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Abstract

Atherosclerosis and cardiovascular events can be prevented, or treated, using statin ther-

apy, either alone or in combination with ezetimibe. Chronic inflammation, vascular prolifera-

tion, and the development of atherosclerosis are also influenced by 25-hydroxycholesterol

(25-OHC). The aim of the study was to compare the direct pleiotropic effects of two com-

monly-used statins (atorvastatin, rosuvastatin), ezetimibe, and their combinations, on the

mRNA expression of pro-inflammatory IL1β, IL-18 and IL-23 and anti-inflammatory TGFβ,

IL-35 (EBI3, IL-12 subunits), IL-10 and IL-37, in endothelial cells damaged by 25-OHC. It

also analyzed IL-35 expression at the protein level. HUVECs were stimulated with atorva-

statin (5 μM), rosuvastatin (10 μM), ezetimibe (1.22 μM), atorvastatin-ezetimibe (5 μM +

1.22 μM) or rosuvastatin-ezetimibe (10 μM + 1.22 μM), with or without pre-incubation with

10 μg/mL 25-OHC. mRNA expression was analyzed by real-time PCR. The protein level of

IL-35 was analyzed by ELISA. In the pre-stimulated HUVECs, atorvastatin and rosuvastatin

decreased mRNA expression of IL1β, IL-18, IL-23, TGFβ, IL35 and increased mRNA

expression of IL-10 and IL-37 compared to 25-OHC. Furthermore, only incubation with rosu-

vastatin and rosuvastatin-ezetimibe decreased IL-35 mRNA and protein levels. Ezetimibe

down-regulated only IL1β. Treatment with rosuvastatin-ezetimibe and atorvastatin-ezeti-

mibe reversed the effect of 25-OHC in IL1β, IL-18 and IL-35 mRNA expression. In conclu-

sion, rosuvastatin has the strongest anti-inflammatory effects and is the best at reducing the

effect of oxysterols. Both statins exert a greater anti-inflammatory effect than ezetimibe. The

anti-inflammatory effect of the combination therapies appears to be based on the effects of

the statins alone and not their combination with ezetimibe.

1. Introduction

The most common cause of death in high-income countries is cardiovascular disease. A key

factor in its development is atherosclerosis, which is driven by chronic inflammation affecting

all layers of the vascular wall, resulting in plaque formation and vascular obstruction. Vascular

endothelial cells play a central role in inflammation, provoked by high levels of oxidized low-
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density lipoproteins (oxLDLs); this results in increased endothelial permeability, monocyte

migration, and vascular smooth muscle cell (VSMC) migration into the intima, which contrib-

utes to the development of atherosclerosis [1].

One of the endogenous oxidative cholesterol derivatives involved in the atherosclerosis pro-

cess is 25-hydroxycholesterol (25-OHC) [2]. It belongs to a subgroup of oxidized low-density

lipoproteins that participate in chronic inflammation, vascular proliferation, and the develop-

ment of atherosclerosis [3]. Elevated serum levels of 25-OHC are observed after high-fat meals

and in patients with hypercholesterolemia [4–6]. 25-OHC exerts a pro-inflammatory effect on

the vascular wall, resulting in endothelial dysfunction, increased oxidative stress, and pro-

inflammatory cytokine production [7]. Furthermore, it has been shown that the inhibition of

25-OHC synthesis may inhibit atherosclerosis by suppressing macrophage foam cell formation

[8]. Therefore, a proper understanding of the effect of 25-OHC on the vascular wall is crucial

for atherosclerotic research.

The statins are cholesterol-lowering medications that inhibit the activity of 3-hydroxy-

3-methyl-glutaryl-coenzyme A reductase. These drugs are commonly administered to treat

atherosclerotic cardiovascular disease (CVD). The European Society of Cardiology (ESC) and

the 2019 European Atherosclerosis Society (EAS) guidelines [9] recommend that in high and

very high-risk patients, high-intensity atorvastatin (40–80 mg) or rosuvastatin (20–40 mg)

therapy should be administered, and combined ezetimibe-statin therapy in cases of statin

intolerance or insufficiency [10].

Effective antiatherosclerosis treatment plays a key role in avoiding cardiovascular incidents.

For this reason, the present study compares the anti-inflammatory effects of clinically-used

statins (atorvastatin and rosuvastatin), ezetimibe, and combined ezetimibe-statin in human

vascular endothelial cells (HUVECs) damaged by oxidized cholesterol. A detailed analysis of

the expression of pro-inflammatory IL-1β, IL-18, IL-23, and anti-inflammatory IL35 (subunits

IL12A, EBI3), transforming growth factor β (TGF-β), IL-10 and IL-37 was performed at the

mRNA level. Additionally, IL-35 expression was determined at the protein level.

This is the first study to evaluate the immunomodulatory properties of atorvastatin, rosu-

vastatin and ezetimibe, and their combinations, in human umbilical vascular endothelial cells

(HUVECs) after pre-stimulation with 25-OHC.

2. Results

2.1. Analysis of gene expression and protein levels

The experiment was performed over a period of 24 hours: four hours of pre-stimulation with

25-OHC + 20 hours of drug stimulation. Before the experiment, HUVECs were incubated in a

medium for 24 hours. They were then pre-stimulated with 25-OHC (10 μg/mL) for four

hours. Following this, the oxysterol was washed out and the cells were stimulated for an addi-

tional 20 hours with either atorvastatin (5 μM; 2793 ng/mL), rosuvastatin (10 μM; 4815 ng/

mL), ezetimibe (1.22 μM; 500 ng/mL), or the following combinations: atorvastatin with ezeti-

mibe or rosuvastatin with ezetimibe. Following 25-OHC pre-stimulation and drug stimula-

tion, mRNA and the supernatants were isolated from HUVECs. The specific lengths of

stimulation were selected based on previous observations of the integrity of the HUVECs in

the RTCA-DP system [11]. Gene expression was measured vt reverse-transcription polymerase

chain reaction in real time (RT-PCR) and protein levels were measured with enzyme-linked

immunosorbent assay (ELISA).
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2.2. Analysis of the expression of genes of pro-inflammatory cytokines: IL-
1β, IL-18, IL-23
The administration of 25-hydroxycholesterol was associated with increased mRNA IL1β
mRNA expression (p<0.001). That expression was reduced by every subsequent stimulation

with atorvastatin (p<0.01), rosuvastatin (p<0.001), ezetimibe (p<0.001) or combined atorva-

statin and ezetimibe (p<0.001) or rosuvastatin and ezetimibe (p<0.05) (Fig 1A).

