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Abstract
Background: Diabetic patients infected with coronavirus disease 2019 (COVID-19) often have a higher probability of organ 
failure and mortality. The potential cellular mechanisms through which blood glucose exacerbates tissue damage due to 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection is still unclear.
Methods and results: We cultured endothelial cells within differing glucose mediums with an increasing concentration gra-
dient of SARS-CoV-2 Spike protein (S protein). S protein can cause the reduction of ACE2 and TMPRSS2, and activation 
of NOX2 and NOX4. A high glucose medium was shown to aggravate the decrease of ACE2 and activation of NOX2 and 
NOX4 in cultured cells, but had no effect on TMPRSS2. S protein mediated activation of the ACE2-NOX axis induced oxida-
tive stress and apoptosis within endothelial cells, leading to cellular dysfunction via the reduction of NO and tight junction 
proteins which may collectively be exacerbated by elevated glucose. In addition, the glucose variability model demonstrated 
activation of the ACE2-NOX axis in a similar manner observed in the high glucose model in vitro.
Conclusions: Our present study provides evidence for a mechanism through which hyperglycemia aggravates endothelial 
cell injury resulting from S protein mediated activation of the ACE2-NOX axis. Our research thus highlights the importance 
of strict monitoring and control of blood glucose levels within the context of COVID-19 treatment to potentially improve 
clinical outcomes.
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Introduction

COVID-19 is a highly infectious disease caused by the acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) [1]. 
As of November 21, 2022, infections associated with the 
COVID-19 pandemic has reached 763,740,140 people [2]. 
Patients with COVID-19 exhibit a systemic inflammatory 
cytokine storm characterized by the recruitment of inflam-
matory leukocytes by the vascular epithelium resulting in 
tissue damage and cytokine release. Consequently, such fac-
tors are major contributors of acute respiratory distress syn-
drome (ARDS), disseminated intravascular coagulation, and 
cardiovascular complications in COVID-19 [3]. Evidence 
linking endothelial cells (ECs) to SARS-CoV-2 infection 
includes the expression and function of its receptor, angio-
tensin-converting enzyme 2 (ACE2) within the vasculature 
[4, 5]. SARS-CoV-2 Spike protein (S protein) binds to ACE2 
located on the cell membrane facilitating viral binding and 
fusion of the virus within the cellular membrane for host cell 
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entry [6]. Previous studies have shown that S protein could 
induce endothelial dysfunction [7], triggering pulmonary 
immune thrombosis resulting in coagulopathy observed in 
patients with COVID-19 [8].

A history of diabetes or elevated blood glucose corre-
lates with worse prognosis and higher mortality following 
COVID-19 infection [9–11]. While several studies over 
the course of the pandemic have reported the association 
between hyperglycemia and worsened outcomes in COVID-
19 patients with and without known diabetes [12, 13], lit-
tle is known about the cellular mechanisms through which 
blood glucose exacerbates tissue damage due to SARS-
CoV-2 infection [14]. In the present study, we examined the 
relationship of glucose with S protein on human endothe-
lial cells in culture. Our key findings suggest the synergis-
tic effect of hyperglycemia and SARS-CoV-2 spike protein 
in promoting endothelial dysfunction via activation of the 
ACE2-NOX axis, which may account for the exacerbation of 
COVID-19 infection among hyperglycemic patients.

Materials and methods

Cell culture and plasmids transfection

Human umbilical vein endothelial cells (HUVECs) were 
purchased from the Cell Bank of the Chinese Academy 
of Sciences. The cells were cultured in minimum essen-
tial medium (HyClone) with 5 ng/ml human recombinant 
epidermal growth factor (Novus), 10% fetal bovine serum 
(Gibco), and a penicillin–streptomycin supplement. The 
cells were maintained in a humidified incubator at 37 °C 
and 5% CO2.

Normal glucose groups were cultured in 5  mmol/L 
glucose medium, high glucose groups were cultured in 
20 mmol/L glucose medium. ACE2 overexpression plas-
mids were purchased from Public Protein/Plasmid Library 
(Nangjing, China). Apocynin (GC16237) was purchased 
from Gibco.

Antibodies and western blot analysis

The antibodies to ACE2 (#21115), TMPRSS2(#14437), 
NOX2(#19013), NOX4(#14347), and GAPDH (#60004) 
were obtained from Proteintech (Rosemont, IL). The 
antibodies to NOX1 (#DF8684), NOX3(#AF9134), ZO-
1(#AF5145), and Occludin (#DF7504) were obtained from 
Affinity Biosciences (Cincinnati, OH). Total protein was 
extracted from HUVECs. Equal amounts of proteins were 
separated by SDS-PAGE and transferred to a nitrocellulose 
membrane (Millipore). After blocking with 5% nonfat milk, 
the membrane was incubated with specific antibody. All 

Western blotting analyses were repeated five times. Image J 
was used to quantify the protein expression.

