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No association between initiation of
phosphodiesterase-5 inhibitors and risk of
incident Alzheimer’s disease and related
dementia: results from the Drug Repurposing
for Effective Alzheimer’s Medicines study

Rishi ). Desai,' Mufaddal Mahesri,"” Su Been Lee,’ Vijay R. Varma,? Tina Loeffler,’
Irene Schilcher,3 Tobias Ger’hard,"’5 Jodi B. Segal,6 (®Mary E. Ritchey,4 Daniel B. Horton,"’7
Seoyoung C. Kim,'® (®Sebastian Schneeweiss' and ®Madhav Thambisetty?

See Newby (https://doi.org/10.1093/braincomms/fcac260) for a scientific commentary on this article.

We evaluated the hypothesis that phosphodiesterase-5 inhibitors, including sildenafil and tadalafil, may be associated with reduced in-
cidence of Alzheimer’s disease and related dementia using a patient-level cohort study of Medicare claims and cell culture-based pheno-
typic assays. We compared incidence of Alzheimer’s disease and related dementia after phosphodiesterase-5 inhibitor initiation versus
endothelin receptor antagonist initiation among patients with pulmonary hypertension after controlling for 76 confounding variables
through propensity score matching. Across four separate analytic approaches designed to address specific types of biases including in-
formative censoring, reverse causality, and outcome misclassification, we observed no evidence for a reduced risk of Alzheimer’s disease
and related dementia with phosphodiesterase-5 inhibitors;hazard ratio (95% confidence interval): 0.99 (0.69-1.43), 1.00 (0.71-1.42),
0.67 (0.43-1.06),and 1.15 (0.57-2.34). We also did not observe evidence that sildenafil ameliorated molecular abnormalities relevant to
Alzheimer’s disease in most cell culture-based phenotypic assays. These results do not provide support to the hypothesis that phospho-
diesterase-5 inhibitors are promising repurposing candidates for Alzheimer’s disease and related dementia.
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ADAM = Alzheimer’s Disease Aberrant Metabolism; ADRD = Alzheimer’s disease and related dementia;
BBB =blood-brain barrier; CBF=cerebral blood flow; DREAM =Drug Repurposing for Effective Alzheimer’s Medicines;
ERAs =endothelin receptor antagonists; ED =erectile dysfunction; HR =hazzard ratio; iPSCs =induced pluripotent stem cells;
LDH =lactate dehydrogenase; PDE = phosphodiesterase; PS = propensity score; PAH = pulmonary arterial hypertension
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Introduction

Traditional drug discovery approaches using experimental ani-
mal models that recapitulate pathological features of
Alzheimer’s disease and related dementia (ADRD) have met
with limited success.'™ These approaches have relied mainly
on inhibiting the formation of or removal of AB plaques in
the brain.* Alternative treatment approaches include inhibition
of tau aggregation® and attenuating neuroinflammation.®

In recent years, there has been significant interest in using
computational biology-based approaches to identify novel

drug repurposing candidates for ADRD.”™'° These include
the use of network proximity analyses,” machine learning’
and unbiased analyses of large clinical data sets.® In the
Drug Repurposing for Effective Alzheimer’s Medicines
(DREAMs) initiative,'® we have generated testable hypoth-
eses based on multi-omics phenotyping of Alzheimer’s dis-
ease. We first identify genetic regulators of abnormal
metabolic pathways associated with ADRD neuropathology.
In contrast to unbiased computational approaches, these ab-
normal metabolic pathways are a priori hypothesized to
be linked to dysregulation in brain glycolysis and are broadly
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defined as the Alzheimer’s Disease Aberrant Metabolism
(ADAM) network'® that includes plausible candidate
drug targets in ADRD. Second, we identify existing
FDA-approved medications that act upon these targets, nom-
inating them as repurposing candidates. Consistent with an
open science approach in these studies, our prior publication
describing the design and rationale of the DREAM study in-
cludes a list of all candidate ADRD treatments that we pro-
pose to evaluate.'” To test these hypotheses, we then
conduct rigorous patient-level pharmacoepidemiologic ana-
lyses using population-based healthcare data collected during
routine care to evaluate the association between exposure to
candidate drugs and incident ADRD. In a recent publication
arising from the DREAM study, we have tested drugs target-
ing the JAK/STAT signalling pathway as candidate ADRD
treatments.'" In a prior publication, we have used a similar ap-
proach to test bile acid signalling as a an ADRD drug target.'”
In order to explore molecular mechanisms modulated by our
candidate Alzheimer’s disease drugs, we additionally assess
them in cell culture-based phenotypic assays that provide
read-outs of diverse molecular abnormalities relevant to
Alzheimer’s disease.® Recent studies have used multi-omics
analyses incorporating metabolomic, transcriptomic and
proteomic data in human tissue samples to identify structural
variants'* and pathway alterations in Alzheimer’s disease.'’
Our approach is unique in the linking of multi-omics analyses
in human brain tissue to rigorous pharmacoepidemiologic
analyses and experimental models in a drug discovery ‘pipe-
line’ to discover plausible drug repurposing candidates for
ADRD. Additionally, we prespecify all our design choices
and hypotheses in our prior publication'® to safeguard against
publication bias.'"® Within the recently proposed ADAM
network, we hypothesized that the ATP-dependent efflux
transporter, ABCC4, may be an ADRD drug target.'
Phosphodiesterase (PDE)-5 inhibitors have been shown to in-
hibit ABCC4.'”'® Additionally, prior evidence mainly in ani-
mal models has shown that PDES inhibitors, including
sildenafil and tadalafil, may be potential Alzheimer’s disease
treatments."”