The administration of 25-hydroxycholesterol was associated with an increase in IL-18
mRNA (p<0.001). However, these levels were reduced by subsequent addition of atorvastatin

(p<0.001), rosuvastatin (p<0.05), atorvastatin-ezetimibe (p<0.01) or rosuvastatin-ezetimibe

(p<0.001). Ezetimibe was not able to reverse the effect of 25-hydroxycholesterol (p>0.05)

(Fig 1B).

The administration of 25-hydroxycholesterol was associated with an increase in IL-23
expression at the mRNA level (p<0.01). This was reduced by atorvastatin (p<0.001) or rosu-

vastatin treatment (p<0.001). However, neither ezetimibe, atorvastatin-ezetimibe or rosuvas-

tatin-ezetimibe were able to reverse the effect of 25-hydroxycholesterol (p>0.05) (Fig 1C).

2.3. Analysis of the expression of genes of anti-inflammatory cytokines:

(TGFβ, IL-10, IL-37)
25-hydroxycholesterol significantly decreased mRNA expression of IL-10 and IL-37 in

HUVECs after 24 hours of culture as compared to unstimulated controls (p<0.05). Atorva-

statin (p<0.05) and rosuvastatin (p<0.05; p<0.001), effectively increased these levels; however,

no significant effect was observed for ezetimibe, ezetimibe-atorvastatin or ezetimibe-rosuvas-

tatin (p>0.05) (Fig 1D and 1E).

In addition, 25-hydroxycholesterol significantly increased mRNA expression of TGFβ in

HUVECs after 24 hours of culture as compared to unstimulated control (p<0.001). This

expression was successfully decreased by every subsequent stimulation with atorvastatin

(p<0.001), rosuvastatin (p<0.001), atorvastatin-ezetimibe (p<0.001) or rosuvastatin-ezeti-

mibe (p<0.001); no change was observed for ezetimibe (p<0.05) (Fig 1F).

2.4. Analysis of the expression of genes and proteins levels of IL-35 (IL-12,

EBI3)

25-hydroxycholesterol increased EBI3 mRNA level (p<0.001). However, this was lowered by

rosuvastatin (p<0.001) and ezetimibe-rosuvastatin (p<0.01). No significant effect was

observed for ezetimibe, atorvastatin or ezetimibe-atorvastatin (p>0.05) (Fig 2A).

25-hydroxycholesterol increased IL-12A mRNA level (p<0.001). This effect was negated by

atorvastatin (p<0.001) and rosuvastatin (p<0.001). In addition, ezetimibe-atorvastatin and

ezetimibe-rosuvastatin were also able to decrease IL-12A gene expression, but the effect was

weaker (p<0.05). No significant effect was observed for ezetimibe (p>0.05) (Fig 2B).

25-hydroxycholesterol increased IL-35 protein level (p<0.001). This was negated by rosu-

vastatin (p<0.01) and ezetimibe-rosuvastatin (p<0.001). No significant effect was observed for

atorvastatin, ezetimibe, or ezetimibe-atorvastatin (p>0.05) (Fig 2C).

3. Discussion

This study is the first to investigate the effects of oxidized cholesterol (25-hydroxycholesterol) and

statins (rosuvastatin, atorvastatin), and ezetimibe, alone and in combination, on pro-inflamma-

tory and anti-inflammatory endothelial cell responses. The concentrations of atorvastatin (5 μM;

2793 ng/mL), rosuvastatin (10 μM; 4815 ng/mL) and ezetimibe (1.22 μM; 500 ng/mL) in the
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Fig 1. Relative expression of genes (A-F) in HUVECs prestimulated with 25-OHC (10 μg/mL) for four hours, followed

by removal of oxysterol and stimulation for another 20 hours (i.e. A-F. 24 hours in total) with rosuvastatin (10 μM; 4815

ng/mL), atorvastatin (5 μM; 2793 ng/mL), ezetimibe (500 ng/mL), ezetimibe-rosuvastatin and ezetimibe-atorvastatin. Each

experimental group was associated with a control group that was not pre-stimulated with 25-OHC. Mean ± SD calculated

from four biological replicates. Significant differences from negative controls are indicated by �P< 0.05; ��P< 0.01;
���P< 0.001. Statistical analysis was conducted using one-way ANOVA and the post hoc Tukey’s test.

https://doi.org/10.1371/journal.pone.0280741.g001

Fig 2. Relative expression of gene IL-35 (EBI3-A, IL12-B) and protein I in HUVECs prestimulated with 25-OHC

(10 μg/mL) for four hours of incubation, followed by removal of oxysterol and stimulation for another 20 hours

(i.e. A-C. 24-hour incubation in total) with rosuvastatin (10 μM; 4815 ng/mL), atorvastatin (5 μM; 2793 ng/mL),

ezetimibe (500 ng/mL), ezetimibe plus rosuvastatin and ezetimibe plus atorvastatin. Each experimental group has a

control group without pre-stimulation of 25-OHC. Mean ± SD calculated from four biological replicates. Significant

differences from negative controls are indicated by �P< 0.05; ��P< 0.01; ���P< 0.001. Statistical analysis was

conducted using one-way ANOVA and post hoc Tukey’s test.

https://doi.org/10.1371/journal.pone.0280741.g002
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present study correspond to those in similar in vitro models [12]. They also correspond to those

in the plasma of patients receiving the highest therapeutic doses of these drugs: 80 mg for atorva-

statin [13], 40 mg for rosuvastatin [14], and 10 mg for ezetimibe [15, 16].

