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Abstract

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) is a patho-

genic coronavirus causing COVID-19 infection. The interaction between the

SARS-CoV-2 spike protein and the human receptor angiotensin-converting

enzyme 2, both of which contain several cysteine residues, is impacted by the

disulfide-thiol balance in the host cell. The host cell redox status is affected by

oxidative stress due to the imbalance between the reactive oxygen/nitrogen

species and antioxidants. Recent studies have shown that Vitamin D supple-

mentation could reduce oxidative stress. It has also been proposed that vitamin

D at physiological concentration has preventive effects on many viral infec-

tions, including COVID-19. However, the molecular-level picture of the inter-

play of vitamin D deficiency, oxidative stress, and the severity of COVID-19

has remained unclear. Herein, we present a thorough review focusing on the

possible molecular mechanism by which vitamin D could alter host cell redox
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status and block viral entry, thereby preventing COVID-19 infection or reduc-

ing the severity of the disease.
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1 | INTRODUCTION

The coronavirus disease 2019 (COVID-19) is a highly
infectious respiratory disease caused by a novel coronavi-
rus known as severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2).1 To date, about 180 million
people have been infected by COVID-19 and more than
3.8 million people have died worldwide as a result.2 The
current outbreak of infections with SARS-CoV-2 has led
scientists to investigate the genomic and structural
details, the molecular mechanism of viral entry into host
cells, and the infectivity rate of this novel coronavirus.
Phylogenetic analyses of the coronavirus genomes have
shown that SARS-CoV-2 belongs to the Betacoronavirus
genus. SARS-CoV-2 is an enveloped virus, and the
genome of this virus with a positive-sense single-stranded
ribonucleic acid (RNA) genome consisting of about 30 kb
nucleotides.3 SARS-CoV-2 contains four structural pro-
teins, namely spike (S), membrane (M), envelope (E),
and nucleocapsid (N) proteins. The entry of SARS-CoV-2
into human cells initiates through the transmembrane S
proteins that exist as trimers and protrude from the virus
surface. The S protein of SARS-CoV-2, which plays a key
role in the receptor recognition and cell membrane
fusion process, is composed of two subunits, S1 and S2.
The S1 subunit contains a receptor-binding domain
(RBD) that recognizes and binds to the angiotensin-
converting enzyme 2 (ACE2) receptor on the host cell
surface while the S2 subunit mediates viral cell mem-
brane fusion by forming a six-helical bundle via the two-
heptad repeat domain.4,5 ACE2 is a type I membrane pro-
tein expressed in multiple organs such as the lungs,
heart, kidneys, testes, intestines, and endothelial cells of
arteries. The primary physiological role of ACE2 is in the
conversion of angiotensin II (Ang II) to Ang-(1–7), a pep-
tide hormone that induces vasodilatory, anti-inflamma-
tory, antifibrotic, antiangiogenic, and antihypertensive
effects.6 The crystal structure of SARS-CoV-2 RBD bound
to ACE2 revealed that there are thirteen hydrogen bonds
and two salt bridges at the protein–protein interface.7 A
close analysis of the structure showed four intramolecu-
lar disulfide bonds between cysteine residues in the RBD
of SARS-CoV-2. Among these four disulfide bonds, three
(Cys336–Cys361, Cys379–Cys432, and Cys391–Cys525)
are in the core of the RBD and provide structural

architecture by stabilizing the β-sheets. The fourth disul-
fide bond (Cys480–Cys488) is present in the loop region
at the C-terminal of the RBD.7 This disulfide bridge is
responsible for maintaining a conformation that favors
strong interaction between SARS-CoV-2 RBD and ACE2
receptor.7,8 Computational and experimental studies have
revealed a higher binding affinity of the SARS-CoV-2
RBD for the ACE2 receptor than that of SARS-CoV,
another type of coronavirus.8,9 The SARS-CoV contains
only two disulfide bonds in the RBD as well as one less
residue between the Cys480 and Cys488, which alters the
length of the loop formed by the Cys480–Cys488 disulfide
bond. It is believed that these differences could contrib-
ute to the stronger binding between the SARS-CoV-2
RBD and the ACE2 receptor and may be the reason for
the differences in the viral infectivity and proliferation
among coronaviruses. The reduction of the Cys480–
Cys488 disulfide bond to thiols causes a significant con-
formational change in the loop region, which in turn
results in reduced binding as confirmed by binding free
energy calculations.8,9 A very recent study demonstrated
that the disruption of disulfide bonds within the RBD of
the SARS-CoV-2 spike protein prevents fusion and viral
entry.10

Similarly, the disulfide linkages in the ACE2 receptor
are also reported to contribute to the severity of SARS-
CoV-2 infection. The human ACE2 receptor sequence
contains eight cysteine residues, of which six are con-
served across ACE2 receptors of other species and form
three disulfide bonds (Cys133–Cys141, Cys344–Cys361,
and C530–C542). The Cys133–Cys141 disulfide bond is a
part of a loop at the ACE2 dimer interface that contrib-
utes to the entry of SARS-CoV-2. These cysteine residues
(Cys 133 and Cys 141) are mostly conserved among spe-
cies apart from pigs, belugas, and cattle, where a leucine
has replaced Cys133.8 Species lacking the Cys133–Cys141
disulfide bond are not affected by SARS-CoV-2.8 These
observations indicate that the disulfide bonds play impor-
tant roles in the binding of SARS-CoV-2 to the human
ACE2 receptor. In particular, the disulfide bonds
Cys133–Cys141 of the ACE2 receptor and Cys480–Cys488
of the spike glycoprotein play vital roles in receptor bind-
ing and viral infectivity mechanisms.8

