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Abstract

Background Parkinson’s disease (PD) is a neurodegenerative condition that is characterized by a progressive decline
of neural pathways, and its pathology is associated with alpha-synuclein abnormalities. Currently, infertility affects
about 10% of individuals of fertile age within the USA. Interestingly, an increased length of fertility is associated

with a decreased incidence of PD. Our study utilized QIAGEN's Ingenuity Pathway Analysis (IPA) to identify and analyze
molecular pathways that affect the underlying connection between alpha-synuclein (SNCA)-associated Parkinson’s
disease (PD) and infertility condition (IC). Furthermore, we explored nicotine’s potential as a therapeutic in preventing
the exacerbation of IC in terms of SNCA.

Results Although the connection between SNCA-related PD and IC is not well explored, the Qiagen Knowledge Base
(QKB) showed an overlap of 12 distinct molecules between SNCA and IC. These molecular pathways were established
by adding SNCA and IC to “Pathway Explorer”and establishing connections to distinct molecules including tran-
scription regulators, cytokines, and other enzymes/proteins. The Molecule-Activity-Predictor (MAP) tool predicted
that SNCA activation would lead to an exacerbation of PD and IC with the potential involvement of dihydrotestos-
terone (DHT) and caspases. Specifically, it was found that SNCA decreased MAPK8 expression, which led to a down-
stream upregulation of IC. Activation of nicotine within this overarching molecular network resulted in a downregula-
tion in both PD pathology and IC.

Conclusions Together, these findings reveal a possible connection between infertility condition and genes regu-
larly associated with alpha-synuclein-related Parkinson’s disease while identifying nicotine as a potential therapeutic
application.
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Background

Parkinson’s disease (PD) is a chronic neurodegenerative
disease that is indicative of motor and nonmotor loss and
is characterized by limited mobility as well as decreased
muscle control [1]. PD symptoms stem from the loss of
striatal dopaminergic neurons as well as neuronal loss in
nondopaminergic areas which contribute to the nonmo-
tor symptoms associated with the disease [1]. The typical
age of onset for Parkinson’s disease is 55—65 years, affect-
ing 1-2% of the population and increases to 3.5% at the
ages of 85-89 years [2]. Although it is uncommon to see
PD diagnosed in young patients, 5% of PD cases occur
before the age of 40 which is an important part of their
reproductive years [3]. The pathogenesis of PD suggests
that alpha synuclein (SNCA) neuronal transmission in
its oligomerized state can be associated with cytotoxic-
ity that leads to the progression of neurodegeneration,
contributing directly or indirectly to 90% of PD cases [4].
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Additionally, a missense mutation of SNCA is found to
be a major component of Lewy bodies (LBs) which form
protein aggregates associated with the prognosis of PD
[4-6]. The oligomeric conformations, named protofibrils,
interfere in cellular homeostasis by causing neuronal
death and the mechanisms of action are through intracel-
lular targets that disrupt synaptic functions [7].
Infertility condition (IC) is defined separately in
males and females. For females, IC is defined as the
inability to conceive after one year of unprotected
sexual intercourse and is sometimes associated with
diseases such as endometriosis, uterine fibroids, and
thyroid disease, although its cause can remain unex-
plained in other situations [8]. For males, infertility is
defined as low sperm count and low testosterone and is
found to be present in 9% of males within reproductive
age and about 11% of females [8—10]. Increased length
of fertility has been associated with a delay in the age
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of PD onset. For females, 1 year of prolonged fertility
leads to a delay of PD for 0.7 years [11]. The role estro-
gen has on PD is not yet well understood; however,
endogenous estrogen, as well as a person’s number of
children, age of menopause, and the reproductive life
span were all associated with delayed onset of PD [10].
Prior studies on rat models have shown that elevated
dihydrotestosterone (DHT) levels exacerbate infertil-
ity through reducing gonadotropins and overall con-
centration of androgens which led to testicular atrophy
[12]. However, other studies have shown that DHT
has no deleterious effect on the fertility index of male
rats and can even improve their fertilizing ability when
they are simultaneously treated with tamoxifen [13].
On the other hand, the elevated DHT levels also affect
hippocampal synaptic plasticity, delaying the progres-
sion of Alzheimer’s disease-associated dementia (AD
dementia) [14]. To combat the cytotoxic nature of the
oligomeric SNCA, nicotine has been found as a pos-
sible therapeutic. Nicotine stimulates the nicotinic
acetylcholine receptors (nAChRs) of dopaminergic
neurons which are usually damaged in PD and lead to
the motor symptoms associated with the disease [15].
Many andrological pathologies have shown that cas-
pases are well-characterized in the apoptotic cascade
specifically pertaining to spermatocytes [16]. Caspases
are implicated in the infertility condition of males spe-
cifically through the impairment of spermatogenesis,
upregulation of sperm DNA fragmentation, decreased
sperm motility, testicular torsion, and immunological
fertility [17].

The goal of the present study was the exploration
of Parkinson’s disease (PD)-related alpha-synucleins
(SNCA) and their involvement in infertility condi-
tion (IC). A specific focus was given to examining the
molecular roles of dihydrotestosterone (DHT) and
caspases (CASP) within these intermediary molecular
pathways due to previous literature indicating their
involvement in IC. Also, nicotine was explored as a
potential therapy for SNCA-mediated IC. QIAGEN’s
bioinformatics tool Ingenuity Pathway Analysis (IPA)
was utilized in order to create molecular networks and
examine the specific biological roles of these speci-
fied molecules. The molecular networks were then
compared to findings within the QIAGEN Knowledge
Base (QKB) utilizing the canonical pathway analy-
sis and other statistical methods. Unlike a traditional
meta-analysis, the present study sought to examine
the specific molecular roles of each molecule in the
pathway between infertility condition and alpha-synu-
clein-induced Parkinson’s disease based on the curated
findings of the QIAGEN Knowledge Base.
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Methods

Ingenuity pathway analysis software

IPA is a bioinformatics software tool used for data min-
ing and utilizes the information of canonical pathways
which were established from hundreds of thousands of
literature studies curated by QIAGEN scientists to aid in
interpreting and analyzing various molecular pathways
(Fig. 1). A variety of tools were utilized to generate path-
ways displaying the molecular networks associated with
SNCA, IC, and their intermediary molecules to test dif-
ferent functional hypotheses. The bioinformatics tool
utilized data from the QIAGEN Knowledge Base (QKB)
between February 5, 2022, and April 14, 2022.