High-fat meals are rich in triglycerides (TG) and oxysterols such as 25-hydroxycholesterol,

7 a-hydroxycholesterol, 7 b-hydroxycholesterol, a-epoxycholesterol, b-epoxycholesterol and

7-ketocholesterol. These can impair endothelial function within three to four hours of inges-

tion, which is associated with peak postprandial lipemia [17]. In healthy people, plasma TG

levels peak three to four hours after the ingestion of a high-fat meal, and tend to return to base-

line within six to eight hours [18]. Therefore, in the present study, 25-OHC stimulation was

stopped after four hours.

Inflammation is a very complex process that involves a range of endothelial factors and sig-

naling pathways that regulate the chemotaxis, migration, and activation of leukocytes. The

present study examines the key inflammatory factors that play significant roles in the endothe-

lium [19]. Both IL-1β and IL-18 exert pro-inflammatory effects through the nuclear factor

kappa-light-chain-enhancer of activated β cells (NF-κβ) pathway and are involved in the ath-

erosclerosis process [20, 21]. It has previously been reported that IL-10 inhibits the proinflam-

matory activation of endothelial cells (EC) with respect to their stimulus and effector response.

IL-10 was found to reduce the migration of monocytes and T lymphocytes across the endothe-

lium and decrease endothelial production of chemokines following lipopolysaccharide (LPS)

treatment [22]. IL-10 could suppress mitochondrial reactive oxygen species (mtROS), which

partially mediate lysophosphatidylcholine (LPC)-induced EC activation and innate immune

response [23]. IL-37 also prevents atherosclerotic plaque development [24]. Furthermore,

extracellular IL-37 may influence the IL-18 pathway, as well as the adhesion and transmigra-

tion of neutrophils in human coronary artery endothelial cells (HCAECs) [25].

While IL-23 has strongly pro-inflammatory effects, IL-35 has been found to be a responsive

anti-inflammatory cytokine; although it is upregulated during inflammatory responses, it is

not a constitutively expressed housekeeping cytokine. IL-35 is induced by pro-inflammatory

stimuli, and inhibits lipopolysaccharide (LPS)-induced endothelial cell activation [26, 27]. In

turn TGF-β, which plays a key role in proper cell activity, is widely considered an anti-inflam-

matory cytokine [28]. It can attenuate inflammatory markers in VSMC and induce vascular

remodeling by forming collagen and fibronectin in the extracellular matrix and promoting cal-

cification. Atorvastatin and rosuvastatin have been found to have pleiotropic anti-inflamma-

tory effects [10, 16]. Our findings indicate that both atorvastatin (5 μM) and rosuvastatin

(10 μM) were able to negate the effect of 25-OHC (10 μg/mL) on HUVECs by decreasing IL-
1β, IL-18 and IL-23 mRNA expression. These findings are consistent with literature data.

Zhang et al. (2018) [29] report that atorvastatin treatment (5 mg/kg/day) was associated with a

reduction of IL-1β in the serum of rabbits. Furthermore, Satoh et al. (2014) [30] note that rosu-

vastatin (0.4–10 μM) can also significantly reduce the levels of IL-1β and NLR family pyrin

domain containing 3 (NLRP3) in human monocytic cell lines derived from an acute mono-

cytic leukemia patient (THP-1 cells) subjected to oxidative stress. Chandrasekar et al. (2006)

[31] report that atorvastatin (2.5–10 μM) can attenuate the deleterious effect of IL-18 on

human coronary artery smooth muscle cells.

In addition, atorvastatin (5 mg/kg/day for 5 days) was found to significantly reduce IL-23

serum levels in mice with trinitrobenzene sulfonic acid (TNBS)- induced colitis [32]. More-

over, a randomized controlled trial on 159 patients with hypertension and carotid atheroscle-

rosis showed that rosuvastatin (20 mg per day) can reduce IL-23 serum levels [33].

Our results indicate that atherogenic 25-OHC strongly increased the concentration of

IL-35 in injured endothelial cells. In the case of IL-35, only atorvastatin was found to reduce

IL12A mRNA levels following 25-OHC treatment. Rosuvastatin seems to offer more stable
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effects by reducing the expression of two IL-35 subunits (EBI3, IL12A) and reducing the effect

of oxysterol at the protein level. The observed reduction of IL12A mRNA by atorvastatin and

rosuvastatin is in line with previous findings indicating that rosuvastatin (0.3 mg/kg/day; 21

days) can significantly reduce the serum level of IL-12 in mice with colitis induced by dextran

sulfate sodium (DSS) [26, 34]. Furthermore, previous data suggests that IL-35 can suppress

endothelial cell activation by inhibiting mtROS generation. Indeed, mtROS has also been

found to contribute to inflammatory cytokine production and innate immune responses in

macrophages and T cells [27].

Atorvastatin was found to inhibit dihydronicotinamide-adenine dinucleotide phosphate

(NADPH)-oxidase dependent reactive oxygen species (ROS) generation; however, it showed

no effect on mtROS generation, and activated IL-1β and IL-6 secretion in peripheral blood

mononuclear cells (PBMC) from control and type 2 diabetes (T2D) patients. In turn, rosuvas-

tatin mitigates coronary microembolization (CME)-induced cardiac injury by inhibiting

NADPH-oxidase (Nox2)-induced ROS overproduction and alleviating apoptosis-related pro-

tein (p53/Bax/Bcl-2)-dependent cardiomyocyte apoptosis [35].

Recent studies indicate that IL-37 is able to inhibit the inflammatory response by suppress-

ing the toll-like receptor 2 (TLR2)-NF-κB-intracellular adhesion molecule-1 (ICAM-1) path-

way intracellularly in HCAECs; however, its effects and the mechanisms of inflammatory

response in endothelial cells are not completely understood [25]. A key finding of our present

study is that atorvastatin and rosuvastatin increased the expression of IL-37 in endothelial

cells, which had been significantly decreased by 25-OHC. Limited data exists about the effect

of statin or ezetimibe monotherapy on IL-37 expression. Our study is the first to describe the

effect of such treatment, and of combined rosuvastatin-ezetimibe and atorvastatin-ezetimibe

administration, on IL-37 mRNA expression in endothelial tissue. Shaoyuan et al. (2015) [36]

report that atorvastatin administration (2 mg/kg/d for six weeks) resulted in higher IL-37

serum levels in rabbits with induced atherosclerosis compared to controls.

