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Hyperhomocysteinemia is recognised as an independent risk factor for atherosclerosis; however, its underlying
mechanisms remain unclear. The chemotaxis and accumulation of leukocytes, including monocytes and T cells, are critical
events in the initiation and progression of atherosclerosis. This study aimed to investigate the effects of homocysteine (Hcy)
on activation markers in lymphocytes and monocytes by analysing cell surface molecules using human peripheral blood
mononuclear cells (PBMCs) and U937 monocyte like cells. Flow cytometry was employed to assess the expression of CD3,
CDll1a, CD27, CD45, and HLA-DR in peripheral blood lymphocytes, as well as CD11a, CDI1c, CD14, CD45, CD63,
CD71, HLA-DR, and ICAM-1 (CD54) in peripheral blood monocytes following a 24-hour incubation with Hcy at
concentrations of 5, 25, and 50 pg/mL. In addition, CD71 and ICAM-1 expression was evaluated in U937 cells after
exposure to Hey at 25, 50, 100, and 200 pg/mL. Treatment of PBMCs with Hey resulted in a dose-dependent increase in
CD11a,CD45, and HLA-DR expression on both lymphocytes and monocytes. Additionally, CD3 and CD27 were
upregulated in lymphocytes, while CD11c, CD14, CD63, CD71, and ICAM-1 were upregulated in monocytes. Similarly,
exposure of U937 cells to Hcy led to a significant, dose-dependent increase in CD71 and ICAM-1 expression.
Homocysteine significantly enhances the expression of cell surface molecules involved in activation, inflammation, antigen
presentation, and leukocyte extravasation in lymphocytes and monocytes. These findings suggest that homocysteine-induced

activation of immune cells could play a role in the pathogenesis of inflammatory conditions such as atherosclerosis.
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Elevated levels of homocysteine (Hcy), a condition
known as hyperhomocysteinemia (HHcy), have been
identified as an independent risk factor for
cardiovascular diseases, including atherosclerosis.
The pathophysiological mechanisms through which
Hcy  contributes to  vascular diseases are
multifactorial, involving endothelial dysfunction,
oxidative stress, and inflammation'. Among these
processes, the activation of monocytes and
lymphocytes is crucial for the initiation and
progression of atherosclerotic lesions™”.

Lymphocytes and monocytes express various cell
surface molecules that act as activation markers, such
as CD3, CDlla, CD27, CD45, and HLA-DR on
lymphocytes, and CDIlla, CDllc, CD14, CDA45,
CD63, CD71 (transferrin receptor), HLA-DR, and
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intracellular adhesion molecule-1 (ICAM-1) on
monocytes’. The upregulation of these molecules
facilitates leukocyte adhesion, migration, and antigen
presentation, which are key processes involved in
inflammation and atherogenesis. Previous studies
have shown that Hcy modulates adhesion molecules
and chemokines in endothelial cells and monocytes™*.
Hcy increases vascular cell adhesion molecule-1
(VCAM-1) expression in endothelial cells, promoting
monocyte adhesion, and stimulates the release of
monocyte chemoattractant protein-1 (MCP-1) and
interleukin-8 (IL-8) in monocytes, enhancing
leukocyte recruitment to inflammatory sites”'.
Despite these findings, the direct effects of Hcy on the
expression of activation markers in both monocytes
and lymphocytes remain insufficiently explored.

The U937 cell line, a human monocyte-like cell
line, serves as a valuable model to investigate the
molecular mechanisms of monocyte activation and
differentiation. It has been demonstrated that
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U937 cells are effectively utilised to explore key
immune responses, such as the regulation of
mitochondrial dynamics and innate immune activity,
particularly in the context of DDIT4L (DNA damage
inducible transcript 4 like) overexpression'.
Additionally, U937 cells have been used to
investigate the cellular mechanisms of atherosclerosis,
where FURIN (proprotein convertase subtilisin/kexin
type 3, PCSK3) inhibition was found to influence
monocyte migration, macrophage proliferation, and
cytokine production'’. Moreover, U937 cells have
been employed to examine exosomal miRNA cargo,
specifically miR-24, revealing its role in macrophage
activation and intercellular communication". In the
current study, both human peripheral blood
mononuclear cells (PBMCs) and U937 cells were
used, as each model provides distinct advantages.
Human PBMCs provide a more physiologically
relevant context, while U937 cells offer a more
standardized experimental approach, enabling a
comprehensive exploration of the effects of Hcy on
immune cell activation.