IPA “My pathway”: identifying overlapping molecules
between alpha-synuclein and infertility condition

SNCA and IC were placed in a network by utilizing the
“My Pathway” tool. The “Grow” tool was used and found
1179 associated molecules with SNCA and 338 associ-
ated molecules with IC. These molecules were found in
several cell types/tissues, and all models were considered
which included human, rodent, and cell culture datasets.
Then, the “Pathway Explorer” tool enabled the explora-
tion of the intermediary molecules between SNCA and
IC. There were 12 intermediary molecules found that
directly linked SNCA and IC. To ensure the intermedi-
ary molecules were downstream of SNCA and upstream
of IC, the unidirectional setting within the “Pathway
Explorer” tool was utilized. This was done to ensure that
only the direct effects of SNCA activation on these inter-
mediary molecules and then on IC were explored. Also,
the “Trim” tool was used to remove molecules, such as
those not naturally occurring in the biological systems of
humans and mammals (i.e., non-endogenous mamma-
lian chemicals, chemical drugs, toxicants). The removal
of these identified molecules is based on datasets stored
within the QKB. In this instance, molecules not labeled
as naturally occurring within humans and mammals were
removed from the associated molecule list.

As the activity of a molecule in the pathway is simu-
lated to be inactivated or activated, the “Molecular Activ-
ity Predictor” (MAP) tool predicts the activity of cellular
functions, diseases, and molecules in response to the
simulation of change in expression of a molecular node.
The literature findings in the QKB, with the use of the
“MAP” tool, demonstrated how the relationship of simu-
lating activation of SNCA affected IC. This analysis pro-
vided insight on the possible roles of DHT and caspases
have indirectly on promoting IC pathologies. Further-
more, this activity prediction by the “MAP” tool allowed
nicotine to be examined as a possible therapeutic agent.
For the analyses above and presented further below, the
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Fig. 1 The workflow utilized from QIAGEN's Ingenuity Pathway Analysis (IPA) bicinformatics software for data mining. The “Grow,"“Connect,’
“Pathway Explorer,"and “Molecule Activity Predictor” (MAP) tool within the “My Pathway” feature were utilized to create biological networks

that illustrated the connectivity between various nodes. Furthermore, Kramer’s methodology for downstream effect analysis was used to quantify
the expression changes predicted by the “MAP"tool. Also, the “Core Analysis: Expression Analysis”feature was used to compare the molecules
within the generated molecular pathway with canonical pathways stored within QIAGEN's knowledge base (QKB)

sex differences in infertility condition were not differen-
tiated, since the data for female and male infertility was
limited within the QKB at the time of the study.

Quantitative analysis of the effect activation

of alpha-synuclein on infertility condition

The changes in expression of the activation of SNCA on
IC determined by the “MAP” tool were quantified using
the algorithm “Kramer’s Methodology for Downstream
Effect Analysis,” which uses the information from the
QKB to generate data points [18]. The algorithm solely
considers literature data points downstream of the ini-
tial connection; thus, only the unidirectional analysis in
Fig. 2a and b was utilized for the analysis. The activation
z-scores for the intermediary molecules downstream of
SNCA and upstream of IC were determined by Kramer’s
algorithm using 78 references from the QKB to further
elucidate the predicted effect of SNCA activation on

IC expression determined by the “MAP” tool. The scale
for the expression change (z-score) for each molecule is
between —2 and + 2. The value of+ 2 represents a strong
excitatory relationship, whereas—2 represents a strong
inhibitory relationship. Thus, Kramer’s analysis was uti-
lized to quantify the change in magnitude of the activ-
ity of intermediary molecules upon IC when SNCA is
activated.

Core analysis: expression analysis of canonical pathways

The molecular pathway exhibiting the relationship
between SNCA and IC generated with the “My Path-
way” tool was further analyzed by utilizing the IPA tool
“Core Expression Data Analysis” and provided multiple
analyses including an “Upstream Analysis,” analysis of
diseases related to the molecular pathway, and “Canoni-
cal Pathway Analysis” The “Canonical Pathway Analy-
sis” involves the generated pathway between SNCA and
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Fig. 2 a Molecular network illustrating the connectivity and relationships of the 12 overlapping molecules between activated SNCA and IC
with the addition of DHT. b Molecular network illustrating the connectivity and relationships of the 12 overlapping molecules between activated
SNCA and IC with the addition of activated DHT
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IC being compared to the 705 canonical pathways of the
QKB resulting in the determination of overlapping mol-
ecules between the two datasets. The “Canonical Pathway
Analysis” provided an analysis of the biological canoni-
cal pathways that likely correlated with the intermedi-
ary molecules between SNCA and IC. These canonical
pathways are pathways that QIAGEN has established
and stored within the QKB based on data from hun-
dreds of thousands of studies which were then verified
and established by researchers through manual curation.
Additionally, the right tailed p-value from the Benjamini-
Hochberg-corrected Fisher’s exact test was assigned to
the molecular dataset to indicate the probability of the
number of molecules overlapping between the canoni-
cal pathways and the molecular dataset. To mediate any
potential biases, a negative control “Canonical Pathway
Analysis” was conducted, between kidney disease (not
severe enough to be associated with kidney failure) and
IC since no priori-associations between the diseases were
found during broad literature searches and within the
QKB itself. The negative control was run to ensure that
the connections found between the molecular data set
and PD was not due to biasing of curated literature data-
points within the QKB.

