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ARTICLE INFO ABSTRACT

Keywords: COVID-19, caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), primarily manifests as
Endothelial dysfunction a flu-like illness with lung injury, often necessitating supplemental oxygen. Elderly individuals and those with
CQYID'l? pre-existing cardiovascular diseases are at increased risk of mortality. The endothelial barrier disruption
g;;gtce:i?de observed in patients indicates systemic viral invasion and widespread endotheliitis. Endothelial dysfunction,
Endothelial nitric oxide synthase characterized by impaired nitric oxide (NO) production, contributes to vasoconstriction, inflammation, and
Arginase coagulation abnormalities seen in COVID-19. In this study, we investigated the impact of COVID-19 patient-

derived plasma on the endothelium through NO metabolite analysis using an in vitro 3D micro vessel model. Our
experiments revealed alterations in NO metabolites in response to COVID-19 patient plasma perfusion, with
BH4+BH2 supplementation improving citrulline levels in severe COVID-19 patient models. Positive correlation
between arginase activity and eNOS activity was observed in the severe COVID-19 patient model but not in the
mild COVID-19 patient model. These findings underscore the importance of endothelial dysfunction in COVID-19
pathogenesis and highlight potential therapeutic targets for mitigating vascular complications associated with

3D microvessels-on-chip model

severe infection.

1. Introduction

COVID-19, an illness resulting from infection with the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), manifests as a res-
piratory infection, with 24 %-54 % of severe cases exhibiting lung
injury, often requiring supplemental oxygen [1]. Individuals aged 60
and above, especially those with pre-existing cardiovascular diseases,
experience higher mortality rates.

Patients with rapid clinical deterioration and multi-organ failure
often show evidence of systemic endotheliitis [2,3], indicating a break in
the endothelial barrier that allows systemic viral invasion. In particular,
the impaired vascular homeostasis secondary to the structural and
functional damage of the endothelium and its main component, the
endothelial cells, contributes to the systemic proinflammatory state and
the multiorgan involvement observed in COVID-19 patients [4]. In
previous studies, COVID-19 was related to endothelial dysfunction, due
to direct (endothelial cells are infected by the virus) and indirect damage
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(systemic inflammation) factors [5,6]. Vasoconstrictive, proin-
flammatory, and pro-coagulant states, along with subsequent organ
ischemia and tissue edema, result from endothelial dysfunction
observed in COVID-19, possibly resulting from direct viral infection or
an excessive inflammatory response triggered by neighboring epithelial
cell infection and high levels of pro-inflammatory cytokines [7].

A characteristic feature of endothelial dysfunction is the inhibition of
endothelial nitric oxide synthase (eNOS), leading to a concurrent defi-
ciency in nitric oxide (NO) production [8], explaining the elevated risk
of adverse outcomes in COVID-19 for individuals with pre-existing
endothelial dysfunction. The human aging process leads to vascular
endothelial dysfunction, characterized by an imbalance between vaso-
dilators and vasoconstrictors produced by the endothelium [9] and
lower NO production in the elderly, likely making them more suscep-
tible for COVID-19 related complications [10,11]. Akaberi et al. estab-
lished a correlation between NO levels and COVID severity,
demonstrating that NO derived from S-nitroso-N-acetyl penicillamine
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(SNAP) can effectively delay or entirely prevent the development of the
SARS-CoV-2 viral cytopathic effect in treated cells and inhibit viral
replication [12]. Inhaled NO gas has emerged as a potential therapeutic
process to enhance patient oxygenation and potentially improve clinical
outcomes [13]. However, the complications associated with direct NO
inhalation result in the conversion of NO to nitrogen dioxide, a toxic gas
with no therapeutic value [14]. Potential therapeutic mechanisms
encompass vasodilation by improving the NO levels, antiviral,
anti-inflammatory, and antithrombotic properties.

