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During the current corona pandemic, new therapeutic options against this viral disease
are urgently desired. Due to the rapid spread and immense number of affected individuals
worldwide, cost-effective, globally available, and safe options with minimal side effects
and simple application are extremely warranted. This review will therefore discuss the
potential of zinc as preventive and therapeutic agent alone or in combination with other
strategies, as zinc meets all the above described criteria. While a variety of data on
the association of the individual zinc status with viral and respiratory tract infections are
available, study evidence regarding COVID-19 is so far missing but can be assumed as
was indicated by others and is detailed in this perspective, focusing on re-balancing of
the immune response by zinc supplementation. Especially, the role of zinc in viral-induced
vascular complications has barely been discussed, so far. Interestingly, most of the risk
groups described for COVID-19 are at the same time groups that were associated
with zinc deficiency. As zinc is essential to preserve natural tissue barriers such as the
respiratory epithelium, preventing pathogen entry, for a balanced function of the immune
system and the redox system, zinc deficiency can probably be added to the factors
predisposing individuals to infection and detrimental progression of COVID-19. Finally,
due to its direct antiviral properties, it can be assumed that zinc administration is beneficial
for most of the population, especially those with suboptimal zinc status.

Keywords: zinc, COVID-19, SARS-CoV2, 2019-nCoV, coronaviridae, zinc deficiency, impaired immune system

INTRODUCTION

The importance of the trace element zinc for the development and function of the immune
system across all kinds of species has been proven in numerous studies (1-3). As zinc deficiency
results in altered numbers and dysfunction of all immune cells, subjects with suboptimal zinc
state have an increased risk for infectious diseases, autoimmune disorders, and cancer (3-6). In
addition to malnutrition, risk groups for zinc deficiency include the elderly and patients with
various inflammatory and autoimmune diseases, which will be discussed in detail later in the article
(7, 8). As mild zinc deficiency is largely sub-clinical, it is unnoticed in most people. However,
the World Health Organization (WHO) assumes that at least one third of the world population
is affected by zinc deficiency (9). The fact that zinc deficiency is responsible for 16% of all deep
respiratory infections world-wide (9) provides a first strong hint on a link of zinc deficiency
with the risk of infection and severe progression of COVID-19 and suggests potential benefits of
zinc supplementation.
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The most common symptoms of COVID-19 are impaired
smell and taste, fever, cough, sore throat, general weakness, pain
as aching limbs, runny nose, and in some cases diarrhea (10).
In the subsequent chapters, we will associate most of those
symptoms with altered zinc homeostasis and explain how zinc
might prevent or attenuate those symptoms, as summarized
in Figure 1, and thus should be regarded as promising cost-
effective, globally available therapeutic approach for COVID-19
patients, for which minimal to no side effects are known.

ZINC PROTECTS THE HUMAN BODY
FROM ENTERING OF THE VIRUS

The entry of infectious agents into the human body is prevented
by tissue barriers equipped with cilia and mucus, anti-microbial
peptides like lysozymes and interferons. Regarding SARS-CoV2,
the angiotensin-converting enzyme 2 (ACE2) and the cellular
protease TMPRSS2 are the major mechanism for entering the
cells (11).

a) Mucociliar clearance of viruses is affected by zinc
Infections with coronaviruses go along with damage of
the ciliated epithelium and ciliary dyskinesia consecutively
impairing the mucociliar clearance (12). It was shown that
physiological concentrations of zinc increase ciliary beat
frequency (13). Moreover, zinc supplementation in zinc
deficient rats had a positive effect on the number and the
length of bronchial cilia (14) (Figure 1.4). Improved ciliary
clearance does not only improve the removal of virus particle,
it also reduces the risk of secondary bacterial infections,
as discussed later. Alterations of the extracellular matrix,
as monitored by increased epidermal growth factor and
proliferating cell nuclear antigen (PCNA) immunostaining of
rat lungs during zinc deficiency have also been described (15).

b) Zinc is essential for preserving tissue barriers
Disturbances in the integrity of the respiratory epithelia
facilitate the entry of the virus as well as co-infecting
pathogens and can lead to pathogens entering the blood
stream. An ex-vivo model of the chronic obstructive
pulmonary disease (COPD) showed that decreasing zinc levels
raised the leakage of the epithelium of the respiratory tract
(16), while zinc supplementation improved lung integrity
in a murine model of acute lung injury in vivo (17).
Increased apoptosis and E-cadherin/beta-catenin proteolysis
were amongst the underlying mechanisms (17-19). The
expression of tight junction proteins like Claudin-1 and ZO-1
was found to be zinc-dependent, offering another explanation
for zinc’s positive effects on lung integrity (16). In addition,
an inhibitory effect of zinc on LFA-1/ICAM-1 interaction
weakened inflammation in the respiratory tract via reduction
of leukocyte recruitment (20). Furthermore, high zinc levels
improved the tolerance of the lung towards damage induced
by mechanical ventilation (21) (Figure 1.4).

¢) Zinc-dependent alterations in gene
pneumocytes could affect viral entering
ACE-2, mainly expressed on pneumocytes type 2, is a
zinc-metalloenzyme. Zinc binds to its active center and is

expression by

thus essential for its enzymatic activity. If zinc binding also
affects the molecular structure of ACE-2 and thereby its
binding affinity to the virus, remains to be tested (22, 23).
However, this is likely as zinc is important for stabilizing
protein structures and altering substrate affinity of various
metalloproteins (24, 25). Finally, zinc homeostasis might
affect ACE-2 expression, as zinc-dependent expression
was reported for other zinc-metalloenzyme such as
metallothionein and matrix metalloproteinases (26). This
suggestion is strengthened by the finding that ACE-2
expression is regulated by Sirt-1 (27, 28). As zinc decreases
Sirt-1 activity (27), it might decrease ACE-2 expression and
thus viral entry into the cell (Figure 1.2).

A lack of adequate secretion of type I and type II
interferons was reported for COVID-19 patients (29).
For human interferon alpha (IFN-a) it was shown that
zinc supplementation can reconstitute its expression by
leukocytes and potentiates its anti-viral effect via JAK/STAT1
signaling as observed for rhinovirus-infected cells (30, 31).
However, as it was suggested that SARS-CoV2 might
take advantage of the interferon-dependent expression of
ACE2, which was recently addressed by Ziegler et al. (32),
the overall effects of zinc need to be carefully evaluated in
future studies.

ZINC DIRECTLY INHIBITS VIRAL
REPLICATION

As a virus, SARS-CoV?2 is highly dependent on the metabolism
of the host cell. Direct antiviral effects of zinc have been
demonstrated in various cases, which was reviewed in great
detail (33-37). Examples include coronaviridae, picornavirus,
papilloma virus, metapneumovirus, rhinovirus, herpes simplex
virus, varicella-zoster virus, respiratory syncytial virus, human
immunodeficiency virus (HIV), and the hepatitis C virus (34,
35, 37-39). It was suggested that zinc can prevent fusion with
the host membrane, decreases the viral polymerase function,
impairs protein translation and processing, blocks viral particle
release, and destabilizes the viral envelope (35, 37, 40). Low-dose
zinc supplementation together with small concentrations of the
zinc ionophores pyrithione or hinokitol decreased RNA synthesis
in influenza, poliovirus, picornavirus, the equine arteritis virus,
and SARS-CoV by directly inhibiting the RNA-dependent RNA
polymerase of the virus (34, 41). There is evidence that
zinc can enhance the effect of chloroquine, another known
zinc ionophore, while zinc ionophores like epigallocatechin-
gallate or quercetin remain to be tested (42-45). There
are close similarities of SARS-CoV2 and other coronaviridae
like SARS-CoV and Middle East respiratory syndrome-related
coronavirus (MERS-CoV) (46). Also, the alcohol-aversive drug
disulfiram can bind the papain-like proteases of SARS-CoV
and MERS-CoV resulting in release of cysteine-bound zinc
that results in protein destabilization (47). Detailed studies
on zinc’s effect specifically on SARS-CoV2 are highly required
(Figure 1.3).
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FIGURE 1 | Viral mechanism of COVID-19 and how they might be opposed by zinc data. (1) There is an impressive intersection of known risk factors for zinc
deficiency (blue circle) and the predisposition for a severe COVID-19 infection (red circle). (2,3) Zinc (Zn) supplementation might already prevent the viral entry and also
suppresses its replication, while it supports the anti-viral response of the host cells. (4) As zinc is known to increase ciliary length and movements and also sustains
tissue integrity, entrance of the virus is impeded. (5—10) The importance of zinc on the development and function of the immune cells is manifold. It should be
underlined, that zinc's effects should not generally be described as activating or inhibiting, as zinc in various cases normalizes overshooting immune reactions and
balances the ratios of the various immune cell types. Zinc thus prevents for example that high levels of inflammatory mediators including reactive oxygen and nitrogen
species destroy the host tissue. (11) On first view it appears contradicting, that zinc increases activation induced production of reactive oxygen species in platelets,
while it is generally considered as anti-oxidative. However, in case of platelets, up to a certain threshold, ROS production is essential, as it can prevent the formation of
platelet aggregates. In summary, zinc therefore might be able to prevent vascular complications observed in COVID-19 patients. Details for each point can be found in
the text. ACE2, angiotensin converting enzyme 2; AG, antigen; IFN, interferon; IFNR, interferon receptor; ISRE, interferon-sensitive response element; APC, antigen
presenting cell; IKK, IkB kinase; IL, interleukin; iINOS, inducible nitric oxide synthase; IRF3, IFN regulatory factor 3; MHC, major histocompatibility complex; MEK1/2,
mitogen-activated protein kinase kinase 1/2; NADPH oxidase, nicotinamide adenine dinucleotide phosphate oxidase; NFAT, nuclear factor of activated T-cells; NF-kB,
nuclear factor kappa B; PKR, protein kinase R; Akt, protein kinase B; PI3K, phosphatidylinositol-3 kinases; ROS, reactive oxygen species; RARP, RNA-dependent
RNA polymerase; RNase L, ribonuclease L; Sirt-, Sirtuin 1; STAT, signal transducer and activators of transcription; TCR, T cell receptor; Tc, cytotoxic T cell; TH, helper
T cell; TGF, transforming growth factor; TRAM, TRIF-related adaptor molecule; TRIF, TIR-domain-containing adapter-inducing interferon-g; TLR, toll-like receptor; TNF,

tumor necrosis factor; Zip, Zrt- and Irt-like protein; ZO-1, zona occludens.

ZINC BALANCES THE IMMUNE
RESPONSE DURING INFECTIOUS
DISEASES

One of the hallmarks of COVID-19 is an imbalanced immune
response (48). Due to hyper-inflammation, immune products
including pro-inflammatory cytokines like interleukin (IL)-6, C-
reactive protein (CRP), tumor necrosis factor (TNF)a and IL-18
(summarized as cytokine storm or cytokine release syndrome),
reactive oxygen, and nitrogen species in connection with the
recruitment of high numbers of strongly activated immune cells
to the lungs, the destruction of the tissue, permanent lung
damage and death due to systemic inflammation, and organ
failure are expected, while the anti-inflammatory response is
insufficient (48-52). A high number of patients develop an acute
respiratory distress syndrome (ARDS) accompanied by high

alveolar leakage leading to alveolar and interstitial edema with
severely limited oxygen exchange (53). Advanced SARS-CoV2
infections are characterized by a systemic involvement with
organ complications and accompanying cytokine storm (52, 54).

There is no doubt on the anti-inflammatory and anti-
oxidative properties of zinc and underlying mechanisms have
been the focus of numerous studies (1-3, 6, 55-60). A detailed
description of zinc metabolism in airway epithelium and during
inflammation of the airways has been published by Zalewski
et al. (61). On the other hand, zinc deficiency was associated
with elevated levels of pro-inflammatory mediators, increased
reactive oxygen species (ROS) levels and pre-disposing for
severe progression of inflammatory diseases, especially those
affecting the lung, often reversible by zinc supplementation
(6, 17, 56, 62-66) (Figures 1.5,1.6). As one example, exposure
to organic dust increased lung damage, inflammation and
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macrophage hyper-activation in animals with zinc deficiency,
predisposing these animals to pulmonary fibrosis, while zinc
supplementation 24h before induction of acute lung injury
significantly attenuated the inflammatory reaction and tissue
damage (17, 67). Regarding systemic inflammatory diseases the
number of studies showing benefits of especially preventive
zinc supplementation is constantly increasing (17, 18, 58, 65,
68). Amongst the underlying mechanism, zinc’s role as second
messenger and importance in regulating intracellular signaling as
detailed in Figure 1 were described as well as zinc’s effects on the
epigenome (56, 57, 69-74).

Furthermore, leukocytosis ~ with  neutrophilia  and
lymphopenia, especially affecting CD8" T cells, were associated
with poor prognosis of COVID-19 and the recovery of
lymphocyte counts lead to clinical recovery (75, 76). Similar
changes in lymphopoiesis and myelopoiesis have been described
in zinc deficient rodents, which were normalized when zinc
was supplemented (17, 19). Circulating and lung-resident T
cells from COVID-19 patients showed increased expression of
markers for T cell exhaustion like Tim-3 and PD-1 (77). The
extent of these changes had an impact on the patient’s prognosis
(50). During the past decades, an immense literature was
generated on the need of zinc for lymphocyte development and
function and that zinc supplementation (6, 19, 63, 64, 78, 79) can
reverse lymphopenia. Enumerating all findings and underlying
mechanisms is beyond the scope of this article, and a lot of
aspects have been discussed in related publications (36) but
as one of the many key roles of zinc in the context of T cell
function, zinc is indispensable in the signal cascade of the T cell
receptor and IL-2 as a second messenger (78, 80) (Figure 1.9).
The B cell compartment also strongly benefits from a balanced
zinc homeostasis, as zinc is required for B cell maturation and
function (72, 81) (Figure 1.8). Also important to mention, but
neglected by previous related articles, is that there is evidence
(82, 83) that SARS-CoV2 can directly infect T cells as well as B
cells and impair their cell specific function. This could explain
the impact of SARS-CoV2 infection on lymphoid tissues like
the human spleen and lymph nodes (84). However, as data are
limited to in vitro experiments, this needs to be verified in vivo as
well as if zinc affects the virus-induced changes in T and B cells.

Additionally, granulocytes play a vital role during the
inflammation-induced destruction of the lung (85). Recent
evidence suggests that lipopolysaccharide-induced hyper-
activation, recruitment and formation of neutrophil extracellular
traps are attenuated by zinc supplementation in vivo and that
cytokine expression, phagocytosis and burst, chemotaxis and
degranulation, and intracellular signaling are zinc regulated
(17, 86, 87) (Figure 1.5). Important defense mechanisms of the
innate immunity include the toll like receptors. For instance, in
silico data suggest that toll-like receptor (TLR)-4 can potentially
recognize outer components of SARS-CoV2’s like the viral spikes
(88), while intracellular receptors including TLR3, TLR7/8, and
TLR9 can recognize viral dsRNA, ssRNA, and unmethylated
CpG DNA respectively (89-92). Intranasal pretreatment with
a TLR3 agonist and, to a lesser extent, with TLR9, TLR7/8,
or TLR4 agonists, provided a high level of protection against
infections by SARS coronavirus and influence virus in mice,

suggesting that TLR signaling can induce protective antiviral
immunity (93). This might be a completely novel approach
to consider regarding COVID-19 as well. Zinc is an essential
regulator in TLR-4- and TLR-3-induced signaling in innate
immune cells (94). Thus, zinc deficiency potentially disturbs
the innate immune response toward SARS-CoV2, enabling the
virus to easily spread throughout the host without an adequate
immune response (Figure 1.6).

Clinical improvement of COVID-19 patients was correlated
to an increase of CD14™ monocytes and NK cells in the recovery
phase (48). For a physiological inflammatory response and
phagocytic activity macrophages need sufficient intracellular zinc
levels (1). In addition, for NK cells and cytotoxic T cells it was
shown that zinc supplementation increased their cytotoxicity
toward target cells (1, 2, 95) (Figures 1.7,1.10).

In summary zincs (re-)balancing power regarding immune
cell numbers and functions might be highly beneficial in regard
to therapy of COVID-19.

ZINC SUPPLEMENTATION IN
RESPIRATORY INFECTIONS

Our suggested benefits of zinc supplementation to prevent
and treat COVID-19 are supported by a row of successful
supplementation studies focusing on respiratory tract infection,
of which we listed some selected publications in Table 1. In
most cases, prophylactic zinc supplementation was more effective
than therapeutic proceedings (106-108, 111). Up to 30% of the
everyday respiratory infections, briefly named “common cold,”
are due to infections with coronaviruses (112). Studies showed
reduced symptom severity, reduced frequency, and duration of
the common cold after zinc administration (99, 100, 113, 114)
depending on dosage, zinc compound and the start time after
initial symptoms (115). Most importantly, zinc supplementation
of children revealed significant benefits in various studies (96,
106) and reduced 15% pneumonia-specific morality and 19% of
pneumonia morbidity in developing countries (116).

RISK GROUPS AND SYMPTOMS OF
COVID-19 AND ZINC DEFICIENCY REVEAL
A LARGE OVERLAP

As illustrated in Figure 1.1, the intersection between risk groups
of COVID-19 and zinc deficiency is impressive. In patients
with chronic obstructive pulmonary disease (COPD), bronchial
asthma, cardiovascular diseases, autoimmune diseases, kidney
diseases, dialysis, obesity, diabetes, cancer, atherosclerosis, liver
cirrhosis, immunosuppression, and known liver damage low
serum zinc levels are regularly observed (4, 117). At the same
time, these groups are particular at risk for COVID-19 (10,
51, 118, 119). For example 57.5% elderly and nursing home
residents in the U.S., for which high incidence of respiratory
tract infections is described, showed significantly decreased zinc
intake levels and are considered subjects with high risk regarding
COVID-19 (120). Moreover, other studies showed that serum
zinc levels were inversely correlated with pneumonia and cystic

Frontiers in Immunology | www.frontiersin.org

July 2020 | Volume 11 | Article 1712


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

Wessels et al.

Zinc Supplementation in COVID-19 Pathogenesis

TABLE 1 | Selected zinc supplementation studies in respiratory infections.

Compound Conc. [mg/d] Duration Disease Effect References
Treatment
Zinc bis-glycinate 30 (elemental) Max 7 days/dis-charge Lower RTI (Children) Reduction of days of (96)
from the hospital ALRI and shorter
hospital stay
Zinc acetate 20 5d Lower RTI (children) Increased recovery 97)
rates (boys)
Zinc gluconate 10 6 mo Lower RTI (children) Decreased episodes of (98)
infection, more
infection free days
Zinc gluconate 60-313 Until symptoms are Common cold Variable results but Meta-study of 16
Zinc actetate 76.8-102.4 gone generally reduced studies (99)
Gluconate nasal gel 2.1 duration if
SULFITE nasal spray 0.044 supplementation
started within first 24 h
Zinc acetate vs. zinc 80-92 Until symptoms are Common cold <75 mg/day: reduced Meta-study of 7 studies
gluconate 192-207 gone duration; zinc acetate (100)
better than gluconate
Zinc gluconate 30 (elemental) 12 mo Cystic fibrosis (children) Reduced duration of (101)
antibiotics
Prophylactic
Zinc sulfate 20 (elemental) 2 wk/6 mo follow-up Lower RTI (children) Reduced morbidity (102)
Zinc sulfate 20 to ZD children 14d, 6 mo follow-up Upper and lower RTI Decreased incidence (103)
(children) and duration of upper
and lower RTI
Zinc oxide 5 12 mo Upper RTI (children) Decreased incidence (104)
Zinc gluconate 10 6 mo Lower RTI Decreased incidence (105)
Zinc acetate, Min 70 mg/wk >3 mo Lower RTI Decreased incidence Meta-study of 10
gluconate, methionine, (depending on criteria) studies (106)
sulfate
Zinc in mineral mix 6 ()—7.5 (m) 12 mo Naturally occurring Decreased incidence (107)
pneumonia and duration,
decreased duration of
antimicrobial therapy
Zinc sulfate 60-90 12 mo Ventilation associated Decreased incidence (108)
pneumonia
Zinc gluconate Up to 12x 23 mg/d Until symptoms are Common cold Decreased clinical (109)
gone score
Zinc sulfate 15 7 mo Common cold Decreased incidence (110)
Murine models
Zinc-enriched rodent ZD: 50 ppm-ZS: 100 18d ZD followed by 3d Sepsis-induced ALI Decrease in (68)
diet ppm ZS inflammation, lung
damage, and mortality
(vs. ZD mice)
Zinc aspartate 30 g/ mouse 24h Acute lung injury (LPS Decreased (17)

inhalation), mice

hyper-inflammation,
tissue damage

Conc, concentration; d, day; mo, months; ref, reference; RTI, respiratory tract infection; ZD, zinc deficiency; ZS, zinc supplementation; wk, week.
Single studiies are not included in the meta-studies.

fibrosis (121, 122). On the other hand, zinc supplementation was
able to reconstitute immune function in elderly and zinc deficient
individuals (107, 123), which remains to be addressed for SARS-
CoV2 infections (36). In this regard, the low response of older
patients with low serum zinc to a 23-valent pneumococcal
polysaccharide vaccination compared to those with higher zinc
level (124), should be mentioned. However, zincs role in the

response to vaccination is generally discussed controversially and
no data are available for vaccination against any corona virus.
Several studies indicate that there is an association between
chemosensory dysfunctions and COVID-19 (125-133). Smell
or taste is largely decreased, which might be a good disease
biomarker (133). It was suggested that this might either be due to
direct destruction of sensory cells by the virus, as ACE-2 is highly
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expressed by the oral mucosa, or by viral entry into the brain and
neuronal pathologies as was described for other SARS-CoV (133,
134). Zinc deficiency was related to significantly reduced taste
sensitivity and impaired saliva secretion in humans and animals,
which might involve zinc’s importance for the action of carbonic
anhydrase (135-140). Results from supplementation studies
largely describe improvements in chemosensory functions (140,
141), but some studies did not find any effects (142) or even more
severe disturbances when very high zinc concentrations were
used (143). This is possibly due to investigating olfactory diseases
of various origins, the lack of controlled trials and inclusion of
observable studies. Thus, the benefits of zinc supplementation
alone or in combination with common medical strategies should
be tested for taste and smell diseases according to the available
guidelines (144).

About 50% of patients that died of COVID-19 had bacterial
or fungal co-infections (145), underlining the importance of
sustaining the immune function by a sufficient zinc supply
(1, 2, 36). In animal experiments it was shown that zinc
restriction made mice highly susceptible to bacterial infection
with streptococcus pneumoniae (146). As mentioned earlier,
marginal zinc deficiency affects one third of the worldwide
population and most subjects with COVID-19 are at risk of
zinc deficiency (Figure 1). During physiological inflammatory
responses, zinc is additionally redistributed to the tissues,
resulting in serum hypozincemia (1, 65). In combination with the
pre-existing suboptimal zinc supply, this will decrease serum zinc
levels to critically low values and thereby significantly increase the
susceptibility for co-infections with detrimental progression. In
critically ill patients persistent low serum zinc was associated with
recurrent sepsis and serum zinc levels were inversely correlated
with mortality from sepsis (62), underlining the potential benefits
of monitoring the zinc status of the patients and implementing
zinc supplementation into therapy of COVID-19.

Vascular complications resulting from atherosclerosis
development, microangiopathic organ failure, and venous
thromboembolism were found as a major cause of death in
COVID-19 patients (147-149), suggesting an important role of
disease-induced coagulopathy, which, however, needs further
investigation. Zinc influences thrombocyte aggregation and
coagulation (150). Recently, a functional association between
zinc and ROS production in platelets was described, indicating
that zinc could decrease thrombus formation in a clinical
context (151). Complications of SARS-CoV2 infections also
include tissue damage affecting the gastrointestinal system
(152), the liver (153), heart (154), nervous system (155), kidneys
(156), blood vessels (149), and the skin (157). In this regard
it should be mentioned that a balanced zinc homeostasis is
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Background: Zinc is a trace element with potent immunoregulatory and antiviral properties, and is
utilized in the treatment of coronavirus disease 2019 (COVID-19). However, we do not know the clinical
significance of serum Zinc levels in COVID-19 patients. The aim of this study was to determine the clinical
significance of serum zinc in COVID-19 patients and to establish a correlation with disease severity.
Methods: This was a prospective study of fasting zinc levels in COVID-19 patients at the time of
hospitalization. An initial comparative analysis was conducted between COVID-19 patients and healthy
controls. COVID-19 patients with zinc deficiency were compared to those with normal zinc levels.
Results: COVID-19 patients (n = 47) showed significantly lower zinc levels when compared to healthy
controls (n = 45): median 74.5 (interquartile range 53.4-94.6) pg/dl vs 105.8 (interquartile range 95.65-
120.90) ng/dl (p < 0.001). Amongst the COVID-19 patients, 27 (57.4%) were found to be zinc deficient.
These patients were found to have higher rates of complications (p = 0.009), acute respiratory distress
syndrome (18.5% vs 0%, p = 0.06), corticosteroid therapy (p = 0.02), prolonged hospital stay (p = 0.05), and
increased mortality (18.5% vs 0%, p = 0.06). The odds ratio (OR) of developing complications was 5.54 for
zinc deficient COVID-19 patients.
Conclusions: The study data clearly show that a significant number of COVID-19 patients were zinc
deficient. These zinc deficient patients developed more complications, and the deficiency was associated
with a prolonged hospital stay and increased mortality.
© 2020 Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic, caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is
a major healthcare problem around the world, with significantly
higher morbidity and mortality in patients with coexisting
conditions such as diabetes mellitus and hypertension (Yang
et al., 2020; Adhikari et al., 2020). The clinical presentation can be
heterogeneous, ranging from asymptomatic to severe disease,
which can be associated with a cytokine storm. The pathogenesis
of COVID-19 is not fully understood, but is probably multifactorial,
resulting in a systemic hyperinflammatory response and associat-
ed thromboembolic complications in severe cases (Yazdanpanah
et al., 2020; Galimberti et al., 2020).
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Zinc is a trace element with potent immunoregulatory and
antiviral properties. Zinc is essential for growth, reproductive
health, immunity, and neurobehavioral development (Internation-
al Zinc Nutrition Consultative Group (IZiNCG) et al., 2004). The
recommended daily intake of zinc ranges between 3 mg and 16 mg.
Under physiological conditions, zinc is essential for cellular growth
and the maturation of immune cells, particularly in the develop-
ment and activation of T-lymphocytes (Wintergerst et al., 2006).
Studies have shown that around 10% of our body proteins utilize
zinc and that zinc is a cofactor in at least 200 immunomodulatory
and antioxidant reactions (Iddir et al., 2020). Prolonged deficiency
is associated with immune system dysfunction, sterility in males,
neurosensory disorders, and decreased body mass (Prasad, 2008).
Studies have also shown increased viral infection in patients with
zinc deficiency (Read et al., 2019).

The antiviral property of zinc has been studied extensively in
various viral infections, including coronavirus, hepatitis C virus,
and HIV (Barocas et al., 2019). However, the exact role of zinc in
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SARS-CoV-2 is not well studied. The proposed mechanisms of the
antiviral property of zinc include the inhibition of RNA synthesis,
topoisomerase, and viral replication (Skalny et al., 2020).

To date, there is no definitive curative therapy for COVID-19.
Therefore, the current treatment involves a multimodal approach
with corticosteroids, antivirals, and anticoagulation therapy.
Multivitamin supplements are not uncommon in ‘flu’ prescrip-
tions. Supplementation with zinc is increasingly recommended in
the management of COVID-19 patients (Alexander et al., 2020;
Kumar et al., 2020). However, it is unclear whether these patients
are actually deficient in zinc.

The aim of this study was to determine the clinical significance
of serum zinc levels in COVID-19 patients and to establish a
correlation with disease severity.

Methods

A prospective observational study was conducted from May 17
to May 27, 2020, in which serum zinc levels were tested in all
consecutive SARS-CoV-2 RT-PCR-positive patients referred to Dr.
Rela Institute and Medical Centre, Chennai, for the secondary and
tertiary care management of COVID-19. This is a multi-speciality
tertiary care institution, currently managing a significant volume
of patients with COVID-19. After informed consent had been
obtained, about 5 mL of blood was collected in a BD gel vacutainer
following 6 h of fasting since the time of hospital admission. The
biochemical analysis was performed on the serum sample after
separation and the zinc level was measured with a fully
automated Indiko Plus analyser (Thermo Scientific, USA) using
a colorimetric method. The reference range used for the zinc
concentration was 80-120 wg/dl. To verify the accuracy of the
method, two levels of random controls were analysed (Randox
chemistry control: Human Assay Control-2 LOT-1369 UN, Human
Assay Control-3 LOT-1066 UE; Randox Immunoassay Control:
level-1 LOT-1862, level-2 LOT-1877, and level-3 LOT 1867).
Method performance was monitored by the analysis of the same
control serum within the batches. The result obtained agreed
with the certified values.

This study was performed following approval from the hospital
ethics committee. Only SARS-CoV-2-positive adult patients
admitted to the hospital during the study period were included.
Patients already on zinc supplements, those who did not require
hospital admission, and those who were unwilling to participate in
the study were excluded from enrolment. Controls were hospital
staff members from the outpatient department with no underlying
comorbidities, who underwent a blood test to estimate zinc levels
following informed consent.

A comparative analysis was conducted between COVID-19
patients and healthy volunteers. COVID-19 patients were further
stratified according to their serum zinc concentration. A zinc level
<80 pg/dl was defined as ‘deficient’. COVID-19 patients with zinc
deficiency were identified and compared to those with normal zinc
levels. Corticosteroid therapy was initiated in patients with
‘moderate’ disease, defined as the presence of any of hypoxia
(saturation <92%) measured by pulse oximetry, the requirement
for oxygen therapy, tachycardia, or tachypnoea, and in patients
with ‘severe’ disease, defined as any of oxygen saturation <90%,
hypotension, acute respiratory distress syndrome (ARDS), or end
organ damage. All patients received hydroxychloroquine, anti-
biotics, and multivitamins, including vitamin C 500 mg twice a day
and zinc 150 mg once a day (after the test), Patients with moderate
and severe disease received additional subcutaneous anticoagu-
lation for the duration of their hospital stay as the standard of care.
Patients were managed in the intensive care unit in case of clinical
deterioration causing haemodynamic instability and invasive
ventilation.

D. Jothimani et al./International Journal of Infectious Diseases 100 (2020) 343-349

A descriptive statistical analysis was performed for all variables
using IBM SPSS Statistics version 21.0 (IBM Corp., Armonk, NY,
USA), consisting of mean, standard deviation, percentage, median,
and interquartile range (IQR; 25-75%). Proportions and associa-
tions between characteristics of the study groups were compared
by Fisher’s exact test. The Mann-Whitney U-test and t-test were
used to compare continuous variables between the study groups.
A univariate logistic regression analysis was conducted to
determine the odds ratio (OR) and 95% confidence intervals
(95% CI). Results were considered statistically significant when the
p-value was <0.05.

Results

The comparative analysis of COVID-19 patients (n = 47) and
healthy controls (n = 45) showed a median age of 34.0 years (range
18-77 years) versus 32.0 years (18-60 years) (p = 0.067) and a male
to female sex ratio of 1.6:1 versus 2.1:1 (p = 0.09), respectively.
COVID-19 patients had significantly lower zinc levels in compari-
son to the healthy controls: median 74.5 p.g/dl (IQR 53.4-94.6 pg/
dl) versus 105.8 pg/dl (IQR 95.65-120.90 pg/dl), p<0.001)
(Figure 1). Five of the 45 healthy controls had low zinc levels
(range 71.8-79.6 pg/dl).

COVID-19 patients: zinc deficiency versus normal levels

Amongst COVID-19 (n = 47) patients, 27 (57.4%) were found to
be zinc deficient. A comparative analysis was conducted between
COVID-19 patients with zinc deficiency and those with normal zinc
levels. Majority of patients presented with fever and cough, and
there was no statistically significant difference in these symptoms
between the groups (p = 0.481 and p = 0.121). Other symptoms
included sore throat, myalgia, and gastrointestinal symptoms,
which were observed in both groups with no significant difference
between them. Pre-existing comorbid conditions such as age >60
years (7.4% vs 10%, p = 1.0), diabetes mellitus (14.8% vs 15%, p = 1.0),
hypertension (14.8% vs 25%, p = 0.40), coronary artery disease (3.7%
vs 20%, p = 0.70), pregnancy (7.4% vs 0, p = 1.0), hypothyroidism
(3.7% vs 0, p = 0.5), rheumatoid arthritis (3.7% vs 0, p = 1.0), obesity
(0 vs 5%, p=0.42), and bronchial asthma (0 vs 5%, p = 0.42) did not
differ significantly between the zinc deficient COVID-19 patients
and those with normal zinc levels. At the time of hospitalization,
four (8.5%) patients required non-invasive oxygen therapy ranging
from 2 to 8 L and four (8.5%) required mechanical ventilation. The
disease severity of COVID-19 on admission was mild, moderate,
and severe in 21 (77.8%) vs 18 (90%), 1 (3.7%) vs 2 (10%), and 5
(18.5%) vs 0 (p = 0.09) patients with zinc deficiency and those with
normal zinc levels, respectively (Table 1).

In total, 14 (29.7%) patients received corticosteroids, com-
menced on day 5 (median 1-7 days) from the time of admission, of
whom 12 (85.7%) had a zinc deficiency. Twelve patients received
oxygen therapy during the hospital stay, including six patients on
invasive mechanical ventilation.

Complications

Overall, zinc deficient patients developed more complications
than those with normal levels: 19 (70.4%) vs 6 (30.0%), respectively
(p = 0.009). A subgroup analysis showed that a higher number of
patients in the zinc deficient group had ARDS (18.5% vs 0%,
p = 0.063), hypotension (14.8% vs 0%, p = 0.126), and elevated
interleukin-6 (IL-6) (33.3% vs 15%, p = 0.110) when compared to
those with normal zinc levels (Table 2). Interestingly, the median
peak IL-6 level was 67.8 pg/mL (IQR 23.8-158.1 pg/mL) vs 10.4 pg/
mL (IQR 3.05-44.03 pg/mL) (p = 0.029) for zinc deficient and
normal zinc level COVID-19 patients, respectively.
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Figure 1. Serum zinc levels in patients with COVID-19 and healthy controls.

A higher number of zinc deficient COVID-19 patients had
prolonged hospital stay (>7 days) when compared to those with
normal zinc levels (59.2% vs 30.0%, p = 0.047); the mean hospital
stay was 7.9 days and 5.7 days, respectively (t = 2.036, df = 44.7,
p = 0.048). Similarly, more proportion of patients in the zinc
deficient group received corticosteroids (44.4% vs 10%, p = 0.022)
and required intensive care unit (ICU) care (25.9% vs 10%, p = 0.266)
when compared to patients with normal zinc levels, and the
recorded deaths were higher in the zinc deficient group: 5 (18.5%)
vs 0 (0%), p = 0.06. The clinical and treatment characteristics of the
patients who died are shown in Table 3.

The OR of developing any complications in zinc deficient
COVID-19 patients was 5.54 (95% CI 1.56-19.6, p = 0.008). On
further analysis, the OR was 7.2 (95% CI 1.39-37.35, p = 0.02) for
corticosteroid use, 3.39 (95% CI 0.99-11.57, p = 0.076) for hospital
stay >7 days, 3.15 (95% CI1 0.58-17.67, p = 0.266) for ICU admission,
and 5.48 (95% Cl 0.61-49.35, p = 0.129) for mortality.

Discussion

This appears to be the first clinical study correlating lower
baseline zinc levels in patients with COVID-19 compared to healthy
controls (74.5 pg/dl vs 105.8 p.g/dl, p <0.001). Amongst COVID-19
patients, 57.4% (n = 27) were zinc deficient. However, we do not
know whether zinc deficiency in these patients is a causation or an
epiphenomenon. In vitro studies have shown that SARS-CoV-2
viral spike protein interacts with angiotensin-converting enzyme 2
(ACE2) and the serine protease transmembrane protease serine 2
(TMPRSS2) in the alveoli, permitting its entry into the cells.
Interestingly, ACE2 is a zinc-dependent peptidyl dipeptide hydro-
lase composed of two subdomains (I and II), of which N-terminal
containing subdomain I and C-terminus containing subdomain II
are involved with zinc binding (Reeves and O’Dell, 1985). This
process is facilitated and coordinated by amino acids His>"4, His>’%,
Glu®°? (HEXXH + E motif) and a molecule of water at subdomain I
and by amino acids Arg'®®, Trp#”7, and Lys*®! with a chloride ion at
subdomain two (Towler et al., 2004 ). Earlier studies demonstrated
that a decreased zinc level favours this interaction of ACE2 with

SARS-CoV-2 spike protein and likewise that an increased zinc level
inhibits ACE2 expression resulting in reduced viral interaction
(Devaux et al., 2020; Li et al., 2020).

