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Abstract.
Background: Alzheimer’s disease (AD) is a chronic neurodegenerative disease needing effective therapeutics urgently.
Sildenafil, one of the approved phosphodiesterase-5 inhibitors, has been implicated as having potential effect in AD.
Objective: To investigate the potential therapeutic benefit of sildenafil on AD.
Methods: We performed real-world patient data analysis using the MarketScan® Medicare Supplemental and the
Clinformatics® databases. We conducted propensity score-stratified analyses after adjusting confounding factors (i.e., sex,
age, race, and comorbidities). We used both familial and sporadic AD patient induced pluripotent stem cells (iPSC) derived
neurons to evaluate the sildenafil’s mechanism-of-action.
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Results: We showed that sildenafil usage is associated with reduced likelihood of AD across four new drug compactor
cohorts, including bumetanide, furosemide, spironolactone, and nifedipine. For instance, sildenafil usage is associated with a
54% reduced incidence of AD in MarketScan® (hazard ratio [HR] = 0.46, 95% CI 0.32–0.66) and a 30% reduced prevalence
of AD in Clinformatics® (HR = 0.70, 95% CI 0.49–1.00) compared to spironolactone. We found that sildenafil treatment
reduced tau hyperphosphorylation (pTau181 and pTau205) in a dose-dependent manner in both familial and sporadic AD
patient iPSC-derived neurons. RNA-sequencing data analysis of sildenafil-treated AD patient iPSC-derived neurons reveals
that sildenafil specifically target AD related genes and pathobiological pathways, mechanistically supporting the beneficial
effect of sildenafil in AD.
Conclusions: These real-world patient data validation and mechanistic observations from patient iPSC-derived neurons
further suggested that sildenafil is a potential repurposable drug for AD. Yet, randomized clinical trials are warranted to
validate the causal treatment effects of sildenafil in AD.

Keywords: Alzheimer’s disease, induced pluripotent stem cells, phosphodiesterase-5 (PDE5), real-world patient data, RNA-
sequencing, sildenafil, tau phosphorylation

INTRODUCTION

Alzheimer’s disease (AD) is a progressive neu-
rodegenerative disorder clinically characterized by
memory impairment, cognitive dysfunction, and
visuospatial impairment [1]. It is the most com-
mon cause of dementia in people aged 65 and older
and ranked as the seventh leading cause of death in
the United States [2]. The clinical diagnosis of the
disease is difficult due to its variability among indi-
viduals and its overlapping phenotypes with other
types of dementia [3]. The brain changes in AD
involve neuronal accumulation of amyloid-� (A�)
plaques and hyperphosphorylated tau (neurofibrillary
tangles) which ultimately cause neurodegeneration
[4, 5]. Risk factors for late-onset AD include age,
genetics, family history, and non-genetic factors such
as heart health and lifestyle influences [6]. Treatment
options for AD historically focus on symptomatic
relief by cholinesterase inhibitors and N-methyl-D-
aspartate antagonists [7, 8]. Recently, FDA approved
two drugs, aducanumab and lecanemab, aimed at
removing A� plaques and demonstrating significant
slowing of clinical symptoms [9, 10]. These agents
are applicable to a relatively small proportion of the
AD population, those with early, mild symptoms and
no factors that might increase side effects associated
with these agents [2].

Sildenafil, a phosphodiesterase-5 (PDE5)
inhibitor, has shown potential as a treatment for
AD. It has a protective effect on AD by modu-
lating various pathways involved in the disease
progression [11]. Sildenafil administration has
been associated with improvements in memory
performance, histopathological changes, and
oxidative stress markers. It promotes peroxisome
proliferator-activated receptor-� coactivator 1�

(PGC1�) signaling, which inhibits �-secretase 1
expression, reduces A� generation, increases levels
of antioxidant enzymes, enhances mitochondrial
biogenesis, and ultimately improves brain perfu-
sion, insulin sensitivity, long-term potentiation,
and neurogenesis (reviewed in [12]). Sildenafil
treatment in animal models of AD reverses cognitive
impairment, reduces tau hyperphosphorylation,
and increases levels of brain-derived neurotrophic
factor (BDNF) without modifying amyloid burden
[11]. A previous study of our group utilized an
endophenotype network-based methodology for in
silico drug repurposing in AD and discovered that
sildenafil is associated with a reduced incidence of
AD in real-world patient data [13]. This study also
showed in vitro mechanistic observations in human
microglia cells and AD patient-induced pluripotent
stem cell (iPSC)-derived neurons indicative of a
therapeutic effect of sildenafil. The advancement in
the past decade of techniques to generate human
iPSCs and an ability to differentiate them into
the different cell types, including brain cells, has
unleashed a new era of neurodegenerative disease
research [14, 15]. Human iPSC-derived neural
progenitors are an effective drug discovery model as,
unlike most other AD model systems, these cultures
do not require exogenous expression of mutant
proteins to mimic disease-relevant pathologies.
They provide several advantages over other systems
and are likely to facilitate novel insights into AD
patho-mechanisms.