In rodents, sildenafil has been shown to improve memory
and cognitive function;**~>? rescue impairment in synaptic
plasticity;** attenuate learning impairment;* rescue im-
paired long-term potentiation”® and reduce amyloid bur-
den.?” In rodents, tadalafil has also been shown to improve
memory and learning?®?”*® and reduce amyloid burden.*’
However, results in human studies have been inconsistent.”’
Prior studies in cognitively normal, healthy individuals
showed that sildenafil may improve reaction time>® and at-
tention based on auditory event-related potentials ¢ al-
though beneficial effects on memory were not observed. In
Alzheimer’s disease patients, sildenafil decreased spontan-
eous neural activity, increased cerebral metabolic rate of
oxygen and cerebral blood flow (CBF) and decreased cere-
brovascular reactivity.>! Tadalafil has been shown to in-
crease regional CBF and improve cognitive function in
patients with erectile dysfunction (ED) and mild cognitive
impairment;** improve cerebral perfusion in patients with
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small-vessel disease stroke;*® and improve cognitive function
in patients with low urinary tract symptoms and ED.**
However, a recent randomized clinical trial testing tadalafil
failed to detect treatment effects on CBF in non-demented
older adults.® A recently published study by Fang and col-
leagues proposed sildenafil as a promising repurposing can-
didate for Alzheimer’s disease based on endophenotype
network analysis supported by analyses of insurance claims
data as well as in vitro studies in induced pluripotent stem
cells (iPSCs) derived from Alzheimer’s disease patients.>®

In this report, we describe results from the DREAM study
comparing the risk of ADRD in Medicare beneficiaries with
pulmonary arterial hypertension (PAH) treated with the
PDES inhibitors, sildenafil or tadalafil, compared with an ac-
tive comparator for the same indication, endothelin receptor
antagonists (ERAs). By restricting to a homogenous popula-
tion with the same underlying indication and theselection of
an alternative treatment for the same indication as a com-
parator, our study explicitly attempts to address measured
and unmeasured confounding®” and is therefore, a unique
addition to the literature. In addition to our pharmacoepide-
miologic analyses, we also tested whether sildenafil affects
multiple molecular endophenotypes of Alzheimer’s disease
in cell culture-based phenotypic assays. These included AP
secretion, clearance and toxicity, as well as several other out-
comes such as neuroinflammation, cell death, neurite out-
growth and tau phosphorylation. Our primary motivation
in designing this study was to test the hypothesis that
PDES inhibition may be a plausible treatment strategy in
ADRD and compare our results with those recently reported
by Fang et al.*®

Materials and methods

The full study protocols for patient-level analyses in
Medicare claims were pre-registered on clinicaltrials.gov
prior to data analysis (NCT05039086) and contain detailed
information on implementation including all codes that were
used to identify study variables to allow for independent rep-
lication and validation.

We used Medicare Fee-For-Service claims data from 2007
through 2018. The starting period (2007) aligns with intro-
duction of Pharmacy benefits (part D) under Medicare and
the end date (2018) aligns with the most recently available
data from CMS at the time this analysis was initiated.
Medicare Part A (hospitalizations), B (medical services)
and D (prescription medications) claims are available for re-
search purposes through the Centers for Medicare and
Medicaid Services. A signed data use agreement with the
CMS was available and the Brigham and Women’s
Hospital’s Institutional Review Board approved this study
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(Protocol # 2019P003607). Data analyzed in this study re-
present patient-level information and are not allowed for
public sharing based on the data use agreement with the
Centers for Medicare and Medicaid Services.

A new user, active comparator cohort study design was im-
plemented. Patients were required to have 365-day of con-
tinuous enrolment in Medicare parts A, B and D (i.e. the
baseline period) before cohort entry, which was defined as
the date of starting either a PDES inhibitor (sildenafil, tada-
lafil) or ERA (bosentan, ambrisentan, macitentan). Patients
were required to have >2 claims with PAH diagnosis during
the baseline period including the cohort entry date.>® We ex-
cluded patients with existing diagnoses of ADRD any time
prior to and including cohort entry date to exclude patients
with prevalent ADRD. We also excluded patients with a
nursing home admission prior to cohort entry as medication
records for short nursing home stays are unavailable in
Medicare claims. Supplementary Figure 1 summarizes the
study design.

