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A B S T R A C T   

The Coronavirus disease 19 (Covid-19) pandemic is devastating the public health: it is urgent to find a viable 
therapy to reduce the multiorgan damage of the disease. A validated therapeutic protocol is still missing. The 
most severe forms of the disease are related to an exaggerated inflammatory response. The pivotal role of 
reactive oxygen species (ROS) in the amplification of inflammation makes the antioxidants a potential therapy, 
but clinical trials are needed. The lecitinized superoxide dismutase (PC-SOD) could represent a possibility 
because of bioaviability, safety, and its modulatory effect on the innate immune response in reducing the harmful 
consequences of oxidative stress. In this review we summarize the evidence on lecitinized superoxide dismutase 
in animal and human studies, to highlight the rationale for using the PC-SOD to treat COVID-19.   

1. Introduction 

The COVID-19 is a respiratory tract infection caused by a new 
emerging pathogen: SARS-CoV-2, originally isolated in December 2019 
in Wuhan, China. The pandemic caused by this novel coronavirus ac-
counts for about 1000,000 deaths and 38,000,000 confirmed cases 
worldwide as of October 2020 [1]. To date, there is not approved 
treatment for this disease but various drugs are in use, from antivirals (e. 
g. Remdesevir) and antibiotics (azithromycin) to drugs with different 
anti-inflammatory action (e.g.Tocilizumab, methylprednisolone, 
hydroxicloroquine). Antioxidants have been proposed as adjunctive 
therapy, needing to be tested in clinical trials, due to their known lack of 
systemic toxicity [2,3]. When the human immune system is challenged 
by a new pathogen, innate immunity plays a preponderant role, being 
the adaptive one not yet able to stimulate specific antibody production. 
The inflammatory cascade of innate immunity includes different medi-
ators, such as cytokines and oxygen free radicals (ROS), responsible of 
oxidative stress-induced cell damage [4]. Oxidative stress is caused by 
an imbalance between the production of specific oxygen species and the 
capacity of a biological system to rapidly scavenge intermediate sub-
stances or repair the resulting damage [5]. It is well known that viral 
infections can alter the redox system increasing oxidant species and 
reducing antioxidant molecules [6–8]. Varga Z. et al. have reported that 
there is an association between ROS, endothelial damage and 

inflammation and this mechanism is also found in COVID-19 [9]. 
One of the most studied antioxidant metalloenzymes as a first line 

against ROS is the superoxide dismutase (SOD) [10]. Three isoforms of 
SOD exist in humans, and many other forms of this enzyme have been 
artificially produced. One of them, the PC-SOD, is a lecithinized SOD in 
which four phosphatidylcholine(PC)-derivative molecules are cova-
lently bound to each SOD dimer. PC-SOD is effective in several experi-
mental models such as inflammation, chemotherapy-induced 
cardiotoxicity, ischaemia reperfusion injury, motor dysfunction after 
spinal cord injury and lung fibrosis. The present research is based on 
studies from the past 20 years that investigated the effects of this enzyme 
in humans and animal models, to explore the possible role against the 
current pandemic. 

2. Materials and methods 

The present narrative review summarizes evidence regarding the 
role of lecitinized superoxide dismutase in animal and human studies 
throughout the last 20 years with the aim of determining the rationale 
for a possible use in the COVID-19 disease. The research was performed 
in the Pubmed database and Clinicaltrials.gov including studies pub-
lished from January 2000 until November 2020, and it used the 
following keywords: lecitinized superoxide dismutase, superoxide mi-
metics, lung infections, oxidative stress, antioxidants and COVID-19. 
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Search limits were set for studies exclusively published in English 
language. 

