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SARS-CoV-2, which initially emerged in November of 2019, wreaked havoc across the
globe by leading to clinical acute respiratory distress syndrome and continues to evade
current therapies today due to mutating strains. Diabetes mellitus is considered an
important risk factor for progression to severe COVID disease and death, therefore
additional research is warranted in this group. Individuals with diabetes at baseline have an
underlying inflammatory state with elevated levels of pro-inflammatory cytokines and lower
levels of anti-inflammatory cytokines, both of which cause these individuals to have higher
susceptibility to SARS- CoV2 infection. The detrimental effects of SARS-CoV-2 has been
attributed to its ability to induce a vast cell mediated immune response leading to a surge
in the levels of pro-inflammatory cytokines. This paper will be exploring the underlying
mechanisms and pathophysiology in individuals with diabetes and insulin resistance
making them more prone to have worse outcomes after SARS- CoV2 infection, and to
propose an adjunctive therapy to help combat the cytokine surge seen in COVID-19. It will
also look at the immunomodulatory effects of glutathione, an antioxidant shown to reduce
immune dysregulation in other diseases; Vitamin D, which has been shown to prevent
COVID-19 patients from requiring more intensive care time possibly due to its ability to
decrease the expression of certain pro-inflammatory cytokines; and steroids, which have
been used as immune modulators despite their ability to exacerbate hyperglycemia.

Keywords: type 2 diabetes, SARS-COV-2 infection, immune response, inflammation, oxidative stress
INTRODUCTION

With approximately 251 million confirmed cases, over 5 million deaths documented and only about
3.15 billion of the 7.7 billion total global population fully vaccinated as of November, 2021 (1). The
novel strain of coronavirus, which originally appeared in Wuhan, in the People’s Republic of China
at the end of 2019 and was found to precipitate acute respiratory distress syndrome (ARDS) is still
wreaking havoc across the globe (2).
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The genetic similarity of this novel strain to SARS-CoV-1,
formerly known as SARS-CoV, and Middle East Respiratory
Syndrome Coronavirus (MERS-CoV) lead to it being named
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-
2). SARS-CoV-2 is an enveloped, positive-stranded RNA virus
which belongs to a large family of Coronaviridae viruses with
noxious capability across many species (3). Prior to COVID-19,
Coronaviridae family was well known for being the most
common cause of common cold.

Evolution and mutations are an essential part of the viral life
cycle of SARS-CoV-2; therefore, the risk of a more virulent strain
or decreased vaccine efficacy is a potential outcome. Since the
emergence of SARS-CoV-2 there have been a few different
variant strains, some more prevalent in certain regions. The
World Health Organization (WHO) has separated these variants
into four different classes based on their potential for harm, those
deemed to be a lower risk were assigned to the class: variant
being monitored (VBM), next is variant of interest (VOI),
followed by variant of concern (VOC) and finally variant of
high consequences (VOHC). The designation of a variant to a
certain class differs from country to county (4). Currently, WHO
has designated five of the SARS-CoV-2 variants as VOC, these
include Alpha, Beta, Gamma, Delta and the newest variant
Omicron (5). For a variant to be assigned to VOC this conveys
that this strain has shown to be highly transmissible, has
increased morbidity and mortality, has shown to have a
reduction in neutralization by antibodies, has decreased
vaccine or treatment effectiveness as well as interference with
diagnostic testing (6). The precise impression is yet to be
determined for variant Omicron as this strain materialized
very recently and research is ongoing. All of the VOCs have
mutations in the spike protein, with variant Alpha having
mutations in receptor binding domain along with spontaneous
spike mutation and mutation near S1/S2 furin cleavage site, Beta
variant was found to have mutations in receptor binding domain
of spike protein and Gamma and Delta variants both
demonstrated numerous spike protein mutations. As more
information becomes available, Omicron was found to have
spike protein mutations- a protein essential for viral entry and
hence has been a target for vaccine development (7–9).

Over the past year there have been many different
mechanisms of virulence, pathophysiology and mechanism of
action proposed, each changing as newer information has
become available about this novel strain. The mode of
infection is via the viral spike S-glycoprotein binding to the
ACE2 (Figure 1) on the epithelial surface to mediate viral entry
(13). This process is supported by transmembrane protease
serine 2 (TMPRSS2) (14), which in COVID-19 leads to a
robust immune response resulting in acute inflammation with
increased levels of inflammatory mediators including cytokines
and chemokines (15). This activation of the immune system
provides us with the insight as to why individuals who are
immunocompromised at baseline with other comorbidities
such as diabetes tend to have a more severe disease
progression. Multiple studies have shown that individuals with
diabetes are prone to have cytokine dysregulation at baseline
Frontiers in Immunology | www.frontiersin.org 2
with increased levels of pro-inflammatory cytokines and
decreased levels of anti-inflammatory cytokines (16).

