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Abstract

Endothelial cells are key regulators of vascular homeostasis, and their dysfunction plays
a central role in the development of atherosclerosis and other cardiovascular diseases.
Multinucleated variant endothelial cells (MVECs) have been described in pathological
vascular regions; however, their functional properties remain poorly characterized. The
aim of the present study was to compare lipid handling, inflammatory activation, barrier-
associated features, and secretory profiles of typical endothelial cells (TECs, EA.hy926
line) and MVECs under low-density lipoprotein (LDL) exposure. MVECs were gener-
ated by polyethylene glycol-induced fusion of EA.hy926 cells and incubated with LDL
under standardized conditions. Intracellular cholesterol accumulation was assessed bio-
chemically, cytokine secretion was quantified by ELISA, gene expression of inflammatory,
endothelial, junctional, and vasoactive markers was analyzed by quantitative real-time
PCR, and the endothelial secretome was characterized using data-independent acquisition
liquid chromatography–tandem mass spectrometry (DIA-LC-MS). MVECs demonstrated
enhanced cholesterol accumulation compared with TECs following LDL exposure. At the
transcriptional level, MVECs were characterized by elevated basal expression of proin-
flammatory markers, including IL1B, IL6, and NFKB1, and showed a markedly amplified
IL6 and IL8 response to LDL. In parallel, MVECs exhibited reduced expression of genes
associated with antioxidant defense (SOD1), barrier integrity (TJP1), and hemostatic func-
tion (VWF). Consistent with transcriptional data, mass spectrometry-based secretome
analysis revealed decreased secretion of von Willebrand factor (vWF), vascular endothe-
lial growth factor C (VEGFC), and endothelin-1 (EDN1) by MVECs, accompanied by
increased secretion of tissue-type plasminogen activator (t-PA). Functional enrichment
analysis of secretome-associated proteins highlighted pathways related to extracellular
matrix–receptor interaction, focal adhesion, cell adhesion molecules, complement and
coagulation cascades, and leukocyte transendothelial migration. In contrast, TECs demon-
strated a more pronounced transcriptional response in EDN1, consistent with their role in
vascular tone regulation. Immunocytochemical analysis further revealed altered subcellular
distribution of the tight junction protein ZO-1 in MVECs, indicating junctional destabiliza-
tion. Taken together, these results indicate that MVECs represent a distinct endothelial
phenotype characterized by enhanced lipid accumulation, sustained proinflammatory
activation, altered secretory signaling, and reduced barrier and hemostatic potential. Such
features suggest that MVECs may contribute to the maintenance of chronic endothelial
dysfunction and vascular inflammation under conditions of lipid overload.
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1. Introduction
Endothelial cells (ECs) line the inner surface of blood vessels and play a key role in

maintaining vascular homeostasis, regulating permeability, inflammation, and angiogene-
sis [1]. Chronic damaging factors such as hyperlipidemia, ischemia, and oxidative stress
affect endothelial cells and trigger the development of endothelial dysfunction (ED) [2].
ED represents an early stage in the pathogenesis of cardiovascular diseases, including
atherosclerosis, hypertension, and coronary heart disease [3]. ED is characterized by re-
duced bioavailability of nitric oxide, imbalance of vasoactive factors, increased expression
of adhesion molecules, and enhanced secretion of proinflammatory cytokines, ultimately
leading to impaired barrier function and vascular inflammation.

A special type of EC has been described in the literature. In atherosclerosis, areas with a
large number of multinucleated variants of endothelial cells (MVECs) appear in the aorta [4].
Such zones exhibit enhanced phagocytic activity and correlate with foci of cholesterol and
leukocyte deposition in the subendothelial space [5]. Similar cells were found in the
study of biopsies of transplanted kidneys with chronic antibody-dependent rejection; their
endothelial origin has been confirmed by electron microscopy and immunohistochemistry,
and their presence is associated with the development of pathological changes in the
graft [6].

MVECs are characterized by increased size (up to ~8000 µm2 compared with ~800 µm2

in typical endothelial cells) and are multinucleated. It is assumed that they are formed
through cell fusion as a result of cellular senescence, rather than as a result of mitotic
division [7]. Accumulating evidence suggests that MVECs represent a phenotype reflecting
chronic endothelial damage and inflammation. Given that ED is closely associated with
the activation of proinflammatory cascades and impaired lipid metabolism, studying the
molecular features of MVECs may be important for understanding their contribution to the
pathogenesis of vascular diseases.

The present study aimed to compare the phenotype and secretory activity of typical
endothelial cells and MVECs, using ELISA to evaluate cytokine production (IL-1β, IL-6,
IL-8, TNF-α), as well as quantitative real-time PCR (qPCR) to determine the expression of
genes associated with inflammation (NFKB1 (nuclear factor kappa-light-chain-enhancer
of activated B cells), IL1B (interleukin 1 β), IL6 (interleukin 6), IL8 (interleukin 8)), inter-
cellular contacts (OCLN (Occludin), TJP1 (Tight Junction Protein 1)), endothelial markers
and adhesion molecules (CD31 (PECAM1, Platelet endothelial cell adhesion molecule-1),
CD146 (MCAM, Melanoma cell adhesion molecule), VWF (von Willebrand factor)), and
regulation of vascular tone and stress response (ENOS (Endothelial nitric oxide synthase),
EDN1 (Endothelin-1), SOD1 (superoxide dismutase 1)). The data obtained can serve as a
basis for understanding the role of MVECs in the pathogenesis of vascular diseases and
immune responses.

2. Results
2.1. Endothelial Preparations (Prints)

A total of four endothelial samples from thoracic aortic aneurysm tissue were ana-
lyzed: two samples from the aneurysmal lesion itself and two from areas distant from
the aneurysmal lesion. In the samples obtained from the aneurysmal sites, MVECs were
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detected in large numbers, and they were observed in clusters (Figure 1a,b). Whereas in
the “normal” aortic sites, MVECs were not detected (Figure 1c,d).

 

Figure 1. Photographs of endothelial prints obtained in phase contrast mode, additional coloring
of DAPI nuclei. (a,b)—the imprint of the endothelium of the aortic area with aneurysmal lesion.
The arrows indicate the MVECs. (c,d)—an imprint of the endothelium of the aortic region without
aneurysmal lesion. Scale ruler: 100 microns.

2.2. Analysis of Cholesterol Accumulation with Normalization for Total Protein

Incubation with low-density lipoproteins (LDLs) resulted in a significant increase
in cholesterol levels in both EC groups: in TECs, cholesterol concentration increased 1.2-
fold (p < 0.001) compared with the control without LDL; for MVECs, the cholesterol level
increased 1.5-fold (p < 0.001) relative to the corresponding control group. After incubation
with LDL, the cholesterol content in the MVECs was 1.1 times higher (p < 0.001) than
in TECs. In the absence of LDL, there were no differences between the two cell types
(Figure 2).

Cholesterol levels were normalized to total cellular protein. Given the increased
MVECs size, normalization to total protein allows for an estimate of lipid accumulation in
a heterogeneous cell population, rather than an estimate per individual cell. This approach
reflects the contribution of multinucleated cells to the overall lipid load of the endothelium.

These findings indicate that MVECs exhibit enhanced cholesterol accumulation under
lipid loading conditions compared with typical endothelial cells.
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Figure 2. Normalized cellular cholesterol content in TECs and MVECs under control conditions
(−LDL) and after LDL treatment (+LDL). Total cellular lipids were extracted using the Folch method.
Data are presented as boxplots showing the median, interquartile range, and range.

