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Abstract: Background: Hyperlipidemia and inflammation are critical components in the pathophysi-
ology of endothelial disorder, which can lead to vascular complications. Our study aimed to evaluate
the effects of immunomodulatory therapy (methotrexate and infliximab) in a diet-induced hyper-
lipidemia rat model. Methods: Sprague-Dawley (wild type (WT), male, n = 32) rats were divided
into four groups: one group fed with standard diet (SD), one group fed with high lipid diet (HLD),
and two groups that received HLD and drug treatment (methotrexate (Mtx) or infliximab (Ifx)). In
order to evaluate if modifications to the endothelial cells may influence the risk of vascular compli-
cations following hyperlipidemia or treatment reactivity, each group was doubled by a rats group
that overexpressed beta-3 receptors on the endothelial cells (transgenic (TG-beta 3), male, n = 32).
Serum lipid profile, liver enzymes, oxidative stress, and inflammation markers were determined.
Histopathologic analysis of the liver and aorta was performed. Results: After 9 weeks of HLD, rats
exhibited significant pathologic serum lipid profiles, elevated oxidative stress, and pro-inflammatory
markers. Additionally, the aortic histopathological analysis revealed aorta media-intima thickening
(p < 0.05) in the transgenic group. Methotrexate and infliximab significantly decreased inflammation
and oxidative stress parameters, but presented opposing effects on lipid profiles (methotrexate
decreased, whereas infliximab increased the atherosclerosis index). Drug treatment decreased the
aorta media-intima thickness (p < 0.05) only in transgenic rats. Conclusions: HLD was associated
with hyperlipidemia, inflammation and oxidative stress. The overexpression of beta-3 receptors on
endothelial cells increased aortic thickening in response to the HLD. Methotrexate and infliximab
reduced oxidative stress and inflammation in all groups, but led to favorable histopathologic vascular
results only in the transgenic groups.

Keywords: high-lipid diet; transgenic rats; beta-3 receptor overexpression; inflammation; oxidative
stress; aortic thickening; methotrexate; infliximab

J. Clin. Med. 2021, 10, 3143. https://doi.org/10.3390/jcm10143143 https://www.mdpi.com/journal/jcm

https://www.mdpi.com/journal/jcm
https://www.mdpi.com
https://orcid.org/0000-0002-9088-8589
https://orcid.org/0000-0003-3036-5345
https://orcid.org/0000-0003-2247-4613
https://orcid.org/0000-0003-4414-7410
https://orcid.org/0000-0002-6854-2194
https://doi.org/10.3390/jcm10143143
https://doi.org/10.3390/jcm10143143
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jcm10143143
https://www.mdpi.com/journal/jcm
https://www.mdpi.com/article/10.3390/jcm10143143?type=check_update&version=1


J. Clin. Med. 2021, 10, 3143 2 of 18

1. Introduction

Atherosclerotic cardiovascular disease is considered one of the leading causes of
mortality worldwide. Based on National Health and Nutrition Examination Survey (NHANES)
(2013 to 2016), the prevalence of cardiovascular disease (CVD) including coronary artery
disease (CAD), heart failure (HF), stroke, and hypertension in adults ≥20 years old was
48.0% (121.5 million out of 2016). Prevalence of CVD increases with age in both genders [1].

Currently, atherosclerosis is characterized by the activation of inflammatory pathways,
with many studies highlighting the involvement of inflammation in all stages of athero-
genesis [2,3]. For a long time, atherosclerosis was regarded as a disease defined by the
lipoproteins deposition in the arterial wall [4–6], however, in recent decades the increasing
research has changed the viewpoint regarding the atherosclerotic process revealing that
dyslipidemia and inflammation are critical factors in the onset, progression, and rupture
of atherosclerotic plaques [7–9]. Pro-inflammatory cytokines represent a significant part
of atherosclerosis as a chronic inflammatory disease. In recent studies, high C-reactive
protein levels (CRP) have been regarded as an indicator of future cardiovascular events,
becoming measurable in the first phases of atherogenesis. In locally damaged tissue, ac-
tivated macrophages release many pro-inflammatory cytokines interleukine-1β (IL-1β),
interleukine-6 (IL-6), and tumor necrosis factor-α (TNF-α), promoting high CRP levels to be
synthesized by the liver [10,11]. IL-1β, IL-6, TNF-α, and CRP were previously evaluated for
their potential to be therapeutic targets for anti-inflammatory treatment in atherosclerosis,
thus reducing the residual risk of atherosclerotic cardiovascular disease [12].

Methotrexate and infliximab were recently studied for immuno-modulatory proper-
ties, targeting inflammatory pathways activated in different cardiovascular diseases [13].

Methotrexate is a folic acid antagonist that belongs to the class of cytotoxic drugs
known as antimetabolites and works by competitively inhibiting the enzyme dihydrofolate
reductase and thus inhibiting DNA synthesis. Recent studies showed that in patients
with rheumatoid arthritis (RA), methotrexate administration diminished CVD risk by
reducing several pro-inflammatory cytokines (IL-6, TNF-α) and CRP [14,15], purine biosyn-
thesis, and may also stimulate the release of adenosine, all of which may lead to its
anti-inflammatory properties [16,17].

Infliximab is a monoclonal antibody that binds with high affinity to soluble and
transmembrane forms of TNFα. In vitro, infliximab has shown to inhibit the functional
activity of TNFα. In vivo, infliximab forms stable complexes with human TNFα, a process
that leads to loss of TNFα bioactivity. Bernatsky et al. [18] recently reported a decline of
CVD in RA patients treated with TNF-α antagonist, supporting the possibility that TNF-α
inhibitors could be useful in reducing the CVD risk [18–20].

Several animal models of atherosclerosis have been developed [21], but the most
reproducible are the ones using high lipid diets [21]. Although it is difficult to develop
typical atherosclerosis in rats, studies show that a diet rich in lard and cholesterol adminis-
tered to rats for more than 4 weeks can induce dyslipidemia, inflammation, and gradually
lead to vascular modifications resulting in atherosclerosis-like lesions [22]. Atherosclerosis
is associated with endothelial dysfunction and stiffening of the arterial wall. Thus, the
overexpression of beta-3 receptors at the endothelial level could lead to increased endothe-
lial dysfunction [22], an enhanced vascular reactivity to hyperlipidemia, and vascular
modifications indicative of atherosclerosis development.

Thus, we aimed to investigate the effects of methotrexate and infliximab in an animal
model of diet-induced dyslipidemia and overexpression of beta-3 receptor on endothelial
cells.

2. Materials and Method
2.1. Animals, Substances and Experimental Design

Thirty-two healthy adult male Sprague-Dawley (wild type, WT) rats, weighing 300 ±
20 g were purchased from “Cantacuzino” National Medico-Military Institute for Research
and Development, Bucharest, Romania, and 32 healthy adult male transgenic Sprague-
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Dawley rats that exhibit overexpression of endothelial cell beta-3 receptors (TG-beta 3),
weighing 280 ± 20 g, were provided by Therassay laboratories, France.

All techniques and procedures were performed according to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals [23] and were approved by the
Ethics Committee of University of Medicine and Pharmacy “Iuliu Hatieganu” Cluj-Napoca
(Permit number: 162/10.04.2019).

The rats were housed in an environmentally controlled room at 23 ± 1 ◦C and 55 ± 5%
relative humidity, with a 12-h light/dark cycle. Food and water were provided ad libitum.
All efforts were made to minimize the suffering of rats.

Drugs used in the experiment were commercially available: methotrexate (Sigma-
Aldrich, Co., St. Louis, MO, USA, batch number: BCBV8405) and infliximab (drug approval
number: EU/1/13/854/001; batch number: 232192).

The rats’ standard diet was purchased from “Cantacuzino” National Medico-Military
Institute for Research and Development, Bucharest, Romania. High-lipid diet consisted
of 75% basal diet, 9% lard, 5.5% yolk powder, 7.5% sugar, 2.5% cholesterol, 0.3% sodium
cholate, and 0.2% propylthiouracil [24].

