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Abstract 

Endothelial dysfunction is a defining feature of diabetic vascular disease and is character-

ized by impaired nitric oxide signaling, inflammatory activation, altered mechanotrans-

duction, and disturbed angiogenic responses. The present study investigated whether hy-

perglycemia modulates endothelial phenotype in a model-dependent manner under dis-

tinct structural and mechanical culture conditions. EA.hy926 endothelial cells were cul-

tured for 7 days under normoglycemic (5.5 mM) or high-glucose (25 mM) conditions as 

static monolayers (G-force = 1 g), adherent clinorotated cells, multicellular spheroids 

(MCSs) generated during clinorotation, and Matrigel-derived endothelial structures. 

Gene expression was assessed by qPCR using marker panels related to nitric oxide signal-

ing, PI3K CA-AKT-mTOR signaling, inflammatory adhesion, angiogenesis, and structural 

adhesion, whereas protein abundance and spatial distribution of eNOS, AKT1, VCAM1, 

vinculin, and VEGFA together with CDH5/VE-cadherin were analyzed by Western blot-

ting and confocal microscopy. Clinorotation generated both adherent endothelial cells and 

MCSs. High glucose reduced eNOS-related expression in most models, with the strongest 

decreases in adherent clinorotated cells and MCSs, whereas Matrigel cultures showed a 

divergent transcriptional response. PI3K CA expression was markedly suppressed by 

high glucose in clinostat-derived populations, while mTOR was differentially regulated 

in spheroids and Matrigel cultures. VCAM1 expression was most prominent in MCSs, 

whereas ICAM1 was highest in Matrigel cultures. VEGF-related signaling differed sub-

stantially among models, and Matrigel cultures showed the strongest VEGFA-associated 

protein signal and the clearest angiogenic organization under normoglycemic conditions, 

which became less distinct under high glucose. Vinculin protein abundance was highest 

in MCSs and Matrigel cultures, reflecting pronounced differences in structural organiza-

tion. Overall, these findings show that endothelial responses to hyperglycemia are 

strongly shaped by mechanical and structural context and support the use of complemen-

tary in vitro models for studying diabetic endothelial dysfunction. 
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1. Introduction 

Endothelial cells (ECs) form the inner lining of blood vessels (intima) and maintain 

vascular homeostasis by regulating vasodilation, blood flow, immune cell trafficking, and 

barrier integrity [1–3]. In vivo, endothelial cells are constantly exposed to biochemical sig-

nals and mechanical forces such as shear stress from blood flow, which shapes their phe-

notype and function [4–6]. Disturbances in these regulatory mechanisms contribute to 

vascular pathologies, particularly under hyperglycemic conditions, by impairing nitric 

oxide bioavailability and promoting inflammation through increased oxidative stress and 

adhesion molecule expression [7–12]. 

Traditional static two-dimensional (2D) monolayer cultures of ECs, although widely 

used, fail to recapitulate the complex physiological environment of the vasculature [13–

15]. Cells in 2D adopt a flattened morphology, lack proper cell–cell and cell–matrix inter-

actions, and do not experience shear stress, which is known to upregulate endothelial ni-

tric oxide synthase (eNOS) and align cytoskeletal structures [4,5,13–15]. More advanced 

models have been introduced to overcome these limitations, including multicellular sphe-

roids (MCSs), Matrigel-based angiogenesis assays, and mechanical stimulation systems 

such as clinostat rotation [16–20]. These models capture distinct structural and organiza-

tional features of endothelial behavior that are not accessible in simple static monolayer 

cultures, thereby improving the contextual relevance of in vitro experiments for vascular 

research [14,18]. 

MCSs provide a three-dimensional (3D) environment that reproduces cell–cell inter-

actions and nutrient gradients [17,18]. They are widely used to study angiogenesis, par-

ticularly through sprouting assays in response to VEGF stimulation, and have been shown 

to induce distinct transcriptional programs compared with monolayer cultures [14,17,18]. 

ECs grown on Matrigel rapidly form capillary-like structures and were therefore used 

here as a model of matrix-guided endothelial organization and early angiogenic pattern-

ing, while recognizing that Matrigel represents a biologically complex angiogenic envi-

ronment rather than a compositionally defined extracellular matrix system [19–21]. The 

3D clinostat, by continuously altering the orientation of the gravity vector, imposes a me-

chanically induced change in the culture environment on adherent ECs and enables the 

formation of 3D spheroids under continuous rotation. These mechanical stimuli alter cy-

toskeletal organization, focal adhesion distribution, and eNOS expression, making clino-

stat-based cultures particularly useful for investigating mechanotransduction [16,22,23]. 

Recent evidence highlights the interplay between hyperglycemia and simulated mi-

crogravity. Jokšienė et al. (2023) demonstrated that EA.hy926 ECs exposed to both high 

glucose and clinostat culture exhibited more pronounced changes in gene expression, ex-

tracellular matrix remodeling, and oxidative stress than when exposed to either condition 

alone [24]. The study also showed that microgravity enhanced high-glucose–induced en-

dothelial apoptosis and modulated angiogenesis-related pathways. These findings em-

phasize the need to study endothelial models under combined metabolic and mechanical 

challenges to better approximate diabetic vascular dysfunction [22–24]. 

This study was designed to compare how the same endothelial cell type responds to 

glucose stress when maintained in four distinct structural and mechanical states: static 

monolayers, adherent clinorotated cultures, multicellular spheroids generated under the 

same clinostat conditions, and matrix-guided endothelial structures in Matrigel. Whereas 

previous endothelial clinostat studies have primarily investigated the effects of simulated 
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microgravity or altered mechanical loading in a single culture configuration [16,22–24], 

the present study directly compares multiple endothelial organizational states generated 

under related experimental conditions. This approach allows us to determine whether en-

dothelial responses to hyperglycemia are primarily driven by altered mechanical loading 

itself or are further modified by substrate attachment, three-dimensional aggregation, or 

matrix-guided angiogenic organization [14,17,18,22–24]. Consequently, the study pro-

vides practical guidance for selecting endothelial culture models according to the specific 

biological process under investigation. Importantly, the present design was not intended 

to reproduce physiological laminar shear stress but rather to determine how altered me-

chanical loading, substrate attachment, three-dimensional aggregation, and matrix-

guided organization modify endothelial phenotype under normoglycemic and high-glu-

cose conditions [14,18,25,26]. We therefore focused on gene and protein expressions of key 

endothelial markers involved in nitric oxide signaling, PI3K, CA-AKT-mTOR signaling, 

inflammatory activation, angiogenic regulation, and structural adhesion. eNOS regulates 

nitric oxide production and vascular tone [11]. VEGFA and its receptor, VEGFR2 (also 

referred to as FLK1/KDR), mediate angiogenic signaling and endothelial cell proliferation 

[27,28]. AKT1 integrates survival and pro-angiogenic signaling and is functionally linked 

to endothelial nitric oxide signaling [11,27]. Vinculin was included as a mechanosensitive 

adhesion-associated protein implicated in cytoskeletal force transmission, although integ-

rin-specific markers would provide more direct information on endothelial matrix attach-

ment [29–31]. VCAM1 is an adhesion molecule upregulated during inflammatory activa-

tion, particularly under hyperglycemic and disturbed-flow conditions [4,12]. These mark-

ers provide a framework for assessing how different endothelial models replicate physio-

logical and pathological phenotypes. 

2. Results 

2.1. eNOS-Related Gene and Protein Expression 

NOS3 gene expression under NG conditions was significantly elevated in ADs com-

pared to both Control and MCS populations and significantly downregulated in Matrigel 

vs. MCSs. Under HG conditions, Matrigel MCS cells exhibited significantly higher eNOS 

expression than MCS cells. While NOS3 expression was generally lower under HG vs. NG 

in the Control, AD, and MCS populations, it was significantly increased under HG vs. NG 

in Matrigel-derived samples. (Figure 1). For NOSIP, the only significant difference was 

observed between HG Controls and NG Controls. 