The thiol-disulfide forms of cysteine residues are
modulated by the redox status of the cellular
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environment. Redox status is regulated by intracellular
levels of reactive oxygen species (ROS)/reactive nitrogen
species (RNS) and antioxidants. ROS are comprised of
oxygen-containing free radical and nonfree radical chem-
ical species, which are the by-products of cellular respira-
tion and other biological processes such as prostaglandin
synthesis and xenobiotics metabolism by cytochrome
P450 systems.11,12 The most common ROS is the superox-
ide ion (O2

•�), which is produced by NADPH oxidase,
xanthine oxidase, and peroxidases, and is involved in
reactions that lead to the generation of other ROS such as
hydrogen peroxide (H2O2), hydroxyl radical (OH•),
hypochlorous acid, and so on.12 The common RNS are
nitric oxide (NO), nitrosyl anion (NO�), peroxynitrite
(ONOO�), and so on. These ROS and RNS, together
known as RONS, act as signaling molecules and regulate
important biological and physiological processes such as
cell division, stress and inflammation response, immune
function, and autophagy.13,14 The production and neu-
tralization of RONS must be tightly regulated to have an
intercellular redox balance. The uncontrolled production
of RONS leads to oxidative stress, creates an oxidative
environment that is damaging to lipids, proteins, and
DNA, and can also contribute to chronic diseases.13 The
oxidative environment also facilitates the binding of
SARS-CoV-2 with the ACE2 receptor.8,9 Under an oxida-
tive environment, cysteine residues form disulfide bonds
that favor the tight binding of S proteins of SARS-CoV-2
with the human ACE2 receptor.9 This supports the obser-
vations that SARS-CoV-2 seems to heavily affect or have
worsening severity among the older population and
populations with underlying health conditions that are
associated with the elevation of oxidative stress.
Maintaining the reduced form of cysteine minimizes the
binding affinity between SARS-CoV-2 and the ACE2
receptor.8,9 Antioxidants eliminate RONS and have the
potential to reduce viral infectivity and the severity of
SARS-CoV-2 infection.15

The role of vitamin D in the prevention of the ongo-
ing SARS-CoV2 infection has been investigated.16–18

However, there is no consensus in the scientific commu-
nity about the efficacy of vitamin D supplementation in
preventing and reducing the severity of the COVID-19
infection. For example, recent clinical studies have not
found any direct correlation between vitamin D supple-
mentation and COVID-19 outcomes.19,20 On the other
hand, it has been observed that the COVID-19 cases are
much lower and less severe in countries closer to the
equator than those farther away from the equator; likely
due to increased sun exposure, which is the natural
source of vitamin D.17 Furthermore, clinical studies by
Meltzer et al.21 have shown that the relative risk of
COVID-19 infection nearly doubles for patients with

vitamin D deficiency. Because of these inconsistent
reports, it seems critical to understand the role of vitamin
D at the molecular level, especially in the context of
COVID-19 infection. As the binding of the viral protein
with the host cell receptor depends on the thiol-disulfide
balance,8,9 it has become increasingly important to
explore the role of vitamin D in maintaining the redox
status of the host cell. Herein, we explored the molecular
mechanism by which vitamin D could prevent and
reduce the severity of COVID-19 infection. We investi-
gated vitamin D's skeletal and nonskeletal functions. For
the latter case, the impact of vitamin D on the immune
system and the regulation of antioxidants, both low
molecular weight (LMW) thiols and redox proteins, are
thoroughly examined.

2 | VITAMIN D AND ITS
SKELETAL AND NONSKELETAL
FUNCTION

Vitamin D is a fat-soluble secosteroid and is an essential
micronutrient in many metabolic processes.22 One major
function of vitamin D is supporting skeletal health; it
plays a crucial role in calcium homeostasis and bone
metabolism. Vitamin D has antioxidant properties and
helps regulate inflammation and oxidative stress in a
variety of tissues. It reduces the risk of many diseases
such as inflammatory and autoimmune disorders,
chronic kidney disease, cardiovascular disease, type 1 dia-
betes mellitus, hypertension, and some cancers.23–25 All
of these diseases are also known to be associated with
increased oxidative stress.

2.1 | Discovery of vitamin D

In the early 20th century, the bone disorder rickets was
found to be more prevalent in areas of low sun exposure.
This correlation established a link between sunlight and
skeletal health.24 Eventually, this led to the discovery of a
new vitamin that is synthesized through UV light. This
supplement was named vitamin D; it manages serum cal-
cium and phosphorus levels and promotes optimal
absorption of those minerals.25 The preservation of bone
mineral homeostasis ensures the proper development,
remodeling, and maintenance of bone.24 Additionally,
vitamin D supports the health of other organ systems and
cellular functions, namely cell proliferation, immune sys-
tem response, and protection against malignant tumor
formation.26,27 The source of vitamin D is mainly through
sun exposure, however, it can also be obtained through
dietary sources and supplements.27
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Vitamin D has two main forms—D2, ergocalciferol, is
formed through irradiation by UV light in plants, and D3,
cholecalciferol, is formed through irradiation by UV light in
animals. Cholecalciferol is formed specifically by converting
7-dehydrocholesterol to its metabolically active form
1,25-dihydroxycholecalciferol [1α,25-dihydroxyvitamin D3

or 1α,25(OH)2D3].
28 The active form [1α,25(OH)2D3], which

will be referred hereafter as vitamin D, is important for bio-
logical functions in animals. The crystal structure of vitamin
D was solved and published in 1996 by Suwi�nska & Kutner
through X-ray diffraction.29 The chemical structure of vita-
min D [1α,25(OH)2D3] is shown in Figure 1. It was found
that the bond shapes and angles are consistent with steroid-
like compounds, providing structural evidence that vitamin
D is fat-soluble.

