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Abstract

Objectives: Increased levels of homocysteine (Hcy) in the
blood are considered to be a risk factor for atherosclerosis.
Endothelial damage induced by Hcy can lead to deteriora-
tion of coronary, cerebral, and peripheral vascular beds,
contributing to cardiovascular morbidity and mortality.
However, the mechanisms underlying Hcy-induced damage
have not been fully elucidated. This study aimed to investi-
gate the effect of Hcy on low-density lipoprotein (LDL)
oxidation and inducible nitric oxide synthase (iNOS)
expression, both of which are thought to play a role in the
pathogenesis of atherosclerotic plaque formation and regu-
lation of inflammation.
Methods: L-929 fibroblast-like cells and RAW 264.7 macro-
phages were treated with varying concentrations of Hcy (50,
100 and 200 μg/mL for L-929 cells, 10, 25, 100, 200 μg/mL for
RAW 264.7 cells) to assess LDL oxidation and iNOS expres-
sion using immunocytochemical and immunofluorescence
methods. Images obtained from cell culture experiments

were quantitatively analyzed using color and brightness
histograms, followed by statistical evaluation.
Results: Hcy significantly and dose-dependently increased
LDL oxidation and intracellular oxidized LDL (ox-LDL)
accumulation in both cell groups. Hcy also significantly
increased iNOS expression in both cell groups in a dose-
dependent manner.
Conclusions: These findings suggest that Hcy may play a
role in the pathogenesis of atherosclerosis and inflammatory
processes. The increased levels of ox-LDL and the elevated
iNOS expression, particularly in macrophages, may
contribute to the exacerbation of atherosclerosis and related
diseases.
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Introduction

The endothelium is essential for maintaining vascular ho-
meostasis by modulating vascular tone, the growth of
vascular smooth muscle cells (VSMCs), immune cell adhe-
sion, and vascular inflammation through the release of
bioactive molecules. Endothelial dysfunction refers to
impaired vasodilation or disrupted protective roles of the
endothelium [1]. It is widely accepted that there is a signifi-
cant connection between endothelial dysfunction and
inflammation. Endothelial cells regulate vascular contrac-
tion, smooth muscle cell functions, inflammation, and ho-
meostasis [2]. Therefore, endothelial dysfunction is
considered a systemic pathology and plays a significant role
in the formation of atherosclerosis [3]. This condition not
only leads to a loss of vascular functionality but also con-
tributes to the development of proinflammatory and pro-
thrombotic processes.

Monocytes, macrophages, B and T lymphocytes play sig-
nificant roles in the early stages of atherosclerotic lesions.
Circulating monocytes and macrophages are primary im-
mune system cells involved in the atherosclerotic process,
contributing to plaque formation, progression, and rupture,
ultimately resulting in luminal thrombosis and occlusion [4].
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Macrophage internalization of ox-LDL leads to foam cell for-
mation, and this development exacerbates the inflammatory
response through the production of various proinflammatory
mediators. The soluble inflammatory mediators secreted by
these cells further promote lesion progression through the
continuous activation of inflammatory cascades [5].

Elevated total homocysteine (tHcy) levels in plasma are
recognized as a significant risk factor for vascular diseases,
including atherosclerosis and thrombosis [6–8]. Although
the precise mechanisms underlying Hcy toxicity remain
unclear, several pathways have been proposed to explain its
contribution to atherosclerosis development. Current evi-
dence suggests that Hcy promotes the progression of car-
diovascular diseases through mechanisms such as oxidative
stress and endothelial injury. Specifically, Hcy generates
reactive oxygen species (ROS), which exert cytotoxic effects
on endothelial and VSMCs [9–12]. ROS also play a central role
in atherosclerosis by altering lipid metabolism, leading to
the formation of ox-LDL particles, which are more athero-
genic than native LDL. These modified LDL particles can
initiate and sustain chronic inflammatory responses asso-
ciated with atherosclerosis [13, 14].

Hcy, which induces oxidative stress by affecting cellular
respiration, has been shown to promote LDL oxidation and
modify other components of atherosclerotic plaques [15].
Consistent with this, Babu et al. demonstrated that exposure
of human THP-1 macrophages and adult human retinal
pigment epithelial cells (ARPE-19) to Hcy and homocysteine
thiolactone (HTL) led to increased protein expression of the
ox-LDL receptor CD36 and enhanced ox-LDL uptake in both
cell types [16]. Similarly, a study by Zhang et al. reported that
Hcy induced oxidative stress and an inflammatory response
in murine macrophages, and this effect could be attenuated
by 17β-estradiol [17]. Furthermore, macrophages have been
shown to differentiate towards the M1 phenotype, contrib-
uting to atherosclerosis progression when exposed to a
combination of Hcy and lipopolysaccharide [18]. In addition,
Xu et al. reported that fatty acid binding protein 4 (FABP4)
plays a key role in Hcy-induced macrophage inflammation
and lipid metabolism. FABP4 has been found to activate the
Janus kinase 2/signal transducer and activator of transcrip-
tion 2 (JAK2/STAT2) pathway, thereby amplifying macro-
phage inflammation [19].