As previously mentioned, literature data suggests that TGFβ can play both anti- and pro-

atherogenic roles [28]. Our findings indicate that both atorvastatin (5 μM) and rosuvastatin

(10 μM) were able to negate the effect of 25-OHC (10 μg/mL) on HUVECs by decreasing

TGFβ. Also, Kabel et al.(2017) report that rosuvastatin and/or ubiquinone treatment induced a

significant decrease in serum creatine phosphokinase-MB (CK-MB), lactate dehydrogenase

(LDH), troponin I, N-terminal-pro hormone BNP (NT-proBNP), tissue malondialdehyde

(MDA), TGFβ and IL-6 in trastuzumab-treated mice [37]. The rosuvastatin-ubiquinone com-

bination may represent a new therapeutic modality to ameliorate trastuzumab-induced cardio-

toxicity: rats with an incomplete constriction of the abdominal aorta treated with rosuvastatin

(2 and 4 mg/kg/day; five weeks) presented lower TGFβ protein levels than untreated rats [38].

Furthermore, atorvastatin treatment resulted in decreased vascular TGFβ levels and matrix

metalloproteinase-2 (MMP-2) activity in renovascular hypertensive rats, thus ameliorating

vascular remodeling [39].

Previous studies indicate that TGFβ plays a dual role in atherosclerosis, these being related

to activation of the TGF-β–specific and bone morphogenetic protein (BMP)-specific signaling

cascades in macrophages. The inhibition of MMP-2 expression by TGF-beta1 suggests that the

latter, acting via SMAD family member 3 (Smad3), may promote plaque stability [40]. Nurga-

zieva et al. [41] suggest that the effect of TGF-β on atherosclerosis depends on the balance

between Smad1/5- and Smad2/3-dependent signaling, where Smad1/5 is pro-atherogenic, and

Smad2/3 has anti-atherogenic effects. However, endothelial TGFβ signaling is one of the pri-

mary drivers of atherosclerosis-associated vascular inflammation. Chen et al. [42] indicate that

inhibition of endothelial TGFβ signaling in hyperlipidemic mice reduces vessel wall inflamma-

tion and vascular permeability, resulting in the arrest of disease progression and regression of
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established lesions. These pro-inflammatory effects resulting from endothelial TGFβ signaling

stand in stark contrast with its effects in other cell types, and show the potential of cell-type

specific therapeutic intervention aimed at controlling atherosclerosis.

Unlike statins, the broad pleiotropic effect of ezetimibe on a number of anti-inflammatory

mechanisms has not been confirmed. Undoubtedly, while ezetimibe is effective at reducing

LDL cholesterol, it is more beneficial when used as an adjunct to statins than as monotherapy

[43]. Krysiak et al. suggest that insulin-resistant patients with hypercholesterolemia and high

cardiovascular risk may benefit the most from combined simvastatin and ezetimibe treatment

[44]. It has also been found that combined use of statin and ezetimibe can further reduce low-

density lipoprotein cholesterol (LDL-C), total cholesterol and triglyceride levels when com-

pared with monotherapy [29]. Also, some studies suggest it exerts a protective effect on endo-

thelial cells against oxLDL [16]. Our present findings indicate that ezetimibe (500 ng/mL) can

only decrease the IL-1β mRNA level following 25-OHC (10 μg/mL) stimulation; no similar

effect was observed for the other analyzed genes. Our findings are in line with literature data.

Suchy et al. (2014) [45] report that ezetimibe (22 ng/mL) treatment reduced IL-1β expres-

sion in macrophages pre-stimulated with LPS (1 μg/mL). The cells were taken from patients

with hypercholesterolemia.

Similarly to our present findings, Tie et al. (2015) [46] report that ezetimibe has no effect on

TGFβ: Apolipoprotein E (ApoE)-/- mice fed a diet rich in saturated fat and treated with ezeti-

mibe (10 mg/kg/day; 28 days) showed no changes in serum concentration of TGF-β compared

to untreated mice.

Our study shows that ezetimibe-atorvastatin or ezetimibe-rosuvastatin were able to signifi-

cantly negate the deleterious effect of 25-OHC on the mRNA expression of IL-1β, IL18, IL35
(IL12A), and TGFβ. In addition, these combination therapies did not appear to have any supe-

riority over single statin monotherapy for inflammatory processes. The anti-inflammatory

effect of the combination therapies appears to be due to the effects of the statins alone and not

to their combination with ezetimibe. This is the first study to compare those therapies on

human endothelial cells.

Previous studies comparing the effects of statin and ezetimibe therapy on inflammatory

processes have mainly been restricted to clinical trials on patients. In a study of the systemic

anti-inflammatory and endothelial protective effects of ezetimibe (10 mg/day; 90 days), atorva-

statin (40 mg/day; 90 days) and atorvastatin-ezetimibe (in the same doses) in patients with

hypercholesterolemia, Krysiak et al. (2012) report that atorvastatin and combined therapy had

beneficial effects on high-sensitivity C-reactive protein (hsCRP), ICAM-1, tumor necrosis fac-

tor α (TNFα), interferon γ (IFNγ), and IL-2 serum concentrations, while ezetimibe monother-

apy had no effect [47, 48].

For comparison, Oh et al. (2020) [35] examined the effect of rosuvastatin (20 mg/day) and

rosuvastatin with ezetimibe (5 mg + 10 mg/day) on carotid plaque inflammation, as assessed

by positron emission tomography (18FDG PET/CT) in patients with acute coronary syndrome.

Both treatments significantly reduced inflammation, but with no differences between the

groups. Also, the lipid levels did not change over the course of therapy. It should be empha-

sized that while this study compared high-dose rosuvastatin and low-dose rosuvastatin-ezeti-

mibe, it did not test the same doses of rosuvastatin.

