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Abstract

Vitamin C is used in modern medicine supplements for treatment of various disorders associated with oxidative stress, inflam-
mation and immune dysregulation. In this review article, experimental and clinical results regarding the effects of vitamin
C on respiratory immunologic, and allergic diseases are reviewed. Various databases and appropriate keywords are used to
search the effect of vitamin C on respiratory diseases until the end of May 2022. Books, theses and articles were included.
These studies assessed the effects of vitamin C on respiratory disorders including asthma, chronic obstructive pulmonary
disease (COPD), lung infection and lung cancer. Vitamin C showed relaxant effect on tracheal smooth muscle via various
mechanisms. The preventive effects of vitamin C were mediated by antioxidant, immunomodulatory and anti-inflammatory
mechanisms in the experimental animal models of different respiratory diseases. Some clinical studies also indicated the
effect of vitamin C on lung cancer and lung infections. Therefore, vitamin C could be used a preventive and/or relieving
therapy in respiratory diseases.
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Introduction

Respiratory, allergic and immunological diseases including
chronic obstructive pulmonary disease (COPD), asthma
and lung fibrosis and lung infection (caused by bacteria and
viruses such as SARS-CoV-2) are serious health problems
that can cause significant morbidity and mortality world-
wide (Labaki and Han 2020). Since most of these diseases
are incurable, current drug therapies focus on controlling
symptoms and limiting disease progression by reducing lung
inflammation and airway obstruction (Rabe and Schmidt
2001). However, due to various side effects as well as lack of
full therapeutic efficacy of the existing drugs, new pharma-
cological approaches for the treatment of respiratory, allergic
and immunological diseases are being sought (Saadat et al.
2021).

Vitamin C is a small, water-soluble antioxidant mol-
ecule derived from glucose and is found mainly in fruits
and vegetables, especially citrus fruits (Zhitkovich 2020).
Most animals synthesize vitamin C in the liver or kidneys,
but due to the lack of L-gulonolactone oxidase (GULO),
the final enzyme in the biosynthetic process, this vitamin
has become an essential nutritional requirement for humans
(Kazmierczak-Baranska et al. 2020). Vitamin C exists in
two forms in plasma: (1) the reduced form, ascorbic acid
(AA), which is transported into the cells by sodium-vita-
min C co-transporters (SVCTs), and (2) the oxidized form,
dehydroascorbic acid (DHA), which is transported into the
cells by glucose transporters (GLUTs) (Fig. 1), (Roa et al.
2020). High levels of vitamin C exist in the lungs (Shank-
lin and O'dell 1966), and its levels in alveolar type II and
macrophages are 30 times more than plasma (Castranova
et al. 1983). From a functional point of view, vitamin C is
involved in many biological processes. Vitamin C prevents
oxidative damage to biomolecules by directly scavenging
free radicals through donating electrons to these radicals
and by indirectly scavenging free radicals through reactivat-
ing other free-radical scavengers such as alpha-tocopherol
(vitamin E) and glutathione (GSH), as well as inhibiting
free-radical-producing enzymes including nicotinamide ade-
nine dinucleotide phosphate (NADPH) and oxidase xanthine
oxidase (XO) (Marik 2018; Padayatty et al. 2003). Vitamin
C also acts as a cofactor for more than sixty enzymes that
catalyze important reactions, including the synthesis of col-
lagen, carnitine, serotonin and norepinephrine, and the regu-
lation of hypoxia-induced transcription factor (HIF) (Ang
et al. 2018). In addition, this vitamin decreases the levels of

@ Springer

Dehydroascorbic Affid
Reductase

Ascorbic acid

Fig.1 Transmembrane transporters of ascorbic acid and dehy-
droascorbic acid: sodium-dependent vitamin C transporters (SVCTs)
are specific for ascorbic acid, and glucose transporters (GLUTs) are
specific for dehydroascorbic acid

inflammatory mediators by inhibiting the activity of nuclear
factor-kappa B (NF-kB) and prevents the entry of immune
cells into the microcirculation by inhibiting the expression
of intracellular adhesion molecules (Du et al. 2022; Shakoor
et al. 2021). Moreover, vitamin C improves microcirculatory
blood flow, inhibits apoptosis and augments the bacterial
defense (Lavillegrand et al. 2022; Oudemans-van Straaten
et al. 2014). In line with these extensive biological activities,
the beneficial effects of vitamin C in the context of various
diseases have also been reported. For example, in sepsis,
vitamin C has been shown to facilitate the production of
cortisol, vasopressin, and catecholamines, and protects the
endothelial barrier by inhibiting protein phosphatase type
2A (PP2A) (Chang et al. 2020; Teng et al. 2018). Vitamin
C was shown to decrease smoking-induced myocardial dam-
age, ameliorate atherosclerosis, and protect the immune
system from oxidative stress caused by infection (Das et al.
2012; Wintergerst et al. 2006; Woo et al. 2021). Moreo-
ver, vitamin C has been found to increase cell differentia-
tion from somatic cells to induced pluripotent stem cells
(iPSCs), which is an important feature in various regenera-
tive processes following acute or chronic diseases (Esteban
et al. 2010). In addition, promising findings have been pub-
lished about the effects of vitamin C on respiratory, allergic
and immunological diseases; importantly, abundant pres-
ence of vitamin C has been shown in both intracellular and
extracellular fluid of the lungs (Maritz 1996). In this regard,
treatment with vitamin C was shown to improve influenza
and upper respiratory infections (Colunga Biancatelli et al.
2020; van Driel et al. 2019). Vitamin C supplementation
has also been indicated to improve antioxidant status and
reduced lung function due to smoking and/or COPD (Park
et al. 20164, b; Yieh et al. 2018). In addition, the effect of
fruits, vegetables and grains containing vitamin C on COPD
was shown (Pirabbasi et al. 2016). However, inconsistent
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results on the effects of vitamin C supplementation on
COPD patients are available (Wu et al. 2007). The effect
of vitamin C on COVID-19 was also reported (Hoang et al.
2020; Liu et al. 2020). The safety of high-dose intravenous
vitamin C was also shown (Barazzoni et al. 2020; Diyya and
Thomas 2022; Karimian et al. 2022; Padayatty et al. 2010).

Therefore, the present review focuses on experimental
and clinical evidence supporting the effects of vitamin C
on respiratory, allergic and immunological diseases and the
mechanisms involved. The possible effective dose of vitamin
C for the treatment of each type of respiratory disorders,
as well as its bioavailability and toxicity are also provided.

Main text

Experimental and clinical studies on the effects of vita-
min C on respiratory, allergic and immunological diseases,
published up to May 2022, in different databases includ-
ing Google Scholar, PubMed, and Web of Science, using
relevant keywords such as “vitamin C”, “ascorbic acid”,
“asthma”, “chronic obstructive pulmonary disease”, “lung
fibrosis” and “lung cancer” were searched. The reviewed
articles were available in full text, and written in English.
The titles and abstracts of the studies were screened by four
reviewers separately to select relevant articles and disa-
greements were resolved through consensus. Two review-
ers extracted data from the included studies separately by
double-checking by the same reviewers. Title, authors, pub-
lication year, study design, control groups, model of injury,
sample size, in vivo and in vitro intervention, intervention
duration, outcome, conclusions, keywords, and sex and age
of animals or human from each article were extracted. Two
reviewers also evaluated the methodological quality and
validity of each included study independently and dupli-
cate references were removed. Letters to editors, abstracts,
case-report, and case-series articles were excluded. In
total, among the initial 161 articles, 139 papers (33 review
articles, 10 book chapters, and 96 original articles) were
included in this review and 22 articles were duplicates. The
study flowchart is shown in Chart 1.

The possible bronchodilatory effect

Tracheal smooth muscle relaxation effect, experimental
results

To treat obstructive respiratory diseases, the relieving drugs
which are compounds that dilate the bronchi and relieve air-
way obstruction are used (Saadat et al. 2021). The relaxant
effect of a compound on the smooth muscle of the trachea
indicates its bronchodilatory effect in obstructive respiratory

Records identified
articles (n=161)
in electronic data bases
(Google Scholar)

Included articles after removal
of duplicate (n=139) electronic
data bases

O

Screening (n=139)

>

Review Articles: 33
Chapters: 10
Original Articles: 96

Identification

Screened

Included

Chart 1 Flowchart of the process for selecting studies for this review

diseases. In this regard, the relaxant effect of vitamin C on
tracheal smooth muscle (TSM) along with its underlying
mechanisms has been demonstrated in several experimental
studies.

