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Abstract: Coronavirus disease 2019 (COVID-19) represents a major public health crisis that has
caused the death of nearly six million people worldwide. Emerging data have identified a deficiency
of circulating arginine in patients with COVID-19. Arginine is a semi-essential amino acid that
serves as key regulator of immune and vascular cell function. Arginine is metabolized by nitric ox-
ide (NO) synthase to NO which plays a pivotal role in host defense and vascular health, whereas
the catabolism of arginine by arginase to ornithine contributes to immune suppression and vascular
disease. Notably, arginase activity is upregulated in COVID-19 patients in a disease-dependent fash-
ion, favoring the production of ornithine and its metabolites from arginine over the synthesis of NO.
This rewiring of arginine metabolism in COVID-19 promotes immune and endothelial cell dysfunc-
tion, vascular smooth muscle cell proliferation and migration, inflammation, vasoconstriction,
thrombosis, and arterial thickening, fibrosis, and stiffening, which can lead to vascular occlusion,
muti-organ failure, and death. Strategies that restore the plasma concentration of arginine, inhibit
arginase activity, and/or enhance the bioavailability and potency of NO represent promising thera-
peutic approaches that may preserve immune function and prevent the development of severe vas-
cular disease in patients with COVID-19.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative
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degree of viral infection and the activity of the host’s immune system [5]. In most cases,
the destruction of lung cells by SARS-CoV-2 initiates a local immune response that pro-
motes the release of anti-viral cytokines and primes adaptive T and B cell immune re-
sponses, leading to the resolution of the infection. Alternatively, in some instances, a dys-
functional immune response occurs where a proinflammatory feedback loop is estab-
lished, eliciting a cytokine storm that mediates widespread lung inflammation resulting
in severe pneumonia and acute respiratory distress syndrome (ARDS). Moreover, this
heightened systemic inflammatory state induces endothelial cell (EC) dysfunction and
vascular smooth muscle cell (SMC) proliferation and migration, precipitating a constella-
tion of vascular complications, such as stroke, ischemia, and thrombosis, which contribute
to multi-organ failure and the high mortality rate in COVID-19 [6].

The metabolism of arginine serves as a key regulator of innate and adaptive immun-
ity [7-11]. Arginine catabolism in myeloid cells is largely driven by nitric oxide (NO) syn-
thase (NOS) and arginase (ARG), and the differential regulation of these enzymes aug-
ments or diminishes the immune response. In a similar fashion, the divergent modulation
of the activity of these two enzymes dictates vascular cell function, where NOS serves to
maintain vascular health while ARG is linked to EC dysfunction and vascular disease [12—
18]. Intriguingly, ARG expression is upregulated in patients with COVID-19 in a disease-
dependent manner, suggesting that the rewiring of arginine metabolism by ARG may
contribute to poor outcomes in COVID-19 patients [19]. In this review, we highlight the
alteration in arginine metabolism during SARS-CoV-2 infection and discuss how the in-
duction of ARG may contribute to immune and vascular cell dysfunction and its attendant
risk of life-threatening respiratory and vascular complications. In addition, it explores po-
tential therapeutic applications that target arginine in COVID-19.

