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Abstract

Purpose: To investigate the effects of bergamot (BGM) on the progression of atherosclerosis, and to
unravel the mechanism of action.

Methods: Oxidized low-density lipoprotein (Ox-LDL)-induced HUVECs were used as an in vitro model
of atherosclerosis. CCK-8, flow cytometry (FCM), and enzyme-linked Immunosorbent assay (ELISA)
assays were performed to confirm the effects of BGM on the viability and inflammation of ox-LDL-
induced HUVECSs. Qil-red staining and immunoblot tests were conducted to determine the effects of
BGM on foam cell formation and macrophage polarization. Furthermore, The mechanism of action of
BGM was examined by immunoblot studies.

Results: BGM alleviated the ox-LDL-stimulated decline in HUVEC cell viability, and the ox-LDL-
stimulated HUVEC inflammation, but inhibited ox-LDL-stimulated foam cell formation and macrophage
polarization in vitro (p < 0.05). In addition, BGM regulated SIRT1/NF-kB pathway, thereby alleviating
atherosclerosis (p < 0.05).

Conclusion: BGM regulates OX-LDL-induced inflammation and foam cell formation of HUVECs by
mediating SIRT1/NF-kB pathway, and therefore can potentially serve as a drug for the treatment of
atherosclerosis.
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INTRODUCTION

Cardiovascular disease is one of the most
common causes of disease-related death
worldwide [1]. High blood pressure and
hypercholesterolemia pose serious threats to the

cardiovascular system, leading to inflammation of
blood vessel and dysfunction [2]. Atherosclerosis
is a systemic disease that primarily affects the
aorta, carotid arteries, and coronary arteries [3].
As a major risk factor for atherosclerosis,
hypercholesterolemia triggers the deposition of
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oxidized low-density lipoprotein (ox-LDL) under
the intima of the blood vessel wall, and is one of
the early pathogenesis of atherosclerosis [4]. In
addition, during the formation of atherosclerotic
lesions, polarization of macrophages leads to
different phenotypes, and ox-LDL directly
contributes to the polarization of macrophages,
induces the formation of foam cells, and
ultimately promotes the formation of plaque.
Therefore, it is necessary to further investigate
effective treatments and their mechanisms of
action for the management of atherosclerosis
and related conditions. Bergamot (BGM) is a
bioactive furanocoumarin that is available in
large quantities in grapefruit [5]. It initially
attracted a lot of attention for its anti-cancer
properties [6], and inhibition of the proliferation,
invasion and migration of cancer cells, with
antibacterial, anti-mutagenesis and other
biological activities [7]. Recent studies have

found that Bergamot has anti-inflammatory,
antioxidant and adipogenic effects [7]. It
inactivates many enzymes related to drug

metabolism in cytochrome P450 enzyme system,
thus affecting the absorption of drugs in the
gastrointestinal tract and increasing the
bioavailability of oral drugs [8]. In addition,
Bergamot alleviates LPS-induced macrophage
inflammation in RAW264.7 mice, inhibits NF-kB
activation by inducing SIRT1, and alleviates lung
injury [9]. It exerts its anti-lipogenesis effect
through the activation of AMPK, inhibits the
lipogenesis of 3T3-L1 cells, and regulates the
body weight of diet-induced obese mice [10]. It is
speculated that bergamot may inhibit ox-LDL-
induced endothelial cell inflammation and foam
cell formation by mediating SIRT1/NF-kB
pathway. However, the potential impact of BGM
on atherosclerosis remains unknown.

This study aims to examine the effect of BGM on
atherosclerosis, and to evaluate its mechanism
of action.

EXPERIMENTAL
Cell culture

Human HUVECs and RAW264.7 cells (Bluefbio,
Shanghai, China) were cultured in Dulbecco's
modified eagle medium (DMEM) supplemented
with 10 % fetal bovine serum (FBS) at 37 °C with
5 % CO2. The cells were then treated with an
increasing dose of ox-LDL (Sigma, purity > 98
%) or BGM (Sigma, purity > 98 %) for 24 or 48 h.