Dose-dependent relaxant effect of vitamin C on the
smooth muscle of guinea pig trachea, contracted by submax-
imal concentrations of histamine (1 pg/mL), was reported. In
this study, propranolol reduced the relaxant effect of vitamin
C on TSM, suggesting that this effect was mediated in part
by B-adrenergic receptors stimulation (Zuskin et al. 1973).
Relatively high concentrations of vitamin C caused dose-
dependent relaxation in TSM pre-contracted by histamine
(107> M), carbachol (10° M), and potassium chloride (KCl)
(80 mM). The decrease in the relaxant effect of vitamin C on
TSM in the presence of indomethacin (1073 M) indicated the
partial contribution of inhibition of cyclooxygenase pathway
in this effect (E. Sipahi & Z. S. Ercan, 1997).

Vitamin C administered for 1 week induced a relaxant
effect in BALB/c mice exposed to methacholine aerosol
(25 mg/mL) (Jeong et al. 2010). The relaxant effect of vita-
min C administered for 5 days on airway resistance was
shown in cockroach extract-sensitized BALB/c mice after
acute exposure to different doses of methacholine (4, 8, 12,
16 and 20 mg/mL) (Bansal et al. 2014).

The anti-bronchoconstriction effect of sodium ascorbate
(200 mg/kg) on airway resistance was shown in guinea pigs
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after acute exposure to histamine (5 pg/kg) which showed
the relaxant effect of sodium ascorbate in TSM in the pres-
ence of histamine. Therefore, sodium ascorbate can decline
bronchoconstriction caused by histamine in guinea pigs
(Dawson et al. 1967).

Scorbutic (50 mg/guinea pig/day) for 3 and 4 weeks
induced a relaxant effect in guinea pigs exposed to hista-
mine aerosol. The results showed that AA deficiency causes
airway hyperresponsiveness to histamine in guinea pigs
(Mohsenin et al. 1988). In addition, in several similar stud-
ies, vitamin C decreased bronchoconstriction caused by his-
tamine in guinea pigs (Hemild 2014; Sipahi and Ercan 1997;
Zuskin et al. 1973).

The bronchodilatory effect, clinical results

In three trials, treatment with vitamin C (0.5 to 2 g/day)
improved the post-exercise decrease in forced vital volume
in one second (FEV1) volume. After short-term heavy physi-
cal stress, also treatment with vitamin C, improved the inci-
dence of respiratory symptoms (Hemild 1996; Hemild and
Chalker 2013).

Common diet and AA supplementation (1500 mg/day)
were administered for one-week in a randomized, placebo-
controlled double-blind cross-over trial in two groups. The
results indicated that vitamin C reduced the post-exercise
increase in the urinary markers of bronchoconstrictors pros-
taglandin D2 (PGD?2) and cysteinyl LTs and decrease the NO
level in exercise-induced bronchoconstriction (Tecklenburg
et al. 2007). The relaxant effects of vitamin C on TSM and
its bronchodilatory effects are summarized in Table 1.

Preventive effects on asthma
Experimental results

Asthma is one of the most common chronic respiratory
diseases worldwide, which places a significant burden on
patients and health care systems (Kianian et al. 2020a).
The main feature of the pathophysiology of asthma is lung
inflammation, oxidative stress and immunological reactions
(Kianian et al. 2019a, b; Kianian et al. 2022). Oxidative
stress responses to air pollutant exposure trigger inflamma-
tion of the lungs by inducing a variety of pro-inflammatory
mediators, increasing airway responsiveness, and increas-
ing mucin secretion (Cho and Moon 2010). Persistent lung
inflammation, possibly caused by immune responses to
repeated inhalation of environmental allergens such as pol-
len and house dust mites, leads to airway remodeling (e.g.,
smooth muscle hypertrophy, epithelial mucus metaplasia,
and increased deposition of sub-epithelial matrix glycopro-
teins) (Locksley 2010).
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Due to this complex pathophysiology, it can be concluded
that a multi-potential drug is necessary for effective treat-
ment of patients with asthma. In this regard, the therapeutic
effects of vitamin C on asthma have been evaluated in sev-
eral studies based on its anti-inflammatory, antioxidant and
immunomodulatory effects. The effect of vitamin C admin-
istered for 16 days on circulating cytokine levels in 2,4-dini-
tro-1-fluorobenzene (DNFB)-sensitized BALB/c mice was
shown by decreased interleukin (IL)-4 but increased IL-2,
tumor necrosis factor-a (TNF-a) and interferon-y (IFN-y)
levels, indicating an immune response shift to T helper 1
(Th1) (K. Noh et al. 2005a, b).

Vitamin C administered for 5 weeks in a murine model
of allergic asthma, increased eosinophilic infiltration into
bronchoalveolar lavage fluid (BALF) in ovalbumin (OVA)-
sensitized BALB/c mice which modulated Th1/T helper 2
(Th2) balance toward the Thl pole during the Th2-skewed
allergic airway inflammation (Chang et al. 2009). Treatment
of allergic airway inflammation in a mouse model of asthma
with vitamin C (3-5 mg intraperitoneally (i.p,) for a week)
reduced the number of inflammatory cells in the BALF and
infiltration of perivascular and peribronchiolar inflammatory
cells (Jeong et al. 2010).

In a guinea pig model of asthma, inhalation of OVA
caused a significant increase in the number of eosinophils,
neutrophils, and macrophages in the BALF. Treatment with
400 mg/kg oral vitamin C prevented the accumulation of
these inflammatory cells in the BALF and increased level of
cyclic guanosine monophosphate (cGMP), the second mes-
senger in airway smooth muscle cells, indicating that vita-
min C can relax the airways and thus reduce the symptoms
of asthma (Haines et al. 2011).

Treatment of allergic asthma in cockroach extract-sensi-
tized BALB/c mice with vitamin C for 5 days reduced total
and differential total white blood cell (WBC) count, eosino-
phil peroxidase (EPO) activity and the levels of intracellular
reactive oxygen species (ROS), 8-isoprostanese, IL-4 and
IL-5 in the BALF, IgE and IgGl1 in the serum and NF-kB
p65 protein in the lung tissue while increased IL-10 in the
BALF and glutathione peroxidase (GPx) activity in the lung
tissue. Hematoxylin and eosin (H&E) staining of the lung
tissues also showed a high score of inflammation in asth-
matic mice, which was significantly reduced by vitamin C
treatment (Bansal et al. 2014). Administration of vitamin C
for 30 days reduced the responsiveness of tracheal smooth
muscle to methacholine and OVA-sensitized guinea pigs. In
addition, incubation of TSM with vitamin C caused further
reduction in tracheal response to methacholine in the sensi-
tized group (Boskabady and Ziaei 2003).