DHE determination of ROS production

Freshly prepared HUVECs were incubated with freshly 
prepared dihydroethidium (DHE) (2  μmol/L) (Cat#: 
D7008, Sigma-Aldrich, St. Louis, MO, USA) in the dark 
for 30 min at room temperature. After washing three times, 
and fluorescent images were captured using a fluorescence 
microscope.

Intracellular no measurement by confocal 
microscopy

HUVECs or ACE2-overexpressing HUVECs were seeded 
and treated with the indicated agents within their respective 
group. Cells were washed twice with PBS and incubated 
with 5 μM DAF-FM DA at 37 °C for 25 min under a dark 
condition. The cells were then washed twice with cold PBS 
and analyzed via confocal microscopy at an excitation wave-
length of 495 nm and an emission wavelength of 515 nm.

Flow cytometry

After treatment, 10^6 cells were collected, centrifuged and 
the supernatant was discarded. Cell death was detected by 
a commercialized apoptosis detection kit (C1062M, Beyo-
time). ROS was detected by a commercialized ROS kit 
(40778ES50, Yeasen). Fluorescence was analyzed using 
a flow cytometer.

Statistical analysis

All numerical data was expressed as mean ± standard error 
or median and interquartile range. Independent sample 
t-tests and Mann Whitney U tests were used to compare 
the continuous variables. Statistical analyses were per-
formed using Statistical Package for the Social Sciences 
(version 22.0), and GraphPad Prism software (version 8.0). 
P < 0.05 was considered to be statistically significant.

Results

SARS CoV‑2 spike membrane recombinant fusion 
protein downregulates ACE2 and increases NOX

We first examined the effect of S protein exposure on 
ACE2 and TMPRSS2 in endothelial cells. HUVECs were 
treated with an increasing concentration gradient of S 
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Fig. 1  Protein expression in different doses of S protein induced 
HUVECs. A. ACE2 and TMPRSS2 protein expression relative to 
GAPDH analyzed by western blot in different doses of S protein 
induced HUVECs. B. Relative expression of gray values for ACE2. 
C. Relative expression of gray values for TMPRSS2. D. NOX1 pro-
tein expression relative to GAPDH analyzed by western blot in dif-
ferent doses of S protein induced HUVECs. E. Relative expression 
of gray values for NOX1. F. NOX2 protein expression relative to 

GAPDH analyzed by western blot in different doses of S protein 
induced HUVECs. G. Relative expression of gray values for NOX2. 
H. NOX3 protein expression relative to GAPDH analyzed by west-
ern blot in different doses of S protein induced HUVECs. I. Relative 
expression of gray values for NOX3. J. NOX4 protein expression 
relative to GAPDH analyzed by western blot in different doses of S 
protein induced HUVECs. K. Relative expression of gray values for 
NOX4
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protein for 24 h. As shown in Fig. 1A-C, HUVECs treated 
with increasing S protein for 24 h exhibited a gradual 
decrease in ACE2 and TMPRSS2 protein expression.

Western blot analysis of NADPH oxidase (NOX) iso-
form expression indicated S protein induced NOX depend-
ent oxidative stress in endothelial cells. The western blot 
results also showed that HUVECs exposed to an increasing 
S protein concentration gradient led to up-regulation of 
NOX2 and NOX4 expression but had no effect on NOX1 
or NOX3 (Fig. 1D-K).

High glucose concentration aggravates S protein 
induced increase of ACE2 dependent NOX

In order to verify the regulatory relationship between 
ACE2 and NOX, HUVEC’s where treated with either 
an empty plasmid, an ACE2 overexpression plasmid or 
a NOX inhibitor in either the presence or absence of S 
protein for 24 h. Results showed that ACE2 overexpres-
sion significantly inhibited the increase of NOX expres-
sion, while NOX inhibitors had no effect on ACE2 protein 
expression. TMPRSS only decreased by the presence of S 
protein (Fig. 2A-E). Moreover, as shown in the Fig. 2F-J, 
results from HUVECs treated with normal glucose (NG), 

Fig. 2  Protein expression in S protein and different glucose induced 
HUVECs. A. Protein expression analyzed by western blot in differ-
ent HUVECs induced by S protein. B–E. Relative expression of gray 

values for protein. F. Protein expression analyzed by western blot in 
different glucose induced by S protein. G–J. Relative expression of 
gray values for protein
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high glucose (HG) and S protein indicated that high glu-
cose aggravated the change of ACE2-NOX axis caused 
by S protein. TMPRSS only responded a decrease to the 
presence of S protein.