Cell viability assay

The cells were plated in 96-well plates at a
density of 1x1032 cells/well. After treatment with

ox-LDL or BGM at the indicated concentration,
Methylthiazolyldiphenyl-tetrazolium bromide
(MTT) was added to the cells after rinsing with
phosphate-buffered saline (PBS). Then, the cells
were incubated for 4 h and dissolved in 200 uL
dimethyl sulfoxide (DMSO). and the absorbance
measured spectrophotometrically at a
wavelength of 490 nm.

Determination of cell apoptosis

Annexin V/Pl (Sigma Aldrich, USA) was used
assess apoptosis in the cells. The cells were
digested and mixed in a reaction buffer
containing Annexin V and PI for 5 min. The
proportion of cells were analyzed by flow
cytometer (BD Biosciences).

Immunoblot assay

The BCA assay method was used for protein
concentration determination, after which proteins
were separated (20 ug per lane) by SDS-PAGE.
The proteins were separated by 9 % SDS-PAGE,
and transferred onto PVDF membranes, followed
by blocking with 5 % BSA. Subsequently, the
membranes were conjugated with primary
antibodies targeting Cd36 (ab252922, 1:1000,
Abcam), Cd86 (ab220188, 1:1000, Abcam),
SIRT1 (ab110304, 1:1000, Abcam), anti-p65
(ab32536, 1:500, Abcam), anti-p-p65 (ab76302,
S536, 1:500, Abcam), anti-lkBa (sc-203, 1:1000,
Santa Cruz), anti-p-IkBa (sc-101714, Tyr42,
1:500, Santa Cruz), and B-actin (ab8226, 1:3000,
Abcam) for 1 h. Subsequently, the membranes
were incubated with specific secondary
antibodies for 1 h, and the blots analyzed using
ECL kit. ImageJ (version 1.8.0; National
Institutes of Health) was used for densitometry
studies.

Enzyme-linked immunosorbent assay (ELISA)

The MCP-1, IL-6, VCAM-1, and ICAM-1 levels
were measured with the detection kits (Beyotime,
Shanghai, China), and performed following the
manufacturer’s  guidelines.  Biotin-conjugated
primary antibodies were added and followed by
avidin conjugated HRP. Then, enzyme substrate
was used for the color reaction.

Oil-red O staining

To assess foam cell formation, RAW264.7 cells
were plated into the 12-well plates and kept for
24 h for cell adhesion. After rinsing, the cells
were incubated with 5 g/L Oil-red O (Sigma,
USA) for 15 min at 37 °C, and observed under a
ZEISS microscope.
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Statistical analysis

GraphPad 5.0 software (GraphPad Software,
Inc.) was used for statistical analysis in the
present study. Results were presented as the
mean = SD (n=3). Statistical differences between
two groups were analyzed by paired student’s t-
test. ANOVA followed by Dunnett’'s post hoc test
was used for multiple comparisons. p<0.05 was
considered to indicate a statistically significant
difference.

RESULTS

BGM alleviated OX-LDL-stimulated
decrease in HUVEC viability

To investigate the possible effects of BGM on the
progression of atherosclerosis in vitro, an OX-
LDL-induced HUVEC model was constructed.
High concentration of Ox-LDL (20, 40, and 80
ug/mL) suppressed the viability of HUVECSs,
unlike the low concentration (Figure 1 a).
Therefore, 80 ug/mL of Ox-LDL was used in
subsequent experiments. Furthermore, a high
concentration of BGM (160 uM) suppressed the
viability of HUVECs, whereas, a Ilow
concentration of BGM had modest effects on
HUVEC viability (Figure 1 b). Also, 80 ug/mL of
Ox-LDL treatment suppressed the viability of
HUVECs, but BGM treatment reversed the
suppressive effect (Figure 1 c).
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Figure 1: BGM alleviates OX-LDL-induced decrease
in HUVEC viability. (a) Cell viability of HUVECs after
treatment with Ox-LDL (5, 10, 20, 40, and 80 ug/mL)
for 48 h; (b) effect of BGM (5, 10, 20, 40, 80, and 160
uM) on HUVEC viability; (c) effect of BGM cell viability
of Ox-LDL-treated HUVECs (d) effect of BGM on Ox-
LDL-treated HUVEC cell apoptosis. **P < 0.01, ***p <
0.001 vs control; *p < 0.05, *p < 0.001, Ox-
LDL+BGM vs Ox-LDL