2. Overview of Arginine Metabolism

Arginine is a cationic, semi-essential amino acid that plays an important role in reg-
ulating immune and vascular cell function [12,13]. Levels of free arginine within the body
are derived from the diet, endogenous synthesis, and turnover of proteins. In healthy
adults, endogenous synthesis is sufficient so that arginine is not an essential amino acid.
However, in cases of infection where catabolic stress occurs, arginine becomes condition-
ally essential as endogenous synthesis is inadequate to meet increases in metabolic de-
mand. Arginine is involved in the synthesis of proteins and the removal of ammonia by
the urea cycle in the liver, and serves as a precursor for several molecules, including NO,
citrulline, proline, glutamate, polyamines, creatinine, agmatine, and homoarginine (Fig-
ure 1). Arginine is metabolized to NO and citrulline by NOS [12-15]. Aside from function-
ing as a substrate for the enzyme, arginine aids in the intracellular assembly of the func-
tional dimeric form of NOS and contributes to the proper coupling between the reductive
and oxidative domains of the enzyme. Accordingly, the absence of arginine results in the
uncoupling of the enzyme and the generation of superoxide rather than NO. The NOS
product citrulline is subsequently recycled back to arginine by the serial action of ar-
gininosuccinate synthetase (ASS) and lyase. ASS is the rate-limiting enzyme in this sal-
vage pathway, and it tightly controls NOS-derived NO synthesis [20]. There are three dis-
tinct isoforms of NOS: neuronal NOS (nNOS or NOS1), inducible NOS (iNOS or NOS2),
and endothelial NOS (eNOS or NOS3). nNOS and eNOS are constitutively expressed as
calcium-dependent enzymes that transiently release NO in responsive to specific physio-
logic stimuli. In contrast, iNOS is a calcium-insensitive protein that is induced by proin-
flammatory cytokines and microbial-associated products. Once formed, iNOS generates
large amounts of NO over a prolonged period. While nNOS-derived NO is implicated in
synaptic plasticity and serves as a neurotransmitter for both the central and peripheral
nervous system, NO generated by the high-output iNOS enzyme plays a critical role in
host defense, exerting cytotoxic effects on bacteria, parasites, viruses, and tumor cells [21].
In addition, iNOS-derived NO contributes to the pathophysiology of inflammatory dis-
ease and is the predominant mediator of hypotension in septic shock. Alternatively, eNOS
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functions to maintain vascular health. The basal release of NO by ECs promotes blood
flow by inhibiting arterial tone. In addition, the luminal release of NO elicits a potent an-
tithrombotic effect by inhibiting blood coagulation and platelet activation, adhesion, and
aggregation, while the abluminal liberation of the gas limits the intimal thickening of
blood vessels by blocking vascular SMC proliferation, migration, and extracellular matrix
deposition. EC-derived NO also prevents inflammation by retarding the synthesis of in-
flammatory cytokines and chemokines; the expression of surface adhesion receptors; and
the recruitment, infiltration, and activation of leukocytes within the vasculature. In con-
trast, the loss of NO production causes endothelial dysfunction that is symbolized by im-
paired endothelium-dependent vasodilation, EC activation and apoptosis, endothelial
barrier disruption, arterial stiffness, vessel wall thickening, and a prothrombotic and in-
flammatory state.

argininosuccinate agmatine
Assr ast| tapc opc, ..
—» polyamines
citrulline + NO 4& ﬁ» ornithine
: i L_» pyrroline-5-
lysine I OAT carboxylate
AGAT
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lGAMT proline  glutamate
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Figure 1. Outline of arginine metabolism via four distinct enzymatic pathways. Arginine catabolism
in immune and vascular cells is largely driven by the enzymes nitric oxide synthase (NOS) and
arginase (ARG). ADC, arginine decarboxylate; AGAT, arginine-glycine amidinotransferase; ASL,
argininosuccinate lyase; ASS, argininosuccinate synthetase; GAMT, guanidinoacetate N-methyl-
transferase; ODC, ornithine decarboxylase; OAT ornithine aminotransferase; PSCR, pyrroline-5-car-
boxylate reductase; P5CD, pyrroline-5-carboxylate dehydrogenase.

Arginine is also hydrolyzed to urea and ornithine by the manganese metalloenzyme
ARG. There are two isoforms of ARG, ARG1 and ARG2, which are encoded by different
genes mapped on separate chromosomes, but they share approximately 60% amino acid
sequence homology. Although they possess a similar mechanism of arginine metabolism,
these isozymes differ in their tissue distribution, subcellular localization, and molecular
regulation [22]. ARG is a cytosolic enzyme that is highly expressed in the liver where it
catalyzes the final step of the urea cycle. ARGI is also found outside the liver in various
tissues, including myeloid cells. Alternatively, ARG2 is a mitochondrial enzyme that is
commonly expressed in extrahepatic tissues, most prominently in the kidney. While
ARGI plays a fundamental role in inflammation-associated immunosuppression, both
ARG isoforms have been linked to vascular disease by triggering EC dysfunction [10-15].
ARG-derived urea is readily excreted by the kidneys while ornithine is further metabo-
lized by ornithine decarboxylase (ODC) to putrescine and the downstream polyamines,
spermine, and spermidine [23]. Ornithine is also catabolized by ornithine aminotransfer-
ase (OAT) to pyrroline-5-carboxylate, which is, in turn, converted to proline by pyrroline-
5-carboxylate reductase or to glutamate by pyrroline-5-carboxylate dehydrogenase. While
polyamines play an essential role in cell growth, proline is used for the synthesis of many
structural proteins, especially collagen, which is involved in fibrosis [12,13,24-26]. Argi-
nine is also metabolized by arginine:glycine amidinotransferase to produce homoarginine
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or guanidinoacetate, and the latter is converted to creatine by N-methyltransferase. Fi-
nally, arginine may be catabolized by arginine decarboxylase to agmatine, which is con-
verted to putrescine by agmatinase. However, the presence and functional significance of
arginine decarboxylase in immune and vascular cells remains to be established.