In this study, we used MarketScan® Medicare
Supplemental and Clinformatics® databases and per-
formed new patient data analyses. We used four
new comparator drug cohorts for sildenafil, includ-
ing a calcium channel blocker (nifedipine) and three
diuretics (bumetanide, furosemide, and spironolac-
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tone). Results here complement our earlier findings
in large patient cohort data and strengthen the hypoth-
esis of significant association of sildenafil usage with
reduced risk of AD [13]. We used multiple AD patient
iPSC derived neurons to test the role of sildenafil
in reducing tau phosphorylation. Finally, RNA-seq
analysis of sildenafil-treated patients derived neuron
provided critical insights for potential mechanism-
of-actions on various AD-related pathobiological
pathways.

METHODS

Study cohorts

The pharmacoepidemiology study utilized
the MarketScan® Medicare Supplemental data
(years: 2012–2017) and the Clinformatics® data
(years: 2007–2020). Pharmacy claims of sildenafil,
bumetanide, furosemide, nifedipine, and spirono-
lactone were identified by using RxNorm, and
the drug lookup tables of the MarketScan data
and the Clinformatics® data. We used the same
approach as in our previous work to define drug
exposure episodes (e.g., from drug initiation to drug
discontinuation) [13]. We searched all individuals in
the MarketScan data and individuals with ≥3 years
of continuous enrollment in the Clinformatics® data,
as the Clinformatics® data covered more calendar
years. Based on the European Society of Cardiology
(ESC) and the European Respiratory Society (ERS)
Guidelines for treatment of pulmonary hypertension
(PH), calcium channel blockers (e.g., nifedipine)
and diuretics (bumetanide, furosemide, and spirono-
lactone) have been used to treat patients with PH
[16–18]. For both MarketScan and Clinformatics®

data, the sildenafil cohort included the first sildenafil
episode for everyone, as well as the bumetanide
cohort, the furosemide cohort, the nifedipine cohort,
and the spironolactone cohort. We chose these four
drugs as compactor drug cohorts because these four
drugs were used in treatment of PH, which reduces
the indication confounding for sildenafil. Further, we
excluded observations that started drug within 180
days of insurance enrollment. The demographics
of the final cohorts are presented in Supplementary
Tables 1 and 2.

Outcome definition

We used the same algorithm to define AD as
described in our previous work [13]. A recent study

determined this method has a positive predictive
value of 74.8% and sensitivity of 71.3% [19]. The
primary outcome in pharmacoepidemiologic studies
is time from drug initiation to AD diagnosis. Obser-
vations without diagnosis of AD were censored at end
of drug episodes.

Measurement of confounders

We incorporated comorbidities common among
older adults and/or associated with AD. We used
the R package comorbidity to define various chronic
conditions, including cancer, cerebrovascular dis-
ease, chronic pulmonary disease, diabetes, heart
disease (myocardial infarction and congestive heart
failure), liver disease, and renal disease (Gasparini,
A. Package ‘comorbidity’. Vol. 2022 (2022)). We
used the algorithm developed by Yang et al. [20] to
define Parkinson’s disease, the algorithm derived by
Chen et al. [21] to define fall and hypertension, the
algorithm derived by Quan et al. [22] to define depres-
sion, and the algorithm derived by Anna Nordström
and Peter Nordström [23] to define traumatic brain
injury. In MarketScan® data analysis, we used the
same algorithm to define hypertension as described
previously [13]. Additionally, we used ICD codes
recommended from the National Cancer Institute
Division of Cancer Control and Population Sciences
to define comorbidities in the Charlson Comorbid-
ity Index (e.g., myocardial infarction, congestive
heart failure, peripheral vascular disease, cere-
brovascular disease, dementia, chronic pulmonary
disease, connective tissue disease-rheumatic disease,
peptic ulcer disease, mild liver disease, diabetes
without complications, diabetes with complications,
paraplegia and hemiplegia, renal disease, cancer,
moderate or severe liver disease, metastatic carci-
noma, and AIDS/HIV) (National Cancer Institute
division of cancer control and population sci-
ences. SEER-Medicare: Comorbidity SAS Macros.
Vol. (2021). URL: https://healthcaredelivery.cancer.
gov/seermedicare/considerations/calculation.html).