Western blot and confocal microscopy confirmed eNOS protein expression in all four 

endothelial cell models (Figure 2). The original Western blot images are provided in the 

Supplementary Materials. Under NG, eNOS protein abundance was higher in ADs, MCSs, 

and Matrigel than in Controls. Under HG, reduced protein levels were observed in MCSs 

and Matrigel, whereas ADs retained relatively high expression. In addition to differences 

in eNOS immunoreactivity, confocal microscopy revealed evident morphological differ-

ences among the endothelial models, with visibly larger DAPI-stained nuclei in Control 

and adherent clinorotated cells than in MCS and Matrigel-derived structures. eNOS im-

munoreactivity was detectable in all groups, with visible differences in signal intensity 

and intracellular distribution. 
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Figure 1. eNOS-related gene expression in EA.hy926 endothelial cells cultured under normoglyce-

mic and high-glucose conditions. Relative mRNA expression of NOS3 and NOSIP was determined 

in static monolayers (Controls), adherent clinorotated cells (ADs), multicellular spheroids (MCSs), 

and Matrigel-derived endothelial structures after 7 days of culture under normoglycemic conditions 

(NG, 5.5 mM) or high glucose (HG, 25 mM). Gene expression was analyzed by qPCR, normalized 

to 18S rRNA, and expressed relative to the NG Control group using the ΔΔCT method. Bars repre-

sent means ± SD. Blue bars indicate NG, and orange bars indicate HG. (A) NOS3; (B) NOSIP. Data 

are presented as mean ± SD from n = 5 independent biological replicates. Overall group differences 

were analyzed by one-way ANOVA followed by Tukey’s post hoc test. Predefined pairwise com-

parisons were analyzed using the Mann–Whitney U test. Statistical significance was accepted at p < 

0.05. Horizontal brackets indicate statistically significant comparisons. 

 

Figure 2. eNOS protein expression and localization in EA.hy926 endothelial cells cultured under 

normoglycemic and high-glucose conditions. (A) Representative confocal images and (B) Western 

blot analysis of eNOS in static monolayers (Controls), adherent clinorotated cells (ADs), multicellu-

lar spheroids (MCSs), and Matrigel-derived endothelial structures after 7 days under normoglyce-

mic conditions (NG, 5.5 mM) or high glucose (HG, 25 mM). Confocal images show eNOS im-

munostaining in red and nuclei counterstained with DAPI in blue. Panels (a–d) represent NG con-

ditions, and panels (e–h) represent HG conditions: (a,e) Control; (b,f) AD; (c,g) MCS; (d,h) Matrigel. 

Scale bar = 20 µm. The bar graph shows densitometric quantification of eNOS protein expression 

https://doi.org/10.3390/ijms27146233


Int. J. Mol. Sci. 2026, 27, 6233 5 of 22 
 

https://doi.org/10.3390/ijms27146233 

normalized to the NG Control group. Bars represent means ± SD. (C) A representative Western blot 

is shown below. Unlabeled lanes contain protein markers. Data are presented as mean ± SD from n 

= 5 independent biological replicates. Overall group differences were analyzed by one-way ANOVA 

followed by Tukey’s post hoc test. Predefined pairwise comparisons were analyzed using the 

Mann–Whitney U test. Statistical significance was accepted at p < 0.05. Horizontal brackets indicate 

statistically significant comparisons. 

2.2. PI3K CA, AKT1, and mTOR Expression 

Expression within the PI3K CA–AKT1–mTOR axis also varied across the four endo-

thelial models (Figure 3). For PI3K CA, no consistent significant differences were observed 

between the four models under either NG or HG conditions; the only clear significant 

change was the increase in Matrigel under HG compared with NG. For AKT1, the main 

significant difference was observed between ADs and MCSs. For mTOR, expression was 

reduced under HG in Controls and ADs, whereas no comparable reduction was evident 

in MCSs or Matrigel. 

Protein analysis confirmed AKT1 expression in all groups (Figure 4). Western blot 

quantification showed only limited differences in AKT protein abundance between most 

groups; the most evident change was the reduction in ADs under HG compared with NG. 

In contrast, Controls, MCSs, and Matrigel showed only minor differences between glucose 

conditions. Confocal microscopy demonstrated AKT immunoreactivity in monolayers, 

adherent cells, spheroids, and Matrigel-derived structures. 

 

Figure 3. PI3K CA-AKT-mTOR-related gene expression in EA.hy926 endothelial cells cultured under 

normoglycemic and high-glucose conditions. Relative mRNA expression of (A) AKT1, (B) PI3K CA, 

and (C) mTOR in static monolayers (Controls), adherent clinorotated cells (ADs), multicellular sphe-

roids (MCSs), and Matrigel-derived endothelial structures after 7 days of culture under normogly-

cemic conditions (NG, 5.5 mM) or high-glucose conditions (HG, 25 mM). Gene expression was an-

alyzed by qPCR, normalized to 18S rRNA, and expressed relative to the NG Control group using 
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the ΔΔCt method. Blue bars indicate NG, and orange bars indicate HG. Data are presented as mean 

± SD from n = 5 independent biological replicates. Overall group differences were analyzed by one-

way ANOVA followed by Tukey’s post hoc test. Predefined pairwise comparisons were analyzed 

using the Mann–Whitney U test. Statistical significance was accepted at p < 0.05. Horizontal brackets 

indicate statistically significant comparisons. 

 

Figure 4. AKT1 protein expression and localization in EA.hy926 endothelial cells cultured under 

normoglycemic and high-glucose conditions. (A) Representative confocal images and (B) Western 

blot analysis of AKT1 in static monolayers (Controls), adherent clinorotated cells (ADs), multicellu-

lar spheroids (MCSs), and Matrigel-derived endothelial structures after 7 days under normoglyce-

mic conditions (NG, 5.5 mM) or high-glucose conditions (HG, 25 mM). Confocal images show AKT 

immunostaining in red and nuclei counterstained with DAPI in blue. Panels (a–d) represent NG 

conditions, and panels (e–h) represent HG conditions: (a,e) Control; (b,f) AD; (c,g) MCS; (d,h) Mat-

rigel. Scale bar = 20 µm. The bar graph shows densitometric quantification of AKT protein expres-

sion normalized to the NG Control group. (C) A representative Western blot is shown below. Unla-

beled lanes contain protein markers. Data are presented as mean ± SD from n = 5 independent bio-

logical replicates. Overall group differences were analyzed by one-way ANOVA followed by 

Tukey’s post hoc test. Predefined pairwise comparisons were analyzed using the Mann–Whitney U 

test. Statistical significance was accepted at p < 0.05. Horizontal brackets indicate statistically signif-

icant comparisons. 

2.3. VCAM1 and ICAM1 Expression 

Expression of VCAM1 and ICAM1 differed across the four endothelial models (Figure 

5). For VCAM1, the most pronounced increase was observed in Controls under HG. ADs 

and Matrigel remained low under both glucose conditions, whereas MCSs showed inter-

mediate expression with lower levels under HG than under NG. For ICAM1, the highest 

expression was observed in Matrigel under both NG and HG, while Controls showed a 

marked increase under HG compared with NG. In contrast, there were no changes in 

ICAM1 in ADs and MCSs in NG and HG. 

Protein-level analysis confirmed VCAM1 expression in all groups (Figure 6). Confo-

cal microscopy demonstrated VCAM1 immunoreactivity in monolayers, adherent cells, 

spheroids, and Matrigel-derived structures. Western blot quantification showed the 

strongest VCAM1 protein signal in MCSs, whereas ADs showed the lowest levels. Con-

trols displayed intermediate protein levels, and Matrigel remained low under both glu-
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cose conditions. Compared with transcript data, glucose-dependent differences in 

VCAM1 appeared less pronounced at the protein level than the model-dependent differ-

ences. 

 

Figure 5. VCAM1 and ICAM1 gene expressions in EA.hy926 endothelial cells cultured under normo-

glycemic and high-glucose conditions. Relative mRNA expression of (A) VCAM1 and (B) ICAM1 in 

static monolayers (Controls), adherent clinorotated cells (ADs), multicellular spheroids (MCSs), and 

Matrigel-derived endothelial structures after 7 days of culture under normoglycemic conditions 

(NG, 5.5 mM) or high-glucose conditions (HG, 25 mM). Gene expression was analyzed by qPCR, 

normalized to 18S rRNA, and expressed relative to the NG Control group using the ΔΔCt method. 

Blue bars indicate NG, and orange bars indicate HG. Data are presented as mean ± SD from n = 5 

independent biological replicates. Overall group differences were analyzed by one-way ANOVA 

followed by Tukey’s post hoc test. Predefined pairwise comparisons were analyzed using the 

Mann–Whitney U test. Statistical significance was accepted at p < 0.05. Horizontal brackets indicate 

statistically significant comparisons. 