To the best of our knowledge, this is the first study
to assess the dose-dependent effects of Hcy on the
expression of several surface molecules in
lymphocytes and monocytes. Specifically, it
investigates the impact of Hcy on surface molecules
CD3, CDlla, CDl1c, CD14, CD27, CD45, CD63,
CD71, HLA-DR, ICAM-1 (CD54) and CD71 that
regulate leukocyte adhesion, migration, and antigen
presentation in human PBMCs and U937 monocyte-
like cells simultaneously. Furthermore, the study
evaluates the modulation of these markers following
increasing Hey concentrations, providing insights into
the dose-dependent role of Hcy in lymphocyte and
monocyte activation within the context of
inflammatory diseases, particularly atherosclerosis.

Materials and Methods

Flow cytometry analysis

PBMCs from healthy individuals were isolated by
Ficoll density gradient method. Human PBMCs were
incubated with Hcy at concentrations of 5, 25, and 50
pg/mL for 24 hours. U937 monocyte-like cells
(American Type Culture Collection, Rockville, MD)
were exposed to increasing concentrations of Hey (25,
50, 100, and 200 pg/mL) for 24 hours.

The surface molecules of PBMCs and U937 cells
were analysed following the immunofluorescence
procedure recommended by Beckman Coulter.

Briefly, PBMCs and U937 cells were incubated with
10uL  FITC, PE labeled mouse anti-human
monoclonal antibodies in the dark for 15 minutes at
room temperature. A Beckman Coulter Navios Flow
Cytometry Device (Miami, CA, USA) was used to
assess the phenotype analysis of PBMCs and U937.
For each analysis, 20000 cells were used. In
lymphocyte analysis, CD3, CD11a, CD27, CD45 and
HLA-DR expressions were evaluated. For the
monocytes analysis, CD11a, CD11c, CD14, CD45,
CD63, CD71, HLA-DR, and ICAM-1 (CD54) were
used. For U937 cells, the expression of CD71 and
ICAM-1 (CD54) were evaluated. MFI values were
used to compare surface molecules.

Determination of homocysteine doses

In the preliminary study, cell death was detected
after administering 400 ug/mL of Hcy; therefore, the
maximum Hcy dose was set at 200 pg/mL, which is
the highest concentration at which cell viability was
maintained. Furthermore, varying concentrations of
Hcy were analysed to assess their influence on surface
activation markers in human PBMCs and U937
monocyte-like cells. As a result, concentrations
demonstrating a more pronounced dose-response
relationship were chosen to better elucidate Hcy's
dose-dependent effects.

Selection of cell types

Lymphocytes and monocytes were selected for this
study due to their central roles in immune responses
and inflammation. Lymphocytes, including T and B
cells, are critical in adaptive immunity and have been
shown to be directly involved in the pathogenesis of
atherosclerosis through their activation and interaction
with endothelial cells. Monocytes, on the other hand,
are key players in the innate immune system and are
implicated in the initiation and progression of
atherosclerotic lesions. Upon activation, monocytes
differentiate into macrophages, which contribute to
the inflammatory microenvironment within vascular
tissues. Given their involvement in both inflammation
and immune modulation, these cell types provide
valuable insights into the effects of Hcy on immune
cell activation and its potential role in inflammatory
diseases such as atherosclerosis.

Statistical analysis

Data analysis was conducted using Jamovi 2.3.21,
and the results are presented as mean * standard
deviation (SD). The Shapiro-Wilk test was employed
to assess normality. For non-normally distributed



ELMA et al.: HOMOCYSTEINE INDUCED SURFACE MOLECULE UPREGULATION 801

variables, the Kruskal-Wallis test was applied,
followed by the Mann-Whitney U test with
Bonferroni adjustment for subgroup comparisons.
A P-value < 0.05 was considered statistically
significant.

Results
Hcy in human peripheral blood lymphocytes

Hcy exposure significantly and dose dependently
increased the expression of various surface molecules
on human peripheral blood lymphocytes. Specifically,
Hcy upregulated CD3, CDl1a, CD27, CD45, and
HLA-DR, with higher doses leading to more
pronounced expression of these markers. The most
significant increase in marker expression was
observed at the highest concentration of Hcy
(50 pg/mL), where expression levels were
significantly higher compared to both the control
group and the lowest dose of Hcy (5 pg/mL). In
addition, the 25 pg/mL dose of Hcy also significantly
increased the expression of CD3, CD11a, and CD27
when compared to the control group (Fig. 1 & 2).

