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There are limited proven therapies for COVID-19. Vitamin C’s antioxidant, anti-inflammatory and immunomodulating
effects make it a potential therapeutic candidate, both for the prevention and amelioration of COVID-19 infection, and as
an adjunctive therapy in the critical care of COVID-19. This literature review focuses on vitamin C deficiency in respiratory
infections, including COVID-19, and the mechanisms of action in infectious disease, including support of the stress
response, its role in preventing and treating colds and pneumonia, and its role in treating sepsis and COVID-19. The
evidence to date indicates that oral vitamin C (2—8 g/day) may reduce the incidence and duration of respiratory infections
and intravenous vitamin C (6—24 g/day) has been shown to reduce mortality, intensive care unit (ICU) and hospital stays,
and time on mechanical ventilation for severe respiratory infections. Further trials are urgently warranted. Given the
favourable safety profile and low cost of vitamin C, and the frequency of vitamin C deficiency in respiratory infections, it
may be worthwhile testing patients’ vitamin C status and treating them accordingly with intravenous administration within
ICUs and oral administration in hospitalised persons with COVID-19.
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| 1. Introduction

Vitamin C, ascorbic acid, is an essential water-soluble nutrient. It is synthesised in plants from fructose and in almost all
animals from glucose. It is not synthesised by primates, most bats, guinea pigs, and a small number of birds and fish
since the final enzyme, gulonolactone oxidase (GULO), required for ascorbic acid synthesis is missing due to gene
mutations that occurred prior to the evolution of Homo sapiens!d. All these species are therefore dependent on vitamin C
in their food. Primates are dependent on an adequate supply provided by fruits and vegetation intake ranging from 4.5
g/day for gorillasi to 600 mg/day for smaller monkeys (7.5 kg—a tenth of human size)E.

The EU Average Requirement of 90 mg/day for men and 80 mg/day for women is to maintain a normal plasma level of 50
umol/LH, which is the mean plasma level in UK adults®. This is sufficient to prevent scurvy but may be inadequate when
a person is under viral exposure and physiological stress. An expert panel in cooperation with the Swiss Society of
Nutrition recommended that everyone supplement with 200 mg “to fill the nutrient gap for the general population and
especially for the adults age 65 and older. This supplement is targeted to strengthen the immune system™®. The Linus
Pauling Institute recommends 400 mg for older adults (>50 years old).

Pharmacokinetic studies in healthy volunteers support a 200 mg daily dose to produce a plasma level of circa 70 to 90
umol/LEIE Complete plasma saturation occurs between 1 g daily and 3 g every four hours, being the highest tolerated
oral dose, giving a predicted peak plasma concentration of circa 220 pmol/L1%. The same dose given intravenously raises
plasma vitamin C levels approximately ten-fold. Higher intakes of vitamin C are likely to be needed during viral infections
with 2—3 g/day required to maintain normal plasma levels between 60 and 80 umol/L 211122,

| 2. vitamin C Deficiency in Pneumonia, Sepsis and COVID-19

Human plasma vitamin C levels decline rapidly under conditions of physiological stress including infection, trauma, and
surgery, not uncommonly resulting in overt vitamin C deficiency in hospitalised patients, defined as a plasma level of
vitamin C < 11 pmol/LL3ILAILSIREIAANS] Tywo studies in hospitals in Paris reported that 17 to 44% of patients had vitamin C
plasma levels less than < 11 pmol/L2418l | a Canadian university hospital, it was found that 19% of patients had vitamin
C plasma levels < 11 pmol/L28. |n a study of surgical patients in Australia, it was found that 21% had vitamin C plasma
levels < 11 pmol/LEZ. A survey of elderly Scottish patients hospitalised as a consequence of acute respiratory infections
reported that 35% of patients had vitamin C plasma levels < 11 pmol/LE8l. The UK’s National Diet and Nutrition Survey,



based on a cross section of the UK population, reports that 4% of 65+ year olds and 40% of those institutionalised in care
homes have vitamin C levels < 11 pmol/LBI19 indicating the way in which older people with low vitamin C status may be
especially susceptible to critical infection.

