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Vitamin C (ascorbic acid, AA) is an essential nutrient with many biological roles that have been proven to play an
important part in immune function; it serves as an antioxidant, an anti-viral, and exerts anti-thrombotic effects among
many other physiological benefits. Research has proven that AA at pharmacological doses can be beneficial to patients
with acute respiratory distress syndrome (ARDS) and other respiratory illnesses, including sepsis. In addition, High-Dose
Intravenous Vitamin C (HDIVC) has proven to be effective in patients with different viral diseases, such as influenza,
chikungunya, Zika, and dengue. Moreover, HDIVC has been demonstrated to be very safe. Regarding COVID-19, vitamin
C in addition to its antiviral properties, it can suppress the cytokine storm, reduce thrombotic complications, and diminish
alveolar and vascular damage, among other benefits.
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| 1. Introduction

More than 100 million COVID-19 cases have been reported worldwide. This novel virus has caused a global health crisis.
SARS-CoV-2 has three problematic characteristics. First, it seems to infect with a relative smaller viral load compared to
other viruses, which makes it very contagious. Second, SARS-CoV-2 mutates fast, which can make available emergency
vaccines less effective against new emerging strains, such as the Delta variant, which is characterized for manifesting
more severe symptoms and being even more contagious than the original strain. Third, this virus causes a dangerous
inflammation response that generates numerous free radicals and inflammatory molecules that can be highly cytotoxic
and damaging. Meanwhile, hospitals have been treating infected patients with anti-viral drugs, such as remdesivir,
hydroxychloroquine, and lopinavir. A recent study concluded that these drugs appeared to have little or no effect on
hospitalized COVID-19 patients (L. These and other reasons should ignite our interest to keep searching for treatments
that can activate efficiently systemic defenses in order to generate better clinical outcomes for complicated COVID-19
patients.

One of the most important aspects to combat the SARS-CoV-2 is to have an optimized immune system that works
properly and efficiently. In order for this system to function well, it needs a wide range of specific cofactors. One of these
cofactors is vitamin C, also known as ascorbic acid. This powerful, water-soluble antioxidant is involved in many biological
processes of the immune response [@. Furthermore, this vitamin has shown potent anti-viral and anti-inflammatory
activities in a variety of different viral infections B4, Although oral vitamin C produces adequate concentrations to produce
physiologic effects, pharmacologic concentrations require high intravenous doses that may be able to produce therapeutic
benefits to COVID-19 patients.

Vitamin C is part of a comprehensive strategy to COVID-19. An ambulatory early management protocol of COVID-19 from
an international consensus of experienced clinicians B proposed a multifaceted highly targeted sequential multidrug
treatment that include vitamins, minerals, antimicrobials, steroids, colchicine, and possibly antithrombotic agents to assist
the body deal with the viral load and the possible inflammatory and complications. A study in patients following this
protocol demonstrated that early ambulatory treatment resulted in 87.6% reduction in hospitalization and 74.9% reduction
in deaths (€,

Intravenous vitamin C has been successfully used in the hospitalized COVID-19 protocols . It has been suggested that
since vitamin C has both anti-inflammatory and antiviral effects, its use may help reduce drug dosing and toxicity &,
Vitamin C, when given in high doses, is even extremely safe [, and it can be easily excreted through the urine.



| 2. High-Dose Intravenous Vitamin C (HDIVVC): Its Relevance

There are multiple ways vitamin C can be administered. It can be given either orally or intravenously. However, both
methods have different physiological effects. In particular, there are studies that established differences between oral and
IV vitamin C 29, |t was demonstrated that blood levels of vitamin C in patients were much higher by IV vitamin C than oral
dosing. Because |V vitamin C is 100% bioavailable, it has the capacity to replenish tissues more efficiently and rapidly.
Oral vitamin C at single doses of 200 mg is complete, and Cmax is about 60 min. However, it must be noted that under
normal conditions in a healthy subject, bioavailability is reduced, which means that, for example, only about 33% a dose
of 1250 mg or 412.5 mg will be absorbed when using a regular vitamin C formulation 112l The decreased bioavailability
of the larger oral doses is caused by saturation of the absorption mechanisms 12|, The oral dose must be absorbed by the
small intestine, while 1V vitamin C bypasses this route and is more readily available. Therefore, it is important to state that,
to have better physiological effects that may lead to better clinical outcomes, IV vitamin C is the most potent method to
attain higher blood concentrations. Another important aspect to highlight is that the effect of vitamin C will depend on
frequency of application and quantity given. Multiple reports providing higher doses of IV vitamin C in a range from 30 to
150 g showed beneficial effects in cancer patients 4. Moreover, in addition to all the benefits that high-dose IV vitamin C
exerts, it is important to point out that it is very safe and non-toxic. Recently, there was a study published using high-dose
IV vitamin C on COVID-19 patients 22, and results showed multiple improvements but, most importantly, no adverse
effects.

