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In Brief
Seminal vesicles produce
bioactive constituents that
support gamete function and
promote reproductive success.
Despite their significance, seminal
vesicle biology remains poorly
defined. Here, we have exploited
proteomics to generate the first
mechanistic insights into mouse
seminal vesicles in normal
physiology and pathology. Our
collective data affirm the
hypothesis that seminal vesicles
are sensitive to environmental
factors and exposures in a
manner that may have
consequences for fetal
development and later offspring
health.
Highlights
• First proteomic characterization of the mouse seminal vesicle tissue.• Secreted proteins are among the most abundant proteins in the seminal vesicle tissue.• Paternal exposure to reproductive toxicant acrylamide alters seminal vesicle proteome.• Acrylamide treatment results in reduced seminal vesicle secretory capacity.
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Proteomic Dissection of the Impact of
Environmental Exposures on Mouse Seminal
Vesicle Function
David A. Skerrett-Byrne1,2, Natalie A. Trigg1,2, Elizabeth G. Bromfield1,2,3,
Matthew D. Dun4,5, Ilana R. Bernstein1,2, Amanda L. Anderson1,2, Simone J. Stanger1,2,
Lily A. MacDougall1,2, Tessa Lord1,2 , R. John Aitken1,2, Shaun D. Roman1,2 ,
Sarah A. Robertson6 , Brett Nixon1,2,‡, and John E. Schjenken1,2,*‡
Seminal vesicles are an integral part of the male repro-
ductive accessory gland system. They produce a complex
array of secretions containing bioactive constituents that
support gamete function and promote reproductive suc-
cess, with emerging evidence suggesting these secretions
are influenced by our environment. Despite their signifi-
cance, the biology of seminal vesicles remains poorly
defined. Here, we complete the first proteomic assess-
ment of mouse seminal vesicles and assess the impact of
the reproductive toxicant acrylamide. Mice were admin-
istered acrylamide (25 mg/kg bw/day) or control daily for
five consecutive days prior to collecting seminal vesicle
tissue. A total of 5013 proteins were identified in the
seminal vesicle proteome with bioinformatic analyses
identifying cell proliferation, protein synthesis, cellular
death, and survival pathways as prominent biological
processes. Secreted proteins were among the most
abundant, and several proteins are linked with seminal
vesicle phenotypes. Analysis of the effect of acrylamide on
the seminal vesicle proteome revealed 311 differentially
regulated (FC ± 1.5, p ≤ 0.05, 205 up-regulated, 106
downregulated) proteins, orthogonally validated via
immunoblotting and immunohistochemistry. Pathways
that initiate protein synthesis to promote cellular survival
were prominent among the dysregulated pathways, and
rapamycin-insensitive companion of mTOR (RICTOR, p =
6.69E-07) was a top-ranked upstream driver. Oxidative
stress was implicated as contributing to protein changes,
with acrylamide causing an increase in 8-OHdG in seminal
vesicle epithelial cells (fivefold increase, p = 0.016) and
the surrounding smooth muscle layer (twofold increase,
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p = 0.043). Additionally, acrylamide treatment caused a
reduction in seminal vesicle secretion weight (36%
reduction, p = 0.009) and total protein content (25%
reduction, p = 0.017). Together these findings support the
interpretation that toxicant exposure influences male
accessory gland physiology and highlights the need to
consider the response of all male reproductive tract tis-
sues when interpreting the impact of environmental
stressors on male reproductive function.

The male accessory sex glands comprise the prostate,
seminal vesicles, and bulbourethral glands (1). The combined
secretory activity of these tissues gives rise to seminal
plasma, a highly viscous fluid containing a complex array of
bioactive molecules that support male gamete function after
ejaculation and stimulate gene expression and immune
response changes in the female reproductive tract (2, 3). In the
majority of mammalian species, including humans, the
androgen-dependent seminal vesicles are the dominant
contributor to seminal plasma (4, 5). Indeed, elegant experi-
ments to surgically excise the accessory glands have clearly
established seminal vesicles as being the most influential
tissue that contributes to the rodent ejaculate. In rodents,
seminal vesicle secretions are directly implicated in regulating
the conception environment within the female reproductive
tract to elicit an immune response that promotes optimal fetal
development and supports long-term offspring health (1, 2, 4,
6–11). In view of the mounting evidence that such roles are
conserved among mammals (12–14), it is likely that the
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Environmental Exposures Alter Seminal Vesicle Function
complex molecular signals contained within seminal plasma
are of critical importance for promoting reproductive success
and maximizing progeny fitness.
The regulatory influence exerted by seminal vesicle secre-