2.2 | Vitamin D and vitamin D receptor

The active form of Vitamin D, 1α,25(OH)2D3, is a signal-
ing molecule, which regulates the expression of ~3% of
the transcribed genome in target cells. Most biological
functions of vitamin D such as proliferation and differen-
tiation of several cell lines including keratinocytes, endo-
thelial cells, osteoblasts, and lymphocytes are mediated
by vitamin D receptor (VDR), which is a transcription
factor and is widely distributed among different cell line-
ages.30 VDR belongs to the family of steroid receptors
and forms a heterodimer with the retinoid X receptor
(RXR).31 VDR/RXR heterodimers bind to the vitamin D
response elements in target genes, resulting in either acti-
vation or repression of transcription of target genes. In

fact, VDR is composed of two distinct domains—the
ligand-binding domain binds the vitamin D hormone,
and the DNA-binding domain binds the genomic DNA.
The liganded VDR/RXR complex modulates the activity
of RNA polymerase II and the transcription of hundreds
of target genes per cell type. Therefore, the liganded VDR
plays an important role in the maintenance of skeletal as
well as nonskeletal functions such as cardiovascular,
renal, metabolic, and immune functions.32,33

2.3 | Vitamin D structure and its skeletal
function

One crucial role of vitamin D is maintaining the blood
serum calcium and phosphate homeostasis; it aids in
bone mineralization and maintenance. Working in con-
junction with the liver, skeletal system, intestines, and
parathyroid hormone, vitamin D increases calcium ion
(Ca2+) concentration when serum Ca2+ level is below
normal (2.2–2.6 mM).23 It signals the intestine to increase
absorption of Ca2+ from digested materials at the brush
border membrane of the intestines. Vitamin D-bound or
liganded VDR regulates the expression of calcium chan-
nel TRPV6 (a member of transient receptor potential
family), calcium-binding and translocating protein
calbindin-D9K, and the plasma membrane calcium
ATPase (PMCA1b). These proteins facilitate Ca2+ cellular
entry, binding, and basolateral extrusion respectively, to
ultimately increase Ca2+ serum levels.34,35 The mecha-
nism of phosphate concentration homeostasis (phosphate
level is maintained at 0.8–1.45 mM) by vitamin D is not
yet clearly understood. One suggested mechanism is that
vitamin D regulates the transcription of type IIb sodium
phosphate co-transporter in the brush border membrane
of the intestines.36 This protein actively transports phos-
phate using a sodium ion gradient and accounts for most
of the phosphate transport into the intestinal epithelial
cells.37

2.4 | Vitamin D and its nonskeletal
function

Vitamin D has several health benefits. An important role
of vitamin D that has recently come to light is its effect
on cellular apoptosis. Both in vivo and in vitro studies
have established that higher serum levels of vitamin D
(the active metabolite 1α,25(OH)2D3) and its analog
EB1089 are inversely correlated with colorectal cancer
growth.38 A more recent epidemiological study reinforced
this data by looking at analysis from randomized clinical
trials. Serum levels of vitamin D greater than or equal to

FIGURE 1 Structure of 1,25-dihydroxycholecalciferol, the

active form of vitamin D3. The A ring (a) is connected to the CD-

ring system (c) by a triene system (b). The A ring mediates the

interactions with the vitamin D receptor
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40 ng/ml showed a significant reduction in many cancer
types. A concentration of ≥40 ng/ml showed a 67% lower
risk of cancer in women than a concentration of
<20 ng/ml.39

The discovery of the active form of vitamin D led to
the discovery of VDR and subsequently to the presence of
this receptor on cells not originally correlated with vita-
min D activity.40 For example, VDRs on the parathyroid
gland and their effect on transcriptional regulation as
well as possible epigenetic roles were reported.40 These
findings led to the discovery of vitamin D acting as a reg-
ulatory hormone for genes throughout the body, some of
which act as important regulators of cell proliferation/
cell cycle arrest.30,41

3 | VITAMIN D AND THE IMMUNE
SYSTEM

Well known for its role in the regulation of Ca2+ and
maintaining the expression of Ca2+ pumps, exchangers,
and buffers,42 vitamin D also plays a role in the body's
immune response to bacterial and viral pathogens.
Humans have two types of immunity—innate and adap-
tive, and vitamin D modulates both innate and adaptive
immune responses and has an impact on the suppression
of the inflammatory process.

3.1 | Vitamin D and immune responses
to virus

Several studies have investigated the role of vitamin D in
the immune response to the influenza virus, respiratory
syncytial virus (RSV), dengue virus, hepatitis C virus,
hepatitis B virus, human immunodeficiency virus (HIV),
and SARS-CoV-2.43 In particular, the vitamin D status in
patients and the mechanism of its action on the immune
system were thoroughly investigated.