The zinc-viral particle interplay has been studied previously
with other RNA viruses such as hepatitis C virus, coronavirus, HIV,
and influenza virus (te Velthuis et al., 2010; Ferrari et al., 1999;
Haraguchi et al., 1999; Ghaffari et al., 2019). Zinc supplements are
traditionally prescribed for common cold ailments, usually caused
by coronaviruses. Zinc supplements have been associated with a
shortened duration of symptoms, reduced severity of illness, and
more importantly with reduced morbidity and mortality in
children (Wessels et al., 2020).

Zinc has been shown to exhibit antiviral properties by
inhibition of RNA synthesis, viral replication, DNA polymerase,
reverse transcriptase, and viral proteases (Read et al., 2019; Ko
et al., 2018; Xue et al., 2014). However, the literature is unclear
regarding SARS-CoV-2 and zinc. Interestingly, hydroxychloroquine,
a drug used initially in the management of COVID-19, is an
ionophore that transports zinc across the hydrophobic cell
membrane (Xue et al., 2014; Rahman and Idid, 2020). Moreover,
evidence specifically suggests that zinc supplements with antiviral
drugs containing zinc ionophores precisely target and bind to
SARS-CoV-2 preventing its replication within the infected host
cells (te Velthuis et al., 2010). Intracellularly, zinc binds with RNA-
dependent RNA polymerase causing elongation inhibition and
decreased template binding of the viral mRNA (Rahman and Idid,
2020; te Velthuis et al., 2010).

Zinc plays a major role at various levels in the process of
immune development and acts as an immunomodulator. Zinc
deficiency has been associated with poor development of
lymphoid tissue and reduced natural killer (NK) cell function
leading to poor innate immunity (Shankar and Prasad, 1998). Zinc
deficiency is associated with reduced macrophage activation and
cytokine generation. Zinc is involved in T-cell and B-cell function.
Thymulin, a zinc-dependent thymus hormone, binds to T-cell
receptor and promotes T-cell maturation and cytotoxicity (Prasad,
2008). In addition, zinc deficiency is associated with down-
regulation of interferon gamma, resulting in severe impairment of
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Table 1
Comparison of variables in COVID-19 patients on admission: zinc deficient versus normal zinc level.
Variables Zinc deficient Normal zinc level p-Value
COVID-19 patients (n = 27) (57.4%) COVID-19 patients (n = 20) (42.6%)
n % n %
Age (years), median (IQR) 33 (18-75) 35 (27-77) 0.546
Male to female sex ratio 1.7:1 3:1 0.529
Asymptomatic 1 3.7 2 10 0.567
Fever 20 74.1 17 85 0.481
Cough 12 444 4 20 0.121
Sore throat 5 18.5 1 5 0.221
Loose stools 4 14.8 4 20 0.707
Myalgia 6 22.2 4 25 0.5
Nausea 0 0 1 5 0.426
Anosmia 1 3.7 0 0 1.0
Dyspnoea 4 14.8 3 15 1.0
Comorbidities
Diabetes mellitus 4 14.8 3 15 1.0
Systemic hypertension 4 14.8 5 25 0.405
Coronary artery disease 1 3.7 4 20 0.707
Pregnancy 2 74 0 0 1.0
Hypothyroidism 1 3.7 0 0 0.5
Rheumatoid arthritis 1 3.7 0 0 1.0
Obesity 0 0 1 5 0.426
Age >60 years 2 7.4 2 10 1.0
Bronchial asthma 0 0 1 5 0.426
Laboratory indices, median (IQR)
Bilirubin (mg/dl) (Normal 0.2-1.2) 0.48 (0.35-0.48) 0.57 (0.38-0.90) 0.241
AST (U/1) (Normal 0-45) 28 (18-34) 25 (18-32) 0.639
ALT (U/1) (Normal 0-47) 18 (11-32) 22 (19-28) 0.517
Creatinine (mg/dl) (Normal 0.5-1.3) 0.80 (0.69-0.93) 0.96 (0.64-1.05) 0.166
LDH (U/1) (Normal 135-225) 264 (206.5-417.5) 200 (169-242) 0.006
Ferritin (ng/mL) (Normal 28-397) 216.0 (70.5-511.2) 202.3 (98.7-313.4) 0.622
CRP (mg/l) (Normal <5) 11.0 (3.5-48.5) 3.6 (1.3-35.8) 0.144
D-dimer (ng/mL) (Normal <250) 499.0 (237-603) 158.5 (106.75-487.5) 0.108
Fasting glucose (mg/dl) (Normal 70-100) 110 (93-128) 101.5 (92.7-142.5) 0.780
Triglyceride (mg/dl) (Normal <150) 103 (76-167) 124 (101.2-190.2) 0.165
Vitamin D (ng/mL) (Normal 0-30) 13.6 (11.3-25.7) 19.3 (12.9-22.2) 0.533
Disease severity on admission 0.09
Mild 21 (77.8%) 18 (90%)
Moderate 1(3.7%) 2 (10%)
Severe 5 (18.5%) 0
AST, aspartate aminotransferase; ALT, alanine aminotransferase; CRP, C-reactive protein; IQR, interquartile range; LDH, lactate dehydrogenase.
Table 2
Complications in COVID-19 patients during hospital stay: zinc deficient versus normal zinc level.
Complications Zinc deficient Normal zinc levelCOVID-19 patients ( p-Value
COVID-19 patients n = 20) (42.6%)
(n =27) (57.4%)
n % n %
Corticosteroids 12 4448 2 10 0.022
ARDS 5 18.5 0 0 0.063
Hypotension 4 14.8 0 0 0.126
Sepsis 1 3.7 0 0 1.0
IL-6 > 7 pg/mL 9 333 3 15 0.110
Others*® 2 74 1 5 1.0
ICU 7 25.9 2 10 0.266
Hospital stay >7 days 16 59.3 6 30 0.047
Death 5 18.5 0 0 0.06

ARDS, acute respiratory distress syndrome; ICU, intensive care unit; IL-6, interleukin 6.
2 Others: melena, hyponatremia, and hypokalemia; one in each patient.

cell-mediated immunity. Also, it enhances the production of
interleukins, particularly IL-2, via activation of nuclear factor kappa
B (NF-kB) (Prasad et al., 2001). The above in vitro studies indicate
that zinc deficiency is associated with immune dysfunction and the
risk of infection. The role of zinc in the immunology of SARS-CoV-2
infection definitely warrants further clinical research.

ADAM enzymes (A disintegrin and metalloproteinase) are zinc-
dependent cell surface proteins of the adamalysin protein family
known to play a major role in inflammation. ADAM 17 catalyses the
activation of the proinflammatory cytokine tumour necrosis factor
alpha (TNF-a) and conversion of membrane-bound (m)IL-6 to
soluble (s)-IL6. Targeting the inhibition of ADAM 17 at the zinc
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Table 3
Clinical and treatment characteristics of patients with COVID-19 who died.
Case 1 Case 2 Case 3 Case 4 Case 5
Age (years)/sex 40/M 51/F 50/F 72[F 75/F
Comorbidities CAD DM, HT DM, HT, hypothyroid DM, HT Nil
Initial symptoms Fever Fever Fever Dyspnoea Fever
Myalgia Anorexia Dyspnoea Dyspnoea
Cough
Duration of symptoms (days) 2 5 7 3 2
Complications ARDS Sepsis, ARDS ARDS, MODS ARDS ARDS
Treatment Methylprednisolone Methylprednisolone Methylprednisolone Methylprednisolone Methylprednisolone
Supplements®Antibiotics ~ Supplements®Piperacillin ~ Supplements®Piperacillin ~ Supplements®Piperacillin ~ Supplements*M
Enoxaparin —tazobactam —tazobactam -tazobactam eropenem
Enoxaparin Enoxaparin Enoxaparin Enoxaparin
Hospital stay (days) 3 7 3 8 18
Admission zinc level (pg/dl)  36.4 47 57 59 81
WBC count (x10%/1) 46 16.8 133 9.07 18.2
Lymphocyte count (x10°/1) 0.73 0.67 1.33 1.18 1.27
CRP (ng/mL) 325 108.3 227 193.3 3009
Ferritin (ng/dl) 979.8 203.6 636.5 514.5 1441

ARDS, acute respiratory distress syndrome; CAD, coronary artery disease; CRP, C-reactive protein; DM, type 2 diabetes mellitus; F, female; HT, systemic hypertension; M,
male; MODS, multi-organ dysfunction syndrome; WBC, white blood cell.
2 Supplements: vitamin C 500 mg twice a day and zinc 150 mg once a day.

Zinc decreases SARS
CoV2 - ACE2 interactior

Zinc Inhibits viral RNA Polymerase

decreases activity of Viral Reverse

and

transcriptase

Increases macrophage )
activation

Helps T-Cell
development

Improves Nk-cell
function

Figure 2. Illustration of antiviral and immunomodulatory properties of zinc in COVID-19.

cofactor site inhibits the enzyme, causing downregulation of
inflammation by inhibiting these two pathways (Kato et al., 2006;
Henry et al., 2020a).

These in vitro evidence suggests that zinc may have a pivotal
role in COVID-19 (Figure 2). Therefore, zinc deficiency in COVID-19
patients may not be just a mere association. More studies are
required to ascertain the relationship between COVID-19 and zinc.

The present study data clearly demonstrate a higher complica-
tion rate (70.4% vs 30.0%, p = 0.009) in zinc deficient COVID-19
patients, with an OR of 5.54. In addition, these patients showed an
increased trend towards the development of ARDS (18.5% vs 0%,
p = 0.06), longer hospital stays (mean 7.9 vs 5.7 days, p = 0.048),
were more likely to have received corticosteroids (44.4% vs 10%,
p=0.02), and had increased mortality (5 (18.5%) vs 0 (0%), p = 0.06),
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indicative of a severe disease spectrum in these patients. This
study showed an association between the baseline zinc level and
COVID-19 disease course, such that zinc deficient patients
encounter more complications and mortality.

Lactate dehydrogenase (LDH) is an intracellular enzyme,
present in most cells, that catalyses the interconversion of
pyruvate and lactate. LDH is a marker of organ injury, particularly
related to hypoxia (Shi et al., 2020). A pooled analysis of 1532
COVID-19 patients showing elevated LDH found that this was
associated with a 6-fold increased risk of severe disease and
16-fold increased risk of death (Henry et al., 2020b). The elevated
LDH in the present study was probably indicative of severe disease
as a result of zinc deficiency.

This was a single-centre study with a limited number of
patients requiring hospitalization for COVID-19. It would be
interesting to study the zinc level and its role across the entire
spectrum of the disease, including asymptomatic patients with no
comorbid conditions who are otherwise managed with home
isolation. Moreover, it is unclear whether low zinc is a simple
association or a causative factor in COVID-19. The literature and
our understanding of zinc in COVID-19 patients is currently
limited. Clearly, a multi-centre study is required to throw more
light on this specific issue.

In conclusion, this study clearly demonstrated that COVID-19
patients were zinc deficient when compared to healthy adults. It is
convincing that low baseline zinc levels in these patients were
associated with more complications, leading to prolonged
hospitalization and increased mortality. It is not clear whether
zinc supplementation after admission to hospital helps to reduce
the severity of disease. It is worth exploring the exact role of zinc in
COVID-19 patients and establishing the appropriate dosage to
improve their survival. With more research, zinc could provide a
cost-effective therapy for COVID-19, certainly the need of the hour
in this pandemic.

Funding

None declared.

Ethical approval

Ethical approval was obtained.

Conflict of interest

None.

CRediT authorship contribution statement

Dinesh Jothimani: Conceptualisation, Methodology, Formal
analysis, Writing - original draft. Ezhilarasan Kailasam: Method-
ology, Investigation. Silas Danielraj: Data curation, Formal
analysis, Writing - review & editing. Balaji Nallathambi: Data
curation, Writing - review & editing. Hemalatha Ramachandran:
Formal analysis, Software. Padmini Sekar: Writing - original draft.
Shruthi Manoharan: Visualization. Vidyalakshmi Ramani: Writ-
ing - review & editing. Gomathy Narasimhan: Writing - review &
editing. lankumaran Kaliamoorthy: Writing - review & editing.
Mohamed Rela: Supervision, Validation, Writing - review &
editing.

References

Adhikari SP, Meng S, Wu Y], et al. Epidemiology, causes, clinical manifestation and
diagnosis, prevention and control of coronavirus disease (COVID-19) during the

D. Jothimani et al./International Journal of Infectious Diseases 100 (2020) 343-349

early outbreak period: a scoping review. Infect Dis Poverty 2020;9(1)29, doi:
http://dx.doi.org/10.1186/s40249-020-00646-x Published 2020 March 17.

Alexander J, Tinkov A, Strand TA, Alehagen U, Skalny A, Aaseth ]. Early nutritional
interventions with zinc, selenium and vitamin D for raising anti-viral resistance
against progressive COVID-19. Nutrients 2020;12(8)E2358, doi:http://dx.doi.
org/10.3390/nu12082358 Published 2020 August 7.

Barocas JA, So-Armah K, Cheng DM, et al. Zinc deficiency and advanced liver fibrosis
among HIV and hepatitis C co-infected anti-retroviral naive persons with
alcohol use in Russia. PLoS One 2019;14(6)e0218852, doi:http://dx.doi.org/
10.1371/journal.pone.0218852 Published 2019 June 27.

Devaux CA, Rolain JM, Raoult D. ACE2 receptor polymorphism: susceptibility to
SARS-CoV-2, hypertension, multi-organ failure, and COVID-19 disease outcome.
J Microbiol Immunol Infect 2020;53(3):425-35, doi:http://dx.doi.org/10.1016/j.
jmii.2020.04.015.

Ferrari E, Wright-Minogue ], Fang JW, Baroudy BM, Lau JY, Hong Z. Characterization
of soluble hepatitis C virus RNA-dependent RNA polymerase expressed in
Escherichia coli. J Virol 1999;73(2):1649-54, doi:http://dx.doi.org/10.1128/
JVI1.73.2.1649-1654.1999.

Galimberti S, Baldini C, Baraté C, et al. The CoV-2 outbreak: how hematologists
could help to fight Covid-19. Pharmacol Res 2020;157:104866, doi:http://dx.
doi.org/10.1016/j.phrs.2020.104866.

Ghaffari H, Tavakoli A, Moradi A, et al. Inhibition of HIN1 influenza virus infection
by zinc oxide nanoparticles: another emerging application of nanomedicine. ]
Biomed Sci 2019;26(1)70, doi:http://dx.doi.org/10.1186/s12929-019-0563-4
Published 2019 September 10.

Haraguchi Y, Sakurai H, Hussain S, Anner BM, Hoshino H. Inhibition of HIV-1
infection by zinc group metal compounds. Antiviral Res 1999;43(2):123-33,
doi:http://dx.doi.org/10.1016/s0166-3542(99)00040-6.

Henry BM, Aggarwal G, Wong |, et al. Lactate dehydrogenase levels predict
coronavirus disease 2019 (COVID-19) severity and mortality: a pooled analysis
[published online ahead of print, 2020 May 27]. Am ] Emerg Med
2020a;38:1722-6, doi:http://dx.doi.org/10.1016/j.ajem.2020.05.073.

Henry BM, Aggarwal G, Wong |, et al. Lactate dehydrogenase levels predict
coronavirus disease 2019 (COVID-19) severity and mortality: a pooled analysis.
Am ] Emerg Med 2020b;, doi:http://dx.doi.org/10.1016/j.ajem.2020.05.073 Epub
ahead of print. PMCID: PMC7251362.

Iddir M, Brito A, Dingeo G, et al. Strengthening the immune system and reducing
inflammation and oxidative stress through diet and nutrition: considerations
during the COVID-19 crisis. Nutrients 2020;12(6)E1562, doi:http://dx.doi.org/
10.3390/nu12061562 Published 2020 May 27.

International Zinc Nutrition Consultative Group (IZiNCG), Brown KH, Rivera JA, et al.
International Zinc Nutrition Consultative Group (IZiNCG) technical document
#1. Assessment of the risk of zinc deficiency in populations and options for its
control. Food Nutr Bull 2004;25(1 Suppl 2):S99-5203.

Kato GJ, McGowan V, Machado RF, et al. Lactate dehydrogenase as a biomarker of
hemolysis-associated nitric oxide resistance, priapism, leg ulceration, pulmo-
nary hypertension, and death in patients with sickle cell disease. Blood
2006;107(6):2279-85, doi:http://dx.doi.org/10.1182/blood-2005-06-2373.

Ko YL, Morihara D, Shibata K, et al. Factors attenuating zinc deficiency improvement
in direct-acting antiviral agent-treated chronic hepatitis C virus infection.
Nutrients 2018;10(11)1620, doi:http://dx.doi.org/10.3390/nu10111620 Pub-
lished 2018 November 2.

Kumar A, Kubota Y, Chernov M, Kasuya H. Potential role of zinc supplementation in
prophylaxis and treatment of COVID-19 [published online ahead of print, 2020
May 25]. Med Hypotheses 2020;144:109848, doi:http://dx.doi.org/10.1016/j.
mehy.2020.109848.

Li MY, Li L, Zhang Y, Wang XS. Expression of the SARS-CoV-2 cell receptor gene ACE2
in a wide variety of human tissues. Infect Dis Poverty 2020;9(1)45, doi:http://
dx.doi.org/10.1186/s40249-020-00662-x Published 2020 April 28.

Prasad AS. Zinc in human health: effect of zinc on immune cells. Mol Med 2008;14
(5-6):353-7, doi:http://dx.doi.org/10.2119/2008-00033.Prasad.

Prasad AS, Bao B, Beck FW, Sarkar FH. Zinc activates NF-kappaB in HUT-78 cells. ] Lab
Clin Med 2001;138(4):250-6, doi:http://dx.doi.org/10.1067/mlc.2001.118108.

Rahman MT, Idid SZ. Can Zn Be a critical element in COVID-19 treatment?
[published online ahead of print, 2020 May 26]. Biol Trace Elem Res 2020;1-9,
doi:http://dx.doi.org/10.1007/s12011-020-02194-9.

Read SA, Obeid S, Ahlenstiel C, Ahlenstiel G. The role of zinc in antiviral immunity.
Adv  Nutr 2019;10(4):696-710, doi:http://dx.doi.org/10.1093/advances/
nmz013.

Reeves PG, O'Dell BL. An experimental study of the effect of zinc on the activity of
angiotensin converting enzyme in serum. Clin Chem 1985;31(4):581-4.

Shankar AH, Prasad AS. Zinc and immune function: the biological basis of altered
resistance to infection. Am J Clin Nutr 1998;68(2 Suppl):4475-63S, doi:http://
dx.doi.org/10.1093/ajcn/68.2.447S.

ShiJ, LiY, Zhou X, et al. Lactate dehydrogenase and susceptibility to deterioration of
mild COVID-19 patients: a multicenter nested case-control study. BMC Med
2020;18(1)168, doi:http://dx.doi.org/10.1186/s12916-020-01633-7 Published
2020 June 3.

Skalny AV, Rink L, Ajsuvakova OP, et al. Zinc and respiratory tract infections:
perspectives for COVID-19 (Review). Int ] Mol Med 2020;46(1):17-26, doi:
http://dx.doi.org/10.3892/ijmm.2020.4575.

te Velthuis AJ, van den Worm SH, Sims AC, Baric RS, Snijder EJ, van Hemert MJ. Zn(2
+) inhibits coronavirus and arterivirus RNA polymerase activity in vitro and zinc
ionophores block the replication of these viruses in cell culture. PLoS Pathog
2010;6(11)e1001176, doi:http://dx.doi.org/10.1371/journal.ppat.1001176 Pub-
lished 2010 November 4.


http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0005
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0005
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0005
http://dx.doi.org/10.1186/s40249-020-00646-x
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0010
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0010
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0010
http://dx.doi.org/10.3390/nu12082358
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0015
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0015
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0015
http://dx.doi.org/10.1371/journal.pone.0218852
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0020
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0020
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0020
http://dx.doi.org/10.1016/j.jmii.2020.04.015
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0025
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0025
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0025
http://dx.doi.org/10.1128/JVI.73.2.1649-1654.1999
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0030
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0030
http://dx.doi.org/10.1016/j.phrs.2020.104866
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0035
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0035
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0035
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0035
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0040
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0040
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0040
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0045
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0045
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0045
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0045
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0050
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0050
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0050
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0050
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0055
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0055
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0055
http://dx.doi.org/10.3390/nu12061562
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0060
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0060
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0060
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0060
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0065
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0065
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0065
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0065
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0070
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0070
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0070
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0070
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0075
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0075
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0075
http://dx.doi.org/10.1016/j.mehy.2020.109848
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0080
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0080
http://dx.doi.org/10.1186/s40249-020-00662-x
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0085
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0085
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0090
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0090
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0095
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0095
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0095
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0100
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0100
http://dx.doi.org/10.1093/advances/nmz013
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0105
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0105
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0110
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0110
http://dx.doi.org/10.1093/ajcn/68.2.447S
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0115
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0115
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0115
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0115
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0120
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0120
http://dx.doi.org/10.3892/ijmm.2020.4575
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0125
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0125
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0125
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0125
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0125

D. Jothimani et al./International Journal of Infectious Diseases 100 (2020) 343-349 349

Towler P, Staker B, Prasad SG, et al. ACE2 X-ray structures reveal a large hinge-
bending motion important for inhibitor binding and catalysis. ] Biol Chem
2004;279(17):17996-8007, doi:http://dx.doi.org/10.1074/jbc.M311191200.

Wessels I, Rolles B, Rink L. The potential impact of zinc supplementation on COVID-
19 pathogenesis. Front Immunol 2020;11:1712, doi:http://dx.doi.org/10.3389/
fimmu.2020.01712 Published 2020 July 10.

Wintergerst ES, Maggini S, Hornig DH. Immune-enhancing role of vitamin C and
zinc and effect on clinical conditions. Ann Nutr Metab 2006;50(2):85-94, doi:
http://dx.doi.org/10.1159/000090495.

Xue ], Moyer A, Peng B, Wu ], Hannafon BN, Ding WQ. Chloroquine is a zinc
ionophore. PLoS One 2014;9(10)e109180, doi:http://dx.doi.org/10.1371/journal.
pone.0109180 Published 2014 October 1.

Yang J, Zheng Y, Gou X, et al. Prevalence of comorbidities and its effects in patients
infected with SARS-CoV-2: a systematic review and meta-analysis. Int ] Infect
Dis 2020;94:91-5, doi:http://dx.doi.org/10.1016/j.ijid.2020.03.017.

Yazdanpanah F, Hamblin MR, Rezaei N. The immune system and COVID-19: Friend
or foe? [published online ahead of print, 2020 June 2]. Life Sci 2020;256:117900,
doi:http://dx.doi.org/10.1016/].1fs.2020.117900.


http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0130
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0130
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0130
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0135
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0135
http://dx.doi.org/10.3389/fimmu.2020.01712
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0140
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0140
http://dx.doi.org/10.1159/000090495
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0145
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0145
http://dx.doi.org/10.1371/journal.pone.0109180
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0150
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0150
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0150
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0155
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0155
http://refhub.elsevier.com/S1201-9712(20)30730-X/sbref0155

https://www.news-medical.net/news/20201204/People-with-vitamin-D-deficiency-at-higher-risk-of-
severe-COVID-19-says-study.aspx

People with vitamin D deficiency at higher
risk of severe COVID-19, says study

By Angela Betsaida B. Laguipo, BSNDec 4 2020

Caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the coronavirus
disease 2019 (COVID-19) causes respiratory illness, vast inflammation, and in some cases, a
cytokine storm — the latter of which can be fatal.

Some people are at a higher risk of severe coronavirus disease (COVID-19), typically due to
underlying health conditions. As the pandemic evolves, however, many health experts have
found that nutrient deficiency can also help contribute to severe illness.

In particular, recent evidence shows that vitamin deficiency can be tied to severe COVID-19.

A new study has revealed that vitamin D deficient patients are more likely to experience severe
COVID-19.

éAt'Udy: Effect of Vitamin D deficiency on COVID-19 status: A systematic review. Image Credit:
Kavun Halyna / Shutterstock

The study, which appeared on the pre-print medRxiv* server, tackled the findings of previous
studies on vitamin D deficiency and COVID-19.

Vitamin D and COVID-19

One major micronutrient known to have a possible protective or mitigating effect against SARS-
CoV-2 is vitamin D. Past studies have shown how vitamin D provides benefit for patients with
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COVID-19. A naturally occurring vitamin in humans, vitamin D is produced when the skin is
exposed to ultraviolet radiation from the sun. It can also be obtained from the diet.

Since COVID-19 is tied to immune hyperactivation, the protective effect of vitamin D has been
attributed to its ability to suppress immune responses to the virus, thereby reducing the risk of
severe acute respiratory distress syndrome (ARDS), a fatal complication of COVID-19 that is
linked to an overreaction on the part of the immune system.

The dietary intake of vitamin D plays an imperative role in determining one's vitamin D status.
Some foods, mainly coldwater fish like herring, sardines, mackerel, and salmon, contain vitamin
D. Meanwhile, some doctors recommend vitamin D3 supplementation in the form of tablets.

The striking link between vitamin D deficiency and the development of common COVID-19 risk
factors like obesity and older age has influenced scientists to theorize that vitamin D supplements
could be used as a preventive and protective agent against SARS-CoV-2 infection.

Some researchers also noted that since COVID-19 is linked to immune hyperactivation and a
cytokine storm, vitamin D can help prevent severe illness. Vitamin D regulates
immunopathological inflammatory responses and supports innate antiviral effector mechanisms,
hence boosting the immune system to work harder during an infection.

The study

Related Stories

o Artemisia plant extracts show potential anti-SARS-CoV-2 activity in vitro
e Study confirms B.1.1.7 variant of SARS-CoV-2 is more transmissible
o New evidence of SARS-CoV-2 spreading on planes

The study highlights the importance of having sufficient vitamin D levels in the body to combat
the coronavirus pandemic.

To arrive at the study findings, the researchers conducted a meta-analysis by conducting a wide-
reaching search for studies related to vitamin D and COVID-19 from three databases, including
PubMed, ScienceDirect, and Google Scholar.

The search consisted of keywords such as vitamin D, 25-Hydroxyvitamin D, low vitamin D,
COVID-19, SARS-CoV-2, coronavirus, or 2019-nCoV. They also searched for terms such as
disease severity, ICU admission, and mortality.

Overall, the team included titles and abstracts of 2,774 articles. From there, they screened the full
text of 17 articles.

The team found that in one particular study, vitamin D deficient patients were 5.84 times more
likely to die from COVID-19 compared to people with sufficient vitamin D levels. Another study
showed that vitamin D deficiency is tied to a higher risk of death.
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Further readings of the selected articles showed that after controlling for confounders, patients
with low 25-Hydroxyvitamin D have more risk of testing positive for COVID-19. The team also
found that the SARS-CoV-2 positivity rate is lower in patients with adequate 25-Hydroxyvitamin
D levels in the body.

"Findings from the study included suggest Vitamin D may serve as a mitigating effect for
covid19 infection, severity, and mortality,” the team concluded in the study.

"We recommend the need to encourage people to eat foods rich in vitamin D such as fish, red
meat, liver, and egg yolks while at the same time providing vitamin D supplements for
individuals with COVID-19 to boost their immune systems," the team added.

Finding ways to mitigate the ongoing pandemic is imperative. So far, 65.23 million people have
been infected with SARS-CoV-2. Of these, at least 1.50 million have died.

Scientists and pharmaceutical companies are racing to develop effective antivirals and vaccines
to mitigate or prevent SARS-CoV-2 infection. While the world waits for a safe and effective
vaccine, it is crucial to observe basic infection control measures, such as physical distancing,
regular hand hygiene, and masks. Also, sustaining the body with adequate amounts of nutrients
can boost the immune system to fight off pathogens, as this meta-analysis's findings emphasize.

*Important Notice

medRxiv publishes preliminary scientific reports that are not peer-reviewed and, therefore,
should not be regarded as conclusive, guide clinical practice/health-related behavior, or treated as
established information.

Source:

e COVID-19 Dashboard by the Center for Systems Science and Engineering (CSSE) at
Johns Hopkins University (JHU) -
https://gisanddata.maps.arcgis.com/apps/opsdashboard/index.html#/bda7594740fd40299
423467b48e9%ecf6

Journal reference:

e Das, P., Samad, N., Ahinkorah, B., Peprah, P. et al. (2020). Effect of Vitamin D
deficiency on COVID-19 status: A systematic review. medRxiv.
https://www.medrxiv.org/content/10.1101/2020.12.01.20242313v1
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8 In 10 Hospitalized Covid-19 Coronavirus
Patients Were Vitamin D Deficient: New
Study

Victoria Forster Contributor Healthcare
Cancer research scientist and childhood cancer survivor.

One study has found that over 8 in 10 hospitalized Covid-19 patients had a vitamin D deficiency. getty

Researchers in Spain have discovered that 82% of hospitalized patients with Covid-19 were
vitamin D deficient in a new study published today. They studied levels of the vitamin in 216
patients admitted to the hospital for Covid-19 treatment in March this year, finding that 8 in 10
patients were considered clinically deficient.

The work published today in The Journal of Clinical Endocrinology & Metabolism also looked
at a control group of 197 people who lived in the same geographical area and were similar to the
Covid-19 patient group in age and sex. Among these people, 47% were vitamin D deficient.

However, it is important to point out that the conclusions of this study are correlative, not
causative - meaning that it can’t be concluded from this work that vitamin D deficiency was
directly responsible for a higher chance of being hospitalized with Covid-19.
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Vitamin D is essential for bone health, but is also thought to have beneficial effects on the
immune system too with some evidence that having sufficient vitamin D may give some
protection against respiratory tract infections. Despite its importance, vitamin D deficiency is
common, with one study from 2011 estimating that 41.6% of U.S. adults are deficient. This
number varies greatly depending on race with 82.1% of Black Americans being deficient and
69.2% of Hispanic Americans.

Vitamin D can be produced naturally by exposure to sunlight and found in some foods, including
oily fish, eggs and fortified milk and plant-based milk substitutes.

Vitamin D is found in some foods, notably oily fish, fortified milks and eggs getty

The Spanish research is not alone in suggesting that vitamin D might be beneficial in protecting
hospitalized individuals from adverse outcomes. Last month, a study from researchers in Boston
found that patients over 40 were over 50% less likely to die from the infection if they had
sufficient levels of vitamin D. However, the more recent study from Spain wasn’t able to
conclude any link between vitamin D deficiency and severity of disease. So the information
regarding any benefit of vitamin D for Covid-19 is still a bit inconclusive.

In certain parts of the world, especially where sunlight hours are limited during winter, vitamin
D supplementation is routinely recommended by physicians. So, should everyone start taking

vitamin D now even if it isn’t clear whether it might help with Covid-19? Well, not necessarily.
It is important to note that too much vitamin D can be toxic and it can also interact with certain
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medications. So, if in any doubt, check with your doctor about whether it is recommended and
safe to take vitamin D supplements.

Follow me on Twitter. Check out my website.

Victoria Forster

I am a postdoctoral research scientist focusing on childhood cancers and new,
targeted cancer therapies. As a survivor of childhood leukemia myself, I am a
determined advocate for research into better, less-toxic cancer treatments and
how to reduce the long-term side effects of current drugs. | am an award-
winning science communicator and have written for The Times, The
Guardian and various cancer-focused outlets. | am also a 2017 TED Fellow,
having done my TED talk on cancer survivorship and | regularly do public talks on topics
ranging from ‘Why haven’t we cured cancer yet?’ to ‘Cannabis and cancer; hype or hope?’. I am
passionate about using social media to communicate science and frequently share pictures and
stories from my own laboratory work in real-time on my Twitter account @vickyyyf, alongside
commentary about important research breakthroughs. You can find out more about me and how
to get in contact via my website drvickyforster.com. All of my articles reflect my personal views
and not those of my employer
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Abstract: The recent pandemic of COVID-19 has already infected millions of individuals and has
resulted in the death of hundreds of thousands worldwide. Based on clinical features, pathology,
and the pathogenesis of respiratory disorders induced by this and other highly homogenous
coronaviruses, the evidence suggests that excessive inflammation, oxidation, and an exaggerated
immune response contribute to COVID-19 pathology; these are caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). This leads to a cytokine storm and subsequent progression
triggering acute lung injury (ALI)/acute respiratory distress syndrome (ARDS), and often death.
We and others have reported melatonin to be an anti-inflammatory and anti-oxidative molecule with
a high safety profile. It is effective in critical care patients by reducing their vascular permeability and
anxiety, inducing sedation, and improving their quality of sleep. As melatonin shows no harmful
adverse effects in humans, it is imperative to introduce this indoleamine into clinical trials where
it might be beneficial for better clinical outcomes as an adjuvant treatment of COVID-19-infected
patients. Herein, we strongly encourage health care professionals to test the potential of melatonin
for targeting the COVID-19 pandemic. This is urgent, since there is no reliable treatment for this
devastating disease.

Keywords: melatonin; COVID-19; inflammation; immune response; clinical trials

1. Introduction

As of today (22 July 2020) there have been more than 616,317 deaths worldwide from coronavirus
(COVID-19), a newly emerged respiratory disease caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). Regarding the most affected countries to date, the USA has reported
142,066 deaths, Brazil 81,487, the United Kingdom 45,422, Mexico 40,400, Italy 35,073, and France
30,165 [1]. These large numbers warrant urgent research to accelerate clinical trials with therapies that
may reduce the alarmingly high death rate. The combined use of anti-viral and anti-inflammatory
drugs may be more efficient than using either modality alone. One of the overlooked and promising
candidates is melatonin, which may substantially enhance the actions of adjuvant treatments for
COVID-19 by reducing symptoms such as pneumonia, acute lung injury (ALI), and acute respiratory
distress syndrome (ARDS). At present, the low efficacy of anti-viral drugs on COVID-19 is not surprising.
Due to increased drug resistance and continuously occurring mutations of the virus, we still lack ideal
medicines to target this disease and new vaccines have to be repeatedly adapted to the continuously
changing viral subtypes. In fact, the drugs in the market can only mitigate the mild to moderate
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symptoms if used in the early stage of viral infection, and have reduced effects in patients with severe
symptoms or those who are predisposed to complications. Thus, the clinical significance is limited,
as well as because viral infectious diseases are self-limiting and the mild to moderately severe patients
develop self-recovery without treatment. In viral infectious diseases, the key is to ameliorate the severe
symptoms, including the massive tissue and organ injury and, finally, to control the mortality. It has
been speculated that the most severe symptoms are beyond viral cytotoxicity per se and result from the
overreaction of the innate immune response that causes destructive inflammation, as observed in the
severe disease progression of coronavirus infections [2]. This may be one of the reasons why antiviral
drugs have failed to be effective in severely infected patients. To compensate for the shortcomings of
the anti-viral drugs, a more generalized and less virus-specific therapy which instead targets severe
symptoms of the viral infection should be considered. Melatonin is a suitable candidate. Melatonin
possesses an excellent anti-oxidative and anti-inflammatory capacity and it balances the overshooting
innate immune response while promoting adaptive immunity [3-6]. Currently, an increasing number
of publications has suggested or strongly recommended the use of melatonin to combat COVID-19.

2. Pathogenesis of COVID-19

To date, the effect of SARS-CoV-2 on humans have been clearly age-related. Thus, the excessive
mortality rate occurs in the elderly with very few deaths from COVID-19 being recorded for individuals
under the age of 20. Currently reported COVID-19-affected patients present varying symptoms
including fever, dry cough, myalgia, fatigue, or diarrhea. In other cases, the acute progression of
the disease results in ALI/ARDS, respiratory failure, heart failure, sepsis, and sudden cardiac arrest
within a few days [7-9]. The pathogenic examination of lungs from mild COVID-19 patients revealed
edema, proteinaceous exudate with globules, patchy inflammatory cellular infiltration, and moderate
formation of hyaline membranes [10]. In a postmortem assessment of a COVID-19 patient with severe
ARDS, specimens of the infected lungs demonstrated bilateral diffuse alveolar damage with edema,
pneumocyte desquamation, and hyaline membrane formation [11]. Although these reports were
performed for only a small number of cases, they do resemble the pathological features identified in
SARS- or MERS-induced respiratory disorders [12].