tions at conception (1) provides impetus to understand
whether this tissue is affected by lifestyle and/or environ-
mental exposures (3, 15). While genetic and epigenetic alter-
ations to the male germline are conventionally thought to
account for the transmission of paternal environmental ex-
posures to subsequent generations, emerging evidence
demonstrates that altered function of seminal vesicle tissue
may exert an important influential role (3, 16, 17). An impact of
the paternal environment on seminal vesicle function has been
observed in rams, where seminal vesicle proteins were altered
in response to paternal heat stress (18), while neonatal
exposure to the endocrine-disrupting compound, diethylstil-
bestrol, leads to toxicity in mouse seminal vesicle from early
developmental stages (19). Compelling data comes from
rodent models, where paternal diet has been demonstrated to
shape offspring health through mechanisms involving both
the fertilizing spermatozoon and the seminal plasma in
which they are delivered (16, 20). Together, these data high-
light that altered seminal vesicle fluid composition not only has
potential to impair fertility but may also affect fetal develop-
ment and impart long-term health consequences for offspring
(3, 16, 17, 21).
To develop an understanding of the impact of environ-

mental exposures on male reproductive function, we have
previously used acrylamide as a reproductive toxicant to
assess its impact on germ cell populations in the testes and in
epididymis (22–24). In these former studies, we demonstrated
that acrylamide exposure leads to elevated levels of DNA
damage throughout sperm development and maturation, with
subtle changes in Sertoli cell structure following long-term
acrylamide exposure. Specifically, exposure of testicular
germ cells to acrylamide leads to enhanced levels of DNA
damage that fail to be resolved during sperm maturation, yet
do not appear to affect fertility or fetal development. Com-
parable levels of DNA damage are also characteristic of sperm
exclusively exposed to acrylamide during epididymal transit.
However, exposure timed to coincide with the developmental
window of epididymal transit and ejaculation leads to sub-
stantially increased rates of fetal loss. These data indicate that
the male transfers the burden of acrylamide stress to the fe-
male through mechanisms that are independent of sperm
DNA damage. These results gave us the impetus to utilize this
acute exposure model to assess acrylamide impact on the
seminal vesicles, to better understand the contribution of this
understudied tissue to a male’s response to reproductive
insults.
To begin to address this challenge, we have completed the

first proteomic assessment of mouse seminal vesicle tissues
using offline peptide fractionation via hydrophilic interaction
liquid chromatography coupled with high-resolution
2 Mol Cell Proteomics (2021) 20 100107
reverse-phase nanoflow liquid chromatography–tandem mass
spectrometry (nLC-MS/MS). Additionally, we have exploited an
establishedmodel involving acute exposure to the reproductive
toxicant acrylamide that we have previously demonstrated al-
tersmale gamete quality and increases fetal loss (22), to explore
the impact of this environmental exposure on seminal vesicle
function. The results highlight cellular mechanisms altered in
the seminal vesicles in response to acrylamide and thus provide
evidence that this crucial reproductive tissue is sensitive to
environmental factors and exposures.
EXPERIMENTAL PROCEDURES

Ethics Approval

All experimental procedures involving mice were conducted with
the approval of the University of Newcastle Animal Care and Ethics
Committee (approval number A-2017-726). Male outbred Swiss mice
(8–12 weeks of age) were obtained from a breeding colony held at the
University of Newcastle central animal facility and maintained ac-
cording to the recommendations prescribed by the Animal Care and
Ethics Committee. Mice were housed under a controlled lighting
regimen (12-h light: 12 h dark) at 21 to 22 ◦C and supplied with food
and water ad libitum.

Chemicals and Reagents

All reagents were purchased from Merck, unless otherwise
specified.

