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Sesamin, a major lignin isolated from sesame (Sesamum indicum) seeds and sesame oil, is known to pos-
sess antioxidant and anti-inflammatory properties. Several studies have revealed that oxidative stress
and inflammation play a major role in a variety of cardiovascular diseases (CVDs). This comprehensive
review summarizes the evidence on the effects of sesamin on CVD and its risk factors, principally due
to its antioxidant properties. Specifically, this review highlights the mechanisms underlying the anti-
hypertensive, anti-atherogenic, anti-thrombotic, anti-diabetic, and anti-obesity, lipolytic effects of sesa-
min both in vivo and in vitro, and identifies the signaling pathways targeted by sesamin and its metabo-
lites. The data indicates that RAS/MAPK, PI3K/AKT, ERK1/2, p38, p53, IL-6, TNFa, and NF-jB signaling
networks are all involved in moderating the various effects of sesamin on CVD and its risk factors. In con-
clusion, the experimental evidence suggesting that sesamin can reduce CVD risk is convincing. Thus,
sesamin can be potentially useful as an adjuvant therapeutic agent to combat CVD and its multitude of
risk factors.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Background

Sesame (Sesamum indicum) seeds have long been used as a tra-
ditional health food in East Asia and its oil has been an important
component of natural Indian remedies and Chinese medicine to
increase energy and prevent aging (Mahendra Kumar and Singh,
2015). Sesame is rich in a variety of lignans, such as sesamin, epis-
esamin, sesamol, sesamolin, and c-tocopherol, which are a group
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of bioactive phenolic compounds also found in flax, barley, buck-
wheat, millet, oats, rye, nuts, and legumes (Jeng and Hou, 2005).
However, they are most abundant in sesame seed, with sesamin
as the major isomer (1520 ± 6.8 lmol/100 g) (Liu et al., 2006;
Liang et al., 2015). Raw sesame oil contains 0.5–1.1% sesamin
and 0.2–0.6% sesamolin that contribute to the medicinal properties
of the oil, since these lignans are said to possess antioxidant activ-
ities (Kumar and Singh, 2015). A variety of biochemical actions
have been attributed to sesamin, such as the specific inhibition
of D5-desaturation of (n-6) fatty acids that aids in blocking the for-
mation of pro-inflammatory prostaglandins, protection against
ethanol and carbon tetrachloride-induced liver damage, enhancing
the bioavailability of c-tocopherol, and suppressive effects against
induced carcinogenesis in animals (Peñalvo et al., 2005). Although
the exact mechanism of some of these effects is unknown, it is pro-
posed that the role of sesamin is proactive and that its metabolites
are responsible for the physiological effects (Peñalvo et al., 2005). A
study by Nakai and colleagues illustrates that sesamin undergoes
oxidative demethylenation of methylene dioxyphenyls to catechol
or methoxycatechol in rat liver, which are important moieties that
contribute to antioxidant activities (Nakai et al., 2003). Moreover,
other studies illustrate that sesamin is a precursor of the mam-
malian lignans enterodiol and enterolactone, which are found to
have protective effects against diseases such as breast cancer
(Peñalvo et al., 2005; Liu et al., 2006). Sesamin has also been shown
to lower blood pressure, reduce serum lipid, and inhibit absorption
and synthesis of cholesterol in rats (Kumar and Singh, 2015).

With the multitude of potential health impacts of sesamin, this
review aims to assess the scientific evidence on the effects of sesa-
min on CVD and its risk factors in particular. These risk factors
include the roles of sesamin in hypertension, progression of
atherosclerosis, thrombosis, hypercholesterolemia, obesity, inflam-
mation and diabetes. This paper emphasizes the molecular path-
ways involved and analyzes the mechanisms of action of
sesamin, which bring about these properties.
2. Effects of sesamin on hypertension

The Center of Disease Control and Prevention (CDC) states that
as of 2016 one in three American adults has high blood pressure.
This translates to 75 million adults, of which only 54% have their
blood pressure under control (High blood pressure fact sheet,
2016). Eating a healthy diet with less salt, being physically active,
maintaining a healthy weight, and limiting the amount of alcohol
intake are some lifestyle changes that can help control high blood
pressure. In addition to lifestyle changes, medications such as thi-
azide diuretics, angiotensing converting enzyme (ACE) inhibitors,
angiotensin receptor blockers (ARBs), calcium channel blockers,
b-blockers, central a-agonists, direct vasodilators, and direct renin
inhibitors (DRIs) can be utilized to keep blood pressure in check
(Houston, 2013). Natural compounds, such as food lignans, flavo-
noids, vitamins, and minerals with anti-hypertensive properties
have also been examined as potential therapeutic approaches to
combat hypertension.

Several in vitro and in vivo studies illustrate the anti-
hypertensive effects of sesamin. A study by Li and colleagues
shows that administration of sesamin (50 mg and 100 mg) for
4 weeks decreases the right ventricular systolic pressure and mean
pulmonary arterial pressure in monocrotaline induced hyperten-
sive rats (Li et al., 2015). The mechanism of action is related to
the sesamin-induced inhibition of the expression of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase isoforms NOX2
and NOX4, and malondialdehyde (MDA) content and an increase
in total antioxidant capacity (T-AOC) (Li et al., 2015). The anti-
hypertensive effects of sesamin is also noted in a study using a
two kidney, one clip renovascular hypertensive rat model. Results
illustrate a decrease in systolic blood pressure after 4 weeks of
sesamin administration (Kita et al., 1995). To investigate the
potential mechanism of action, a study using the same model of
hypertensive rats has shown that an 8-week administration of
sesamin decreases systolic blood pressure, improves acetylcholine
induced vasorelaxation, and enhances nitric oxide (NO) bioactivity
in the aorta by upregulating the expression of endothelial nitric
oxide synthase (eNOS), decreasing MDA content, and reducing
nitrotyrosine and NADPH oxidase subunit p47phox (Kong et al.,
2009). In addition, sesamin is found to have a dose-dependent inhi-
bitory effect on NADPH oxidase subunit p22phox (Zhang et al.,
2013). Decreasing nitrotyrosine and upregulating dihydrofolate
reductase (DHFR) suppresses eNOS uncoupling. This suppression,
along with the downregulation of p47phox reduces NO oxidative
inactivation and decreases superoxide anion production, enhanc-
ing NO bioactivity in aortas and reducing hypertension (Kong
et al., 2015a). This mechanism of action is described in Fig. 1, which
illustrates the effects of sesamin treatment in spontaneously
hypertensive rats (SHR), as adapted from a study by Kong and col-
leagues (Kong et al., 2015a).

The anti-hypertensive effects of sesamin are also attributed to
its metabolites’ radical scavenging ability, which is shown to
induce endothelium-dependent vasorelaxation (Nakano et al.,
2006). Systolic blood pressure and the production of aortic super-
oxide (O2

�) are positively correlated. Therefore, the antioxidant
activity of sesamin may potentially contribute to its anti-
hypertensive properties (Nakano et al., 2002). In fact, studies using
DOCA salt-induced hypertensive rats confirm the ability of sesamin
in inhibiting superoxide production (Nakano et al., 2002; Nakano
et al., 2003; Nakano et al., 2004; Nakano et al., 2006; Nakano
et al., 2008) and improve vasodilator responses (Matsumura
et al., 2000) contributing to its anti-hypertensive effects.
Sesamin-mediated amelioration of DOCA salt-induced hyperten-
sion strongly suggests its utility as a prophylactic treatment in
the development of hypertension (Matsumura et al., 1995). Further
investigation on the anti-hypertensive effects of sesamin on salt-
loaded and unloaded stroke-prone spontaneously hypertensive
rats (SHRSP) reports that sesamin significantly suppresses the
development of hypertension (215 ± 4 vs. 180 ± 4 mmHg) and effi-
ciently maintains suppression in the salt-loaded group. However,
there is no significant suppression in the salt unloaded group
(Matsumura et al., 1998). Since sesamin feeding appears more
effective as an anti-hypertensive regimen in salt-loaded SHRSP
than in unloaded SHRSP, it is considered more useful as a prophy-
lactic treatment in the malignant status of hypertension
(Matsumura et al., 1998). It is important to note that the anti-
hypertensive effects of sesamin are not limited to salt-induced
hypertensive animal models. Indeed, sesamin administration to
streptozotocin (STZ)-induced diabetic rats significantly amelio-
rates the effect on blood pressure in rats with type 1 diabetes
(Thuy et al., 2017).