We defined incident ADRD based on diagnosis codes re-
corded on one inpatient or two outpatient claims of
Alzheimer’s disease, vascular dementia, senile, presenile, or
unspecified dementia or dementia in other diseases classified
elsewhere (codes provided in Supplementary Table 1).
Medicare claims-based dementia identification is reported
to have a positive predictive value (PPV) in the range of
65-78% when validated against a structured in-home de-
mentia assessment.>”

We employed the following alternative analyses with equal
priority where we varied key assumptions involved in design
of this pharmacoepidemiologic analysis based on epidemio-
logical principles.*® Supplementary Fig. 2 provides a visual
summary of all four analytic approaches.

In this approach, we followed patients from cohort entry un-
til treatment discontinuation or switch to the comparator
treatment, insurance disenrolment, death, or administrative
endpoint (December 2018). Treatment discontinuation was
defined as occurring 90 days after the expected days supply
of the most recently filled prescription to accommodate sub-
optimal adherence during treatment periods.

In this approach, we varied two assumptions: (i) we incorpo-
rated a 6-month induction period after the cohort entry date
and disregarded ADRD events diagnosed in this period to
address reverse causation concerns if treatment decisions
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were driven by early disease symptoms and disease diagnosis
was recorded shortly after treatment initiation; and (2) we fol-
lowed patients for a maximum of 3 years after the 6-month
induction period regardless of subsequent treatment changes
or discontinuation, similar to an intention-to-treat approach
in randomized controlled trials.*' This assumption addresses
concerns related to informative censoring, which would occur
if patients discontinued (by choice or through de-prescribing)
treatment because of unrecorded memory problems asso-
ciated with ADRD.

As ADRD symptoms may appear some time before a diagno-
sis is recorded in insurance claims, we assigned an outcome
date in this analysis that was 6 months before the first re-
corded ADRD date and excluded the last 6 months of follow-
up for those who are censored without an event.

As diagnosis codes-based outcome definition may have lim-
ited specificity, we defined

the outcome in this analysis using a combination of diag-
nosis code and >1 prescription claims for a symptomatic
treatment (donepezil, galantamine, rivastigmine and mem-
antine) occurring within 6 months of each other, with the
outcome date assigned to the second event in the sequence.
Use of medication records to identify dementia has a PPV ex-
ceeding 95% in a previous validation study.**

We measured several sets of covariates in the 365-day base-
line period preceding cohort entry: (i) sociodemographic fac-
tors including age, gender, race, receipt of low-income
subsidy, (ii) risk factors for ADRD including diabetes, stroke
and depression,**™*° (3) lifestyle factors, such as smoking, as
well as use of preventive services such as screening mammog-
raphy and vaccinations to account for healthy-user effect;*
measures of healthcare services use before cohort entry in-
cluding number of prescriptions filled, number of emergency
department visits, hospitalizations, and physician office vis-
its to minimize the impact of differential surveillance, and
a frailty score®” (iv) PAH-related factors including other
treatments including calcium channel blockers, riociguat
and prostanoids (beraprost, epoprostenol, iloprost, trepros-
tinil), as well as number of hospitalizations for PAH and
(v) other comorbid conditions and co-medications
(Supplementary Table 2).

We tested whether sildenafil could rescue molecular pheno-
types relevant to Alzheimer’s disease including tau phos-
phorylation, AB;.4, clearance, AP secretion, AP toxicity,
lipopolysaccharide (LPS)-induced neuroinflammation, cell
death due to trophic factor withdrawal and neurite out-
growth and neurogenesis. Supplementary Table 3 includes
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detailed descriptions of the phenotypic assays and sildenafil
concentrations tested. In all assays described below, cells
treated with sildenafil were compared to either the vehicle
control (VC) or lesion control.

The  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazo-
lium bromide (MTT) viability assay was used to establish
the effects of various concentrations of sildenafil on cell viabil-
ity. Differentiated SH-SYSY cells were seeded onto uncoated
96-well plates at a cell density of 2.5x10* cells per well
(DIV1) in culture medium (DMEM medium, 10% FCS, 1%
NEAA, 1% L-Glutamine, 100 pg/ml Gentamycin) containing
10 pM RA at 37°C; 95% humidity and 5% CO,. Next day
(DIV2), sildenafil (TargetMol, T0467) was applied at 50,
10, 3, 1, 0.1 and 0.01 pM final concentration. Additionally,
the appropriate vehicle control of the test items (0.1%
DMSO) was investigated. After 24 h of incubation (DIV3),
treated cells were subject to MTT assay. Additional details
are included in Roberts et al.'?

Details are included in Roberts et al.'?

Details are included in Roberts et al.'?

Details are included in Roberts et al.'®

Primary hippocampal neurons were prepared from E18.5
timed pregnant C57BL/6JRccHsd mice as previously de-
scribed. Cells were seeded in poly-D-lysine pre-coated
96-well plates at a density of 4 x 10* cells/well and cultivated
until DIV10 (Neurobasal, 2% B-27, 0.5 mM glutamine,
25 uM glutamate, 1% Penicillin-Streptomycin). On DIV10
pre-aggregated AB;.4> (Bachem 4061966, final concentra-
tion 10 pM, 48 h at 4°C) was added to the cells in the pres-
ence or absence of sildenafil (10, 1 and 0.1 pM). On
DIV16, cells were subject to MTT assay to determine cell
viability.

Details are included in Roberts et al.*?

