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Abstract
Novel coronavirus disease 2019 (COVID-19) has resulted in a global pandemic and is caused by severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2). Several studies have suggested that a precise disulfide-thiol balance is crucial for 
viral entry and fusion into the host cell and that oxidative stress generated from free radicals can affect this balance. Here, we 
reviewed the current knowledge about the role of oxidative stress on SARS-CoV and SARS-CoV-2 infections. We focused 
on the impact of antioxidants, like NADPH and glutathione, and redox proteins, such as thioredoxin and protein disulfide 
isomerase, that maintain the disulfide-thiol balance in the cell. The possible influence of these biomolecules on the binding 
of viral protein with the host cell angiotensin-converting enzyme II receptor protein as well as on the severity of COVID-19 
infection was discussed.
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Abbreviations
4-HNE	� 4-Hydroxynonenal
ACE2	� Angiotensin-converting enzyme 2
Ang 1–7	� Angiotensin 1–7
Ang I	� Angiotensin I
Ang II	� Angiotensin II
COVID-19	� Coronavirus disease 2019
CoVs	� Coronaviruses
GSH	� Glutathione (reduced form)
GSSG	� Glutathione (oxidized form)
HIV	� Human immunodeficiency virus
MERS-CoV	� Middle East respiratory syndrome 

coronavirus
NAC	� N-acetylcysteine
NADP+	� Nicotinamide dinucleotide phosphate 

(oxidized form)
NADPH	� Nicotinamide dinucleotide phosphate 

(reduced form)
PDI	� Protein disulfide isomerase
RAAS	� Renin–angiotensin–aldosterone system

RBD	� Receptor-binding domain
RBM	� Receptor-binding motif
RONS	� Reactive oxygen/nitrogen species
S protein	� Spike protein
SARS-CoV-2	� Severe acute respiratory syndrome corona-

virus 2
TF	� Transcription factor
TRX	� Thioredoxin
TRXR	� Thioredoxin reductase
VD	� Vitamin D

1  Introduction

Coronaviruses (CoVs) are members of the Coronaviridae 
family and are positive-sense, single-strand enveloped RNA 
viruses. These viruses contain the largest genome among all 
known RNA viruses, with a normal size ranging from 27 
to 32 kb [1, 2]. CoVs are capable of infecting mammalian 
and avian species and typically cause respiratory, gastroin-
testinal, and central nervous system diseases [3]. The novel 
coronavirus known as severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) is the seventh member of the 
coronavirus family [4]. The other two viruses in this family 
that infect humans are severe acute respiratory syndrome 
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coronavirus (SARS-CoV) and Middle East respiratory syn-
drome coronavirus (MERS-CoV). The full-length RNA 
genome of SARS-CoV and SARS-CoV-2 contain 29,727 
and 29,811 nucleotides (~ 30 kb); SARS-CoV-2 genome 
encodes for 29 proteins whereas SARS-CoV genome con-
tains 14 potential open reading frames [1, 2]. There are four 
subfamilies of coronaviruses, known as alpha, beta, gamma, 
and delta. The beta-coronaviruses cause severe disease and 
fatalities as compared to other subfamilies of coronaviruses; 
SARS-CoV and SARS-CoV-2 belong to beta subfamily [5].

The maintenance of disulfide-thiol equilibrium is an 
important aspect of viral entry, viral reactivity, and viral 
fusion, and can be affected by oxidative stress (vide infra) 
[6]. Recent studies suggest that oxidative stress plays an 
important role in viral infections such as SARS-CoV and 
SARS-CoV-2 infections [7–13]. Oxidative stress is defined 
as the disproportion between the presence of antioxidants 
and free radicals, or prooxidants, in a biological system [14]. 
Reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) are the byproducts of various cellular processes, 
including aerobic metabolism. For example, the RNS nitric 
oxide (NO·) is produced from l-arginine by nitric oxide 
synthase, which then reacts with superoxide (O2

·−) to form 
peroxynitrite (ONOO–) [15, 16]. These reactive oxygen/
nitrogen species (RONS), namely, hydroxyl, superoxide 
anion, nitric oxide, and nitrosyl anion, are highly reactive 
molecules due to their unpaired valence electrons [7]. Nor-
mally, RONSs play important biological roles in cell signal-
ing (redox signaling) pathways, thiol switches, regulation of 
inflammatory cytokines, growth factors, etc.[16–18]. Under 
normal physiological conditions, the balance between the 
cellular level of RONS and antioxidant is maintained. How-
ever, when the redox balance is disrupted, these powerful 
oxidants (free radicals) can have detrimental impacts; they 
are commonly linked to the onset of several lifestyle dis-
eases [12]. These malignant effects are ultimately caused by 
unregulated oxygen- and nitrogen-containing free radicals 
that attack different cells and damage DNA, proteins, and 
lipids. Several studies have suggested that the production of 
excess RONS and a disproportionate cellular antioxidant-
oxidant balance have an important function in the patho-
genesis of respiratory viral infections, such as SARS-CoV 
infections [7, 12, 19]. Also, recent reports suggested that 
those with pre-existing conditions such as diabetes, hyper-
tension, and pulmonary, cardiac, and kidney diseases are at 
a higher risk of developing a severe infection [20–22]. Also, 
these pathologies such as cancers, diabetes mellitus, car-
diovascular diseases, chronic kidney disease, etc. cause an 
enhancement of oxidative stress [7 and references therein].