After 1 week of acclimatization, rats were weighed and randomly divided into eight
groups of eight rats per group as follows:

(1) wild-type with standard diet—WT + SD group; (2) transgenic with standard diet—
TG-beta 3 + SD group; (3) wild type with high-lipid diet—WT + HDL; (4) transgenic with
high-lipid diet—TG-beta 3 + HDL; (5) wild-type with high-lipid diet and methotrexate
treatment—WT + HLD + Mtx (0.1 mg/kg, i.p., daily administration); (6) transgenic with
high-lipid diet and methotrexate treatment TG-beta3 + HLD + Mtx (0.1 mg/kg, i.p., daily
administration); (7) wild-type with high-lipid diet and infliximab treatment—WT + HLD +
Ifx (1.5 mg/kg, subcutaneous (s.c.) weekly administration); (8) transgenic with high-lipid
diet and infliximab treatment—TG-beta 3 + HLD + Ifx (1.5 mg/kg, subcutaneous (s.c.)
weekly administration).

All rats were fed the specific diet (SD or HLD) for 9 weeks. For the treatment groups,
drugs were included in the protocol after 4 weeks of the diet. The treatment period was
5 weeks.

At the end of the study, blood was collected through retro-orbital sinus puncture
under anesthesia with 30 mg/kg ketamine and 0.5 mg/kg xylazine, i.m. Blood samples
were centrifuged at 3500 RPM for 15 min, and plasma was separated and stored at −80 ◦C
until analysis. Afterwards, animals were sacrificed by cervical dislocation. Liver, aorta,
and myocardium tissue samples were harvested and fixed in 10% formalin at 4◦C until
assayed.

2.2. Biochemical Analysis

Plasma levels of cholesterol (TC), triglyceride (TG), low-density lipoprotein choles-
terol (LDL-C), and high-density lipoprotein cholesterol (HDL-C), were determined using a
spectrophotometer analyzer (Cobas Integra 400 Plus (Roche Diagnostics, Basel, Switzer-
land). Liver function parameters such as aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were also measured. The arteriosclerosis index (AI) was calculated
as follows: [24]

AI =
TC − HDL Cholesterol

HDL Cholesterol
(1)

2.3. Determination of Inflammation Markers

The concentrations of hs-CRP, IL-1β, IL-6, and TNF-α in plasma were measured using
specific ELISA kits according to the manufacturer’s instructions (Elabscience USA and
EIAab China).
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2.4. Determination of Oxidative Stress Markers

Plasma samples required for reduced glutathione (GSH), oxidized glutathione (GSSG),
and malondialdehyde (MDA) analysis were obtained by centrifugation of EDTA-treated
whole blood.

One-hundred-and-fifty microliters of plasma was deproteinized with 10% metaphos-
phoric acid (m/v). After dilution with 0.1% EDTANa2 in phosphate buffer (pH = 8), a
fraction of the supernatant was incubated with ortho-phthalaldehyde (OPA), followed by
chromatographic assay of derivatized GSH. In the case of GSSG, the deproteinization was
followed by incubation with N-ethylmaleimide, dilution with 0.1 M NaOH, derivatization
with OPA, and chromatographic assay.

The chromatographic system consisted of a Waters Acquity UPLC system coupled
with Waters Acquity fluorescence detector (Waters, Milford, MA, USA) (λexc = 350 nm,
λem = 420 nm). The separation was achieved in both cases using an HSS T3 Acquity UPLC
column (1.8 µm, 2.1 × 100 mm) and a mixture of Na2HPO4 25 mM and MeOH as the
mobile phase.

For total MDA analysis, alkaline hydrolysis was achieved by incubation of plasma
with 6 M NaOH at 60 ◦C in a water bath, followed by the addition of the internal standard
(diacetone alcohol), deproteinization with 35% perchloric acid, and derivatization with
2,4-dinitrophenylhydrazine. The obtained derivative was extracted in hexane, followed by
the evaporation to dryness of the organic phase. The residue was dissolved in the mobile
phase and injected in the UPLC-PDA system (λ = 307 nm). The separation was performed
on a BEH C18 column (50 mm × 2.1 mm i.d., 1.7 mm), using gradient elution (1% formic
acid/acetonitrile). Empower two software (Waters, Milford, MA, USA) was used for data
acquisition and processing in the case of all chromatographic assays.

2.5. Organ Index of the Liver, Kidney and Myocardium

The organ index of liver, kidney, and myocardium were calculated applying the
following formula: organ index (%) = (organ weight/body weight) × 100% [25].

2.6. Histopathological Analysis of Liver, Heart and Aorta

Paraffin sections of aortic arch, liver, and heart (4–5 µm) were sliced using Microtome
Microtec CUT 4050 (Walldorf, Germany) and stained with hematoxylin-eosin (H&E); frozen
sections of the aortic arch and liver (10 µm) were sliced using the Criotom Leica CM 1860 UV
and stained with Oil Red. The images were captured on a Leica DM750 microscope with
Leica ICC 50 HD Camera, using the LAS V4.12. image analyzer. Further, the sections (aortic
root, liver) were analyzed and the percentage of foam cells in the liver in every random
field was quantified. Aorta, intima, and media thickness in every random field were also
quantified. Regarding the liver’s histopathological analysis, we classified the liver disease
based on liver architecture, steatosis liver score, lobular inflammation score, ballooning
score, and grading of steatohepatitis.

2.7. Statistical Analysis

The statistical analysis was performed using IBM SPSS 26.0 (Statistical Package for the
Social Science, SPSS Inc., Chicago, IL, USA) software and GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA, USA). All experimental data were represented as mean ± SD.
Data were compared using Student’s t-tests for quantitative variables, Mann–Whitney tests
for ordinal/semiquantitative variables, Fisher tests for qualitative variables, and One-way
ANOVA for multi-group comparisons. p < 0.05 was considered significant.

3. Results
3.1. Effects on Plasma Lipid Levels

After 9 weeks of HLD, TC, LDL-C, and AI (>4) were significantly (p < 0.001) higher in
HLD groups compared to SD groups (Figure 1a,b,e). HDL-C and triglycerides levels across
the SD and HLD groups were comparable (Figure 1c,d).
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Methotrexate administration showed a significant (p < 0.05) decrease in TC, LDL-C,
TG, and AI levels (p < 0.01), while HDL-C significantly increased (Figure 1).

The treatment with infliximab significantly (p < 0.001) increased the lipid profile (TC,
LDL-C, HDL-C, and TG), but did not influence the AI (Figure 1). There were no significant
differences between the wild type and transgenic-beta 3 rats regarding the lipid profile and
AI (p > 0.05) (Figure 1).
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Figure 1. Methotrexate and infliximab effects on plasma lipid levels. (a) Total cholesterol (TC), (b) low-density lipoprotein 
cholesterol (LDL-C), (c) high-density lipoprotein cholesterol (HDL-C), (d) triglycerides (TG). (e) atherosclerosis index (AI). 
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methotrexate; HLD + Ifx—high lipid diet associated with infliximab. *** p < 0.001 HLD versus SD group; & p < 0.05; && p < 
0.01; &&& p < 0.001 HLD + Mtx versus HLD group; ^^^ p < 0001 HLD + Ifx versus HLD group. 

Figure 1. Methotrexate and infliximab effects on plasma lipid levels. (a) Total cholesterol (TC), (b) low-density lipoprotein
cholesterol (LDL-C), (c) high-density lipoprotein cholesterol (HDL-C), (d) triglycerides (TG). (e) atherosclerosis index (AI).
SD—standard diet; HLD—high lipid diet; Mtx-methotrexate; Ifx-infliximab; HLD + Mtx—high lipid diet associated with
methotrexate; HLD + Ifx—high lipid diet associated with infliximab. *** p < 0.001 HLD versus SD group; & p < 0.05;
&& p < 0.01; &&& p < 0.001 HLD + Mtx versus HLD group; ˆˆˆ p < 0001 HLD + Ifx versus HLD group.

3.2. Inflammation Markers

As shown in Figure 2a, inflammation markers considerably increased after the HLD,
while methotrexate administration led to a significant decrease in these parameters (hs-
PCR, TNF-α, IL-1β and IL-6). Under treatment with infliximab, the hs-PCR levels showed
a slight increase, while TNF-α, IL-1β, and IL-6 considerably decreased. There were no
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significant differences between the wild type and transgenic-beta 3 rats regarding the
inflammation markers (p > 0.05).

J. Clin. Med. 2021, 10, x FOR PEER REVIEW 6 of 18 
 

 

3.2. Inflammation Markers 
As shown in Figure 2a, inflammation markers considerably increased after the HLD, 

while methotrexate administration led to a significant decrease in these parameters (hs-
PCR, TNF-α, IL-1β and IL-6). Under treatment with infliximab, the hs-PCR levels showed 
a slight increase, while TNF-α, IL-1β, and IL-6 considerably decreased. There were no sig-
nificant differences between the wild type and transgenic-beta 3 rats regarding the inflam-
mation markers (p > 0.05). 