As recently reviewed [13], SARS-CoV-2 shares 79.0% nucleotide identity with SARS-CoV
and 51.8% identity with MERS-CoV, indicating their high genetic homology. In SARS-CoV and
MERS-CoV, infected animal models revealed an inflammatory response which causes a “cytokine
storm”, subsequently triggering vascular leakage and abnormal innate and adaptive immune responses,
including lymphopenia and an increase in neutrophils, thereby inducing ALI/ARDS or even death [14].
In the early stages of coronavirus infections, dendritic and epithelial cells are activated and cause
a reported “deluge” of pro-inflammatory cytokines, i.e., elevated levels of interleukin-13 (IL-1p3),
IL-6, interferon-y (IFN-y), interferon-inducible protein 10 (IP-10) or IL-4, IL-10, and IL-17 [5,9].
It was documented that repressed immune functions in COVID-19 patients are accompanied by
lymphopenia and neutropenia, as well as a decreased number of CD8+ T cells [7-9]. Furthermore,
recent reports suggest that some COVID-19 patients, although negative for the viral nucleic acid
assay, still sometimes present with a high level of inflammation. Altogether, the most recent findings
indicate that inflammation is a major issue for COVID-19 patients in whom the immune system is
severely attenuated due to the high cytokine production that contributes to the COVID-19 pathogenesis.
It should be added that the amplification of the inflammatory response would promote programmed
cell death (apoptosis) or necrosis of the affected cells, which would further trigger inflammation,
followed by the increasing permeability of blood vessels and the aberrant accumulation of inflammatory
cells, including monocytes, macrophages, and neutrophils. The resultant vicious circle intensifies the
situation as the regulation of immune response is lost and the “cytokine storm” is further activated,
leading to serious consequences. Similarly, this putative “cytokine burst” pathology associated with
coronaviruses is also supported by experimental SARS-CoV models, one of which showed that the
severity of ALI was accompanied by an elevated expression of inflammation-related genes rather
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than increased viral titers. In another case, the ablation of IFN-o/p receptors or the depletion of
inflammatory monocytes/macrophages caused a marked rise in the survival rate of coronavirus hosts
without a change in viral load [15,16]. Both situations suggest a potential amplifying mechanism
involved in CoV-induced ALI/ARDS regardless of the viral load. If a similar pathology also exists
in COVID-19, the attenuation of the “cytokine storm” by targeting several key steps in the process
could bring about improved outcomes. Herein, melatonin is not taken as a typical viricidal agent
but it indirectly exerts anti-viral actions based on its well-reported anti-oxidative, anti-inflammatory,
and immune system-enhancing properties [17-22] and, therefore, it may be useful to examine its
potential effects in suppressing COVID-19 infections (see Figure 1).
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Figure 1. Pathogenesis of SARS-CoV-2 and adjuvant actions of melatonin. We postulate that melatonin
significantly suppresses the immune response, the enhanced inflammation, and the excessive oxidative
stress, triggering a “cytokine storm”. The “cytokine storm” induces acute lung injury (ALI)/acute
respiratory distress syndrome (ARDS) accompanied by severe complications.

3. Melatonin and Its Anti-Inflammatory and Anti-Oxidative Properties

Melatonin (N-acetyl-5-methoxytryptamine) is a multifunctional molecule with the structure of
methoxyindole. It is present in almost all biological systems, in both plants and in animals. With regard
to its bioactivity, it regulates circadian and seasonal biorhythms in vertebrates. Synthesis of melatonin
is continuous; however, the peak of its production and release from the pineal gland takes place only
at night. In adults, approximately 30 ug of melatonin are estimated to be synthesized per day, and the
maximal concentration in the blood is reached in the mid-dark period. Melatonin, released from the
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pineal gland, is discharged into the cerebrospinal fluid and into the blood and is rapidly degraded in
the liver. Melatonin has been successfully used to treat sleep disorders, atherosclerosis, respiratory
diseases, and viral infections [17]. Melatonin is well known to possess potent anti-inflammatory
capacities and acts via various pathways in terms of inflammatory diseases, including Sirtuin 1 (SIRT1),
for the attenuation of lung injury and inflammation [23]. Similarly, melatonin suppresses nuclear
factor kappa B (NF-kB) activation in ARDS, and down-regulates NF-«B activation in T cells and lung
tissue [24-26]. NF-«B is a major transcription factor involved in the production of cytokines. Moreover,
melatonin induces the nuclear translocation of NF-E2-related factor 2 (Nrf2), mediating activation
of anti-oxidative phase II enzymes [19] crucial in protecting the lungs from injury. There is no clear
evidence for the role of Nrf2 itself in CoV-induced ALI but the close interactions of SIRT1, NF-«kB,
and Nrf2 indicate their involvement in CoV-induced ALI/ARDS.

Many reports have confirmed the anti-inflammatory action of melatonin. Inflammation is known
to be associated with an elevated production of cytokines and chemokines, while melatonin induces a
significant reduction in pro-inflammatory cytokines [4,27]. Some of these actions are certainly mediated
by melatonin membrane receptors, such as MT1 and MT2. Considering the receptor affinities, only low
doses of this substance would be required; however, highly elevated doses reaching several hundred
milligrams per day promote melatonin’s receptor-independent antioxidant properties. Melatonin
effectively scavenges a wide range of reactive oxygen/nitrogen species (ROS/RNS), including hydroxyl
radicals and the commonly overlooked carbonate radical [21,28-30]. Among several possibilities
of formation, its mitochondrial generation may be the most important one. Under conditions of
reduced gas exchange, the organism tries to enhance the arterial blood supply by producing the
relaxant nitric oxide (NO) at higher rates. At the same time, the hypoxic condition can impair the
mitochondrial electron flux and cause electron dissipation, which results in superoxide formation.
In the presence of high NO concentrations, superoxide combines with NO to form peroxynitrite
(OONO"). Interestingly, melatonin not only scavenges this oxidant, but also reduces its formation,
by improving the mitochondrial electron flux and, thereby, decreasing superoxide generation. Generally,
the protection of mitochondria by melatonin includes the prevention of the electron transport chain
that causes enhanced free radical formation, control over the duration of permeability transition pore
opening, and the maintenance of mitochondrial equilibrium redox balance to support mitochondrial
integrity, which all have primary relevance to the return to a healthy state [31-36], in particular with
regard to respiratory diseases, including the severe forms of COVID-19.

These anti-inflammatory and antioxidant properties of melatonin are also of substantial interest
in pulmonary functioning under intensive care conditions. The artificial ventilation of patients bears
the problem of causing undue mechanical stress to the lungs. Namely, ventilator-induced lung injury
has been shown to initiate oxidative stress and inflammation. For instance, in a murine model,
melatonin increased the level of the anti-inflammatory IL-10, along with improved oxygenation
and reduced histological damage to the lungs [37]. Furthermore, a recent study using ramelteon,
the melatoninergic agonist, in lung-injured rats revealed strong reductions in oxidative markers,
reduced edema, neutrophil infiltration, the induction of apoptosis, decreased NF-kB activation and
iNOS expression, and lower levels of TNF«, IL-13, and IL-6 [38]. It should also be pointed out that
the practical problem in patients with severe COVID-19 concerns the reduction of pulmonary gas
exchange due to surfactant impairments by lipid peroxidation caused by infiltrating neutrophils.
In vitro experiments have shown that melatonin can associate with surfactant lipids [39] and also
reduce their peroxidation [40].

The anti-inflammatory actions of melatonin are also, in part, associated with mitochondrial
functions, as recently outlined in the context of COVID-19 [41]. The protective mechanisms
by which melatonin acts, especially under conditions of high-grade inflammation and in aging,
have been reviewed [4,5]. Melatonin, in addition to its anti-inflammatory capacities, functions as an
“anti-oxidative shield”, activating anti-oxidative enzymes such as catalase, superoxide dismutase,
glutathione peroxidase, and phase-2 antioxidant enzymes while, on the other hand, down-regulating
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pro-oxidative enzymes such as nitric oxide synthase [19,42]. Viral infections and their metabolism are
major sources of oxidizing agents and the anti-oxidative actions of melatonin have been documented
in ALI caused by sepsis or ischemia reperfusion [43,44]. Furthermore, in advanced ALI/ARDS patients
who display severe inflammation, hypoxemia, and ventilation problems, Sarma and Ward [45] noticed
elevated concentrations of oxygen leading to massive oxidant generation. Regarding the beneficial
roles of melatonin in COVID-19 treatment, this indoleamine was successfully applied in infants
with respiratory disease [46,47] and in advanced COVID-19 pneumonia patients [8], confirming its
anti-oxidative and anti-inflammatory actions in the lung. An overview of the most important functions
of melatonin is provided in Figure 2.
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Figure 2. The most important functions of melatonin, some of which apply to the treatment of viral
diseases including COVID-19.

4. Melatonin and Immunomodulation

From the moment the virus is inhaled and infects the epithelial cells of the respiratory tract,
dendritic cells phagocytose the virus and present antigens to T cells. The resultant effector T
cells function by killing the infected epithelial cells, and cytotoxic CD8+ T cells produce and
release pro-inflammatory cytokines, which induce cell apoptosis [48]. Both the pathogen (CoV)
and cell apoptosis trigger and amplify the immune response. Here, melatonin exerts many of its
physiological actions by acting through membrane-bound MT1 and MT2 receptors, which belong to
the superfamily of G-protein-coupled receptors containing the typical seven transmembrane domains
and account for several of its immunological actions [49]. For instance, a resultant decrease in cyclic
adenosine monophosphate (cAMP) concentration is observed upon the action of melatonin or the
melatonin-mediated inhibition of cellular and humoral immune responses in mice [50]. This shows
that, in animals and humans, melatonin affects both the cellular and humoral arms of the immune
response [51,52]. The clinical characteristics of COVID-19 present serious disturbances in neutrophils,
lymphocytes, and CD8+ T cells in peripheral blood [7,53] and melatonin exerts regulatory actions on
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the immune system and directly enhances the immune response by improving the proliferation and
maturation of natural killer cells, T and B lymphocytes, granulocytes, and monocytes in both bone
marrow and other tissues [54]. The inflammasome NLRP3 is correlated with lung diseases caused
by infection, including influenza A virus and bacteria [55,56]. Since it is part of the innate immune
response during lung infection, COVID-19 triggers NLRP3 activation to amplify the inflammation.
Knowing the anti-inflammatory capacity of melatonin, we urge the rational use of this substance
for ALI/ARDS-mediated symptoms. Indeed, the melatonin-controlled regulation of NLRP3 was
shown in radiation-induced lung injury or respiratory disturbances, where melatonin distinctly
reduced the infiltration of macrophages and neutrophils into the lung by inhibition of the NLRP3
inflammasome [26,57-59].

5. Melatonin and Its Adjuvant Effects

As usual, drug interactions must be considered since they may limit the use of the drugs in
practice. In consideration of the common beneficial action of melatonin and attenuated metabolic
processes caused by viral infections, there are reasonable imperatives to propose that this indoleamine
may limit symptoms associated with viral infections, including COVID-19. Currently, it is known
that severe inflammation induces multiple perturbations, such as enhanced endothelial cell apoptosis
or elevation of the production of vascular endothelial growth factor (VEGF), which contributes to
edema and the massive release of immune cells, while melatonin is an effective suppressor of VEGF in
vascular endothelial cells [60]. Moreover, melatonin was found to be an ameliorating agent against
sepsis-induced cardiomyopathy [61,62]; this effect may be also beneficial for some COVID-19 patients
in whom an increased risk of sepsis and cardiac arrest accompany severe ALI/ARDS development.
In addition to its effects in the lungs, melatonin is also beneficial for patients with myocardial
infarction, cardiomyopathy, hypertensive heart diseases, and pulmonary hypertension [63]. Moreover,
melatonin exerts neurological protection by reducing the cerebral inflammatory response, cerebral
edema, and blood-brain barrier permeability [64]. Furthermore, melatonin improves sleep quality in
ICU patients [65] in whom deep sedation is associated with increased long-term mortality, and the
application of melatonin reduces sedation use and the frequency of pain, agitation, and anxiety [66,67].
Thus, the advantages for the use of melatonin in COVID-19 patients not only focus on the attenuation
of the viral-induced respiratory disorders, but also on the overall health improvement and prevention
of patients’ potential complications and their well-being.

Currently, accumulated evidence indicates that increased blood coagulation has a negative
relationship with the symptoms of COVID-19 and anticoagulants are recommended to reduce the
severity of COVID-19 symptoms in patients [68]. Melatonin exhibits anticoagulating activity and has
been suggested to treat Ebola virus infection [69]. From this perspective, it should not be a problem
to use melatonin with other anticoagulants in COVID-19 treatment. One of the main advantageous
properties of melatonin is its short Ty, (52.8 + 18.1 min) [70] If physicians identify a bleeding tendency
in patients and if this bleeding tendency is related to melatonin, the withdrawal of melatonin will
achieve rapid (short Tyj) results without negative consequences. Therefore, the concomitant use
of anticoagulants and melatonin is safe and it will not cause prolonged bleeding problems after
its withdrawal.

Some drugs have already been suggested for the prevention and treatment of COVID-19, including
chloroquine or hydroxychloroquine. However, some recent studies show that hydroxychloroquine is
ineffective. Therefore, caution is suggested regarding its use. It is noteworthy that it was reported that
the anti-malaria effectiveness of chloroquine was greatly increased by a melatonin antagonist, luzindole,
and/or bright light at night, which reduced melatonin production. Simultaneously, even the research
on the anti-malaria effect of melatonin antagonists reported that high doses of melatonin are beneficial
for malaria treatment because they inhibit programmed cell death and oxidative stress [71]. Thus,
applying melatonin as an adjuvant to chloroquine and hydroxychloroquine treatments of COVID-19
may reduce the necessary doses, and thus the toxicity, of these agents [72]. In addition to the drugs



Nutrients 2020, 12, 2561 7 of 12

mentioned above, methylprednisolone is used to relieve edema, which is justified in the case of SARS,
where, as previously indicated, edema contributes significantly to lung dysfunction, leading to lung
failure. The activity of melatonin as a protective drug compared to methylprednisolone was studied
in mice with spinal cord injuries [73]. It was shown that the protective properties of melatonin were
greater than those of the steroid. The combination of these drugs has led to even greater efficacy for
relieving edema [74], so melatonin can be used in combination with prednisone to relieve edema with
greater efficacy in patients suffering from pneumonia with SARS-CoV-2. Finally, ribavirin, remdesivir,
and other nucleotide analogs targeting RNA-dependent RNA polymerase are a popular strategy.
Indeed, neither humans nor animals have the polymerase enzyme, thus, in principle, substances of this
group can be highly selective. Combining nucleotide analogs with melatonin may provide additional
benefits. For example, melatonin increased ribavirin potency as an anti-influenza agent, probably
due to the immunomodulatory functions of melatonin. In vitro studies have shown that ribavirin
in combination with melatonin shows improved properties regarding the replication inhibition of
respiratory syncytial virus [75].

6. Melatonin and Its Safety

Melatonin, in its original form, is a “human-friendly agent”. Currently available products contain
synthetic melatonin, which is structurally identical to that produced in the body. Melatonin is an
endogenously synthesized molecule in the pineal gland and is present in almost all biological systems,
including animals, plants, and microbes [33,76-79]. In addition to the documented anti-inflammatory
benefits of melatonin, it has a very high safety profile even when used in high doses; there is no
evidence that melatonin exaggerates inflammatory responses. In a randomized trial, oral intake
of 25 mg/day melatonin for 6 months promoted a significant reduction in serum concentrations of
IL-6 and IL-1$3 [80]. Similarly, in the acute phase of inflammation, including brain reperfusion [81],
and coronary artery reperfusion [82], melatonin intake of 6 mg/day and 5 mg/day, respectively, for less
than 5 days reduced levels of pro-inflammatory cytokines. Even doses of 1 g/day given for a month
had no adverse effects in humans [83]. Additionally, Weishaupt et al. [84] treated severely affected ALS
patients using 300 mg melatonin daily for 2 years, without any adverse effects. Furthermore, in acute
cases after surgery, melatonin doses up to 50 mg/kg in patients showed no serious side effects [85].
The destructive inflammation and massive pathological alterations occurring in severe COVID-19
patients require adequate measures that are not satisfied by the so-called physiological levels of
melatonin. For instance, the dose selected by Huang et al. [75] to treat the HIN1 virus-associated
deadly influenza was inadequate. Melatonin, at a dose of 10 mg/kg/day (20 mg/kg/48 h), had a
demonstrable but only slight effect, whereas a dose of 100 mg/kg/day (200 mg/kg/48 h) substantially
reduced the mortality. If we convert this murine dose to the human dose according to standard dose
translation, based on dividing the surface area by a factor 12.3 (120), the calculated equivalent human
dose is 8.1 mg/kg/day (100/12.3 = 8.1). This dose is very similar to the dose used in two neonatal septic
trials (8.1 and 8.2 mg/kg/day), as described previously [86,87]. Importantly, this dose would not cause
obvious adverse effects, based on the outcomes of these clinical trials. Thus, the estimated dose to treat
deadly viral infectious diseases, including COVID-19, is around 8 mg/kg/day. For a 75 kg individual,
a daily dose of 600 mg may be warranted. All data indicate that large doses of melatonin, whether
given chronically or for acute treatment do not cause intolerable or uncontrollable side effects and
that the safety margin of melatonin for humans is as high as 3750 mg/day for a 75 kg individual [85].
Despite the high safety profile of melatonin, as summarized above, its actions in COVID-19 patients
should be prudently screened for efficacy and safety.

7. Conclusions

Melatonin shows no harmful adverse effects in humans. Given its proven beneficial actions
in multiple organs, it is imperative to introduce this indoleamine into clinical trials as an adjuvant
treatment for COVID-19-infected patients. Its documented anti-inflammatory and anti-oxidative
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properties, actions shared by its precursor N-acetylserotonin and down-stream metabolites [88],
have been repeatedly confirmed in respiratory disorders in both animals and humans. Considering the
wealth of scientific evidence related to its high efficacy coupled with its proven safety, we encourage
healthcare professionals to seriously test the potential role of melatonin against COVID-19 infection.
This is urgent, since there is no reliable treatment for this devastating disease.

Author Contributions: K.K. developed the idea, designed the figures, wrote the first version of the manuscript
and, together with A.T.S., K.S., and RJ.R., drafted and approved its final version. All authors have read and
agreed to the published version of the manuscript.

Funding: The writing of this review was supported in part by the German Research Foundation
(Deutsche Forschungsgemeinschaft, DFG) (KL2900/2-1) to K.K. and by NIH grants 1IR01AR056666-01A2 and
1R01AR071189-01A1 to A.T.S.

Acknowledgments: The authors wish to thank all our collaborators worldwide engaged in the investigations
regarding the biological significance of melatonin. The paper is dedicated to Aaron B. Lerner, a discoverer
of melatonin.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. European Centre for Disease Prevention and Control. COVID-19 Situation Update Worldwide, as of 20 July
2020. Available online: https://www.ecdc.europa.eu/en/geographical-distribution-2019-ncov-cases (accessed
on 22 July 2020).

2. Li, G; Fan, Y,; Lai, Y,; Han, T; Li, Z.; Zhou, P; Pan, P; Wang, W.; Hu, D.; Liu, X,; et al. Coronavirus infections
and immune responses. |. Med. Virol. 2020, 92, 424-432. [CrossRef]

3. Kleszczynski, K.; Tukaj, S.; Kruse, N.; Zillikens, D.; Fischer, TW. Melatonin prevents ultraviolet
radiation-induced alterations in plasma membrane potential and intracellular pH in human keratinocytes.
J. Pineal Res. 2013, 54, 89. [CrossRef]

4. Hardeland, R. Aging, melatonin, and the pro- and anti-inflammatory networks. Int. J. Mol. Sci. 2019, 20,
1223. [CrossRef]

5. Hardeland, R. Melatonin and inflammation-story of a double-edged blade. J. Pineal Res. 2018, 65, €12525.
[CrossRef]

6. Luo,]; Zhang, Z.; Sun, H.; Song, ].; Chen, X.; Huang, J.; Lin, X.; Zhou, R. Effect of melatonin on T/B cell
activation and immune regulation in pinealectomy mice. Life Sci. 2020, 242, 117191. [CrossRef]

7. Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F; Han, Y; Qiu, Y,; Wang, J.; Liu, Y.; Wei, Y.; et al. Epidemiological
and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: A descriptive
study. Lancet 2020, 395, 507-513. [CrossRef]

8.  Castillo, R.R,; Quizon, G.R.A.; Juco, M.J.M.; Roman, A.D.E.; de Leon, D.G.; Punzalan, FE.R.; Guingon, R.B.L.;
Morales, D.D.; Tan, D.X.; Reiter, R.J. Melatonin as adjuvant treatment for coronavirus disease 2019 pneumonia
patients requiring hospitalization (MAC-19 PRO): A case series. Melatonin Res. 2020, 3, 297-310. [CrossRef]

9. Huang, C.; Wang, Y.; Li, X,; Ren, L.; Zhao, J.; Hu, Y,; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features
of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497-506. [CrossRef]

10. Zeng, Z.; Xu, L,; Xie, X.Y.; Yan, H.L,; Xie, B.J.; Xu, W.Z,; Liu, X.A ; Kang, G.J.; Jiang, W.L.; Yuan, J.P. Pulmonary
pathology of early phase COVID-19 pneumonia in a patient with a benign lung lesion. Histopathology 2020.
[CrossRef]

11. Xu, Z,; Shi, L.; Wang, Y.; Zhang, J.; Huang, L.; Zhang, C.; Liu, S.; Zhao, P; Liu, H.; Zhu, L.; et al. Pathological
findings of COVID-19 associated with acute respiratory distress syndrome. Lancet Respir. Med. 2020, 8,
420-422. [CrossRef]

12.  Liu,J.; Zheng, X.; Tong, Q.; Li, W.; Wang, B.; Sutter, K.; Trilling, M.; Lu, M.; Dittmer, U.; Yang, D. Overlapping
and discrete aspects of the pathology and pathogenesis of the emerging human pathogenic coronaviruses
SARS-CoV, MERS-CoV, and 2019-nCoV. J. Med. Virol. 2020, 92, 491-494. [CrossRef] [PubMed]

13.  Zhang, R.; Wang, X.; Ni, L.; Di, X.; Ma, B.; Niu, S.; Liu, C.; Reiter, R.J. COVID-19: Melatonin as a potential
adjuvant treatment. Life Sci. 2020, 250, 117583. [CrossRef] [PubMed]

14. Channappanavar, R.; Perlman, S. Pathogenic human coronavirus infections: Causes and consequences of
cytokine storm and immunopathology. Semin. Immunopathol. 2017, 39, 529-539. [CrossRef] [PubMed]


https://www.ecdc.europa.eu/en/geographical-distribution-2019-ncov-cases
http://dx.doi.org/10.1002/jmv.25685
http://dx.doi.org/10.1111/j.1600-079X.2012.01028.x
http://dx.doi.org/10.3390/ijms20051223
http://dx.doi.org/10.1111/jpi.12525
http://dx.doi.org/10.1016/j.lfs.2019.117191
http://dx.doi.org/10.1016/S0140-6736(20)30211-7
http://dx.doi.org/10.32794/mr11250063
http://dx.doi.org/10.1016/S0140-6736(20)30183-5
http://dx.doi.org/10.1111/his.14138
http://dx.doi.org/10.1016/S2213-2600(20)30076-X
http://dx.doi.org/10.1002/jmv.25709
http://www.ncbi.nlm.nih.gov/pubmed/32056249
http://dx.doi.org/10.1016/j.lfs.2020.117583
http://www.ncbi.nlm.nih.gov/pubmed/32217117
http://dx.doi.org/10.1007/s00281-017-0629-x
http://www.ncbi.nlm.nih.gov/pubmed/28466096

Nutrients 2020, 12, 2561 90f12

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Channappanavar, R.; Fehr, A.R.; Vijay, R.; Mack, M.; Zhao, ].; Meyerholz, D.K.; Perlman, S. Dysregulated type I
interferon and inflammatory monocyte-macrophage responses cause lethal pneumonia in SARS-CoV-infected
mice. Cell Host Microbe 2016, 19, 181-193. [CrossRef] [PubMed]

Smits, S.L.; de Lang, A.; van den Brand, ].M.A.; Leijten, L.M.; van IJcken, WE; Eijkemans, M.].C;
van Amerongen, G.; Kuiken, T.; Andeweg, A.C.; Osterhaus, A.D.M.E.; et al. Exacerbated innate host
response to SARS-CoV in aged non-human primates. PLoS Pathog. 2010, 6, €1000756. [CrossRef]
Anderson, G.; Reiter, R.J. Melatonin: Roles in influenza, Covid-19, and other viral infections. Rev. Med. Virol.
2020, 30, €2109. [CrossRef]

Boga, J.A.; Coto-Montes, A.; Rosales-Corral, S.A.; Tan, D.X,; Reiter, R.]. Beneficial actions of melatonin in
the management of viral infections: A new use for this “molecular handyman”? Rev. Med. Virol. 2012, 22,
323-338. [CrossRef]

Kleszczynski, K.; Zillikens, D.; Fischer, T.W. Melatonin enhances mitochondrial ATP synthesis, reduces
reactive oxygen species formation, and mediates translocation of the nuclear erythroid 2-related factor 2
resulting in activation of phase-2 antioxidant enzymes (y-GCS, HO-1, NQO1) in ultraviolet radiation-treated
normal human epidermal keratinocytes (NHEK). J. Pineal Res. 2016, 61, 187-197.

Kleszczynski, K.; Zwicker, S.; Tukaj, S.; Kasperkiewicz, M.; Zillikens, D.; Wolf, R.; Fischer, T.W. Melatonin
compensates silencing of heat shock protein 70 and suppresses ultraviolet radiation-induced inflammation
in human skin ex vivo and cultured keratinocytes. J. Pineal Res. 2015, 58, 117-126. [CrossRef]

Slominski, A.T.; Hardeland, R.; Zmijewski, M.A.; Slominski, R.M.; Reiter, R.J.; Paus, R. Melatonin: A cutaneous
perspective on its production, metabolism, and functions. J. Invest. Dermatol. 2018, 138, 490-499. [CrossRef]
Tan, D.X.; Manchester, L.C.; Terron, M.P,; Flores, L].; Reiter, R.J. One molecule, many derivatives:
A never-ending interaction of melatonin with reactive oxygen and nitrogen species? J. Pineal Res. 2007, 42,
28-42. [CrossRef]

Huang, C.C.; Chiou, C.H,; Liu, S.C.; Hu, S.L.; Su, C.M,; Tsai, C.H.; Tang, C.H. Melatonin attenuates TNF-«
and IL-1§3 expression in synovial fibroblasts and diminishes cartilage degradation: Implications for the
treatment of rheumatoid arthritis. J. Pineal Res. 2019, 66, €12560. [CrossRef]

Ling, Y,; Li, Z.Z.; Zhang, ].E; Zheng, X.W.; Lei, Z.Q.; Chen, R.Y.; Feng, ].H. MicroRNA-494 inhibition alleviates
acute lung injury through Nrf2 signaling pathway via NQO1 in sepsis-associated acute respiratory distress
syndrome. Life Sci. 2018, 210, 1-8. [CrossRef]

Pedrosa, A.M.C.; Weinlich, R.; Mognol, G.P.; Robbs, B.K.; Viola, ] P.B.; Campa, A.; Amarante-Mendes, G.P.
Melatonin protects CD4+ T cells from activation-induced cell death by blocking NFAT-mediated CD95
ligand upregulation. J. Immunol. 2010, 184, 3487-3494. [CrossRef]

Sun, C.K,; Lee, EY,; Kao, Y.H.; Chiang, H.J.; Sung, PH.; Tsai, T.H.; Lin, Y.C,; Leu, S.; Wu, Y.C.; Lu, H.I; et al.
Systemic combined melatonin-mitochondria treatment improves acute respiratory distress syndrome in the
rat. J. Pineal Res. 2015, 58, 137-150. [CrossRef]

Habtemariam, S.; Daglia, M.; Sureda, A.; Selamoglu, Z.; Gulhan, M.E; Nabavi, S.M. Melatonin and respiratory
diseases: A review. Curr. Top. Med. Chem. 2017, 17, 467-488. [CrossRef]

Tan, D.X; Chen, L.D.; Poeggeler, B.; Manchester, L.C.; Reiter, R.]. Melatonin: A potent, endogenous hydroxyl
radical scavenger. Endocr. |. 1993, 1, 57-60.

Reiter, R.J.; Poeggeler, B.; Tan, D.X.; Chen, L.D.; Manchester, L.C.; Guerrero, ].M. Antioxidant capacity of
melatonin: A novel action not requiring a receptor. Neuroendocrinol. Lett. 1993, 15, 103-116.

Tan, D.X,; Reiter, R.J.; Manchester, L.C.; Yan, M.T.; El-Sawi, M.; Sainz, R.M.; Mayo, ].C.; Kohen, R.; Allegra, M.;
Hardeland, R. Chemical and physical properties and potential mechanisms: Melatonin as a broad spectrum
antioxidant and free radical scavenger. Curr. Top. Med. Chem. 2002, 2, 181-197. [CrossRef]
Acufa-Castroviejo, D.; Rahim, I.; Acufia-Fernandez, C.; Fernandez-Ortiz, M.; Solera-Marin, J.; Sayed, RK.A;
Diaz-Casado, M.E.; Rusanova, I.; Lopez, L.C.; Escames, G. Melatonin, clock genes and mitochondria in sepsis.
Cell. Mol. Life Sci. 2017, 74, 3965-3987. [CrossRef]

Hardeland, R. Melatonin and the electron transport chain. Cell. Mol. Life Sci. 2017, 74, 3883-3896. [CrossRef]
[PubMed]

Reiter, R].; Rosales-Corral, S.; Tan, D.X,; Jou, M.].; Galano, A.; Xu, B. Melatonin as a mitochondria-targeted
antioxidant: One of evolution’s best ideas. Cell. Mol. Life Sci. 2017, 74, 3863-3881. [CrossRef] [PubMed]
Reiter, R.J.; Tan, D.X,; Rosales-Corral, S.; Galano, A.; Zhou, X.J.; Xu, B. Mitochondria: Central organelles for
melatonin’s antioxidant and anti-aging actions. Molecules 2018, 23, 509. [CrossRef]


http://dx.doi.org/10.1016/j.chom.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26867177
http://dx.doi.org/10.1371/journal.ppat.1000756
http://dx.doi.org/10.1002/rmv.2109
http://dx.doi.org/10.1002/rmv.1714
http://dx.doi.org/10.1111/jpi.12197
http://dx.doi.org/10.1016/j.jid.2017.10.025
http://dx.doi.org/10.1111/j.1600-079X.2006.00407.x
http://dx.doi.org/10.1111/jpi.12560
http://dx.doi.org/10.1016/j.lfs.2018.08.037
http://dx.doi.org/10.4049/jimmunol.0902961
http://dx.doi.org/10.1111/jpi.12199
http://dx.doi.org/10.2174/1568026616666160824120338
http://dx.doi.org/10.2174/1568026023394443
http://dx.doi.org/10.1007/s00018-017-2610-1
http://dx.doi.org/10.1007/s00018-017-2615-9
http://www.ncbi.nlm.nih.gov/pubmed/28785805
http://dx.doi.org/10.1007/s00018-017-2609-7
http://www.ncbi.nlm.nih.gov/pubmed/28864909
http://dx.doi.org/10.3390/molecules23020509

Nutrients 2020, 12, 2561 10 of 12

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Tan, D.X.; Manchester, L.C.; Qin, L.; Reiter, R.J. Melatonin: A mitochondrial targeting molecule involving
mitochondrial protection and dynamics. Int. J. Mol. Sci. 2016, 17, 2124. [CrossRef]

Wongprayoon, P.; Govitrapong, P. Melatonin as a mitochondrial protector in neurodegenerative diseases.
Cell. Mol. Life Sci. 2017, 74, 3999-4014. [CrossRef]

Pedreira, P.R.; Garcia-Prieto, E.; Parra, D.; Astudillo, A.; Diaz, E.; Taboada, E.; Albaiceta, G.M. Effects of
melatonin in an experimental model of ventilator-induced lung injury. Am. J. Physiol. Lung Cell. Mol. Physiol.
2008, 295, L820-1.827. [CrossRef]

Wu, G.C,; Peng, CK,; Liao, W.I; Pao, H.P.; Huang, K.L.; Chu, S.J. Melatonin receptor agonist protects against
acute lung injury induced by ventilator through up-regulation of IL-10 production. Respir. Res. 2020, 21, 65.
[CrossRef]

Bouhafs, RK.L.; Jarstrand, C. Effects of antioxidants on surfactant peroxidation by stimulated human
polymorphonuclear leukocytes. Free Radic. Res. 2002, 36, 727-734. [CrossRef]

Ceraulo, L.; Ferrugia, M.; Tesoriere, L.; Segreto, S.; Livrea, M.A; Liveri, V.T. Interactions of melatonin with
membrane models: Portioning of melatonin in AOT and lecithin reversed micelles. |. Pineal Res. 1999, 26,
108-112. [CrossRef]

Tan, D.X.; Hardeland, R. Potential utility of melatonin in deadly infectious diseases related to the overreaction
of innate immune response and destructive inflammation: Focus on COVID-19. Melatonin Res. 2020, 3,
120-143. [CrossRef]

Reiter, R.J.; Ma, Q.; Sharma, R. Treatment of Ebola and other infectious diseases: Melatonin “goes viral”.
Melatonin Res. 2020, 3, 43-57. [CrossRef]

Chen, HH.; Chang, C.L.; Lin, K.C,; Sung, PH.; Chai, H.T,; Zhen, Y.Y,; Chen, Y.C.; Wu, Y.C; Leu, S;
Tsai, T.H.; et al. Melatonin augments apoptotic adipose-derived mesenchymal stem cell treatment against
sepsis-induced acute lung injury. Am. J. Transl. Res. 2014, 6, 439—458. [PubMed]

Wang, M.L.; Wei, CH.; Wang, W.D.; Wang, ].S.; Zhang, J.; Wang, ]J.J. Melatonin attenuates lung
ischaemia-reperfusion injury via inhibition of oxidative stress and inflammation. Interact. Cardiov.
Thorac. Surg. 2018, 26, 761-767. [CrossRef] [PubMed]

Sarma, ].V.; Ward, P.A. Oxidants and redox signaling in acute lung injury. Compr. Physiol. 2011, 1, 1365-1381.
[PubMed]

Gitto, E.; Reiter, R.J.; Cordaro, S.P.; La, R.M.; Chiurazzi, P.; Trimarchi, G.; Gitto, P.; Calabro, M.P.; Barberi, 1.
Oxidative and inflammatory parameters in respiratory distress syndrome of preterm newborns: Beneficial
effects of melatonin. Am. J. Perinatol. 2004, 21, 209-216. [CrossRef] [PubMed]

Gitto, E.; Reiter, R.J.; Sabatino, G.; Buonocore, G.; Romeo, C.; Gitto, P.; Buggé, C.; Trimarchi, G.; Barberi, .
Correlation among cytokines, bronchopulmonary dysplasia and modality of ventilation in preterm newborns:
Improvement with melatonin treatment. J. Pineal Res. 2005, 39, 287-293. [CrossRef]

Rogers, M.C.; Williams, J.V. Quis Custodiet Ipsos Custodes? Regulation of cell mediated immune responses
following viral lung infections. Annu. Rev. Virol. 2018, 5, 363-383. [CrossRef]

Dubocovich, M.L.; Markowska, M. Functional MT1 and MT2 melatonin receptors in mammals. Endocrine
2005, 27, 101-110. [CrossRef]

Maestroni, G.J.; Conti, A.; Pierpaoli, W. Role of the pineal gland in immunity. Circadian synthesis and
release of melatonin modulates the antibody response and antagonizes the immunosuppressive effect of
corticosterone. J. Neuroimmunol. 1986, 13, 19-30. [CrossRef]

Guerrero, ].M.; Reiter, R.J. Melatonin-Immune system relationships. Curr. Top. Med. Chem. 2002, 2, 167-179.
[CrossRef]

Maestroni, G.J. The immunotherapeutic potential of melatonin. Expert Opin. Investig. Drugs 2001, 10, 467-476.
[CrossRef] [PubMed]

Liu, Y;; Yang, Y.; Zhang, C.; Huang, F; Wang, F; Yuan, J.; Wang, Z.; Li, ].; Feng, C.; Zhang, Z.; et al. Clinical
and biochemical indexes from 2019-nCoV infected patients linked to viral loads and lung injury. Sci. China
Life Sci. 2020, 63, 364-374. [CrossRef] [PubMed]

Miller, S.C.; Pandi-Perumal, S.R.; Esquifino, A.I.; Cardinali, D.P.; Maestroni, G.J.M. The role of melatonin
in immuno-enhancement: Potential application in cancer. Int. J. Exp. Pathol. 2006, 87, 81-87. [CrossRef]
[PubMed]


http://dx.doi.org/10.3390/ijms17122124
http://dx.doi.org/10.1007/s00018-017-2614-x
http://dx.doi.org/10.1152/ajplung.90211.2008
http://dx.doi.org/10.1186/s12931-020-1325-2
http://dx.doi.org/10.1080/10715760290032593
http://dx.doi.org/10.1111/j.1600-079X.1999.tb00570.x
http://dx.doi.org/10.32794/mr11250052
http://dx.doi.org/10.32794/mr11250047
http://www.ncbi.nlm.nih.gov/pubmed/25360211
http://dx.doi.org/10.1093/icvts/ivx440
http://www.ncbi.nlm.nih.gov/pubmed/29346581
http://www.ncbi.nlm.nih.gov/pubmed/23733646
http://dx.doi.org/10.1055/s-2004-828610
http://www.ncbi.nlm.nih.gov/pubmed/15168319
http://dx.doi.org/10.1111/j.1600-079X.2005.00251.x
http://dx.doi.org/10.1146/annurev-virology-092917-043515
http://dx.doi.org/10.1385/ENDO:27:2:101
http://dx.doi.org/10.1016/0165-5728(86)90047-0
http://dx.doi.org/10.2174/1568026023394335
http://dx.doi.org/10.1517/13543784.10.3.467
http://www.ncbi.nlm.nih.gov/pubmed/11227046
http://dx.doi.org/10.1007/s11427-020-1643-8
http://www.ncbi.nlm.nih.gov/pubmed/32048163
http://dx.doi.org/10.1111/j.0959-9673.2006.00474.x
http://www.ncbi.nlm.nih.gov/pubmed/16623752

Nutrients 2020, 12, 2561 11 of 12

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Shen, C.; Zhang, Z.; Xie, T,; Ji, ].; Xu, J.; Lin, L.; Yan, J.; Kang, A.; Dai, Q.; Dong, Y.; et al. Rhein suppresses lung
inflammatory injury induced by human respiratory syncytial virus through inhibiting NLRP3 inflammasome
activation via NF-kB pathway in mice. Front. Pharmacol. 2019, 10, 1600. [CrossRef] [PubMed]

Tate, M.D.; Ong, ].D.H.; Dowling, ] K.; McAuley, ].L.; Robertson, A.B.; Latz, E.; Drummond, G.R.; Cooper, M.A ;
Hertzog, PJ.; Mansell, A. Reassessing the role of the NLRP3 inflammasome during pathogenic influenza a
virus infection via temporal inhibition. Sci. Rep. 2016, 6, 27912. [CrossRef]

Wu, X,; Ji, H.,; Wang, Y.; Gu, C.; Gu, W.; Hu, L.; Zhu, L. Melatonin alleviates radiation-induced lung injury
via regulation of miR-30e/NLRP3 axis. Oxidat. Med. Cell. Longev. 2019, 2019, 4087298. [CrossRef]

Wu, HM,; Xie, Q.M.; Zhao, C.C.; Xu, J.; Fan, X.Y.; Fei, G.H. Melatonin biosynthesis restored by CpG
oligodeoxynucleotides attenuates allergic airway inflammation via regulating NLRP3 inflammasome. Life Sci.
2019, 239, 117067. [CrossRef]

Zhang, Y; Li, X.X,; Grailer, ].].; Wang, N.; Wang, M.; Yao, J.; Zhong, R.; Gao, G.F,; Ward, P.A.; Tan, D.X,; et al.
Melatonin alleviates acute lung injury through inhibiting the NLRP3 inflammasome. |. Pineal Res. 2016, 60,
405-414. [CrossRef]

Cheng, J.; Yang, H.L.; Gu, C.J.; Liu, YK,; Shao, ].; Zhu, R.; He, Y.Y.; Zhu, X.Y.; Li, M.Q. Melatonin restricts the
viability and angiogenesis of vascular endothelial cells by suppressing HIF-1alpha/ROS/VEGE. Int. ]. Mol.
Med. 2019, 43, 945-955.

