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Abstract

Introduction: Thymoquinone (TQ) is one of the bioactive compounds in Nigella sativa (NS). Also known as black seeds/cumin, it has been
postulated to possess anti-atherogenic properties. However, research on the effects of NS oil (NSO) and TQ on atherogenesis remain
scarce. The aim of this study is to determine gene and protein expression of Intercellular Adhesion Molecule-1 (ICAM-1), Vascular Cell
Adhesion Molecule-1 (VCAM-1), and Endothelial-eukocyte adhesion molecule (E-selectin) in Human Coronary Artery Endothelial Cells
(HCAECs).

Methods: HCAECs were stimulated for 24 hours (h) with 200 pg/ml of Lipopolysaccharides (LPS) and different concentrations of NSO (55,
110, 220, 440 pg/ml) or TQ (4.5, 9.0, 18.0, 36.0 pm). The effects of NSO and TQ on gene and protein expressions were measured using
multiplex gene assay and ELISA assay, respectively. Rose Bengal assay was used to analyse monocyte binding activity.

Results: NSO and TQ significantly reduced ICAM-1 and VCAM-1 gene and protein expressions. TQ showed significant reduction activity
of the biomarkers in dose dependent manner. HCAECs pre-treated with NSO and TQ for 24 h significantly lowered monocytes adherence
compared to non-treated HCAECs.

Conclusions: NSO and TQ supplementation have anti-atherogenic properties and inhibit monocytes’ adherence to HCAECs via down-
regulation of ICAM-1 expression. NSO could potentially be incorporated in standard treatment regimens to prevent atherosclerosis and
its related complications.
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Highlights:

+ Nigella sativa is used in traditional medicine for its various beneficial effects.

+ Limited studies have been performed on its anti-atherogenesis effect in HCAECs.
+ Results showed NS oil or TQ exhibited anti-atherogenesis biomarkers.

leading to endothelial dysfunction and unregulated expres-

Introduction

Atherosclerosis is a chronic inflammatory process involving
key events such as endothelial dysfunction, inflammation,
oxidative stress, and prothrombogenesis. Over a period of
time it can lead to complications such as coronary artery dis-
ease (CAD), cerebrovascular accidents (CVA), and peripheral
vascular disease (PVD) (Steven et al., 2019). These non-com-
municable diseases remain the leading cause of mortality and
morbidity worldwide (Lozano et al., 2012). Several risk fac-
tors such as oxidised low-density lipoprotein and hyperten-
sion have been shown to reduce nitric oxide concentrations,

sion of endothelial activation markers during the initiation
stage of atherogenesis. These endothelial activation markers
(ICAM-1, VCAM-1, E-selectin) promote monocyte adherence;
a key pathogenesis to the formation of atherosclerotic plaques
(Marchio et al., 2019).

The management of CAD has long aimed to control estab-
lished risk factors such as dyslipidaemia, hypertension, and
hyperglycaemia/diabetes mellitus through drug treatment
and lifestyle modifications (Malakar et al., 2019). However, in
recent years, there has been a move towards identifying the
therapeutic values of natural compounds to incorporate them
into standard treatment regimens for reducing the risk of de-
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veloping CAD (Yuan et al., 2016). One such natural product
with a compound that has been of interest is Nigella sativa
(NS), or as it is more commonly known, the black seed or black
cumin.

NS is a herbaceous plant belonging to the Ranunculaceae
family. It is widely distributed in Eastern Europe, the Middle
East, and Western Asia and is harvested annually (Ahmad et
al., 2013). Commonly, NS is known as “black cumin”, in the
middle east as “habbat us sauda”, and in southern Asia as “ka-
lonji” (Ahmad et al., 2021; Yimer et al., 2019). NS has been
mentioned in various historical and religious textbooks as
a potential plant with medicinal properties (Ahmad et al,,
2021). The discovery of several inscriptions on NS found with-
in the tomb of Pharaoh Tutankhamen prove it has been used
as a remedy for ailments since ancient civilisation.