In FCM assay, 80 ug/mL Ox-LDL treatment
stimulated the apoptosis of HUVECs, but BGM
treatment reversed the action of Ox-LDL (Figure

1 Ox-LOL+BGM (20ph}
] Ox-LOL+BGM (40uM)
T Ox-LOL+BGM iB0pM)

1 d). Therefore, BGM alleviates OX-LDL-induced
decrease in HUVEC viability.

BGM alleviates OX-LDL-induced HUVEC
inflammation

Ox-LDL increased the secretion of inflammatory
factors (MCP-1, IL-6, VCAM-1, and ICAM-1) in
HUVEC (Figure 2). However, BGM treatment
reversed the secretion of these inflammatory
factors caused by Ox-LDL (Figure 2). Thus, BGM

alleviates OX-LDL-induced HUVEC
inflammation.
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Figure 2: BGM alleviated Ox-LDL-induced HUVEC
inflammation. Level of inflammation based on the
secretion of MCP-1, IL-6, VCAM-1, and ICAM-1 in
HUVECs. ***P < 0.001, vs control, #p < 0.05, #p <
0.01, Ox-LDL+BGM vs Ox-LDL; &p < 0.05, &p < 0.01,
Ox-LDL+BGM vs BGM

BGM inhibits OX-LDL-induced foam cell
formation and macrophage polarization in
vitro

The formation of foam cells reflects the degree of
atherosclerosis. Ox-LDL treatment increased the
Oil-red O positive cell numbers of RAW264.7
cells (Figure 3 a). However, BGM treatment
enhanced the increase in Qil-red O positive cell
numbers of RAW264.7 cells caused by Ox-LDL
treatment (Figure 3 a). Expression of two
markers of macrophage polarization, Cd36 and
Cd8e, in RAW264.7 cells increased after Ox-LDL
treatment (Figure 3 b), but BGM treatment
reversed the increase in their expression (Figure
3 b). Therefore, BGM inhibits OX-LDL-induced
foam cell formation and macrophage polarization
in vitro.

BGM regulates SIRT1/NF-kB pathway in
HUVECs and RAW264.7 cells

To unravel the mechanisms involved of action of
BGM in Ox-LDL-induced HUVECs and
RAW?264.7 cells, SIRT1 expression was
analyzed. There was decreased expression of
SIRT1 in Ox-LDL-induced HUVECs and
RAW264.7 cells (Figure 4 a, c). However, BGM
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treatment countered the increase (Figure 4 a, c).
Similarly, the increased phosphorylation levels of
p65 and IkBa in Ox-LDL-induced HUVECs and
RAW264.7 cells (Figure 4 b, d) was reversed by
BGM treatment (Figure 4 b, d). Therefore, BGM
regulates SIRT1/NF-kB pathway in HUVECs and
RAW?264.7 cells.
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Figure 3: BGM inhibited Ox-LDL-induced foam cell
formation and macrophage polarization in vitro. (a) Oil-
red O staining showed the staining degree of
Raw?264.7 cells; (b) expression of Cd36 and Cd86 in
Raw264.7 cells. ***P < 0.001, vs control, #p < 0.01,
Ox-LDL+BGM vs Ox-LDL; p < 0.01, Ox-LDL+BGM
vs BGM
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Figure 4: BGM regulated SIRT1/NF-kB pathway. (a)
Expression of SIRT1 in HUVECS; (b) expression and
phosphorylation levels of p65 and IkBa in HUVECS; (c)
expression of SIRT1 in RAW264.7 cells pretreated
with Ox-LDL; (d) expression and phosphorylation
levels of p65 and IkBa in RAW264.7 cells pretreated
with Ox-LDL. ***P < 0.001, vs control, #*p < 0.05, ##p <
0.01, Ox-LDL+BGM vs Ox-LDL, &p < 0.05, p < 0.01,
&&n < 0.001, OX-LDL+BGM vs BGM

