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Objective: Te main goal of this study is to explore the link between herpes simplex virus 1 (HSV-1) infection and Parkinson’s
disease (PD) from the genome-wide association studies (GWAS) data and fnd the shared molecular signature for mechanism
understanding and drug repurposing from the transcriptomics data.
Methods: We used summary-level GWAS data for causal inference, exploring the association between herpes keratitis (mainly
caused by HSV-1) and PD, and used transcriptomics data to study the shared molecular signature for mechanism understanding
and drug repurposing.
Results: Te causal inference analysis implied that HSV-1 infection is related to PD. Te upregulated shared gene set between
HSV-1 infection and PD is mainly enriched in neuroinfammation, while the downregulated shared gene set is mainly enriched in
stem cell and cellular metabolism, and the drug repurposing targeted the shared molecular signature nalfurafne.
Conclusion:HSV-1 infection is related to PD, and these two diseases had shared molecular signature such as neuroinfammation
and stem cell, which could be targeted for drug repurposing.
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1. Introduction

Parkinson’s disease (PD) is defned by the degeneration of
dopaminergic neurons in the substantia nigra [1], resulting in
notable motor and nonmotor symptoms that gradually de-
teriorate over time [2, 3]. Despite numerous researches from
the perspectives of mitochondrial dysfunction, impaired
autophagy, oxidative stress, protein aggregation, neuro-
infammation, environmental and genetic status [4], and
treatment are currently only limited to symptommanagement,

with no therapies available to heal the disease [5]. Te need for
new understanding using new methods is urgent.

Herpes simplex virus type 1 (HSV-1) is a prevalent virus,
infecting about 67% of the world population under the age of
50 [6].Te relationship between HSV-1 and PD has been the
focus of many studies with contradictory fndings. Patients
with idiopathic PD exhibited elevated levels of HSV-1-
specifc antibodies and a higher occurrence of HSV-1 in-
fections [7–11]. A population-based case-control study of
incident PD among 2009 Medicare enrollees aged 66–90
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(89,790 cases, 118,095 controls) revealed that the risk of PD
was inversely associated with herpes simplex (OR 0.79, 95%
CI 0.74–0.84) [12]. Tese contradictory results might partly
be attributed to the heterogeneity of HSV-1 infections and
the limitations in observational studies, such as confounding
factors [13], selection bias [14], and reverse causation [15].

Herpes keratitis is mainly caused by HSV-1 direct in-
fection or its reactivation from latency to cornea and con-
junctiva [16]. Although the study of the relationship between
HSV-1 and PD has been the focus of many studies, the
relationship between herpes keratitis as a specifc HSV-1
infection and PD has not been explored. Investigating the
relationship between herpes keratitis as a specifc HSV-1
infection and PD, rather than broadly studying the re-
lationship between HSV-1 and PD, has scientifc advantages.
Focusing on one specifc HSV-1 infection could reduce
confounding factors from other HSV-1 infections, therefore
providing more accurate conclusion.

As for the limitations in observational studies, randomized
controlled trials (RCTs) could address these issues because the
random assignment of participants to exposure helps to ensure
that all the confounding factors are evenly distributed across all
groups. However, in the case of human herpes keratitis and PD,
RCTs are not ethical nor feasible. Mendelian randomization
(MR), as an alternative method to RCTs, uses single nucleotide
polymorphism (SNP) as instrumental variables (IVs), which
are randomly assigned at conception, independent of the
confounding factors. By using MR, the causal relationship
between herpes keratitis and PD could be tested without ethical
concerns and the limitation inherent in observational studies.
Aside from using MR as a strong tool to infer causal re-
lationship between herpes keratitis and PD, we used tran-
scriptomics data to study the potential shared molecular
signature between herpes keratitis and PD, which is important
to mechanism understanding and drug repurposing.

