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Abstract

Glucose-6-phosphate dehydrogenase (G6PD) is an enzyme in the pentose phosphate 
pathway involved in the production of the reduced form of nicotinamide adenine 
dinucleotide phosphate (NADPH). One of the most common inherited enzyme 
abnormalities is G6PD deficiency. G6PD enzyme deficiency facilitates human 
coronavirus infection due to glutathione (GSH) depletion. Depletion of glutathione 
due to blockage of the pentose phosphate pathway can hardly preserve the oxidative 
and anti-oxidative balance. GSH protects the body from the harmful effects of oxidative 
damage from excess reactive oxygen radicals. Levels of GSH, the key antioxidant 
protector in all tissues, could be critical in quenching the exacerbated inflammation 
that triggers organ failure in the new coronavirus disease (COVID-19). Since several 
amino acids intersect with the GSH pathway, changing the concentrations of these 
amino acids directly or indirectly can alter cellular GSH homeostasis. Supplementation 
of amino acids and as well as the implementation of diet strategies offer safe and 
non-invasive strategies for improving GSH status and protect the body from oxidative 
stress in various diseases and conditions. The purpose of this review is to examine the 
biochemical relationship between G6PD deficiency and COVID-19 and the effect of 
GSH on this disease.
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Öz

Glikoz-6-fosfat dehidrojenaz (G6PD), indirgenmiş nikotinamid adenin dinükleotid 
fosfat (NADPH) formunun üretiminde yer alan pentoz fosfat yolağındaki enzimdir. 
G6PD eksikliği, en yaygın kalıtsal enzim anormalliklerinden biridir. G6PD enzim 
eksikliği, glutatyon tükenmesine bağlı insan koronavirüs enfeksiyonunu kolaylaştırır. 
Pentoz fosfat yolunun blokajı nedeniyle glutatyonun (GSH) tükenmesi, oksidatif ve anti-
oksidatif dengeyi zorlukla koruyabilir. GSH, vücudu aşırı reaktif oksijen radikallerinden 
kaynaklanan oksidatif hasarın zararlı etkilerinden korur. Tüm dokulardaki temel 
antioksidan koruyucu olan GSH seviyeleri, yeni koronavirüs hastalığında (COVID-19) 
organ yetmezliğini tetikleyen alevlenen inflamasyonu söndürmede kritik olabilir. 
Birkaç amino asit GSH yolağı ile kesiştiğinden, bu amino asitlerin konsantrasyonlarını 
doğrudan veya dolaylı olarak değiştirmek hücresel GSH homeostazını değiştirebilir. 
Amino asitlerin takviyesi ve diyet stratejilerinin uygulanması, çeşitli hastalık ve 
koşullarda GSH durumunu iyileştirmek ve vücudu oksidatif stresten korumak için 
güvenli ve invazif olmayan stratejiler sunar. Bu derlemenin amacı, G6PD eksikliği ile 
COVID-19 arasındaki biyokimyasal ilişkiyi ve GSH’ın bu hastalık üzerindeki etkisini 
incelemektir.

Keywords: COVID-19, Glutatyon, Glukoz-6-fosfat dehidrogenaz.

Biochemical Relationship Between Glucose-6-Phosphate 
Dehydrogenase Deficiency and COVID-19 And Effects Of 
Glutathione Supplements 
Glukoz-6-Fosfat Dehidrojenaz Yetersizliği ile COVID-19 Arasındaki 
Biyokimyasal İlişki ve Glutatyonun Etkileri
Esma OĞUZ          , Aybike CEBECİ

Marmara Üniversitesi Sağlık Bilimleri Enstitüsü Beslenme ve Diyetetik Bölümü, İstanbul   