Statistical analysis

We used logistic regression modeling to estimate
the propensity score (PS) for each comparison. We
estimated the PS by using the covariates in Supple-
mentary Tables 1 and 2 in both Clinformatics® and
MarketScan® analyses, respectively. Subsequently,
we perform PS-stratified survival analyses using the
Cox model. We estimated the hazard ratios, 95% con-

https://healthcaredelivery.cancer.gov/seermedicare/considerations/calculation.html
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fidence intervals, and p-values as described in our
previous study [13].

iPSCs culture and generation of mature neurons

Forebrain neurons were generated from four AD
patient-derived iPSC lines (iPSC detail: Supplemen-
tary Table 3). Briefly, iPSC lines were cultured and
maintained in mTeSR™1 medium. At day 0, the
cells were dissociated with accutase and plated into
Matrigel-coated 10 cm tissue culture dish with a den-
sity of 1–1.5 × 105 cells/cm2. Cells were cultured
in neural induction medium (05839, STEMCELL
Technologies) in a 37◦C, 5% CO2 incubator to
form monolayer neural progenitor cells (NPCs).
These NPCs were passaged at day 6, day 12.
At day 18, cells were dissociated and cultured in
forebrain neuron differentiation medium (08600,
STEMCELL Technologies). At day 25, neuronal
precursors cells were harvested and plated in 6
well tissue culture plate coated with Matrigel with
a density of 2–2.5 × 105 cells/cm2 in forebrain
neuron maturation medium (08605, STEMCELL
Technologies). After 10 days of maturation (day
35), neurons were treated with sildenafil at different
concentrations (10–100 �M) along with DMSO for
5 days.

Western blot and ELISA

At day 40, mature forebrain neurons treated with
sildenafil were harvested, washed with cold PBS,
and then lysed with N-PER™ Neuronal Protein
Extraction Reagent (Cat# 87792, Thermo Scientific)
adding 1% Protease/Phosphatase Inhibitor (Cat#
PI78442, Thermo Scientific). Total protein concen-
tration was measured using the Bradford assay kit
(Bio-Rad, USA) according to the manufacturer’s
manual. Samples were electrophoresed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and blotted onto a polyvinylidene
difluoride (PVDF; EMD Millipore, Darmstadt,
Germany) membrane. After transferring, the mem-
branes were probed with specific primary antibodies
(1 : 1000) at 4◦C overnight. Specific protein bands
were detected using a chemiluminescence reagent
after hybridization with a horseradish peroxidase
(HRP)-conjugated secondary antibody (1 : 8000).
Band intensities were normalized with GAPDH
and compared by performing densitometry analysis
(ImageJ). For pTau231/total tau measurement,
lysate was run on a Phospho (Thr231)/Total Tau Kit

(K15121D, MSD, USA) following manufacturers
protocol with minor modifications.

mRNA isolation and Illumina transcriptome
library preparation

Cells were collected after 5 days treatment of silde-
nafil. Total RNA was extracted using a RNeasy mini
kit, in combination with RNAase-free DNAase to
remove the potential genomic DNA contamination
(Qiagen). RNA concentration was quantified with a
Nanodrop 2000C Spectrophotometer.

RNA-seq data analysis

Paired-end RNA sequencing was performed using
the Illumina NovaSeq platform for a male FAD
patient derived iPSCs treated with different con-
centration of sildenafil, i.e., 10, 25, 50, 75, and
100 �M with replicates. Raw fastq reads were first
subjected to the quality filtering using fastp v0.23.2
[24]. Quality filtered reads were aligned to the ref-
erence human genome hg38 (GRCh38/108 build)
employing Rsubread 2.8.1 [25] package with default
settings except multiple threads. Gene-wise read
counts were obtained with feature Counts utilizing
inbuilt hg38 RefSeq annotation and duplicates were
ignored in read summarization [25, 26]. Gene sym-
bol is retrieved using org.Hs.eg.db v3.15.0 human
annotation package. Further, edgeR v3.38.4 [27]
and limma-voom v3.52.4 [28, 29] packages were
used for preprocessing, filtering, normalization and
evaluating differentially expressed genes (DEGs).
Low expressed genes were filtered and normalized
using edgeR package. Design matrix and contrasts
were created. Genes with false discovery rate (FDR)
adjusted p-value of 0.05 or less were considered as
significantly regulated. DEGs were depicted thor-
ough volcano plot using EnhancedVolcano v1.16.0
package. Gene ontology and pathway enrichment
analysis is performed using ShinyGo v0.77 [30],
KEGG [31], PANTHER [32], and Pathview [33].
Genes-pathways relationship network is visualized
in Cytoscape v3.9.1 [34].