This review focuses on the significance of oxidative stress 
in SARS-CoV and SARS-CoV-2 infections, particularly 
as it relates to viral interaction with ACE2, viral infection 
as a result of disulfide-thiol balance, the role of ACE2 in 

lowering oxidative stress, the impact of reduced/oxidized 
nicotinamide dinucleotide phosphate (NADPH/NADP+) 
equilibrium on ACE2, and how thioredoxin (TRX) and pro-
tein disulfide isomerase (PDI) affect the oxidation state of 
ACE2.

2 � Structure of SARS‑CoV/SARS‑CoV‑2 Spike 
Protein and its Interactions with Human 
Cell‑Surface Receptor ACE2

2.1 � Coronavirus Structure

Among the structural proteins of coronaviruses, at least four 
are encoded in all coronaviruses: the nucleocapsid (N) pro-
tein, the membrane (M) protein and the envelope (E) pro-
tein, which are involved in viral assembly, and the spike 
(S) protein, which is involved in viral entry into host cells 
(Fig. 1) [1]. The SARS-CoV-2 genome contains open read-
ing frames for six accessory proteins (3a, 6, 7a, 7b, 8, and 
10), though it is currently unknown which accessory genes 
are expressed [23]. The remaining proteins are nonstructural 
and are expressed as two long polypeptides that are cleaved 
by the SARS-CoV-2 protease [23]. The S protein is the larg-
est structure and makes the distinct spikes on the surface 
of the virus (Fig. 1). It is heavily glycosylated, utilizes an 
N-terminal signal sequence to gain access to the endoplas-
mic reticulum, and mediates attachment to host receptors 
[24]. Because of its essential role in host binding and viral 
entry, the S protein is a key target for the treatment of coro-
navirus-caused infections.

2.2 � Spike Protein Structure

Coronavirus S proteins consist of three segments: an ectodo-
main, a single-pass transmembrane anchor, and an intracel-
lular tail [25]. The ectodomain is further divided into two 
subunits: the receptor-binding subunit S1, and the fusion-
machinery-containing subunit S2 [26]. S1 contains domains 
essential for binding to a host receptor, comprised of an 
amino-terminal domain, a carboxy-terminal receptor-binding 
domain (RBD), and sub-domains 1 and 2. S2 is responsible 
for the fusion of the viral and host cell membranes, consist-
ing of a fusion peptide, heptad repeats, a central helix, and 
a connector domain [27]. Electron microscopy studies have 
shown that the S protein itself is a trimer consisting of three 
S1 heads and a trimeric S2 stalk, which is an essential struc-
tural property for the binding and invagination of the target 
host cell [28, 29]. Overall, the structure of SARS-CoV-2 
resembles the structure of the S protein of SARS-CoV. The 
RMSD of the 959 Cα atoms is 3.8 Å, while the RMSD of 
the amino-terminal domains, RBDs, sub-domains 1 and 2, 
and S2 subunits were found to be 2.6 Å, 3.0 Å, 2.7 Å, and 
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2.0 Å, respectively, indicating a high degree of structural 
homology, which is consistent with the fact that these two 
proteins exhibit greater than 70% sequence identity [27, 30].

2.3 � Angiotensin‑Converting Enzyme 2

ACE2 is a metallopeptidase found in nearly every human 
organ which serves as a component to counter-regulation 
of cardiovascular renin–angiotensin–aldosterone system 
(RAAS) functioning [31, 32]. It activates angiotensin, a 
regulator of blood pressure, and binds to the cell membranes 
of tissues in the lungs, heart, kidneys, intestinal cells, brain, 
and testes [33]. It can also be found free-floating in a soluble 
form, albeit in much lower concentrations [33]. ACE2 is a 
dimeric enzyme containing an M2 domain, an N-terminal 
peptidase, and a C-terminal collectrin renal amino acid 
transporter domain [34]. Multiple studies have identified 
ACE2 as the entry site for SARS-CoV and SARS-CoV-2 

into human respiratory epithelial cells [31, 35–37]. Pre-
liminary findings suggest that genetic variants in the ACE2 
protein can prevent the infection of a person exposed to the 
virus [38].

2.4 � Receptor Recognition and Binding

The generalized process for viral fusion is well understood, 
however, the process becomes more nuanced depending on 
the specific virus under examination. Overall, when SARS-
CoV fuses with ACE2 in the human body, it involves a three-
step process. First, the S1 subunit is bound to the peptidase 
domain of ACE2 [34]. Then, the S protein is cleaved into 
two parts (S1 and S2) by the receptor transmembrane pro-
tease serine 2. Following cleavage, the S2 portion rearranges 
and completes the fusion between the two membranes. The 
completed fusion allows the virus to enter the cell, replicate, 
and continue to infect other cells [33].

