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Abstract: Glucose-6-phosphate dehydrogenase (G6PD) is the second rate-limiting enzyme of the
pentose phosphate pathway. This enzyme is present in the cytoplasm of all mammalian cells, and
its activity is essential for an adequate functioning of the antioxidant system and for the response
of innate immunity. It is responsible for the production of nicotinamide adenine dinucleotide
phosphate (NADPH), the first redox equivalent, in the pentose phosphate pathway. Viral infections
such as SARS-CoV-2 may induce the Warburg effect with an increase in anaerobic glycolysis and
production of lactate. This condition ensures the success of viral replication and production of the
virion. Therefore, the activity of G6PD may be increased in COVID-19 patients raising the level
of the NADPH, which is needed for the enzymatic and non-enzymatic antioxidant systems that
counteract the oxidative stress caused by the cytokine storm. G6PD deficiency affects approximately
350–400 million people worldwide; therefore, it is one of the most prevalent diseases related to
enzymatic deficiency worldwide. In G6PD-deficient patients exposed to SARS-CoV-2, the amount
of NADPH is reduced, increasing the susceptibility for viral infection. There is loss of the redox
homeostasis in them, resulting in severe pneumonia and fatal outcomes.

Keywords: Glucose-6-phosphate dehydrogenase; SARS-CoV-2; COVID-19; redox homeostasis;
Warburg effect; pentose phosphate pathway

1. Introduction
Glucose-6-Phosphate Dehydrogenase

Glucose-6-phosphate dehydrogenase (G6PD) is a rate-limiting enzyme in the pentose
phosphate pathway (PPP). It is responsible for the generation of nicotinamide adenine
dinucleotide phosphate (NADPH) [1], which is involved as a cofactor in the homeostasis
of glutathione (GSH), and other enzymes such as glutathione reductase, the glutathione
peroxidases family, and the thioredoxin family. It regulates the activity of many other
enzymes including the fatty acid synthase, super oxide dismutase isoforms, catalase,
NADPH oxidases, nitric oxide synthase isoforms, and methemoglobin reductase [2]. It
is also involved in the mitochondrial transport chain, cholesterol synthesis, fatty acid
synthesis [3], and steroid hormone production [4].

G6PD is present in the cytoplasm of all mammalian cells, and it is encoded by a gene
located in the terminal region of the long arm of the X chromosome (Xq28). It is distant less
than 2 centi-Morgans from the gene that encodes for factor VIII. The hereditary condition
linked to the X chromosome in men determines its homozygous character in them [5]. Its
gene consists of 12 introns and 13 exons, and it encodes for the primary peptide, which
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folds to form a monomer of 515 amino acids. Two monomers interact to form dimers that
subsequently form NADP+-dependent tetramers [6] Catalytic activity only begins when an
equilibrium state between the dimeric and the tetrameric forms is established [5]. G6PD
activity is essential for the adequate functioning of the antioxidant system and for innate
immunity, which are needed to counteract COVID-19 [7].

In this review article, we summarize information on whether there is an increase or
a decrease in the expression and/or activity of G6PD in COVID-19 patients and provide
preliminary images supporting that there is an elevation in its expression. We discuss the
effects of increases or decreases in this enzyme on the risk of getting infected by SARS-CoV-2
and on the possible outcome of the disease.

2. Changes in Metabolic Pathways Induced by Viral Infections

Viruses are obligatory intracellular parasites that depend on the metabolic machinery
of the host cell to supply the necessary energy and molecular building blocks needed for
successful replication. During replication, viruses modulate the host cell metabolic home-
ostasis to boost activities such as glycolysis, the PPP pathway, and fatty acid metabolism
to fulfill the viral energy requirements. Non-structural and structural proteins and lipids
from the membrane bilayer are needed for the synthesis of the viral genome and capsule.
The mitochondrial function of the host is also hijacked by different viruses including the
SARS-CoV-2, and they shift it from aerobic to anaerobic [8]. Thus, the pyruvate produced
from glucose during the process of glycolysis is reduced to lactate. Glucose levels in the
cytosol are increased and there is a reduction of the production of adenosine-5-triphosphate
(ATP) [9].