SD HLD HLD+Mtx HLD+Ifx
0

2

4

6

Wild type rats
TG-beta 3 rats

a.

*** **

&&&

^^
^

&&

hs
-P

C
R

 (n
g/

m
L)

SD HLD HLD+Mtx HLD+Ifx
0

10

20

30

40

Wild type rats
TG-beta 3 rats

b.
*

& &
^^^

^

*

TN
F-

al
ph

a 
(p

g/
m

l)

SD HLD HLD+Mtx HLD+Ifx
0

200

400

600

Wild type rats
TG-beta 3 ratsc.

**
*

&&

^^
&& ^^IL

-1
 b

et
a 

(p
g/

m
L)

SD HLD HLD+Mtx HLD+Ifx
0

10

20

30

40

50

Wild type rats
TG-beta 3 rats

d.
***

&&
^^

***

&&

^^IL
-6

 (p
g/

m
l)

 
Figure 2. Methotrexate and infliximab effects on inflammation markers. (a) High sensitivity reactive protein C (hs-PCR), 
(b) tumor necrosis factor-alpha (TNF-alpha), (c) interleukine-1 beta (IL-1 beta), (d) interleukine-6 (IL-6). SD—standard 
diet; HLD—high lipid diet; Mtx-methotrexate; Ifx-infliximab; HLD + Mtx—high lipid diet associated with methotrexate; 
HLD + Ifx—high lipid diet associated with infliximab. * p < 0.05; ** p < 0.01; *** p < 0.001 HLD versus SD group; & p < 0.05; 
&& p < 0.01; &&& p < 0.001 HLD + Mtx versus HLD group; ^ p < 0.05; ^^ p < 0.01; ^^^ p < 0.001 HLD + Ifx versus HLD group. 

3.3. Oxidative Stress Markers 
The oxidative stress biomarkers, such as MDA and GSSG levels, were increased in 

HLD groups than SD groups (Figure 3a,c). GSH and GSH/GSSG ratio were lower in HLD 
groups than SD groups (Figure 3b,d).  

In the methotrexate and infliximab-treated groups, MDA and GSSG levels signifi-
cantly decreased compared to HLD groups (Figure 3a,c), while GSH and GSH/GSSG ratio 
markedly (p < 0.05) increased (Figure 3c,d). There were no significant differences between 
the wild type and transgenic-beta 3 rats regarding the oxidative stress markers (p > 0.05). 

Figure 2. Methotrexate and infliximab effects on inflammation markers. (a) High sensitivity reactive protein C (hs-PCR),
(b) tumor necrosis factor-alpha (TNF-alpha), (c) interleukine-1 beta (IL-1 beta), (d) interleukine-6 (IL-6). SD—standard
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3.3. Oxidative Stress Markers

The oxidative stress biomarkers, such as MDA and GSSG levels, were increased in
HLD groups than SD groups (Figure 3a,c). GSH and GSH/GSSG ratio were lower in HLD
groups than SD groups (Figure 3b,d).

In the methotrexate and infliximab-treated groups, MDA and GSSG levels signifi-
cantly decreased compared to HLD groups (Figure 3a,c), while GSH and GSH/GSSG ratio
markedly (p < 0.05) increased (Figure 3c,d). There were no significant differences between
the wild type and transgenic-beta 3 rats regarding the oxidative stress markers (p > 0.05).
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Figure 4. Methotrexate and infliximab effects on liver function. (a) Alanine aminotransferase (ALT), (b) aspartate ami-
notransferase (AST). SD—standard diet; HLD—high lipid diet; Mtx-methotrexate; Ifx-infliximab; HLD + Mtx—high lipid 

Figure 3. Methotrexate and infliximab effects on oxidative stress markers. (a) Malondialdehyde (MDA), (b) reduced
glutathione (GSH); (c) oxidized glutathione (GSSG); (d) GSH/GSSG ratio. SD—standard diet; HLD—high lipid diet;
Mtx-methotrexate; Ifx-infliximab; HLD + Mtx—high lipid diet associated with methotrexate; HLD + Ifx—high lipid diet
associated with infliximab. * p < 0.05; ** p < 0.01; *** p < 0.001 HLD versus SD group; & p < 0.05; && p < 0.01; &&& p < 0.001
HLD + Mtx versus HLD group; ˆ p < 0.05; ˆˆˆ p < 0.001 HLD + Ifx versus HLD group.

3.4. Effects on Liver Function Enzymes

Transaminases (ALT and AST) presented a significant increase in HLD groups com-
pared to SD groups in both wild type and transgenic-beta 3 rats (Figure 4a,b). Methotrexate
treatment did not influence transaminase levels in any group. At the same time, infliximab
led to significantly increased ALT and AST levels in both wild type and transgenic-beta
3 rats (Figure 4a,b).
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Figure 4. Methotrexate and infliximab effects on liver function. (a) Alanine aminotransferase (ALT), (b) aspartate amino-
transferase (AST). SD—standard diet; HLD—high lipid diet; Mtx-methotrexate; Ifx-infliximab; HLD + Mtx—high lipid diet
associated with methotrexate; HLD + Ifx—high lipid diet associated with infliximab. * p < 0.05; ** p < 0.01 HLD versus SD
group; ˆ p < 0.05; ˆˆ p < 0.01 HLD + Ifx versus HLD group.
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3.5. Histopathological Analysis

The histopathological analysis revealed that the liver index was considerably higher
in HLD groups than SD groups (Figure 5a). Methotrexate considerably decreased the
liver index, while infliximab administration led to an increased liver index in both types
of animals (Figure 5a). Kidney and heart index increased (p < 0.001) in HLD groups
compared to SD groups (Figure 5b,c). At the same time, the treatment with methotrexate
and infliximab showed a significant (p < 0.001) decrease in kidney and heart index values
across groups (Figure 5b,c). There were no significant differences regarding the liver,
kidney, and heart index between the wild type and transgenic-beta 3 rats (p > 0.05).
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Figure 5. Organ index of liver, kidney and heart. (a) Liver index; (b) kidney index; (c) heart index. SD—standard diet; 
HLD —high lipid diet; Mtx-methotrexate; Ifx-infliximab; HLD + Mtx—high lipid diet associated with methotrexate; HLD 
+ Ifx—high lipid diet associated with infliximab. * p < 0.05; ** p < 0.01; *** p < 0.001 HLD versus SD group; && p < 0.01; &&& p 
< 0.001 HLD + Mtx versus SD group; ^^^ p < 0.001 HLD + Ifx versus SD group. 

Histopathological examination revealed that the high lipid diet led to a significant 
accumulation of lipid droplets in the intercellular and intracellular compartment of liver 
cells compared to those that received a standard diet. Methotrexate-treated groups 
showed a slight decrease in hepatic lipid accumulation compared to the HLD groups, 
while under infliximab treatment, hepatic lipid accumulation increased compared with 
HLD groups (Figures 6 and 7a). There were no significant differences between the wild 
type and transgenic-beta 3 rats regarding the percentage of foam cells in the liver (p > 0.05) 
(Figure 7a). 

Figure 5. Organ index of liver, kidney and heart. (a) Liver index; (b) kidney index; (c) heart index. SD—standard diet;
HLD —high lipid diet; Mtx-methotrexate; Ifx-infliximab; HLD + Mtx—high lipid diet associated with methotrexate; HLD
+ Ifx—high lipid diet associated with infliximab. * p < 0.05; ** p < 0.01; *** p < 0.001 HLD versus SD group; && p < 0.01;
&&& p < 0.001 HLD + Mtx versus SD group; ˆˆˆ p < 0.001 HLD + Ifx versus SD group.

