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ABSTRACT

Importance: “Psychotropic” drugs have widespread reach and
impact throughout the brain and body. Thus, many of these drugs
could be repurposed for non-psychiatric indications of high public
health impact.

Observations: The selective serotonin reuptake inhibitor (SSRI)
fluvoxamine was shown efficacious as a COVID-19 treatment
based on randomized controlled trials (RCTs), and a benefit of
other antidepressants has been posited based on observational
and preclinical studies. In this review, we illuminate features of
SSRIs and other psychiatric drugs that make them candidates to
repurpose for non-psychiatric indications. We summarize research
that led to fluvoxamine’s use in COVID-19 and provide guidance on
how to use it safely. We summarize studies suggestive of benefit
of other antidepressants versus COVID-19 and long COVID. We also
describe putative mechanisms of psychiatric drugs in treating long
COVID, Alzheimer's disease, cancer, and other conditions.

Conclusion and Relevance: There is a potentially great clinical
and public health impact of psychotropic drug repurposing.
Challenges exist to such repurposing efforts, but solutions exist
for researchers, regulators, and funders that overcome these
challenges.
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“PSYCHOTROPIC” DRUGS AROSE FROM
NON-PSYCHIATRIC MEDICINE—TIME TO
RETURN THE FAVOR

Repurposing refers to using a drug for a reason other
than its originally designed purpose. The birth of modern
psychopharmacology was a serendipitous repurposing
effort that began with, among other things, the observation
that the antituberculosis drug iproniazid, a monoamine
oxidase (MAO) inhibitor, had antidepressant properties.!
More recent advances have also been repurposing efforts.
The 50-plus-year-old anesthetic agent ketamine is now
being used at subanesthetic doses for depression.? Similarly,
allopregnanolone was isolated from adrenal glands more
than 80 years ago, but it was the discovery of its neurosteroid
properties and actions that led to its testing in depression.?

“Psychotropic” drugs consistently arise from broader
fields of inquiry, so it is not surprising that many of them
may be suitable molecules to repurpose for non-psychiatric
indications. Most psychiatric drugs have molecular
properties that make them good candidates for repurposing.
To penetrate the central nervous system (CNS), they tend
to be highly lipophilic weak bases,* with rapid substantial
intracellular uptake in brain and other tissues such as lung.’
Many also have pragmatic advantages of safety, widespread
availability, low cost (if generic versions are available), and
ease of use.

MANY REPURPOSING OPPORTUNITIES: THE
EXAMPLE OF SEROTONIN REUPTAKE INHIBITORS

Psychiatrists are aware that serotonin reuptake
inhibitors (SRIs) have been repurposed for other CNS
indications. They are used to treat neuropathic pain® and
fibromyalgia’ and are also used to prevent migraines.®?
SRIs are also used for vasomotor symptoms of menopause,'
premature ejaculation,!! stress urinary incontinence, and
neurocardiogenic syncope.'?

But there are broader opportunities, as SRIs have
anti-inflammatory, antiproliferative, anti-infectious, and
neuroprotective and cardioprotective effects.!®> These
effects, demonstrated in vitro or in animal models, would
need to be translated into human studies—clinical trials—to
determine their relevance for patients with diseases. Herein,
we first describe a successful journey from discovery to
translation in COVID-19. Then, we describe additional
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Clinical Points

B Selective serotonin reuptake inhibitors (SSRIs)—and other
“psychotropic” drugs—have mechanisms that may be
beneficial for other diseases, including COVID-19, long
COVID, Alzheimer’s disease, and cancer.

B Aseries of drug repurposing studies in acute COVID-19
showed that fluvoxamine at a target dose of 100 mg twice
daily is an effective early treatment strategy.

B To successfully repurpose psychiatric drugs requires clinical
trials using innovative precision medicine solutions.

possibilities for long COVID, Alzheimer’s disease and other
neurodegenerative conditions, and cancer. We conclude by
discussing challenges to drug repurposing and solutions to
those challenges.

