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e Cité des Sciences et de l’Industrie, 30 avenue Corentin-Cariou, 75019, Paris, France 
f Faculty of Biotechnology, October University for Modern Sciences and Arts, Giza, Egypt   

A R T I C L E  I N F O   

Keywords 
Spike protein 
Methylene blue 
Redox potential 
Long-term Covid-19 
Chlorine dioxide 

A B S T R A C T   

We previously demonstrated that most diseases display a form of anabolism due to mitochondrial impairment: in 
cancer, a daughter cell is formed; in Alzheimer’s disease, amyloid plaques; in inflammation cytokines and 
lymphokines. 

The infection by Covid-19 follows a similar pattern. Long-term effects include redox shift and cellular anab
olism as a result of the Warburg effect and mitochondrial dysfunction. This unrelenting anabolism leads to the 
cytokine storm, chronic fatigue, chronic inflammation or neurodegenerative diseases. Drugs such as Lipoic acid 
and Methylene Blue have been shown to enhance the mitochondrial activity, relieve the Warburg effect and 
increase catabolism. Similarly, coMeBining Methylene Blue, Chlorine dioxide and Lipoic acid may help reduce 
long-term Covid-19 effects by stimulating the catabolism.   

Covid-19 patients, can suffer post-acute sequelae and some symp
toms can last for months [1]. These symptoms may be secondary to 
Covid-19 induced hypoxia, reduced cardiac output, myalgia, or per
sisting symptoms akin to encephalomyelitis or chronic fatigue syndrome 
[1]. Other long-term side effects may include cardiovascular complica
tions such as stroke or cardiac infarct [2], Alzheimer’s disease, 
Creutzfeldt-Jakob disease [3] and cancer [4]. In this paper, we strongly 
suggest that these symptoms are the direct consequence of redox iMe
Balance, itself a consequence of decreased energy yield by the 
mitochondria. 

We previously demonstrated the central role of metabolic alterations 
in diseases [5,6]. 

There is obvious mitochondrial dysfunction and increased levels of 
lactate, which are important characteristics of metabolic shift and 
Warburg effect in many diseases. In cancer, altered energy metabolism is 
a well-known hallmark [7]. Clear experimental data has been reported 
in other diseases such as cardiac diseases [8,9], some autoimmune dis
eases [10–14], Alzheimer’s disease [15–17], and Parkinson’s disease 
[18]. Finally, increased lactate dehydrogenase activity (LDH) was 

observed in COVID-19 patients, and this may boost glycolysis, similar to 
the Warburg effect, to redirect fuel and produce anabolic intermediates 
[19–21]. Therefore, almost every disease presents an increased anabo
lism [5,6]. 

To preserve homeostasis our cells must release their entropy: either 
in CO2, H2O and heat (catabolism) or in larger molecules (anabolism). 
Thus, cell division is the most sophisticated way to release entropy [4,5]. 
The transition from catabolism to anabolism is driven by a redox shift 
measured by higher ratios [NADH]/[NAD+], [NADPH]/[NADP+] or 
[FADH2]/[FAD]. 

The goal of this paper is to hypothesize that Covid-19’s short- and 
long-term complications are a result of a similar redox shift and anab
olism, due to the reduced cell environment originally caused by the 
spike protein of the virus. 

1. The binding of spike protein to Angiotensin-Converting 
Enzyme 2 (ACE2) is a redox phenomenon 

To initiate infection, the viral spike protein binds to ACE2 receptor of 
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the host cell [22,23]. 
It has been established that S-proteins and ACE2 have intramolecular 

disulfide bonding and contain a lot of cysteine (Cys) residues [24]. When 
the disulfide linkages of both ACE2 and the SARS-CoV-2 spike protein, 
which binds ACE2, were converted to thiol groups, it was discovered 
that the binding affinity was dramatically reduced [24]. There are 40 
cysteine residues in the spike protein, some of which support the sta
bility of the connection with the host’s ACE2 receptor [23]. It was 
revealed that the Cys480-Cys488 pair of the spike protein is directly 
involved in binding to the ACE2 receptor [1,25,26]. The host’s ACE2 
protein’s specific cysteine residues also play crucial roles in the inter
action between the two proteins. At the dimer interface, Cys133 and 
Cys141 form a disulfide bond that has been associated with COVID-19 
sensitivity [23]. 

Cysteine (Cys) residues in S-proteins and ACE2 are abundant, many 
of which take part in intra-molecular disulfide bonding. When all of the 
disulfide linkages of the ACE2 and SARS-CoV/CoV-2 spike proteins were 
converted to thiol groups, the binding affinity was considerably lowered 
[24]. It is then the intramolecular disulfide bonds that are important. In 
fact, the presence of redox-active disulfides in ACE2, an S-protein 
interaction domain, and a ferredoxin-like fold region in ACE2 strongly 
suggest that redox iMeBalance plays a key role in the development and 
severity of COVID-19 [1]. 