Chen, J.; Xia, H.; Zhang, L.; Zhang, H.; Wang, D.; Tao, X. Protective effects of melatonin on sepsis-induced
liver injury and dysregulation of gluconeogenesis in rats through activating SIRT1/STAT3 pathway. Biomed.
Pharmacother. 2019, 117, 109150. [CrossRef]

Zhang, J.; Wang, L.; Xie, W.; Hu, S.; Zhou, H.; Zhu, P.; Zhu, H. Melatonin attenuates ER stress and
mitochondrial damage in septic cardiomyopathy: A new mechanism involving BAP31 upregulation and
MAPK-ERK pathway. J. Cell. Physiol. 2020, 235, 2847-2856. [CrossRef] [PubMed]

Nduhirabandi, F; Lamont, K.; Albertyn, Z.; Opie, L.H.; Lecour, S. Role of toll-like receptor 4 in
melatonin-induced cardioprotection. J. Pineal Res. 2016, 60, 39-47. [CrossRef] [PubMed]

Tordjman, S.; Chokron, S.; Delorme, R.; Charrier, A.; Bellissant, E.; Jaafari, N.; Fougerou, C. Melatonin:
Pharmacology, functions and therapeutic benefits. Curr. Neuropharmacol. 2017, 15, 434-443. [CrossRef]
[PubMed]

Lewis, S.R.; Pritchard, M.W.; Schofield-Robinson, O.].; Alderson, P.; Smith, A.F. Melatonin for the promotion
of sleep in adults in the intensive care unit. Cochrane Database Syst. Rev. 2018, 5, CD012455. [CrossRef]
[PubMed]

Lewandowska, K.; Malkiewicz, M. A ; Sieminski, M.; Cubala, W.]J.; Winklewski, PJ.; Medrzycka-Dabrowska, W.A.
The role of melatonin and melatonin receptor agonist in the prevention of sleep disturbances and delirium in
intensive care unit—A clinical review. Sleep Med. 2020, 69, 127-134. [CrossRef]

Mistraletti, G.; Umbrello, M.; Sabbatini, G.; Miori, S.; Taverna, M.; Cerri, B.; Mantovani, E.S.; Formenti, P.;
Spanu, P.; D’Agostino, A.; et al. Melatonin reduces the need for sedation in ICU patients: A randomized
controlled trial. Minerva Anestesiol. 2015, 81, 1298-1310.

Bi, X.; Su, Z.; Yan, H.; Du, J.; Wang, J.; Chen, L.; Peng, M.; Chen, S.; Shen, B.; Li, J. Prediction of severe illness
due to COVID-19 based on an analysis of initial fibrinogen to albumin ratio and platelet count. Platelets 2020,
31, 674-679. [CrossRef]

Tan, D.X.; Korkmaz, A.; Reiter, R.J.; Manchester, L.C. Ebola virus disease: Potential use of melatonin as a
treatment. . Pineal Res. 2014, 57, 381-384. [CrossRef]

Galley, H.F,; Lowes, D.A.; Allen, L.; Cameron, G.; Aucott, L.S.; Webster, N.R. Melatonin as a potential therapy
for sepsis: A phase I dose escalation study and an ex vivo whole blood model under conditions of sepsis.
J. Pineal Res. 2014, 56, 427-438. [CrossRef]

Srinivasan, V.; Spence, D.W.; Moscovitch, A.; Pandi-Perumal, S.R.; Trakht, I.; Brown, G.M.; Cardinali, D.P.
Malaria: Therapeutic implications of melatonin. . Pineal Res. 2010, 48, 1-8. [CrossRef]

Michaelides, M.; Stover, N.B.; Francis, PJ.; Weleber, R.G.M. Retinal toxicity associated with
hydroxychloroquine and chloroquine. Arch. Ophthalmol. 2011, 129, 30-39. [CrossRef]

Kaptanoglu, E.; Tuncel, M.; Palaoglu, S.; Konan, A.; Demirpenge, E.; Kiling, K. Comparison of the effects of
melatonin and methylprednisolone in experimental spinal cord injury. J. Neurosur. 2000, 93, 77-84. [CrossRef]
[PubMed]


http://dx.doi.org/10.3389/fphar.2019.01600
http://www.ncbi.nlm.nih.gov/pubmed/32047436
http://dx.doi.org/10.1038/srep27912
http://dx.doi.org/10.1155/2019/4087298
http://dx.doi.org/10.1016/j.lfs.2019.117067
http://dx.doi.org/10.1111/jpi.12322
http://dx.doi.org/10.1016/j.biopha.2019.109150
http://dx.doi.org/10.1002/jcp.29190
http://www.ncbi.nlm.nih.gov/pubmed/31535369
http://dx.doi.org/10.1111/jpi.12286
http://www.ncbi.nlm.nih.gov/pubmed/26465095
http://dx.doi.org/10.2174/1570159X14666161228122115
http://www.ncbi.nlm.nih.gov/pubmed/28503116
http://dx.doi.org/10.1002/14651858.CD012455.pub2
http://www.ncbi.nlm.nih.gov/pubmed/29746721
http://dx.doi.org/10.1016/j.sleep.2020.01.019
http://dx.doi.org/10.1080/09537104.2020.1760230
http://dx.doi.org/10.1111/jpi.12186
http://dx.doi.org/10.1111/jpi.12134
http://dx.doi.org/10.1111/j.1600-079X.2009.00728.x
http://dx.doi.org/10.1001/archophthalmol.2010.321
http://dx.doi.org/10.3171/spi.2000.93.1.0077
http://www.ncbi.nlm.nih.gov/pubmed/10879762

Nutrients 2020, 12, 2561 12 of 12

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Cayli, S.R.; Kocak, A.; Yilmaz, U.; Tekiner, A.; Erbil, M.; Ozturk, C.; Batcioglu, K.; Yologlu, S. Effect of
combined treatment with melatonin and methylprednisolone on neurological recovery after experimental
spinal cord injury. Eur. Spine . 2004, 13, 724-732. [CrossRef] [PubMed]

Huang, S.H.; Lia, C.L.; Chen, S.J.; Shia, L.G.; Lin, L.; Chen, YW.; Cheng, C.P; Sytwu, HK.; Shang, S.T.;
Lin, G.J. Melatonin possesses an anti-influenza potential through its immune modulatory effect. J. Funct.
Foods 2019, 58, 189-198. [CrossRef]

Hardeland, R.; Cardinali, D.P,; Srinivasan, V.; Spence, D.W.; Brown, G.M.; Pandi-Perumal, S.R. Melatonin
—A pleiotropic, orchestrating regulator molecule. Prog. Neurobiol. 2011, 93, 350-384. [CrossRef]

Lanoix, D.; Lacasse, A.A.; Reiter, R.].; Vaillancourt, C. Melatonin: The smart killer: The human trophoblast as
a model. Mol. Cell. Endocrinol. 2012, 348, 1-11. [CrossRef]

Reiter, R\J.; Tan, D.X.; Zhou, Z.; Cruz, M.H.; Fuentes-Broto, L.; Galano, A. Phytomelatonin: Assisting plants
to survive and thrive. Molecules 2015, 20, 7396-7437. [CrossRef]

Slominski, A.; Tobin, D.J.; Zmijewski, M.A.; Wortsman, J.; Paus, R. Melatonin in the skin: Synthesis,
metabolism and functions. Trends Endocrinol. Metab. 2008, 19, 17-24. [CrossRef]

Sanchez-Lopez, A.L.; Ortiz, G.G.; Pacheco-Moises, EP.; Mireles-Ramirez, M.A.; Bitzer-Quintero, O.K,;
Delgado-Lara, D.L.C.; Ramirez-Jirano, R.J.; Velazquez-Brizuela, LE. Efficacy of melatonin on serum
pro-inflammatory cytokines and oxidative stress markers in relapsing remitting multiple sclerosis. Arch. Med.
Res. 2018, 49, 391-398. [CrossRef]

Zhao, Z.; Lu, C.; Li, T,; Wang, W.; Ye, W.; Zeng, R.; Ni, L.; Lai, Z.; Wang, X.; Liu, C. The protective effect of
melatonin on brain ischemia and reperfusion in rats and humans: In Vivo assessment and a randomized
controlled trial. J. Pineal Res. 2018, 65, €12521. [CrossRef]

Shafiei, E.; Bahtoei, M.; Raj, P.; Ostovar, A.; Iranpour, D.; Akbarzadeh, S.; Shahryari, H.; Anvaripour, A.;
Tahmasebi, R.; Netticadan, T.; et al. Effects of N-acetyl cysteine and melatonin on early reperfusion injury in
patients undergoing coronary artery bypass grafting: A randomized, open-labeled, placebo-controlled trial.
Medicine 2018, 97, e11383. [CrossRef] [PubMed]

Nordlund, J.J.; Lerner, A.B. The effects of oral melatonin on skin color and on the release of pituitary
hormones. J. Clin. Endocrinol. Metab. 1977, 45, 768-774. [CrossRef] [PubMed]

Weishaupt, ].H.; Bartels, C.; Polking, E.; Dietrich, J.; Rohde, G.; Poeggeler, B.; Mertens, N.; Sperling, S.;
Bohn, M.; Hiither, G.; et al. Reduced oxidative damage in ALS by high-dose enteral melatonin treatment.
J. Pineal Res. 2006, 41, 313-323. [CrossRef] [PubMed]

Nickkholgh, A.; Schneider, H.; Sobirey, M.; Venetz, W.P,; Hinz, U.; Pelzl, L.H.; Gotthardt, D.N.; Cekauskas, A.;
Manikas, M.; Mikalauskas, S.; et al. The use of high-dose melatonin in liver resection is safe: First clinical
experience. J. Pineal Res. 2011, 50, 381-388. [CrossRef]

Henderson, R.; Kim, S.; Lee, E. Use of melatonin as adjunctive therapy in neonatal sepsis: A systematic
review and meta-analysis. Complement. Ther. Med. 2018, 39, 131-136. [CrossRef]

El-Gendy, EM.; El-Hawy, M.A_; Hassan, M.G. Beneficial effect of melatonin in the treatment of neonatal
sepsis. J. Matern. Fetal. Neonatal. Med. 2018, 31, 2299-2303. [CrossRef]

Slominski, A.T.; Semak, I.; Fischer, TW.; Kim, T.K.; Kleszczyniski, K.; Hardeland, R.; Reiter, R.]. Metabolism
of melatonin in the skin: Why is it important? Exp. Dermatol. 2017, 26, 563-568.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s00586-003-0550-y
http://www.ncbi.nlm.nih.gov/pubmed/15232723
http://dx.doi.org/10.1016/j.jff.2019.04.062
http://dx.doi.org/10.1016/j.pneurobio.2010.12.004
http://dx.doi.org/10.1016/j.mce.2011.08.025
http://dx.doi.org/10.3390/molecules20047396
http://dx.doi.org/10.1016/j.tem.2007.10.007
http://dx.doi.org/10.1016/j.arcmed.2018.12.004
http://dx.doi.org/10.1111/jpi.12521
http://dx.doi.org/10.1097/MD.0000000000011383
http://www.ncbi.nlm.nih.gov/pubmed/30045259
http://dx.doi.org/10.1210/jcem-45-4-768
http://www.ncbi.nlm.nih.gov/pubmed/914981
http://dx.doi.org/10.1111/j.1600-079X.2006.00377.x
http://www.ncbi.nlm.nih.gov/pubmed/17014688
http://dx.doi.org/10.1111/j.1600-079X.2011.00854.x
http://dx.doi.org/10.1016/j.ctim.2018.06.002
http://dx.doi.org/10.1080/14767058.2017.1342794
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

Medicine in Drug Discovery 6 (2020) 100044

journal homepage: https://www.journals.elsevier.com/medicine-in-drug-discovery

Contents lists available at ScienceDirect

Medicine in Drug Discovery

Editorial

Melatonin Inhibits COVID-19-induced Cytokine Storm by Reversing Aerobic Glycolysis in

Immune Cells: A Mechanistic Analysis

Check for
updates

ARTICLE INFO

Article history:

Received 30 April 2020

Received in revised form 5 May 2020
Accepted 6 May 2020

Available online 11 May 2020

Keywords:

viral infection
respiratory system
Warburg effect
Melatonin
COVID-19

The pathogenesis of a COVID-19 respiratory infection, in a major way, is
related to what is referred to as the cytokine storm [cytokine storm syn-
drome (CSS, hypercytokinemia, etc.], i.e., it is a hyper-inflammatory re-
sponse. During this response, an explosive production of proinflammatory
cytokines such as TNF-a IL-1f, and others occurs, greatly exaggerating
the generation of molecule-damaging reactive oxygen species (free radi-
cals) [1]. In severe cases, the cytokine storm is responsible for the most ob-
vious signs of a COVID-19 infection including fever, lung injury which
causes cough and shortness of breath (and the long-term complication,
lung fibrosis) and in death.

A causative factor related to the hyper-inflammatory state of immune
cells is their ability to dramatically change their metabolism. Similar to can-
cer cells in many solid tumors, immune cells such as macrophages/mono-
cytes under inflammatory conditions abandon mitochondrial oxidative
phosphorylation for ATP production in favor of cytosolic aerobic glycolysis
(also known as the Warburg effect) [2]. This switch is driven by the tran-
scription factor HIF-1a (hypoxia inducible factor-1a) and the serine/threo-
nine kinase, mTOR (mammalian target of rapamycin) and other proteins
The change to aerobic glycolysis allows immune cells to become highly
phagocytic, accelerate ATP production, intensify their oxidative burst and
to provide the abundant metabolic precursors required for enhanced cellu-
lar proliferation and increased synthesis and release of cytokines (Fig. 1).

A number of drugs have been proposed as treatments to prevent or re-
duce the severity of a COVID-19 infection. One agent that has been sug-
gested to be potentially useful in this regard is the endogenously
synthesized molecule, melatonin [3-7]. Melatonin was initially discovered
in and thought to be exclusively a product of the vertebrate pineal gland.
However, in consideration of the identification of melatonin in prokaryotic
bacteria [8], from which mitochondria evolved (the endosymbiotic theory)
and the uncommonly high levels of assayable melatonin in mitochondria
[9], it was speculated and eventually documented that this indoleamine is

http://dx.doi.org/10.1016/j.medidd.2020.100044

synthesized in this organelle [10]. Given that most cells (a few exceptions)
contain mitochondria, it is now believed that melatonin production occurs
in most cells in all organisms. This has also been specifically demonstrated
in human lung monocytes/macrophages [11].

In healthy cells, including macrophages, melatonin synthesis in mitochon-
dria is maintained by the entrance of pyruvate, a glucose metabolite, into the
mitochondria where it is metabolized to acetyl-coenzyme A by the enzyme,
pyruvate dehydrogenase complex (PDC). Acetyl-coenzyme A feeds the citric
acid cycle and supports ATP synthesis, but it is also a required co-factor/
substrate for the rate limiting enzyme in melatonin synthesis, arylalkylamine
N-acetyltransferase (AANAT) (Fig. 1). Thus, when mitochondria adopt aero-
bic glycolysis, pyruvate in mitochondria is no longer converted to acetyl-
coenzyme A because PDC is inhibited by the enzyme pyruvate dehydroge-
nase kinase (PDK); Therefore, as a consequence of a COVID-19 infection the
macrophage mitochondria cannot synthesize melatonin [12].

Because of melatonin's potent antioxidant and anti-inflammatory activi-
ties, it would normally reduce the highly proinflammatory cytokine storm
and neutralize the generated free radicals thereby preserving cellular integ-
rity and preventing lung damage. In the absence of acetyl-coenzyme A, mi-
tochondrial melatonin is no longer available to combat the inflammatory
response or to neutralize the generated reactive oxygen species and the mas-
sive damage that occurs in the respiratory tree resulting in the primary signs
of COVID-19 disease. Importantly, endogenous melatonin production dimin-
ishes markedly with age especially in frail older individuals. This is consis-
tent with the more serious nature of a COVID-19 infection in the elderly.

Aerobic glycolysis is an important feature of highly proinflammatory
state since it ensures the necessary high levels of ATP and the abundant sup-
ply of biomolecules to ensure synthesis and release of the damaging mole-
cules that constitute the cytokine storm. This increased aerobic glycolysis
coupled with the absence of locally-produced melatonin provides the opti-
mal environment (the perfect “cytokine storm”) for the massive tissue dam-
age that occurs in COVID-19 disease.

Given the above information, the use of supplemental melatonin as a
treatment to overcome a COVID-19 infection is justified. Exogenously ad-
ministered melatonin reverses aerobic glycolysis by repressing both HIF-
la and mTOR thereby disinhibiting PDC activity and allowing acetyl-
coenzyme A synthesis which also ensures locally-produced melatonin pro-
duction [13]. The functionally re-instated mitochondria-generated melato-
nin in combination with the parenteral melatonin provides a formidable
weapon to reduce the cytokine storm as well as its damaging consequences
thereby relieving the signs of a COVID-19 infection.

The anti-inflammatory and antioxidant actions of melatonin in
protecting the lungs from damage in many experimental models that in-
volve inflammation or oxidative stress (or both) is well documented [14].
Moreover, melatonin has anti-viral actions against viruses other than
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Fig. 1. This figure illustrates the differential glucose metabolism in a healthy macrophage and in a COVID-19-activated macrophage. In a healthy macrophage, pyruvate, a
glucose metabolite, enters the mitochondria where it is enzymatically converted to acetyl-coenzyme A by the enzyme pyruvate dehydrogenase complex (PDC). Acetyl-
coenzyme A feeds the tricarboxylic acid cycle (TCA) and supports oxidative phosphorylation (OXPHOS). Additionally, acetyl-coenzyme A is an essential co-factor/
substrate for the rate limiting enzyme in melatonin synthesis, arylalkylamine N-acetyltransferase (AANAT). This allows for melatonin to be regularly produced in healthy
macrophages; melatonin functions intracellularly and is released into the cellular microenvironment, but not into the blood. In COVID-19-activated mitochondria, via
HIF-1a, mTOR, etc., the enzyme pyruvate dehydrogenase kinase (PDK) is strongly upregulated and inhibits PDC (red X). Thus, acetyl-coenzyme A is not synthesized and
mitochondrial OXPHOS falters with ATP synthesis occurring in the cytosol via aerobic glycolysis (Warburg effect). Similarly, mitochondrial melatonin production is shut
down so the cell is deprived of an essential antioxidant, anti-inflammatory agent and of an immune-enhancer so the elevated synthesis of proinflammatory cytokines
goes uncontested and the cytokine storm is a result. 5-HT = serotonin; ASMT = acetylserotonin methyltransferase; CoA = coenzyme A; IMM = inner mitochondrial
membrane; HIF-1a = hypoxia inducible factor-1a; mTOR = mammalian target of rapamycin; NAS = N-acetylserotonin; OMM = outer mitochondrial membrane; PPP

= pentose phosphate pathway.

COVID-19 [15,16]. The collective data, in addition to its very high safety
profile, indicate that melatonin would be effective as a treatment for
COVID-19 and support the recommendation of the published reports that
encourage its use for this purpose [3-7]. Melatonin is inexpensive,
non-toxic over a very wide dose range, has a long shelf-life and can be
self-administered which is a major advantage when large numbers of indi-
viduals are involved. Thus, the use of melatonin to mitigate the COVID-19
pandemic would be feasible and a socially-responsible measure to attempt.
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Abstract

The SARS-CoV-2 spread quickly across the globe. The World Health Organization (WHO) on March 11
declared COVID-19 a pandemic. The mortality rate, hospital disorders and incalculable economic and
social damages, besides the unproven efficacy of the treatments evaluated against COVID-19, raised the
need for immediate control of this disease. Therefore, the current study employed in silico tools to
rationally identify new possible SARS-CoV-2 main protease (Mpro) inhibitors. That is an enzyme
conserved among the coronavirus species; hence, the identification of an Mpro inhibitor is to make it a
broad-spectrum drug. Molecular docking studies described the binding sites and the interaction energies
of 74 Mpro-ligand complexes deposited in the Protein Data Bank (PDB). A structural similarity screening
was carried out in order to identify possible Mpro ligands that show additional pharmacological
properties against COVID-19. We identified 59 hit compounds and among them, melatonin stood out
due to its prominent immunomodulatory and anti-inflammatory activities; it can reduce oxidative stress,
defence cell mobility and efficiently combat the cytokine storm and sepsis. In addition, melatonin is an
inhibitor of calmodulin, an essential intracellular component to maintain angiotensin-converting enzyme 2
(ACE-2) on the cell surface. Interestingly, one of the most promising hits in our docking study was
melatonin. It revealed better interaction energy with Mpro compared to ligands in complexes from PDB.
Consequently, melatonin can have response potential in early stages for its possible effects on ACE-2 and
Mpro, although it is also promising in more severe stages of the disease for its action against
hyper-inflammation. These results definitely do not confirm antiviral activity, but can rather be used as a
basis for further preclinical and clinical trials.

Key words: Melatonin, COVID-19, Rational Design, Docking, hyper-inflammation

Introduction

The recent outbreak of COVID-19 has become a
pandemic with millions of infected patients and tens
of thousands of deaths worldwide [1]. COVID-19 is an
infectious disease caused by the novel coronavirus
classified as 2019-nCoV and named Severe Acute
Respiratory Syndrome Coronavirus-2 (SARS-CoV-2
or merely CoV-2), a highly contagious RNA virus [2].
The severity of COVID-19 symptoms can range from
very mild, cold-like symptoms to most people, to a
severe disease that requires hospitalization and

oxygen support to approximately 10% of those
infected, with 5% requiring admission to an intensive
care unit [3,4].

Currently, there is no specific drug treatment for
COVID-19. Some therapeutic options are antiviral
drugs (lopinavir [5-7], danoprevir [8], ritonavir [5, 9],
remdesivir [10, 11], umifenovir [12, 13]), immuno-
suppressants (iltuximab [14], baricitinib [15],
meplazumab [16], bevacizumab [17, 18], tocilizumab
[19-22], glucocorticoids [23-26]), chloroquine and
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hydroxychloroquine  [27-31], antipyretics and
mechanical respiratory support [32]. Clinical trials
investigate the efficacy of these drugs and seek to
define the most appropriate moment, therapeutic
doses and patients to initiate the drug intervention
[33].

Up to the present date, no drugs or vaccines have
confirmed their clinical efficacy against COVID-19.
The results indicated therapeutic ineffectiveness in
most clinical studies or low resolution of prognosis,
such as mortality and length of hospital stay [5, 34].
The lack of double-blind, randomized, placebo-
controlled trials with a correct sample size necessary
to get accurate and inference worthy results are other
observed problems [35, 36]. Research groups, biotech
start-ups and large industries have come together or
individually as part of an international collaboration
to help hasten the availability of a vaccine against
COVID-19 [37]. However, a vaccine for general use
takes time to develop and it is not likely to be
available to the entire population before January 2021.

One factor that negatively influences success in
drug discovery and development is the absence of a
rational design of biologically active molecules
against possible therapeutic targets identified in the
viral life cycle of CoV-2 [38]. Among the various
therapeutic targets, the SARS-CoV-2 main protease
(Mpro, also called chymotrypsin-like protease,
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3CLpro) was structured and repositioned in the
Protein Data Bank (PDB) [39, 40]. It stands out as a
potential target for the inhibition of CoV replication,
but it still lacks rational studies to search for possible
inhibitors.

There is an urgent need for effective treatment
and prevention strategies to contain the progress of
cases and, consequently, of mortality. Therefore, we
present a rational search for Mpro inhibitors, which
used molecular modelling tools and results from
previous clinical and preclinical studies.

Materials and Methods

Figure1 summarizes the workflow of the
methodology used in this study as detailed later.

Analyses and validation of CoV-2 main
protease complexed with ligand

The protein-ligand complexes for Mpro were
taken from PDB (http://www.rcsb.org). We
evaluated the amount of amino acid residues,
presence and localization of gaps and resolution (A)
of deposited complexes. MolProbity Server calculated
bond lengths and bond angles of standard protein
residues, too-close contacts, Ramachandran outliers
and rotamer outliers of 74 complexes of Mpro present
in the Protein Data Bank [41].
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Molecular docking

Initially, a subset of 74 poised fragments was
retrieved from its corresponding PDB entries of
ligand-Mpro complexes for structure-based docking.

WaveFunction Spartan 14 (v1. 1.4) was
employed to analyze and correct possible errors in the
structure of binders, partial charges and electrostatic
surfaces. The Molegro Virtual Docker (MVD, version
5.5) and Discovery Studio (DS, version 3.5, Accelrys
Software Inc., San Diego) pieces of software were
utilized to calculate the partial charges of protein-
ligand complexes, add hydrogen atoms, optimize
hydrogen bonds and remove atomic clashes [42].

The size and position of the Mpro potential
binding sites (also referred to as cavities or active
sites) and physicochemical properties of protein
surface were identified using the built-in cavity
detection algorithm with atom probe size of 1.2A. The
positioning of binders in the crystal served as a
reference as possible binding sites. Internal
electrostatic interactions (ES), hydrogen bond, intra-
molecular torsion energies and MolDock Optimizer
algorithm were used to measure the interaction
energies (Kcal / mol). The default settings for the
docking search algorithm were applicable for the
other parameters.

The docking complexes were ranked based on
the energy of interaction, Table 1. The ligand-Mpro
interactions, changes in the volume of the binding site
and amino acids present in the interaction site were
evaluated three-dimensionally with the MVD
software and in 2D with the DS software. Specific
amino acids and chain side of ligand involved in
ligand/ protein interactions were also confirmed and
explored on a structure activity relationship (SAR).

After identifying the residues of the interaction
site. within a 9A radius, we searched for likely
proteins with high density and similarity in the active
site, aiming at understanding how conserved the
residues around the ligand are. For so, the alignment
of the FASTA sequence of all the Mpro was assessed
by the Blast and T-COFFEE servers and the identity
score generated by T-COFFEE was used as the
measuring parameter.

Similarity search

The search for structural similarity used the 10
hit molecules that presented the best interaction
energies (Kcal/mol) measured in the docking study
among all 74 ligand-Mpro complexes from PDB. For
the similarity search for ligands of Mpro, we used the
Swisssimilarity database [43, 44]. The cutoff criteria
for the selection were molecules with available in vivo
studies, clinical studies and similarity index greater

than 0.7, on a scale determined by the Swiss Similarity
server up to 1.0. In order to determine the drug-
likeness of the hits identified, molecular hydro-
phobicity parameter LogP, molecular weight (MW),
the total polar surface area (TPSA) and Lipinski’s rule
of five (Ro5) were calculated using Swiss ADME [44].

Molecular docking of hits and selected
analogues

The selected hits (top 10 best-scored compounds
identified by previous docking study), as well as their
respective similar binders, were docked into
SARS-CoV-2 main protease (Mpro) with unliganded
active site (PDB id: 6Y84). Once again, the docking
simulations were performed with MVD using the
same protocol previously optimized in terms of
scoring function, flexible ligand, binding site and
radius of the binding site (6 A), with the presence of
crystallographic water within the binding site.

Results and Discussion

The majority (92%) of the 72 complexes studied
were characterized as high-resolution structures (< 2
A). We have more confidence in the location of atoms
in structures with these resolution values. In all
complexes, the gaps were located only in the protease
loop structures, away from the binding site and the
total residues were between 304 and 306 conserved
amino acids solved by the X-ray diffraction (XRD)
method. MolProbit results confirmed acceptable
characteristics of complexes, i.e., in Ramachandran
plot, more than 97.6% residues were in a favoured
region, which is close to the requisite 98% for
validating a 3D structure. The parameters of rotamers,
Cp deviations, Cis Prolines and CaBLAM outliers also
reinforced the tridimensional quality of proteins [45].

From the docking results, we were able to
identify the binding energy (Kcal/mol) between Mpro
and ligands (Table 1) and active-site residues of
amino acids. These results recognized top 10
complexes (highlighted in bold) with greatest binding
energy and their respective ligands were
characterized as potential hits.

The ligands were designated according to their
PDB origin complex; for example, the 5RF7 complex
ligand is to be mentioned as L5RF7. One can see in the
structure of the molecules with better interaction
energies (Figure 2) an amphoteric molecular pattern
composed by the presence of aromatic rings (e.g.
pyrrole, phenyl, indole and naphthalene) and by
groups that can make electrostatic interactions (e.g.
acetamide, oxopyrrolidine, hydroxyphenyl and
pyrimidine). The aromaticity enables several
interactions, such as pi-stacking (m-mr stacking) with
other aromatic rings or pi-alkyl and pi-anion, which is
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important in light of the presence of 4 histidines
(His41, 163, 172 and 164), one phenylalanine140 and 2
methionines (Met49 and Met165) around the aromatic
functional groups.

Properties such as the molecular hydrophobicity
parameter LogP, molecular weight (MW) and the total
polar surface area (TPSA) have been broadly used in
modern rational drug discovery and design [46]. The
MW of the top 10 compounds (L5RF7, L5RFL, L5R7Z,
L5REN, L5RF], L5REX, L5RFQ, L5RFW, L5RFA,
L5RFE; Figure 2) varies in a short range from 209.24 to
268.35g/mol. Conversely, the topological polar
surface area (TPSA) values are from 23.55 A2 to 79.46
A2 and LogPs are between 0.68 and 2.70. Three
compounds are lipophilic (L5R7Z, L5REX, L5REN);
only compound L5RFA is rather hydrophilic with
LogP 0.68 and PSAs of 56.16 A2[47]. Among the many
rules employed for pre-selection in the drug discovery
phase, the most prominent one is Lipinski’s rule-of-

five (RO5) [48]. It analyses molecular mass, LogP,
number of hydrogen-bond donors and acceptors and
the sum of nitrogen and oxygen atoms to predict
absorption or permeation of a substance. None of the
compounds violated RO5, which shows a promising
characteristic as small molecule hits for these ligands
and their analogs.

The docked pose of L5RF7 into the binding
pocket of Mpro (Figure 3A) shows that the 4-methyl-
piperazine group binds in Met49, His41 and Met165,
while a greater amount of interactions occur with
aromatic moiety (pyrrolopyridine). Pi-anion and
Pi-alkyl are formed between Glu166 and Cys145 with
pyridine and pyrrol rings, respectively. Phel40,
Leul41, Asn142, Ser144, His163 and His172 take part
in a network of van der Waals interactions with
pyrrolopyridine fragment. Hydrogen bonds are
formed between Glul66 and the carbonyl oxygen
atom from the linker.

Table 1. Docking calculations depicting the PDB code, binding site volume (A) and binding energy (calculated by the Moldock Score Grid
algorithm, Kcal/mol) obtained from MVD for 74 ligand-Mpro complexes. The 10 complexes that showed the best interaction energy
(more negative) are highlighted in bold. The complexes highlighted in the gap with the asterisk (*) bore their ligands out of the interaction

site of the protease, with interaction below -60 Kcal/mol.

PDB Cavity  Binding PDB Cavity  Binding PDB Cavity  Binding
code volume energy code volume energy code volume energy
SRFL 12032 -113.01 SRE9 73.72 -92.70 SREV 143.87 -80.45
5RF7 112.64 -109.99  SREM 135.68 -91.95 SRFY 126.97 -80.33
SR7Z 122.36 -109.31 SRFI 11520 -91.55 SRFU 84.48 -80.21
SREN 172.03 -109.12 SREL 136.70 -91.51 5RFP 93.18 -79.85
SRFJ 114.68 -103.08 SREO 138.24 -91.37 5R83 146.94 -719.73
SREX 162.30 -100.61 SREW 134.65 -90.77 S5R7Y 107.52 -79.33
SRFW 125.44 -99.75 5RFS 132.60 -90.74 5RF6 92.67 -78.50
5RFQ 98.30 -99.53 SRFM 16742 -90.48 SRER 142.33 -76.91
SRFA 16.89 -99.15 SRFF 12544 -89.97 SREP 96.76 -76.49
SRFE 124.00 -98.88 SRFT 158.72 -89.24 5RF1 119.80 -73.86
SRFH 113335012 -95.66 SRET 11520 -86.62 SREB 96.00 -71.81
SREZ 157.18 -95.49 SRFR 152.57 -86.43 SRGO 92.00 -70.34
5R81 45.05 -94.53 SRFV 98.30 -85.19 SRFX 112.34 -69.64
SRFN 136.70 -94.40 SRFG 16742 -84.02 SRFZ 86.00 -62.84
SRFK 128.00 -93.22 5R80 14233 -83.96 SRE4 123.90 -62.21
SREY 167.93 -93.11 5R§2 113.15 -83.87 SRF3 99.32 -55.54
SREU 112.64 -92.95 5RES 57472, -83.72 SRFO 129.53 -46.70
5REJ 123.39 -82.37

*5RES, SRE6, SRE7, SRES, SREA, 5REC, SRED, SREF, SREG, 5REI, SREK, SRF8, SRF9,
SRF4, SRFS, SRFB, SRFC, SRFD, SRF0, SRF4
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Figure 2. 2D chemical structures and drug-likeness properties of the best 10 ligands measured through MVD.

