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ABSTRACT Dietary intervention to prevent inflammation and atherosclerosis has been a major focus in recent years. We
previously reported that sesame oil (SO) was effective in inhibiting atherosclerosis in low-density lipoprotein-receptor
negative mice. We also noted that the levels of many proinflammatory markers were lower in the SO-treated animals. In this
study we tested whether the non-lipid, aqueous components associated with SO would have anti-inflammatory and antioxidant
effects. Polymerase chain reaction array data indicated that sesame oil aqueous extract (SOAE) was effective in reducing
lipopolysaccharide (LPS)-induced inflammation in RAW 264.7 macrophage cells. Expression of inflammatory cytokines such
as interleukin (IL)-1o, IL-6, and tumor necrosis factor o (TNF-o) was also analyzed independently in cells pretreated with
SOAE followed by inflammatory assault. Effect of SOAE on TNF-z-induced MCP-1 and VCAMI1 expression was also tested
in human umbilical vein endothelial cells. We observed that SOAE significantly reduced inflammatory markers in both
macrophages and endothelial cells in a concentration-dependent manner. SOAE was also effective in inhibiting LPS-induced
TNF-o and IL-6 levels in vivo at different concentrations. We also noted that in the presence of SOAE, transcription and
translocation of NF-kappaB was suppressed. SOAE was also effective in inhibiting oxidation of lipoproteins in vitro. These
results suggest the presence of potent anti-inflammatory and antioxidant compounds in SOAE. Furthermore, SOAE differ-
entially regulated expression of scavenger receptors and increased ATP-binding cassette A1 (ABCA1) mRNA expression by
activating liver X receptors (LXRs), suggesting additional effects on lipid metabolism. Thus, SOAE appears multipotent and
may serve as a valuable nonpharmacological agent in atherosclerosis and other inflammatory diseases.
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INTRODUCTION

THEROSCLEROSIS IS A DISEASE in which chronic in-

flammation is considered as an independent risk fac-
tor.!~* A number of inflammatory markers such as cytokines
(interleukin [IL]-1, IL-6, tumor necrosis factor [TNF], IL-
12, and IL-18), adhesion molecules, C-reactive protein
(CRP), and enzymes (myeloperoxidase [MPO] and secretory
phospholipase A2 [sPLA2]) have been found to be highly
expressed in human and animal atherosclerotic lesions.*”’
There is also considerable evidence for the involvement of
immune and inflammatory response in atherosclerosis. It is
well established that monocyte chemoattractant protein-1
(MCP-1), a chemokine, is produced to recruit monocytes®® to
the intima and adhesion molecules increase their attachment to
activated endothelial cells.'®!! Monocyte-macrophage het-
erogeneity'>!3 adds to the complexity of the process wherein
proinflammatory monocytes augment the immune response
through the expression of proinflammatory cytokines and
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other factors such as proteases.'*'® Thus anti-inflammatory
therapy as a means to control atherosclerosis has long been in
consideration.

Sesame oil (SO) obtained from Sesamum indicum is rich
in both monounsaturated and polyunsaturated fatty acids. It
contains approximately 47% oleic acid and 39% linoleic
acid.'”!8 It also contains lignans such as sesamin and se-
samolin and several antioxidant compounds such as sesamol
and sesaminol'® and other methylenedioxyphenol deriva-
tives. SO has been reported to help reduce high blood
pressure and lower the amount of medication needed to
control hypertension.??! Other beneficial effects include
reduction in plasma cholesterol, low-density lipoprotein
(LDL) cholesterol, and triglyceride (TG) levels.?*> Our ear-
lier studies in SO-diet fed LDLR ™/~ mice showed that the
plasma levels of total cholesterol, TG, very low-density li-
poprotein cholesterol, and LDL cholesterol were decreased
while high-density lipoprotein (HDL) was significantly
increased in these animals compared with atherosclerotic
diet-fed animals. The SO-containing diet effectively pre-
vented atherosclerosis lesion formation in LDLR =/~ male
mice.>® The fatty acid composition of SO is roughly in
between those of olive and sunflower oils (Supplementary
Table S1; Supplementary Data are available online at
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www.liebertpub.com/jmf), and yet the observed level of
inhibition of atherosclerosis was remarkable. This prompted
us to wonder whether components in addition to fatty acid
unsaturation could be responsible for the observed level of
inhibition.