Sesamin has also been investigated as a potential inhibitor to
the synthesis of 20-hydroxyeicosatetraenoic acid (20-HETE), a
metabolite of arachidonic acid (AA). 20-HETE has been shown to
interact with the renin-angiotensin system (RAS) and alter the reg-
ulation of blood pressure, contributing to the pathogenesis of
hypertension (Hoopes et al., 2015). Angiotensin II and
endothelin-1 induce the synthesis and release of 20-HETE, which
in turn mediates the vasoconstrictor and pressor effects of angio-
tensin II by activating the RAS/MAP kinase pathway, mediating
hypertrophy and hypertension (Hoopes et al., 2015). Thus, the
inhibition of 20-HETE can hinder the development of angiotensin
II-dependent hypertension. Moreover, 20-HETE sensitizes vascular
smooth muscles to a variety of vasoconstrictor stimuli, such as
angiotensin II, phenylephrine, and endothelin, and plays a role in



Fig. 1. The mechanism of action by which sesamin enhances NO bioactivity in the aortas of spontaneously hypertensive rats (SHR). The sesamin-mediated suppression of
eNOS uncoupling, via regulation of DHFR and ONOO- levels, coupled with the stimulatory effect of sesamin on p-eNOS increases NO biosynthesis to relieve endothelial
dysfunction and hypertension. Sesamin also inhibits NADPH oxidase, subsequently decreasing superoxide levels and NO oxidative inactivation, contributing to the
suppression of endothelial dysfunction and hypertension (adapted from Kong et al., 2015a).
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the development of endothelial dysfunction through decreased
synthesis and accelerated degradation of NO (Hoopes et al.,
2015). In vitro, sesamin is shown to prevent the synthesis of 20-
HETE in human liver and renal microsomes with IC50 < 20 lmol/
L (Wu et al., 2009). Furthermore, in a randomized, controlled cross-
over trial administration of 25 g of sesame per day (approximately
50 mg of sesame lignin) to overweight men and women (n = 33) for
5 weeks decreases plasma and urinary 20-HETE by 28% and 32%,
respectively. However, blood pressure is not affected (Wu et al.,
2009). Accordingly, sesamin is found to decrease the concentration
of endothelin-1 in human umbilical vein endothelial cells
(HUVECs) in a dose-dependent manner (Lee et al., 2004). In
addition to its inhibitory effects of endothelin-1, sesamin is also
observed to increase the concentration of NO, induce eNOS mRNA
and protein expression, and NOS activity (Lee et al., 2004).
Ultimately, the enhancement of endothelium-dependent
vasorelaxation is one of the important mechanisms of the in vivo
anti-hypertensive effects of sesamin (Nakano et al., 2006).

The anti-hypertensive properties of sesamin is also observed in
humans. A double-blind, crossover, placebo-controlled trial has
investigated the effects of sesamin administration on blood pres-
sure in mildly hypertensive middle aged men and women. Twelve
subjects are administered capsules containing 60 mg of sesamin
for 4 weeks. At the end of the trial, systolic blood pressure
decreases from 137.6 ± 2.2 to 134.1 ± 1.7 mmHg, and diastolic
blood pressure from 87.7 ± 1.3 to 85.8 ± 1.0 mmHg (Miyawaki
et al., 2009). Epidemiological studies suggest a 2–3 mmHg decrease
in blood pressure can reduce the rate of CVDs. Thus, the slight
reduction of systolic and diastolic blood pressure by sesamin
may be significant enough to decrease the risk of developing CVDs
(Miyawaki et al., 2009). The anti-hypertensive effects of sesamin
are also examined in patients with rheumatoid arthritis, who have
a higher risk of developing CVDs (Helli et al., 2016). Results show
that 200 mg/day sesamin supplementation for 6 weeks signifi-
cantly decreases systolic blood pressure, adding to the plethora
of evidence illustrating the anti-hypertensive effects of sesamin
(Helli et al., 2016). The reported in vitro and in vivo anti-
hypertensive effects of sesamin are summarized in Table 1.
3. Effects of sesamin on atherosclerosis

Atherosclerosis is a chronic inflammatory disease that is primar-
ily driven by the accumulation of low-density lipoprotein (LDL)-
cholesterol and lipoprotein particles, followed by active inflamma-
tory processes in particular areas of disturbed non laminar flow at
branch points in arteries (Pahwa and Jialal, 2020). Atherosclerosis
contributes to the development of CVDs, such as ischemic heart dis-
ease, which increases the risk of myocardial infarction (Pahwa and
Jialal, 2020). It has been reported that about 735,000 Americans
have a heart attack annually, 75% of which are caused by
atherosclerotic lesion (or plaque) ruptures. Atherosclerosis also
increases the risk of having a stroke, as the lesion formation in
arteries carrying blood to the brain can lead to ischemic stroke
(Pahwa and Jialal, 2020). The most common risk factors are diets
high in saturated fats, hypercholesterolemia, hypertension, cigar-
ette smoking, diabetes mellitus, age, male gender, obesity, and
sedentary lifestyle. These risk factors cause endothelial injury and
lead to endothelial dysfunction, increasing the adhesiveness of
the endothelium to leukocytes or platelets, and the formation of
vasoactive molecules, cytokines, and growth factors. If this inflam-
matory response persists, smooth muscle cells migrate, proliferate,
and intermixwith an area of inflammation forming an intermediate
lesion (Ross, 1999). This migration is controlled by angiotensin II,
platelet derived growth factors (PDGF) and insulin-like growth fac-
tors (IGF) (Pahwa and Jialal, 2020). The lesion grows as the contin-
ued inflammatory response attracts more lymphocytes and
monocyte-derived macrophages, which proliferate and absorb
modified ApoB lipoprotein to form foam cells, in which cholesterol
accumulates. Activation of these cells leads to further release of
cytokines, chemokines, growth factors, and hydrolytic enzymes,
inducing more damage and causing necrosis of endothelial tissue
(Ross, 1999). Therefore, cycles of accumulation of macrophages
and lymphocytes, migration and proliferation of smooth muscle
cells, and fibrous tissue formation cause the lesion to grow into
the lumen of arteries and hinder blood flow.

It is evident that inflammatory responses play a crucial role in
the formation of atherosclerotic lesions. Sesame oil has been



Table 1
Effects of sesamin on hypertension.

Reference Experimental Model Dosage Administration
Mode

Administration
Duration

Experimental
N

Response

Animal Models
Kita et al.

(1995)
Sprague-Dawley rats
with two-kidney, one-
clip hypertension

1 w/w%
(10 g/kg)

Oral 4 weeks 11 Suppression of kidney clip-induced increase in
systolic BP (42 mmHg decrease)

Matsumura
et al.
(1995)

Sprague-Dawley rats
with DOCA salt-
induced hypertension

1 w/w%
(10 g/kg)

Oral 5 weeks 8 Suppression of DOCA salt-induced increase in
systolic BP (46 mmHg decrease)

Matsumura
et al.
(1998)

Stroke-prone
spontaneously
hypertensive rats

1 w/w%
(10 g/kg)

Oral 24 weeks 7–9 Suppression of systolic BP increase, 15–30 mmHg
decrease in systolic BP

Matsumura
et al.
(2000)

Sprague-Dawley rats
with DOCA salt-
induced hypertension

1 w/w%
(10 g/kg)

Oral 5 weeks 8 Suppression of DOCA salt-induced increase in
systolic BP (28 mmHg decrease)

Noguchi
et al.
(2001)

Stroke-prone
spontaneously
hypertensive rats

1000 mg/kg Oral 5 weeks 3 Decrease in systolic BP by sesamin treatment
(20 mmHg decrease), vitamin E treatment (31 mmHg
decrease), and sesamin + vitamin E treatment
(52 mmHg decrease)

Nakano
et al.
(2003)

Sprague-Dawley rats
with DOCA salt-
induced hypertension

0.1 w/w% (1 g/
kg),
1 w/w%
(10 g/kg)

Oral 5 weeks 14 Dose-dependent decrease in systolic BP (0.1 w/w%
diet � 29.2 mmHg decrease, 1 w/w% diet �
46 mmHg decrease)

Nakano
et al.
(2008)

Sprague-Dawley rats
with DOCA salt-
induced hypertension

1 w/w%
(10 g/kg)