The linker L5RFL (Figure 3B) showed an
unfavourable bump with molecule HOH799 when
docked with all structural water molecules. However,
when removing the structural waters and redoing the
docking study, there were no significant changes in
the interaction energy. Hydrogen bonds exist between
the Gly143, Cys145 and 1-acetyl-N groups, and
between Aspl42 and hydroxyphenyl. Despite the
polar characteristic of the Thr25, Ser46, Serl44 and
Hist163 residues, the ligand predominantly made van
der Waals interactions due to the lack of groups
capable to perform electrostatic interactions. Thus, the
polar side chains of these residues were positioned
across the ligand, e.g. Thr25, Ser46 and Ser144. The
intramolecular interaction of 2-hydroxyphenyl and
4-carboxamide harms the potential to attract these
polar residues to possible dipole-dipole or ion-dipole
interactions, what must be analysed in future cases of
structural planning.

L5R7Z (Figure 3C) showed an indole moiety that
stacks with His41l. This interaction is important
because it brought together other residues of the
binding site, i.e. Met49, Met165 and His164, which

interacted positively with L5R7Z. One can see the
interaction of the 5-fluorine group with histidines
(His41 and His164) and that is due to the electrostatic
potential generated by the inductive effects and by the
resonance of the fluorine upon the indolic ring of the
ligand and the imidazole ring of histidine. Leu 167,
Pro168, GIn189 and GIn192 are involved in hydro-
phobic interactions with the linker (ethanamide
group).

The Mpro amino-acid residues of CoV-2 show a
high structural similarity with that of other viral ones
present in different species of coronavirus, e.g. feline
(PDB: 5EUS8) and porcine (PDB: 4F49), or with
previous COVIDs which overtook human beings
(CoV-1, PDB: 4WME). The analyses made by our Blast
and T-COFFEE servers have confirmed the high
identity among these enzymes, with global score of 87
for the entire sequence analysed and 96 only for the
restudies present in a 9A radius of the Mpro binding
cavities. Therefore, one can likely foresee that the
COVID protease inhibitors are to have broad action
spectra and with activity potential over future species
of SARSr-CoV.
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Rational search for new protease inhibitor
analogues with therapeutic potential against
COVID-19

Molecular structure similarity searching used the
cutoff criteria described in the method section and
found 59 hit molecules from SwissSimilarity. These
molecules have been prepared using Spartan and
docking studies were performed on MVD and DS
software on Mpro with unliganded active site (PDB:
6Y84).

All the 59 analogues bound inside the interaction
site and 31 of them had better interaction energies
than the 10 best evaluated complexes of PDB. Based
on the docking energy results and previous studies of
the bioactive characteristics of these analogues, one of
them (melatonin) stood out and was selected for
further analysis. The interaction between melatonin
and Mpro (Figure 4) improved the values of binding
energy and created a new perspective for a molecule
with high therapeutic potential over the COVID-19
pathology to act, so far, only in more severe cases of
the disease. The inhibitory effect over the SARS-CoV-
2 main protease may be characterized as a big step
towards the introduction of melatonin in the front line
for the treatment.

Relationship between the infectious condition and the
therapeutic potential of melatonin against
SARS-CoV-2

To understand the need to clinically evaluate
melatonin against Cov-2, we should make a brief
introduction to infectious and physiopathological
characteristics related mainly to the viral cycle and
host immune response in the COVID-19 (Figure 5). As
an emerging disease, these steps are not fully
understood [49]. It has been shown that the infection
by SARS-CoV-2 is triggered by similar mechanisms of
SARS-CoV and MERS-CoV, and it is amplified by
dysfunctional immune responses [50].

The initial event of COVID-19 involves the
infection of airway epithelial cells, alveolar epithelial
cells, vascular endothelial cells, type-II pneumocytes
and macrophages in the lung by SARS-CoV-2.
Coronavirus glycosylated spike (S) protein binds to its
cellular angiotensin-converting enzymes 2 (ACE2)
receptor leading to the membrane fusion between the
virus and human plasma membrane [51]. Besides that,
this invasion process is facilitated by a
transmembrane serine protease 2 (TMPRSS2)
produced by the host cell. These interactions are
considered as critical for cell entry and future viral

http://www.medsci.org



Int. J. Med. Sci. 2020, Vol. 17

2140

replication [52, 53]. After membrane fusion, the viral
RNA genome is released into the cytoplasm and is
translated in two polyproteins (ppla and pplab from
ORFla and 1b), which are cleaved by Mpro and
papain-like protease (PLpro). This cleavage results in
15 new non-structural proteins (nsp) that compose the
replication-transcription complex. Then, the wviral
genome begins to replicate and generate individual
sub-genomic mMRNA templates needed for the
translation of the viral structural and accessory
proteins. The newly formed RNA, nucleocapsid
proteins and envelope glycoproteins assemble to form
viral particles mediated by the endoplasmic reticulum
and Golgi apparatus. Finally, vesicles containing the
virus particles are exocytosed from the host cell to
continue the infection cycle, resulting in the death of
surrounding cells and tissue injury [54].

Effective host immune response against CoV-2
infection begins when viral RNAs, as pathogen-
associated molecular patterns (PAMPs), are
recognized by the pattern recognition receptors
(PRRs) in residing antigen-presenting cells, such as
macrophages and dendritic cells. Thus, PAMPs are
sensed by PRRs, such as the RIG-I-like receptors
(RLRs) and Toll-like receptors (TLRs), initiating a
downstream signalling cascade and activating the
transcription factors IRF3, IRF7 and NF-kB. This leads
to a broad induction of pro-inflammatory genes,
particularly those encoding Type I interferon (IFNs),
cytokines and chemokines. Moreover, NF-kB also

involved in inflammation, stress, proliferation and
apoptotic responses, such as cyclooxygenase 2
(COX-2), nitric oxide synthase 2 (NOS-2), vascular
endothelial growth factor (VEGF), adhesion
molecules, immune-receptors and growth factors.
This inflammatory state stimulates local upregulation
of adhesion molecules and the creation of chemotactic
gradients, and also increases vascular permeability
(mediated by VEGF), which together promotes the
extravascular recruitment and activation of defence
cells [55]. Subsequently, lymphocytes (such as NK,
CD4+ T, CD8+ T and B cells) are recruited into the
lung to eradicate the pathogen by Kkilling virus-
infected cells and producing virus-specific antibodies
[56]. The overproduction of these chemokines and
cytokines may contribute to the control of infection or
to the development of critical prognostics.

Although most of the cases (about 80%) are
asymptomatic or mild, clinical manifestations include
fever, dry cough, shortness of breath, muscle ache,
dizziness, headache, sore throat, rhinorrhoea, chest
pain, diarrhoea, nausea and vomiting. Nevertheless,
an uncontrolled immune response can trigger a
cytokine storm and a large amount of free radicals,
resulting in severe damages to the lungs, kidneys,
heart, followed by possible sepsis, multiple organ
failure and death [57]. Patients with severe COVID-19
cases exhibit elevated serum levels of pro
inflammatory cytokines, i.e., interleukins- (IL-6, -1pB,
-2, -8, -17, -10 and -4), interferon y (IFN-a/p),
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granulocyte-macrophage colony-stimulating factor
(GM-CSF), interferon-inducible protein (IP-10),
monocyte chemoattractant protein 1 (MCP1), macro-
phage inflammatory proteins 1a (MIP1a) and tumour
necrosis factor a (TNF-a). In this intensity of disease,
lymphopenia is a common feature, with drastically
reduced numbers of CD4+ T cells, CD8+ T cells, B
cells and natural killer (NK) cells, as well as a reduced
percentage of monocytes, eosinophils and basophils.
An increase in neutrophil-to-lymphocyte ratio may
indicate poor clinical outcome.

There is also a massive infiltration of neutrophils
and macrophages in the lung and excess of fluid into
the alveoli, resulting in severe acute respiratory
syndrome (SARS). During this advanced stage of
infection, there may be a reduction in the levels of
surfactant protein transcription, which generates
increased pulmonary surface tension, reduced
respiratory capacity and increased risk of respiratory
collapse during expiration [58]. In addition,
pathogenic examination of the lung showed protein-
aceous exudate with globules, inflammatory cellular
infiltration, bilateral diffuse alveolar damage with
edema, pneumocyte desquamation and hyaline
membrane formation.

There is a correlation between serum levels of
cytokines and the severity of the disease indicating
that mortality might be due to virally-driven
hyper-inflammation. Interestingly, some COVID-19
patients, in spite of being negative for the viral nucleic
acid test, have a high level of inflammation, which
indicates that this factor is even more important than
the viral load to define the patient's prognosis.
Hyper-inflammation promotes cellular apoptosis and
necrosis in various tissues, which would further
trigger inflammation, followed by the release of more
inflammatory factors, increased vascular
permeability, mobility and accumulation of mono-
cytes, macrophages and neutrophils. This indicates
that if an exacerbated inflammatory process is not
controlled, a vicious circle is created, capable of
activating the 'cytokine storm" and a possible
evolution to sepsis [59].

In addition to the overwhelming immune
response, SARS-CoV-2 can target organs that express
ACE2, including the heart, kidney and gastro-
intestinal tract, aggravating the case. High levels of
NOS-2-derived nitric oxide (NO), superoxide and
other products of inflammation drive the body to a
hemodynamic collapse, including impaired vascular
permeability, vasodilatation, tissue hypoperfusion
and untreatable hypotension. Thus, tissue hypoxia
and the elevated production of reactive oxygen
species (ROS) compromise mitochondrial function
and activate cell death pathways, increasing tissue

damage and the formation of fibrosis in target tissues,
which express ACE2, including the heart, kidney and
gastrointestinal tract [60-62]. Therefore, the unsolved
infection becomes a life-threatening condition
evolving to sepsis and even death.

Melatonin

Melatonin (N-acetyl-5-methoxytryptamine) is an
endogenous molecule, the final metabolite of the
melatoninergic  pathway from serotonin to
N-acetylserotonin (NAS) by arylalkylamine N-acetyl-
serotonin (AA-NAT), with NAS then converted to
melatonin by hydroxyindole O-methyltransferase
(HIOMT). For a long time, science has only discussed
the properties of melatonin in the control of the
circadian cycle in the absence of light and its
biosynthesis by the pineal gland. Therefore, it is called
as the hormone of darkness [63]. Nevertheless, it is
noteworthy that melatonin is also produced by
immune cells after NF-KB activation, a transcription
factor involved in controlling the expression of
several genes linked to the inflammatory response.
This observation included melatonin as an integral
part of the host defense system, where it has the
autocrine and paracrine action that dampens immune
responsiveness, while increasing the anti-
inflammatory and phagocytic response in immune
cells [64, 65].

It has been proven that there is a positive
correlation between aging and the reduction of
plasmatic melatonin, what may affect sleep quality as
well as the suitable control of inflammatory processes
and thus a higher risk of hyper-inflammation [66]. The
beneficial effect of melatonin on acute lung injury
states, sepsis and hyper-inflammatory processes
caused by viruses, bacteria or radiation has been
previously documented [67-70]. Accordingly, it is
possible to imagine that melatonin can be indicated as
adjuvant therapy for the treatment of COVID-19 due
to its potential cytoprotective, anti-inflammatory,
immunosuppressive  and, probably, antiviral
mechanisms [64]. Another relevant topic is that the
drug interaction of melatonin with the main drugs
currently available can reduce the side effects such as
renal damage and oxidative stress of the lopinavir/
ritonavir association, potentiate the antiviral response
of ribavirin and reduce oedema when associated with
methylprednisolone [66].

Anti-inflammatory effect of melatonin occurs
through a range of mechanisms and mediators.
During inflammatory and immunological processes,
the intracellular mediator NF-KB (activated by the
degradation of its inhibitor IKB by ROS
pro-inflammatory cytokines) plays a key role in
regulating multiple aspects of the innate and adaptive
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immune response, and acts as a signal for the
expression of pro-inflammatory reaction, inflamma-
somes and immune cells (e.g. macrophages). These
cells are elevated during hyper-inflammation and are
pivotal in the production of pro-inflammatory
cytokines and chemokines involved with a higher
inflammatory response and worse prognosis.
Melatonin  could modulate inflammation by
decreasing the activation of both NF-xB and
inflammasomes NLRP3 (nucleotide-binding domain
leucine-rich repeat (NLR) and pyrin domain-
containing receptor 3). Therefore, there will be a
reduction in cell membrane damage and the
inflammatory release of cell content to the
extracellular space [66]. The mechanism of action as
inhibitor of NF-xB has not yet been fully clarified but
it seems to involve reducing oxidative stress via NF-
E2-related factor (Nrf2), reducing the binding ability
of NF-kB via acetylation of the p50 subunit [71-73]
and toll-like receptors (TLRs). It inhibits, under
inflammatory conditions, the expression of TLR2,
TLR4 and TLR9Y, key mediators of the innate immune
response that are massively activated when the virus
reacts with its endosomal receptors or in pro-
inflammatory processes [65].

Melatonin can up-regulate Nrf2, an important
transcription factor activated by oxidative stress. It
has a role in the regulation of the expression of
detoxifying and antioxidant genes, inducing phase II
protective gene, such as heme oxygenase-1 (HO-1),
glutathione-S-transferase (GST) and uDP-
glucuronosyltransferase (UGT) 1A1, which mediate
cell survival and mitochondrial dose-dependent
damage. Concomitantly, a more intense induction of
inflammatory biomarkers was observed in Nrf2 KO
mice, ie. IL-1p, IL-6, TNFa and pro-inflammatory
enzymes iNOS and COX2. Therefore, the increase in
Nrf2 by melatonin is crucial in tissue protection, such
as pulmonary, hepatocytes, renal and cardiac in
patients positive for SARS-CoV-2 [74, 75].

Asadi-Pooya & Simani [76] highlighted that
coronavirus infections have been associated with
neurological manifestations (e.g. febrile seizures,
convulsions, change in mental status and
encephalitis), causing inflammation and de-
myelination. The effect of melatonin in experimental
autoimmune encephalomyelitis has demonstrated a
therapeutic role by ameliorating the clinical severity
and restricting the infiltration of inflammatory Th17
cells into the CNS. Moreover, another study reinforces
this potential therapeutic by confirming an
enhancement of IL-10, a multifunctional cytokine with
expression of antiviral and cytoprotective properties
[77] and, in contrast, that also suppresses IFN-y, IL-17,
IL-6, CCL20 and T cell proliferation in the CNS [78].

Severe COVID-19 patients may develop sepsis
that is characterized by uncontrolled increase in
oxidative stress, mitochondrial dysfunction, cellular
energy  failure, vasodilatation  with  hypo-
responsiveness to drugs and multi-organ failure.
Melatonin acts as a free radical scavenger and
stimulates anti-oxidative enzymes (e.g., superoxide
dismutase) and HO-1 (via activation of Nrf2), and also
impairs pro-oxidative enzymes (e.g. iNOS) with a
consequent reduction of peroxynitrite formation [79].
Several studies have demonstrated the therapeutic
efficacy of melatonin in controlling septic conditions
induced by toxic drugs or infection [80-82].

Another important anti-inflammatory effect is
the inhibition of bradikinin-induced vasodilation, as
well as the reduction of vascular permeability. It
occurs since the melatonin treatment suppresses the
vascular endothelial growth factor (VEGF) mRNA
and decreases hypoxia-inducible factor (HIF)-lalpha
protein levels and expression [82]. These changes
added to the reduction of adhesion molecules (by
inhibition of NF-xB) allow one to predict a lesser
leukocyte adhesion to endothelial cells and to
decrease migration into tissues, especially alveoli [65].

Moreover, melatonin has possible anti-infectious
activity through different mechanisms. It can promote
the formation of the neutrophil extracellular trap
(NET), increase levels of the generally beneficial cells
Thl and NK cells. Previous studies with virus-
infected animal models support the indication of
melatonin as an antiviral after observing a reduction
in viral load, improving the functions of the infected
organ, decreased mortality and viremia. However,
despite the reported viral load reductions, these
studies have not discussed the possible mechanism
involved in these outcomes. Supported by our results
presented in the possible inhibition of Mpro and
interaction with calmodulin (previous studies), we
propose two new possible mechanisms in addition to
the properties already reported to control hyper-
inflammation and thus control COVID-19 [67].

ACE2 is a type I transmembrane metallo-
peptidase with an extracellular ectodomain
containing its zinc-coordinating catalytic site that is
expressed and active in most tissues, mainly lung,
heart, brain and kidney. Cell membranes richer of
ACE2 become more susceptible to CoV-2 infection.
Regulation of its expression at the cell surface is
therefore of prime importance to control of virus-
induced cell fusion by host [83, 84].

Calmodulin (CaM) is considered as the major
regulator of Ca?*-dependent signalling in all
eukaryotic cells. CaM regulated the surface
expression and retention of ACE2 in the plasma
membrane. Inhibitors of this calcium binding protein
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enhance the release of the ACE2 ectodomain and
decrease the association between CaM and ACE2 in a
dose- and time-dependent manner [85]. In wvitro
studies have demonstrated that melatonin binds to
CaM (Kd of 188 pM) and inhibits it in a
Ca?*-dependent pocket [86, 89]. As a consequence of
this interaction, melatonin can be classified as an
indirect inhibitor of ACE2-CoV2 coupling during
viral particle fusion [89]. Both, melatonin and CaM,
are phylogenetically preserved. Therefore, their
interaction probably stands out as an important
pathway for the regulation of cell physiology [90],
including protection against CoV-2 infection,
autophagy, cell proliferation and apoptosis via
inflammatory process, etc. [91].

Viral proteases are responsible for vital
processing polyproteins, leading to the formation of
structural and functional viral proteins. Since Mpro is
unique in the virus and not found in the host cells, this
protein is a prominent target for the development of
antivirals against coronavirus infections. Mpro is a
key CoV enzyme, which plays a crucial role by
cleaving viral polyproteins during coronavirus
replication and transcription [92]. The inhibition of
viral protease is a strategy used successfully in many
viral infections, mainly against the human immuno-
deficiency virus (HIV). It results in the incapacity of
the new viral particles formed to replicate, producing,
after the budding stage, only non-infectious virions.

Mpro is composed by 3 domains (I-chymo-
trypsin, Il-picornavirus 3C protease-like and III-
globular cluster involved in protein dimerisation). We
can observe in this study that melatonin interacts in
the site between domains I and II, blocking the access
to the catalytic cysteine 145 (Fig. 4B) [92]. The binding
site of melatonin on SARS-CoV-2 Mpro is considered
as highly conserved, 96% identical (98% similar) in the
aminoacid sequence to that of SARS-CoV Mpro. After
comparing the binding site of melatonin to Mpro
active site of SARS-CoV-2 and other coronavirus, we
can confirm that melatonin is a potential inhibitor of
this protease (Fig, 4A). The residues His41, Phel40,
Ser144, Cys145, His163, His164, Glu 166, GIn189 and
Thr190 are important fo the interaction of inhibitors of
SARS-CoV Mpro [93] and are also present on the
binding site of melatonin. Inhibitory actions on
calmodulin and Mpro can further expand the
spectrum of action of melatonin [92] and help to
explain some antiviral results.

Viruses cause host mitochondrial dysfunction,
which can reduce melatonin biosynthesis. The
reduced serum melatonin cannot upregulate the
expression of antioxidant enzymes, control the
immune response, oxidative stress and the outcome of
hyperinflammation. Therefore, the administration of

melatonin has been successfully used to treat different
viral infections in animal models, e.g. parvovirus,
Venezuelan equine encephalomyelitis virus, LP-BM5
retrovirus, respiratory syncytial virus and rabbit
hemorrhagic disease virus [65, 94].

A recent study determined the efficacy and
tolerability of high-dose melatonin (36 mg/day to 72
mg/day per os (p.o.) in 4 divided doses) as adjuvant
therapy, in addition to standard and/or empirical
therapy [95]. All the patients were admitted with
flu-like symptoms and chest imaging findings of
ground glass opacities highly suggestive of COVID19
pneumonia. The 10 patients given melatonin had
high-risk features determined for age (> 60 years)
or/and established comorbidities. No significant side-
effects were noted except for drowsiness. Benefits of
time were observed for clinical improvement
(reduction of symptoms, stabilization and/or
regression of lung infiltrates, decrease in pro-
inflammatory markers), as well as the need for
mechanical ventilation, duration of hospital stay and
outcome (death, or recovery and discharge) [95].
These results may encourage new greater trial studies.

In addition to its therapeutic properties on
hyper-inflammation, oedema, immune dysregulation
and possible sepsis in moderate-advanced stages of
the disease, this drug may also be evaluated for its
antiviral action in more recent stages of COVID-19
infection. Therapeutic regimes for prophylaxis and
COVID-19 treatment using melatonin either as
monotherapy or associated were proposed, i.e., 50-
and 300-mg daily doses twice a day for 7 days for the
control of both light and severe cases of COVID-19,
respectively [96,97]. They have considered only the
therapeutic potential over the modulation of the
immune and inflammatory responses, not mentioning
the new mechanisms proposed in the present study
on the inhibition of calmodulin and Mprotease. Those
doses still have to be validated to measure the efficacy
and clinical outcomes.

Conclusion

We are dealing with one of the most potentially
deadly pandemics in terms of economic and social
damages of the last century. In the absence of readily
accessible and efficient medicines, there is an urgent
need for the development of some treatment.
Therefore, finding a substance with therapeutic
potential, low toxicity and cost, with mechanisms of
action described, is certainly a great step in the
therapeutic advance thanks to its wide use.

The results presented provide the first indication
that the therapeutic administration of melatonin can
be an effective Mpro inhibitor to prevent viral
replication by binding to viral protease. Thus, we
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suggest that melatonin could play an adjunct
therapeutic role in treating COVID-19 in different
stages of the disease. Therefore, clinical studies on the
possible therapeutic value of melatonin on this
infection should be performed in the near future.
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Abstract
Background and objective

The anti-inflammatory properties of vitamin C (VC) and the promising results it has shown in the treatment
for common cold have prompted clinicians to use it as adjuvant therapy in the treatment of COVID-19. The
purpose of this study was to find out the role of VC as adjunctive therapy in coronavirus disease 2019
(COVID-19).

Methodology

This study was conducted from March to July 2020 in the COVID-19 unit of a tertiary care hospital in
Karachi. In this randomized controlled trial (RCT), one group received the intervention [50 mg/kg/day

of intravenous (IV) VC] along with the standard therapy, and the other group received standard therapy
only. Data such as age, gender, vitals, and biochemical values as well as outcomes including the number of
days required for treatment, hospital stay, need for ventilation, and mortality were compared between the
two groups and recorded using a self-structured questionnaire.

Results

COVID-19 patients who received IV VC became symptom-free earlier (7.1 £ 1.8 vs. 9.6 £ 2.1 days, p-value:
<0.0001) and spent fewer days in the hospital (8.1 = 1.8 vs. 10.7 % 2.2 days, p-value: <0.0001) compared to
those who received standard therapy only. However, there was no significant difference in the need for
mechanical ventilation (p-value: 0.406) and mortality (p-value: 0.31) between the two groups.

Conclusion

VC can significantly improve clinical symptoms in patients affected with COVID-19; however, it had no
impact on mortality and the need for mechanical ventilation. More large-scale studies are required to
further assess the role of VC in the treatment of COVID-19.

Categories: Internal Medicine, Infectious Disease
Keywords: intravenous vitamin c, covid-19, pakistan

Introduction

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by a newly discovered strain of
coronavirus called severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Most infected people will
develop mild to moderate illnesses with the most common symptoms being fever, dry cough, and fatigue,
and recover without hospitalization [1]. Vitamin C (VC), otherwise known as ascorbic acid, is known to boost
immunity and acts as a potent antioxidant. Therefore, VC can be beneficial in resolving infection and
inflammation. A randomized controlled trial (RCT) has demonstrated a measurable benefit of VC
supplementation in reducing cold episodes in young men with low to average VC status [2]. In a recent
meta-analysis, VC supplementation was shown to reduce serum C-reactive protein (CRP) levels, particularly
in younger subjects with higher CRP baseline levels, at a lower dosage, and with intravenous (IV)
administration [3].

Potential benefits of VC have sparked an interest regarding finding its use in the treatment of COVID-19. In
a case series involving VC administration to COVID-19 patients, there was a significant decrease in
inflammatory markers, indicating that the use of IV VC in patients with moderate to severe COVID-19
disease may be clinically feasible [4]. Administration of high doses of VC as a therapeutic agent can
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favorably impact severely ill COVID-19 patients with viral pneumonia and acute respiratory distress
syndrome (ARDS) by decreasing inflammation, pathogen infectiveness, and virulence, and also by
optimizing immune defense, reducing tissue and organ injuries, and improving the overall outcome of the
disease [5].

During the ongoing global outbreak of COVID-19, there are many studies and trials underway to figure out
the therapeutic role of VC in COVID-19 patients. Moreover, there is so much more yet to be learned about
this vitamin itself. We believe that our study will contribute significantly towards the efforts to find out if VC
could be beneficial as adjunctive therapy in the treatment of COVID-19.

Materials And Methods

This prospective, open-label RCT was conducted in the COVID-19 unit of a tertiary care hospital in Karachi,
Pakistan. Data of patients who were admitted with severe COVID-19 infection from March to July 2020 were
included in the study. Patients were diagnosed with severe COVID-19 based on the national health
guidelines of Pakistan [6]. Patients who needed mechanical ventilation within 12 hours of admission were
excluded from the study. All subjects provided informed consent for inclusion before they participated in the
study.

Patients were randomized to the interventional arm or placebo arm using a randomizer software. The
interventional arm received 50 mg/kg/day of IV VC in addition to standard therapy for COVID-19 infection.
The placebo arm received only the standard therapy for COVID-19. Standard therapy included antipyretics,
dexamethasone, and prophylactic antibiotics and was comparable between both groups. Data were
compared between the patients who received IV VC vs. those who did not receive it. Patients' gender, age,
and vitals and biochemical values such as respiratory rate, oxygen saturation, CRP, and lactate
dehydrogenase (LDH) levels were recorded using a self-structured questionnaire. The number of days
required for the disappearance of symptoms, number of days spent in the hospital, need for ventilation, and
mortality were also noted and compared for both groups.

The collected data were analyzed using SPSS Statistics version 21.0 (IBM Corp, Armonk, NY). Mean and
standard deviations (SD) were calculated for numerical data. Frequency and percentages were calculated for
categorical data. Frequencies were compared using a chi-squared test. Independent t-test and chi-square test
were used as appropriate. A p-value of less than 0.05 indicated that there was a significant difference
between the two groups and the null hypothesis was void.

Results

A total of 150 patients were included in the study; 75 of them were randomized to the interventional arm
and received IV VC in addition to standard therapy for COVID-19 infection, and 75 were in the placebo
group and received only standard care for COVID-19 infection. There were 99 (56.9%) males and 76 (43.1%)
females in the study. The differences in age, respiratory rate, levels of CRP, and LDH levels between the two
groups were not statistically significant (Table ).

SOC + IV vitamin C (n=75), mean + SD SOC without IV vitamin C (n=75), mean + SD P-value
52+ 11 53+12 0.59
30.2+5.7 29.8 + 4.9 0.64
118.2+16.2 116.2£17.2 0.46
315.2 + 87.6 311.3 £ 89.3 0.78
87.2+4.6 86.1 + 4.9 0.15

TABLE 1: Comparison of demographics and clinical characteristics between the two groups

CRP: C-reactive protein; LDH: lactate dehydrogenase; SOC: standard of care; SD: standard deviation; IV: intravenous

COVID-19 patients who received IV VC became symptom-free earlier (7.1 = 1.8 vs. 9.6 * 2.1 days, p-value:
<0.0001) and spent fewer days in the hospital (8.1 £ 1.8 vs. 10.7 £ 2.2 days, p-value: <0.0001) compared to
those who received standard therapy only. However, the overall difference regarding the need for
mechanical ventilation and mortality between the interventional arm and the placebo group was not
statistically significant (Table 2).
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Outcome

Days to be symptom-free, mean + SD
Days spent in the hospital, mean + SD
Need for mechanical ventilation, n (%)

Overall death, n (%)

TABLE 2: Comparison of outcomes between the two groups

*Statistically significant; **Statistically not significant

SOC + IV vitamin C (n=75) SOC without IV vitamin C (n=75) P-value
71+18 9.6 + 2.1 <0.0001*
81=+1.8 10.7 £ 2.2 <0.0001*
12 (16%) 15 (20%) 0.406**
7 (9.3%) 11 (14.6%) 0.31**

SOC: standard of care; SD: standard deviation; IV: intravenous

Discussion

SARS-CoV-2 primarily targets the respiratory system, leading to the development of severe ARDS and even
respiratory failure. Symptoms manifested depend on the organ system involved and range from high-grade
fever, dry cough, shortness of breath, sore throat, and fatigue to diarrhea, confusion, seizures, and
impairment of taste and smell [7].

The infection caused by SARS-CoV-2 and its progression to respiratory failure is driven by a strong and
dysregulated immune-inflammatory response, which leads to elevated levels of pro-inflammatory cytokines
including interleukin 6 (IL-6) and endothelin-1 (ET-1) in the body and a “cytokine storm” causing
accumulation of neutrophils within the lungs, destroying alveolar capillaries. VC exerts its effects by
reducing the secretion of these pro-inflammatory cytokines from the immune effector cells and preventing
neutrophils activation and accumulation and the formation of neutrophil extracellular traps, which is a
biological event of alveolar vascular injury caused by neutrophil activation [8,9]. In China, 50 patients with
moderate to severe COVID-19 were given 10-20 g/day of VC. The oxygenation index of the patients
improved, and all the patients were eventually cured and discharged [10]. An RCT conducted in the United
States (US) showed that administration of ~15 g/day of IV VC for four days may decrease mortality in
patients with sepsis and ARDS [11]. In a recent meta-analysis of nine RCTs, 0.7-0.8 g/day dose of VC
improved symptoms and reduced the duration of infection and time of indoor confinement in patients with
common cold virus infection [12]. In another meta-analysis of eight RCTs, supplementation of 0.5-2 g/day of
VC in 3,153 patients reduced the duration of the upper respiratory tract infection by 1.6 days, suggesting its
potential role in the treatment of COVID-19 [13]. However, very few studies have been conducted to
correctly predict the role of VC as adjuvant therapy for COVID-19, but those conducted have shown
promising results related to high doses of VC due to its favorable side-effect profile [8].

The present study was conducted to analyze the benefit of using VC as an adjuvant therapy to treat COVID-
19 patients presenting to a tertiary care hospital in Pakistan. This study also concluded that patients who
received IV VC along with standard therapy for SARS-CoV-2 infection recovered earlier (7.1 = 1.8 vs. 9.6 + 2.1
days, p-value: <0.0001) and spent fewer days in the hospital (8.1 + 1.8 vs. 10.7 £ 2.2 days, p-value: <0.0001)
when compared to patients who only received standard therapy for SARS-CoV-2 infection. However, the
overall difference in the need for mechanical ventilation and mortality rate between them was not
significant. This was in contrast with the meta-analysis by Hemila et al., which reported that high doses of
IV VC shortened the length of mechanical ventilation by 14% in critically ill patients, accompanied by a
significant reduction in the mortality rate [14,15]. An RCT conducted on 56 critical COVID-19 patients
concluded that the difference was not significant in invasive mechanical ventilation-free days in 28 days
(IMVFD28) between groups that received high-dose IV VC and the group that received bacteriostatic water
infusion. However, the study reported reduced 28-day mortality in severe COVID-19 patients who received
high-dose IV VC [16].

This study, to the best of our knowledge, is the first study to be conducted in Pakistan to analyze the role of
VC as an adjunct therapy for COVID-19 patients admitted to hospitals. However, the study has its
limitations. Since it was a single-center study, the sample was not diverse and care should be taken when
extrapolating the results on a larger scale.

Conclusions

Based on our findings, VC can significantly improve clinical symptoms of patients affected with SARS-CoV-
2 and reduce days spent in the hospital; however, VC supplementation had no impact on mortality and the
need for mechanical ventilation. Nevertheless, VC has been proven to improve immunity in various forms of
virus infections, and more studies on a larger scale are needed to further assess the role of VC in the
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treatment of COVID-19.

Additional Information
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disclosure form, all authors declare the following: Payment/services info: All authors have declared that no
financial support was received from any organization for the submitted work. Financial relationships: All
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with any organizations that might have an interest in the submitted work. Other relationships: All authors
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Global campaign makes plea for vitamin C and COVID-19
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An international consortium of vitamin C advocates wants regulators to bring vitamin C into the
therapeutic bag of measures in the battle against COVID-19.
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Vitamin ¢, COVID-19, HFMA

An international consortium of vitamin C advocates wants regulators to bring vitamin C
into the therapeutic bag of measures in the battle against COVID-19.

The campaign, so far backed by about 350 leading vitamin C researchers,
doctors, healthcare professionals and nutritionists along with 5000+ signatories from about 60
countries, says evidence shows injected or orally taken high doses of vitamin C can halt the onset
of severe COVID-19 symptoms.

The UK-led campaign cites a just published in Nutrients — some
of which are specific to COVID-19; some specific to sepsis and broader respiratory issues — to
back its case.

Lead author of that review and VitaminC4Covid campaign director, Patrick Holford, told
Nutralngredients vitamin C data was as strong as that which existed for vitamin D and had the
potential to reduce COVID-19 symptoms at low cost and “suppress viral replication in the early
stages”.
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“The critical phase of COVID-19 is a direct result of an inflammatory reaction by the body’s
immune system, akin to sepsis, that only occurs if there is a large quantity of dead virus
particles,” said Holford, who is the founder of the Food for the Brain Foundation and has written
45 nutrition-focused books.

“Early suppression and rapid resolution of symptoms, as shown in cold studies giving 4 to 8
grams of vitamin C in the first 24 hours of infection, has the potential to stop conversion to
critical COVID, thus taking the pressure off the National Health Service.”

The Nutrients review has been presented to the British Health Minister Matt Hancock as well as
the New and Emerging Respiratory Virus Threats Advisory Group (NERVTAG), the Scientific
Advisory Committee on Nutrition (SACN) and the National Institute for Clinical Evidence
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Be well: A potential role for vitamin B in COVID-19

Check for
updates

Coronavirus disease (COVID-19) is caused by the SARS-CoV-2 virus.
In January 2020, the World Health Organization declared COVID-19 as
a Public Health Emergency of International Concern and in March 2020,
COVID-19 was characterized as a global pandemic that is responsible for
infecting over 20 million and more than 700,000 deaths. COVID-19
symptoms are fever, cough, fatigue, headache, diarrhea, arthro-
myalgias, serious interstitial pneumonia that can lead to acute respira-
tory distress syndrome, sepsis-induced coagulopathy and multi-organ
dysfunction [1]. In addition, the severe progression of COVID-19 results
in cytokine storm with excessive production of pro-inflammatory cyto-
kines [2]. Previously, outbreaks of similar viruses which belong to the
B-coronavirus family occurred in 2002-2004 and 2012-2014, as severe
acute respiratory syndrome (SARS) and as the Middle East respiratory
syndrome (MERS), respectively [3,4].

Currently, there is no approved drug treatment or vaccine against the
SARS-CoV-2 virus. Until these become available, one must include
adequate and balanced nutrition for proper body functioning and
boosting of the immune system. Micronutrients, vitamin C and vitamin
D have gained much attention during the pandemic because of their
anti-inflammatory and immune-supporting properties. Low levels of
vitamins D and C result in coagulopathy and suppress the immune sys-
tem, causing lymphocytopenia. Evidence has shown that the mortality
rate is higher in COVID-19 patients with low vitamin D concentrations.
Further, vitamin C supplementation increases the oxygenation index in
COVID-19 infected patients [5]. Similarly, vitamin B deficiency can
significantly impair cell and immune system function, and lead to
inflammation due to hyperhomocysteinemia.