In this study, we tested whether the aqueous extract of SO
might be effective in inhibiting inflammation. We also
studied its effect on regulating lipid metabolism by studying
expression of reverse cholesterol transport (RCT) genes and
on macrophage scavenger receptors as a complex interplay
of all these factors are involved in atherosclerosis.

MATERIALS AND METHODS

Detailed description of methods is available in Supple-
mentary Materials and Methods.
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Cell culture

RAW 264.7 cells and human umbilical vein endothelial
cells (HUVECS) were obtained from ATCC, HepG2-LXR
reporter cell line was obtained from System Biosciences and

maintained according to supplier’s instructions in RPMI
1640, M199, and DMEM mediums respectively.

Isolation and culture of mouse peritoneal macrophages

Eight-week-old Swiss Webster mice were purchased from
Charles River (Wilmington, MA, USA) and used for the
studies.

Preparation and analysis of aqueous extract

Sesame oil aqueous extract (SOAE) was prepared by
using SO and distilled water. Aqueous portion was separated
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FIG. 1. SOAE inhibits LPS-induced inflammatory cytokines in RAW cells. RAW cells were pretreated with SOAE followed by treatment with

LPS. Following 24 h of incubation, RNA was isolated. The Mouse Atherosclerosis PCR array (Qiagen) was carried out with these samples.
Relative expression levels of genes in LPS (A, left panel) and LPS +SOAE (A, right panel) are plotted against control in the scatter plot. Genes
that were distinctly downregulated (B) and upregulated (C) are represented as bar diagrams. Real-time PCR analysis was performed for IL-1o (D),
IL-6 (E), and TNF-o (F). ELISA to detect mouse IL-6 (G) and TNF-o (H) secretion into the medium was also performed. SOAE significantly
attenuated the expression of LPS-induced inflammatory markers. Results are represented as mean+SE from more than three independent
experiments. *P <.05. ELISA, enzyme-linked immunosorbant assay; IL, interleukin; LPS, lipopolysaccharide; PCR, polymerase chain reaction;
SOAE, sesame oil aqueous extract; TNF-a, tumor necrosis factor «. Color images available online at www.liebertpub.com/jmf
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FIG. 2. SOAE inhibits LPS-induced inflammatory cytokines in mouse peritoneal macrophages. Mouse peritoneal macrophages were pretreated
with SOAE (200 ug/mL) followed by addition of 10 ng/mL LPS. Cells were incubated for 24 h following which RNA was isolated and real-time
PCR analysis was performed for IL-1a (A), IL-6 (B), and TNF-o (C) gene expression (n=3; *P <.05).

by filtration and lyophilized. Lyophilized sample was re-
constituted with pyrogen-free water. Absence of possible
endotoxin contamination of SOAE was confirmed using
limulus assay.

Isolation and oxidation of lipoproteins

Lipoproteins were isolated from normal plasma by se-
quential ultracentrifugation.>*?> They were subjected to
oxidation with 5 uM copper or 0.2 U MPO with or without
100 uM tyrosine in the presence and absence of SOAE. The
formation of conjugated dienes was monitored at an opti-
cal density of 234nm. LDL oxidation was assessed by
leucomethylene blue (LMB) assay and thiobarbituric acid
reactive substances (TBARS). Minimally modified LDL
(mm-LDL) was prepared as described previously.?®

Polymerase chain reaction array analysis

RAW 264.7 cells were pretreated with SOAE (500 pug/mL)
followed by addition of lipopolysaccharide (LPS, 10 ng/mL).
Cells were incubated for 24h. RNA was extracted and
polymerase chain reaction (PCR) array analysis was per-

formed using the atherosclerosis array of Qiagen (Valencia,
CA, USA).

Inflammatory cytokine gene expression

Macrophages and HUVECS were pretreated with SOAE
followed by addition of LPS or TNF-o for 24 h. Real-time
(RT)-PCR analysis was performed for IL-le¢, IL-6, and
TNF-o gene expressions in macrophages. VCAMI1 and
MCP-1 expression was analyzed in HUVECs.

