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Mapping non-canonical cellular pathways affected by approved medications can accelerate drug repurposing efforts, which

are crucial in situations with a global impact such as the COVID-19 pandemic. Fluoxetine and fluvoxamine are well-

established and widely-used antidepressive agents that act as serotonin reuptake inhibitors (SSRI-s). Interestingly, these

drugs have been reported earlier to act as lysosomotropic agents, inhibitors of acid sphingomyelinase in the lysosomes, and

as ligands of sigma-1 receptors, mechanisms that might be used to fight severe outcomes of COVID-19. 
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1. Molecular Mechanisms

1.1. Molecular Mechanisms of SARS-CoV-2 Replication and the Involvement of Lysosomes
in the Replication Process

SARS-CoV-2 is a beta Coronavirus that is a member of the Coronaviridae family, a large 26.0–32.0 kb enveloped RNA virus

with a positive-sense single-stranded RNA genome. The life cycle of SARS-CoV-2 is truly complex with steps that are

regulated in both space and time, and, indeed, the researchers currently have adequate information on its structural biology

and pathogenesis exemplified by extensive reviews ; therefore, the researchers are only opting to highlight important

steps that are crucial for the cohesion of this manuscript. Briefly, following attachment to host target cell receptors, among

which angiotensin-converting enzyme 2 (ACE 2) is considered primary, engagement of the ACE 2 receptors results in a

conformational change to the Spike (S) protein, followed by subcleavage by furin and target-cell proteases, such as

TMPRSS2 and cathepsin L .

Entry into the cytoplasm and release of the viral genome is followed by the expression of viral polyproteins that are

proteolytically processed into four structural and sixteen non-structural proteins, mediated by the viral papain-like protease

(PLpro), the chymotrypsin-like protease (3CLpro) that is also referred to as Main protease (Mpro) . Viral polyproteins are

subsequently processed by the viral proteases into 16 non-structural proteins, which are crucial to viral replication and

transcription . Additionally, a number of subgenomic mRNAs, nested negative sense RNAs resulting from discontinued

transcription of genomic RNA, were found to code for accessory proteins among others, which were linked to host cellular

immune responses . Akin to other Beta Coronaviruses, it is thought that SARS-CoV-2 structural proteins, in addition to

viral RNA and other non-structural and accessory proteins, form replication complexes, assembling at sites close to the

endoplasmic reticulum (ER) and Golgi compartments characterized by membrane tubules and double-membrane vesicles,

possibly derived from the ER . Thereafter, viral genomic RNA, along with the nucleocapsid, is thought to translocate to

budding sites where other structural glycoproteins are located, followed by assembly and release, utilizing ER trafficking and

lysosomal egress . It is now apparently clear that the replication cycle of SARS-CoV-2, similarly to other Coronaviruses,

heavily relies on the ER, hijacking ER stress responses to facilitate protein translation .

1.2. Molecular Mechanisms through Which Fluoxetine and Fluvoxamine Might Prevent the
Development of Severe COVID-19

1.2.1. Binding to Sigma-1 Receptors
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Fluvoxamine was hypothesized to exert its antiviral effects in the context of COVID-19 through different mechanisms. Of the

greatest significance in this process is its interaction with the sigma-1 receptors (S1Rs). S1R is a multifunctional chaperone

protein located within the ER that mediates signalling cross-talks in the ER-mitochondria and ER-nucleus context. As a

chaperone, it facilitates proper folding of newly synthesized proteins, in addition to preventing the accumulation of misfolded

proteins; therefore, playing a major role in cell survival and modulating ER Ca   influx into the mitochondria during cellular

stress . Under stressful conditions, i.e., viral infection, the overexpression of S1Rs plays a protective role, reducing ER and

oxidative stress, counteracting pro-apoptotic signals through the induction of a wide range of mechanisms that promote cell

survival .