2.3. ELISA

Incubation of TECs with LDL resulted in a statistically significant increase in IL-6
secretion: median normalized value increased 5.6-fold compared with the control (p < 0.01)
(Figure 3a). A similar trend was observed for TNF-α, the level of which increased 1.25-fold
(p < 0.05) (Figure 3d). At the same time, IL-1β secretion remained stable and did not differ
between the control and experimental groups (Figure 3c). IL-8 decreased significantly after
LDL exposure, by 4-fold compared with the control (p < 0.01) (Figure 3b).

Figure 3. Concentrations of cytokines in the supernatants of TECs and MVECs after 24 h incubation
with or without LDL, determined by ELISA: (a) IL-1β, (b) IL-6, (c) IL-8, (d) TNF-α. Data are presented
as normalized values relative to the mean control level of TECs. Each cytokine was measured in
at least nine independent biological replicates, each performed in duplicate (technical replicates).
Statistical analysis was performed using the Kruskal–Wallis test followed by the Conover multiple
comparison test; p < 0.05 was considered statistically significant.
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MVECs also showed an increase in IL-6 secretion when exposed to LDL: the median
value increased by 1.7 times compared with the control (p < 0.01) (Figure 3a). TNF-α
showed a 2-fold increase (p < 0.01) (Figure 3d). IL-1β remained stable, with no differences
observed between groups (Figure 3c). IL-8 decreased 1.2-fold after incubation with LDL
(p < 0.05) (Figure 3b).

As for the comparison of endothelial cell variants, the MVECs demonstrated signif-
icantly higher IL-6 secretion—16.3 times higher than the TECs in the control (p < 0.01)
(Figure 3a). A similar pattern was found for TNF-α (2.4 times higher, p < 0.01) and IL-8
(4.4 times higher, p < 0.01) (Figure 3b,d). At the same time, the levels of IL-1β did not differ
statistically between the two cell types (Figure 3c). It should be noted that IL-1β secretion
is tightly regulated at the post-translational level and typically requires inflammasome
activation as a second signal. Therefore, unchanged extracellular levels do not necessarily
reflect absence of transcriptional regulation.

After exposure to LDL, the differences between cell types persisted. IL-6 remained
significantly higher in MVECs—4.8-fold higher than in TECs (p < 0.01), TNF-α—3.9 times
higher (p < 0.01), and IL-8—14.7 times higher (p < 0.01) (Figure 3a,b,d). The level of IL-1β
did not differ between TECs and MVECs in experimental conditions (Figure 3c).

Descriptive statistics of cytokine secretion measured by ELISA and effect size analysis
are presented in Tables S3 and S4 (Supplementary Materials).

2.4. PCR
2.4.1. Pro-Inflammatory Markers

In TECs, incubation with LDL resulted in a significant increase in IL8 expression,
1.3-fold higher compared with the control without LDL (p < 0.001). In MVECs, the addition
of LDL caused a much stronger response: IL8 expression increased 6.5-fold (p < 0.001). At
baseline, IL8 expression in MVECs was 1.9-fold lower than in TECs (p < 0.001), whereas
after incubation with LDL, IL8 expression in MVECs exceeded that of TECs by 2.3-fold
(p < 0.001) (Figure 4g).

In TECs, incubation with LDL led to a significant increase in IL6 expression, 1.9-fold
higher compared with the control group (p < 0.01). In MVECs, the response was markedly
stronger: IL6 expression increased 12.3-fold (p < 0.001). Basal IL6 expression in MVECs was
2.7-fold higher than in TECs (p < 0.001), and after LDL exposure, this difference increased
to more than 27-fold (p < 0.001) (Figure 4f).

In TECs, LDL exposure was accompanied by a threefold increase in IL1B expression
compared with control cells (p < 0.001). In MVECs, the response to LDL was less pro-
nounced, with IL1B expression increasing only 1.3-fold (p < 0.001). However, basal IL1B
expression in MVECs was significantly higher, 37-fold greater than in TECs (p < 0.001).
After incubation with LDL, IL1B expression in MVECs exceeded that of TECs by 7.7-fold
(p < 0.001) (Figure 4c).

For NFKB1, a statistically significant difference was observed only at the basal level:
expression in MVECs was 1.4-fold higher (p < 0.05) than in TECs (Figure 4h).

Descriptive statistics of relative gene expression measured by qPCR and effect size
analysis are presented in Tables S5 and S6 (Supplementary Materials).
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Figure 4. Relative expression of selected genes in TECs and MVECs after 24 h incubation with or
without LDL, determined by quantitative real-time PCR: (a) CD31, (b) CD146, (c) IL1B, (d) EDN1,
(e) ENOS, (f) IL6, (g) IL8, (h) NFKB1, (i) OCLN, (j) SOD1, (k) TJP1, (l) VWF. Gene expression was
normalized to the housekeeping gene ACTB, and relative expression levels were calculated using
the ∆∆Ct method. Normalization was performed relative to the mean control level of TECs. Each
condition was tested in at least six independent biological replicates, each performed in duplicate
(technical replicates). Statistical analysis was performed using the Kruskal–Wallis test followed by
the Conover multiple comparison test; p < 0.05 was considered significant.

2.4.2. Endothelial Markers and Adhesion

CD31 (PECAM1) transcription analysis showed comparable expression levels in both
TECs and MVECs under conditions with or without LDL. No significant differences were
observed between the groups (Figure 4a).

Similarly, no statistically significant differences were detected for CD146 (MCAM).
Expression levels remained stable in both TECs and MVECs regardless of LDL exposure
(Figure 4b).

LDL exposure did not lead to significant changes in VWF expression in either TECs
or MVECs. However, comparative analysis revealed marked intergroup differences: the
basal level of VWF expression in MVECs was 5.2-fold lower than in TECs (p < 0.001). After
incubation with LDL, this trend persisted, with VWF expression in MVECs remaining
6.5-fold lower than in TECs (p < 0.001) (Figure 4l)

2.4.3. Markers of Intercellular Junctions and Barrier Function

Incubation with LDL did not cause statistically significant changes in TJP1 expression
in either TECs or MVECs. However, comparative analysis showed significant differences in
basal levels: TJP1 expression in MVECs was 1.2-fold lower compared with TECs (p < 0.01).
After incubation with LDL, this difference persisted, with TJP1 expression in MVECs
remaining 1.9-fold lower than in TECs (p < 0.01) (Figure 4k).
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No statistically significant differences were observed for OCLN expression. The
expression of this gene remained stable in both TECs and MVECs, regardless of LDL
exposure (Figure 4i).

2.4.4. Vascular Tone Regulation and Stress Response

Incubation with LDL did not lead to statistically significant changes in ENOS expres-
sion in either TECs or MVECs. Transcription levels remained comparable between the
control and experimental groups. Comparative analysis also did not reveal significant
differences in ENOS expression between the two cell types (Figure 4e).

In TECs, incubation with LDL was accompanied by a significant increase in EDN1
expression, which was 2.3-fold higher than in the control without LDL. A similar trend
was observed in MVECs, where incubation with LDL resulted in a 1.5-fold increase in
EDN1 transcription relative to basal levels. Comparative analysis showed that basal EDN1
expression in TECs was significantly higher than in MVECs, by 6.9-fold. After incubation
with LDL, this difference further increased: EDN1 expression in TECs exceeded that in
MVECs by 14.5-fold (Figure 4d).