Large quantities of ATP are needed for viral replication and, therefore, there is a
depletion of the ATP concentration. In this situation, gluconeogenesis does not use lactate,
and this metabolite accumulates in the blood, promoting tissue acidification and exhausting
immune cells [9]. At the same time, this condition contributes to increase lactate dehydro-
genase that is the enzyme that catalyzes the conversion of pyruvate to lactate in anaerobic
conditions [10]. Moreover, lactate levels elevate the liver dependency on glycolysis, which
leads to an elevation of glucose in the blood. Viral replication is promoted in this scenario,
since the virus needs large amounts of energy for biosynthesis [11].

Hyperglycemia constitutes a high risk for complicated COVID-19, particularly in
people without previous diabetes or with diabetes discovered at hospitalization [12]. Risk
for mortality related to COVID-19 is also increased in patients with diabetes and poor
glycemic control before infection is observed [13]. In addition, high glucose concentrations
result in an elevated activity of the PPP pathway [14]. Over-activation of the PPP and the
hyperglycemic state are crucial mechanism in the inflammatory process where high pro-
inflammatory cytokines are produced [8]. In this condition, there is an excess formation of
free radicals and there is loss of systemic redox homeostasis, which leads to an exaggerated
response of the positive feedback process in the axis established between the cytokine storm-
inflammation and oxidative stress. This could result in fatal outcomes for patients with
severe pneumonia associated to the infection by SARS-CoV-2. This is further aggravated in
patients with other pathologies such as metabolic syndrome [7].

The increase in the activity of the PPP is the result the Warburg effect that certain
viral infections induce to ensure the success of the viral replication process and virion
production [15]. The Warburg effect is described as the process by which the cells obtain
energy by anaerobic glycolysis through lactic acid fermentation mainly in the cytosol.
This is in contrast to its production by the normal aerobic pyruvate oxidation in the
mitochondria [16]. The Warburg effect leads to severe hypoxia, thrombosis, pulmonary
arterial hypertension, and acute respiratory distress syndrome in SARS-CoV-2 infection [16].
This effect is also present in infections by the Zika virus, human cytomegalovirus, and the
coronavirus responsible of transmissible gastroenteritis, in which the membrane glucose
transporters-1, -2, and -4 and the apical transporters Na+-1-dependent glucose transporters
are disturbed [17,18].
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The Warburg effect leads to an increase in the activity of hexokinase (HK), which
is the first rate-limiting enzyme of glycolysis through the PPP. The function of HK is to
convert glucose to glucose-6-phosphate (G6P), which is subsequently oxidized by G6PD
for the formation of the first NADPH molecule [18,19]. In mammalian cells, there are
four HK isoforms: HK-1, HK-2, HK-3, and HK-4 [19]. The activity of HK-2 especially pro-
motes the increase of the flux of glucose due to the upregulation of downstream glycolytic
enzymes [20]. Moreover, HK-2 is upregulated in several viral infections, such as those
produced by the serotype 1 Dengue virus and the hepatitis C virus [21], the Rous sarcoma
virus, the alphavirus Mayaro, the hepatitis B virus (HBV), kaposi’s sarcoma-associated
herpesvirus, and the human cytomegalovirus [17]. It has also been described that hu-
man immunodeficiency virus type 1 (HIV-1) can induces HK-1 over-expression in human
monocytes and macrophages [19]. However, the activity of HK may decrease after 24 h of
post-viral infection [22].

As a result of the PPP upregulation, the ribose needed for viral biosynthesis of nu-
cleotides and nucleic acids is generated [23]. Many viruses including the influenza virus,
hepatitis C virus, cucumber mosaic virus, and HIV-1 are able to increase the PPP flux to
stimulate ribose-5-phosphate generation for nucleic acid and nucleotide synthesis [24]. In
this sense, the increase in HK results in more G6P that favors an elevation of the activity of
the G6PD.

3. G6PD and Viral Infections
3.1. Effects of Increased Activity of G6PD

G6PD is increased in different viral infections including the infectious pancreatic
necrosis virus, the influenza virus, HIV, and cucumber mosaic virus, white spot syndrome
virus, and infectious bursal disease virus [25–27]. In the spleen and liver of mice infected
with Friend virus, the G6PD was slightly increased [28]. Even in viral plant infections,
the activity of G6PD is increased. For example, in plum pox virus infection, there is an
increase of the G6PD [29]. The above suggests that elevations in G6PD activity in animal
and plant cells after a viral infection is associated with the viral cycle and with an increase
in the radical oxygen species (ROS) [30]. ROS such as H2O2 are produced by cells, such as
macrophages and neutrophils, as a mechanism to destroy viral particles as part of a defense
mechanism that halts the viral replication and its harmful effects on tissues. However,
overproduction of ROS or their incapacity to discriminate between exogenous pathogens,
such as SARS-CoV-2 and endogenous host tissue, leads to tissue damage.