Although there is no consensus about how to classify the doses in terms of magnitude, for the purpose of this article, we
will refer to intravenous vitamin C in the context of a pharmacological effect and therefore will consider a low intravenous
total daily dose to be 6-12 g, moderate intravenous total daily dose to be 13-24 g, and high dose intravenous total daily
dose to exceed 25 gm daily.

In conclusion, high-dose IV vitamin C will provide better physiological effects leading to improved clinical outcomes due to
higher concentrations while being safe and non-toxic.

| 3. Anti-Viral Mechanisms of Vitamin C

As mentioned previously, vitamin C is an essential nutrient for the body with several beneficial properties that help support
proper functioning of the immune system, of great interest being its anti-viral capacity. Vitamin C has direct and indirect
mechanisms that can exert these anti-viral properties. It has been shown that vitamin C can inactivate in vitro a wide
range of viruses (18], Virus inactivation was shown to be dependent on oxygen and was concluded to be mediated through
oxidation to viral nucleic acids 4. There is a possibility that ascorbate may damage viral capsids and even inhibit viral
replication when provided in large doses. An in-vitro study showed that pharmacological ascorbate killed influenza virus in
cultured human bronchial epithelial cells (8],

On the other hand, an indirect mechanism was proven by multiple studies in which vitamin C exerts powerful antiviral
activity 29, In a clinical study of 178 patients with Epstein Barr viral (EBV) infection treated with high doses of intravenous
vitamin C, an inverse correlation was found between EBV viral capsid antigen (VCA), IgM, and vitamin C in plasma in
patients with mononucleosis and chronic fatigue syndrome. Patients with high levels of vitamin C had lower levels of
antigens in the acute state of disease 29,

Vitamin C can promote the production of anti-viral proteins, such as interferon. In an in-vitro study, there was evidence
that, in the presence of ascorbic acid plus glutathione, interferon was produced [, These proteins play a role in immune
protection and interfere with viral replication by binding to the cell surface. Moreover, a study analyzed in a mice model the
multiple effects model of high-dose oral vitamin C supplementation the initial stage of influenza A virus (H3N2) 22, They
concluded that ascorbic acid could exert anti-viral activity by increasing the production of interferon-a/B. In addition, an
animal study supports additional antiviral mechanisms of vitamin C. The administration of high doses of vitamin C caused
virus attenuation of HIN1 virus. This study also showed that the intervention produced decreased expression of
susceptibility genes and increased production of NF-kB, leading to the production of type | interferon (IFNs) [23].
Additionally, ascorbic acid enhanced the interferon levels produced by human embryo skin and human embryo lung
fibroblasts induced by Newcastle disease virus 24,

| 4. vitamin C Suppresses Oxidative Stress

Oxidative stress is an imbalance of antioxidant molecules and free radicals species in the body. This can cause damage
of DNA, membranes, proteins, and others, which can result in complications and diseases (23] These free radicals are



also referred to as oxygen reactive species (ROS). Exhibiting low concentrations of ROS and having an adequate
homeostasis of them is beneficial for the body since they are needed in the immune system to fight pathogens, such as
viruses. However, in high concentrations, these reactive molecules are toxic and may exert very damaging effects. It has
been observed that when there is a viral infection, viruses can induce via multiple pathways severe oxidative stress 28],
Viruses are often associated with oxidative stress that can result in RedOx imbalances that can cause damage to cells.
Regarding coronaviruses and SARS-CoV-2, increased levels of oxidative stress in infected patients seems to have a
detrimental effect in cells and organs [&l,