Repurposing Fluvoxamine for COVID-19

Fluvoxamine recently vaulted from a little-known (to
non-psychiatrists) medication to a COVID-19 treatment.
How this happened is a case report for future repurposing
efforts. Early in the COVID-19 pandemic, it was recognized
that developing new drugs would be a lengthy process and
that repurposing existing drugs may be the best approach for
reducing the morbidity and mortality risk of those who were
infected. The United Kingdom RECOVERY trial,'* a large
platform trial to test existing medications, was a huge success
in this regard, demonstrating the benefits of dexamethasone
for treatment of COVID-induced severe respiratory illness,
which led to widespread adoption of this medication by June
2020.

In April 2020, a team of researchers at Washington
University School of Medicine (St Louis, Missouri) initiated
a randomized controlled trial (RCT) to test fluvoxamine
for the treatment of early COVID-19. The motivation for
testing fluvoxamine was its strong activation of the sigma-1
receptor (S1R), leading to anti-inflammatory effects.!
Specifically, preclinical research found that S1R activation
dampens cellular stress responses by inhibiting activity
of the endoplasmic reticulum stress sensor, IRE1. This
S1R-IRE1 pathway appears to be an essential mechanism
by which organisms regulate inflammation in response
to proinflammatory signals such as infection. Preclinical
rodent models demonstrated that absence of SIR causes
animals to succumb quickly to hyperinflammation induced
by inflammatory challenges.!® In contrast, by modulating
the SIR-IRE1 pathway, fluvoxamine restricts cytokine
expression in models of sepsis, resulting in reduced morbidity
and mortality.'® Moreover, fluvoxamine does so without
inhibiting classical inflammatory signaling pathways that
may be necessary for a successful host immune response to
the virus.'® Fluvoxamine is the strongest activator of SIR
among the selective serotonin reuptake inhibitors (SSRIs),
with a Ki=36 nM, compared to 120 nM for fluoxetine and
292 nM for citalopram.!”

The S1R activation path is thought to be the main
mechanism of fluvoxamine’s effects versus COVID-19.

However, other potential mechanisms have been suggested
for the effects of SSRIs, including fluvoxamine and fluoxetine
in particular, versus COVID-19.'8 A mechanism for several
antidepressants, including fluvoxamine and fluoxetine, is via
functional inhibition of acid sphingomyelinase (FIASMA),
leading to inhibition of viral entry and propagation of SARS-
CoV-2 into cells. Two observational studies'?° showed
that antidepressants support this hypothesis, finding that
antidepressants with high FIASMA were associated with
a reduced incidence of emergency department admission,
hospital admission, and mortality among SARS-CoV-2
patients in a dose-dependent manner. As well, all SSRIs
reduce serotonin uptake by platelets, thus depleting platelets
of serotonin and reducing their function in both coagulation
and the immune response to illness. Severe COVID-19 is
often marked by a hypercoagulation and hyperserotonergic
state due to florid platelet degranulation of serotonin into
plasma. Platelet inhibition by SSRIs may counterbalance
this deleterious effect and activate macroautophagy, an
intracellular process that helps to dampen cellular stress.

Clinical Trials of Fluvoxamine for COVID-19

Four clinical trials and two prospective cohort studies
have reported results with fluvoxamine for the treatment
of COVID-19 (see Table 1). In November 2020, the
Washington University team reported results from the
tirst placebo-controlled RCT in outpatients with early
COVID-19 (defined as SARS CoV-2 positive and <7 days
since symptom onset).*! The study arms were fluvoxamine,
titrated rapidly up to 100 mg 3 times daily as tolerated, or
placebo for 15 days. The prespecified primary outcome was
clinical deterioration, defined as shortness of breath and/
or hospitalization for same, plus hypoxia (SpO,<92%).
Among 80 patients randomized, none clinically deteriorated,
compared to 6 of 72 (8.3%) in the placebo group (P=.009).
There were no differences in symptom reduction; the
researchers speculated that the highly individually dynamic
nature of COVID-19 symptoms would interfere with the
ability to discern a treatment effect.??