The effect of vitamin C treatment on lung inflamma-
tion and oxidative stress was shown in a mouse model
of allergic asthma. The results indicated that 24-day
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Table 1 The possible effects of vitamin C on tracheal smooth muscle (TSM) and its preventive effects on asthma

Study design Dose Admin rout Effect References

TSM Exp Contracted guinea pigs 20 to 30 ug/mL - Relaxing activity on TSM Zuskin et al. (1973)
Contracted guinea pigs TSM  10-102 M - (Sipahi and Ercan (1997)
OVA-sensitized guinea pigs  0.25 g/L Drinking water Reduced the responsiveness ~ Boskabady and Ziaei (2003)

of TSM
TSM of mice 3to 5 mg - Relaxing activity on TSM Bansal et al. (2014)
Contracted guinea pigs 200 mg/kg - Dawson et al. (1967)
50 mg - [40]

BD Clin Bronchoconstriction 0.5 to 2 g/day Decreased FEV1, improved ~ Hemild (1996); Hemil4 and
respiratory symptoms Chalker (2013)
incidence

1500 mg/day Increased urinary markers of Tecklenburg et al. (2007)
bronchoconstrictors PGD2
and cysteinyl LTs
Asthma Exp OVA-sensitized mice 130 mg/kg Gavage Modulated Th1/Th2 balance =~ Chang et al. (2009)
Decreased the BALF eosino-
philic infiltration
Cockroach extract-sensitized 308.33 mg/kg NAS Reduced total and differential Bansal et al. (2014)
BALB/c mice WBC, EPO, ROS, IL-4,
IL-5
Decreased IgE, IgG1, NF-xB
p65 protein in lung tissue
Increased IL-10 levels and
GPx activity in lung tissue
OVA-sensitized guinea pigs  3-5 mg/kg Gavage Reduced the number of Jeong et al. (2010)
inflammatory cells in the
BALF
400 mg/kg Increased the levels of cGMP Haines et al. (2011)
DNFB-sensitized mice 200 mg/kg Lowered inflammatory cell Haines et al. (2011)
infiltration, increased lung
tissue cCAMP and cGMP
0.625 and 5 mg/kg LP Enhanced delayed hypersen-  Noh et al. (2005)
sitivity, modulated Th1/Th2
balance toward the Th1
Mouse model of asthma 130 mg/kg Gavage Reduced total and differential Kianian et al. (2019a)
WBC count, peribronchial
inflammatory cells infiltra-
tion, phosphorylated NF-xB
and MDA levels
Clin Asthmatic children 1000 mg/daily Oral Improved neutrophil chemo-  Anderson and Theron (1983)

5 g/d for 2 weeks

taxis

Reduction incidence and
severity of common cold-
induced asthma

Hemili (2013)

Admin administration, NAS Intranasal, I.P: Intraperitoneally, OVA ovalbumin, 7SM tracheal smooth muscle, DNFB hapten 2.4-dinitro-
1-fluorobenzene, BD bronchodilator, OVA ovalbumin, cAMP cyclic adenosine monophosphate, cGMP cyclic guanosine monophosphate, /L-
13 Interleukin-13. EPO eosinophil peroxidase, ROS reactive oxygen species, GPx glutathione peroxidase, WBC total white blood cell, NF-kB
nuclear factor-kappa B, MDA malondialdehyde, FEVI forced expiratory volume in 1 s, Exp. experimental, Clin. clinical

administration of vitamin C significantly reduced WBC
count, percentage of neutrophils and eosinophils, infil-
tration of peribronchial inflammatory cells, expression

of phosphorylated nuclear factor-kappa B (NF-xB) and

malondialdehyde (MDA) levels (Kianian et al. 2019a).
Treatment of OVA-sensitized BALB/c mice with vitamin

C for 24 days improved BALF IL-13 and serum IgE levels,
as well as goblet hyperplasia and sub-epithelial fibrosis
(Kianian et al. 2020a).
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Clinical results

In a randomized controlled trial, treatment with vitamin
C (1000 mg/daily. i.v.) to asthmatic children, improved
neutrophil chemotaxis compared to standard anti-asthma
treatment alone (Anderson & Theron, 1983). In addition,
in randomized, placebo-controlled, double-blind parallel
studies patients with early asthma were treated with 1 g/day
vitamin C, 450 mg/day magnesium chelate or placebo for
16 weeks. The findings indicated that treatment with vitamin
C or magnesium adds no clinical benefit to current standard
therapy of asthma in primary care patients (Fogarty et al.
2003, 2006).

In a meta-analysis including 3 controlled clinical trials
(involving 79 children and adults), the efficacy of AA as sin-
gle or multiple oral doses for different lengths of time (1 g/
day for 14 weeks, 2 g/day at two time points, and 5 g/day for
2 weeks), significant reduction of the incidence and severity
of common cold, moderate and severe asthma and airway
responsiveness to histamine were shown (Hemild 2013). The
preventive effect of vitamin C on asthma is summarized in
Table 1.

Preventive effects on COPD
Experimental results

In a guinea pig model of COPD, intramuscular injection of
cigarette smoke (CS)-derived p-benzoquinone for 56 days
induced significant accumulation of p-benzoquinone in the
lung parenchyma and increased airspace size; however, oral
vitamin C administration (Ghosh et al. 2015) reduced the
formation of protein carbonyls and 8-Oxo-7,8-Dihydro-2'-
Deoxyguanosine (8-0xodG) in the lung parenchyma, as well
as the inflammatory cells (e.g., macrophages) infiltration
and up-regulation of NF-kB, p-IkB-a, matrix metallopro-
teinase (MMP)-9 TNF-a, IL-8, and MMP-12 in the lungs,
indicating a reduction in oxidative stress and inflammation,
respectively. Moreover, vitamin C administration reduced
collagen deposition in the bronchioles as well as the pres-
ence of cytochrome c, Bcl-2-associated X protein (Bax)/B-
cell leukemia/lymphoma 2 (BCL-2) ratio, p53, caspase 3,
caspase 8 and poly-ADP-ribose polymerase (PARP) activ-
ity and deoxyribonucleic acid (DNA) fragmentation in the
lungs, indicating decreased airway remodeling and apoptosis
(Ghosh et al. 2015).

Treatment of CS-induced emphysema in mice with mini-
mal (0.0375 g/L) and physiologically sufficient vitamin C,
reduced oxidative stress, enhanced collagen synthesis and
improved vascular endothelial growth factor (VEGF) (K.
Koike et al. 2014a, b). Pretreatment with vitamin C in an ani-
mal model of tobacco smoke-induced emphysematous injury
in guinea pigs significantly suppressed pro-inflammatory
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protein expressions such as Rtp801, NF-kB, and iNOS as
well as MMP-9. The results of this study proved the pre-
ventive effect of vitamin ¢ (but no curative effect) against
CS-induced lung injury (Gupta et al. 2016).

Vitamin C administration did not decrease the lung
cytochrome P4501i9A1 gene expression induced by CS
exposure in osteogenic disorder model in Shionogi rats
(Ueta et al. 2001). In an in vitro study, vitamin C prevented
CS-induced NF-kB activation in alveolar epithelial A549
cells (Das et al. 2013). In another study, vitamin C adminis-
tration improved emphysematous lung damage induced by
CS and p-benzosemiquinone in guinea pigs (Banerjee et al.
2008). Vitamin C administration also protects guinea pigs
lung tissue against CS-induced oxidative damage (Panda
et al. 2000).

Clinical results

The effects of the N-acetylcysteine (NAC) (600 mg), vita-
min C (500 mg), a combination of vitamin C + NAC, and
placebo, once daily on the antioxidant status of COPD
patients (n=79) were studied. The results indicated that
antioxidant supplementation improved nutritional status
and vitamin C was effective in improving antioxidant sta-
tus (Pirabbasi et al. 2016). The preventive effect of vitamin
C (48.50-141.63 mg/kg/day) has been studied in COPD
patients. The results showed protective effect of vitamin C
against COPD independent of smoking history in the general
population (Park et al. 20164, b).

In a randomized and placebo-controlled study, 35 patients
with stable COPD were treated with 200 and 400 mg/day
vitamin E or 250 mg/day vitamin C. The results showed
that vitamin E and C supplementation for 12 weeks sig-
nificantly improved the resistance of DNA in WBC against
oxidative challenge. The DNA damage induced by H202 in
the treatment groups with two doses of vitamin E and one
dose of vitamin C was significantly reduced compared to
the placebo group) p=0.028 and p=0.013 for two doses
of vitamin E but p=0.0041 for vitamin C). However, more
studies are needed to examine the effect of vitamin C on
slowing the decline of lung function in patients with COPD
(Wu et al. 2007). Table 2 summarizes the effect of vitamin
C on COPD.