Oral 5 weeks 6 Suppression of DOCA salt-induced increase in
systolic BP (36.8 mmHg decrease), NADPH activity,
and mRNA expression of p22phox, gp91phox, and
Nox1

Kong et al.
(2009)

Sprague-Dawley rats
with two-kidney, one-
clip hypertension

60, 120 mg/kg Oral 8 weeks 7 Decrease in systolic BP by 11% (60 mg treatment)
and 17% (120 mg treatment)

Li et al.
(2015)

Sprague-Dawley rats
with monocrotaline-
induced pulmonary
hypertension

50, 100 mg/kg Oral 4 weeks 12 Decrease in right systolic ventricular pressure and
mean arterial pressure

Kong et al.
(2015a)

Spontaneously
hypertensive rats

80, 160 mg/kg Oral 8 weeks 10 Decrease in systolic BP by 12% (80 mg treatment)
and 16% (160 mg treatment)

Thuy et al.
(2017)

Sprague-Dawley rats
with STZ-induced type
1 diabetes

50, 100,
200 mg/kg

Oral 4 weeks 5 Increase in systolic BP and diastolic BP in STZ-
induced rats (50 mg, 17/8.2 mmHg increase, 100 mg,
37.8/14.7 mmHg increase, 200 mg, 38.6/17.5 mmHg
increase)

Human
Subjects

Miyawaki
et al.
(2009)

Japanese, middle-aged,
mildly hypertensive
patients

10 mg/capsule.
3 capsules
twice per day

Oral 4 weeks 12–13 Decrease in systolic BP by 3.5 mmHg and diastolic BP
by 1.9 mmHg

Helli et al.
(2016)

Iranian, overweight
(BMI 25–35), middle-
aged, RA patients

200 mg per
day

Oral 6 weeks 22 Decrease in systolic BP by 4.3 mmHg and diastolic BP
by 1.0 mmHg
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shown to reduce atherosclerotic lesions, triglycerides, plasma
cholesterol, and LDL-cholesterol levels in low-density lipoprotein
receptor-deficient (LDLR�/�) mice through induction of various
genes involved in cholesterol metabolism and reverse cholesterol
transport (RCT) and reduction of inflammatory cytokine expression
(Narasimhulu et al., 2015). To specify the lignans involved in this
anti-inflammatory response, and thus anti-atherogenic effects of
sesame oil, further investigation has been conducted using isolated
lignans. Sesamin is found to decrease atherosclerotic lesion forma-
tion in ApoE�/� mice, a common model of atherosclerosis by 40%,
although this does not appear to be statistically significant (Loke
et al., 2010). For future investigation, we suggest that the anti-
atherogenic effects of sesamin should be assessed in LDLR�/� mice,
a diet-induced model of atherosclerosis. This suggestion stems
from the observation that ApoE�/� mice display severe hyperc-
holesterolemia and atherosclerotic lesion formation whether fed
a chow diet or an atherogenic diet (Plump et al., 1992), while
LDLR�/� mice display less profound hypercholesterolemia and
atherosclerotic lesion formation only when they are fed an athero-
genic diet (Ishibashi et al., 1994). We expect the anti-atherogenic
effects of sesamin to be more pronounced in LDLR�/� mice com-
pared to ApoE�/� mice. We also suggest that the potential anti-
atherogenic effects of sesamin be examined in Watanabe heritable
hyperlipidemic rabbits, which can serve as a great choice of an ani-
mal model to mimic the profile of familial hypercholesterolemia
and atherosclerosis in humans. Moreover, Hirata and colleagues
show that administration of sesamin and its stereoisomers to
hypercholesterolemic patients reduces LDL-C levels, and thus the
risk of developing atherosclerosis (Hirata et al., 1996). Results
show that 1–10 mM episesamin interferes with tumor necrosis fac-
tor a (TNFa)-induced activation of human and mouse vascular
smooth muscle cells (VSMCs) by interrupting the activation of
extracellular signal-regulated kinases (ERK1/2), protein kinase B
(AKT), nuclear factor-kappa B (NF-jB), and vascular cell adhesion
molecule (VCAM-1) (Freise and Querfeld, 2014). Similarly, sesamin
reduces PDGF-BB-induced growth and proliferation of human,
mouse, and rat VSMCs by disabling the activation of MAPK and
PI3K pathways, and decreasing oxidative stress through induction
of heme oxygenase-1 (HO-1) expression (Freise et al., 2015).
Furthermore, sesamin and episesamin decrease the expression
and secretion of two key matrix metalloproteinases, MMP-2 and
MMP-9 (Freise and Querfeld, 2014), which promote the migration



Fig. 2. The mechanism of action underlying the anti-proliferative action of sesamin
on PDGF-induced VSMCs. Sesamin upregulates p53, leading to the upregulation of
p21 and eventually p27. This leads to the suppression of cyclin D1, cyclin E, CDK2,
and CDK4. In turn, the levels of PCNA and p-pRb are reduced, inhibiting VSMC
proliferation (adapted from Han et al., 2015).

1280 S. Dalibalta et al. / Saudi Pharmaceutical Journal 28 (2020) 1276–1289
and proliferation of VSMCs contributing to the formation and
development of atherosclerotic lesions (Li et al., 1996; Katsuda
and Kaji, 2003; Wågsäter et al., 2011). The potency of inhibiting
VSMCs proliferation is determined at 1, 5, and 10 mM
sesamin, which provides an inhibition percentage of 49.8 ± 22.0%
, 74.6 ± 19.9%, and 87.8 ± 13.0%, respectively, illustrating a dose-
dependent inhibition (Han et al., 2015). Sesamin also significantly
reduces PDGF-induced DNA synthesis, and halts cell cycle progres-
sion in the G0/G1 to S phase. Fig. 2 illustrates the mechanism by
which sesamin administration leads to inhibited expression of
cyclin D1, cyclin E, cyclin-dependent kinase 2 (CDK2), cyclin-
dependent kinase 4 (CDK4), and proliferating cell nuclear antigen
(PCNA) as well as reduced phosphorylation of ritnoblastoma pro-
tein (pRb), while upregulating the expression of p53, p21, and
p27 (Han et al., 2015).

We have previously shown that treating macrophages with
sesame oil leads to a significant enhancement of peroxisome
proliferator-activated receptor c1 (PPARc1) and liver X receptor
a (LXRa) expression and transcriptional activity in a MAPK-
dependent manner (Majdalawieh and Ro, 2015). Indeed, other
studies have demonstrated that sesamin (25–100 lM) upregulates
PPARc1 and LXRa expression and transcriptional activity in macro-
phage via MAPK signaling, leading to enhanced macrophages
cholesterol efflux (Liu et al., 2014; Majdalawieh and Ro, 2014).
PPARc1 and LXRa are important nuclear receptors involved in
macrophage cholesterol homeostasis and inflammation. Hence,
another mechanism by which sesamin induces anti-atherogenic
effects is through its ability to improve macrophage cholesterol
efflux, preventing the formation of foam cells. Upon their activa-
tion, PPARc1 and LXRa induce various ABC transporters as well
as ApoE. In turn, excess cholesterol is transferred from macro-
phages to high-density lipoproteins (HDLs) to initiate RCT
(Majdalawieh and Ro, 2010). Detailed experimental data pertain-
ing to the ability of sesamin to regulate cholesterol metabolism
and maintain macrophage cholesterol homeostasis as well as the
underlying molecular mechanisms and signal transduction path-
ways involved in such regulation have been recently analyzed
and reviewed (Majdalawieh et al., 2020).