The historical accounts of the medicinal properties of NS
have sparked a growing research interest in identifying the
mechanism of its efficacy in various diseases (Padhye et al.,
2008). NS has been shown to be an antioxidant (Bordoni et al.,
2019), anti-diabetes (Sheikh, 2016; Tiji et al., 2021), anti-tu-
mour (Rahmani and Aly, 2015), and anti-convulsant agent
(Hosseinzadeh and Parvardeh, 2004). Previous studies from
animal models and clinical trials have also shown that NS can
be administered either orally (Abdel-Daim and Ghazy, 2015;
Basheer and Qureshi, 2018; Heshmati and Namazi, 2015) or
through intraperitoneal injection (Hosseini et al., 2015) in two
forms; crushed black seeds in powder form or as extract in-
cluding fixed and volatile oils (Samir Bashandy, 2007; Sultan
etal., 2014, 2015; Zaoui, et al., 2002a, b).

Oil is the main constituent of NS, making up 32-40% of
it, followed by carbohydrates (29.2%), protein (18.1%), fibre
(6.4%), moisture (5.5%), ash (4.7%), and volatile oil (0.4-
0.45%) (Mamun and Absar, 2018). Fixed oil dominates the
constituents of the NS oil, whereas volatile oil only accounts
for 0.5-1.4% of the seeds’ weight (Kiralan, 2014). The volatile
oil of NS has valuable phytomedicinal features and contains
a variety of compounds. There have been various reports on
the active compounds contained in NS, with thymoquinone
(TQ) as the main constituent and other oils such as carvacrol,
junipene, p-cymen, 4-Terpineol, longipene, and bornylacetate
present in minor quantities (Edris, 2010; Kiralan, 2014).

TQ is the main active compound of NS that has abundant
therapeutic values (Majdalawieh et al., 2021). The wide vari-
ety of medicinal uses of TQ are mainly due to its antioxidant
activity. Thymoquinone acts as a reducing agent and plays an
essential role in preventing oxidative stress (Cobourne-Duval
etal.,, 2016). Oxidative stress is caused by reactive oxygen spe-
cies (ROS), which oxidises and damages proteins, lipids, and
nucleic acids including DNA. ROS are typically produced as a
by-product of mitochondrial ATP production, but under cer-
tain circumstances, the production of ROS will escalate result-
ing in cellular apoptosis and death (Zorov et al., 2014). Certain
diseases such as diabetes mellitus and cancer have been shown
to excessively produce ROS (Leong et al., 2013). TQ has been
reported to reduce oxidative stress as it acts as a scavenger of
ROS (Cobourne-Duval et al., 2016).

Several studies have been conducted to determine the ef-
fects of NS and its bioactive compound, TQ, in the mechanisms
of various diseases. Many studies have shown that TQ is the
major component of NSO, and responsible for its therapeutic
benefits (Mazaheri et al., 2019; Srinivasan, 2018). Therefore,
the present study aims to evaluate NSO and TQ for anti-ath-
erogenic activity. However, to the best of our knowledge, the
role of NS and TQ in the atherogenesis pathway — particularly
their influence on endothelial activation and monocyte bind-

ing — have not been well addressed. Therefore, this study aims
to investigate the effects of NS and TQ on the gene and protein
expressions of endothelial activation markers in stimulated
human coronary artery endothelial cells (HCAECs).

Materials and methods

Reagents and chemicals

Nigella sativa oil (NSO) was purchased from Kausar, Iran,
as a pure oil with no additives. TQ was purchased from Sig-
ma-Aldrich (USA) with a purity of 99% and kept at 4 °C. All
chemicals used in this study were of analytical grade, including
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromi-
de (MTT), dimethyl sulfoxide (DMSO), and lipopolysaccha-
rides (LPS) obtained from Sigma-Aldrich. HCAECs and its
growth medium of endothelial basal medium-2 (EBM-2) kit
were acquired from Lonza, Switzerland. The RPMI 1640 (Corn-
ing, New York), Foetal Bovine Serum (FBS) and penicillin from
Gibco, USA, were used for treatment media. Rose Bengal stain
was acquired from Sigma-Aldrich, USA. Commercially avail-
able ProcartaPlexTM Assay was used for protein expression
quantification, while gene was measured by QuantiGene® 2.0
Plex Assay from Affymetrix, USA.