DISCUSSION

Atherosclerosis is a multi-etiological disease,
which exact cause is unknown. The main risk
factors are dyslipidemia, hypertension, diabetes
and genetic factors. Atherosclerosis is a chronic
inflammatory reaction caused by the interaction
of endothelial cells, lipids, mononuclear
macrophages, VSMCs and platelets [11]. As the
most common disease of the cardiovascular
system, and the frequent pathological basis of
many cardiovascular and cerebrovascular
diseases, the disease has been observed to
afflict increasingly younger persons [11]. The
pathogenesis of atherosclerosis mainly involves
endothelial injury reaction, inflammatory reaction,
lipid infiltration, smooth muscle cell cloning and
thrombosis [12,13]. In the present study, BGM
alleviated OX-LDL-induced decline in HUVEC
cell viability and inflammation, and inhibited OX-
LDL-induced in vitro foam cell formation and
macrophage polarization. Therefore, BGM is a
potential drug for atherosclerosis.

Since BGM alleviated Ox-LDL-induced decline in
HUVEC cell viability and inflammation, as well as
macrophage polarization, it can be said that
BGM alleviates atherosclerosis in vitro. The
biological activities of BGM have been widely
reported. It has anti-cancer, antibacterial, anti-
mutagenesis and other biological activities [10].
A study indicates that it is a competitive inhibitor
of CYP1Al, and it inhibits CYP1Al, CYP1A2,
CYP2B1, and CYP2B2 with ICsp of 0.192 +
0.029, 5.077 + 0.31 pM, 9.495 + 0.979, and
4.535 £ 0.092 pM, respectively. Its anti-tumor
effects have also been reported [10,14].
Bergamot (BGM) also has also been shown to
have potent antiproliferative effects in A549 cells
[9], like in HUVECSs as has been demonstrated in
the present study. In addition, bergamot also
inhibits the clonogenic activity of the A549 cells
by reducing the cancer colony forming cells [9].

BGM has been shown to have significant anti-
inflammatory properties [15]. Inflammation is a
self-protective response of the body's immune
system to external stimuli. However, long-term
chronic inflammation leads to the development of
a variety of diseases, including atherosclerosis
[15]. Studies have shown that BGM reduces
inflammatory responses by inhibiting key
molecules in the inflammatory pathway, thus
reducing the degree of cell damage and tissue
inflammation [15]. This has led to BGM being
considered as a potential anti-inflammatory drug.
Interestingly, its anti-inflammation activities in
HUVECSs have also been shown in the present.
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It was also observed in the present work that
BGM inhibited Ox-LDL-induced in vitro foam cell
formation and macrophage polarization. When
macrophages or smooth muscle cells consume
excess fat, both become foam cells. Foam cells
are one of the factors that cause arteriosclerosis
[16].

In addition, BGM alleviated Ox-LDL-induced
HUVEC viability and inflammation, but inhibited
O-LxDL-induced in vitro foam cell formation and
macrophage polarization via SIRT1/NF-kB
pathway. SIRT1 is a histone deacetylase that
acts as an essential mediated longevity gene,
and has anti-atherogenic effects by regulating
the acetylation of some functional proteins [17].
Also, the NF-kB pathway is involved in the
development of some inflammatory diseases
such as atherosclerosis by regulating the
expression of inflammation-related factors [18].
Inhibiting these pathways lowers the burden of
inflammation, thereby reducing inflammation and
preventing atherosclerosis [18]. Thus, SIRT1/NF-
kB pathway could may be a key target for
atherosclerosis. However, the main limitation of
this study was the lack of animal experiments
and hence the absence of detailed analysis of
the molecular mechanisms involved.