Histopathological examination revealed that the high lipid diet led to a significant
accumulation of lipid droplets in the intercellular and intracellular compartment of liver
cells compared to those that received a standard diet. Methotrexate-treated groups showed
a slight decrease in hepatic lipid accumulation compared to the HLD groups, while
under infliximab treatment, hepatic lipid accumulation increased compared with HLD
groups (Figures 6 and 7a). There were no significant differences between the wild type
and transgenic-beta 3 rats regarding the percentage of foam cells in the liver (p > 0.05)
(Figure 7a).
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Figure 6. Photomicrographs of liver sections stained with Red Oil staining (200X). The red coloration
indicates lipid droplets. (A) TG-beta 3 + SD, (B) WT + SD, (C) TG-beta 3 + HLD, (D) WT + HLD,
(E) TG-beta 3 + HLD + Mtx, (F) WT + HLD + Mtx, (G) TG-beta 3 + HLD + Ifx, (H) WT + HLD +
Ifx. WT-wild type; TG-beta 3- transgenic beta 3; SD—standard diet; HLD—high lipid diet; HLD
+ Mtx—high lipid diet associated with methotrexate; HLD + Ifx—high lipid diet associated with
infliximab.
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Figure 7. Histopathological analysis of liver. (a) Percentage of foam cells in the liver, (b) non-alcoholic fatty liver disease 
activity score (NAS), (c) grading of steatohepatitis. 1—mild, 2—moderate, 3—severe. SD—standard diet; HLD—high lipid 
diet; Mtx-methotrexate; Ifx-infliximab; HLD + Mtx—high lipid diet associated with methotrexate; HLD + Ifx—high lipid 
diet associated with infliximab. ** p < 0.01; *** p < 0.001 HLD versus SD group; & p < 0.05; && p < 0.01 HLD + Mtx versus SD 
group. 

Based on the sum of scores for each lesion (steatosis, lobular inflammation and hepa-
tocellular ballooning), we determined the non-alcoholic fatty liver disease (NAFLD) ac-
tivity score (NAS). The groups that received HLD presented a higher (p < 0.05) NAS score 
than those that received the SD. There is a decreasing trend for NAS score in the Mtx-
treated group without statistical significance, while infliximab did not influence the NAS 
score (Figure 7b). There were no significant differences between the wild type and trans-
genic-beta 3 rats regarding the NAS score (p > 0.05). 

In the histopathological liver sections, we found that steatohepatitis grading evolved 
in the groups fed with the high-lipid diet compared to the standard diet from mild to 
moderate (p < 0.05). Under treatment with methotrexate, the degree of steatohepatitis de-
creased significantly, while infliximab did not influence the steatohepatitis grading (Fig-
ure 7c). There were no significant differences between the wild type and transgenic-beta 
3 rats regarding the steatohepatitis grading (p > 0.05). 

In the transgenic-beta 3 group, we observed high-lipid diet-induced media and in-
tima thickening (p < 0.05) in the aortic histopathological sections (Figure 8); deposition of 
foam cells in the sections stained with hematoxylin-eosin and oil red; a disordered ar-
rangement of the nucleus; and the presence of smooth muscle cells and elastic fibers. In 
contrast, in the wild type group, no differences were observed. Treatment with metho-
trexate and infliximab produced a decrease in the media (p < 0.01) and intima (p < 0.05) 
thickness in transgenic rats, without modifications in wild type rats (Figure 8). 

Figure 7. Histopathological analysis of liver. (a) Percentage of foam cells in the liver, (b) non-alcoholic fatty liver disease
activity score (NAS), (c) grading of steatohepatitis. 1—mild, 2—moderate, 3—severe. SD—standard diet; HLD—high lipid
diet; Mtx-methotrexate; Ifx-infliximab; HLD + Mtx—high lipid diet associated with methotrexate; HLD + Ifx—high lipid
diet associated with infliximab. ** p < 0.01; *** p < 0.001 HLD versus SD group; & p < 0.05; && p < 0.01 HLD + Mtx versus SD
group.

Based on the sum of scores for each lesion (steatosis, lobular inflammation and hep-
atocellular ballooning), we determined the non-alcoholic fatty liver disease (NAFLD)
activity score (NAS). The groups that received HLD presented a higher (p < 0.05) NAS
score than those that received the SD. There is a decreasing trend for NAS score in the
Mtx-treated group without statistical significance, while infliximab did not influence the
NAS score (Figure 7b). There were no significant differences between the wild type and
transgenic-beta 3 rats regarding the NAS score (p > 0.05).

In the histopathological liver sections, we found that steatohepatitis grading evolved
in the groups fed with the high-lipid diet compared to the standard diet from mild to
moderate (p < 0.05). Under treatment with methotrexate, the degree of steatohepatitis
decreased significantly, while infliximab did not influence the steatohepatitis grading
(Figure 7c). There were no significant differences between the wild type and transgenic-
beta 3 rats regarding the steatohepatitis grading (p > 0.05).

In the transgenic-beta 3 group, we observed high-lipid diet-induced media and intima
thickening (p < 0.05) in the aortic histopathological sections (Figure 8); deposition of foam
cells in the sections stained with hematoxylin-eosin and oil red; a disordered arrangement
of the nucleus; and the presence of smooth muscle cells and elastic fibers. In contrast,
in the wild type group, no differences were observed. Treatment with methotrexate and
infliximab produced a decrease in the media (p < 0.01) and intima (p < 0.05) thickness in
transgenic rats, without modifications in wild type rats (Figure 8).
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Figure 8. Methotrexate and infliximab effects on aortic histopathological sections. (a) Aorta thickness; (b) media thickness; 
(c) intima thickness. SD—standard diet; HLD—high lipid diet; Mtx-methotrexate; Ifx-infliximab; HLD + Mtx—high lipid 
diet associated with methotrexate; HLD + Ifx—high lipid diet associated with infliximab. * p < 0.05; HLD versus SD group; 
& p < 0.05; && p < 0.01; HLD + Mtx versus SD group; ^ p < 0.05; ^^ p < 0.01; HLD + Ifx versus SD group. 

4. Discussions 
Dyslipidemia is one of the leading causes of premature coronary atherosclerosis, 

leading to ischemic heart disease (IHD). Hypercholesterolemia with elevated LDL-C and 
low HDL-C are linked to increased incidence of CAD and cerebrovascular morbidity and 
mortality [26,27]. We aimed to evaluate the potential effects of methotrexate and inflixi-
mab on the lipid profile, inflammatory and oxidative processes, and also on the aortic wall 
in an animal model of dyslipidemia and beta-3 receptor overexpression on the endothelial 
cells.  

In the present study, we induced dyslipidemia by feeding Sprague-Dawley (wild 
type, WT) rats and Sprague-Dawley rats that exhibit overexpression of endothelial cell 
beta-3 receptors (TG-beta 3) with a high-lipid-diet for 9 weeks. Animal models that mimic 
atherosclerosis development by dyslipidemia have been studied to elucidate the patho-
genesis and possible therapeutic options for this condition. Among animal models of ath-
erosclerosis, the best-characterized are small rodents, rabbits, and pigs [21]. Most rodent 
models use high-lipid diets, mechanical injury, chemical injury, genetic manipulations, or 
associations of synergistic comorbidities (diabetes, hypertension etc.) [21,28]. In our par-
ticular model, we used a diet rich in lipids comprising a combination of lard, bile acid salts 
to improve fatty acids absorption and cholesterol with propylthiouracil, an anti-thyroid 
drug, reducing lipid-oxidation and enhancing the cholesterol level [24]. Although 
dyslipidemia developed after about 4 weeks, the total duration of the study (i.e., exposure 

Figure 8. Methotrexate and infliximab effects on aortic histopathological sections. (a) Aorta thickness; (b) media thickness;
(c) intima thickness. SD—standard diet; HLD—high lipid diet; Mtx-methotrexate; Ifx-infliximab; HLD + Mtx—high lipid
diet associated with methotrexate; HLD + Ifx—high lipid diet associated with infliximab. * p < 0.05; HLD versus SD group;
& p < 0.05; && p < 0.01; HLD + Mtx versus SD group; ˆ p < 0.05; ˆˆ p < 0.01; HLD + Ifx versus SD group.

4. Discussions

Dyslipidemia is one of the leading causes of premature coronary atherosclerosis,
leading to ischemic heart disease (IHD). Hypercholesterolemia with elevated LDL-C and
low HDL-C are linked to increased incidence of CAD and cerebrovascular morbidity and
mortality [26,27]. We aimed to evaluate the potential effects of methotrexate and infliximab
on the lipid profile, inflammatory and oxidative processes, and also on the aortic wall in an
animal model of dyslipidemia and beta-3 receptor overexpression on the endothelial cells.