Examining the effects of sesamin on endothelial leukocyte
adhesion molecules provides further insight into the mechanism
(s) of action that sesamin utilizes to induce anti-atherogenic
effects. A study by Wu and colleagues demonstrates that pretreat-
ment of TNFa-treated human aortic endothelial cells (HAECs) with
10 mM and 100 mM sesamin reduces intercellular cell adhesion
molecule-1 (ICAM-1) expression by 35% and 70%, respectively
(Wu et al., 2010). This is achieved by suppressing the increase in
human antigen R (HuR) translocation, and its interaction with
the 30UTR of ICAM-1, induced by TNFa, significantly reducing
monocyte binding to TNFa-stimulated HAECs. (Wu et al., 2010).
The inhibitory effects of sesamin on ICAM-1 expression are also
mediated by downregulation of ERK1/2 and p38. Moreover,
in vivo analysis of aortas of apolipoprotein E-deficient (ApoE�/�)
mice shows that sesamin attenuates intimal thickening and
ICAM-1 expression (Wu et al., 2010). In an in vivo study, Japanese
white rabbits are separated into three groups: model group (high
cholesterol diet without sesamin), sesamin group (high cholesterol
diet with 4 mg/day sesamin), and a control group (normal diet).
Blood sample analysis after 5 and 8 weeks of sesamin administra-
tion reveals a significant reduction in total cholesterol (TC) and
LDL-C compared to the model group. Furthermore, pathological
examination of the aorta after the 8 week period demonstrates
the aorta intima is thinner, the amount of macrophage in
atherosclerotic lesions is lower, and mRNA expression levels of
VCAM-1 is reduced in the sesamin group (Guan and Wang,
2009a). In a related study, the same researchers demonstrate that
sesamin administration to Japanese white rabbits relieves patho-
logical changes and suppresses VCAM-1 expression by 27.59% in
aortas (Guan and Wang, 2009b). The significance of ICAM-1 and
VCAM-1 suppression by sesamin can be understood by investigat-
ing their roles in atherosclerotic lesion formation and progression.
Both ICAM-1 and VCAM-1 are endothelial cell adhesion molecules
of the immunoglobulin (Ig) gene superfamily that play a role in the
adhesion of monocytes to the endothelium (Cybulsky et al., 2001).
Although they are structurally similar, they differ in their pattern
of regulation (Ley and Huo, 2001). ICAM-1 regulates the recruit-
ment of monocytes into the atherosclerosis-prone areas of blood
vessels (Galkina and Ley, 2007), while VCAM-1 is involved in the
initiation of atherosclerotic lesion formation (Cybulsky et al.,
2001). The suppression of these cell adhesion molecules, specifi-
cally ICAM-1, protects from the progression of atherosclerotic
lesion formation and delays the progression of atherosclerosis
(Collins et al., 2000; Kitagawa et al., 2002). Therefore, the introduc-
tion of sesamin in diet may decrease the risk of developing
atherosclerotic lesions. The reported in vitro and in vivo anti-
atherogenic effects of sesamin are summarized in Table 2.
4. Effects of sesamin on thrombosis

Atherosclerotic lesion rupture is a primary trigger for the devel-
opment of arterial thrombosis (Mackman, 2008). Arterial thrombo-
sis mainly occurs due to platelet aggregation. When an
atherosclerotic lesion ruptures, platelets are recruited to the area
through the interaction of platelet cell surface receptors with col-
lagen and vonWillebrand factor (Mackman, 2008). After this initial
recruitment, additional platelets aggregate to the area and result in
the growth of the thrombus. Subsequently, thrombin, a protease,



Table 2
Effects of sesamin on atherosclerosis.

Reference Experimental Model Dosage Administration
Mode

Administration
Duration

Experimental
N

Response

Cells and Cell
Lines

Wu et al.
(2010)

HAECs 5, 10, 25,
50, 100 mM

N/A 24 h 3 - Decrease in ICAM-1 mRNA and protein
expression through inhibition of cytoplasmic
human antigen R (HuR) translocation and
HuR-ICAM-1 mRNA interaction
- Downregulation of ERK1/2 and p38 signaling

Liu et al.
(2014)

RAW264.7
macrophages

0.1, 1, 10 mM N/A 6, 24 h 3–4 - Decrease in intracellular cholesterol level,
increase in HDL-mediated cholesterol efflux
- Increase in expression of PPARc1, LXRa and
ABCG1
- Increase in PPARc1 transcriptional activity
- No effect on cholesterol uptake

Majdalawieh
and Ro
(2014)

Chinese hamster ovary
(CHO) cell line

Peritoneal
macrophages

25, 50, 75, 100 lM

25, 50, 75, 100 lM

N/A

N/A

24 h

24 h

4

4

- Increase in PPARc1 and LXRa expression and
transcriptional activity
- Improvement of macrophage cholesterol
efflux

Freise and
Querfeld
(2014)

Human and Mouse
VSMCs

0.1, 0.5, 1, 5, 10 mM
episesamin

N/A 24 h 3–12 - Decrease in basal and TNFa-induced
proliferation and migration of VSMCs
- Inhibition of ERK1/2 and AKT activity
- Suppression of basal and TNFa-induced
expression and secretion of MMP-2 & MMP-9
mRNA
- Inhibition of NF-jB activity
- Attenuation of TNFa- and H2O2-induced
oxidative stress

Freise et al.
(2015)

Human VSMCs

Mouse VSMCs

Rat VSMCs

1, 2, 5, 10 mM
episesamin and
sesamin

N/A 24–36 h

20–24 h

48–96 h

4 Decrease in basal and platelet-derived growth
factor (PDGF)-BB induced proliferation and
migration of VSMCs

Han et al.
(2015)

Rat aortic VSMCs 1, 5, 10 lM N/A 24 h 3 - Inhibition of cyclin D1, cyclin E, CDK2, CDK4,
and PCNA expression
- Suppression of pRb phosphorylation
- Upregulation of p53, p21, and p27
expression

Animal Models
Guan and

Wang
(2009a)

Japanese white rabbits 4 mg per day Oral 8 weeks 6 - Decrease in LDL levels
- Thinner aorta intima
- Lower macrophage amount in
atherosclerotic lesions
Decrease in VCAM-1 expression

Guan and
Wang
(2009b)

Japanese white rabbits Unknown Unknown 8 weeks 6 - Decrease in LDL levels
- Thinner aorta intima
- Lower macrophage amount in
atherosclerotic lesions
- Decrease in VCAM-1 expression by 27.59%

Loke et al.
(2010)

ApoE�/� mice 64 mg/kg Oral 20 weeks 25 Decrease in atherosclerotic lesion formation
by 40%

Wu et al.
(2010)

ApoE�/� mice 0.5 w/w%
(5 g/kg)

Oral 11 weeks 12 - Decrease in ICAM-1 protein expression
- Reduction of tunica intima in the aorta

Human
Subjects

Hirata et al.
(1996)

Hypercholesterolemia
patients

3.6 mg/ capsule
(9 capsules per day
for 4 weeks, 18
capsules per day for
the next 4 weeks)

Oral 8 weeks 6 Decrease in TC, LDL, and ApoB levels
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cleaves the platelet receptor protease activated receptor 1 (PAR1)
stimulating platelets to release granule contents, which further
promotes platelet recruitment, aggregation, and activation
(Mackman, 2008). Leukocytes also play an important role in
thrombogenesis (Madamanchi et al., 2005). Various agonists influ-
ence the formation of platetelet-leukocyte aggregates, which
enhance thrombin generation. One such factor is leukocyte-
released superoxide (Madamanchi et al., 2005). Thrombin is thus
an important component of the coagulation cascade that ulti-
mately leads to formation of fibrin from fibrinogen, which stabi-
lizes the structure of the thrombus (Mackman, 2008; Ku et al.,
2013). Tissue factor initiates the coagulation cascade upon its
exposure to blood (Mackman, 2008). Moreover, it promotes the
procoagulant activities of leukocytes, specifically monocytes/-
macrophages (Madamanchi et al., 2005). It has also been observed
that polymorphonuclear leukocytes regulate the expression of tis-
sue factor by mononuclear cells via reactive oxygen species (ROS),
establishing that oxidative stress plays an important role in
pathogenesis of arterial thrombosis (Madamanchi et al., 2005).
Unlike arterial thrombi, venous thrombi, which lead to deep vein
thrombosis, are rich in fibrin and erythrocytes. These thrombi
can lead to a pulmonary embolism that is considered to be the
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third leading cause of cardiovascular-associated death, following
myocardial infarction and stroke, which are primarily caused by
acute arterial thrombosis (Mackman, 2008). Anti-thrombotic drugs
have been developed which target platelets, fibrin, and other vari-
ous components of the coagulation cascade. However, due to their
side effects such as heamorrhaging, they are not readily used
(Mackman, 2008). Therefore, natural compounds with antioxidant
and anti-thrombotic effects are being investigated.