The second RCT was from the TOGETHER Trial, a
large adaptive platform trial led by researchers in Canada
and Brazil, which randomized more than 4,000 patients
internationally to evaluate drugs for early treatment of
COVID-19.2% This study randomized 1,497 patients to
fluvoxamine 100 mg twice daily or placebo for 10 days.
The prespecified primary outcome was severe disease
progression, a composite endpoint of either retention in a
COVID-19 emergency setting or transfer to tertiary hospital
due to COVID-19 up to 28 days post-random assignment.
In August 2021, the fluvoxamine arm was stopped for
superiority: the independent Data and Safety Monitoring
Board (DSMB) determined that the criteria for proving
fluvoxamine’s efficacy had been met. The TOGETHER trial
found a 32% reduction in risk for severe disease progression
in patients randomized to fluvoxamine compared to placebo.
Among patients who were adherent with their treatment
regimen, taking at least 80% of their pills, the effect was
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Table 1. Studies Testing Fluvoxamine for Early Treatment of COVID-19

Study Participants Fluvoxamine Dosage Results Comments

Placebo-controlled n=152 Outpatients (mean age, 46 y) with 100 mg 3 times/d, 15d 0% vs 8.3% deterioration First study of fluvoxamine
RCT?"22 positive test within 7 d of symptoms (P=.009) for COVID-19

Placebo-controlled n=1,497 Outpatients (mean age, 50 y) positive 100 mg 2 times/d, 10d  11% vs 16% deterioration Large-scale replication
RCTS test within 7 d of symptoms (P=.002)

Placebo-controlled ~ n=551 Outpatients (mean age, 48 y) within7d 100 mg 2 times/d, 15d  4.7% vs 5.4% deterioration Stopped early for futility

RCT# of symptoms
Placebo-controlled n=661 Outpatients (mean age, 46 y), with
RCT?® positive test within 7 d of symptoms

Prospective cohort?®  n=113 Outpatients (mean age, 42 y) with

positive test
n=102 ICU patients with severe COVID-19
respiratory illness (mean age, 66 y)

Prospective cohort?”

50 mg 2 times/d, 14 d
50 mg 2 times/d

100 mg 3 times/d, 15d  58.8% vs 76.5% mortality

(nonsignificant difference)

24.0% vs 24.9% deterioration  Stopped for futility
(nonsignificant difference)

0% vs 12.5% deterioration
(P=.005)

Residual symptoms also
reduced in fluvoxamine

No effect on duration of

(P=.027) ventilator support

Abbreviations: ICU =intensive care unit, RCT=randomized controlled trial.

even more striking: more than 66% reduction in risk for
hospitalization with fluvoxamine and only 1 death in the
fluvoxamine group compared to 12 in the placebo group.

Of note, the TOGETHER trial was a platform trial
that tested multiple other treatments in 2020 and 2021:
hydroxychloroquine, ritonavir/lopinavir, metformin, and
both low-dose and high-dose ivermectin. All of these were
stopped for futility: the trial did not show evidence of efficacy
of these drugs. In particular, the high-dose ivermectin arm
was stopped for futility at approximately the same time as the
fluvoxamine arm was stopped for efficacy.??

The third trial was the STOP COVID 2 trial, a multisite,
US- and Canada-based trial that recruited both locally at
each study site and nationally throughout the US.?* The
study randomized 547 outpatients to fluvoxamine 100 mg
twice daily or placebo for 15 days. The study was stopped
for futility at the recommendation of the DSMB based on
low conditional power plus slowing recruitment attributable
to the vaccination campaign. Clinical deterioration, defined
in the same way as in the earlier trial, occurred in 13 (4.7%)
of the fluvoxamine group versus 15 (5.4%) in the placebo
group, a nonsignificant difference. Several issues may have
interfered with the trial, especially low event rates in the
placebo group but also participants’ starting the medication
relatively late in the illness (median =5 days after symptom
onset), and frequent occurrences of poor adherence, early
stopping of study medication, and coprescribed medications
including steroids. These methodological issues highlight
the challenges of carrying out a fully remote trial for an acute
illness such as COVID-19.

A meta-analysis of these 3 clinical trials concluded
that fluvoxamine showed a high probability of reducing
hospitalization from COVID-19.>* Recently, a fourth
trial®> testing fluvoxamine at a lower dose of 50 mg twice
daily reported negative results. The COVID-OUT trial
used a factorial design to test metformin, ivermectin, and
fluvoxamine in preventing a composite endpoint (hypoxemia,
emergency department visit, hospitalization, or death) and
randomized 1,431 total patients. None of the drugs showed
efficacy in preventing this composite endpoint; the adjusted
odds ratio for fluvoxamine was 0.94.