 

Figure 6. VCAM1 protein expression and localization in EA.hy926 endothelial cells cultured under 

normoglycemic and high-glucose conditions. (A) Representative confocal images and (B) Western 

blot analysis of VCAM1 in static monolayers (Controls), adherent clinorotated cells (ADs), multicel-

lular spheroids (MCSs), and Matrigel-derived endothelial structures after 7 days under normogly-

cemic conditions (NG, 5.5 mM) or high-glucose conditions (HG, 25 mM). Confocal images show 
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VCAM1 immunostaining in green and nuclei counterstained with DAPI in blue. Panels (a–d) rep-

resent NG conditions, and panels (e–h) represent HG conditions: (a,e) Control; (b,f) AD; (c,g) MCS; 

(d,h) Matrigel. Scale bar = 20 µm. The bar graph shows densitometric quantification of VCAM1 

protein expression normalized to the NG Control group. (C) A representative Western blot of the 

different conditions is shown below. Unlabeled lanes contain protein markers. Data are presented 

as mean ± SD from n = 5 independent biological replicates. Overall group differences were analyzed 

by one-way ANOVA followed by Tukey’s post hoc test. Predefined pairwise comparisons were an-

alyzed using the Mann–Whitney U test. Statistical significance was accepted at p < 0.05. Horizontal 

brackets indicate statistically significant comparisons. 

2.4. VEGF-Related Gene and Protein Expression 

The angiogenesis-related genes displayed distinct model-dependent expression pro-

files across the four endothelial models (Figure 7). The most pronounced transcript signals 

were observed for FLT1 in Controls under HG, FLK1 (VEGFR2) in ADs under NG, ERK1 

in Matrigel under both glucose conditions, ERK2 in ADs under NG and in Controls under 

HG, and ANGPT2 in ADs under NG. 

VEGFA protein was detected in all endothelial models (Figure 8). Confocal micros-

copy showed VEGFA immunoreactivity in all groups, with a more organized pattern in 

Matrigel under NG than under HG. Western blot analysis showed the strongest VEGFA-

associated protein signal in Matrigel and the weakest in MCSs. 

 

Figure 7. VEGF-related angiogenic gene expression in EA.hy926 endothelial cells cultured under 

normoglycemic and high-glucose conditions. Relative mRNA expression of (A) VEGF, (B) FLT1, (C) 

FLK1 (VEGFR2), (D) ERK1, (E) ERK2, and (F) ANGPT2 in static monolayers (Controls), adherent 

clinorotated cells (ADs), multicellular spheroids (MCSs), and Matrigel-grown endothelial structures 

after 7 days of culture under normoglycemic conditions (NG, 5.5 mM) or high glucose (HG, 25 mM). 

Gene expression was analyzed by qPCR, normalized to 18S rRNA, and expressed relative to the NG 

Control group using the ΔΔCT method. Bars represent means ± SD. Blue bars indicate NG, and or-

ange bars indicate HG. Horizontal brackets indicate statistically significant comparisons as shown 

in the figure. Data are presented as mean ± SD from n = 5 independent biological replicates. Overall 

group differences were analyzed by one-way ANOVA followed by Tukey’s post hoc test. Prede-
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fined pairwise comparisons were analyzed using the Mann–Whitney U test. Statistical significance 

was accepted at p < 0.05. Horizontal brackets indicate statistically significant comparisons. 

 

Figure 8. VEGFA protein expression and localization in EA.hy926 endothelial cells cultured under 

normoglycemic and high-glucose conditions. (A) Representative confocal images of VEGFA im-

munostaining in static monolayers (Controls), adherent clinorotated cells (ADs), multicellular sphe-

roids (MCSs), and Matrigel-grown endothelial structures after 7 days under normoglycemic condi-

tions (NG, 5.5 mM) or high glucose (HG, 25 mM). VEGFA is shown in green, and nuclei are coun-

terstained with DAPI in blue. Panels (a–d) represent NG conditions, and panels (e–h) represent HG 

conditions: (a,e) Control; (b,f) AD; (c,g) MCS; (d,h) Matrigel-grown cells. Scale bar = 20 µm. (B) 

Densitometric quantification of VEGFA protein expression measured by Western blot and normal-

ized to the NG Control group. Bars represent mean ± SD. (C) Representative Western blot of VEGFA 

protein. Unlabeled lanes contain protein markers. Data are presented as mean ± SD from n = 5 inde-

pendent biological replicates. Overall group differences were analyzed by one-way ANOVA fol-

lowed by Tukey’s post hoc test. Predefined pairwise comparisons were analyzed using the Mann–

Whitney U test. Statistical significance was accepted at p < 0.05. Horizontal brackets indicate statis-

tically significant comparisons. 

2.5. Vinculin- and Junction-Related Gene and Protein Expression 

The structural adhesion markers showed distinct model-dependent expression pro-

files across the four endothelial models (Figure 9). VCL expression was lowest in Matrigel 

under NG and increased under HG in Matrigel, whereas Controls, ADs, and MCSs 

showed comparatively higher expression under NG than under HG. CTNNA1 showed 

the highest expression in ADs and MCSs under NG and was generally reduced under HG, 

although Matrigel displayed higher expression under HG than under NG. In contrast, 

CTNNB1 showed a striking increase in Controls under HG, whereas the other models 

remained substantially lower. CDH5 expression was highest in ADs under NG, with 

lower levels in Controls and MCSs and minimal expression in Matrigel. Under HG, CDH5 

expression was reduced across all models and remained particularly low in MCSs and 

Matrigel. 
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Figure 9. Vinculin- and junction-related gene expression in EA.hy926 endothelial cells cultured un-

der normoglycemic and high-glucose conditions. Relative mRNA expression of (A) VCL, (B) 

CTNNA1, (C) CTNNB1, and (D) CDH5 in static monolayers (Controls), adherent clinorotated cells 

(ADs), multicellular spheroids (MCSs), and Matrigel-grown endothelial structures after 7 days of 

culture under normoglycemic conditions (NG, 5.5 mM) or high-glucose conditions (HG, 25 mM). 

Transcript levels were analyzed by qPCR, normalized to 18S rRNA, and expressed relative to the 

NG Control group using the ΔΔCt method. Blue bars represent NG, and orange bars represent HG. 

Data are presented as mean ± SD from n = 5 independent biological replicates. Overall group differ-

ences were analyzed by one-way ANOVA followed by Tukey’s post hoc test. Predefined pairwise 

comparisons were analyzed using the Mann–Whitney U test. Statistical significance was accepted 

at p < 0.05. Horizontal brackets indicate statistically significant pairwise comparisons. 

Vinculin protein was detected in all endothelial models (Figure 10). Confocal micros-

copy demonstrated vinculin immunoreactivity in monolayers, adherent cells, spheroids, 

and Matrigel-derived structures, with stronger staining in MCSs and Matrigel than in 

Controls and ADs. Western blot quantification showed the highest vinculin protein levels 

in MCSs and Matrigel, whereas Controls and ADs had lower levels. Differences between 

NG and HG were less pronounced at the protein level than at the transcript level. 

Additional CDH5 protein analysis showed marked model- and glucose-dependent 

differences (Figure 11). CDH5 protein abundance was increased under HG in all four 

models, with the strongest signal in HG Controls and HG Matrigel, intermediate levels in 

HG ADs, and the lowest levels in HG MCSs. Under NG, the CDH5 protein was highest in 

ADs, lower in Controls and Matrigel, and lowest in MCSs. Thus, unlike the transcript data, 

CDH5 protein expression showed a consistent increase under HG across all models, indi-

cating discordance between junction-related transcriptional and protein-level responses. 
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Figure 10. Vinculin protein expression and localization in EA.hy926 endothelial cells cultured under 

normoglycemic and high-glucose conditions. (A) Representative confocal images of vinculin im-

munostaining in static monolayers (Controls), adherent clinorotated cells (ADs), multicellular sphe-

roids (clinostat-derived spheroids/MCSs), and Matrigel-grown endothelial structures after 7 days 

under normoglycemic conditions (NG, 5.5 mM) or high glucose (HG, 25 mM). Vinculin is shown in 

green, and nuclei are counterstained with DAPI in blue. Panels (a–d) represent NG conditions, and 

panels (e–h) represent HG conditions: (a,e) Control; (b,f) AD; (c,g) clinostat-derived spheroids; (d,h) 

Matrigel-grown cells. Scale bar = 20 µm. (B) Densitometric quantification of vinculin protein expres-

sion measured by Western blot and normalized to the NG Control group. Bars represent mean ± SD. 