1. Giriş
COVID-19 is rapidly spreading and has become a global 
pandemic (1). COVID-19 patients show common cold 
symptoms such as fever, cough, and myalgia or fatigue at the 
onset of the disease (2). It is reported that these symptoms 
could vary from mild to severe. While exposure to COVID-19 is 
asymptomatic or mild in most affected at a younger age, those 

at the highest risk for disease have been found as having certain 
risk factors. These factors include older age and a smoking 
history (3), male gender (4), race (5) as well as prior medical 
problems including hypertension, cardiac disease, obesity, 
haemorrhagic or ischemic stroke, underlying respiratory 
illness (asthma, emphysema), cancer, immunosuppression, 
secondary infections as well as chronic kidney and liver 
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disease.  In addition to one health condition that could 
be increasing mortality risk in the COVID-19 infected 
people is G6PD enzyme deficiency, which is the most 
common enzyme deficiency worldwide affecting more 
than 400 million people and causes a variety of diseases (6).  
Wu et al. indicated, in vitro, that G6PD deficient cell 
lines are susceptible to coronavirus infection (7). G6PD 
catalyses the rate-limiting step in the pentose phosphate 
pathway that provides NADPH (8). NADPH catalyses the 
recycling of oxidized glutathione (GSSG) to GSH, a powerful 
physiological antioxidant. G6PD catalyses the formation 
of NADPH required to accelerate glutathione recycling (9). 
The depletion of GSH due to the blockage of the pentose 
phosphate pathway could barely sustain the oxidative and 
anti-oxidative balance in the body, thus failing in weakening 
oxidative damage caused by the invasion of severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2). Reducing 
oxidative stress by using GSH supplementation and 
glutathione include nutrients could be the best approach 
to protect the most vulnerable subjects from COVID-19. 
The purpose of this review is to examine biochemical the 
relationship between G6PD deficiency and COVID-19, 
the use of glutathione as supplementation and dietary 
strategies in the treatment and prevention of this disease. 

1.1. G6PD Deficiency Induces GSH Depletion and Excess 
Oxidative Stress 

The ubiquitous pentose phosphate pathway in all living 
organisms is one of the major metabolic pathways 
associated with glucose metabolism. The most important 
functions of this pathway comprise the production of 
reducing equivalents in the form of NADPH for reductive 
biosynthesis, and the production of ribose sugars for 
the biosynthesis of nucleotides, amino acids, and other 
macromolecules needed by all living cells (10). G6PD is the 
first limiting enzyme of the pentose phosphate pathway 
and is responsible for the production of NADPH which 
contains the balance of GSH/GSSG in both cytosol and 
mitochondria.  GSH is considered the most abundant and 
vital endogenous antioxidant that protects cells against 
oxidative or nitrosative damage (8).

G6PD deficiency is the most prevalent X-linked inherited 
trait, affecting 7% of the global population, with a higher 
prevalance on the African continent, the Middle East, and 
Southeast Asia (11). These cohorts have been particularly 
affected by the COVID-19 pandemic (12).

Decreased G6PD levels cause increased levels of oxidative 
stress and disturb redox imbalance (13). Endothelial cells 
G6PD-deficient showed reduced expression of endothelial 
nitric oxide (NO) synthase and NO levels associated with 
reduced GSH (14). Decreased NO and increased oxidative 
stress impair endothelial and macrophage function and 
increases inflammatory cytokines, such as tumour necrosis 
factor (TNF) and monocyte chemoattractant protein-1 
(MCP-1) in endothelial cells and monocytes (14,15).

Patients with G6PD deficiency may improve acute 
haemolytic anaemia after exposure to oxidative stress as 
the pentose phosphate pathway shunt is the only NADPH 
source.  Since haemolysis can be triggered by bacterial or 
viral infections, certain foods, and certain drugs haemolytic 
anaemia may be life-threatening in G6PD-deficient patients 
(16). These factors can increase the levels of reactive oxygen 
species and causing red blood cells to disappear faster 
than the body can replace them. SARS-CoV infections and 
Avian influenza virus (H5N1) can induce acute lung injury 
and lead to acute respiratory distress syndrome (ARDS) 
by inducing the oxidative stress machinery, the innate 
immunity and toll-like receptor-4 signaling via activation 
of Nuclear Factor kappa B (NF-κB) (17,18). This induction 
causes cytokine storm or overproduction of the pro-
inflammatory interleukins (19). All of these data assert that 
G6PD deficiency is in conjunction with oxidative stress 
and inflammatory response dysregulation and increases 
susceptibility to severe viral respiratory infections.