The effects of sesamin on thrombogenesis have been examined,
primarily due to its antioxidant properties. In a study conducted by
Noguchi and colleagues, stroke-prone spontaneously hypertensive
rats (SHRSP) are separated into four groups: vitamin E group
(1000 mg a-tocopherol/kg diet), sesamin group (1000 mg sesa-
min/kg diet), vitamin E + sesamin group (1000 mg a-tocopherol/
kg plus 1000 mg sesamin/kg diet), and control group (Noguchi
et al., 2001). The thrombotic tendency is measured using the num-
ber of helium-neon laser pulses required to form an occlusive
thrombus. After 5 weeks of administration, the number of laser
pulses required to induce a thrombus increases in the sesamin,
vitamin E, and sesamin plus vitamin E groups. Therefore, adminis-
tration of sesamin alone or in combination with vitamin E seems to
induce anti-thrombotic effects (Noguchi et al., 2001). Following the
same approach, a similar experiment examines the effect of a vari-
ety of sesame seed wholegrains and extracts on the formation of
thrombi. Mice have free access to a Western high-fat diet contain-
ing 5% sesame seed wholegrains (roasted and crushed) for
12 weeks. Moreover, the purified ingredients are administered
intra-arterially (sesamin: 1 and 10 mmol/L; sesamolin: 0.1 and
1 mmol/L; sesamol: 0.01, 0.1, and 1 mmol/L) and orally (sesamin:
3 mmol/L; sesamolin: 3 mmol/L; sesamol: 1 or 3 mmol/L). Helium-
neon laser measurements indicate that all three purified ingredi-
ents exhibit anti-thrombotic activities with sesamol as the most
effective ingredient, followed by sesamolin, and sesamin. More-
over, of the whole grain varieties, Col/Chichibu/Maruteru-2/1995
and T016 show anti-thrombotic effects, while 00037803 is pro-
Table 3
Effects of sesamin on thrombosis.

Reference Experimental
Model

Dosage Administration
Mode

Cell and Cell
Lines

Ku et al. (2013) HUVECs 0.5, 1, 2, 5, 10, 20,
50 mM

N/A

Animal Models
Noguchi et al.

(2001)
Stroke-prone
spontaneously
hypertensive rats

1000 mg/kg Oral

Kinugasa et al.
(2011)

C57BL/6 mice 1, 10 mmol/L

3 mmol/L

(7.7 mg/kg)

Intra-arterial

Oral

Ku et al. (2013) ICR mice 7 mg Intravenous
thrombotic (Kinugasa et al., 2011). Utlizing an alternative approach
by investigating the anti-coagulant properties of sesamin and epi-
sesamin, Ku and colleagues monitor the effect of these stereoiso-
mers on the activity of cell-based thrombin, activated blood coag-
ulation factor X (FXa), activated partial thromboplastin time
(aPTT), prothrombin time (PT), plasminogen activator inhibitor
type 1 (PAI-1) and tissue-type plasminogen activator (t-PA)
expression (Ku et al., 2013). Observations from this study demon-
strate that epi-sesamin is a more potent anti-coagulant, and there-
fore, an anti-thrombotic agent, as it prolongs aPTT and PT, prevents
the production of thrombin and FXa, reduces thrombin catalyzed
platelet aggregation in mice, and inhibits TNFa-induced secretion
of PAI-1 in HUVECs (Ku et al., 2013). The anti-thrombotic effects
of sesamin are not extensively investigated. However, the reported
findings seem to point to the role of sesamin in decreasing the risk
of thrombus formation. The reported in vitro and in vivo anti-
thrombotic effects of sesamin are summarized in Table 3.

5. Effects of sesamin on diabetes

Diabetes mellitus is one of the most prominent causes of death
globally, with a mortality rate of about 1.6 million individuals
worldwide, and is considered the third highest risk factor for global
premature mortality due to hyperglycaemia and hyperglycaemic-
induced oxidative stress and inflammation (Oguntibeju, 2019).
Diabetes is a metabolic disorder which occurs when the body is
unable to control blood glucose levels, either due to the impaired
production of insulin (Type 1) or impaired response to insulin
(Type 2) (Oguntibeju, 2019). The liver, skeletal muscles, and adi-
pose tissue are the main tissues affected by insulin resistance. This
impaired response to insulin leads to a deficient uptake and phos-
phorylation of glucose by skeletal muscles and defective synthesis
of glycogen, in addition to an increased uptake of free fatty acids
and insufficient oxidation in mitochondria (Sala and Zorzano,
2016). This leads to an accumulation of triglycerides in myofibers.
Administration
Duration

Experimental N Response

10 min � 18 h 3 Negligible effect on coagulation,
bleeding time, thrombin production
and activity, FXa production and
activity, platelet aggregation, fibrin
polymerization, and plasminogen
activator inhibitor type 1 (PAI-1)/
tissue-type plasminogen activator (t-
PA) ratio

5 weeks 3 Increase in the number of He-Ne laser
pulses required to induce thrombosis

10 min

2 h

7 (1 mmol/L), 6
(10 mmol/L)

6

Increase in the number of He-Ne laser
pulses required to induce thrombosis

1 hr 5 Negligible effect on coagulation,
bleeding time, thrombin production
and activity, FXa production and
activity, platelet aggregation, fibrin
polymerization, and plasminogen
activator inhibitor type 1 (PAI-1)/
tissue-type plasminogen activator (t-
PA) ratio
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Therefore, the development of type 2 diabetes is linked with low
grade chronic inflammation, contributing to insulin resistance
and oxidative stress that play a role in pathogenesis of diabetic
complications (Oguntibeju, 2019). In 2017, it was reported that
46 million individuals were diabetic in North America and the Car-
ibbean, and currently data from the International Diabetes Federa-
tion (IDF) suggests that there are about 415 million diabetic
patients worldwide with a prevalence rate of 8.8% (Oguntibeju,
2019). Moreover, it is estimated that by 2040 this number will
increase to 642 million, with type 2 diabetes as the major type of
diabetes (Oguntibeju, 2019).

Sesamin has been shown to possess both antioxidant and anti-
inflammatory effects. Therefore, its effect has been investigated on
diabetes mellitus and its associated complications. Treatment of
spontaneously diabetic mice (KK-Ay) with sesamin significantly
decreases fasting plasma glucose, insulin, triglyceride, cholesterol,
free fatty acid, MDA content, and glycosylated plasma proteins.
Furthermore, it improves the insulin-binding capacity to liver
crude plasma membrane, thus ameliorating insulin resistance
(Hong et al., 2012). To investigate the effects of sesamin in humans,
type 2 diabetic patients are administered 200 mg of sesamin per
day for 8 weeks. Upon completion, anthropometric measurements
and blood sample examination illustrate that sesamin supplemen-
tation significantly reduces fasting blood sugar (FBS), glycated
hemoglobin (HbA1c), TNFa, interleukin 6 (IL-6), hip and waist cir-
cumference, and body adiposity index (BAI). Moreover, adiponec-
tin levels are significantly increased (Mohammad Shahi et al.,
2017). These results suggest that sesamin can induce beneficial
effects on glycemic status, inflammatory factors, and body compo-
sition. Similarly, sesamin supplementation of hyperlipidemia rats
cause the same inhibitory effect on FBS and HbA1c. Sesamin also
reduces pancreatic insulin and somatostatin levels to prevent b-
cell exhaustion, and improves insulin sensitivity (An and Zhang,
2010).