In TECs, LDL exposure caused a moderate increase in SOD1 expression, which was
1.2-fold higher compared with the control without LDL. A similar trend was observed
in MVECs: after incubation with LDL, SOD1 transcription increased 1.1-fold relative to
baseline values. Comparative analysis showed that basal SOD1 expression in TECs was
1.8-fold higher than in MVECs. After LDL exposure, this difference persisted, with SOD1
expression in TECs remaining 1.9-fold higher than in MVECs (Figure 4j).

2.5. Analysis of Protein Secretion in the Culture Medium by Mass Spectrometry

Under control conditions, the level of vWF secretion in the MVECs culture medium
was 1.15-fold lower than in TECs (p < 0.05). A similar ratio was observed under LDL
exposure: vWF secretion by MVECs remained approximately 1.18-fold lower compared
with TECs (p < 0.05) (Figure 5a). Thus, the formation of a multinucleated phenotype was
associated with reduced vWF secretion regardless of lipid load.

Under control conditions, VEGFC (vascular endothelial growth factor C) secretion by
MVECs was reduced by approximately 1.08-fold compared with TECs (p < 0.05). Upon
incubation with LDL, the differences between the cell types persisted: VEGFC levels in the
MVECs culture medium remained about 1.08-fold lower than in TECs (p < 0.05) (Figure 5b).

Under control conditions, EDN1 secretion by MVECs was 1.32-fold lower than in TECs
(p < 0.05). After LDL exposure, the differences between the cell types were maintained:
EDN1 levels in the MVECs culture medium remained 1.26-fold lower compared with TECs
(p < 0.05) (Figure 5c). Thus, MVECs were characterized by consistently lower endothelin-1
secretion irrespective of culture conditions.

In contrast to the other analyzed proteins, t-PA (tissue-type plasminogen activator)
secretion under control conditions was increased in MVECs by 1.06-fold compared with
TECs (p < 0.05). A similar pattern was observed under LDL exposure: t-PA levels in
the MVECs culture medium exceeded those in TECs by 1.07-fold (p < 0.05) (Figure 5d).
This indicates enhanced t-PA secretion by multinucleated endothelial cells regardless of
lipid load.

Descriptive statistics of secreted proteins identified by DIA-LC-MS and effect size
analysis are presented in Tables S1 and S2 (Supplementary Materials).
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Figure 5. Secretion of endothelial functional markers in conditioned media of TECs and MVECs.
(a) von Willebrand factor (vWF), (b) vascular endothelial growth factor C (VEGFC), (c) endothelin-1
(EDN1), (d) tissue-type plasminogen activator (t-PA). Cells were cultured under control conditions
(−) or in the presence of LDL (+). Data are presented as mean ± SEM (n = 3). Statistical significance
between TECs and MVECs within the same condition was assessed using one-way ANOVA followed
by Tukey’s post hoc test; p < 0.05.

2.6. Immunocytochemical Analysis of Intercellular Junctions

Immunocytochemical analysis of intercellular junctions was performed for TECs and
MVECs under control conditions and after exposure to low-density lipoproteins. In all
experimental groups, a confluent monolayer of endothelial cells was formed without signs
of compromised integrity. Phase-contrast microscopy was used to confirm the preservation
of the monolayer as well as to verify the multinucleated phenotype of MVECs (Figure 6).

 

Figure 6. Distribution of the tight junction protein ZO-1 in typical (a) and multinucleated endothelial
cells (b). ZO-1 (green), DAPI (blue). Phase-contrast microscopy was used to confirm the multinucle-
ated phenotype of MVECs (indicated by red arrows) and the integrity of the confluent monolayer.
Scale bar, 100 µm.
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In TECs, staining of the tight junction protein ZO-1 (zonula occludens-1) was ob-
served predominantly at intercellular contacts, resulting in a pronounced and contin-
uous labeling along the borders between adjacent cells. However, ZO-1 was also de-
tected in the cytoplasm, although the staining intensity was lower than that observed at
intercellular junctions.

In MVECs, the distribution of ZO-1 differed from that in TECs. The ZO-1 signal
was predominantly localized in the cytoplasm, with a more pronounced concentration
in the central region of the cell near the nuclei. At the cell periphery and at intercellular
junctions, the intensity of the ZO-1 signal was markedly reduced or almost absent. These
distribution patterns were observed both under control conditions and after exposure to
low-density lipoproteins.

To provide quantitative confirmation of these observations, fluorescence intensity
analysis was performed using Fiji/ImageJ (version 1.54p; National Institutes of Health,
Bethesda, MD, USA) (https://imagej.org, accessed on 18 February 2026). For each group,
12 identical regions of interest (ROIs) of equal area (254,016 pixels) were analyzed under
identical acquisition settings. Mean fluorescence intensity per field was extracted and used
as an independent measurement. Quantitative analysis demonstrated that mean ZO-1
fluorescence intensity was significantly lower in MVECs compared with TECs (2.99 ± 0.75
vs. 7.87 ± 0.67, p < 0.001).

3. Discussion
In the course of a pilot study of aortic endothelium samples from patients with

aneurysms, we identified areas containing MVECs. This phenomenon has previously been
described by other researchers: MVECs were observed in areas of thickened intima and
atherosclerotic plaques [4,7], as well as in the microvessels of grafts [6]. Our results confirm
that MVECs can form in the vascular wall under pathological conditions; however, due to
the limited number of samples, we cannot yet confirm the association of these cells with
thoracic aortic aneurysm.

The temporal relationship between the formation of MVECs and vascular injury
remains unclear. It cannot be determined whether multinucleation represents a primary
event or develops secondary to chronic endothelial damage. Earlier studies have proposed
that MVECs arise predominantly through cell fusion rather than incomplete cell division.
Nevertheless, the mechanisms underlying their formation in pathological vascular regions
remain incompletely defined.

Despite the large number of studies using endothelial models, it remains unclear how
cellular heterogeneity affects pathological processes. MVECs have been described in the
vascular wall in atherosclerosis and chronic inflammation, but their functional role is still
uncertain. In vivo studies of MVECs are difficult: these cells occur focally, their number
is small, and biopsy material is limited. Moreover, multinucleated cells do not divide,
which makes it impossible to passage them. Therefore, to analyze the functional features of
MVECs, we developed an experimental laboratory model based on the EA.hy926 cell line,
which was previously used in our work to study transendothelial lipoprotein transport and
cell migration [8]. This approach allowed us to reproduce the multinucleated phenotype
under controlled conditions and compare its characteristics with typical endothelial cells.

It is important to note that the EA.hy926 line used in this study has a number of
features that must be considered when interpreting the results. This line is a hybrid of
HUVEC and A549 lung carcinoma cells, which ensures preservation of the basic properties
of ECs, but also introduces some differences in the expression profile, aging markers, and
other characteristics [9,10]. Thus, the EA.hy926-based model makes it possible to identify
differences between TECs and MVECs, but does not fully reflect the heterogeneity and
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complexity of the endothelium in vivo. However, we showed that in our model the expres-
sion of endothelial markers (CD31, CD146, vWF) was preserved and did not change during
cell fusion, confirming maintenance of the basic endothelial phenotype. Additionally,
mass spectrometry-based secretome analysis demonstrated that vWF was actively secreted
by both TECs and MVECs, and its detection in the extracellular medium confirms the
functional integrity of the endothelial secretory apparatus in the experimental model used.
This can be considered an advantage of the developed system, as it allows the study of
functional differences in multinucleated cells without loss of their endothelial nature.