Enzyme-linked immunosorbant assay

Medium was collected from RAW 267.4 cells following
treatment with SOAE and LPS. Fifty microliters of samples
were analyzed using sandwich enzyme-linked immunosorbant
assay (ELISA) kit (R & D systems, Minneapolis, MN, USA)
following suppliers protocol.

NF-kappaB immunofluorescence assay

Cells were cultured on sterilized glass cover slips in 6-
well plates. They were treated with LPS (10 ng/mL) or TNF-«
(10 ng/mL) = SOAE (200 ug/mL) for 24 h. Cells were then
stained following supplier’s protocol. The coverslips were
mounted on glass slides and viewed at 100X under oil im-
mersion using Zeiss fluorescence microscope.

Luciferase assay for detection of liver X receptor activity

HepG2-LXR cells were treated with liver X receptor
(LXR) agonist T0901317 (50nM) or SOAE (100 and 300
ug/mL). Cells were incubated overnight and observed for
GFP expression. Luciferase activity was determined using
the luciferase assay system from Promega (Madison, WI,
USA).

In vivo inflammation studies

Forty, six-week-old female C57BL/6J mice (Jackson
Laboratory, Bar Harbor, ME) weighing approximately 20—
22 g were divided into six groups: 12 animals in LPS
group (6+6), four groups with 6 animals in each (LPS+
SOAE), and 4 animals in control (SOAE 250 ug) group.
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FIG. 3. SOAE inhibits VCAMI1 and MCP-1 expression in HUVECs. HUVECs were pretreated with SOAE followed by addition of 10 ng/mL
TNF-o. Cells were incubated for 24 h at the end of which total cellular RNA was extracted and reverse transcribed. Real-time PCR analysis was performed
to analyze mRNA levels of VCAMI1 (A) and MCP-1 (B). PCR products are represented in panel (C). Western blot analysis to determine VCAMI1 protein
expression was carried out (D). Similar experiments were carried out with HUVECS treated with mm-LDL and SOAE. Gene expression of VCAMI (E)
and MCP-1 (F) were analyzed. Results are representative of three experiments. Error bars represent SEM. *P <.05; **P < .01. HUVECs, human umbilical
vein endothelial cells; LDL, low-density lipoprotein; MCP-1, monocyte chemoattractant protein-1; mm-LDL, minimally modified LDL.

To evaluate the effect of SOAE on LPS-induced inflam-
mation, LPS (10 ug) and 10 ug LPS plus SOAE at varying
concentration (10, 50, 100, and 250 ug/animal) were used.
Animals were intraperitoneally injected at two different
sites (200 uL/animal total injection volume) first with
SOAE followed by LPS after half an hour. Blood and
tissue samples were harvested from the animals 2h after
LPS injection. TNF-uo and IL-6 cytokines were analyzed in
mice serum samples using a sandwich ELISA kit (R & D
systems).

Statistical analysis

Values are presented as mean+SD, and statistical ana-
lyses were performed by using Student #-test at significance
of P<.05.

EXPERIMENTAL RESULTS
PCR array analysis

RAW cells were pretreated with 500 ug/mL of SOAE for
2h followed by addition of LPS (10ng/mL). RNA was

isolated after 24 h and used for atherosclerosis PCR array
analysis (Qiagen). PCR array results showed that SOAE
inhibited numerous inflammatory markers that were induced
by LPS. The scatter plot (Fig. 1A) reveals the difference in
expression pattern of numerous genes between LPS and
LPS +SOAE groups. Genes such as Ccl2, Ccl5, IL-1a, IL-
13, TNF, Nfkbl, and others were downregulated in the
presence of SOAE (Fig. 1B). Genes that were upregulated in
the presence of SOAE included ATP-binding cassette Al
(ABCAD), Itgax, Plin2, and Serpinel (Fig. 1C).