There is an association between an excess of G6PD expression and an elevated activity
of the inducible nitric oxide synthase in the airway epithelial cells during acute lung
injury [31]. In diabetes, there is as association between increased activity of G6PD and
endothelial and vascular dysfunction and elevated levels of NADPH. There is also an
elevation in myocardial G6PD expression and activity in heart failure corrected by induced
pacing [32]. In addition, there was an increase in the expression of G6PD, through the Nrf2
pathway in the HBV infection in hepatocytes [33]. There was also over-expression of the
G6PD in patients with papillomavirus infection in human cervical cancer [34]. A pilot study
in patients with COVID-19 showed a significant increase in the levels of G6PD activity
in red blood cells and it was concluded that the increase in G6PD was a compensatory
mechanism against the viral infection [35].

In addition, there was an induction of the expression of 15 genes in autopsies from
lungs obtained from obese patients with COVID-19, and among them the G6PD gene was
found [36]. An elevated activity of G6PD was associated with increased proliferation of
lung cells and replacement of injured cells. Increased expression and activation of G6PD
enhances progression of vasoconstriction in hypoxic lungs and the development of pul-
monary hypertension. This increase in G6PD was related with elevated NADPH/NADP+

ratio [37]. In addition, preliminary results from our laboratory have shown that there was
a significant increase in the amount of this enzyme in comparison with control subjects
(p = 0.001, Figure 1) in postmortem biopsies of lungs from COVID-19 patients with or
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without comorbidities and metabolic syndrome. The enzyme was marked with G6PD
antibody. This suggests that the increase of the G6PD in viral infections is necessary to
elevate the NADPH, which is then used and depleted by the enzymatic and non-enzymatic
antioxidant system in an attempt to balance the redox homeostasis altered by the viral
infection.
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pneumonia. (B) Postmortem sample from a 68-year-old female patient with COVID-19 that had as-
sociated comorbidities of ischemic heart disease, type II diabetes, morbid obesity, and hypertension 
without G6PD deficiency. Two control subjects and two COVID-19 subjects were included. In each 
subject a lung biopsy was taken, and five electron micrographs × two fields were analyzed, and 
immunolabeling was performed as previously described by our group [8]. The primary G6PDH 
antibody (AB 87,230 ABCAM) and a secondary goat-anti-rabbit gold 15 nm (cat: 25,112 Electron 
Microscopy Sciences) were employed. In panels (A,B), the arrows indicate the presence of the im-
mune colloidal 15 nm gold marker for G6PDH antibody. The images were taken at 50,000× with a 
Jeol JEM-1011 electron microscope (JEOL Ltd., Tokyo, Japan) to 60 kilovolts equipped with AMT 
542.391 analysis software. The histogram represents the densitometry analysis of the gold particle 
count; the statistical analysis was performed with The GraphPad-Prism 6 Software. Inc. (San Diego, 
CA, USA), 1992–2012, which was used to generate the analysis and graph. Statistical significance 
was determined by the Mann–Whitney rank sum test followed by the normality test (Shapiro–Wilk). 
Difference was considered statistically significant when p ≤ 0.05. 

Figure 1. Representative immune-electron micrograph of lung. (A) Postmortem sample from a
biopsy from a 59-year-old female control subject with hypertension, obesity, type 2 diabetes, and
pneumonia. (B) Postmortem sample from a 68-year-old female patient with COVID-19 that had
associated comorbidities of ischemic heart disease, type II diabetes, morbid obesity, and hypertension
without G6PD deficiency. Two control subjects and two COVID-19 subjects were included. In each
subject a lung biopsy was taken, and five electron micrographs × two fields were analyzed, and
immunolabeling was performed as previously described by our group [8]. The primary G6PDH
antibody (AB 87,230 ABCAM) and a secondary goat-anti-rabbit gold 15 nm (cat: 25,112 Electron
Microscopy Sciences) were employed. In panels (A,B), the arrows indicate the presence of the
immune colloidal 15 nm gold marker for G6PDH antibody. The images were taken at 50,000× with
a Jeol JEM-1011 electron microscope (JEOL Ltd., Tokyo, Japan) to 60 kilovolts equipped with AMT
542.391 analysis software. The histogram represents the densitometry analysis of the gold particle
count; the statistical analysis was performed with The GraphPad-Prism 6 Software. Inc. (San Diego,
CA, USA), 1992–2012, which was used to generate the analysis and graph. Statistical significance
was determined by the Mann–Whitney rank sum test followed by the normality test (Shapiro–Wilk).
Difference was considered statistically significant when p ≤ 0.05.

