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Abstract: Atherosclerosis is a cardiovascular disease that affects most people to at least some extent by old age.
Many factors contribute to atherogenesis, and although it is extremely common, the mechanisms behind the patho-
genesis of the disease remain poorly understood. Endothelial dysfunction is thought to be one of the main causes of
atherosclerosis along with numerous other factors, such as oxidative stress and proinflammatory cytokine upregula-
tion. The culmination of the complications that lead to atherogenesis is the formation of a fatty plaque on the intima
of the arterial endothelium. In this study, we explore these aspects and others in regard to the treatment potential
of dehydrocostus lactone (DHL), which is naturally occurring in certain flora such as the Saussurea lappa costus
plant. Having long been used in traditional Chinese medicine, the effects of this plant are only just beginning to be
studied by modern science. Among our most noteworthy findings are that DHL exerts an inhibitory effect against
the increased expression of VCAM-1 and E-selectin induced by exposure to oxidized low-density lipoprotein (ox-LDL),
which has been linked to the development and progression of atherosclerosis. The introduction of DHL also signifi-
cantly diminished the downstream effects of VCAM-1 and E-selectin, such as the attachment of monocytes to the
endothelium and the release of proinflammatory cytokines and chemokines, including TNF-a, MCP-1, and HMGB1.
Furthermore, DHL is capable of rescuing the expression of KLF2, an important regulator of VCAM-1 and E-selectin
expression. Together, our findings demonstrate the potential of DHL as a prophylactic or therapeutic treatment
against ox-LDL-induced atherosclerosis via inhibition of the attachment of monocytes to endothelial cells.
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Introduction lated while the expression of NO, a protective

factor, is downregulated, thereby leading to sus-

One of the leading health concerns related to
the process of aging is the increased risk of the
development of atherosclerosis, a cardiovascu-
lar disease primarily characterized by the for-
mation of fatty plaque and hardening of the
arterial walls. This disease typically begins with
few to no symptoms at all, which makes it diffi-
cult to diagnose early on. While atherogenesis
tends to begin in younger years, it typically does
not begin to cause complications until the per-
son afflicted begins to reach old age. The prop-
er function of the endothelium is essential in
the natural prevention of atherosclerosis [1]. In
its normal state, the endothelium plays a major
role in regulating the production of reactive oxy-
gen species (ROS) and the release of nitric
oxide (NO). However, in a state of endothelial
dysfunction, the production of ROS is upregu-

tained oxidative stress [2]. Additionally, endo-
thelial cells produce various transcriptional
facotors including Kruppel-like factor 2 (KLF2)
that play a part in reducing inflammation and
suppressing the adhesion of leukocytes to the
endothelium, which is recognized as a major
early event in the pathogenesis of atherosclero-
sis. Endothelial dysfunction results in increased
release of proinflammatory cytokines and che-
mokines, such as tumor necrosis factor-a (TNF-
«), monocyte chemoattractant protein-1 (MCP-
1), and high mobility group box 1 (HMGB1) [3].

Oxidized low-density lipoprotein (ox-LDL) is
thought to be a result of the reaction between
LDL and free radicals, and though thoroughly
studied, the exact mechanisms behind the
effects of ox-LDL are not fully understood. Thus
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far, it has been established that ox-LDL plays a
significant role in the development of many dis-
eases, including but certainly not limited to ath-
erosclerosis. This is due primarily to the inflam-
matory properties of ox-LDL. Specifically, in
atherogenesis, ox-LDL has been shown to facili-
tate the adhesion of monocytes to the endothe-
lium, thereby forming the characteristic fatty
plaque buildup associated with atherosclerosis
[4]. This process leads to constricted blood flow
and an increased risk of blood clots, among
other negative and dangerous effects. While
certain catalysts such as VCAM-1 and E-sele-
ctin aid in the development of plaque, others
mitigate it, such as KLF2 [5, 6]. VCAM-1 is an
endothelial ligand which mediates the mono-
cyte attachment process during atherogene-
sis. Increased gene transcription of adhesion
molecules induced by ox-LDL is a common
cause of overproduction of VCAM-1. As a selec-
tin cell adhesion molecule, E-selectin contrib-
utes to angiogenesis by further promoting
monocyte attachment. However, KLF2 has
been shown to inhibit the expression of these
adhesion molecules in endothelial cells [7].
While expression KLF2 was originally associat-
ed with the lungs, it has since been found to
regulate the expression of adhesion molecules,
proinflammatory cytokines and chemokines
induced by ox-LDL, thereby indicating the po-
tential benefit of treatments aimed at targeting
KLF2 expression against atherosclerosis [8, 9].