There is substantial crosstalk between the two main arginine metabolizing enzymes:
NOS and ARG. By restricting the availability of arginine, ARG promotes the uncoupling
of NOS, thereby diminishing NO synthesis and elevating superoxide generation [27]. In
addition, arginine depletion by ARG limits the translation of iNOS by activating the gen-
eral control nonderepressible 2 (GCN2) kinase, while ARG-derived spermine inhibits the
expression of iNOS, leading to further reductions of NO production [28,29]. Finally, the
NOS-derived intermediate product N-w-hydroxy-L-arginine directly inhibits ARG activ-
ity, whereas iNOS-formed NO selectively stimulates ARGI activity by nitrosylating cys-
teine residues of the protein [30,31]. Thus, these two arginine-metabolizing enzymes show
reciprocal and regulatory interactions that impact their activity.

3. Role of NOS and ARG in Immune Cells

Considerable evidence has established an important role for iNOS and ARG1 in the
modulation of immune responses via the catabolism of arginine. Macrophages display
distinct phenotypic heterogeneity and canonical classifications divide activated macro-
phages into two functional subsets: M1 or classically activated and M2 or alternatively
activated [11]. However, this grouping is an oversimplification as macrophages exist in a
continuum between these two functional states. M1 macrophages largely consume argi-
nine via iNOS. In these macrophages, iNOS is induced by the T helper 1 (Th1) cytokines
interferon (IFN), interleukin-1 (IL-1), and tumor necrosis factor-at (TNFa), which are mo-
bilized in the initial phase of the immune response to pathogen infection. The Th1 cyto-
kines also simultaneously stimulate the expression of arginine transporters and enzymes
associated with the synthesis of iNOS co-factors to maximize and sustain NO synthesis.
The generation of NO bestows M1 macrophages with potent proinflammatory and micro-
biocidal properties, allowing for the cytotoxic clearing of viruses, bacteria, fungi, proto-
zoa, and tumor cells. NO has antiviral effects against several viruses, including herpes
simplex virus, Epstein-Barr virus, the poxviruses ectromelia and vaccinia, and herpes
simplex virus [32-34]. In addition, endogenous production of NO by iNOS blocks the rep-
lication of the RNA enterovirus coxsackie B3 [35]. The expression of iNOS is significantly
elevated in the heart and spleen of mice infected with coxsackie B3 virus; however, the
pharmacological inhibition of iNOS significantly increases viral load and mortality in
these animals. In this case, NO nitrosylates and inactivates the viral protease 3C, which is
necessary for replication of the virus [36]. Significantly, NO has been reported to interfere
with the replication cycle of SARS-CoV-1 via two distinct mechanisms [37,38]. First, NO
reduces the palmitoylation of nascently expressed spike protein which disrupts the inter-
action between the spike protein and its cognitive receptor, ACE2. Second, NO limits RNA
production in the early steps of viral replication through chemical modification/inactiva-
tion of the cysteine proteases encoded by Orfla of SARS-CoV-1. Given the high degree of
homology between SARS-CoV-1 and SARS-CoV-2 proteins, NO likely mitigates SARS-
CoV-2 replication in a similar fashion [39,40].

M2 macrophages primarily metabolize arginine via ARGL. In these cells, T helper 2
(Th2) cytokines, such as IL-4 and IL-13, stimulate the expression of ARG1, which serves
as an important hallmark of M2 differentiation. While ARG2 is also detected in macro-
phages, its biological role in these cells is not known [41]. M2 macrophages are involved
in the second phase of the immune response to pathogen invasion and serve to dampen
inflammation by redirecting arginine away from iNOS and stimulate tissue repair via the
ARGI1-mediated generation of polyamines and proline [42]. ARG and iNOS are also ex-
pressed in dendritic cells and they have been linked to the function of subsets of dendritic
cells that arise in response to local environmental cues. A population of TNFa and iNOS-
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producing dendritic cells (Tip-DCs) have been identified that exert proinflammatory ac-
tions and promote resistance to several, but not all pathogens [7]. Conversely, silencing
ARG2 expression in dendritic cells is a prerequisite for their maturation and ability to
induce optimal T cell priming [43].