Studies were performed where cohorts of patients
with HIV had their vitamin D levels monitored in addi-
tion to infection progression. It was found that those with
lower baseline vitamin D levels experienced faster disease
progression.44,45 Another study found that children with
high vitamin D levels were less likely to contract influ-
enza.46 In the case of Hepatitis C, it was also found that
vitamin D supplementation improved the body's response
to the virus. Low levels of vitamin D were correlated with
a reduced sustained viral response in patients with
Hepatitis C.47–49 In regard to RSV and dengue virus, mul-
tiple studies were performed to investigate the role vita-
min D plays in disease progression. A mutation in VDR
is correlated to more severe disease progression in RSV

patients.50,51 Also, treatment of Dengue-infected mono-
cytic U937 cells with vitamin D resulted in a significant
reduction in the number of infected cells; vitamin D also
lowered the levels of proinflammatory cytokines.52 In a
separate study, VDR agonists were found to have ant-
iviral activities.53 It has also been reported that vitamin D
has a preventive effect on SARS-CoV-2 viral infection,
which causes immune activation and systemic hyper-
inflammation.54

3.2 | Vitamin D and T and B cells
activation

Vitamin D plays a role as an immunomodulator in the
inflammatory response pathway.55 T and B cells are the
major cellular components of the adaptive immune
response. Vitamin D's role in monocytes43 and T and B
cells' immune response is also known. VDRs are
expressed at detectable levels only in active T and B cells.
Upon activation of an antigenic response and consequen-
tially T and B cells proliferation, VDR levels increase.55,56

This observation suggests the possibility that vitamin D
and VDR have anti-proliferative effects on T and B cells.

3.3 | Vitamin D, cytokine storm, and
inflammatory response

In many patients, COVID-19 induces a cytokine storm,
which is one of the main factors that cause acute respira-
tory distress and multiple organ dysfunction syn-
dromes.57,58 Cytokine storms occur when the
inflammatory response is systemically stimulated. This is
due to an aggressive inflammatory response with the
release of many proinflammatory cytokines. It has been
observed that that severely ill COVID-19 patients tend to
have a high concentration of proinflammatory cytokines.
The proinflammatory cytokines that play a role in cyto-
kine storms include interleukins 1, 2, and 6 (IL-1, IL-2,
IL-6), interferon-gamma (IFN-γ), and tumor necrosis
factor-alpha (TNF-α).59 A proposed mechanism of how
cytokine storms are stimulated includes rapid activation
of T cells. High amounts of antigen result in elevated
levels of immune activation in a local area of infection.
This immune response can spill over into the circulatory
system, where the proinflammatory response is spread
systemically.60 Since many cytokines are regulated
through positive feedback, higher proinflammatory cyto-
kines concentrations lead to upregulation of the immune
response. Physiological results of cytokine storms include
vasodilation that can lead to decreased blood pressure,
hypoxia, organ failure, and ultimately death.
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Vitamin D plays an important role in regulating
proinflammatory cytokines that can lead to cytokine
storms. Specifically, vitamin D can downregulate the pro-
duction of proinflammatory cytokines (IL-1, IL-2, IL-6,
IFN-γ, and TNF-α), increase the production of anti-
inflammatory cytokines such as IL-10, IL-4, IL-5, and
transform growth factor-beta.61 T helper (Th) cells are
important in activating adaptive immunity and releasing
cytokines to direct a specific immune response. The Th1
cell type plays a role in producing pro-inflammatory cyto-
kines whereas the Th2 cell type releases inhibitory cyto-
kines. The binding of dendritic cells to vitamin D via
VDR induces inhibition of IL-12 production, a cytokine
required for Th1 activation.62 The interaction of the den-
dritic cell with vitamin D not only inhibits Th1, but
upregulates Th2 and T regulatory lymphocytes, which
are important for maintaining equilibrium between
inhibitory and inflammatory cytokines.62 Clinically, low
levels of vitamin D have been associated with a decrease
in T regulatory lymphocytes, an increase in inflammatory
cytokines, and an overall increase in the likelihood of
developing severe infection.63

3.4 | Vitamin D, Klotho, and Nrf2
regulatory network

COVID-19 infection is associated with cytokine storm
and oxidative stress.58,64,65 Recent studies have indicated
that vitamin D plays an important role in reducing oxida-
tive stress through the activation of several antioxidant
pathways and the inhibition of ROS-activating pathways.
Several studies have revealed a direct correlation between
oxidative stress and deficiency of vitamin D.66,67 Hor-
mones and antioxidant signaling pathways are regulated
by vitamin D. One such hormone is Klotho, a phosphate
regulating hormone.68 Klotho has an anti-aging property
and reduces oxidative stress.42 Vitamin D also enhances
the activity of nuclear factor-erythroid factor 2-related
factor 2 (Nrf2).69 Nrf2 is an important component in the
regulation of oxidative stress; it acts as a transcription fac-
tor and controls basal and induced expression of varieties
of antioxidant response elements (AREs) and detoxifies
ROS via the Nrf2-ARE-signaling pathway.13,70 Both Nrf2
and Klotho genes are activated when the VDR binds to
the RXR and the vitamin D response element.42

Moreover, the Nrf2-Keap1 (Kelch-like ECH-
associated protein 1) antioxidant pathway is activated by
vitamin D. Keap1 is a key sensor of oxidative stress as it
acts as a key regulator of the Nrf2 transcription factor.
Keap1 acts as a substrate adaptor that catalyzes poly-
ubiquitination of the Nrf2 protein.13 During states of oxi-
dative stress, Nrf2 is phosphorylated, disassociating it

from the Keap1 and allowing it to translocate into the
nucleus for expression. Nrf2 binds the ARE, which pro-
motes the upregulation of ARE genes that work to inhibit
oxidative stress and maintain the redox balance. The
impact of vitamin D in Nrf2 expression provides a poten-
tial mechanistic explanation to the findings that coun-
tries closer to the equator, whose populations receive
more vitamin D, have significantly less severe cases of
SARS-CoV2.17

4 | VITAMIN D AND THE RENIN-
ANGIOTENSIN-ALDOSTERONE
SYSTEM

Studies suggest that vitamin D can lower the risk of
COVID-19 infections because it affects the renin-angio-
tensin-aldosterone system (RAAS).71 RAAS includes the
ACE2 receptor, which is vital for the entry of SARS-
CoV-2 into host cells.