Two prospective cohort studies have also shown a clinical
benefit of fluvoxamine for COVID-19. One was conducted
at a horse race track in Berkeley, California, which suffered
a major occupational outbreak of COVID-19.%6 The track
physician offered workers who tested positive a prescription
of fluvoxamine 50 mg twice daily; 65 took the drug, and 48
did not take it. None of those who opted to take fluvoxamine
were hospitalized, versus 12.5% (6/48) of those who did not
take it. At 14 days, none of those who took fluvoxamine had
persistent symptoms, versus 60% (29/48) of those who did
not. The second trial*” was conducted in COVID-19 intensive
care unit (ICU) patients with matched controls. The study
reported lower mortality in the fluvoxamine group than the
control group (30/51 [58.8%] vs 39/51 [76.5%]; hazard ratio
[HR]= 0.58, P=.027). However, there were no significant
differences in days on ventilator support, duration of ICU
stay, or total hospital stay.

Overall, these studies demonstrate a clinically and
statistically significant effect of fluvoxamine on reducing
morbidity and possibly mortality in COVID-19 patients.
Earlier treatment may be more effective; for example, the
Berkeley horse track study,?® which provided fluvoxamine
earliest in the course of illness, showed the best outcomes.
The studies do not clarify the optimal dose or duration of
fluvoxamine. Two trials have tested fluvoxamine at a lower
dose of 50 mg twice daily (the ACTIV-6 trial and the COVID
OUT trial) but have not found this lower dose to be effective.
A recommended strategy is to take an initial dose of 50 mg
and then, depending on tolerability, either immediately
increase to 100 mg twice daily or keep at 50 mg twice daily.
If 100 mg is not well-tolerated, the dose can be decreased
to 50 mg. After a 10- to 15-day course, fluvoxamine can be
stopped with no need to taper.

Fluvoxamine has a high safety margin. It is not fatal even in
overdose, and it is not prone to increase the cardiac corrected
QT interval (QTc) unlike some other SSRIs.?® Thus, no
laboratory monitoring is needed for its use. Published trials
of fluvoxamine in COVID-19 have reported its characteristic
side effects, particularly mild nausea, and no adverse events
suggestive of drug-drug interactions. However, fluvoxamine
potently inhibits cytochrome P450 (CYP) 1A2 and 2C19.%°
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Caffeine is a substrate of CYP1AZ, so its use should be
eliminated or greatly reduced during fluvoxamine treatment.
Otherwise, there are few narrow-therapeutic index drugs for
which these enzymes are the primary metabolic pathways.
For patients taking drugs that are primarily metabolized
by CYP1A2 or 2C19 and have a narrow therapeutic index
(namely, theophylline, clozapine, olanzapine, and tizanidine,
which are CYP1A2 substrates), they should either not take
fluvoxamine or should be evaluated to determine if the drug
can be safely given. Similarly, many COVID-19 patients
are already taking SRIs and should probably avoid adding
fluvoxamine, which risks serotonin syndrome, or switching
from an existing medication, which risks worsening mental
illness if that medication was helpful.

Other Evidence of the Benefits
of SSRIs for COVID-19

The potential for other SSRIs, particularly fluoxetine,
to reduce morbidity or even infection from COVID-19
has been raised by in vitro studies. One study® screening
existing drugs versus SARS-CoV-2 infection found that
fluoxetine significantly inhibited it at a concentration of 0.8
pg/mL. Another line of research’! proposed that functional
inhibition of acid sphingomyelinase, leading to inhibition of
viral entry and propagation of SARS-CoV-2 into cells, was
a common pathway for several psychiatric drugs (including
all SSRIs) and non-psychiatric drugs. These researchers
showed that amitriptyline prevented ex vivo infection of
nasal epithelial cells with pseudoviral SARS CoV-2 by this
route.