One of the precursors to the development of diabetes is the
overconsumption of foods highly concentrated in fats. However,
co-administration of sesamin with high-fat foods ameliorates some
of the adverse effects of this type of diet. For example, when sesa-
min is consumed by Zucker (fa/fa) rats supplied with a high-fat
diet, the increase in fasting blood glucose and concentration of
white adipose tissue is ameliorated. Furthermore, sesamin supple-
mentation increases the activity of acyl-CoA dehydrogenase
(ACAD) and decreases the levels of glucose-6-phosphatase
(G6Pase) (Fujiwara et al., 2006). This decline in G6Pase reduces
the dephosphorylation of glucose-6-phosphate (G6P) to glucose,
thus decreasing the concentration of blood glucose. Furthermore,
sesamin seems to have beneficial effects on the complications
associated with type 2 diabetes. Certain diabetes-associated com-
plications, such as atherosclerosis, coronary artery disease, and
nephropathy occur due to increased synthesis of inflammatory
cytokines induced by advanced glycated end products (AGEs),
which are proteins, lipids, or end products, such as Schiff base
and Amadori products that are non-enzymatically glycated upon
exposure to sugars (Oguntibeju, 2019). Sesamin significantly
reduces the increase in type 2 diabetes-associated pro-
inflammatory cytokines, such as TNFa and IL-6 (Zakerzadeh
et al., 2014). Moreover, sesamin prevents the impairment of mito-
chondrial function in skeletal muscles observed in diabetic individ-
uals, and thus ameliorates the decline in their exercise capacity
(Takada et al., 2015). Sesamin achieves this by inhibiting the
increased activity of NADPH oxidase and production of superoxide
anions, thus reducing oxidative stress in skeletal muscles. Further-
more, sesamin ameliorates the decrease in citrate synthase activ-
ity, an important enzyme in the tricarboxylic acid cycle, which
plays a critical role in exercise capacity of skeletal muscles
(Takada et al., 2015). AGEs also play a role in the production of
ROS, which induce oxidative stress (Oguntibeju, 2019). Oxidative
stress is involved in the pathogenesis of CVDs, hence why diabetic
patients also have a higher risk of developing cardiovascular com-
plications (Oguntibeju, 2019). A study investigating the effect of
sesamin on peroxidation levels of diabetic blood samples con-
cludes that the antioxidant properties of sesamin can potentially
protect plasma, LDL, and erythrocyte membrane from oxidation,
and thus reduce the risk of developing coronary heart disease
(Dhar et al., 2005). Moreover, sesamin is found to possess cardio-
protective properties (Thuy et al., 2017). A 4 week administration
of sesamin (100 and 200 mg/kg body weight) to STZ-induced type
1 diabetic rats decreases blood glucose levels, and significantly
improves heart rate and blood pressure. Furthermore, the anti-
inflammatory effect of sesamin helps to improve the myocardial
damage associated with diabetes by improving the disorder in
the myofiber arrangements (Thuy et al., 2017). Finally, sesamin is
also observed to restore the altered QT interval in diabetics, thus
revealing that sesamin has a positive effect in improving cardiovas-
cular dysfunction in STZ-induced type 1 diabetic rats (Thuy et al.,
2017). The sesamin-induced reduction of blood glucose levels, as
observed in this study, can be attributed to its protective effects
on pancreatic b-cells (Thuy et al., 2017). Investigating the effect
of sesamin on NIT-1 pancreatic b-cells damaged by STZ demon-
strates that sesamin can improve insulin secretion after treatment
of b-cells with STZ. Moreover, sesamin protects these cells from
STZ-induced oxidative damage by increasing the content of
reduced glutathione (GSH), and activity of superoxide dismutase
(SOD) and glutathione peroxidase (GSHpx). Sesamin also amelio-
rates the increase in NO induced damage by decreasing the activity
of nitric oxide synthase (NOS) and inducible NOS (iNOS) (Lei et al.,
2012). This protective effect is observed on AGE induced b-cell
damage as well. AGEs increase the production of ROS in these cells,
which promote apoptotic pathways and cell death (Kong et al.,
2015b). In vitro (MIN6 cell line) and in vivo (C57BL/6J mice) exper-
iments reveal that sesamin induces an antioxidant defense mech-
anism by downregulating the expression of p22phox and p67phox

NADPH oxidase subunits, and decreasing the activity of NADPH
oxidase, thus reducing the production of ROS in these cells (Kong
et al., 2015b). The reported in vitro and in vivo anti-diabetic effects
of sesamin are summarized in Table 4.
6. Effects of sesamin on obesity

According to the Center of Disease Control and Prevention
(CDC) in 2017–2018, 42.4% of the population of the United States
was obese (CDC, 2020a,b). This is mostly due to a sedentary life-
style, and the consumption of high-fat foods (Chinnala et al.,
2014). Obesity is related to a variety of metabolic and non meta-
bolic complications, such as type 2 diabetes, dyslipidemia, ather-
sclerosis, hypertension, and other CVDs (Chinnala et al., 2014;
Raeisi-Dehkordi et al., 2018). The scarcity of synthetic drugs
against obesity, with sufficient efficacy and minimum side effects,
has prompted researchers to shift to medicinal herbs and natural
compounds for the treatment of obesity (Chinnala et al., 2014). It
has been reported that foods highly concentrated in antioxidants,
such as flaxseeds, cranberry, and green tea may be helpful in the
management of obesity, such that high levels of antioxidants
may lead to weight loss (Raeisi-Dehkordi et al., 2018).

Sesame seed and its oil as well as sesamin posses antioxidative
properties. Therefore, their effects on obesity have been studied.
Sesame seed is found to exhibit a high binding activity to adeno-
sine A1 receptors, which appears to correlate with lipolytic activity
when blocked (Yuliana et al., 2011). A study by Bigoniya and col-
leagues investigates the effect of sesame seed cake (SSC), which
is the residue left after sesame oil extraction, on obesity in rats



Table 4
Effects of sesamin on diabetes.

Reference Experimental Model Dosage Administration
Mode

Administration
Duration

Experimental
N

Response

Cells and Cell
Lines

Lei et al.
(2012)

STZ-challenged
pancreatic b NIT-1 cell
line

100, 200,
400 mg/mL

N/A 24 h 10 - Protection against STZ-induced cell death
- Improvement of insulin secretion in STZ-challenged
pancreatic b NIT-1 cells

Kong et al.
(2015b)

Pancreatic MIN6
b-cell line

50,
100 lM

N/A 2 h 4 Amelioration of AGE-induced b-cell dysfunction and
apoptosis

Animal Models
Fujiwara et al.

(2006)
Zucker (fa/fa) rats 0.02 w/w%

(0.2 g/kg),
0.05 w/w%
(0.5 g/kg)

Oral 40 days Unknown - Reduction in fasting plasma glucose, leptin, and
mRNA levels of G6Pase
- Increase in ACAD activity

An et al.
(2010)

Hyperlipidemia Sprague-
Dawley rats

Unknown Unknown 7 weeks Unknown - Reduction in serum TC, TG, LDL, ApoB, and insulin
levels
- Increase in HDL-C and ApoA levels
- Inhibition of pancreatic insulin and somatostatin
levels
- Improvement in insulin sensitivity

Hong et al.
(2012)

Spontaneously diabetic
mice
(KK-Ay)

50,
100 mg/kg

Oral 2 weeks 10 - Decrease in blood glucose, glycated serum protein,
and serum insulin
- Increase in liver glycogen content

Kong et al.
(2015b)

C57BL/6J mice 160 mg/kg Oral 4 weeks 6 Amelioration of AGE-induced b-cell dysfunction and
apoptosis

Takada et al.
(2015)

C57BL/6J mice 0.2 w/w%
(2 g/kg)
(5 mg/day)

Oral 8 weeks 6–10 Attenuation of blood insulin and serum lipid increase
caused by high-fat diet

Thuy et al.
(2017)

Sprague-Dawley rats
with STZ-induced type 1
diabetes

50, 100,
200 mg/kg

Oral 4 weeks 5 Decrease in blood glucose level by 17% (50 mg
treatment), 30% (100 mg treatment), and 26%
(200 mg treatment)

Human
Subjects

Mohammad
Shahi et al.
(2016)

Type 2 diabetic patients 200 mg
per day

Oral 8 weeks 24 - Decrease in serum levels of fasting blood sugar
(FBS) and glycated hemoglobin (HbA1c)
- Increase in serum levels of adiponectin

1284 S. Dalibalta et al. / Saudi Pharmaceutical Journal 28 (2020) 1276–1289
fed with a high-fructose diet (Bigoniya et al., 2012). The exact con-
tent of sesamin in sesame seeds depends on the extraction method,
technical specifications, and instrumentation (Dar and Arumugam,
2013). It is reported that sesamin content in 100 g of sesame seeds
is 1800 mg (i. e. 18 mg/g) (Hemalatha and Ghafoorunissa, 2004).
The administration of 2 g/kg (i.e. ~36 mg sesamin/kg) and 4 g/kg
(i.e. ~72 mg sesamin/kg) of SSC for 30 days ameliorates weight gain
by 1.84% and 2.34% respectively. Moreover, SSC administration sig-
nificantly reduces the weight of the liver and kidney, suggesting
the prevention of fat deposition out of the muscle. Similar results
are obtained in a study administering 200 mg/kg and 400 mg/kg
methanolic extract of S. indicum Linn. (MESI) to rats fed with a
high-fat diet. After 40 days it is reported that MESI administration
significantly reduces the body weight and food intake of the high-
fat diet fed rats, indicating that MESI posseses weight reducing and
hypophagic properties (Chinnala et al., 2014).