In the present study, we induced dyslipidemia by feeding Sprague-Dawley (wild
type, WT) rats and Sprague-Dawley rats that exhibit overexpression of endothelial cell
beta-3 receptors (TG-beta 3) with a high-lipid-diet for 9 weeks. Animal models that
mimic atherosclerosis development by dyslipidemia have been studied to elucidate the
pathogenesis and possible therapeutic options for this condition. Among animal models of
atherosclerosis, the best-characterized are small rodents, rabbits, and pigs [21]. Most rodent
models use high-lipid diets, mechanical injury, chemical injury, genetic manipulations,
or associations of synergistic comorbidities (diabetes, hypertension etc.) [21,28]. In our
particular model, we used a diet rich in lipids comprising a combination of lard, bile
acid salts to improve fatty acids absorption and cholesterol with propylthiouracil, an anti-
thyroid drug, reducing lipid-oxidation and enhancing the cholesterol level [24]. Although
dyslipidemia developed after about 4 weeks, the total duration of the study (i.e., exposure
to high-lipid diet) was 9 weeks. Commonly, rats are resistant to atherosclerosis because
normally HDL-C is the dominant lipoprotein that leads to an increased cholesterol hepatic
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transport [21]. However, with specific interventions, rat-dyslipidemia and atherosclerotic
vascular modifications can be achieved [28]. Another advantage of rats is their very well
characterized genome, which allows for relatively easy genetic manipulation [28]. Genetic
models of atherosclerosis include Apo-E knockout mice and rats, impaired fibrillin gene,
or LDL-receptor deficiency [21]. Although costs are relatively high, their advantage is the
direct etiologic link to atherosclerosis. Also, other genetic interventions with the purpose of
inducing co-morbidities in order to better mimic the development of complex diseases can
be made [21]. The overexpression of beta-3 adrenoreceptors in endothelial cells can increase
the risk of endothelial dysfunction and together with dyslipidemia may accelerate vascular
modifications and lesions [22]. Chemically-induced atherosclerosis can be obtained with
Triton WR-1339, bisphenol-A, and poloxamer 407 [29,30]. Although quite effective, these
substances do not mimic the long-term effects of dyslipidemia on the arterial wall, as it
develops in humans and does not allow long-term treatment efficacy evaluation.

In our study, the HLD induced hyperlipidemia, which is highlighted by higher serum
levels of TC, LDL-C, and initiated an inflammatory process shown by higher serum levels
of inflammation markers (hs-PCR, TNF-α, IL-1β, IL-6) in the HLD group compared to
the group fed with SD. The HLD triggers endothelial dysfunction characterized by an
imbalance between vasodilation mediated by nitric oxide (NO) and prostacyclin-2 (PGI2)
and vasoconstriction mediated by endothelin-1 (ET-1), causing abnormal responses that
initiate atherosclerosis [31,32]; these implicate raised endothelial permeability, platelet
aggregation, leukocyte adhesion, and cytokines release [31,32]. The LDL accumulated
in the subendothelial space will be oxidized by reactive oxygen species (ROS) with the
formation of oxidized LDL (ox-LDL) with pro-inflammatory activity [33]. Macrophages
express scavenger receptors (SR-A1) uptaking and phagocyting ox-LDL, thus becoming
foam cells [32]. Activated ECs (endothelial cells) express adhesion molecules such as E-
and P-selectins, vascular cell adhesion molecule 1 (VCAM-1), and intercellular adhesion
molecule 1 (ICAM-1), which promote endothelial adhesion and transmigration into the
intima of various leukocytes (monocytes, T and B-cells, and neutrophils) [31]. Monocytes
present several membrane structures capable of interacting with adhesion molecules such as
P-selectin glycoprotein ligand-1 (PSGL-1) or monocyte-expressed very late antigen-4 (VLA-
4) [32]. Monocytes are activated to macrophages secreting pro-inflammatory cytokines
such as IL-1, IL-6, IL-8, and TNF-α, thus triggering the inflammatory process [31,32]. As
shown in previous studies, there is a direct correlation between HLD diet, hyperlipidemia,
and inflammation [24,26,33,34].

Our study indicated that treatment with methotrexate reduces serum levels of hs-PCR
and pro-inflammatory cytokines (IL-1β, IL-6, TNF-α), and significantly decreases the lipid
profile (TC, LDL-C, TG), at the same time increasing the HDL-C level. Methotrexate is a
systemic anti-inflammatory agent generally used for the treatment of rheumatoid arthritis
and psoriasis. Epidemiological data suggest that low dose methotrexate (LDM) diminishes
cardiovascular risk by lowering the serum levels of some pro-inflammatory cytokines
(IL-1β, IL-6, TNF-α), C-reactive protein, and producing favorable changes in the lipid
profile [35–40]. These results are consistent with other research papers published [35].

In the present study, infliximab administration leads to significant lipid profile changes,
increasing the TC, LDL-C, TG, and HDL-C. Also, treatment with infliximab leads to a lower
level of inflammatory markers, reducing TNFα, IL-1β, and IL-6 levels. TNF-α is a cy-
tokine with a central role in inflammation, innate and adaptive immunity, apoptosis, and
lipid metabolism [41]. TNF-α plays an essential role in developing atherosclerosis by
promoting adhesion molecules’ expression on endothelial cells, inducing some critical
inflammatory mediators and initiating the inflammatory cascade [42,43]. There is a direct
link between TNF-α and lipid metabolism, interfering with TG and cholesterol metabolic
pathways [44]. The first mechanism by which TNF-α increases TG’s plasma concentration
is the inhibition of LPL activity, leading to a decrease clearance of TG-rich lipoproteins
like very-low-density lipoprotein (VLDL), and thereby causing hypertriglyceridemia. The
second known mechanism through which TNF-α interferes with TG’s metabolic path-
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way is the hepatic stimulation of TG synthesis by activating acetyl-CoA carboxylase, the
key regulatory enzyme in fatty acid synthesis [44]. TNF-α also increases the plasma
concentration of total cholesterol and the hepatic cholesterol synthesis, by stimulating
β-hydroxy-β-methylglutaryl-CoA reductase activity (HMG-CoA), an essential regulatory
enzyme regarding the cholesterol metabolic pathway [45].

So far, data regarding lipid profile alterations during treatment with infliximab are
contradictory. Several studies reported that infliximab treatment is associated with an
unfavorable lipid profile [46–48]. In contrast, others suggest that infliximab could have a
reduced influence on the atherogenic lipid profile [49].

However, when comparing MTX to IFX, regarding lipid profile modifications, it
seems that MTX provides significant antiatherogenic profile modifications highlighted by
the decrease in total cholesterol, LDL-C, triglycerides, and overall atherosclerotic index
(AI), while IFX presented with a pro-atherogenic profile. Although their anti-inflammatory
properties are similar and protective in the present dyslipidemia model, the pro-atherogenic
profile exhibited by IFX makes it a much less useful drug intervention.

It is well established that infliximab reduces the inflammatory process by inhibit-
ing the TNFα pathway, leading to decreased pro-inflammatory cytokines such as IL-1β
and IL-6, which are correlated with lower levels of hs-PCR, known as an independent
predictor of cardiovascular risk [50]. Our findings were consistent with previous studies
reported [46–48].

The HLD led to a high level of liver enzymes ALT and AST, indicating hepatocellular
damage [51]. The administration of methotrexate produced no significant changes in the
serum level of liver enzymes. Simultaneously, treatment with infliximab significantly
increased AST and ALT plasma levels, suggesting that infliximab accentuated the hepato-
cellular damage caused by the HLD.

Our findings revealed that GSH and GSH/GSSG ratio levels were significantly de-
creased in the HLD group compared to that in the SD group, while MDA and GSSG
levels increased. These results suggest HLD decreased antioxidant capacity, leading to
increased free radicals, and inducing lipid peroxidation and MDA overproduction [51].
Hyperlipidemia is correlated with the cell membrane’s altered physical properties, promot-
ing an increase in the passage of free radicals from the mitochondrial electron transport
chain or nicotinamide adenine dinucleotide phosphate (NADPH) activation oxidase [52].
Membrane lipids and lipoproteins are easily affected by oxidative stress since they are rich
in polyunsaturated fatty acids. In the process of lipid peroxidation, a hydroperoxy group
is internalized within the hydrophobic tails of unsaturated fatty acids. These alterations
can lead to structural changes by disrupting the hydrophobic lipid–lipid, lipid–protein
interactions or can generate hydroperoxyl radicals and reactive aldehyde derivates, which
may produce secondary changes in the cell. The end products of lipid peroxidation, like
malondialdehyde or 4-hydroxynonenal, can lead to protein damage by reactions with
lysine amino groups, histidine imidazole groups, and cysteine sulphydryl group [53]. The
increased levels of MDA could be attributed to increased ROS production or deficiency of
antioxidant defense system. Superoxide dismutase (SOD) and GSHPx are the first lines of
cellular defense against oxidative injury involved in the disposal of superoxide anions and
hydrogen peroxide [54]. Glutathione is involved in many metabolic processes, presenting
various cellular roles like effectively scavenging free radicals and other reactive oxygen
species, eliminating lipid peroxides and hydrogen peroxides, and preventing multiple
oxidation biomolecules [55]. Thus, inadequate detoxification of these reactive oxygen
species by antioxidant enzymes can lead to an imbalance between antioxidant and oxi-
dant systems. Excess production of free radicals depletes body antioxidants, leading to
increased oxidative stress as seen in hypercholesterolemia conditions [56]. These findings
are consistent with previous reports and suggest that HLD promotes intracellular oxidative
stress [55].