The difficulties attributed to COVID-19 response is multi-
factorial, some of which include new emerging strains, lower
socioeconomic status, lack of resources and different co-
morbidities with underlying augmented baseline inflammation
and immune dysregulation as seen in diabetes. This paper will be
divulging into the mechanism and pathophysiology of why
individuals with diabetes and insulin resistance are more prone
to have worse outcomes after COVID-19 and propose an
adjunctive therapy to help combat the cytokine storm as seen
in COVID-19 to help alleviate the underlying inflammation
(2, 16).
PATHOGENESIS OF SARS-CoV-2

SARS-CoV-2 are RNA viruses which spread via bodily fluid
exposure. Viral attachment and entry into host cells happens
using the spike protein which sits on the virus’ membrane. Spike
protein is composed of two subunits S1 which promotes infectivity
via receptor binding and S2 which increase entry via endocytosis.
S1 subunit which infects via receptor binding attaches to the host
cell via angiotensin-converting enzyme-2 (ACE2) receptors
(Figure 1). Here the entire virus enters the cell by being encased
in an endosome. Once in the cell, this membrane is then broken-
down piece-by-piece by the protease cathepsin. Eventually, this
will expose the viral RNA to the cytoplasm. Neuropilin-1 is
another host cell receptor for SARS-CoV-2 and facilitates
infectivity, the exact mechanism is still debatable, though it is
thought to allow for S1 binding as well (16–22).

The second mode of entry requires spike protein cleavage at
the S1/S2 site by proteases which includes transmembrane
protease serine 2 (TMPRSS2) and cathepsin L (16, 17). This
allows for fusion of the S2 component with the cell’s plasma
membrane leading to an opening or fusion pore, facilitating the
RNA’s entry into cellular cytoplasm (17, 21, 22). Once in the
cytoplasm of the cell the RNA genome gets translated into viral
proteins. These will eventually form into viruses and be released
from the cell (23). Figure 1 demonstrates the steps for entry
requiring spike protein cleavage.

As more information about this novel virus is elucidated,
another protease’s role in promoting infectivity is becoming
more significant. Furin is a proprotein convertase (PC) that
has a role in cleaving proteins. It is generally located on the trans-
Golgi network and has been found to also cleave at the S1/S2
component of the spike protein. It is thought that this will
enhance viral maturity and processing once the virus is already
in the cell (23, 24). The spike protein also has a unique furin
cleavage site at the S1/S2 junction which facilitates fusion of S2 to
the cellular receptor neuropilin-1 (NRP1). This amplifies
transmission of SARS-CoV-2 (25). Studies show that patients
with diabetes and metabolic syndromes have higher plasma furin
levels (26).

It has further been discussed that this elevation in furin may
increase the mortality of COVID-19 patients. The augmented
March 2022 | Volume 13 | Article 833355

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Singh et al. SARS-CoV-2 Infection and Altered Immune Responses
furin levels raises susceptibility of host cells, hence boosting viral
load. We predict that patients may have worse outcomes
secondary to higher viral infiltration of organs with higher furin
concentration such as the lungs, kidneys, and atherosclerotic
plaques. Respectively, many fatal outcomes from COVID-19
seem to come from acute respiratory distress syndrome, acute
renal failure, and acute cardiac injury with heart failure (27).
MECHANISM FOR INSULIN RESISTANCE

Diabetes mellitus is a disorder affecting glucose metabolism and
can be separated into two types. Type one involves insulin
deficiency while the more common type two involves insulin
resistance (28, 29).

Insulin resistance is a decreased responsiveness of tissues
and cells to circulating insulin. This leads to both increased
circulating levels of insulin, as well as higher levels of circulating
glucose (30).

Insulin resistance is a metabolic disorder that is not easily
explained by a single metabolic pathway. Chronic exposure to
energy surplus is postulated to lead to insulin resistance. This
usually induces ectopic lipid accumulation in the liver, muscles
and adipose tissues leading to reduced glucose uptake by skeletal
muscle and decreased glycogen synthesis in the liver (28).
Ectopic lipid accumulation is postulated to be one of the main
causes of development of insulin resistance. Early studies by
Randle suggest that fatty acids impair insulin-mediated glucose
uptake by inhibition of pyruvate dehydrogenase, leading to
decreased glucose oxidation, which is necessary for glucose
metabolism (29).
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While plasma lipids play an important role in insulin
resistance, other studies have demonstrated that elevated
accumulation of intra-myocel lular l ipid, especia l ly
diacylglycerol (DAG) alters the cellular matrix by activating a
de-novo protein kinase C (PKC). This impairs insulin signaling
by increasing protein phosphatase 2A (PP2A) and sequestrating
serine/threonine kinase (Akt2); both of which play an important
role in the function of the insulin receptor and it’s signaling
pathway as well as in glucose uptake (31–33).

Ceramides are by-products of fatty acids and are believed to
play an important role in insulin resistance. As fatty acids enter
the cell, they get esterified with sphingosine creating ceramides.
These ceramides are membrane bound lipids, found in greater
quantities in the muscles and liver cells (34). One-way chronic
inflammation can be explained in patients suffering from insulin
resistance is by the activation of the innate immune signaling
pathway triggered by toll-like receptor 4 (TLR4). TLR4 are an
upstream signal required for ceramide biosynthesis. Ceramides
are associated with lipid-induced inflammatory pathways and
the development of proinflammatory components such as kinase
IKb (35). Patients in septic shock who are suffering from obesity
and/or diabetes exhibited an increase in insulin resistance and an
elevation in cytokines, this would suggest that insulin resistance
plays a role in cytokine production and its downstream
complications (36, 37). In turn, cytokines can feed back into
this system causing insulin resistance. For example,Tumor
necrosis alpha (TNF-a) directly causes insulin resistance
through insulin receptor substrate-1 (IRS-1) and insulin
receptor substrate-2 (IRS-2 via promoting serine/threonine
phosphorylation of the substrates. This leads to an inhibition
of the insulin receptor and causes insulin resistance (38).
FIGURE 1 | SARS-CoV2 infection of host cells (10–12): 1. Attachment of S1(green) subunit of the SARS-CoV-2 (pink) spike protein to the ACE 2 (Orange) receptor
on the host cell plasma membrane (blue). 2. Cleavage of S1/S2 (green/purple) complex by either TMPRSS2, or Furin (red) 3. Fusion of the S2 spike protein
component with the host cell plasma membrane.
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Diabetes also imparts damage to the body by increasing
oxidative stress in DNA, proteins and lipids, which leads to an
enhanced cellular response and activation of PKC, transcription
factor nuclear factor kappa B (NF-kB) and JNK stress associated
kinase (39). Hyperglycemia also leads to microvascular damage,
resembling poorly perfused tissue. This in part is referred to as
pseudohypoxia which impairs oxidation of NADH to NAD+.
Oxidative stress increases reactive oxygen species (ROS) such as
superoxide anion and possibly nitric oxide formation and
decreases oxidative defenses leading to tissue damage (40).