In vivo, MVECs are rare, occur focally, and cannot be expanded in culture. Therefore,
PEG-induced fusion was used to reproducibly generate multinucleated cells and to eval-
uate how increased nuclear content affects lipid accumulation, inflammatory response,
intercellular junction organization, and protein secretion. At the same time, this model
does not recapitulate the multicellular and biomechanical complexity of the vascular wall
in vivo, and further studies using primary endothelial cells and human tissue samples
are required.

In our study, we demonstrated that both TECs and MVECs accumulate cholesterol,
but MVECs did so more actively. Lipid overload of the endothelium is one of the early
triggers of inflammatory activation and the formation of atherosclerotic plaques [11]. The
increased ability of MVECs to accumulate cholesterol may be critical for their phenotype, as
excess lipid content in ECs is directly linked to the activation of proinflammatory signaling
pathways, such as LOX-1/NF-κB [11,12].

Increased expression of NFKB1 in MVECs can be considered a key link connecting lipid
overload with inflammatory activation. This transcription factor regulates the expression
of genes encoding a wide range of inflammatory mediators, including IL-6, IL-8, and
TNF-α, as well as adhesion molecules, which promote the recruitment and migration of
monocytes and lymphocytes [13,14]. Thus, at the level of signaling cascades, MVECs
display features of a preactivated state characterized by readiness for increased production
of proinflammatory factors. Our results confirm this: incubation with LDL caused a marked
increase in IL-6 and TNF-α secretion, indicating endothelial proinflammatory activation. At
the same time, IL-8 dynamics had distinctive features: in both cell types its level decreased
under LDL stimulation, but in MVECs IL-8 secretion remained higher than in TECs both
at baseline and after stimulation. Collectively, high basal production of IL-6 and TNF-α,
combined with persistently elevated IL-8 levels, defines a pronounced proinflammatory
phenotype in MVECs.

Another proinflammatory cytokine of interest in the context of our study is IL-1β.
According to ELISA, IL-1β secretion did not differ between TECs and MVECs and was
not altered by LDL exposure. However, qPCR analysis showed higher IL-1β expression in
MVECs than in TECs, and in both cell types expression increased upon LDL stimulation.
This discrepancy between ELISA and qPCR results may reflect post-transcriptional and
post-translational regulation of IL-1β. It is well established that IL-1β synthesis, processing,
and secretion require additional activation signals, including inflammasome-mediated
cleavage by caspase-1 [15]. Therefore, increased IL1B mRNA levels do not necessarily result
in elevated extracellular cytokine levels. In the present study, inflammasome activation
was not directly assessed.

It is well established that activation of NF-κB and proinflammatory cytokines is associ-
ated with disruption of endothelial barrier integrity through suppression of tight junction
protein expression [16,17]. The elevated levels of proinflammatory mediators and NF-κB
activity observed in MVECs in our study are likely to contribute to decreased expression of
tight junction proteins and the formation of local areas of endothelial dysfunction. Indeed,
basal TJP1 expression in MVECs was lower than in TECs, and this relationship persisted
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after LDL exposure. This indicates a weakening of intercellular junctions in MVECs, which
may have several consequences for the endothelium and vasculature as a whole. When
intercellular contacts are weakened, endothelial permeability increases and the migration of
immune cells is facilitated, thereby enhancing inflammatory processes in the vascular wall.
Disruption of the barrier function also promotes the penetration of leukocytes, monocytes,
and circulating lipids into the intima, accelerating the formation of atherosclerotic plaques.
Thus, the decreased TJP1 expression detected in MVECs may reflect their predisposition
to junctional instability and can be considered an additional mechanism contributing to
endothelial dysfunction.

Additional confirmation of the observed transcriptional changes was obtained by
analyzing the subcellular distribution of the tight junction protein ZO-1 using immunocy-
tochemical staining. ZO-1 (zonula occludens-1) is a key component of tight junctions in
endothelial cells; it is encoded by the TJP1 gene and is predominantly localized at the cell
membrane, although it is also present in the cytoplasm [18,19].

In TECs, ZO-1 was mainly localized at intercellular junctions, forming a continuous
staining pattern along the borders between adjacent cells, while a cytoplasmic signal was
also detected. In contrast, in multinucleated endothelial cells, ZO-1 exhibited predomi-
nantly cytoplasmic localization with accumulation in the central regions of the cell, in close
proximity to the nuclei, whereas the ZO-1 signal at the cell periphery and at intercellular
junctions was markedly reduced or nearly absent.

The results obtained at the transcriptional and protein levels were consistent with and
complementary to each other. According to PCR data, TJP1 (encoding ZO-1) expression in
MVECs was reduced compared with TECs under both control conditions and after LDL
incubation. Immunocytochemical analysis confirmed that the differences between the cell
types involved not only expression levels but also the intracellular localization of ZO-1.
These findings are consistent with literature reports describing alterations in tight junction
proteins during inflammatory activation of the endothelium [17,20].

In our study, we demonstrated that the expression of the secreted endothelial marker
von Willebrand factor (vWF) was significantly lower in MVECs compared with EA.hy926
cells under both control conditions and after LDL exposure. vWF is not only a key reg-
ulator of hemostasis but also actively participates in the modulation of vascular inflam-
mation [21,22]. Experimental and clinical data indicate that elevated vWF levels are a
marker of endothelial dysfunction and increased cardiovascular risk [23,24]. However,
endothelial cells are known to exhibit pronounced phenotypic heterogeneity, including
variability in vWF expression [25]. Thus, reduced vWF expression in MVECs may reflect
a phenotypic shift characterized by a decreased capacity for thrombogenesis and barrier
function, accompanied by an enhanced pro-inflammatory potential. Mass spectrometry-
based secretome analysis was consistent with the PCR data and showed that vWF secretion
by MVECs was also reduced compared with TECs under both control conditions and LDL
exposure. Despite the concordant direction of changes, the decrease in VWF expression
in MVECs was more pronounced than the reduction in its secretion. This may be related
to specific features of vWF synthesis and release regulation in endothelial cells. vWF is
synthesized and stored in specialized endothelial secretory granules and can be released
into the extracellular space independently of the current transcriptional level.

Regulation of vascular tone is largely determined by the balance between nitric oxide
(NO) production and the expression of vasoactive mediators. In our study, ENOS expression
remained stable regardless of cell type or LDL exposure. However, eNOS activity and NO
production may be altered at the post-translational level. This is supported by numerous
studies demonstrating post-translational regulation of nitric oxide synthase, including
protein–protein interactions, phosphorylation, S-nitrosylation, acetylation, and changes in
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subcellular localization [26]. Therefore, our results do not exclude the possibility of altered
NO production mediated by post-translational modifications of eNOS, particularly under
conditions of lipid load.