High glucose aggravate ros and cell apoptosis 
caused by s protein

We next used DHE staining methods for the detection of 
reactive oxygen species (ROS) produced by S protein in 
different glucose mediums. Following 24 h of culture in 
HG medium, HUVECs showed no significant difference in 
ROS production compared to NG medium. However, after 
the addition of S protein, HUVEC’s exposed to HG pro-
duced a stronger red fluorescent signal, indicating higher 
ROS quantity (Fig. 3A). Flow cytometry results suggested 

statistically significant higher ROS quantity in HG treated 
cells compared to NG following the addition of S protein 
(Fig.  3BC). Moreover, detection of apoptosis via flow 
cytometry indicated no difference in the baseline apoptotic 
rate of HUVECs in either HG or NG conditions. Following 
the addition of S protein, the apoptotic rate of HG exposed 
cells was significantly higher than that in NG (Fig. 3DE).

High glucose aggravates endothelial cell 
dysfunction caused by s protein

Endothelial dysfunction coincides with a reduction in Nitric 
Oxide (NO) levels. Data generated from NO fluorescence 
probe in endothelial cells indicated that S protein led to 
significant reduction in NO concentration. Furthermore, 
ACE2 overexpression and inhibition of NOX coincided 

Fig. 3  ROS and apoptosis analysis for S protein and different glucose 
induced HUVECs. A. ROS analysis by DHE for different glucose 
induced by S protein. B. ROS analysis by flow cytometry for different 
glucose induced by S protein. C. Analysis of data from five independ-

ent experiments of B. D. Apoptosis analysis by flow cytometry for 
different glucose induced by S protein. E. Analysis of data from five 
independent experiments of D 
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with downregulation of NO (Fig. 4A). The tight junction 
between HUVECs facilitates the formation of barriers and 
maintains normal barrier function. S protein reduced tight 
junction proteins through the ACE2-NOX axis (Fig. 4B-D). 
Results demonstrated that HUVESs cultured in HG medium 
showed significantly reduced production of NO in the pres-
ence of S protein via the ACE2-NOX axis, and accelerated 
degradation of tight junction proteins ZO-1 and Occludin 
(Fig. 4E–H).

Similar S protein mediated activation 
of the ACE2‑NOX axis was shown in variable glucose 
and high glucose models

In order to simulate glycemic variability (GV) in vitro, we 
changed the medium of HUVEC’s every eight hours. Results 
showed no significant difference between GV, HG, and NG 
in their baseline values. Following the addition of S protein, 
ACE2-NOX axis activation was observed. Furthermore, the 
GV model showed similar results observed with continuous 
high glucose exposure and the presence of S protein, i.e., 
ACE2 expression was significantly decreased and NOX was 
significantly increased. Additionally, TMPRSS expression 

Fig. 4  Endothelial dysfunction analysis for S protein and different 
glucose induced HUVECs. A. NO production analysis for differ-
ent HUVECs induced by S protein. B. ZO-1 and Occludin protein 
expression relative to GAPDH analyzed by western blot in different 
HUVECs induced by S protein. C, D. Relative expression of gray 

values for protein. E. NO production analysis for different glucose 
induced by S protein. B. ZO-1 and Occludin protein expression rela-
tive to GAPDH analyzed by western blot in different glucose induced 
by S protein. G, H. Relative expression of gray values for protein
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exhibited only S protein dependence, which was not related 
to glucose concentration (Fig. 5A-E).

Discussion

This study demonstrates binding of S protein to endothelial 
cells requires ACE2, and TMPRSS. Additionally, S protein 
was shown to activate NOX 2 and NOX 4 in a dose-depend-
ent manner. High glucose conditions significantly aggravate 
the expression of the ACE2-NOX axis, resulting in increased 
S protein-induced oxidative stress and apoptosis. These con-
ditions result in reduced NO and tight junction proteins thus 
contributing to endothelial cell dysfunction (Supplemental 
Fig 1). Additionally, our research demonstrates that both 
variable glucose and high glucose concentrations led to sig-
nificant activation of the ACE2-NOX axis in vitro.

This study sheds light on the mechanism behind the 
susceptibility of diabetic patients to SARS CoV-2 infec-
tion. Following infection, S protein is cut and activated 
by TMPRSS2 at the S1 and S2 sites, followed by infusion 
within the cell membrane [15] and subsequent binding 
of S protein to ACE2, triggering endocytosis [16]. Previ-
ous studies have reported endocytosis of S protein into 
cells is significantly enhanced in patients with diabetes 
[17]. Our study indicates that ACE2 and TMPRSS2 of 
endothelial cells are consumed in a dose–response manner 

after the addition of S protein. Additionally, the high glu-
cose medium significantly increased the intake of ACE2 
induced by S protein, with no effect on TMPRSS2 con-
sumption. Based on our findings, we suspect the suscep-
tibility of diabetic patients to S protein may be due to 
increased interaction between S protein and the extracel-
lular domain of ACE2 after the S protein is cut, thus trig-
gering clathrin-dependent endocytosis of the complex.