Cell culture maintenance

The human coronary artery endothelial cells (HCAECs) were
maintained in complete growth medium (CGM), supplement-
ed with EBM-2 growth medium, 10% fetal bovine serum, and
1% of penicillin antibiotic at 37 °C and in a 5% CO, humidified
incubator. The number of HCAEC passages was maintained be-
tween 5-7 passage during the study.

Cytotoxicity assay

The HCAECs (2 x 10* per well) were seeded into 96-well cul-
ture plates, and the media was replaced the next day with
a fresh medium containing NSO (3.4-800.0 pg/ml) or TQ
(2.4-42.2 um) diluted from the stock solution. Following 24 h
of incubation, the MTT solution was added and incubated fur-
ther for another 2 h. MTT formazan formed by metabolically
viable cells was dissolved in isopropanol, and absorbance was
measured at 595 nm on a plate reader (TECAN, Switzerland).

HCAECs treatment for gene and protein expression
HCAECs were maintained in continuous exponential growth
prior to the assay. HCAECs untreated cells were used as neg-
ative control and cells only treated with LPS as positive con-
trol. All groups of NSO (55.0-440.0 pg/ml) and TQ (4.5-36.0
pm) treated cells were stimulated with 200 pug/ml of LPS. After
24 h of treatment, the cells were harvested and resuspended in
RPMI medium and stored at -80 °C for gene expression study.
The supernatants were collected and stored at —20 °C for pro-
tein expression study.

Gene expression

Frozen cells were thawed and lysed for gene expression quan-
tification using QuantiGene® 2.0 Plex Assay (Thermo Fisher
Scientific, USA) for ICAM-1, VCAM-1, and E-selectin expres-
sion. The target-specific RNA molecules of LPS-stimulated
HCAECs were ICAM-1: NM_000201, VCAM-1: NM_001078
and E-selectin: NM_000450. The genes were normalised with
geometric means of three references genes, namely Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH): NM_002046;
Glucuronidase beta (GUSB): NM_000181; and Hypoxanthine
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phosphoribosyltransferase1 (HPRT1): NM_000194. The Quan-
ti-Gene Plex 2.0 assay combines branched DNA (bDNA) signal
amplification and multi-analyte profiling beads (xMAP) tech-
nologies to enable the detection and quantitation of multiple
RNA targets simultaneously. The gene expression of treated
cells was presented as fold changes relatively to LPS group.

Protein expression

Supernatants were thawed at room temperature and protein
expression of ICAM-1, VCAM-1, and E-selectin were measured
by ProcartaPlexTM Assay. The assay was performed following
manufacturer instructions. The absorbance was determined at
540 nm on a plate reader (TECAN, Switzerland).

Monocyte binding assay

HCAECs were stimulated with 1 pg/ml of LPS for 24 h at
37 °C, and 5% CO, humidified incubation. The LPS stimulated
HCAECs were then treated with different concentrations of
NSO (55.0, 110.0, 220.0, 440.0 pg/ml) and TQ (4.5, 9.0, 18.0,
36.0 pm). Monocyte cell line (U937) obtained from ATCC,
USA, was then added and incubated for 1 h. Rose Bengal stain
which was prepared in phosphate-buffered saline (PBS) was
added. The absorbance data was measured using spectropho-
tometer at 570 nm.

Statistical analysis

Each concentration was performed in biological triplicate and
all the experiments were conducted in triplicate. Data were
recorded as mean * standard error mean (SEM) and analysed
by SPSS version 22.0. One-way ANOVA and Post Hoc analysis
(Bonferroni) were used, where p < 0.05, p < 0.01 or p < 0.001
was deemed to be statistically significant.

Results

Effects of NSO and TQ on HCAECs cell survival

The characterisation of the cytotoxicity of NSO (3.4-880
pg/ml) and TQ (2.4-42.2 pm) revealed that high concentra-
tions of NSO and TQ caused a reduction in cell viability by
approximately 60% and 14%, respectively (Fig. 1A, B). Thus,
NSO (3.4-440 pg/ml) and TQ (4.5-36 pm) concentrations
were considered not to be cytotoxic to HCAECs and used for
further studies.