Details are included in Roberts et al.'?

Primary hippocampal neurons were prepared from E18.5
timed pregnant C57BL/6JRccHsd mice as previously de-
scribed. Cells were seeded in poly-D-lysine pre-coated
96-well plates at a density of 2.6 x 10* cells/well in medium
(Neurobasal, 2% B-27, 0.5 mM glutamine, 25 uM gluta-
mate, 1% Penicillin-Streptomycin). Directly on DIV, silde-
nafil (10, 1 and 0.1 pM) or VC was applied. On DIV2,
10 pM Bromodeoxyuridine (BrdU; B5002 Sigma Aldrich)
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was added and cells were fixed after additional 24h. Cells
were permeabilized with 0.1% Triton-X and incubated
with primary Beta Tubulin Isotype II (T8660, Sigma
Aldrich) and BrdU antibodies (MAS25°, AHrlan-Sera
Lab) overnight at 4°C. Afterwards, cells were washed two
times with PBS and incubated with fluorescently labelled sec-
ondary antibodies and DAPI for 1.5 h at room temperature
(RT) in the dark. Cells were rinsed three times with PBS
and imaged with the Cytation 5 Multimode reader
(BioTek) at 10x magnification (six images per well).
BrdU-positive cells were counted as a marker of neurogenesis
and Beta Tubulin Isotype Il signal was used for macro-based
quantification of neurite outgrowth.

Propensity score (PS)-matching was used to account for mea-
sured confounding in this study.*® The PS were calculated as
the predicted probability of initiating PDES inhibitors versus
ERA conditional on baseline covariates using multivariable
logistic regression. Matching used a nearest-neighbor algo-
rithm within a caliper of 0.025 on the natural scale of the
PS.*?°9 We evaluated PS distributional overlap before and
after matching to ensure comparability of these groups’
and balance in each individual covariate between two treat-
ment groups using standardized differences.’?

Incidence rates of the outcome with 95% confidence inter-
vals were estimated for both treatment groups in the
PS-matched cohort. To account for the competing risk of
mortality, we calculated the cumulative incidence of
ADRD using cumulative incidence functions and provided
cause-specific hazard ratios from Cox proportional hazards
regression models.>® Pre-specified subgroup analyses were
conducted based on age, sex and baseline cardiovascular dis-
ease as there is evidence of potentially heterogenous etiology
of ADRD based on these factors.”*® A commonly used age
cut off of 75 years from prior epidemiologic literature was
used to define the age subgroup as the incidence appears to
sharply increase after this age.’”

All analyses of the claims database was conducted using
the Aetion Evidence Platform v4.30 (incl. R v3.4.2), which
has been scientifically validated by accurately repeating a
range of previously-published studies®® and by replicating’’
or predicting clinical trial findings.®°

Statistical analysis for cell culture-based phenotypic assays
was performed in GraphPad Prism 9.1.2. Group differences
were evaluated separately for each test item versus VC or le-
sion control by one-way ANOVA followed by Dunnett’s
multiple comparison test.

Data analyzed in this study represent patient-level informa-
tion and are not allowed for public sharing based on the
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data use agreement with the Centers for Medicare and
Medicaid Services.

Results

To test whether exposure to PDES inhibitors lowers
ADRD risk in older individuals, we used longitudinal in-
surance claims data from Medicare beneficiaries. The co-
hort of patients (described below) included PDES
inhibitor initiators and an active comparator, ERA initia-
tors. We estimated treatment effects in four alternative
analyses designed to address various uncertainties asso-
ciated with claims-based analyses of dementia risk includ-
ing exposed person-time misclassification, reverse
causation, informative censoring and misclassification of
outcome onset as described previously (Supplementary
Figure 2)."°

We identified 9968 PDES inhibitor initiators and 3053
ERA initiators who met our inclusion criteria
(Supplementary Figure 3—CONSORT diagram). For con-
founding adjustment, 2888 PDES inhibitor initiators
(73.6% sildenafil; 26.4% tadalafil) were pair-matched to
2888 comparable ERA initiators (Table 1, Supplementary
Table 2). The average age of included patients was 74 years
(range 65-96 years), and 69% were women. Prevalence of
comorbid conditions was high in this cohort, with 90%
with hypertension, 72 % with heart failure, and 43 % with at-
rial fibrillation. In our cohort, more than 99% of sildenafil
initiators (2107/2123) were treated with 20 mg thrice a
day regimen and 98% of tadalafil initiators (745/761) were
treated with 40 mg daily regimen in accordance with recom-
mended dosing for PAH.

Incidence rates of ADRD varied across analysis schemes,
ranging 15 to 23 per 1000 person years based on diagno-
sis codes alone (analyses 1, 2 and 3) and 4.7 to 5.2 per
1000 person years based on a more specific definition
combining diagnosis codes and prescription claims
(Analysis 4) (Table 2, unmatched/crude data included in
Supplementary Table 4).