NOX catalyzes the deprotonation of superoxide anion 
into hydrogen peroxide and water, which produces toxic 
ROS. Relevant research has shown that ROS and oxidative 
stress produced by NOXs are involved in the pathogenic-
ity of viruses [18]. Additionally, the down regulation of 
ACE2-ang (1–7)-MAS axis has been shown to play an 
important role in COVID-19 infection and its compli-
cations [17]. Other studies have shown that NOXs and 
ACE2/Ang (1–7)/Mas receptor axes are highly dependent 
[19]. Results from the present study demonstrate that S 
protein can induce the dose–response increase of NOX2 
and NOX4 dependent to ACE2 in-vitro. Activation of 
NOX leads to uncoupling of endothelial NO synthase and 
the production of excessive ROS, thus reducing the pro-
duction of NO and increases its consumption within the 
cell membrane, thereby decreasing bioavailable NO which 
in turn contributes to endothelial cell dysfunction [20]. 
Intercellular tight junctions composed of ZO-1, Occludin, 
and other proteins are critical for building the epithelial 

Fig. 5  Protein expression in different glucose induced HUVECs. A. Protein expression relative to GAPDH analyzed by western blot in different 
glucose induced HUVECs. B–E. Relative expression of gray values for protein
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barrier and maintaining epithelial polarity [21]. Decreased 
tight junction proteins is an indicator of endothelial dys-
function. In our present study high glucose conditions is 
thought to aggravate the ACE2-NOX axis induced reduc-
tion of NO and tight junction protein expression indicated 
in endothelial dysfunction.

The in-vitro high glucose concentration model provides 
insight into the correlation with poor patient prognosis on 
the cooccurrence of SARS-CoV-2 infection and diabetes. 
A previous meta-analysis of 33 studies showed that diabe-
tes may double the mortality and severity of COVID-19 
[22]. Our study employed a high glucose density medium 
to simulate high glucose concentration in vitro, and showed 
that high glucose concentration facilitates S protein medi-
ated activation of ACE2-NOX axis, ROS production, and 
endothelial cell dysfunction. Furthermore, in the absence 
S protein, high glucose concentration lead to only slight 
increases in ROS, with no significant statistical differences 
observed after repeated experimentation. In addition, no 
statistical difference was observed between endothelial cell 
dysfunction and apoptosis rate between normal glucose and 
high glucose concentration groups. This difference from our 
hypothesis may be due to the usage of 20 mmol/l glucose 
to culture cells for 24 h, as relevant studies have shown that 
high glucose concentration models with longer culturing 
time and higher concentration can lead to changes of adhe-
sion molecules and oxidative stress [23–25].

Finally, we sought to simulated blood glucose variabil-
ity in vitro by changing the medium every 8 h. Our results 
demonstrated glycemic variation induced increased activa-
tion of the ACE2-NOX axis following addition of S protein, 
with similar results observed in the high glucose concen-
tration model. This indicates a correlation between glucose 
variation and poor physiological response following SARS-
CoV-2 infection. Though further research on the mechanism 
is needed, the present results suggest stricter blood glucose 
control schemes are necessary for the treatment of COVID-
19, and that intermittent blood glucose control may not be 
sufficient to improve the prognosis of COVID-19 patients.

There are limitations to this study. First, our research 
focused on the response of endothelial cells to S protein. 
As in clinical practices, SARS-CoV-2 does not only have 
pathogenic ability via the role S protein, it also demonstrates 
a subsequent inflammatory cytokine storm and multi organ 
crosstalk cascade reaction. The present research did not take 
account into these effects. Additionally, our research did 
not examine the dynamic changes of such results over time. 
Lastly, the Glycemic Variation model is only set by chang-
ing the medium every 8 h, which fails to more appropriately 
simulate physiological fluctuations in blood glucose levels 
in patients.

In conclusion, our study indicates that high glucose inten-
sifies S protein mediated activation of the ACE2-NOX axis, 

resulting in increased ROS production as well as endothelial 
cell dysfunction and apoptosis. The GV model observed the 
same synergistic effect with S protein as the HG in vitro 
model. Collectively, the study yields insights for possible 
improvement in the treatment of COVID-19, indicating that 
blood glucose should be strictly controlled to improve the 
prognosis.
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tary material available at https:// doi. org/ 10. 1007/ s11033- 023- 08504-3.
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