The main limitation of our work is that it is not possible to directly translate our in vitro
findings into the process of atherosclerosis taking place in vivo. Our research suggests that,

under these specific experimental conditions, combined ezetimibe-statin therapy does not fur-

ther decrease the gene expression of pro-inflammatory cytokines in endothelial cells following

25-OHC stimulation in vitro; however, this does not mean that these combinations do not

offer benefits to other tissues or cells associated with arteriosclerosis formation in vivo.
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Ezetimibe inhibits the absorption of cholesterol from the small intestine, leading to a reduction

in intestinal cholesterol transmission to the liver, which protects the vascular endothelium

from the inflammatory and damaging effects of cholesterol in vivo [43]. Although our study

showed that ezetimibe treatment yields minimal anti-inflammatory effects and does not

appear to enhance the anti-inflammatory effects of statins when added in combination, its

clinical benefits remain unclear. Therefore, further studies are needed to compare statin

monotherapy with combined statin-ezetimibe therapy in vivo.

4. Conclusion

Treatment with 25-hydroxycholesterol can induce inflammation in endothelial cells. Of the

tested statins, rosuvastatin has the strongest anti-inflammatory effect and most effectively

reduces the effect of oxysterols. Both atorvastatin and rosuvastatin exert a greater anti-inflam-

matory effect than ezetimibe. Although the tested combination therapies bestow anti-inflam-

matory effects, these could be due to the statins alone and not to the combination with

ezetimibe. Therefore, they appear to have no advantage over statin monotherapy.

5. Materials and methods

5.1. Chemicals

HUVECs, trypsin with ethylenediaminetetraacetic acid (EDTA), trypsin neutralizing solution,

endothelial cell growth medium-2 (EGM-2) with hydrocortisone, human fibroblastic growth

factor-β (hFGF-β), vascular endothelial growth factor (VEGF), human recombinant E.coli,

lyophilized powder (R3-IGF-1), ascorbic acid, human epidermal growth factor (hEGF), genta-

micin (GA-1000), heparin and fetal bovine serum (FBS), were purchased from Lonza (Switzer-

land). Atorvastatin, rosuvastatin, ezetimibe, 25-hydroxycholesterol (25-OHC) and primers

were bought from Sigma-Aldrich (USA). RNeasy Mini Kit was bought from Qiagen (Ger-

many). High-Capacity complementary DNA (cDNA) Kit and SYBR-Green PCR Mastermix

were purchased from Applied Biosystems (USA). Other chemicals were purchased from Roth

(Germany) and POCh (Poland) and were of analytical grade.

5.2. Cell culture in monolayers

HUVECs were cultured in EGM-2 containing 10% FBS, hydrocortisone, hFGF-B, VEGF,

R3-IGF-1, ascorbic acid, hEGF, GA-1000, heparin and penicillin (100 U/ml), and streptomy-

cin (100 μg/ml) at 37˚C, 5% CO2.

Following trypsinization, the HUVECs were separately seeded on 24-well plates at a density

of 100,000 cells per well in a 600 μl EGM-2. After reaching 80–90% confluence, the HUVECs

were stimulated with 25-hydroxycholesterol (10 μg/ml) for four hours. After incubation, the

cells were centrifuged, the compound was discarded, and the HUVECs were stimulated with

atorvastatin (5 μM), rosuvastatin (10 μM) and ezetimibe (500 ng/ml) for 20 hours. Total cell

stimulation was 24 hours: four hours of pre-incubation with 25-OHC + 20 hours of drug incu-

bation. After incubation, the cells were centrifuged, the compounds were discarded, and the

cells were resuspended in EGM-2 medium.

No significant changes in HUVEC cell viability were observed as a result of treatment with

statins and ezetimibe at the selected concentrations, as previously presented by Niedzielski

et al. [11]. In each series of probes, cell viability was determined by the Trypan Blue dye exclu-

sion test.

The investigations were approved by the Bioethics Committee of the Medical University of

Lodz No. RNN/363/19/KE).
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5.3. Gene expression

mRNA were isolated after 20 hours of drug incubation, which corresponds to 24 hours of the

experiment (four hours of pre-incubation with 25-OHC + 20 hours of drug incubation). RNA

was extracted with the RNeasy Mini Kit (Qiagen, Germany), following the manufacturer’s

instructions. Potential genomic DNA contamination was removed by on-column DNase I

digestion. cDNA synthesis was performed using High-Capacity cDNA Kit (Applied Biosys-

tems, USA). The cDNA was quantified by real-time PCR using SYBR-Green PCR Mastermix

and was purchased from Applied Biosystems (USA). EF1α (elongation factor α) was amplified

as a housekeeping gene. The reaction was conducted as follows: four minutes at 95˚C, followed

by 40 cycles of 15 s at 95˚C and 60 s at 60˚C. The 2ΔCt (Ctgene–CtEF1-α) method was used to calcu-

late the expression levels of the studied genes [49]. The primers were designed utilizing

Primer-BLAST NCBI—NIH website: https://www.ncbi.nlm.nih.gov/tools/primer-blast/

(S1 Table).

5.4. Enzyme-linked immunosorbent assay (ELISA) for IL-35

The supernatants were isolated after four hours of pre-incubation with 25-OHC + 20 hours of

drug incubation. The IL-35 levels in the HUVEC supernatants was assessed by enzyme-linked

immunosorbent assay (ELISA) using an ELISA ST-360 microplate reader (450nm and 630nm)

according to the manufacturer’s protocol (Cloud-Clone, Katy, USA). The range of IL-35 was

1.56–300 pg/mL.

5.5. Statistical analysis

The distribution of particular variables was verified by the Shapiro-Wilk W-test, and homoge-

neity of variance was determined with the Brown–Fisher test. The results are presented as

mean ± SD for variables with normal distribution. Statistical analysis was conducted using the

one-way analysis of variance (ANOVA) followed by Tukey’s post hoc multiple comparisons

procedure. The difference was considered to be significant for P<0.05. Each analysis was per-

formed in four independent experiments, with each experiment being repeated three times.

All analyses were conducted with the STATISTICA 13.1 software (2000 Stat-Soft, Inc., Tulsa,

USA).