Our study proposed that HSV-1, specifcally in the form
of herpes keratitis, could be a causal risk factor to PD through
specifc molecular mechanisms. We chose a specifc HSV-1
infection, herpes keratitis, to avoid the confounding efect of
the heterogeneity in HSV-1 infections, and we chose MR for
its unbiased estimates of causal efects, which made it deal for
clarifying the controversial relation, and transcriptomics
analysis allowed us to capture the shared molecular feature
that might help us understand the relation between these two
diseases in a new perspective and lay the foundation for drug
repurposing. We aimed to answer the following questions: is
there a causal relationship between herpes keratitis and PD?
what are the shared molecular signatures? how might these
fndings aided in the drug repurposing? by addressing these
critical questions, our study not only clarifed the association
between herpes keratitis and PD but also found the shared
molecular signature for mechanism understanding and drug
repurposing, ofering hope for better therapeutic outcomes.

2. Materials and Methods

2.1. Study Design. All data used in this study were obtained
from the publicly accessible GWAS database without the
need for re-ethical approval. We performed a causal

inference using bidirectional MR to test the causality be-
tween herpes keratitis and PD, and the pathway analysis and
drug repurposing using shared molecular signatures were
performed. Te study workfow is depicted in Figure 1.

2.2. GWAS Data Source. Te GWAS data for this research
were sourced from publicly accessible databases (Supporting
Table S1 for details). Herpes keratitis GWAS data were
extracted from FinnGen R10 study [17], the work led by
Kurki et al. encompassing 1252 cases and 390,647 controls.
PD data were obtained from the work led by Nalls et al. [18],
including 33,674 cases and 449,056 controls. Notably, the
GWAS datasets were acquired from two sample, ensuring no
overlap among data.

2.3. Source of PD Transcriptomics Diferential Expression
Data. Te PD case versus control diferential expression
data in PPMI came from the work of Craig and collaborators,
where genetics background, age groups, and sex were con-
sidered [19–21].Tis set of bulk RNAseq data came from 4871
longitudinally collected whole-blood samples of 1570 PD
cases. Te assessment of diferential expression with adjusted
p value of less than 0.05 and a log2 fold change greater than 0.1
was detailed in the paper of Craig and collaborators.

2.4. HSV-1-Infected Fibroblast KMB17 as a Model for Tran-
scriptomics Diferential Expression Data. We used HSV-1-
infected fbroblast KMB17 transcriptomics data as a model
for HSV-1 infection, marked by accession number
GSE103763. Diferential expression analysis was conducted
using the GEO2R [22] online tool (https://www.ncbi.nlm.
nih.gov/geo/geo2r/). We employed log2 fold change greater
than 1 and adjusted P values of less than 0.05 to flter for
genes with signifcant expression diferences as seen in
Supporting Table S8.

2.5. Instrumental Variables Selection and Data
Harmonization. According to the principles of MR [23], IVs
[24] should be SNPs that closely related to the exposure. We
screened SNPs with signifcant correlation with herpes
keratitis and PD. Subsequently, we conducted linkage dis-
equilibrium (LD) analysis on the SNPs, using a 10,000 kb
window and a r2 value cutof of less than 0.001, to exclude
the mutual linkage SNPs and nonbiallelic SNPs. SNPs
exhibiting an F-statistic over 10 were selected to mitigate mild
instrument bias in MR analyses [25]. Furthermore, to ensure
the selected SNPs are consistent on efect direction and alleles
across two samples, “harmonise_data” function is used to
check for SNPs with inconsistent directions, palindromic
SNPs, and SNPs with mismatched frequencies [26].