Reagents

Sildenafil: Sildenafil Citrate (S0986, TCI). Pri-
mary antibodies used are Tuj1 (ab18207, Abcam),
pTau181 (Phospho-Tau (Thr181) (D9F4G) Rab-
bit mAb #12885, CST), pTau205 (Phospho-Tau
(Thr205) (E7D3E) Rabbit mAb #49561, CST), and
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GAPDH (GAPDH (D4C6R) Mouse mAb #97166,
CST)). Secondary antibodies: HRP-conjugated anti-
rabbit and anti-mouse antibodies (Open Biosystems,
USA) were used in the study.

RESULTS

Patient data analysis reveals sildenafil’s
association with reduced AD incidence

Our previous studies identified that sildenafil’s user
was associated with reduced incidence of AD in a sin-
gle health insurance claim database [13]. However,
these preliminary findings should be further validated
in independent real-world patient databases. Further,
other studies showed that PDE5 inhibitors were not
associated with reduced risk of dementia in individu-
als with PH using active comparator design [35]. We
thus performed new patient data analyses using both
the MarketScan® Medicare Supplemental database
and OPTUM database as described in our origi-
nal study [13]. We selected a new calcium channel
blocker (nifedipine) and three diuretics (bumetanide,
furosemide, and spironolactone) as comparator drugs
because these four drugs were used to treat pulmonary
hypertension, which will reduce drug’s indication
confounding factor for sildenafil. In total, we adjusted
sex, age, race, and 13 comorbidities in OPTUM anal-
yses, as well as sex, age, geographic location, and 18
comorbidities in the MarketScan analyses. We found
that sildenafil usage is significantly associated with
reduced incidence of AD across all four drug cohorts,
including bumetanide, furosemide, spironolactone,
and nifedipine in both MarketScan supplemental and
OPTUM databases (Fig. 1). Subgroup analysis fur-
ther revealed sildenafil usage in individuals with
hypertension to be associated with reduced likeli-
hood of AD across all four drug cohorts as well.
Bumetanide exposure was associated with signifi-
cantly lower AD prevalence in two electronic health
record databases, and this was conceptually validated
in APOE4-knock-in AD mice [36]. We found silde-
nafil to be associated with reduced AD prevalence
compared to bumetanide in the treated population,
and in the treated individuals with hypertension, for
two independent patient claims databases (Fig. 1).

Overall, we found that clinical effect size mea-
sured by hazard ratio (HR) is smaller in the OPTUM
database compared with MarketScan. Spironolac-
tone, a potassium-sparing diuretic (water pill) used
in the treatment of PH, is under investigation to
treat African Americans with mild cognitive impair-

ment and early AD (ClinicalTrials.gov Identifier:
NCT04522739). We found that sildenafil usage
was associated with a 54% reduced prevalence of
AD in MarketScan (HR = 0.46, 95% CI 0.32–0.66,
p = 3.33 × 10–5) and a 30% reduced prevalence of
AD in OPTUM (HR = 0.70, 95% CI 0.49–1.00, p-
value=0.05) compared to spironolactone usage. The
heterogeneous effect sizes could be due to intrinsic
differences between OPTUM and MarketScan data,
as previously noted. Thus, the new patient data pro-
vide further support for reduced AD prevalence in
patients exposed to sildenafil and suggest that future
experimental and clinical studies are warranted.