NSO and TQ attenuate LPS-mediated endothelial
activation in HCAECs

LPS-induced injury in HCAECs is related to increased endothe-
lial activation. The mRNA expression of ICAM-1, VCAM-1 and
E-selectin were measured by QuantiGene Plex assay, and the
protein levels by ELISA. Fig. 2A depicts the HCAECs NSO
treated gene and protein expression of VCAM-1, where the
gene evidenced down-regulation in dose dependent relative-
ly to HCAECs LPS induced significantly (p < 0.001). Similarly,
VCAM-1 protein expression were down-regulated significantly
(p < 0.01) across all concentrations (55-440 pg/ml) in com-
parison to LPS group. The gene expression of ICAM-1 in NSO
treated cells showed down-regulation in all concentrations,
with p < 0.01, for 55-110 pg/ml and p < 0.001, for 220-440
pg/ml. As depicted in Fig. 2B, the ICAM-1 protein expression
demonstrated NSO down-regulated ICAM-1 across all con-
centrations significantly (p < 0.001). As for E-selectin, NSO
down-regulate the E-selectin gene expression significantly in
dose dependent with for 55-110 pg/ml (p < 0.01) and 220-440

pg/ml (p < 0.001). While for the protein expression, NSO was
down-regulated significantly (p < 0.001) in cells treated with
110-440 pg/ml groups. The concentration of NSO at 55 pg/ml
increased the protein expression of E-selectin, although this
did not reach a statistically significant level.

The endothelial activation biomarkers of HCAECs cells
treated with various concentrations of TQ are depicted in
Fig. 3A VCAM-1, Fig. 3B ICAM-1; and Fig. 3C E-selectin. LPS
stimulated HCAECs treated with TQ showed significantly
(p < 0.001) down-regulated VCAM-1 genes in dose-depend-
ent manner relatively compared to LPS group. Similarly, the
protein expression of TQ treated cells demonstrated signifi-
cant down regulation of VCAM-1 in dose dependent pattern
(p < 0.001). As for ICAM-1, the gene expression of TQ treated
cells demonstrated significant down regulation at all concen-
trations. At concentration of 4.5-9 um and 18-36 um ICAM-1
gene down regulated in dose dependent pattern significantly
(p < 0.001). The protein expression of ICAM-1 upon treated
with TQ demonstrated down regulates at all concentrations in
dose dependent manner (p < 0.001). As for E-selectin, the gene
exhibited down regulation significantly in dose-proportional
aswell (p < 0.001). While for the E-selectin protein expression,
though all concentrations evidenced significant down regula-
tion (p < 0.001), but only 9-36 pm were in dose-dependently.

NSO and TQ effects on HCAECs monocyte binding

To investigate the effect of NSO and TQ on monocyte adher-
ence inhibition, rose Bengal assay was performed. As shown
in Fig. 4A NSO and Fig. 4B TQ, HCAECs pre-treated with 55,
110, 220, 440 pg/ml NSO for 24 hours showed significant
(p < 0.001) lower adherence of monocytes compared to
HCAECs incubated with LPS mean + SD/(% inhibition); 1.33 +
3.3 x 1073/(9.75%), 1.38 = 0.01/(6.12%), 1.35 = 1.9 x 107%/
(8.39%), 1.33 + 8.9 x 107%/[(9.3%) versus 1.47 + 5.77 x 1073,
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Fig. 1. Cell viability of HCAECs. HCAECs were treated with different
concentrations of (A) NSO (3.4-880 pg/ml) and (B) thymoquinone
(TQ) (2.4-42.2 pm) for 24 h. Cell viability was measured using MTT
assay.
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Fig. 2. Attenuated effect of NSO on endothelial activation
biomarkers (A) VCAM-1, (B) ICAM-1 and (C) E-selectin in HCAECs.
The gene expressions of targeted genes are expressed as fold change
based on a calculation using GAPDH, GUSB and HPRT1 as the
reference gene. LPS treated cells were assigned as 1. Data expressed
are mean + SD (n = 3). Statistical analysis: ANOVA, post-hoc with
Bonferroni correction; * p < 0.05, ** p < 0.01, ** p < 0.001 for gene
expression and # p < 0.001 for protein expression compared to
HCAECs incubated with LPS alone.