G6PD deficiency impairs the ability of cells to form NADPH 
and leads to GSH depletion (Figure 1). GSH (a tripeptide 
consisting of cysteine, glycine, and glutamate) is the most 
abundant antioxidant which plays an important role in 
antioxidant prevention against oxidative damage of cells 
from reactive oxygen species (ROS) and plays a role in 
regulating various metabolic pathways essential for the 
homeostasis, as well. Maintaining the highest (millimolar) 
concentrations of reduced glutathione in most cell 
types plays a vital role in the control of various biological 
processes such as detoxification of foreign and endogenous 
compounds, protein folding, regeneration of vitamins C 
and E, maintenance of mitochondrial function anti-viral 
defence, regulation of cellular proliferation, apoptosis 
and immune response (20,21). In addition, GSH is needed 
for the maintenance of vitamin D metabolism genes and 
circulating levels of 25-hydroxyvitamin D (25(OH)VD) (22).

Fig 1. G6PD deficiency leads to decreased NADPH. In this case, while the recycling of GSH is decreasing, ROS increase, which induces oxidative 
stress. However, increased oxidative stress is frequently reversed by GSH or its precursors, such as glutamine, NAC, L-cysteine and serine
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1.2. Supplements and Dietary Strategies Containing GSH 

GSH is essential in the pathophysiology of human diseases 
(23). Chronic inflammation causes an increase in free 
radical production, and it promotes the production of 
proinflammatory cytokines. Therefore, it also leads to 
intracellular GSH depletion and increased free radical 
production (24). Therefore, it becomes important to maintain 
GSH homeostasis by dietary supplementation and nutrients.  

Dairy products, bread, and cereals generally have low levels of 
GSH, whereas vegetables and fruits contain moderate to high 
GSH levels (25). In a study, the effect of garlic on glutathione 
S-transferase (GSTs) activity and the level of GSH in the mouse 
liver was investigated. Institute of Cancer Research (ICR) mice 
were intraperitoneally injected with a methanol extract of 
garlic and allyl sulfide, one of the possible active compounds 
in garlic.  It has been shown that garlic increased the levels of 
GSH and the activity of GSTs (26).

In another study, primary rat hepatocyte cultures were exposed 
to cumene hydroperoxide or Tert-butyl hydroperoxide 
(t-BHP) to evaluate the protective and antioxidant 
properties of water-soluble extracts of artichoke leaves.  
In the study, it has been found that artichoke extracts reduced 
cellular leakage of GSSG and total GSH loss, but had no effect 
on cellular GSH levels. These findings indicate that artichoke 
extracts have apparent antioxidant and protective properties 
(27).

Wu and colleagues examined the effect of broccoli sprouts on 
GSH levels in a study. Rats were fed 200 mg of dried broccoli 
sprouts daily for 14 weeks. In the study, it has been found that 
heart, aortic, and kidney GSH levels did not change in healthy 
Sprague Dawley rats, but low GSH levels were almost entirely 
returned to normal in rats prone to stroke (28).

Supplementation of GSH component amino acids (glycine, 
cysteine, and glutamate) improves tissue GSH synthesis. 
Therefore, researchers have recommends individual GSH 
precursors supplementation to enhance GSH status. Several 
amino acids coincide with the GSH pathway. Thus, changing 
the concentrations of those amino acids can regulate cellular 
GSH homeostasis (29).

In a case report study, it has been shown that the repeated 
use of both 2000 mg of oral administration and intravenous 
injection of GSH was effective in relieving the severe 
respiratory symptoms of COVID-19, demonstrating for the first 
time the efficacy of this antioxidant therapy for COVID-19 (30). 

The inflammatory response can be traced to the viral entry 
pathway via its receptor Angiotensin-converting enzyme 2 
(ACE2). ACE2 is a protease involved in the renin-angiotensin 
system (RAS) together with the accompanying angiotensin-
converting enzyme (ACE). The downstream effects of the two 
enzymes are opposite: ACE activity results in vasoconstriction, 
oxidative stress, inflammation and apoptosis, while ACE2 
leads to vasodilatation, angiogenesis and anti-inflammatory, 
anti-oxidative and anti-apoptotic effects (31). 