Increased iNOS expression enhances NO production,
which interacts with superoxide anions to yield peroxynitrite,
a potent oxidant promoting atherosclerosis and inflammation
[20, 21]. The study by Woo et al. showed that Hcy stimulates
iNOS-mediated NO production at pathophysiological concen-
trations [22]. Similarly, Mayo et al. demonstrated that Hcy
impairs microvascular endothelial outgrowth by disrupting
cell locomotion via an iNOS-dependent mechanism [23].

Moreover, Hcy has been reported to upregulate the expression
of iNOS and the nuclear factor kappa B (NF-κB) p65 subunit in
macrophages, further contributing to inflammatory
processes [24].

Analyzing LDL oxidation and iNOS expression in fibro-
blasts, key connective tissue cells involved in immunological
processes, and macrophages, which are central to inflam-
mation, is crucial, as ox-LDL promotes oxidative stress and
plaque formation, while iNOS mediates immune responses
contributing to vascular damage. Additionally, evaluatingHcy
in a dose-dependent manner provides insight into how
varying concentrations of Hcy affect the mechanisms under-
lying atherosclerosis and inflammation. Therefore, the main
aim of this study was to examine the effects of Hcy on two
different cell lines simultaneously within the same study and
to investigate the dose-dependent changes induced by Hcy.

Materials and methods

Cell culture studies

L-929 murine fibroblast-like cells and RAW 264.7 murine
macrophages were obtained from ATCC (Washington DC,
USA). The cells were seeded into eight-well chamber slides
(Sigma, Germany) with 0.5 mL of culture medium, resulting
in a density of 2×105 cells per well. Both cell lines were
incubated overnight in RPMI-1640 medium (Sigma,
Germany) supplemented with 10 % fetal bovine serum (FBS,
Gibco, USA) and penicillin/streptomycin (100 IU and
100 μg/mL, respectively), in a humidified environment at
37 °C with 5 % CO2. The cell culture procedures for each
experiment were performed in triplicate under both control
and treated conditions to ensure the reliability and consis-
tency of the results. The selection of L-929fibroblast-like cells
was based on the fact that fibroblasts, as connective tissue
cells, play a role in both influencing and being influenced by
immunological processes (Supplemental Figure A). Further-
more, RAW 264.7 murine macrophages were chosen for the
study due to their central role as key cell types in inflamma-
tory processes (Supplemental Figure B).

Selection of homocysteine concentrations

In our preliminary study, cell death was observed following
the administration of 400 μg/mL of Hcy, and thus, 200 μg/mL
was determined as the maximum Hcy dose, as it was the
highest concentration at which cells were able to survive.
Additionally, in the preliminary study, various Hcy concen-
trations were evaluated for their effects on LDL oxidation
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and iNOS expression in each cell type. Based on these results,
concentrations that exhibited clearer dose-dependent
responses were selected to more accurately characterize
Hcy’s dose-dependent effects.

Importantly, in humans, normal plasma Hcy concentra-
tions range from 5 to 15 μmol/L. The concentrations used in
our experimental model are supra-physiological and are
intended to mimic pathological conditions. As this is an in vi-
tro cell culture study, higher concentrations were selected
based on our preliminary findings to ensure the manifesta-
tion of detectable effects, which may not be as prominent
under physiological conditions. Therefore, our dosing strat-
egy was designed to meet the experimental requirements of
an in vitro system rather than replicate exact in vivo levels.

LDL oxidation in L-929 and RAW 264.7 cells
with immunocytochemical method

Confluent L-929 cells were pre-treated with 50 μg/mL LDL,
followed by incubationwith Hcy at concentrations of 50, 100,
and 200 μg/mL for 24 h. The accumulation of intracellular
ox-LDLwas assessed using an immunocytochemicalmethod.
For RAW 264.7 macrophages, cells were pre-treated with
100 μg/mL LDL and then exposed to Hcy at 25, 100, and
200 μg/mL for 24 h, with ox-LDL detection conducted via
immunocytochemistry.

Ox-LDL staining was performed with biotinylated anti-
ox-LDL antibodies (IMMCO Diagnostics, New York, USA).
Streptavidin conjugated with horseradish peroxidase (HRP)
and diaminobenzidine (DAB) were purchased from DAKO-
Cytomation (Denmark). Ethanol fixed L-929 and RAW 264.7
cells were treated with biotinylated anti-ox-LDL antibodies
for 30 min, washed three times with PBS, incubated for an
additional 30 min with streptavidin-HRP and washed three
times with PBS. Then, 0.03 % 3,3-diamino benzidine tetra-
hydrochloride plus 0.01 % hydrogen peroxide in 50 mmol/L
Tris-HCl buffer (pH 7.4) were applied for 10 min. All in-
cubations were performed at room temperature. The slides
were examined under a light microscope at ×200 magnifi-
cation (LEICA DMRX, Wetzlar, Germany).

iNOS expression in L-929 and RAW 264.7 cells
with immunocytochemical and
immunofluorescence methods

L-929 cells were incubated with Hcy at doses of 50 and
100 μg/mL for 24 h, and iNOS expression was measured

using an immunocytochemical method. In L-929 cells, iNOS
staining was performed with biotinylated anti-iNOS anti-
bodies (Neomarkers, Fremont, CA 94539 USA). Ethanol
fixed L-929 cells were treated with biotinylated anti-iNOS
antibodies for 30 min, washed three times with PBS, incu-
bated for an additional 30 min with streptavidin-HRP and
washed three times with PBS. Then, 0.03 % 3,3-diamino
benzidine tetrahydrochloride plus 0.01 % hydrogen
peroxide in 50 mmol/L Tris-HCl buffer (pH 7.4) were
applied for 10 min. All incubations were performed at
room temperature. The slides were examined under a light
microscope at ×200 magnification (LEICA DMRX, Wetzlar,
Germany).