Similarly, the concentrations of 4.5, 9.0, 18.0, 36.0 pg/ml TQ
for 24 hours demonstrated significant (p < 0.001) lower ad-
herence for monocytes compared to HCAECs incubated with
LPS mean + SD/(% inhibition); 1.18 + 3.3 x 1073/(8.33%),
1.17 +17.6 x 1073/(8.33%), 1.22 + 3.3 x 1073/(4.43%), 0.89 +
3.3 x 1073/(30.73%) versus 1.28 + 11.5 x 1073,

Discussion

Cardiovascular disease is the global leading cause of death
and is mainly caused by atherosclerosis. Over the years, re-
searchers have been studying natural product compounds to
attempt to reduce the atherosclerosis activity. The present
study evaluated NSO and its bioactive compound, TQ, as po-
tential anti-atherosclerotic activity on HCAECs as limited data
was found regarding its mechanism in in vitro study. In this
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Fig. 3. Attenuated effect of TQ on endothelial activation biomarkers
(A) VCAM-1, (B) ICAM-1 and (C) E-selectin in HCAECs. The gene
expressions of targeted genes are expressed as fold change based

on a calculation using GAPDH, GUSB, and HPRT1 as the reference
gene. LPS treated cells were assigned as 1. Data expressed are mean
+ SD (n = 3). Statistical analysis: ANOVA, post-hoc with Bonferroni
correction; * p < 0.05, ** p < 0.01, *** p < 0.001 for gene expression,
and # p < 0.001 for protein expression compared to HCAECs
incubated with LPS alone.

Protein

study, NSO and TQ supplementation inhibited LPS-induced
endothelial activation and monocyte adherence to HCAECs,
possibly via downregulation of ICAM-1, VCAM-1, and E-selec-
tin expressions were evaluated.

Itis crucial to identify a potential anti-atherosclerosis agent
with minimal toxicity on the surrounding normal cells as the
aim is to decrease plaque production in normal HCAECs cells.
NSO and TQ are in line as the cytotoxicity assay on HCAECs
revealed NSO and TQ only exhibited toxicity on HCAECs cells
at high concentration upon treated for 24 h. Gene and protein
analysis of endothelial activation biomarkers were performed
to evaluate the level of expression upon those treated with
NSO and TQ. Further analysis of NSO on endothelial activa-
tion biomarkers revealed that NSO significantly decreased the
gene expression of VCAM-1, ICAM-1, and E-selectin in a dose
dependent pattern. For protein expression, NSO significantly
reduced the expression of the endothelial biomarkers as well.
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Fig. 4. NSO inhibited monocyte binding to HCAECs. HCAECs were
stimulated with LPS or treated with (A) NSO and (B) TQ for

24 h at 37 °C with 5% CO2 humidity. The absorbance was measured
using spectrophotometer at 570 nm. Percentage of inhibition are
expressed as mean + SEM (n = 3). *p < 0.05, ** p < 0.01, ** p < 0.001
vs. LPS group (200 pg/ml).

Similarly, for NSO bioactive compound (TQ), it significantly
reduced both the protein and gene expression of the targeted
biomarkers in a dose dependent pattern.

The present study suggests NSO and TQ reduce the activa-
tion of leukocyte trafficking in inflammation. This discovery
points to the essential role of NSO and TQ in the regulation of
vascular endothelial dysfunction. Atherosclerosis is a chronic
inflammation which is characterised by plaque deposition on
the arterial wall, leading to endothelial cell dysfunction, and
leukocyte cells crossing the endothelial, resulting in effector of
immune cells accumulate in arterial wall (Herrero-Fernandez
et al., 2019). Activated endothelial cells are reported to play a
critical role in the process of atherosclerosis. HCAECs become
activated when stimulated by LPS through the secretion of
several chemokines and cytokines (Zeuke et al., 2002).