Given their pivotal role in mitigating cellular stress during a viral infection, S1Rs ligands are frequently explored as potential

drugs against viral infections and are currently being studied against SARS-CoV-2. For example, in the context of HCV

infection, S1Rs were found to colocalize with non-structural proteins associated with the viral replicase complex , and more

recently, the nsp6 of SARS-CoV-2 was found to directly interact with S1R, highjacking cellular translation machinery, thus,

favouring expression of viral proteins. Molecules targeting sigma receptors such as antipsychotic drugs (haloperidol), and

antihistamines (clemastine and cloperastine), all of which are sigma receptor ligands, were found to also exert anti-SARS-

CoV-2 activity . Fluoxetine, among other antidepressant drugs, was found to perturb the replication of HCV in an unbiased

screening cell culture assay . Additionally, the unfolded protein response (UPR) and autophagy are also ER stress

responses that are exploited by SARS-CoV-2, and the S protein in β-Coronaviruses was found to modulate UPR, favouring

viral protein synthesis and replication . Through its modulatory effect on the ER stress response, fluvoxamine may

therefore hinder the replication of SARS-CoV-2 .

1.2.2. Lysosomal Membrane Composition as the Potential Site of Action of Fluoxetine and
Fluvoxamine in COVID-19

Decreasing the acidity of endosomal pH adversely affects endosomal function and trafficking and inhibits the activity of the

endosomal proteases . Modulation of endolysosomal pH could potentially impair the formation of viral replication

complexes, in addition to impeding viral trafficking and budding . Both fluoxetine and fluvoxamine, among other SSRIs, are

considered to be lysosomotropic agents, and hence, it is plausible that the lysosomotropic and endolysosomal pH-modulating

effects of these molecules may indeed show potential beneficial effects in the context of COVID-19.

The role of acid sphingomyelinase (ASM) in augmenting viral infection has long been known and described. Covering a wide

range of cellular functions, from cytoskeletal reorganization to proliferation, response to stress, signalling, and induction of

apoptosis, acid sphingomyelinase catalyses the hydrolysis of sphingomyelin to phosphorylcholine and ceramide. Being a

predominantly lysosomal enzyme, proteolytic activation of the ASM can result in its translocation to the cellular membrane and

the generation of ceramide at the extracellular cell surface . Ceramide is an integral part of the cellular membrane,

modulating its biophysical properties, and is composed of a sphingosine backbone that can be post-translationally modified,

yielding complex molecules, including glycosphingolipids (GSL). Although there has been documented evidence of the

involvement of ceramide and ceramide-based molecules in mediating several viral infections, such as Rotavirus, HIV, and

Influenza A, it is unclear whether ceramide or one of its derivatives are involved in mediating the attachment or internalization

of virion particles . In regards to SARS-CoV-2, the main receptor (ACE 2) was found to locate in lipid rafts  and the

effect of the ASM inhibition, namely the change in the ceramide content of the lipid rafts, was found to inhibit viral infection of

the cells in in vitro studies . SSRIs such as fluoxetine or fluvoxamine were found to accumulate in lysosomes and disturb

and attenuate the activity of ASM . Indeed, fluoxetine treatment, through this proposed mechanism, efficiently inhibited the

infection of Vero-E6 cell lines with SARS-CoV-2 and vesicular stomatitis virus pseudo viral particles enveloped with SARS-

CoV-2 S protein .

1.2.3. Anti-Inflammatory Effect of SSRI-s

Some of the potentially relevant SSRI antidepressants may also exert their protective effect against severe COVID-19 through

the down-regulation of the inflammatory response induced by a viral infection, independently of their action on the S1Rs. The
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possible mechanism of action proposed was through modulating the immune activity of the macrophages , while

depression itself is considered by some to be an inflammatory disease . The role of macrophages in the anti-inflammatory

activity of antidepressant drugs has been reviewed thoroughly and recently by Nazimek et al. .