In addition, the regulation of G6PD is conditioned by the NADPH/NADP ratio, which
is activated after cell exposure to various extracellular oxidants that lead to a decrease in
NADPH concentration. It is therefore considered that G6PD has an antioxidant effect by
controlling the production of ROS. The overexpression of G6PD reduces the excess of ROS
in endothelial cells treated with H2O2 plus TNFα [38].

Dehydroepiandrosterone, which is potent inhibitor of G6PD, has special relevance in
the COVID-19 pandemic. Reduction of the activity of G6PD facilitates infection of human
cells by the coronavirus. Uncompetitive inhibition of G6PD by oral dehydroepiandros-
terone in endothelial cells leads to the depletion of intracellular NADPH, and the loss of



Cells 2022, 11, 1982 5 of 11

NADPH depletes BH4, uncouples eNOS, and forms NO, highly reactive peroxide, and
peroxynitrate [39].

3.2. Effects of Decreased Activity of G6PD

G6PD deficiency affects and estimated of 350–400 million people worldwide. This
condition is one of the most common enzyme deficiency-related diseases worldwide [40].
Geographically, this deficiency affects individuals in Africa, European Mediterranean
countries, Latin America, and Southeast and South Asia [41]. Its prevalence ranges between
3.8 and 5.2% in the United States and Europe, it is 8.5% in sub-Saharan Africa, and 7.2%
in the Mediterranean area [42]. In the Al-Ahsa area in Saudi Arabia, the prevalence is of
about 13% in females and 23% in males [43].

G6PD deficiency is an asymptomatic condition whose clinical consequences include
hematological disturbances, such as neonatal jaundice and hemolytic anemia. It is mostly
undetected until triggered by hemolytic agents such as fava bean ingestion, intake of drugs
with intracellular oxidizing action, exposure to agents with intracellular oxidizing action,
or exposure to bacterial and viral infections [44]. This deficiency affects erythrocytes and
nucleated cells. Thus, human G6PD-deficient neutrophils display an impaired NO, O2

−,
and H2O2 production, which could explain their defective bactericidal effect. Unfortunately,
this enzyme deficiency is further decreased with age increasing of the morbidity rate [45].
In this sense, the severity and mortality risk of SARS-CoV-2 infection has been linked with
the aging process [45].

G6PD variants are categorized in five classes based on the enzymatic activity and the
clinical presentation [46]. Class I variants are rare, and subjects show less than 10% of nor-
mal G6PD activity in erythrocytes. Patients usually have chronic no spherocytic hemolytic
anemia [40]. Class II variants are frequently found in Mediterranean and Asian countries.
This class has no more than 10% of the normal activity of G6PD in erythrocytes. Class II
variants are not associated with chronic no spherocytic hemolytic anemia. Patients present
acute hemolysis due to infection and food exposure (fava bean), chemicals (naphthalene
mothballs), and certain drugs (antibiotics and antimalarial drugs) [47]. In these subjects,
there is extensive intravascular hemolysis resulting in tubular necrosis and acute kidney
failure. Class III variants are mainly found in Asian countries and Mediterranean and in
American Africans. Subjects having this variant of the diseases have a moderate deficiency
and show a G6PD activity of 10–60% of the normal in their erythrocytes. They have the
G6PD A− variant. African American males (12.2%) and females (4.1%), along with Asian
males (4.3%), have the highest rates of G6PD deficiency and individuals with class III
variants, and these individuals have intermittent hemolysis caused by oxidant exposure
and infection [47]. Subjects with class IV variants have more than 60% of normal G6PD
activity in their erythrocytes and show moderate pathological manifestations. Individuals
with class V variants display higher activity of the G6PD in their erythrocytes compared to
normal subjects.