2.6. Bidirectional Two-Sample MR. For bidirectional two-
sample MR, herpes keratitis and PD were studied alternately
as exposure and outcome. We applied several MR methods
to each direction of estimation. All analyses were performed
based on the “TwoSampleMR” R package [27, 28]. Te
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inverse variance weighted method (IVW) is the main MR
approach which utilized meta-analytical methods to con-
solidate theWald ratios indicative of the causal efects linked
to each individual SNP [29, 30]. Te weighted median
method is a robust causal estimate method. Weights for each
SNP were calculated based on the inverse of the standard
error of its efect size. Te simple mode method selects the
most common causal estimate mode observed across a set of
IVs as the fnal causal efect estimate. While the weighted
mode method integrates the weights calculated for each SNP
based on the inverse of the standard error of its efect size
and uses the weighted median estimator to provide a robust
causal estimate. Bayesian weighted median regression
(BWMR) uses Bayesian approaches combined with weighted
median estimates to provide a more fexible and informative
statistical estimate of the causal efect [31]. Te strength of
the causal inference was evaluated by Cochran’s Q statistics,
MR-Egger intercept tests, and leave-one-out sensitivity
analyses [32]. Cochran’s Q statistics evaluated heterogeneity
in IVW models [33]. Te MR-Egger regression is used to
detect and adjust for pleiotropy bias of genetic instruments.
It introduces an intercept to assess the average pleiotropic
efects across IVs and allows for the IVs’ efects to be partially
independent of the exposure [34]. A nonzero intercept in the
MR efect estimates of IVs implies the existence of horizontal
pleiotropy [35].

2.7. Pathway Enrichment Analysis. Pathway enrichment
analysis was performed for the shared upregulated gene set
and shared downregulated gene set among herpes keratitis
and PD, using Metascape (http://metascape.org) [36]. Te

analysis included KEGG pathway, GO biological processes,
reactome gene sets, and others. Te minimum overlap, p-
value cutof, and enrichment factor settings were kept at
default values provided by Metascape, ensuring a strict
fltering of statistically signifcant pathways, and the bar plot
was drawn by “ggplot2” R package.

2.8. Drug-Repurposing Analysis Using IDG Drug Target 2022.
To explore the potential drug targets associated with the
shared upregulated gene set and shared downregulated gene
set among herpes keratitis and PD, the Enrichr [37] (https://
maayanlab.cloud/Enrichr/) was used. Specifcally, we used
the Illuminating the Druggable Genome (IDG) Drug Target
2022 library, which incorporated the latest information on
drug targets collected from the up-to-date genomic and drug
research [38]. Te results were determined by the adjusted p
value (< 0.05) provided by Enrichr.