Along with NO, endothelin-1 (EDN1) is a critical regulator of vascular tone and one
of the most potent vasoconstrictors produced by the endothelium. It plays a key role in
vascular remodeling and the progression of atherosclerosis, and its expression is enhanced
by LDL and pro-inflammatory cytokines [27,28]. In our study, EDN1 expression was sig-
nificantly higher in TECs compared with MVECs, with LDL exposure leading to a more
pronounced increase specifically in TECs. Mass spectrometry-based secretome analysis
was consistent with the PCR data and demonstrated that EDN1 secretion by MVECs was
also reduced compared with TECs under both control conditions and LDL exposure. The
concordant direction of changes in expression and secretion indicates an overall reduction
in the functional contribution of endothelin-1 to the secretory profile of multinucleated en-
dothelial cells. These results suggest that TECs are more strongly involved in the regulation
of vascular tone, whereas MVECs exhibit a shift in functional activity toward inflammatory
processes. Given that LDL exposure increased EDN1 expression in both cell types, it can
be assumed that lipid load stimulates endothelin-1 hyperexpression, although this is not
accompanied by increased secretion, which may contribute to endothelial dysfunction
and vascular remodeling [27,29]. However, since the present study evaluated transcript
and secreted protein levels only, without direct assessment of receptor signaling or nitric
oxide production, conclusions regarding functional differences in vascular tone should be
interpreted with caution.

Regulation of vascular tone represents only one of the many endothelial functions;
processes of vascular remodeling and endothelial adaptation to injury are equally important.
In this context, alongside endothelin-1, factors involved in angiogenesis and extracellular
matrix remodeling are of particular interest.

VEGFC is one of the key regulators of vascular remodeling and endothelial plasticity,
contributing to the maintenance of vascular wall structure and regulation of endothelial
permeability [30]. In our study, mass spectrometry-based secretome analysis revealed
reduced VEGFC secretion by MVECs compared with TECs under both control conditions
and LDL exposure. This may indicate an impairment of the angiogenic function of MVECs
and is consistent with previously identified alterations in endothelial barrier properties.

At the same time, MVECs exhibited changes in the secretion of proteins associated
with extracellular matrix remodeling. In particular, mass spectrometry data showed that
secretion of tissue-type plasminogen activator (t-PA) was increased in MVECs compared
with TECs, regardless of culture conditions. t-PA plays a central role in the regulation
of fibrinolysis and proteolytic processes that mediate extracellular matrix degradation
and cell migration [31]. Excessive activation of the t-PA/plasmin system is known to
promote extracellular matrix degradation, compromise vascular wall structural stability,
and enhance inflammatory processes [32]. Thus, increased t-PA secretion by MVECs may
represent one of the mechanisms contributing to endothelial dysfunction and vascular
structural instability.

Taken together, the combination of reduced VEGFC secretion and increased t-PA
production in MVECs indicates an imbalance between vascular adaptive processes
and extracellular matrix degradation, which may contribute to the progression of
endothelial dysfunction.

Special attention should also be paid to antioxidant defense, which plays a key role
in maintaining vascular homeostasis and preventing the accumulation of reactive oxygen
species [33]. One of the main enzymes of this system is superoxide dismutase-1 (SOD1).
Reduced SOD1 activity or expression is known to enhance oxidative stress and promote
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endothelial dysfunction [33]. In our study, SOD1 expression was lower in MVECs compared
with TECs, both under basal conditions and after LDL incubation. These data indicate
an intrinsically lower antioxidant potential of multinucleated cells. Reduced antioxidant
defense, together with increased pro-inflammatory cytokine expression, may contribute to
endothelial dysfunction and vascular wall damage.

Thus, the endothelium represents a heterogeneous tissue in which, alongside typical
endothelial cells, atypical phenotypes such as MVECs can emerge. Their presence has been
described in atherosclerosis, inflammation, and other pathological conditions; however,
their functional role remains poorly understood. In this work, a laboratory model based
on EA.hy926 cells enabled reproduction of the multinucleated phenotype and its compari-
son with typical endothelial cells. The results showed that MVECs are characterized by
enhanced cholesterol accumulation, increased expression of NF-κB and pro-inflammatory
cytokines, and reduced antioxidant potential. These findings suggest that MVECs may act
as a source of chronic inflammation within the vascular wall, and their investigation repre-
sents an important step toward understanding the mechanisms of endothelial dysfunction
and identifying new therapeutic targets. A promising direction for future research will
be the transition from the EA.hy926-based model to primary endothelial cells, including
HUVECs and cells isolated directly from the aorta. This will allow more precise assessment
of the contribution of MVECs to the pathogenesis of vascular diseases and improve the
clinical relevance of the obtained data.

Although the EA.hy926-based PEG fusion model does not fully reproduce endothelial
heterogeneity in vivo, it enables controlled assessment of how multinucleation influences
endothelial function. The inflammatory and junction-related changes observed in MVECs
represent novel findings that warrant further validation in primary endothelial cells and
in vivo models.

4. Materials and Methods
4.1. Experimental Design

Both TECs (EA.hy926) and MVECs were used in parallel experiments. After generation
of MVECs through PEG-induced fusion, both cell types were seeded at equal densities
and cultured to confluence under identical conditions. Experimental groups included cells
incubated either in standard culture medium (control) or in medium supplemented with
100 µg/mL of isolated LDL. Incubation was carried out for 24 h at 37 ◦C in a humidified
atmosphere with 5% CO2.

Following incubation, cells and culture supernatants were collected for analysis. The
experimental workflow comprised three major parts:

1. Biochemical analysis—determination of intracellular cholesterol accumulation using
the Folch method with normalization to total protein.

2. Cytokine secretion—quantification of IL-1β, IL-6, IL-8 and TNF-α levels in culture
supernatants by ELISA.

3. Gene expression profiling—assessment of transcriptional changes in selected inflam-
matory, endothelial, and barrier-related markers (IL-1β, IL6, IL8, NFKB1, CD31, CD146,
VWF, OCLN, TJP1, eNOS, EDN1, SOD1, ACTB) by quantitative real-time PCR (qPCR).

4. Immunocytochemical analysis—evaluation of intercellular junction organization by
immunocytochemical staining of the tight junction protein ZO-1 in confluent mono-
layers of TECs and MVECs under control conditions. Phase-contrast microscopy was
additionally used to confirm monolayer integrity and the multinucleated phenotype
of MVECs.

5. Secretome profiling—analysis of proteins secreted into the culture medium by TECs
and MVECs using data-independent acquisition liquid chromatography–tandem
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mass spectrometry (DIA-LC-MS). Culture supernatants were collected, processed,
and subjected to mass-spectrometric analysis to characterize changes in the extracel-
lular protein profile associated with the multinucleated endothelial phenotype and
LDL exposure.

4.2. Cell Culture

Human endothelial EA.hy926 cells (ATCC, Manassas, VA, USA) were used as a model
of TECs. This line exhibits a confirmed endothelial phenotype, including the expression of
the characteristic marker vWF. Despite their wide application in vascular biology research,
EA.hy926 represents a hybrid (HUVEC × A549 carcinoma), which should be considered as
a limitation of the model. Cells were maintained in DMEM/F12 medium (PanEco, Moscow,
Russia) supplemented with 10% fetal bovine serum (FBS, Biosera, Nuaille, France) at 37 ◦C
in a humidified atmosphere with 5% CO2.

4.3. Induction of Multinucleated Endothelial Cells

To obtain MVECs, confluent monolayers of EA.hy926 were subjected to three consec-
utive treatments with a 50% polyethylene glycol (PEG) 6000 solution (PanEco, Moscow,
Russia), which induced membrane fusion. This mechanism has been well described in
classical cell hybridization protocols [34]. With short incubation and careful washing, cells
were allowed to recover for not less than 24 h after the final PEG treatment before functional
assays were initiated. Previous studies have shown that PEG-mediated fusion may induce
transient stress responses and membrane remodeling [35–37]. In the present study, all
downstream analyses were conducted after morphological recovery of the monolayer. Cells
were cultured in DMEM/F12 medium supplemented with 10% FBS at 37 ◦C in a humidified
atmosphere with 5% CO2.