While there are multiple pathways which lead to oxidative
stress such as glucose oxidation, non-enzymatic glycation, and
polyol pathways. The polyol pathway appears to have the greatest
effect on oxidative stress in an individual (41). The polyol
pathway consists of two enzymes, aldose reductase (AR) and
sorbitol dehydrogenase (SDH), that aid in the formation of
glucose to sorbitol and sorbitol to fructose (42). Therefore,
hyperglycemia leads to tissue damage via two pathways,
osmotic damage via sorbitol accumulation and oxidative stress
by means of oversaturating the polyol pathway and ROS
accumulation. The first reaction requires a NADPH for the
conversion of glucose into fructose by AR. This in turn,
depletes NADPH which is needed by glutathione reductase to
generate glutathione (GSH), leading to a depletion of GSH. The
second reaction is the conversion of sorbitol to fructose by SDH
which causes oxidative stress by increasing the NADH
cofactors, a substrate for ROS (43). These are some of the
main pathways and reactions believed to cause tissue damage,
increase pro inflammatory molecules which eventually leads to
insulin resistance.
MECHANISM BEHIND IMPAIRED IMMUNE
RESPONSE IN DIABETES

The pathophysiology and treatment of SARS-CoV-2 has been
inexorably linked with our immune system. Severe SARS-CoV-2
infections appear to be largely related to inappropriate and
excessive immune system response (15). Meanwhile, humoral
and cell mediated immune responses appear to be the
cornerstone of the treatment and prevention of SARS-CoV-2.
Many attempts at therapeutics have relied on convalescent
plasma or monoclonal antibodies, supporting, and amplifying
our body’s own natural immune system. Likely more important,
highly effective COVID-19 vaccines rely on our bodies own
humoral immune system to be effective.

Diabetic patients, making up over ten percent of the
population in the United States, and known to have markedly
increased mortality rates due to SAR-CoV-2 infections are a
group of significant interest regarding COVID-19 infections (4,
44). A meta-analysis concluded that blood glucose level was
elevated in severe SARS-CoV-2 when compared to milder
disease, and while hemoglobin A1C (HbA1C) was slightly
higher in severe disease, it was not significant. This was again
seen in a retrospective study by Patel and team which showed
that in diabetic patients hospitalized with SARS-CoV-2 there was
Frontiers in Immunology | www.frontiersin.org 4
no significant association between HbA1C level and adverse
clinical outcomes (45, 46). Despite there being no significant
correlation between HbA1C and adverse outcomes early in the
pandemic, a recent meta-analysis by Zheng et al. concluded that
uncontrolled hyperglycemia for a prolonged period was
associated with adverse prognosis. The mechanistic effect of
hyperglycemia on inflammation and cytokine surge has been
established in many studies (47).

Glucose reacts non-enzymatically with proteins, forming
compounds which undergo a series of irreversible changes over
time to become advanced glycation end-products (AGEs). In
studies AGEs significantly increase the mRNA expression and
production of TNF- a in endothelial cells cultured and grown
from the human umbilical vein. TNF- a can then induce the
production of inflammatory cytokines such as interleukin-6 (IL-
6), interleukin-8 (IL-8), and granulocyte-macrophage colony-
stimulating factor (GM-CSF) from endothelial cells (48).

Diabetes, poor glycemic control, and inability to produce
adequate insulin are related to several immunosuppressive effects
in relation to B and T cell activity, and lead to the disease being
considered an immunosuppressive condition. These effects are
likely the root of the markedly increased mortality seen in this
population, and worth further investigating (44).

Cell-mediated response is assisted and amplified by the
activity of CD8+ T cells, leading to the cascade of cytokines
that rally other components of the cell-mediated immune
response. Prior research has shown that this response is
blunted in diabetics (46, 49). For example, research has shown
that viral infection can cause states of insulin resistance in
skeletal muscle and other sites in the body. This leads to a
hyperglycemia and resulting compensatory hyperinsulinemic
state. These increased levels of insulin have been shown to be
stimulating factors for CD8+ T cells. This hyperinsulinemic
response has been shown to be blunted in patients with Type
II diabetes (T2DM), leading to decreased CD8+ T cell activity
and a state of hyperglycemia in the presence of infection (50, 51).
There are also associated effects of uncontrolled hyperglycemia,
including glycosylation components of the immune system
including IgG and IgM antibodies, as well as inappropriate
activation of CD4+, CD8+, and cytotoxic T cells, and
decreased production of inflammatory cytokines in immune
responses (52). A study comparing patients with impaired
glucose tolerance (IGT) to non-diabetic subjects showed that
IL-6, C-reactive protein (CRP), serum amyloid A protein, and
fibrinogen were more elevated in patients with T2DM (53).
Another study looked at type II diabetics who did and did not
have an infection present compared to non-diabetic patients with
and without infection. Both cohorts of diabetics had higher levels
of CRP than the control group of non-diabetic patients with no
infection (54, 55).