Fig. 1   Structure of SARS-CoV virion
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The RBD of S1 is responsible for binding to a host cell 
receptor. The RBD undergoes hinge-like conformational 
motions to either hide or expose the receptor-binding com-
ponents. In the “up” or open conformation, the binding con-
stituents are accessible, while in the “down” conformation, 
the binding constituents are inaccessible. The up conforma-
tion is a less stable state and is required in order for binding 
to occur [27]. Depending on the specific coronavirus, RBDs 
within the S1 subunit is used to recognize different func-
tional receptors. The coronaviruses Porcine epidemic diar-
rhea virus and Transmissible gastroenteritis virus recognize 
aminopeptidase N, while MERS-CoV and HKU4 recognize 
the serine peptidase dipeptidyl peptidase 4 [1]. Coronavi-
ruses OC43 and HKU1 attach to acetylated sialoside recep-
tors on glycoproteins and glycolipids of the host cell, while 
MERS-CoV recognizes non-acetylated sialoside receptors 
[39, 40]. SARS-CoV-2, just like SARS-CoV, interacts with 
ACE2 to promote cell entry [41, 42]. The structure of SARS-
CoV-2 RBD bound to ACE2 was recently determined by 
Lan et al. and has provided valuable insight into this inter-
action [43]. The RBD of SARS-CoV-2 contains a twisted 
five-stranded antiparallel β sheet and forms a core with short 
connecting helices and loops [43]. An extended insertion 
known as the receptor-binding motif (RBM) from the core 
contains two short β strands, two α helices, and loops. The 

RBM contains most of the residues of SARS-CoV-2 that 
bind to ACE2. Three disulfide bonds (Cys336–Cys361, 
Cys379–Cys432, and Cys391–Cys525) stabilize the β sheet 
structure of the core, while a fourth pair (Cys480–Cys488) 
connects loops in the distal end of the RBM [43]. The N-ter-
minal peptidase domain of ACE2 forms the peptide sub-
strate binding site between two lobes, while the N-terminal 
helix contacts a concave outer surface in the RBM. There 
are 20 residues in ACE2 that interact with both SARS-CoV 
and SARS-CoV-2 RBDs. 17 of these residues are shared 
between the two coronaviruses [43]. There are 14 amino acid 
positions that interact with ACE2 and are shared by RBMs 
of SARS-CoV and SARS-CoV-2; of these 14, 8 residues are 
identical and 5 have similar biochemical properties [43]. The 
RBDs of SARS-CoV and SARS-CoV-2 are very similar, 
which explains the potent binding of the SARS-CoV anti-
body, CR3022, with the SARS-CoV-2 RBD [44].

Early investigation of both SARS-CoV and SARS-CoV-2 
using HeLa cells suggests that the ACE2 enzyme is nec-
essary for viral infection as HeLa cells without any ACE2 
present show no signs of infection [43]. There are several 
cysteine residues in the RBD of S protein and the peptidase 
domain of ACE2 (vide supra) that interact with one another 
(Fig. 2). The disulfide bonds formed at the protein–protein 
interfaces seem critical for S protein binding to ACE2.

Fig. 2   Structures of protein complexes of a SARS-CoV⋯ACE2 
(PDB: 3D0G) and b SARS-CoV-2⋯ACE2 (PDB: 6M0J). ACE2 
shown in gray and spike glycoprotein in blue. Both visualized using 

New Cartoon drawing method. All the disulfide bridges between 
cysteine residues are shown in golden vdW spheres and thiol groups 
in magenta licorice (Color figure online)
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3 � Disulfide‑Thiol Balance and Viral Infection

3.1 � Viral Envelope Proteins

The two main steps of viral entry into the host cell are 
the binding of the virus particle to the cell-surface recep-
tor and fusion of the viral envelope and cell membrane. 
A conformational change of viral envelope proteins is a 
prerequisite for them to undergo fusion to their target cells 
[45]. There are specific conditions that are necessary for 
these conformational changes to occur such as acidic pH, 
enzymatic actions, etc. One of the conditions is the precise 
disulfide-thiol balance at the viral surface and the cell-
surface of the host [45, 46]. A specific balance is necessary 
to facilitate both, binding of the virus to a cell and for the 
fusion of the viral and cell membranes [6].

There are many examples of viral infections that display 
the importance of the native disulfide-thiol balance, where 
a specific disulfide-thiol balance is required for many dif-
ferent purposes, such as maintaining reactivity, becom-
ing destabilized, aggregating or enabling viral membrane 
fusion with the target cell [6, 45]. One example is the bac-
ulovirus fusion protein, gp64, where changes in the native 
disulfide-thiol balance cause the protein to aggregate, 
which drives the fusion process [45, 47]. Another exam-
ple of a virus displaying the importance of the disulfide-
thiol balance is the Sindbis virus, which requires a specific 
number of disulfide bonds to maintain its stability and 
function within the protein envelope [45]. Overall, it has 
been suggested that disulfide-thiol balance is crucial for 
protein-mediated membrane fusion [47].

Combining the information collected about disulfide-
thiol balances for many viruses, including those described 
above, implies that changes in the native disulfide-thiol bal-
ance of viral glycoproteins influence viral entry into a cell 
[6]. Studies have shown that the ability of a virus and viral 
envelope glycoproteins to fuse to the surface of a cell mem-
brane depends on the disulfide-thiol balance of the cell [6, 
45]. Changes in the native disulfide network at the surface 
of a target cell have major effects on the ability of many 
viruses to carry out cell-virus interaction processes [6, 45]. 
It has also been shown that disulfide-thiol rearrangements 
within envelopes can cause conformational changes of the 
peptide, allowing for entry of a virus into a cell [6]. This 
was determined through the introduction of reducing or 
alkylating agents, which disrupt the natural disulfide-thiol 
balance at the surface of a mature viral envelope [45].