Across the four analysis schemes, we did not find evidence
for a difference in the risk of incident ADRD in patients
treated with PDES inhibitors (sildenafil/tadalafil) versus
ERA in the PS-matched sample. HRs (95% CI) were 0.99
(0.69-1.43), 1.00 (0.71-1.42), 0.67 (0.43-1.06) and 1.15
(0.57-2.34), respectively, for analysis 1-4 (Fig. 1). We
also noted that the cumulative incidence of ADRD was
similar in the two treatment groups with overlapping con-
fidence intervals in all four analyses (Fig. 2). Cumulative in-
cidence curves were approximately parallel and did not
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indicate gross violation of the proportional hazard
assumption.

We found no evidence of heterogeneity of treatment effect by
pre-specified subgroups of age, gender, and baseline cardio-
vascular disease; however, confidence intervals were general-
ly wide due to small event counts in subgroups (Fig. 3).

We first established the effects of various concentrations of
sildenafil on cell viability using the MTT assay in SH-SY5Y
cells. At concentrations of 0.01, 0.1, 1.0, 3.0, 10 and
50 pM, there were no adverse effects of sildenafil on cell via-
bility. In subsequent phenotypic assays, we used a range of
0.1, 1.0 and 10 pM concentrations of sildenafil to test
whether the drug exerted dose-dependent rescue of molecu-
lar abnormalities associated with Alzheimer’s disease.

Sildenafil was not associated with a protective effect
across the majority of phenotypic assays. Sildenafil had an
adverse effect on clearance of exogenous AB;_4»; at the low-
est concentration (0.10 M) we observed increased levels of
ABj.4> in the supernatant indicating inhibition of phagocyto-
tic activity in BV2 microglial cells (Fig. 4A). Similarly, in hu-
man APP overexpressing H4-hAPP neuroglioma cells,
sildenafil had an adverse effect on secretion of ABq_4,; at
the lowest concentration (0.10 pM) we observed increased
secretion of ABq_4, (Fig. 4B) and no significant effects at
1.0 and 10 pM concentrations. We observed that sildenafil
had a modest anti-inflammatory effect in the LPS-associated
neuroinflammation assay. Sildenafil reduced TNF-a secre-
tion (Fig. 4C) and IL-12p70 (Fig. 4D) at the highest concen-
tration (10 pM) and reduced IL-1B secretion (Fig. 4E)
at the highest and lowest concentrations (10 pM and
0.10 pM, respectively). A summary of results across all
Alzheimer’s disease-related phenotypic assays is included in
Supplementary Table 5.

Discussion

In this population-based cohort study, we did not find evi-
dence to suggest a decreased risk of incident ADRD in patients
treated with PDES inhibitors versus ERA. These results were
consistent across various analyses and subgroups. Consistent
with the findings from our pharmacoepidemiologic analyses,
we also did not observe evidence of amelioration in molecular
abnormalities relevant to Alzheimer’s disease in most cell
culture-based phenotypic assays.

Our results are at odds with a recent study that indicated a
substantial (69 %) reduction in Alzheimer’s disease incidence
after sildenafil treatment.*® Major differences in the design
of these two investigations likely explain this inconsistency.
In the previous study, Fang et al. compared the risk of inci-
dent Alzheimer’s disease in sildenafil users with non-users
or users of various cardiometabolic medications, including


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac247#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac247#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac247#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac247#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac247#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac247#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac247#supplementary-data

PDES5 inhibitors and risk of incident dementia

BRAIN COMMUNICATIONS 2022: Page 7 of 13 | 7

Table | Select baseline characteristics of patients included in the study cohort before and after |:1 propensity score

matching, Medicare data 2007-2018

Unmatched
PDE5
inhibitors
Variable (N=9968)
Demographics
Age, mean (SD) 74.74 (6.78)

Female, n (%)

White, n (%)

Low-income subsidy, n (%)
Dementia risk factors, n (%)

Diabetes

Obesity

Hypertension

Coronary artery disease

6069 (60.9%)
8031 (80.6%)
2382 (23.9%)

4486 (45.0%)
3351 (33.6%)
8877 (89.1%)
7445 (74.7%)

Depression 1995 (20.0%)

Anxiety 1824 (18.3%)
Bipolar disorder 88 (0.9%)
Schizophrenia 26 (0.3%)

Endothelin receptor
antagonists
(N =3053)

73.79 (6.14)

2117 (69.3%)

2435 (79.8%)
713 (23.4%)

1204 (39.4%)

968 (31.7%)

2729 (89.4%)

2273 (74.5%)

571 (18.7%)

494 (16.2%)
33 (1.1%)
12 (0.4%)

Markers for healthy behaviour, frailty, healthcare use, n (%)

Smoking
Mammography
Colonoscopy

Fecal occult blood test
Influenza vaccination

4286 (43.0%)
1743 (17.5%)
1239 (12.4%)
774 (7.8%)
6953 (69.8%)

1126 (36.9%)
630 (20.6%)
345 (11.3%)
238 (7.8%)

2150 (70.4%)

Other PAH treatments and PAH severity indicators

Use of calcium channel

blockers, n (%)

Riociguat, n (%)

Prostanoids, n (%)

Number of PAH

hospitalizations, mean (SD)
Comorbid conditions, n (%)