Sildenafil reduces tau phosphorylation in AD
patient iPSC-derived neurons

Understanding a drug’s mechanism-of-action is
crucial for development of efficacious and safe
therapeutics [37]. Human iPSC models have the
advantage of mimicking in vitro pathogenic condi-
tions and have been found to be a superior approach
to drug screening and accelerating the drug devel-
opment process [38, 39]. Hence, to test the effect
of sildenafil on AD, we first used two iPSC lines
derived from familial Alzheimer’s disease (FAD)
patients and differentiated them into forebrain neu-
rons (Fig. 2A). At first, iPSCs were differentiated
into neural progenitor cells (NPCs) (day 18), and then
differentiated into neural precursors (day 24). Neu-
ral precursors were further matured for 11 days. The
conversion of mature neurons (at day 35) was con-
firmed by visualizing expression of Tuj1, neuronal
marker under fluorescence microscope (Fig. 2B).
Western blot analysis further suggested the increased
tauopathy associated with AD patient iPSC derived
neurons as compared to neurons derived from con-
trol (Fig. 2B). These AD neurons were treated with
range of doses (10–100 �M) of sildenafil at day 35,
when the process of differentiation and maturation
are complete. We purposely chose the high range
of sildenafil dose for the treatment considering its
low cytotoxicity and side effects. After 5 days of
treatment, the AD neurons were checked for their
expression levels of phosphorylated tau (pTau181,
pTau205). Phosphorylated-tau181 (pTau181) is an
early biomarker of AD pathology and correlates
well with cognitive declines [40] while, in con-
trast, Phosphorylated-tau205 (pTau205) and total tau
levels increase at later stages of disease progres-
sion [41]. To investigate whether sildenafil reduces
pTau accumulation in AD neurons, cells were lysed,
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Fig. 1. Longitudinal analyses reveal that sildenafil usage is associated with reduced incidence of AD in two independent patient databases.
We used real-world patient data from the MarketScan® Medicare Supplemental Database and Clinformatics® (OPTUM) database (see
Methods). Four drug cohorts in both all population and individuals with hypertension (HTN) were conducted respectively: sildenafil vs. a
calcium channel blocker (nifedipine) and sildenafil vs. three diuretics (bumetanide, furosemide, and spironolactone) respectively. We chose
calcium channel blockers and diuretics as comparator drugs as they have been used to treat pulmonary hypertension (PH) on the European
Society of Cardiology and the European Respiratory Society Guidelines for treatment of PH.

and western blotting was performed to measure the
levels of pTau181 and pTau205. We found that silde-
nafil significantly reduced the accumulation of both
pTau181 and pTau205 in AD neurons (Fig. 2C, D).
We further performed Phospho (Thr231)/Total Tau
ELISA to check the pTau231 and total tau lev-
els. The levels of both pTau231 and total tau were
decreased with sildenafil treatment in both AD neu-
rons (Fig. 2E, 2F). We tested two additional AD
patient iPSC derived neurons (P10, P11) to further
validate the effect of sildenafil on tau phosphory-
lation. We found decreased tau phosphorylation for
both T181 and T205 following sildenafil treatment
in P10 (Fig. 3A) and P11 (Fig. 3B). In summary,

these data suggest protective effects of sildenafil by
reducing tau and its phosphorylation in AD, comple-
menting our earlier endophenotype-based prediction
and population-based validation [13].

Mechanistic insights of sildenafil’s protective
effects in AD patient iPSC-derived neurons

We performed transcriptome sequencing of
sildenafil-treated FAD patient (P1) iPSC-derived
neurons to further explore potential therapeutic
effects and gain mechanistic insights for silde-
nafil. We identified 817 DEGs between DMSO and
100 �M sildenafil treated group. Among these, 559
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Fig. 2. iPSC model to evaluate effect of sildenafil on tau phosphorylation. In vitro neuro development model: Neural progenitor cells
(NPCs) were differentiated from hiPSCs, which were then further induced to differentiate into mature forebrain neurons (A). Most cells
differentiated from iPSCs stained positive for Tuj1 (marker of neuron), indicating the cells were mature neurons, western blot (WB) analysis
of phosphorylated pTau181 and pTau205 in control and AD patient derived neurons (B). WB analysis (along with densitometry) of tau
phosphorylation upon sildenafil treatment (5 days) (C, D), pTau231 and total tau were estimated using Phospho(Thr231)/Total Tau Kit
(MSD, USA) (E, F) in two AD patients’ iPSC (P1,P2) derived neurons. Number of replicates (n): 3, p > 0.05 non-significant (ns), p ≥ 0.05
(*), p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 (****).