3.2 � HIV Infection

There have been many studies involving human immuno-
deficiency virus (HIV), which have resulted in extensive 

knowledge about how changes in the native disulfide-thiol 
balance at the surface of a cell has been shown to hinder 
the ability of a virus to enter its target cells and that HIV 
infection depends on the presence of free thiol groups 
[47, 48]. It has been observed that introducing disulfide 
isomerase inhibitors suppresses HIV infection, suggest-
ing that the disulfide-thiol balance is an important aspect 
regarding whether the virus can enter its target cell [46]. 
The reduction of disulfides of the primary receptor, gly-
coprotein CD4 cells, is required before viral fusion and 
entry into a cell can occur. Other studies have determined 
that changes in native disulfide-thiol balance can result in 
the fusion of a peptide into the cell membrane, ultimately 
leading to viral entry into the cell [45, 49]. These changes 
in disulfide-thiol balance trigger a mechanism that acti-
vates HIV fusion to its target cell due to protein refolding 
[45, 50]. Studies have shown that as thiol content in HIV 
gp120 increases, the ability to bind its respective target 
cell is decreased [45].

3.3 � SARS‑CoV and SARS‑CoV‑2 Infection

Recent studies also highlighted the importance of disulfide-
thiol balance in the viral entry of coronaviruses SARS-CoV 
and SARS-CoV-2. Similar to the HIV gp120 protein, experi-
mental data has shown that as the thiol content in SARS-
CoV S1 (the receptor-binding subunit) increased, its ability 
to bind to its target cells decreased, suggesting that both 
viruses require a specific thiol content for fusion and entry 
to occur [45].

In a study conducted by Lavillette, it was found that as 
SARS-CoV S1 became more reduced, ACE2 binding capac-
ity became more and more reduced until eventually there 
was minimal binding occurring [6]. It is also possible that 
the thiol groups and disulfide groups within or between the 
S complex and proteins on the target cell surface act as elec-
tron donors and acceptors, respectively. This, in turn, may 
activate fusion mechanisms, leading to viral fusion and entry 
into the cell [6].

Gallagher studied S proteins involved in murine hepa-
titis virus (MHV), a coronavirus, and found that blocking 
cysteine residues in the S proteins did not affect cell recep-
tor binding abilities, but did negatively impact the ability 
for structural changes necessary for fusion to occur [51]. 
It is known that single residue changes in S proteins can 
alter protein structure, and from this, it is proposed that even 
mutations distant from the S1 protein may lead to modifica-
tions in the native disulfide-thiol balance [51].

Because of the structural similarities of SARS-CoV to 
other coronaviruses, including SARS-CoV-2, these corona-
viruses function in a manner similar to SARS-CoV, mean-
ing that they depend on a specific disulfide-thiol balance 
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before fusion, and ultimately, viral entry can occur [6]. 
Recent computational work corroborated with the previous 
experimental work on SARS-CoV. The complete reduction 
of disulfide linkages in ACE2 and RBD domain of the S 
protein resulted in impaired binding between these two pro-
teins [30]. A similar observation was made earlier where the 
alanine substitution of cysteines disrupted the disulfide bond 
at the protein–protein interface [45].

4 � ACE2 and its Role in Lowering Oxidative 
Stress

4.1 � Vascular Regulation

Vascular regulation is essential for the survival and health 
of most multicellular organisms. In mammals, this control 
of the cardiovascular system is exerted in part through the 
actions of vascular endothelial cells. These cells help to trig-
ger the dilation and constriction of blood vessels and the 
adjustment of vascular concentrations of numerous chemical 
species in response to environmental and hormonal stimuli. 
An important source of this regulation is the renin angio-
tensin-aldosterone system (RAAS), which utilizes multiple 
proteins, including ACE 1 and 2. The ACE2 receptor plays 
a key role in lowering oxidative stress, which in turn plays 
a key role in modulating the binding affinity of proteins 
involved in SARS-CoV-2 infection, i.e. S protein and ACE2.

4.2 � RAAS Pathway

Classical RAAS starts with the secretion of angiotensino-
gen from the liver into the bloodstream which then interacts 
with renin. The signaling molecule that serves to activate the 
RAAS system is renin, which is produced in kidney cells. 
Upon being released into the bloodstream, renin interacts 
with angiotensinogen, which degrades the angiotensino-
gen into Angiotensin I (Ang 1) (Fig. 3). Inactive Ang I is 

then converted into Angiotensin II (Ang II) via the cleavage 
of two amino acids from the C-terminal by ACE1 at the 
endothelium. Ang II has several important functions and 
acts as a stimulant for a variety of regulatory systems, in 
turn playing a pivotal role in the pathophysiological effects 
of RAAS [52]. Ang II also promotes the presence of super-
oxide species in a biological system, which gone unchecked, 
results in oxidative stress. Ang II is regulated by ACE2 
which degrades Ang II into Angiotensin 1–7 (Ang 1–7), 
which counteracts the effects of Ang II via the Mas recep-
tor [52].