Atrial fibrillation

Heart failure

Stroke or transient ischaemic

attack

Chronic obstructive

pulmonary disease

4652 (46.7%)

26 (0.3%)
96 (1.0%)
0.10 (0.34)

5321 (53.4%)
8064 (80.9%)
1020 (10.2%)

6521 (65.4%)

1506 (49.3%)

90 (2.9%)
55 (1.8%)
0.11 (0.35)

1282 (42.0%)
2197 (72.0%)
276 (9.0%)

2020 (66.2%)

PS-matched
PDE5 Endothelin receptor
inhibitors antagonists

St. Diff (N =2888) (N =2888) St. Diff
0.15 73.87 (6.43) 73.84 (6.15) 0.00
—-0.18 1999 (69.2%) 1990 (68.9%) 0.0l
0.02 2293 (79.4%) 2311 (80.0%) -0.01
0.0l 706 (24.4%) 682 (23.6%) 0.02
0.11 1180 (40.9%) 1145 (39.6%) 0.03
0.04 911 (31.5%) 918 (31.8%) —-0.01
—0.01 2587 (89.6%) 2595 (89.9%) —0.01
0.00 2136 (74.0%) 2150 (74.4%) —0.01
0.03 515 (17.8%) 537 (18.6%) —-0.02
0.06 466 (16.1%) 465 (16.1%) 0.00
—-0.02 28 (1.0%) 32 (1.1%) -0.01
—-0.02 12 (0.4%) 12 (0.4%) 0.00
0.12 1056 (36.6%) 1068 (37.0%) -0.01
—-0.08 593 (20.5%) 597 (20.7%) 0.00
0.03 327 (11.3%) 317 (11.0%) 0.01
0.00 232 (8.0%) 223 (7.7%) 0.01
—-0.01 2037 (70.5%) 2036 (70.5%) 0.00
—0.05 1462 (50.6%) 1422 (49.2%) 0.03
-0.21 26 (0.9%) 25 (0.9%) 0.00
—-0.07 54 (1.9%) 48 (1.7%) 0.02
-0.03 0.12 (0.37) 0.11 (0.34) 0.03
0.00
0.23 1232 (42.7%) 1228 (42.5%) 0.00
0.21 2088 (72.3%) 2088 (72.3%) 0.00
0.04 254 (8.8%) 260 (9.0%) —0.01
—-0.02 1941 (67.2%) 1915 (66.3%) 0.02

PAH, pulmonary arterial hypertension, SD, standard deviation, Std diff, standardized difference.

Table 2 Incidence rates for the outcome of Alzheimer’s disease and related dementia across four analysis schemes

Analysis n of N N person Median follow-up (IQR), Incidence rate (95% CI)/1000
scheme® Exposure patients outcomes years days person years
Analysis | PDES 2888 55 3065 168 (37, 530) 17.9 (13.5-23.4)
inhibitors
ERA 2888 59 3136 151 (47, 508) 18.8 (14.3-24.3)
Analysis 2 PDES5 1706 62 3125 693 (320, 1095) 19.8 (15.2-25.4)
inhibitors
ERA 1706 63 3168 720 (328, 1095) 19.9 (15.3-25.4)
Analysis 3 PDES5 1292 31 2060 382 (150, 794) 15.1 (10.2-21.4)
inhibitors
ERA 1292 46 2037 358 (124, 810) 22.6 (16.5-30.1)
Analysis 4 PDES 2888 16 3099 169 (38, 533) 5.2 (3-84)
inhibitors
ERA 2888 15 3167 151 (47, 517) 4.7 2.7-7.8)

*Analysis |: ‘As-treated’ follow-up approach; Analysis 2: ‘As-started’ follow-up approach incorporating a 6-month induction period; Analysis 3: Incorporating a 6-month ‘symptom to
diagnosis’ period’ and Analysis 4: Alternate outcome definition (See Methods for additional description of analytic approach). ERAs, endothelin receptor antagonists, IQR, interquartile

range, PDE, phosphodiesterase.
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Analysis 2

Analysis 3

Analysis 4

1.18[0.88-1.58]

1.31[0.99-1.73]

1.09 [0.79-1.52]

1.00 [0.55-1.84]

0.1
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Unmatched

1.0

Analysis 1

Analysis 2
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Analysis 4

10.0

Hazard ratio (95% confidence interval)
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PS-Matched
0.99[0.69-1.43] -
1.00[0.71-1.42] ——
0.67 [0.43-1.06] —a—H
1.15[0.57-2.34] —_—
0.1 1.0 10.0

Hazard ratio (95% confidence interval)