4.1 | Renin-angiotensin-aldosterone
system

RAAS is an important hormone system that regulates
blood pressure, fluid volume, and sodium-potassium bal-
ance. The system is mainly comprised of the three
hormones—renin, Ang II, and aldosterone. The mecha-
nism of converting prorenin (the inactive form) to renin
(the active form) occurs in the juxtaglomerular cells in
the afferent arterioles of the kidney. These cells are acti-
vated when there is a decrease in blood pressure, beta-
activation, or sodium levels in distal convoluted tubules.
The active renin is released into the blood and cleaves
angiotensinogen into angiotensin I (Ang I) (Figure 2).
Ang I is mainly inactive, but it is a precursor for Ang II.72

Ang I is cleaved by the angiotensin-converting enzyme
(ACE) to produce Ang II. The cleavage of Ang II to Ang

FIGURE 2 The pathway from angiotensinogen to angiotensin

1–7 is shown, along with the enzymes that catalyze these reactions
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(1–7) is catalyzed by ACE2. The causation of Ang II
includes strong vasoconstriction, proinflammatory, and
profibrotic effects. It is also an oxidative stress
enhancer.73 On the other hand, the causation of Ang (1–
7), which is an oxidative stress reducer, includes
antifibrotic, antiproliferative, vasodilatory, diuretic, and
natriuretic effects.73,74 The ACE2 enzyme is a zinc-
metallopeptidase and has an antagonistic relationship
with the enzyme ACE. This antagonistic relationship
between these two enzymes balances the RAAS path-
way.75

4.2 | Vitamin D and its effect on RAAS

Vitamin D functions as a negative endocrine regulator of
the RAAS. In vivo experiments using VDR-null mice and
Cyp27b1-null mice, which lack 1α-hydroxylase required
for vitamin D synthesis, demonstrated that vitamin D
inhibits the renin gene transcription.76 It was found that
vitamin D targets the cyclic AMP (cAMP) signaling path-
way, which plays an important role in the biosynthesis of
renin.76 In this pathway, the cAMP response element-
binding (CREB) protein as a transcription factor interacts
with the cAMP response element (CRE) that is located
within the renin gene promoter. Normally, phosphoryla-
tion of the CREB by protein kinase-A helps to recruit
coactivator CREB-binding protein (CBP) and its homolog
p300. This recruitment of CBP/p300 is required for renin
gene transcription activation. However, ligand-activated
VDR interacts with the CREB in the presence of vitamin
D and blocks CREB from binding to the CRE. Therefore,
the formation of the CREB-CBP/p300 complex on the
CRE is disrupted and the transcription of renin gene is
halted.76 Renin is significant because it is involved in the
rate-limiting step of the RAAS pathway that converts
angiotensinogen to Ang I, which gets converted to Ang II
by ACE (Figure 2). It is to be noted that Ang II is a stimu-
lator of NAD(P)H oxidase, which triggers ROS forma-
tion.73 Under normal condition, Ang II is converted to
Ang 1–7 by ACE2; however, when ACE2 is bound to S
protein of SARS-CoV-2, there will be accumulation of
Ang II. The presence of Vitamin D is expected to reduce
the accumulation of Ang II as it prevents the transcrip-
tion of renin gene.

4.3 | SARS-CoV-2 infection and the ACE2
receptor

The ACE2 receptor is expressed in the lung, heart, kid-
ney, and intestinal cells. The ACE2 enzyme is made of an
N-terminal peptidase domain (PD) and a C-terminal

collectrin-like domain, ending in a transmembrane helix.
The SARS-CoV-2 virus interacts with the PD of ACE2,
which is known to have a claw-like structure for host cell
entry. When the S-protein of SARS-CoV-2 merges with
the ACE2 receptors, transmembrane serine protease
2 proteolytically cleaves ACE2 and allows the virus parti-
cles to enter the host cell, replicate, and have cell-to-cell
transmission. In vitro studies demonstrated a direct cor-
relation between the expression of ACE2 and increase in
the infection of the lungs and other tissues by SARS-
CoV-2.74 RAAS inhibitors that can block the ACE2 recep-
tor to which S protein latches onto can prevent viral
entry into the heart and lungs and protects them from
being injured by the SARS-CoV-2 infection.72,74 There is
also a possibility that RAAS inhibitors can cause a retro-
grade feedback mechanism that upregulates ACE2 recep-
tors, which allows an increase in the binding of the S
protein to the ACE2 receptors and therefore causes an
increase in viral entry to the heart and lungs.74Addition-
ally, as spike glycoproteins bind with the ACE2 receptor,
this interaction reduces the ability of ACE2 to convert
Ang II to Ang 1–7. This leads to lung injury and pneumo-
nia because of the accumulation of Ang II, a hormone
that can increase the presence of ROS in the body, which
in turn also increases oxidative stress in the body.74,77

The interplay between ACE2 and vitamin D has been
reported.78

5 | VITAMIN D's IMPACT ON THE
FUNCTION AND REGULATION OF
SUPEROXIDE DISMUTASE,
CATALASE, GLUTATHIONE
PEROXIDASE, GLUTATHIONE
REDUCTASE, AND GLUCOSE-
6-PHOSPHATE DEHYDROGENASE

Cells usually maintain a reducing environment and oxi-
dative stress occurs when the cellular levels of ROS out-
balance the antioxidants. If ROS levels become too high,
the redox environment is driven out of homeostasis,
resulting in the oxidation of proteins, DNA, and other
cellular components. Mechanisms to maintain redox sta-
tus, detoxify the ROS, and balance the thiol-disulfide
ratio are often triggered by the oxidation of thiol-based
redox switches. These pathways are often mediated by
redox-sensitive transcription factors, such as proteins
with cysteine residues, which in conjunction with LMW
thiols are scavengers of ROS such as H2O2.