4.3 � Angiotensin‑Converting Enzyme 2

ACE2 is a membrane-bound protein and as mentioned above, 
is responsible for the degradation of Ang II, a vasoconstric-
tor, to Ang 1–7, a vasodilator. Ang II produces RONS by 
stimulating membrane-bound NADPH oxidase [53, 54]. The 
degradation of Ang II into Ang 1–7 by ACE2 mitigates oxi-
dative stress as it inhibits NADPH oxidase, and therefore, 
Ang II-induced RONS synthesis [55]. This phenomenon is 
in direct support of studies showing that overexpression of 
ACE2 can lead to reducing the effects of hypertension in ani-
mal models [56–58]. Hypertension has been observed to be a 
side effect directly correlated with oxidative stress, thus sup-
porting the argument that the overexpression of ACE2 leads 
to a lowering of oxidative stress in a biological system [14]. 
This is especially important due to the intrinsic function of 
RAAS in the regulation of pathophysiological pathways. If 
ACE2 is bound to the S protein, the cellular concentration 
of Ang II will increase, leading to an increased presence of 
superoxide species and subsequent cell damage, inevitably 
creating a cycle of oxidative stress, and ultimately, increas-
ing the risk of severe illness from COVID-19.

Oxidative stress (free RONS) is generated by high con-
centrations of Ang II and low concentrations of Ang 1–7. 
These RONS can oxidize the cysteine residues on the pepti-
dase domain of ACE2 receptors and RBD of SARS-CoV 

Fig. 3   Renin angiotensin system. ACE angiotensin-converting enzyme
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and SARS-CoV-2 S proteins, keeping them in oxidized 
(disulfide) forms, as opposed to reduced (thiol) forms [59]. 
It seems possible that oxidation of these thiols to disulfides, 
under a mechanism of oxidative stress, would increase the 
affinity of SARS-CoV and SARS-CoV-2 S proteins for 
the ACE2 receptor, and therefore, increase the severity of 
COVID-19 infection [30, 60].

5 � NADPH/NADP+ Equilibrium and its Impact 
on ACE2

5.1 � NADPH Oxidase Promotes Oxidative Stress

NADPH oxidase is a membrane-bound enzymatic complex 
that reduces O2  to superoxide and is primarily found in 
phagocytotic cells, endothelial cells, vascular smooth mus-
cle cells, and cardiac myocytes [53]. Binding of the viral S 
protein with ACE2 increases the concentration of Ang II as 
ACE2 is no longer available to convert Ang II to Ang 1–7. 
Under this condition, Ang II binds the angiotensin type 1 
receptor (AT1R), which stimulates NADPH activity. This 
results in increased production of ROS (superoxide) and 
consumption of NADPH, the electron donor, in the cell.

The relationship between Ang II and NADPH oxidase 
has been investigated using murine vascular smooth muscle 
cells [61]. When the cells were exposed to Ang II, research-
ers observed increased NADPH oxidase activity as well as 
increased production of superoxide anions. Exact mecha-
nisms for the stimulation of NADPH oxidase are complex 
but are known to occur at the genetic, transcriptional, and 
post-transcriptional levels and involve numerous signaling 
molecules and scaffolding proteins/platforms [62]. Dor-
mant NADPH oxidase contains two subunits: glycoprotein 
(gp)91phox (for phagocyte oxidase) and p22phox [63]. In 
the presence of Ang II, NADPH oxidase is activated and 
the additional subunits p67phox, p47phox, p40phox, and 
Rac1 shift from the cytosol to the membrane. The activated 
NADPH oxidase can generate superoxide anions. Xia et al. 
performed a study in which they removed the ACE2 gene 
from the brains of mice and then compared the NADPH 
oxidase activity, among other things, of these mice with 
non-transgenic littermates after the infusion of Ang II 
[64]. NADPH oxidase activity was found to increase in the 
mice without ACE2. A similar study by Wysocki et al. also 
observed an increase in NADPH oxidase activity [57]. In 
particular, ACE2 deficiency increases NADPH-mediated 
oxidative stress in the kidney [57]. Since the binding of 
SARS-CoV-2 to the ACE2 receptor inhibits the catalytic 
activity of the enzyme, i.e. conversion of Ang II to Ang 1–7, 
one can conclude that NADPH oxidase activity might also 
increase in SARS-CoV-2 patients, subsequently leading to 
an increase in oxidative stress.

5.2 � Glutathione Defends Against Oxidative Stress

Cells maintain a reducing environment through the presence 
of biomolecules such as glutathione, TRX and glutaredoxin, 
which reduce ROS to less harmful molecules like water and 
molecular oxygen. Glutathione (γ-l-glutamyl-l-cysteinyl-
glycine) is a biologically abundant tripeptide that plays 
an important role in cellular detoxification via glutathione 
S-transferases, antioxidant defense, maintenance of thiol sta-
tus, and modulation of cell proliferation [65–67]. Although 
not necessary for prokaryotic cells, it has been found essen-
tial for eukaryotes [65]. Synthesis of GSH occurs in the 
cytosol and is closely regulated [66]. Glutathione exists in 
two states: oxidized (GSSG) and reduced (GSH). It exists 
predominantly as GSH, with concentrations of 5–10 mM in 
liver cells; the amount of GSSG, however, is less than 1% 
that of GSH [68, 69].