Lipopolysaccharide (LPS)-induced lung injury
and lung fibrosis

Vitamin C showed therapeutic effects of on sepsis, LPS-
induced lung injury and lung fibrosis in some studies.
Vitamin C supplementation improved sepsis-induced acute
lung injury (ALI) in C57BL/6 mice through inhibition of
inflammation, enhancing epithelial barrier function and
increasing the clearance of alveolar fluid (Fisher et al.
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Table 2 The effect of vitamin C on COPD and lung fibrosis

Study design Dose

Admin rout

Effects

References

COPD Exp Guinea Pigs model 30 mg/kg

10 mg/kg

15 mg

15 mg/day

Mice model 0.0375 and 1.5 g/L

CS exposure in osteogenic disor- 40 mg/kg
der rat

CS-induced NF-kB activation in 1 mg/day
A549 cells

Sepsis-induced acute lung injury 200 mg/kg
in mice

Clin COPD patients 500 mg
250 mg/day

LF Pulmonary endothelial barrier 250, 500, 100 pM
dysfunction. Induced by LPS

(in vitro)
LPS-induced lung injury in rat

250 mg/kg/day

Hexavalent chromium-induced
fibrosis in rats

75 mg/kg

Gavage

Intranasally

Gavage

Decreased airway remodeling,
apoptosis and inflammation
Improved oxidative stress

Suppressed pro-inflammatory pro-
tein expressions such as Rtp801,
NF-xB, and iNOS as well as,
MMP-9

Prevented protein damage

Reduced inflammation and
apoptosis

Reversed protein damage and lipid
peroxidation

Diminished oxidative stress
Increased collagen synthesis,
improved VEGF expression

Do not affect the lung cytochrome
P4501A1 gene expression

Decreased NF-xB activation

Inhibited inflammation
Enhanced epithelial barrier func-
tion and alveolar fluid clearance

Improved nutritional and anti-
oxidant status, Improve of lung
function

Improve of lung function

Reversed p53 and phosphorylated
cofilin down-regulation

Decreased RhoA activation

Lowered myosin light-chain phos-
phorylation

Attenuated the inflammatory
response and lowered fibrosis in
lung tissue

Improved fibrotic markers such
as fibroblasts and myofibro-
blasts proliferation and collagen
production

Ghosh et al. (2015)

Gupta et al. (2016)

Banerjee et al. (2008)

Panda et al. (2000)

Koike et al. (2014a, b)

Ueta et al. (2001)
Das et al. (2013)

Fisher et al. (2012a, b)

Pirabbasi et al. (2016)

Wu et al. (2007)

Barabutis et al. (2017)

Mohamed et al. (2019)

Hemmati et al. (2008)

Admin administration, L.F Lung fibrosis, Rtp801 known as Redd1, and encoded by Ddit4, NF-kB Nuclear factor-kappa, B, iNOS Inducible nitric
oxide synthase, MMP-9 Matrix metallopeptidase 9, VEGF Vascular endothelial growth factor, LPS Lipopolysaccharide, Exp. experimental, Clin.

clinical

2012a, b). Administration of a combination of vitamin
C and hydrocortisone in an in vitro study improved pul-
monary endothelial barrier dysfunction induced by LPS
in human lung microvascular endothelial cells. In addi-
tion, this combination reversed p53 and phosphorylated
cofilin down-regulation and decreased RhoA activation
and myosin light-chain phosphorylation (Barabutis et al.
2017). Treatment of LPS-administered rats with vitamin
C decreased inflammatory cell infiltration and lung fibro-
sis and lowered collagen contents and thickening of the

alveolar walls (Mohamed et al. 2019). Administration of
vitamin C reduced lung fibrotic damage induced by hexa-
valent chromium in rats through improving fibrotic mark-
ers such as fibroblasts and myofibroblasts proliferation as
well as collagen production (Hemmati et al. 2008). The
effects of vitamin C on LPS-induced lung injury and lung
fibrosis are summarized in Table 2.
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Lung cancer

Both experimental and clinical studies indicated therapeutic
effects of vitamin C on lung cancer.

Experimental results

The expression and distribution of vitamin C transporters
in tumor cells and the route of administration of vitamin C
(oral or intravenous) are factors influencing the effects of
vitamin C on cancer progression. In addition, the relation-
ship between cancer and vitamin C is related to its pro-oxi-
dant, gene expression regulating and antioxidant properties
(Vissers and Das 2018). Combined a-tocopherol and vita-
min C supplementation prevented lung squamous metaplasia
induced by CS in ferrets via inhibition of cyclin D1 expres-
sion and restoring retinoic acid levels in the lung. Vitamin
C administration also prevented excessive proliferation in
human lung epithelial cells (A549) (Kim et al. 2012).

Table 3 The effect of vitamin C on lung cancer and lung infection

Clinical results

In a meta-analysis of 18 articles, 21 studies including 8938
cases of lung cancer were evaluated. The results showed
that consumption of vitamin C may have a protective effect
against lung cancer. In fact, there is a linear dose-response
relationship between the level of vitamin C intake and lung
cancer risk. The risk of lung cancer was reduced by 7% for
every 100 mg/day increase in vitamin C intake (Luo et al.
2014). The relationship between supplemental with multi-
vitamins, vitamin C, vitamin E and folate with incidence
of lung cancer was examined in a total of 521 cases of lung
cancer patients. The results showed that supplemental vita-
min E was associated with a slight increase in the risk of
lung cancer, while multivitamins, vitamin C, and folate sup-
plementation were not associated with a decrease in the risk
of lung cancer. Therefore, the use of these supplements is
suggested to patients to prevent lung cancer (Slatore et al.
2008). The effects of vitamin C on lung cancer are summa-
rized in Table 3.

Study design Dose Admin rout Effect References
LC Exp A549 210 mg/day Inhibited cyclin D1 expression and restoring Kim et al. (2012a, b)
retinoic acid levels in the lung
Clin - 75¢ Improved CEA Gonzélez et al. (2016)
100 mg/day Decreased risk of lung cancer Luo et al. (2014)
- Not associated with a decrease in the risk of lung Slatore et al. (2008)
cancer
L-In Exp Pigs model - Antibacterial effect [56]
- Increased FVC and FEV1% Yi et al. (2019)
Therapeutic effect of high-dose vitamin C on
lung infection
800 mg/kg Antibacterial effect in the high-dose vitamin C (Jensen et al. 2012)
Rhesus - Reduced susceptibility of lung of rhesus (Sabin 1939)
monkeys’ monkeys to infections by bacteria and other
model microorganisms
Clin Pneumonia - Not associated with improvement of the 28-day ~ Lee et al. (2021a, b)
mortality and prognosis
- Not support with vitamin C in the prevention and Hui et al. (2022)
treatment
COVID-19 50 mg/kg/day Did not use less mechanical ventilation Kumari et al. (2020)
PTB - Decreased serum levels of ascorbic acid in PTB  Bakaev and Duntau (2004)
and pneumonia in PTB, but not in pneumonia
Sepsis 50, 200 mg/kg/day, 24 h Positively impact the extent of multiple organ Syed et al. (2014)

failure, biomarkers of inflammation and
endothelial injury

Decreased respiratory symptom score

Decrease inflammation, duration of mechanical

Hunt et al. (1994)
Mahmoodpoor et al. (2021)

ventilation, vasopressor use without affecting
mortality

ARI 200 mg
COVID-19 60 mg/kg/
1 g/day

Shortened the duration of colds in adults

Hemild (1999)

Admin administration, LC lung cancer, Exp. experimental, Clin. clinical, i.v. intravenous, L-In lung infection, FVC forced vital capacity, FEVI
first second of forced expiration, ARI acute respiratory infections, PTB pulmonary tuberculosis, CEA carcinoembryonic antigen
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Lung infection

The vitamin C effects on lung infection were shown in both
experimental and clinical studies. Vitamin C is synthesized
by most mammals in their liver. Guinea pig, which is a
rare species with the absence of this capacity, is regarded
as an appropriate empirical model for investigations on the
impacts of this vitamin. The intake of this vitamin influ-
ences the guinea pigs’ susceptibility to infections induced
by bacteria and microorganisms (Goldschmidt et al. 1988).
Five pneumonia cases were seen in rhesus monkeys in a
group of 25 monkeys that had vitamin C deficiency in their
diet. However, 21 control monkeys administered vitamin C
did not show any cases of pneumonia, which suggests the
possibility of the influence of primate vitamin C intake on
pneumonia susceptibility (Sabin 1939).