RAW 264.7 macrophages were treated with Hcy at con-
centrations of 10, 25, and 200 μg/mL for 36 h, with iNOS
detection performed using an immunofluorescence method.
In RAW 264.7 macrophages, 30 μL of anti-iNOS antibody
(mouse origin) (Neomarkers, Fremont, CA 94539 USA) were
added as the primary antibody on test slides, while the
control slides were treated with the same amount of phos-
phate buffered saline solution (PBS). After 30 min of incu-
bation in a humid chamber at room temperature, both the
control and test slides were washed with PBS, and 30 µl FITC
(fluorescent isothiocyanate)-labeled anti-mouse IgG was
administered as a conjugate substance.

For another 30 min, slides were kept and incubated at
room temperature and then, washed again with the stan-
dard PBS solution. After air drying, the slides were examined
under a fluorescence microscope at ×200 magnification
(LEICA DMRX, Wetzlar, Germany).

Quantitative assessment of LDL oxidation
and iNOS expression intensity

For the quantitative evaluation of immunocytochemical
analysis, images were assessed using an image analysis
program (Adobe Photoshop 7.0). Different regions of the
images were examined, and cells stained brown were
selected. The mean luminosity values were determined
through histogram analysis. A low luminosity value was
interpreted as an indicator of high ox-LDL levels in L-929
fibroblast-like cells and RAW 264.7 macrophages or elevated
iNOS expression in L-929 fibroblast-like cells.

For the quantitative assessment of immunofluorescence
analysis, the same program was used to examine different
regions of the images. Green-stained cells were selected, and
themean values were determined using the green channel in
histogram analysis. An increase in green intensity was
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interpreted as indicating high iNOS expression in RAW 264.7
macrophages. Both luminosity and green intensity histogram
values were quantified on a scale of 0–255. The quantitative
data were then subjected to statistical analysis.

Statistical analyses of results

Statistical analyses were performed using Jamovi 2.3.21, with
data presented as median (min.-max.). The normality of the
data distribution was assessed using the Shapiro-Wilk test.
For variables that did not exhibit a normal distribution, the
Kruskal-Wallis test was applied, followed by the Mann-
Whitney U test for subgroup comparisons with Bonferroni
correction. A p-value of <0.05 was considered statistically
significant.

Results

Effect of Hcy on LDL oxidation

Hcy induced a significant, dose-dependent increase in the
intracellular accumulation of ox-LDL in both L-929
fibroblast-like cells and RAW264.7macrophages, as assessed
by immunocytochemical analysis (Figure 1). The increase in
LDL oxidationwas statistically significantwhen theHcy dose
was increased from 50 μg/mL to 200 μg/mL in L-929
fibroblast-like cells and from 25 μg/mL to 200 μg/mL in RAW
264.7 macrophages (p<0.05). A low luminosity value was
interpreted as an indicator of high ox-LDL presence. The
experimental observations were shown in Figure 2A–D for

the L-929fibroblast-like cells and in Figure 2E–H for the RAW
264.7 macrophages.

Effect of Hcy on iNOS expression

Hcy significantly increased iNOS expression in L-929
fibroblast-like cells in a dose-dependent manner, as indi-
cated by the immunocytochemical results presented in
Figure 3A. The iNOS expression significantly increasedwhen
the Hcy dose was increased from 50 μg/mL to 100 μg/mL
(p<0.05). A low luminosity value was interpreted as an
indicator of high iNOS expression. The experimental obser-
vations were shown in Figure 4A–C. In RAW 264.7
macrophages, Hcy also significantly increased iNOS
expression in a dose-dependent manner, as shown by the
immunofluorescence analysis in Figure 3B. The increase in
iNOS expression was statistically significant when the Hcy
dose was increased from 10 μg/mL to 25 μg/mL and
200 μg/mL (p<0.05). An increase in green intensity was
interpreted as an indicator of high iNOS expression in RAW
264.7 macrophages. This effect was shown in Figure 4D–G
through immunofluorescence analysis.

Discussion

The present study demonstrates that Hcy may contribute to
the pathogenesis of atherosclerosis by increasing LDL
oxidation and iNOS expression in fibroblast-like L-929 cells
and RAW 264.7 macrophages. These findings suggest that
Hcy-mediated LDL oxidation and increased iNOS

Figure 1: The effect of Hcy on LDL oxidation in L-929 murine fibroblast-like cells (A) and RAW 264.7 murine macrophages (B). Data are shown as median
(min.-max.). *p, **p, ***p<0.05.
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Figure 2: Figure represents the effect of Hcy (A:Control, B:50 μg/mL, C:100 μg/mL, D:200 μg/mL, E:Control, F:25 μg/mL, G:100 μg/mL and
H:200 μg/mLHcy) on LDL oxidation in L-929murine fibroblast-like cells and RAW 264.7murinemacrophages indicated by immunocytochemical method
(×200).