The vitamin C-deficiency disease scurvy has long been associated with pneumonia which led to the view that vitamin C
may influence susceptibility to respiratory infections%. In other words, people deficient in vitamin C may be more
susceptible to severe respiratory infections such as pneumonia. A prospective study of 19,357 men and women followed
over 20 years found that people in the top quartiles of baseline plasma vitamin C concentrations had a 30% lower risk of
pneumonial2l, Furthermore, meta-analysis has indicated a reduction in the risk of pneumonia with oral vitamin C
supplementation, particularly in individuals with low dietary intakes(22l.

Post-mortem investigations of severe COVID-19 have demonstrated a secondary organising pneumonia phenomenon!23!;
therefore, studies investigating vitamin C in relation to pneumonia may be relevant 1824111912021} Taple 1). The most
recent study, from New Zealand, reported that patients with pneumonia had depleted vitamin C levels compared with
healthy controls (23 pmol/L vs. 56 umol/L, p < 0.001). The pneumonia cohort comprised 62% with hypovitaminosis C and
22% with vitamin C < 11 pmol/L, compared with 8% hypovitaminosis C and no cases with <11umol/L in the healthy
controls!24l. The more severely ill patients in the ICU had mean vitamin C levels of 11 umol/L. Similar findings have been
reported in other studies of critically ill septic patients22[26]27]28]129][30] (Taple 1). A New Zealand study of patients with
sepsis found that 40% had vitamin C < 11 pumol/L and the majority of the patients had hypovitaminosis C (serum level < 23
umol/L), despite receiving recommended enteral and parenteral intakes of the vitamin[2&]

Table 1. Vitamin C status of patients with pneumonia, sepsis and severe COVID-19.

Vitamin C (umol/L)

Study Type Cohort (% Deficient, % Hypovitaminosis C) Refs.
Pneumonia
Healthy volunteers (n = 50) 56 +22(0% ", 8% ©)
Case control (24
Community-acquired pneumonia (n = 50) 23 *+ 3 (22%, 62%)
Healthy volunteers (n = 20) 66 +3
Case control [81]
Pneumonia cases (n = 11) 31%9
Healthy participants (n = 28) 49+1
Lobular pneumonia (n = 35):
Case control Acute—did not survive (n =7) 171 2]
Acute—survived (n = 15) 24+1
Convalescent cases (n = 13) 34x1
Pneumonial/bronchitis (n = 29):
Week 0 24 5 (40%) ©
Intervention (placebo group) (8]
Week 2 19 + 3 (37%)
Week 4 24 * 6 (25%)
Pneumonia cases (n = 70):
Day 0 41
Intervention (control group) Day 5-10 23-24 23]
Day 15-20 32-35
Day 30 39

Sepsis



Study Type Cohort (% Deficient, % Hypovitaminosis C) Refs.
Sepsis with ARDS (n = 83):
Day 0 22 (11-37) ¢
Intervention (baseline) Day 2 23 (9-37) e
Day 4 26 (9-41)
Day 7 29 (12-39)
Observational Septic shock patients (n = 24) 15 + 2 (38% ®, 88% ©) (28]
Intervention (baseline) Severe sepsis patients (n = 24) 18+ 2 e
Healthy controls (n = 6) 48+ 6
Case control Severe sepsis (n =19) 14+3 (28]
Septic shock (n = 37) 14+3
Healthy controls (n = 14) 76 £ 6
Case control [29]
Septic encephalopathy (n = 11) 19+11
Healthy controls (n = 34) 62 (55-72) ¢
Case control [30]
ICU (injury, surgery, sepsis) (n = 62) 11 (8-22)
Severe COVID-19
Critically ill COVID-19 (n = 21) 22 + 4 (45%", 70% ©) ©
Observational Survivors (n = 11) 29 + 7 (40%, 50%) 24