SOAE inhibits LPS-induced inflammatory cytokines
in RAW cells

Expression of specific cytokines was tested separately.
RAW cells were treated with LPS (10 ng/mL) = SOAE (250
and 500 pug/mL) for 24h. LPS strongly induced mRNA
levels of IL-1a (Fig. 1D), IL-6 (Fig. 1E), and TNF-o (Fig.
1F) in RAW cells. However, in the presence of SOAE, the
expression of these inflammatory markers was significantly
inhibited in a concentration-dependent manner. The extract
alone did not induce any of the inflammatory cytokines.
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FIG. 4. SOAE inhibits NF-kappaB transcrip-
tion and translocation. PCR array results showed
that SOAE inhibited LPS-induced NF-kappaB
mRNA levels in RAW 264.7 cells (A). Im-
munofluorescence staining revealed that SOAE
inhibited NF-kappaB translocation to the nucleus
in both macrophages (B, upper panel) and
HUVECs (B, lower panel). Images are at 100X and
are representative of three independent experi-
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The medium from cells treated with LPS (10ng/mL) =+
SOAE (100 and 200 pg/mL) were assayed for IL-6 and
TNF-o levels. ELISA for IL-6 (Fig. 1G) and TNF-« (Fig.
1H) also supported mRNA expression results. IL-6 and
TNF-o secretion in to the medium was enhanced when
cells were treated with LPS alone. However, presence of
SOAE significantly inhibited LPS-induced secretion of the
cytokines from RAW cells in a concentration-dependent
manner.

SOAE inhibits LPS-induced inflammatory cytokines
in mouse peritoneal macrophages

Peritoneal macrophages were treated with LPS (10 ng/mL) +
SOAE (200 pug/mL) for 24h. RNA was isolated and gene
expression of IL-1a, IL-6, and TNF-« was analyzed. Similar
results as seen with RAW macrophage cell line were ob-
served. The cells responded well to the positive stimulus of
10ng/mL of LPS as seen by significant induction of IL-1c,
IL-6, and TNF-o. In the presence of SOAE, the mRNA ex-
pression of these inflammatory cytokines was significantly
inhibited (Fig. 2).

SOAE inhibits MCP-1 and VCAM1 in HUVECs

HUVECs were treated with TNF-« (10ng/mL)+SOAE
(100 and 200 pg/mL). Cells were harvested after 24 h and
mRNA expression of VCAMI and MCP-1 was analyzed.
When cells were treated with TNF-a, strong induction of
VCAMI (Fig. 3A) and MCP-1 (Fig. 3B) mRNA expression
was observed. However, SOAE was able to inhibit both
markers in a concentration-dependent manner. Figure 3C
represents PCR products on agarose gel. Western blot for

VCAMI1 (Fig. 3D) confirmed the results from real-time
PCR. As mm-LDL is more physiologically relevant in ath-
erosclerosis, we used it as another inducer of inflammation
in HUVECs. SOAE was able to inhibit mm-LDL-induced
VCAMI1 (Fig. 3E) and MCP-1 (Fig. 3F) mRNA levels in
endothelial cells.

Inhibition of NF-kappaB transcription and translocation
in the presence of SOAE

NF-kappaB is involved in LPS-induced expression of
many of the inflammatory cytokines. PCR array results in-
dicated suppression of NF-kappaB transcription in the pres-
ence of SOAE (Fig. 4A). We also studied the translocation of
the transcription factor (p65) in the presence of SOAE. As
shown in Figure 4B, immunofluorescence staining of RAW
cells and HUVECs showed reduced NF-kappaB translocation
into the nucleus thus attenuating LPS and TNF-a-induced
inflammatory markers respectively.

SOAE inhibits oxidation of LDL and HDL by Cu and MPO

Oxidized form of LDL is proatherogenic as it is inter-
nalized by macrophages leading to cholesterol accumulation
and foam cell formation.?’” LDL was subjected to oxida-
tion and the formation of conjugated dienes was measured
by following increase in absorption at 234 nm. As shown
in Figure 5A, in the presence of increasing amounts of
SOAE there was an increase in lag time, suggesting that
even low concentrations of SOAE were able to delay the
oxidation rate. Similarly, SOAE inhibited the oxidation of
LDL by MPO (Fig. 5B) and by MPO and tyrosine (Fig.
5C). LMB, TBARS assay, and electrophoretic mobility
results also corroborated with the oxidation curves (data
not shown).
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FIG. 5. SOAE inhibits oxidation of lipoproteins. LDL and HDL were isolated from human plasma and oxidation was carried out using copper
(A, D); MPO (B, E) and MPO with tyrosine (C, F) in the presence or absence of SOAE. In all cases, SOAE effectively delayed or inhibited
oxidation of lipoproteins in a concentration-dependent manner. HDL, high density lipoprotein; MPO, myeloperoxidase.