Drugs and natural compounds that posses weight-reducing
properties elicit their effects by several mechanisms including sup-
pression of lipogenesis, reduction in fat absorption by the gastroin-
terstinal tract, and activation of apoptosis in adipocytes (Raeisi-
Dehkordi et al., 2018). Pancreatic triacylglycerol lipase (PTL) is a
major enzyme responsible for the digestion and absorption of diet-
ary fat. PTL hydrolyzes lipids into monoglycerols and free fatty
acids in the duodenum, which are then packed into micelle and
absorbed into the lymphatic system through lacteals. Blocking of
PTL with tetrahydrolipstatin has been utilized in the management
of obesity, however has reported several side effects (Badmaev
et al., 2015). S. indicum extract (70%) has been found to inhibit
the action of PTL by 15% at 1 mg/mL and 17.5% at 100 mg/mL, sug-
gesting that it may possess weight reducing properties (Badmaev
et al., 2015). However, it is important to note a discrepancy in
PTL inactiviation between the low and high dose. In fact, S. indicum
extract is revealed to possess a dual role in its action on pancreatic
lipase activity. For example, the co-administration of 1 mg/mL S.
indicum extract (70%) with 10 mg/mL Coleus forskohlii extract
(98%) (which has a PTL activity inhibition rate of 7.4%) has resulted
in a 9.6% inhibition of PTL activity, rather than the expected 22.5%
inhibition (Badmaev et al., 2015). Therefore, it is concluded that S.
indicum extract enhances the inhibition of PTL activity in a lower
dose range and moderates PTL inhibition in a higher dose range.
The sesame extract’s dual action means that it can be added to
anti-obesity therapies which target PTL activity as a safety measure
and to prevent side effects due to excessive inhibition of PTL
(Badmaev et al., 2015). S. indicum extract, as well as sesamin, are
also considered to be an important component of hepatothermic
therapy (HT) of obesity (McCarty, 2001). HT is a regimen that
attempts to simultaneously decrease respiratory quotient and
boost basal metabolism, thus supporting fat loss and reducing
serum free fatty acids (McCarty, 2001). This therapy maximizes
the capacity for fatty acid oxidation in hepatocytes, and drives hep-
atic thermogenic mechanisms. Sesamin administration doubles
mitochondrial mass, which proportionally increases carnitine
palmitoyl transferase-1 (CPT-1) expression, thus increasing hepatic
beta oxidation of fatty acids (McCarty, 2001). Sesamin-mediated
increase in gene expression of CPT-1 and many other enzymes
involved in fatty acid oxidation occurs through the activation of
peroxisome proliferator-activated receptor a (PPARa) (Ide et al.,
2001). Sesamin not only increases lipolytic enzyme activity, but
also decreases the activity of lipogenic enzymes, such as fatty acid
synthase (FAS), by down-regulating the gene expression of sterol
regulatory element bing protein-1 (SREBP-1) (Ide et al., 2001).
Sesamin also acts as an antagonist to liver X receptor (LXRa) and



Table 5
Effects of sesamin on obesity.

Reference Experimental Model Dosage Administration
Mode

Administration
Duration

Experimental
N

Response

Cell and Cell
Lines

Freise et al.
(2013)

3 T3-L1 preadipocytes 5, 10, 20,
40 mM
episesamin

N/A 24 h 12 - Reduction in the accumulation of lipid droplets
- Inhibition of GLUT-4 and vascular endothelial
growth factor expression in preadipocytes
- Reduction in intracellular lipid droplets and
induced apoptosis in mature adipocytes

Badmaev
et al.
(2015)

Pancreatic lipase assay 0.1, 1, 10,
100 mg/mL

N/A 15 min 2 Inhibition of pancreatic triacylglycerol lipase (PTL)
activity by S. indicum extract

Tai et al.
(2019)

Human hepatocellular
carcinoma cell line
(HepG2)

Human intestinal cell line
(LS174T)

Hepatoma cell line
(HepaRG)

20, 40 lM

20, 40 lM

5, 10 lM

N/A

N/A

N/A

24 h

24 h

2 weeks

4

3

3

-Sesamin reduced valproate-and rifampin-induced
hepatic lipogenesis
- Sesamin selectively induces reverse cholesterol
transport- (RCT-) related genes in LS174Tcell
-Sesamin inhibits the mRNA and protein expression
of T0901317-induced LXRa downstream gene

Animal Models
Ide et al.

(2001)
Sprague-Dawley rats 0.1 w/w%

(1 g/kg),
0.2 w/w%
(2 g/kg),
0.4 w/w%
(4 g/kg)

Oral 15 days 7–8 Suppression of hepatic FAS expression

Chinnala
et al.
(2014)

Sprague-Dawley rats 200, 400 mg/
kg

Oral 40 days 6 Decrease in body weight and food intake
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pregnane X receptor (PXR) ameliorating drug induced hepatic lipo-
genesis and potentially helping in the treatment of non alcoholic
fatty liver disease (NAFLD) (Tai et al., 2019). It inhibits hepatic lipo-
genesis partially through the activation of adenosine
monophosphate-activated protein kinase (AMPK) and inhibition
of SREBP-1c expression (Tai et al., 2019).

When investigating the potential effect of the epimer of sesa-
min, (+)-episesamin, it is revealed that episesamin is responsible
for inhibition of adipogenesis (Freise et al., 2013). The presence
of episesamin during hormone induced differentiation of 3T3-L1
preadipocytes reduces the phosphorylation of ERK1/2 and b-
catenin as well the protein expression of PPARc, and increases
the expression of inducible nitric oxide synthase (iNOS) (Freise
et al., 2013). This reduces the accumulation of intracellular lipid
droplets and decreases protein expression of glucose transporter
4 (GLUT-4) and vascular endothelial growth factor. A reduction
in stored lipid droplets is also observed upon the treatment of
mature adipocytes with episesamin. Moreover, episesamin seems
to induce proaptotic enzymes caspases 3 and 7. Thus, episesamin
can reduce the proliferation and differentiation of preadipocytes
into mature adipocytes, and induce lipolytic as well as apoptotic
cascades in mature adipocytes (Freise et al., 2013). The reported
in vitro and in vivo anti-obesity, lipolytic effects of sesamin are
summarized in Table 5.
7. Anti-inflammatory effects of sesamin

It is well known that inflammation is a major biological process
involved in the development of CVD and its risk factors. Several
in vitro and in vivo studies have demonstrated an anti-
inflammatory role of sesamin in various inflammatory conditions.
For instance, sesamin treatment has been shown to inhibit the
secretion of proinflammatory cytokines including IL-1b, IL-6, iNOS,
and TNFa in different cell types (Freise et al., 2012; Kong et al.,
2014; Xu et al., 2015; Ahmad et al., 2016; Lin et al., 2019; Zhao
et al., 2019). Moreover, sesamin treatment is accompanied by a
down-regulation of inflammatory matrix metalloproteases (MMPs)
including MMP-1, MMP-2, MMP-3, MMP-9, and MMP-13 (Freise
et al., 2012; Harikumar et al., 2010; Xu et al., 2015; Lin et al.,
2019). Sesamin is also shown to inhibit the expression of LPS-
induced macrophage-derived chemokines (MDCs) (e.g. interferon
c (IFNc)-inducible protein 10 (IP-10/CXCL10)) in human primary
monocytes and THP-1 cells (Hsieh et al., 2014). The anti-
inflammatory effects of sesamin have also been observed in differ-
ent in vivo models (Cui et al., 2010; Lin et al., 2014; Ahmad et al.,
2016; Zhang et al., 2016; Li et al., 2016; Fan et al., 2017; Rousta
et al., 2018; Zhao et al., 2019; Bai et al., 2019; Lin et al., 2019;
Sayhan et al., 2019; Ali et al., 2020). Consistently, sesamin has been
shown to suppress a series of inflammatory markers associated
with type-II diabetes and rheumatoid arthritis in humans
(Mohammad Shahi et al., 2017; Helli et al., 2019). Sesamin seems
to exert its inhibitory effects on inflammation via epigenetic regu-
lation as well as modulation of several signaling pathways involv-
ing ER (Hsieh et al., 2014), PPARa (Hsieh et al., 2014; Zhang et al.,
2016), PPARc (Majdalawieh and Ro, 2014), ERK-1/2 (Chung et al.,
2010; Cui et al., 2010; Akl et al., 2012; Majdalawieh and Ro,
2014; Bai et al., 2019), p38 MAPK (Jeng et al., 2005; Hsieh et al.,
2014; Lee et al., 2011; Xu et al., 2015; Li et al., 2016; Lin et al.,
2019), JNK (Akl et al., 2012; Akl et al., 2013; Ma et al., 2014; Fan
et al., 2017; Lin et al., 2019), COX-2 (Hsieh et al., 2011; Lin et al.,
2019), and NF-jB (Jeng et al., 2005; Cui et al., 2010; Harikumar
et al., 2010; Lee et al., 2011; Freise et al., 2012; Akl et al., 2012;
Akl et al., 2013; Kong et al., 2014; Lin et al., 2014; Xu et al.,
2015; Li et al., 2016; Fan et al., 2017; Lin et al., 2019). Detailed
experimental data pertaining to the anti-inflammatory effects of



