A review on probable Lysosomotropic properties of Sodium bicarbonate to restrain viral entry of Coronavirus 2 (SARS-CoV-2)
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Abstract
SARS-CoV-2 causing COVID-19 has appeared as an ongoing global public crisis, growing with geometric progression and has caused huge devastation till date majorly because of lack of targeted therapeutic agents like vaccines. The entry of Coronavirus-2 into host cells being acidic pH dependent. Thus,  in the current clinical emergency there is a pressing need to look forward for adjunct therapies which could counter the acidic pH, so as to restrain the viral entry and its subsequent reproduction in the host cells. Therefore, the current review attempted to explore the possibility to use sodium bicarbonate as an alternative lysosomotropic agent based on the reported literature owing to its anti-flu properties and widespread use during Spanish pandemic of 1918. The suggestions put forward in the current review article based on the careful use of sodium bicarbonate could probably help to restrain SARS-CoV-2 infection.
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1. Introduction
            Coronavirus Disease 2019 (COVID-19) has emerged as the most recent dreadful public health crisis that is caused by a novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Initially it originated from Wuhan, Hubei province, China during December 2019 and has now gripped almost all the countries of the world (>210) countries and the number is still increasing (Zuo et al., 2020; Singhal ., 2020) . Due to lack of any specific drugs for treatment or prevention of SARS-CoV-2, we can see an alarming ongoing surge in the number of positive cases turning up across the globe. As of 14th April 8, 2020, there are approaching 2 million laboratory confirmed cases and > 1lakh deaths caused by SARS-CoV-2 infection (WHO, 2020). Due to lack targeted therapeutic agents against this virus, the number of people affected by this nightmare pandemic infection are growing with geometric progression & if the situation is not contained immediately, the number can grow further higher and higher, probably 1 million positive cases per week which can eventuality lead more deaths (Fxstreet., 2020; Hunter ., 2020).  The viral infection of SARS-CoV-2 spreads at a faster rate but with lower fatality rate between 2-4% than its previous cousins known as SARS-CoV and Middle Eastern respiratory syndrome (MERS-CoV).  The major transmission route is via air through micro droplets (Droplet infection) and closer contacts between animals (Bats)-to-human initially and now from human-to-human or can happen even vice-versa (Prajapat et al., 2020; Achenbach., 2020, 9). The basic physiological indications of nCOVID-19 affected individuals initially include symptoms such as cough, fever, sore throat, fatique, breathlessness etc. Nevertheless, in severe cases it leads metabolic acidosis,  pneumonia ,acute respiratory distress syndrome (ARDS), multi organ dysfunction, bleeding disorders and septic shock (Zuo et al., 2020; Singhal ., 2020; , Zuo et al., 2020; Wang et al., 2020). COVID-19 pandemic related deaths occur due to hyperinflammation  of respiratory system in the form of cytokine storm and this is considered as a major reason for surge in the death cases (Dhama et al., 2020).
           SARS-CoV-2 virus commonly known as Cornonavirus-2 is a positive ssRNA virus (Betacoronaviruses) which has a large sized genome containing 30,000 bases & 15 genes, probably a chimeric virus. ssRNA of  SARS-CoV-2 is susceptible towards mutation and surprisingly its mutation rate seems to be  <25 mutations per year as compared to seasonal flu with mutation rate of 50 mutations/year (Achenbach., 2020) . The chances for the development of new SARS-CoV-2 strains with variability in their virulence seems minimal as compared to  seasonal flu, this is because  SARS-CoV-2 does not mutate so rapidly as they possess  polymerase (replicase) based 3` exonuclease proof reading activity (Singhal ., 2020, Hunter ., 2020, Sanjuan et al, 2010).  Therefore, development of future vaccine seems to be a promising strategy to circumvent it efficiently. However, currently people are suffering a lot because of lack of any specific therapeutic agents to contain this pandemic, and if the alternative therapies are not recommended then the situation can change from bad to the worst. It is a good sign that SARS-CoV-2 does not show much variation in the receptor‐binding domain of entry protein known as Spike or S protein which could be the major target for future therapeutics including vaccines (Hunter ., 2020; Dhama et al., 2020). 