There is a need to highlight the importance of vitamin B because it
plays a pivotal role in cell functioning, energy metabolism, and proper
immune function [6]. Vitamin B assists in proper activation of both the
innate and adaptive immune responses, reduces pro-inflammatory
cytokine levels, improves respiratory function, maintains endothelial
integrity, prevents hypercoagulability and can reduce the length of stay
in hospital [7,8]. Therefore, vitamin B status should be assessed in
COVID-19 patients and vitamin B could be used as a non-pharmaceutical
adjunct to current treatments (Fig. 1).

1. Can vitamin B be used to manage COVID-19?
1.1. Vitamin B; (Thiamine)

Thiamine is able to improve immune system function and has been
shown to reduce the risk of type-2 diabetes, cardiovascular disease,
aging-related disorders, kidney disease, cancer, mental disorders and
neurodegenerative disorders [6]. Thiamine deficiency affects the
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cardiovascular system, causes neuroinflammation, increases inflamma-
tion and leads to aberrant antibody responses [6]. As antibodies, and
importantly T-cells, are required to eliminate the SARS-CoV-2 virus,
thiamine deficiency can potentially result in inadequate antibody re-
sponses, and subsequently more severe symptoms. Hence, adequate
thiamine levels are likely to aid in the proper immune responses during
SARS-CoV-2 infection. In addition, the symptoms of COVID-19 are very
similar to altitude sickness and high-altitude pulmonary edema. Acet-
azolamide is commonly prescribed to prevent high-altitude sickness and
pulmonary edema through inhibition of the carbonic anhydrase iso-
enzymes and subsequently increases oxygen levels. Thiamine also
functions as a carbonic anhydrase isoenzyme inhibitor [9]; hence,
high-doses of thiamine given to people at early stages of COVID-19 could
potentially limit hypoxia and decrease hospitalization. Further research
is required to determine whether administration of high thiamine doses
could contribute to the treatment of patients with COVID-19.

1.2. Vitamin B, (Riboflavin)

Riboflavin together with UV light cause irreversible damage to
nucleic acids such as DNA and RNA, rendering microbial pathogens
unable to replicate. Riboflavin and UV light has been shown to be
effective against the MERS-CoV virus, suggesting that it could also be
helpful against SARS-CoV-2 [10]. In fact, riboflavin-UV decreased the
infectious titer of SARS-CoV-2 below the limit of detection in human
blood [10] and in plasma and platelet products [11]. This could alleviate
some of the risk of transfusion transmission of COVID-19 and as well as
reducing other pathogens in blood products for critically ill COVID-19
patients.

1.3. Vitamin B3 (Nicotinamide, Niacin)

Niacin acts as a building block of NAD and NADP, both vital during
chronic systemic inflammation [12]. NAD' acts as a coenzyme in
various metabolic pathways and its increased levels are essential to treat
a wide range of pathophysiological conditions. NAD" is released during
the early stages of inflammation and has immunomodulatory properties,
known to decrease the pro-inflammatory cytokines, IL-1p, IL-6 and
TNF-a. [13-15]. Recent evidence indicates that targeting IL-6 could help
control the inflammatory storm in patients with COVID-19 [16].
Moreover, niacin reduces neutrophil infiltration and exhibits an
anti-inflammatory effect in patients with ventilator-induced lung injury.
In hamsters, niacin and nicotinamide prevents lung tissue damage [17].
In addition, nicotinamide reduces viral replication (vaccinia virus,
human immunodeficiency virus, enteroviruses, hepatitis B virus) and
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Fig. 1. Summary of the different roles vitamin B can play during COVID-19.

strengthens the body’s defense mechanisms. Taking into account the
lung protective and immune strengthening roles of niacin, it could be
used as an adjunct treatment for COVID-19 patients [8,18].

1.4. Vitamin Bs (Pantothenic acid)

Pantothenic acid has a number of functions, including cholesterol-
and triglyceride-lowering properties, improves wound healing, de-
creases inflammation and improves mental health [6]. Even though
there are limited studies demonstrating the effects of pantothenic acid
on the immune system, it is a viable vitamin for future investigation.

1.5. Vitamin Bg (Pyridoxal 5'-phosphate, Pyridoxine)

Pyridoxal 5'-phosphate (PLP) is an active form of pyridoxine, and is
an essential cofactor in various inflammatory pathways with deficiency
leading to immune dysregulation. PLP has an inverse relationship with
plasma IL-6 and TNF-a in chronic inflammatory conditions. During
inflammation, the utilization of PLP increases results in its depletion,
suggesting that COVID-19 patients with high inflammation may have
deficiency. Low PLP levels have been noted in patients with type-2
diabetes, cardiovascular disease and in the elderly [19-21], groups
who are at higher risk of poorer COVID-19 outcomes. Dysregulation of
immune responses and increased risk of coagulopathy have also been
noted among COVID-19 patients. In a recent preprint it is suggested that
PLP supplementation mitigates COVID-19 symptoms by regulating im-
mune responses, decreasing pro-inflammatory cytokines, maintaining
endothelial integrity and preventing hypercoagulability [22]. In fact, it
was shown three decades ago that PLP levels reduce abnormalities in
platelet aggregation and blood clot formation [23]. Recently researchers
at Victoria University reported that vitamin Bg (as well as By and Bg)

109

upregulated IL-10, a powerful anti-inflammatory and immunosuppres-
sive cytokine which can deactivate macrophages and monocytes and
inhibit antigen-presenting cells and T cells [24]. COVID-19 patients
often respond to the virus by mounting an excessive T cell response and
secretion of pro-inflammatory cytokines. It may be that PLP is able to
contribute to dampening the cytokine storm and inflammation suffered
by some COVID-19 patients.

1.6. Vitamin By (folic acid, folate)

Folate is an essential vitamin for DNA and protein synthesis and in
the adaptive immune response. Furin is an enzyme associated with
bacterial and viral infections and is a promising target for treatment of
infections. Recently, it was noted that folic acid was able to inhibit furin,
preventing binding by the SARS-CoV-2 spike protein, preventing cell
entry and virus turnover. Therefore it was suggested that folic acid could
be beneficial for the management of COVID-19-associated respiratory
disease in the early stages [25]. A recent preprint report that folic acid
and its derivatives tetrahydrofolic acid and 5-methyl tetrahydrofolic
acid have strong and stable binding affinities against the SARS-CoV-2,
through structure-based molecular docking. Therefore, folic acid may
be used as a therapeutic approach for the management of COVID-19
[26].

1.7. Vitamin B, (cobalamin)

Vitamin By is essential for red blood cell synthesis, nervous system
health, myelin synthesis, cellular growth and the rapid synthesis of DNA.
The active forms of vitamin B;y are hydroxo-, adenosyl- and methyl-
cobalamin. Vitamin Bj5 acts as a modulator of gut microbiota and low
levels of By, elevate methylmalonic acid and homocysteine, resulting in
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increased inflammation, reactive oxygen species and oxidative stress
[15]. Hyperhomocysteinemia causes endothelial dysfunction, activation
of platelet and coagulation cascades, megaloblastic anemia, disruption
of myelin sheath integrity and decreased immune responses [27-30].
However, SARS-CoV-2 could interfere with vitamin B;; metabolism,
thus impairing intestinal microbial proliferation. Given that, it is plau-
sible that symptoms of vitamin By deficiency are close to COVID-19
infection such as elevated oxidative stress and lactate dehydrogenase,
hyperhomocysteinemia, coagulation cascade activation, vasoconstric-
tion and renal and pulmonary vasculopathy [28,31]. In addition, By2
deficiency can result in disorders of the respiratory, gastrointestinal and
central nervous systems [30]. Surprisingly, a recent study showed that
methylcobalamin supplements have the potential to reduce
COVID-19-related organ damage and symptoms [32]. A clinical study
conducted in Singapore showed that COVID-19 patients who were given
vitamin B;3 supplements (500 pg), vitamin D (1000 IU) and magnesium
had reduced COVID-19 symptom severity and supplements significantly
reduced the need for oxygen and intensive care support [33].

2. What is the outcome?

Vitamin B not only helps to build and maintain a healthy immune
system but it could potentially prevent or reduce COVID-19 symptoms or
treat SARS-CoV-2 infection. Poor nutritional status predisposes people
to infections more easily; therefore, a balanced diet is necessary for
immuno-competence. There is a need for safe and cost-effective adjunct
or therapeutic approaches, to suppress aberrant immune activation,
which can lead to a cytokine storm, and to act as anti-thrombotic agents.
Adequate vitamin intake is necessary for proper body function and
strengthening of the immune system. In particular, vitamin B modulates
immune response by downregulating pro-inflammatory cytokines and
inflammation, reducing breathing difficulty and gastrointestinal prob-
lems, preventing hypercoagulability, potentially improving outcomes
and reducing the length of stay in the hospital for COVID-19 patients.
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Abstract: Vitamin By, is essential for DNA synthesis and for cellular energy production.
This review aims to outline the metabolism of vitamin B, and to evaluate the causes and
consequences of sub-clinical vitamin Bj, deficiency. Vitamin B, deficiency is common,
mainly due to limited dietary intake of animal foods or malabsorption of the vitamin.
Vegetarians are at risk of vitamin B, deficiency as are other groups with low intakes of
animal foods or those with restrictive dietary patterns. Malabsorption of vitamin B, is
most commonly seen in the elderly, secondary to gastric achlorhydria. The symptoms of
sub-clinical deficiency are subtle and often not recognized. The long-term consequences of
sub-clinical deficiency are not fully known but may include adverse effects on pregnancy
outcomes, vascular, cognitive, bone and eye health.

Keywords: vitamin Bj;; physiology; nutrition; adults; chronic disease

Vitamin B, deficiency was first described in 1849, and was considered to have a fatal outcome
until 1926 when a diet of liver, high in vitamin B;,, was shown to slow the disease process. Much is
now known about the biochemistry and metabolism of vitamin B;,, however, the diagnosis of its
deficiency has become more complicated with the classification of a “sub-clinical” deficiency
category, characterized by serum vitamin B, concentrations that were once considered to be adequate.
Vitamin Bj, deficiency was previously thought to take many years to develop, and only in strict
vegetarians or those with pernicious anaemia. More recent research has suggested that there are disease
implications associated with sub-clinical Bj, deficiency, which develop most commonly due to
malabsorption or dietary inadequacy. The rates of sub-clinical deficiency of vitamin Bj, are high in
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developing countries, in the elderly, and in vegetarian populations. The long term consequences are
not fully known but may include adverse effects on pregnancy outcomes and aspects of ageing.

1. Vitamin B, Function

Vitamin B, also known as cobalamin, comprises a number of forms including cyano-, methyl-,
deoxyadenosyl- and hydroxy-cobalamin. The cyano form, which is used in supplements, is found in
trace amounts in food [1]. The other forms of cobalamin can be converted to the methyl- or 5-
deoxyadenosyl forms that are required as co factors for methionine synthase and L-methyl-malonyl-
CoA mutase.

Methionine synthase is essential for the synthesis of purines and pyrimidines. The reaction depends
on methyl cobalamin as a co-factor and is also dependent on folate, in which the methyl group of
methyltetrahydrofolate is transferred to homocysteine to form methionine and tetrahydrofolate. A
deficiency of vitamin B;, and the interruption of this reaction leads to the development of
megaloblastic anaemia. Folate deficiency independent of vitamin Bj, also causes megaloblastic
anaemia [2]. Methylmalonyl CoA mutase converts methylmalonyl CoA to succinyl CoA, with 5-deoxy
adenosyl cobalamin required as a cofactor. It is a defect in this reaction, and the subsequent
accumulation of methylmalonyl CoA that is thought to be responsible for the neurological effects in
vitamin B, deficiency [2].

Serum vitamin Bj, is bound to proteins known as transcobalamins (TC). The majority of the
vitamin, approximately 80%, is transported on the inactive TCI (also called haptocorrin). The active
transport protein for vitamin By, is transcobalamin I (TCII), which caries about 20% of the vitamin in
the circulation [3]. Holo-transcobalamin (holo-TC) is TCII with attached cobalamin, which delivers
vitamin By, to cells. A low serum vitamin Bj, concentration can be associated with a deficiency of
TCI, while TCII levels and so vitamin B, status remain adequate [4].

2. Biochemical Assessment of Vitamin B, Status

Traditionally vitamin By, status is assessed by its concentrations in serum, however, concerns have
been raised about the use of serum vitamin B, measurements alone. Although low serum vitamin By,
concentrations are a sensitive indicator of vitamin B, deficiency and high vitamin B, concentrations
generally indicate sufficiency, the interpretation of the intermediate range of vitamin B
concentrations is unclear [4].

Methylmalonic acid (MMA) and homocysteine (tHcy) are recognized indicators of vitamin B,
status. Their measurement has highlighted the existence of sub-clinical deficiency, the consequences of
which are still being elucidated. MMA is considered to be the specific indicator of cobalamin
metabolism, and tHcy is raised in vitamin B, deficiency along with deficiencies of folate and vitamin
Bs. These biomarkers can be confounded by physiological or environmental conditions. Plasma tHcy
concentrations are elevated also with renal impairment, polymorphisms in methylenetetrahydrofolate
reductase (MTHFR), or the use of some medication. Plasma MMA concentrations are elevated also in
renal insufficiency, common in older people [4,5].

It has been recommended by some authors [6,7] that measuring serum vitamin B, concentrations
and following up low values with MMA measurements is an appropriate strategy for the assessment of
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vitamin Bj, status. However, the threshold of vitamin B;, at which further testing should occur is
controversial. A study of serum vitamin B, MMA and tHcy concentrations indicates that if a lower
limit of normal (200 ng/L or 147 pmol/L) is used, patients with increased MMA would be missed,
however, if higher values (500 ng/L or 370 pmol/L) are used, most patients would need follow-up
MMA tests which may be within the normal range [8]. Carmel recommends a composite criteria based
on serum vitamin B, < 148 pmol/L, or 148-258 pmol/L and MMA > 0.30umol/L, or tHcy >
13 nmol/L (females) and >15 nmol/L (males) be used to define inadequate vitamin B, status [9].

Studies that have assessed the use of holo-TC as a marker of vitamin B, status show similarity in
specificity and sensitivity to serum vitamin B, concentrations. However, when used in combination
with vitamin By, the predictive value for determining vitamin B, deficiency is improved [10].

3. Absorption

Vitamin B, is bound to protein in food and is available for absorption after it has been cleaved
from protein by the hydrochloric acid produced by the gastric mucosa. The released cobalamin then
attaches to R protein and passes into the duodenum where the R protein is removed and free cobalamin
binds to Intrinsic Factor (IF). The IF-cobalamin complex is absorbed by the distal ileum and requires
calcium [2]. Vitamin By, enters the circulation about 3—4 hours later bound to TC.

Vitamin By, is secreted in bile and reabsorbed via the enterohepatic circulation by ileal receptors
which require IF, thus the development of vitamin B, deficiency is likely to be more rapid in patients
with pernicious anaemia as IF is lacking [3]. Vitamin By, is excreted via the faeces, which is composed
of unabsorbed biliary vitamin B, gastrointestinal cells and secretions, and vitamin B, synthesised by
bacteria in the colon. It is estimated that daily vitamin B, losses are in proportion to body stores with
approximately 0.1% excreted per day [11]. Excessive vitamin By, in the circulation, e.g., such as after
injections, usually exceeds the binding capacity of TC and is excreted in the urine [3].

Historically, vitamin B, absorption has been measured by a number of methods including whole
body counting of radiolabeled vitamin B,, metabolic balance studies [1] or controlled feeding studies
in vitamin B,-depleted individuals [12].

It is known that the total amount of vitamin Bi, that is absorbed increases with vitamin Bi, intake
but that the percentage absorption decreases with increasing doses [13]. One study using crystalline
vitamin B, supplements reported that 50% was retained at a 1 pug dose, 20% at a 5 pg dose and 5% at
a 25 ng dose, suggesting saturation of the absorption mechanisms [14]. The absorption capacity is
thought to recover to baseline levels within 4-6 hours allowing for efficient absorption of the next
dose [11]. Approximately 1% of large doses of crystalline vitamin Bj, found in some supplements
(1,000png), are absorbed through a mass action process, even in the absence of IF [15], indicating
crystalline vitamin B, in high doses and food vitamin B, are absorbed by different mechanisms.

The Schilling test was the classical procedure for assessing the absorption of vitamin B, but is now
rarely used. As there has been no replacement a number of individual tests must be used to diagnose
the cause of vitamin B, deficiency. Tests that diagnose atrophic gastritis, a common cause of vitamin
B> malabsorption, include gastroscopy or serum gastrin and pepsinogen levels. Specific tests for
pernicious anaemia include IF antibodies and serum gastrin estimation. MMA and tHcy are better
markers of vitamin Bj, status, although they are not appropriate for testing absorption [16]. An



Nutrients 2010, 2 302

overview of the medical management of vitamin Bj, deficiency can be found in a recent article by
Ralph Carmel [17].

4. Food Sources and Bioavailability of Vitamin B,

Vitamin B, is synthesised by certain bacteria in the gastrointestinal tract of animals and is then
absorbed by the host animal. Vitamin By, is concentrated in animal tissues, hence, vitamin By, is found
only in foods of animal origin [11]. Foods that are high in vitamin B;; (pg/100g) include: liver
(26-58), beef and lamb (1-3), chicken (trace-1), eggs (1-2.5) and dairy foods (0.3-2.4).

There are no naturally occurring bioactive forms of vitamin Bj, from plant sources. Some plant
foods contain added vitamin Bj, and others e.g., seaweed and mushrooms contain vitamin By,
analogues that are inactive in humans, although 2 studies suggest certain types of Japanese seaweed
(nori) have prevented vitamin B, deficiency in vegans [18]. Some foods that are contaminated or
fermented by bacteria e.g., tempeh and Thai fish sauce, have been reported to contain vitamin By, [18],
although these may have low affinity with IF and may be poorly absorbed [19].

A number of methods have been used to determine the vitamin Bj, content of foods.
Microbiological assays using vitamin B, requiring bacteria were used, however, they are no longer the
reference method as measurement uncertainty is high. Radio isotope dilution assays with labeled
vitamin B, and hog IF are used [20]. Further advances are expected with the development of more
specific monoclonal antibodies tests using specific binding proteins [21].

The bioavailability of vitamin B;; in humans is dependent on an individual’s gastrointestinal
absorption capacity. As outlined previously, vitamin B, absorption is complex and there are adverse
changes with age. In view of the technical challenges and biological factors, there is little data on the
bioavailability of dietary vitamin B;, in humans. It is thought that 1.5-2.0 pg of synthetic vitamin B,
saturates the IF-cobalamin ileal receptors, but other studies have shown higher absorption rates [1,11].
In normal humans the absorption of vitamin B;, from foods has been shown to vary depending on the
quantity and type of protein consumed [19]. Vitamin Bj, from foods appear to have different
absorption rates with better absorption from chicken and beef as compared to eggs. Studies assessing
absorption of food bound vitamin B, from whole foods are described in Table 1.

5. Vitamin By, Requirement

The Recommended Dietary Intake (RDI) is set to prevent megaloblastic anaemia and maintain
adequate serum vitamin B, concentrations. It is assumed that 50% of dietary vitamin By, is absorbed.
The RDI and estimated average requirement (EAR) do not vary once adulthood is reached. However,
the US and Australian Nutrient Reference Values suggest that older adults with atrophic gastritis may
require higher intakes of vitamin B,,-rich foods, vitamin B, fortified foods or supplements [3,22]. The
US Institute of Medicine has recommended that adults over 51 years consume most of their vitamin
B, from fortified foods or from supplements, again recognising the high rates of malabsorption due to
gastritis that occurs with age. Vitamin By, stores last several years and the development of deficiency
is slow, however the combination of malabsorption and inadequate dietary intake will hasten
deficiency [3].
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Table 1. Bioavailability of vitamin B;, from whole foods.
. Vitamin B, % Absorption, . Reference
Food Type Subjects Analysis method
content mean (range)
. 0.9 pg in 100g
3 healthy young subjects i 65 (56-77) . [11]
portion Radiolabelled
. 3.03 pgin 200g vitamin By, ,
Mutton 2 healthy young subjects . 83
portion whole body
5.11 pg in 300 countin,
2 healthy young subjects ) He g 53 g
portion
6 healthy subjects 9.1 (5.1-19.5) Radiolabelled [11]
Liver pate 4 older subjects 38 g per serve 45(24-60)  ViaminBp,
whole body
5 subjects with .
.. . 1.8 (0-3.7) counting
pernicious anaemia
0.4-0.6 png in 100
COMEIMITEE 65 (5874 . [23]
portion Radiolabelled
. . 0.8-1.3 png in 200g vitamin By, ,
Chicken 3 healthy subjects . 63 (48-76) .
portion faecal excretion
1.3-1.9 pg in 300 studies
COHETITE 61 (49-75) !
portion
2.1 pgin 50
netnote 4 [24]
portion .
3.1 ug in 100 Radiolabelled
. in
Hg g 38 vitamin By, ,
. . portion
Fish 3 healthy subjects ) faecal and
9.2 pugin 200g . .
i 42 urinary excretion
portion .
13.3 pg in 300 Studies
. .Mg g 30
portion
Radiolabelled
Eggs: boiled, 0.9-1.4 ugin 100 itamin By, ,
g8 , 18 healthy subjects R R ! v 12 [25]
scrambled, fried portion faecal and

urinary excretion

6. Vitamin B;, Deficiency

Deficiency is usually caused by the malabsorption of vitamin B, although dietary inadequacy is

common in the elderly, vegans or ovo-lacto vegetarians with poor diets. Causes can also relate to

inadequate IF production, atrophic gastritis, interference with the ileal uptake of vitamin Bj, due to

disease, resection or interference by bacterial overgrowth, drug-nutrient interactions as well as some

less common genetic defects [3].

Vegans who consume no foods of animal origin can meet their vitamin Bj, requirement from

fortified foods or supplements. Ovo-lacto vegetarians with only a small intake of dairy foods or eggs,

may require supplemental vitamin B,,. Pregnant and/or lactating women following vegetarian or vegan

diets are at high risk of deficiency due to the increased metabolic demand for vitamin B, and require

adequate intake of vitamin B,-containing foods or supplements.
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The elderly are at risk of undernutrition in general, predominately due to reduced intake related to
illness but also due to physical capacity e.g., difficulties with food preparation, and psychological
factors e.g., depression. Protein bound malabsorption is thought to be the most common cause of sub-
clinical vitamin B, deficiency in the elderly and is commonly associated with some degree of atrophic
gastritis. Gastritis or inflammation of the gastric mucosa increases with age and results in a reduction,
or in some cases, complete loss of the acid required to cleave vitamin B, from protein. Synthetic
vitamin B, remains available for absorption as it is not protein bound [3,22].

Pernicious anemia is the end stage of an auto-immune gastritis and results in the loss of synthesis of
IF. 1t is this loss of IF that causes vitamin B, deficiency and if untreated, megaloblastic anaemia and
neurological complications develop. Pernicious anaemia is treated with vitamin B, injections, or large
doses of oral vitamin Bj,. Vitamin By, deficiency will also develop after gastric antrum resection as
this is the site of secretion of IF and acid [3].

Reduced ileal uptake of vitamin B, can be caused by competition for vitamin B, in patients with
bacterial overgrowth or parasitic infection. Resection or diseases of the ileum such as Crohn’s Disease
or other chronic bowel inflammatory conditions also cause malabsorption of vitamin By, [3].

The potential masking of vitamin B, deficiency by folate fortification of the food supply has also
raised some safety concerns. When vitamin Bj, concentrations are low, high doses of folate
(supplements or food fortification) allow DNA synthesis to continue, prevent megaloblastic anaemia
and potentially “mask” vitamin B, deficiency, potentially allowing homocysteine and MMA
concentrations to rise and neurological damage to progress. Neurological damage in the absence of
anaemia has been reported in 20-30% of cases of vitamin By, deficiency [4]. In view of this and the
effect of vitamin B, deficiency on pregnancy outcomes [26,27], there is discussion of the need to
fortify flour with vitamin Bj,. Vitamin B, fortification of flour is most likely to benefit those with
poor dietary intake of vitamin B, and the elderly with food bound malabsorption, but would be
inadequate for those with pernicious anaemia, which affects 2—4% of the US population depending on
ethnicity [28]. Patients with pernicious anaemia require larger oral supplements (e.g., 500—1,000 pg/d)
or intramuscular injections. In developing countries, fortification could potentially have a more
significant impact as the population’s intake is often low. However, as yet there not enough
intervention trials on the effect of different fortification levels of flour in different populations [29].

7. Drug-nutrient Interactions

Some medications are thought to interfere with the absorption or metabolism of vitamin Bj,. These
include proton pump inhibitor (PPI) medications, metformin, nitrous oxide anaesthesia, some epileptic
medications and colchicine.

PPI medications are commonly used in the elderly for the treatment of gastro-oesophageal reflux
disease. PPI medications act by reducing the secretion of gastric acid and pepsin, theoretically leading
to a decrease in the absorption of protein-bound vitamin B;,. However, the current literature on PPI
usage and vitamin By, status is inconsistent [30-33]. The monitoring of vitamin Bj, concentrations is
recommended for patients undergoing prolonged PPI treatment, in recognition that the bioavailability
of food-bound vitamin B;; may be compromised [3].

Metformin is a biguanide used for the treatment of non-insulin dependent diabetes and some
patients taking this medication develop megaloblastic anaemia [34,35]. This may relate to intestinal
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mobility changes or bacterial overgrowth competing for vitamin By, in the gastrointestinal tract. It has
also been shown that calcium improves the uptake of vitamin B, in metformin users [35].

Nitrous oxide anesthesia inhibits methionine synthase and L-methylmalonyl-CoA mutase and
produces deficiency symptoms despite concentrations of serum vitamin By, in the normal range [36].
Antiepileptic drugs have been associated with low concentrations of vitamin Bj,, but this is
controversial with some studies showing no change and others increased levels of vitamin B, [37].

8. Vitamin B; and Neural Tube Defects (NTD)

NTD include spina bifida, anencephaly, and encephalocele. These are caused by the failure of the
neural tube to close during gestation. The aetiology of NTD is not fully understood but risk factors
include folate deficiency, genetic and environmental factors [26,27]. A significant reduction in NTD
has been reported since folate fortification of the US food supply [38]. As folate has reduced but not
eliminated rates of NTD, research is ongoing to determine further strategies to minimise risk. Low
vitamin By, status has been postulated as a potential risk factor for NTD [39] since vitamin By, acts as
a cofactor for methionine synthase in the folate cycle. When vitamin By, supply is low, the folate
needed for DNA synthesis remains trapped in the methylation cycle and cell replication is impaired.
Studies assessing the impact of vitamin B, status on NTD are shown in Table 2. The studies
consistently report a 2-4 fold increased risk of NTD with low vitamin B, status. The studies were
undertaken in a range of population groups including those that are exposed to folate fortified foods, as
well and non-fortified populations.

Table 2. Case control and cohort studies of vitamin B, and Neural Tube Defects.

Design and . .
Study Details Main Outcome
reference

In cases only, plasma vitamin B, and plasma folate
Case control

3] 81 NTD cases and 247 controls affected maternal Red Cell Folate (multiple r = 0.68, p
<0.001).

Case control . Women with lower vitamin B;, have increased risk of

84 NTD pregnancies and 110 controls
[40] NTD.
o ) Vitamin By, <185 pmol/L associated with the highest

Cohort [41] Vitamin By, at 15 weeks' gestation .
risk of NTD.

Case control . Lower serum vitamin By, (p = 0.005) in cases

46 NTD pregnancies and 44 controls

[42] compared to controls

Case control 35 NTD neonates and parents vs 24 normal o ) . .
Low vitamin By, in both the parents of child with NTD.

[43] neonates.

Case control . )

[44] 89 NTD and 422 controls Increased NTD risk with lower holo-TC.

Case control Low vitamin B, associated with 2-3 x increased risk

. 36 NTD vs normal pregnancy.

[45] for NTD
Case control For NTD holo-TC % (holo-TC/total TCII ) Qlvs Q4

46 NTD and 73 control mothers
[46] OR =5.0 (95% CI:1.3, 19.3).
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Table 2. Cont.

Case control

) 57 NTD cases and 186 controls Q1 vs Q5 of vitamin B, OR = 3.0 (95% CI:1.4, 6.3)
[47]
Case control . Case mothers with vitamin B, < 185 pmol/L
) 45 mothers and NTD children vs 83 controls i
[48] OR = 3.5-fold (95% CI:1.3, 8.9) for NTD risk.
Case control 56 NTD babies and mothers vs 97 control L . .
. Low vitamin By, levels increase risk of NTD.
[49] children and mothers.
Case control . " "
1[50] 60 NTD cases and 94 controls NTD for mothers for vitamin By, levels < 5 % vs >95
Case control 32 NTD pregnancies and 132 control . .
i MMA higher in cases vs controls.
[51] pregnancies.

'Study performed in folate fortified population, NTD = Neural tube defects, OR (95%CI) = Odds Ratio and
95% confidence interval, Q4 = 4" quartile, Q5 = 5" quintile, RBC = red blood cell, tHcy = total
homocysteine concentration, holo-TC = holotranscobalamin II, total TCII = total transcobalamin II, MMA =

methylmalonic acid

9. Vitamin B; and Cardiovascular Disease (CVD)

Nutritional risk factors for CVD include hypercholesterolaemia, hypertension and obesity. Elevated
tHcy concentrations are also considered a risk factor, however, it is unclear if tHcy is a modifiable risk
factor or an independent marker of the disease process. Much of the research into CVD and tHcy is
related to the effects of folate supplementation with or without the addition of vitamins B, and Be.
Investigations of the relationship between CVD and vitamin B, per se are limited.

Meta-analyses of prospective studies (Table 3) have consistently shown associations between tHcy
and increased risk of CVD. Supplementation with vitamin B, of doses ranging from 0.02—-1 mg/d
produces approximately 7% reduction in tHcy, while folate produces 10-30% reduction in risk.
Vitamin B¢ has been shown to have little effect [52].

Table 3. Meta-analyses of studies assessing vitamin B, and CVD.

Trial .
. Main Outcome
Type Study Details
Meta- . o S5uM tHcy increment associated with increased risk of
) 9 case-control studies. Assessed associations
analysis . CAD, OR = 1.6 (95% CI:1.4 to 1.7) for males and 1.8
between tHcy and CVD risk.
[53] (95% CI:1.3 to 1.9) for females.
Meta- . . . . . .
Ivsi 30 prospective or retrospective studies assessed 25% lower tHcy associated with lower risk of IHD &
analysis
Y tHcy and CVD risk. stroke.
[54]
Meta- . . . .
) B vitamin supplementation and tHcy lowering, o )
analysis o Vitamin B, (median dose 0.4 mg/d) - further decrease
assessed effect of vitamin B, (range 0.02—1.0 )
7 RCTs (-7%) in tHcy
mg/day)

[55]
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Table 3. Cont.

Meta-
) Preexisting CVD or renal disease- included 3 o o
analysis ) o ) ) Reduction in stroke risk in vitamin By, (1 mg/d)
studies of vitamin B, supplementation, with doses ] ]
12 RCTs intervention OR = 0.76 (95% CI:0.59, 0.96)
0.4-1.0 mg B,,/day.
[56]
Meta- .. . . .
. . o . Reduction in stroke greater in longer trials with more
analysis 4 studies assessed vitamin B;, supplementation ] . .
. tHcy lowering and no stroke history. No specific effect
8 RCTs (0.018-1 mg) and stroke risk L
of vitamin By,.
[57]
Meta-
analysis Assessed CIMT: 3 with vitamin By,: 0.4-0.5 mg/d; | CIMT, 1 FMD found in short-term not long term
24 RCTs endothelial function: 5 with By,: 6 pg—1 mg/day trials
[58]

pM = micromolar, tHcy = total homocysteine, CAD = coronary artery disease, OR = odds ratio,
Cl=confidence intervals, CVD = coronary vascular disease, IHD=ischaemic heart disese, CIMT = carotid
intima media thickness, FMD = flow mediated dilation

The recent B vitamin supplementation trials investigating the effect of tHcy reduction and CVD did
not show the expected reductions in risk of CVD [59-63]. All of these randomised controlled trials
(RCTs) included vitamin B, supplementation (ranging from 6 pg-1 mg) in tandem with folate, and it
is not possible to determine the individual impact of vitamin B;,. A number of reviews have discussed
the limitations of these trials [64-66] and identified inadequate treatment with vitamin B;, as one of
the limitations.

Subgroup analysis of the VISP Trial found that patients with higher baseline vitamin Bj;
concentrations, taking high dose vitamins, had the best outcomes and those with lower baseline
vitamin B, taking low-dose vitamins had the poorest outcomes for stroke, death, and coronary events,
suggesting higher vitamin B, doses may be needed in some patients [67]. Vitamin B, has been shown
to be a major determinant of tHcy concentrations in subjects with adequate folate status [68] and the
existence of vitamin Bj, deficiency could be one reason for the lack of effect of intervention with
folate [69].

10. Cognitive Decline

The assessment of vitamin By, status forms part of the screening process for dementia, however, the
effects of sub-clinical levels of vitamin Bj; on cognitive status are unclear. Studies investigating
cognitive decline and vitamin B, status using serum vitamin Bj, concentrations alone, have been
inconclusive [70]. Raised MMA concentrations are associated with cognitive decline and Alzheimer’s
Disease [71]. It has been suggested that holo-TC and MMA and the ratio holo-TC:vitamin B, [72,73]
are better correlated with cognition and the rate of cognitive decline in elderly subjects. In older people
with low vitamin By, status, a high serum folate concentration was associated with increased odds of
cognitive impairment, but in subjects with normal vitamin B, status, high serum folate was found to
be protective against cognitive impairment [74].
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To date, there are few intervention studies that examine the relationship between vitamin B;, and
cognitive function. A Cochrane review, based on 2 studies, identified no effect of supplementation
with vitamin B, alone on cognitive score in older adults [75]. A meta-analysis and review identified a
correlation between tHcy and Alzheimer’s Disease, and suggested the effect was due to lower levels of
vitamins B,, B¢ and folate [76]. These studies suggest a role for vitamin Bj, in the prevention of
cognitive decline. However, more long-term studies using biomarkers of vitamin B;, status and
intervention studies from mid-life are needed to determine the effects of B vitamins on cognition.

11. Osteoporosis

Dietary factors associated with the development of osteoporosis include inadequate protein, calcium
and vitamin D. More recently, there has been interest in the effect of other nutrients, including vitamin
B> on bone health.

Elevated tHcy has been associated with an increased risk of bone fractures, however it is not clear
whether this is related to tHcy per se, to the level of vitamins Bj,, B¢ or folate which are required for
its metabolism, or to other causes of elevated tHcy such as environmental factors or underlying
disease. A recent systematic review found that there is evidence for the association between tHcy and
increased fracture risk, but less conclusive evidence for tHcy and low bone mineral density (BMD) or
for the association between vitamin By, and either fracture risk or low BMD [77]. Intervention trials of
the association between B vitamin supplementation have also shown mixed results.

Positive effects of the supplementation of B vitamins on BMD have been found in a subgroup of
osteoporotic patients with high tHcy and stroke patients at risk for osteoporosis [78,79], but none in a
group of healthy older people or from the secondary analysis of the HOPE Trial for CVD
reduction [80,81]. Cohort studies with more than 1,000 subjects or smaller intervention trials are
summarized in Table 4. Some of the inconsistencies in study results may be due to differences in the
study populations [82,83], differences in the cut points used to define vitamin B, status, and the
reliance on serum vitamin B, concentrations rather than more specific biomarkers.

Table 4. Studies of vitamin B, and risk of osteoporosis or fracture.

Design Study Details Main Outcome Reduced
and risk
reference

Cohort Elderly, fracture risk Low vitamin By, and/or HHcy: RR = 3.8 (95% CI:1.2, 1.6) males and  Yes

[84] 2.8 (95% CI:1.3, 5.7) females

Cohort Elderly, fracture risk tHcy > 14, hip fracture HR = 1.49; (95% CI: 0.91, 2.46) No

[85]

Cohort Hip fracture risk fracture for high vs low tHey (=15 vs <9 uM), HR=2.42 (95% Yes

[86] CI:1.43, 4.09) in women

Cohort Elderly, fracture risk For 1 SD in tHey fracture RR =1.4 (95% CI:1.2, 1.6) Yes

[87]
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Table 4. Cont.