Non-survivors (n = 10)

Vitamin C (umol/L)

15 *+ 2 (50%, 90%)

17 with <9 pmol/L
COVID-associated ARDS (n = 18) (251
1 with 14 pmol/L

Observational

a_Data represent mean and SEM; 9—median (and interquartile range); >—Percentage of patients with vitamin C
deficiency (<11 pmol/L); °—Percentage of patients with hypovitaminosis C (<23 pmol/L); *—Personal communication
(Cristian Arvinte, North Suburban Medical Center, Thornton, CO, USA). COVID—coronavirus disease; ICU—intensive
care unit; ARDS—acute respiratory distress syndrome. A part of this table has been reproduced from[28],

As yet, there have been few studies reporting the vitamin C status of patients with COVID-19 (Table 1). A study of 21
critically ill COVID-19 patients admitted to ICU in the US found a mean level of 22 umol/L, thus a majority had
hypovitaminosis C. The mean level for 11 survivors was 29 pmol/L compared to 15 umol/L for the 10 non-survivors; of
these five (50%) had <11 pmol/L B4, A study in an ICU in Barcelona of 18 COVID-19 patients meeting acute respiratory
distress syndrome (ARDS) criteria found that 17 had undetectable levels of vitamin C (i.e., <9 pmol/L) and one patient had
a low vitamin C (14 pmol/L)4. Thus, low vitamin C levels are common in critically ill hospitalised patients with respiratory
infections, pneumonia, sepsis and COVID-19, the most likely explanation being increased metabolic consumption2Z.,

| 3. Clinical Evidence for the Role of Vitamin C in COVID-19

Given the potential benefit of vitamin C, in oral and intravenous doses of 2—8 g/day, to reduce duration and severity of the
common cold, pneumonia, sepsis and ARDS, this warrants investigation in relation to whether early oral supplementation
could be beneficial in preventing conversion from mild infection to more critical COVID-19 infection and, if given
intravenously to those with critical COVID-19 symptoms, in reducing mortality and ICU stay, thus speeding up recovery.

Interestingly, many of the risk factors for COVID-19 overlap with those for vitamin C deficiency!28l. Certain sub-groups
(male, African American, older, those suffering with co-morbidities of diabetes, hypertension, COPD), all at higher risk of
severe COVID-19, have also been shown to have lower serum vitamin C levelsid. Average plasma vitamin C levels are
generally lower in men than women, even with comparative intakes of vitamin C, which has been attributed to their higher
body weight[2€l. A hypothesis of altered sodium-dependent vitamin C transporter (SVCT1 and 2) expression in these sub-



groups has also been proposedd. In old versus young rat hepatocytes, the vitamin C level declines by 66%, which is
largely attributed to reduced absorption due to a 45% decline in SVCT1 with age 9. It is noteworthy that inflammatory
cytokines, also present in co-morbidities, downregulate SVCT2, resulting in the depletion of intracellular vitamin C[21l142],

There are currently 45 trials registered on Clinicaltrials.gov investigating vitamin C with or without other treatments for
COVID-19. In the first RCT to test the value of vitamin C in critically il COVID-19 patients, 54 ventilated patients in
Wuhan, China, were treated with a placebo (sterile water) or intravenous vitamin C at a dose of 24 g/day for 7 days (Table
2). After 7 days of treatment, the ratio of PaO,/FiO, in the vitamin C group was 229 mmHg versus 151 mmHg in the
control group (p = 0.01), and this also improved over time in the vitamin C group, but fell in the control group. On day 7,
the IL-6 level was lower in the vitamin C group than in the placebo group: 19 pg/mL versus 158 pg/mL (p = 0.04). The
more severely ill patients with SOFA scores = 3 in the vitamin C group exhibited a reduction in 28-day mortality: 18%