genes were downregulated, and 258 genes were
upregulated (Supplementary Table 4). Differential
expression is depicted through volcano plot high-
lighting some of the AD-associated genes among
all (Fig. 4A). Further, functional annotations and
enrichment analysis highlighted the significantly

affected pathways (Fig. 4B) and biological pro-
cesses related to AD and other neurodegenerative
disorders. KEGG enrichment analysis identify multi-
ple disease-associated genes-pathways relationships
mainly protein digestion and absorption (1.24E–06),
Axon guidance (1.25E–05), vascular smooth mus-
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Fig. 3. Western blot (WB) analysis (along with densitometry) showing expression levels of pTau181 and pTau205 following 5 days of
sildenafil treatment in two Alzheimer’s disease (AD) patients’ iPSC derived neurons P10 (A) and P11(B). Number of replicates (n): 3,
p > 0.05 non-significant (ns), p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 (****).

cle contraction (VSMC) (2.75E–05), and the cyclic
guanosine monophosphate (cGMP)-protein kinase G
(PKG) signaling pathway (0.000118271) (Supple-
mentary Figure 1). We identified various dysregulated
key target families viz. EPHA, EPHB, SLIT, WNT,
SEMA, COL, SLC, MYLK, TRP, ADRA, PLA2, NPR,
BMPR, PDE5A, FYN, CREB, PLXN, etc. associ-
ated with these pathways (Supplementary Table 5).
These are mainly involved in AD pathogenesis,
neurogenesis, neuroinflammation, signaling, synap-
tic dysfunction and plasticity [5, 42–45]. Likewise,
VSMC pathway genes are known to contribute
to AD neurodegeneration, neuroinflammation, and
tau phosphorylation [46, 47]. Significant KEGG
pathways were depicted using Pathview tool with
highlighted sildenafil regulated key genes (Supple-
mentary Figures 2–4). These genes are also involved
in multiple other pathways and cellular mechanisms.

We have performed enrichment analysis using
PANTHER database (Supplementary Table 6).
This suggests six significantly enriched PAN-
THER pathways, i.e., Cadherin signaling path-
way (0.000105902), Integrin signaling pathway
(0.000703446), Heterotrimeric G-protein signaling
pathway (0.007644778), Axon guidance mediated
by Slit/Robo (0.038120988), Wnt signaling pathway
(0.038120988), and Alzheimer disease-presenilin
pathway (0.04450996) as also depicted in gene-
pathway network mapping (Fig. 4B). These pathways
are related to the AD pathobiology and genes.

We have identified aberrant expression of cadherin
signaling genes (FYN, ERBB2, EGFR) and Wnt
signaling genes (LRP5, SFRP, NKD1) and shared
common gene families mainly PCDH, WNT, CDH,
FZD, FSTL1, FAT1, etc. Fyn is reported as a key
regulator in AD pathology. It has a critical role
in tau aggregation [48]. Cadherin regulates com-
plex signaling cascades including amyloid-� protein
precursor (APP), vascular endothelial growth factor
(VEGF), morphogenesis, plasticity, Wnt-mediated
signaling, etc., in neurodegenerative disorders [49].
These have important role for synaptic loss and
decline in synaptic plasticity [50]. Likewise, various
integrins signaling pathway genes and gene families
(collagens (COL), integrins (ITG), FYN, PIK3C2B,
MAP3K5, FLNB, ACTN1, LAMA1) were found to be
dysregulated after sildenafil treatment. Integrins are
critical signaling receptors, which mediate cell-cell
communication and contribute to cognitive functions
particularly in synaptic transmission [51]. This sig-
naling pathway is known to have pathophysiological
role in neurodevelopment, plasticity, and central ner-
vous system (CNS) diseases [51–53]. Also, integrin
signaling is known to mediate A�-induced neuro-
toxicity [54]. Furthermore, we detected changes in
important genes associated with the axon guidance
pathway after treatment. The gene families EPHA,
EPHB, SLIT, SEMA, PLXN, and MTN1 are highly
dysregulated. Among these, semaphorins (SEMA)
and its receptors plexins (PLXN) are the key players



D. Gohel et al. / Sildenafil as a Candidate Drug for AD 651

Fig. 4. (Continued)
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in the CNS. They contribute to neurodevelopment,
neurogenesis, gliogenesis, neuroinflammation, neu-
ral cell migration, etc. [55, 56]. Likewise, ephrins
(EPHs) and their receptor family are crucial mem-
bers from receptor tyrosine kinases involved in
signaling, synaptic dysregulation, neurophysiology,
and neuronal plasticity [57, 58]. Finally, we also
observed regulation of the AD-presenilin pathway.
Key pathway genes, i.e., TRP, LRP, FZD1, MMP16,
and FSTL1, are downregulated and WNT, FZD10
found upregulated. Presenilin 1 (PSEN1) and PSEN2
are key players in early-onset AD and regulate
Notch/Wnt signaling, cell adhesion, and neuronal
development [59].