SARS-CoV-2 infections present somewhat of a paradox
regarding cell-mediated immune response. While necessary to
control the viral replication and limit infection, it appears most
of the serious adverse effects of the infection result from an
overactive cytokine cascade. This should raise the question of
why immunosuppression is not beneficial in these patients. A
March 2022 | Volume 13 | Article 833355
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similar issue exists regarding steroid use as a therapeutic agent,
having been found to have both beneficial and harmful effects in
different patient populations (56). Likely the easiest way to parse
out the complicated relationships between these competing
effects is to look at the result. Diabetics are found to have a
higher rate of clinically significant infection, and nearly 3 times
the mortality rate from infections (44). This suggests that while
there are likely both protective and deleterious effects of the
blunted immune response in diabetics- overall it is a detrimental
process. The differential effects of glucose on the various immune
cell types can be gleaned in Table 1.

Humoral immunity, and a sustained antibody response to
SARS-CoV-2 infections, whether by natural infection or
vaccination appear to be the definitive method of control of
the pandemic. The question of sustained immune response will
likely be the deciding factor of whether COVID-19 becomes a
seasonal infection, or eventually sputters out as the number of
potential infected dwindles. One of the current areas of interest is
how long the antibody response to COVID-19 infections lasts
from a natural infection, how long it provides effective resistance,
and how the response from different vaccines compares to this
(60). Diabetics are again a group of interest because of impaired
B-cell response. Clinically, diabetics have shown impaired
humoral immune responses to both infections and
vaccinations in the past (significant examples being influenza
and hepatitis B vaccines) (61). The effects of diabetes on humoral
immunity are complex and interconnected. Factors limiting cell
mediated immune responses mentioned above contribute to a
less robust activation of the humoral immune system, while
glycosylation of antibodies directly affects the effectiveness of
these responses (52, 61). All of this inflammatory dysregulation
present in diabetics is a recipe for disaster if mixed with COVID-
19. Both disease states have many similar pro-inflammatory
mechanisms that can potentiate a very sick patient (50).
Frontiers in Immunology | www.frontiersin.org 5
Despite this, clinical trials have shown mixed, but promising,
results of immune response to COVID-19 (measured in antibody
titers) that appear to be appropriate and sustained (61, 62).
Giving some hope that this population will have an effective
response to vaccination programs going forward. Table 2
Summarizes the main factors of diabetes that contribute to
SARS-CoV-2 pathophysiology as discussed in this paper.
ROLE OF VITAMIN D AND GLUTATHIONE
IN DECREASING CYTOKINE SURGE AND
OXIDATIVE STRESS

Glutathione (GSH) is an endogenous compound which
continuously cycles between oxidative states in order to
regulate the body’s oxidation status (63). Reduced GSH is
oxidized to form Glutathione disulfide (GSSG) upon reduction
of reactive oxygen species (ROS)-scavenger enzymes (64). Thus,
GSH ultimately neutralizes oxidative compounds via a series of
enzymatic reactions, combating the oxidative stress induced pro-
inflammatory cytokine expression classically seen in diabetic
patients (63, 64). Certain agents can upregulate or
downregulate glutathione activity. For instance, N-acetyl-
cysteine (NAC) and glutathione ether ester (GEE) increase
intracellular GSH levels whereas Diamide and Buthionine
Sulfoxime (BSO) deplete intracellular GSH (64–66). In
lymphoma B cells, BSO treatment and consequent GSH
depletion increased ROS production, ultimately inducing
apoptosis (65).

GSH affects the expression of cytokines, this has been
established by many studies which show an imbalance between
pro and anti-inflammatory cytokines in disease states such as
diabetes and human immunodeficiency virus (67). In a study
analyzing heart failure among rabbits, those treated with NAC
TABLE 2 | Summary of the main factors of diabetes that contribute to SARS-CoV-2 pathophysiology as discussed in this paper.

Summary of hyperglycemic factors that contribute to
SARS-CoV-2 pathophysiology

Mechanism

CD8+ T Cells • Role in enhancing the cytokine cascade (49)
TNF- a • Induces production of inflammatory cytokine

• Causes insulin resistance by inhibition of insulin receptor, hence leading to hyperglycemia and
worsening inflammation (34, 49)

Furin • Noted to be elevated in diabetic patients, plays a role in host cell susceptibility to SARS-CoV-
2 (26, 27)

Inflammatory Cytokine: IL-6 • Elevated in diabetic individuals, role in augmentation of COVID-19 inflammatory state (54, 55).
TABLE 1 | The effects of hyperglycemia on the various types of immune cells.