Healthy ECs utilize r-arginine as a substrate for endothelial nitric
oxide synthase (eNOS) to produce NO and t-citrulline, in conjugation
with NADPH, molecular oxygen, and tetrahydrobiopterin (BH4) [15].
Endothelial dysfunction can be caused by several factors, including
inflammation, hypoxia, metabolic and behavioral factors, as well as
mechanical issues such as reduced blood flow. These factors contribute
to decreased production of nitric oxide (NO) due to the inadequate
availability of the substrate (1-arginine) and cofactor (BH4), resulting in
the uncoupling of endothelial nitric oxide synthase (eNOS) from its
substrate—a phenomenon also observed in COVID-19. A previous study
by Gomez et al., showed that increase in arginine levels and decrease in
citrulline levels may be indicative of a deficiency in the cofactor, leading
to eNOS uncoupling from arginine and consequently reduced conversion
to citrulline or NO [16]. Infusion of BH4 in coronary artery disease
patients showed improved effect of vasodilation [17] and adding dietary
sources of nitrates and nitrites containing food to the regular diet im-
proves immunity and NO was considered as a potential targeted therapy
by improving NO production [18]. However, there have been no studies
conducted in COVID-19 patients demonstrating that BH4 supplemen-
tation improves vasodilation or reverses endothelial dysfunction. It is
important to consider that enhancing NO production is viewed as one of
the key treatment strategies due to its antiviral and anti-inflammatory
properties [19]. Microvascular complications and endothelial dysfunc-
tion are frequently seen in deceased COVID-19 patients.

The precise role of endothelial dysfunction, whether triggered by
inflammation or caused by SARS-CoV-2 pathogenesis, in disrupting ni-
tric oxide metabolism remains a topic of active investigation., A key
limitation of current in vitro models of COVID-19 is the incomplete
understanding of how specific components within COVID-19 patient
plasma impact the eNOS pathway, particularly the conversion of argi-
nine to citrulline and ornithine. A critical gap exists in translating pre-
vious work on models for endothelial dysfunction to the specific context
of COVID-19. A study utilizing a 3D endothelial model on a microfluidic
chip has provided insights into Ebola virus-hemorrhagic fever syndrome
[20] and another study employed an effective 3D microvascular model
to investigate the influence of blood plasma components on microvas-
cular integrity [21].

Given the importance of 3D model architecture, our study focuses on
the impact of COVID-19 plasma components using a 3D endothelial
system through the analysis of metabolites involved in the production of
NO. We conducted in vitro perfusion experiments using an endothelial
3D microvessel cell model developed in our previous work [22] to study
the impact of COVID-19 patient-derived plasma from severe and mild
cases, enriched with 13Cg, "Ny L-arginine (arginine+10), on endothelial
cells. Our 3D microvessels model utilizes MIMETAS rerouted 2-lane
OrganoPlate which incorporates collagen as the extracellular matrix,
with a specifically designed tubular channel mimicking a microvessel
lumen. We conducted an observational pilot-case study using two
COVID-19 patient’s blood samples. Following sample collection, anal-
ysis was conducted to identify downstream metabolites indicative of NO
production. The eNOS enzyme activity was assessed by measuring the
conversion of the NO substrate, arginine+10, to 13C6,15N3 L-Citrulline
(citrulline+9). Additionally, we examined the generation of 13¢5, 15N,
L-Ornithine (ornithine+7) by the arginase enzyme, which also utilizes
L-arginine as a substrate. We supplemented the perfused plasma within
the microvessels with the eNOS enzyme stimulator VEGF, the inhibitor
L.-NAME, and the arginase enzyme inhibitor BEC. Significantly, we
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Table 1

Clinical characteristics of severely (PT1) and mildly (PT2) infected COVID-19
patients. CRP — C-reactive protein. Highlighted in red indicates deviation from
the normal range.