Acrylamide Treatment Regimen and Tissue Collection

Mice received an intraperitoneal injection of acrylamide (25 mg/kg
bw/day) or control (phosphate buffered saline (PBS): 0.01 M phos-
phate buffer, 0.0027 M KCl and 0.137 M NaCl, pH 7.4) each morning
for five consecutive days (injection volume 100 μl) according to an
established acute exposure protocol described in Katen et al. (22),
which results in fetal loss in females sired by acrylamide-treated
males. In accordance with this established exposure regimen, mice
were euthanized 72 h following the final acrylamide injection, and
seminal vesicles were dissected and weighed, ensuring that the
anterior prostate (coagulating gland) was left in situ. Seminal vesicle
fluid was expelled from one gland by gently squeezing seminal vesicle
tissue using forceps and then weighed. Tissues were washed thor-
oughly in Tris-buffered saline (TBS) comprising 50 mM Tris-HCl,
150 mM NaCl, in mass spectrometry grade H2O, pH 7.6. In separate
tubes, tissue and fluid were snap frozen in liquid nitrogen and stored
at −80 ◦C. For histological analysis, excised seminal vesicles from the
gland containing seminal vesicle fluid were fixed for 8 h in Bouin’s
solution (5% v/v acetic acid, 25% v/v formaldehyde, 70% v/v picric
acid). Bouin’s solution was removed with daily changes of 75% (v/v)
ethanol for at least 5 days. Tissues were embedded in paraffin and
5 μm sections were cut prior to staining with hematoxylin and eosin.
Stained sections were examined and photographed on a Zeiss Axio
A.2 fluorescence microscope (Carl Zeiss AG) and epithelial cell height
and epithelial mucosal folding assessed using OLYMPUS cellSens
standard software (Olympus Corporation), as described (25).

Proteomic Sample Preparation of Mouse Seminal Vesicles

Seminal vesicle tissues were cut into small segments with a scalpel
and homogenized in ice-cold 0.1 M Na2CO3 containing protease and
complete EDTA-free phosphatase inhibitors (Roche Holding AG) using
a FastPrep-24TM 5G homogenizer (MP Biomedicals) with a Cool Prep
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Adaptor (2 × 1 min, 4.0 m/s, at 4 ◦C). Homogenized samples were then
sonicated (3 × 10 s cycles, 100% output power). Protein concentration
was determined using a bicinchoninic acid assay (Thermo Fisher Sci-
entific) and diluted to a final concentration of 1.4 mg in a solution of 6 M
urea and 2 M thiourea. Samples underwent reduction and alkylation
with 10 mM dithiothreitol (30 min at room temperature) and 20 mM
iodoacetamide (30 min protected from light at room temperature)
respectively. Peptide populations were digested with 1:30 Lys-C/
Trypsin Mix (Promega) (26–30) at room temperature for 3 h. Using
50 mM triethylammonium bicarbonate, the concentration of urea was
brought below 1 M and digested overnight at 37 ◦C. Lipids were
precipitated from peptide suspensions using formic acid (2% v/v final
concentration), and the resultant peptides were purified using Oasis
1 cc desalting columns (Waters Corp). Peptides were quantified using
the Qubit protein assay (Thermo Fisher Scientific), and 48 μg of each
sample was subjected to offline fractionation via hydrophilic interaction
liquid chromatography (HILIC) (Fig. 1, supplemental Fig. S1, A and B).

nLC-MS/MS Analysis

Reverse-phase nLC-MS/MS was performed on control and
acrylamide-treated HILIC fractions (12 from each seminal vesicle)
(supplemental Fig. S1, A and B) using a Q-Exactive Plus hybrid
quadrupole-Orbitrap MS coupled to a Dionex Ultimate 3000RSLC
nanoflow high-performance LC system (Thermo Fisher Scientific).
Samples were loaded onto an Acclaim PepMap 100 C18
75 μm × 20 mm trap column (Thermo Fisher Scientific) for pre-
concentration and online desalting. Separation was then achieved
using an EASY-Spray PepMap C18 75 μm × 250 mm column (Thermo
Fisher Scientific), employing a linear gradient of acetonitrile (2–40%,
300 nl/min, 120 min). The MS was operated in data-dependent
acquisition (DDA) mode. The Orbitrap mass analyzer was used at a
resolution of 35,000, to acquire full MS with an m/z range of 380 to
2000, incorporating a target automatic gain control value of 1 × 106

and maximum fill times of 50 ms. The 20 most intense multiple
charged precursors were selected for higher-energy collision disso-
ciation fragmentation with stepped collisional energies of 25%, 28%,
and 30%. MS/MS fragments were measured at an Orbitrap resolution
of 17,500 using an automatic gain control target of 5 × 105 and
maximum fill time of 120 ms.