3. PC-SOD 

Different endogenous defence mechanisms against the ROS damage 
exist such as superoxide dismutase (SOD), catalase, peroxides, vitamin A 
and E, all characterized by free radical scavenger activity. SOD catalyses 
the transformation of the superoxide anion into molecular oxygen and 
hydrogen peroxide by decreasing the level of superoxide anion, a known 
factor of cell damage [11]. Three isoforms of SOD exist in humans: 
cytosolic Cu,Zn SOD (SOD1), mitochondrial MnSOD (SOD2) and extra-
cellular Cu,Zn SOD (SOD3) [12], but none of these have attractive 
pharmacological properties. The natural antioxidant protection is 
insufficient in clinical conditions in which redox system is unbalanced, 
consequently, a possible benefit with exogenous antioxidant drugs it has 
been suggested [13]. Different forms of enzyme were then synthesized 
but the rapid renal clearance and slow extravasation makes their use not 
feasible [14]. The development of PC-SOD (recombinant human SOD1 
covalently coupled to four molecules of lecithin) and a chimeric re-
combinant superoxide dismutase consisting of SOD2 and SOD3 [13] 
could allow their use as drugs. PC-SOD, synthesized for the first time by 
Igarashi et al. in 1992, has a better affinity to the cell membrane, a 
significant distribution to various tissues and a longer systemic half-life 
compared with SOD1. In addition, it has also a 4.5-fold increase in 
oxygen-radical scavenger effects with a100-fold increase in protective 
effects against endothelial cell injuries, compared to unmodified SOD 
[15,16]. 

PC-SOD forms a complex with serum proteins such as albumin, 
whereas unmodified SOD does not. The cellular content, found in lyso-
somes, of PC-SOD is markedly higher when compared to unmodified 
SOD [17]. It has a low superoxide anion-scavenging activity into the 
mitochondria, but it accumulates in lymphocytes with a significant ef-
fect in scavenging extracellular superoxide anions [18]. 

4. PC-SOD in vitro and animal models 

PC-SOD has been shown to be effective in animal models of various 
ROS-involved diseases. 

4.1. Cardiovascular system 

Increased ROS have been described in myocardial ischemia- 
reperfusion injuries [19,20]. 

Several studies have evaluated PC-SOD in ischemia-induced 
myocardial damage. Cultured rat cardiomyocytes exposed to hypoxia 
have been incubated with lecithinized SOD (100 U/ml), unmodified 
SOD (100 U/ml) or vehicle alone. Lecithinized SOD, but not unmodified 
SOD, was effectively delivered into cells, as verified by Western blot and 
confocal laser-scanning microscopy and cell treated with lecithinized 
SOD showed significant decrease of hypoxia-induced cell damage [21]. 
Another in vitro study was performed on large vessel endothelial cells 
and a human microvascular endothelial cell line after cold hypoxia/r-
eoxygenation. PC-SOD significantly protected both cellular lines from 
death after 27 h of cold hypoxia. Furthermore, neutrophil adhesion to 
the endothelium stimulated by hypoxia and reoxygenation was signifi-
cantly inhibited by treatment with PC-SOD, but not by recombined 
human SOD [22]. 

Hangaishi and coll. exposed rats to 45 min of myocardial ischemia by 
occluding the left coronary artery followed by 120 min of reperfusion. 
Rats were randomly injected intravenously, 5 min prior to reperfusion, 
with either lecithinized SOD, polyethylene glycol conjugated SOD (PEG- 
SOD), unmodified SOD, free lecithin derivative or phosphate-buffered 
saline. Myocardial infarction areas, verified by triphenyltetrazolium 
chloride staining, were smaller in lecithinized SOD-treated group 
compared to the others. Moreover, cardiac SOD levels were higher in 

lecithinized SOD group [23]. A similar study by Nakajima et al. 
confirmed these results [24]. These data suggested lecithinized SOD, 
because of its increased bioaviability, had a protective effect in tissue 
ischemia reperfusion injuries. 

Another role of PC-SOD in the cardiovascular system was on 
doxorubicin-induced damage. The involvement of oxygen radicals such 
as superoxide anions in doxorubicin-induced cardiotoxicity is widely 
accepted [25]. Gertjan et al. treated with PC-SOD for six weeks BALB/c 
mice with doxorubicin-induced cardiotoxicity, monitoring the ECG for 8 
weeks, demonstrating that PC-SOD reduces doxorubicin-induced car-
diotoxicity [26]. 

4.2. Respiratory system 

Excessive production of ROS is a significant factor in ARDS and in 
ventilation-induced lung damage (VILI) [27–29]. They amplify the 
signal mediated by transforming growth factor beta (TGF-β), a cytokine 
directly involved in the activation of myofibroblasts and therefore in the 
development of pulmonary fibrosis [30]. 