Patient details & COVID-19 - COVID-19 - Healthy References
clinical report severe mild (patient  control -
(patient 1 - 2 -PT2) Normal
PT1) range
Gender and age Female - 65 Female - 45
Creatinine (pMol/ 152 66 4497 [24]
L)
Urea (mMol/L) 9.2 2.3 1.8t0 7.1 [24]
Albumin (g/L) 32 41 34-54 [25]
Estimated 31 90 90-120 [26]
glomerular
filtration rate
(EGFR) (mL/
min)
Viral load in throat 59630 887
(copies/ml)
CRP (mg/L) 66.9 3.0 Less than [27]
10.0

observed the impact of BH4+BH2 in the interaction between COVID-19
plasma and endothelial cells by monitoring changes in citrulline levels
after supplementing the plasma with the cofactor BH4+BH2. The ob-
tained results confirm that supplementation of BH4+BH2 could improve
the citrulline level in severe COVID-19 patients. Furthermore, the sig-
nificant correlation observed between arginase activity and eNOS ac-
tivity after BH44+-BH2 supplementation in COVID patients suggests a
potential diagnostic marker, whereby enhanced citrulline levels and
reduced ornithine levels could be indicative of healthy status.

2. Material and methods
2.1. Patient study

We conducted an observational case pilot study of two patients with
a diagnosis of COVID-19, whose blood samples were collected at the
time they were admitted to the intensive care unit with a COVID-19
diagnosis. Enrolled subjects were classified as severe (with high viral
load) or mild (minimal viral load) COVID-19 with their clinical blood
reports shown in Table .1. Plasma from healthy individuals (Female
20-30 years old) were used as controls for each COVID-19 patient. The
approximate range of CRP level in age-based COVID-19 patient’s CRP
levels were evaluated [23]. According to this reference, elevated CRP
levels correlate with the severity of COVID-19. In our study, the severely
ill COVID-19 patient (a 65-year-old female) who was deceased exhibited
significantly higher CRP levels compared to the mildly ill COVID-19
patient (a 45-year-old female) who survived.

The use of human samples in this study was approved by the METC
Leiden-Den-Haag. The study code was P20.051 and the CCMO code was
NL73762.058.20. Informed consent was obtained from all participants.
All experiments were conducted in accordance with ethical guidelines
and relevant regulations.

2.2. Cell culture

Human coronary artery endothelial cells (HCAECs) (PromoCell,
Netherlands) were resuspended in 10 ml fresh EGM MV2 medium with
supplements (PromoCell, Netherlands) and cultured in T75 flasks (Nunc
Easyflask, Sigma, Netherlands). Cell cultures were maintained at 37 °C
with 5 % CO2 and media was refreshed three times a week. Cells were
detached at 85 % confluence with 0.25 % Trypsin EDTA (Lonza,
Netherlands) and cell pellets were collected by centrifugation at 300g for
5 min.

For the microvessel model, HCAECs were seeded in the re-routed
OrganoPlate (MIMETAS, Netherlands), following the protocol
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Table 2

Experimental conditions and concentrations of stimulatory and inhibitory
compounds of eNOS and arginase enzyme was prepared in working solution.
Note: Working solution composition - Healthy or COVID-19 plasma (50 %) +
150 pM of'3C,1°N,--arginine in 50 % SILAC media. iArg composition, 50 % of
healthy or COVID plasma (50 %) + 500 pM of*Ce, *Ny-r-arginine in 50 % SILAC
media.

Compound exposure and Concentrations

conditions

Blank Working solution

Control Working solution perfused into the
microvessels

BH4+BH2 10 pM

VEGF 20 ng/ml, 50 ng/ml and 100 ng/ml

I-NAME 1 mM

VEGF + 1-NAME 100 ng/ml + 1 mM

VEGF + BEC 100 ng/ml + 100 pM

1-NAME + BEC 1 mM + 100 pM

iArg (isotope labeled arginine) 500 pM

described in the referenced work [22]. The microvessels-on-chip model
is shown in the Supplementary Fig. 1. Once the cells were confluent,
media in microvessels were replaced with fresh EGM MV2 media and the
OrganoPlate was attached to the microfluidic pump with set 5 dyne/cm?
shear stress using LabView software. The setup was kept in the incubator
and the flow of media through the chips was maintained for 6 h with
unidirectional flow followed by perfusion of plasma through the
microvessels is described in next section.