As mentioned earlier, oxidative stress occurs when there 
is a disproportionate amount of ROS, such as H2O2 and 
superoxide, compared to antioxidants. Oxidative stress is 
known to stimulate the synthesis of GSH [69, 70]. This 
GSH is used to reduce H2O2 and organic peroxides, leaving 
behind the oxidized GSSG (Eq. 1) [71].

The reduction of GSSG utilizes the enzyme glutathione 
reductase, which requires NADPH to function (Eq. 2).

Thus, the cellular ratio of NADPH to NADP+ has cascade 
effects on the ability of the glutathione pathway to act as a 
defense against oxidative stress in a cell.

Lower levels of glutathione increase cellular oxidative 
stress and are associated with various disease states and 
immune dysfunctions that lead to a higher susceptibility of 
viral infections, namely uncontrolled SARS-CoV-2 infection 
[71]. Uncontrolled replication leads to oxidative damage in 
the lungs which increases the viral load, thus increasing the 
severity of infection from the virus [72]. Conversely, high 
levels of GSH may prevent the virus from replicating effi-
ciently, producing lower viral loads and thus, milder symp-
toms. A doctor at Kursk State Medical University investi-
gated the effects of GSH levels on an individual’s ability 
to recover from COVID-19 infection and found that high 
ROS/GSH ratios seemed to strongly correlate to worsened 
symptoms and slower recovery times [72].

GSH deficiency can interfere with the body’s ability to 
detoxify the cellular environment, fold proteins, regener-
ate antioxidants, maintain healthy immune responses, and 
even modulate apoptosis events—this promotes subopti-
mal cellular function and leads to illness [70, 72]. Age has 
a large impact on the severity of COVID-19 symptoms, 

(1)2GSH + R
2
O

2
→ GSSG + 2ROH

(2)GSSG + NADPH + H
+
→ 2GSH + NADP

+
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where older individuals are at an increased risk com-
pared to younger individuals. Age is also associated with 
GSH levels, where GSH concentrations decrease as age 
increases in erythrocytes and mammals [73]. GSH defi-
ciency is known to cause a variety of adverse physiological 
effects and can alter genes that work together to synthesize 
vitamin D (VD) and is linked to an increase in oxidative 
stress (vide infra) [74].

5.3 � Vitamin D and Severity of COVID‑19 Infection

There is plenty of evidence supporting the relationship 
between low VD levels and increased severity of COVID-
19 symptoms [75, 76]. This relationship is likely attributed 
to the role of VD in regulating immune function, defense 
against respiratory illness, and its antioxidant properties 
[75]. Many diseases including hypertension, diabetes, car-
diovascular disease, and metabolic syndrome are associated 
with low levels of VD. Such diseases are known comor-
bidities of COVID-19 and may increase the risk of severe 
infection from SARS-CoV-2 [76]. The significance of VD in 
protection against SARS-CoV-2 infection is strong, however, 
it is not known whether GSH deficiency or VD deficiency is 
more significant in causing severe symptoms from COVID-
19 [74].

5.4 � NADPH and Severity of COVID‑19 Infection

Although NADPH plays an undeniably vital role in the 
RAAS system, there is currently no literature specifically 
relating the NADPH/NADP+ equilibrium to ACE2 or SARS-
CoV-2 infection. However, it is expected that NADPH has 
some positive role in reducing the severity of COVID-19 
infection. NADPH is important for the regeneration of GSH 
which is important in reducing ROS (Fig. 4). As discussed 
earlier, viral infection stimulates the activity of NADPH oxi-
dase, which produces superoxide using NADPH as an elec-
tron donor in the cell. Increased activity of NADPH oxidase 
reduces the concentration of free NADPH that is needed to 
reduce GSSG to GSH. Less availability of GSH will further 
increase the oxidative stress in the cell, which in turn will 
favor S protein-ACE2 interactions and enhance the severity 
of COVID-19 infection.

6 � Thioredoxin, Protein Disulfide Isomerase 
and, Oxidative State of ACE2

6.1 � Thioredoxin System and Transcription Factor 
Regulation

The thioredoxin system is a selenium-dependent system 
of enzymes that regulates intracellular ROS concentration 
and the regeneration of antioxidants [59]. It is comprised 

Fig. 4   NADPH/NADP+ equilibrium and ROS. Glucose 6-phosphate dehydrogenase is an important enzyme in the regeneration of NADPH but 
was not a focus of this review
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of TRX and thioredoxin reductase (TRXR), which work in 
concert to maintain a redox balance in the cellular environ-
ment via disulfide reduction of target proteins. TRX is an 
oxidoreductase that regulates the activity of multiple redox-
sensitive transcription factors (TF) via its disulfide active 
site [77]. These TFs are necessary for oxidative signaling, 
hence the importance of the thioredoxin system in many 
signaling pathways. A notable example is Ref-1, a DNA-
repair endonuclease whose activity is dependent on reduc-
tion by TRX; when reduced by TRX, Ref-1 increases DNA 
binding affinity of several TFs, including AP-1, NF-κB, 
ATF/CREB, Myb, and p53 [78].