3. Results

3.1. Testing theUnidirectional Causal Efect ofHerpesKeratitis
on PD. We extracted 45 SNPs as IVs from the herpes
keratitis GWAS dataset, details including p values, beta
coefcients, and standard errors and the efect allele can be
seen in Supporting Table S2, and we selected 112 SNPs as IVs
from the PD GWAS dataset, details seen in Supporting
Table S3. Furthermore, we calculated the F-statistic for each
SNP, which all exceeded 10. Using IVW as the primary
method, our analysis revealed a causal infuence of herpes
keratitis on PD. Tis suggested that herpes keratitis is as-
sociated with a higher odd of developing PD, details seen in
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Figure 1:Te study fowchart presents an integration of GWAS data and transcriptomics to study the relationship between HSV-1 and PD.
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Figure 2(a). Tis result was validated by BWMR, and
complemented by MR Egger, weighted median, simple
mode, and weighted mode, details seen in Supporting
Figure S2. Characteristic of the herpes keratitis-related ge-
netic variants and their efects on PD is detailed in Sup-
porting Table S4. Characteristic of the PD-related genetic
variants and their efects on herpes keratitis is detailed in
Supporting Table S5. Efect estimates of the associations of
herpes keratitis and Parkinson’s disease after excluding
outliers SNPs are detailed in Supporting Table S6. Te MR-
Egger regression analysis showed an Egger intercept of
0.006230545 with a nonsignifcant p value of 0.55215,
suggesting no evidence of horizontal pleiotropy. Te MR-
PRESSO global test showed a residual sum of squares
(RSSobs) of 56.03422 with a nonsignifcant p value of 0.163,
suggesting no horizontal pleiotropy. Te IVW heterogeneity
test showed a Q-value of 52.90191 with a nonsignifcant p
value of 0.16812, suggesting no heterogeneity among the IVs.
Te MR-Egger heterogeneity test showed a Q-value of
52.46377 with a nonsignifcant p value of 0.15275, also
suggesting no heterogeneity. Te symmetric funnel plots
supported the lack of substantial bias in SNP selection, as
seen in Supporting Figure S1(A). Te scatter plot illustrated
the causal association between herpes keratitis and PD,
shown by the slope of the line, which varies based on the MR
tests, as seen in Supporting Figure S2(B). Te causal re-
lationship between herpes keratitis and PD is evaluated
using IVW methods for each specifc SNP, as seen in
Supporting Figure S1(C). Te forest plot illustrated the
leave-one-out analysis. Each dot represented the MR esti-
mate result using IVW that excludes the particular SNP, as
seen in Supporting Figure S1(D). We further explored the
causal efect of PD on herpes keratitis. Using IVW as the
primary method, our analysis revealed no causal infuence of
PD on herpes keratitis, details shown in Figure 2(b). Tis
outcome was verifed by BWMR and supplemented by MR
Egger, weighted median, simple mode, and weighted mode,
details shown in Supporting Figure S3. Te assessment of
heterogeneity and horizontal pleiotropy using various
methods could be found in Supporting Table S7. Te MR-
Egger regression analysis showed an Egger intercept of
−0.001123141 with a nonsignifcant p value of 0.912001,
suggesting no evidence of horizontal pleiotropy. Te MR-
PRESSO global test showed RSSobs of 102.3366 with
a nonsignifcant p value of 0.735, suggesting no horizontal
pleiotropy. Te IVW heterogeneity test showed a Q-value of
99.99259 with a nonsignifcant p value of 0.764103, sug-
gesting no heterogeneity among the IVs. Te MR-Egger
heterogeneity test showed a Q-value of 99.98032 with
a nonsignifcant p value of 0.742762, also suggesting no
heterogeneity.

3.2. Exploring Shared Molecular Signatures Between Herpes
Keratitis and PD. Te PD case versus control diferential
expression data in PPMI came from the work of Craig and
collaborators, and we used HSV-1 infected fbroblast
KMB17 transcriptomics data as a model for herpes keratitis.
Overall, 100 shared upregulated genes between herpes
keratitis and PD were found as in Figure 3(a), detail seen in

Supporting Table S9, and the pathway analysis on the shared
upregulated gene set was mainly enriched in “G0:0043122:
regulation of canonical NF-kappaB signal transduction,”
“M166: PID ATF2 PATHWAY,” “G0:0002718: regulation of
cytokine production involved in immune response,” “R-
HSA-6798695: neutrophil degranulation,” and “R-HSA-
375165: NCAM signaling for neurite out-growth,” as in
Figure 3(c), detail seen in Supporting Table S10. 64 shared
downregulated genes between herpes keratitis and PD are
found as in Figure 3(b), detail seen in Supporting Table S9,
and the pathway analysis on the shared downregulated gene
set was mainly enriched in “WP3888: VEGFA VEGFR2
signaling,” “GO:0072089: stem-cell proliferation,” “G0:
0034764: positive regulation of transmembrane transport,”
“G0:0010720: positive regulation of cell development,” and
“G0:0044089: positive regulation of cellular component
biogenesis,” as in Figure 3(d), detail seen in Supporting
Table S11.

3.3. Drug-Repurposing Analysis Using IDG Drug Target 2022.
We explored the potential drug targets associated with the
shared upregulated gene set and shared downregulated gene
set among herpes keratitis and PD, using the Enrichr.
Specifcally, we used the IDG Drug Target 2022 library,
which incorporated the latest information on drug targets
collected from the up-to-date genomic and drug research.
Te results were determined by the adjusted p value (< 0.05)
provided by Enrichr. Te top 10 drugs targeting shared
upregulated gene set between herpes keratitis and PD,
ranked by minimum adjusted P value, as shown in Table 1,
detail seen in Supporting Table S12, and the top 10 drugs
targeting shared downregulated gene set between herpes
keratitis and PD, ranked by minimum adjusted P value, as
shown in Table 2, detail seen in Supporting Table S13. Te
results showed that nalfurafne is the only drugmolecule that
interacted with the shared upregulated gene set among
herpes keratitis and PD.