2.3. Plasma assay and perfusing human blood plasma in microvessels in
vitro

The collected EDTA blood samples were centrifuged to isolate the
plasma fractions (2 x 15 min at 2500 g) and stored in —80 °C for further
experiments.

EDTA plasma samples were initially treated with 1 pM hirudin
(94581 - 1 EA, Sigma-Aldrich), 50 pg/ml CTI (CTI -01, Haematologic
Technologies), and 25 pM compstatin. Subsequently, the samples were
recalcified with 3.1 mM CaCl2. These treated samples were then com-
bined with 50 % SILAC media containing 150 pM of *3Cg, 1°N-1-argi-
nine. After 6 h of unidirectional flow with the cell growth media (EGM
MV2), microvessels were exposed to the cocktail mix of either healthy or
COVID-19 plasma supplemented with 150 pM of 13Cq, 1°Ny4-L-arginine
(CORTECNET, Netherlands) and different stimulatory and inhibitory
compounds and cofactor BH4+BH2. The oxidation of the BH4 was seen
leading to BH2, therefore we represented cofactor treatment as
BH4+BH2 to indicate the presence of both BH4 and BH2. This treatment
was conducted at 37 °C with 5 % COx for 12 h by placing the Organo-
Plate on the rocker platform that generates bidirectional fluid flow. The
experimental conditions are listed below in Table .2.

Following the application of shear stress and compound treatments,
samples were collected from the outlet of each microvessel, snap frozen
with liquid nitrogen and stored at —80 ° C for LCMS analysis.

2.4. Metabolic profiling using ultra-high performance liquid
chromatography - mass spectrometry (UPLC- MS/MS)

Samples were analyzed using a method based on previous work [22]
using an amine profiling platform that employed an AccQ-Tag deriva-
tization strategy, adapted from the protocol provided by Waters [28].
The microvessel-treated plasma samples (10 pL) were thawed on ice.
Quality control (QC) samples were generated by pooling equal volumes
of all media + plasma samples, and 10 pL of this pool underwent the
same process as individual samples. For reduction and deproteination,
water (5 pL), Tris-(2-carboxyethyl) phosphine hydrochloride (TCEP)
(10 pL), and absolute methanol (75 pL) were added. After centrifugation
at 12000g for 10 min, the supernatant was transferred to a fresh
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Eppendorf tube and dried under vacuum. The dried residue was recon-
stituted in borate buffer — pH 9 (10 pL) vortexed for 10s and treated with
2.5 pL of AccQ-TagAQC derivatization reagent (Waters, Waters B.V. Art.
No. 186003836, The Netherlands). The samples were then kept at 55 °C
for 30 min in a shaker (Incubating microplate shaker, VWR, The
Netherlands), 20 % of formic acid (5 pL) was added for neutralization.
After a quick vortex, each sample was transferred to the autosampler
vial for LC-MS injection.

Three pl of sample solution was injected onto a UPLC Class I (Acq-
uity, Waters Chromatography Europe BV, Etten-Leur, The Netherlands)
system with an AccQ-Tag Ultra C18 Column (1.7 pm, 100 x 2.1 mm,
Waters, Ireland) coupled to a Sciex QTRAP® 6500 mass spectrometer
[28]. Liquid chromatography (LC) separation and mass spectrometry
parameters were the same from the work [22].

The compound list with target m/z for precursor and product ions is
shown in Supplementary Table 1. Raw LC-MS/MS data was processed
with AB Sciex PeakView™ 2.0 and MultiQuant™ 3.0.1 software for
targeted metabolite peak identification and integration.

2.5. Statistical analysis

Box plots were created with GraphPad Prism 9.3.1 software. Signif-
icance is determined by a two-way ANOVA-multiple comparison test
and student’s t-test.

In this study, correlation analysis was performed between the three
treatment groups (healthy, mild COVID-19, and severe COVID-19) using
a Pearson correlation coefficient with a significance threshold of p >
0.05. All biological and technical replicates were included in the
analysis.