Our results showed that the treatment with methotrexate and infliximab increased
GSH and GSH/GSSG ratio levels and decreased MDA and GSSG levels, suggesting that
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these drugs can reduce oxidative stress and increase the antioxidant capacity. MDA
and AA (acetaldehyde) are products of lipid peroxidation and merge with proteins and
lipoproteins, creating a stable adduct malondialdehyde-acetaldehyde (MAA) [54]. Research
has shown that MTX reduces ROS levels by preventing the formation of MAA adducts.
MTX demonstrates natural antioxidants properties, capable of scavenging free radicals,
especially superoxide (O2−), thus diminishing intracellular oxidative stress [55]. Some
studies have shown that TNF-α may induce ROS generation by activating phagocytic
NADPH oxidase in mitochondria and can also produce ROS from neutrophils, at the
same time reducing glutathione and NADPH levels, two critical antioxidant factors. The
molecular mechanism is still not entirely understood, so future studies are necessary to
study the means through which infliximab produces changes in antioxidant levels [56,57].
Our findings are supported by previous studies reported in the literature, showing that the
treatment with methotrexate and infliximab significantly reduces oxidant molecules and
increases antioxidant capacity [57–59].

Furthermore, after HLD, the liver also showed significant accumulation of foam cells,
non-alcoholic fatty liver (NAFLD) activity, and the evolution of steatohepatitis grading
from mild to moderate, all these factors being direct risk factors in the onset of atheroscle-
rosis [60,61].

Infliximab administration led to an increased collection of lipid droplets in the
liver [62,63]. After treatment with infliximab, the histopathological analysis revealed
that the percentage of foam cells in the liver increased and the NAS score remained high,
together with high levels of liver enzymes (ALT and AST). This may be due to altered
lipoprotein metabolism under treatment with infliximab [62,63]. Treatment with methotrex-
ate slightly reduced total liver lipid accumulation, the NAS score, and the steatohepatitis
grading without achieving statistical significance (p > 0.05). Although both drugs present
beneficial effects concerning oxidative stress decrease, the differences regarding NAFLD
risk recommend Mtx as the superior drug in terms of effectiveness and safety.

The aortic histopathological analysis revealed that the HLD, methotrexate, and inflix-
imab did not produce differences regarding the aortic intima-media thickening in wild
type rats.

In general, there were no significant differences regarding lipid profile, inflammation
markers, liver function, and oxidative stress between the wild type and transgenic rats.
However, transgenic rats displayed a much higher aortic sensitivity to HLD, with signifi-
cantly higher aortic thickness (esp. media and intima) in this group compared to the wild
type group, when exposed to HLD.

This increased sensitivity to HLD may be owed to the overexpression of the human
beta-3 adrenoreceptor in the endothelium [22]. The aortic histopathological analysis of
transgenic rats revealed that the group fed with HLD presented pathological changes such
as aortic intima-media thickening, deposition of foam cells, a disordered arrangement of
the nucleus, and the presence of smooth muscle cells and elastic fibers, all these being
considered pathological features leading to atherosclerosis [60]. Overproduction of beta-3
receptors at the endothelial level presented an important factor promoting endothelial
dysfunction and the production of specific lesions at this level in the context of HLD.

As shown before, these rats displayed a reduced eNOS production, associated with
•NO and O2− overproduction, leading to endothelial dysfunction with impaired relaxation,
increased aortic pressure, and ultimately leading to diastolic dysfunction [22].

Aortic histopathological section in transgenic rats showed that treatment with both
methotrexate and infliximab improves the aortic wall structure, reducing the aortic intima-
media thickness.

Regarding the analogy between Mtx, a conventional synthetic disease-modifying
antirheumatic drug (DMARD), and Ifx, a biologic DMARD, we found that both drugs
successfully decreased inflammation and oxidative stress markers in both types of animals,
suggesting that these drugs could prevent the early onset of atherosclerosis. However,
Mtx also normalized the lipid profile while Ifx induced extra-high TC, LDL-C, and TG
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levels. This difference is relatively explained by the mechanism of Ifx, particularly the
blockade of TNF-α [44,45]. Furthermore, the histopathological analysis revealed that
after treatment with methotrexate the steatohepatitis grading and the aorta intima-media
thickness decreased. At the same time, infliximab produced a positive effect on aorta
intima-media thickness without affecting the steatohepatitis grading.

5. Conclusions

In conclusion, our results showed that the HLD induced significant changes in plasma
lipid levels, inflammation, and oxidative stress markers, thus initiating the main pathologi-
cal processes that may lead to atherosclerosis. Methotrexate and infliximab reduced the
inflammatory process and enhanced the antioxidant status in rats fed with HLD. However,
infliximab increased the lipid profile and liver enzymes, while methotrexate effectively
reduced the lipid profile but increased the liver enzymes, both drugs accentuating the
hepatocellular damage caused by the HLD.

Overproduction of beta-3 receptors on the endothelial cells increased vascular reac-
tivity to hyperlipidemia, inflammation, and oxidative stress. In this context, the vascular
effects of methotrexate and infliximab could be observed.

Methotrexate and infliximab could represent potential therapeutic targets for treating
dyslipidemia-induced vascular changes, leading to atherosclerosis by reducing the inflam-
matory process and oxidative stress. Still, the benefit–risk balance and the safety profile of
these drugs must be carefully evaluated.
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writing—original draft preparation, D.-M.Z. and C.P.; writing—review and editing, C.I.M., D.-M.Z.
and C.P.; visualization, C.I.M.; supervision, C.I.M.; project administration, C.I.M. and D.-M.Z.;
funding acquisition, C.I.M. and D.-M.Z. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by “Iuliu Hat, ieganu” University of Medicine and Pharmacy, Cluj-
Napoca, Romania, PhD research project grant number (1680/88/19.01.2018, 1530/62/18.01.2019).

Institutional Review Board Statement: The study was conducted according to the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Ethics
Committee of University of Medicine and Pharmacy “Iuliu Hatieganu” Cluj-Napoca (Permit number:
162/10.04.2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Benjamin, E.J.; Muntner, P.; Alonso, A.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng,

S.; Das, S.R.; et al. Heart disease and stroke statistics—2019 update: A report from the American heart association. Circulation
2019, 139, e56–e528. [CrossRef] [PubMed]

2. Sanjadi, M.; Sichanie, Z.R.; Totonchi, H.; Karami, J.; Rezaei, R.; Aslani, S. Atherosclerosis and autoimmunity: A growing
relationship. Int. J. Rheum. Dis. 2018, 21, 908–921. [CrossRef]

3. Soiza, R.L.; Donaldson, A.I.C.; Myint, P.K. Vaccine against arteriosclerosis: An update. Ther. Adv. Vaccines 2018, 9, 259–261.
4. Benjamin, E.J.; Blaha, M.J.; Chiuve, S.E.; Cushman, M.; Das, S.R.; Deo, R.; de Ferranti, S.D.; Floyd, J.; Fornage, M.; Gillespie,

C.; et al. Heart disease and stroke statistics—2017 update a report from the American heart association. Circulation 2017, 135,
e146–e603. [CrossRef]

5. Wolf, D.; Ley, K. Immunity and Inflammation in Atherosclerosis. Circ. Res. 2019, 124, 315–327. [CrossRef]
6. Taleb, S. L’inflammation dans l’athérosclérose. Arch. Cardiovasc. Dis. 2016, 109, 708–715. [CrossRef] [PubMed]
7. Li, B.; Li, W.; Li, X.; Zhou, H. Inflammation: A Novel Therapeutic Target/Direction in Atherosclerosis. Curr. Pharm. Des. 2017, 23,

1216–1227. [CrossRef] [PubMed]

http://doi.org/10.1161/CIR.0000000000000659
http://www.ncbi.nlm.nih.gov/pubmed/30700139
http://doi.org/10.1111/1756-185X.13309
http://doi.org/10.1161/CIR.0000000000000485
http://doi.org/10.1161/CIRCRESAHA.118.313591
http://doi.org/10.1016/j.acvd.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27595467
http://doi.org/10.2174/1381612822666161230142931
http://www.ncbi.nlm.nih.gov/pubmed/28034355


J. Clin. Med. 2021, 10, 3143 16 of 18

8. Jose, T.; Magnus, B.; Lina, B.; Marie-Luce, B.P.; Bertrand, C.; Mat, J.D.; Jesus, E.; Paul, C.E.; Sheila, E.F.; Daniel, F.K.; et al. Interplay
between dyslipidemia and inflammation in atherosclerosis:Translating experimental targets into clinical practice. Eur. J. Prev.
Cardiol. 2018, 25, 948–955.