                Keeping above grim figures into consideration and our curiosity to share a strategy which could be within the reach of every individual, the authors attempted to convey through this review article before scientific community and medical professionals about probable capacity of baking soda to restrain SARS-CoV-2 viral entry and its downstream pathogenesis. This is because any kind of prophylactic or therapeutic interventions could save the lives of millions of severely ill helpless and needy patients.
2. Molecular targets of SARS-CoV-2:
     A proper understanding of how SARS-COV-2 enters and later infects the cells will have major implications towards development of effective treatment for prevention/treatment of SARS-CoV-2 (Fig.1).  The studies till date have demonstrated that with the help of spike protein (S) protein present on the surface of  SARS-CoV-2 (ligand), it  recognizes and binds the target cell receptor  (e.g. Enterocytes, pneumocytes, kidney epithelial cells, immune cells, etc.)  known as angiotensin converting enzyme-2/ACE2 (Prajapat et al., 2020) . Many experimental findings have revealed that ACE2 specific  antibodies  of SARS- CoV might partially block entry of  SARS-CoV-2 (Fig.2), indicating role of  ACE2 receptor in viral entry (Hoffmann et al., 2020; Iwata  et al., 2019 ; Kupferschmidt & Cohen., 2020). The most of the amino acid residues (Both in SARS-S and SARS-2-S) responsible for binding with ACE2 receptor of target cells are conserved ( Hoffmann et al., 2020). Entry of SARS-CoV-2 into the cells takes place with the help of serine protease known as transmembrane protease, serine 2/TMPRSS2 for S protein priming, thus TMPRSS2 seems to be a promising target (Fig.2) for therapeutic agents (e.g. Chamostat mesylate) inorder to prevent spread of virus and its subsequent pathogenesis using Lopinavir/ritonavir and remedesivir (Hoffmann et al., 2020; Iwata  et al., 2019 ; Kupferschmidt & Cohen., 2020). 
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Fig.1: Basic structure of SARS-CoV-2 showing   Spike protein, membrane protein and other structures.
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Fig.2: Entry and replication cycle of Novel Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2)

3. pH dependent viral entry of SARS-CoV-2
Like other coronaviruses (SARS-CoV),  entry of  of SARS-CoV-2 into a host cell seems to be pH dependent, because once a virus fuses with a human cell via S- glycoprotein then its entry inside the cell utilizes a pH-dependent endocytotic pathway (Yang et al., 2004). When these endo-lysosome vesicles move towards the nucleus, their pH drops (more acidic), which catalyzes fusion of viral and cell membranes (Vincent et al.,  2020). The studies have mentioned that there is more reduction in viral entry if  alkaline conditions are retained in the host cells i.e. pH>7, while as under acidified conditions (pH<7) there is more viral load inside the host cells (Prajapat et al., 2020; Yang et al., 2020; Wang et al., 2008). Therefore, it is evident that novel therapeutic strategies could be designed to lower the pH (alkaline) of endo-lysosomes through infusion of pH lowering agents known as lysosomotropic agents. They are defined as weaker bases that have potential to penetrate lysosomes in their protonated form and thus increase their intracellular (Ashfaq et al., 2011). The use of safer lysosomotropic agents  could pave a way to act as one of the effective  counter strategy to thwart infection caused by SARS-CoV-2. 