Cohort Elderly BMD, tHcy, OR for low BMD w HHcy >15 uM vs. low tHcy OR=1.96 (95% Yes
[88] MTHFR polymorphisms CI:1.40, 2.75) for females.
Cohort Elderly BMD and plasma  Vitamin B, <148 pM had lower BMD at hip (males) and spine Yes
[89] vitamins (females) p < 0.05.
Cohort Elderly subjects (n=1550)  Serum vitamin B, <15™ percentile: OR of osteoporosis/osteopenia = Yes
[90] 2.0 (95% CI:1.0, 3.9).
RCT [79] 559 subjects:5 mg folate, RR for hip fracture = 0.20 (95% CI: 0.08, 0.50) Yes
1.5 mg vitamin By, or
placebo
RCT [78] 47 Osteoporotic subjects No changes in BMD or bone metabolism markers. No
2.5 mg folate, 0.5 mg
vitamin By, and 25 mg B
or placebo.
RCT Healthy older n = 276; No differences in bone markers in vitamin vs placebo groups. No
[80] folate 1 mg, vitamin By,
0.5 mg, B¢ 10 mg or
placebo.
CT 5522 subjects with HR =1.06 (95% CI.:0.81, 1.40) for fracture risk in supplemented vs No

vascular disease, 2.5 mg non supplemented
folic acid, 50 mg By, 1 mg

vitamin By, or placebo

HHcy = hyperhomocysteinaemia, tHcy = total homocysteine, CI = confidence intervals, SD = standard
deviation, RR = relative risk, OR = odds ratio, HR = hazard ratio.

12. Other Aspects of Vitamin B;; and Ageing

Vitamin B, has been associated with the development of age related macular degeneration (AMD)
and risk of frailty, both leading causes of disability in the elderly.

AMD is the leading cause of vision loss in the elderly. Risk factors include increasing age, family
history, hypertension, smoking, obesity, sunlight exposure and hypercholesterolemia [91].
Some [91,92] but not all [93] cross sectional studies have found lower vitamin B, concentrations in
AMD cases. However, a recent RCT with 5205 female health professionals at risk of vascular disease
found a 34% reduction in the relative risk of AMD after supplementation with vitamins Bj,, B¢ and
folate (daily doses of 1 mg, 50 mg, 2.5 mg respectively) [94].

Frailty is characterized by muscle wasting, diminished strength, often with weight loss with or
without reduced nutritional intake. Frailty is associated with an increased vulnerability to stresses,
causing longer and more complicated recovery from illness or surgery [95].

Increased risk of frailty and disability has been associated with poor B vitamin status. Subjects with
vitamins B, and Bg in the lowest quintiles and subjects with elevated MMA and tHcy concentrations,
have been found to have increased risk of decline in physical function and the development of
frailty [96,97]. Two cross sectional studies found the length of hospital stay was associated with poor

vitamin B, status as assessed by MMA and serum vitamin Bj, concentrations [98,99]. To date there
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are limited studies, however, if improvements in nutrition can delay frailty progression, it could
significantly enhance the independence of the increasing numbers of older people.

13. Conclusion

Vitamin By, is a particularly important vitamin for women of childbearing age and for older people,
however, adequate vitamin Bj, status over the whole of the lifecycle is needed for optimal health.
There has been renewed interest in vitamin Bj, since the reporting of associations between
homocysteine and chronic disease, particularly vascular disease. The effects of sub-clinical deficiency
are not fully known and many aspects of vitamin Bj, absorption, bioavailability and metabolism are
yet to be determined. The identification of sensitive biomarkers of vitamin B, status will help
elucidate the relationships between vitamin B;, and chronic disease, and help to identify those at risk
of clinical and sub-clinical deficiency.
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Abstract: In vitro and some animal models have shown that quercetin, a polyphenol derived from
plants, has a wide range of biological actions including anti-carcinogenic, anti-inflammatory and
antiviral activities; as well as attenuating lipid peroxidation, platelet aggregation and capillary
permeability. This review focuses on the physicochemical properties, dietary sources, absorption,
bioavailability and metabolism of quercetin, especially main effects of quercetin on inflammation
and immune function. According to the results obtained both in vitro and in vivo, good perspectives
have been opened for quercetin. Nevertheless, further studies are needed to better characterize the
mechanisms of action underlying the beneficial effects of quercetin on inflammation and immunity.

Keywords: quercetin; inflammation; immune function; dietary sources; metabolism

1. Introduction

Quercetin, a flavonoid found in fruits and vegetables, has unique biological properties that
may improve mental/physical performance and reduce infection risk [1]. These properties form
the basis for potential benefits to overall health and disease resistance, including anti-carcinogenic,
anti-inflammatory, antiviral, antioxidant, and psychostimulant activities, as well as the ability to inhibit
lipid peroxidation, platelet aggregation and capillary permeability, and to stimulate mitochondrial
biogenesis [2]. Therefore, there is a pressing need for well-designed clinical trials to evaluate this novel
dietary supplement further. This article reviews effects of quercetin on inflammation and immunity in
mental and physical performance and health.

2. Physicochemical Properties of Quercetin

Quercetin is categorized as a flavonol, one of the six subclasses of flavonoid compounds. The name
has been used since 1857, and is derived from quercetum (oak forest), after Quercus. It is a naturally
occurring polar auxin transport inhibitor [3]. The International Union of Pure and Applied Chemistry
(IUPAC) nomenclature for quercetin is 3, 3/, 4/, 5, 7-pentahydroxyflvanone (or its synonym 3, 3/, 4/, 5,
7-pentahydroxy-2-phenylchromen-4-one). This means that quercetin has an OH group attached at
positions 3, 5,7, 3/, and 4. Common forms of quercetin were shown in Figure 1.
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Figure 1. Molecular structure of quercetin, quercetin glycoside, quercetin glucuronide, quercetin sulfate
and methylated quercetin.

Quercetin (C15H1007) is an aglycone, lacking an attached sugar. It is a brilliant citron yellow
needle crystal and entirely insoluble in cold water, poorly soluble in hot water, but quite soluble in
alcohol and lipids. A quercetin glycoside is formed by attaching a glycosyl group (a sugar such as
glucose, rhamnose, or rutinose) as a replacement for one of the OH groups (commonly at position 3).
The attached glycosyl group can change the solubility, absorption, and in vivo effects. As a general rule
of thumb, the presence of a glycosyl group (quercetin glycoside) results in increased water solubility
compared to quercetin aglycone [4,5].

A quercetin glycoside is unique by the attached glycosyl group. Generally, the term quercetin
should be used to describe the aglycone only; however, the name is occasionally used to refer to
quercetin-type molecules, including its glycosides in research and the supplement industry.

3. Dietary Sources of Quercetin

Quercetin-type flavonols (primarily as quercetin glycosides), the most abundant of the flavonoid
molecules, are widely distributed in plants. They are found in a variety of foods including apples,
berries, Brassica vegetables, capers, grapes, onions, shallots, tea, and tomatoes, as well as many
seeds, nuts, flowers, barks, and leaves. Quercetin is also found in medicinal botanicals, including
Ginkgo biloba, Hypericum perforatum, and Sambucus canadensis [6-8]. In red onions, higher concentrations
of quercetin occur in the outermost rings and in the part closest to the root, the latter being the part
of the plant with the highest concentration [9]. One study found that organically grown tomatoes
had 79% more quercetin than chemically grown fruit [10]. Quercetin is present in various kinds of
honey from different plant sources [11]. Food-based sources of quercetin include vegetables, fruits,
berries, nuts, beverages and other products of plant origin [12]. In the determined food, the highest
concentration is 234 mg /100 g of edible portion in capers (raw), the lowest concentration is 2 mg/100 g
of edible portion in black or green tea (Camellia sinensis) [13].

Dietary intake of quercetin was different in several countries. The estimated flavonoid intake
ranges from 50 to 800 mg/day (quercetin accounts for 75%), mostly depending on the consumption of
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fruits and vegetables and the intake of tea [14]. In the Suihua area of northern China, quercetin intake
was reported to be 4.37 mg/day, where the main food sources of flavonol was apples (7.4%), followed
by potatoes (3.9%), lettuce (3.8%) and oranges (3.8%) [15], whereas the average quercetin intake was
4.43 mg/day, with apple (3.7%), potato (2.5%), celery (2.2%), eggplant (2.2%), and actinidia (1.6%) being
the main food sources of quercetin in Harbin, China [16]. The most recent study showed that quercetin
intake is about 18 mg/day for Chinese healthy young males. In the USA, flavonol intake is about
13 mg/day for U.S. adults, while quercetin represents three-quarters of this amount. The mean quercetin
intake was approximately 14.90 to 16.39 mg per day. Onions, tea, and apples contained high amounts
of quercetin [17]. In Japan, the average and median quercetin intakes were 16.2 and 15.5 mg/day,
respectively; the quercetin intake by men was lower than that by women; and the quercetin intakes
showed a low correlation with age in both men and women. The estimated quercetin intake was similar
during summer and winter. Quercetin was mainly ingested from onions and green tea, both in summer
and in winter. Vegetables, such as asparagus, green pepper, tomatoes, and red leaf lettuce, were good
sources of quercetin in summer [18]. In Australia, black and green teas were the dominant sources of
quercetin. Other sources included onion, broccoli, apple, grape, and beans [19]. Analysis of the 24-h
recall data indicated an average adult intake of total flavonoids (>18 years) of 454 mg/day. Apple was
the most important source of quercetin until age 16-18 years, after which onion became an increasingly
important prominent source [19]. In Spain, the average daily intake of quercetin is 18.48 mg/day, which
is significantly higher than that in the United States (9.75 mg/day), based on sources like tea, citrus
fruits and juice, beers and ales, wines, melon, apples, onions, berries and bananas [20].

4. Absorption, Bioavailability and Metabolism of Quercetin

The first investigation on the pharmacokinetics of quercetin in humans suggested very poor oral
bioavailability after a single oral dose (~2%). The estimated absorption of quercetin glucoside, the
naturally occurring form of quercetin, ranges from 3% to 17% in healthy individuals receiving 100 mg.
The relatively low bioavailability of quercetin may be attributed to its low absorption, extensive
metabolism and/or rapid elimination.

4.1. Absorption

Quercetin glycosides might be differently absorbed based on the type of sugar attached [21].
Available evidence indicates that quercetin glucosides (like those found predominantly in onion
or shallot flesh) are far better absorbed than its rutinosides (the major quercetin glycoside in tea).
The glucosides are efficiently hydrolyzed in the small intestine by beta-glucosidases to the aglycone
form, much of which is then absorbed [22]. Quercetin glucuronic acid and its sulfuric acid derivatives
were more easily absorbed than quercetin [22]. Thereafter, its absorption is affected by differences in
its glycosylation, the food matrix from which it is consumed, and the co-administration of dietary
components such as fiber and fat [23]. Thus different sugar types and sugar group conjugation sites
will result in absorption variation.

Quercetin and derivatives are stable in gastric acid; however, there were no reports whether they
can be absorbed in stomach. Studies suggest that quercetin is absorbed in the upper segment of small
intestinal [24,25].

Among quercetin’s derivatives, conjugated forms of its glycosides are better absorbed than quercetin.
Purified quercetin glucosides are capable of interacting with the sodium dependent glucose transport
receptors in the mucosal epithelium and may therefore be absorbed by the small intestine in vivo [21].

4.2. Transformation and Transportation

After absorption, quercetin becomes metabolized in various organs including the small intestine,
colon, liver and kidney. Metabolites formed in the small intestine and liver by biotransformation
enzymes include the methylated, sulfo-substituted and glucuronidated forms [26,27]. A study
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regarding the tissue distribution in rats and pigs has shown that the highest accumulation of quercetin
and its metabolites are found in (rat) lung and (pig) liver and kidney [28].

Quercetin and derivatives are transformed into various metabolites (phenolic acid) by enteric
bacteria and enzymes in intestinal mucosal epithelial cells. These metabolites are absorbed, transformed
or excreted later. Moreover, bacteria ring fission of the aglycon occurs in both the small intestine and
colon, resulting in the breakdown of the backbone structure of quercetin and the subsequent formation
of smaller phenolics [29].

Quercetin metabolites analyzed in plasma and liver samples have shown that the concentrations
of its derivatives in the liver were lower than those in plasma, and the hepatic metabolites were
intensively methylated (90%-95%) [30]. Limited studies suggest that quercetin was methylated,
vulcanized and glucuronidated in liver [31].

Continuous intake of diet containing quercetin accumulated in blood and significantly increased
quercetin concentration in plasma, which was significantly correlated to its dietary content [32]. Quercetin is
present in a conjugated form in human blood whose major form is glycoside [33]. While isorhamnetin
and glucoside acid-sulfated derivatives of quercetin account for 91.5% of its metabolites, other
metabolites include its glucuronoside and methylated form [34]. Boulton also found that quercetin
conjugated plasma protein (albumin account for 99.4%), thus decreased its bioavailability in cells [35].

4.3. Excretion

The limited research suggests that quercetin and its metabolites tend to accumulate in the organs
involved in its metabolism and excretion, and that perhaps mitochondria might be an area of quercetin
concentration within cells [36—42]. Kidney is a major organ of excretion. Quercetin concentration in
urine increased with the increasing dose and time after intake of fruit juice was ingested in human [36],
perhaps benzoic acid derivatives are common metabolite of quercetin [37]. Human subjects can
absorb significant amounts of quercetin from food or supplements, and elimination is quite slow, with
a reported half-life ranging from 11 to 28 h [38]. The average terminal half-life of quercetin is 3.5 h [39].
The total recovery of C-quercetin in urine, feces and exhaled air is highly variable, depending on
the individual [40]. A high amount of absorbed quercetin is extensively metabolized and eventually
eliminated by the lungs [41]. Additional literature suggests that isoquercetin (glycosylated quercetin)
is more completely absorbed than quercetin in the aglycone form, and that the simultaneous ingestion
of quercetin with vitamin C, folate and additional flavonoids improves bioavailability [38,42].

All of these studies indicate that quercetin glucosides is absorbed in the upper segment of small
intestinal, then is methylated, sulfo-substituted and glucuronidated by biotransformation enzymes in
the small intestine and liver, and is finally excreted by kidney in urine.

5. Effect of Quercetin on Inflammation and Immune Function
5.1. In Vitro

5.1.1. Anti-Inflammation and Promotion of Immunity

Quercetin was reported as a long lasting anti-inflammatory substance that possesses strong
anti-inflammatory capacities [43,44]. It possesses anti-inflammatory potential that can be expressed
on different cell types, both in animal and human models [45-53]. It is known to possess both
mast cell stabilizing and gastrointestinal cytoprotective activity [54]. It can also play a modulating,
biphasic and regulatory action on inflammation and immunity [53]. Additionally, quercetin has
an immunosuppressive effect on dendritic cells function [55].

5.1.2. Mechanism of Action

Several studies invitro using different cell lines have shown that quercetin inhibits
lipopolysaccharide (LPS)-induced tumor necrosis factor o (TNF-«) production in macrophages [45]
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and LPS-induced IL-8 production in lung A549 cells [46]. Moreover, in glial cells it was even
shown that quercetin can inhibit LPS-induced mRINA levels of TNF-« and interleukin (IL)-1«, this
effect of quercetin resulted in a diminished apoptotic neuronal cell death induced by microglial
activation [47]. Quercetin inhibits production of inflammation-producing enzymes (cyclooxygenase
(COX) and lipoxygenase (LOX)) [48,49]. It limits LPS-induced inflammation via inhibition of
Src- and Syk-mediated phosphatidylinositol-3-Kinase (PI3K)-(p85) tyrosine phosphorylation and
subsequent Toll Like Receptor 4 (TLR4)/MyD88/PI3K complex formation that limits activation of
downstream signaling pathways in RAW 264.7 cells [50]. It can also inhibit FceRI-mediated release
of pro-inflammatory cytokines, tryptase and histamine from human umbilical cord blood-derived
cultured mast cells (hCBMCs); this inhibition appears to involve in inhibition of calcium influx, as well
as phospho-protein kinase C (PKC) [51]. The study of quercetin against H,O,-induced inflammation
showed the protective effects of quercetin against inflammation in human umbilical vein endothelial
cells (HUVECs) and indicated that the effect was mediated via the downregulation of vascular cell
adhesion molecule 1 (VCAM-1) and CD80 expression [52].

Quercetin significantly induces the gene expression as well as the production of Th-1 derived
interferon-y (IFN-y) and down-regulates Th-2 derived interleukin 4 (IL-4) by normal peripheral blood
mononuclear cells (PBMC). Furthermore, quercetin treatment increased the phenotypic expression of
IFN-y cells and decreased IL-4 positive cells by flow cytometry analysis, which corroborate with protein
secretion and gene expression studies. These results suggest that the beneficial immuno-stimulatory
effects of quercetin may be mediated through the induction of Th-1 derived cytokine, IFN-y, and
inhibition of Th-2 derived cytokine, IL-4 [56].

Quercetin is able to inhibit matrix metalloproteinases, which are normally inhibited by plasminogen
activator inhibitor 1 (PAI-1) in human dermal fibroblasts [57]. IL-1-stimulated IL-6 production from
human mast cells is regulated by biochemical pathways distinct from IgE-induced degranulation, and
quercetin can block both IL-6 secretion and two key signal transduction steps involved [58].

Quercetin is known to possess both mast cell stabilizing and gastrointestinal cytoprotective activity.
A study demonstrates that quercetin has a direct regulatory effect on basic functional properties of immune
cells which may be mediated by the extracellular regulated kinase 2 (Erk2) mitogen-activated protein
(MAP) kinase signal pathway in human mitogen-activated PBMC and purified T lymphocytes [54].

The property proves inhibitory to a huge panoply of molecular targets in the micromolar concentration
range, either by down-regulating or suppressing many inflammatory pathways and functions.
Quercetin has shown a biphasic behavior in basophils at nanomolar doses and hence its action
on cells involved in allergic inflammation. Quercetin affects immunity and inflammation by acting
mainly on leukocytes and targeting many intracellular signaling kinases and phosphatases, enzymes
and membrane proteins are often crucial for a cellular specific function. However, the wide group
of intracellular targets and the elevated number of natural compounds potentially effective as
anti-inflammatory therapeutic agents, asks for further insights and evidence to comprehend the
role of these substances in animal cell biology [53].

In vitro treatment of activated T cells with quercetin blocks IL-12-induced tyrosine phosphorylation
of JAK2, TYK2, STAT3, and STAT4, resulting in a decrease in IL-12-induced T cell proliferation and Th1
differentiation [59].

Taken as in vitro together, the possible pathway of quercetin on inflammation and immune
function is as follows (Figure 2).



Nutrients 2016, 8, 167

Quercetin

Quercetin

NF«xB

ERK JNK

\J

PPARY

¢ Ap.——> PPARY

L——L »TNFo, II-6, IL-1, IL-8

TNFa €«—%

» inflammation recruitment

INFa

facrophage

6 of 14

Figure 2. Working model on how quercetin block tumor necrosis factor-« (TNF«)-mediated inflammation.

Quercetin prevents TNF-o from directly activating extracellular signal-related kinase (ERK), c-Jun

NH,-terminal kinase (JNK), c-Jun, and nuclear factor-«B (NF-«B), which are potent inducers of

inflammatory gene expression and protein secretion. In addition, quercetin may indirectly prevent

inflammation by increasing peroxisome proliferator-activated receptor ¢ (PPARY) activity, thereby

antagonizing NF-«B or activator protein-1(AP-1) transcriptional activation of inflammatory genes.

Together, these block TNF-a-mediated induction of inflammatory cascades.

The main action of quercetin on inflammation and immune function in vitro is summarized in the

Table 1.

Table 1. Summary of the main effects of quercetin on inflammation and immune function in vitro.

Dosage Cell Lines Effect Mechanism Reference
Cells from animals
Pulmonary Epithelial PARP-1 inhibition and preservation of
100 pmol /L Cell (A549) cellular NAD1 and energy production (461
Anti-inflammation Inhibition of TNFx and IL-1c; Reduce
100 pmol/L N9 microglial cells of apoptotic neuronal cell death [47]
induced by microglial activation
3 pumol/L Gunea pig epithelial cells Inhlb.l tion of both cyclooxygenase [48]
and lipoxygenase
Inhibition of arsenite-induced
. Rat liver epithelial (RLE) COX-2 expression mainly by blocking
15-30 pmol/L cells the activation of the PI3K (491
signaling pathway
Inhibition of Src- and Syk-mediated
PI3K-(p85) tyrosine phosphorylation
. RAW 264.7 cells and subsequent~TLR4 /MyD88/PI3K [50]
complex formation that
limits activation of downstream
signaling pathways
Cells from human
Human umbilical cord Inhibition of intracellular calcium
10 umol/L blood-derived cultured  Anti-allergic and infl d PKC theta signali [51]
mast cells (hCBMCs) anti-inflammation; Intlux arn eta signaling
Protective effects
. s Blockage of interleukin-12 signaling
50 or 100 pg T lymphocyte against cell injury; through JAK-STAT pathway [52]
Gastrointestinal
cytoprotective action  Stabilization of mast cell and
gastrointestinal cytoprotection via
lactone stimulating mucus
- Mast cell

production, and inhibiting histamine
and serotonin release from intestinal
mast cells
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Table 1. Cont.

Dosage Cell Lines Effect Mechanism Reference

Inhibition of MMP-1 and

Human .
12.5-25.0 mmol/L  inflamed/UV-irradiated down-rf:gula.tlon qf MMP-l [54]
okin expression via an inhibition of the
AP-1 activation
Human umbilical .
0-210 umol/L vein endothelial glg‘g(? ;igliastslg; of VCAM-1 and [56]
cells (HUVECS) P
Human normal Induction of Th-1 derived cytokine,
0.5-50 mmol/L  peripheral blood Beneficial IFNgamma, and inhibition of Th-2 [57]
mononuclear cells immuno-stimulatory  derived cytokine, IL-4
Human umbilical cord effects Inhibition of IL-1-induced
1-100 mmol /L blood-derived cultured IL-6 secretion, p38 and [58]
mast cells (hCBMCs) PKC-theta phosphorylation
Inhibition of DC activation; DC
apoptosis; Downregulation of the
cytokines and chemokines,
disturbance of immunoregulation;
Attenuation of LPS-induced DC
>100 mmol/Lor  Mouse endritic . maturation and limitation of
Immunosuppression [55]

<50 mmol/L cells (mDCs) immunostimulatory activity;
downregulate of endocytosis and
impairment of Ag loading;
suppression of DC migration and
disconnection of the induction of

adaptive immune responses

5.2. In Vivo

5.2.1. Animal Models

Quercetin exerts inflammation and immune modulating activity in several murine models of
autoimmunity. In vivo, animal experiments also support an anti-inflammatory effect. Quercetin ameliorates
the inflammatory response induced by carrageenan [60] and a high-fat diet [61]. Quercetin reduced
visceral adipose tissue TNF-« and nitric oxide production and downregulated nitric oxide synthase
(NOS) expression in obese Zucker rats [62]. In chronic rat adjuvant induced arthritis, quercetin
decreased clinical signs of arthritis compared to untreated controls [63].

In rats, post-trauma administration of quercetin improves recovery of motor function after acute
traumatic spinal cord injury. Intraperitoneal (IP) doses of 5-100 micromoles quercetin/kg body weight
resulted in half or more of the animals walking, although with deficit [64]. This ability to promote
recovery from spinal cord injury appears to be highly dependent on the dose and frequency of dosing.
In this study a lower IP dose was ineffective. In another study, compared to an untreated control
group of animals (none of which recovered motor function sufficient to walk), quercetin administration
twice daily for three or 10 days resulted in about 50 percent of the animals recovering sufficient motor
function to walk. However, when quercetin was injected three times daily, none of the nine animals
recovered the ability to walk [65].

5.2.2. Mechanism of Action in Animal

Study has shown that quercetin exerted protective effect against irradiation-induced inflammation in
mice through increasing cytokine secretion [66]. Quercetin possesses activity against isoproterenol-induced
myocardial oxidative injury and immunity function impairment, and that the mechanism of
pharmacological action was related at least in part to the antioxidant activity of quercetin [67].
Quercetin decreased histological signs of acute inflammation in the treated animals in a dose-dependent
manner via suppressing leucocyte recruitment, decreasing chemokine levels and levels of the
lipid peroxidation end-product malondialdehyde, and increasing antioxidant enzyme activity in
experimental rat model [68].
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Quercetin ameliorated experimental allergic encephalomyelitis (EAE) by blocking IL-12 signaling
and Th1 differentiation [58] and experimental autoimmune myocarditis (EAM) in Dark Agouti rats
by interfering with production of pro-inflammatory (TNF-o and IL-17) and/or anti-inflammatory
(IL-10) cytokines [69]. Quercetin most likely universally suppresses the accumulation and activation
of immune cells, including anti-inflammatory cells, whereas it specifically increased gene expression
associated with mitochondrial oxidative phosphorylation in Western diet-induced obese mice.
Suppression of oxidative stress and NF-«kB activity likely contributed to the prevention of the
accumulation and activation of immune cells and resulting chronic inflammation of epididymal
adipose tissue in Western diet-induced obese mice [70].

5.2.3. Clinical Studies

Diet supplementation with combinations of resveratrol, pterostilbene, morin hydrate, quercetin,
d-tocotrienol, riboflavin, and nicotinic acid reduces cardiovascular risk factors in humans when
used as nutritional supplements with, or without, other dietary changes in healthy seniors and
hypercholesterolemic subjects [71].

In a randomized, double-blinded, placebo-controlled trial, 1002 subjects took 500 or 1000 mg/day
quercetin or a placebo for 12 weeks. For the group as a whole, quercetin supplementation had
no significant influence on rates of upper respiratory tract infections (URTI) compared to placebo.
In a subgroup of subjects age 40 or older who self-rated themselves as physically fit, 1000 mg/day
quercetin resulted in a statistically significant reduction in total sick days and symptom severity
associated with URTI [72]. Female subjects were supplemented with 500 or 1000 mg/day quercetin
or placebo for 12 weeks. While quercetin supplementation significantly increased plasma quercetin
levels, it had no influence on measure of immune function [73]. Quercetin (100 mg/day) did not alter
exercise-induced changes in several measures of immune function following three days of intense
exercise in trained athletes, but it significantly reduced URTI incidence (1 of 20 subjects in active versus
9 of 20 in placebo group) during the two-week post-exercise period [74]. A similar lack of effect on
strenuous exercise-induced immune system perturbation was found in subjects who took 1000 mg/day
of quercetin for three weeks before, during, and continuing for two weeks after the 160-km Western
States Endurance Run. In this study, however, there were no differences in the post-race illness rates
between quercetin and placebo groups [75].

There are several studies in humans investigating the correlation of quercetin and its immunomodulatory
effects. Quercetin does indeed reduce illness after intensive exercise. Again, under double-blind
conditions, Nieman et al. showed that a supplement of 1000 mg of quercetin alone three weeks before,
during and two weeks after a three-day period of 3 h of cycling in the winter resulted in a markedly
lower incidence of URTT in well-trained subjects in the two weeks after the intensified training, but
had no effect on exercise-induced immune dysfunction, inflammation and oxidative stress [76].

The literature is supportive of the anti-pathogenic capacities of quercetin when it is cultured with
target cells and a broad spectrum of pathogens including URTI-related rhinoviruses, adenoviruses and
coronaviruses. The impact of the co-ingestion of two or more flavonoids increases their bioavailability and
the outcomes on immunity. Nieman et al. determined the influence of two weeks of 1000 mg/day quercetin
compared with placebo supplementation on exercise performance and skeletal muscle mitochondrial
biogenesis in untrained, young adult males. It resulted in significantly reduced post-exercise measures
for both inflammation and oxidative stress, with a chronic augmentation of granulocyte oxidative burst
activity [77]. When taken together, quercetin showed a successful reduction in the illness rates of
exercise-stressed athletes as well as a chronic augmentation of their innate immune function.

Most in vitro research suggests that quercetin possesses anti-inflammation and immunological
improvement. However, the results from a double-blinded, placebo-controlled, randomized trial
indicated that quercetin supplementation at 500 and 1000 mg/day for 12 weeks significantly increased
plasma quercetin levels but had no influence on measures of innate immune function or inflammation
in community-dwelling adult females [73].
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Table 2. Summary of the main effects of quercetin on inflammation and immune function in vivo.

Dosage Subjects Effect Mechanism Reference
Animals
. Modulation of prostanoid synthesis
10 mg/kg diet Rat and cytokine production [60]
Anti-inflammation Increase of energy expenditure;
0.8% diet C57BL /6] mouse Decrease of interferon-y, [61]
interleukin-1«, and interleukin-4
Downregulation of visceral
adipose tissue inducible nitric oxide
10 mg/kg of L
body weight Zucker rat synthase expression, increase of [62]
yweig endothelial nitric oxide
synthase expression
160 mg/kg body
weight (oral
administration) . Inhibition of macrophage-derived
60 mg/kg Lewis rat cytokines and nitric oxide (631
(intra-cutaneous
injections)
10 and 40 mg/kg Increase of cytokine (interleukin-1
body weight Mouse and interleukin-6) secretion [60]
5-100 micromoles /kg
body weight D ¢ darv d
(administered Wistar rat Functional recovery of acute hecrealie. 0 Seiorll ary amaf?’;e [64,65]
intraperitoneally) spinal cord injury and motor through iron chelation, No effect
25 umol/kg function
Suppression of the accumulation
0.05% diet C57BL/6] mouse and activation of immune cells, [70]
Suppression of oxidative stress and
NFkB activity
Increase of activity in aspartate
transaminase, creatine kinase,
50, 100, 150 mﬁ/kg Wistar rat Amelioration of immunity .rutrlcl oxu.:le, mt}rlc 0>1<1de §ynthase, [59]
body weight function impairment %nterleul;n—l(], 1rc11ter eukin-1,
induced by isoproterenol; interleukin-8 an
Amelioration of brain lactate dehydrogenase
Sprague-Dawle damage and Increase of activity of endogenous
50 mg/kg prag Y neuroprotection, antioxidant enzymes and inhibition [67]
(SD) rat - . . .
experimental allergic of free radical generation
encephalomyelitis, Bl - - - -
. . : ockage of interleukin-12 signaling
50 or 100 ug SJL/J mice experlme.n'tal autoimmune and Th differentiation [68]
myocarditis
Interference of pro-inflammatory
10 or 20 mg/kg (oral . (TNF-« and IL-17) and/or
administration) Dark Agouti rat anti-inflammatory (IL-10) 169]
cytokines production
Human
. Inhibition of proteasome (nitric
50 and 100 mg/person Elderly Human Antl—lnﬂammatory oxide, C-reactive protein, [71]
subject properties ..
v-glutamyltransferase) activity
500 and 1000 mg/day Human subject Reduction of upper No effect [72]
respiratory tract infection
H . and total sick days;
1000 mg/day uman in Improvement in 12-min No effect [76]
treadmill P, .
treadmill time trial
performance
500 and 1000 mg/day Human subject No effect [73]
1000 mg/day Human cyclist No ef.fect on innate im.lnune No effect [74]
function or inflammation,
1000 mg/day Human runner illness rates No effect [75]
1000 mg/day Human cyclist No effect [77]




Nutrients 2016, 8, 167 10 of 14

These results suggest that quercetin exhibited anti-inflammation and immune-enhancement
in vitro (cells) and in vivo (animals), however, studies in human did not totally support these results
from cells and animals. The effect, in which quercetin acts as an immune booster in humans, needs to
be further verified for future broad application.

6. Summary

As a widespread flavonoid, quercetin is a safe and dietary supplement based on its broad range of
biological effects in animal. The results of these effects are not consistent, however, and the outcomes
need to be carefully evaluated, as they are dependent on the type of subject and their level of health.
Taken together, we know definitively that a quercetin glycoside is much more efficient than other
forms of quercetin. In the majority of the literature, we find references to the benefits of prolonged
supplementation with quercetin.

The future challenge is to investigate optimal benefits of quercetin, especially to the recommendation
for the protracted intake. For example, a carbohydrate drink may have a better effect than pure
quercetin preparation. The research in this area continues to determine the proper outcomes, dosing
regimen and adjuvants that may amplify any perceived bioactive effects of quercetin in vivo.
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Abstract: Vitamin E is a fat-soluble antioxidant that can protect the polyunsaturated fatty acids
(PUFASs) in the membrane from oxidation, regulate the production of reactive oxygen species (ROS)
and reactive nitrogen species (RNS), and modulate signal transduction. Immunomodulatory effects
of vitamin E have been observed in animal and human models under normal and disease conditions.
With advances in understating of the development, function, and regulation of dendritic cells (DCs),
macrophages, natural killer (NK) cells, T cells, and B cells, recent studies have focused on vitamin E’s
effects on specific immune cells. This review will summarize the immunological changes observed
with vitamin E intervention in animals and humans, and then describe the cell-specific effects of
vitamin E in order to understand the mechanisms of immunomodulation and implications of vitamin
E for immunological diseases.

Keywords: vitamin E; macrophages; T cells; dendritic cells; immunomodulation; infection

1. Vitamin E: Definition, Structure, Sources, and Functions

1.1. Definition and Structure

Vitamin E is the collective term for four tocopherols (x-, 3-, y-, and d-tocopherols) and four
tocotrienols (x-, -, v-, and d-tocotrienols) found in food. These forms have antioxidant activities,
but cannot be interconverted, and only a-tocopherol meets the human vitamin E requirement [1].
Tocopherols have a chromanol ring and a phytyl tail, while tocotrienols have a chromanol ring and an
unsaturated tail. The «-, 3-, -, and 8- forms differ in the number and position of methyl groups on the
chromanol structure. Natural tocopherols have only RRR stereochemistry, but synthetic tocopherols
are mixtures of eight stereoisomers (RRR-, RSR-, RRS-, RSS-, SRR-, SSR-, SRS-, S55-), because there are
three asymmetric carbon atoms (2R, 4'R, 8'R) present in the phytyl tail. The structures of tocopherols
and tocotrienols are shown in Figure 1.
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Figure 1. The structures of tocopherol and tocotrienols.

1.2. Sources

The major dietary sources of vitamin E are vegetable oils. Nuts are good sources of vitamin
E as well [2]. Soybean, sunflower, corn, walnut, cottonseed, palm, and wheat germ oils contain
relatively higher amounts (more than approximately 50 mg vitamin E/100 g oil) of vitamin E than
other oils. The proportions of -, 3-, y-, and 5-tocopherols vary depending on the oil type. Safflower
and sunflower oils are high in «-tocopherol, soybean and corn oils contain mainly y-tocopherol,
and cottonseed oil contains similar proportions of - and y-tocopherols. Therefore, the types of oils
consumed through the diet affect the dietary intake levels of a-tocopherol. Vitamin E supplements are
quite popular and contribute considerably to vitamin E intake among some populations. Either natural
or synthetic forms of «-tocopherol are used as supplements.

Despite the relatively higher intake of y-tocopherol from the diet than «-tocopherol, x-tocopherol
is the major form of vitamin E in the circulation because a-tocopherol transfer protein (x-TTP) has the
preferential binding affinity for a-tocopherol. x-TTP is involved in the transfer of a-tocopherol to the
plasma membrane [1].

1.3. Functions

Vitamin E is a major fat-soluble antioxidant that scavenges peroxyl radicals and terminates the
oxidation of polyunsaturated fatty acids (PUFAs). In the presence of vitamin E, peroxyl radicals react
with a-tocopherol instead of lipid hydroperoxide, the chain reaction of peroxyl radical production
is stopped, and further oxidation of PUFAs in the membrane is prevented [1]. Tocopheroxyl
radicals—produced from «-tocopherol and peroxyl radicals—are reduced by vitamin C or glutathione,
form tocopherol dimers, undergo further oxidation, or act as prooxidants. The antioxidant activity of
vitamin E may be responsible for the regulation of several enzymes involved in signal transduction
because the activity of signaling enzymes is regulated by the redox state.

Vitamin E inhibits protein kinase C (PKC) activity by increasing PKC-« dephosphorylation
through the activation of protein phosphatase 2A. The inhibition of PKC by vitamin E has been
reported in various cells, and consequently, the inhibition of platelet aggregation; reduced proliferation
of monocytes, macrophages, neutrophils, and vascular smooth muscle cells; and decreased superoxide
production in neutrophils and macrophages have been observed [3,4].