Several observational studies have shown a reduced
incidence of morbidity, or COVID-19 illness, in individuals
taking SSRIs. A study in France of 2,846 adults hospitalized
for severe COVID-19 found that patients who were taking
a medication that was a functional inhibitor of acid
sphingomyelinase (including all SSRIs) were less likely to
be intubated or die (HR =0.58); the same study found that
patients with severe COVID-19 who were taking one of
these medications tended to be older and have more medical
comorbidities, suggesting that the medications prevented
severe COVID-19 in the first place. Another observational
study by the same group?? followed 7,230 adults hospitalized
for COVID-19 and found that patients who received an
antidepressant within 48 hours of admission had lower risk
for intubation or death (HR=0.56). A study of psychiatric
inpatients in New York State during the first wave of
the pandemic in 2020* found a significant protective
association between antidepressant use and COVID-19
infection (odds ratio [OR] = 0.33) and found that SSRIs as
well as serotonin-norepinephrine reuptake inhibitors drove
this protective effect, with fluoxetine specifically showing a
protective effect. A large electronic health record database
study of 83,584 patients®® found that those who were taking
SSRIs, and in particular those who were taking fluoxetine
or fluvoxamine, had a reduced mortality (relative risk
[RR] = 0.74). Finally, a case-control study of 264 patients
hospitalized for severe COVID-19 pneumonia® found that

fluoxetiné use was associated with improved survival (OR =
0.30); this study is notable in that participants were receiving
fluoxetine specifically as adjunctive treatment for COVID-
19, not chronically for psychiatric purposes.

Overall, these observational studies show a consistent
association of SSRI use—especially fluoxetine—with more
favorable outcomes in COVID-19, including reduced risk
of infection and, in particular, reduced intubation or death
in those who have serious COVID-19 illness. It is important
to highlight that none of these studies was a randomized
controlled trial, and, as described subsequently in this report,
there are limitations in estimating treatment effects from
observational studies.

Repurposing Psychotropics for Long-Term
Neuropsychiatric Manifestations of COVID-19

It has also been posited that SSRIs could help with the
longer-term neuropsychiatric manifestations of COVID-
19.%7 Understanding this benefit is important: due to high
worldwide rates of COVID-19, we could face an onslaught
of new-onset and recurrent neuropsychiatric problems.
Long COVID is a patient-generated term referring to the
burden of symptoms that persist beyond acute illness. In this
article, we use the term neuropsychiatric long COVID, given
that long COVID commonly and prominently manifests
as neuropsychiatric problems. The Patient-Led Research
Collaborative assessed the prevalence of symptoms in 3,762
persons over 7 months post-COVID; the authors state,

Memory and cognitive dysfunction, experienced by over 85% of
respondents, were the most pervasive and persisting neurologic
symptoms in this cohort, equally common across all ages, and
with substantial impact on work. Headaches, insomnia, vertigo,
neuralgia, neuropsychiatric changes, tremors, sensitivity to noise
and light, hallucinations (olfactory and other), tinnitus, and other
sensorimotor symptoms were also all common among respondents
and may point to larger neurological issues involving both the central
and peripheral nervous system. The reduced work capacity because
of cognitive dysfunction, in addition to other debilitating symptoms,
translated into the loss of hours, jobs, and ability to work relative to

pre-illness levels.>®14)

More studies have been published adding to this
conclusion thatlong COVID is prominently neuropsychiatric.
A meta-analysis®® of 51 studies of persistent COVID-
19 neuropsychiatric symptoms, comprising 18,917
patients, found that the most common symptoms were
sleep disturbance (pooled prevalence=27.4%), fatigue
(24.4%), cognitive impairment (20.2%), anxiety (19.1%),
posttraumatic stress (15.7%), and depression (12.9%).

What remains unknown is how persistent these
symptoms will be. There are several proposed etiologies for
neuropsychiatric sequelae of COVID-19 (Table 2); many of
these etiologies are suggestive of long-term problems that
could last many years without treatment. Further, large
numbers of new infections continue.
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Table 2. Etiologic Factors in Long COVID

Etiology of Long COVID Symptoms

Comments

Persistent SARS-CoV-2 infection
this is unknown

Prolonged hyper-inflammatory state

Persistence of SARS-CoV-2 infection has been demonstrated in some immunocompromised patients. The rate of

Some individuals may be particularly susceptible to persistent hyper-inflammatory states,*° perhaps especially

those with a preexisting autoimmune disorder*' or mast cell activation syndrome*? or those with a genetic
propensity toward autoimmune/inflammatory conditions, which might in some cases be triggered by viral

infections

Cerebrovascular changes due to

coagulopathy occur in COVID-19%
Cardiovascular and autonomic changes
Stress

Preexisting neuropsychiatric illness

Both coagulation activation (leading to ischemic disease) and fibrinolytic activation (leading to hemorrhage) can