CONCLUSION
BGM regulates cell inflammation and foam cell
formation in Ox-LDL-induced HUVECs via

SIRT1/NF-kB pathway. Thus, BGM is a potential
therapy for atherosclerosis.

DECLARATIONS

Acknowledgements

None provided.

Funding

None provided.

Ethical approval

None provided.

Availability of data and materials

The datasets used and/or analyzed during the
current study are available from the
corresponding author on reasonable request.

Conflict of Interest

No conflict of interest associated with this work.

Contribution of Authors

We declare that this work was done by the
authors named in this article and all liabilities
pertaining to claims relating to the content of this
article will be borne by the authors. Fan Zhao
and Taimin Liu designed the study and carried
them out; Fan Zhao, Bo Liu, Taimin Liu and Jun
Yin supervised the data collection, analyzed and
interpreted the data, prepared the manuscript for
publication, and reviewed the draft of the
manuscript. All authors read and approved the
manuscript for publication. Fan Zhao and Taimin
Liu contributed equally to the work and should be
considered co-first authors.

Open Access

This is an Open Access article that uses a
funding model which does not charge readers or
their institutions for access and distributed under
the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/
4.0) and the Budapest Open Access Initiative
(http:/lwww.budapestopenaccessinitiative.org/rea
d), which permit unrestricted use, distribution,
and reproduction in any medium, provided the
original work is properly credited.

REFERENCES

1. Cao Q, Rong S, Repa JJ, St Clair R, Parks JS, Mishra N.
Histone deacetylase 9 represses cholesterol efflux and
alternatively activated macrophages in atherosclerosis
development. Arterioscler Thromb Vasc Biol 2014,
34(9): 1871-1879.

2. Yugang Zu XZ, Cuina Feng. Effect of enalapril maleate-
folic acid tablets on inflammatory response and
myocardial endoplasmic reticulum stress-related factors
in hypertensive rats. Trop J Pharm Res 2022; 21(5):
1003-1008.

3. CaiY, Yang E, Yao X, Zhang X, Wang Q, Wang Y, Liu J,
Fan W, Yi K, Kang C et al. FUNDC1-dependent
mitophagy induced by tPA protects neurons against
cerebral ischemia-reperfusion injury. Redox Biol 2021,
38:101792.

4. Azghandi S, Prell C, van der Laan SW, Schneider M,
Malik R, Berer K, Gerdes N, Pasterkamp G, Weber C,
Haffner C et al. Deficiency of the stroke relevant HDAC9
gene attenuates atherosclerosis in accord with allele-
specific effects at 7p21.1. Stroke 2015; 46(1): 197-202.

Zambito Y, Piras AM, Fabiano A. Bergamot Essential Oil:
A Method for Introducing It in Solid Dosage Forms.
Foods 2022; 11(23): 3860.

6. Palacio TLN, Siqueira JS, de Paula BH, Rego RMP,
Vieira TA, Baron G, Altomare A, Ferron AJT, Aldini G,
Kano HT et al. Bergamot (Citrus bergamia) leaf extract
improves metabolic, antioxidant and anti-inflammatory

Trop J Pharm Res, March 2024; 23(3): 489



10.

11.

12.

Zhao et al

activity in skeletal muscles in a metabolic syndrome
experimental model. Int J Food Sci Nutr 2023; 74(1): 64-
71.

Xin J, Xu X, Qiaoling D, Liping L, Kungin M, Yiping Z. To
explore the potential molecular mechanism of complex
rose-bergamot essential oil on anti-anxiety with facial
spots based on network pharmacology. J Cosmet
Dermatol 2022; 21(11): 6363-6376.