In severe COVID-19, a state of platelet dysregulation is observed, marked by increased activation, reactivity, and aggregation

. Both fluoxetine and fluvoxamine block the re-uptake of serotonin from plasma in platelets via the sodium-dependent

serotonin transporter (SERT), and by limiting the uptake of serotonin, SSRIs interfere with platelet activation and aggregation,

therefore, potentially increasing bleeding time and reducing neutrophil recruitment and inflammation . It is therefore

conceivable that SSRIs may be of some benefit in advanced COVID-19, counteracting the hypercoagulable state of platelets

observed. The topic is still controversial , but based on clinical studies, fluoxetine appears to prevent platelet activation and

is more likely to prevent thrombotic events .

In an in-vivo multiple sclerosis (MS) rat model, fluvoxamine treatment resulted in a significant increase in the viability and

proliferation of neural stem cells, and treatment with physiological concentrations attenuated the severity of encephalomyelitis,

manifested by a decrease in serum levels of IFN-γ, and an increase in IL-4, pro-, and anti-inflammatory cytokines,

respectively .

2. Experimental Data That Support the Concept That Fluoxetine
Might Be Useful in Treating COVID-19

Several specific experimental investigations have been performed during the COVID-19 pandemic that underlie the possibility

that fluoxetine might be beneficial in the fight against the development of severe outcomes of COVID-19 infection.

2.1. Experimental Data from the Ursula Rensher Group

In a paper accepted in September 2020, before vaccines became available, the group of Ursula Rensher from Münster

(Germany) reported a series of experiments in which they had investigated molecules that interfered with cholesterol

accumulation in late endosomes .

The model cell lines were Vero E6 cells and polarized bronchial Calu-3 cells. The line of Vero cells was established in 1962

from the kidneys of a normal African green monkey. They are non-tumorigenic cells, widely used in vaccine production in

standardized conditions . VeroE6 cells are widely used in experiments that study the pathomechanisms of SARS-CoV-2

infection as they can be easily infected with the virus and the released virus particles from these cells can be easily and

precisely quantitated by real-time QPCR measurements . While Vero E6 cells are excellent for assessing viral replication,

the Calu-3 cells established in 1975 from a pleural effusion of lung adenocarcinoma  are good models for epithelial lung

cell modelling.

The authors used fluoxetine, imipramine, amiodarone, and the NPC1 inhibitor U18666A. NPC1 is an intracellular cholesterol

transport protein that transports low-density lipoproteins into the late endosomes, mutation of NPC1 can cause Niemann Pick

type C disease. As they could show that fluoxetine was active against viral replication for influenza virus strains (EC50 = 1 µM

and EC90 = 5–6 µM), they tested its effect on SARS-CoV-2 cells and found that EC90 for SARS-CoV-2 was in the range of 2–

4 µM depending on the used cell lines. U18666A could reduce viral titers by 99% at the concentration of 10 µM-s. Imipramine

and amiodarone were also effective on viral replication in different cell lines.

The authors investigated cholesterol accumulation in late endosomes using microscopic methods. As a positive control, they

used U18666A treated cells. They could show a significant accumulation of cholesterol at a very high dose of fluoxetine of 20

µM-s, but at a lower dose of 5 µM-s the results were not significant. The authors tested the changes in the pH of the

endosomes by microscopic methods. In this assay, both 5 µM and 20 µM-s of fluoxetine produced significant changes in

lysosomal pH, comparable to those caused by 2–10 µM-s of U18666A.
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Finally, they compared the infectivity of Vero E6 cells pre-treated with 5 µM fluoxetine or 10 µM of U18666A. Both pre-

treatments produced a significant reduction of infectivity, as assessed by intracellular nucleocapsid detection with microscopic

methods.