                     Keeping the concept of lysosomotropic agents in mind, few researchers have recently advised to use antimalarial drug chloroquine (Hydroxychloroquine) as potential option to cure COVID-19 because it accumulates in the acidic endo-lysosomes and  thus lowering their pH which is required to block the entry and further pathogenesis of  SARS-CoV-2. The lowering of pH of endosomes probably inhibits the protease activities of TMPRSS2 and thus prevents the cleavage of S protein (Gautret et al.,  2020; Yang et al., 2020; Vincent et al.,  2020; Hoffmann et al., 2020; Kupferschmidt & Cohen., 2020). Although the clinical trial conducted by Gautret et al.,  2020 had some of research design issues with lesser number of subjects enrolled, nevertheless, it coincides with the basic idea how a lysosomotropic agent could be used to restrain viral entry and subsequent reproduction cycle through neutralization of acidic endo-lysosomes. The idea to use chloroquine (Hydroxychloroquine) against SARS-CoV-2 as an off-label treatment is still controversial between the researchers, as no conclusive study has recommended it as a safer & effective agent. The use of long term and higher doses are  reported to cause severe retinopathies and other unusual side effects (Schrezenmeier & Dorner., 2020; Radcliffe., 2020; Kupferschmidt & Cohen., 2020). Moreover, use of bafilomycin and ammonium chloride (NH4Cl) in In-vitro cells (Vero E6) has demonstrated that ACE2 receptor was effected by elevating endosomal pH  which prevented viral entry into the host cells (Yang et al., 2020). Thus, the drugs prescribed against  enveloped viruses  increase intracellular pH (alkalinity within the cell) there by reducing the activity of pH-dependent viruses. However, they can provoke negative side effects like  nausea,  retinopathy,  cardiomyopathy, neuromyopathy, psoriasis and porphyria (Stokkermans, 2019). Sodium bicarbonate (SB) has been considered as a safe and effective therapeutic agent when given in the recommended doses and is relatively free of serious side effects (Wong et al, 1984). It is an ideal choice of buffer solution in different metabolic and respiratory acidosis such as lactic acidosis, ketoacidosis, drug toxicities and acidosis due to pathogens (Mirrakhimov et al., 2017; Wong et al, 1984).          
4. Mechanism of action of Sodium bicarbonate
                Human body has an inbuild homeostatic bicarbonate buffer system (HCO3-) which regulates pH in blood and cells that control metabolic functions. During acidic environment it acts as the proton acceptor and converts to carbonic acid (HCO3) which by reversible process forms CO2 and H2O. When the environment turns more alkaline it releases proton forming back to bicarbonate (HCO3-). This reversible process is facilitated by the enzyme called carbonic anhydrase (CA)present in blood, stomach, pancrease and kidneys. CA belongs to the family of metalloenzymes consisting of five classes (α,β,γ,δ,ζ) of which α-class is primarily found in mammals (McKenna & Frost, 2014). Apart of its role in pH regulation, it also plays its part in other metabolic processes such as gluconeogenesis, lipogenesis and ureagenesis (Supuran., 2018). Two major by-products of this acid-base buffering system are CO2 and HCO3-. Approximately 70% of CO2 is converted to bicarbonate in the blood while the remaining is exhaled by the lungs. The HCO3-combines with free H+ions maintaining the pH balance in the blood. An experimental set-up in rabbit ventricular monocytes showed the role of this CO2/HCO3- buffer system in regulation of H+ mobility that maintain uniform pH (Spitzer et al., 2002). The biochemistry of this reversible process follows Le Chateliar principle which states that if more H+is present the process shifts to backward so that more reactants are formed to maintain equilibrium.
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                  Administration of sodium bicarbonate is needed when there is metabolic/respiratory acidosis in the patient. Metabolic acidosis is condition when blood pH<7.35 due to reduced bicarbonate (HCO3-) levels in the blood that further worsen with the decrease in arterial partial pressure of carbon dioxide (PaCO2). For every 1mmol/1fall in serum HCO3- there will be ~1mmHg decrease in PaCO2 that will fall the blood pH<7.20 (Ghauri et al.,2019). According to Henderson-Hasselbalch method metabolic acidosis is a state when concentration of HCO3-<20mmol/L in blood plasma (Jung et al.,2019). Respiratory acidosis is a state of hypoventilation that may be due to pulmonary diseases, drug overdose, obesity and brain injury. Severe respiratory acidosis leads to acute respiratory distress syndrome (ARDS) depicting the lungs insufficiency to exhale CO2 and exchange of O2 across alveolar membrane (Ware & Mathay., 2000). Thus human body enters into the state of acidosis when there is loss of HCO3- due to renal dysfunction or the presence of acids in the gastrointestinal tract that neutralize the HCO3- ions or other pulmonary diseases. The imbalance in the acid-base results in the adverse effects that include arterial dilation with hypotension, decrease in cardiac output, effecting the metabolic process e.g. ATP production and the body’s immune system (Kraut & Madias., 2010).





Table1: Bicarbonate buffer system values under acidosis (Sheng et al., 2009; Repishti et al., 2001).


