
NOR Llard  SSO 204 . B SSO
NFKB | - w— 3 b
a b
£ 1.5
E | a— - g : °
o
COX-2 ‘.— — .-—-‘ 2 109 b
[T
a-tubulin b. o —-‘ 0.5 -
0.0 |
NF«B kB COX-2

Fig. 3. Protein expression levels of NFkB, IkB, and COX-2 in the kidneys of mice fed a high fat diet containing roasted sesame

oil for 12 weeks. Data show meanxSD (n=7 each group). Data with different letters (a,b) are significantly different based on one-way
ANOVA followed by Duncan’s multiple range test at 2£<0.05. See the legend of Table 1 for the experimental groups. NF«kB, nuclear
factor kappa B: IkB, inhibitor of nuclear factor kappa B: COX-2, cyclooxygenase 2.
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oil exhibits antioxidative and anti-inflammatory effects
through upregulating Nrf2 and its target genes, and
downregulating the NF-xB pathway, respectively. The
present study provides substantial evidence for the ben-
eficial effects of sesame oil against HFD-induced renal
damage.
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