Dehydrocostus lactone (DHL) is a sesquiter-
pene lactone found naturally in the Saussurea
lappa plant which has been widely used in tra-
ditional Chinese medicine for centuries. To-
day, this compound is recognized for a myriad
of pharmacological effects such as preventing
the phosphorylation of IkBa and inhibiting K-
KB activity. DHL possesses many benefi-
cial effects overall, including anti-inflamma-
tory properties, immunomodulatory capabili-
ties, and anti-tumor action. DHL has been
found to limit breast cancer development with-
out significant damage to normal cells in the
same area, to reduce the development of pros-
tate cancer, and to trigger apoptosis of DU145
cells [10, 11]. DHL is able to suppress the
enlargement, activation, and resorption activity
of osteoclasts by downregulating the expres-
sion of integrin B3, PKC-3, and autophagy-relat-
ed 5 [12]. Another study demonstrated that
DHL protected rat hippocampal slices ag-
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ainst oxygen-glucose deprivation/reoxygen-
ation (OGD/R)-induced injuries [13]. Addi-
tionally, administration of DHL could alleviate
LPS-induced acute lung injury in a rodent mo-
del through inhibiting the production of proin-
flammatory mediators such as iNOS, NO,
cytokines including TNF-q, IL-6, IL-1[3, and 1L-12,
and activation of the p38/NF-kB signaling
pathway in macrophages [14], thereby sug-
gesting a robust anti-inflammatory capacity of
DHL. However, it remains unknown whether
DHL possesses a beneficial effect in endothe-
lial cells against ox-LDL-induced inflammation
and damage.

Materials and methods
Cell culture and treatment

Primary human aortic endothelial cells (HAECs)
were purchased from Lonza (Basel, Switzer-
land). Human leukemia monocyte cell line
THP-1 cells were from the American Type
Culture Collection (ATCC) (Manassas, VA).
HAECs in low passage numbers (less than 10)
were grown in 2% low serum growth medium
(EGM2). THP-1 cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum.
Cells for experimentation were stored in a 5%
(v/v) CO,/95% (v/v) nitrogen incubator at a
temperature of 37°C. For all experiments,
HAECs were exposed to 10 ng/ml in the pres-
ence or absence of 15 or 30 uM DHL [15, 16]
for 24 h, or for 2 h for the ERK5 knockdown
experiment.

Real-time polymerase chain reaction (PCR)
analysis

Qiazol reagent (Qiagen, USA) was used to
extract the total intracellular RNA for spectro-
photometric quantification. The isolated RNA
was treated with DNase | (4 units) at a tem-
perature of 37°C for 2 h. Then, cDNA was pre-
pared using a high-capacity cDNA synthesis kit
purchased from Applied Biosystems (USA) and
reverse transcription PCR (RT-PCR) was per-
formed using an RT-PCR kit in accordance with
the manufacturer’s instructions [17]. A total
of 2 ul cDNA was subjected to polymerase
chain reaction (PCR) analysis on an Applied
Biosystems 7500 Real-Time PCR System using
SYBR Green PCR Master Mix to determine the
expression of the target genes. The results are
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expressed as normalized to GAPDH in each
sample and were analyzed using the 224t
method.

The following primers were used in this study:
TNF-a: For, 5-GTCACTCATTGCTGAGCCTCT-3’;
Rev, 5-AGCTTCTTCCCACCCACAAG-3’; MCP-1:
For, 5-ATGCAATCAATGCCCCAGTC-3’; Rev, 5™-
TGCAGATTCTTGGGTTGTGG-3’; VCAM-1: For, 5-
CTTAAAATGCCTGGGAAGATGGT-3’; Rev, 5-GTC-
AATGAGACGGAGTCACCAAT-3’; E-selectin: For,
5-GCCTGCAATGTGGTTGAGTG-3; Rev, 5-ACG-
AACCCATTGGCTGGATT-3’; KLF2: For, 5-GCG-
CCCCCAGCCTTCGGTCTCT-3’; Rev, 5-CATGTG-
CAGCGCCAGGTGAT-3’; GAPDH: For, 5-GGAG-
CGAGATCCCTCCAAAAT-3’; Rev, 5-GGCTGTTGT-
CATACTTCTCATGG-3".