Immune Cell Type Effects of Glucose on the Cell Type

Monocytes Il-6 and TNF- a levels are increased in human-isolated monocytes (57). Superoxide anion production is increased (58)
Neutrophils Inhibits migration (58, 59), phagocytosis, superoxide production and microbial killing, and induces apoptosis (58)
Lymphocytes (B cells) Glycosylation of proteins prevents complement fixation and subsequent opsonization with immunoglobulins (58)
Macrophages Superoxide anion production is increased (59)
Lymphocytes (T cells) Attenuated CD28 and CD3 signaling leads to diminished response in activated T cells. Activity and counts of regulatory T cells are reduced (59)
Natural Killer Cells Attenuated function and cell count (59)
March 2022 | Volume 13 | Article 833355
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showed greater levels of GSH and consequently decreased
expression of the transcription factor NF-kB when compared
to controls. NF-kB activity upregulates expression of IL-6,
interleukin-1(IL-1), and TNF-a (66). Furthermore, lower total
GSH levels were correlated with increased disease severity and
lung damage, highlighting glutathione’s potential role in
COVID-19 management (68). Essentially, GSH reduces
oxidative stress and the expression of cytokines pertinent to
the diabetes related exacerbation of SARS-CoV-2 pathogenesis
and thus could be a potential therapeutic target for reducing
disease severity. Several clinical trials, as listed in Table 3,
investigate the therapeutic potential of glutathione in COVID-
19 pathogenesis; however, diabetic-specific trials have not yet
been commenced (69–73).

In addition to GSH, Vitamin D can also be implicated in the
therapeutic barrage against COVID-19. In a randomized clinical
study, patients with COVID-19 who were administered 25-
Hydroxyvitamin-D3 (calcifediol) showed a significantly lower
need for Intensive care unit (ICU) treatment when compared to
non-administered COVID-19 patients (74). In another
randomized clinical trial consisting of 130 COVID-19 patients
with hypovitaminosis D, high dose (60,000 IU) daily oral
supplementation of Vitamin D significantly increased systemic
Vitamin D levels and decreased the levels of the following
inflammatory markers: C-reactive peptide (CRP), IL-6, and
Neutrophil/lymphocyte ratio (75). Information on clinical
trials involving Vitamin D supplementation in COVID-19
Frontiers in Immunology | www.frontiersin.org 6
patients can be gleaned from Table 4 (76, 77). No clinical
trials involving vitamin D supplementation in diabetic
COVID-19 patients have been undertaken.

Both 25-Hydroxyvitamin-D3 and 1,25-Dihydroxyvitamin-
D3 (calcitriol) inhibit the expression of TNF-a, IL-6,
Monocyte chemoattractant protein-1(MCP-1) and NF-kB in
lipopolysaccharide-stimulated and unstimulated macrophages
(78). They also significantly reduce the expression of IL-6,
MCP-1, and IL-8 in a dose-dependent manner among human
periodontal ligament fibroblasts as well as the expression of
MCP-1 and IL-8 in primary human periodontal ligament cells
(79). These anti-inflammatory outcomes of vitamin D
administration may be explained by its effects on TNF-a. In
vascular smooth muscle cells (VSMCs) TNF-a activates NF-kB
via TNF receptor binding, eventually inducing the expression of
pro-inflammatory genes such as MCP-1 and Interleukin -1 beta
(IL-1b) (80). However, administration of both calcitriol and
paricalcitol attenuated TNF-a-dependent NF-kB binding to
DNA, decreasing nuclear translocation of NF-kB and
consequent NF-kB-induced gene transcription (81). Thus,
vitamin D inhibits the NF-kB-induced transcription of
cytokines upregulated during hyperglycemia and the cytokine
storm seen in severe SARS-CoV-2 infection. Vitamin D may also
alleviate heightened oxidative stress characteristic of
hyperglycemia, subsequently alleviating SARS-CoV-2’s
pathogenesis in diabetic patients. According to a meta-analysis
and systematic review by Sepidarkish et al., Vitamin D
TABLE 4 | Current Vitamin D-relevant clinical trials in COVID-19 patients and their corresponding clinicaltrials.gov identification numbers, treatments, measured
parameters, and clinical phases.

Trial Title Identification
Number

Treatment Measurements Clinical
Phase

The Effect of Vitamin D Therapy on Morbidity
and Mortality in Patients With SARS-CoV 2
Infection

NCT04733625 Cholecalciferol Death and need for intubation

Clinical Outcomes of High Dose Vitamin D
Versus Standard Dose in COVID-19 Egyptian
Patients

NCT04738760 High dose (dose
not provided)
Vitamin D

LOS in hospital, mortality, Clinical status improvements, the rate and
magnitude of change in gas exchange as measured by PaO2/FiO2
ratio

Not
Applicable
March 2022 | Volume 13 | Arti
TABLE 3 | Current glutathione-relevant clinical trials in COVID-19 patients and their corresponding clinicaltrials.gov identification numbers, treatments, measured
parameters, and clinical phases.