SARS-CoV-2 binds to the ACE2 receptor and induces the 
downregulation of nuclear factor erythroid 2-related factor 
2 (NRF2) causing inhibition of GSH release. This results in 
elevated inflammatory cytokines, high ROS, and recruitment 
of immune cells (32). NRF2 is associated with karyopherins 
known as importin α5 and importin β1 (33).

Coronavirus inhibits karyopherins, preventing NRF2 from 
translocation to the nucleus and reducing GSH production 
(34).

Glutamine is the precursor of glutathione and it is the widest 
amino acid in the body.  It includes 60% of the total free 
amino acids pool. Adipose tissue, skeletal muscle and lungs 
are the main synthesis sources of glutamine, which circulates 
in plasma. (35). Glutamine regulates the expression of several 
genes of cell metabolism, cell defence, signal transduction 
proteins, and repair regulators. In addition, it activates 
intracellular signalling pathways by phosphorylation, such 
as c-Jun N-terminal kinases (JNKs) and mitogen-activated 
protein kinase (MAPKs) (36).

Cengiz et al pointed out that L-glutamine supplementation 
shortened hospital stay and led to less need for intensive care 
unit (ICU) in COVID-19 patients. Hence, it can be thought that 
glutamine has a role in the repair of COVID-19 and regulation 
of lung inflammation (35).

N-acetyl cysteine (NAC) has a free sulfhydryl group that lowers 
mucus viscosity by reducing disulfide bonds in the cross-
linked mucus glycoprotein matrix. Therefore, it exhibits a 
mucolytic effect. Besides, NAC is a powerful antioxidant that 
affects directly certain types of oxidants. It is also a precursor 
of cysteine, and it is necessary for glutathione synthesis. It can 
renovate thiol pools, which regulates the redox state (37).

In ARDS patients, NAC therapy can improve patient outcomes 
by increasing total thiol molecule and antioxidant molecules 
(38). In vitro, NAC disrupts the NLRP3 inflammasome pathway 
in a dependent manner via effects on mRNA expression of 
NLRP3 and caspase-1 activation (39). 

NAC restrains the downstream activities after TNF-α receptor 
activation and inhibits gene expression of TNF-α and 
interleukin-6 (IL-6) when under oxidative stress. In addition, 
NAC has been shown to reduce mucin production, interleukin-
1ß (IL-1ß) and interleukin-18 (IL-18) (40,41). 

NAC supplementation ensures that the cell is better equipped 
to combat oxidative stress, and the presence of a thiol group 
can block ACE2 activity, which would prevent SARS-CoV-2 
from penetrating target cells (42,43). 

Ibrahim et. al. pointed out that NAC administration led to 
reverse GSH depletion. A patient, who has COVID-19 infection 
and G6PD-deficiency, treated with hydroxychloroquine 
draw on intravenous (IV) NAC. NAC inhibited haemolysis and 
improved ferritin, liver enzymes (Alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST)), and C-reactive 
protein (CRP) levels. Besides, it ensured the complete recovery 
of the G6PD-deficient patient. NAC was also applied to 9 
additional respiratory device-dependent COVID-19 infected 
patients who were not G6PD deficient. NAC supported clinical 
improvement. Also, it reduced ferritin in 9/10 patients and CRP 
in all patients. In this context, NAC can be useful for blocking 
of viral infections (44).

NAC given at per os (PO) doses ranging from 1200 to 2400 mg/
day has been shown to reduce the inflammatory response, 
increase intracellular GSH, and ameliorate acute respiratory 
distress syndrome in patients with community-acquired 
pneumonia (45).
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L-Cysteine is present mostly in the extracellular space in the
L-cystine form. Via a transport system, extracellular L-cystine
crosses the plasma membrane. It is reduced to L-cysteine
within cells by reduced GSH and thioredoxin. Intracellular
L-cysteine, which is a precursor for GSH production, plays a
substantial role in cellular homeostasis (46).