Enzyme-linked immunosorbent assay (ELISA)

HAECs were harvested and lysed with cell lysis
buffer. The cell culture media was collected,
and the expression levels of TNF-a, MCP-1, and
HMGB1 were analyzed. The following ELISA kits
were used in this study: human TNF-a ELISA kit
(#DTAOOD, R&D Systems, USA); human MCP-1
ELISA kit (#DCPOO, R&D Systems, USA); hu-
man HMGB-1 ELISA kit (#OKCD04074, Aviva
Systems Biology, USA). Experiments were per-
formed in accordance with the manufacturer’s
instructions to determine the protein con-
centrations.

Western blot analysis

After the necessary treatment, RIPA lysis buffer
containing protease inhibitor cocktail was used
to prepare cell lysates from HAECs. Samples of
extracted proteins (20 pg) were then separated
by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transfer-
red onto polyvinylidene fluoride (PVDF) mem-
branes (Immobilon-P, Millipore) [18]. Mem-
branes were then washed in blocking buffer
containing 5% non-fat milk for 1 h at room tem-
perature (RT) to eliminate non-specific binding
sites on the membranes. The membranes were
then incubated with primary antibodies and
horseradish peroxidase (HRP)-conjugated sec-
ondary antibody. An enhanced chemilumines-
cence (ECL) kit was used to visualize the
immune-bands.

Attachment of monocytes to endothelial cells

HAECs were cultured with 10 yg/ml ox-LDL in
the presence or absence of 15 or 30 uM DHL
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for 24 h. The dye calcein-AM (2 uM) was used to
stain THP-1 monocytes for 30 min at 37°C.
Then, 5 x 10° cells/ml stained THP-1 mono-
cytes were added to 1 x 10° confluent HAECs
and incubated for 2 h. THP-1 cells that did not
adhere to HAECs were washed away. Then, a
fluorescence microscope was used to visualize
green fluorescence-stained THP-1 cells, and
the number of attached cells was quantified.

Dihydroethidium (DHE) staining

After the necessary treatment, dihydroethi-
dium (DHE) staining was used to assess the
level of ROS production in HAECs. Briefly, cells
were loaded with DHE (10 pyM) [19] and incu-
bated at 37°C in darkness for 30 min. After 3
gentle washes, red fluorescence signals were
observed under a fluorescence microscope.
The software Image J was used to quantify ROS
in HAECs. Briefly, regions of interest (ROls) of
fluorescent images were defined, and the aver-
age numbers of cells present in the defined
ROIs were calculated. The integrated density
value (IDV) of red fluorescence in each ROl was
assessed. The IDV was divided by the average
number of cells and was used to index the aver-
age levels of intracellular ROS.

Measurement of reduced GSH

A fluorometric assay was used to assess the
intracellular levels of reduced glutathione
(GSH) in HAECs. HAECs were stimulated with
10 pg/ml ox-LDL in the presence or absence of
15 or 30 uyM DHL for 24 h. The cells were col-
lected and stored in ice-cold 5% meta-phos-
phoric acid (MPA) until use. Then, the cells were
sonicated and centrifuged at 14000 x g for 5
min. The supernatant was incubated with an
equal part OPAME (Sigma-Aldrich, USA) in
methanol and borate buffer for 15 min at RT.
The resulting fluorescent signals were recorded
at 350 nm excitation and 420 nm emission.

Statistical analysis

All the experiments were repeated at least for 3
times. Experimental data are expressed as
means + S.E.M. Statistical analysis was per-
formed using SPSS software (Version 20).
Multi-group comparisons were analyzed using
analysis of variance (ANOVA), followed by
Bonferroni post-test comparisons. A P-value of
less than 0.05 was considered statistically
significant.
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Figure 1. Dehydrocostus lactone attenuated ox-LDL-induced oxidative stress in human aortic endothelial cells
(HAECs). Cells were treated with ox-LDL (10 pg/ml) with or without dehydrocostus lactone (DHL) at concentrations
of 15 and 30 uM for 24 h. A. Intracellular ROS was determined by staining with dihydroethidium (DHE); B. The levels
of intracellular reduced GSH were measured (*, #, $, P < 0.01 vs previous group, n = 6).