Hcy in human peripheral blood monocytes

Similarly, Hcy exposure resulted in a significant,
dose-dependent increase in the expression of several
surface molecules on human peripheral blood
monocytes. The markers CDlla, CDll¢c, CDI14,
CD45, CD63, CD71, HLA-DR, and ICAM-1 (CD54)
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Fig. 1 — Flow cytometry histogram of CD3 (A), CDl1la (B),
CD27 (C), CD45 (D) and HLA-DR (E) surface molecules in
human peripheral blood lymphocytes at different Hcy
concentrations. [A-Control, B-Hcy 5 pg/mL, C-Hey 25 pg/mL, D-
Hcey 50 pg/mL]
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Fig. 2 — The effect of homocysteine on CD3 (A), CD11a (B),
CD27 (C), CD45 (D) and HLA-DR (E) surface molecules in
human peripheral blood lymphocytes. [*indicates a statistically
significant difference compared to the control group; #compared
to the 5 pg/mL group. Data are presented as mean + SD. A
P-value of <0.05 was considered significant]
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Fig. 3 — Flow cytometry histogram of CD11a (A), CD1l1c (B),
CD14 (C), CD45 (D), CD63 (E), CD71 (F), HLA-DR (G) and
ICAM-1(CD54) (H) surface molecules in human peripheral
blood monocytes at different Hcy concentrations. [A-Control,
B-Hcy 5 pg/mL, C-Hey 25 pg/mL, D-Hey 50 pg/mL]
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were all upregulated in response to Hcy treatment.
The most prominent increase in marker expression
was observed at the 50 pg/mL concentration, where
the expression was significantly higher compared to
both the control group and the lowest dose of Hcy
(5 pg/mL). Furthermore, the expression of all markers
at the 25 pg/mL dose was significantly higher than
that of the control group (Fig. 3 & 4).

Hcy in U937 monocyte-like cells

In U937 monocyte-like cells, a significant dose-
dependent increase in the expression of CD71 and
ICAM-1 was observed following Hcy exposure.
CD71 expression was significantly elevated at
concentrations of 50 ug/mL and above, with the
highest expression levels observed at 200 pg/mL.
ICAM-1 expression also exhibited a significant
increase, with the highest expression observed at
200 pg/mL, where it was significantly higher
compared to both the control group and the
lowest dose of Hcy (25 pg/mL). Additionally, the
100 pg/mL dose of Hcy significantly increased
ICAM-1 expression compared to the control group
(Fig. 5 & 6).

Discussion

The present findings demonstrate that Hcy
significantly and dose-dependently upregulates the
expression of activation markers on both lymphocytes
and monocytes. Specifically, in human peripheral
blood lymphocytes, Hcy increased the surface
expression of CD3, CD11a, CD27, CD45, and HLA-
DR. In monocytes, Hcy elevated the levels of CD11a,
CDllc, CD14, CD45, CD63, CD71, HLA-DR, and
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Fig. 4 — The effect of homocysteine on CD11a (A), CD11c (B), CD14 (C), CD45 (D), CD63 (E), CD71 (F), HLA-DR (G) and ICAM-
1(CD54) (H) surface molecules in human peripheral blood monocytes. [*indicates a statistically significant difference compared to the
control group; #compared to the 5 pg/mL group. Data are presented as mean + SD. A P-value of <0.05 was considered significant]
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Fig. 5 — Flow cytometry histogram of CD71 (A) and ICAM-1(CD54) (B) surface molecules in U937 monocyte-like cells at different
Hcy concentrations. [A-Control, B-Hey 25 ng/mL, C-Hey 50 pg/mL, D-Hey 100 pg/mL, E-Hcy 200 pg/mL]
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Fig. 6 — The effect of homocysteine on CD71 (A) and ICAM-
1(CD54) (B) surface molecules in U937 monocyte-like cells.
[*indicates a statistically significant difference compared to the
control group; #compared to the 25 pg/mL group. Data are presented
as mean = SD. A P-value of <0.05 was considered significant]

ICAM-1. Furthermore, in U937 monocyte-like cells,
Hcy enhanced the expression of CD71 and ICAM-1.
These results suggest that Hcy promotes a pro-

inflammatory phenotype in immune cells, potentially
contributing to chronic inflammatory conditions such
as atherosclerosis and autoimmune diseases.