Multinucleated endothelial cells covered not less than 50% of the total culture surface
area 24 h after PEG-induced fusion. Nuclear number was quantified in four independent
microscopic fields. A total of 61 multinucleated cells were analyzed, with a mean of
8.2 ± 3.6 nuclei per cell (range 3–16).

4.4. Endothelial Prints from Thoracic Aortic Tissue

Postoperative thoracic aortic wall tissue was used to prepare endothelial prints. The
study included patients (n = 4) diagnosed with thoracic aortic aneurysm who underwent
surgical treatment, which included work with aortic tissues and which included removal of
pathologically altered aortic segments. The tissue was placed in a phosphate-buffered saline
(PBS) solution (PanEco, Moscow, Russia) and several buffer changes were performed to
remove blood. The adventitia was removed and rinsed in PBS. The fragment was placed on
filter paper with the luminal side facing up. A gauze cloth folded in four was applied and
gently pressed to remove the liquid. The preparations were left to dry at room temperature.
When the intima became opaque, the preparation of the EC monolayer was prepared. The
quality of the print was visually monitored with a light microscope and left to air dry
for 24 h. Then the samples were fixed in 4% paraformaldehyde (PFA) (PanEco, Moscow,
Russia) and stained with DAPI (BioFroxx, Einhausen, Germany).

A total of four endothelial prints were obtained from thoracic aortic aneurysm speci-
mens derived from four different patients (one print per patient). Two prints were collected
from aneurysmal segments and two from macroscopically intact aortic regions distant from
the lesion.

MVECs were considered present when cells with clearly identifiable 3 or more dis-
tinct DAPI-positive nuclei within a single continuous cytoplasmic contour were observed
in the endothelial monolayer. Only cells exceeding the size of typical endothelial cells
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(approximately ≥ 3-fold larger surface area) and containing ≥ 3 nuclei were classified
as MVECs.

4.5. LDL Isolation

LDL was isolated from human plasma by sequential density-gradient ultracentrifuga-
tion, as previously described [11]. Density solutions were prepared as follows: 1.006 g/cm3

NaCl/EDTA (11.42 g/L NaCl, 0.1 g/L EDTA in Milli-Q water) (PanEco, Moscow, Rus-
sia); 1.019 g/cm3 (16.5 g/L KBr (DIA-M, Moscow, Russia) in 1.006 g/cm3 NaCl/EDTA);
1.065 g/cm3 (77.1 g/L KBr in 1.006 g/cm3 NaCl/EDTA).

Crystalline KBr (0.5 g per 1 mL of plasma) was added to collected plasma and dissolved
with gentle vortexing. The saline plasma was transferred into ultracentrifuge tubes to two-
thirds of their final volume, and the remaining one-third was filled with the 1.019 g/cm3 KBr
solution. Tubes were balanced (tolerance ± 0.01 g) and centrifuged at 40,000 rpm for 50 min
at +4 ◦C using a pre-cooled rotor (Beckman L8-55M, Brea, CA, USA). After centrifugation,
chylomicrons and HDL accumulated in the upper layer, whereas LDL remained at the
phase separation boundary. The upper layer was removed, leaving 1–2 mm above the
boundary. A 1.065 g/cm3 KBr solution was carefully layered on top (volume adjusted
according to the amount of removed supernatant, ~4 mL for an initial 21 mL load). The
tubes were rebalanced and centrifuged for 2 h 10 min at 40,000 rpm and +4 ◦C. After
ultracentrifugation, LDL migrated into the upper fraction, forming a reddish-brown ring.
The LDL fraction was collected by carefully pipetting at the ring level. The study was
approved by the Local Ethics Committee of the National Research Center for Surgery
Petrovsky (Approval No. 3 dated 17 March 2022).

4.6. Cell Seeding and LDL Treatment

TECs and MVECs were seeded into 24-well plates at a density of 5 × 105 cells per 1 mL
of DMEM/F12 medium supplemented with 10% FBS. After reaching 100% confluence, the
culture medium was replaced with DMEM/F12 containing 100 µg/mL of purified LDL.
Cells were incubated for 24 h at 37 ◦C in 5% CO2. Culture supernatants were collected and
stored at −80 ◦C for subsequent ELISA analysis.

The selected concentration (100 µg/mL) and incubation period (24 h) correspond to
commonly used experimental conditions for modeling LDL-induced endothelial dysfunc-
tion in vitro and were chosen to ensure sufficient lipid accumulation while avoiding overt
cytotoxicity [11,12]. LDL preparations were native (non-oxidized) human LDL obtained by
sequential density-gradient ultracentrifugation.

4.7. RNA Isolation

Total RNA was isolated using the RUplus RNA extraction kit (Biolabmix, Novosibirsk,
Russia) according to the manufacturer’s protocol. After removal of the culture medium,
lysis buffer was added directly to the cells in the wells, followed by incubation for 10 min
at room temperature. The lysate was collected and transferred to microtubes.

Lysates were centrifuged for 10 min at 10,000× g, and the supernatant was transferred
to clean 1.5–2 mL tubes. To each sample, 400 µL of binding buffer was added, mixed by
pipetting, and up to 800 µL of the mixture was applied onto the spin column. Columns
were centrifuged for 30 s at 10,000× g, and the flow-through was discarded. If the total
sample volume exceeded 800 µL, the remaining fraction was reapplied to the same column
and centrifuged under the same conditions.

Columns were washed sequentially with 500 µL of wash buffer 1 and 500 µL of wash
buffer 2 (supplemented with ethanol), each followed by centrifugation for 30 s at 10,000× g.
Finally, columns were centrifuged for 3 min at 10,000× g to remove residual WB2.
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Columns were placed into clean 1.5–2 mL tubes, and 60–200 µL of elution buffer was
applied directly to the center of the membrane. After 1 min incubation at room temperature,
RNA was eluted by centrifugation for 1 min at 10,000× g.

The concentration and purity of isolated RNA were measured using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). RNA integrity was
verified by agarose gel electrophoresis. Samples were stored at −80 ◦C until use for
cDNA synthesis.

4.8. cDNA Synthesis

First-strand cDNA was synthesized using the M-MuLV–RH reverse transcriptase kit
(Biolabmix, Novosibirsk, Russia) according to the manufacturer’s instructions. Briefly,
0.1 ng–5 µg of total RNA was mixed with 1–3 µL of primers in nuclease-free water to a
final volume of 12 µL. The mixture was heated at 70 ◦C for 2–3 min to denature secondary
RNA structures and immediately chilled on ice.

A reaction mix containing 4 µL of 5× RT buffer, 1 µL of M-MuLV–RH reverse tran-
scriptase (100 U/µL), and 3 µL of nuclease-free water was then added (final volume 20 µL).
Reactions were incubated at 25 ◦C for 10 min followed by 60 min at 42 ◦C.

Reverse transcription was terminated by heating to 70 ◦C for 10 min. The resulting
cDNA was either used immediately for qPCR or stored at −20 ◦C for short-term use and at
−70 ◦C for long-term storage.