Results

Molecular pathway analysis of molecules mediating

the relationship between alpha synuclein and infertility
condition

The “MAP” tool generated a connectivity map illustrating
the relationship between SNCA and IC. The 12 interme-
diary molecules in Figs. 2a and b are organized based on
the cellular location directly linking SNCA with IC and
were the focus of the study as they conveyed the potential
pathway between PD-associated SNCA and its effect on
IC. The next step involved adding DHT to the pathway
as literature studies revealed DHT as a significant con-
tributor to infertility conditions. DHT was connected to
the pathway, and its relevant intermediary connections
to SNCA, PD, and IC were established using the “Con-
nect” and “Pathway Explorer” tools. A key feature of the
“MAP” tool is the ability to visually quantify the level of
activation of the molecules based on the opacity of the
coloration: a greater degree of coloration represents a
greater magnitude of change of activation or inhibition,
orange indicates upregulation, and blue indicates down-
regulation. The “Kramer’s Methodology for Downstream
Effect Analysis” is able to assign a z-score valuation to
this opacity by examining the number of associated liter-
ature studies that indicate an excitatory relationship (up
to+2) or inhibitory relationship (up to—2). The “MAP”
tool was utilized to activate SNCA which predicted no
activation of DHT, upregulation of IC, and upregulation
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of PD, which can be visualized by the orange coloration
(Fig. 2a). The upregulation of IC by SNCA appeared to
be specifically mediated through molecular interactions
with mitogen-activated protein kinase 8 (MAPKS8) and
calcium (Ca*"); however, the connection (upregulation
or downregulation) of Ca** was inverse of its down-
stream activity which is shown by the yellow coloration
of the dotted line. This indicates that the current activ-
ity of Ca’" cannot be determined. However, the figure
demonstrates that SNCA activation causes a downregu-
lation of MAPKS which then leads to an upregulation of
molecules associated with IC pathology. Then, the MAP
tool was utilized to activate SNCA and DHT which pre-
dicted the downregulation of IC which can be visualized
by the blue coloration, but this maintained the upregula-
tion of PD as observed through the node’s orange colora-
tion (Fig. 2b). The connection between MAPKS8 and IC
switched from indirectly upregulating IC (orange dotted
line) to being opposite its downstream activity (yellow
dotted line). Meanwhile, the connection between Ca®*
and IC changed from opposite its downstream activity
(yellow dotted line) to downregulating IC (blue dotted
line) when DHT is simultaneously activated with SNCA.

Canonical pathway analysis of the molecular network

of molecules affected by activation of alpha-synuclein

and infertility condition

The “Core Analysis, Expression Analysis” tool was used
to compare the 705 canonical pathways of the QKB with
the 12 intermediary molecules associated with SNCA
and IC. Figure 3 reveals the 10 canonical pathways with
the largest p-values [-log(p-value)]. The canonical neuro-
inflammation signaling pathway had the greatest overlap
with the molecular data set with a p-value=9.48x1071°
[-log(p-value) =14.023] and a 3.3% overlap. The neu-
roinflammation signaling pathway relates to the cell
death of andrological cells which is one of the patholo-
gies related to IC, therefore indicating neuroinflam-
mation’s potential role in IC [19]. Another significant
canonical pathway was the amyloid processing path-
way with a p-value=1.8x10"° [-log(p-value)=8.745]
and 9.6% overlap. The glucocorticoid receptor signal-
ing and adrenomedullin signaling canonical pathways
had the greatest overlap with the molecules associated
with kidney disease (not severe enough to be associated
with kidney failure) and IC. The glucocorticoid receptor
signaling pathway with a p-value=5.04x10""? [-log(p-
value)=11.298] and a 1.9% overlap. The top 10 canoni-
cal pathways of the negative control did not include the
canonical neuroinflammation signaling and amyloid
processing signaling pathway. The results of the nega-
tive control strengthen the confidence in the relationship
between the SNCA and IC molecular dataset and the
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Fig. 3 The top 10 canonical pathways ranked based on their Benjamini—-Hochberg corrected p-value and evaluated according to the overlap
of the molecules within the canonical pathway and the 12 intermediary molecules associated between SNCA and IC

canonical neuroinflammation signaling and amyloid pro-
cessing signaling pathways because it ensures the exclu-
sion of non-specific and general associations.

Quantitative expression changes for the intermediary
molecules between alpha-synuclein and infertility
condition utilizing Kramer’s methodology for downstream
effect analysis

Kramer’s methodology for downstream effect analysis
was used to calculate the quantitative expression changes
predicted by the “MAP” tool in IPA [18]. The z-score
expression changes for each of the 12 intermediary

molecules when SNCA is activated were then plotted
in Fig. 4. Of the 12 intermediary molecules, 7 expressed
downregulation, while 5 expressed upregulation accord-
ing to Kramer’s methodology for z-score quantitation.
While a z-score of +2 indicates a strong excitatory effect,
a z-score of —2 indicates a strong inhibitory relationship.
Thus, when SNCA was activated, there was observed
excitation of Ca®*, Alp, BGLAP, PTGS2, and MAPKS.
Meanwhile, for SMARCA?2, CALCA, GABRA4, GNAOI,
CASP3, BAX, and Pkc(s), there was observed inhibition.
GABRA4 expressed the greatest inhibitory change with
a z-score of —1.732, while Ca’" and Alp expressed the
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Fig. 4 Visual illustration of the quantitative expression changes calculated by Kramer's methodology for downstream effect analysis of the 12

intermediary molecules between SNCA and IC

greatest excitatory change with z-scores of 1.732. The
predicted effects from Kramer’s methodology closely
match the predicted effects from IPA's “MAP” tool. This
increases the confidence of the predictions that the
“MAP” tool yields based on its algorithm and conveys
that any observed differences are likely due to differences
in defined points according to the QKB and Kramer’s
methodology. Therefore, the analysis indicated that the
“MAP” tool provides robust and quantifiable, predicted
changes in molecular activity that are indicated by the
opacity of node coloration.

Molecular pathway analysis of nicotine’s activation

on the molecular relationships between alpha synuclein
and infertility condition

The “Grow” and “Pathway Explorer” tools were used
within the “My Pathway” function in order to create an
intermediary molecular pathway between SNCA and
IC. Then, nicotine was individually connected into the
pathway through each of the 12 intermediary molecules
using the “Pathway Explorer” tool. It was found that
specific molecular nodes had findings within the QKB
to support the connectivity between nicotine and these
specific intermediary molecules. Figures 5a and b indi-
cate that nicotine has significant connections to Pkc(s),
PTGS2, GNAOI1, BAX, Ca%', Alp, and CASP3. Further-
more, the “MAP” tool was utilized in order to observe
the effect that nicotine exposure has on the pathway
between SNCA and IC. As compared between Figs. 5a
and b, nicotine activation which indicates nicotine expo-
sure caused a predicted downregulation of both IC and
PD. The decreased opacity of the orange coloration
demonstrates downregulation as the nodes for both IC

and PD are significantly more opaque in Fig. 5a than in
Fig. 5b, where nicotine is activated. Nicotine activation
also decreased the downregulation of Pkc(s), downregu-
lated GNAOI1 and BAX, upregulated Ca*", and switched
CASP3’s activity from downregulation upon exclusive
SNCA activation to upregulation when there is simulta-
neous SNCA and nicotine activation. However, there was
no change in MAPKS’s activity as it was not associated
with nicotine either directly or indirectly. These figures
suggest that nicotine exposure influences both IC and PD
through the established intermediary pathway between
SNCA and IC.