2. COVID-19 is more virulent in a reduced environment, such as 
in the elderly 

The aggressive forms of Covid-19 are usually limited to a well- 
defined sub-population. People at high risk are the elderly, patients 
suffering from metabolic syndrome such as obesity, or those suffering 
from chronic diseases such as cancer or inflammation [27]. Aging is 
associated with a poor control of the redox balance, such as the thio
l/disulfide homeostasis of all organs, leading to an enhancement of in
flammatory and fibrotic pathways [22]. 

Moreover, the decline of the thiol/disulfide equilibrium with age is 
even more rapid in inflammatory and premature aging diseases [22]. 
This partially explains the reduced extracellular environment in the 
elderly and the increased susceptibility to Covid-19 infection [22]. 

3. The cytokine storm is a redox phenomenon 

A controlled acute inflammatory response is necessary to fight off 
infections. However, if the inflammatory process becomes chronic, it can 
lead to local and systemic deleterious effects [28]. Inflamed tissues have 
elevated levels of reactive oxygen species (ROS) and reactive nitrogen 
species (RNS) generated during the respiratory burst of immune cells. 
Redox signaling tightly modulates the inflammatory response and 
oxidative stress has been reported in acute Covid-19 [1]. 

There is a substantial body of evidence to suggest that an iMeBalance 
in redox signaling pathways may contribute to the infectivity and 
development of cytokine storm in COVID-19 patients. This is because 
redox signaling plays an important role in regulating immune function 
and inflammation, and disruptions in this signaling can lead to excessive 
cytokine production and immune system activation 8 [23,29–32]. 
Furthermore, studies have found that COVID-19 patients with severe 
disease have higher levels of oxidative stress markers and lower anti
oxidant levels [3]. Furthermore, oxidative stress can activate the NLRP3 
inflammasome, which is a protein complex that plays a key role in the 
cytokine storm [1,32]. 

Redox iMeBalance and inflammation are mutually dependent pro
cesses [33]; inflammation leads to the formation of ROS and RNS, while 
redox iMeBalance results in cellular damage, which in turn triggers an 
inflammatory response [34,35]. Endothelial cell injury in COVID-19 
causes lung injury, throMeBosis, and chronic inflammation. These in
flammatory pathways are controlled by endothelial mitochondria 
through mtROS. However, persistently elevated mtROS triggers 

endothelial dysfunction and inflammation, which results in a vicious 
loop involving ROS, inflammation, and mitochondrial dysfunction 
[36–38]. Damaged mitochondria releasing ROS induce inflammation 
via the NLRP3 inflammasome, which participates in the release of IL-1β 
and IL-18 [1,31,32,39]. 

Thiol levels are decreased in the serum of Covid-19 patients [37]. 
This leads to the accumulation of ROS and RNS by inducing mitochon
drial dysfunction and the production of pro-inflammatory cytokines 
[40]. These cytokines act as signaling molecules to recruit immune cells 
to the site of inflammation and stimulate the generation of free radicals. 
For example, IFNɤ, IL-1ẞ, IL-6 and TNFα can all stimulate the genera
tion of nitric oxide (NO) [41]. These cytokines are secreted because of 
the reduced environment during the cytokine storm [41]. IL-2 is highly 
up-regulated in Covid-19 patients [37], and IL-2 is known to signifi
cantly stimulate the generation of NO in patients. Nitric acid is also the 
key mediator of IL-2-induced hypotension and vascular leak syndrome 
[42]. 

Moreover, mitochondrial dysfunction has been linked to the patho
genesis of Covid-19. Indeed, mitochondrial dysfunction triggered by 
SARS-CoV-2 leads to damage to the mitochondria [37]. As catabolism is 
decreased, entropy is released through anabolism. SARS-CoV-2 infection 
of white blood cells leads to decreased oxidative phosphorylation [43]. 
Elevated levels of lactate, a characteristic of the Warburg effect, were 
also reported in the high-risk Covid-19 [44]. 

4. Long-term Covid-19 complications 

Covid-19 causes or worsens cardiac injury in infected patients via 
cytokine storm, endotheliosis, throMeBosis or lymphocytopenia. Au
topsies of Covid-19 patients reveal an infiltration of inflammatory 
mononuclear cells in the myocardium, confirming the role of the im
mune system in mediating cardiovascular damage in response to Covid- 
19 infection [45]. 

The inflammatory response, coupled with the direct effects of SARS 
on different organs via ACE2, has been associated with renal failure, 
liver damage and multi-organ failure [46]. 