In their next study, accepted for publication in February 2021, at the time when global vaccination campaigns had just been

launched, the same group published a manuscript where they argued that remdesivir, itraconazole, and fluoxetine might have

synergistic effects on SARS-CoV-2 infection in vitro . They used the same cell lines as in their previous report. The

concentration of fluoxetine used in their study was between 0.5 µM and 2.5 µM. At the highest dose of 2.5 µM fluoxetine

concentration, without remdesivir co-treatment, the virus titer reduction was negligible. Although they could show synergies for

both the combination of remdesivir with Itraconazole and the combination of remdesivir with fluoxetine, a potential limitation of

their experimental work was that remdesivir had a very short half-life in serum. In mice experiments, remdesivir was

detectable in serum only half an hour after dosing. It is to be noted that the potentially active metabolites of remdesivir could

be detected in serum up to 24 h post-dosing . At the same time, an observation that might underlie the potential synergy

between remdesivir and fluoxetine in the lung is, that in the same investigation, the concentration of remdesivir in lung tissue

could be detected much longer, up to 24 h with the highest concentration at two hours. The reported concentration of

remdesivir in the lung tissue was 0.35 µM. At a similar concentration of remdesivir (0.25 µM) in the Renscher study, 2.5 µM of

fluoxetine produced only a modest 10% reduction in the virus titer.

In September 2021 the Reschler group published a study  wherein they investigated the synergy of fluoxetine with the GS-

441524 nucleoside analogue. GS-441524 is the main plasma metabolite of remdesivir with a plasma half-life of 24 h. Human

data on GS-441524 are scarce, the current applications are mainly experimental and veterinary . In this paper, the Rescher

group investigated the synergy between various doses of fluoxetine and GS-441524. The same Vero E6 and Calu-3 cells

were used. Similar synergies were observed as for remdesivir. The highest used concentration was 2.5 µM of fluoxetine,

which had marginal inhibitory effects as seen in their previous report. A combination of 2.5 µM fluoxetine with 1 µM of GS-

441524 produced a 99.9% inhibition of virus production on polarized Calu-3 cells.

2.2. Experimental Data from the Jochen Bodem Group

In March 2021, the group of Jochen Bodem published a short but important paper . Their results confirmed the findings of

the Rescher group, namely that fluoxetine dramatically reduced the viral replication of SARS-CoV-2 in the Vero E6 cell line

that originates from the kidneys of a normal African green monkey. Similarly to the results of the Rensher group, in the

experiments of the Bodem group, the concentration of 2.5 µM of fluoxetine resulted in the reduction of virus titer by one order

of magnitude, approx. 90% inhibition, moreover, 5 µM of fluoxetine had a dramatic effect of more than three orders of

magnitude reduction of the viral titer. At these concentrations of fluoxetine, no significant inhibition of cell growth was seen in

Vero6 cells. Escitalopram or Paroxetine had marginal effects. The results were quantified by virus-specific QPCR and

confirmed by microscopic staining. Fluoxetine did not affect other tested viruses such as RSV, Rabies, HSV-1, and HHV8.

The same paper by Bodem  reports a very important experiment assessing the effect of fluoxetine on viral replication in

normal human lung tissue preparations. Human, disease-free lung tissue slices of 300 µm width with intact peripheral airways

were prepared and cultivated from samples originating from lobe resection due to cancer. The tissue slices were treated with

5 µM of fluoxetine and then infected with SARS-CoV-2. After 3 days, supernatants were harvested, and infectivity was

assessed in Vero E6 cells. The resulting virus titers were quantified by QPCR. Fluoxetine treatment of the lung slices at 5 µM-

s resulted in a more than two orders of magnitude reduction of viral output in the developed assay, which corresponds to more

than 99% of inhibition. These fluoxetine concentrations are in line with the concentrations measured in postmortem human

lung samples as described later.

2.3. Enantiomer Indifference of the Antiviral effect of Fluoxetine

A third very important observation is reported in the same paper of Bodem  that addresses the stereoselectivity of

fluoxetine effects. The currently used fluoxetine is the racemic mixture of both S and R enantiomers. In their report, the
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authors investigated the viral replication inhibitory effect of both the racemic mixture and the two enantiomers separately. In

their experiments they found that there was no difference in the inhibitory effects on the virus between the two enantiomers.