Molecular pathway analysis of caspases involvement

on the intermediary molecular interactions between alpha
synuclein and infertility condition

Like the previously generated pathways, to evaluate
the role of caspases in their mediation between SNCA
activation and IC, the “Grow” and “Pathway Explorer”
functionalities within IPA were utilized. Using the 12
intermediary molecular pathways between SNCA and
IC, each of the caspases between CASP1 to CASP14 were
connected to the network to examine their effects. It was
found that CASP1 is directly connected to SNCA and
then connected to CASP3, 4, 5, 7, 8, 10 (note: CASP3 was
already directly connected to SNCA). Also, CASP2, 4, 5,
7, 8,9, 10, and 14 are upregulated when SNCA is acti-
vated and modulate the activity of BAX, CASP8, MAPKS,
CASP3, and Ca2+. Figures 6a and b shows a top-down
pathway of alpha synuclein being activated in the pres-
ence of general caspases and IC. As SNCA is activated in
Fig. 6a, shown with the molecule highlighted in red, there
is a downregulation of caspase as marked by the blue
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Fig.5 a Molecular network illustrating the connectivity and relationships of nicotine to the 12 overlapping molecules between activated SNCA
and IC. b Molecular network illustrating the connectivity and relationships of nicotine to the 12 overlapping molecules between activated SNCA

and IC with simultaneous activation of nicotine

lines connected from SNCA to the caspase node. The
activation of SNCA also leads to the upregulation of Alp,
PTGS2, BGLAP, and the downregulation of Pkc(s). The
downregulation of general caspases leads to the down-
regulation of CASP8 and CASP3. The downregulation

of the general caspase node and the upregulation of
BGLAP lead to decreased MAPKS activity, which then
upregulate IC. In Fig. 6b, SNCA is activated which leads
to an upregulation of PD as seen in Fig. 6a as well. How-
ever, in Fig. 6b, the general caspases node is activated in
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Fig. 6 a Molecular network illustrating the connectivity and relationships of CASP3, CASP8, and caspase to the 12 overlapping molecules
between activated SNCA and IC. b Molecular network illustrating the connectivity and relationships of CASP3, CASP8, and caspase to the 12
overlapping molecules between activated SNCA and IC with simultaneous activation of caspase
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conjunction with the activation of alpha synuclein. The
activation of general caspases further upregulated CASP8
and CASP3. With the activation of caspase, as well as the
continued upregulation of BGLAP, the nodes for MAPKS
and IC exhibit a decrease in opacity. This is indicative
that the upregulation that led to IC has been significantly
decreased suggesting decreased exacerbation of IC etiol-
ogy upon increased caspase activity.

Discussion

These data and the accompanying molecular networks
indicate that SNCA activation, which is commonly asso-
ciated with developing PD, exacerbates the etiology of
IC. The intermediary molecules illustrating the biologi-
cal pathway between PD-associated SNCA and IC may
elucidate the finding that an increased age of fertility is
correlated with a delayed or decreased onset of PD [11].
Additionally, the present findings support the accepted
etiology of PD oligomeric neurotoxicity of SNCA [10].
The neurotoxicity of SNCA was focused on within the
study due to its well-defined role in PD pathology and
the correlation between an increased length of fertil-
ity and decreased incidence of PD [4—6]. Our molecular
networks and associated intermediary pathways demon-
strate that increased SNCA levels, normally associated
with PD, exacerbate IC pathology, specifically through
molecular pathways involving Ca?* and MAPKS (Fig. 2),
and that nicotine may act as a potential therapeutic agent
towards SNCA-associated IC etiology (Fig. 5).

High concentrations of DHT have been shown to
exacerbate infertility in rat models by reducing the con-
centration of gonadotropins and other androgens that
are necessary for andrological cell development [12].
Additionally, male rams exposed to high pre-natal con-
centrations of DHT or testosterone have less motile
sperm and severely more occluded seminiferous tubules
than the control group [20]. These findings indicate that
increased exposure to DHT is seemingly correlated with
increased levels of IC. Yet, other studies have shown that
DHT implants in tamoxifen-treated male rats actually
increased the fertilizing ability of their sperm and had
no negative effects fecundity or fertility index [13]. Simi-
larly, Fig. 2a indicates a finding contrary with DHT’s role
in IC as defined by the previously stated literature. When
SNCA is activated within the pathway, IC is upregulated.
But, in this intermediary pathway, the node for DHT
remains uncolored which indicates that there are cur-
rently not enough findings within the QKB to predict its
activity change by the “MAP” tool. Thus, it is unable to
be assessed what DHT’s role is in SNCA-associated IC
in humans. One study has shown that decreased levels of
DHT due to 5a-reductase inhibitors were associated with
a slight decrease in viable sperm, but these changes were
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found to be readily reversible [21]. Therefore, DHT’s role
in IC, specifically SNCA-associated IC, is not yet well-
characterized in humans and may be a viable subject for
further exploration on its role in IC.

Furthermore, DHT has been implicated in the role of
neurodegenerative conditions where elevated levels are
thought to affect the synaptic plasticity of hippocampal
neurons and delay neurodegeneration [14, 22, 23]. But
these effects seem to be largely confined to the patholo-
gies of Alzheimer’s disease (AD) and multiple sclero-
sis (MS) since only variable effects have been seen with
androgen therapy of PD. Some studies have shown incon-
sistent results of androgens, such as DHT, effects on
worsening/improving PD pathology in castrated mouse
models vs. human clinical cases where androgen depri-
vation therapy seemed to slightly improve PD in humans
but had no effect in mouse models [24]. Furthermore,
other studies have examined the effect of DHT on glial-
derived neurotrophic factor (GDNF) through rat Sertoli
cell culture and found that DHT improved GDNF expres-
sion [25]. Although not directly shown in the study, this
may indicate DHT improving PD by decreasing SNCA
through increased GDNF expression. While its role
remains controversial, conflicting bodies of research have
postulated the neuroprotective effects of GDNF and its
role as a preventative against PD [26, 27]. The finding in
Fig. 2b supports this theory of GDNF’s neuroprotectivity
for PD. When SNCA and DHT are activated, IC appears
to be downregulated. This exacerbation of PD could pos-
sibly be explained by DHT’s effects on increasing SNCA
and decreasing levels of potentially neuroprotective
GDNE. However, the unexpected downregulation of IC
due to DHT activation in Fig. 2b remains unclear and
may be due to the biological differences between humans
and other mammalian models for IC. For example, DHT
is known to upregulate Ca** [28], which is implicated in
improving or rescuing fertility in male and female rodent
models [29]. In our dataset, specifically shown in Fig. 2b,
the activation of DHT led to an increase in Ca*" which
is associated with a decrease in IC pathology. Therefore,
our data indicates the possibility of DHT as an inhibi-
tor of IC through the Ca>" molecular pathway between
SNCA and IC.