3. Results

This study utilized a microfluidic chip model to investigate how
COVID-19 infection affects eNOS-derived nitric oxide metabolite pro-
duction. We cultured microvessels in the rerouted OrganoPlate using
HCAECs and exposed them to plasma from COVID-19 patients (mild and
severe) and healthy controls. By measuring metabolites like citrulline+9
and ornithine+7, we compared metabolite levels across groups to un-
derstand the impact of COVID-19.

3.1. Measurement of nitric oxide metabolites from severe COVID-19
patient plasma perfused 3D microvessels

Differences in NO metabolites assessed using UPLC-MS/MS in a
severely infected COVID-19 patient compared with a healthy control are
shown in Fig. 1A-C. Before the cells were exposed to the plasma sam-
ples, the direct measurement of plasma levels of unlabeled arginine,
citrulline, and ornithine showed no difference between healthy and
COVID-19 (Supplementary Fig. 2 A-C).

In the context of COVID-19, the addition of the eNOS stimulator
VEGF at varying concentrations in the presence of BH4+BH2 resulted in
an elevated ratio of L-citrulline+9/L-arginine+10. However, when
BH4+BH2 was not added to VEGF (50 ng), no significant difference was
observed. Arginase inhibition using BEC treatments resulted in only
slightly elevated levels of citrulline4+9/arginine+10 ratio in both
healthy and COVID-19 models (Fig. 1A). The ratio of citrulline+9/
ornithine+7 (Fig. 1B) showed no significant difference in any of the
conditions in COVID-19, compared to the healthy plasma control, sug-
gesting that there are no changes in the relative activity of eNOS to
arginase. However, when evaluating the ratio of ornithine+7/
arginine+10 (Fig. 1C), the arginase inhibition by BEC showed reduced
levels with a non-significant difference and a higher ratio was observed
in VEGF (100 ng) in the presence of BH4+BH2. This suggests that at
higher concentration of VEGF, the utilization of arginine by arginase in
COVID conditions was significantly higher.

Numerous research efforts have delved into enhancing NO
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Fig. 1. Measurement of arginine+10, citrulline+9 and ornithine+7 ratios from healthy and PT1 - COVID-19 plasma under stimulatory or inhibitory compound
exposure after perfusion through 3D microvessels. A) The ratio of citrulline+9/arginine+10 B) the ratio of citrulline+9/ornithine+7 and C) the ratio of ornithine+7/
arginine+10. Pearson correlation of ornithine+7/arginine+10 and citrulline4-9/arginine+10 represents the arginase and eNOS activities D) in healthy plasma (r =
—0.01, p value = 0.9) and E) in severe COVID-19 plasma (r = 0.3, p value = 0.02). All error bars represent SD and mean, each dot represents technical rephcates n=

3. Significance determined by Two-way ANOVA -multiple comparison test of COVID group versus healthy control group. *,P < 0.05;

**,P < 0.0001.

production by administering higher r-arginine concentrations to address
substrate deficiency in endothelial dysfunction, our study did not reveal
any significant difference between healthy and COVID-19.

To understand the impact of COVID on substrate availability, argi-
nine bioavailability was assessed but no significant difference was seen
between healthy and COVID-19 conditions (result not shown). Corre-
lation analysis was conducted to assess the relationship between eNOS
and arginase enzyme activity. In the healthy cohort (Fig. 1D), the
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*P < 0.01; ***,P < 0.001;

correlation analysis revealed an association between eNOS and arginase
enzyme activity (r = —0.01, p value = 0.9) and in severe COVID-19
patient, the correlation analysis revealed a significant association be-
tween eNOS and arginase enzyme activity (r = 0.3, P = 0.02), indicating
a positive relationship between the two variables. (Fig. 1E).
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Fig. 2. Measurement of arginine+10, citrulline+9 and ornithine+7 ratios from healthy and mild COVID-19 plasma under stimulatory or inhibitory compound
exposure after perfused into 3D microvessels. A) The ratio of citrulline+9/arginine+10 B) the ratio of citrulline+9/ornithine+7 and C) the ratio of ornithine+7/
arginine+10. Pearson correlation of ornithine+7/arginine+10 and citrulline4-9/arginine+10 represents the arginase and eNOS activities D) in healthy plasma (r =
—0.5, p value = 0.008) and E) in mild COVID-19 plasma (r = —0.9, p value = <0.0001). All error bars represent SD and mean, each dot represents technical
replicates, n = 3. Significance determined by Two-way ANOVA -multiple comparison test of COVID group versus healthy control group. *,P < 0.05; **,P < 0.01; ***,