Vitamin C treatment improved lung infection in a rat
model of bronchial asthma. The control group and case
group received a high amount of vitamin C, respectively (82
rats in each group). The results showed that lung function
was not significantly different between the two groups before
treatment. However, after treatment, case group showed sig-
nificantly higher levels of FEV1, FEV1%, and FEV1/FVC
compared to the control group. The results indicated a thera-
peutic impact of high doses of vitamin C in pulmonary infec-
tion in rats with bronchial asthma, which may be of clinical
value in preventing the lung infection (Yi et al. 2019).

Treatment of male C57BL/6 mice with vitamin C
(200 mg/kg, i.p.) or dehydroascorbic acid (200 mg/kg)
protected mice against the harmful outcomes of sepsis by
various mechanisms, such as the pro-inflammatory response
attenuation, epithelial barrier function increment, inhibition
of coagulation abnormalities related to sepsis, and alveolar
fluid clearance enhancement. In animals with lung injury
induced by sepsis, administration of vitamin C causes
improving bronchoalveolar epithelial barrier function, atten-
uating neutrophil sequestration, and increasing alveolar fluid
clearance, which are all crucial factors for normal function-
ing of lung (Fisher et al. 2012).

Vitamin C showed an anti-infection effect on the growth
of Pseudomonas aeruginosa. The present research studied
56 guinea pigs, and 36 pigs for establishing a chronic P. aer-
uginosa lung infection. The findings proved that the plasma
antioxidant capacity induced by the infection was more sig-
nificant in the vitamin C-deficient diet, which implies the
therapeutic effect of consumption of high-dose antioxidants
during lung infection (Jensen et al. 2012). Therefore, vitamin
C could also affect lower respiratory tract infections.

Clinical studies

Treatment of pneumonia patients (35 cases) with a single-
dose vitamin C for 28 days indicated that there was no asso-
ciation between the vitamin C treatment alone and prognosis
and mortality improvement in individuals with respiratory
failure and severe viral pneumonia (Lee et al. 2021a, b). The
preventive effect of vitamin C has been studied in patients
with COVID-19 and pneumonia. According to the results,
treatment with only high oral or i.v. doses of vitamin C in
these patients exerts a therapeutic effect via different biologi-
cal pathways (Hui et al. 2022).

In a randomized, double-blind clinical trial, COVID-19
patients in Pakistan with respiratory symptoms were allo-
cated into two groups. One group received vitamin C along
with the standard therapy, and the other group received
standard therapy only. The results proved that in 150 patients
with severe COVID-19, cases that received vitamin C
showed the elimination of symptoms earlier; however, the
application of mechanical ventilation was not less in them
(Kumari et al. 2020).

A clinical trial measured the dehydroascorbic, ascor-
bic, and diketogulonic acid (DKG) levels in the serum of
pneumonia and pulmonary tuberculosis (PTB) patients. The
results demonstrated the reduction of the AA serum levels
in pneumonia and PTB, and there was a reduction in the
dehydroascorbic acid level in PTB, while it was not noted
in pneumonia (Bakaev and Duntau 2004). In a randomized,
double-blind clinical trial, 24 individuals with severe sepsis
were allocated to 3 groups for receiving a placebo and 2
doses of vitamin C. The results demonstrated that vitamin
C positively affected the level of multiple organ failure and
inflammation biomarkers and endothelial injury (Syed et al.
2014). In a similar clinical study, 57 elderly patients with
acute respiratory infections were randomly treated with pla-
cebo or vitamin C for 2 and 4 weeks. Respiratory symptom
score showed a reduction in the vitamin C-treated group in
comparison with placebo group (Hunt et al. 1994). Pneumo-
nia patients (18 cases) were allocated to placebo or interven-
tion groups receiving standard treatment plus i.v. vitamin C
for 96 h. As shown, it was safe to intravenously administer
a moderately high level of vitamin C to severe pneumonia
patients, with the possibility of reducing the mechanical ven-
tilation period, vasopressor use, and inflammation without
considerably affecting mortality (Mahmoodpoor et al. 2021).

The placebo-controlled trials studies showed that the vita-
min C administration (1 g/day) reduced the duration of adult
colds averagely by 6% and by 17% in children and >2 g/
day vitamin C decreased the period of colds in children by
6% and in adults by 21% (Hemild 1999). In a randomized
controlled trial, 308 adults with COVID-19 transferred to the
ICU; patients were randomized to two groups for receiving
high dose (200 mg/kg) and low dose (50 mg/kg) of vitamin
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C. The results indicated that high-dose vitamin C suppressed
cytokine storms caused by COVID-19, improved pulmonary
function and reduced the risk of ARDS in patients with
COVID-19 (Liu et al. 2020). Vitamin C impacts on lung
infections are summarized in Table 3.

The effect of vitamin C on other lung disorders

In other lung disorders also, the effects of vitamin C were
demonstrated. In an in vitro study, vitamin C showed protec-
tive effects against hyperoxia-induced epithelial disruption.
The results of this study showed that these protective effects
are achieved by modulating the zona occludens-1 (ZO-1)
and reducing pro-inflammatory cytokines level (Al-Shmgani
et al. 2013). The results of another study showed that the
combination of vitamin C and E can reduce the destructive
effects of hyperoxia on bronchial epithelium cells by reduc-
ing oxidative damage and improving the antioxidant system
(Al-Shmgani et al. 2012). In an in vivo study, pretreatment
with vitamin C and vitamin E significantly improved hyper-
oxia-induced down-regulation of cough reflex and oxidative
damage in guinea pigs (Brozmanova et al. 2006).
Combined vitamin C and vitamin E administration ame-
liorated lung damage induced by acute swimming in rats.
This study showed that the protective effects of this combi-
nation are mediated through antioxidant activity (Al-Hashem
2012). In addition, vitamin C administration protects lung
tissue damage against ARDS induced by oleic acid trough
improving histopathological markers such as hyperemia in
vessels and thickening in bronchoalveolar septum. In addi-
tion, vitamin C supplementation reduced cytokine produc-
tion, inflammatory cell infiltrations and oxidative biomarkers
in the lung tissue (Erol et al. 2019). Vitamin C and NAC
administration improved lung tissue injury induced by bile
duct-ligation (BDL) in rats. This study indicated that treat-
ment with NAC plus vitamin C decreased total bilirubin
value, interstitial edema, focal metaplasia's of alveolar lining
cells, and severely damaged pulmonary architecture (Ozturk
et al. 2008). Vitamin C administration (200 mg/kg/day)
improved benzene inhalation-induced lung injury in rats
through modulating metalloproteinase-1 mRNA expression
(Sourour et al. 2012). In addition, treatment with vitamin
C significantly mitigated lung injury induced by zinc oxide
nanoparticles inhalation in rats. Protective effect of vitamin
C was mediated through suppressing acute oxidative stress,
lactate dehydrogenase (LDH) activity and IL-6 concentra-
tion. In addition, vitamin C improved cytokine-induced
neutrophil chemoattractant (CINC)-1, CINC-3, and HO-1
genes expression (Fukui et al. 2015). Vitamin C adminis-
tration (100 uM) inhibited acrolein-induced cytotoxicity in
cultured human bronchial epithelial cells via suppression
of apoptosis and oxidant production (Nardini et al. 2002).
Vitamin C (5-30 mM) protected human bronchial epithelial
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cells (16HBE cell) against PM2.5-induced oxidative dam-
age. This study showed that vitamin C could suppress ROS
generation in cells and improve mitochondrial function as
well as inflammation status (Jin et al. 2016).

Pretreatment with vitamin C in a rat model of lung
ischemia/reperfusion (I/R) significantly decreased lung tis-
sue MDA levels, intense interstitial leukocyte infiltration
and plasma leukocyte sequestration (Kim et al. 2012a, b). In
another study in reperfusion injury in a lung auto-transplan-
tation model in sheep, vitamin C pretreatment significantly
lowered arterio-alveolar oxygen difference (AaDO2), pulmo-
nary vascular resistance (PVR), work of breathing (WOB)
and the plasma level of polymorphonuclear neutrophils
(PMNs) (Demertzis et al. 2000).