CD3, CDlla, CD27, CD45, and HLA-DR in
lymphocytes are involved in critical immune
functions such as T-cell activation, co-stimulation,
and antigen presentation'*. In monocytes, the
expression of CDI11a, CD11c, CD14, CD45, CD63,
CD71, HLA-DR, and ICAM-1 reflects enhanced
cellular adhesion, migration, and immune response,
which are key processes in inflammation and
atherosclerosis  development'>. CD3, as a key
component of the T-cell receptor (TCR) complex, is
essential for antigen recognition and signal
transduction, the activation of T lymphocytes, and
facilitating T-cell-mediated immune responses'’.
CDl11a (LFA-1) facilitates T-cell interactions with
antigen-presenting cells, while CD71, a crucial
molecule for iron uptake, is associated with increased
cellular proliferation, which may further exacerbate
immune activation'”"’. CD11c contributes to cell-cell
interactions by mediating the binding of monocytes
and neutrophils to the endothelium and promoting
their transmigration®. Both CDIla and CDllc, as
integrins, are essential for leukocyte adhesion and
migration, which are fundamental processes in
inflammation and vascular pathology”'”*>. The
increased expression of CD14, a co-receptor for the
detection of bacterial lipopolysaccharide, indicates
heightened monocyte sensitivity to inflammatory
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stimuli, potentially amplifying immune responses™.
CD27 serves as a co-stimulatory molecule on T-cells
and is found on the surface of resting T-cells, along
with other lymphoid cells like B and NK cells. The
co-stimulatory signaling through CD27 is involved in
a strong T-cell-mediated immune response and plays
a critical role in the survival of central memory
T-cells***. Similarly, CD45 is an essential regulator
in the activation of T-cell receptor signaling,
primarily by modulating the stimulation of Src family
protein-tyrosine kinases. CD45 deficiency leads to
T- and B-lymphocyte dysfunction, resulting in
profound combined immune deficiency and
contributing to autoimmune diseases, cancer, and
infections®. CD63 is a tetraspanin membrane protein
predominantly localised in late endosomes and
lysosomes the endosomal system and on the cell
surface, where it regulates intracellular trafficking,
endocytosis, and exosome biogenesis®. In resting T
cells, CD63 is sequestered in the cytoplasm and
relocates to the plasma membrane upon activation,
where it enhances antigen-presenting cell-mediated
co-stimulatory signaling, thereby amplifying and
sustaining T-cell activation®®. CD63 has also been
implicated in the regulation of monocyte fusion, a
process that may contribute to inflammation-related
events™. Elevated levels of human leukocyte antigen
(HLA)-DR, a major histocompatibility complex class
II molecule, suggest an enhanced -capacity for
antigen presentation, facilitating T-cell activation
and perpetuating the inflammatory cascade®®.
Conversely, the reduced expression of HLA-DR on
monocytes is associated with immune dysfunction®**.
ICAM-1 is involved in leukocyte adhesion to
endothelial cells, a pivotal step in the pathogenesis of
atherosclerosis®*>°,

In the current study, the dose-dependent increase in
the expression of key activation markers in

lymphocytes and monocytes suggests that Hcy
significantly —enhances immune cell activation,
highlighting its role in inflammatory processes.

Specifically, the upregulation of CD3 and HLA-DR in
lymphocytes, along with CD11a and CD45, indicates
stronger antigen recognition and T-cell activation,
while the increase in CD11¢, CD14, CD63 and CD71
on monocytes highlights an amplification of
inflammatory responses. CDlla and CDllc's
involvement in leukocyte adhesion and migration,
alongside CD45's modulation of Src kinases, further
suggests that Hcy may intensify the adhesion and
transmigration of immune cells, leading to an