Some studies have proposed that a precise disulfide-thiol balance is crucial for viral entry and fusion into the host cell and
that oxidative stress generated from free radicals can affect this balance. It seems possible that oxidation of thiols to
disulfides, under a mechanism of oxidative stress, would improve the affinity of SARS-CoV-2 S proteins for the ACE2
receptor and consequently increase the severity of COVID-19 infection &, Oxidative stress refers to the harmful effects
from excessive free radicals or prooxidants in a biological system. Advanced age is a risk factor for COVID-19 morbidity
and mortality. Age-related decline GSH systems and the impaired control of the thiol to disulfide balance alters RedOx
balance of all tissues. Using a specialized computational system for molecular dynamics simulation and for binding energy
calculations, it was determined that the binding affinity was significantly impaired when all the disulfide bonds of both
ACE2 and SARS-CoV/CoV-2 spike proteins were reduced to thiol groups. If this was the case, providing the body with
increased glutathione precursors and cofactors, as well as electron donors like vitamin C, which regenerates reduced
glutathione, would result in decreased entrance of the virus, reduced viral load, and consequently reduced severity of the
COVID-19 infection 128129,

In addition, an association of oxidative stress in COVID-19 and the amplification and perpetuation of the cytokine storm,
coagulopathy, cell hypoxia, and mitochondrial dysfunction has been shown, suggesting a possible therapeutic role of
antioxidants and other agents to reduce oxidative stress 29,

There was a study on COVID-19 patients evaluating levels of antioxidants and oxidative stress markers that concluded
that infected patients had significantly lower levels of antioxidants B, Moreover, they stated that severe COVID-19
patients are at higher risk of oxidative stress.

Although COVID infection is the likely cause of depleted antioxidant cofactors, that study was not designed to determine
cause and effect.

The NHANESs has established that there is a significant proportion of the USA population deficient in nutrients, including
vitamin C (46%), vitamin A (45%), vitamin E (84%), and Vitamin D (95%) 32, In a study with five hospitalized patients with
COVID-19, researchers observed a deficiency of vitamin D in 76% and of selenium in 42% of the patients 2. Although
vitamin D is not considered and antioxidant vitamin, vitamin D reduces renin-angiotensin-aldosterone system activation
and consequently decreases ROS.

Activation of the renin-angiotensin-aldosterone system and consequent increase in angiotensin Il and aldosterone, as
seen in cardiometabolic syndrome, participates in altering insulin/IGF-1 signaling pathways and reactive oxygen species
formation to induce endothelial dysfunction and cardiovascular disease 4. The mechanisms involved in these inhibitory
effects of ANG Il include the generation of ROS [33],

An animal study in a model of hyperoxia-induced acute lung injury (HALI) found that 50 mg/kg of parenteral vitamin C
produces a significant decrease in the levels of airway HMGB1 in hyperoxia control (p < 0.05), leukocyte infiltration (p <
0.05), and improved lung integrity in the animal treated with AA B8, This study, while not related to a viral infection,
demonstrated the role of high-dose vitamin C in reducing damage from oxidative stress, inflammation, and lung integrity,
which are pathophysiologic processes relevant to COVID.

Since COVID-19 patients commonly have lower levels of vitamin C due to the physiological stress of the viral infection 32,
replacement of this vitamin in the optimal amounts to control oxidative stress as well to other benefits for COVID-19
patients should be considered. While low vitamin C status is associated with severe COVID, we do not yet know if
patients with low vitamin C levels (pre-infection) are at greater risk of developing severe COVID or if severe COVID
infections cause people to lose vitamin C more quickly. While both are likely, knowing this could assist in promoting
preventive and health promotion measures.