We found enriched regulation of relevant biolog-
ical processes (Supplementary Figure 1B) namely
neurogenesis, generation of neurons, ion trans-
port, adhesion, etc. (Supplementary Table 7) and
molecular functions (Supplementary Figure 1C),
i.e., binding (growth-factor, calcium-ion, integrin,
signaling-receptor etc.) and transmembrane trans-
porter activities (Supplementary Table 8). Overall,
there is a strong crosstalk among enriched AD-
related pathways and in biological processes affected
by sildenafil treatment as they share multiple com-
mon differentially regulated targets. These findings
support the critical role of sildenafil as a potential
drug-repurposing candidate for AD. Additional func-
tional or biomarker studies are warranted to establish
more in-depth understanding of the influence of silde-
nafil on AD pathogenesis.

DISCUSSION

Sildenafil is a selective PDE5 inhibitor and
PDEs are broadly expressed in human brain [60].
Recent studies have shown that sildenafil has ben-
eficial effects in various preclinical models of
AD by modulating neuronal plasticity, reducing
tau phosphorylation, improving cognitive impair-
ment, decreasing A� plaque accumulation, and
enhancing the level of BDNF [11, 12, 61]. Our
previous study found that sildenafil increased neu-
rite growth and decreased phospho-tau (pTau181)
in AD patient iPSC-derived neurons, mechanisti-
cally supporting its potential beneficial effect in

AD [13]. In vivo studies from other groups have
also shown that sildenafil improves memory, amy-
loid plaque load, inflammation, and neurogenesis
in APP/PS1 mice. Sildenafil was shown to improve
memory, and reduced tau hyperphosphorylation and
GSK3� phosphorylation in J20 mice [62]. Further-
more, two pilot trials demonstrated beneficial effects
of sildenafil in treatment of AD, where a single
dosage of 50 mg sildenafil reduced spontaneous neu-
ral activity in the right hippocampus in 10 patients
[63]; and increased the cerebral metabolic rate of
oxygen and cerebral blood flow in 12 patients;
and decreased cerebral vascular reactivity in 8
patients [64].

To further test association of AD incidence and
Sildenafil usage, our new population-based cohort
study identified a decreased risk of incident AD in
users of sildenafil versus users of comparator drugs
including nifedipine, bumetanide, furosemide, and
spironolactone, in two independent patient databases
of the MarketScan Medicare Supplemental and
OPTUM (Fig. 1). These results were consistent
across studies under different designs and/or using
different comparator drug cohorts, as well as across
subgroup analyses. Recent observations involving
data from over 30 million insured members val-
idates the association between sildenafil use and
reduced risk of AD [65]. This study showed that
sildenafil could reduce the risk of AD by 60%
which in consonant with our findings. We further
observed improved molecular phenotypes relevant to
AD neuropathology following sildenafil treatment in
matured neurons derived from four AD patient iPSC
lines.

Our findings are at odds with a recent study
which did not find evidence for a difference in
the risk of incident ADRD in patients treated with
PDE5 inhibitors (sildenafil/tadalafil) versus endothe-
lin receptor antagonists [35]. Differences in the
design of these two investigations may explain the
inconsistency. The first explanation may be that over-
all dosage of sildenafil is much lower in PH patients
(Revatio, less than 20 mg daily) tested in Desai et al.
[35] compared to individuals with erectile dysfunc-
tion (Viagra, 25 mg–100 mg) tested in other studies
[13, 65]. Another possible reason may be caused
by under power issue. Desai et al. focused on PH,

Fig. 4. Transcriptome data analysis, regulation, and functional enrichments. Volcano plot depicting differentially expressed genes (DEGs)
between DMSO and 100 �M sildenafil treated group (A), Genes-pathways relationship network using Cytoscape. Edge width represent the
enrichment FDR (false discovery rate) in the network (B). PANTHER pathways are shown using Octagons and KEGG pathways are marked
through diamonds. NS, not significant; FC, fold change; cGMP-PKG, cyclic guanosine monophosphate-protein kinase G.
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a rare disease with overall low survival rate, using
an active comparator design and each drug arm only
included 1,000 drug users, which is much less than
previous studies [13, 65]. Because of lack of right
active comparator drugs for sildenafil in erectile dys-
function individuals, further real-world patient data
validation using likely causal inference approaches
[66] and clinical trials are highly warranted in the
future.