Acute lung damage may be followed by pulmonary fibrosis and 
chronic impairment of lung function. Also, it has been shown that SARS- 
CoV-2 infection affects the central and peripheral nervous systems and 
damages neurons, leading to long-term neurological sequelae including 
Alzheimer’s disease, Parkinson’s disease and multiple sclerosis [47,48]. 

A common consequence of Covid-19 appears to be chronic fatigue 
syndrome [1]. It is a common disease characterized by decreased 
mitochondrial energy yield because of decreased oxidative phosphory
lation [1]. Multiple redox stress biomarkers, such as lower levels of 
antioxidants and higher levels of peroxides and superoxides, are linked 
to the severity of symptoms in chronic fatigue syndrome. These markers 
of redox iMeBalance also correlate with the severity of symptoms and 
elevated levels of ventricular lactic acid consistent with oxidative stress 
[1]. Brain hypometabolism, akin to Alzheimer’s disease, can be also seen 
[49]. There is a concomitant increase in lactate acid levels in the blood 
characteristic of decreased oxidative phosphorylation [50]. The mito
chondrial meMeBrane potential (ΔΨm) is a parameter often used to 
determine mitochondrial functions. A decrease of ΔΨm is implicated in 
several inflammation-related diseases. There is a decrease in ΔΨm in 
leucocytes from Covid-19 patients [51]. 

Many people have been vaccinated with RNA or DNA vaccines 
triggering the synthesis of the viral spike protein in human cells. Many 
suffered from COVID-19-like symptoms (blood clots, severe inflamma
tion, tissue destruction and organ failure). Xing et al., 2021 [52], 
reviewed ten studies evaluating the short-term side effects of vaccina
tion. Most of the adverse reactions were mild to moderate and resolved 
within 24 hours after vaccination. The most common systemic adverse 
reactions were fatigue, fever or bodily pain [52]. 

Although the newly developed Covid-19 vaccines are supposed to 
have established a safe profile, yet some individuals experience adverse 
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effects [53,54]. Most of them are benign, such as dizziness, vomiting or 
transient pyrexia [54]. Other side effects are viral reactivation in 
varicella-zoster virus [55] or hepatitis [56], coagulopathy and resulting 
stroke and myocarditis following both DNA-based vaccines [57] and 
RNA-based vaccines [58]. 

Enhanced coagulation and throMeBosis are associated with higher 
levels of ROS. Accumulated ROS a consequence of the redox state con
trol of blood coagulation and throMeBosis [59,60]. Creutzfeldttt–Jakob 
disease is characterized by severe neurological destruction and has an 
extremely high mortality rate. More recently a report of increased 
prevalence of Creutzfeldtt Jacob disease among the vaccinated popu
lation [61]. Creutzfeldttt-Jakob, the emergence of prions (misfolded 
proteins) which damage the neurons, appears to be a redox phenomenon 
[61,62]. 

5. Long term Covid-19 complications: a shift toward anabolism 

Long-term complications of Covid-19 point out to a shift toward 
anabolic mode in the cell. They can be seen as a kind of premature 
ageing [63]. Like in Covid-19, mitochondrial impairment characteristic 
of the Warburg effect is present in almost every disease and appears to be 
a central feature in most of the hallmarks of cancer [6]. 

Neurons feed on lactate released by the glial cells. During brain 
inflammation, the glial cells are under pressure. They secrete more lactic 
acid, which is taken up by neurons. This increased uptake of lactic acid 
results in intracellular acidosis of the neurons a signature of mitochon
drial dysfunction [64]. Alzheimer’s, Parkinson’s and Huntington’s dis
eases, cardiac infarction, cardiac failure, stroke, cancer and ageing have 
all been linked to inflammation, mitochondrial dysfunction and 

increased lactate concentrations in the extracellular fluid [65]. 
In Covid-19, like any inflammation, there is a metabolic rewiring 

where cells rely on glycolysis [66]. As the mitochondria are impaired, 
the infected cell cannot catabolize efficiently. It will release lactic acid in 
the blood stream. The high level of lactate in the blood of Covid-19 
patients is a marker of poor prognosis [50]. Other molecules are 
released into the cellular environment and will accumulate around the 
infected cells, such as cytokines and lymphokines responsible for the 
inflammation. Striking similarities are seen between cancer, Alzheimer’s 
disease and Covid-19, all related to the Warburg effect [66]. However, 
some research work pointed out to the role of catabolism in COVD-19. 
However, some studies suggest that catabolism may play a role in the 
disease process. According to one study, patients with COVID-19 who 
had more severe disease had higher levels of catabolic indicators such as 
cortisol than those with milder disease. This has been suggested to be 
because of how the body reacts to the virus-induced stress and inflam
mation, which cause more protein catabolism and increased muscle 
breakdown [67]. In another study, critically ill coronavirus-infected 
individuals demonstrated an accelerated urea generation rate and pro
tein breakdown, most likely of muscle origin, indicating a highly cata
bolic state [68]. 