ARG is expressed in polymorphonuclear neutrophils and myeloid-derived suppres-
sor cells (MDSCs) [7,10]. Notably, these cells secrete ARGI in the extracellular milieu,
leading to local arginine depletion, which is critically involved in the suppression of T cell
function [44—46]. Indeed, culturing T cells in medium with reduced arginine levels mark-
edly impairs T cell function, whereas the incubation of T cells in a high arginine environ-
ment enhances their function [47,48]. Moreover, the de novo synthesis of arginine follow-
ing the addition of citrulline rescues T cell function in an ASS-dependent manner [49].
Although early studies suggested that T cell dysfunction was due to a reduction in the
CD3( subunit of the T cell receptor (TCR) complex, arginine-starved cells produce IL-2
and upregulate the early activation markers CD25, CD 69, CD122, and CD132, indicating
that the effect induced by arginine deprivation is not caused by a defect in TCR signaling
[50]. Instead, T cells cultured in arginine-free media are arrested in the Go/G1 phase of the
cell cycle due to impaired expression of cyclin D3 and cyclin-dependent kinase 4 (cdk4)
through decreases in mRNA stability and protein translation [51,52]. In fact, T cells grown
in arginine-depleted media suffer from a global decrease in translation secondary to the
GCN2 kinase-mediated phosphorylation/inactivation of the translation initiation factor
elF2a. Recent work also suggests a potential role of rictor-mammalian target of rapamy-
cin complex 2 (mTORC?2) in regulating the suppression of T cell responses by amino acid
deprivation [52]. Furthermore, MDSCs may negatively impact the immune system via the
generation of NO by NOS [53]. Aside from stimulating apoptosis, NO dampens T cell
proliferation and differentiation by blocking IL-2 production and signaling [54,55]. Inter-
estingly, the expression of both iNOS and ARG2 in T cells has been shown to impair their
function [56,57]. This is consistent with a report demonstrating that intracellular arginine
levels directly promote the metabolic fitness and survival of T cells [48]. Arginine availa-
bility and metabolism also modifies B lymphocyte biology as decreases in plasma arginine
following ARG1 overexpression impair the developmental transition from pro- to pre-B
cells in bone marrow, leading in lowered B cell cellularity in secondary lymphoid organs
independent of any change in B cell proliferation and cytokine secretion [58]. In contrast,
iNOS is an intrinsic factor for activated B cells and its activity is crucial for the survival of
plasma cells [59]. Early work also found that arginine supplementation potentiates the
cytotoxicity of both human and murine natural killer (NK) cells, whereas arginine starva-
tion diminishes their toxicity [60-63]. In addition, the production of NO by eNOS protects
NK from activation-induced cell death by regulating the expression of TNFa, while the
cytokine-mediated expression of iNOS is involved in their cytotoxic actions [64,65]. Con-
versely, ARG activity secreted from human granulocytes and MDSCs suppress the func-
tion of NK cells [66,67].

4. Role of NOS and ARG in Vascular Cells

The endothelium, located in innermost layer of blood vessels, plays a fundamental
role in preserving vascular health via the generation of NO by eNOS. Endothelial dys-
function and its associated reduction in NO bioavailability represents a seminal mecha-
nism for the development of vascular disease and cardiovascular events [68,69]. The eti-
ology of endothelial dysfunction is complex and multifactorial; however, emerging evi-
dence indicates that ARG is a major mediator of EC malfunction. Both ARG isozymes are
expressed in human ECs, and they effectively compete with eNOS for substrate arginine,
leading to reductions in NO synthesis and elevations in superoxide formation secondary
to the uncoupling of eNOS [12-18,70]. ARG expression is upregulated in ECs by several
inimical stimuli, such as TNFa, lipopolysaccharide, oxidized low-density lipoprotein,
high concentrations of glucose, uric acid, peroxynitrite, hypoxia, angiotensin II, and reac-
tive oxygen species. Multiple signaling pathways for the induction of ARG have been
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identified; however, the p38 mitogen-activated protein kinase and small GTPase Rho both
play a central role [15,18,71]. ARG activity is also increased by thrombin through activat-
ing protein-1, which then contributes to EC dysfunction in arterial thrombosis [72,73]. In
addition, epigenetic mechanisms through histone deacetylation and DNA methylation, as
well as posttranscriptional regulation by miRNA, have been reported in vascular cells [15-
18]. Significantly, the induction of ARG has been implicated in the development of endo-
thelial dysfunction in various cardiovascular pathologies, including systemic and pulmo-
nary arterial hypertension, sickle cell disease, diabetes, atherosclerosis, trauma, obesity,
aging, myocardial ischemia-reperfusion injury, and hemorrhagic shock [27,74-83]. Nota-
bly, ARG-mediated impairments of NO bioavailability and EC dysfunction are corrected
by the pharmacological inhibition or genetic deletion of ARG in numerous experimental
models, thus establishing this enzyme as a promising therapeutic target in treating vascu-
lar disease.