69,79 One of
the most abundant LMW thiols is glutathione (GSH), a
tripeptide (γ-glutamyl cysteinyl glycine) that functions as
a major endogenous antioxidant.80 GSH is the main
cofactor for several enzymes that are responsible for

2212 ABDRABBO ET AL.



detoxifying ROS.14 Homeostasis of the cellular redox
environment is also maintained through the action of
various ROS-scavenging enzymes, including catalase,
superoxide dismutase (SOD), glucose 6-phosphate dehy-
drogenase, glutathione reductase (GR), and glutathione
peroxidase. The regulation and function of these enzymes
are dependent on cellular conditions and the physiologi-
cal concentration of vitamin D.

5.1 | SOD and catalase

SOD and catalase and share a vital role in neutralizing
superoxide ion, O2

•� (a major ROS), to ultimately pro-
ducing H2O as a product. SOD systems are
metalloenzymes and used redox-active metals such as
manganese, iron, copper, and so on. SOD systems are
present in every living organism on Earth and is essential
for life as they dismute the toxic O2

•� to the less toxic
hydrogen peroxide, H2O2 (2 O2

•� + 2H+ ! H2O2 + O2

).81 Catalases are ubiquitous enzymes that catalyze the
conversion of H2O2 to water and molecular oxygen (2H2

O2 ! 2H2O + O2). The combined action of catalases and
SODs helps cells to reduce and remove harmful ROS
from the cytoplasm, mitigating oxidative damage to cellu-
lar constituents. If the normal function of either of these
enzymes is altered, COVID-19 symptom severity is
expected to increase as a result of the inhibition of
Nrf2-mediated pathways and the NF-κB signaling activa-
tion pathway.14 Studies have suggested the antioxidant
property of vitamin D.82 In particular, a study on
Sprague–Dawley male weanling rats revealed that vita-
min D deficient muscle encounters oxidative stress that
acts as a trigger for increased muscle proteolysis in rats.
Furthermore, vitamin D deficiency led to a decrease in
SOD and catalase activity in the rat muscle.82

5.2 | Glutathione peroxidase, GR, and
glutathione

There are several pathways that vitamin D helps regulate
and one of the major ones is the glutathione peroxidase
(GPx)/GR system. GPx catalyzes the conversion of hydro-
gen peroxide (H2O2) to water using GSH, which gets oxi-
dized to oxiglutathione (GSSG). GR is also known as
glutathione-disulfide reductase and is responsible for
maintaining the supply of reduced glutathione; GR
reduces GSSG back to GSH while oxidizing NADPH to
NADP+ (Figure 3).83

A current study has found that vitamin D is responsi-
ble for the upregulation of the GR as vitamin D

supplementation increased the expression of the GR.84

Jain et al. studied vitamin D's regulatory effects on GR in
U937 monocytes.84 They found that vitamin D supple-
ments increase the levels of GSH, and consequently, the
levels of GR in the cell increased as well. This study
shows a direct correlation between GSH, GR, and vita-
min D concentrations in the cell. GSH has also been
found to stimulate vitamin D regulatory gene and
increase the cellular concentrations of vitamin D, further
supporting the correlation between cellular vitamin D
and GSH levels.85

Ansari et al. found supporting evidence for a correla-
tion between vitamin D and GPx levels in their study of
prediabetic Arab adults.16 Interestingly, the enhanced
expression of GPx was seen more in males than in
females. In the presence of glucose, GR activity
decreased, which is likely due to a lack of need for reduc-
ing agents in the presence of excess glucose. In the study
on male weanling Sprague–Dawley rats,82 GPx and GR
activities were measured and found to be more active in
the group deficient in vitamin D compared to the control
group. As vitamin D levels were normalized, the activity
of both GSH related enzymes lowered suggesting an
inverse relationship in activity between the vitamin D
and these two enzymes. Another study by Dzik et al.
suggested that vitamin D deficiency led to higher levels
of GPx expression in human skeletal muscle to combat
oxidative stress.86 As vitamin D levels were returned to
normal, a significant decrease in GPx was observed. As in
the previous study, despite the increased expression of
GPx, oxidative stress in the cell was seen in the form of
protein carbonyls and 8-isoprostanes in lipids. This sug-
gests that vitamin D is a necessary antioxidant within the
cell that cannot be substituted for increased production
of either glutathione enzyme.

FIGURE 3 Redox enzymes involved in detoxifying

superoxide ion
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5.3 | Glucose-6-phosphate
dehydrogenase

Glucose-6-phosphate dehydrogenase (G6PD) is a key
antioxidant enzyme. G6PD is both the first enzyme and
the rate-limiting enzyme in the oxidative stage of the
pentose phosphate pathway that catalyzes the conversion
of glucose-6-phosphate to ribulose 5-phosphate, resulting
in the formation of NADPH (Glucose 6-phosphate
+ 2NADP+ + H2O ! ribulose 5-phosphate + 2NADPH
+ 2H+ + CO2).