	Normal Condition
	Metabolic Acidosis
	Respiratory Acidosis

	HCO3-
4-22mM
	<22mM
	<22mM

	PaCO2
35-45mmHg(6.7 +- 0.34mM)
	<35mmHg
	>45mmHg

	pH
6.2-7.22
	<6.2
	<6.2


                      
     



                   Bicarbonate (HCO3-) ions are impermeable to membrane and their movement is facilitated by specific integral membrane proteins. There are 3 groups of bicarbonate transport protein SLC4A Cl-/HCO3- exchanger, SLC4A sodium coupled transporter, SLC26A (Fig.3). Bicarbonate ions when combine with transport protein form metabolons and CA increase their activity of transport (Shaw.,2016).The bicarbonate ions (HCO3-) in the sodium bicarbonate has the tendency to displace the Cl- ions in ECF that will increase the strong ion difference (SID) in ECF leading to alkalization. This Cl-/HCO3- ions exchange is done through the transport family protein called solute carrier family (SLC4A1/A2/A3).SLC4A1 exchanges the Cl- with HCO3- across plasma-membrane for re-absorption of HCO3- into the blood (Khan et al., 2020). Mutations in the protein part of SLC4A1 lead to distal renal tubule acidosis, lowers the pH of urine which ultimately leads to metabolic acidosis (Kager et al., 2017).SLC4 sodium independent transport proteinsfacilitate 1:1 transport of HCO3-/Cl- across membrane and thus maintaining the anion gap (Na+/HCO3-/Cl-) across the membrane (Alper., 2012). Other protein transporters belonging to the family of SLC4 include sodium driven Cl-/HCO3- exchanger (NBCs). NBCs are grouped into two categories electroneutral (NDCBE/NBCn1/NBCn2) and electrogenic (NBCe1/NBCe2) which are expressed on brain, kidney and liver (Alvadia et al., 2017; Hladky & Barrand., 2016). NBCe1 has been seen to play role in the renal acid-base balance and the mutation in this co-transport system leads to the proximal renal tubule acidosis (Kurtz & Zhu., 2013). The NDCBE/NBCn2 is the predominant co-transporters Na+/HCO3- in the brain regulating intracellular pH and the pH homeostasis across the blood brain barrier (BBB). These two transporters in the brain drive the movement of 1Na+/2HCO3- inward while 1Na+/3HCO3- outward from cerebrospinal fluid (CSF) to blood (Alka and Casey., 2014).NBCe2 co-transporter present on the membrane of brain, liver and kidney mediates Na+/HCO3- influx in the ratio of 1:2 or 1:3 thus maintaining intracellular pH balance (Zeiler & Sader., 2018). In the small intestine NBCe1 and CFTR co-transporters are involved in the HCO3- and mucus secretions in response to the acidic environment. Study of the intestinal tissue in mice model showed the incapability of mucus secretion in CF( Cystic fibrosis) disease when the HCO3- secretion is compromised while the treatment of NaHCO3 saline solution increased the CFTR and NBCe1functioning in the tissue model (Jakab et al., 2012). Thus treating acidosis with administration of sodium bicarbonate affects various cellular and metabolic processes in different tissues.
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Fig 3: Transport mechanism of bicarbonate transport proteins for the influx/efflux of the HCO3-, Na+ and Cl- ions through the plasma membrane (Chigaev., 2015; Boron et al., 2009).

5. Probable effects of sodium bicarbonate to circumvent COVID-19 viral infection
Respiratory infections are a significant reason for flu like sickness manifestations  among affected human populations, prompting considerable dreadfulness and mortality every year.  At present utilized flu vaccines are just compelling when the antibody strains coordinate the antigen strains antigenically. Thusly, regular flu vaccines must be refreshed every year. Regular flu vaccines neglect to manage the concrete protection against antigenically particular pandemic flu viruses (de Vries, 2015). The successive changes in the viral antigenic structure present troubles in the advancement of antibody particularly for RNA viruses. Besides, during rise of a recently dreadful coronavirus,  creation of vaccine requires time and may be ineffective as well. This gap between new dreadful COVID-19 viral strain appearance and vaccine production has already caused catastrophic death of more than one lakh people  and millions may lose their lives, if it is not contained now. Since there is no completely compelling medicine or immunization for this viral disease, looking for alternative treatments is a sensible alternative. 