The study by Desai et al. performed phenotypic
assays using primary mouse hippocampal and corti-
cal neurons, as well as immortalized microglia-like
cells, neuroblastoma cells, and neuroglioma cells in
assays to assess the effects of sildenafil on several
distinct AD related phenotypes. They did not report
significant mechanistic effects of sildenafil on most
AD relevant outcomes, although sildenafil treatment
was associated with a reduction in secretion of sev-
eral pro-inflammatory cytokines (i.e., IL-12p70 and
IL-1�) in microglial cells [35]. This might be due
to low dose range (0.1–10 �M) for 24 h used for the
sildenafil treatment in the study compared to the dose
range (10–100 �M) for 5 days that we used here based
on previous studies [13, 67]. Furthermore, we used
four complementary AD patient iPSC derived neu-
rons which include both familial and sporadic AD
patients and reflects discrete aspect of AD pathol-
ogy. We found consistent dose dependent effect of
sildenafil on reducing tau phosphorylation. However,
we haven’t used microglia or astrocytes derived from
patient iPSCs to evaluate the effect of sildenafil on
neuroinflammation and other AD associated pheno-
types.

Transcriptome sequencing of sildenafil-treated
iPSC-derived neurons provide further mechanis-
tic insights into potential effects of sildenafil.
We showed biological processes were significantly
dysregulated in the sildenafil treated group. We
identified multiple key gene families, which are
known to play pivotal roles in neurodegeneration,
neuroinflammation, synaptic dysfunction, axon guid-
ance, and other signaling (Cadherin, Integrin, Wnt)
pathways (Fig. 4). Transcriptional regulations and
functional enrichment analysis show possible role
of sildenafil towards beneficial outcome in AD.
We have identified differential regulation of key
known potential AD therapeutic targets. Like, neg-
ative regulation of phosphodiesterase 5A (PDE5A),
a major player in cGMP-PKG signaling pathway
(Supplementary Figure 4). PDE5 inhibition leads
to the improved cognitive functions and synaptic
plasticity, in turn benefit in AD and that effec-

tively control the level of phosphorylated Tau
(pTau). Concurrently, we also identified significant
down regulation of other important genes, such
as CREB3L2, MYLK, MYLK4, NPPC, KCNMA1,
NPR1, and GUCY1A1 from cGMP-PKG signal-
ing pathway (Supplementary Figure 4). Recently,
CREB3L2-ATF4, a pathological transcription factor
heterodimers stated in activating AD transcriptional
network and tau hyperphosphorylation [68]. Interest-
ingly, we also found substantial impact of sildenafil
on axon guidance pathway genes (Supplementary
Figure 2). Erythropoietin-producing hepatocellular
(Eph) tyrosine kinase receptors are key members in
axon guidance pathway. We have identified dereg-
ulation of EPHA4, EPHA3, EPHA6, EPHA7, and
EPHB3 after sildenafil treatment. Studies suggests
EPHA4 promotes AD progression through synaptic
dysregulation. It is evident that inhibiting EPHA4
could be protective in AD. Sildenafil also down-
regulate the semaphorins (SEMA3C, SEMA6D) and
its receptors plexins (PLXNA2, PLXNA4). Another
acting mechanism of sildenafil could be impact-
ing the AD-presenilin pathway as PSEN1 and
PSEN2 are critical factor in early-onset AD. It
negatively regulates the key components of this path-
way, i.e., TRPC5, TRPC7, LRP1B, LRP5, FZD1,
MMP16, and FSTL1. These results suggest the likely
mechanistic roles of sildenafil as a potential repur-
posing candidate for AD subjected to the further
validations.

Our population-based study has limitations. First,
the PS-based analysis accounts only for common
confounders in older adults and/or related to AD.
Our results are subject to unmeasured confounding
including genetic risk factors, socioeconomic status,
blood pressure records, etc. Second, the analyti-
cal datasets are derived from claims data. Although
we use validated and specific methods, the vari-
ables could be misclassified. We therefore performed
cross data source validation and comprehensive sub-
group analyses across different exposure groups.
We showed sildenafil exposure for individuals with
hypertension (Fig. 1), which suggests that disease
comorbidities or comparator drug’s indication bias
are likely not confounders.

In summary, by combining AD patient iPSC-
derived neuron models and real-world patient data
observation, we suggested that sildenafil can be a
potential repurposable drug for the treatment of AD
and warrants further testing in more functional mod-
els and randomized controlled clinical trials.
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