87 G6PD plays an important role in
maintaining the intracellular redox balance. In the cell,
the antioxidant system such as the glutathione system
(GSH, GR, GPx), catalase, and SOD are dependent on
NADPH produced by G6PD (Figure 3).

G6PD is a highly regulated gene. Notably, vitamin D
acts as a positive regulator for the G6PD gene expres-
sion.87,88 The positive regulation of G6PD results in an
increase in the production of the G6PD, whose activity is
essential for the prevention of ROS-mediated cell death
and serum starvation. Having insufficient levels of G6PD
could lead to reduced levels of NADPH impacting the
antioxidant system. Deficiency in G6PD increases risk for
elevated systolic blood pressure, cardiovascular disease,
fibrosis, autoimmune disease, infection, and metabolic
disorders.89

6 | VITAMIN D AND ITS EFFECTS
ON THE BIOSYNTHESIS OF
CYSTEINE AND GLUTATHIONE

Vitamin D levels have been shown to affect the biosyn-
thesis of LMW thiols such as cysteine and GSH by
upregulating the enzymes involved in their biosynthesis.
Cysteine is synthesized from serine and homocysteine in
a two-step process involving cystathionine β-synthase
and cystathionine γ-lyase. Transcription of the cbs gene
has been shown to be strongly induced by vitamin D
treatment.90,91 Vitamin D treatment was also shown to
trigger cystathionine γ-lyase activation in high glucose
treated adipocytes.83 GSH synthesis is a two-step
reaction—first, an adduct is formed between glutamate
and cysteine and then the glycine is added to the adduct.
Glutamate and cysteine are added together by the
enzyme gamma-glutamylcysteine synthetase, also known
as a glutamate-cysteine ligase (GCL), then glycine is
added by GSH synthetase.92 GCL activity is regulated at
the translational level and is increased following oxida-
tive stress.93

A 2014 study on type 2 diabetic patients found a posi-
tive relationship between plasma concentrations of vita-
min D and cysteine with GSH.84 It was found that

vitamin D supplementation independently and signifi-
cantly up-regulates GCL and GR expression. As a result,
there are increased levels of GSH in vitamin D-treated
cells and significantly lowered ROS levels in cells exposed
to both control and high levels of glucose.94–96 Studies on
inflammation in adults and other chronic illnesses like
tuberculosis found strong associations of vitamin D con-
centrations with higher GSH levels leading to the same
conclusion that vitamin D up-regulates GCL and GR to
increase cellular glutathione formation.85 The influence
of vitamin D on the biosynthesis of cysteine and GSH
indicates its role in SARS-CoV-2 infection; it can prevent
the interaction between the viral protein with the host
cell receptor by maintaining a reducing environment.

7 | VITAMIN D's IMPACT ON THE
FUNCTION AND REGULATION OF
THIOREDOXIN AND PROTEIN
DISULFIDE ISOMERASE

Thioredoxins (Trxs) and protein-disulfide isomerases
(PDIs) are enzymes that play a pivotal role in catalyzing
protein folding, ensuring the proper function of proteins,
and maintaining intracellular redox homeostasis.
Because of their role in maintaining the intracellular
redox state, these redox enzymes could have an impact
on SARS-CoV-2 entry into cells.

7.1 | Thioredoxin

Trxs are redox proteins that act as antioxidants by cata-
lyzing the reduction of disulfides of many proteins
through cysteine thiol-disulfide exchange (Figure 4).97

FIGURE 4 Thiol-disulfide exchange reaction catalyzed by

thioredoxin 1 (Trx1). The black arrows indicate the flow of electron

from Trx1 to substrate. As the Trx1 gets oxidized by reducing the

disulfide bond of the substrate, the substrate gets reduced
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Trxs act in conjunction with thioredoxin reductase and
NADPH. They are very effective in reducing both oxida-
tive and nitrosative stress, and for that reason, they are
necessary for survival and present in almost all organ-
isms.97 There are two main isoforms of thioredoxins in
mammals, Trx1 and Trx2, which function in the cyto-
plasm and mitochondria, respectively. Trx has two cyste-
ine residues in its active site and is involved in a
nucleophilic substitution reaction where electrons from
Trx get transferred to a substrate protein.97 The process
begins when a substrate protein undergoes a nucleophilic
attack on the disulfide bond by the N-terminal cysteine
of Trx, creating a mixed disulfide bond involving both the
substrate and Trx. After another nucleophilic attack by
the C-terminal cysteine of Trx, the intermolecular disul-
fide bond between substrate and Trx is reduced, which
results in the formation of the reduced substrate protein
with free thiol groups and oxidized Trx with a disulfide
bond (Figure 4). Trx reductase then reduces Trx by using
NADPH as an electron donor. The proper functioning of
the Trx system, consisting of Trx, NADPH, and
thioredoxin reductase,98 depends on the vitamin D levels
as it influences the NADPH production in the cell (vide
supra). Therefore, vitamin D can regulate the redox sta-
tus and prevent the severity of the COVID-19 through
the Trx system.8

7.2 | Protein disulfide isomerase

PDI belongs to a class of oxidoreductases and is the most
abundant redox enzyme in the ER lumen.99,100 PDI has a
structure similar to thioredoxin and contains a dithiol-
disulfide active site with a redox-active CGHC motif.99,100