High rates of postural orthostatic tachycardia syndrome (POTS) after COVID-19 illness*
High rates of posttraumatic stress disorder (PTSD) and anxiety after COVID-19 iliness, particularly if hospitalized
High rates of post-COVID recurrence of anxiety and depression among those with lifetime illness. COVID-19 may

lead to depletion of neurotransmitters in the brain** such as serotonin, a pathway to recurrent or new-onset

depression and anxiety

Table 3. Challenges to Psychotropic Drug Repurposing and Solutions

Challenge

Solution

Challenges in Long COVID

High heterogeneity of symptoms within and
across individuals

Likely low effect size of monotherapy

Heterogeneous etiologies

Challenges Across Conditions

No financial incentive to repurpose generic drugs

Slow pace of clinical trials

Novel high-resolution data collection (such as real-time physiologic data collection using wearables
and ecological momentary assessment) and idiographic methods of assessing outcomes*’

Test treatment combinations; factorial design trials*®
Precision medicine focus to clinical trials*

Government or philanthropic funding°
Find ways to conduct trials more quickly and efficiently®'

What Is the Best Strategy for Testing Treatments
for Neuropsychiatric Long COVID?

A preliminary study*® found SSRIs may be helpful for
post-COVID depression, prompting the need for clinical
trials to test their role in neuropsychiatric long COVID.
Arguably, then, we are in the same place now with long
COVID as 3 years ago with the start of the pandemic: How
do we rigorously test drugs that show promise based on
theorized mechanisms or preliminary studies? This is a key
question right now not just for researchers but for funders,
policy-makers, patients, and health care providers.

One research strategy is to carry out studies similar to the
projects that have been most successful in assessing acute
COVID-19 therapeutics: large platform trials that assess at
least one treatment (as well as combinations), similar to the
REMAP-CAP* RECOVERY, TOGETHER, and ACTIV
trials. Such trials could add treatments as they show promise
in smaller trials, while removing treatments that are found
to be futile. Just as the critical illness and infectious diseases
communities conducted large trials for acute COVID-19, the
psychiatric community, working together with long COVID
clinics that have emerged throughout the US and world, can
mount a similar effort.

There are major challenges to this strategy, outlined in
Table 3: identifying valid outcomes given the heterogeneity
of COVID-19 symptoms both across individuals and within
individuals over time??; the need to determine optimal
treatment combinations, as monotherapies may have small
effect sizes; and personalizing treatment to the individual
patient, given the likely heterogeneity of etiologies and

presentations in neuropsychiatric long COVID. The table
suggests solutions to these challenges; the psychiatric
research field should be central to these solutions given that
the challenges are similar to what we have faced for testing
treatment in all of the major psychiatric disorders. Table
3 also describes generic drug repurposing challenges and
solutions, discussed subsequently in this article.

Repurposing SRIs for Alzheimer’s Disease

Alzheimer’s disease, originally characterized by the
psychiatrist Alois Alzheimer in 1901, is a progressive
neurodegenerative disease that is the cause of most cases
of dementia and for which there is still no preventative or
disease-modifying treatment. At the time of this writing,
there is positive news from a large study of lecanemab,
a monoclonal antibody thought to reduce amyloid-f
deposition and thereby reduce the first pathogenic step of
Alzheimer’s disease.>?

It is likely that interventions to prevent Alzheimer’s
disease or its progression will need to be “multi-hit,
affecting multiple steps along the pathway of the disease. If
treatments will soon be available that increase clearance of
amyloid plaques, combining these with other mechanisms
is a promising next step.

As already noted, some SRIs have anti-inflammatory
functions that could improve outcome in Alzheimer’s (and
other) neurodegenerative illness. For example, fluvoxamine
and fluoxetine appear to inhibit the NLRP3 inflammasome,
an immunomodulatory effect that could be repurposed
for macular degeneration and other illnesses whose
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pathophysiology-involves neuroinflammation or peripheral
inflammation.>® Beyond these anti-inflammatory effects,
several serotonergic drugs appear to have neuroprotective
effects in the context of CNS amyloid deposition (a
precursor to Alzheimer’s dementia), including trazodone>*>>
vortioxetine,*® and fluvoxamine.”” Many may be therapeutic
in neuropsychiatric diseases because of sigma-1 receptor
agonist activity.*®* Finally, SRIs appear to reduce amyloid
production and aggregation®; they could provide a potent
combination together with medications that increase
amyloid plaque clearance.