Siqueira JS, Vieira TA, Nakandakare-Maia ET, Palacio
TLN, Sarzi F, Garcia JL, de Paula BH, Bazan SGZ,
Baron G, Tucci L et al. Bergamot leaf extract treats
cardiorenal metabolic syndrome and associated
pathophysiological factors in rats fed with a high sugar
fat diet. Mol Cell Endocrinol 2022; 556: 111721.

Ferlazzo N, Visalli G, Smeriglio A, Cirmi S, Lombardo
GE, Campiglia P, Di Pietro A, Navarra M. Flavonoid
Fraction of Orange and Bergamot Juices Protect Human
Lung Epithelial Cells from Hydrogen Peroxide-Induced
Oxidative Stress. Evid Based Complement Alternat Med
2015; 2015: 957031.

Yen HF, Hsieh CT, Hsieh TJ, Chang FR, Wang CK. In
vitro anti-diabetic effect and chemical component
analysis of 29 essential oils products. J Food Drug Anal
2015; 23(1): 124-129.

Holmes D. Cardiovascular endocrinology: Sugar drug
reverses atherosclerosis. Nat Rev Endocrinol 2016;
12(6): 310.

Xu Y, Xu S, Liu P, Koroleva M, Zhang S, Si S, Jin ZG.
Suberanilohydroxamic Acid as a Pharmacological
Kruppel-Like Factor 2 Activator That Represses
Vascular Inflammation and Atherosclerosis. J Am Heart
Assoc 2017; 6(12): e007134..

13.

14.

15.

16.

17.

18.

Luan Y, Liu H, Luan Y, Yang Y, Yang J, Ren KD. New
Insight in HDACs: Potential Therapeutic Targets for the
Treatment of Atherosclerosis. Front Pharmacol 2022;
13: 863677.

Fiorillo M, Peiris-Pages M, Sanchez-Alvarez R, Bartella
L, Di Donna L, Dolce V, Sindona G, Sotgia F, Cappello
AR, Lisanti MP. Bergamot natural products eradicate
cancer stem cells (CSCs) by targeting mevalonate, Rho-
GDI-signalling and mitochondrial metabolism. Biochim
Biophys Acta Bioenerg 2018; 1859(9): 984-996.

Adorisio S, Muscari |, Fierabracci A, Thi Thuy T,
Marchetti MC, Ayroldi E, Delfino DV. Biological effects of
bergamot and its potential therapeutic use as an anti-
inflammatory, antioxidant, and anticancer agent. Pharm
Biol 2023; 61(1): 639-646.

Togami K, Zhan X, Ishizawa K, Miyakoshi K, Miyao A,
Quan P, Chono S. Development of LOX-1 Antibody
Modified Immuno-liposomes as Drug Carriers to
Macrophages in Atherosclerotic Lesions. Pharmazie
2023; 78(8): 113-116.

Zhou S, Xue J, Shan J, Hong Y, Zhu W, Nie Z, Zhang Y,
Ji N, Luo X, Zhang T et al. Gut-Flora-Dependent
Metabolite Trimethylamine-N-Oxide Promotes
Atherosclerosis-Associated Inflammation Responses by
Indirect ROS Stimulation and Signaling Involving AMPK
and SIRT1. Nutrients 2022; 14(16): 3338.

Gonzalez-Lopez P, Alvarez-Villarreal M, Ruiz-Simon R,
Lopez-Pastor AR, de Ceniga MV, Esparza L, Martin-
Ventura JL, Escribano O, Gomez-Hernandez A. Role of
miR-15a-5p and miR-199a-3p in the inflammatory
pathway regulated by NF-kappaB in experimental and
human atherosclerosis. Clin Transl Med 2023; 13(8):
e1363.

Trop J Pharm Res, March 2024; 23(3): 490