This observation is of extreme importance if  the researchers take into account the previous knowledge about the specifically

psychiatric effects of the two fluoxetine enantiomers, which was accumulated in the 1990s. Although the enantiomers of

fluoxetine were not studied extensively, the enantiomers of norfluoxetine, the metabolic product generated by demethylation in

the liver and which are also active serotonin reuptake inhibitors, have been well investigated. The topic was examined in

several studies assessing rat brains and complemented with studies on human platelets . These investigations showed

that the S enantiomer of norfluoxetine was over 20 fold more potent than the R enantiomer regarding the SSRI effect of the

enantiomers. Interestingly, the less effective R enantiomer, if administered orally at 80 or 120 mg/day, resulted in QT

elongations on ECG measurements. These QT elongations were statistically significant, underlying the possibility that the

cardiac effects of fluoxetine observed in other studies  might involve other mechanisms beyond SSRI activity. It is to be

noted that the QT elongation effect of fluoxetine, although reported, is still less pronounced compared to the similar effect of

citalopram , where these cardiac side effects led to the development of escitalopram, which contains the S enantiomer of

citalopram to reduce potential side effects. The observations on the similar inhibitory effect on SARS-CoV-2 replication of both

S and R fluoxetine enantiomers, together with the 20 fold higher SSRI effect of the S enantiomer, raise the possibility of the

development of an antiviral formulation based on the R enantiomer that might have fewer CNS effects. As this is the first

report on the enantiomer indifference of fluoxetine antiviral effects, further studies are needed to confirm these observations.

3. Pharmacokinetics of Fluoxetine and Fluvoxamine

3.1. Pharmacokinetic Data

In order to assess the opportunity for using fluoxetine or fluvoxamine in blunting the severity of the effects of COVID-19,  the

researchers need to investigate the pharmacological context of their administration. The two molecules present a quite similar

pharmacokinetic profile. As the published literature focuses more on fluoxetine,   the researchers will first present the data

available about fluoxetine and at the end of this sub-chapter the researchers will provide an overview of the major differences

regarding fluvoxamine.

Fluoxetine was introduced into clinical practice in 1987 and since then has been widely used in different concentrations and

for a relatively wide spectrum of indications in the field of psychiatric perturbances or altered states .

A particularly beneficial feature of fluoxetine is that several physiological or pathological states that might need an adjustment

of the therapeutic dose do not influence its tissue distribution and local concentrations. Fluoxetine is well absorbed, has a

significant first-pass hepatic metabolism and low lipid solubility, and as a result, age, obesity, or renal failure do not

dramatically affect fluoxetine pharmacokinetics . At the same time, in case of liver impairment, e.g., in alcoholic liver

cirrhosis, the pharmacokinetics changed significantly, resulting in a more than two-fold increase in the half-life of the molecule

.

Another great practical feature of fluoxetine is that its bioavailability is not affected by food. A single dose of oral administration

will result in a peak plasma level after 6–8 h, with a maximal CNS efficacy as assessed by EEG, detected after 8–10 h post

oral administration. In the liver, a demethylation step occurs that generates Norfluoxetine, which is also active as an inhibitor

of serotonin reuptake. The significant first-pass metabolism in the liver that generates norfluoxetine can lead to a single dose

of oral fluoxetine of 40 mg-s in different persons achieving different maximal plasma concentrations  ranging from 15

µg/L to 55 µg/L, which corresponds to 50–150 nanomolar (nM) plasma concentrations. If 60 mgs were administered daily, the

steady-state plasma level was achieved relatively late, after 30 days, and 80% was excreted in the urine, while 15% in faeces