Cysteine is a necessary metabolic precursor for taurine 
synthesis (47). A study was conducted by Yıldırım et. al. to 
evaluate the effects of taurine on GSH, malondialdehyde 
(MDA),  thioredoxin reductase (TR), glutathione peroxidase 
(GPx), and endothelial nitric oxide synthase (eNOS) in middle 
aged and young rat liver. When compared to the control group, 
liver GSH levels, TR and GPx activities were importantly higher 
in the taurine group of middle aged rats. In young rats, liver 
GPx activity and GSH levels did not statistically differ between 
taurine and control groups. Thus, it can be considered that 
exogenous taurine can play a role in reducing oxidative stress 
by increasing liver GSH levels, GPx and TR activities (48). 

An critical molecule S-Adenosyl-L-methionine (SAM) is found 
in all alive organisms. Since SAM converts to cysteine via the 
transsulfuration pathway, it is a precursor for GSH (49). Serine, 
which is a non-essential amino acid, is required for cellular 
proliferation. Serine promotes one-carbon metabolism, which 
is a complex network of metabolic pathways that involve the 
synthesis of SAM, nucleotides, GSH, and NADPH (50,51).

In a study by Sim et. al. in which the effects of L-serine on 
alcoholic fatty liver and homocysteine metabolism were 
evaluated, L-serine supplementation was found to increase 
SAM levels (without affecting the S-adenosylhomocysteine 
(SAH) concentration) and GSH by 30.6% and 94%, respectively. 
It has also been found that L-serine supplementation inhibits 
the increase in intracellular homocysteine levels. Thus, it 
can be considered that L-serine heals alcoholic fatty liver 
disease by affecting homocysteine metabolism (52). Overall, 
supplementing GSH precursors may be an effective option at 
raising GSH concentrations.

2. Conclusion and Recommendations
There is an association between G6PD deficiency and oxidative 
stress with the severity of COVID-19. G6PD activity is crucial for 
the adequate functioning of both the pro-oxidant and anti- 
antioxidant components of the innate immune response to 
counter immune dysregulation induced by COVID-19. Given 
the potential for coronavirus to trigger oxidative stress, G6PD 
deficiency which is not recognised in the presence of the 
COVID-19 viral infection, may cause haemolytic crisis and worse 
outcomes in affected individuals. G6PD deficiency induces 
GSH depletion, so the defence system of the body is not 
effective. This leads to oxidative stress with the accumulation 
of reactive oxygen species.

Consumption of GSH supplements and ingredients with 
high antioxidant capacity including might be beneficial in 
COVID-19 patients due to providing and maintenance of a 
redox environment and reducing the susceptibility of the 
host cell to COVID-19 infection consequences. In light of the 
studies, we believe that supplementation using the GSH 
precursor amino acids could potentially improve GSH status. 
A randomized, controlled study of GSH and its precursors with 
inflammatory/oxidative stress markers should be conducted in 
the future to determine the effect of GSH and antioxidants on 
the clinical course of COVID-19 pneumonia and ARDS.

3. Contribution to the Field
COVID-19, which has an effect all over the world, have caused 
many deaths and permanent damage to people. It is essential 
to keep the immune system strong to get out of the disease 
caused by the coronavirus with the least damage and loss. 
GSH, which plays an important role in strengthening the 
immune system, is thought to be beneficial for studies in 
COVID-19. For this reason, it is anticipated that our article will 
contribute to the literature. 

Conflict of Interest

This article did not receive any financial fund. There is no 
conflict of interest regarding any person and/or institution.

Authorship Contribution
Consept: EO; Desing: EO, AC; Supervision: EO, AC; Funding: 
EO, AC; Materials: EO, AC;  Data Collection/Processing: EO, 
AC; Analysis/Interpretation: EO, AC; Literature Review: EO, 
AC; Manuscript Writing: EO; Critical Review: AC.

References
1. World Health Organization. World Health Organization Coronavirus disease
(COVID-2019) situation report-69. Available from: https://www.who.int/docs/
default-source/coronaviruse/situation-reports/20200329-sitrep-69-covid-19.
pdf?sfvrsn=8d6620fa_8 (Accessed October 19, 2020).

2. Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, et al. Clinical characteristics of
coronavirus disease 2019 in China. NEJM. 2020;382(18):1708-20.