Figure 3: The effect of Hcy on iNOS expression in L-929 murine fibroblast-like cells (A) and RAW 264.7 murine macrophages (B). Data are shown as
median (min.-max.). *p, **p, ***p, ****p<0.05.
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expression confirm its pro-atherogenic and pro-
inflammatory properties, further supporting a close link
between Hcy, endothelial dysfunction, and inflammation.
These results align with our previous studies, which
revealed elevated Hcy levels as a significant risk factor for
coronary artery disease and restenosis. We previously
showed that high plasma Hcy levels in Turkish subjects are
associated with coronary artery disease [6] and that Hcy is
an independent risk factor for restenosis following percu-
taneous transluminal coronary angioplasty (PTCA) and
coronary stenting [9].

Recent studies have highlighted that ox-LDL actively
participates in atherogenesis by inducing oxidative stress
and immune cell activation, further contributing to plaque
development and instability [25, 26]. In the current study,
significant increases in ox-LDL levels were observed in L-929
fibroblast-like cells at Hcy concentrations as low as 50 μg/mL,
with the effect becoming more pronounced at 200 μg/mL.
This result suggests that even moderate elevations in Hcy
levels can promote LDL oxidation, leading to the accumu-
lation of pro-atherogenic lipid species. A similar trend was
observed in RAW 264.7 macrophages, with a significant

Figure 4: Figure represents the effect of Hcy (A:Control, B:50 μg/mL, C:100 μg/mL, D:Control, E:10 μg/mL, F:25 μg/mL and G:200 μg/mL Hcy) on
iNOS expression in L-929 murine fibroblast-like cells and RAW 264.7 murine macrophages indicated by immunocytochemical and immunofluorescence
methods respectively (×200).
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increase in ox-LDL at concentrations starting at 25 μg/mL.
This result indicates that the effect of Hcy in accelerating
LDL oxidation in a dose-dependent manner was also
confirmed in macrophage cells.

The mechanisms through which Hcy induces LDL
oxidation aremultifaceted. Hcy has been shown to enhance
oxidative stress by increasing ROS production via nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase
activation [27, 28]. Elevated ROS levels can trigger the
oxidation of LDL particles, making them more susceptible
to uptake by macrophages, a critical step in foam cell for-
mation [25]. Moreover, Hcy may directly impair antioxi-
dant defense mechanisms, further exacerbating oxidative
damage and promoting the modification of LDL [27].

In addition to these effects, Zou et al. demonstrated that
Hcy rapidly induces p38 mitogen-activated protein kinase
(MAPK) phosphorylation, activating p47phox and NADPH
oxidase, which increases ROS production. These ROS
phosphorylate Akt, likely contributing to VSMCs
proliferation [29]. Similarly, Wang et al. found that hyper-
homocysteinemia impairs myocardial response to
ischemia-reperfusion by downregulating antioxidants and
increasing ROS via p38 MAPK activation, resulting in
apoptosis [30]. In support of these findings, it has been re-
ported that in Hcy-injured cells, the protein expression of
phosphorylated p38 and extracellular signal-regulated ki-
nase 1/2 (ERK1/2) is significantly increased, with Hcy also
activating these phosphorylations in VSMCs, an effect that
is reversed by simvastatin [31, 32].

Ji et al. showed that Hcy increases the protein expres-
sion of p-p65 and p-IκBα, suggesting the activation of the
NF-κB pathway and subsequent pro-inflammatory cytokine
release [33]. Hcy has also been found to induce an inflam-
matory response in VSMCs by enhancing C-reactive protein
(CRP) expression through the N-methyl-D-aspartate recep-
tor (NMDAr)-ROS-ERK1/2/p38-NF-κB signaling pathway,
which involves oxidative stress [34]. Moreover, Hcy has
been suggested to activate the NF-κB pathway in endothe-
lial cells, leading to increased expression of monocyte
chemoattractant protein-1 (MCP-1), vascular cell adhesion
molecule-1 (VCAM-1), and intercellular adhesionmolecule-1
(ICAM-1), triggering an inflammatory response [35]. Gao
et al. reported that endothelial dysfunction induced by
hyperhomocysteinemia may also be associated with the
inositol-requiring enzyme 1α (IRE1α)-c-Jun N-terminal
kinase (JNK)-autophagy axis pathway, highlighting the
involvement of multiple signaling mechanisms in
Hcy-mediated endothelial injury [36]. All these studies
demonstrate that homocysteine can influence specific

molecular pathways related to oxidative stress and in-
flammatory responses, thereby underscoring the impor-
tance of the current study.