P < 0.001;
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3.2. Measurement of nitric oxide metabolites from mild COVID-19 patient
plasma perfused 3D microvessels

The levels of eNOS-based NO metabolites were measured following
the perfusion of plasma samples from mildly infected COVID-19 patient
and healthy plasma (control) into the 3D microvessels. Significant dif-
ferences in NO metabolites assessed using UPLC-MS/MS in a mildly
infected COVID-19 patient compared with a healthy control is shown in
Fig. 2A-C. The mild condition of COVID-19 was confirmed with the
lower viral load, and normal ranges of urea, CRP, albumin, GFR.

The direct measurement of mild COVD-19 plasma shows similar
levels of unlabeled citrulline and ornithine in healthy plasma with no
statistical difference (Supplementary Figs. 3A-C), except arginine levels
were higher in COVID-19 plasma.

When analyzing the Citrulline+9/arginine+10 ratio (Fig. 2A), no
significant changes were observed between healthy and COVID condi-
tions, implying that the utilization of arginine by eNOS for NO pro-
duction remained consistent in both scenarios. However, in the case of
the citrulline+9/ornithine+7 ratio, a significantly lower level was noted
in COVID-19 when VEGF + BEC + BH2 was introduced (Fig. 2B). This
suggests that the relative activity of eNOS to arginase appeared to be
notably lower in COVID.

In the COVID-19 context, the introduction of the eNOS stimulator
VEGF in the presence of BH4+BH2 resulted in increased levels of the L-
ornithine+7/L-arginine+10 ratio (Fig. 2C). This indicates that the uti-
lization of arginine by arginase was higher during eNOS stimulation in
the presence of the cofactor BH4-+BH2, but not in its absence. This
suggests that the utilization of arginine+10 to citrulline+9 and
ornithine+7 conversion was higher in mild COVID-19. Correlation
analysis to assess the relationship between eNOS and arginase activity
shows a significant negative correlation in healthy (r = —0.5, P = 0.008)
(Fig. 2D) and in COVID-19 (r = —0.9, P = <0.0001) (Fig. 2E).

4. Discussion

Given the ongoing discoveries regarding the enduring effects of
COVID-19, it is evident that there is a pressing requirement to create in
vitro models for a more profound comprehension of the pathology and
consequences of the plasma components. Our 3D microvessels-on-chip
model, utilizing collagen as the extracellular matrix and incorporating
a microfluidic pump to induce flow, was previously demonstrated to be
the optimal experimental setup to study endothelial nitric oxide mech-
anism [22]. The cell densities and area-to-volume ratios in this model
closely mimic physiological conditions [22,29], surpassing those in
conventional 2D monolayer cultures. Our study highlights the specific
pathways utilizing arginine involved in NO production using our
tracer-based method [22]. This study explored how components in
COVID-19 plasma might influence eNOS-generated NO and citrulline
levels.

In relation to the NO mechanism, our results from severe COVID-19
patient plasma (Fig. 1A) support the notion that the BH4+BH2 supple-
mentation with VEGF may improve eNOS coupling in COVID-19, where
the NO mechanism may be compromised due to insufficient BH4.
Although we did not observe statistically significant changes with
BH4+BH2 supplementation alone when we found a response compa-
rable to that of the healthy condition. The non-significant levels of un-
labeled plasma arginine, citrulline and ornithine (Supplementary
Figs. 2A-C) in clinically confirmed COVID-19 case could reflect that the
downstream metabolites (unlabeled ornithine and citrulline) can be
produced through other pathways such as glutamine [30,31] or ADMA
[32]. However, in mild COVID-19 the significantly higher arginine level
indicates the excess of substrate (Supplementary Figs. 3A-C).