This study has shown that the activation of endothelial
cells increases protein expressions of ICAM-1, VCAM-1, and
E-selectin, which mediated at a transcriptional level. E-se-
lectin induces leukocytes rolling. The VCAM-1 and ICAM-
1 instigate leukocyte to bind Leukocyte function Antigen
(LFA1) and Very Late Antigen-4 (VLA-4) respectively, which
resulted in leukocyte migrates through the endothelial cells
(Jones et al,, 2017). In this study, NSO and TQ reduced the
gene and protein expressions of E-selectin, VCAM-1 and
ICAM-1 (Fig. 5). The potential anti-atherogenesis mechanism
of NSO and TQ is possibly mediated through various mecha-
nisms such as nuclear factor-kappa beta (NF-kB), substance
P-1, activating protein-1, and interferon regulatory factor-1
(Cook-Mills et al., 2011). The administration of TQ markedly
increased the high-density lipoprotein-cholesterol (HDL-C)
levels, while decreasing triglycerides (TG), total cholesterol
(TC), and low-density lipoprotein-cholesterol (LDL-C) (Al-

NSO

TLR4
TQ

Adhesion molecules
(ICAM-1, VCAM-1, E-Selectin) -

00000 9000

0000000000000

Fig. 5. Scheme summarising the anti-atherogenic effects of NSO
and TQ in human coronary artery endothelial cells (HCAECs). The
mammalian Toll-like receptors 4 (TLR4) are the germline-encoded
receptors expressed by the innate immune system cells. LPS
stimulations leads to interactions which resulted in TLR4 complex
conformational change on cell surface. This leads to intracellular
adaptor protein recruitment which is essential to activating the
endothelial signalling pathway and causes the excess production
of adhesion molecules; namely ICAM-1, VCAM-1, and E-selectin.
This study showed that NSO and TQ inhibit the molecules that are
responsible for the monocyte binding to the endothelium, which
occurs at the beginning of the atherosclerotic plaque formation.

Nageep et al., 2011; Nader et al., 2010). Yimer et al. (2019)
also reported that possible mechanisms of NS might be me-
diated via the modulation of oxidative status in the upregula-
tion of endogenous antioxidants, or the reduction of reactive
oxygen species and attenuation of inflammation in anti-dia-
betic assessment.

These studies showed the influence of NS on atherogen-
esis, but only with respect to the lipid lowering and antioxi-
dant properties of the natural product. Our study highlights
the influence of NS and its bioactive compound TQ on the bio-
markers of inflammation and endothelial activation, which,
to our knowledge, has not been addressed. Furthermore, this
study adopted HCAECs which best represent the mechanisms
involved in atherogenesis within endothelial cells of coronary
arteries.

One of essential components of inflammatory response
observed in early stage of atherosclerosis pathogenesis is
monocyte adhesion to the vascular endothelium. The foam
cell formation is a result of monocytes recruitment into sub-
endothelial arteries. The VCAM-1, ICAM-1, and E-selectin are
among the adhesion molecules involved in facilitating the in-
teraction between monocyte and endothelial cells (Xu et al.,
2019). In this study, both NSO and TQ reduced the adhesion
of monocytes to HCAECs. However, this was not observed to
be in a dose-dependent manner. From the results, it appears
that NSO shows the highest monocyte adhesion inhibition at
its lowest dose 55 pg/ml, while the highest dose of TQ (36.0
pg/ml) had the best inhibition of monocyte binding. The ef-
fect of TQ can be explained by the reduction of the adhesion
molecule markers, but for NSO, probably through other mech-
anisms, such as inflammation, oxidative stress, prothrom-
bogenesis, or immunomodulation (Ahmad et al., 2013).
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Conclusions

The present study has revealed the protective effects of NSO
and TQ on endothelial cell injury by elucidating the possible
mechanism underlying the anti-atherogenic effect of NSO and
TQ. NSO and TQ inhibit monocytes’ adherence to HCAECs
via downregulation of ICAM-1, VCAM-1, and E-selectin at the
transcription and translation phases of the protein. In addi-
tion, the differences in the monocyte adhesion capabilities of
NSO and TQ suggest the possibility that some form of syner-
gism may be at play, making NSO more effective at inhibiting
monocyte adhesion in lower doses compared to TQ. The limi-
tation of this study is that it was focused on only one reported
signalling pathway. The study is also limited by the absence
of in vivo research and stability or standardised extraction of
the NSO. Though the present study evidenced the potential
anti-atherogenesis of NSO, future studies are warranted to
address the mentioned limitations before determining the po-
tential of NSO as a supplement to improve vascular endothe-
lial function.
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