Previous results also indicate a significant relationship
between Hcy levels and ox-LDL in patients with coronary
artery disease [37–39]. These findings highlight the critical
role of oxidative stress in the atherogenic effects of hyper-
homocysteinemia. Additionally, elevated Hcy levels have
been shown to increase the concentration of HTL, which,
through its interaction with proteins, may contribute to
functional impairment and further vascular damage [40].
Paraoxonase 1 (PON1), an antioxidant associated with HDL
(high-density lipoprotein), helps prevent LDL oxidation [41].
Large-scale studies reveal that high PON1 activity protects
against cardiovascular disease, while reduced homocysteine
thiolactonase activity of PON1 correlates with worse
long-term outcomes [42]. Notably, PON1 activity inversely
correlates with new atherosclerotic cardiovascular disease
events in diabetic individuals [43]. Conversely, plasma Hcy
levels have demonstrated a positive correlation with LDL
levels [44]. Hcy has also been found to promote myofibro-
blast activation and stimulate cardiac fibrosis through
modulating theAkt/FoxO3 pathway [45]. Furthermore, Hcy is
linked to increased expression of lectin-like oxidized LDL
receptor-1 (LOX-1) in hyperhomocysteinemic mice, which
may exacerbate fibrosis through enhanced ox-LDL uptake
[46]. Considered together, it can be suggested that high levels
of Hcy lead to high levels of ox-LDL, and these factors
contribute to a heightened risk of atherosclerosis.

The L-929 cell line is frequently employed in wound
healing research, and fibroblasts play a critical role in
fibrotic processes. The association between ox-LDL and
variousfibrotic conditions is well-documented. Additionally,
LOX-1 influences cell growth and is involved in inflamma-
tion, oxidative stress, and tissue remodeling, suggesting a
regulatory role in fibroblast activity and collagen secretion
[47–50]. Consistentwith existing literature, our study further
highlights the crucial role of LDL oxidation in Hcy-related
pathology and reveals a significant relationship between
Hcy, ox-LDL, and fibroblast cells.

Monocyte infiltration into the damaged arterial wall,
followed by differentiation into macrophages, is a hallmark
of atherosclerosis. These macrophages can take up lipopro-
teins and convert into foam cells [51]. Beyond foam cell
formation, macrophages can produce factors that exacer-
bate atherosclerosis, including NO [52]. NO synthesis is
mediated by nitric oxide synthase (NOS), which converts
L-arginine to NO and citrulline, with various isoforms
including iNOS primarily found in macrophages [53]. Given
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that macrophages are also present in atherosclerotic lesions
and have the capacity to generate significant quantities of
NO when activated, it is plausible that Hcy could play a role
in the progression of atherosclerosis by promoting iNOS-
mediated NO production in these macrophages.

Our study shows that Hcy significantly increased iNOS
expression in both L-929 and RAW 264.7 cells. iNOS is a
molecule that plays a dual role in vascular function.While NO
may have vasoprotective effects, iNOS overexpression may
contribute to vascular injury by causing the formation of high
levels of peroxynitrite (ONOO-), a potent oxidant that can
promote endothelial dysfunction [54]. In L-929 fibroblast-like
cells, significant upregulation of iNOSwas observed when the
Hcy concentrationwas increased from50 μg/mL to 100 μg/mL.
This finding is consistent with the studies showing that Hcy
induces iNOS expression in smooth-muscle cells or macro-
phages [24, 55]. Similarly, in RAW 264.7 macrophages, iNOS
expressionwas notably elevated at Hcy concentrations as low
as 25 μg/mL. These observations highlight the pro-
inflammatory effects of Hcy, particularly in macrophages,
which play a pivotal role in atherosclerosis development
through the secretion of pro-inflammatory cytokines and the
uptake of modified LDL particles.

The upregulation of iNOS by Hcy may be mediated
through oxidative stress-induced activation of NF-κB, which
regulates iNOS expression [24, 55]. In this regard, Hcy-induced
iNOS expression contributes to local NO production, which
exacerbates inflammation and oxidative stress in the vascular
wall, promoting atherosclerotic plaque formation. Excessive
NO production in macrophages may also enhance cellular
injury and destabilize the plaques [52, 53].

Taken together, the data suggest that Hcy, an important
risk factor for atherosclerosis, has a role in increasing
ox-LDL levels in both fibroblasts and macrophages. This
emphasizes that Hcy may contribute to the pathophysio-
logical mechanisms underlying various diseases. Moreover,
Hcy’s ability to modulate iNOS expression further highlights
its involvement in inflammatory processes. Our results
indicate that targeting oxidative stress and inflammation
may provide an effective strategy to mitigate the pro-
atherogenic effects of hyperhomocysteinemia. Future
research should assess the therapeutic potential of these
approaches, particularly for individuals with elevated Hcy
levels and a predisposition to cardiovascular disease.

Limitations

In our study, oxidative and inflammatory markers such as
MDA, catalase, TNF-alpha, IL-6, and IL-8 could not be
analyzed due to budgetary constraints. Although cell culture

and immunocytochemical analysis provided important data
to demonstrate the modulatory effects of Hcy on ox-LDL and
iNOS, these findings could not be corroborated by in vivo
studies due to similar budget limitations.