(C) Representative Western blot of vinculin. Unlabeled lanes contain protein markers. Data are pre-

sented as mean ± SD from n = 5 independent biological replicates. Overall group differences were 

analyzed by one-way ANOVA followed by Tukey’s post hoc test. Predefined pairwise comparisons 

were analyzed using the Mann–Whitney U test. Statistical significance was accepted at p < 0.05. 

Horizontal brackets indicate statistically significant comparisons. 
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Figure 11. CDH5/VE-cadherin protein expression in EA.hy926 endothelial cells cultured under 

normoglycemic and high-glucose conditions. (A) Densitometric quantification of CDH5/VE-cad-

herin protein expression in static monolayers (Controls), adherent clinorotated cells (ADs), multi-

cellular spheroids (MCSs), and Matrigel-derived endothelial structures after 7 days under normo-

glycemic conditions (NG, 5.5 mM) or high glucose (HG, 25 mM). Protein expression was determined 

by Western blot and normalized to the NG Control group. Blue bars indicate NG, and orange bars 

indicate HG. (B) Representative Western blot of CDH5/VE-cadherin protein expression. Unlabeled 

lanes contain protein markers. Data are presented as mean ± SD from n = 5 independent biological 

replicates. Overall group differences were analyzed by one-way ANOVA followed by Tukey’s post 

hoc test. Predefined pairwise comparisons were analyzed using the Mann–Whitney U test. Statisti-

cal significance was accepted at p < 0.05. Horizontal brackets indicate statistically significant com-

parisons. 

3. Discussion 

The present study shows that endothelial responses to hyperglycemia are not fixed 

properties of the cell line alone but are strongly shaped by growth configuration, mechan-

ical loading, and matrix context. Across the four models, high glucose did not induce a 

uniform phenotype; instead, it differentially altered nitric oxide-related signaling, PI3K 

CA-AKT-mTOR signaling, inflammatory adhesion, angiogenic organization, and struc-

tural adhesion. These are important points because diabetic endothelial dysfunction is 

now understood as a multidimensional process involving impaired NO bioavailability, 

altered mechanotransduction, inflammatory activation, and remodeling of angiogenic 

and barrier-related pathways rather than a single linear defect [9–12]. The divergence be-

tween adherent clinorotated cells and multicellular spheroids likely reflects, at least in 

part, the transition from substrate-attached endothelial growth to non-adherent three-di-

mensional aggregation. This shift is expected to alter cell–matrix signaling, cell–cell pack-

ing, force transmission, and local microenvironmental conditions, all of which may mod-

ify endothelial responses to glucose stress. Although the present design does not isolate 

each variable, the findings support the conclusion that endothelial phenotype in this sys-

tem is strongly shaped by structural state rather than by glucose exposure alone [18,23]. 

A central observation of the present study was the downregulation of eNOS-related 

transcription under high glucose conditions in most models, with the strongest reductions 

in the spheroid and clinorotated populations, whereas adherent clinorotated cells retained 

comparatively strong eNOS protein expression. This pattern is consistent with current 

concepts of diabetic endothelial dysfunction, in which impaired NO signaling is driven 

not only by reduced eNOS expression or activity but also by oxidative stress, uncoupling, 

and diminished NO responsiveness at the vascular level [9–11]. NOSIP is an eNOS-inter-

acting regulatory protein that promotes redistribution of eNOS away from the plasma 

membrane and thereby modulates nitric oxide production [32]. The parallel decrease in 

NOSIP in Controls, ADs, and MCSs suggests that hyperglycemia affected not only the 

NO-producing enzyme axis itself but also its regulatory environment. The divergent Mat-

rigel pattern, with relative preservation of eNOS-related transcripts but lower protein lev-

els under HG, suggests that extracellular matrix-guided organization can buffer transcrip-

tional loss while still remaining vulnerable at the protein or architectural level. 

The PI3K CA-AKT-mTOR data further support the view that hyperglycemia rewires 

endothelial signaling in a context-dependent manner rather than simply suppressing it 

globally. PI3K CA was strongly induced in ADs and MCSs under NG and collapsed under 

HG, whereas AKT1 was comparatively more stable, and mTOR showed the opposite pat-

tern of regulation in different models. This separation between upstream and downstream 

nodes of the pathway is biologically plausible. Recent mechanotransduction literature in-

dicates that endothelial force sensing is distributed across junctional complexes, ion chan-
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nels, the glycocalyx, the cytoskeleton, and membrane-associated signaling hubs, with 

PI3K CA-AKT signaling serving as a major integrator of shear-sensitive responses 

[2,5,6,25,26]. In that framework, the strong PI3K CA response in clinostat-derived condi-

tions under NG likely reflects active force adaptation, whereas its suppression under HG 

suggests that hyperglycemia compromises this adaptive signaling state. The relative 

preservation of AKT protein in MCSs and Matrigel, despite transcriptional divergence, 

also indicates that post-transcriptional stabilization and pathway branching should be 

considered when interpreting endothelial stress adaptation. 

The inflammatory adhesion profile also differed clearly between models. VCAM1 

was highest in MCSs under NG and remained prominent at the protein level, whereas HG 

caused the strongest transcriptional increase in static monolayers. This suggests that the 

spheroid condition may represent a structurally pre-activated endothelial state, while the 

monolayer condition more strongly captures an acute glucose-driven inflammatory re-

sponse. By contrast, ICAM1 was most pronounced in Matrigel, particularly under HG, 

indicating that matrix-guided endothelial organization does not necessarily represent a 

quiescent phenotype but may instead support a distinct adhesion program. This interpre-

tation is consistent with recent work showing that hyperglycemia promotes endothelial 

activation through inflammatory and stress-responsive signaling pathways that converge 

on the expression of adhesion molecules, including VCAM1 and ICAM1 [12]. The incom-

plete concordance between transcript and protein readouts is not unexpected across struc-

turally distinct endothelial states. Differences in translation, protein turnover, intracellu-

lar trafficking, and stabilization may all contribute; transcript and protein data should 

therefore be interpreted here as complementary rather than interchangeable layers of en-

dothelial adaptation. This is particularly relevant in the present study, where the endo-

thelial models differ not only in glucose exposure but also in substrate attachment, three-

dimensional aggregation, and matrix-guided organization, each of which may inde-

pendently influence protein localization, turnover, and stability. 

Collectively, these findings indicate that endothelial responses to hyperglycemia can-

not be reduced to a single inflammatory or metabolic pathway. Rather, glucose exposure 

interacts with structural organization to alter multiple interconnected processes, includ-

ing inflammatory activation, nitric oxide signaling, angiogenic regulation, and junctional 

adaptation. The VEGF-related findings provide a further example of this context depend-

ence. 

An important limitation applies to interpreting VEGFA protein results in Matrigel 

cultures. Matrigel is a murine basement membrane extract with a complex and incom-

pletely defined composition that retains biologically active growth factors, which can in-

fluence cellular behavior and complicate the interpretation of matrix-associated signaling 

[19–21]. Accordingly, the VEGFA protein signal detected in Matrigel-grown cultures can-

not be assigned unequivocally to endothelial cell-derived VEGFA alone. This interpreta-

tion is supported by the very low VEGFA mRNA expression observed in Matrigel-grown 

cells, consistent with feedback regulation in the presence of exogenous matrix-associated 

growth factor cues. Therefore, the VEGFA protein findings in Matrigel should be inter-

preted with caution and considered primarily in the context of angiogenic organization 

and VEGFA-associated signaling distribution rather than as a direct measure of endothe-

lial VEGFA production. 

Within this limitation, the transcript-level data remain informative. FLT1 (VEGFR1) 

is generally considered a modulatory VEGF receptor with weaker kinase activity than 

VEGFR2 and can regulate VEGF bioavailability through ligand binding. The strong FLT1 

expression observed in HG Control cultures may therefore reflect an adaptive response 

limiting VEGFR2-driven angiogenic signaling under hyperglycemic stress. In contrast, the 

reduction in FLK1/VEGFR2 observed in several HG conditions is consistent with attenu-
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ation of canonical pro-angiogenic signaling. Together, these findings suggest that hyper-

glycemia may alter not only the magnitude of VEGF signaling but also the balance be-

tween FLT1/VEGFR1- and FLK1/VEGFR2-associated receptor pathways. The strong 

ERK1 signal in Matrigel and the heterogeneous ERK2 pattern across models further sup-

port the concept that endothelial angiogenesis is governed by the interplay among recep-

tor signaling, matrix anchorage, cellular mechanics, and collective organization [25–28]. 