The “Canonical Pathway Analysis” and associated
molecular pathways from IPA suggest that neuroinflam-
mation and amyloid processing may be the main etiolo-
gies that exacerbate SNCA-associated IC. Of note, the
neuroinflammation signaling and amyloid processing
pathways were found to be two of the most significant
canonical pathways in the QKB in terms of overlapping
molecules to the intermediary pathway between SNCA
and IC. Neuroinflammation is well-characterized in PD
where PD-associated genes are known to shift the roles
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of astrocytes and microglia to become more neurotoxic
[30]. Furthermore, amyloid processing leads to the crea-
tion of amyloid-p plaques and SNCA oligomeric tangles
that spread to the central and peripheral nervous system
where they can exacerbate neuroinflammation and cause
cell death [31]. Less well-characterized are the roles of
these pathways in IC. Neuroinflammation character-
ized through tumor necrosis factor a-induced protein
3 (TNFAIP3) has been associated with decreased fertil-
ity by irregular estrous cycling, insulin resistance, and
decreased secondary ovarian follicles in female mice
[32]. Furthermore, it has been hypothesized that neuro-
inflammation causes dysregulation of the hypothalamic-
pituitary—gonadal axis neurons which are known to
regulate androgens vital to maintaining fertility [32, 33].
Also, amyloid-like substances which are important to
sperm maturation in mice and facilitate cellular commu-
nication in oocytes have been found to dysregulate fer-
tility and cellular maturation when improperly processed
[34]. Together, our results suggest that elevated levels of
SNCA, which are associated with PD, exacerbate IC by
modulating neuroinflammation and amyloid processing

\
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(Fig. 7). This increased level of neuroinflammation exac-
erbates PD pathology but also acts upon critical fertil-
ity pathways and cycles. Furthermore, the dysregulated
modulation of amyloid processing by SNCA likely leads
to the transmittance of these neurotoxic plaques and tan-
gles to peripheral neurons [9, 31]. Figure 5a demonstrates
that increased SNCA increases IC pathology through the
molecular pathway of MAPKS (Fig. 5a).

Nicotine is theorized to have neuroprotective proper-
ties in terms of neurodegenerative conditions, including
PD which was originally postulated due to the decreased
incidence of PD in smokers [35, 36]. It is believed that nico-
tine’s action of neuroprotectivity is due to its activity upon
nAChRs. In Fig. 7, we observed decreased incidences of
IC and PD. This downregulation is due to the activation of
nicotine in the presence of SNCA-associated IC. Nicotine
exposure caused an upregulation of Ca** which is corre-
lated with increased fertility as Ca>" is a necessary ion for
the motility of sperm cells and oocyte maturation [28, 29].
Furthermore, it was found that nicotine activation led to
the decrease of cell death for both sperm and oocytes which
may be a potential biological mechanism for decreasing

<O = | * + @ « |

Cell death of sperm ‘~ Cell death of oocytes
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Fig. 7 Molecular network illustrating the connectivity and relationships of nicotine’s activation on the molecular pathway of SNCA-associated IC
with its effect on neuroinflammation and the cell death of sperm and oocytes
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IC (Fig. 7). However, nicotine’s effects did not decrease or
directly act upon the neuroinflammation pathway, but the
PD node still experienced decreased upregulation likely
due to its direct connection with nicotine. In corroboration,
some research has shown that nicotine exposure in human
and rat derived iPSC-derived dopaminergic neurons was
able to protect these cells against damage associated with
SNCA aggregation [37]. Therefore, nicotine may prevent
cellular damage to andrological neurons and cells and
minimize IC through a similar mechanism. Additionally,
nAChRs are expressed in astrocytes and microglial cells
throughout the CNS [38, 39]. Nicotine’s binding and activa-
tion of these receptors is associated with anti-inflammatory
effects through vagus nerve action to the hypothalamic—
pituitary—adrenal (HPA) and hypothalamic-pituitary—
gonadal (HPG) axes [39]. Furthermore, this cholinergic
effect is associated with decreased APP processing and
reduced amyloid aggregation that potentially contributes to
infertility [40, 41]. As previously explained, preventing the
improper processing of amyloid-like substances prevents
the transmittance of amyloid plaques and neurofibrillary
tangles that would exacerbate cell death. As seen in Fig. 7,
nicotine activation downregulates BAX. BAX is a well char-
acterized apoptosis regulator and its inactivation in female
rats is associated with extending the fertile period and
sustaining the ovarian lifespan [42]. Therefore, nicotine’s
downregulation of BAX indicates its potential effect on
preventing oocyte cell death and sustaining ovarian devel-
opment. Thus, nicotine has potentially therapeutic effects
in terms of SNCA-associated IC, specifically through the
BAX molecular pathway. Additionally, this extension of fer-
tility is correlated with a decreased incidence of PD [11, 12].
Another important class of molecules in the network
between SNCA and IC is caspases [43]. The regulation of
this pathway is integral to the differentiation of spermato-
cytes and testicular maturity and its dysregulation is impli-
cated in infertility due to decreased sperm motility and
DNA fragmentation [44]. Furthermore, recent research
has suggested the inflammasome’s involvement in inflam-
matory sterility through CASP1 activation and inflamma-
tory cytokines [45, 46]. The inflammasome is defined as
innate immune receptors that regulate CASP1 activation
and inflammatory response in response to infection [46].
Additionally, CASP3 activation is involved in the apoptosis
of granulosa cells, but its levels are not elevated in apop-
totic primordial and primary follicles [44—47]. Of note,
CASP1 and CASPS, in addition to CASP3, were found to
modulate IC as conveyed in Fig. 6a and b. Figure 8 con-
veys that CASP1 primarily regulates the caspase response
to SNCA-associated IC and its inflammatory involve-
ment. This is corroborated by research findings that have
revealed that CASP1 is the apical caspase that leads to
CASP3 activation in the inflammasome response [48].
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Additional studies of ejaculated sperm have indicated
that there is increased CASP3 activity in low motility
sperm, which caused DNA fragmentation [49]. Also, the
ratio of pro-apoptotic factors, such as CASP8 and cell
survival factors, has been implicated in the maintenance
of apoptosis of germ and granulosa cells in the vertebrate
ovary, and high levels of this regulated cell death can
negatively affect female fertility [50]. Our data reveals the
complicated roles of caspases in SNCA-associated IC.
While literature findings have indicated that upregulation
of caspases leads to increased reproductive cell apopto-
sis, the data in Fig. 8 reveals that SNCA activation leads
to CASP1 upregulation which appears to decrease the
upregulation of CASP3 and CASPS. This finding suggests
the novel implication that increased CASP1 activity leads
to the increased regulation of pro-apoptotic factors such
as CASP3 and CASP8 which may prevent disturbances
to the apoptotic factor/cell survival factor ratio and thus
lead to a prevention of IC pathology through decreased
reproductive cell death. Also, some research has revealed
that the inhibition of CASP3 prevents the neurotoxicity
of androgens, such as testosterone and DHT, on dopa-
minergic neurons by decreasing the protein kinase-C
(Pkc)-induced mitochondrial dysfunction [48]. Although
differing from the indication of Fig. 8, our data demon-
strates that caspases, specifically CASP1, 3 and 8 are
not well understood in the context of neurodegenera-
tive induced fertility and that elevated caspase levels may
have a positive synergistic effect on the prevention of IC
resulting from increased SNCA, as seen in PD.