 Coronavirus cell fusion occurs at acidic pH and was found to be stable at pH 6 at 370C (half-life=24 h) ) (Sturman, 1990; Chu et al 2006; Skehel, 2000) and it was found that the attack of the virus was irreversibly inactivated by treatment at pH 8 at 370C (half-life=30 min) and this coronavirus pH-dependent thermolability is because of the result of conformational changes in the corona virus peplomer (Mothes et al , 2000; Sturman, 1990). Diet plays an important role in adjustment of body pH, Sodium bicarbonate drinks, diets etc. can cause a very small change in blood pH within a range considered as normal. In slightly higher pH (Alkaline) where the body environment becomes alkaline, the viruses might be weakened. Thus, reducing acidic diets and increasing the intake of alkaline food sources can help in alkalization (Cheney 1924). An alkaline body can absorb up to 20 times more oxygen than an acidic body and it enhances immunity of body to kill microbes. The huge surge in the laboratory confirmed COVID-19 cases are higher in the western countries, probably the typical Western diet is an acid-forming diet, low in the valuable alkaline minerals (Pierce., 2017). Large number of flu cases were studied and observed in laboratory and it was analyzed that there was a decrease in bicarbonate level and other bases in the blood plasmas as well as in tissues. Further, it was concluded that flu is a local manifestation of a systemic disturbance; like change in alkalinity or we can say a mild acidosis, which mostly occurs due to a decrease in bicarbonate content in blood. The symptoms of flu swiftly decreased upon the administration of sodium bicarbonate in large doses by mouth and by rectum (Cheney, 1928).. In 1918 and 1919, while battling ''influenza,'' it was brought to the consideration of the US Public Health Service that seldom any individual who had been altogether alkalinized with sodium bicarbonate has got the illness, and the individuals who contracted it, whenever alkalinized early, would constantly have mild attacks (Cheney 1924). Sodium bicarbonate (henceforth called as SB) is used in patients with renal tubular acidosis syndromes, diarrhea, acute lactic acidosis, and ketoacidosis and is commonly used as a pH buffering agent (Sabatini, 2009). It has been found that the changing acidic pH in Pulmonary tuberculosis (TB) lesion may affect growth of TB bacilli. Previous studies have found that the effect of adjuvant inhalation of sodium bicarbonate (SB) 8.4% in smear-positive pulmonary TB to standard anti-TB drugs accelerates smear conversion, culture conversion, and clinical and radiological improvement(El-Badrawy, 2019; Abdalla,2016).Patients with renal tubular acidosis syndromes or diarrhea are given chronic bicarbonate replacement therapy. In patients with acute lactic acidosis and ketoacidosis, however, bicarbonate therapy is always individualized (Heinonen,2010). 
Rhinoviruses and coronaviruses are classified as pH dependent viruses as they attack and infiltrate host cells by fusion with cellular membranes at low pH. There is fusion dependency between the viral and cellular membranes (Liu, 2016;Da Poian, 2005). The barrier to this is plasma membrane which don’t allow the viruses and parasites to invade. To enter into host cell and use its machinery the virus has to cross this barrier. For enveloped viruses there must be fusion between membrane and virus and it occurs via endocytic pathway, thefusion depend on endosomal compartments. These cellular compartments at low pH are responsible for triggering conformational changes in the glycoproteins of virus (Da Poian,2005; Lavillette, 2006). As pH drops there will be a rapid fusion eg Ebola virions at low pH move to more acidic compartment and later on late endosomes help in pH dependent fusion. Earlier these virions move by pinocytosis by forming macropinosomes and fuse with other vesicles of the standard endolysosomal pathway(Saeed, 2010; Francica, 2010).  Although global pharmaceutical and biotechnology companies are working tirelessly for development of anti Covid-19 vaccines. However, experts predict it will take minimum one year to be available in the market (Achenbach., 2020).  The metabolic acidosis  can be managed using sodium bicarbonate intravenously between 7.5%-8.4%, while as overdosage can lead other metabolic abnormalities (Burgner et al, 2020; Alfano et al, 2020; Wong et al, 1984;Hughes et al., 2016; Shelton & Kumar., 2010).  It was found through a study that 7.5-8.4% sodium bicarbonate is safe for human body  with no considerable side effects (Badrawy et al., 2018; Phebra., 2017; Wong et al, 1984),  an intravenous infusion of SB lead significant inhibition of lower respiratory tract pathogens like bacteria, fungi and mycobacteria (Badrawy et al., 2018). A cohort study regarding the oral rinse of sodium bicarbonate showed significant increase in salivary pH and prevented overgrowth of aciduric bacteria (Chandel et al., 2017) further validates the role of baking soda to restrain reproduction of these microorganisms .