6.2 � Thioredoxin Structure

The TRX active site contains a conserved sequence 
(–Cys–Gly–Pro–Cys–) and belongs to a TRX superfamily, 
in which all members share similar active site sequences 
–Cys–X–Y–Cys). It has a low redox potential and is known 
to be a strong reductant under physiological conditions [79]. 
The reduced dithiol form of thioredoxin (TRX-(SH)2) is the 
redox-active form that scavenges ROS and reduces disulfides 
in target proteins. The oxidized disulfide form of thioredoxin 
(TRX-S2) is inactive and therefore, must be reduced to be 
functional. The reduction of (TRX-S2) back to its (TRX-
(SH)2) form requires flavoenzyme TRXR and NADPH. For-
mally, TRXR can be described as an oxidoreductase that 
relies on NADPH and FAD to reduce TRX-S2.

TRX is secreted in response to oxidative stress by multi-
ple cell types, including virally infected cells. Once secreted, 
TRX can mimic cytokine and chemokine activity to affect 
the interaction and communication between cells and influ-
ence immune response [80, 81]. It is also known that acti-
vation of cytoprotective transcription factor NRF2 (nuclear 
factor-erythroid 2-related factor 2) upregulates TRX and 
TRXR. Upregulation of these enzymes has been proposed 
to decrease the oxidative stress impacting the propagation 
of the COVID-19 disease [82]. The TRX/TRXR system 
catalyzes the shift of disulfide-thiol reaction equilibrium 
toward thiolated products, which might facilitate reduction 
of the disulfide bonds of SARS-CoV-2 as well as ACE2. 
As predicted from the computational studies, the binding of 
SARS-CoV S protein to ACE2 will be impaired, ultimately 
halting the disease propagation [30]. However, there is no 
experimental proof that either SARS-CoV-2 or ACE2 are 
targets of TRX/TRXR systems and more experimental work 
is needed to provide a clear understanding of the interplay 
of these molecules and COVID-19 infection. In summary, 
the upregulation of TRX/TRXR could potentially decrease 
the risk of infection by SARS-CoV-2.

However, a recent study demonstrated that the gold-
based drug auranofin, a TRXR inhibitor, also inhibits 
SARS-CoV-2 replication [79, 83]. An earlier study of HIV 

suggested that auranofin induces apoptosis in HIV-infected 
memory T lymphocytes, which are the most important 
reservoir of latent HIV, under increased cellular oxidative 
stress due to the inhibition of TRXR [84]. The inhibition 
of the enzyme TRXR is proposed to be due to the stronger 
binding of the gold(I) to the enzyme’s selenocysteine, but 
a theoretical study found the drug could bind favorably to 
cysteine as well [83, 85]. Therefore, the inhibition of viral 
replication by auranofin raises more questions about the role 
of disulfide-thiol exchanges involving TRXR/TRX systems 
than answers. A thorough study is needed to understand the 
mechanism of action of TRX and TRXR on SARS-CoV-2 
infection, which could be promising targets for developing 
antiviral drugs against SARS-CoV-2.

6.3 � Protein Disulfide Isomerase

PDI is a member of the TRX superfamily that aids in pro-
tein folding by regulating and/or catalyzing the formation, 
isomerization, or reduction of disulfide bonds to regulate 
their 3-dimensional structure—this activity is dependent on 
reducing equivalents of glutathione [79, 86]. PDI is found 
most in the endoplasmic reticulum (ER) but exists in other 
locations, including endothelial cells [87]. In contrast to its 
predominant oxidizing activity in the ER, surface-associated 
PDI acts primarily as a reductant. In the early stages of pro-
tein folding, disulfide formation is susceptible to error. PDI 
acts as a chaperone to prevent aggregation and misfolding of 
target proteins that have incorrect disulfide pairings or pair-
ing at the wrong residues [88]. At high concentrations, PDI 
acts as a chaperone to prevent aggregation by facilitating 
proper folding and production of target proteins, but can 
promote aggregation at lower concentrations [88, 89].

6.4 � Oxidative Stress and PDI

ROS are impossible to eliminate from the cellular environ-
ment, as they are necessary for many cellular mechanisms, 
such as cellular signaling. The human body is a great buffer, 
and many proteins can maintain function under mild condi-
tions of oxidative stress. However, some proteins may be 
more susceptible to oxidative damage and subsequent deg-
radation than others.

In one study, PDI was selectively degraded and resynthe-
sized after peroxide exposure [86]. This selective proteolysis 
is largely catalyzed by the proteasome: a protease complex 
that carries out selective degradation of proteins [86, 90]. 
The extent of PDI degradation in response to mild levels 
of oxidative stress was 90% greater over the span of 24 h 
than that of other proteins. However, these high levels of 
degradation were followed by high levels of regeneration, 
resulting in approximately constant levels of PDI. Because 
of this caveat, it cannot be said conclusively that PDI is more 
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sensitive to oxidative damage or degradation, however, it is 
a plausible mechanism. Another possibility is that PDI may 
be preferentially damaged by the initial peroxide exposure, 
causing degradation, followed by regeneration from scratch 
to maintain cellular homeostasis [86].

