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Vitamin C is a nutrient required as a cofactor for multiple enzymatic reactions, such us norepinephrine biosynthesis,
collagen hydroxylation, or amidation of peptide hormones. Additionally, it exerts a wide range of properties that could
come in handy for the prevention and treatment of infections, including antioxidant, immunomodulating, as well as antiviral
and antithrombotic functions.
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| 1. vitamin C Mechanisms of Action

Vitamin C is mostly renowned for being a classical and potent antioxidant, quenching free radicals while being
transformed into its oxidized form (dehydro-ascorbic acid). It also helps to restore other antioxidant molecules, such as
vitamin E and tetrahydrobiopterin. Furthermore, it may potentiate the pharmacological effects carried out by flavonoids (for
example quercetin), so an association between them could possibly exert a valuable synergistic antioxidant activity
through a combination of the scavenging mechanisms performed by flavonoids and the transcription-modulating and
scavenging mechanisms performed by ascorbic acid. However, this is only theoretical, so further investigation would be
needed to clarify the usefulness of this combination in vivo 2. The mainvitamin C mechanisms of action are summarized
in Figure 1.

Figure 1. Summary of the main vitamin C mechanisms of action.

Oxidative stress is a frequent feature during infection and inflammation, owing to the release of ROS from activated
phagocytes as part of the host response to pathogens. As for COVID-19, neutrophil-derived oxidative stress is thought to
produce tissue damage . Vitamin C optimal status is associated with less oxidative stress, has been reported to repair
oxidative damage in bronchial epithelium, and is also able to prevent ROS-induced lung damage . Ascorbic acid
antioxidant role interacts with its immunomodulatory activity through nuclear transcription factor NF-kB. The reduction in
ROS promoted by vitamin C attenuates NF-kB function, thus avoiding transcription of pro-inflammatory genes regulated
by it. This includes the ones that encode TNFa, IL-1, IL-6, and IL-8; some chemokines; adhesion molecules (ICAM-1); and
other inflammatory mediators. This leads to a downregulation of inflammatory cytokine production and, as a consequence,
a mitigation in the severity of cytokine storm triggered by ARDS [, In addition, epigenetic regulation of genes by vitamin C
also affects human natural antioxidant mechanisms, such as superoxide dismutase, catalase, and glutathione, whose
expression seems to be increased by this nutrient 431,

A proper vitamin C status plays a role in immunity (both innate and adaptive) and host susceptibility to infection, as it
accumulates in leukocytes and maintains their normal functioning, especially in neutrophils [, It has not only proved to



stimulate neutrophil chemotaxis and migration to the site of infection, but also their phagocytic function and ROS
generation . Moreover, vitamin C is able to support neutrophil apoptosis and enhance macrophage removal, avoiding
serious damage in host tissue . This vitamin has also been reported to have a role in regulation of neutrophil
extracellular traps (NETosis). This is a cell death pathway, distinct from apoptosis and necrosis, whose objective is the
inactivation of pathogens. However, an excess in this response is considered a maladaptive feature which contributes to
tissue damage and organ failure, as implicated in COVID-19 thrombotic complications. Ascorbic acid deficiency in septic
animals has shown to increase plasma cell-free DNA generated from NETosis, so administration could attenuate this
detrimental process (9],

Vitamin C is also related to other immune cells, including T and NK cells, whose maturation and differentiation is promoted
by this nutrient 29, Ascorbic acid-deficient diet has been reported to decrease vitamin C cell content, reducing T cell
activity and ability to recall antigens . It is also involved in antibody production by peripheral blood B cells. Age-related
vitamin deficiency is associated with low serum levels of IgM and IgG, thus presenting a situation that would be reverted
with supplementation L8],

One of the most important antiviral effects that vitamin C exerts is related to its ability to rise IFN production. While SARS-
CoV-2 downregulates IFN expression and release, ascorbic acid is able to enhance it, thus allowing this antiviral cytokine
to carry out its key defensive role against viruses [&. Vitamin C also shows several barrier-enhancing effects that
cooperate in maintaining epithelial integrity. Collagen biosynthesis requires participation, and is only negatively affected by
severe vitamin C deficiency. This vitamin can also modify gene expression in dermal fibroblasts, promoting their
proliferation and, therefore, tissue remodeling (12,

There is also increasing evidence which points out that vitamin C might play a critical role in mediating the adrenocortical
stress response. Adrenal glands have three times more vitamin C concentration than any other organ, and are released
from the adrenal cortex during physiological stress situations, such as viral exposure. The increased vitamin levels
enhance cortisol production and potentiates anti-inflammatory and endothelial-protective effects carried out by
glucocorticoids 8], Furthermore, vitamin C may also be beneficial with regard to another common issue in COVID-19,
known as coagulopathy. As vitamin C is able to restore endothelial function, it would help decrease the risk of these
complications. Early injection has shown to prevent microtrombi formation and capillary plugging & Likewise, lower
concentrations of tissue plasminogen activator (tPA) and C reactive protein have been related to an increased dietary
vitamin intake (2],

On account of all these mechanisms and functions, and through many in vitro studies, animal experiments, and clinical
trials, vitamin C has been reported to exhibit antiviral properties against a wide range of microbes involved in several
diseases, including influenza, common cold, and even coronavirus (141 pre-clinical data show that ascorbic acid may have
a direct antiviral effect against both RNA and DNA viruses. Nevertheless, if vitamin C also has this effect against viral
replication in vivo is yet to be confirmed . With regard to SARS-CoV-2, the possible relationship between a key virus
protease (M-pro) and vitamin C has become noteworthy, as an in-silico study revealed that the active site of this enzyme
has the strongest binding with magnesium ascorbate, out of 106 nutraceuticals. Therefore, this evidence suggests that
ascorbate may be a powerful enzyme inhibitor 13, Despite the acknowledged properties of vitamin C, whether or not they
are translated into a real beneficial effect in the response to COVID-19 remain to be elucidated, even though findings
point to a significant potential to ameliorate negative consequences of SARS-CoV-2 infection and possibly become a
feasible treatment option (28],