Matsuzawa et al. evaluated the effect, in human fetal lung fibroblast, 
of probucol and lovastatin (anti-hyperlipidemia drugs with anantiox-
idant action), together with PC-SOD, on the TGF-β-induced ROS pro-
duction and also on the expression of α-SMA, a myofibroblast marker. 
They found that probucol and lovastatin, in addition to PC-SOD, 
significantly inhibited both the TGF-β-induced ROS production and 
α-SMA expression [31]. 

Kotaro et al. investigated the inhibitory effects of both PC-SOD at 
different doses (1 mg/kg/d, low dose and 10 mg/kg/d, high dose) and 
methylprednisolone (mPSL) on bleomycin (BLM)-induced pulmonary 
fibrosis in mice. Histopathologic evaluation revealed that the severity of 
fibrosis was attenuated only in mice treated with low dose PC-SOD. 
BLM-induced increases in total cell number, populations of lympho-
cytes and neutrophils, and expression of messenger RNA for interleukin- 
1b and platelet-derived growth factor (PDGF)-A were significantly 
suppressed in PC-SOD–treated mice. The suppression of PDGF-A 
expression was significantly greater in mice treated with low-dose PC- 
SOD than in mice treated with high-dose PC-SOD or mPSL [32]. The 
effect of PC-SOD on BLM-induced pulmonary fibrosis was confirmed in 
others studies: as combined therapy with catalase (to reduce the over-
production of hydrogen peroxide associated with high doses of PC-SOD, 
underlying the PC-SOD bell-shaped dose-response profile) [33], or with 
pirfenidone with a synergistic therapeutic effect [34]. 

Intravenous administration or inhalation of PC-SOD suppressed 
elastase-induced pulmonary emphysema and inflammation and activa-
tion of proteases, decreased the level of antiproteases, and reduced the 
expression of proinflammatory cytokines and chemokines. It also sup-
pressed cigarette smoke-induced pulmonary inflammation [35]. In 
another study, Tanaka et al. showed that inhaled PC-SOD has a better 
effect on elastase-induced emphysema and alteration in lung mechanics 
and respiratory function in mice as compared to other drugs (ipra-
tropium bromide, fluticasone propionate, or roflumilast) [36]. Lung 
damage. Intravenous administration of PC-SOD in mice with ARDS 
(caused by cecal ligation and puncture - CLP, administration of lipo-
polysaccharide toxin, and mechanical ventilation) carried out just 
before CLP increased the survival rate, decreased vascular permeability, 
tissue damage and lung inflammation [37]. 

4.3. Nervous system 

Tsubokawa et al. tested the effects of PC-SOD in focal cerebral 
ischemia in rat middle cerebral artery occlusion model. The group 
treated with intravenously PC-SOD showed improved neurological 
scores (a scoring system reported by Garcia et al.based on six neuro-
behavioral item) [38], and a significantly reduced infarct volume. 
PC-SOD treatment also decreased malondialdehyde levels, cytochrome 
c, cleaved caspase 3 expression and increased mitochondrial Bcl-2 

I. Farella et al.                                                                                                                                                                                                                                   



Biomedicine & Pharmacotherapy 141 (2021) 111922

3

expression. The neuroprotective action of PC-SOD was attributed to its 
possible antiapoptotic effect [39]. 

Chikawa et al. showed a higher hindlimb motor function after spinal 
cord injury in rats treated with PC-SOD (40,000 units/kg), methyl-
prednisolone (MP) (30 mg/kg), or a combination of both (PC-SOD -MP) 
compared to control group. PC-SOD and MP have been showed to have a 
down-regulatory effect on mRNA expression of pro-inflammatory sub-
stances, such as intercellular adhesion molecule–1 (ICAM-1), inducible- 
nitric oxide synthetase (i-NOS) andinterleukin-1b, after spinal cord 
compression [40]. 

The neuroprotective role of PC-SOD after spinal cord injury was 
subsequently confirmed by Takenaga et al. [41], whereas Yunoki et al. 
demonstrated, in rats, the effect of PC-SOD in preventing CA3 hippo-
campal neuronal loss after traumatic brain injury [42]. 