The in silica findings from the bioinformatic analyses
within IPA have suggested the potential roles of DHT
and caspases in the mediation of PD-associated SNCA
involvement on IC. Additionally, our findings indicate
the possibility of nicotine as a therapeutic agent for
SNCA exacerbated IC through its potential to modu-
late neuroinflammation, reproductive cell death, and
amyloid processing. Furthermore, the study conveys
the complexity of pathways contributing to infertility
and indicates the neurological basis for certain types of
fertility. Specifically, it appears that IC resulting from
increased SNCA, as found in PD, is modulated by the
pathway from SNCA to MAPKS and Ca®*, as well as
other poorly characterized intermediary molecules.
Thus, the data revealed that MAPKS8 and Ca’" may
play a critical role is causing SNCA-associated IC. This
study focused on the role that PD-associated SNCA
had on IC and found that SNCA upregulated apoptotic
factors, neuroinflammation, and amyloid processing
which exacerbated cell death and contributed to IC.
Furthermore, our study suggested that DHT’s upregula-
tion is correlated with decreased IC pathology and that
CASP1 activation may modulate the ratio of apoptotic
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Fig. 8 Molecular network illustrating the connectivity and relationships of CASP1 to CASP3 and CASP8 with their effects on the molecular network
of the 12 overlapping molecules between SNCA and IC including neuroinflammation’s involvement

and cell survival factors in order to prevent IC pathol-
ogy. Moreover, our findings corroborated other litera-
ture that indicated that an extended period of fertility
(decreased infertility) is associated with a decrease in
PD pathology. Overall, the findings within the study
have demonstrated that the neuronal molecular path-
way for IC is complex and not currently well-defined
due to potentially conflicting molecular interactions.
However, MAPK8 and Ca’' appear to play a criti-
cal role in the molecular pathway between increased
SNCA causing IC. Nicotine appears to affect the Ca’"
pathway between SNCA and IC to decrease IC pathol-
ogy. The overall complexity of neurologically associated
IC warrants further exploration of the different molec-
ular interactions in terms of their neuronal and andro-
logical synergistic effects.

Abbreviations

AD Alzheimer's disease

Alp Alkaline phosphatase

APP Amyloid precursor protein
BAX Bcl-2-associated X protein

Bone gamma-carboxyglutamic acid-containing protein
Ca’* Calcium

CALCA Calcitonin-related polypeptide alpha

CASP Caspase

DNA Deoxyribonucleic acid

DHT Dihydrotestosterone

GABRA4 Gamma-aminobutyric acid receptor subunit alpha-4

GDNF Glial-derived neurotrophic factor

GNAO1 G protein subunit alpha O1

HPA Hypothalamic-pituitary-adrenal

HPG Hypothalamic-pituitary—gonadal

IC Infertility condition

IPA Ingenuity Pathway Analysis

LBs Lewy bodies

MAP Molecule activity predictor

MAPK8 Mitogen-activated protein kinase 8

MS Multiple sclerosis

nAChRs Nicotinic acetylcholine receptors

PD Parkinson’s disease

Pkc Protein kinase-C

PTGS2 Prostaglandin-endoperoxide synthase 2

QKB Qiagen Knowledge Base

SMARCA2  SWI/SNF-related, matrix-associated, actin-dependent regulator of
chromatin, subfamily A, member 2

SNCA Alpha-synuclein

TNFAIP3 Tumor necrosis factor a-induced protein 3

Acknowledgements
Not applicable.



Krishnan et al. Middle East Fertility Society Journal (2023) 28:22

Authors’ contributions
VK, SP, PS—study conception, data acquisition; VK, SP, PS, JC—data analysis,
manuscript drafting, critical revision, final manuscript approval.

Funding
Seton Hall University.

Availability of data and materials
Please contact the author for data requests.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
'Department of Biological Sciences, College of Arts & Sciences, Seton Hall
University, 400 South Orange Ave, South Orange, NJ 07079, USA.

Received: 20 December 2022 Accepted: 13 August 2023
Published online: 02 September 2023

References

1. DeMaagd G, Philip A (2015) Parkinson’s disease and its management: Part
1: Disease entity, risk factors, pathophysiology, clinical presentation, and
diagnosis. P T. 40(8):504-32

2. Rizek B, Kumar N, Jog MS (2016) An update on the diagnosis and treat-
ment of Parkinson disease. CMAJ 188(16):1157-1165. https://doi.org/10.
1503/cmaj. 151179

3. Asha B, Hansali N, Apoorva P (2010) Successful birth of an IVF baby in a
patient with Parkinson’s disease. J Hum Reprod Sci 3(1):42-43. https://doi.
org/10.4103/0974-1208.63123

4. Bobela W, Aebischer P, Schneider BL (2015) Alpha-synuclein as a mediator
in the interplay between aging and Parkinson’s disease. Biomolecules
5(4):2675-2700. https://doi.org/10.3390/biom5042675

5. Spillantini M, Schmidt M, Lee VY et al (1997) a-Synuclein in Lewy bodies.
Nature 388:839-840. https://doi.org/10.1038/42166

6. Kim WS, Kdgedal K, Halliday GM (2014) Alpha-synuclein biology in
Lewy body diseases. Alz Res Therapy 6:73. https://doi.org/10.1186/
$13195-014-0073-2

7. Stefanis L (2012) a-Synuclein in Parkinson's disease. Cold Spring Harb
Perspect Med 2(2):a009399

8. Centers for Disease Control and Prevention. (2022, March 1). Infertil-
ity. Centers for Disease Control and Prevention. Retrieved May 8, 2022,
https://www.cdc.gov/reproductivehealth/infertility/index.htm