Figure | Relative risk of Alzheimer’s disease and related dementia in patients treated with PDES inhibitors versus ERAs before
and after I:| propensity score matching, Medicare data 2007-2018. Analysis |: ‘As-treated’ follow-up approach; Analysis 2: ‘As-started’
follow-up approach incorporating a 6-month induction period; Analysis 3: Incorporating a 6-month ‘symptom to diagnosis’ period’ and Analysis 4:
Alternate outcome definition (See Methods for additional description of analytic approach).
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Figure 2 Cumulative incidence of Alzheimer’s disease and related dementia in patients treated with PDES inhibitors versus
ERAs after I:1 propensity score matching, Medicare data 2007-2018. Analysis |: ‘As-treated’ follow-up approach; Analysis 2:
‘As-started’ follow-up approach incorporating a 6-month induction period; Analysis 3: Incorporating a 6-month ‘symptom to diagnosis’ period’ and
Analysis 4: Alternate outcome definition (See Methods for additional description of analytic approach).
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Analysis 1 1.54 [0.87-2.75] I
Analysis 2 1.53 [0.84-2.77] I
Analysis 3 1.05[0.52-2.13] —_— .-
Analysis 4 1.09 [0.32-3.78] =
Subgroup age >=75
Analysis 1 0.70[0.43-1.16] —
Analysis 2 0.84 [0.53-1.32] —
Analysis 3 0.85[0.50-1.45] —.-—
Analysis 4 1.19[0.47-3.01] =
Subgroup: Male
Analysis 1 1.18 [0.59-2.37] —_— .-
Analysis 2 0.84 [0.39-1.81] =
Analysis 3 0.43 [0.14-1.38] -
Analysis 4 0.26 [0.03-2.35]
Subgroup: Female
Analysis 1 1.02 [0.66-1.57] — .
Analysis 2 0.99 [0.66-1.49] —
Analysis 3 1.04 [0.64-1.68] —_——
Analysis 4 0.92 [0.36-2.36] ]
Subgroup: Baseline CVD
Analysis 1 0.92 [0.58-1.46] —_——
Analysis 2 1.03 [0.68-1.56] oo
Analysis 3 0.69 [0.40-1.18] —_—
Analysis 4 0.78 [0.30-2.05] =
Subgroup: No baseline CVD
Analysis 1 0.89[0.47-1.69] —_— .
Analysis 2 0.891[0.47-1.71] —_————
Analysis 3 1.14 [0.54-2.42] =
Analysis 4 0.71[0.16-3.18] ]
0.1 1.0 10.0

Hazard ratio (95% confidence interval)

Figure 3 Relative risk of Alzheimer’s disease and related dementia in patients treated with PDES5 inhibitors versus ERAs after
I:1 propensity score matching within pre-specified subgroups, Medicare data 2007-2018. Analysis |: ‘As-treated’ follow-up

approach; Analysis 2: ‘As-started’ follow-up approach incorporating a 6-month induction period; Analysis 3: Incorporating a 6-month ‘symptom to
diagnosis’ period’ and Analysis 4: Alternate outcome definition (See Methods for additional description of analytic approach).

diltiazem, glimepiride, losartan and metformin, without re-
striction to any specific indication. This design choice is like-
ly to result in comparison of individuals with ED, which is by
far the most common indication for sildenafil, to generally
older individuals with diabetes or hypertension. Since worse
cardiometabolic health is a well-recognized risk factor for
AD* and seeking treatment for ED is likely reflective of a
certain level of preserved physical and cognitive function,
we believe that results from Fang ef al. can be at least partly
be explained by potential confounding by indication. While
statistical approaches, such as regression or PS-matching,
can account for measured differences in characteristics be-
tween exposure group, they do not account for unmeasured
differences such as frailty, blood pressure control, or glycem-
ic control which are not available in insurance claims.®’ One
widely accepted strategy to reduce the threat of such unmeas-
ured confounding is restriction to a homogenous population
with the same underlying indication and selection of an

alternative treatment for the same indication as a compara-
tor.>” Therefore, we restricted our analyses to an alternative
indication for PDES inhibitors (sildenafil/tadalafil)—PAH—
and selected an equivalent comparator drug that is used for
the same indication to minimize confounding by indication.

In their attempt to derive insight into mechanisms under-
lying their pharmacoepidemiologic findings, Fang et al. per-
formed phenotypic assays using iPSCs derived from human
Alzheimer’s disease patient neurons in cell culture-based ex-
periments. They observed that at a concentration of 30 pM,
sildenafil treatment was associated with an increase in neur-
ite outgrowth and a reduction in tau phosphorylation. Our
studies used primary mouse hippocampal and cortical neu-
rons, as well as immortalized microglia-like, neuroblastoma,
neuroglioma cell lines in assays to assess the effects of silde-
nafil on several distinct Alzheimer’s disease-related pheno-
types. We did not show a beneficial effect of sildenafil on
the majority of Alzheimer’s disease relevant outcomes,
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Figure 4 Effect of sildenafil on cell culture-based phenotypic assays. (A) Levels of exogenous AB|_4, in the supernatant in BV2 microglial
cells and (B) in H4-hAPP overexpressing neuroglioma cells after 24 h treatment with sildenafil. Sildenafil at the lowest concentration (0.10 pM)
significantly increased levels of AB|_4,. Levels of inflammatory cytokines (C) TNF-q, (D) IL-12p70, (E) IL- I in the supernatant of BV2 (microglial)
cells after 24 h LPS stimulation and sildenafil treatment. Sildenafil at the highest concentration (10 pM) significantly reduced secretion of TNF-a
and IL-12p70; sildenafil at the highest and lowest concentrations (10 and 0.10 uM, respectively) significantly reduced secretion of IL- | B. Error bars
in all bar graphs indicate group mean + standard deviation (SD). Individual values are shown as dots (n =6 per group). Each dot represents a

technical replicate. Group differences comparing sildenafil-treated cells to the VC or LPS control were evaluated using the one-way ANOVA test
followed by Dunnett’s multiple comparison test. Asterisks indicate significant differences between groups: * P <0.05; ** P<0.01; *** P<0.001.