versus 50% (p = 0.05) in univariate survival analysis (Eigure 2). No study-related adverse events were reported. The
effects of treatment on the ratio PaO,/FiO, and on IL-6 are clinically important, but further studies are needed to
determine if the trend in lower mortality can be confirmed. The trial was originally designed for 140 subjects and was thus
underpowered, with only 54 patients due to a lack of new admissions.
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Figure 2. The 28-day mortality from randomization (day 1) to day 28 in a trial of high-dose intravenous vitamin C (HDIVC)
in patients with COVID-19. Kaplan—Meier analysis was used to estimate the 28-day mortality and survival curves were
compared with the Wilcoxon test (p = 0.05) among severe COVID-19 patients (baseline SOFA score = 3). Cox regression
was used as multiple comparisons (HR, 0.32 (95%Cl, 0.10-1.06); p = 0.06). HDIVC—high-dose intravenous vitamin C.
Reproduced with permission from Zhang J. et al.

The largest registered trial is the Lessening Organ Dysfunction with Vitamin C-COVID (LOVIT-COVID) trial in Canada,
which is recruiting 800 patients who are randomly assigned to vitamin C (intravenous, 50 mg/kg every 6 h) or a placebo
for 96 h, i.e., equivalent to 15 g/day for a 75 kg person (NCT04401150). This protocol has also been added as a vitamin C
arm in the Randomized, Embedded, Multifactorial Adaptive Platform Trial for Community-Acquired Pneumonia (REMAP-
CAP; NCT02735707). The study design provides further rationale for the use of vitamin C in COVID-19 patients43l. There
is also a high-dose (10 g/day) vitamin C intervention study in 500 adults is in progress in Palermo, Italy (NCT04323514).

There is concern, however, that these study designs limit the use of vitamin C to a maximum of four days, which may be
inadvisable in acutely ill patients due to the potential return of symptoms if the inflammation is not resolved. This issue
was illustrated by the CITRIS-ALI trial, which showed a maximum reduction in mortality compared to placebo on day 4,
the final day of vitamin C administration, but a decreased difference between the groups after 28 days.

In the UK, the Chelsea and Westminster hospital ICU, where adult ICU patients were administered 1 g of intravenous
vitamin C every 12 h together with anticoagulants®4l, has reported 29% mortalitys], compared to the average 41%
reported by the Intensive Care National Audit and Research Centre (ICNARC) for all UK ICUs!28l, While the authors have



stated that the addition of an antioxidant in the form of vitamin C could have contributed to the lower mortality rate, it
should be noted that other clinical factors and procedures could also account for the improved mortality and that the
Chelsea and Westminster ICU serves a more affluent sector of the population with less deprivation on the basis of the
Index of Multiple Deprivation (IMD). Deprivation, while a risk factor for COVID-19 mortality, is also a predictor of low
vitamin C status. In the UK, an estimated 25% of men and 16% of women in the low-income/materially deprived
population are deficient in vitamin C > 11 pmol/L[44,

The Frontline COVID-19 Critical Care Expert Group (FLCCC), a group of emergency medicine experts, have reported
that, with the combined use of 6 g/day intravenous vitamin C (1.5 g every 6 h), plus steroids and anticoagulants, mortality
was 5% in two ICUs in the US (United Memorial Hospital in Houston, Texas, and Norfolk General Hospital in Norfolk,
Virginia), the lowest mortality rates in their respective counties.

A case report of 17 COVID-19 patients who were given 1 g of intravenous vitamin C every 8 h for 3 days reported a
mortality rate of 12% with 18% rates of intubation and mechanical ventilation and a significant decrease in inflammatory
markers, including ferritin and D-dimer, and a trend towards decreasing FiO, requirements®8l. Another case of
unexpected recovery following high-dose intravenous vitamin C has also been reported®2. While these case reports are
subject to confounding and are not prima facie evidence of effects, they do illustrate the feasibility of using vitamin C for
COVID-19 with no adverse effects reported.
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