ARG is also a critical regulator of vascular SMC function. Overexpression of ARG1
stimulates SMC proliferation by increasing the production of polyamines, whereas phar-
macological inhibition of ARG1 suppresses polyamine synthesis and SMC replication
[84]. Consistent with these findings, our laboratory found that ARG1 promotes the entry
of vascular SMCs into the cell cycle and that silencing ARG1 expression arrests SMCs in
the Go/G1 phase of the cell cycle [85]. In addition, we observed that ARG1 stimulates col-
lagen synthesis in SMCs by channeling the metabolism of arginine to proline [25,26]. We
also discovered that ARG is upregulated following arterial injury and that it contributes
to neointimal thickening [85]. Moreover, ARGI1 causes arterial fibrosis and stiffening in
hypertensive animals [86,87]. Elevated vascular ARG activity has also been implicated in
the adverse vascular remodeling response observed in pulmonary arterial hypertension,
aging, atherosclerosis, and obesity [27,74,88-90]. Thus, ARG plays a crucial role in pro-
moting arterial lesion formation following injury and disease.

5. Vascular Complications in COVID-19

Recent clinical data indicate that COVID-19 is associated with a significant risk of
ischemia-related vascular disease. The rate of venous thromboembolism is markedly in-
creased in patients with COVID-19 with pulmonary embolism being the most common
thrombotic complication [91,92]. Moreover, a prospective cohort study found that pulmo-
nary embolism was the direct cause of death in over 30% of patients, illustrating the criti-
cal interaction between COVID-19 and venous thrombosis [93]. Indeed, coagulation ab-
normalities, including elevated levels of circulating fibrin degradation products and von
Willebrand factor, the prolongation of prothrombin time, and thrombocytopenia, are de-
tected in hospitalized and severely ill patients with COVID-19 and may have prognostic
value [94-97]. In addition, the rate of arterial thrombosis is elevated in COVID-19, which
likely contributes to the greater incidence of myocardial infarction, ischemic stroke, and
acute limb ischemia in this patient population [92,98-100]. There is also a strong associa-
tion between COVID-19 with microvascular thrombosis. Autopsy findings reveal that
platelet—fibrin thrombi are a common microscopic finding in the lungs of COVID-19 pa-
tients. Furthermore, the microvasculature of the lung is abnormal and characterized by
acute endothelial injury, inflammation, and leaky and distorted capillaries [101,102]. The
high incidence of thrombosis and vascular injury in the lungs may underlie the ventila-
tion—perfusion mismatch and impaired oxygen uptake which exemplify the respiratory
complications of COVID-19 [103]. Significantly, microthrombi are widely disseminated
and found in the heart, kidney, and liver in patients with COVID-19, supporting the pres-
ence of multi-organ thrombotic microangiopathy in these patients [104].

Several mechanisms have been proposed to cause thrombosis in COVID-19 patients,
including platelet activation and turnover; leukocyte activation; and the formation of neu-
trophil extracellular traps, complement system activation, coagulation defects, and endo-
thelial dysfunction [6,105,106]. However, endothelial injury and malfunction evolve as a
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central pathological feature in COVID-19 [106-109]. Clinical signs of endothelial inflam-
mation are widespread and seen in multiple organs, such as the lungs, heart, liver, kidney,
intestine, and skin [101,110-113]. Post-mortem studies on lung samples from patients with
COVID-19 also uncovered substantial EC damage, with evidence of apoptosis and loss of
junctional integrity [101]. Furthermore, biomarkers of endothelial dysfunction are de-
tected in the blood of patients with COVID-19 and appear to have prognostic relevance,
being associated with severe disease [114-116]. The von Willebrand factor, a molecular
marker of endothelial dysfunction, is increased in association with the development of
ARDS following SARS-CoV-2 infection [114]. At the same time, circulating ECs, a cell-
based marker of endothelial damage cast from injured blood vessels, is elevated in criti-
cally ill COVID-19 patients [117]. Circulating levels of P-selectin, E-selectin, soluble inter-
cellular molecule-1, and angiopoietin-2, i.e, molecular markers of EC activation, are
higher in patients with severe or fatal COVID-19 [118-120]. Although initial reports sug-
gested that endothelial injury was caused directly by the virus, recent work favors an in-
direct mechanism mediated locally by an enhanced inflammatory response by infected
airway epithelium and systemically by the excessive immune response to infection [107].