Supporting information

S1 Table. The primers used in the real-time PCR.
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14. Padró T, Lugano R, Garcı́a-Arguinzonis M, Badimon L. LDL-induced impairment of human vascular

smooth muscle cells repair function is reversed by HMG-CoA reductase inhibition. PLoS One. 2012; 7.

https://doi.org/10.1371/journal.pone.0038935 PMID: 22719992

15. Becher T, Schulze TJ, Schmitt M, Trinkmann F, El-Battrawy I, Akin I, et al. Ezetimibe inhibits platelet

activation and uPAR expression on endothelial cells. Int J Cardiol. 2017; 227: 858–862. https://doi.org/

10.1016/j.ijcard.2016.09.122 PMID: 27818020

16. Kosoglou T, Statkevich P, Johnson-Levonas AO, Paolini JF, Bergman AJ, Alton KB. Ezetimibe: A

review of its metabolism, pharmacokinetics and drug interactions. Clin Pharmacokinet. 2005; 44: 467–

494. https://doi.org/10.2165/00003088-200544050-00002 PMID: 15871634

17. Jackson KG, Armah CK, Minihane AM. Meal fatty acids and postprandial vascular reactivity. Biochem

Soc Trans. 2007; 35: 451–453. https://doi.org/10.1042/BST0350451 PMID: 17511625

18. Cohn JS. Postprandial Lipemia and Remnant Lipoproteins. Clin Lab Med. 2006; 26: 773–786. https://

doi.org/10.1016/j.cll.2006.07.003 PMID: 17110239

19. Michael A.GJ, Guillermo G-C. Endothelial cell dysfunction and the pathobiology of atherosclerosis. Circ

Res. 2016; 176: 139–148. https://doi.org/10.1161/CIRCRESAHA.115.306301

PLOS ONE The effect of lipid-lowering therapies on the inflammatory properties of vascular endothelial cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0280741 February 8, 2023 11 / 13

https://doi.org/10.1016/j.biopha.2020.110388
https://doi.org/10.1016/j.biopha.2020.110388
http://www.ncbi.nlm.nih.gov/pubmed/32559626
https://doi.org/10.1186/s12944-017-0579-2
https://doi.org/10.1016/j.redox.2017.07.014
https://doi.org/10.1016/j.redox.2017.07.014
http://www.ncbi.nlm.nih.gov/pubmed/28783588
https://doi.org/10.1016/s0022-2275(20)39930-2
http://www.ncbi.nlm.nih.gov/pubmed/7897321
https://doi.org/10.1016/j.fct.2010.09.023
http://www.ncbi.nlm.nih.gov/pubmed/20870006
https://doi.org/10.1016/0021-9150%2892%2990059-p
http://www.ncbi.nlm.nih.gov/pubmed/1466646
https://doi.org/10.1113/JP271168
http://www.ncbi.nlm.nih.gov/pubmed/26648329
https://doi.org/10.1084/jem.20111202
http://www.ncbi.nlm.nih.gov/pubmed/22473958
https://doi.org/10.1093/eurheartj/ehz455
http://www.ncbi.nlm.nih.gov/pubmed/31504418
https://doi.org/10.4103/2230-8210.163106
http://www.ncbi.nlm.nih.gov/pubmed/26425463
https://doi.org/10.1371/journal.pone.0256996
http://www.ncbi.nlm.nih.gov/pubmed/34492054
https://doi.org/10.1371/journal.pone.0059233
https://doi.org/10.1371/journal.pone.0059233
http://www.ncbi.nlm.nih.gov/pubmed/23555637
https://doi.org/10.1152/ajpheart.00490.2011
http://www.ncbi.nlm.nih.gov/pubmed/22058159
https://doi.org/10.1371/journal.pone.0038935
http://www.ncbi.nlm.nih.gov/pubmed/22719992
https://doi.org/10.1016/j.ijcard.2016.09.122
https://doi.org/10.1016/j.ijcard.2016.09.122
http://www.ncbi.nlm.nih.gov/pubmed/27818020
https://doi.org/10.2165/00003088-200544050-00002
http://www.ncbi.nlm.nih.gov/pubmed/15871634
https://doi.org/10.1042/BST0350451
http://www.ncbi.nlm.nih.gov/pubmed/17511625
https://doi.org/10.1016/j.cll.2006.07.003
https://doi.org/10.1016/j.cll.2006.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17110239
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1371/journal.pone.0280741


20. Badimon L. Interleukin-18: A potent pro-inflammatory cytokine in atherosclerosis. Cardiovasc Res.

2012; 96: 172–175. https://doi.org/10.1093/cvr/cvs226 PMID: 22922166

21. Libby P. Interleukin-1 Beta as a Target for Atherosclerosis Therapy: Biological Basis of CANTOS and

Beyond. J Am Coll Cardiol. 2017; 70: 2278–2289. https://doi.org/10.1016/j.jacc.2017.09.028

22. Lisinski TJ, Furie MB. Interleukin-10 inhibits proinflammatory activation of endothelium in response to

Borrelia burgdorferi or lipopolysaccharide but not interleukin-1beta or tumor necrosis factor alpha. J

Leukoc Biol. 2002; 72: 503–511. Available: http://www.ncbi.nlm.nih.gov/pubmed/12223518 PMID:

12223518

23. Li X, Fang P, Sun Y, Shao Y, Yang WY, Jiang X, et al. Anti-inflammatory cytokines IL-35 and IL-10

block atherogenic lysophosphatidylcholine-induced, mitochondrial ROS-mediated innate immune acti-

vation, but spare innate immune memory signature in endothelial cells. Redox Biol. 2020; 28: 101373.

https://doi.org/10.1016/j.redox.2019.101373 PMID: 31731100

24. McCurdy S, Liu CA, Yap J, Boisvert WA. Potential role of IL-37 in atherosclerosis. Cytokine. 2019; 122:

0–1. https://doi.org/10.1016/j.cyto.2017.09.025 PMID: 28988706

25. Yan X, Xie B, Wu G, Hu J, Wang D, Cai X, et al. Interleukin-37: The effect of anti-inflammatory response

in human coronary artery endothelial cells. Mediators Inflamm. 2019;2019. https://doi.org/10.1155/

2019/2650590 PMID: 30728750

26. Ye J, Wang Y, Wang Z, Liu L, Yang Z, Wang M, et al. Roles and Mechanisms of Interleukin-12 Family

Members in Cardiovascular Diseases: Opportunities and Challenges. Front Pharmacol. 2020; 11: 1–

12. https://doi.org/10.3389/fphar.2020.00129

27. Li X, Shao Y, Sha X, Fang P, Kuo YM, Andrews AJ, et al. IL-35 (interleukin-35) suppresses endothelial

cell activation by inhibiting mitochondrial reactive oxygen species-mediated site-specific acetylation of

H3K14 (histone 3 lysine 14). Arterioscler Thromb Vasc Biol. 2018; 38: 599–609. https://doi.org/10.