HCO3- ions secretions in respiratory tract not only maintain the pH but also protect the epithelium from different inhaled pathogens. Aerosol inhalation of NaHCO3 (100mmol/L) in an bacterial culture experiment showed promising results in inhibiting bacterial growth and cAMP reduction of prevalent cystic fibrosis pathogens(Dobay et al., 2018; Wilton et al., 2016).NaHCO3combination with different drugs favor 	their uptake in gastrointestinal tract by making the medium more alkaline.In an experiment studying the effect of drug combinations on fungal pathogens NaHCO3 (40mM) + Quinine (2mM) or Hygromycin(7.5µg/ml) for 24hrs show synergistic effects by decreasing the fungal metabolic activity>60% (Vallieres et al., 2018).The normal pH of extracellular spaces supports body immune system for fighting pathogens. More acidic environment affects the immune response by modulating the various signaling molecules such as H2O2, compliment system and neutrophils (Lardner et al., 2001; Martínez et al., 2007; Coakley et al., 2002) . C.elegans as model organism for studying human immune system showed that by adding NaHCO3 (25mM, pH=7) as buffering solution reduced the activity of pathogen in acidic intestine (Benomar et al., 2020). Thus sodium bicarbonate (NaHCO3) is an ideal choice of buffer system to maintain extracellular pH as it mimics the role of body’s own bicarbonate (HCO3-). But the overdose of it can lead to Na+ overload and metabolic alkalosis that may cause fluid retention, hypertension, heart failure and renal failure (Shaw.,2016)
Coronavirus contamination is highly sensitive to pH as it has been found that MHV-A59 strain of coronavirus is quite stable at pH 6.0 (acidic). Other human coronavirus strain 229E is extremely infective at pH 6.0. and is rapidly and irreversibly inactivated by brief treatment at pH 8.0 (alkaline). Murine coronavirus A59 infection at pH 6.0 (acidic) has a tenfold increase in the infection of the virus.The acidic pH 5-6 is maintained by endosomal membrane (proton pumps) which is responsible for triggering reaction between virus and endosomal membrane (Bavari, 2002; Madshus, 1984). In order to release the individual viral ribonucleoproteins (vRNPs), low pH exposure is also necessary(Maheshwari, 1991). Severe metabolic acidosis and  intracellular acidosis is reported one week after disease onset by 2019 novel coronavirus (Wang et al., 2020; Chen et al., 2020; Deng et al., 2020; Li et al., 2020). In a cohort study on COVID-19 in china, it has been found that  30%  non-survivors had acidosis as compared to survivors with only 1% reported acidosis (Zhou et al., 2020). The correction of such acidosis could not be ignored in patients suffering from respiratory distress by Corona virus COVID-19 (Helmy, 2020). In conclusion, in the current clinical emergency sodium bicarbonate seems to be the preferable way to increase pH as it has been known as far back as the Spanish Flu pandemic of 1918 to save lives (Dreddy, 2019).  
6. Conclusion
                 Novel Corona virus COVID-19 entry into host cells is pH dependent and has caused global crisis, majorly due to lack of targeted therapeutic agents. The probable off-label treatment of chloroquine or hydroxchloroquine as lysosomotropic agent to control viral replication is still controversial, as its higher recommended doses are reported to cause unusual side effects like retinopathy. Similarly, role of other antiviral agents is yet to be established. Sodium bicarbonate, a lysosomotropic agent has been reported to be involved in neutralization of acidosis, thus it could be largely seen as a safer & easily available option for possible prophylactic and therapeutic interventions against SARS-CoV-2 replication and pathogensis.
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