The deficiency of G6PD reduces the amount of NADPH, and the activity of the
antioxidant systems, which depend on the reducing equivalents produced by this enzyme.
For example, a deficiency in the activity of G6PD in endothelial cells resulted in a decreased
expression of eNOS, NO levels, and GSH, which leads to an increase of OS. This impaired
endothelial and monocyte function elevates inflammatory cytokines, such as monocyte
chemo attractant protein-1 and TNF-α [48]. The increase in TNF-α inhibited COX-2 in lung
epithelial cells. It also increased the susceptibility to infection by coronavirus through a
decreased phosphorylation of MAPK and NF-κB levels [49]. In macrophages, the deficiency
of G6PD altered polarization contributing to overexpression of inflammatory cytokines [50].
In human granulocytes, G6PD deficiency abolished the NO production induced by LPS [51].
This deficiency also caused irreversible oxidative damage and cell death. Deficiency is
more evident in erythrocytes [52] where it results in hemolytic anemia, tissue damage, and
insufficient oxygen transportation when exposed to OS or to other stimuli such as a viral
infection [53]. This is important because unrecognized G6PD deficiency in patients infected
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by SARS-CoV-2 could be associated with severe infection with worse results by causing a
hemolytic crisis [54].

Oxidizing drugs such as hydroxychloroquine (HCQ) may induce methemoglobinemia
and severe hemolysis in patients with G6PD deficiency [55,56]. The first case of severe
hemolytic crisis was found in a seriously ill COVID-19 patient with G6PD deficiency follow-
ing treatment with high doses of HCQ [57]. Several other cases associated with SARS-CoV-2
infection have subsequently been reported by other authors in people of African descent
and Asians. Patients with G6PD deficiency also develop vascular endothelial dysfunction
and hemolysis following initiation of HCQ treatment [58]. Chloroquine/HCQ (the most
used antimalarial drug) has been proposed as a potential treatment for COVID-19 [59]
because this combination inhibited SARS-CoV-2 replication in vitro. The benefits of this
therapy strongly depend on the age of the patient, the clinical presentation, and the stage of
the COVID-19 disease. However, it is noteworthy that the use of these drugs is contraindi-
cated in some conditions, particularly in G6PD deficiency [55]. When G6PD deficiency has
not been diagnosed, the administration of HCQ for treatment of COVID-19 results in worse
outcomes associated with hemolytic crisis [60]. Development of autoantibodies seems to
be responsible for the hemolytic anemia associated with COVID-19 infection [54,61]. Since
HCQ therapy can induce hemolytic crises in patients with underlying G6PD deficiency or
hemoglobinopathies, it should be avoided or closely monitored [61,62]. However, a recent
experimental study in a murine model of G6PD deficiency suggested that high doses of
HCQ for a short period of time do not lead to methemoglobinemia or clinically significant
hemolytic anemia or organ damage. Moreover, there was no hemolysis in patients with
G6PD deficiency exposed to low doses of hydroxychloroquine [62]. In addition, a report
from a man deficient in G6PD with a severe case of COVID-19 infection treated with HCQ
and intravenous n-acetylcysteine showed that n-acetylcysteine blocked the elevation of
liver enzymes, hemolysis, ferritin, and C-reactive protein, allowing for the removal from a
respirator and veno-venous extracorporeal membrane oxygenator and for full recovery [63].
Another study reported that α-lipoic acid attenuates the vulnerability of G6PD-deficient
cells and proposed it as a treatment option for infection SARS-CoV-2 in patients with this
deficiency [44].

On the other hand, there is an increased risk for cardiovascular disease, high systolic
blood pressure, fibrosis, autoimmune diseases, infections, and metabolic disorders in sub-
jects with G6PD deficiency [40]. Under stressful situations, G6PD-deficient cells cannot
regenerate enough NADPH, which exacerbates GSH failure and OS [64]. Furthermore,
lack of G6PD promotes cytopathic effects and viral replication. Moreover, G6PD activity
determines the anti-viral response mediated by the NMRAL1 and the NF-κB pathway [41].
In G6PD-deficient human lung fibroblasts and epithelial cells infected by coronavirus 229E
or enterovirus, the knockdown of NMRAL1 activates NF-κB and induces downstream
antiviral gene expression, including the expression of TNF-α and the myxovirus protein
1 (MX1) promoter. It also downregulates NMRAL1. These alterations decrease viral gene
expression. In contrast, the upregulation of NMRAL1 increases viral replication [1,41].
Different studies have shown that G6PD deficiency decreases the cellular immune response
and is associated with an increased production of the pro-inflammatory cytokines and
activation of the inflammasome [52]. For example, in a cohort of 182 patients with SARS-
CoV-2, there was a higher frequency of G6PD enzyme deficiency in patients with severe
symptoms [65]. Human fibroblasts deficient in G6PD and lung epithelial carcinoma A549
cells treated with interference G6PD-RNA in vitro showed a decreased viability and an
elevation of viral replication [66]. Another study showed that there is an increase in the
expression of the TNF-α in human G6PD-deficient alveolar epithelial cells with carcinoma
after the infection with HCoV-229E. This was also observed in G6PD-deficient periph-
eral blood mononuclear cells. These monocytes cells showed impaired inflammasome
activation [1,67]. Fibroblasts and lung epithelial cells with G6PD deficiency were more
susceptible to coronavirus 229E infection due to increased production of ROS and depletion
of the GSH [1]. This suggests that G6PD deficiency allows for viral proliferation and
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impairs the cellular immune response including neutrophil extracellular trap formation.
This is due to an unbalanced redox homeostasis, downregulation of interleukin 1β expres-
sion, and increased inflammation through upregulated NF-κB-mediated pro-inflammatory
cytokines [68].