Results

Dehydrocostus lactone ameliorates ox-LDL-
induced oxidative stress

Recognized as a critical factor in the progres-
sion of atherogenesis, oxidative stress is a vital
factor of study when testing potential treat-
ments for atherosclerosis. Overproduction of
ROS contributes to atherogenesis through sev-
eral mechanisms, including modification of LDL
and promoting leukocyte recruitment [20]. The
effects of ROS in the present study are shown
in Figure 1A. Briefly, the introduction of ox-LDL
increased the intracellular level of ROS by 3.5-
fold, which was reduced to approximately 2.3-
and 1.6-fold in the presence of 15 and 30 uM
DHL, respectively. The naturally occurring anti-
oxidant glutathione (GSH) is known to abolish
ROS over-production, making it a valuable
treatment target. As shown in Figure 1B, the
level of GSH was decreased to approximately
50% upon exposure to ox-LDL alone but was
restored to levels of approximately 71% and
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89% upon the addition of the two doses of DHL,
respectively.

Dehydrocostus lactone reduces ox-LDL-
induced expression of proinflammatory cyto-
kines

Proinflammatory cytokines are known for their
key role in atherogenesis and in the broader
context of cardiovascular disease. Both TNF-a
and MCP-1 have been found to play a particu-
larly paramount role in these various diseases
[24], and for this reason, we selected them as a
focus of study. In order to better understand
the effect of DHL treatment on the expression
of these cytokines induced by ox-LDL, we mea-
sured their expression at both the mRNA level
using real-time PCR analysis, and at the protein
level using ELISA analysis. Our findings demon-
strate that upon the introduction of ox-LDL, the
MRNA level of TNF-a increased by approximate-
ly 6-fold. However, with the addition of DHL (15
and 30 pM), this surge was limited in a dose-
dependent manner to only approximately 3-
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Figure 2. Dehydrocostus lactone attenuated ox-LDL-induced expression and secretion of pro-inflammatory cytokines
in human aortic endothelial cells (HAECs). Cells were treated with ox-LDL (10 pg/ml) with or without dehydrocostus
lactone (DHL) at concentrations of 15 and 30 uM for 24 h. A. mRNA levels of TNF-ac and MCP-1 were measured by
real-time PCR analysis; B. Protein levels of TNF-a and MCP-1 were measured by ELISA analysis (*, #, $, P < 0.01 vs

previous group, n = 5-6).
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Figure 3. Dehydrocostus lactone prevented ox-
LDL-induced secretion of high mobility group box-1
protein (HMGB1) in human aortic endothelial cells
(HAECs). Cells were treated with ox-LDL (10 pg/ml)
with or without dehydrocostus lactone (DHL) at con-
centrations of 15 and 30 uM for 24 h. Secretions of
HMGB-1 was measured by ELISA (*, #, $, P < 0.01 vs
previous group, n = 6).

and 2-fold, respectively, as shown in Figure 2.
The mRNA level of MCP-1 upon the introduction
to ox-LDL alone increased to approximately
8-fold. While upon the addition of the two doses
of DHL, this increase was limited to only approx-
imately 3- and 2-fold in the same dose-depen-
dent manner (Figure 2). The protein level of
TNF-a in the presence of ox-LDL alone increas-
ed by approximately 4.5-fold, but with DHL, this
increase was limited to only approximately 2-
and 1.5-fold, respectively, as presented in
Figure 2. As for the protein level of MCP-1, upon
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the addition of ox-LDL, the expression level of
MCP-1 increased approximately 5.5-fold, while
treatment with the two doses of DHL reduced
this increase to approximately 3- and 2-fold,
respectively, as shown in Figure 2. Another
important cytokine is the protein known as
high mobility group box-1 (HMGB1). One of the
more significant chromatin proteins, it is known
to be involved in the process of DNA organiza-
tion and transcription as well as for its role in
inflammation [22]. For this reason, neutraliza-
tion of HMGB1 secretion is a potentially impor-
tant aspect of the treatment of atherosclerosis.
We found that when cells were treated with ox-
LDL alone, the level of HMGB1 secretion
increased by 4.2-fold. This increase was limited
by the introduction of DHL in a dose-dependent
manner, limiting the secretion of HMGB1 to
respective levels of 2.5- and 1.6-fold, as shown
in Figure 3.