Intravenous injection of vitamin C and continuous infu-
sion in combination with vitamin E in a pig model of lung
I/R, improved oxygenation and also decreased pulmonary
inflammation (Wagner et al. 2002). Oral vitamin C therapy
in an I/R induced lung injury model in Sprague—Dawley rats
significantly attenuated microvascular leakage and neutro-
phil infiltration (Kearns et al. 1999). The effects of vitamin
C on other lung disorders are summarized in Table 4.

Allergic disorders
Experimental results

The effect of vitamin C on allergic disorders was indicated
in several studies. In a study of 18 guinea pigs, administra-
tion of Na-ascorbate (the mineral salt of AA which is more
bioavailable than any other form of vitamin C), suppressed
severe anaphylactic shock. In addition, administration of
vitamin C for 4 days before and 1 day after the passive trans-
fer of rabbit decreased anti-HGG antibody (human gamma
globulin) and mortality (11%) compared to the control group
(40%). Therefore, it can be concluded that AA has a pro-
tective role in preventing anaphylaxis (Pavlovi¢ and Fraser
1988).

In an in vitro study on HaCaT human keratinocyte
cell line, the proliferation of HaCaT and primary human
keratinocytes induced by house dust mite (HDM) was sig-
nificantly suppressed by vitamin C and aptamin. In addi-
tion, T cell migration, and thymus and activation-regulated
chemokine (TARC) production were reduced. Therefore, the
results showed the potential effect of aptamin (a modified
form of vitamin C that consists aptamers, DNA fragments)
on inflammatory lesions such as atopic dermatitis (AD) (D.
Lee et al. 2021a, b).

Clinical results

In 40 allergic rhinitis patients, the effect of vitamin C on
clinical manifestations was investigated. This trial was a



The effects of vitamin C on respiratory, allergic and immunological diseases: an experimental... 663

Table 4 The effect of vitamin C on other lung disorders

Exp model Dose Effect References
OFILI Oleic acid-induced lung injury inrat 100 mg/kg Gavage Reduced cytokine production, Erol et al. (2019)
inflammatory cell infiltrations and
oxidative biomarkers in lung tissue
BDL-induced lung injury in rat 200 mg/kg Decreased total bilirubin value, Ozturk et al. (2008)
interstitial edema, focal metapla-
sia’s of alveolar lining cells
Benzene inhalation-induced lung 200 mg/kg Decreased interstitial edema, focal Sourour et al. (2012)

injury in rats
ZON inhalation-induced lung injury
in rats

1% aqueous solution

Hyperoxia-induced epithelial disrup- 10 (—6) or 10 (=7) M
tion

Hyperoxia-induced bronchial epithe-
lium cells injury

Lung damage induced by acute -
swimming in the rats

Acrolein-induced cytotoxicity in -

CHBEC
PM2.5-induced oxidative damage in  5-30 mM
16HBE cell y
OL.D LungI/R in rats 100 mg/kg
33gr
Lung I/R in sheep 1 g/kg
Lung I/R in pigs 1 mg and 125 mg/h

Gavage Decreased lung tissue MDA levels,

metaplasia's of alveolar lining cells
Modulated metalloproteinase-1 Sourour et al. (2012)

mRNA expression
Modulated the ZO-1 levels

Reduced pro-inflammatory cytokine

Al-Shmgani et al. (2013)

Reduced oxidative damage
Improved the antioxidant system

Al-Shmgani et al. (2012)

Improved antioxidant system Al-Hashem (2012)

Suppressed the apoptosis and oxi- Nardini et al. (2002)

dant production

Suppressed ROS generation, Jin et al. (2016)
improved mitochondrial function

and inflammation

Kim et al. (2012a, b)
interstitial leukocyte infiltration

and blood leukocyte sequestration

Attenuated microvascular leakage Kearns et al. (1999)

and neutrophil infiltration

Lowered AaDO2, PVR, WOB and
PMN count

Improved oxygenation
Decreased pulmonary inflammation

Demertzis et al. (2000)

Wagner et al. (2002a, b)

Admin administration, OFILI other factors induced lung injury, O L. D other lung disorders, I/R ischemia-reperfusion, LDH lactate dehydro-
genase, /L-6 interleukin-6, CINC-1 cytokine-induced neutrophil chemoattractant, HO-/ heme oxygenase-1, ROS reactive oxygen species, BDL
bile duct-ligation, Exp experimental, ZON zinc oxide nanoparticles, CHBEC cultured human bronchial epithelial cells, PVR pulmonary vascular

resistance, AaDO?2 arterio-alveolar oxygen difference

prospective controlled study with an experimental group
(vitamin C group, 20 subjects) and placebo group (20 sub-
jects). Administration of vitamin C and a sugar pill orally
as a placebo was done for 1Yz years, and the plasma levels
of AA and its effect on the signs and symptoms of rhinitis
were recorded. The results showed that administration of
vitamin C improved the symptoms of allergic rhinitis such
as sneezing, lacrimation, itching and malaise. After treat-
ment with vitamin C, plasma AA level was also increased
(Tongtako et al. 2018). In another study conducted on 27
patients, the effect of vitamin C supplementation on the
symptoms of rhinitis was investigated. Administration of
vitamin C for 8 weeks (2000 mg/day) along with exer-
cise including walking and/or running on a treadmill with
heart rate reserve of 65-70% for 30 min per session, 3
times a week for 8 weeks, caused a significant reduction
in nasal congestion, sneezing, nasal itching, runny nose,
nasal blood flow and MDA levels (Tongtako et al. 2018).

Following acute oral administration of vitamin C on two
consecutive days, in a double-blind cross-over, placebo-
controlled design in patients with allergic rhinitis, the
bronchial responsiveness index (PC15FEV1) increased
significantly 1 h after vitamin C treatment (Bucca et al.
1990).

In 71 patients with respiratory or skin allergic disorders,
the effect of adjunctive treatment of intravenous vitamin
C on specific and non-specific symptoms of the disease
(fatigue, sleep disorders, depression and lack of mental
concentration) was evaluated. Administering i.v. vitamin C
reduced allergy-related symptoms (Vollbracht et al. 2018).
The effects of vitamin C on allergic disorders are summa-
rized in Table 5.
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Table 5 The effect of vitamin C on allergic and immunologic disorders

Dose

Admin rout Effect

References

AL D Exp Guinea pigs, anaphylaxis

Clin Allergic rhinitis 1 g/day

2000 mg/day, 8 weeks

2 g, 2 days
7.5 g/50 mL

Im. D Exp HaCaT human keratinocyte  —

cell line
LPS in guinea pigs 0, 25, or 250 mg

Guinea pigs 4 g/kg for 14 days

Mouse model 5 mg/day
Mice model 10 pg/mL
Cell line U937 -
OVA-sensitized BALB/c 130 mg/kg

mice

281 mg/day, Na-ascorbate Gavage

Lv. Improved the symptoms of

Suppressed severe anaphy- Pavlovi¢ and Fraser (1988)
lactic shock, decreased

mortality

Munjal (2020)
allergic rhinitis

Decreased nasal congestion,

sneezing, nasal itching,
runny nose, NBF and MDA

Tongtako et al. (2018)

levels

Increased PC15FEV1 Bucca et al. (1990)

Decreased allergy-related Vollbracht et al. (2018)
symptoms

Gavage Decreased T cell migration ~ Lee et al. (2021a, b)

and TARC production

Reduced mRNA levels of Fraser et al. (1980)
cytokines

Improved T lymphocyte Anthony et al. (1979)
function in cell-mediated
cytotoxicity

Increased levels of TNF-a Noh et al. (2005)
and IFN-y and decreased

level of IL-4

Up-regulated IL-17 through
Jmjd2 histone demethylase
enzymes

Song et al. (2017)

Inhibited apoptotic pathways
in monocytes

Improved BALF IL-13 and
serum IgE levels

Perez-Cruz et al. (2003)

Kianian et al. (2020a, b)