6. Drugs relieving the Warburg effect may be effective in the 
treatment of long term Covid-19 complications 

Cancer, inflammation, Alzheimer’s, and Parkinson’s diseases share a 
common peculiarity, the inability of the cell to export entropy outside 
the body in the harmless form of heat, CO2 and H2O. In these clinically 
diverse diseases, drugs targeting the mitochondria appear to be effective 
treatments (Table 1). 

Lipoic acid has been tested for diseases related to aging. It slows the 
development of Alzheimer’s disease [74,75], and in animals it appears 
to improve memory [78], decrease the impact of stroke [83], reduce 
inflammation [85] and slow cancer growth [70–72]. 

Methylene blue (MEB) was proven to be effective in the treatment of 
malaria, leprosy and tuberculosis. Most drugs synthesized between 1920 
and 1950 derive from this lead product [73]. Moreover, MEB relieves 
the Warburg effect [87], improves memory [77], is active in the treat
ment of depressive episodes [79,80] and reduces the importance of 
ischemic strokes [82]. 

In the case of Covid-19, MEB has been shown to inhibit SARS-Cov-2 
replication in vitro [88]. It has been shown that Covid-19-patients 
treated with MEB, have a significant reduction in hospital stay 

Table 1 
Effect of treatment of redox shift by drugs targeting Warburg’s effect in different 
diseases.  

Disease Methylene Blue Lipoic acid 

Cancer Cell line data [69] Animal data [70,71] 
Compassionate use [72] 

Alzheimer Positive RCT [73] Positive RCT [74,75] 
Peripheral neuropathy NA Positive RCT [76] 
Memory loss Positive RCT [77] Animal data [78] 
Depression Positive RCT [79,80] Animal data [81] 
Stroke Positive RCT [82] Animal data [83] 
Inflammation Positive RCT [84] Animal data [85] 
Covid-19 Positive RCT [86] In vitro data [88] 

NA: Not available, RCT: positive randomized control trial (human). 

Fig. 1. The proposed mechanisms through which alpha lipoic acid (ALA), methylene blue (MeB), and chlorine dioxide act to treat COVID-19 and post-acute sequalae. 
ALA pyruvate dehydrogenase complex (PDH); MeB acts as an electron bridge between a donor (FADH2, FMNH, NADH) and an acceptor molecule such as oxygen, and 
the ClO2 molecule traps five electrons, making it a one-shot electron trap. 
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duration and mortality [86]. 
Chlorine dioxide could also be suggested as a treatment for COVID- 

19 because of its strong affinity for electrons and the fact that it is 
rapidly decomposed into chloride ions and water. It is also a potent 
antiviral agent against SARS-CoV-2 [89]. Chlorine dioxide and methy
lene blue have different modes of action (Fig. 1). On the one hand, MeB 
is an acceptor-donor molecule [90]: MeB + can take a pair of electrons 
(of H atoms) and MeBH can release this pair easily, so that MeB is 
partially recycled like a catalyst [91]. On the other hand, the oxidation 
nuMeBer of chlorines in ClO2 is +IV and goes to –I in Cl-, which is stable 
and excreted by the human body. Therefore, each ClO2 molecule trap 
five electrons in this process. ClO2 is thus a one-shot electron trap, 
whereas MeB acts as an electron bridge between a donor (FADH2, 
FMNH, NADH) and an acceptor (complex IV of ETC or oxygen itself) 
[91]. As a coenzyme of pyruvate dehydrogenase (PDH), alpha-lipoic 
acid (ALA) initiates the formation of acetyl-CoA to feed the TCA cycle 
[92,93]. Thus, ALA enhances the catabolism of carbon. cycle and 
therefore may reduce the Warburg effect and consequently, lactate 
production [94]. Methylene Blue plays a similar role after the TCA cycle, 
by carrying electrons to complex IV of the electron transport chain [90]. 
Chlorine dioxide also lowers the redox shift by taking excedentary 
electrons carried away by Cl- and water. 

7. Conclusion 

In Covid-19, like in any disease, some entropy cannot be exported in 
the harmless form of heat, H2O and CO2 (catabolism) and is released in 
larger biomolecules (anabolism). Drugs such as lipoic acid and MeB, 
which target the metabolism, decrease the redox shift by increasing 
catabolism. It is possible that a treatment based on MeB, Chlorine di
oxide and lipoic acid will decrease the long-term complications of Covid- 
19 due to the spike protein of SARS-Cov-2. 
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