4. Discussion

Although extensive research efort already put on the theory
of mitochondrial dysfunction, impaired autophagy, oxida-
tive stress, protein aggregation, neuroinfammation, and
environmental and genetic status, current treatments for PD
are still limited to symptom management and are unable to
heal the disease. Terefore, it is urgent to expand our un-
derstanding using new methods from new another per-
spective. Von Economo was the frst researcher to propose
a possible correlation between viral infections and PD; he
found that the lethargic encephalitis was associated with the
infammation in the midbrain tegmentum and substantia
nigra, which is linked to PD [39]. Subsequent research
demonstrated that a highly pathogenic H5N1 infuenza virus
may infltrate the central nervous system, resulting in
neuroinfammation and neurodegeneration, including PD
[40]. Among the studies on viral infections and PD, many
have pointed toward a complex relation between HSV-1
infection and PD. Marttila R.J. and collaborators found an
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Figure 2: Forest plot of bidirectional MR results using IVW and BWMR. (a) Using IVW and BWMR to test the causal relationship between
herpes keratitis (exposure) and PD (outcome). IVW: OR� 1.0484, 95% CI� 1.0119–1.0863, p� 0.0090∗; BWMR: OR� 1.0565, 95%
CI� 1.0140–1.1008, p� 0.0087∗. (b) Using IVW and BWMR to test the causal relationship between PD (exposure) and herpes keratitis
(outcome). IVW: OR� 1.0098, 95% CI� 0.9427–1.0817, p� 0.7808; BWMR: OR� 1.0185, 95% CI� 0.9451–1.0976, p� 0.6307.∗: p< 0.05.
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Figure 3: Shared molecular signatures analysis between herpes keratitis and PD. (a) Shared upregulated gene set. (b) Shared downregulated
gene set. (c) Pathway analysis on the shared upregulated gene set. (d) Pathway analysis on the shared downregulated gene set.
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increased level of IgG antibodies against HSV-1 in the PD
group [7]. Marttila R. and collaborators found that PD
patients had higher levels of serum antibodies against HSV-1
compared to controls, suggesting a possible immune re-
sponse to the virus. However, cerebrospinal fuid (CSF)
analyses show no changes of antibodies against HSV-1
compared to controls, suggesting that HSV-1 might infu-
ence PD through infammation rather than direct nervous
system infection [9]. Agostini and collaborators found that
higher serumHSV-1-specifc antibody titers were seen in PD
patients compared to HC, and the polymorphisms of the
HSV-1 infection-related gene PILRA was involved, sug-
gesting HSV-1 might infuence PD through neuro-
infammation [41]. However, Camacho-Soto A and
collaborators found that rather than contributing to the
development of PD, HSV-1 and -2 infections might actually
be associated with a reduced risk of PD, based on a pop-
ulation-based case-control study involving 2009 Medicare
benefciaries aged 66–90 years (89,790 cases, 118,095 ran-
domly selected comparable controls), suggesting future
studies to test if this inverse association is causal [12]. Tese
contradictory results on the complex relation between HSV-
1 infection and PD might partly be attributed to the het-
erogeneity of HSV-1 infections and the limitations in ob-
servational studies, such as confounding factors [13],
selection bias [14], and reverse causation [15]. Te global

seroprevalence of HSV-1 is above 60%, and almost all adults
over 50 have been exposed to the varicella zoster virus
(VZV), although the lifetime prevalence of PD is still low
[42, 43]. Tis diference means that only a limited group of
people who are vulnerable may move from being exposed to
a virus to having their nerves break down. A recent meta-
analysis indicated that herpes zoster is associated with
a marginally elevated risk of Parkinson’s disease (HR� 1.15,
95% CI 1.03–1.30), reinforcing the hypothesis that viral
reactivation may serve a contribution rather than a de-
terministic function [44].