Trial Title Identification
Number

Treatment Measurements Clinical
Phase

Glutathione, Oxidative Stress and Mitochondrial Function in
COVID-19

NCT04703036 N-Acetylcysteine Various cytokines including IL-6, oxidative stress, patient
functional status, and markers of damage

A Study to Evaluate the Efficacy and Safety of Prothione™

Capsules for Mild to Moderate Coronavirus Disease 2019
(COVID-19)

NCT04742725 Prothione™ (a pro-
glutathione
compound)

time from RT-PCR SARS-CoV-2 positivity to double-RT-
PCR negativity

Phase 2

Effect of N-acetylcysteine on Oxidative Stress in COVID-19
Patients

NCT04792021 N-Acetylcysteine IL-6, TNF-a, Length of stay (LOS) in hospital, and
mechanical ventilation requirement

Phase 3

NAC for Attenuation of COVID-19 Symptomatology
(NACinCOVID2)

NCT05074121 N-Acetylcysteine COVID disease symptom severity and duration Phase 2

Efficacy of N-Acetylcysteine (NAC) in Preventing COVID-19
From Progressing to Severe Disease

NCT04419025 N-Acetylcysteine LOS in hospital, respiratory rate, mechanical ventilation
requirement, required duration of intubation, COVID-19
hospitalization

Phase 2
cl
e 833355
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supplementation increases serum levels of glutathione (GSH)
and significantly depletes malondialdehyde (MDA), indicating
decreased oxidative stress (82). Furthermore, treatment with
Vitamin D increases glucose tolerance and decreases insulin
resistance. The proposed mechanism involves a direct
stimulation of insulin-producing pancreatic cells via their
vitamin D receptors and an indirect stimulation via
normalization of systemic calcium levels, allowing appropriate
calcium-induced insulin secretion (83). Despite there being no
clinical trials demonstrating that low Vitamin D levels lead to
higher SARS-CoV-2 susceptibility, there have been numerous
studies showing that the pre-infection Vitamin D deficiency is
associated with increased morbidity and mortality and hence
lower Vitamin D levels are likely a good predictor for disease
progression (84).

A study by Demir et al. validates the impact of Vitamin D on
inflammation. This study showed that as Vitamin D levels
increased, the risk of SARS-CoV-2 infections decreased along
with its downstream effects. It proved that if an individual is
already positive for COVID-19, as their Vitamin D levels
increased, the levels of inflammatory markers such as D-Dimer
and C-reactive protein decreased along with the extent of lung
injury (85).

Numerous studies have displayed that having baseline levels
of Vitamin D deficiency is a common risk factor for multiple
inflammatory diseases including obesity, diabetes, insulin
resistance and atherosclerosis (86, 87).

A study conducted by Jain and team looked at the link
between Vitamin D deficiency and a lower GSH level, where
they showed that supplementation using a combination of
Vitamin D and L-cysteine significantly raised GSH levels while
lowering oxidative stress, TNF-a level, and insulin resistance
levels in blood (86).

Thus, Vitamin D supplementation not only reduces oxidative
stress, but it also augments GSH and contributes to improving
diabetic hyperglycemia and its associated inflammation.
STEROID’S ROLE IN COVID-19
INFECTION

Cort icosteroids which inc lude glucocort icoids and
mineralocorticoids are a class of stress hormones released in a
circadian manner by the adrenal cortex. It plays a role in
regulating physiologic processes essential for life (88). Today
corticosteroids are at the forefront of immunosuppressive and
anti-inflammatory therapy and hence are a critical part in the
fight to combat the detrimental impact of SARS-CoV-2 (89). The
release of glucocorticoids is regulated by hypothalamic-pituitary-
adrenal (HPA) axis (88, 90). The downstream effects of
glucocorticoids are mediated via two major pathways; first by
its direct effect on gene transcription via glucocorticoid
responsive elements and transcription factors, both of which
inhibit cytokine synthesis, obstruct promoter sites of
pro-inflammatory cytokines and impede nuclear factor
kappa B. Nuclear factor kappa B which acts to activate
Frontiers in Immunology | www.frontiersin.org 7
immunoregulatory genes in inflammation, therefore when
inhibited by steroids, leading to a decrease in inflammation
(91, 92). Secondly corticosteroids modulate cytokine function
via post translation events by affecting the stability of messenger
RNAs which encodes for certain cytokines (93, 94).

Corticosteroids are immunosuppressants and hence will
function to decrease the cytokine production, but concurrently
would also hinder the defensive properties of the immune system
by blocking T-cells and decreasing the ability of B-cells to make
antibodies. They also subdue the function of macrophages and
natural killer cells, hence, impeding the body from fighting
against superimposed infections (95). A study by Lee et al.
showed that early corticosteroid use was associated with higher
continuous plasma viral load (96). The recovery trial, one of the
more prominent studies supporting corticosteroids for SARS-
CoV-2 concluded that dexamethasone for 10 days reduced 28-
day mortality in patients receiving some form of respiratory
support but found no benefits and possibly harm in patients not
requiring oxygen supplementation. This was also seen
documented in the meta-analysis by WHO prior to their
recommendation for corticosteroid use along with many other
studies, all of which recommended corticosteroids for severely ill
patients only (10, 56, 95, 97, 98).

As SARS-CoV-2 lead to devastation across the globe, the
impact of different co-morbidities became more apparent, and
the different consequences became evident. Diabetes is one of the
co-morbidities that has been shown to be an independent risk
factor for infections and for severe disease progression of Covid-
19 (11, 12). There have been many emerging reports and studies
showing that there is a high rate of mucormycosis infection in
patients with SARS-CoV-2 in India. Hyperglycemia, becoming
worse in the setting of corticosteroid supplementation, provides
an ideal environment for fungal infections (11). In a systemic
review of cases looking at 101 patients with mucormycosis it was
found that 80% were diabetic patients and 76.3% had received
corticosteroids, as there was no specific documentation of the
prevalence of infections in diabetic and non-diabetic patients’
definitive conclusions could not be drawn (11).