3. Vardavas CI, Nikitara K. COVID-19 and smoking: A systematic review of the
evidence. Tob Induc dis. 2020,18:20. 

4. Shi Y, Yu X, Zhao H, Wang H, Zhao R, Sheng J. Host susceptibility to severe
COVID-19 and establishment of a host risk score: findings of 487 cases outside 
Wuhan. Crit care. 2020;24(1):1-4. 

5. Garg S, Kim L, Whitaker M, O’Halloran A, Cummings C, Holstein R. Hospitalization
rates and characteristics of patients hospitalized with laboratory-confirmed
coronavirus disease 2019—COVID-NET 14 States, March 1–30, 2020. Morbidity 
and mortality weekly report. 2020;69(15):458-64.

6. Ulusu NN. Glucose-6-phosphate dehydrogenase deficiency and Alzheimer’s 
disease: Partners in crime?. The hypothesis. Med Hypotheses. 2015;85(2):219-23. 

7. Wu YH, Tseng CP, Cheng ML, Ho HY, Shih SR, Chiu DTY. Glucose-6-phosphate 
dehydrogenase deficiency enhances human coronavirus 229E infection. J Infect 
Dis. 2008;197(6):812-6. 

8. Stanton RC. Glucose‐6‐phosphate dehydrogenase, NADPH, and cell survival. 
IUBMB. 2012; 64(5):362-9.

9. Zhang H, Forman HJ. Glutathione synthesis and its role in redox signaling. In
Seminars in cell & developmental biology, Academic Press. 2012;23(7):722–8. 

10. Rahman M, Hasan MR. Pentose phosphate pathway in disease and therapy. In 
Advanced Materials Research: Trans Tech Publications Ltd; 2014. p.1-27.

11. Cappellini MD, Fiorelli G. Glucose-6-phosphate dehydrogenase deficiency.
The lancet. 2008;371(9606):64-74. 

12. Vick DJ. Glucose-6-phosphate dehydrogenase deficiency and COVID-19
infection. In Mayo Clinic Proceedings, Elsevier. 2020;95:1803–4. 

13. Aydemir D, Hashemkhani M, Acar HY, Ulusu NN. In vitro interaction of
glutathione S-transferase-pi enzyme with glutathione-coated silver sulfide
quantum dots: a novel method for biodetection of glutathione S-transferase
enzyme. Chem. Biol Drug Des. 2019;94(6):2094-102. 

14. Parsanathan R, Jain SK. Glucose-6-phosphate dehydrogenase deficiency
increases cell adhesion molecules and activates human monocyte-
endothelial cell adhesion: Protective role of l-cysteine. Arch Biochem
Biophys. 2019;663:11-21. 

406



İzmir Kâtip Çelebi Üniversitesi Sağlık Bilimleri Fakültesi Dergisi 2022; 7(2): 403-407 İzmir Kâtip Çelebi Üniversitesi Sağlık Bilimleri Fakültesi Dergisi 2022; 7(2): 403-407

Oğuz ve Cebeci, Glucose-6-phosphate dehydrogenase, COVID-19 and glutathione

15. Parsanathan R, Jain SK. L-Cysteine in vitro can restore cellular glutathione
and inhibits the expression of cell adhesion molecules in G6PD-deficient
monocytes. Amino Acids. 2018;50(7):909-21.

16. Bubp J, Jen M, Matuszewski K. Caring for glucose-6-phosphate
dehydrogenase (G6PD)–deficient patients: implications for pharmacy. P &
T. 2015;40(9):572-4.

17. Smits SL, van den Brand JM, de Lang A, Leijten LM, van IJcken WF, van 
Amerongen G, et al. Distinct severe acute respiratory syndrome coronavirus-
induced acute lung injury pathways in two different nonhuman primate
species. J Virol. 2011; 85(9):4234-45.

18. Van Den Brand JMA, Haagmans BL, van Riel D, Osterhaus ADME, Kuiken
T. The pathology and pathogenesis of experimental severe acute respiratory
syndrome and influenza in animal models. J Comp Pathol. 201;151(1):83-
112. 