| 5. Vitamin C Inhibits the Cytokine Storm Due to Its Antioxidant Capacity

The severity of being infected by SARS-CoV-2 is related to the cytokine storm, which can occur in many tissues. In the
lungs, and in particular the alveoli, it can cause a proinflammatory response that leads to pneumonia, ARDS, diffuse
alveolar damage (DAD), multiorgan failure, and other complications. Studies in Wuhan, China, showed that patients with
severe COVID-19 symptoms had higher levels of IL-6 and other inflammatory cytokines in their blood samples 28, It is
normal for the body to increment the secondary (humoral) immune response after a high viral load exposure, which
subsequently causes the release of these inflammatory cytokines that attack foreign proteins, such as those presented by
SARS-CoV-2. However, it is expected that the body itself will gradually lower the immune response. In COVID-19 patients,
the immune response does not seem to lower, causing detrimental and fatal effects to many organs. Due to this, the role
of the cytokine storm rampage seen in COVID-19 has generated interest from the medical-scientific community as a
potential target for combating the SARS-CoV-2 complications that may lead to death.

Furthermore, the alveolus is a structure that is very much affected by the cytokine storm. A common finding of post-
mortem autopsies from COVID-19 patients reveals a trend of patients with highly damaged alveolar structures. A study
noted that all of the seven COVID-19 lung specimens observed had diffuse alveolar damage (DAD) B2, Another study
observing pathogenesis of two severely infected COVID-19 patients found that the DAD seen in acute respiratory distress
syndrome (ARDS) was not unique to COVID-19 patients but occurs in both SARS and MERS infections as well ¥, which
indicates that ARDS may be responsible for the DAD observed in COVID-19 cases. Furthermore, a third study stated that
the development and progression of ARDS seen in COVID-19 is closely related to the inflammatory cytokine storm 11,
Outlining this information, suppression of the cytokine storm is of particular interest because it can prevent further
complications, such as DAD and ARDS. Moreover, if a treatment can decrease the possibilities of the generation and/or
progression of the cytokine storm, it could greatly decrease the possibilities of mortality in COVID-19 patients since they
are highly correlated 42,

Vitamin C can inhibit the cytokine storm in COVID-19 patients based on its antioxidant properties. The main concern of
the cytokine storm is the inflammatory response it produces, and one of the principal functions of this vitamin in addition to
its great antioxidant capacity is that it exerts anti-inflammatory properties. It has already been observed in human and
animal models that high doses of vitamin C may decrease several inflammatory parameters, such as inflammatory
cytokine release and activity. For example, it was discovered that when a high dose of IV vitamin C was given to critically
ill COVID-19 patients, their levels of interleukin-6 (IL-6) were lower than the placebo group (Jing et al., 2020). In addition,
there is evidence that vitamin C inhibits a variety of cytokines 3!, A group of 12 cancer patients receiving 25-125 gm of
intravenous vitamin C and achieving 5-18 mM of ascorbate plasma concentration experienced normalization of many of
the cytokine levels measured. Cytokines that were most consistently elevated prior to treatments included M-CSF-R,
leptin, EGF, FGF-6, TNF-a, 3, TARC, MCP-1,4, MIP, IL-4, 10, IL-4, and TGF-B. Cytokine levels tended to decrease during
the course of treatment.

The intense proinflammatory response to the SARS-CoV-2 infection can lead to the development of a life-threatening
cytokine release syndrome (CRS), which can lead to acute respiratory syndrome (ARDS), leading to a high mortality rate
in elderly subjects and other at-risk populations. Furthermore, vitamin C supplementation can generate stable, antigen-
specific regulatory T cells in animal models of autoimmune or acute graft versus-host diseases. Vitamins may shift the
proinflammatory T-helper lymphocytes (Th17)-mediated immune response arising in autoimmune diseases towards a T-
cell regulatory phenotype [441(45],

On the other hand, some reviews postulate that vitamin C can help remove alveolar fluid caused by distress of the
inflammatory response 8. Parenteral vitamin C infusion protected mice from the harmful consequences of sepsis by
several mechanisms, including attenuation of the proinflammatory response, enhancement of epithelial barrier function,
increasing alveolar fluid clearance, and prevention of sepsis-associated coagulation abnormalities ¥4, An in-vitro study
found that vitamin C acts at multiple levels to exert its antiviral and protective functions in the lungs significant
upregulation of several metabolic pathways and interferon-stimulated genes (ISGs) along with a downregulation of
pathways involved in lung injury and inflammation 28],

Therefore, AA is promising for preventing and treating the cytokine storm itself.
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