9. Chandra A, Copen CE, Stephen EH (2013) Infertility and impaired fecundity in
the United States, 1982-2010: data from the National Survey of Family Growth.
Natl Health Stat Report 14(67):1-18 (1 p following 19. PMID: 24988820)

10. Frentzel D, Judanin G, Borozdina O, Klucken J, Winkler J, Schlachetzki J
(2017) Increase of reproductive life span delays age of onset of Parkinson'’s
disease. Front Neurol 8:397. https://doi.org/10.3389/fneur.2017.00397

11. Haaxma CA, Bloem BR, Borm GF et al (2007) Gender differences in
Parkinson’s disease Journal of Neurology. Neurosurgery Psychiatry
78:819-824

12. Lotz W, Krause R (1981) Dihydrotestosterone causes reversible infertility
in male rats. Fertil Steril 35(6):691-5. https://doi.org/10.1016/S0015-
0282(16)45566-4. (ISSN 0015-0282)

13. Parte PP, Balasinor N, Gill-Sharma MK, Juneja HS (2000) Effect of
5a-dihydrotestosterone implants on the fertility of male rats treated
with tamoxifen. J Androl 21(4):525-533

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

Page 150f 16

. Pan W et al (2016) Effects of dihydrotestosterone on synaptic plasticity

of the hippocampus in mild cognitive impairment male SAMP8 mice.
Exp Ther Med 12(3):1455-1463

. Kardani J, Sethi R, Roy | (2017) Nicotine slows down oligomerisation

of a-synuclein and ameliorates cytotoxicity in a yeast model of Parkin-
son’s disease. Biochim Biophys Acta Mol Basis Dis 1863(6):1454-1463.
https://doi.org/10.1016/j.bbadis.2017.02.002. (Epub 2017 Feb 4 PMID:
28167231)

. Grunewald S, Paasch U, Wuendrich K, Glander HJ (2005) Sperm caspases

become more activated in infertility patients than in healthy donors dur-
ing cryopreservation. Arch Androl 51(6):449-60. https://doi.org/10.1080/
014850190947813. (PMID: 16214731)

. Said TM, Paasch U, Glander HJ, Agarwal A (2004) Role of caspases in

male infertility. Hum Reprod Update 10:39-51. https://doi.org/10.1093/
humupd/dmh003. (PMID: 15005463)

. Kramer A, Green J, Pollard J Jr, Tugendreich S (2014) Causal analysis

approaches in Ingenuity Pathway Analysis. Bioinformatics 30(4):523-530.
https://doi.org/10.1093/bioinformatics/btt703

. Lainez NM, Coss D (2019) Obesity, neuroinflammation, and reproductive

function. Endocrinology 160:2719-2736. https://doi.org/10.1210/en.
2019-00487

Bormann CL, Smith GD, PadmanabhanV, Lee TM (2011) Prenatal testos-
terone and dihydrotestosterone exposure disrupts ovine testes develop-
ment. Reproduction 142(1):167

Amory JK, Wang C, Swerdloff RS, Anawalt BD, Matsumoto AM, Bremner
WJ, Clark RV (2007) The effect of 5a-reductase inhibition with dutasteride
and finasteride on semen parameters and serum hormones in healthy
men. J Clin Endocrinol Metab 92(5):1659-1665

Bianchi VE, Rizzi L, Bresciani E, Omeljaniuk RJ, Torsello A (2020) Androgen
therapy in neurodegenerative diseases. J Endocr Soc 4(11):bvaal20
Munson S, Louis ED, Mulligan T, Foster PS, Shenal BV, Armaghani SJ, Cru-
cian G (2006) Testosterone therapy in men with Parkinson disease. Arch
Neurol 729(63):735

Mélanie Bourque, Denis Soulet, and Thérése Di Paolo. Androgens and
Parkinson’s disease: a review of human studies and animal models.
Androgens: Clinical Research and Therapeutics. 2021.294-303.https://doi.
0rg/10.1089/andro.2021.0011.

Chang Q, Wang LM, Hei CC, Cai YF, Wu K, Kong B, Zhao CJ (2015) Regula-
tion of dihydrotestosterone on the expression of GDNF in primary
cultured rat Sertoli cell. Basic Clin Med 35(11):1481

Khasnavis S, Ghosh A, Roy A, Pahan K (2013) Castration induces Parkinson
disease pathologies in young male mice via inducible nitric-oxide syn-
thase. J Biol Chem 288(29):20843-20855

Manfredsson FP, Polinski NK, Subramanian T, Boulis N, Wakeman DR,
Mandel RJ (2020) The future of GDNF in Parkinson'’s disease. Front Aging
Neurosci 12:388

Lyng FM, Jones GR, Rommerts FFG (2000) Rapid androgen actions on
calcium signaling in rat sertoli cells and two human prostatic cell lines:
similar biphasic responses between 1 picomolar and 100 nanomolar
concentrations. Biol Reprod 63(3):736-747. https://doi.org/10.1095/biolr
eprod63.3.736

Uhland AM, Kwiecinski GG, DeLuca HF (1992) Normalization of serum
calcium restores fertility in vitamin D-deficient male rats. J Nutr
122(6):1338-1344

Troncoso-Escudero, P, Parra, A, Nassif, M., &Vidal, R. L. (2018). Outside in:
Unraveling the role of neuroinflammation in the progression of Parkin-
son’s disease. Frontiers in neurology, 860.

. Han, J, Fan,Y, Wu, P, Huang, Z, Li, X,, Zhao, L,, .. & Zhu, M. (2021).

Parkinson’s disease dementia: synergistic effects of alpha-synuclein, tau,
beta-amyloid, and iron. Frontiers in aging neuroscience, 672.