(with 5% of the radiocarbon used for tracing not found in either urine or faeces). Initially, the recommended dose was 80

mg/day, but later 20 mg/day was shown to be more effective. Moreover, in the elderly age group, 3 times 20 mg weekly was

shown to be equally effective.
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The pharmacokinetics of fluvoxamine have been well described and summarized in several reviews . Fluvoxamine is

well and rapidly absorbed after oral administration, reaching a maximum plasma concentration level somewhat earlier than

fluoxetine. While the range of t  for fluoxetine is considered to be 6–8 h, for fluvoxamine these values are between 2 and 8

h. After oral administration, 96% of fluvoxamine is absorbed, which is a relatively higher fraction compared to fluoxetine,

where 80% is absorbed. Both drugs have a strong first-pass hepatic metabolism. As for excretion, 4% of fluvoxamine and its

metabolites are excreted with urine while only 80% of fluoxetine and its metabolites are eliminated through the kidneys, and

the rest is eliminated with the faeces. Pharmacokinetics of fluvoxamine are not significantly affected by the status of the

kidney, but hepatic cirrhosis does affect the elimination of both drugs. Age does not seem to affect the metabolism of any of

these two molecules significantly, so long as therapeutic doses are followed.

3.2. Oral Dose versus Body Fluid Concentrations

In order to be able to compare the results of the performed clinical studies and reported experimental data,  the researchers

need to compare the achieved tissue concentrations and the concentrations used in the different experiments. For performing

such a comparison,   the researchers need to address the issue that cellular experiments report their concentrations in

micromoles (µM), while clinical dosage and tissue concentrations are usually expressed in micrograms (µg) and microgram

per gram or microgram per millilitre. The molecular weight of fluoxetine is 309.33 g/mol. The currently used typical dose of 20

mgs of fluoxetine is equivalent to 64.65 nanomoles. Tissue distribution is little affected by the amount of adipose tissue in the

patient. Peak plasma concentrations after a single dose of 30–40 mg are in the range of 15–55 µg/L corresponding to 48–177

nano Mols. As for tissue distributions, interestingly, the highest concentration of the drug was found in the lung and liver in

early measurements performed in dogs and confirmed in human samples as well . In brain tissue, the levels of fluoxetine

seem to be two-fold higher (average 2.6 fold higher in some cases 4.9 fold higher) compared to plasma levels, with significant

patient-to-patient variability .

In a post-mortem assessment of body fluids collected from deceased pilots after aviation fatalities , the concentration of

fluoxetine from all investigated tissues was the highest in lung tissue samples, exceeding 60 fold the concentration in blood

with significant person-to-person variability. Similar values were found for the degradation product norfluoxetine, in which case

the concentration in the lung was 59 times higher in the lung tissue compared to blood concentration. The highest fluoxetine

concentration was 51.9 µg/g in the lung tissue, with a mean of 19.6 µg/g, these concentrations are in the range of 50 µM

concentration, with the lowest measured concentration of 1.56 µg/g corresponding to 5 µM. The measurements from post-

mortem lung specimens resulted in drug levels in the same range, or even higher than the concentrations of 2–10 µM-s used

in the published cell assays that were investigating the effect of fluoxetine on SARS-CoV-2 virus replication in various cell

lines. The concentrations in plasma in pharmacologic studies were in the range of 100 nM. The postmortem data show 60-fold

enrichment in lung tissues, relative to blood, and based on this,  the researchers can conclude that the lung concentration is

very likely to be in the range of 5 µM, which is similar to the effective concentration reported in cellular assays.

Some lung-specific side effect reports in the early 1990s underlie the possibility that fluoxetine might specifically target the

lung. Pulmonary or systemic phospholipidosis caused by fluoxetine was documented in animals and reported in humans ,

while direct fluoxetine-induced lung damage without a known cause was reported several times in early case reports .

These observations underline the enrichment of fluoxetine and its derivatives in lung tissues that might be of extreme

importance in preventing severe effects of SARS-CoV-2 infection.