Through our experimental procedure, it is hypothesized that sup-
plementing BH4+BH2 could elevate BH4 levels by activating the GTP
cyclohydrolase, the first step of BH4 synthesis along with the presence of
shear stress [33]. The significance of citrulline levels in COVID-19 under
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VEGF + BH4+BH2 treatments was attributed to the previously studied
concentration-dependent VEGF increase in NO production [34], leading
to higher citrulline+9 levels (Supplementary Fig. 2D and 3D) in both
severe and mild patients but not such increase was observed in VEGF
alone treatment. Other treatment groups showed no significant differ-
ence between healthy controls and COVID-19 patients. This could be due
to two possible reasons: 1) The lack of a specific stimulus like VEGF, or
2) The inherent presence of BH4 in the cells or shear stress induced
endogenous BH4 production [33], which might already be sufficient to
regulate citrulline levels in these treatment groups in COVID-19 cases.

Under same VEGF + BH4+BH2 treatments, the observed increase in
the ornithine+7/arginine+10 ratio (Figs. 1C & 2C) in COVID-19 pa-
tients receiving VEGF supplementation might be due to the potential
feedback mechanism. VEGF stimulates eNOS activity, leading to more 1-
arginine conversion to citrulline, leaving less r-arginine for arginase,
potentially reducing its activity, and causing a slight rise in ornithine
levels. Additionally, some studies suggest high ornithine might even
feedback and further inhibit arginase, indirectly boosting arginine
availability for eNOS [35].

Interestingly, the citrulline+9/ornithine+7 ratio was not indicative
in severe COVID-19 (Fig. 1B), suggesting similar citrulline and ornithine
production across treatments. In mild cases, VEGF + BEC + BH4+BH2
treatment lowered the ratio compared to healthy controls (Fig. 2B).
However, the same treatment in mild COVID-19 showed the highest
citrulline (Supplementary Fig. 2D) levels despite the unclear effect on
the ratio.

Increase in ornithine level serves as an indicator of SARS-CoV-2
infection where upregulation of ornithine was reported in earlier
studies [36]. In our study, elevated ornithine+7 levels were observed in
severe COVID (Supplementary Fig. 2E) in higher concentration (<500
pM) of arginine+10 supplementation, while no significant increase was
seen in citrulline+9 (Supplementary Fig. 2D). Numerous research efforts
have delved into enhancing NO production by administering higher
L-arginine concentrations to address substrate deficiency in endothelial
dysfunction [37-39], our findings suggest that r-arginine supplemen-
tation alone might not be sufficient to significantly increase citrulline
levels. While adequate substrate (arginine) was provided, the lack of a
sufficient crucial cofactor (BH4) seems to be a limiting factor for eNOS
activity. This is further supported by the presence of shear stress, a
known activator of eNOS, which was already incorporated into the study
design.

Maintaining a balanced enzyme activity (eNOS and arginase) and
ratio of citrulline to ornithine is essential for optimal nitric oxide (NO)
production. Our study suggests that interventions promoting this bal-
ance, achieved through BH4+BH2 external supplementation or shear
stress-induced production of BH4, VEGF treatment in minimal concen-
trations, and arginase inhibition in both severe and mild COVID-19,
show promising therapeutic strategy (Supplementary Figs. 2D and
3D). These interventions led to a significant decrease in ornithine levels
with BEC/VEGF + BEC + BH4+BH2 treatment. While the effect on the
ratio in severe COVID-19 was less pronounced (Figs. 1B and 2B), the
observed increase in citrulline suggests potential benefits. This approach
aims to suppress ornithine production, indirectly promoting citrulline
conversion to NO and potentially improving NO production, a crucial
molecule for vascular health.