Admin administration, Al D. allergic disorders, Im. D. immunologic disorders, Exp. experimental, Clin. clinical, i.v. intravenous, PCI5FEVI
15 percent decrease in forced expiratory volume, MDA Malondialdehyde, NBF Nasal blood flow, TARC Thymus and activation-regulated
chemokine, IL-4 interleukin-4, IgE immunoglobulin E, /L-17 interleukin-17, IL-13 interleukin-13, TNF-a tumor necrosis factor alpha, IFN-y

interferon gamma, Ref references, Exp experimental

Immunologic disorders

The effects of vitamin C on allergic disorders were also inves-
tigated in several studies. Treatment with of Na-ascorbate in
LPS-treated guinea pigs reduced mRNA levels of cytokines,
IFN-y and TNF-a (Fraser et al. 1980). The anti-inflammatory
effect of vitamin C in a guinea pig model of cell-mediated
cytotoxicity and humoral immune response was evaluated
by administration of daily gavages of vitamin C for 14 days.
The results indicated that AA deficiency may cause of T lym-
phocyte function impairment in cell-mediated cytotoxicity or
changed the number or function of another cell type (Anthony
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et al. 1979). In a mouse model of T cell activation, treatment
with vitamin C on 2,4-dinitro-1-fluorobenzene (DNFB)-
induced delayed-type hypersensitivity response, increased
levels of TNF-a and IFN-y but decreased IL-4 level (Noh
et al. 2005).

Vitamin C in wild-type (WT) mice model, up-regulated
IL-17 by Jmjd2 histone demethylase enzymes and the
related H3K9 histone modifications (Song et al. 2017). It
was shown that intracellular accumulation of vitamin C, in
monocytes in cell line U937, inhibits apoptotic pathways.
In addition, vitamin C may regulate distinct genes expres-
sion in macrophages, which are induced by receptor FAS via
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Table 6 The effective dose of vitamin C on various disorders in experimental studies

Exp. model Animal Dose/BW Admin duration Admin rout Total dose References
Asthma Mice 308 mg/kg 5 days Ln. 6.6 mg Bansal et al. (2014)
0.625 and 5 mg/kg 3 days Gavage 1.875-15 mg Noh et al. (2005)
130 mg/kg 5 weeks Gavage 91 mg Chang et al. (2009)
130 mg/kg 53 days 138 mg Kianian et al. (2019a)
200 mg/kg 26 days 104 mg Kianian et al. (2019b)
GP 3-5 mg/kg 6 days 5.4 and 6 mg Jeong et al. (2010)
400 mg/kg 26 days 312¢g Haines et al. (2011)
COPD Mice 40 and 1500 mg/kg 2 months 48mgand 1.8 g Kengo Koike et al. (2014a, b)
Rats 40 mg/kg 25 days 235 mg Ueta et al. (2001)
GP 30 mg/kg 8 weeks 588 ¢g Ghosh et al. (2015)
10 mg/kg 28 days 98 mg Gupta et al. (2016)
15 mg/day 21 days 315 mg Banerjee et al. (2008)
Lung fibrosis Rats 75 mg/kg 3 weeks Gavage 307 mg Hemmati et al. (2008)
L-In Rats 250 mg/kg 30 days 1.65¢g Mohamed et al. (2019)
GP 800 mg/kg 2 months 145¢ Jensen et al. (2012)
OFILI Rats 100 mg/kg 3 weeks 525 mg Pavlovi¢ and Fraser (1988)
200 mg/kg 3 weeks 945 mg Oztiirk et al. (2008)
200 mg/kg 4 weeks 924 mg Mongi et al. (2011)
100 mg/kg 6 weeks 840 mg Kim (2012)
3.3 g/day 5 days 165¢g Kearns et al. (1999)
GP 125mg/hand 1 g - Lv. 1.125 g Wagner et al. (2002)
0.25 or 250 mg 28 days 7mgand7 g Fraser et al. (1980)
4 g/kg 14 days - 2lg Anthony et al. (1979)
281 mg/day SD Lp. 281 mg Pavlovi¢ and Fraser (1988)
Mice 5 mg/day 2 weeks Lp. 70 mg Noh et al. (2005)
130 mg/kg 8 weeks Lp. 145 mg Kianian et al. (2020b)
200 mg/kg 4 weeks Lp. 112 mg Sourour et al. (2012)

Admin administration, COPD chronic obstructive pulmonary disease, OFILI other factors induced lung injury, L-In lung infection, GP guinea

pigs, i.p intraperitoneal, Ref references, Exp experimental

NF-kB-light-chain-enhancer of activated B cells activation
(Perez-Cruz et al. 2003).The effects of vitamin C on immuno-
logic disorders are summarized in Table 5.

Possible effective dose of vitamin C
on various lung disorders

Experimental results

Table 6 summarizes the various doses of vitamin C used
in experimental models of various respiratory disorders.
Animal models of asthma were treated with vitamin C
at the minimum, maximum and average dose of 0.625,
400 and 130 mg/kg, respectively, and at the minimum,

maximum and average total dose of 0.03 mg, 4.16 and
about 38.8 g, respectively.

Animal models of COPD were treated with vitamin C
at the minimum, maximum and average dose of 10, 1500
and 272 mg/kg, respectively, and at the minimum, maxi-
mum and average total dose of 48 mg, 1.8 g and about
452 mg, respectively. In animal models of lung infection,
vitamin C was administered at the minimum, maximum
and average dose of 250, 800 and 525 mg/kg, respectively,
and at the minimum, maximum and average total dose of
1.65, 14.5 and about 8 g, respectively. Animal models
of another lung injury were treated with vitamin C at
the minimum, maximum and average dose of 0.6 mg/kg,
4000 mg/kg and 6.7 g/kg, respectively, and at the mini-
mum, maximum and average total dose of 7 mg, 21 g and
4 g, respectively.
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Table 7 The effective dose of vitamin C on various disorders in clinical studies

Clinical condition Dose Adminrout  Admin duration  Total dose References
Bronchoconstriction 1500 mg/day Oral 1 week 455 ¢ Riordan et al. (2000)
Asthma 1 g/day LV 6 months 180 g Anderson and Theron (1983)
1 g/day Oral 16 weeks 112 g Fogarty et al. (2003; Andrew Fogarty et al. (2006)
1 g/day Oral 14 weeks Bg Anabh et al. (1980)
COPD 250 mg/day Oral 12 weeks 2lg Wau et al. (2007)
500 mg/day Oral 6 months Ng Pirabbasi et al. (2016)
LC 65 g/day LV 1 week 455 ¢ Bansal et al. (2014)
150 g LV 1 day 150 g Gonziélez et al. (2016)
100 mg/day Oral - - Bansal et al. (2014); Kumari et al. (2020)
L-In 50 mg/kg LV 28 days 105 ¢ Bansal et al. (2014); Kumari et al. (2020)
60 mg/kg LV 4 days 18¢g Bansal et al. (2014); Mahmoodpoor et al. (2021)
50 or 200 mg/kg LV 4 days 15and 60 g Syed et al. (2014)
6 g/day LV 4 days 24 g Lee et al. (2021a, b)
200 mg/kg Oral 2 weeks 28¢g Hunt et al. (1994)
2 g/day Oral 2 days 4g Bucca et al. (1990)
2000 mg/day Oral 8 weeks 112 g Tongtako et al. (2018)
7.5 g/day Oral 10-14 weeks 525and 735 g  Vollbracht et al. (2018)

Admin administration, COPD chronic obstructive pulmonary disease, L-In lung infection, Ref references, 1.V intravenous, LC lung cancer

Clinical results

Table 7 shows that in clinical studies, asthmatic patients
were treated with vitamin C at the minimum, maximum and
average total dose of 180 g, 48 g and 109 g, respectively. In
patients with COPD, vitamin C was administered by oral
rout at 250 mg/day for 12 weeks (total administered dose
21 g) (Wu et al. 2007) and at dose 500 mg/day for 6 months
(total administered dose 90 g) (Pirabbasi et al. 2016).

Patients with lung infection were also treated with vita-
min C at the minimum, maximum and average dose of 2.6,
200 and 73.7 mg/kg, respectively, and at the minimum,
maximum and average total dose of 2.8 g, 105 gand 37.4 g,
respectively. Vitamin C was administered in patients with
lung infection at the minimum, maximum and average
dose of 2.6, 200 and 73.7 mg/kg, respectively, and at the
minimum, maximum and average total dose of 2.8, 105 and
37.4 g, respectively.