Accumulating data indicate that endothelium-dependent vasodilation is also com-
promised in COVID-19 patients. An initial case report found that endothelium-dependent
microvascular reactivity of the skin is severely impaired in a patient with valvular heart
disease and COVID-19 [121]. A subsequent follow-up study revealed that systemic endo-
thelium-dependent vasodilation is reduced in both severe and mild-to-moderate COVID-
19 patients compared to sex- and age-matched healthy volunteers [122]. Moreover, the
decline in endothelial function is more pronounced in patients with severe COVID-19 and
occurs in parallel with a rise in circulating proinflammatory cytokines and chemokines.
More recently, flow-mediated dilation of the brachial artery was shown to be lower in
young adults with SARS-CoV-2 and this was associated with higher arterial stiffness rel-
ative to healthy controls [123]. Collectively, these findings suggest that eNOS activity and
NO bioavailability is diminished among COVID-19 patients. Interestingly, the endothelial
glycocalyx senses biomechanical stimuli, triggering a host of intracellular events that lead
to eNOS activation and NO release [124]; however, the endothelial glycocalyx is degraded
in patients with COVID-19, providing a structural mechanism that limits NO production
in response to flow [125,126]. Furthermore, the loss of the endothelial glycocalyx in
COVID-19 patients may facilitate platelet adhesion, the infiltration of inflammatory cells
into the vessel wall, and the release of endothelial products such as von Willebrand factor
into the circulation. Finally, the inhibition of eNOS following SARS-CoV-2 infections is
likely to be multifactorial as chronic inflammatory and oxidative stress have been impli-
cated in this process [127].

6. Role of NOS and ARG in COVID-19

Emerging evidence indicates that arginine metabolism is altered in COVID-19 pa-
tients [128-130]. Early work revealed that circulating levels of NO are significantly higher
in patients with severe COVID-19 [131]. This likely reflects the induction of iNOS in im-
mune cells following virus infection, leading to local and systemic increases in NO that
serve to combat the infection. However, as noted in the previous section, endothelial re-
lease of NO via eNOS is attenuated in COVID-19 patients, resulting in vasoconstriction
and arterial and venous thrombosis. In addition, ARGI is upregulated in whole blood,
plasma, and peripheral blood mononuclear cells of patients with COVID-19 and may be
a valuable diagnostic marker of the disease [132-134]. The expansion of MDSCs seen in
COVID-19 directly correlates to elevated ARG activity and lymphopenia [135]. Monocytic
MDSC growth is strikingly associated with COVID-19 disease severity and purified
MDSCs block T cell proliferation, in part, via an ARG1-dependent mechanism, supporting
a role for these cells in the aberrant COVID-19 immune response [19]. Moreover, granu-
locytic MDSCs express and secrete high levels of ARG1 protein that effectively depletes
arginine from the local environment [136]. In fact, the expansion of MDSCs contributes to
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platelet activation by arginine deprivation during SARS-CoV-2 infection [137]. In addi-
tion, the expression of the prothrombotic GPIIb/IIla complex is elevated on platelets from
severe COVID-19 patients compared to healthy controls and inversely correlates with
plasma arginine concentration. Together, these findings suggest that overexpression of
ARGI contributes to COVID-19-mediated immunopathology and vasculopathy.

Multiple metabolomic studies have documented a decrease in plasma arginine in pa-
tients with COVID-19 [138-140]. Similarly, a recently completed prospective observa-
tional study found that mean plasma arginine levels are lower among adult and pediatric
patients with COVID-19 compared to healthy controls [141]. In addition, the arginine to
ornithine ratio is low for adult and pediatric patients, indicating an elevation of ARG ac-
tivity in these patients. Both patient groups also had a low global arginine bioavailability
ratio, a known risk factor for major adverse cardiovascular events [142]. Another clinical
study confirmed the decrease in circulating arginine and global arginine bioavailability
ratio in severely ill COVID-19 patients [143]. Notably, these patients also had a two-fold
increase in circulating levels of asymmetric dimethylarginine, a specific NOS inhibitor.
Thus, COVID-19 may block eNOS-derived NO formation by limiting both substrate avail-
ability and enzyme activity.