Data Processing and Analysis

Database searching of all raw files was performed using Proteome
Discoverer 2.4 (Thermo Fisher Scientific). SEQUEST HT was used to
search against the UniProt Mus musculus database (25,260 se-
quences, downloaded November 12, 2019). Database searching pa-
rameters included up to two missed cleavages, a precursor mass
tolerance set to 10 ppm, fragment mass tolerance of 0.02 Da, and
trypsin designated as the digestion enzyme. Cysteine carbamidome-
thylation was set as a fixed modification while dynamic modifications
included acetylation (N-terminus), oxidation (M), and phosphorylation
(S/T and Y). Interrogation of the corresponding reversed database was
also performed to evaluate the false discovery rate (FDR) of peptide
identification using Percolator based on q-values, which were esti-
mated from the target-decoy search approach. To filter out target
peptide spectrum matches over the decoy-peptide spectrum
matches, a fixed FDR of 1% was set at the peptide level. Mass
recalibration and label-free quantification (LFQ) of area under the
curve MS1 peaks were carried out using Proteome Discoverer nodes,
Spectrum Files RC, Minora Feature Detector, and Feature Mapper
(31–37). Minora Feature Detector is the dominant algorithm behind the
LFQ whereby it first detects chromatographic peaks in the raw
spectral data and maps them to identified peptide spectrum matches.
A feature is created when a peak fits the mapping of chromatographic
peaks to the calculated theoretical isotope patterns of the PSM. A
similar process occurs for peaks that have no association with any
features; this is calculated by accruing all chromatographic peaks
within a short retention time range and searching for peaks that fit
isotope patterning. To be accepted, intensities and mass deviations of
these peaks must fit a theoretical pattern of an Averagine peptide. The
Feature Mapper node builds on the Minora output and carries out a
retention time alignment and feature/peptide linking within groups.
Fold changes and significance between control and acrylamide-
treated groups were calculated by Proteome Discoverer 2.4 using a
nonnested pairwise ratio approach, whereby the program calculates
the peptide group ratios as the geometric median of all combinations
of ratios from all of the replicates for each group. Protein ratios were
subsequently calculated as the geometric median of the peptide
group ratios, and statistical testing was completed using a Student’s t
test. The protein list was exported as an Excel file and further refined
to include only those with a quantitative value in all three replicates
within at least one group (i.e., control and/or acrylamide treated) and a
minimum of two unique peptides. Using Perseus, version 1.6.10.43
(38), scatter plots of log-transformed normalized abundances
(supplemental Fig. S1, C and D) were generated, and Pearson corre-
lation (r2) was calculated, while global analysis of the data was un-
dertaken to generate a principal component analysis plot. For a global
illustration of protein abundance compared with fold-change, an MA
plot was generated using Microsoft Excel. To determine the ranking
order of proteins in the seminal vesicle tissue proteome by abun-
dance, normalized abundance quants of the three biological replicates
(prior to scaling) were averaged and ordered based on high to low.

Ingenuity Pathway Analysis

Ingenuity Pathway Analysis software (Qiagen) was used to analyze
refined seminal vesicle tissue proteomic lists as previously described
(26). Briefly, canonical pathways, upstream regulators, and disease
and function analyses were generated and assessed by generating a
p-value and Z-score enrichment measurement of the overlapping
proteins from the dataset in a particular pathway, function, or regulator
(39).

Phenotype and Seminal Vesicle Fluid Comparisons

The curated comparative proteome was searched against an
exported protein list consisting of the full complement of Mouse
Genome Informatics (40) and the International Mouse Phenotyping
Consortium (41) datasets to identify those proteins expressed in the
seminal vesicle that were also associated with seminal vesicle phe-
notypes. To further complement these analyses, proteomic datasets
from three seminal vesicle fluid proteomic characterization papers
(42–44) were obtained and filtered for reviewed proteins identified in
UniProt. Proteins that were identified in at least one manuscript were
then used to form a list of proteins expressed in mouse seminal vesicle
fluid. This list was then compared with our seminal vesicle proteome.