19. Tisoncik JR, Korth MJ, Simmons CP, Farrar J, Martin TR, Katze MG. Into the
eye of the cytokine storm. Microbiol Mol Biol Rev. 2012;76(1):16-32. 

20. Forman HJ, Zhang H, Rinna A. Glutathione: overview of its protective
roles, measurement, and biosynthesis. Mol Aspects Med. 2009;30(1-2):1-12. 

21. Pizzorno J. Glutathione!. Integrative Medicine: A Clinician’s Journal.
2012;13(1):8-12.

22. Jain SK, Parsanathan R, Achari AE, Kanikarla-Marie P, Bocchini Jr JA.
Glutathione stimulates vitamin D regulatory and glucose-metabolism
genes, lowers oxidative stress and inflammation, and increases 25-hydroxy-
vitamin D levels in blood: a novel approach to treat 25-hydroxyvitamin D
deficiency. Antioxid Redox Signal. 2018;29(17):1792-807. 

23. Franco R, Schoneveld OJ, Pappa A, Panayiotidis MI. The central role
of glutathione in the pathophysiology of human diseases. Arch Physiol
Biochem. 2017;113(4-5):234-58.

24. Morris D, Guerra C, Donohue C, Oh H, Khurasany M, Venketarama V.
Unveiling the mechanisms for decreased glutathione in individuals with HIV
infection. Clin Dev Immunol. 2012, 2012: 734125.

25. Jones DP, Coates RJ, Flagg EW, Eley JW, Block G, Greenberg RS, et al.
Glutathione in foods listed in the National Cancer Institute’s health habits
and history food frequency questionnaire. Nutr Cancer. 1992;17(1):57-75.

26. Kim SH, Park KY, Suh MJ, Chung HY. Effect of garlic (allium sativum) on
glutathione S-transfer activity and the level of glutathione in the mouse liver. 
Journal of the Korean Society of Food Science and Nutrition. 1994;23(3):436-
42.

27. Gebhardt R. Antioxidative and protective properties of extracts from
leaves of the artichoke (Cynara scolymus L.) against hydroperoxide-induced 
oxidative stress in cultured rat hepatocytes. Toxicol Appl Pharmacol.
1997;144(2):279-86.

28.  Wu L, Ashraf MHN, Facci M, Wang R, Paterson PG, Ferrie A, et al. Dietary
approach to attenuate oxidative stress, hypertension, and inflammation in
the cardiovascular system. Proc Natl Acad Sci. 2014;101(18):7094-9.

29. Gould RL, Pazdro R. Impact of supplementary amino acids,
micronutrients, and overall diet on glutathione homeostasis. Nutrients.
2019;11(5):1056.

30. Horowitz RI, Freeman PR, Bruzzese J. Efficacy of glutathione therapy in 
relieving dyspnea associated with COVID-19 pneumonia: A report of 2 cases.
Respir Med Case Rep. 2020:101063.

31. Capettini LSA, Montecucco F, Mach F, Stergiopulos N, Santos RAS, da
Silva RF. Role of renin-angiotensin system in inflammation, immunity and
aging. Curr Pharm Des. 2012;18:963–70.

32. Mason RJ. Pathogenesis of COVID-19 from a cell biology perspective. Eur
Respir J. 2020;55:2000607.

33. Theodore M, Kawai Y, Yang J, Kleshchenko Y, Reddy SP, Villalta F, Arinze
IJ. Multiple nuclear localization signals function in the nuclear import of the 
transcription factor Nrf2. J Biol Chem. 2008;283:8984–94.

34. Sims AC, Tilton SC, Menachery VD, Gralinski LE, Schäfer A, Matzke MM, 
Webb-Robertson BJM, Chang J, Luna ML, Long CE et al. Release of severe
acute respiratory syndrome coronavirus nuclear import block enhances
host transcription in human lung cells. J Virol. 2013;87:3885–902.

35. Cengiz M, Uysal BB, Ikitimur H, Ozcan E, Islamoğlu MS, Aktepe E, et al. 
Effect of oral L-Glutamine supplementation on Covid-19 treatment. Clin
Nutr Exp. 2020;33:24-31.