PDI participates in redox signaling and plays several roles
within cells, such as serving as a chaperone, facilitating
the proper folding of proteins, and playing a role in vari-
ous disease states.100,101 The main role of PDI is to cata-
lyze the formation, breakage, or isomerization of
disulfide bonds, which is necessary for establishing and
maintaining a protein's native structure.100,101 Much like
thioredoxin, when PDI is in the reduced state, the thiol
group of active site cysteines attacks the non-native disul-
fide bonds in the substrate breaking (reducing) the
bond.102 Once the disulfide bond is broken, the substrate
cysteine that is unbound to the PDI can interact with
another cystine in the substrate, forming a new native
disulfide bond (Figure 5). The PDI is released from the
substrate upon the formation of the second new disulfide
bond.102

Several studies have shown that PDI has physiological
roles in the diseases such as diabetes, cardiovascular dis-
eases, cancer, neurodegenerative conditions as well as in

the entry of pathogen in infectious diseases like HIV-1.103

The exact role remains unclear but it has been shown
that PDI is upregulated into infected cells; overexpression
of PDI has been shown to increase the fusion of viral
membrane into the host cell in the case of HIV-1.103 PDI
relies on many signals for activation, with vitamin D
being one of these signaling molecules. Vitamin D binds
to an activation site on PDI, which signals them to acti-
vate. Vitamin D signals PDI to activate particularly when
they are needed to fight infection.104 It has been shown
that if the VDR site on PDI is disabled, the activity of PDI
is greatly reduced.104

7.3 | Inhibitory effect of vitamin D and
thioredoxin-interacting protein

SARS-CoV-2 infection within patient lungs can be char-
acterized by inflammation, increased intussusceptive
angiogenesis, and clots in small blood vessels.105 In vari-
ous patients infected with SARS-CoV-2, angiogenesis has
shown to cause severe disturbances in blood flow in the
lungs, heart, liver, and kidneys.105 A close association
and codependence are seen between inflammation and
angiogenesis. This association is primarily seen as
inflammation-induced angiogenesis, leading to detrimen-
tal effects throughout SARS-CoV-2 infection.106 In its
active form, Trx is known to promote angiogenesis.107 A
vital characteristic of vitamin D and its interaction with
thioredoxin can be seen in its ability to stimulate the
expression of a thioredoxin inhibitor—thioredoxin-

FIGURE 5 Schematic representation of protein disulfide

isomerase activity. (a) Disulfide bond formation is catalyzed by PDI.

As PDI is reduced, the correct disulfide bonds are formed in the

substrate. (b) Disulfide isomerization in the substrate is catalyzed

by PDI. Reduced PDI attacks the incorrect disulfide bond in the

substrate, and the correct disulfide bond is then formed
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interacting protein (TXNIP).108 TXNIP inactivates the
active, reduced thioredoxin by directly binding to the two
cysteine residues within the catalytic center of
thioredoxin, preventing thioredoxin from producing its
biological effects.109 The effects of this action can be seen
specifically in thioredoxin's ability to promote angiogene-
sis. The inhibitory action of TXNIP directly diminishes
the ability of thioredoxin to stimulate angiogenesis,
thereby making it a possible candidate for lessening the
impact of SARS-CoV-2-induced pulmonary
inflammation.

8 | VITAMIN D's ROLE IN
MODULATING CELLULAR REDOX
STATUS

There has been increasing evidence that vitamin D acts
as a reducer of oxidative stress.13,67,111,112 By performing
a meta-analysis of clinical trials, Sepidarkish et al. have
demonstrated that the levels of the total antioxidant
capacity and GSH increased upon vitamin D supplemen-
tation.110 Vitamin D regulates Nrf2 gene expression,
which regulates oxidative stress by modulating antioxi-
dants and redox enzymes.13 When vitamin D status is
adequate, many of the intracellular oxidative stress-
related activities are down-regulated.13,111 Therefore, vita-
min D deficiency can lead to higher levels of ROS that
could promote disulfide bond formations by oxidizing the
cysteine thiols in the S protein of SARS-CoV-2, as well as
in the ACE2 receptor. Consequently, these disulfide
bonds would promote stronger interactions between the
S protein and the ACE2 receptor, and thus increasing the
viral infectivity and severity.8,9 A recent study using
mouse models indeed demonstrated that the presence of
disulfides within the RBD of the S protein could enhance
the viral entry.10 Therefore, the molecular mechanism of
action of vitamin D could be to lower oxidative stress and
prevent the fusion of viral protein to the receptor.

9 | CONCLUSIONS

Cytoplasmic conditions are more reduced and regulated,
with only~10% of protein cysteines existing as disulfide
bonds, compared to the cell surface environment.79 The
extracellular environment lacks an effective redox-
homeostasis system, and therefore antioxidant enzymes
and LMW thiols are crucial in maintaining the extracel-
lular redox environment.79 Thiol-disulfide balance affects
binding of the SARS-CoV-2 virus with the host cell recep-
tor; when the ACE2 receptor and S protein are in the
reduced state, binding is thermodynamically unfavorable.

Regulation of oxidative stress has a direct impact on
COVID-19 infection. This review on vitamin D elabo-
rated on its role in maintaining the cellular redox status
by regulating the expression of antioxidant enzymes and
LMW thiols like GSH. In addition, it was observed that
vitamin D affects the immune system; it modulates the
innate and adaptive immune responses. Taken together,
this review has provided a molecular-level understanding
of the role of this essential molecule in reducing the risks
of viral infections including the COVID-19.
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