Immunohistochemistry

Sections from Bouin’s fixed seminal vesicle tissue were probed with
antibodies using established methods for immunofluorescence and
DAB immunohistochemistry analysis (22, 23, 27, 45). Sections were
dewaxed in xylene and rehydrated. Antigen retrieval and blocking of
nonspecific antibody binding were performed as described
(supplemental Table S1). Sections were washed in PBS before incu-
bation in primary antibodies (supplemental Table S1, in 1% w/v BSA
diluted in PBS) overnight at 4 ◦C in a humidified chamber. Following
washing in PBS (3 × 5 min), sections were incubated with appropriate
secondary antibodies (supplemental Table S1, in 1% w/v BSA diluted
in PBS) for 1 h at room temperature. Slides were washed in PBS
(3 × 5 min) prior to mounting. For immunofluorescence analysis, slides
Mol Cell Proteomics (2021) 20 100107 3



FIG. 1. Overview of the proteomics workflow. A, male Swiss mice (8–12 weeks of age, n = 3 per treatment group) were injected with
acrylamide (25 mg/kg bw/day) or PBS (control) following the methods stated in Katen et al., (22). B, following the final injection, mice were rested
for 72 h prior to collection of seminal vesicles. C, protein was extracted, reduced, alkylated, and digested, prior to off-line fractionation of the
tryptic peptide populations using hydrophilic interaction liquid chromatography (HILIC). D, HILIC fractions were then run on high-resolution nano
liquid chromatography–tandem MS (nLC-MS/MS), before being, (E) analyzed with Proteome Discoverer 2.4, Perseus, Ingenuity Pathway
Analysis, and UniProt. Some components of this figure created with BioRender.com.
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were mounted in an antifade reagent comprising 10% v/v Mowiol 4 to
88, 30% v/v glycerol in 0.2 M Tris (pH 8.5), and 2.5% v/v 1,4-
diazobicyclo-(2.2.2)-octane in 0.2 M Tris (pH 8.5). For immunohisto-
chemistry analysis, detection was performed using diaminobenzidine
tetrachloride, and sections were counterstained with hematoxylin
and mounted in DPX mountant for histology. Slides were examined
4 Mol Cell Proteomics (2021) 20 100107
and photographed on a Zeiss Axio A.2 fluorescence microscope (Carl
Zeiss AG). For 8-hydroxy-2’-deoxyguanosine (8-OHdG), ImageJ Fiji
software (version 1.48v; National Institute of Health) (46, 47) was used
to quantify the level of fluorescence normalized to DAPI labeling as
described previously (23, 48). For alpha smooth muscle actin (αSMA)
staining, OLYMPUS cellSens standard software (Olympus

http://BioRender.com
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Corporation) was used to assess the depth of the smooth muscle cell
layer as described previously (25).

Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis
(SDS-PAGE) and Immunoblotting

Equivalent amounts of protein (10 μg) were boiled in SDS-PAGE
sample buffer (2% v/v β2-mercaptoethanol, 2% w/v SDS, and 10%
w/v sucrose in 0.375 M Tris, pH 6.8, with bromophenol blue) at 100 ◦C
for 5 min, prior to being resolved by SDS-PAGE (150 V, 1 h), and
transferred to nitrocellulose membranes (350 mA, 1 h). To detect
proteins of interest, membranes were blocked under optimized con-
ditions for 1 h at room temperature (Supplemental Table S1) before
being incubated in primary antibody overnight at 4 ◦C (Supplemental
Table S1). Following washing in (3 × 5 min in TBS supplemented
with 0.1% (v/v) Tween-20 (TBST, pH 7.4)), sections were incubated
with appropriate secondary antibodies for 1 h at room temperature.
After additional washes (3 × 5 min in TBST), labeled proteins were
detected using an enhanced chemiluminescence kit (GE Healthcare).
For quantification of protein expression, relevant bands were
assessed by densitometry using Multi Gauge V3.0 (Fujifilm) and
normalized against glyceraldehyde-3-phosphate dehydrogenase.
Data were expressed relative to the amount of protein in control
seminal vesicle tissue.

Seminal Vesicle Fluid Solubilization and Quantification

Seminal vesicle fluid was collected and solubilized using a modified
version of a previously reported method (49). Briefly, 8 M guanidine
hydrochloride was added to seminal vesicle fluid and samples were
vortexed for 5 min to completely dissolve the coagulated material.
Immediately after, samples were incubated at 95 ◦C for 5 min to
deactivate endogenous phosphatases and proteases and sonicated
(3 × 10 s cycles, 100% output power). For protein quantification,
samples were diluted to 2 M guanidine hydrochloride, and protein
concentration was determined by a bicinchoninic acid assay (Thermo
Fisher Scientific).