4.9. Quantitative Real-Time PCR (qPCR)

Quantitative PCR was performed using the commercial reaction mixture 5× qPCRmix-
HS SYBR (Evrogen, Moscow, Russia) on a CFX96 Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA) according to the manufacturer’s instructions. Each reaction was carried
out in a final volume of 25 µL, containing 2 µL of cDNA template, 5 µL of 5× qPCRmix-HS
SYBR, 0.4 µM of each primer, and nuclease-free water.

Amplification conditions were as follows: initial denaturation at 95 ◦C for 3 min,
followed by 40 cycles of 95 ◦C for 10 s and 60 ◦C for 30 s. Melt curve analysis was
performed after amplification to verify the specificity of the PCR products.

For real-time PCR, primers specific to the following genes were used: ACTB (β-actin),
TJP1 (tight junction protein 1), SOD1 (superoxide dismutase-1), VWF (von Willebrand
factor), ENOS (endothelial nitric oxide synthase), EDN1 (preproendothelin-1), IL1B (inter-
leukin 1 beta), NFKB1 (nuclear factor kappa-light-chain-enhancer of activated B cells), CD31
(cell adhesion marker), CD146 (cell adhesion marker), OCLN (occludin), IL8 (interleukin 8)
and IL6 (interleukin 6).

The sequences of forward and reverse primers are provided in Table 1. Primers were
synthesized by Lumiprobe (Moscow, Russia), and their specificity was validated using
the Primer-BLAST (NCBI) service (https://www.ncbi.nlm.nih.gov/tools/primer-blast/,
accessed on 14 April 2025). Relative gene expression was calculated by the 2−∆∆Ctmethod
using ACTB as the internal control.

Table 1. Primer sequences for real-time PCR expression evaluation.

The Gene Forward Primer Reverse Primer

ACTB CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT
TJP1 GTCCAGAATCTCGGAAAAGTGCC CTTTCAGCGCACCATACCAACC

SOD1 CTCACTCTCAGGAGACCATTGC CCACAAGCCAAACGACTTCCAG
VWF CCTTGAATCCCAGTGACCCTGA GGTTCCGAGATGTCCTCCACAT

ENOS GAAGGCGACAATCCTGTATGGC TGTTCGAGGGACACCACGTCAT
EDN1 CTACTTCTGCCACCTGGACATC TCACGGTCTGTTGCCTTTGTGG
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Table 1. Cont.

The Gene Forward Primer Reverse Primer

IL1B AGCTCGCCAGTGAAATGATG GGTGGTCGGAGATTCGTAGC
NFKB1 TGGGAAGGCCTGAACAAATG TATGGGCCATCTGTTGGCAG
CD31 AAGTGGAGTCCAGCCGCATATC ATGGAGCAGGACAGGTTCAGTC

CD146 ATCGCTGCTGAGTGAACCACAG CTACTCTCTGCCCTCACAGGTCA
OCLN CACACAGGACGTGCCTTCAC GGCTGCCTGAAGTCATCCAC

IL8 GAGAGTGATTGAGAGTGGACCAC CACAACCCTCTGCACCCAGTTT
IL6 AGACAGCCACTCACCTCTTCAG TTCTGCCAGTGCCTCTTTGCTG

4.10. Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of secreted cytokines TNF-α, IL-1β, IL-6 and IL-8 were mea-
sured using the following commercial enzyme immunoassay kits (ELISA): Human TNF-
alpha/TNFSF1ADuoSet ELISA, Human IL-1 beta/IL-1F2 DuoSet ELISA, Human IL-6
DuoSet ELISA, Human IL-8/CXCL8 DuoSet ELISA (R&DSystems Inc., Minneapolis,
MN, USA).

The analysis was performed in 96-well plates with high protein binding capacity. The
plates were pre-coated with a primary antibody diluted in PBS to the manufacturer’s recom-
mended concentration, and incubated at room temperature overnight. After incubation, the
wells were washed three times with PBS with 0.05% Tween-20 (PanEco, Moscow, Russia)
(PBS-T) and blocked with 1% BSA (bovine serum albumin) (PanEco, Moscow, Russia)
diluted in PBS at room temperature for 2 h.

100 µL of test samples or standards, diluted in 1% BSA/PBS, was added to each well.
Incubation was carried out at room temperature for 2 h (all subsequent incubations were
carried out on a shaker at 200 rpm in the dark). After repeated washing, a secondary
antibody was added, diluted according to the instructions, and incubated for 2 h at room
temperature. Then PBS-T was washed and streptavidin conjugated with horseradish
peroxidase (HRP) was added and incubated for 20 min.

TMB substrate (3,3′,5,5′-tetramethylbenzidine) was used for detection. The reaction
was stopped by adding 2 M H2SO4. The optical density was measured at a wavelength of
450 nm with a correction of 540 nm using a microplate photometer. Cytokine concentrations
were calculated using calibration curves based on the standards included in the kits.

4.11. Immunocytochemical Analysis of Intercellular Junctions

Immunocytochemical analysis of intercellular junctions was performed for TECs
(EA.hy926) and MVECs under control conditions.

Cells were seeded onto coverslips and cultured until a confluent monolayer was
formed. After completion of the culture period, cells were fixed in 4% PFA in PBS for
15 min at room temperature and subsequently washed with PBS.

Nonspecific binding was blocked by incubating the samples in a solution containing
1% BSA in PBS for 30 min at room temperature. The samples were then incubated with a
primary antibody anti-ZO-1 tight junction protein (Servicebio, Wuhan, China), diluted in
the blocking solution, overnight at 4 ◦C. After incubation, the specimens were washed with
PBS and incubated with a fluorescently labeled secondary antibody (Abcam, Cambridge,
UK) for 1 h at room temperature in the dark.

Cell nuclei were counterstained with DAPI. After staining, the samples were washed
with PBS and mounted using an antifade mounting medium.

Imaging was performed using a fluorescence microscope under identical exposure
settings for all samples. Phase-contrast microscopy was used to confirm monolayer integrity
and to identify the multinucleated phenotype of MVECs. The distribution of ZO-1 was
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analyzed qualitatively, with particular attention to its localization at intercellular junctions
and within the cytoplasm of the cells.

Quantitative analysis of ZO-1 fluorescence was performed using Fiji/ImageJ software.
For each group, 12 identical regions of interest (ROIs) with equal area were selected per
image. Mean fluorescence intensity values were extracted for each ROI. The average
intensity per field was used as a unit of analysis for statistical comparison between TECs
and MVECs groups.

4.12. Sample Preparation

Protein reduction, alkylation, and enzymatic digestion were performed according to
a previously described protocol [38] with minor modifications. Briefly, 10 µg of protein
sample was mixed with 10 µL of sodium deoxycholate (SDC, Sigma-Aldrich, St. Louis,
MO, USA)-based buffer (pH 8.5) containing 100 mM Tris-HCl (Sigma-Aldrich, St. Louis,
MO, USA), 1% (w/v) SDC, 10 mM TCEP (Sigma-Aldrich, St. Louis, MO, USA), and 20 mM
chloroacetamide (Sigma-Aldrich, St. Louis, MO, USA).

The mixture was sonicated in a water bath sonicator for 1 min, incubated at 85 ◦C for
10 min, and then cooled to room temperature. Trypsin (Promega, Madison, WI, USA) dis-
solved in 100 mM Tris-HCl (pH 8.5) was added at an enzyme-to-protein ratio of 1:50 (w/w),
and samples were incubated overnight at 37 ◦C for protein digestion.