Dehydrocostus lactone prevents the attach-
ment of monocytes to endothelial cells

Being arguably the single most crucial conse-
quence of atherosclerosis, the buildup of
plague on artery walls is therefore also an
important target for treatment during athero-
genesis. Two important factor in this process
are VACM-1 and E-selectin. In the present study,
we measured the expression of these two
adhesion molecules as well as the attachment
of THP-1 monocytes to the endothelium
induced by ox-LDL in the presence or absence
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Figure 4. Dehydrocostus lactone reduced ox-LDL-induced expression of VCAM-1 and E-selectin. Cells were treated
with ox-LDL (10 ug/ml) with or without dehydrocostus lactone (DHL) at concentrations of 15 and 30 pM for 24 h.
A. mRNA levels of VCAM-1 and E-selectin as determined by real-time PCR analysis; B. Protein levels of VCAM-1 and

E-selectin as determined by western blot analysis (*, #, $, P < 0.01 vs previous group, n = 5-6).
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of DHL. Again, we studied the mRNA and pro-
tein levels via real-time PCR and western blot
analysis, respectively, using the same doses of
DHL described above. For VCAM-1 mRNA
expression, the addition of ox-LDL alone
increased the expression level approximately
5.6-fold, while the presence of the two doses
of DHL reduced the level in a dose-dependent
manner to approximately 2.9- and 1.9-fold, as
shown in Figure 4A. For E-selectin, we found
that ox-LDL increased the mRNA level approxi-
mately 4.9-fold, while the two doses of DHL
helped to lower the expression of E-selectin to
only approximately 2.6- and 1.6-fold, respec-
tively, as shown in Figure 4A. As for protein lev-
els of VCAM-1, basal levels were nearly unde-
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Figure 5. Dehydrocostus lactone inhibited ox-LDL-
induced attachment of the monocytes THP-1 cells to
human aortic endothelial cells (HAECs). HAECs were
treated with ox-LDL (10 pg/ml) with or without dehy-
drocostus lactone (DHL) at concentrations of 15 and
30 uM for 24 h. Attachment of THP-1 cells to HAECs
was measured (*, #, $, P < 0.01 vs previous group,
n = 5-6).

tectable, but the addition of ox-LDL increased
the protein expression of VCAM-1 by nearly
100%. Meanwhile, the respective doses of
DHL decreased the expression level to only
approximately 50% and 35% increases. The
protein expression of E-selectin was also nearly
undetectable at basal levels but also increased
by roughly 100% upon the addition of ox-LDL.
However, upon the addition of DHL, we found
approximately only 45% and 30% increases,
respectively. Next, we determined the effects
of DHL treatment on ox-LDL-induced attach-
ment of THP-1 monocytes to endothelial cells.
As shown in Figure 5, we found that ox-LDL
induced an increase in the number of attached
monocytes of approximately 3.9-fold, while this
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Figure 6. Dehydrocostus lactone resorted ox-LDL-in-
duced reduction of KLF2 in human aortic endothelial
cells (HAECs). HAECs were treated with ox-LDL (10
ug/ml) with or without dehydrocostus lactone (DHL)
at concentrations of 15 and 30 uM for 24 h. A. mRNA
levels of KLF2 as determined by real-time PCR analy-
sis; B. Protein levels of KLF2 as determined by west-
ern blot analysis (*, #, $, P < 0.01 vs previous group,
n = 5-6).

increase was limited to only roughly 2.5- and
1.7-fold by the two doses of DHL, respectively.

Dehydrocostus lactone rescues KLF2 function
via ERK5

KLF2 is recognized for its ability to regulate
the inflammatory response in atherosclerosis
as well as other cardiovascular diseases.
Additionally, KLF2 plays an inhibitory role in the
activation of cells that promote the buildup of
plaque in the arteries and protects the function
of the endothelium [23]. For these reasons, the
effect of DHL treatment on KLF2 is a subject of
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significant interest in our research. As shown in
Figure 6, we found that KLF2 expression was
greatly reduced by ox-LDL at both the mRNA
and protein levels, which were reduced to 38%
and 43%, respectively. However, KLF2 mRNA
expression was rescued by treatment with DHL
in a dose-dependent manner to 67% and 91%,
respectively. Similarly, the two doses of DHL
rescued ox-LDL-induced reduced protein
expression of KLF2 to 72% and 93%, respec-
tively. The ERK5 pathway is known to be
involved in both cardiovascular support and
endothelial cell function via promoting KLF2
expression [24]. As shown in Figure 7A, upon
exposure to ox-LDL, the level of phosphorylated
ERK5 was reduced by 66%, while the addition
of 15 and 30 uM DHL limited this reduction to
only 31% and 11%, respectively. In order to
examine these findings further, we tested the
effects of DHL along with the specific ERKS5
inhibitor XMD8-92. The results of western blot
analysis in Figure 7B, 7C show that, as previ-
ously demonstrated, 30 uM DHL rescued ERK5
expression to near basal levels while inhibition
of ERK5 by XMD8-92 abrogated this effect,
reducing ERK5 mRNA expression to only 23%.
At the protein level, DHL rescued ERK5 expres-
sion to 88% while XMD8-92 again abrogated
this effect, reducing ERK5 protein expression
to only in the presence of 30 yM DHL 32%.