3.3. Tissue Distribution of Fluoxetine Drug Transporters

In order to explain the surprisingly high concentration in the lung and the specific effects reported earlier,   the researchers

investigated what is known in the literature regarding the transporters responsible for the transport of fluoxetine into different

body compartments. Fluoxetine is transported by the protein Organic Cation Transporter 3 (OCT-3), which has the canonical

name of SLC22A3. A review on various aspects of organic cation transporters and their involvement in the transport of various

drugs in different tissues was published recently . Based on the public human tissue-specific gene expression database of

the Human Proteome Atlas, on a single-cell level  the highest expression of the gene is seen on alveolar cells type 2,
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followed by hepatocytes and pancreatic endocrine cells, which for hepatocytes, is in concordance with the strong first-pass

hepatic metabolism. Regarding the lung, this might explain the high tissue concentration reported earlier. Interestingly, an

observation underlying the transport in pancreatic cells is that fluoxetine-induced beta-cell dysfunction was also reported in

cellular systems  in animal studies , and a systematic review performed based on Danish patient registries reported a

significantly increased risk of pancreatitis in first-time users of SSRIs .

3.4. The Potential Target Cells in the Alveolae Responsible for the Protective Effect of
Fluoxetine and Fluvoxamine in SARS-CoV-2 Infections

As reported during the first waves of the pandemic, the most severe outcome of COVID-19 disease was the progressive

patient deterioration approximately a week after the onset of symptoms with a decrease in oxygen saturation levels and

progressive decompensation of the respiratory system.

In order to understand the relationship between the two SSRI molecules investigated and the progression of COVID-19

disease,  the researchers will focus on the cellular distribution on the alveolar level of key molecules involved in viral infection

and SSRI activity.

Based on the public human tissue-specific gene expression database of the Human Proteome Atlas, on the single-cell level

, in the lung non-vascular cells, the highest expression of ACE2, the most likely cellular entry point of the SARS-CoV-2

virus, is expressed only on alveolar type 2 cells and the expression level is marginal .

Interestingly, in this single-cell-level assessment of RNA levels from the different types of cells present in the alveolae, the

highest expression level of SLC22A3 was present, on the type 2 alveolar epithelial cells, while the other cells of the alveolae,

namely the alveolar epithelial cells type I, macrophages, club cells, fibroblasts, ciliated cells, and other immune cells of the

alveolae had a significantly lower or marginal expression .

What are type 2 alveolar cells and what is their importance? As described by Robert J. Mason , at stage 3 of the COVID-19

disease, hypoxia and ground-glass infiltrates develop with a progression towards acute respiratory distress syndrome

(ARDS). At this stage, the virus reaches the gas exchange units or alveolae and infects preferentially type 2 alveolar cells

similarly to the influenza virus. Infected type 2 cells release further viruses, contribute to the infection of nearby alveolae, and

later undergo apoptosis. The same author in a later article  explains relevant characteristics of type 2 alveolar cells. These

cells are involved in keeping the alveolae fluid-free through their specific expression of CFTR chloride ion transporter. Type 1

alveolar cells contribute to maintaining the fluid-free state of the alveolae through CLIC5, another chloride ion transporter.

These statements are confirmed by single-cell RNA seq data as presented here  and here .

Type 2 alveolar cells have various functions. In Figure 1   the researchers present the distinctive role of the type 2 alveolar

cells and their role in surfactant production and SARS-CoV-2 virus replication. They can be considered the stem cells of the

alveolae  that can both regenerate themselves and also give rise to the type 1 alveolar cells, those flat cells that cover the

largest part of the alveolae. Their overall differentiation takes up to one year. Another major function of these cells is that they

are the ones producing the surfactant, a mixture of different lipids that cover the alveolae that is essential in keeping them

open during respiration. The surfactant is a mixture of various lipids stored in the lamellar bodies of type 2 cells, organelles

that can be considered as modified lysosomes. These lamellar bodies release their content by exocytosis. The released

surfactant is in part degraded by macrophages or a smaller part is recycled by type 2 alveolar cells . The critical connection

between surfactant metabolism and lysosomal storage diseases was described in detail by Tamara Paget, Emma J.