Fig. 3. A summary of the main regulatory effects of sesamin on proteins and signaling factors involved in hypertension, atherosclerosis, thrombosis, diabetes, and obesity. The
upward-pointing arrows indicate positive regulation, while downward-pointing arrows indicate negative regulation.
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sesamin as well as the underlying molecular mechanisms and sig-
nal transduction pathways involved in such regulation has been
recently analyzed and reviewed (Majdalawieh et al., 2017). Hence,
the anti-hypertensive, anti-atherogenic, anti-thrombotic, anti-
diabetic, anti-obesity properties of sesamin can be attributed, at
least in part, to its anti-inflammatory effects and its ability to reg-
ulate the inflammatory status.
8. Potential toxicity and adverse health effects of sesamin

The cytotoxic effects of sesamin are investigated by utilizing
different toxicity tests. In an in vivo analysis of toxicity of sesamin,
it is concluded that doses up to 280 mg/kg/day are safe and do not
lead to cytotoxicity (Rogi et al., 2011). Hori and colleagues have
evaluated the genotoxicity of sesamin through several tests, such
as a bacterial reverse mutation assay (Ames test), a chromosomal
aberration test in cultured Chinese hamster lung cells (CHL/IU), a
bone marrow micronucleus (MN) test in Crlj:CD1 (ICR) mice, and
a comet assay using the liver of Sprague-Dawley rats (Hori et al.,
2011). Sesamin shows a negative result in the Ames test with
and without S9 mix. Moreover, in the in vitro chromosomal aberra-
tion test, sesamin does not induce chromosomal aberrations with-
out the presence of S9 mix. However, structural abnormalities are
detected at cytotoxic concentrations in the presence S9 mix. The
in vivo bone marrow MN test and comet assay indicate that sesa-
min has no genotoxic activity, as oral administration of up to
2 g/kg does not cause a significant increase in the percentage of
micronucleated polychromatic erythrocytes or in the percent
DNA in the comet tails (Hori et al., 2011). To further investigate
the possible toxic effects of sesamin, cell viability tests are per-
formed using acid phosphatase (ACP) activity assay in HepG2 and
LS174T cells (Lim et al., 2012). HepG2 and LS174T cells are exposed
to sesamin (10, 20, 30, and 40 mM) and cell viability is assessed.
Sesamin causes mild cytotoxicity. However, even at the highest
concentration, cell viability remains at 80%. Similarly, in another
study, Hs68 cells (human skin fibroblasts) treated with 5, 10, 25,
and 50 mM sesamin are shown to exhibit a 95% cell viability (Lin
et al., 2019). The same study reveals that sesamin treatment for
10 weeks does not cause skin toxicity in BALB/cAnN.Cg-Foxn1nu/
CrlNarl mice. Moreover, Wu and colleagues demonstrate that
treatment of HAECs with up to 100 mM sesamin for 24 h does
not impact cell viability (Wu et al., 2010). Pretreatment of human
prostate cancer cell line (PC3) with sesamin for 1 hr also shows no
toxic impact of sesamin (Xu et al., 2015). Sesamin is considered to
be a low-moderate hazardous material. It is considered a
methylenedioxybenzene synergist, which when swallowed may
cause loss of appetite, vomiting, diarrhea, inflamed bowel with
bleeding, bleeding from the lung, wasting, and possible central
depression. Moreover, sesamin (originally known as piperonyl
butoxide, PBO) can interfere with the metabolism of hormones,
which may damage humeral organs such as the thyroid, adrenal,
and pituitary glands. Sesamin can cause eye and skin irritation,
and when inhaled, it may be irritating to the mucous membranes
and upper respiratory tract. It is predicted that the oral lethal dose
of sesamin in humans is 5.15 g/kg (Takahashi et al., 1994).
9. Proposed preclinical and clinical investigation

Considering the huge lack of preclinical and clinical studies per-
taining to the effects of sesamin on CVD and its risk factors, we
herein propose well-designed, randomized, placebo-controlled
clinical studies that may aid in clinically establishing these links
between the reported experimental anti-hypertensive, anti-
atherogenic, anti-thrombotic, anti-diabetic, and anti-obesity
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effects of sesamin. In one investigation, age-matched patients of
hypertension, atherosclerosis, thrombosis, type 2 diabetes, and/or
obesity can be divided into five groups. Group I patients can
receive one of the common drugs used to treat the corresponding
medical condition (e.g. hypertension), group II can receive the
common drug plus sesamin (50 mg per day for 8 weeks, oral),
group III can receive the common drug plus sesamin (200 mg per
day for 8 weeks, oral), group IV can receive the common drug plus
sesamin (50 mg per day for 16 weeks, oral), while group V can
receive the common drug plus sesamin (200 mg per day for
16 weeks, oral). The prognosis and clinical parameters of the corre-
sponding medical condition in all patients can be evaluated during
and after the clinical trial. We also propose a longitudinal preven-
tion study to evaluate the potential preventive effects of sesamin
against hypertension, atherosclerosis, thrombosis, type 2 diabetes,
and/or obesity. To this end, age- and gender-matched healthy indi-
viduals (age > 50 years) can be divided into four groups. Group I
subjects will receive a placebo (control) (1–2 years, oral), group II
subjects will receive sesamin (50 mg per day for 1–2 years, oral),
group III subjects will receive sesamin (100 mg per day for 1–
2 years, oral), and group IV subjects will receive sesamin
(200 mg per day for 1–2 years, oral). All participants will be closely
and systematically monitored with regard to the clinical parame-
ters of the corresponding medical condition. Such studies may be
very helpful in understanding the role of sesamin in the prevention
and treatment of the aforementioned medical conditions in pre-
clinical and clinical settings.
10. Conclusions

This paper demonstrates that sesamin induces its effects on
hypertension, atherosclerosis, thrombosis, obesity, and diabetes
through multiple pathways with the antioxidant and anti-
inflammatory properties of sesamin being the predominant means
that underlie these effects. Fig. 3 provides a summary of the main
regulatory effects of sesamin on proteins and signaling factors
involved in hypertension, atherosclerosis, thrombosis, diabetes,
and obesity. By inhibiting the production of ROS, sesamin enhances
NO bioactivity in blood vessels, therefore ameliorating endothelial
dysfunction and hypertension, decreasing vascular inflammatory
response, and altering the progression of atherosclerotic lesion for-
mation and thrombosis. Sesamin can also impede the development
of type-II diabetes by protecting pancreatic b-cells. Sesamin also
regulates adipogenesis and obesity by inhibiting the absorption
of fat from the gastrointestinal tract, increasing the activity of
lipolytic enzymes, decreasing the activity of lipogenic enzymes,
preventing the differentiation of preadipocytes into mature adipo-
cytes, inducing apoptosis in mature adipocytes, and reducing lipid
droplets in mature adipocytes. The reported effects of sesamin
seems to be mediated via the RAS/MAPK, PI3K/AKT, ERK1/2, p38,
p53, IL-6, TNFa, and NF-jB signaling pathways. Given that most
studies were performed using multiple cell lines and animal mod-
els, further research has to be conducted using humans to better
underscore the effectiveness of sesamin in combating CVD and
its risk factors. It is well known that natural compounds can be
effective adjuvants to therapy with fewer side effects than conven-
tional therapies. Therefore, it would also be beneficial to determine
clinically whether high doses of sesamin taken as supplements or
as regular dietary doses are required to induce a therapeutic
response.
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