Discussion

Although cardiovascular diseases such as ath-
erosclerosis present a global public health con-
cern, there are few reliable treatments avail-
able that can effectively prevent or reverse the
development and progression of atherosclero-
sis. A somewhat recent phenomenon, looking
to traditional medicine for answers regarding
how to best treat age-old diseases has proven
to be a valuable asset to the medical commu-
nity; if pharmacological benefit is not observed
with direct use of a traditional medicinal prod-
uct, potential treatments are often revealed
through further research of its constituents. In
the present study, we tested the effects of
DHL, a naturally occurring sesquiterpene
derived from the Saussurea lappa Costus plant,
on various factors commonly associated with
the development and progression of athero-
sclerosis. These include oxidative stress,
expression of proinfammatory cytokines and
chemokines, attachment of monocytes to
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Figure 7. The effects of dehydrocostus lactone in promoting KLF2 expression is mediated by ERK5. A. HAECs were
treated with ox-LDL (10 pg/ml) with or without dehydrocostus lactone (DHL) at concentrations of 15 and 30 uM for
2 h. Phosphorylated and total ERK5 was determined by western blot analysis. B, C. Cells were treated with ox-LDL
(10 pg/ml) with or without dehydrocostus lactone (DHL) (30 uM) or the specific ERK5 inhibitor XMD8-92 (100 nM).
MRNA levels and protein levels of KLF2 were measured (*, #, $, P < 0.01 vs previous group, n = 5-6).

endothelial cells, and suppression of the pro-
tective transcriptional factor KLF2. ROS are a
major signaling catalyst involved in generating
downstream atherogenic effects that drive dis-
ease development and progression of athero-
sclerosis [25]. Our results show that while expo-
sure to ox-LDL significantly increased the pro-
duction of ROS, remarkably, the addition of
DHL maintained the level of intracellular ROS
near the basal level. Upregulation of ROS can
be the result of numerous factors, but ox-LDL is
recognized as playing a major role in ROS and
superoxide formation through the apoptotic
pathway [26]. GSH is an antioxidant healing
compound found naturally in many living things
and its presence at normal levels aids in healthy
endothelial cell function. The antioxidant sys-
tem mediated by GSH has been shown to pre-
vent atherosclerosis induced by ox-LDL [27]. In
the present study, we found that DHL plays a
significant role in preserving GSH and its func-
tion. While initially reduced to around 50% in
ox-LDL-induced atherosclerotic conditions, the
higher dose of DHL rescued these levels to
nearly 90%. As a key antioxidant, preserving
GSH levels is an important strategy for prevent-
ing ox-LDL-induced upregulation of ROS and
protecting against the development or progres-
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sion of atherosclerosis. Our results demon-
strate a potent antioxidant effect of DHL
through its ability to inhibit ox-LDL-induced pro-
duction of ROS and rescue ox-LDL-induced
decreased levels of GSH.