Repurposing Psychotropic Drugs for Cancer Treatment

Many psychotropics have potential to be repurposed for
anticancer drug discovery. SSRIs and other psychotropic
drugs are particularly promising because of their high safety
and tolerability, given that toxicity is a key reason for the very
high failure rate of new compounds for cancer treatment.®!

Antidepressants can modulate antitumor activity through
different mechanisms including (1) disrupting mitochondrial
and lysosomal function,®” (2) inhibiting cell proliferation, (3)
reducing metastasis, (4) disrupting the cell cycle, (5) inducing
apoptosis and autophagy, (6) affecting oxidative-associated
pathways, and (7) modulating tumor immunology.%®
Some antidepressants have advanced into clinical trials
for cancer therapy. Repurposing tranylcypromine has led
to the discovery of several tranylcypromine-based histone
lysine-specific demethylase 1 (LSD1) inhibitors for cancer
therapy.®*%* The success of tranylcypromine-based LSD1
inhibitors in clinical trials suggests that both monotherapy
and combinational therapy are promising therapeutic
strategies for cancer treatment. Repurposing approved
antidepressants also provides hope for patients with both
depression and cancer.%

Antipsychotic drugs are also being investigated for
anticancer properties, and, lately, there has been an
increasing interest in their role in cancer treatment.®
Haloperidol has been found to induce autophagy, apoptosis,
and cell cycle arrest.%® Penfluridol induces apoptosis by
activation of protein phosphatase 2A (PP2A) and exerts
antiproliferative effects potentially through the inhibition
of the integrin a6B4 signaling axis and is considered a
candidate for repurposing in triple-negative breast cancer.®”’
Chlorpromazine has antitumor effects in white blood
cell malignancies. Chlorpromazine appears to inhibit
mitochondrial DNA polymerase and induce apoptosis
selectively in several leukemia types, including acute T and
acute B lymphoblastic leukemia and Burkitt lymphoma cell
lines but not in normal lymphocytes.®® Human clinical trials
include a phase 2 study of chlorpromazine in glioblastoma, a
phase 2 trial of pimozide in metastatic melanoma, and a phase
1 trial of thioridazine in acute myeloid leukemia. Finally,
the estrogen- and prolactin-sparing®® drug aripiprazole has
in vitro activity against estrogen receptor-positive breast
cancer cells comparable to that of standard anticancer drugs.

Lithium, a mood stabilizer, has long helped manage
aplastic anemia and congenital or chronic neutropenia.”®”!

There are multiple clinical trials registered in ClinicalTrials.
gov (as of January 29, 2022) in which lithium is being tested
in various cancers, as well as those in which it is being tested
as a neuroprotective agent when patients are undergoing
radiotherapy.

Propranolol, a B-blocker anxiolytic, interferes with
angiogenesis and cell proliferation and modulates the
expression and activation of angiopoietin/TIE2, vascular
endothelial growth factor (VEGF), and hypoxia-inducible
factor signaling.”>”® Propranolol use is associated with lower
cancer risk (HR=0.75)7* and lower prostate cancer-specific
mortality’>’® and can modify the post-surgical metastatic
process’’; multiple clinical trials with propranolol as a
chemotherapy adjunct are ongoing (per ClinicalTrials.gov,
as of January 29, 2022). Overall, this section shows that there
are many avenues toward better cancer treatment outcomes
with psychotropic drugs, which require testing in clinical
trials.

Repurposing Psychotropics for Other Conditions

Another area of interest has been exploring antipsychotics
for antirheumatic effects, as several cytokines modulated by
them are like existing antirheumatic drugs. Data mining of
real-world data and bioinformatics databases have identified
haloperidol, which also targets the S1IR”® and dampens
proinflammatory responses,”” as a potential antirheumatic
drug candidate. Haloperidol may exert antirheumatic effects
by modulating cytokine and chemokine signaling, major
histocompatibility complex class-II antigen presentation,
and toll-like receptor cascade pathways.*

A recent study®! reported results from a follow-up of
50,000 patients with bipolar disorder from the Swedish
Patient Register investigating the impact of lithium
or sodium valproate on respiratory infections. During
follow-up, 5,760 respiratory infections were documented,
and the incidence rate was 28% lower during lithium
treatment and 35% higher during valproate treatment
compared with periods off treatment. This study provides
real-world evidence that lithium protects against respiratory
infections and suggests that the repurposing potential
of lithium for antiviral effects is worthy of investigation.
Finally, in an example of drug repurposing possibilities for
rare diseases, buspirone, an anxiolytic, has been shown to
improve autonomic dysregulation in Rett syndrome.®?