The vinculin- and junction-related data add a further structural dimension to these find-

ings. Vinculin protein was highest in MCSs and Matrigel, whereas the transcriptional be-

havior of VCL, CTNNA1, CTNNB1, and CDH5 was heterogeneous and strongly model-

dependent. This result is conceptually important. Vinculin was selected here as a mecha-

nosensitive structural adhesion-associated protein that links adhesion complexes to the 

actin cytoskeleton and reflects force-dependent endothelial adaptation. We acknowledge, 

however, that integrin-specific analyses would provide more direct mechanistic infor-

mation on endothelial substrate adhesion and represent an important direction for future 

work [29–31]. Recent work has emphasized that vinculin recruitment is linked to junc-

tional reinforcement, barrier integrity, and mechanically stabilized endothelial architec-

ture [3,29–31,33]. The strong vinculin signal in MCSs and Matrigel, therefore, is consistent 

with the idea that three-dimensional aggregation and matrix-guided organization impose 

greater structural demands on the adhesion machinery than flat monolayers. In addition, 

CDH5 showed one of the clearest examples of transcript–protein discordance in the pre-

sent study (Figures 9 and 11). Whereas CDH5 transcript expression generally decreased 

under HG conditions, CDH5 protein abundance increased across all four models. This 

suggests that endothelial junctional integrity may be regulated at multiple levels beyond 

transcription alone and highlights the importance of combining gene and protein analyses 

when evaluating endothelial adaptation. Similar discrepancies were also observed for sev-

eral other markers in the present study, indicating that post-transcriptional regulation, 

protein stabilization, turnover, and cellular architecture contribute substantially to endo-

thelial phenotype under different growth conditions [3,29–31,33]. The weaker glucose de-

pendence observed at the protein level compared with the transcript level further suggests 

that endothelial architecture may be preserved or reinforced even when individual junc-

tional transcripts fluctuate substantially [3,29–31,33]. 

Across several markers, transcript and protein responses were not fully concordant. 

This was evident for eNOS, where adherent clinorotated cells retained relatively strong 

protein expression despite reduced transcript abundance under HG; for AKT1, where 

protein abundance remained comparatively stable despite marked variation in PI3KCA 

and mTOR transcript expression; for VCAM1, where the strongest protein signal was ob-

served in MCSs despite the greatest HG-induced transcript increase occurring in static 

monolayers; for VEGFA, where Matrigel-derived cultures displayed strong protein signal 

despite low VEGFA transcript expression; and for CDH5, where protein abundance in-

creased under HG despite reduced transcript expression. These observations suggest that 

post-transcriptional regulation, protein turnover, stabilization, trafficking, and model-

specific structural organization contribute substantially to endothelial phenotype. 

A distinguishing feature of the present work compared with previous clinostat-based 

endothelial studies is the simultaneous comparison of multiple endothelial organizational 

states rather than the evaluation of a single clinostat condition in isolation. Previous stud-

ies have largely focused on the biological consequences of simulated microgravity itself 

[16,22–24], whereas the present study demonstrates that endothelial responses to hyper-

glycemia depend strongly on whether cells remain substrate-attached, form multicellular 

spheroids, or organize within a matrix-supported angiogenic environment. The findings, 

therefore, extend the utility of clinostat-derived models beyond microgravity research and 
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provide a practical framework for selecting endothelial culture systems according to the 

biological process under investigation. 

The principal value of comparing these models lies in identifying which aspects of 

hyperglycemia-associated endothelial dysfunction are preferentially represented in each 

system [14,18,23,24]. Static monolayers displayed the strongest glucose-dependent in-

flammatory transcriptional responses and may therefore be useful for studying endothe-

lial activation. Adherent clinorotated cells retained comparatively robust eNOS and AKT 

protein expression and may be most informative for investigating mechanotransduction-

associated adaptation. Multicellular spheroids exhibited prominent VCAM1 and vinculin 

protein expression, suggesting enhanced structural adaptation and cell–cell interaction 

effects. Matrigel-derived cultures most clearly revealed angiogenic organization and 

VEGFA-related responses, although interpretation should remain cautious because Mat-

rigel contains matrix-associated growth-factor cues. Collectively, these observations indi-

cate that no single model captures the full spectrum of hyperglycemia-associated endo-

thelial dysfunction, and that model selection should be guided by the specific biological 

process under investigation [14,18,23,24]. 

Taken together, these findings demonstrate that endothelial responses to hypergly-

cemia emerge from the interaction between metabolic stress and physical context. The 

complementary use of monolayer cultures, adherent clinorotated cells, multicellular sphe-

roids, and Matrigel-derived structures therefore provides a broader framework for inves-

tigating endothelial dysfunction than any single model alone [18,23–37]. 

A limitation of the present work is that it was performed in the immortalized 

EA.hy926 endothelial cell line; interpretation should therefore consider cell-line-specific 

features of this model when extrapolating findings to primary endothelial cells [38]. The 

study also focused on defined transcriptional, protein, and imaging endpoints after 7 days 

of exposure. Although this design allowed direct comparison across models, it does not 

fully capture the heterogeneity of primary endothelial beds or the temporal evolution of 

endothelial dysfunction. Future work should therefore extend these findings to primary 

endothelial cells, integrate functional readouts such as NO bioavailability and permeabil-

ity, and combine the present model systems with more advanced flow-based vascular 

platforms [34–37]. Such approaches would help distinguish which abnormalities are pre-

dominantly driven by hyperglycemia, by altered mechanical loading, or by their interac-

tion. 

4. Materials and Methods 

4.1. Study Design 

This study investigated how a physiological/normoglycemic glucose condition (NG, 

5.5 mM) and a markedly hyperglycemic condition (HG, 25 mM) influence endothelial 

phenotype across four frequently used in vitro models of EA.hy926 endothelial cells (ECs): 

static monolayers (1 g), adherent cells exposed to clinostat rotation (ADs), multicellular 

spheroids generated under simulated microgravity (MCSs), and Matrigel-induced angio-

genic structures. The aim was to compare the effects of mechanical stimulation, 3D organ-

ization, and extracellular matrix (ECM) guidance on endothelial responses to metabolic 

stress. All cultures were maintained for seven days under NG or HG conditions. Adherent 

and MCS cultures were established using a 3D clinostat, following the validated method-

ology described by Jokšienė et al. [24], which applies continuous rotation to average the 

gravitational vector, thereby approximating microgravity-like conditions. Matrigel struc-

tures grew statically at 1 g. Five biological replicates were included per condition. 
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4.2. Cell Culture 

EA.hy926 endothelial cells (EC; ATCC CRL-2922) were cultured in Dulbecco’s Mod-

ified Eagle Medium (DMEM; D4947, Merck, Darmstadt, Germany) supplemented with 

10% fetal bovine serum (F7524, Merck), 2 mM L-glutamine (REF: 35050-038; Thermo 

Fisher Scientific, Waltham, MA, USA), and 1% penicillin-streptomycin (#1570-063; 

Thermo Fisher Scientific). To ensure a stable cell line, we regularly tested for mycoplasma, 

and only cells below passage 10 were used. For the experiments, the medium was adjusted 

to either 5.5 mM glucose (normoglycemic conditions, NG) or 25 mM glucose (high glu-

cose, HG) using D-(+)-glucose solution (G8769, Merck). Cells were incubated at 37 °C in a 

humidified atmosphere containing 5% CO2. 

Static monolayers were seeded into standard tissue culture vessels and cultured un-

der NG or HG conditions for seven days. For the 1 g condition, 12 T25 cm2 cell culture 

flasks (REF: 83.3910.002; Sarstedt, Nümbrecht, Germany) were seeded with 1 × 106 cells 

each, filled to capacity without air bubbles, and kept in the incubator for 7 days under 

either NG or HG conditions. In parallel, the same number of culture flasks was placed on 

the 3D clinostat and rotated for seven days. During clinorotation, one fraction of the ECs 

remained adherent and was exposed to continuously changing shear-like mechanical 

forces. Another fraction of the ECs formed multicellular spheroids (MCSs) during the 

same seven-day clinorotation period. Under simulated microgravity generated by the 3D 

clinostat, non-adherent cells spontaneously aggregated into compact spheroids, as previ-

ously described [24]. The spheroids were collected by gentle sedimentation and washed 

with PBS (#14190144, Thermo Fisher Scientific). 