7. Targeting Arginine in COVID-19

There is a growing appreciation for the role of amino acids in regulating immune and
vascular cell function. Substantial evidence suggests that the metabolism of arginine is
altered in COVD-19. In particular, the bioavailability of arginine is seriously compromised
in COVID-19 patients and there is an upregulation of ARG1 that skews the metabolism of
arginine away from the synthesis of NO (Figure 2). By limiting the production of NO,
ARG depresses EC survival and function, immune responses, and augments platelet ag-
gregation and inflammation, leading to vasoconstriction and thrombosis. In addition, the
reduction in NO synthesis, coupled with the ARG1-mediated shunting of arginine toward
polyamine and proline synthesis, will stimulate vascular SMC proliferation, migration,
and collagen deposition (resulting in arterial thickening), fibrosis, and stiffening. Collec-
tively, these actions will promote vascular occlusion and organ failure.
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Figure 2. Targeting arginine in COVID-19-induced immune and vascular dysfunction. There is an
upregulation of arginase 1 (ARG1) by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) that diminishes circulating arginine levels and shunts the metabolism of arginine away from
the synthesis of nitric oxide (NO) by NO synthase toward the production of ornithine, which is
subsequently converted to polyamines and proline via the action of ornithine decarboxylase (ODC)
and ornithine aminotransferase (OAT), respectively. The induction of ARGI causes immune mal-
function, inflammation, and endothelial cell (EC) death and dysfunction, and stimulates vascular
smooth muscle cell (SMC) proliferation, migration, collagen synthesis, and platelet aggregation,
leading to vasoconstriction, thrombosis, arterial thickening, fibrosis, and stiffening. Collectively,
these actions will promote vascular occlusion and organ failure. Several strategies may be used to
target arginine in COVID-19. Dietary supplementation with arginine or citrulline provides a forth-
right approach to restore circulating levels of arginine in SARS-CoV-2-infected patients. Alterna-
tively, the use of ARG inhibitors provides a more selective modality in correcting disturbances of
arginine metabolism in COVID-19. In addition, the direct administration of arginine metabolites
(inhaled NO, NO donors, inorganic nitrates, and homoarginine) or NO-potentiating drugs [soluble
guanylate cyclase (sGC) activators or stimulators, and phosphodiesterase type 5 (PDE5) inhibitors]
affords another avenue in treating COVID-19 patients. eNOS, endothelial nitric oxide synthase;
iNOS, inducible nitric oxide synthase.
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Several strategies can be employed to correct the disturbances of arginine metabolism
in COVID-19. One straightforward approach involves amino acid therapy to target the
deficiency of arginine in patients with COVID-19. In this regard, numerous experimental
and clinical studies have shown that enteral or parenteral administration of arginine ame-
liorates endothelial function in a host of vascular diseases [12,144,145]. Of concern, argi-
nine is a key nutrient in the lifecycle of many viruses, and the replenishment of this amino
acid may stimulate SARS-CoV-2 replication. Indeed, arginine depletion has been pro-
posed as a potential treatment for COVID-19 [146,147]. However, given that circulating
levels of arginine are already low in COVID-19, a further reduction may potentially exac-
erbate the illness. Moreover, interim results from a randomized clinical trial found that
the addition of arginine to standard therapy in patients hospitalized with COVID-19 re-
duced respiratory support and in-hospital stay relative to placebo-treated controls, sup-
porting the use of arginine in the treatment of COVID-19 [148]. Of note, the dose of argi-
nine (1.66 g twice per day) used in the study was rather low and it is not known whether
it increased arginine availability in these patients. Owing to the extensive metabolism of
orally administered arginine by the splanchnic circulation, higher doses of arginine may
be required to fully restore circulating arginine levels [149]. Since it has a more favorable
pharmacokinetic profile, the use of citrulline should also be considered as it is more effi-
cient than arginine in raising systemic arginine availability [150]. Interestingly, the sup-
plementation with vitamin D, i.e., another dietary compound that regulates immune and
vascular cell function, has also been proposed for COVID-19 patients, further highlighting
the potential use of nutraceuticals in treating this infection [151-153].

A potential concern with arginine replenishment therapies is that arginine may be
channeled via maladaptive pathways (ARG1) to worsen immune and vascular cell dys-
function in COVID-19 [154,155]. In addition, arginine may elicit pleiotropic effects that
aggravate cardiovascular disease [144-156]. In this respect, the use of ARG inhibitors may
provide a more selective approach in treating COVID-19 patients. Several highly potent
ARG inhibitors have been developed and their therapeutic potential has been validated
in several small clinical studies. Intrabrachial infusions of an ARG inhibitor increases local
forearm endothelium-dependent vasodilation in patients with familial hypercholesterol-
emia, type 2 diabetes, and coronary artery disease, as well as in healthy elderly subjects
[157-159]. Similarly, the administration of a combination of ARG inhibitors in dorsal fore-
arm skin by intradermal microdialysis significantly augments local cutaneous vasodila-
tion in patients with arterial hypertension [160]. Importantly, ARG inhibitors are well tol-
erated and exhibit no reported toxicities with few non-specific actions [161,162]. Cur-
rently, two promising ARG inhibitors are used in clinical trials: Numidargistat for cancer
immunotherapy and CB-280 for cystic fibrosis treatment [163]. Curiously, many comor-
bidities which increase the risk of infection and poor outcomes in COVID-19, such as dia-
betes, hypertension, cardiovascular disease, chronic kidney disease, and old age, are as-
sociated with endothelial dysfunction and high ARG activity [9-18,164]. The elevation in
ARG expression in these highly vulnerable patient groups, who are likely to respond fa-
vorably to strategies targeting ARG, may explain the adverse outcomes in these patients.