Experimental Design and Statistical Rationale

Proteomic analyses were performed using seminal vesicle tissue
(n = 3 biological replicates collected from three individual mice/group).
Differentially expressed proteins were defined as those with a fold-
change ≥1.5 or ≤−1.5 and p value ≤0.05. All other data were
assessed for normality using the Shapiro–Wilk normality test. Normally
distributed data were analyzed by unpaired Student’s t-tests to detect
differences between treatment groups. Data not normally distributed
were analyzed by a Mann–Whitney U test. Differences between
groups were considered significant when p ≤ 0.05. The number of
biological replicates used in each experiment are presented in the
figure captions. Graphical data were prepared using GraphPad Prism
version 8.2.1 for Windows (GraphPad Software) and are presented as
mean values ± SEM.

RESULTS

Analysis of the Global Mouse Seminal Vesicle Proteome

Secretions from the seminal vesicle exert substantial influ-
ence on male reproductive function (1, 2), but the biology of
this tissue remains poorly defined. To address this, we have
characterized the mouse seminal vesicle proteome using LFQ
DDA high-resolution MS. Proteomic analysis of the control
seminal vesicle tissue returned a complex core proteome
comprising 5013 proteins (FDR ≤ 0.01, Fig. 2A, supplemental
Table S2) with high Pearson correlation coefficients (0.932
average r2), across all biological replicates (supplemental
Fig. S1C). An average of 16.4 peptides (14.9 unique pep-
tides) were identified per seminal vesicle protein, representing
a coverage of 39.8% per protein (Table 1). Further interroga-
tion revealed that the majority (96.1%) of the proteome con-
sists of known proteins with evidence at the protein level, but
an additional 178 proteins (3.6%) had annotated evidence at
the transcript level, and a further 15 proteins (0.3%) were
identified that had only been inferred from homology (Fig. 2B,
supplemental Table S2).
To gain an overview of the cellular localization and potential

functions of the core seminal vesicle proteome, we utilized
Ingenuity Pathway Analysis (39), which successfully mapped
4976/5013 (99.2%) of the identified proteome. Among the
core seminal vesicle proteome, the majority of proteins were
mapped to the cytoplasm (2861 proteins, 57.5%), followed by
cellular localization within the nucleus (1108 proteins, 22.3%),
plasma membrane (496 proteins, 10%), and extracellular
space (306 proteins, 6.1%) (Fig. 2C), with the remaining 205
proteins (4.1%) mapped to the category “other.” Classification
of protein type revealed that the most common category of
proteins were enzymes (1958 proteins, 39.3%), followed by
transporters (373 proteins, 7.5%), transcription regulators (317
proteins, 6.6%), translation regulators (72 proteins, 1.4%), and
receptors (63 proteins, 1.3%) (Fig. 2D). Proteins classified as
ion channels, cytokines, and growth factors constituted less
than 1% of the total proteome (Fig. 2D), while 2136 (42.9%)
proteins were assigned to the functional category “other”
(data not presented).
To assess the functional roles of proteins within the core

mouse seminal vesicle proteome, Ingenuity Pathway Analysis
was used to predict canonical pathways, downstream mo-
lecular, cellular, physiological system development, and dis-
ease functions associated with this proteome (Fig. 3, A and B,
supplemental Tables S3 and S4). This strategy revealed that
canonical pathways associated with cell proliferation, protein
synthesis, and protein turnover were prominent (Fig. 3A and
supplemental Table S3). Specifically, these signaling path-
ways included eukaryotic initiation factor (EIF)2 (cell prolifer-
ation and protein synthesis: 144 proteins, 70.2% coverage),
regulation of EIF4 and P70S6K (cell proliferation and protein
synthesis: 106 proteins, 71.6% coverage), protein ubiquitina-
tion (protein synthesis and protein turnover: 147 proteins,
56.1% coverage), and mTOR (cell proliferation, protein syn-
thesis, and protein turnover: 120 proteins, 60.6% coverage).
Among other relevant predicted pathways identified were
cellular stress pathways, including mitochondrial dysfunction
(120 proteins, 75% coverage), sirtuin signaling (158 proteins,
59% coverage), and nuclear factor erythroid 2-related factor-2
(NRF2)-mediated oxidative stress response (103 proteins,
57.5% coverage) (Fig. 3A and supplemental Table S3).
Functions associated with both cell proliferation/protein pro-
duction and cellular stress were also observed following
assessment of molecular and physiological functions
Mol Cell Proteomics (2021) 20 100107 5