2. Evidence about Vitamin C Regarding Respiratory Infections and COVID-
19

There is a belief that vitamin C helps to prevent and treat upper respiratory tract infections (URT). However, the dose
needed (1-2 g/d) is unattainable from diet, so supplementation might be recommended (€,

Vitamin C consumption has been a common practice during cold or flu for decades, partly owing to research published by
Linus Pauling in 1970 about RCTs regarding this subject . More recent meta-analysis of several studies concluded that
vitamin C low-dose supplementation does not decrease the risk of contracting a cold, but high doses exhibit other
benefits, including a reduction in cold severity and symptoms, just as a reduction in duration and recovery time 28, This
vitamin also seems to provide a greater resistance to viral infections during exposure to physical and physiological stress,
halving their incidence and conferring a prophylactic benefit L8] The similarity of symptoms and the positive effect of
ascorbic acid across a number of cold-related viruses has led to hypothesize that vitamin C’s activity is not virus-specific,
and would, therefore, alleviate COVID-19 symptoms 4,



Vitamin C deficiency and its related disease scurvy have long been associated with increased susceptibility to pneumonia,
which can be reversed by supplementation, with a particular benefit for individuals with lower dietary intakes 4. This has
been reported by different RCTs whose subjects significantly reduced pneumonia incidence when oral vitamin C was
administered 291, A decrease in the duration of hospital stay for those receiving earlier and higher doses of vitamin C has
been reported (€,

Low oral bioavailability and downregulation of sodium-dependent vitamin C transporter 2 (SVCT2) by inflammatory
cytokines led to the hypothesis that vitamin C therapeutic levels needed to mitigate oxidative stress in critically ill patients
cannot be attainable through oral administration 8. As for these individuals (suffering from burns, ARDS, sepsis, and
septic shock), intravenous administration of ascorbic acid has been tested, and results highlight lower mortality according
to meta-analysis 2. These patients have higher vitamin C requirements than general population in order to normalize
their blood levels, which have been seriously reduced by their pathology [&. In the largest trial related to this research, the
CITRIS-ALI trial, patients receiving a high dose of intravenous vitamin C did not appreciably ameliorate organ dysfunction
scores, markers of inflammation, or vascular damage, though mortality rate was dramatically reduced. In addition, a
reduction in intensive care unit (ICU) stay and mechanical ventilation was reported. This will conceivably improve long-
term outcomes, especially if they keep on taking the vitamin orally after ICU discharge [BI21. |n spite of these positive
results, the intravenous use of vitamin C should be performed cautiously, as in some cases and depending on dosage, it
might exert a pro-oxidant effect rather than antioxidant 22,

Even though the evidence gathered so far about the specific utility of vitamin C against SARS-CoV-2 infection is limited,
some related findings deserve to be highlighted. For instance, despite ascorbic acid, suboptimal intake poorly correlates
with the disease incidence and correlates in an appreciable way with deaths 23], Studies carried out in the USA and Spain
showed a state of hypovitaminosis among COVID-19 patients with ARDS, which was even lower between non-survivors.
It is also interesting that many risk factors for vitamin C deficiency overlap with those for COVID-19 (male; older; darker
skin; patients suffering from hypertension, diabetes, or chronic obstructive pulmonary disease (COPD)) . Vitamin C has
been included in the treatment of some COVID-19 ICUs patients, which have shown to improve mortality rate. Intravenous
administration of high doses in China and USA exhibited promising results in patients with moderate to severe disease, as
it attenuated cytokine storm during the late stage of the infection, just as lung inflammation and injury €24 |n addition,
there are some case reports of COVID-19 patients that described less mortality, mechanical ventilation need, and a
decrease in inflammatory markers when using intravenous vitamin C 23,

Low ascorbic acid levels are frequent in COVID-19 critically ill patients (its body store is depleted due to oxidative stress,
which leads to an increased physiological demand). This fact, along with all the findings presented before, suggest that
vitamin C supplementation would be advisable to restore regular levels, in order to both prevent and treat these condition,
as adequate status cannot be attainable through dietary sources 288, The RDA of vitamin C for healthy adults is 75-90
mg/d. Owing to the lack of evidence on COVID-19, recommendations for vitamin C intake are limited. Doses of 1-2 g/d
have previously been effective in preventing upper respiratory infections or reducing their duration. However, this does not
apply when the patient is suffering the infection, as they need bigger doses in order to restore depleted levels. As
mentioned before, individuals with serious disease would require even higher intravenous doses, about 50 mg/kg/6 h
administered for 4 days. Association with polyphenols, flavonoids, and anthocyanins should be taken into consideration,
as they could have an important role [161[26],

The potential benefits of this vitamin, including its low cost and safety profile, make it an attractive candidate and warrant
its use. Some adverse effects have been reported in high dose administration cases, although they are of little
consequence and related to patients with underlying conditions 288, patients at higher risk of COVID-19 mortality and
vitamin C deficiency should take this recommendation more seriously, as they are the ones who can experiment the most
severe outcomes, and at the same time, the ones who can benefit the most 4. However, carefully designed RCTs are still
needed in order to accurately assess the role of the vitamin in this disease before supplementation can be considered as
a standard of care 18],
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