As noted above, steroids are undoubtfully beneficial and most
definitely contributed to keeping our mortality rate lower, but are
not without risk, and these risks are compounded when coupled
with certain co-morbidities such as diabetes. Therefore, it is crucial
that the usage of corticosteroids is done cautiously in certain
population, such as the immunocompromised community.
CONCLUSION

Diabetes is currently one of the top ten causes of death worldwide,
the number of individuals with diabetes rose from 108 million in
1980 to 422 million in 2014 and in 2019, an estimated 1.5 million
deaths were directly caused by diabetes (1). The underlying
immune system dysregulation became an imminent point of
interest as the COVID-19 pandemic swept through the globe.
SARS-CoV-2 by itself had exhausted medical resources as there
was a rush to analyze the pathogenesis of the novel virus.
March 2022 | Volume 13 | Article 833355
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Nowadays, there are multiple vaccines available but only a fraction
of the world’s population has been vaccinated. As we see newer
strains emerging it begs the question if the current vaccines
provide appropriate protection from these evolving viruses.

In the executive summary published by the Centers for
Disease Control and Prevention (CDC), reviewing the meta-
analysis of clinical trials, it was suggested that vaccination is
effective in preventing severe infection and provided protection
from variants. This analysis also showed that various immune
markers including neutralizing antibodies, including CD 4+ and
CD8+ T cells, have a half-life, and see a decline after a period of
time. Memory B cells on the other hand was elevated after an
infection/vaccination and this level was sustained (99, 100).

CDC’s weekly report showed that vaccine effectiveness was
significantly reduced in patients 4-6 months after vaccination,
showing increased morbidity and mortality among nursing
home residents who had already received the full vaccination
series when the Delta variant predominated, hence reenforcing
the need for boosters (101).
Frontiers in Immunology | www.frontiersin.org 8
Here we presented GSH, an antioxidant that has been shown
to normalize pro and anti-inflammatory cytokines in other
disease states such as diabetes and HIV, as a potential
therapeutic pathway for COVID-19 infections. We also
discussed the risks and benefits of corticosteroids and
recommend that physicians use them sparingly when dealing
with patients who do not require respiratory support.
Immunomodulation with steroids, GSH, and Vitamin D have
shown beneficial effects in prior studies related to similar
inflammatory conditions and warrant further research in the
pathophysiology and treatment of COVID-19.
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51. Šestan M, Marinović S, Kavazović I, Cekinović Đ, Wueest S, Turk Wensveen
T, et al. Virus-Induced Interferon-g Causes Insulin Resistance in Skeletal
Muscle and Derails Glycemic Control in Obesity. Immunty (2018) 49
(1):164–77.e6. doi: 10.1016/j.immuni.2018.05.005
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54. Rodrıǵuez-Morán M, Guerrero-Romero F. Increased Levels of C-Reactive
Protein in Noncontrolled Type II Diabetic Subjects. J Diabetes Complications
(1999) 13(4):211–5. doi: 10.1016/s1056-8727(99)00047-1

55. Randeria SN, Thomson GJA, Nell TA, Roberts T, Pretorius E. Inflammatory
Cytokines in Type 2 Diabetes Mellitus as Facilitators of Hypercoagulation
and Abnormal Clot Formation. Cardiovasc Diabetol (2019) 18(1):72.
doi: 10.1186/s12933-019-0870-9

56. Calzetta L, Aiello M, Frizzelli A, Rogliani P, Chetta A. Dexamethasone in
Patients Hospitalized With COVID-19: Whether, When and to Whom. J
Clin Med (2021) 10(8):4–5. doi: 10.3390/jcm10081607

57. Morohoshi M, Fujisawa K, Uchimura I, Numano F. The Effect of Glucose
and Advanced Glycosylation End Products on IL-6 Production by Human
Monocytes. Ann N Y Acad Sci (1995) 748:562–70. doi: 10.1111/j.1749-
6632.1994.tb17362.x

58. Jafar N, Edriss H, Nugent K. The Effect of Short-Term Hyperglycemia on the
Innate Immune System. Am J Med Sci (2016) 351(2):201–11. doi: 10.1016/
j.amjms.2015.11.011

59. Shomali N, Mahmoudi J, Mahmoodpoor A, Zamiri RE, Akbari M, Xu H,
et al. Harmful Effects of High Amounts of Glucose on the Immune System:
An Updated Review. Biotechnol Appl Biochem (2021) 68(2):404–10.
doi: 10.1002/bab.1938

60. Cromer D, Juno JA, Khoury D, Reynaldi A, Wheatley AD, Kent SJ, et al.
Prospects for Durable Immune Control of SARS-CoV-2 and Prevention of
Reinfection. Nat Rev Immunol (2021) 21(6):395–404. doi: 10.1038/s41577-
021-00550-x

61. Pal R, Sachdeva N, Mukherjee S, Suri V, Zohmangaihi D, Ram S, et al.
Impaired Anti-SARS-CoV-2 Antibody Response in non-Severe COVID-19
Patients With Diabetes Mellitus: A Preliminary Report. Diabetes Metab
Syndr (2021) 15(1):193–6. doi: 10.1016/j.dsx.2020.12.035

62. Lampasona V, Secchi M, Scavini M, Bazzigaluppi E, Bragatti C, Marzinotto I,
et al. Antibody Response to Multiple Antigens of SARS-CoV-2 in Patients
With Diabetes: An Observational Cohort Study. Diabetologia (2020) 63
(12):2548–58. doi: 10.1007/s00125-020-05284-4