9. Zhu, Y.; Xian, X.; Wang, Z.; Bi, Y.; Chen, Q.; Han, X.; Tang, D.; Chen, R. Research Progress on the Relationship between
Atherosclerosis and Inflammation. Biomolecules 2018, 8, 80. [CrossRef]

10. Badimon, L.; Peña, E.; Arderiu, G.; Padró, T.; Slevin, M.; Vilahur, G.; Chiva-Blanch, G. C-reactive protein in atherothrombosis and
angiogenesis. Front. Immunol. 2018, 9, 430. [CrossRef]

11. Emerging Risk Factors Collaboration. C-Reactive Protein, Fibrinogen, and Cardiovascular Disease Prediction. N. Engl. J. Med.
2012, 367, 1310–1320. [CrossRef]

12. Ridker, P.M.; Lüscher, T.F. Anti-inflammatory therapies for cardiovascular disease. Eur. Heart J. 2014, 35, 1782–1791. [CrossRef]
13. Frostegård, J. Immunity, atherosclerosis and cardiovascular disease. BMC Med. 2013, 11, 117. [CrossRef] [PubMed]
14. Everett, B.M.; Pradhan, A.D.; Solomon, D.H.; Paynter, N.; MacFadyen, J.; Zaharris, E.; Gupta, M.; Clearfield, M.; Libby, P.; Hasan,

A.A.; et al. Rationale and design of the Cardiovascular Inflammation Reduction Trial: A test of the inflammatory hypothesis of
atherothrombosis. Am. Heart J. 2013, 166, 199–207.e15. [CrossRef] [PubMed]

15. Golia, E.; Limongelli, G.; Natale, F.; Fimiani, F.; Maddaloni, V.; Pariggiano, I.; Bianchi, R.; Crisci, M.; D’Acierno, L.; Giordano, R.;
et al. Inflammation and Cardiovascular Disease: From Pathogenesis to Therapeutic Target. Curr. Atheroscler. Rep. 2014, 16, 435.
[CrossRef] [PubMed]

16. Micha, R.; Imamura, F.; von Ballmoos, M.W.; Solomon, D.H.; Hernán, M.; Ridker, P.M.; Mozaffarian, D. Systematic Review
and Meta-Analysis of Methotrexate Use and Risk of Cardiovascular Disease. Am. J. Cardiol. 2011, 108, 1362–1370. [CrossRef]
[PubMed]

17. Pincus, T.; Ferraccioli, G.; Sokka, T.; Larsen, A.; Rau, R.; Kushner, I.; Wolfe, F. Evidence from clinical trials and long-term
observational studies that disease-modifying anti-rheumatic drugs slow radiographic progression in rheumatoid arthritis:
Updating a 1983 review. Rheumatology 2002, 41, 1346–1356. [CrossRef]

18. Bernatsky, S.; Hudson, M.; Suissa, S. Anti-rheumatic drug use and risk of hospitalization for congestive heart failure in rheumatoid
arthritis. Rheumatology 2005, 44, 677–680. [CrossRef]

19. Krishnan, E.; Lingala, V.B.; Singh, G. Declines in Mortality from Acute Myocardial Infarction in Successive Incidence and Birth
Cohorts of Patients With Rheumatoid Arthritis. Circulation 2004, 110, 1774–1779. [CrossRef]

20. Ridker, P.M. Targeting inflammatory pathways for the treatment of cardiovascular disease. Eur. Heart J. 2013, 35, 540–543.
[CrossRef]

21. Priyadharsini, R.P. Animal models to evaluate anti-atherosclerotic drugs. Fundam. Clin. Pharmacol. 2015, 29, 329–340. [CrossRef]
22. Dhot, J.; Ferron, M.; Prat, V.; Persello, A.; Roul, D.; Stévant, D.; Guijarro, D.; Piriou, N.; Aillerie, V.; Erraud, A.; et al. Overexpression

of endothelial β 3 -adrenergic receptor induces diastolic dysfunction in rats. ESC Heart Fail. 2020, 7, 4159–4171. [CrossRef]
23. Institute of Laboratory Animal Resources (US); Committee on Care; Use of Laboratory Animals. Guide for the Care and Use of

Laboratory Animals, 8th ed.; US Department of Health and Human Services, Public Health Service, National Institutes of Health:
Bethesda, MD, USA, 2011.

24. Gou, S.; Huang, H.-F.; Chen, X.-Y.; Liu, J.; He, M.; Ma, Y.-Y.; Zhao, X.-N.; Zhang, Y.; Ni, J.-M. Lipid-lowering, hepatoprotective,
and atheroprotective effects of the mixture Hong-Qu and gypenosides in hyperlipidemia with NAFLD rats. J. Chin. Med. Assoc.
2016, 79, 111–121. [CrossRef]

25. Gou, S.; Liu, B.-J.; Han, X.-F.; Wang, L.; Zhong, C.; Liang, S.; Liu, H.; Qiang, Y.; Zhang, Y.; Ni, J.-M. Anti-atherosclerotic effect of
Fermentum Rubrum and Gynostemma pentaphyllum mixture in high-fat emulsion- and vitamin D3-induced atherosclerotic rats.
J. Chin. Med. Assoc. 2018, 81, 398–408. [CrossRef]

26. Zhou, J.; Wang, H.; Lv, Y.; Wang, Z.; Xiao, W. Anti-atherosclerotic effect of Longxuetongluo Capsule in high cholesterol diet
induced atherosclerosis model rats. Biomed. Pharmacother. 2018, 97, 793–801. [CrossRef] [PubMed]

27. Talbert, R.L. Pharmacotherapy a Pathophysiologic Approach, 10th ed.; McGraw-Hill Medical: New York, NY, USA, 2017; p. 271.
28. Leong, X.F.; Ng, C.Y.; Jaarin, K. Animal Models in Cardiovascular Research: Hypertension and Atherosclerosis. BioMed Res. Int.

2015, 2015, 528757. [CrossRef]
29. Ibrahim, A.Y.; Hendawy, S.; El-Sayed, A.; Omer, E.A. Evaluation of hypolipidemic Marrubium vulgare effect in Triton WR-1339-

induced hyperlipidemia in mice. Asian Pac. J. Trop. Med. 2016, 9, 453–459. [CrossRef] [PubMed]
30. Sui, Y.; Park, S.-H.; Wang, F.; Zhou, C. Perinatal Bisphenol A Exposure Increases Atherosclerosis in Adult Male PXR-Humanized

Mice. Endocrinology 2018, 159, 1595–1608. [CrossRef]
31. Zălar, D.-M.; Pop, C.; Buzdugan, E.; Todea, D.; Mogos, an, C.I. The Atherosclerosis-Inflammation Relationship—A Pathophysiolog-

ical approach. Farmacia 2019, 67, 6. [CrossRef]
32. Ilhan, F. Atherosclerosis and the role of immune cells. World J. Clin. Cases 2015, 3, 345–352. [CrossRef] [PubMed]
33. Kumar, R.; Salwe, K.; Kumarappan, M. Evaluation of Antioxidant, Hypolipidemic, and Antiatherogenic Property of Lycopene

and Astaxanthin in Atherosclerosis-induced Rats. Pharmacogn. Res. 2017, 9, 161–167. [CrossRef]
34. Tan, B.L.; Norhaizan, M.E. Effect of High-Fat Diets on Oxidative Stress, Cellular Inflammatory Response and Cognitive Function.