Conclusions

This study demonstrates that Hcy significantly promotes
LDL oxidation and iNOS expression in L-929 fibroblast-like
cells and RAW 264.7 macrophages in a dose-dependent
manner. These findings suggest that elevated Hcy levels
contribute to oxidative stress and inflammation, key pro-
cesses that drive plaque formation and progression. Further
research is needed to investigate the potential therapeutic
strategies aimed at alleviating the adverse effects of hyper-
homocysteinemia on vascular health.

Research ethics: Not applicable.
Informed consent: Not applicable.
Author contributions: The authors have accepted re-
sponsibility for the entire content of this manuscript and
approved its submission.
Use of Large Language Models, AI and Machine Learning
Tools: None declared.
Conflict of interest: The authors state no conflict of interest.
Research funding: None declared.
Data availability: Not applicable.

References

1. Wang X, He B. Endothelial dysfunction: molecular mechanisms and
clinical implications. MedComm 2024;5:651.

2. Zhang C. The role of inflammatory cytokines in endothelial dysfunction.
Basic Res Cardiol 2008;103:398–406.

3. Attiq A, Afzal S, Ahmad W, Kandeel M. Hegemony of inflammation in
atherosclerosis and coronary artery disease. Eur J Pharmacol 2024;966:
176338.

4. Thampi P, Stewart BW, Joseph L, Melnyk SB, Hennings LJ, Nagarajan S.
Dietary homocysteine promotes atherosclerosis in apoE-deficient mice
by inducing scavenger receptors expression. Atherosclerosis 2008;197:
620–9.

5. Raggi P, Genest J, Giles JT, Rayner KJ, Dwivedi G, Beanlands RS, et al.
Role of inflammation in the pathogenesis of atherosclerosis and
therapeutic interventions. Atherosclerosis 2018;276:98–108.

6. Sipahi E, Taskin G, Kumbasar D, Halloran M, Yildirimkaya M, Nadirler F,
et al. Hyperhomocysteinaemia and coronary artery disease in the
Turkish population. Acta Cardiol 2002;57:415–20.

7. Taskin G, Yilmaz Sipahi E, Yildirimkaya M, Nadirler F, Halloran M,
Ayoglu FN, et al. Plasma total homocysteine levels in a healthy Turkish
population sample. Acta Cardiol 2006;61:35–42.

8 Elma et al.: iNOS and oxLDL induction by homocysteine



8. Guthikonda S, Haynes WG. Homocysteine: role and implications in
atherosclerosis. Curr Atheroscler Rep 2006;8:100–6.

9. Kumbasar SD, Dinçer I, Ertas F, Gülec S, Erol C, Akyürek O, et al.
Hyperhomocysteinemia and restenosis. J Cardiovasc Risk 2001;8:
9–13.

10. Yuan D, Chu J, Lin H, Zhu G, Qian J, Yu Y, et al. Mechanism of
homocysteine-mediated endothelial injury and its consequences for
atherosclerosis. Front Cardiovasc Med 2023;9:1109445.

11. Liu T, Lin J, Ju T, Chu L, Zhang L. Vascular smooth muscle cell
differentiation to an osteogenic phenotype involves matrix
metalloproteinase-2 modulation by homocysteine. Mol Cell Biochem
2015;406:139–49.

12. Ma SC, Zhang HP, Jiao Y, Wang YH, Zhang H, Yang XL, et al.
Homocysteine-induced proliferation of vascular smooth muscle cells
occurs via PTEN hypermethylation and is mitigated by Resveratrol. Mol
Med Rep 2018;17:5312–9.

13. Kong P, Cui ZY, Huang XF, Zhang DD, Guo RJ, HanM. Inflammation and
atherosclerosis: signaling pathways and therapeutic intervention.
Signal Transduct Target Ther 2022;7:131.

14. Galkina E, Ley K. Immune and inflammatory mechanisms of
atherosclerosis. Annu Rev Immunol 2009;27:165–97.

15. Kumar A, Palfrey HA, Pathak R, Kadowitz PJ, Gettys TW, Murthy SN. The
metabolism and significance of homocysteine in nutrition and health.
Nutr Metab (Lond) 2017;14:78.

16. Babu KA, Sen P, Biswas J, Angayarkanni N. Homocysteine promotes
scavenger receptor CD36 mediated oxLDL uptake eliciting PON2
antioxidant defense response in ARPE-19 and THP-1 macrophage cells.
Res Square 2022. https://doi.org/10.21203/rs.3.rs-1647955/v1.

17. Zhang Y, He Y, Zong Y, Guo J, Sun L, Ma Y, et al. 17β-estradiol attenuates
homocysteine-induced oxidative stress and inflammatory response as
well as MAPKs cascade via activating PI3-K/Akt signal transduction
pathway in Raw 264.7 cells. Acta Biochim Biophys Sin (Shanghai) 2015;
47:65–72.

18. Gao S, Wang L, Liu W, Wu Y, Yuan Z. The synergistic effect of
homocysteine and lipopolysaccharide on the differentiation and
conversion of raw264.7 macrophages. J Inflamm (Lond) 2014;11:13.

19. Xu L, Zhang H, Wang Y, Yang A, Dong X, Gu L, et al. FABP4 activates the
JAK2/STAT2 pathway via Rap1a in the homocysteine-induced
macrophage inflammatory response in ApoE-/- mice atherosclerosis.
Lab Invest 2022;102:25–37.