For Matrigel-induced structures, growth factor-reduced Matrigel (REF: 356230; Corn-

ing™ Matrigel™ GFR Basement Membrane Matrix, New York, NY, USA) was polymer-

ized at 37 °C for 30 min. EA.hy926 cells were seeded onto the gel in 6-well plates at a 

density of 5 × 105 cells per well and maintained under NG or HG conditions at 1 g for up 

to seven days. Network morphology was evaluated on days 1, 4, and 7 [21]. 

For immunofluorescence staining, slide flasks (#170920; Thermo Fisher Scientific) 

were seeded with 5 × 104 cells and used for 1 g, clinorotation, and Matrigel culture exper-

iments. Five biological replicates were prepared for each experimental condition. 

4.3. Gene Expression Analysis 

Total RNA was isolated from 1 g monolayers, AD cultures, MCSs, and Matrigel struc-

tures using an RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA concentration and pu-

rity were assessed spectrophotometrically. cDNA synthesis was performed using a com-

mercially available reverse transcription kit. Quantitative PCR (qPCR) was carried out us-

ing SYBR Green chemistry (Fast SYBR™ Green Master Mix, Thermo Fisher Scientific, 

Darmstadt, Germany) targeting key endothelial genes: eNOS, NOSIP, ANGPT2, CDH5, 

CTNNA1, CTNNB1, ERK1, ERK2, FLK1, FLT1, ICAM1, mTOR, PI3K CA, AKT1, VCAM1, 

VCL, and VEGFA (TIB Molbiol, Berlin, Germany). 18S rRNA served as the reference tran-

script. Cycling consisted of 95 °C for 20 s followed by 40 cycles of 95 °C for 1 s and 60 °C 

for 20 s. Product specificity was assessed in a subsequent melting-curve stage. Relative 

expression was calculated using the ΔΔCT method. 

Primer sequences used in this study are listed in Table 1. 

Table 1. Primer sequences used for qPCR analysis. 

Gene Forward Primer Reverse Primer Amplicon Length 

eNOS CTCGTCCCTGTGGAAAGACAA ACGATGGTGACTTTGGCTAGCT 84 bp 

NOSIP AGAAGCCGTCCCGCAC CTGTCTAGCGGTGTGAAGTG 91 bp 

AKT1 CTTCTATGGCGCTGAGATTGTG CAGCATGAGGTTCTCCAGCTT 94 bp 
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VCAM1 CATGGAATTCGAACCCAAACA GGCTGACCAAGACGGTTGTATC 86 bp 

VCL GTCTCGGCTGCTCGTATCTT GTCCACCAGCCCTGTCATTT 117 bp 

VEGFA CTACCTCCACCATGCCAAGTG GCGCTGATAGACATCCATGAAC 100 bp 

ANGPT2 ATGCAGTACAGAACCAGACGG TCGTGGTCTGATTTAATACTTGGG 120 bp 

CDH5 GTCCTGCAGATCTCCGCAAT TGTTGGCCGTGTTATCGTGA 118 bp 

CTNNA1 AATTTAGCGCTCGCCCAG ACAAGGGTTGTAACCTGTGTAA 149 bp 

CTNNB1 GAAACAGCTCGTTGTACCGC ATCCACTGGTGAACCAAGCA 123 bp 

ERK1 ACCTGCGACCTTAAGATTTGTGA AGCCACATACTCCGTCAGGAA 90 bp 

ERK2 TTCCAACCTGCTGCTCAACA TCTGTCAGGAACCCTGTGTGAT 102 bp 

FLK1/VEGFR2 TCTTCTGGCTACTTCTTGTCATCATC GATGGACAAGTAGCCTGTCTTCAGT 102 bp 

FLT1 CCCTCGCCGGAAGTTGTAT GATAATTAACGAGTAGCCACGAGTCAA 83 bp 

ICAM1 CGGCTGACGTGTGCAGTAAT CTTCTGAGACCTCTGGCTTCGT 90 bp 

mTOR ATCTTGGCCATAGCTAGCCTC ACAACTGGGTCATTGGAGGG 115 bp 

PI3K CA GAGCCCCGAGCGTTTCTG GGTCGTGGAGGCATTGTTCT 107 bp 

18S rRNA GGAGCCTGCGGCTTAATTT CAACTAAGAACGGCCATGCA 101 bp 

4.4. Immunoblotting 

Protein samples were heated at 95 °C for 5 min before electrophoresis. Equal amounts 

of total protein (20 µg per lane) were loaded onto Criterion TGX Stain-Free gels (Bio-Rad, 

Hercules, CA, USA) together with a molecular weight marker. Electrophoresis was per-

formed in running buffer for 30 min at 250 V. After separation, gels were removed from 

the cassette and exposed to UV light to obtain the total protein image for normalization. 

PVDF membranes (Bio-Rad, Hercules, CA, USA) were activated in 99.9% ethanol for 5 

min and then equilibrated in transfer buffer. Filter papers were also pre-soaked in transfer 

buffer before assembly of the transfer stack. Proteins were transferred using the Trans-

Blot Turbo Transfer System (Bio-Rad, Hercules, CA, USA) for 30 min at 100 V. 

Following transfer, membranes were visualized under UV light to confirm total pro-

tein transfer and washed in TBST for 10 min. Membranes were then blocked with Every-

Blot blocking buffer (Bio-Rad, Hercules, CA, USA) for 5 min and incubated with the re-

spective primary antibodies (Table 2) in blocking buffer for 2 h at room temperature. After 

four washes in TBST for 10–15 min each, membranes were incubated with HRP-conju-

gated secondary antibodies diluted in blocking buffer for 2 h at room temperature. After 

further washing, immunoreactive bands were detected using Clarity Western ECL Sub-

strate (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions. The 

substrate components were mixed in a 1:1 ratio and applied to the membrane for 5 min in 

the dark. Chemiluminescent signals were recorded using the Syngene PXi Touch imaging 

system (Syngene by Synoptics Group), and band intensities were analyzed using Syngene 

Gene Tools software 4.3.18. Protein expression was normalized to total protein. Antibody 

details are summarized in Table 2. 

Table 2. Primary and secondary antibodies used for Western blot and immunofluorescence. 

Antibody 

Type 
Target Protein/Secondary Antibody 

Host Spe-

cies/Specificity 
Supplier 

Catalog 

Number 
Application Dilution 

Primary eNOS Rabbit CST #9572 WB, IF 1:1000 

Primary VEGFA Rabbit Ab ab46154 WB, IF 1:1000 

Primary AKT1 Rabbit CST #9272 WB, IF 1:1000 

Primary VCAM1 Mouse Ab ab134047 WB, IF 1:1000 

Primary Vinculin Mouse S-A V9131 WB, IF 1:2000 

Primary CDH5 (VE-Cadherin) Rabbit CST #2500S WB 1:1000 

Secondary Goat Anti-rabbit (GAR)-HRP Conjugate Goat anti-rabbit Bio Rad #1705046 WB 1:10,000 

Secondary Anti-rabbit IgG (Alexa Fluor 488 Conjugate) Goat anti-rabbit CST #4412 IF 1:10,000 
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Secondary Anti-mouse IgG (Alexa Fluor 488 Conjugate) Goat anti-mouse CST #4408 IF 1:10,000 

Secondary Anti-rabbit IgG, HRP-linked Goat anti-rabbit CST #7074 WB 1:1000 

Secondary Anti-mouse IgG, HRP-linked Horse anti-mouse CST #7076 WB 1:1000 

WB: Western blot; IF: immunofluorescence; CST: Cell Signaling Technology; Ab: Abcam; S-A: 

Sigma-Aldrich. 

4.5. Immunohistochemistry/Immunofluorescence 

1 g monolayers, adherent clinostat cultures, multicellular spheroids, and Matrigel-

derived endothelial structures were prepared for immunofluorescence analysis after 

seven days of culture under normoglycemic or high-glucose conditions with and without 

clinorotation. Samples were washed with PBS and fixed in 4% paraformaldehyde (REF: 

9713.5000, VWR, Darmstadt, Germany) for 15 min at room temperature, as is commonly 

applied in endothelial imaging studies [23,24]. Following fixation, cells and spheroids 

were rinsed with PBS, permeabilized with 0.1% Triton X-100 for 10 min, and blocked with 

1% bovine serum albumin (BSA; #A9647, Sigma, Taufkirchen, Germany) to minimize non-

specific antibody binding. Primary antibodies against eNOS, AKT1, VCAM1, VCL, and 

VEGFA were used for immunofluorescence at the same dilutions as listed in Table 2. The 

next day, the samples were washed and incubated with species-appropriate Alexa Fluor-

conjugated secondary antibodies (anti-rabbit #4412; anti-mouse #4408) for 1 h at room 

temperature in the dark. F-actin cytoskeletal structures were visualized using phalloidin 

(#ab235138), and nuclei were counterstained with DAPI (F6057, Sigma), as routinely ap-

plied to assess endothelial morphology and protein localization. For imaging, monolayers 

and adherent 3D clinostat cultures were examined directly on coverslips, whereas sphe-

roids were transferred onto glass slides prior to imaging. The same procedure was applied 

to Matrigel-derived structures. Confocal laser scanning microscopy was performed using 

an LSM 800 Airyscan microscope (Zeiss, Oberkochen, Germany) equipped with 20× and 

63× air objectives and laser lines appropriate for each fluorophore. Imaging settings were 

kept constant across experimental groups to ensure comparability, in accordance with 

published methodological standards. All confocal images include a 20 µm scale bar to 

enable accurate spatial comparison and reproducibility. 