To reduce the heterogeneity efect of HSV-1 infections,
our study focused on one specifc HSV-1 infection, herpes
keratitis, and to test the causal relationship between herpes
keratitis and PD, we used bidirectional MR for causal in-
ference. 45 SNPs were extracted from the herpes keratitis
GWAS dataset as IVs. Te IVs we chose met the three main
assumptions (relevance, independence, and exclusion re-
striction) inMR. First, to meet the relevance assumption, the
selected IVs were strongly correlated with the exposure,
tested using F-statistic greater than 10, reducing the weak
instrument biases. Second, to meet the independence as-
sumption, multiple IVs were selected from GWAS data,
which were not associated with confounding factors. Tird,
to meet the exclusion restriction assumption, MR-Egger
regression and leave-one-out analysis were performed.
MR-Egger regression tested the direct efect of IVs on the
outcome by the intercept. If the intercept is signifcantly
diferent from zero, it shows the evidence of horizontal
pleiotropy, violating the exclusion restriction. Te leave-
one-out analysis involves recalculating the estimate multiple
times, each time omitting one of the IVs. If the estimates
vary widely with the exclusion of one specifc IVs, it indicates
the violation of the exclusion restriction. Te IVs themselves
are not directly related to the outcomes. In MR, IVs are used
only to test the causal relationships between exposures and
outcomes.

With 45 IVs selected from herpes keratitis GWAS
dataset, the IVW as the main method showed a causal in-
fuence of herpes keratitis on PD, suggesting that herpes
keratitis is associated with a higher odd (about 4.8%) of
developing PD. Te robustness of our fndings is supported
by complementary MR methods, especially the BWMR
method, which also indicated the causal efect of herpes
keratitis on PD. Te MR-Egger regression analysis and MR-
PRESSO global test showed no evidence of horizontal
pleiotropy. Te IVW and MR-Egger heterogeneity test
showed no heterogeneity among the IVs. In a similar
process, with 112 IVs selected from the PD GWAS dataset,
our analysis revealed no causal infuence of PD on herpes
keratitis. Our study indicated the unidirectional causal efect
of herpes keratitis on PD. Our study showed the frst evi-
dence of a unidirectional causal relationship between herpes
keratitis, primarily induced by HSV-1 infection, and PD.
Tis causal inference discovery added new evidence to the
viral infection theory of the PD’s etiology.

Our transcriptomic analyses provided further insight
into the shared molecular features between herpes keratitis
and PD. Te PD case versus control diferential expression

Table 1: List of top 10 drugs targeting shared upregulated gene set
between herpes keratitis and PD, ranked by minimum adjusted P
value.

Term Gene p value Adjusted P
value

Nalfurafne ACHE; CACNA1F 0.0062 0.0368

Cisplatin ACHE; NT5E;
SLC2A4 0.0066 0.0681

Tannic acid CACNA1F 0.0159 0.0681
Zafrlukast SLC12A3 0.0159 0.07031
Nelfnavir ACHE 0.0159 0.07031
Sulconazole ACHE 0.0159 0.1032
Hexachlorophene SLC12A3 0.0159 0.1077
Bosutinib SLC12A3 0.0159 0.1273
Sorafenib SLC12A3 0.0159 0.1273

Table 2: List of top 10 drugs targeting shared downregulated gene
set between herpes keratitis and PD, ranked by minimum adjusted
P value.