Nutrients 2019, 11, 2579. [CrossRef]

http://doi.org/10.3390/biom8030080
http://doi.org/10.3389/fimmu.2018.00430
http://doi.org/10.1056/NEJMoa1107477
http://doi.org/10.1093/eurheartj/ehu203
http://doi.org/10.1186/1741-7015-11-117
http://www.ncbi.nlm.nih.gov/pubmed/23635324
http://doi.org/10.1016/j.ahj.2013.03.018
http://www.ncbi.nlm.nih.gov/pubmed/23895801
http://doi.org/10.1007/s11883-014-0435-z
http://www.ncbi.nlm.nih.gov/pubmed/25037581
http://doi.org/10.1016/j.amjcard.2011.06.054
http://www.ncbi.nlm.nih.gov/pubmed/21855836
http://doi.org/10.1093/rheumatology/41.12.1346
http://doi.org/10.1093/rheumatology/keh610
http://doi.org/10.1161/01.CIR.0000142864.83780.81
http://doi.org/10.1093/eurheartj/eht398
http://doi.org/10.1111/fcp.12130
http://doi.org/10.1002/ehf2.13040
http://doi.org/10.1016/j.jcma.2015.09.002
http://doi.org/10.1016/j.jcma.2017.08.018
http://doi.org/10.1016/j.biopha.2017.08.141
http://www.ncbi.nlm.nih.gov/pubmed/29112932
http://doi.org/10.1155/2015/528757
http://doi.org/10.1016/j.apjtm.2016.03.038
http://www.ncbi.nlm.nih.gov/pubmed/27261853
http://doi.org/10.1210/en.2017-03250
http://doi.org/10.31925/farmacia.2019.6.2
http://doi.org/10.12998/wjcc.v3.i4.345
http://www.ncbi.nlm.nih.gov/pubmed/25879006
http://doi.org/10.4103/0974-8490.204654
http://doi.org/10.3390/nu11112579


J. Clin. Med. 2021, 10, 3143 17 of 18

35. Doostan, F.; Vafafar, R.; Zakeri-Milani, P.; Pouri, A.; Afshar, R.A.; Abbasi, M.M. Effects of Pomegranate (Punica granatum L.) Seed
and Peel Methanolic Extracts on Oxidative Stress and Lipid Profile Changes Induced by Methotrexate in Rats. Adv. Pharm. Bull.
2017, 7, 269–274. [CrossRef]

36. Gerards, A.H.; De Lathouder, S.; De Groot, E.R.; Dijkmans, B.A.C.; Aarden, L.A. Inhibition of cytokine production by methotrexate.
Studies in healthy volunteers and patients with rheumatoid arthritis. Rheumatology 2003, 42, 1189–1196. [CrossRef]

37. Wessels, J.A.M.; Huizinga, T.W.J.; Guchelaar, H.-J. Recent insights in the pharmacological actions of methotrexate in the treatment
of rheumatoid arthritis. Rheumatology 2007, 47, 249–255. [CrossRef]

38. Westlake, S.L.; Colebatch, A.N.; Baird, J.; Kiely, P.; Quinn, M.; Choy, E.; Ostor, A.J.K.; Edwards, C.J. The effect of methotrexate
on cardiovascular disease in patients with rheumatoid arthritis: A systematic literature review. Rheumatology 2009, 49, 295–307.
[CrossRef] [PubMed]

39. Rho, Y.H.; Oeser, A.; Chung, C.P.; Milne, G.L.; Stein, C.M. Drugs used in the treatment of rheumatoid arthritis: Relationship
between current use and cardiovascular risk factors. Arch. Drug Inf. 2009, 2, 34–40. [CrossRef] [PubMed]

40. Naranjo, A.; The QUEST-RA Group; Sokka, T.; Descalzo, M.A.; Calvo-Alén, J.; Hørslev-Petersen, K.; Luukkainen, R.K.; Combe, B.;
Burmester, G.R.; Devlin, J.; et al. Cardiovascular disease in patients with rheumatoid arthritis: Results from the QUEST-RA study.
Arthritis Res. Ther. 2008, 10, R30. [CrossRef] [PubMed]

41. Nishida, K.; Okada, Y.; Nawata, M.; Saito, K.; Tanaka, Y. Induction of hyperadiponectinemia following long-term treatment of
patients with rheumatoid arthritis with infliximab (IFX), an anti-TNF-alpha antibody. Endocr. J. 2008, 55, 213–216. [CrossRef]
[PubMed]

42. Skoog, T.; Dichtl, W.; Boquist, S.; Skoglund-Andersson, C.; Karpe, F.; Tang, R.; Bond, M.; De Faire, U.; Nilsson, J.; Eriksson, P.; et al.
Plasma tumour necrosis factor-α and early carotid atherosclerosis in healthy middle-aged men. Eur. Heart J. 2002, 23, 376–383.
[CrossRef] [PubMed]

43. Popa, C.; Hoogen, F.H.J.V.D.; Radstake, T.R.D.J.; Netea, M.G.; Eijsbouts, A.E.; Heijer, M.D.; Van Der Meer, J.W.M.; Van Riel,
P.L.C.M.; Stalenhoef, A.F.H.; Barrera, P. Modulation of lipoprotein plasma concentrations during long-term anti-TNF therapy in
patients with active rheumatoid arthritis. Ann. Rheum. Dis. 2007, 66, 1503–1507. [CrossRef]

44. Popa, C.; Netea, M.G.; van Riel, P.L.C.M.; van der Meer, J.W.M.; Stalenhoef, A.F.H. The role of TNF-α in chronic inflammatory
conditions, intermediary metabolism, and cardiovascular risk. J. Lipid Res. 2007, 48, 751–762. [CrossRef]

45. Feingold, K.R.; Grunfeld, C. Tumor necrosis factor-alpha stimulates hepatic lipogenesis in the rat in vivo. J. Clin. Investig. 1987,
80, 184–190. [CrossRef]

46. Foltz, I.N.; Karow, M.; Wasserman, S.M. Evolution and emergence of therapeutic monoclonal antibodies what cardiologists need
to know. Circulation 2013, 127, 2222–2230. [CrossRef] [PubMed]

47. Vis, M.; Nurmohamed, M.T.; Wolbink, G.; Voskuyl, A.E.; de Koning, M.; van de Stadt, R.; Twisk, J.W.; Dijkmans, B.A.; Lems, W.F.
Short term effects of infliximab on the lipid profile in patients with rheumatoid arthritis. J. Rheumatol. 2005, 32, 252–255.

48. Allanore, Y.; Kahan, A.; Sellam, J.; Ekindjian, O.G.; Borderie, D. Effects of repeated infliximab therapy on serum lipid profile in
patients with refractory rheumatoid arthritis. Clin. Chim. Acta 2006, 365, 143–148. [CrossRef]

49. Peters, M.J.L.; Vis, M.; Van Halm, V.; Wolbink, G.J.; Voskuyl, A.E.; Lems, W.; Dijkmans, B.; Twisk, J.; De Koning, M.H.M.T.; Van
De Stadt, R.; et al. Changes in lipid profile during infliximab and corticosteroid treatment in rheumatoid arthritis. Ann. Rheum.
Dis. 2007, 66, 958–961. [CrossRef]

50. Hürlimann, D.; Forster, A.; Noll, G.; Enseleit, F.; Chenevard, R.; Distler, O.; Béchir, M.; Spieker, L.E.; Neidhart, M.; Michel,
B.A.; et al. Anti—Tumor Necrosis Factor-α Treatment Improves Endothelial Function in Patients With Rheumatoid Arthritis.
Circulation 2002, 106, 2184–2187. [CrossRef]

51. Zhang, Q.; Qian, Z.-Y.; Zhou, P.-H.; Zhou, X.-L.; Zhang, D.-L.; He, N.; Zhang, J.; Liu, Y.-H.; Gu, Q. Effects of oral selenium and
magnesium co-supplementation on lipid metabolism, antioxidative status, histopathological lesions, and related gene expression
in rats fed a high-fat diet. Lipids Health Dis. 2018, 17, 165. [CrossRef]

52. Singh, U.N.; Kumar, S.; Dhakal, S. Study of Oxidative Stress in Hypercholesterolemia. Int. J. Contemp. Med. Res. 2017, 4,
2454–7379.

53. Piechota-Polanczyk, A.; Fichna, J. Review article: The role of oxidative stress in pathogenesis and treatment of inflammatory
bowel diseases. Naunyn Schmiedeberg’s Arch. Pharmacol. 2014, 387, 605–620. [CrossRef]

54. Kim, M.-H.; Lee, E.-J.; Cheon, J.-M.; Nam, K.-J.; Oh, T.-H.; Kim, K.-S. Antioxidant and hepatoprotective effects of fermented red
ginseng against high fat diet-induced hyperlipidemia in rats. Lab. Anim. Res. 2016, 32, 217. [CrossRef]
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