The direct administration of arginine metabolites provides another therapeutic mo-
dality for treating patients with COVID-19. Inhalation of NO is under study in numerous
COVID-19-related clinical trials (see [131]). These interventional studies with NO aim to
reverse virus burden, bronchoconstriction, inflammation, and respiratory failure; treat
and prevent progression in patients with mild and moderate disease; and act as a protec-
tive option for healthcare providers. One small study found that inhaled NO is well toler-
ated and might benefit pregnant patients with hypoxic respiratory failure [165], while
other minor trials suggested that inhaled NO therapy may prevent the progression of hy-
poxic respiratory failure in spontaneously breathing COVID-19 patients [166,167]. A case
report also determined that inhaled NO ameliorates dyspnea and fatigue in a single pa-
tient with idiopathic pulmonary hypertension that had been diagnosed with COVID-19



Metabolites 2022, 12, 240

11 of 18

[168]. Single-center prospective studies also reported that inhaled NO increases ventila-
tion/perfusion match in patients with severe pneumonia [169,170]. However, other stud-
ies found that inhaled NO fails to restore arterial oxygenation in COVID-19 patients with
severe hypoxemia [171,172]. Similarly, a larger multicenter study showed that inhaled NO
via a high-flow nasal cannula did not reduce oxygen requirements in COVID-19 patients
with respiratory failure or the need for mechanical ventilation [173]. The future release of
ongoing clinical trials may further clarify the utility and dosing requirements of inhaled
NO in COVID-19 patients.

The use of donor molecules provides another avenue for the delivery of NO. Numer-
ous NO-releasing molecules that possess unique biophysical properties, half-life, and re-
lease kinetics that are dictated by specific stimuli (such as light, heat, and pH) have been
developed [174]. In addition, the incorporation of NO into polymers through micelles,
dendrimers, star-shaped polymers, and polymeric nanoparticles permits the liberation of
NO in a more continuous fashion [175]. Recent clinical studies have also highlighted the
utility of oral nitrate therapy in raising circulating levels of NO [176]. Dietary or intrave-
nously administered inorganic nitrate is reduced to NO via the entero-salivary circulation.
Nitrate supplementation with beetroot juice improves endothelial function and blood
pressure in patients with hypertension and shows promise in conditions of myocardial
infarction, heart failure, stroke, and pulmonary hypertension [177,178]. Epidemiological
studies have also implicated low levels of the arginine metabolite homoarginine as a risk
factor for cardiovascular disease [178]. In addition, several experimental studies suggest
that homoarginine plays a direct protective role in the circulation, possibly by promoting
NO synthesis by serving as a NOS substrate and/or an ARG inhibitor. An early phase one
clinical trial in healthy volunteers found that oral supplementation with homoarginine
elevates plasma homoarginine concentration without any adverse effects, paving the way
for larger prospective studies in patients with cardiovascular disease [179]. Given that
homoarginine levels are depressed in COVID-19 patients, the oral administration of
homoarginine may be beneficial in this patient population [180].

Aside from elevating circulating levels of NO, one can also augment the biological
activity of the gas. Since many of the beneficial effects of NO in the circulation are medi-
ated by the activation of soluble guanylate cyclase (sGC) and the subsequent rise in intra-
cellular cyclic guanosine monophosphate (cGMP), schemes targeting this NO signaling
pathway may be beneficial [181]. Highly potent activators of sGC which activate the en-
zyme in oxidized or heme-free form have been developed. In addition, sGC stimulators
that bind to the heme-containing form of sGC and potentiate the effects of endogenous
NO are available. In this respect, the sGC stimulator riociguat is used to clinically treat
pulmonary arterial hypertension. Finally, several clinically prescribed inhibitors of phos-
phodiesterase type 5, which specifically hydrolyses cGMP, are commonly used in the
treatment of erectile dysfunction and pulmonary arterial hypertension and may be useful
in treating the respiratory and vascular complications associated with COVID-19.

8. Conclusions

Emerging clinical studies have identified abnormalities in the metabolism of arginine
in COVID-19 patients that results in a lower circulating level of this amino acid. Moreover,
there is an increase in ARGI expression with COVID-19 that shifts the metabolism of ar-
ginine away from the synthesis of NO towards the formation of ornithine, polyamines,
and proline. This maladaptive response in arginine metabolism may contribute to
COVID-19-mediated impairments in immune and vascular function. Strategies that target
the loss of plasma arginine and the reprogramming of arginine metabolism and increase
the bioavailability and potency of NO in COVID-19 provide promising approaches in mit-
igating the devastating consequences of SARS-CoV-2 infection.
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