Parkinson-Lawrence, and Sandra Orgeig . The apoptosis of the viral infected type 2 cells could affect the respiratory

function in many ways. With the decrease in surfactant production, the alveolae could collapse, and as a result of the

diminished chloride ion transport, fluids might accumulate in the alveolae, and by the destruction of the stem cell pool of the

alveolae, the long-term regenerative potential of the lung might be diminished. As a conclusion,   the researchers can state

that type 2 alveolar cells are critical in maintaining the physiological conditions of the lung, they are targets of the SARS-CoV-
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2 virus and express the transporter of fluoxetine, therefore they are excellent candidates for the protective effects of fluoxetine

in case of COVID-19.

Figure 1. The key role of type 2 alveolar cells in the surfactant production and SARS-CoV-2 infection at the level of the lung

alveolae. The insert on the top-left presents the major steps of the replication cycle of SARS-CoV-2 virus in the type 2 alveolar

cells.

3.5. Mechanisms for Lysosome Enrichment of Fluoxetine

In addition to a likely high intensity of the transport of fluoxetine by OCT3/SLC22A3 into alveolar cells, other mechanisms

might lead to high levels in the lung, such as (1) phospholipid binding and (2) lysosomal trapping . The experiments that

suggest these mechanisms were performed in different types of rat tissue slices immersed in media containing fluoxetine.

From a medium containing 5 µM of fluoxetine, the accumulation ratio was highest in the lung tissue slices (75.6%) and

moderate accumulation (10.5%) was observed on brain tissue slices. This accumulation was reduced by roughly a quarter by

adding lysosomal inhibitors such as monensin or NH Cl. Similar accumulation in the lung was seen for promazine,

imipramine, amitriptyline, sertraline, and carbamazepine, too. In this early study, as a mechanism for the lung accumulation of

the drug in lung tissues, it was suggested that the abundance of lysosomes in the lung alveolar macrophages, together with

the abundance of surfactant rich in phospholipids, might be responsible. At the same time, although the brain does contain a

high amount of phospholipids, it showed only moderate accumulation of these drugs. According to the early hypothesis by

Korhuber , the slow accumulation of lysosomotropic psychoactive agents in the brain might contribute to the delayed

effects observed in clinical practice, and may disturb several biochemical processes that require an acidic milieu, such as the

proton-driven transport of monoamines into synaptic vesicles. As such, the accumulation of fluoxetine as a lysosomotropic

agent in lung tissue might dramatically change the function of lysosomes.

The hypothesis that lysosomotropic agents could be beneficial in fighting COVID-19 was elaborated in detail in several

papers, including one by Homolak in June 2020  where some clinical studies involving lysosomotropic agents were also

listed. The topic was elaborated in the same month by Blaess  as part of potential new therapeutic strategies, where a list

of proposed lysosomotropic agents was presented. One of the proposed representatives of the lysosomotropic agents was

Azithromycin. This antibiotic was tested in the early phases of the COVID-19 pandemic for preventing severe symptoms, but

no statistically significant results could be shown . Chloroquine and hydroxychloroquine, also lysosomotropic agents, were

widely investigated for preventing severe outcomes of COVID-19. Currently, these drugs are not recommended for the

treatment of COVID-19 in combination with Azithromycin, as a large body of evidence, such as the RECOVERY trial , the

Solidarity trial , and the PETAL trial , proved their ineffectiveness in COVID-19. The NIH COVID-19 treatment guidelines

as of early 2022 do not recommend these drugs to be used to prevent severe COVID-19 outcomes . These observations

are against the hypothesis that lysosomotropic agents, in general, could help prevent severe COVID-19 outcomes, and
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[84] [85]
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suggest that other mechanisms might be responsible for the potentially beneficial effects observed in the case of fluoxetine

and fluvoxamine in the clinical studies presented.
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