1161/ATVBAHA.117.310626 PMID: 29371247

28. Toma I, McCaffrey TA. Transforming growth factor-β and atherosclerosis: Interwoven atherogenic and

atheroprotective aspects. Cell Tissue Res. 2012; 347: 155–175. https://doi.org/10.1007/s00441-011-

1189-3

29. Zhang R, Li T, Guo J, Zhao Y, Liu Y, Yao Y, et al. Fufang-Zhenzhu-Tiaozhi Capsule reduces restenosis

via the downregulation of NF-kappaB and inflammatory factors in rabbits. Lipids Health Dis. 2018; 17:

1–9. https://doi.org/10.1186/s12944-018-0921-3

30. Satoh M, Tabuchi T, Itoh T, Nakamura M. NLRP3 inflammasome activation in coronary artery disease:

Results from prospective and randomized study of treatment with atorvastatin or rosuvastatin. Clin Sci.

2014; 126: 233–241. https://doi.org/10.1042/CS20130043 PMID: 23944632

31. Chandrasekar B, Mummidi S, Mahimainathan L, Patel DN, Bailey SR, Imam SZ, et al. Interleukin-18-

induced human coronary artery smooth muscle cell migration is dependent on NF-κB- and AP-1-medi-

ated matrix metalloproteinase-9 expression and is inhibited by atorvastatin. J Biol Chem. 2006; 281:

15099–15109. https://doi.org/10.1074/jbc.M600200200

32. Aktunc E, Kayhan B, Arasli M, Gun BD, Barut F. The effect of atorvastatin and its role on systemic cyto-

kine network in treatment of acute experimental colitis. Immunopharmacol Immunotoxicol. 2011; 33:

667–675. https://doi.org/10.3109/08923973.2011.559475 PMID: 21428710

33. Liu Z, Zhao Y, Wei F, Ye L, Lu F, Zhang H, et al. Treatment with telmisartan/rosuvastatin combination

has a beneficial synergistic effect on ameliorating Th17/Treg functional imbalance in hypertensive

patients with carotid atherosclerosis. Atherosclerosis. 2014; 233: 291–299. https://doi.org/10.1016/j.

atherosclerosis.2013.12.004 PMID: 24495792

34. Shin SK, Cho JH, Kim EJ, Kim EK, Park DK, Kwon KA, et al. Anti-inflammatory and anti-apoptotic

effects of rosuvastatin by regulation of oxidative stress in a dextran sulfate sodium-induced colitis

model. World J Gastroenterol. 2017; 23: 4559–4568. https://doi.org/10.3748/wjg.v23.i25.4559 PMID:

28740344

35. Cao Y, Chen Z, Jia J, Chen A, Gao Y, Qian J, et al. Rosuvastatin Alleviates Coronary Microemboliza-

tion-Induced Cardiac Injury by Suppressing Nox2-Induced ROS Overproduction and Myocardial Apo-

ptosis. Cardiovasc Toxicol. 2022 Apr; 22(4):341–351. https://doi.org/10.1007/s12012-021-09716-4

36. Shaoyuan C, Ming D, Yulang H, Hongcheng F. Increased IL-37 in Atherosclerotic Disease could be

Suppressed by Atorvastatin Therapy. Scand J Immunol. 2015; 82: 328–336. https://doi.org/10.1111/sji.

12322 PMID: 26074195

37. Kabel AM, Elkhoely AA. Targeting proinflammatory cytokines, oxidative stress, TGF-β1 and STAT-3 by

rosuvastatin and ubiquinone to ameliorate trastuzumab cardiotoxicity. Biomed Pharmacother. 2017; 93:

17–26. https://doi.org/10.1016/j.biopha.2017.06.033

38. Wang P, Luo L, Shen Q, Shi G, Mohammed A, Ni S, et al. Rosuvastatin improves myocardial hypertrophy

after hemodynamic pressure overload via regulating the crosstalk of Nrf2/ARE and TGF-β/ smads path-

ways in rat heart. Eur J Pharmacol. 2018; 820: 173–182. https://doi.org/10.1016/j.ejphar.2017.12.013

PLOS ONE The effect of lipid-lowering therapies on the inflammatory properties of vascular endothelial cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0280741 February 8, 2023 12 / 13

https://doi.org/10.1093/cvr/cvs226
http://www.ncbi.nlm.nih.gov/pubmed/22922166
https://doi.org/10.1016/j.jacc.2017.09.028
http://www.ncbi.nlm.nih.gov/pubmed/12223518
http://www.ncbi.nlm.nih.gov/pubmed/12223518
https://doi.org/10.1016/j.redox.2019.101373
http://www.ncbi.nlm.nih.gov/pubmed/31731100
https://doi.org/10.1016/j.cyto.2017.09.025
http://www.ncbi.nlm.nih.gov/pubmed/28988706
https://doi.org/10.1155/2019/2650590
https://doi.org/10.1155/2019/2650590
http://www.ncbi.nlm.nih.gov/pubmed/30728750
https://doi.org/10.3389/fphar.2020.00129
https://doi.org/10.1161/ATVBAHA.117.310626
https://doi.org/10.1161/ATVBAHA.117.310626
http://www.ncbi.nlm.nih.gov/pubmed/29371247
https://doi.org/10.1007/s00441-011-1189-3
https://doi.org/10.1007/s00441-011-1189-3
https://doi.org/10.1186/s12944-018-0921-3
https://doi.org/10.1042/CS20130043
http://www.ncbi.nlm.nih.gov/pubmed/23944632
https://doi.org/10.1074/jbc.M600200200
https://doi.org/10.3109/08923973.2011.559475
http://www.ncbi.nlm.nih.gov/pubmed/21428710
https://doi.org/10.1016/j.atherosclerosis.2013.12.004
https://doi.org/10.1016/j.atherosclerosis.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24495792
https://doi.org/10.3748/wjg.v23.i25.4559
http://www.ncbi.nlm.nih.gov/pubmed/28740344
https://doi.org/10.1007/s12012-021-09716-4
https://doi.org/10.1111/sji.12322
https://doi.org/10.1111/sji.12322
http://www.ncbi.nlm.nih.gov/pubmed/26074195
https://doi.org/10.1016/j.biopha.2017.06.033
https://doi.org/10.1016/j.ejphar.2017.12.013
https://doi.org/10.1371/journal.pone.0280741