Bioavailability, registered drug forms
and toxicity of vitamin C

The vitamin C bioavailability can be affected by various
factors, such as pH, the interaction of other organic com-
pounds, the interaction between vitamin C and minerals,
the presence of oxygen, the type of processing, and lifestyle.
Nevertheless, as shown by previous research works, this can
be prevented by retaining or enhancing the bioavailability
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and bioactivity of vitamin C. Encapsulation, the formation
of emulsions, and using antioxidants are among the actions
done for improving the bioactivity and bioavailability of
vitamin C (Vissers et al. 2013).

There are various formulations for synthetic vitamin C,
but some types showed better bioavailability (Nyyssonen
et al. 1997) including AA preparations available as capsules,
tablet, or powders, or as formulations with slow release. It
is not clear if there is any form that has higher absorbability
than others (Yung et al. 1982). These forms are different
in terms of product stability in storage since exposure to
heat, light, or air readily oxidizes ascorbate. Therefore, it
is suggested to keep them in tablets or capsules instead of
powder in long time storage conditions. Ascorbate in the
form of liquid is generally more unsteady and heating in the
commercial preparation of fruit juices can destroy it. For
ensuring the products’ consistency, synthetic ascorbate is
generally added to them before sale (Vissers et al. 2013).

Since in clinical practice, vitamin C is used in higher
bolus amounts compared to the vitamin C available in food,
it is attempted to formulate them in such a way that the free
acid effect is mitigated and more prolonged and slower
uptake is ensured (Dosed¢l et al. 2021). AA mineral salts,
mainly calcium ascorbate or sodium, are neutral (Carr and
Frei 1999). In “Ester C”, calcium ascorbate is mostly com-
bined with some metabolites, and it is different from esteri-
fied ascorbate, which comprises mixes of lipids and vitamin
C, leading to increased bioavailability (Carr and Frei 1999).
Nevertheless, there is not sufficient in vivo data determining
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the relative efficacy of these products in comparison to AA,
either from a food source or a purified form.

In terms of the toxicity, low toxicity is generally exhibited
by vitamin C. The LD50 is accepted as 11,900 mg (11.9 g)
per kg in rats. Zero deaths from toxicity of vitamin C have
been reported by the American Association of Poison Con-
trol Centers (Litovitz et al. 1999).

A single dose of 5-10 g vitamin C (oral form) causes
abdominal bloating with pain and/or transient osmotic diar-
rhea. However, it is considered that even such a high dosage
is safe. Nevertheless, these adverse reactions can be reduced
by its intake with food (Fukushima and Yamazaki 2010;
Johnston and Cox 2001; Levine et al. 1999; World Health
Organization 1999).

It should be noted that most patients can tolerate even
very high doses of intravenous vitamin C (between 1 and
200 g) (Padayatty et al. 2010). According to a prospective
cohort research, the oral intake of vitamin C above 1 g ele-
vated the stone formation risk by 41% (Taylor et al. 2004).
Thus, doctors should not recommend vitamin C at doses
above 1 g for daily usage on a routine basis (Levine et al.
1999).

Conclusions

Reviewed studies indicated the effect of vitamin C on vari-
ous lung disorders including asthma, COPD, lung fibrosis,
lung cancer, lung infections as well as allergic and immu-
nologic disorders with anti-inflammatory, antioxidant and
immunomodulatory mechanisms, in both experimental and
clinical studies.

Various experimental studies showed the relaxant effect
of vitamin C on TSM mediated by various mechanisms
including p2-adrenoceptors stimulatory, inhibitory effect
on muscarinic and histamine H; receptors, phosphodiester-
ase enzyme-like and calcium channel blocking mechanisms.
These findings suggest the possible bronchodilatory effects
of the vitamin C in obstructive respiratory diseases but fur-
ther clinical trials should be performed to examine this effect
in different obstructive pulmonary disorders.

The preventive effect of vitamin C was demonstrated in
different respiratory diseases, including asthma, COPD, lung
fibrosis, lung cancer, and other respiratory disorders.

Treatment with the vitamin C affects different lung cancer
in vitro, in vivo and in clinical studies through affecting cell
viability and other molecular mechanisms.

In experimental studies, the effects of vitamin C on lung
infections caused by various viruses and batteries were
reported. Clinical studies also demonstrate that timely
administration of high dose of vitamin C improves the out-
come of COVID-19 infection.
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f Antibady production
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‘ ' ‘Cellur proliferation
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"Anitiviral factors
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Fig.2 Possible mechanisms of the effect’s vitamin C on respiratory
disorders. /L-6 Interleukin-6, IL- 14 Interleukin-1p, /FN-y Interferon-y

The preventive or prophylactic effects of the vitamin C
on various allergic and immunologic disorders were also
indicated. The possible cellular and molecular mecha-
nisms of the preventive effects of vitamin C on various
respiratory disorders were shown to be due to its anti-
inflammatory, immunomodulatory and antioxidant proper-
ties in different studies. Anti-inflammatory effects of the
vitamin C on lung inflammation were reported by reduc-
tion of total and WBC in BALF and blood of asthma and
COPD and others respiratory disorders. Vitamin C also
improved the levels of inflammatory mediators such as
8-isoprostanese, vascular endothelial growth factor, pro-
inflammatory protein expressions such as Rtp801, NF-kB,
and iNOS as well as MMP-9 and MMP-12 gene expression
in the BALF and lung tissues. Regarding the antioxidant
effects of vitamin C, it declined free radicals. Serum and
BALF level of oxidants markers such as MDA and eryth-
ropoietin were reduced but antioxidants including catalase
and glutathione peroxidase were increased in asthmatic
animals by treatment with vitamin C. In addition, vita-
min C suppressed ROS generation in cells and improved
mitochondrial function as well as inflammation status.

@ Springer



668

M. H. E. Ghalibaf et al.

Mechanism

|/

TMS relaxation

p2-adrenergic stimulation, muscarinic,

(Bronchodilatory) ‘T £ s . histamine (H1) and calcium channel
@ blockade
e ——— - - \
L
. L\ Asthma/COPD L :' '4: « Improved total and differential
\ » WBC, oxidative stress, various
’ ¢ | ‘ cytokines and lung pathological

infections

Allergic/immunologic

disorders

Immune-modulatory effects of vitamin C were indicated
in animal models by decreasing serum and BALF levels of
IL-6, IL-1B, TNFa, IL-4 and IL-5 but enhanced IFN-y and
Treg cells. Treatment with vitamin C also shifted Th1/Th2
balance toward the Thl pole. In addition, vitamin C down-
regulated gene expression of pro-inflammatory cytokines
such as TNFa and IL-1 that is dependent on ROS by inhib-
iting NF-kB transcription. The levels of IL-4 and IL-5 in
the BALF, IgE and IgG1 levels in the serum and NF-xB
p65 protein levels in the lung tissue were improved by
treatment with vitamin C. Lung pathological changes in
various respiratory diseases and tracheal responsiveness to
different stimuli, mainly methacholine, were improved due
to vitamin C therapy which are suggested to be due to anti-
inflammatory, antioxidant and immunomodulatory proper-
ties of this agent. Figures 2 and 3 show various effects of
vitamin C on respiratory system and some of its possible
mechanisms.

The minimum, maximum and average effective doses of
vitamin C for the treatment of different respiratory diseases
both in experimental and clinical were also provided. The
findings described in this article suggest a promising thera-
peutic effect of this agent on various respiratory diseases
including lung insult induced by COVID-19. The major
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Fig.3 Experimental and clinical effects of vitamin C on respiratory and allergic disorders

limitation regarding the effect of vitamin C on lung disorders
is limited clinical studies done in this field. In addition, the
exact doses of vitamin C for the treatment of each disorder
should be determined in further studies. Therefore, more
clinical trials are needed to examine the effects of vitamin C
on respiratory disorders. In addition, to systematically assess
the results of previous research, meta-analyses should be
done before the production of vitamin C-based drugs for
clinical use.
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