exacerbated inflammatory reaction. The dose-
dependent nature of these effects supports that Hcy not
only enhances immune activation but also aggravates
the inflammatory processes by altering immune cell
behaviour, potentially contributing to the pathogenesis
of various inflammatory and autoimmune diseases.
These findings are consistent with previous studies
indicating that Hcy plays a pivotal role in modulating
immune responses by inducing the expression of
adhesion molecules and chemokines in vascular cells™,
Specifically, Hcy has been shown to upregulate
VCAM-1 in endothelial cells, thus promoting the
adhesion of monocytes to the endothelium®. In a
similar context, Hcy has been reported to trigger
apoptosis in endothelial cells from the human
umbilical vein, accompanied by elevated levels of
ICAM-1, VCAM-1, endothelin-1, and MCP-1, along
with a rise in the production of reactive oxygen
species’. Consistently, ciliary neurotrophic factor
(CNTF) expression is markedly upregulated during
Hcy-mediated damage to vascular endothelial cells.
This upregulation activates the JAK2-STATS3
signaling pathway, resulting in elevated levels of IL-6
and pro-inflammatory mediators such as IL-1p,
ICAM-1, VCAM-1, and NLR family pyrin domain-
containing 3 (NLRP3)*®. Furthermore, Hey stimulates
the production of monocyte chemoattractant
protein-1  (MCP-1) and interleukin-8 (IL-8),
promoting the recruitment of leukocytes to sites of
inflammation'®***. In addition, Hcy has been
demonstrated to induce the expression of MCP-1 and
IL-8 in human aortic endothelial cells, which further
facilitates leukocyte migration and accumulation
at sites of vascular injury*'. The activation of nuclear
factor-kappa B (NF-kB) by Hcy also contributes to
the upregulation of MCP-1 in THP-1 macrophages,
thereby enhancing monocyte chemotaxis and
promoting inflammatory responses*’. HHcy has been
found to elevate the expression of IL-6 and NF-xB
p65/RelA, contributing to a pro-inflammatory state.
Moreover, it has been reported that HHcy can
exacerbate hypertension-induced arterial damage
through the activation of this signaling pathway™.
These findings collectively suggest that Hcy-induced
endothelial dysfunction and inflammatory signaling
contribute to a pro-inflammatory microenvironment,
potentially exacerbating vascular complications and
promoting the pathogenesis of atherosclerosis.
Increased expression of immune activation markers
has also been observed in chronic diseases, including
cancer, diabetes, and neurodegenerative diseases.
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These cell surface markers can influence cancer
progression by modulating tumor associated immune
responses and cellular interactions***’. Similarly, in
diabetes, altered expression of immune and
endothelial surface markers reflects immune
dysfunction and endothelial injury, contributing to the
progression of diabetic complications, such as kidney
disease®™>. Furthermore, the modulation of surface
molecules plays a significant role in central nervous

system disorders, such as Alzheimer's disease,
epilepsy, stroke, multiple sclerosis, depression,
and  Parkinson's  disease, by  influencing

neuroinflammation and neurodegeneration’'. Given
its ability to modulate cell surface molecules, the
findings of this study suggest that Hcy may contribute
to the pathogenesis of metabolic, neurodegenerative,
and malignant disorders through immune activation.

To investigate monocyte-specific responses, this
study utilised the U937 cell line, a human monocyte-
like model that provides a system for exploring the
molecular mechanisms involved in monocyte
differentiation and activation''"®. Unlike THP-I-
derived  macrophages, which demonstrate a
heightened responsiveness to M1 stimuli, U937 cells
exhibit greater responsiveness to anti-inflammatory
(M2) stimuli, making them particularly valuable for
studying macrophage polarisation in the context of
alternative 1mmune responsessz. Moreover, U937-
derived macrophages have been utilised to examine
the effects of various treatments on macrophage
polarisation, such as the modulation of pro-
inflammatory cytokines in the context of Kawasaki
disease™. In addition, U937 cells serve as a relevant
model for examining the formation of foamy
macrophages during atherogenesis®. Taken together,
these findings underscore the potential of U937 cells
in elucidating key immune-related mechanisms.

U937 cells, being a monocytic cell line, allowed for
the isolation of monocyte-specific responses without
the confounding influence of other immune cell types
present in PBMC:s. In this context, the direct effects of
Hcy on monocyte activation were examined, as
demonstrated by the upregulation of CD71 and
ICAM-1. The dose-dependent increase in these
markers in U937 cells confirmed that Hcy has a direct
impact on monocyte activation, further supporting the
findings observed in human monocytes. By
integrating primary immune cells and a monocyte-like
cell line, this study also provided a comprehensive
assessment of Hcy-induced immune activation. While
PBMCs ensured physiological relevance, U937 cells

offered a more controlled experimental setting.
Together, these findings suggest that Hcy plays a
significant role in modulating immune cell activation
across different cell types. Moreover, they highlight
the potential for Hcy to influence both innate and
adaptive immune responses, which may contribute to
the development of inflammatory conditions
associated with cardiovascular diseases.

Conclusion

This study demonstrates that elevated homocysteine
levels enhance activation marker expression in
monocytes and lymphocytes, thereby promoting a pro-
inflammatory state. These findings elucidate the
mechanisms by  which  hyperhomocysteinemia
contributes to the progression of atherosclerosis and
inflammatory, metabolic, neurodegenerative and
malignant diseases. Future research should focus on
identifying potential therapeutic strategies to mitigate
these effects, particularly those targeting immune
modulation and endothelial function.
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