20. Stanger O, Weger M. Interactions of homocysteine, nitric oxide, folate
and radicals in the progressively damaged endothelium. Clin Chem Lab
Med 2003;41:1444–54.

21. Chen JY, Ye ZX, Wang XF, Chang J, Yang MW, Zhong HH, et al. Nitric
oxide bioavailability dysfunction involves in atherosclerosis. Biomed
Pharmacother 2018;97:423–8.

22. Woo CW, Cheung F, Chan VW, Siow YL, O K. Homocysteine stimulates
inducible nitric oxide synthase expression in macrophages:
antagonizing effect of ginkgolides and bilobalide. Mol Cell Biochem
2003;243:37–47.

23. Mayo JN, Chen CH, Liao FF, Bearden SE. Homocysteine disrupts
outgrowth of microvascular endothelium by an iNOS-dependent
mechanism. Microcirculation 2014;21:541–50.

24. Mikael LG, Rozen R. Homocysteine modulates the effect of simvastatin
on expression of ApoA-I andNF-kappaB/iNOS. Cardiovasc Res 2008;80:
151–8.

25. Mosalmanzadeh N, Pence BD. Oxidized low-density lipoprotein and its
role in immunometabolism. Int J Mol Sci 2024;25:11386.

26. Jiang H, Zhou Y, Nabavi SM, Sahebkar A, Little PJ, Xu S, et al.
Mechanisms of oxidized LDL-mediated endothelial dysfunction and its

consequences for the development of atherosclerosis. Front
Cardiovasc Med 2022;9:925923.

27. Esse R, Barroso M, Tavares de Almeida I, Castro R. The contribution of
homocysteinemetabolismdisruption to endothelial dysfunction: state-
of-the-art. Int J Mol Sci 2019;20:867.

28. Chan SH, Hung CH, Shih JY, Chu PM, Cheng YH, Lin HC, et al. Exercise
intervention attenuates hyperhomocysteinemia-induced aortic
endothelial oxidative injury by regulating SIRT1 through mitigating
NADPH oxidase/LOX-1 signaling. Redox Biol 2018;14:116–25.

29. Zou T, YangW, Hou Z, Yang J. Homocysteine enhances cell proliferation
in vascular smooth muscle cells: role of p38 MAPK and p47phox. Acta
Biochim Biophys Sin (Shanghai) 2010;42:908–15.

30. Wang X, Cui L, Joseph J, Jiang B, Pimental D, Handy DE, et al.
Homocysteine induces cardiomyocyte dysfunction and apoptosis
through p38 MAPK-mediated increase in oxidant stress. J Mol Cell
Cardiol 2012;52:753–60.

31. Liu YP, Zhou GH, Song X, Wang YH, Zhang F, Chen QQ, et al. Emodin
protects against homocysteine-induced cardiac dysfunction by
inhibiting oxidative stress via MAPK and Akt/eNOS/NO signaling
pathways. Eur J Pharmacol 2023;940:175452.

32. Pang X, Si J, Xu S, Li Y, Liu J. Simvastatin inhibits homocysteine-induced
CRP generation via interfering with the ROS-p38/ERK1/2 signal
pathway in rat vascular smooth muscle cells. Vascul Pharmacol 2017;
88:42–7.

33. Ji C, Yi H, Huang J, ZhangW, Zheng M. Propofol alleviates inflammation
and apoptosis in HCY-induced HUVECs by inhibiting endoplasmic
reticulum stress. Mol Med Rep 2021;23:333.

34. Pang X, Liu J, Zhao J,Mao J, Zhang X, Feng L, et al. Homocysteine induces
the expression of C-reactive protein via NMDAr-ROS-MAPK-NF-κB
signal pathway in rat vascular smooth muscle cells. Atherosclerosis
2014;236:73–81.

35. Hu H, Wang C, Jin Y, Meng Q, Liu Q, Liu Z, et al. Catalpol inhibits
homocysteine-induced oxidation and inflammation via inhibiting
Nox4/NF-κB and GRP78/PERK pathways in human aorta endothelial
cells. Inflammation 2019;42:64–80.

36. Gao Y, Xu J, He K, Guo Q, Xiao L, Jin S, et al. Hydrogen sulfide
ameliorated endothelial dysfunction in hyperhomocysteinemia rats:
mechanism of IRE1α/JNK pathway-mediated autophagy. Nitric Oxide
2024;153:72–81.

37. Unadkat SV, Padhi BK, Bhongir AV, Gandhi AP, Shamim MA, Dahiya N,
et al. Association between homocysteine and coronary artery disease-
trend over time and across the regions: a systematic review and meta-
analysis. Egypt Heart J 2024;76:29.

38. Xu L, Yan X, Tang Z, Feng B. Association between circulating oxidized
OxLDL/LDL-C ratio and the severity of coronary atherosclerosis, along
with other emerging biomarkers of cardiovascular disease in patients
with type 2 diabetes. Diabetes Res Clin Pract 2022;191:110040.

39. Seo H, Oh H, Park H, Park M, Jang Y, Lee M. Contribution of dietary
intakes of antioxidants to homocysteine-induced low density
lipoprotein (LDL) oxidation in atherosclerotic patients. Yonsei Med J
2010;51:526–33.