The G6PD deficiency also impairs the activation of the inflammasome due to reduced
ROS production via NADH-oxidase, and it therefore reduces the antiviral response [69].
The inflammasome activation causes an increase in the cytokine storm in patients infected
by SARS-CoV-2 [70]. This suggests that G6PD is required for the maintenance of the
innate immune response, the inflammasome activation, and pathogen clearance through
redox homeostasis [69]. Moreover, the altered or deficient activity of G6PD is related to
different pathologies such as insulin resistance, diabetes, anemia, hypertension, autophagy,
infection, and inflammation [36]. In addition, glycosylation of proteins and hyperglycemia
is higher in diabetes and oxidative stress, causing a decrease in the activity of G6PD and its
protective mechanisms, particularly in patients with inherited G6PD deficiency. Deficiency
of G6PD also polarizes the expression of inflammatory cytokines in human monocyte
and macrophages that support of adaptive immunity. A pro-inflammatory phenotype of
monocytes is enhanced by diabetes and hyperglycemia inducing chronic inflammation.
There is also an insufficient M2 profibrotic TGF-β signaling similar to that present in
G6PD-deficient subjects. Moreover, deficiency of G6PD or GSH elevates inflammation
and respiratory distress. These conditions are common in several diseases, including
diabetes, chronic obstructive pulmonary disease, and several viral infections [41]. Studies
should also aim to determine the role of G6PD in nucleated cells since they play a role
in regulating cell proliferation, cell death, autophagy, inflammation, and tumorigenesis.
At present, most studies have been centered on the effect of this enzyme on erythrocytes.
G6PD deficiency also reduces replicative potential in human fibroblasts, leading to an early
onset of senescence [66].

4. Conclusions

An increase in the activity of G6PD raises NADPH, which is used by the enzymatic
and non-enzymatic antioxidant systems to counteract the OS caused by the cytokine storm
in COVID-19 patients. However, in subjects with G6PD deficiency, the amount of NADPH
is reduced, rendering these patients more susceptible to viral infection. G6PD deficiency is
associated to loss of the redox homeostasis, which could result in severe pneumonia and a
fatal outcome. Figure 2 summarizes the way by which the SARS-CoV-2 virus may increase
the G6PD activity through of the Warburg effect.
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Figure 2. Effect of SARS-CoV-2 infection on G6PD activity. The red arrow up represents increase
and down decrease (1) COVID-19 entry and cell sequestration. (2) Increase in lactate stimulates
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Abbreviations

G-6-P glucose 6 phosphate
G6PD Glucose-6-phosphate dehydrogenase
GR glutathione reductase
GSSG oxidized glutathione
GSH glutathione
HK hexokinase
iNOS inducible nitric oxide synthase
NADPH nicotinamide adenine dinucleotide phosphate
PPP pentose phosphate pathway
ROS reactive oxygen species
COVID-19 Coronavirus disease 2019
SARS-CoV-2 Severe acute respiratory syndrome
G6PD Glucose-6-phosphate dehydrogenase
NADPH Nicotinamide-adenine dinucleotide phosphate
GHS glutathione
PPP pentose phosphate pathway
ATP adenosine-5-triphosphate
HK hexokinase
G6P glucose-6-phosphat
iNOS inducible nitric oxide
eNOS endothelial nitric oxide synthase
OS oxidative stress
TNF-α tumor necrosis factor alpha
COX-2 cyclooxygenase
MAPK mitogen-activated protein kinases
NF-κB nuclear factor κB
NO nitric oxide
LPS lipopolysaccharide
NMRAL-1 NmrA-like family domain-containing protein 1
MX1 Myxovirus protein 1
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