SOAE was also tested on HDL oxidation in presence and
absence of 5 uM copper (Fig. 5D) or 0.2 U MPO (Fig. 5E) or
MPO with tyrosine (Fig. SF). Similar results as with Ox-
LDL were observed.

Effect of SOAE on the expression of scavenger receptors

Both class A scavenger receptor (SR-A1) and class B
scavenger receptor (CD36) have been recognized for their
involvement in atherogenesis.?®* When RAW cells were
treated with SOAE, the mRNA expression of scavenger
receptor Al (SR-A1) was inhibited (Fig. 6A). However, the
mRNA levels of CD36 was significantly increased in a
concentration-dependent manner (Fig. 6B). The protein
expression of the scavenger receptors corroborated with
the mRINA expression pattern as confirmed by western blot
analysis (Fig. 6C).

Effect of SOAE on RCT genes

RCT is a mechanism that involves the transport of cho-
lesterol from peripheral tissues to the liver for excretion.
Increased RCT is desirable for atherosclerotic plaque re-
gression. ABCA1, ABCGI, and SR-B1 are RCT genes
known to be expressed by macrophages.>® Both PCR array
analysis and independent gene studies showed that SOAE
significantly upregulated ABCA1 in RAW cells (Figs. 1C
and 6D). However, there was no significant effect on
ABCGI1 or SR-B1 (Fig. 6D).

SOAE activates LXRs in HepG2 cells

When HepG2-LXR reporter cell lines were incubated in
the presence of SOAE, increased GFP expression (Fig. 6E)
was observed, which indicated LXR activation. Increased
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FIG. 7. TNF-o and IL-6 ELISA for mice serum samples. TNF-o
and IL-6 levels were measured by ELISA from serum of mice as
described in methods. As shown in (A), pretreatment of mice with 50
ug and 100 ug SOAE (**P <.003) showed a significant reduction in
LPS-induced TNFu levels compared with LPS-treatment alone. A
similar result was observed with IL-6 at 10 ug SOAE (**P <.004).
However, a dose-dependent increase in IL-6 (B) levels was observed
at concentrations higher than 10 ug SOAE.

could be anti-inflammatory. We have developed a unique
and easy methodology to separate the nonlipid components
of SO. The SOAE was characterized by UV spectral
analysis along with sesamol and sesamin. After confirming
the absence of considerable lipid content (by TLC) or
protein content (by SDS PAGE gel), the aqueous extract
was used for in vitro studies. This ensured that we elimi-
nated vitamin E or vitamin E-associated effects in the
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fraction tested. LPS, mm-LDL, and TNF-o were used as
inducers of inflammation. Bacterial LPS is an essential
component of the membrane of Gram-negative bacteria
and is the primary factor associated with the pathogenesis
of sepsis.?!*? LPS exerts its toxic effects by potently ac-
tivating macrophages and endothelial cells, and inducing
the expression of inflammatory cytokines such as TNF-o
and IL-6.%-** According to the oxidation hypothesis, LDL
in the intima undergoes oxidative modification to different
degrees. The modified lipoprotein is considered more
proinflammatory and proatherogenic due to the presence of
increased peroxides.®

Our current observations show that SOAE has potent
anti-inflammatory properties as seen with LPS-induced
inflammation in RAW macrophages or mouse peritoneal
macrophages. The atherosclerosis PCR array revealed
downregulation of a number of inflammatory markers such
as Ccl2 or MCP-1, Ccl5 or RANTES, IL-1a, IL-1f, and
TNF in the presence of SOAE. Other targets that are thought
to play a role in the atherosclerotic disease process such as
colony stimulating factor 2 (Csf2), Nfkbl, an important
proinflammatory transcription factor, and matrix metallo-
proteinase 3 (Mmp3) were also suppressed. Independent
analysis also revealed significant inhibition of IL-6 expres-
sion in the presence of SOAE. An acute phase response is
known to be elicited by IL-6 through the release of CRP,
which is an inflammatory biomarker of cardiovascular
risk.**37 Thus, components in SOAE might have the po-
tential to regulate many inflammatory pathways. This anti-
inflammatory property was unique to SOAE as aqueous
extract of sunflower oil did not show any effect on LPS-
induced inflammatory markers in macrophages (data not
shown). SOAE was also effective in attenuating mm-LDL/
TNFa-induced inflammation in HUVECsS.