Term Gene p
value

Adjusted p
value

Nifedipine ACHE;
CACNA1F 0.0062 0.0828

Quercetin ACHE; NT5E;
SLC2A4 0.0066 0.0828

(S)-Nitrendipine CACNA1F 0.0159 0.0828
Cyclothiazide SLC12A3 0.0159 0.0828
Alfuzosin ACHE 0.0159 0.0828
Stearic acid ACHE 0.0159 0.0828
Hydrochlorothiazide SLC12A3 0.0159 0.0828
Bendrofumethiazide SLC12A3 0.0159 0.0828
Benzthiazide SLC12A3 0.0159 0.0828
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data in PPMI was derived from the research by Craig and
collaborators. Additionally, we used transcriptomics data
from HSV-1-infected fbroblast KMB17 as a model for
herpes keratitis. We found 100 shared upregulated genes and
64 shared downregulated genes, which showed molecular
bases for the shared molecular features between herpes
keratitis and PD.

Te patients’ genetic backgrounds substantially infu-
ence the clinical outcomes and the age of onset of PD
[20, 21]. Certain variants infuence clinical trajectories dif-
ferently: alleles in the GBA gene (e.g., p.E326K, p.N370S, and
p.T369M) correlate with varying rates of motor and cog-
nitive decline, whereas variants in MAPT and SNCA are
associated with disparities in motor progression and disease
severity. LRRK2 mutations yield diverse outcomes; specif-
ically, G2019S carriers frequently exhibit a more gradual
decline in motor function relative to R1441C carriers, which
operate via distinct molecular pathways. Cumulative genetic
risk scores (GRS), calculated from the additive efects of
various SNPs, have demonstrated the ability to forecast the
pace of disease progression. Individuals with elevated GRS
values attain Hoehn and Yahr stage 3 more swiftly, dem-
onstrating an earlier age of onset in comparison to those
with lower scores [20]. Overall, these results show that
uncontrolled genetic diversity in trial groups can skew re-
sults. Te datasets utilized in our study already address the
concern regarding genetic background and age of onset. Te
PD case versus control diferential expression data in PPMI
came from the work of Craig and collaborators, where
genetics background and age groups were considered [19].
So we are confdent that our observed associations between
HSV-1 infection and PD are not confounded by genetic
background.

Sex related diferences in PD are recognized across
epidemiology, clinical presentation, and molecular level
[45]. Epidemiologically, men exhibit roughly 1.5–2 times
higher prevalence and incidence than women, with onset
occurring on about 2.2 years earlier and mortality risk being
slightly higher in males [46–49]. Clinical presentations also
difer: women more often present with tremor-dominant
disease and milder early motor impairment, whereas men
develop greater rigidity, gait abnormalities, and postural
issues [50, 51]. Nonmotor features also diverge.Womenwith
PD report more anxiety, depression, fatigue, pain, and
dysautonomia, while men more frequently show orthostatic
hypotension, urinary dysfunction, and REM sleep behavior
disorder [52–54]. Cognitive outcomes follow a similar sex
bias: male PD patients are at higher risk of cognitive decline
and dementia, often with defcits in executive function and
verbal fuency, whereas women are relatively protected,
though they may present more visuospatial defcits [55]. At
the molecular level, estrogen enhances dopaminergic resil-
ience through mitochondrial stabilization, anti-
infammatory signaling, and modulation of α-synuclein
aggregation, while its decline after menopause coincides
with rising female PD incidence [48, 56–60]. While sex
diferences are critical in PD, the PD case versus control
diferential expression data in PPMI came from the work of
Craig and collaborators, where sex factor was considered

[19]. So we are confdent that our observed associations
between HSV-1 infection and PD are not confounded by sex
background.