Proinflammatory cytokines are a major driving
force behind many of the issues involved in ath-
erosclerosis. The three major cytokines investi-
gated in this study were TNF-a, MCP-1, and
HMGB-1. The cytokine TNF-a is particularly
noted for its negative effects on cell function,
and its association with atherogenesis is well-
documented. For example, a 2008 study spe-
cifically linked increased expression of TNF-a
to higher rates of atherosclerosis [28]. Other
more recent studies have taken a deeper look
at the involvement of TNF-a and its corresp-
onding pathways in relation to atherosclerosis
including a study from 2016 which linked
unmitigated upregulation of TNF-a to increased
buildup of atherosclerotic plaque [29]. MCP-1
and HMGBL1 also have significant potential as
treatment targets against atherosclerosis.
Previous studies have demonstrated the ro-
le of MCP-1 as a proatherogenic cytokine [30,
31]. HMGBL1 is a chromatin protein and dam-
age-associated molecular pattern (DAMP) that
is ubiquitously expressed. HMGB1 is released
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by cells are injured or activated and has been
shown to be upregulated in vascular diseases,
including atheromatous plaque and atheroscle-
rotic lesions [32, 33]. Interestingly, a diet rich in
polyphenols, a natural compound similar to
sesquiterpenes, was shown to exert a positive
effect in that a polyphenol-rich Mediterranean
diet aided in decreasing atherosclerosis-relat-
ed inflammation [34]. In the present study, the
expressions of each of these cytokines in ox-
LDL-induced atherogenic conditions were found
to be significantly reduced in a dose-dependent
manner by the addition of the two doses of
DHL. Thus, treatment with the sesquiterpene
DHL can exert a significant anti-inflammatory
effect in endothelial cells exposed to ox-LDL,
thereby demonstrating its potential as a novel
antiatherosclerotic agent.

VCAM-1 and E-selectin are essential players in
the process of atherosclerosis as they initiate
the adhesion of monocytes to the arterial inti-
ma. A 2017 study demonstrated the role of
VCAM-1 in this process using an atherosclero-
sis mouse model and showed that the inhibi-
tion of VCAM-1 activity directly correlated to a
reduction in atherosclerotic lesion formation
[35]. In 2018, a study was published in which
E-selectin-targeted treatment was applied in a
mouse model, which was again found to be
effective in limiting the attachment of mono-
cytes to endothelial cells [36]. These results
show that the inhibition of VCAM-1 and
E-selectin can help to ameliorate one of the
main health concerns associated with athero-
sclerosis. In the present study, we found that
DHL successfully reduced the expression of
both of these molecules in a dose-dependent
manner, thereby demonstrating the potential
significance of DHL treatment in combating the
formation of atherosclerotic lesions.

KLF2 is a transcription factor that plays a key
role in a number of diseases, and its activation
is significant in the prevention of atherosclero-
sis. A 2018 study linked KLF2 expression with
protection against atherosclerosis and muscle
injury and has been recognized as being highly
effective in slowing atherogenesis by upregulat-
ing the expression of protective genes and trig-
gering other beneficial processes [37]. The
ERK5 pathway is thought to be involved in
mediating the activation of KLF2 and its ef-
fects. In a previous study investigating the
treatment potential of the isoflavone puerarin
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in regard to atherosclerosis, the antiatheroscle-
rotic effects of puerarin were found to be
mediated by the ERK5 pathway, and knock-
down of this pathway using specific ERK5 in-
hibitor greatly decreased downstream KLF2
expression [37]. Concordantly, we found that
DHL was capable of rescuing the reduction in
KLF2 expression levels induced by exposure to
ox-LDL. We further confirmed the link between
KLF2 and ERK5, building on a previous nascent
understanding of this connection. We used the
specific ERKS inhibitor XMD8-92 to demon-
strate that normal ERK5 activation aided in the
downstream rescue of KLF2 expression, while
this effect was abolished by inhibition of ERK5.
These results demonstrate that the effects of
DHL on KLF2 expression are dependent on the
ERKS pathway.

In conclusion, we found that DHL has consider-
able potential as a treatment against athero-
sclerosis owing to its modulatory effect on vari-
ous aspects of atherogenesis. Our results sug-
gest that the DHL exerts potent antioxidant
effects by suppressing the overproduction of
ROS and increasing the production of the
antioxidant GSH. DHL also displays a remark-
able anti-inflammatory effect by inhibiting the
expression of TNF-a, MCP-1, and HMGB1, three
key proinflammatory cytokines. Importantly,
DHL ameliorates ox-LDL-induced attachment of
monocytes to endothelial cells via suppression
of VCAM-1 and E-selectin expression. DHL also
rescues decreased expression of the key pro-
tective factor KLF2, which is mediated through
the ERKS pathway. As a safe and natural ses-
quiterpene, DHL may provide a new treatment
strategy in atherosclerosis as well as other dis-
eases. Further research is required to under-
stand the exact mechanisms behind the effects
of DHL observed in this study.
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