After digestion, peptides were acidified by adding 50 µL of 2% trifluoroacetic acid
(TFA, Sigma-Aldrich, St. Louis, MO, USA) mixed with 50 µL of ethyl acetate (Sigma-
Aldrich, St. Louis, MO, USA) and subsequently loaded onto SDB-RPS StageTips containing
two 14-gauge disks (Empore, 3M, St. Paul, MN, USA). StageTips were centrifuged at 300× g
until the solution completely passed through the sorbent (typically ~4 min).

The StageTips were then washed twice with 100 µL of 1% TFA/ethyl acetate (1:1)
and once with 50 µL of 0.2% TFA. Peptides were eluted into clean tubes using 60 µL of
60% acetonitrile/5% ammonia solution (Merck, Darmstadt, Germany) by centrifugation at
300× g. The eluates were dried under vacuum and stored at −80 ◦C until analysis.

Prior to LC–MS analysis, peptides were reconstituted in 20 µL of 2% acetonitrile/
0.1% TFA and briefly sonicated for 1 min.

4.13. DIA-LC-MS Analysis

Data-independent acquisition liquid chromatography–mass spectrometry (DIA-LC-
MS) analysis was performed as described previously [39] with minor modifications. Pep-
tides were loaded onto a home-made trap column (50 × 0.1 mm) packed with Reprosil-Pur
200 C18-AQ resin (5 µm; Dr. Maisch GmbH, Ammerbuch, Germany) using a loading buffer
containing 2% acetonitrile (ACN), 98% H2O, and 0.1% trifluoroacetic acid (TFA) at a flow
rate of 4 µL/min.

Peptide separation was carried out at room temperature on a home-packed fused-
silica analytical column (300 × 0.1 mm) filled with Reprosil-Pur C18-AQ resin (1.9 µm; Dr.
Maisch). The emitter was prepared using a P2000 laser puller (Sutter Instrument, Novato,
CA, USA).

Reversed-phase liquid chromatography was performed using an Ultimate 3000 Nano
LC system (Thermo Fisher Scientific, Waltham, MA, USA) coupled to an Orbitrap Tribrid
Lumos mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) via a nano-
electrospray ionization source (Thermo Fisher Scientific, Waltham, MA, USA). Mobile
phase A consisted of water containing 0.1% (v/v) formic acid (FA, Thermo Fisher Scientific,
Waltham, MA, USA), and mobile phase B consisted of acetonitrile containing 0.1% FA and
20% (v/v) water.
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Peptides were eluted from the trap column at a flow rate of 500 nl/min using a linear
gradient as follows:

3–6% B for 5 min,
6–35% B for 53 min,
35–60% B for 4 min,
60% B for 6 min,
60–99% B for 0.1 min,
99% B for 7 min,
99–2% B for 0.1 min.
Mass spectrometric data were acquired in DIA mode. For overlapping-window DIA-

MS acquisition, MS1 spectra were collected in the m/z range of 495–745 at a resolution
of 15,000 with a standard AGC target. MS2 spectra were acquired in the m/z range of
200–1800 at a resolution of 50,000, with a normalized AGC target of 2000%, maximum
injection time set to “auto,” and stepped normalized collision energies of 22, 26, and 30%.

The isolation window width was set to 4 Da.

4.14. Statistical Analysis

For PCR and ELISA all experiments were performed using at least six independent
biological replicates. For each biological replicate, measurements were carried out in
a minimum of two technical replicates. Statistical significance was assessed using the
Kruskal–Wallis test and the Conover multiple comparison test. For all results, p < 0.05 was
considered significant. Statistical data analysis was performed using the Python (version
3.10.4) programming language and the SciPy and scikit-learn libraries.

For mass spectrometry-based secretome analysis we used three independent biological
replicates. Before statistical analysis the data were filtered out in order to obtain the list of
proteins for the secretome. The methodology was previously published [40] and reproduced
by us in previous work [38].

The resulting list of proteins was used for further statistical analysis in Perseus. Only
the proteins with valid maxLFQ values in all 2 samples in at least one group were used.
Missing values were imputed from normal distribution with 0.3 intensity distribution sigma
width and 2.8 intensity distribution center downshift. Statistical significance of differences
between experimental groups was assessed using analysis of variance (ANOVA) with
permutation-based FDR 5% followed by correction for multiple comparisons using Tukey’s
HSD test. Differences were considered statistically significant at p < 0.05. Fluorescence
intensity values were compared between groups using the Mann–Whitney U test.

Visualization of all results was carried out using standard Python libraries: Seaborn
(version 0.13.2), Matplotlib (version 3.8.4).

To select the appropriate statistical test, data normality was assessed using the Shapiro–
Wilk test and by visual inspection of quantile–quantile (Q–Q) plots. PCR and ELISA
measurements demonstrated deviation from a normal distribution and considerable vari-
ability; therefore, the non-parametric Kruskal–Wallis test was applied, as it does not
assume normality.

For the mass spectrometry data (n = 3 biological replicates), formal testing did not
indicate significant deviation from normality. However, with such a small sample size, reli-
able determination of the underlying distribution is statistically limited. The data exhibited
low within-group variability and comparable variances across groups. Considering the
relative robustness of parametric methods to moderate deviations from normality and the
limitations of non-parametric tests with extremely small sample sizes, we used ANOVA for
the analysis of mass spectrometry data.
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The following abbreviations are used in this manuscript:

ECs Endothelial cells
TECs Typical endothelial cells
MVECs Multinucleated variant endothelial cells
ED Endothelial dysfunction
LDLs Low-density lipoproteins
PBS Phosphate-buffered saline
PBS-T Phosphate-buffered saline with tween-20
BSA Bovine serum albumin
FBS Fetal bovine serum
PEG Polyethylene glycol
PFA Paraformaldehyde
ELISA Enzyme-linked immunosorbent assay
qPCR Quantitative real-time polymerase chain reaction
TMB 3,3′,5,5′-tetramethylbenzidine
ACTB β-actin
TJP1 Tight junction protein 1
SOD1 Superoxide dismutase 1
VWF/vWF von Willebrand factor
ENOS/eNOS Endothelial nitric oxide synthase
EDN1 Endothelin-1
IL1B/IL-1β Interleukin-1β
IL6/IL-6 Interleukin-6
IL8/IL-8 Interleukin-8
TNF-α Tumor necrosis factor alpha
NFKB1/NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
CD31 (PECAM1) Platelet endothelial cell adhesion molecule-1
CD146 (MCAM) Melanoma cell adhesion molecule
OCLN Occludin
t-PA Tissue-type plasminogen activator
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VEGFC Vascular endothelial growth factor C
EDTA Ethylenediaminetetraacetic acid
DMEM Dulbecco’s Modified Eagle Medium
DAPI 4′,6-Diamidino-2-phenylindole
cDNA Complementary deoxyribonucleic acid
RNA Ribonucleic acid
HRP Horseradish peroxidase
ZO-1 Zonula occludens-1
SDC Sodium deoxycholate
SDS Sodium dodecyl sulfate
TCEP Tris(2-carboxyethyl)phosphine
TFA Trifluoroacetic acid
LC-MS Liquid chromatography–mass spectrometry
FDR False discovery rate
SEM Standard error of the mean
HDLs High-density lipoproteins
ROIs Regions of interest
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