Our study of pathway analysis on the shared upregulated
gene set was mainly enriched in “G0:0043122: regulation of
canonical NF-kappaB signal transduction,” “M166: PIDATF2
PATHWAY,” and “G0:0002718: regulation of cytokine pro-
duction involved in immune response.” Tese results pro-
vided critical insights into the potential mechanisms by which
herpes keratitis might infuence the PD, highlighting the
infammatory processes. Te NF-κB signaling pathway plays
an important role in both herpes keratitis and PD. In the
HSV-infected human corneal epithelial cells, activated NF-κB
signaling is associated with proinfammatory cytokines such
as IL-6, IL-8, and TNF-α [61]. In PD, NF-κB signaling is
associated with NLRP3 infammasome andNotch signaling in
microglia, which releases the proinfammatory cytokines and
exacerbates neuroinfammation, promoting neuronal damage
[62–64].Te p38MAPK/ATF-2 pathway is associated with the
survival of neuronal cells and infammation [65]. Cytokine
production in the immune response is important to both
herpes keratitis and PD. In herpes keratitis, IL-17 binding to
TNF-α or IFN-γmay stimulate the synthesis of IL-6, IL-8, and
MIP3-α, leading to the progression of infammation [66]. Te
presence of chemokines in the cornea infected with HSV-1
signifcantly afects the infammatory cell infltration into the
cornea [67]. In PD, levels of serum cytokines, including IL-1ß,
IL-2, IL-10, IFNγ, and TNF-α, have been shown to be as-
sociated with the severity and progression of PD symptoms
[68–72]. Vitiligo is similar to PD, as another type of melanin-
containing cell (melanocytes) is damaged in vitiligo; both
melanocytes and dopaminergic neurons are melanin-
containing cells and may share vulnerabilities to immune-
mediated damage because of HSV-1 infection [73–75].

Our study of pathway analysis on the shared down-
regulated gene set was mainly enriched in “WP3888: VEGFA
VEGFR2 signaling,” “GO:0072089: stem-cell proliferation,”
and “G0:0034764: positive regulation of transmembrane
transport.” Tese results provided critical insights into the
potential mechanisms by which herpes keratitis might in-
fuence the PD, highlighting several pathways that are crucial
for cellular maintenance and development. Astrocytic-
derived VEGFA is crucial in PD for its involvement in
the breakdown of the blood–brain barrier (BBB), which is
essential for normal brain function, synaptic remodeling,
and angiogenesis [76]. Te enrichment of stem-cell pro-
liferation implies the essence of PD. PD is defned by the
progressive loss of dopaminergic neurons in the substantia
nigra, with the accumulation of Lewy bodies and a decline in
the neural regenerative capacity [77, 78].

Our analysis identifed nalfurafne as the only potential
therapeutic drug molecule that interacts with the shared
upregulated genes between herpes keratitis and PD. As
a kappa-opioid receptor agonist [79], nalfurafne was syn-
thesized by structural modifcation of the opioid antagonist
naltrexone. It is an antipruritic medication used in Japan to
treat uremic pruritus in persons with chronic kidney disease
who are receiving hemodialysis [80]. It was the frst selective
KOR agonist that was authorized for clinical usage [81, 82].
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Recent study found that nalfurafne could alleviate herpetic
and post-herpetic pain dose-dependently inmice [80], and the
application of nalfurafne directly onto the cornea efectively
reduces neovascularization and infammation [83]. Nalfur-
afne has shown efect on neuroprotection [84], remyelination
[79], and reduction of levodopa-induced dyskinesia [85].
Combined with our study, it is probable that nalfurafne could
be used for pain and infammation management in herpes
keratitis patients and for the management of the PD risk.

Our fndings about therapeutic implications are hy-
pothesis generating. No randomized controlled studies
(RCTs) that look into whether antiviral therapy or the herpes
vaccine have an infuence on PD. Nonetheless, observational
data collected by Lehrer and Rheinstein (2022) revealed that
U.S. states with a greater frequency of Parkinson’s disease
had lower shingles vaccination rates among those aged ≥ 60,
and vaccination was associated with a reduced risk of de-
mentia [86]. Tese observational correlations are unable to
establish causality, and thementions of antivirals or κ-opioid
receptor agonists (such as nalfurafne) in this paper are
possible future directions, not clear clinical guidance.

5. Conclusions

Tis study establishes a causal link between herpes keratitis and
PD using GWAS and transcriptomic data, and these two
diseases had shared molecular signature such as neuro-
infammation and stem cell. Additionally, our fndings high-
lighted nalfurafne as a promising drug-repurposing candidate.
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