4.4. Nephro-urological system 

Noiri et al. revealed the improvement of renal function in rats treated 
with PC-SOD after ischemic acute renal failure (after 45-min renal artery 
clamping) due to its activity as suppressor of peroxynitrite production or 
scavenging [43]. Nakagawa et al. tested the PC-SOD in ischemia/r-
eperfusion injury in a rat model of chronic renal allograft failure, 
showing that inflammatory cellular response, proteinuria and apoptotic 
cells detected in allograft exposed to 18 h of cold ischemia were 
significantly reduced by pre-treatment with PC-SOD [44]. 

4.5. Others 

In dentistry PC-SOD have been used in radiation-induced xerostomia 
[45], in ophthalmology to treat non-infectious corneal ulcers [46] and in 
emergency medicine to reduce the free radical-induced vasodilatation 
after severe burns [47]. In gastroenterology, it has been proposed as a 
treatment of ulcerative colitis Tomoaki et al. evaluated PC-SOD in an 
animal model of dextran sulfate sodium (DSS)-induced ulcerative colitis. 
DSS-induced colitis was reduced by daily intravenous administration of 
PC-SOD. Unmodified SOD also produced a similar effect, but only with 
concentration 30-times higher compared to PC-SOD. High doses of 
PC-SOD caused a negative effect due to the higher production of 
hydrogen peroxide, but this effect was suppressed by the simultaneous 
administration of catalase [48]. 

5. PC-SOD in humans 

A single intravenous administrations of PC-SOD, seems to be well 
tolerated in respectively, healthy white volunteers, up to 80 mg, and 
Chinese volunteers, up to 160 mg [49,50]. A more recent study 
confirmed PC-SOD safety with both single intravenous doses (40–160 
mg) and repeated doses (80 mg for 7 days) in Japanese and Caucasians 
[51]. 

Two clinical trials have demonstrated the efficacy of intravenously 
administered PC-SOD for the treatment of rectal ulcerative colitis (RCU) 
and idiopathic pulmonary fibrosis (FPI) [52,53]. In particular, the drug 
administered at doses of 40 mg or 80 mg once daily in patients with RCU 
for 4 weeks improved the disease activity score (UC-DAI), without sig-
nificant side effects. In the multicentre, randomized, case-control study 
performed by Kamio et al., patients with stage III-IV idiopathic pulmo-
nary fibrosis (according to the Japanese Severity Classification Scale) 
underwent the same treatment regimen as the previous study. Their vital 
capacity did not improve significantly in the PC-SOD group compared to 
placebo, but lactate dehydrogenase and surfactant protein A levels (two 
markers of interstitial pneumonia) were significantly attenuated in 
PC-SOD group. Neither bell-shaped dose-response profile, nor severe 
side effects were recorded at doses used. 

A case of a 50-year-old patient with amyopathic dermatomyositis, 
who developed progressive interstitial pneumonia (not responding to 
corticosteroids and multiple immunosuppressive agents) treated with 

PC-SOD (40 mg/day for 4 weeks) has been reported. No adverse effects 
were found with positive effect on pulmonary function and exercise 
tolerance [54]. 

A clinical study to evaluate the efficacy and safety of intravenous PC- 
SOD in reducing myocardial reperfusion injury is ongoing 
(NCT03995732). 