FIG. 2. Characterization of the mouse seminal vesicle proteome. A, proteins identified from each biological replicate of control treated
mice were compared, with proteins identified in all three replicates constituting the core seminal vesicle proteome. B, using UniProt, the core
proteome was then assessed to determine whether the proteins had annotated evidence at protein or transcript level or had been inferred from
homology. An initial characterization of the core seminal vesicle proteome using Ingenuity Pathway Analysis revealed: (C) cellular localization
and (D) protein classification.
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associated with the seminal vesicle proteome (supplemental
Table S4).
To identify the key regulators of the seminal vesicles, we

then utilized the predictive upstream regulator function of In-
genuity Pathway Analysis. Among the curated regulators,
those associated with cell proliferation and protein synthesis
were highly predicted, including: RICTOR (p = 2.72E-53, 188
targets), transcriptional regulator tumor protein p53 (TP53) (p =
1.18E-52, 515 targets), MLX-interacting protein-like (MLXIPL,
p =5.1E-30, 86 targets), and Myc proto-oncogene protein
(MYC, p = 3.25E-21, 132 targets) (Fig. 3B, supplemental
Table S5).
To provide a snapshot of the localization of proteins

mapping to the proteome of seminal vesicles, a subset of
proteins that were associated with seminal vesicle molecular
functions identified in our in silico analysis were selected for
6 Mol Cell Proteomics (2021) 20 100107
validation by immunolocalization analysis (Fig. 3, C–F). Of
these, RNA-binding protein Musashi homolog 2 (MSI2),
which was associated with “cellular growth and prolifera-
tion” (p = 8.5E-10) and known to govern epithelial cell
migration (50), was expressed in epithelial cells (predicted
cytoplasm) (Fig. 3C). Additionally prosaposin (PSAP) (51),
lysosomal acid lipase/cholesteryl ester hydrolase (LIPA) (52),
and cluster of differentiation 9 antigen (CD9) (53), with
revealed molecular and cellular functions related to cellular
stress, “cell death and survival” (p = 6.5E-53), “cellular
function and maintenance” (p = 2.6E-16), and “cellular
compromise” (p = 2.5E-9), were investigated. Immunoloc-
alization analysis revealed PSAP to be expressed in the
smooth muscle layer (predicted extracellular space)
(Fig. 3D), LIPA presents in the epithelium and smooth
muscle layer (predicted cytoplasm) (Fig. 3E), and CD9



TABLE 1
Seminal vesicle proteome summary

Number of proteins

Group
n = 3

FDR ≤ 0.01
Av. peptide hits/protein Av. unique peptide hits/protein Av. protein coverage (%)

Control 5013 16.4 14.9 39.8
Acrylamide 4819 16.9 15.3 40.8

Environmental Exposures Alter Seminal Vesicle Function
expression localized to the epithelium (predicted plasma
membrane) (Fig. 3F).

Comparative Analysis of the Global Seminal Vesicle
Proteome to Proteins Expressed in Seminal Vesicle Fluid

The primary function of the seminal vesicles is to synthesize
and secrete a diversity of bioactive factors, including proteins
that support gamete function and promote reproductive suc-
cess (1, 2, 4). To compare our core proteome (supplemental
Table S2) to proteins secreted in seminal vesicle fluid, we
obtained seminal vesicle fluid proteomic data from Bayram
et al., 2020 (42), Chang et al., 2010 (43), and Dean et al., 2009
(44). Filtering this data for proteins reviewed by UniProt
identified 58 proteins in common with one or more of the
previous studies, including 26, 47, and 26 in common with the
Bayram, Chang, and Dean studies respectively. Of these, all
were detected in our core seminal vesicle proteome (Table 2,
supplemental Table S2), and these included the well-
characterized seminal vesicle secretory (SVS) protein family
members: 3a, 4, 5, 6, prostate and testis-expressed 4
(PATE4), glia-derived nexin (SERPINE2), protein-glutamine
gamma-glutamyltransferase 4 (TGM4), and serine protease
inhibitor kazal-like protein, minor form (SPINKL), which have
established physiological functions in copulatory plug forma-
tion and the modulation of sperm fertilizing ability (2). Strikingly
among the 58 proteins, 18/58 (31%) were in the top 1% and
34/58 (59%) were in the top 10% of the most abundant pro-
teins detected in the core seminal vesicle proteome (Table 2).