Arginase competes with eNOS for the same substrate, r-arginine.
High arginase activity can deplete arginine levels, limiting its avail-
ability for eNOS to generate NO. This has led to the exploration of
arginase inhibition as a potential therapeutic strategy to address argi-
nine depletion observed in COVID-19 patients [40]. Overall correlation
of our treatment strategy revealed a distinct inverse correlation between
eNOS and arginase activity for a mild COVID-19 case when compared to
the healthy plasma enzyme activity (Fig. 2D and E), where eNOS activity
increased as arginase activity decreased. Conversely, severe COVID-19
displayed a positive correlation (Fig. 1 E), potentially reflecting the in-
flammatory state observed in these patients (Table 1).
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Fig. 3. Measurement of eNOS and arginase enzyme activities in the mild COVID-19 case and the severe COVID-19 case. Pearson correlation of A) eNOS activity
(citrulline + 9/arginine + 10) (r = 0.457; p value = 0.03) and B) arginase activity (ornithine + 7/arginine + 10) (r = 0.672; p value = 0.0008).

In healthy individuals, arginase and eNOS compete for r-arginine,
with eNOS using it for beneficial nitric oxide (NO) production. The
positive correlation between these enzymes in severe COVID-19 sug-
gests endothelial dysfunction where the dysregulation of ornithine cycle
in COVID-19 was shown in a previous study [41]. eNOS might be
upregulated to boost NO production, but arginase activity is not sup-
pressed effectively. This could be due to disrupted arginase regulation or
the inflammatory environment of COVID-19 favoring arginase. Ideally,
therapies would target both enzymes: upregulating eNOS and sup-
pressing arginase to ensure sufficient 1-arginine for NO production. In
severe cases, high arginase activity excessively consumes r-arginine,
converting it to ornithine. This limits the availability of r-arginine for
eNOS to produce NO and citrulline. Insufficient levels of bioavailable
NO are a key factor contributing to endothelial dysfunction [8,42].
Previous studies have reported a strong correlation between hyperten-
sion and COVID-19, suggesting an underlying vascular dysfunction [43].
In other studies, supplementation of BH4 was shown to mitigate endo-
thelial dysfunction and oxidative stress in hypercholesterolemic condi-
tions [44] and improved vascular function in heart failure subjects [45].
However, there is limited research on the impact of cofactor supple-
mentation on endothelial dysfunction and NO levels, particularly in the
context of COVID-19 recovery.

A correlation analysis was performed to investigate the relationship
between eNOS and arginase activity in mild versus severe COVID-19, as
shown in Fig. 3.

Significantly different and the moderate positive correlation of
Arginase and eNOS activities indicates that under various stimuli and
inhibitors, both severe and mild COVID-19 cases exhibited similar
response patterns, however, the magnitude of the response differed
based on the viral load and the disease severity.

5. Conclusion

The necessity for the best in vitro endothelial model to study COVID-
19 arises from the complexity of the disease’s effects on the vascular
system. In our study we employed a 3D microvessels model, perfusing
COVID-19 plasma along with eNOS and arginase enzyme stimulator or
inhibitors. This model enabled us to investigate the intricate interactions
between endothelial cells and patient plasma components resulting from
viral infection, providing insights into the mechanisms underlying
COVID-19 pathogenesis. Using a tracer-based UPLC-MS/MS method,
perfusing patient plasma samples through the 3D microvessels revealed
significant effects on NO metabolites, especially with VEGF and
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BH4-+BH2 supplementation which induced eNOS activity, as seen in
higher labeled citrulline levels. Similarly, the interplay between argi-
nase activity and eNOS activity provides insights into the regulatory
pathways governing citrulline and ornithine metabolism. This new un-
derstanding could serve as a valuable tool for identifying the patho-
logical status associated with vascular diseases. Further investigation
into therapeutic strategies utilizing eNOS stimulation alongside arginase
inhibition is warranted based on these results. Finally, our study stands
out as we observe a distinct response of NO metabolites based on the
clinical data and disease severity of each patient. This model is highly
recommended for investigating the impact of plasma components on
endothelial cells, especially given our understanding of the detailed
eNOS mechanism. Furthermore, such models facilitate the evaluation of
potential therapeutics and interventions targeting endothelial dysfunc-
tion, inflammation, thrombosis, and other vascular complications
associated with COVID-19.
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