4.6. Statistics 

All data are presented as mean ± standard deviation (SD). Statistical analyses were 

performed using IBM SPSS Statistics 24 software (IBM, Armonk, NY, USA). Potential out-

liers were identified using Grubbs’ test. Overall differences among multiple groups were 

evaluated by one-way ANOVA followed by Tukey’s post hoc multiple-comparison test. 

In addition, predefined biologically relevant pairwise comparisons were analyzed using 

the Mann–Whitney U test because several datasets were non-normally distributed and the 

sample size was limited (n = 5). Statistical significance was accepted at p < 0.05. 

5. Conclusions 

The present study demonstrates that endothelial responses to hyperglycemia are not 

fixed properties of the cell line alone but are strongly shaped by the structural and me-

chanical context of the in vitro model. Static monolayers, adherent clinorotated cells, mul-

ticellular spheroids, and Matrigel-derived endothelial structures each displayed distinct 

patterns of gene and protein expression, indicating that no single model captures all rele-

vant aspects of diabetic endothelial dysfunction. 

High glucose altered eNOS-related signaling, PI3K CA-AKT-mTOR-associated re-

sponses, inflammatory adhesion markers, angiogenesis-related pathways, and structural 

adhesion proteins in a model-dependent manner. In particular, hyperglycemia reduced 

eNOS-related expression acress most models, modified PI3K, CA-AKT-mTOR signaling, 
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enhanced inflammatory activation in selected conditions, disrupted angiogenic signaling 

in Matrigel cultures, and differentially affected vinculin- and junction-related markers. 

These findings show that endothelial dysfunction in diabetic conditions is not uniform 

but depends on the interaction between metabolic stress and endothelial architecture. 

Taken together, these findings emphasize that endothelial dysfunction in hypergly-

cemic conditions cannot be fully captured by a single in vitro model. Instead, complemen-

tary endothelial systems are required to resolve the distinct effects of metabolic stress on 

nitric oxide-related signaling, inflammatory activation, angiogenic organization, and 

structural adhesion. Such an approach may enhance the physiological relevance of exper-

imental models used to investigate diabetic vascular dysfunction. 

The present study has several limitations, including the use of a single immortalized 

endothelial cell line, the absence of physiological laminar-flow controls, and the focus on 

molecular and imaging endpoints rather than direct functional measurements. Therefore, 

the findings should be interpreted as comparative model-specific responses rather than a 

complete representation of vascular pathophysiology. 

Despite these limitations, each model provided distinct experimental advantages. 

Static monolayers most clearly revealed glucose-induced inflammatory activation. Adher-

ent clinorotated cells preserved mechanotransduction-associated signaling and were in-

formative for studying endothelial adaptation to altered mechanical loading. Multicellu-

lar spheroids highlighted structural adaptation and cell–cell interaction effects. Matrigel-

derived cultures most effectively demonstrated angiogenic organization and VEGF-asso-

ciated responses, although interpretation is influenced by matrix-derived growth factors. 

Together, these observations indicate that complementary use of multiple endothelial 

models provides a broader and more informative framework for studying endothelial 

dysfunction than any individual model alone. 
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AD adherent clinorotated cells 

AKT1 AKT serine/threonine kinase 1 

ANGPT2 angiopoietin 2 

Ct cycle threshold 

CTNNA1 catenin alpha 1 

CTNNB1 catenin beta 1 

CDH5/VE-cadherin Cadherin 5/vascular endothelial cadherin 

DAPI 4′,6-diamidino-2-phenylindole 

DMEM Dulbecco’s Modified Eagle Medium 

EC endothelial cells 

ERK1/2 extracellular signal-regulated kinase ½ 

FBS fetal bovine serum 

FLK1/VEGFR2/KDR 
fetal liver kinase 1/vascular endothelial growth factor receptor 2/kinase in-

sert domain receptor 

FLT1/VEGFR1 
fms-related receptor tyrosine kinase 1/vascular endothelial growth factor re-

ceptor 1 

HG high glucose 

HRP horseradish peroxidase 

ICAM1 intercellular adhesion molecule 1 

NG normoglycemic conditions 

MCS multicellular spheroids 

mTOR/MTOR mechanistic target of rapamycin 

NOSIP nitric oxide synthase interacting protein 

PBS phosphate-buffered saline 

PI3K/PIK3CA phosphoinositide 3-kinase 

PVDF polyvinylidene fluoride 

qPCR quantitative polymerase chain reaction 

SD standard deviation 

VEGF/VEGFA vascular endothelial growth factor/vascular endothelial growth factor A 

VCL Vinculin 

VCAM1 vascular cell adhesion molecule 1 

WB Western blot 

References 

1. Krüger-Genge, A.; Blocki, A.; Franke, R.P.; Jung, F. Vascular endothelial cell biology: An update. Int. J. Mol. Sci. 2019, 20, 4411. 

2. Weinbaum, S.; Cancel, L.M.; Fu, B.M.; Tarbell, J.M. The glycocalyx and its role in vascular physiology and vascular related 

diseases. Cardiovasc Eng. Technol. 2021, 12, 37–71. https://doi.org/10.1007/s13239-020-00485-9. 

3. Wakasugi, R.; Suzuki, K.; Kaneko-Kawano, T. Molecular mechanisms regulating vascular endothelial permeability. Int. J. Mol. 

Sci. 2024, 25, 6415. https://doi.org/10.3390/ijms25126415. 

4. DeStefano, J.G.; Jamison, J.A.; Yang, Y.; Black, L.D.; Schwartz, R.S. Shear stress and endothelial function: Mechanisms and im-

plications. Front Physiol. 2020, 11, 587. 

5. Power, G.; Ferreira-Santos, L.; Martinez-Lemus, L.A.; Padilla, J. Integrating molecular and cellular components of endothelial 

shear stress mechanotransduction. Am. J. Physiol. Heart Circ. Physiol. 2024, 327, H989–H1003. https://doi.org/10.1152/aj-

pheart.00431.2024. 

6. Lim, X.R.; Harraz, O.F. Mechanosensing by vascular endothelium. Annu Rev. Physiol. 2024, 86, 71–97. https://doi.org/10.1146/an-

nurev-physiol-042022-030946. 

7. Sena, C.M.; Pereira, A.M.; Seiça, R. Endothelial dysfunction—A major mediator of diabetic vascular disease. Biochim Biophys. 

Acta Mol. Basis Dis. 2013, 1832, 2216–2231. 

8. Shi, Y.; Vanhoutte, P.M. Macro- and microvascular endothelial dysfunction in diabetes. J. Diabetes Investig. 2017, 8, 586–594. 

9. Yang, D.R.; Wang, M.Y.; Zhang, C.L.; Wang, Y. Endothelial dysfunction in vascular complications of diabetes: A comprehensive 

review of mechanisms and implications. Front. Endocrinol. 2024, 15, 1359255. https://doi.org/10.3389/fendo.2024.1359255. 

10. Dubsky, M.; Veleba, J.; Sojakova, D.; Marhefkova, N.; Fejfarova, V.; Jude, E.B. Endothelial dysfunction in diabetes mellitus: New 

insights. Int. J. Mol. Sci. 2023, 24, 10705. https://doi.org/10.3390/ijms241310705. 