36. Lagranha CJ, Hirabara SM, Curi R, Pithon-Curi TC. Glutamine
supplementation prevents exercise-induced neutrophil apoptosis and
reduces p38 MAPK and JNK phosphorylation and p53 and caspase 3
expression. Cell Biochem Funct: Cell Biochemistry and its modulation by
active agents or disease. 2007;25(5):563-9.

37. Jorge-Aarón RM, Rosa-Ester MP. N-acetylcysteine as a potential
treatment for COVID-19. Future Microbiol. 2020;15(11):959-62. 

38. Sadegh Soltan-Sharifi M, Mojtahedzadeh M, Najafi A, Reza Khajavi M,
Reza Rouini M, Moradi M, et al. Improvement by N-acetylcysteine of acute 
respiratory distress syndrome through increasing intracellular glutathione, 
and extracellular thiol molecules and anti-oxidant power: evidence for
underlying toxicological mechanisms. Hum Exp Toxicol 2007;26(9):697–703.

39. Liu Y, Yao W, Xu J, Qiu Y, Cao F, Li S, et al. The anti-inflammatory effects 
of acetaminophen and N-acetylcysteine through suppression of the NLRP3 
inflammasome pathway in LPS-challenged piglet mononuclear phagocytes.
Innate Immun. 2015;21:587–97.

40. Lee SI, Kang KS. N-acetylcysteine modulates lipopolysaccharide-induced
intestinal dysfunction. Sci Rep. 2019;9:1004.

41. Mata M, Morcillo E, Gimeno C, Cortijo J. N-acetyl-L-cysteine (NAC)
inhibit mucin synthesis and pro-inflammatory mediators in alveolar type
II epithelial cells infected with influenza virus A and B and with respiratory 
syncytial virus (RSV). Biochem Pharmacol. 2011;82:548–55.

42. Poe FL, Corn J. N-Acetylcysteine: a potential therapeutic agent for SARS-
CoV-2. Med Hypotheses. 2020;143:109862.

43. De Flora S, Balansky R, La Maestra S. Rationale for the use of
N-acetylcysteine in both prevention and adjuvant therapy of COVID-19.
FASEB J. 2020;34(10):13185-93.

44. Ibrahim H, Perl A, Smith D, Lewis T, Kon Z, Goldenberg R, et al. Therapeutic 
blockade of inflammation in severe COVID-19 infection with intravenous
N-acetylcysteine. Clin Immunol. 2020;219:108544.

45. Zhang Q, Ju Y, Ma Y, Wang T, N-acetylcysteine improves oxidative
stress and inflammatory response in patients with community acquired
pneumonia, Medicine (Baltim.). 2018;97(45):13087.

46. Yin J, Ren W, Yang G, Duan J, Huang X, Fang R, et al. l‐Cysteine metabolism
and its nutritional implications. Mol Nutr Food Res. 2016;60(1):134-46.

47. Patriarca S, Furfaro AL, Domenicotti C, Odetti P, Cottalasso D, Marinari
UM, et al. Supplementation with N-acetylcysteine and taurine failed to
restore glutathione content in liver of streptozotocin-induced diabetics rats 
but protected from oxidative stress. Biochim Biophys Acta (BBA)-Mol Basis 
Dis. 2005;1741(1-2):48-54.

48. Yildirim Z, Kilic N, Ozer C, Babul A, Take G, Erdogan D. Effects of
taurine in cellular responses to oxidative stress in young and middle‐
aged rat liver. Ann N Y Acad Sci. 2007; 1100(1):553-61.

49. Lu SC. S-adenosylmethionine. Int J Biochem Cell B. 2000; 32(4):391-5. 

50. Yang M, Vousden KH. Serine and one-carbon metabolism in cancer. 
Nat Rev Cancer. 2016;16(10):650-62.

51. Locasale JW. Serine, glycine and one-carbon units: cancer
metabolism in full circle. Nat Rev Cancer. 2013;13(8):572-83.

52. Sim WC, Yin HQ, Choi HS, Choi YJ, Kwak HC, Kim SK, et al. L-serine
supplementation attenuates alcoholic fatty liver by enhancing
homocysteine metabolism in mice and rats. J Nutr. 2015;145(2):260-7.

407