Vitamin E may directly bind to the enzymes involved in the generation of lipid mediators or to
the transport proteins involved in signal transduction. Vitamin E may affect the membrane protein
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interaction and translocation of the enzymes to the plasma membrane and therefore change the activity
of signal transduction enzymes [4].

2. Modulation of Immune Responses and Infectious Diseases by Vitamin E Supplementation

2.1. Immune Responses in Animals

Dietary interventions of vitamin E at supplemental levels have been shown to enhance
cell-mediated and humoral immune responses in various species of animals. Increased lymphocyte
proliferation, immunoglobulin levels, antibody responses, natural killer (NK) cell activity,
and interleukin (IL)-2 production have been reported with vitamin E supplementation (Table 1).

2.2. Immune Responses in Humans

In humans, many intervention studies have reported increased lymphocyte proliferation
in response to mitogenic stimulation, enhanced delayed type hypersensitivity (DTH) response,
increased IL-2 production, and decreased IL-6 production with vitamin E supplementation above
the recommended levels. However, some studies showed no difference or decreased lymphocyte
proliferation responses and decreased chemiluminescence. (Table 2). Differences in dose of vitamin E
supplementation used, magnitude of vitamin E level changes with supplementation, age of subjects,
and methodology (determination of antibody levels with or without specific vaccination) might have
contributed to the different results observed.

2.3. Infectious Diseases in Animals

The immunostimulatory effect of vitamin E has resulted in enhanced resistance against several
pathogens. Animal studies in which infectious disease models were used to test the effects of vitamin
E supplementation are listed in Table 3.

The mechanisms involved with protection against infectious agents were increased macrophage
activity and antibody (Ab) production for D. pneumoniae type 1 [5], and higher NK activity and Thl
response for influenza virus [6,7].

2.4. Infectious Diseases in Humans

In humans, the effects of vitamin E on the natural incidence of infectious diseases have been
determined in several studies (Table 4). Many studies provided evidence that the immunostimulatory
effects of vitamin E confer improved resistance to infections. However, the magnitudes of the effects
were rather small, and in some studies, positive effects were only observed in subgroups of subjects.
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Table 1. Modulation of immune responses by vitamin E in animal models.

40f 18

Species

Dosage and Duration

Form of Vitamin E Used

Results

References

Chicks, female broiler (1 = 6/group,
6 replicate)

100 mg/kg diet for 21 days

DL-&-tocopheryl acetate

TPlasma IgM levels at day 21

<+Splenic expressions of TNF-«, IFN-y, IL-2, IL-10

Dalia et al. 2018 [8]

Pregnant cows (1 = 24/group)

250 IU/day from day 107 of
gestation to day 21 of lactation

NA

11gG and IgA concentration in sow plasma

Wang et al. 2017 [9]

Domestic cats (39 castrated male and
33 intact female) (n = 8/ group)

225,450 mg/kg diet for 28 days

a-tocopherol

TLymphocyte proliferation (ConA, PHA)

O’ Brien et al. 2015 [10]

Young and old mice (n = 11-13/group)

500 mg/kg diet for 6 weeks

DL-x-tocotrienol

TLymphocyte proliferation in old (ConA, PHA)

TIL-1p production in young

Ren et al. 2010 [11]

Young rats (n = 6/group)

50, 200 mg/kg diet for
8-10 weeks

TLymphocyte proliferation (ConA, LPS)

Bendich et al. 1986 [12]

Old mice (1 = 10/group)

500 mg/kg diet for 6 weeks

DL-o-tocopheryl acetate

TLymphocyte proliferation (ConA, LPS)
1DTH response
11L-2 production
JPGE, production

Meydani et al. 1986 [13]

Young and old mice (n = 5/group)

500 IU (500 mg) for 9 weeks

DL-«-tocopherol acetate

TLymphocyte proliferation (ConA) in young

< Lymphocyte proliferation (ConA) in old
1IEN-y in young under restraint stress

Wakikawa et al. 1999 [14]

Young rats (n = 10/ group)

50, 100, 250, 500, 2500 mg/kg
diet for 7 days

DL-x-tocopheryl acetate

TLymphocyte proliferation (>100 mg/kg diet,

ConA) (>250 mg/kg diet, LPS)
INK activity (>250 mg/kg diet)

Moriguchi et al. 1990 [15]

Old rats (n = 5/group)

585 mg/kg diet for 12 months

DL-a-tocopheryl nicotinate

TLymphocyte proliferation (ConA, PHA)
TIL-2 production

Sakai S & Moriguchi 1997 [16]

Young calves (n = 8/group)

125, 250, 500 IU (125, 250,

DL-&-tocopheryl acetate

TLymphocyte proliferation (PHA, ConA,
pokeweed mitogen)

Reddy et al. 1987 [17]

500 mg)/day for 24 weeks 1Antibovine herpesvirus Ab titer to booster in
125 IU/day group
. _ . . g 1TAb response
Young mice (n = 8/group) 200 mg/kg diet for 6-12 weeks a-tocopheryl acetate {Helper T cell activity Tanake et al. 1979 [18]

Mice (n = 10/group)

500 mg/kg diet for 6 months

a-tocopherol acetate (Tekland,
Madison, WI)

JL-6 and PGEs (unstimulated) production by

macrophages

JNitric oxide production (LPS) by macrophages

Beharka et al. 2000 [19]

Ab, antibody; ConA, concanavalin A; IFN-y, interferon-y; LPS, lipopolysaccharide; PGE,, prostaglandin E,; PHA, phytohemagglutinin; TNF, Tumor necrosis factor.
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Table 2. Modulation of immune responses by vitamin E in humans.

50f18

Subjects Age Amount and Duration of Supplementation ~ Form of Vitamin E Used Effects on Inmune Function References
Young (1 = 5) and senior - 4.6 £+ 0.3 mg/100 mL of vitamin E-enriched - 3 .
athletes (1 = 5) 18-25, 35-57 beverage 5 days/week for 5 weeks «-tocopherol acetate 115LOX2, TNF-« expression Capo et al. 2016 [20]
g:“::"cotgei"} L4 (TT vaccine), IFN-y (ConA)
Healthy women (n = 108) 18-25 400 mg TRF/day for 56 days y-tocotrieno Mahalingam et al. 2011 [21]
D-d-tocotrienol
D-«-tocopherol L6 (LPS)
Health}znm_erlxgar;i)women 20-50 200 mg/day for 56 days a-tocopherol «IL-4, IFN-y production (ConA) Radhakrishnan et al. 2009 [22]
JLymphocyte proliferation (PHA)
Adult male(iajl(lils};oung boys 25-30,13-18 300 mg/day for 3 weeks DL-a-tocopheryl acetate +~DTH Prasad 1980 [23]
- JBactericidal activity
Institutionalized adult males 24-104 200, 400 mg/day for 6 months «-tocopherol acetate < Ab development to influenza virus Harman and Miller 1986 [24]
and females (1 = 103)
1TLymphocyte proliferation (ConA)
Healthy elderly males and TDTH .
- . 5
females (1 = 32) >60 800 mg/day for 30 days DL-a-tocopheryl acetate H1L-2 production (ConA) Meydani et al. 1990 [25]
JPGE; production (PHA)
Eldery males and females . < Lymphocyte proliferation (ConA, PHA)
(n=74) >65 100 mg/day for 3 months DL-a-tocopheryl acetate 515G, IgA levels De Waart et al. 1997 [26]
Healtg};:;{ie (:g r_n;};;s and >65 60, 200, 800 mg/day for 235 days DL-a-tocopherol 1DTH and antibody titer to hepatitis B with 200, 800 mg Meydani et al. 1997 [27]
1No. of positive DTH reaction with 100 mg
Healthy elderly males and o TdDiameter of induration of DTH reaction in a
females (1 = 161) 65-80 50, 100 mg/day for 6 months DL-a-tocopheryl acetate subgroup supplemented with 100 mg Pallast et al. 1999 [28]
<IL-2 production
JIFN-y production
Healthy young adults (n = 31) 600 mg/day for 3 months40 mg/kg body . .
and premature infants (1 = 10) 24-31 weight for 814 days JChemiluminescence Okano et al. 1990 [29]
Cigarette smoker (1 = 60) 33+4 900 IU/day for 6 weeks JChemiluminescence Richards et al. 1990 [30]
Healthy males (n = 40) 24-57 200 mg/day for 4 months all-rac-a-tocopherol Prevented ﬁs}l_ml}?i:gfﬁ;?f pression of ConA Kramer et al. 1991 [31]
_ . 1TDTH (maximal diameter) in 100, 200, 400 mg groups
Healthy elderly (1 = 40) >65 100, 200, or 400 mg/day for 3 months DL-«-tocopherol +Lymphocyte proliferation (ConA) in 200 mg group Wau et al. 2006 [32]
Sedentary youngand elderly  ,, o9 55 7 800 IU (727 mg)/day for 48 days DL-a-tocopherol JIL-6 secretion Cannon et al. 1991 [33]

males (n =21)

JExercise-enhanced IL-1p secretion

ConA, concanavalin A; DTH, delayed type hypersensitivity; [IFN-y, interferon-y; 15LOX2, 15-lipoxygenase-2; PGE,, prostaglandin E;; PHA, phytohemagglutinin; TRF, tocotrienol-rich

fraction; TT vaccine, tetanous toxoid vaccine.
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Table 3. Effects of vitamin E supplementation on infectious diseases in animal models.
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Dose and Duration of

Form of Vitamin E

Infection Organism and

Subiects Ace Results: Effects of Vitamin E References
J 8 Supplementation Used Route of Infection Supplementation
Mice BALB/c 6 months 100 mg/kg for 8 days before 8-, v-Tocotrienol MRSA, inoculated onto Higher NK cytotoxicity

(n =3-6/group)

MRSA-challenge

superficial surgical wounds

Higher IL-24 mRNA expression levels

Pierpaoli et al. 2017 [34]

Young and aged male
mice C57BL/6

2, 22-26 months

500 mg/kg for 4 weeks prior to

D-a-tocopheryl

Streptococcus pneumoniae,

1000-fold fewer bacteria in their lung
Age-associated higher production of

infection acetate intra-tracheally injected proinflammatory cytokines (TNF-, IL-6) Bou Ghanem et al. 2015 [35]
(n = 6/group) were reduced
3-fold reduction in the number of PMNs
) No difference in serum IgG or peripheral
V\E(;rr_r; é;eeri)a;mt)as 28-32 weeks 531U (3'51’3 mg) l/< kg BW for D-a-tocopherol H. contortus 1&3Alarvae, route mRNA expression of IL-4 or IFN-y De Wolf et al. 2014 [36]
=b/group weeks Lower PCV, FEC, and worm burden
Deficient, Adequate RAIE%EeSr.Vi:ﬁl tli)tre‘ and'tI}I: %’(;H;I,Ff‘x’
Male mice BALB/c . (38.4 mg/kg diet), or DL-a-tocopheryl . £ In the brain with L deticiency .
(1 = 6-7/group) At weaning Supplemented (384 mg/kg acotate HSV-1, intranasally No difference in expressions of IL-6, Sheridan & Beck. 2008 [37]
. TNFe, IL-1p3, and IL-10 between
diet) for 4 weeks
adequate and supplemented
Mice C57BL : DL-a-tocopherol Influenza by nasal Lower viral titer
(n =6-9/group) 22 months 500 mg/kg diet for 8 weeks acetate inoculation Higher IL-2 and IFN-y production Han et al. 2000 [6]
Mice, C57BL/6 . DL-a-tocopherol Influenza A/PC/1/73 R
(1 = 4-9) 22 months 500mg/kg diet for 6 weeks acetate (H3N2) by nasal inoculation Lower viral titre Hayek et al. 1997 [7]
Mice, C57BL/6 (1 = 6) 5 weeks 160 IU/L liquid diet for 4, 8,12,  all-rac-o-tocopheryl Murme' LP-BM5 l.eu.kaejmla Restored IL-2 and IFN—'y p'roducAtlon by Wang et al. 1994 [36]
16 weeks acetate retrovirus by IP injection splenocytes following infection
. 1400 or 2800 mg orally once per o . . e Serum from vitamin E-supplemented
Calves, Holstein 1d week, 1400 mg injection once pL-octocopheryl Bovine rh1¥10tr.ache1tls VIS calves inhibited the replication of bovine Reddy et al. 1986 [39]
n=7) acetate in vitro . RS ..
per week for 12 weeks rhinotracheitis virus in vitro
Mice, Swiss Webster . DL-x-tocopheryl Diplococcus pneumoniae type 1 . . . .
(1 = 10) 4 weeks 180 mg/kg diet for 4 weeks acetate by IP injection Higher survival Heinzerling et al. 1974a [5]
. 25 or 250 mg/kg bw orally for Pseudomonas aeruginosa,
Mlc(er,l EEA;S“)B /¢ NA 4 days, starting 2 days before DL—oc;t(;cttheryl subeschar injection to burned Lower mortality rate Fang et al. 1990 [40]
- burn injury cetate mice
Mice, BALB/C (NA) 3 weeks 4000mg/kg diet for 2, 4, or Vitamin E injectable Listeria m‘.m.o <y %ogenes by IP No difference in resistance Watson & Petro 1982 [41]
14 weeks (aqueous) injection
Rats, Sprague-Dawley 3 weeks . 180.mg /kg d1.et + 6000 IU DL-a-tocopheryl Mycoplasma pulmonis by Higher resistance to infection Tvedten et al. 1973 [42]
(n=6) vitamin A /kg diet for 6 weeks acetate aerosol
Lambs (1 = 10) NA 1000 IU orally, 300 mg/kg diet DL-a-tocopheryl Chlamydia by intratracheal =~ Faster recovery (higher food intake and

for 23 days

acetate

inoculation

weight gains)

Stephens et al. 1979 [43]
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Dose and Duration of

Form of Vitamin E

Infection Organism and

Results: Effects of Vitamin E

References

Subjects Age Supplementation Used Route of Infection Supplementation
. No effect on mortality by vitamin E
500 mg/kg diet for 14 days .
Turkey, broadbreasted . > DL-a-tocopheryl : o supplementation alone : :
i & , : . . hil 79 [44
white poults (1 = 6) 1day before 1nfect19n anq 18-21 days acetate Histomonas meleagridis, oral Lower mortality and lesion score in Schildknecht & Squibb 1979 [44]
after infection - A .
combination with ipronidazole
200 mg/ pig per day for 59 . hervl Improved weight gain and recovery rate
Pigs (n =6) NA days before infection and 22 DL-&-tocophery; Treponema hyodysenteriae, oral No beneficial effect on appetite and Teige et al. 1982 [45]
days after infection acetate diarrhoea
L . Higher Ab titre
. . Clostridium perfringens type D . gher - .
Sheep (1 = 12) 3-6 months 300 mg/kg c‘het starting 2 DL-x-tocopheryl by IV injection after two IM Fail to prove beneficial effect of V}tamm Tengerdy et al. 1983 [46]
weeks before first vaccination acetate s E on protection (none of the vaccinated
vaccinations .
lambs died)
Natural occurrence of clinical
Cows (n = 20) NA 740 mg/cow per day, duration PL-octocopheryl mastitis due to Streptoco‘ccz, Lower clinical cases of mastitis Smith et al. 1984 [47]
NA acetate Coliform, Staphylococci,
Clostridium bovis
Chicks, broiler 150 mg or 300mg/kg diet for 2 DL-a-tocopheryl Escherichia coli, orally and Lower mortality . . .
(n=12-14) 1day weeks before infection acetate post-thoracic air sac Higher Ab titre Heinzerling et al. 1974b [45]
. . 300 mg/kg diet for 6 weeks,
Chl;f? llagc)nler 1 day starting 3 weeks before first DL-oc;tC(;ctgiheryl E. coli, post-thoracic air sac Lower mortality Tengerdy & Nockels 1975 [49]
B infection
Chicks, Leghorn 300 mg/kg diet for 4 weeks DL--tocopheryl . S . . =
(n=22) 1 day before infection acetate E. coli by IV injection Lower mortality Likoff et al. 1981 [50]
100, 000 mg/t diet for 10 Tom Vs‘:;m}‘{; E‘jvar 4
Pigs (n = 10) 6-8 weeks weeks, starting 2 weeks before P ay ! E. coli by IM injection Higher serum Ab titre Ellis & Vorhies 1976 [51]
. X Minneapolis, MN,
infection USA

Ab, antibody; FEC, fecal egg count; HSV, Herpes simplex virus; MRSA, IFN-y, interferon-y; IM, intramuscular; IV, intravenous; Methicillin-resistant Staphylococcus aureus; NK, natural
killer; PCV, packed cell volume; PMN, polymorphonuclear leukocyte, RANTES, regulated on activation, normal T cell expressed and secreted; TNF-«, tumor necrosis factor-«.
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Table 4. Effects of vitamin E supplementation on infectious diseases in humans.
Subiects Ace Dose and Duration of Form of Vitamin E Infection Organism and Route Results: Effects of Vitamin E References
J 8 Supplementation Used of Infection Supplementation
69% Lower incidence of pneumonia
among subgroups including participants
— hervl who smoked 5-19 cigarettes per day at
Male smoker 50-69 50 mg/d for median of 6 years 'O‘;C(zctz& ery Natural incidence of pneumonia baseline and exercised at leisure time Hemila et al. 2016 [52]
14% Lower incidence of pneumonia
among subgroups including participants
who smoked >20 cigarettes per day at
baseline and did not exercise
30 mg during pregnancy
HIV-infected (multivitamin form with 20 mg Natural incidence of malaria Lower incidence of presumptive clinical
pregnant Tanzanian 25.4 vitamins B1, 20 mg B2, 25 mg B6, 100 NA after having received malaria malaria, but higher risk of any malaria Olofin et al. 2014 [53]
women mg niacin, 50 ug B12, 500 mg C, prophylaxis during pregnancy parasitemia
and 800 pg folic acid)
Reduced glutathione (GSH) and
. . ~ glutathione peroxidase, which are
H C\;)- i;z?etz ‘zlilrtr};losis 54-75 90311[?0(5?1;(_))3 /r;ag f;)Oeré r?li)iiﬁsls a-tocopherol Natural incidence of cirrhosis significantly lower in cirrhotic patients Marotta et al. 2007 [54]
& Y (p < 0.05), were comparably improved
by vitamin E regimens
. . . 945 U (634.23 mg)/day for 6 months . . .
Pat1ents]§/lv ét\}; chronic 18-75 with 500 mg ascorbic acid and 200 D-a-tocopherol Natural incidence of HCV No d1fferenc1e—11é1\;f1 gﬁ;zn log plasma Groenbak et al. 2006 [55]
ug of selenium
Fewer numbers of subjects with all and
Nursipg home >65 200 IU/day for 1 year DL-a-tocopherol Natural inc.idenc-e of respiratory upper respiratory infections Meydani et al. 2004 [56]
residents infections Lower incidence of common cold
No effect on lower respiratory infection
. Natural incidence of common Lower incidence of common cold .
Male smokers 50-69 50 mg/day during 4-year follow-up a-tocopherol cold episodes Reduction was greatest among older city Hemila et al. 2002 [57]
dwellers who smoked fewer than 15
cigarettes per day
hervl No overall effect on the incidence of
Male smokers 50-69 years 50 mg/day for median of 6.1 years DL-a-tocophery Natural incidence of pneumonia pneumonia. Hemila et al. 2004 [58]
acetate Lower incidence of pneumonia among
the subjects who had initiated smoking
at a later age (>21)
e . Natural incidence and severity of L .
Non-.1nst.1t1.1t1onahzed >60 years 200 mg/day for median of 441 days  «-tocopherol acetate self-reported acute respiratory No effect on 1‘nc1dence anfi severity of Graat et al. 2002 [59]
individuals . - acute respiratory tract infections
tract infections
HCV, hepatitis C virus.
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3. Vitamin E and Immune Cells

The immunomodulatory mechanisms of «-tocopherol in immune cells are depicted in Figure 2.

HO

a-Tocopherol

1 Suppression by PGE2

/ T T cell proliferation
A4

/

[ ; / <!
L]
N A
Macrophages Dendritic cells Teells B cells NK cells
| PGE2inold T Kiotho T Proliferation T Abresponse T NK activity
1 COX2 activity J CD11*DCs T Synapse
L NO 112 formation 1 NK activity
L Migration IL-2 with low vit E
(observed at very + L4
high levels of vit ~ Activation
E) induced cell
death

Figure 2. Immunomodulatory effects of vitamin E on immune cells. Abbreviations: PGE,,
prostaglandin E,; COX2, Cyclooxygenase 2; NO, Nitric oxide; CD, Clusters of Differentiation; DCs,
Dendritic cells; IL-12, Interleukin-12; Ab, antibody; NK, Natural killer.

3.1. Macrophages

Macrophages, important effector cells in the innate immune response, serve as antigen presenting
cells (APC) and regulate NK cells and T cells by producing cytokines, reactive oxygen species (ROS),
reactive nitrogen species (RNS), and prostaglandins. Cytokines produced by T cells and other immune
cells can shift the macrophages into different populations with distinct physiologies [60].

The effects of vitamin E on prostaglandin (PG)E; production by macrophages from the aged
have been suggested as one of the mechanisms by which vitamin E improves the age-associated
decrease in the T cell-mediated immune response [61]. In a co-culture experiment in which purified
T cells and macrophages from young and old mice were cultured together, T cells from young mice
showed suppressed proliferation and IL-2 secretion when cultured with macrophages from old mice.
When macrophages from old mice were pre-incubated with 10 ng/mL vitamin E for 4 h, co-cultures
of old macrophages and young T cells showed significant improvement in proliferation. Vitamin E
pre-incubation of old macrophages improved proliferation and IL-2 production in co-cultures of old
macrophages and old T cells [62]. Macrophages from old mice produced significantly higher levels of
PGE;, which was due to higher cyclooxygenase (COX) activity. Macrophages from old mice expressed
higher levels of inducible COX2 protein and mRNA [63]. These increases in PGE, synthesis and COX
activity were lowered by in vivo vitamin E supplementation [64]. Macrophages isolated from old
mice fed a diet containing 500 ppm vitamin E for 30 days produced lower amounts of PGE; and
had lower COX activity than those from old mice fed a control diet containing 30 ppm vitamin E,
but the COX2 mRNA levels and protein expression of the control and supplemented groups did not
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differ. Thus, vitamin E’s effect on COX activity seemed to be through post-translational mechanisms
rather than through its effect at transcriptome or translational levels. In a subsequent study, it was
shown that vitamin E reduced COX activity in macrophages from old mice by decreasing peroxynitrite
production [65]. The inhibition of COX activity by vitamin E in old mice disappeared specifically with
the addition of a nitric oxide (NO) donor in the presence of a superoxide to elevate peroxynitrite levels
in the macrophage culture. There is a complex interplay between the nitric oxide synthase (NOS)
and COX pathways and NO increases COX2 activity, which seems to be due to the NO preventing
self-deactivation of COX by the superoxide as NO interacts with the superoxide [66].

In vivo supplementation of vitamin E (1500 IU D-o-tocopheryl acetate/day for 16 weeks)
in allergic asthmatic patients prevented the suppression of alveolar macrophage nuclear factor
(erythroid-derived 2)-like 2 (NRF2) activity after allergen challenge [67]. This study presented the
possibility of vitamin E’s protective role in allergies and asthmas through regulation of macrophage
NREF?2 activity, but, further studies are needed to confirm the findings because of the small number of
patients (nine mild non-smoking allergic asthmatics) and the lack of appropriate controls.

3.2. Natural Killer Cells

NK activity seems to be related with vitamin E status. The NK activity of a boy with Shwachman
syndrome who had a severe vitamin E deficiency was low, but improved after eight weeks of 100 mg/d
a-tocopherol supplementation. When «-tocopherol supplementation was stopped, NK activity and
CD16* CD56" cells decreased. NK activity and CD16" CD56" cells were restored upon resuming
eight weeks of 100 mg/d a-tocopherol supplementation [68]. In 37 women aged 90-106 years old,
NK cell cytotoxicity was positively associated with plasma vitamin E concentration [69]. A two-week
supplementation of 750 mg vitamin E in colorectal cancer patients resulted in increased NK activity in
six out of seven patients. Vitamin E treatment did not result in changes in perforin expression or IFN-y
production; therefore, mechanisms of improved NK activity by vitamin E could not be determined
from the study [70].

NO appears to be involved in the impairment of NK cell function. Co-culture of NK cells and
myeloid-derived suppressor cells (MDSCs) showed that NK cell cytotoxicity and IFN-y were impaired
by MDSCs and that the inhibition of inducible nitric oxide synthase (iNOS) rescued the impairment
by MDSCs. Exposure of NK cells to NO by treatment with an NO producer caused the nitration of
tyrosine residues on CD16" NK cells. These results suggested that MDSCs impair NK cell function
via the production of NO and the nitration of protein tyrosine residues [71]. Vitamin E might exert its
effects on NK cell function by modulating NO levels.

3.3. Dendpritic Cells

Dendritic cells (DCs) are effective antigen-presenting cells that recognize pathogens and present
pathogen-derived antigens to T cells. The interaction of DCs with pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns (DAMPs) elicits the activation and
maturation of DCs. The increased expression of surface major histocompatibility complex (MHC)
molecules and co-stimulatory molecules and the increased production of cytokines occur with the
activation of DCs, which allows the effective induction of the T cell response [72-74]. DCs are also
involved in tolerance and autoimmunity. DCs might promote tolerance by the generation of Treg cells
and/or by the induction of T cell unresponsiveness. DCs might be involved in the pathogenesis of
autoimmune disease by promoting the priming or differentiation of self-reactive T cells [72]. Therefore,
understanding the regulation of DCs by vitamin E will provide insight into the mechanisms of vitamin
E’s immune response modulation and implications of vitamin E in immunological diseases.

Several studies have shown that vitamin E could regulate the maturation and functions of
DCs. Tan et al. [75] investigated the effects of a-tocopherol and vitamin C, alone or in combination,
on the phenotype and functions of human DCs generated from peripheral blood mononuclear cells
(PBMCs). During the differentiation of human PBMCs into DCs, various concentrations of x-tocopherol



Nutrients 2018, 10, 1614 11 of 18

were treated in culture starting from day 2, cells were stimulated on day 5, and then the surface
phenotype was determined on day 6. The expression of human leukocyte antigen(HLA)-DR, CD40
CD80, and CD86 appeared to be increased with lower concentrations of a-tocopherol (<0.05 mM), but
the combination of vitamin E and C prevented DC activation, as the upregulation of surface markers
was not observed. DCs treated with 0.5 mM vitamin E and 10 mM vitamin C showed lower levels
of intracellular ROS and inhibition of the nuclear factor (NF)-«B, PKC, and p38 mitogen-activated
protein kinase (MAPK) pathways. When bone marrow-derived dendritic cells (BMDCs) from Balb/c
mice were treated with 500 uM of a-tocopherol for 2 h, upregulation of phosphorylated inhibitor of kB
(IxB) by lipopolysaccharide (LPS)-stimulation was suppressed. Vitamin E treatment for 24 h resulted
in a reduced number of CD11*CD86* cells and ROS-positive cells, lower production of IL-12p70
and TNF-«, and decreased transwell migration of BMDCs. These effects of vitamin E on BMDCs
were partly dependent on Klotho expression. Vitamin E treatment on BMDCs resulted in higher
Klotho transcript and protein levels, and silencing of Klotho by transfection of Klotho siRNA abolished
the inhibitory effects of vitamin E on IL-12p70 production, number of ROS-positive cells, and DC
migration [76]. Klotho is a membrane protein that has been shown to mediate calcium transport into
the cells; regulate intracellular signaling pathways such as p53/p21, cyclin adenosine monophosphate
(cAMP), PKC, and Wnt; and inhibit the NF-kB pathway [77]. Therefore, the upregulation of Klotho
by vitamin E could be one of the mechanisms by which vitamin E modulates NF-«B mediated DC
function and maturation. However, the level of a-tocopherol used for in vitro treatment (500 pM) was
high and, therefore, further research is needed to elucidate the physiological relevance of vitamin E
treatment on the expression of Klotho and its involvement in the modulation of DC function.

In vivo supplementation of a-tocopherol at 150, 250, and 500 mg/kg diet in allergic female mice
reduced the lung CD11b* DCs and mRNA levels of IL-4, IL-33, thymic stromal lymphopoietin (TSLP),
eotaxin 1 (CCL11), and eotaxin 2 (CCL24) in allergen challenged pups. Furthermore, when BMDCs
from 10-day-old neonates born to a control female were treated with 80 pM o-tocopherol for 24 h,
the number of CD45" CD11b* CD11" DCs and the number of CD45* CD11b* CD11c* Ly6c~ MHCII™
DCs were reduced. Maternal supplementation with «-tocopherol was effective in decreasing allergic
responses in offspring from allergic mothers by affecting the development of subsets of DCs that
are critical for allergic responses [78]. On the other hand, y-tocopherol supplementation exerted an
opposite response in the same model. In vivo supplementation of y-tocopherol at 250 mg/kg diet in
allergic female mice resulted in a higher number of lung eosinophils, a higher number of lung CD11c*
CD11b* DCs, and higher levels of lung lavage CCL11 in the offspring [79].

Modulation of the immune response by vitamin E has been observed in animal and human
studies, and DCs play a critical role in bridging innate and adaptive immune systems and initiating
adaptive immune responses. Despite the importance of DCs’ role in adaptive immune responses
and in diseases such as autoimmune diseases, few studies have investigated the DC-specific effect of
vitamin E.

3.4. T Cells

The effects of vitamin E on immune cells have been studied the most with T cells.
The dysregulation of immune function occurs with aging and the most significant changes are observed
in T cells. Age-associated changes in T cells include, but are not limited to, (1) defects in T cell receptor
(TCR) signal transduction such as a decrease in linker for the activation of T cells (LAT) phosphorylation
by zeta chain of T cell receptor associated protein kinase 70 (ZAP-70), (2) decreased intracellular influx
of calcium following stimulation, (3) diminished synapse formation, (4) diminished activation of the
mitogen activated protein kinase (MAP kinase) pathway, (5) decreased nuclear factor of activated
T-cells (NFAT) binding activity, and (6) a shift of the T cell population toward memory T cells [80]. As a
result, diminished production of IL-2 and reduced proliferative capacity of naive T cells are observed
and impaired T cell functions contribute to increased susceptibility to infectious diseases and poor
response to immunization.
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Vitamin E has been shown to increase the cell division and IL-2 producing capacity of naive T
cells, increase the percentage of T cells capable of forming an effective immune synapse, and reverse
the age-associated defect in the phosphorylation of LAT in T cells from old animals [81-83].

In vitro pre-incubation with 46 uM vitamin E for 4 h increased proliferation and IL-2 production in
T cells purified from old mice stimulated with anti-CD3 and anti-CD28. Increased IL-2 production was
due to both an increase in the number of activation-induced IL-2* cells and an increase in the level of
IL-2 accumulated per cell. Vitamin E specifically increased the naive T cells’ ability to progress through
the cell division cycle in old mice [81]. The gene expression profile of T cells isolated from young and
old mice fed a diet supplemented with 500 ppm vitamin E for four weeks provided evidence that
vitamin E influences cell cycle-related molecules at the gene expression level. Higher expression of
cell cycle-related genes Ccnb2, Cdc2, and Cdc6 was observed in stimulated T cells from old mice fed
the vitamin E-supplemented diet compared with those fed the control diet, which was not observed
in young mice [84]. Cyclin B2, encoded by Ccnb2, binds to cyclin-dependent kinase 1 (also known
as Cdc2) and regulates the events during both the G, /M transition and progression through mitosis.
Cdcb is a key regulator in the early steps of DNA replication, as the binding of Cdc6 to chromatin is
a necessary and universal step in the acquisition of replication competences [85]. These alterations
in the expression of cell cycle-related genes observed with vitamin E might contribute to vitamin E
improving the proliferative ability of old T cells.

Marko et al. [82] showed that pre-incubation of CD4+ T cells isolated from old T cells with 46 uM
vitamin E for 4 h increased the percentage of CD4" T cells displaying effective immune synapses.
Redistribution of Zap70, LAT, Vav, and phospholipase Cy (PLCy) into immune synapse increased
significantly with vitamin E treatment. This change was confirmed with in vivo supplementation
of vitamin E. In old mice fed a diet containing 500 ppm vitamin E for eight weeks, LAT and Vav
showed significantly higher redistribution into the T cell/APC contact area when purified CD4"
T cells were stimulated with murine CD3¢ hybridoma. In a subsequent study, it was shown that
vitamin E could reverse the age-associated defect in the phosphorylation of LAT on tyrosine 191 [83].
The phosphorylation of LAT is required for the recruitment of adaptor and effector proteins. Therefore,
it plays a pivotal role in the assembly of microcluster structures in the initiation of T cell activation
signals. This evidence suggests that vitamin E can modulate the early stages of T cell activation.

Vitamin E seems to modulate Th1l and Th2 responses. The polarization of CD4 T cells to T
helper (Th)1 or Th2 cells has implications for the protection against different pathogens (intracellular
vs. extracellular pathogens) and the development of different types of chronic diseases (inflammatory
vs. allergic diseases). PBMCs isolated from allergic donors treated with vitamin E (12.5-50 uM)
showed dose-dependent decreases in IL-4 production [86]. IL-4 mRNA levels in activated PBMCs
were downregulated by 25 uM vitamin E treatment. Jurkat T cells treated with 50 uM vitamin E
exhibited downregulation of IL-4 promoter activity, which might be related to vitamin E blocking the
interaction of transcription factors with PRE-1 and P1. In vivo supplementation of vitamin E enhancing
the Th1 response has been observed in mice infected with influenza virus and in colorectal cancer
patients [6,87]. In colorectal cancer patients, two weeks of supplementation with 750 mg vitamin E
led to an increased frequency of IL-2 producing CD4+ T cells and increased IFN-y production [87].
In old mice infected with influenza virus, 500 ppm vitamin E supplementation for eight weeks prior
to infection lowered the viral titer in the lung, and this protective effect of vitamin E was associated
with the enhancement of Thl response. IFN-y production levels correlated negatively with viral
titer, and old mice fed a vitamin E-supplemented diet produced significantly higher levels of IFN-y
and IL-2 [6]. The gene expression profile of T cells isolated from young and old mice fed a diet
supplemented with 500 ppm vitamin E for four weeks provided evidence that vitamin E influences the
Th1/Th2 balance at the gene expression level. The increase in IL-4 expression following stimulation
was lower in T cells from old mice fed the vitamin E-supplemented diet compared with those fed the
control diet, and the ratio of IFN-y and IL-4 expression levels was significantly higher in the vitamin E
group than in the control group [84].
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Vitamin E can affect activation-induced cell death in T cells. In vitro treatment of primary human
T cells with 25 uM vitamin E suppressed CD95L expression and activation-induced cell death [88].
The reduction of CD95L mRNA levels and the proportion of CD95L-positive cells were related to the
suppression of NF-kB and AP-1 binding to the CD95L promoter target site by vitamin E. On the other
hand, a-tocopheryl succinate was shown to trigger apoptosis in Jurkat cells with caspase-activation
involved [89].

3.5. B Cells

Vitamin E supplementation has been reported to enhance humoral responses. Higher antibody
responses have been observed in animals and humans [19,27]. However, it is hard to differentiate
whether vitamin E’s direct effect on B cells or indirect effect through T cells contributes to higher
antibody responses.

4. Conclusions

Vitamin E has been shown to enhance immune responses in animal and human models and
to confer protection against several infectious diseases. Suggested mechanisms involved with these
changes are (1) the reduction of PGE, production by the inhibition of COX2 activity mediated through
decreasing NO production, (2) the improvement of effective immune synapse formation in naive T
cells and the initiation of T cell activation signals, and (3) the modulation of Th1/Th2 balance. Higher
NK activity and changes in dendritic function such as lower IL-12 production and migration were
observed with vitamin E, but underlying mechanisms need to be further elucidated

Several considerations are warranted for the advancement in our understanding of vitamin E’s
role in immunity. For in vitro studies to support implications for the regulation of immunological
diseases, the physiological relevance of vitamin E levels used for treatment should be considered.
Different forms of vitamin E exert differential effects on immune cells. Cell-specific effects of vitamin
E provide valuable evidence regarding the immunomodulatory mechanisms of vitamin E, but the
interplay between immune cells should not be ignored, because interactions between immune cells are
critical in the regulation of immune function.
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