11. Bahadoran, Z.; Mirmiran, P.; Kashfi, K.; Ghasemi, A. Vascular nitric oxide resistance in type 2 diabetes. Cell Death Dis. 2023, 14, 

410. https://doi.org/10.1038/s41419-023-05935-5. 

https://doi.org/10.3390/ijms27146233


Int. J. Mol. Sci. 2026, 27, 6233 21 of 22 
 

https://doi.org/10.3390/ijms27146233 

12. Chen, P.C.; Chang, Y.C.; Tsai, K.L.; Shen, C.H.; Lee, S.D. Vitexin suppresses high-glucose-upregulated adhesion molecule ex-

pression in endothelial cells through inhibiting NF-κB signaling pathway. ACS Omega 2024, 9, 32727–32734. 

https://doi.org/10.1021/acsomega.4c02545. 

13. Wang, D.; Chen, Z.; Yeung, A.W.K.; Atanasov, A.G. Differences between common endothelial cell models (primary human 

aortic endothelial cells and EA.hy926 cells) revealed through transcriptomics, bioinformatics, and functional analysis. Curr. Res. 

Biotechnol. 2021, 3, 135–145. https://doi.org/10.1016/j.crbiot.2021.05.001. 

14. Duval, K.; Grover, H.; Han, L.H.; Mou, Y.; Pegoraro, A.F.; Fredberg, J.; Chen, Z. Modeling physiological events in 2D vs. 3D cell 

culture. Physiology 2017, 32, 266–277. https://doi.org/10.1152/physiol.00036.2016. 

15. Beloglazova, I.; Zubkova, E.; Dergilev, K.; Goltseva, Y.; Parfyonova, Y. New insight on 2D in vitro angiogenesis models: All that 

stretches is not a tube. Cells 2022, 11, 3278. https://doi.org/10.3390/cells11203278. 

16. Kopp, S.; Krüger, M.; Bauer, J.; Wehland, M.; Corydon, T.J.; Sahana, J.; Nassef, M.Z.; Melnik, D.; Bauer, T.J.; Schulz, H.; et al. 

Microgravity Affects Thyroid Cancer Cells during the TEXUS-53 Mission Stronger than Hypergravity. Int. J. Mol. Sci. 2018, 19, 

4001. https://doi.org/10.3390/ijms19124001. 

17. Lee, S.Y.; Kim, J.H.; Lee, J.H.; Cho, H.J. Endothelial spheroid assay for in vitro angiogenesis. Methods Mol. Biol. 2016, 1464, 199–

210. 

18. Esparza, A.; Jimenez, N.; Borrego, E.A.; Browne, S.; Natividad-Diaz, S.L. Review: Human stem cell-based 3D in vitro angiogen-

esis models for preclinical drug screening applications. Mol. Biol. Rep. 2024, 51, 260. https://doi.org/10.1007/s11033-023-09048-2. 

19. Aisenbrey, E.A.; Murphy, W.L. Synthetic alternatives to Matrigel. Nat. Rev. Mater. 2020, 5, 539–551. 

20. Passaniti, A.; Kleinman, H.K.; Martin, G.R. Matrigel: History/background, uses, and future applications. J. Cell Commun. Signal. 

2022, 16, 621–626. https://doi.org/10.1007/s12079-021-00643-1. 

21. Arnaoutova, I.; George, J.; Kleinman, H.K.; Benton, G. The Matrigel tube formation assay. Nat. Protoc. 2009, 4, 639–645. 

22. Morbidelli, L.; Genah, S.; Cialdai, F. Effect of microgravity on endothelial cell function, angiogenesis, and vessel remodeling 

during wound healing. Front Bioeng. Biotechnol. 2021, 9, 720091. https://doi.org/10.3389/fbioe.2021.720091. 

23. van den Nieuwenhof, D.W.A.; Moroni, L.; Chou, J.; Hinkelbein, J. Cellular response in three-dimensional spheroids and tissues 

exposed to real and simulated microgravity: A narrative review. npj Microgravity 2024, 10, 102. https://doi.org/10.1038/s41526-

024-00442-z. 

24. Jokšienė, J.; Sahana, J.; Wehland, M.; Schulz, H.; Cortés-Sánchez, J.L.; Prat-Duran, J.; Grimm, D.; Simonsen, U. Effects of high 

glucose on human endothelial cells exposed to simulated microgravity. Biomolecules 2023, 13, 189. 

https://doi.org/10.3390/biom13020189. 

25. Jackson, M.L.; Bond, A.R.; George, S.J. Mechanobiology of the endothelium in vascular health and disease: In vitro shear stress 

models. Cardiovasc Drugs Ther. 2023, 37, 997–1010. https://doi.org/10.1007/s10557-022-07385-1. 

26. Mierke, C.T. Mechanosensory entities and functionality of endothelial cells. Front Cell Dev. Biol. 2024, 12, 1446452. 

https://doi.org/10.3389/fcell.2024.1446452. 

27. Wang, X.; Bove, A.M.; Simone, G.; Ma, B. Molecular bases of VEGFR-2-mediated physiological function and pathological role. 

Front Cell Dev. Biol. 2020, 8, 599281. https://doi.org/10.3389/fcell.2020.599281. 

28. Huveneers, S.; Phng, L.K. Endothelial cell mechanics and dynamics in angiogenesis. Curr. Opin. Cell Biol. 2024, 91, 102441. 

https://doi.org/10.1016/j.ceb.2024.102441. 

29. van der Stoel, M.M.; Kotini, M.P.; Schoon, R.M.; Affolter, M.; van Buul, J.D.; Huveneers, S. Vinculin strengthens the endothelial 

barrier during vascular development. Vasc. Biol. 2023, 5, e220012. https://doi.org/10.1530/VB-22-0012. 

30. van den Goor, L.; Iseler, J.; Koning, K.M.; Miller, A.L. Mechanosensitive recruitment of Vinculin maintains junction integrity 

and barrier function at epithelial tricellular junctions. Curr. Biol. 2024, 34, 4677–4691.e5. 

31. Brandon, K.D.; Frank, W.E.; Stroka, K.M. Junctions at the crossroads: The impact of mechanical cues on endothelial cell-cell 

junction conformations and vascular permeability. Am. J. Physiol. Cell Physiol. 2024, 327, C1073–C1086. https://doi.org/10.1152/aj-

pcell.00605.2023. 

32. Dedio, J.; König, P.; Wohlfart, P.; Schroeder, C.; Kummer, W.; Müller-Esterl, W. NOSIP, a novel modulator of endothelial nitric 

oxide synthase activity. FASEB J. 2001, 15, 79–89. 

33. Nan, W.; He, Y.; Wang, S.; Zhang, Y. Molecular mechanism of VE-cadherin in regulating endothelial cell behaviour during 

angiogenesis. Front Physiol. 2023, 14, 1234104. https://doi.org/10.3389/fphys.2023.1234104. 

34. Mandrycky, C.J.; Howard, C.C.; Rayner, S.G.; Shin, Y.J.; Zheng, Y. Organ-on-a-chip systems for vascular biology. J. Mol. Cell 

Cardiol. 2021, 159, 1–13. https://doi.org/10.1016/j.yjmcc.2021.06.002. 

https://doi.org/10.3390/ijms27146233


Int. J. Mol. Sci. 2026, 27, 6233 22 of 22 
 

https://doi.org/10.3390/ijms27146233 

35. Whitworth, C.P.; Polacheck, W.J. Vascular organs-on-chip made with patient-derived endothelial cells: Technologies to trans-

form drug discovery and disease modeling. Expert Opin. Drug Discov. 2024, 19, 339–351. 

https://doi.org/10.1080/17460441.2023.2294947. 

36. Shakeri, A.; Wang, Y.; Zhao, Y.; Landau, S.; Perera, K.; Lee, J.; Radišić, M. Engineering Organ-on-a-Chip Systems for Vascular 

Diseases. Arterioscler. Thromb. Vasc. Biol. 2023, 43, 2241–2255. https://doi.org/10.1161/ATVBAHA.123.318233. 

37. Lee, J.D.; Kumar, A.; Mathur, T.; Jain, A. Vascular architecture-on-chip: Engineering complex blood vessels for reproducing 

physiological and heterogeneous hemodynamics and endothelial function. Lab Chip 2025, 25, 2620. 

https://doi.org/10.1039/D4LC00968A. 

38. Lisec, B.; Bozic, T.; Santek, I.; Markelc, B.; Vrecl, M.; Frangez, R.; Cemazar, M. Characterization of two distinct immortalized 

endothelial cell lines, EA.hy926 and HMEC-1, for in vitro studies: Exploring the impact of calcium electroporation, Ca2+ signal-

ing and transcriptomic profiles. Cell Commun. Signal. 2024, 22, 118. https://doi.org/10.1186/s12964-024-01503-2. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.3390/ijms27146233