Zammit NW, McDowell J, Warren J, Muskovic W, Gamble J, Shi YC, Grey
ST (2022) TNFAIP3 reduction-of-function drives female infertility and CNS
inflammation. Front Immunol 13:811525

. Pimentel RN, Navarro PA, Wang F, Robinson LG, Cammer M, Liang F,

Keefe DL (2019) Amyloid-like substance in mice and human oocytes and
embryos. J Assist Reprod Genet 36(9):1877-1890

. Silva JV, Yoon S, Domingues S, Guimaraes S, Goltsev AV, e Silva, E.F.D. C,

... &Fardilha, M. (2015) Amyloid precursor protein interaction network in
human testis: sentinel proteins for male reproduction. BMC Bioinformat-
ics 16(1):1-12


https://doi.org/10.1503/cmaj.151179
https://doi.org/10.1503/cmaj.151179
https://doi.org/10.4103/0974-1208.63123
https://doi.org/10.4103/0974-1208.63123
https://doi.org/10.3390/biom5042675
https://doi.org/10.1038/42166
https://doi.org/10.1186/s13195-014-0073-2
https://doi.org/10.1186/s13195-014-0073-2
https://www.cdc.gov/reproductivehealth/infertility/index.htm
https://doi.org/10.3389/fneur.2017.00397
https://doi.org/10.1016/S0015-0282(16)45566-4
https://doi.org/10.1016/S0015-0282(16)45566-4
https://doi.org/10.1016/j.bbadis.2017.02.002
https://doi.org/10.1080/014850190947813
https://doi.org/10.1080/014850190947813
https://doi.org/10.1093/humupd/dmh003
https://doi.org/10.1093/humupd/dmh003
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1210/en.2019-00487
https://doi.org/10.1210/en.2019-00487
https://doi.org/10.1089/andro.2021.0011
https://doi.org/10.1089/andro.2021.0011
https://doi.org/10.1095/biolreprod63.3.736
https://doi.org/10.1095/biolreprod63.3.736

Krishnan et al. Middle East Fertility Society Journal

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.

48.

49.

50.

(2023) 28:22

Quik M, Perez XA, Bordia T (2012) Nicotine as a potential neuroprotective
agent for Parkinson’s disease. Mov Disord 27(8):947-957

Mappin-Kasirer B, Pan H, Lewington S, Kizza J, Gray R, Clarke R, Peto R
(2020) Tobacco smoking and the risk of Parkinson disease: a 65-year
follow-up of 30,000 male British doctors. Neurology 94(20):e2132-e2138
Bono F, Mutti V, Savoia P, Barbon A, Bellucci A, Missale C, Fiorentini C
(2019) Nicotine prevents alpha-synuclein accumulation in mouse and
human iPSC-derived dopaminergic neurons through activation of the
dopamine D3-acetylcholine nicotinic receptor heteromer. Neurobiol Dis
129:1-12

Piao WH, Campagnolo D, Dayao C, Lukas RJ, Wu J, Shi FD (2009)

Nicotine and inflammatory neurological disorders. Acta Pharmacol Sin
30(6):715-722

Piovesana R, Salazar Intriago MS, Dini L, Tata AM (2021) Cholinergic
modulation of neuroinflammation: focus on a7 nicotinic receptor. Int J
Mol Sci 22(9):4912

Xiao C, Zhou CY, Jiang JH, Yin C (2020) Neural circuits and nicotinic
acetylcholine receptors mediate the cholinergic regulation of midbrain
dopaminergic neurons and nicotine dependence. Acta Pharmacol Sin
41(1):1-9

Hellstrom-Lindahl E (2000) Modulation of 3-amyloid precursor protein
processing and tau phosphorylation by acetylcholine receptors. Eur J
Pharmacol 393(1-3):255-263

Perez Gl, Jurisicova A, Wise L, Lipina T, Kanisek M, Bechard A, Tilly JL (2007)
Absence of the proapoptotic Bax protein extends fertility and alleviates
age-related health complications in female mice. Proceedings of the
National Academy of Sciences 104(12):5229-5234

Mcllwain DR, Berger T, Mak TW. Caspase functions in cell death and
disease. Cold Spring Harb Perspect Biol. 2013 Apr 1,5(4):a008656. doi:
https://doi.org/10.1101/cshperspect.a008656. Erratum in: Cold Spring
Harb Perspect Biol. 2015 Apr;7(4). pii: a026716. doi: https://doi.org/10.
1101/cshperspect.a026716. PMID: 23545416; PMCID: PMC3683896.
Cunningham RL, Giuffrida A, Roberts JL (2009) Androgens induce dopa-
minergic neurotoxicity via caspase-3-dependent activation of protein
kinase C&. Endocrinology 150(12):5539-5548

de Rivero Vaccari, J. P. (2020). The inflammasome in reproductive biology:
a promising target for novel therapies. Frontiers in Endocrinology, 8.
Guo H, Callaway JB, Ting JP (2015) Inflammasomes: mechanism of action,
role in disease, and therapeutics. Nat Med 21(7):677-687

Glamoclija V, Vilovi¢ K, Saraga-Babi¢ M, Baranovic¢ A, Sapunar D (2005)
Apoptosis and active caspase-3 expression in human granulosa cells.
Fertil Steril 83(2):426-431

Sagulenko V, Vitak N, Vajjhala PR, Vince JE, Stacey KJ (2018) Caspase-1 is
an apical caspase leading to caspase-3 cleavage in the AIM2 inflamma-
some response, independent of caspase-8. J Mol Biol 430(2):238-247
Weng SL, Taylor SL, Morshedi M, Schuffner A, Duran EH, Beebe S,
Oehninger S (2002) Caspase activity and apoptotic markers in ejaculated
human sperm. Mol Hum Reprod 8(11):984-991

Johnson AL, Bridgham JT (2002) Caspase-mediated apoptosis in the
vertebrate ovary. Reproduction 124(1):19-27. https://doi.org/10.1530/
rep.0.1240019. (PMID: 12090914)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1101/cshperspect.a008656
https://doi.org/10.1101/cshperspect.a026716
https://doi.org/10.1101/cshperspect.a026716
https://doi.org/10.1530/rep.0.1240019
https://doi.org/10.1530/rep.0.1240019

	Bioinformatic network analysis on the molecular interactions between Parkinson’s disease, alpha-synuclein, and infertility condition
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Ingenuity pathway analysis software
	IPA “My pathway”: identifying overlapping molecules between alpha-synuclein and infertility condition
	Quantitative analysis of the effect activation of alpha-synuclein on infertility condition
	Core analysis: expression analysis of canonical pathways

	Results
	Molecular pathway analysis of molecules mediating the relationship between alpha synuclein and infertility condition
	Canonical pathway analysis of the molecular network of molecules affected by activation of alpha-synuclein and infertility condition
	Quantitative expression changes for the intermediary molecules between alpha-synuclein and infertility condition utilizing Kramer’s methodology for downstream effect analysis
	Molecular pathway analysis of nicotine’s activation on the molecular relationships between alpha synuclein and infertility condition
	Molecular pathway analysis of caspases involvement on the intermediary molecular interactions between alpha synuclein and infertility condition

	Discussion
	Acknowledgements
	References