6. PC-SOD in COVID-19 disease 

The COVID-19 disease accounts for about 1000,000 deaths and 
38,000,000 confirmed cases worldwide, as of October 2020 [1]. How-
ever, these data are likely to underestimate the overall burden of 
COVID-19, as only a fraction of acute infections are diagnosed and re-
ported. Seroprevalence surveys in Europe and the United States suggest 
that, after adjusting for false negatives or positives, the rate of sero-
positivity to SARS-CoV-2 should exceed the incidence of reported cases 
by 10-fold or more [55–57]. Most patients affected by COVID-19 are 
asymptomatic or develop mild infection. However, about 14% develops 
severe disease requiring hospitalization and oxygen therapy and around 
5% require intensive care [58]. In these cases, COVID-19 disease is often 
complicated by the development of acute respiratory distress syndrome 
(ARDS), septic shockand multi-organ failure [59]. In some cases ARDS 
can progress to pulmonary fibrosis [60]. Different studies have sug-
gested that COVID-19 mortality might be due to an exaggerated 
virus-activated inflammatory response, the so-called “cytokine storm 
syndrome” in which ROS are also involved [61–63]. Cytokine storm 
defines an uncontrolled systemic hyper-inflammation due to cytokine 
overproduction, responsible of multi-organ failure and death [64]. 
Higher levels of IL-2, IL-7, IL-10, granulocyte colony-stimulating factor 
(G-CSF), IP10, MCP1, macrophage inflammatory protein 1-α and TNF-α 
in COVID-19 patients admitted in intensive care units are significantly 
higher compared to those not requiring intensive care [65]. Several 
studies have evaluated, in respiratory viral infections, the interaction 
between ROS and pro-inflammatory cytokines production [66–68]. In-
fections stimulate ROS production with cell death and macrophage 
activation followed by cytokine production with inflammation and 
destruction of type II pulmonary epithelial cell. ROS stimulate cytokine 
production through two different pathways: NLRP3 inflammasome or 
redox-sensitive nuclear factor κ B (NFκB) [69] that activates the tran-
scription of cytokines coding genes [66]. Besides, the degradation of 
ROS has been shown to decrease the level of circulating cytokines [70]. 
A role of activated vascular endothelial cells as source of proin-
flammatory cytokines and ROS both responsible of coagulopathy, sepsis, 
ARDS and cytokine storm has also been described [71]. ROS have a role 
in the development of ARDS [27–29] and in the pulmonary fibrosis 
where they amplify the signal mediated by transforming growth factor 
beta (TGF-β), a cytokine directly involved in myofibroblasts activation 
[30]. Moreover, ROS reduce pulmonary defense mechanisms during 
infections due to their effect of oxidation of surfactant phospholipids 
[72–75]. Different comorbidities associated with COVID-19 severity 
(hypertension, chronic obstructive pulmonary disease, diabetes and 
cardiovascular disease) are all characterized by higher levels of ROS 
with impairment of endogenous antioxidant mechanisms [76–79]. It is 
well known that mortality for COVID-19 is dramatically higher in the 
elderly [80] and a recent study of gene expression in type II alveolar cells 
have showed that SOD gene is significantly downregulated in COVID-19 
patients, so that a reduction of SOD in the lungs could represent a 
negative prognostic factor [81]. 

ROS scavengers could then represent a possible adjunctive therapy 
for COVID-19. Superoxide dismutase (SOD) is one of the antioxidant 
metalloenzymes that form the first line of defense against ROS [10], 
directly involved in reducing the migration of inflammatory cells by 
regulating adhesion molecules and cytokine expression [69]. 

PC-SOD is a synthetic product with long-life and high bioavailability 
compared to other not-lecithinized forms of the enzyme [22,23]. Its 
inhibitory effect on pulmonary fibrosis, lung inflammation or ARDS 
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have been extensively studied in animal models [32–37]. A single ran-
domized controlled trial has been conducted in patients with stage III-IV 
idiopathic pulmonary fibrosis. Serum lactate dehydrogenase and sur-
factant protein A (both interstitial pneumonia markers) were reduced 
and no significant side effects were found. Even if vital capacity did not 
improve significantly in PC-SOD treated patients compared to placebo, 
this could be due to the inclusion of patients with advanced stage of the 
disease (III and IV) and PC-SOD would probably exert a more significant 
pulmonary protective effect if administered earlierduring the course of 
the disease [53]. The safety and tolerability of the enzyme were also 
confirmed byphase I and II studies, with doses up to 160 mg/day 
[49–53]. 

It is known that oxidative stress has a significant pathogenetic role in 
several diseases [82]: the use of antioxidants, i.e. PC-SOD, as a drug in 
COVID-19 patients could be a new potential adjuvant alterative in the 
treatment of the disease. The possible use of other SOD-mimetics (e.g. 
Mangafodipir) in severe COVID-19 patients has already been suggested 
[83], but a clinical trial (NCT04555096) is ongoing. 

7. Conclusion 

SOD-mimetics or PC- SOD could be a possible adjuvant treatment for 
severe forms of COVID-19 disease, due to the modulatory effect on the 
innate immune response and the reduction of the oxidative stress, but 
further randomized, controlled clinical trials are needed. 
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