39. Guimarães DA, Rizzi E, Ceron CS, Martins-Oliveira A, Gerlach RF, Shiva S, et al. Atorvastatin and sil-

denafil decrease vascular TGF-β levels and MMP-2 activity and ameliorate arterial remodeling in a

model of renovascular hypertension. Redox Biol. 2015; 6: 386–395. https://doi.org/10.1016/j.redox.

2015.08.017

40. Feinberg MW, Jain MK, Werner F, Sibinga NES, Wiesel P, Wang H, et al. Transforming growth factor-

β1 inhibits cytokine-mediated induction of human metalloelastase in macrophages. J Biol Chem. 2000;

275: 25766–25773. https://doi.org/10.1074/jbc.M002664200

41. Nurgazieva D, Mickley A, Moganti K, Ming W, Ovsyi I, Popova A, et al. TGF-β1, but Not Bone Morpho-

genetic Proteins, Activates Smad1/5 Pathway in Primary Human Macrophages and Induces Expression

of Proatherogenic Genes. J Immunol. 2015; 194: 709–718. https://doi.org/10.4049/jimmunol.1300272

42. Chen PY, Qin L, Li G, Wang Z, Dahlman JE, Malagon-Lopez J, et al. Endothelial TGF-β signalling drives

vascular inflammation and atherosclerosis. Nat Metab. 2019; 1: 912–926. https://doi.org/10.1038/

s42255-019-0102-3

43. Patel J, Sheehan V, Gurk-Turner C. Ezetimibe (Zetia): A New Type of Lipid-Lowering Agent. Baylor

Univ Med Cent Proc. 2003; 16: 354–358. https://doi.org/10.1080/08998280.2003.11927928 PMID:

16278712

44. Krysiak R, Zmuda W, Okopien B. The effect of simvastatin-ezetimibe combination therapy on adipose

tissue hormones and systemic inflammation in patients with isolated hypercholesterolemia. Cardiovasc

Ther. 2014; 32: 40–46. https://doi.org/10.1111/1755-5922.12057 PMID: 24354929

45. Suchy D, Łabuzek K, Machnik G, Okopień B. The influence of ezetimibe on classical and alternative

activation pathways of monocytes/macrophages isolated from patients with hypercholesterolemia. Nau-

nyn Schmiedebergs Arch Pharmacol. 2014; 387: 733–742. https://doi.org/10.1007/s00210-014-0982-4

PMID: 24781446

46. Tie C, Gao K, Zhang N, Zhang S, Shen S, Xie X, et al. Ezetimibe attenuates atherosclerosis associated

with lipid reduction and inflammation inhibition. PLoS One. 2015; 10: 1–14. https://doi.org/10.1371/

journal.pone.0142430 PMID: 26555472

47. Krysiak R, Zmuda W, Okopien B. The effect of ezetimibe, administered alone or in combination with

simvastatin, on lymphocyte cytokine release in patients with elevated cholesterol levels. J Intern Med.

2012; 271: 32–42. https://doi.org/10.1111/j.1365-2796.2011.02394.x PMID: 21623963

48. Oh M, Kim H, Shin EW, Sung C, Kim DH, Moon DH, et al. Comparison of High-Dose Rosuvastatin Ver-

sus Low-Dose Rosuvastatin Plus Ezetimibe on Carotid Atherosclerotic Plaque Inflammation in Patients

with Acute Coronary Syndrome. J Cardiovasc Transl Res. 2020; 13: 900–907. https://doi.org/10.1007/

s12265-020-10009-4 PMID: 32367340

49. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR

and the 2-ΔΔCT method. Methods. 2001; 25: 402–408. https://doi.org/10.1006/meth.2001.1262

PLOS ONE The effect of lipid-lowering therapies on the inflammatory properties of vascular endothelial cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0280741 February 8, 2023 13 / 13

https://doi.org/10.1016/j.redox.2015.08.017
https://doi.org/10.1016/j.redox.2015.08.017
https://doi.org/10.1074/jbc.M002664200
https://doi.org/10.4049/jimmunol.1300272
https://doi.org/10.1038/s42255-019-0102-3
https://doi.org/10.1038/s42255-019-0102-3
https://doi.org/10.1080/08998280.2003.11927928
http://www.ncbi.nlm.nih.gov/pubmed/16278712
https://doi.org/10.1111/1755-5922.12057
http://www.ncbi.nlm.nih.gov/pubmed/24354929
https://doi.org/10.1007/s00210-014-0982-4
http://www.ncbi.nlm.nih.gov/pubmed/24781446
https://doi.org/10.1371/journal.pone.0142430
https://doi.org/10.1371/journal.pone.0142430
http://www.ncbi.nlm.nih.gov/pubmed/26555472
https://doi.org/10.1111/j.1365-2796.2011.02394.x
http://www.ncbi.nlm.nih.gov/pubmed/21623963
https://doi.org/10.1007/s12265-020-10009-4
https://doi.org/10.1007/s12265-020-10009-4
http://www.ncbi.nlm.nih.gov/pubmed/32367340
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1371/journal.pone.0280741