40. Kumari K, Sharma GS, Gupta A, Singh KS, Singh LR. Functionally active
cross-linked protein oligomers formed by homocysteine thiolactone.
Sci Rep 2023;13:5620.

41. Cheraghi M, Shahsavari G, Maleki A, Ahmadvand H. Paraoxonase 1
activity, lipid profile, and atherogenic indexes status in coronary heart
disease. Rep Biochem Mol Biol 2017;6:1–7.

42. Witucki Ł, Jakubowski H. Depletion of Paraoxonase 1 (Pon1)
dysregulates mTOR, autophagy, and accelerates amyloid beta
accumulation in mice. Cells 2023;12:746.

Elma et al.: iNOS and oxLDL induction by homocysteine 9

https://doi.org/10.21203/rs.3.rs-1647955/v1


43. Durrington PN, Bashir B, Soran H. Paraoxonase 1 and atherosclerosis.
Front Cardiovasc Med 2023;10:1065967.

44. Zhou L, Liu J, An Y, Wang Y, Wang G. Plasma homocysteine level is
independently associated with conventional atherogenic lipid profile
and remnant cholesterol in adults. Front CardiovascMed 2022;9:898305.

45. Shi Y, Zhao L, Zhang Y, Qin Q, Cong H, Guo Z. Homocysteine promotes
cardiac fibrosis by regulating the Akt/FoxO3 pathway. Ann Transl Med
2021;9:1732.

46. Noll C, Hamelet J, Matulewicz E, Paul JL, Delabar JM, Janel N. Effects of
red wine polyphenolic compounds on paraoxonase-1 and lectin-like
oxidized low-density lipoprotein receptor-1 in hyperhomocysteinemic
mice. J Nutr Biochem 2009;20:586–96.

47. Sung PH, Cheng BC, Hsu TW, Chiang JY, Chiang HJ, Chen YL, et al.
Oxidized-LDL deteriorated the renal residual function and
parenchyma in CKD rat through upregulating epithelial mesenchymal
transition and extracellular matrix-mediated tubulointerstitial
fibrosis-pharmacomodulation of rosuvastatin. Antioxidants (Basel)
2022;11:2465.

48. Villa M, Cerda-Opazo P, Jimenez-Gallegos D, Garrido-Moreno V,
Chiong M, Quest AF, et al. Pro-fibrotic effect of oxidized LDL in cardiac
myofibroblasts. Biochem Biophys Res Commun 2020;524:696–701.

49. Ho CM, Ho SL, Jeng YM, Lai YS, Chen YH, Lu SC, et al. Accumulation
of free cholesterol and oxidized low-density lipoprotein is associated
with portal inflammation and fibrosis in nonalcoholic fatty liver
disease. J Inflamm (Lond) 2019;16:7.

50. Wang X, Khaidakov M, Ding Z, Mitra S, Lu J, Dai Y, et al. Lectin-like
oxidized low-density lipoprotein receptor-1 (LOX-1) and cardiac fibroblast
growth. Hypertension 2012;60:1437–42.

51. Kim KW, Ivanov S, Williams JW. Monocyte recruitment, specification,
and function in atherosclerosis. Cells 2020;10:15.

52. Theofilis P, Oikonomou E, Tsioufis K, Tousoulis D. The Role of
macrophages in atherosclerosis: pathophysiologic mechanisms and
treatment considerations. Int J Mol Sci 2023;24:9568.

53. Tenopoulou M, Doulias PT. Endothelial nitric oxide synthase-
derived nitric oxide in the regulation ofmetabolism. F1000Res 2020;9.
https://doi.org/10.12688/f1000research.19998.1. F1000 Faculty Rev-
1190.

54. Gliozzi M, Scicchitano M, Bosco F, Musolino V, Carresi C, Scarano F,
et al. Modulation of nitric oxide synthases by oxidized LDLs: role in
vascular inflammation and atherosclerosis development. Int J Mol Sci
2019;20:3294.

55. Welch GN, Upchurch GR Jr, Farivar RS, Pigazzi A, Vu K, Brecher P, et al.
Homocysteine-induced nitric oxide production in vascular smooth-
muscle cells by NF-kappa B-dependent transcriptional activation of
Nos2. Proc Assoc Am Physicians 1998;110:22–31.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/tjb-2024-0383).

10 Elma et al.: iNOS and oxLDL induction by homocysteine

https://doi.org/10.12688/f1000research.19998.1
https://doi.org/10.1515/tjb-2024-0383

	Homocysteine induces iNOS and oxLDL accumulation in murine immune cells
	Introduction
	Materials and methods
	Cell culture studies
	Selection of homocysteine concentrations
	LDL oxidation in L-929 and RAW 264.7 cells with immunocytochemical method
	iNOS expression in L-929 and RAW 264.7 cells with immunocytochemical and immunofluorescence methods
	Quantitative assessment of LDL oxidation and iNOS expression intensity
	Statistical analyses of results

	Results
	Effect of Hcy on LDL oxidation
	Effect of Hcy on iNOS expression

	Discussion
	Limitations
	Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