Other studies show that PDI is inhibited by high levels of 
oxidative stress. In one study, rats were fed a diet high in fat 
and ethanol to create an oxidized cellular environment, in 
which 4-hydroxynonenal (4-HNE) was used as a marker to 
identify modified proteins. PDI was found to be consistently 
modified by 4-HNE, specifically at the cysteine residue in 
its active site. To confirm these observations, purified PDI 
was treated with different concentrations of 4-HNE in vivo 
(20–200 µM) to show a 14–56% inhibition, respectively. The 
same experimental design was used to show inhibition by 
different lipid peroxidation products (acrolein and 4-oxonon-
enal), resulting in 60% and 100% inhibition, respectively. It 
was also shown that adding physiological concentrations of 
GSH partly mitigated this effect by removing 4-HNE from 
PDI. This compensatory mechanism has a threshold depend-
ent on the redox balance of the cell. Because PDI bound by 
4-HNE was identified in vivo, where GSH is present, it sug-
gests that this compensatory mechanism may be limited by 
high levels of oxidative stress in which GSH concentrations 
are low [91].

6.5 � PDI and Severity of COVID‑19 Infection

Through careful analysis of oxidative stress interference on 
PDI function, predictions about how oxidative stress affects 
the severity of infection by SARS-CoV-2 can be made. As 
mentioned, the affinity of SARS-CoV-2 for the ACE2 recep-
tor is intensified by the oxidation of cysteine residues in 
both proteins. This interaction lowers the concentration of 
free ACE2 and further enables the generation of oxidative 
stress by increasing the concentration of Ang 2 and decreas-
ing the concentration of Ang 1–7. Furthermore, the inhibi-
tion or reduced activity of PDI due to oxidative stress could 
have impact on SARS-CoV-2 infection. The role of PDI in 
SARS-CoV-2 infection could be experimentally verified by 
performing binding assays between SARS-CoV-2 spike and 
ACE2 receptor proteins under oxidative stress in the absence 
and presence of PDI. The binding assays could also be per-
formed in the presence of thiol/disulfide exchange blockers 
and antibodies against PDI.

7 � Potential COVID‑19 Treatments 
that Address Oxidative Stress

7.1 � Redox‑Modulating Agents in the Treatment 
of Viral Infections

Imbalance of redox homeostasis in the body is the main 
aspect of viral infections. The virus manipulates the host cell 
machinery to throw the cell into a state of oxidative stress to 
create favorable conditions for viral replication by causing 
an excess ROS and a deficiency of GSH [92]. Research sug-
gests that oxidative stress may be a viable target in fighting 
viral infections and that by modulating the sensitive redox 
pathways, the immune response may be regulated. This was 
studied in the context of a wide variety of viruses, including 
SARS-CoV-2. Some of the antioxidant agents of interest are 
N-acetylcysteine (NAC), GSH, polyphenols, vitamins C, D, 
and E, and selenium [92, 93]. Although data has been col-
lected, more experimentation is necessary before any treat-
ments are considered effective antiviral treatments.

7.2 � N‑Acetylcysteine

Oral administration NAC could potentially be a viable drug 
to treat COVID-19 infection due to its role in the synthesis 
of glutathione, improving T cell response, and modulating 
inflammation [10, 94]. L-cysteine is the rate-limiting sub-
strate for the synthesis of glutathione. NAC supplementation 
provides the cell with an extra source of cysteine to syn-
thesize glutathione, better equipping it to combat oxidative 
stress and the presence of a thiol group can block ACE2 
activity, which would hinder SARS-CoV-2 penetration into 
target cells [10, 94]. Additionally, SARS-CoV-2 causes the 
production of even more cytokines than SARS-CoV. These 
excess cytokines and the viral antigens are the likely causes 
of T cell exhaustion. However, higher levels of glutathione 
are known to correlate with lymphocyte proliferation. NAC 
may be administered to keep glutathione levels high to pre-
vent T cell exhaustion. NAC also inhibits the production 
of cytokines thereby preventing their inflammatory path-
ways [10]. Although it proves to be quite promising, further 
in vitro and in vivo studies are necessary to determine the 
effectiveness of NAC as a treatment for COVID-19.

Age predisposes individuals to have increased oxida-
tive stress levels leading to the production of inflammatory 
cytokines, which is only exacerbated by COVID-19 infec-
tion. The gradual decrease in the capability of maintaining 
redox homeostasis amongst the elderly may increase the risk 
of excessive immune activation and lung damage in response 
to viral infection [95]. Chronic oxidative stress can lead to 
lipid peroxidation, a common feature associated with acute 
respiratory distress syndrome. ROS also impair proteasome 
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and mitochondrial function. NAC is a drug of interest in the 
early treatment of COVID-19 due to its antioxidant proper-
ties, although it has not yet been proven to decrease mortal-
ity rates [95].

8 � Conclusions

In conclusion, current research findings and reports sug-
gested that oxidative stress could play a major role in 
viral infections, especially in coronavirus infections such 
as SARS-CoV and SARS-CoV-2. Understanding the role 
of oxidative stress, including the roles of antioxidants and 
redox proteins, in COVID-19 infection may help to direct 
potential therapeutics. In summary, the present review 
demonstrates that the absence of or reduced oxidative stress 
would have a significant beneficial effect during the early 
stage of viral infection by preventing viral protein binding 
on the host cells.
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