As activation of NF-kappaB transcription factor is primarily
involved in directing LPS response,*®*° we wanted to deter-
mine whether SOAE was mediating its anti-inflammatory
effects through NF-kappaB inhibition. While data from the
PCR array already revealed downregulation of NF-kappaB in
the presence of SOAE, immunofluorescence assays showed
that SOAE inhibited translocation of NF-kappaB from cyto-
plasm in to the nucleus in both LPS-induced macrophages and
TNF-a-induced HUVECs. Thus, it is clear that SOAE has
components that inhibit inflammation through blocking NF-
kappaB activation. SOAE also effectively inhibited oxidation
of LDL and HDL by Cu, MPO, or MPO in the presence of
tyrosine. While oxidized LDL promotes foam cell forma-
tion,** oxidation of HDL compromises the function of the
latter in RCT and its anti-inflammatory properties.*! Com-
ponents in SOAE could hence preserve the nature of lipo-
proteins by preventing oxidation.

Besides its anti-inflammatory and antioxidant effects, we
also observed that SOAE affected lipid metabolism by
regulating genes involved in RCT. It specifically upregu-
lated ABCA1 as evidenced by mRNA expression in RAW
cells. No significant changes were observed in ABCGI1 or
SR-B1 mRNA Ievels. LXRs are nuclear receptors that act as
transcription factors and have been identified to be involved

in the induction of ABCAl and ABCGI1.**** Luciferase
assays in HepG2-LXR reporter cells confirmed activation of
LXRs by SOAE. Thus, components in SOAE have the po-
tential to activate specific RCT mechanisms that could be
vital in plaque regression.

Effect of SOAE on scavenger receptors namely SRAI
and CD36 was interesting as it downregulated the former
while expression of CD36 was significantly increased.
While LPS has been shown to induce macrophage scavenger
receptor A** and the latter is indeed required for LPS-
induced activation of NF-kappaB,*’ it is highly possible that
SOAE could be attenuating LPS-mediated effects by de-
creasing SR-A expression in macrophages. On the other
hand CD36, a multifunctional receptor, is reported to be
strongly downregulated by LPS in human peripheral blood
monocytes*® while our data show increase in CD36 tran-
scripts and protein expression with SOAE in macrophages.
In the event of an infection this could be beneficial as
SOAE-mediated upregulation of CD36 could ensure path-
ogen elimination and suppress inflammation. Hence, com-
pounds acting as LPS-antagonists could be present in SOAE
thus providing protection against inflammation. Although
one can argue that CD36 is also a receptor for oxidized
LDL* and the uptake of the latter can lead to foam cell
formation, we propose that SOAE may restore steady state
in macrophages by promoting RCT through ABCAL1 via
LXR. In addition, CD36 has recently been identified as a
regulator of de novo cholesterol synthesis in hepatic tissue,
which should limit cholesterol availability and lower plasma
cholesterol levels.*®

Thus, SOAE appears to contain components that possess
a wide variety of beneficial effects. Testing of this fraction
in animal models of atherosclerosis and other inflammatory
diseases will provide valuable information on the efficacy of
components of SOAE in vivo. Our in vivo studies showed
that SOAE inhibited LPS-induced proinflammatory markers
to varying degrees. The difference in the ability of SOAE to
attenuate different inflammatory markers to different extents
might depend on numerous factors including, the ability of
the inflammatory agent to interact and dissociate from
components present in the SOAE. Thus, SOAE is able to
inhibit acute inflammation in animals. While identifying the
specific components in SOAE will shed light on the nature
of compounds, one has to keep in mind that the mixture
might be a more potent nonpharmocological agent due to
potential synergistic interaction among the components.

Dietary approaches to prevent, treat, or manage athero-
sclerosis are more desirable than pharmacological control as
it is safe and healthy. A better understanding of the nature of
the components and their mechanism of action could lead to
the development of inexpensive and powerful ‘‘adjunct
therapy”’ to existing medications. It would also lead to new
class of drug development.
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