VC, vehicle control (0.1% DMSO); LPS, lipopolysaccharide.

although sildenafil treatment was associated with a reduc-
tion in secretion of some pro-inflammatory cytokines after
LPS stimulation of microglial cells. An important difference
in the design of these experiments is the use of primary, iPSC
derived neurons from Alzheimer’s disease patients in Fang
et al compared to our use of multiple cell lines including
those that overexpress the phenotype of interest (i.e. tau
phosphorylation).

Prior evidence mainly from rodent and other animal models
suggest that PDES inhibitors including both sildenafil and ta-
dalafil may improve memory and cognitive function and re-
duce Alzheimer’s disease-related pathology including Af
plaques.'” However, human observational and clinical trial
evidence is limited. A recent randomized clinical trial showed
no effect of a single administration of tadalafil on CBF.?” Fang
et al.’s study?® is the first to report that sildenafil may protect
against Alzheimer’s disease in a large clinical data set. The evi-
dence in our current report is contrary to those findings.

There are several methodologic differences between the
pharmacoepidemiologic design used by Fang et al and our

study. First, Fang et al. did not restrict their analyses to a
specific indication, while our study examined the use of
PDES inhibitors compared to ERA for the same indica-
tion—i.e. PAH. We believe this difference, which likely re-
sulted in significant confounding by indication in Fang
et al.’s study, at least partially explain the significant reduc-
tion in Alzheimer’s disease incidence reported after sildena-
fil treatment. Second, as the use of PDES5 inhibitors in ED is
substantially more prevalent than PAH, it is reasonable to
assume that the Fang et al. cohort included a large majority
of patients with ED. The dose and frequency of PDES use
for ED is very different than that for PAH. For example,
the recommended dose of sildenafil for ED is 50 mg for
adults under 65 and 25 mg for adults 65 years or older no
more than once per day, whereas the recommended dose
for PAH is 5 or 20 mg three times a day for all adults.®?
Notably, the optimal dose and frequency to derive potential
cognitive benefits, and the difference between lower, more
frequent exposure versus higher and less frequent exposure
is unknown. In Fang et al.’s study, the reported average
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daily dose of sildenafil was 75 mg/day among males and
22 mg/day among females, while 99% of sildenafil initia-
tors in our cohort were treated with 20 mg/thrice a day regi-
men in accordance with recommended dose for PAH. It is
important to note however that Fang et al. did not find a
dose effect (‘average daily dosage of sildenafil was not asso-
ciated with incidence of Alzheimer’s disease’>®) and sub-
group analyses indicated similar effect estimates for
patients in both ED and PAH populations. Nonetheless, in
future studies, it would be important to compare brain tissue
accumulation of PDES inhibitors after chronic low dose ex-
posure to less frequent high dose exposure. Third, Fang et al.
restricted PDES5 use to sildenafil, whereas our study included
both sildenafil and tadalafil users (73.6% sildenafil; 26.4%
tadalafil). There is pharmacokinetic evidence that sildenafil®?
can cross the blood-brain barrier (BBB). While tadalafil can
also cross the BBB,** its permeability may be lower than that
of sildenafil. Additionally, the half-life of tadalafil is signifi-
cantly longer than that of sildenafil (17.5 hrs/4 hrs).%®
Moreover, tadalafil and sildenafil vary in selectivity to
PDES relative to other PDEs.®® Future comparative studies
are needed to determine how BBB permeability, differences
in half-life and PDE selectivity may impact any potential neu-
roprotective benefits of these drugs.

Our investigation has certain limitations. First, it is pos-
sible that our study may have been underpowered to detect
differences that are of small magnitude. Reflecting treat-
ment adherence from routine care, our average length of
follow-up was also short, which could lead to underestima-
tion of effects that require longer treatment. Next, despite
the care in design of this study with a homogenous patient
population and equivalent comparator, we cannot rule out
confounding by indication. Also, it should be noted that
while restriction to a homogenous population with diagno-
sis of PAH enables unbiased comparisons of treatment ef-
fects, this population is also atypical with a high
underlying cardiometabolic disease burden and may not
be representative of all older individuals at risk for ADRD
in routine care. Finally, cell culture-based phenotypic as-
says performed in our study only reflect discrete aspects
of Alzheimer’s disease pathogenesis and do not recapitulate
complex gene—environment interactions that underlie the
disease in older individuals.

In conclusion, our study did not provide evidence to
support the hypothesis that PDES inhibitor use reduces
risk of incident ADRD. While wider use of routinely
collected healthcare data to evaluate biological hypoth-
eses for drug repurposing is a welcome development, cau-
tion is warranted to avoid common pitfalls and
consequent overinterpretation of estimates generated
from these data.
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