63. Aquilano K, Baldelli S, Ciriolo MR. Glutathione: New Roles in Redox
Signaling for an Old Antioxidant. Front Pharmacol (2014) 5:196.
doi: 10.3389/fphar.2014.00196

64. Johnson WM, Wilson-Delfosse AL, Mieyal JJ. Dysregulation of Glutathione
Homeostasis in Neurodegenerative Diseases. Nutrients (2012) 4(10):1399–
440. doi: 10.3390/nu4101399

65. Armstrong JS, Steinauer KK, Hornung B, Irish JM, Lecane P, Birrell GW,
et al. Role of Glutathione Depletion and Reactive Oxygen Species Generation
in Apoptotic Signaling in a Human B Lymphoma Cell Line. Cell Death Differ
(2002) 9(3):252–63. doi: 10.1038/sj.cdd.4400959
March 2022 | Volume 13 | Article 833355

https://doi.org/10.1371/journal.ppat.1009246
https://doi.org/10.1126/science.abd2985
https://doi.org/10.1111/joim.12783
https://doi.org/10.1172/JCI77812
https://doi.org/10.1016/s0140-6736(63)91500-9
https://doi.org/10.1016/s0140-6736(63)91500-9
https://doi.org/10.1007/s001250051123
https://doi.org/10.1128/MCB.18.9.5457
https://doi.org/10.1128/MCB.18.9.5457
https://doi.org/10.2337/diabetes.51.7.2005
https://doi.org/10.1016/S0021-9258(17)44844-7
https://doi.org/10.1172/JCI43378
https://doi.org/10.1016/j.cell.2012.02.017
https://doi.org/10.1016/j.cell.2012.02.017
https://doi.org/10.1038/sj.ijo.0802502
https://doi.org/10.1172/JCI10934
https://doi.org/10.1097/01.asn.0000077408.15865.06
https://doi.org/10.2337/diab.42.6.801
https://doi.org/10.1016/0026-0495(86)90180-0
https://doi.org/10.1517/13543784.8.12.2095
https://doi.org/10.1096/fasebj.13.1.23
https://doi.org/10.2337/dci20-0024
https://doi.org/10.3389/fendo.2020.574541
https://doi.org/10.1016/j.eprac.2021.07.008
https://doi.org/10.1016/j.eprac.2021.07.008
https://doi.org/10.1016/j.pcd.2021.07.013
https://doi.org/10.1111/j.1523-1755.2004.00860.x
https://doi.org/10.2174/1573399815666191024085838
https://doi.org/10.1038/s41574-020-00435-4
https://doi.org/10.1016/j.immuni.2018.05.005
https://doi.org/10.14336/AD.2017.1121
https://doi.org/10.1007/s00125-002-0829-2
https://doi.org/10.1016/s1056-8727(99)00047-1
https://doi.org/10.1186/s12933-019-0870-9
https://doi.org/10.3390/jcm10081607
https://doi.org/10.1111/j.1749-6632.1994.tb17362.x
https://doi.org/10.1111/j.1749-6632.1994.tb17362.x
https://doi.org/10.1016/j.amjms.2015.11.011
https://doi.org/10.1016/j.amjms.2015.11.011
https://doi.org/10.1002/bab.1938
https://doi.org/10.1038/s41577-021-00550-x
https://doi.org/10.1038/s41577-021-00550-x
https://doi.org/10.1016/j.dsx.2020.12.035
https://doi.org/10.1007/s00125-020-05284-4
https://doi.org/10.3389/fphar.2014.00196
https://doi.org/10.3390/nu4101399
https://doi.org/10.1038/sj.cdd.4400959
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Singh et al. SARS-CoV-2 Infection and Altered Immune Responses
66. Wu XY, Luo AY, Zhou YR, Ren JH. N-Acetylcysteine Reduces Oxidative
Stress, Nuclear Factor−kb Activity and Cardiomyocyte Apoptosis in
Heart Failure. Mol Med Rep (2014) 10(2):615–24. doi: 10.3892/
mmr.2014.2292

67. Khatchadourian C, Sisliyan C, Nguyen K, Poladian N, Tian Q, Tamjidi F,
et al. Hyperlipidemia and Obesity’s Role in Immune Dysregulation
Underlying the Severity of COVID-19 Infection. Clin Pract (2021) 11
(4):694–707. doi: 10.3390/clinpract11040085

68. Kryukov EV, Ivanov AV, Karpov VO, Alexandrin VV, Dygai AM, Kruglova
MP, et al. Association of Low Molecular Weight Plasma Aminothiols With
the Severity of Coronavirus Disease 2019. Oxid Med Cell Longev (2021)
2021:9221693. doi: 10.1155/2021/9221693

69. ClinicalTrials.gov. Glutathione, Oxidative Stress and Mitochondrial Function
in COVID-19.

70. ClinicalTrial.gov. A Study to Evaluate the Efficacy and Safety of Prothione
Capsule for Mild to Moderate Coronavirus Disease. (2019).

71. ClinicalTrials.gov. Effect of N-Acetylcysteine on Oxidative Stressin Covid-19
Patients.

72. ClincalTrials.gov. NAC for Attenuation of Covid-19 Symptomatology.
73. ClinicalTrials.gov. Efficacy of N-Acetylcysteine (NAC) in Preventing Covid-19

From Progressing to Severe Disease.
74. Entrenas Castillo M, Entrenas Costa LM, Vaquero Barrios JM, Alcalá Diaz
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