Challenges in Drug Repurposing:
Research and Practice

There is more opportunity than ever to identify
repurposable drugs for new indications based on the
development of modern strategies, including signature
matching, omics sequencing, artificial intelligence,
and phenotypic screening.®® There are many pitfalls in
translating in vitro and preclinical research into human
studies. Therefore, promising candidate drugs must be
tested in RCTs to gain sufficient evidence for widespread
adoption, including regulators’ approving these drugs for
new uses. Therein lie several challenges that, to date, have
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limited repurposing for psychotropic (and other) drugs
(Table 3).84

First, difficulties with enforcing patent rights on a
new indication are a double-edged sword: it means that
a repurposed generic drug could be widely available and
inexpensive because of the lack of patent protection, but
it also removes the financial incentive for carrying out
costly studies to demonstrate efficacy for new indications.®
Another hurdle is in regulatory approval: the US Food
and Drug Administration (FDA) and European Medicines
Agency (EMA) drug approval processes are expensive
and laborious, which again provides an incentive for
approving only drugs that have patent protection, thereby
providing a financial incentive for this route. Without such
official approvals, doctors may be reluctant to prescribe a
medication “off-label” or may even be barred from doing so,
as has been observed during the COVID-19 pandemic with
non-approved medications.

Given the time, costs, and other limitations of conducting
large RCTs of drugs, physicians may be tempted to turn to
observational studies to guide treatment. Yet, observational
studies suffer from biases, including confounding—namely,
the association may be due to the reason for which the
drug is prescribed (eg, depression) rather than due to the
drug itself. Such confounds in observational studies of
psychotropic drugs (especially antidepressants) tend to
show adverse associations, such as more falls.3¢ Similar
confounds, including healthy user bias, have been proposed
to underlie seeming benefits of drugs in observational
studies; a famous example of this is the discrepancy between
observational and RCT data for neuropsychiatric benefits
of treatments such as improved cognitive function with
estrogen.?” Therefore it is, at best, controversial to assert a
drug’s benefit based purely on observational data. The value
of rigorous clinical trials continues to be demonstrated

Repurposing Psychiatric Drugs

during the COVID-19 pandemic, in«disproving ineffective
treatments and supporting effective ones. One opportunity
to be explored would be interinstitutional collaborations
within the National Institiutes of Health, such as the National
Institute of Mental Health (NIMH) and the National Institute
of Allergy and Infectious Diseases for psychotropic drugs
that have anti-infectious or anti-inflammatory properties, or
the NIMH and National Institute on Aging for similar drugs
with properties versus Alzheimer’s disease.

CONCLUSION: PSYCHOTROPIC DRUGS NEED
REPURPOSING EFFORTS IN A RANGE OF ILLNESSES

With the pandemic continuing to evolve, key questions
remain unanswered about the role of SSRIs in the treatment
of acute COVID-19. In particular, what is the best dose and
timing of starting fluvoxamine, and how effective is it in
combination with other treatments for COVID-19 (such
as monoclonal antibodies)? Is fluoxetine, which has shown
promise in preclinical and observational studies, also an
effective treatment given that it is more widely available and
easier to use? And what are the best treatments for long-
term neuropsychiatric manifestations of COVID-19 and in
which patients? Given that many psychotropics are known
to have widespread molecular, cellular, and physiologic
effects, including anti-inflammatory, neuroprotective,
cardioprotective, and antiproliferative mechanisms, lessons
learned in testing psychotropic medications versus COVID-
19 will be important for other drug repurposing efforts such
as for Alzheimer’s disease and other neurodegenerative
illnesses and for cancer.!* Many challenges, including
stigma, exist in repurposing these drugs, but their low cost,
high tolerability, safety, and widespread availability make
them potentially high-impact, low-cost solutions for these
common and devastating public health problems.
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