Acute Acrylamide Exposure Alters the Seminal Vesicle
Proteome

We have previously demonstrated that paternal acrylamide
exposure alters sperm quality in a manner that has conse-
quences for fetal development (22). To examine whether
acrylamide also dysregulates seminal vesicle function, male
mice were subjected to an established acute acrylamide
exposure protocol (22), whereby the animals received daily
injections of either acrylamide or PBS (control) for five
consecutive days prior to seminal vesicle tissue collection
72 h after the final injection (Fig. 1).
The treatment regimen did not substantially alter mouse

body weight (Fig. 4A) or change seminal vesicle weight
(Fig. 4B), but did elicit marked changes in the proteomic
composition of the seminal vesicle tissue. A global analysis of
the seminal vesicle tissue proteome from acrylamide-treated
males returned high confidence identification of 4819 pro-
teins (FDR ≤ 0.01, Fig. 4C, supplemental Table S6), with
strong Pearson correlation coefficients (0.925 average r2)
across all biological replicates (supplemental Fig. S1D).
Consistent with the depth of coverage achieved in control
samples, an average of 16.9 peptides (15.3 unique peptides),
representing a coverage of 40.8% per protein (Table 1), were
identified per protein in the seminal vesicle tissue sourced
from acrylamide-treated animals. Combined analysis of
acrylamide (4819 proteins; Fig. 4C, supplemental Table S6)
and control seminal vesicle proteomes (5013 proteins; Fig. 2A,
supplemental Table S2) identified 5478 proteins (FDR ≤ 0.01).
Filtering for proteins with three quantitative values in at least
one treatment group (i.e., control or acrylamide), and either 3
or 0 quantitative values in the opposing group, resulted in a
final proteome of 4698 proteins (Fig. 4D, supplemental
Table S7). Among these, three were exclusively identified in
control seminal vesicle tissue: myelin protein P0 (MPZ), het-
erogeneous nuclear ribonucleoproteins C1/C2 (HNRNPC),
and UDP-glucuronosyltransferase 1A7 (UGT1A7C). Five pro-
teins were uniquely identified in acrylamide-exposed seminal
vesicle tissue: WD repeat-containing protein 46 (WDR46), Rho
GTPase-activating protein 10 (ARHGAP10), B-cell receptor-
associated protein 29 (BCAP29), interleukin-1 receptor-asso-
ciated kinase 4 (IRAK4), and DnaJ homolog subfamily B
member 5 (DNAJB5) (Fig. 4, D and E). Additional analysis of
the 4698 identified proteins using the Mouse Genome Infor-
matics Phenotypes/Alleles project as well as the International
Mouse Phenotyping Consortium databases revealed that
60/4698 (1.3%) proteins are associated with phenotypes in
seminal vesicle structure or function (60 proteins)
(supplemental Table S7).
Assessment of differentially regulated proteins in mouse

seminal vesicles revealed a subset of proteins that were
altered in response to acrylamide exposure. Initially, global
assessment of protein profiles using principal component
analysis demonstrated biological variance among the control
mice but notably a tighter clustering among the acrylamide-
treated mice, indicative of a consistent response to this
reproductive toxicant (Fig. 5A). Assessment of the regulation
of individual proteins demonstrated that 205 proteins were
upregulated and 106 downregulated (fold-change ≥1.5 or
≤−1.5 and p ≤ 0.05) (Fig. 5B, supplemental Table S7). These
Mol Cell Proteomics (2021) 20 100107 7



FIG. 3. Functions of proteins expressed in the mouse seminal vesicle. Functions of the mouse core seminal vesicle proteome were
assessed by Ingenuity Pathway Analysis. This analysis was used to predict canonical signaling pathways and upstream regulators of the
proteins expressed that were highly (p ≤ 0.05) predicted to be involved in mouse seminal vesicle function. Data depicted represents the top 20:
(A) canonical signaling pathways and (B) upstream regulators, presented as a heat map based on –log10 p values. A subset of proteins from the
mouse seminal vesicle proteome were selected for immunofluorescence confirmation (n = 4). Candidate proteins were selected based on their
association with functions of the seminal vesicle, including cellular proliferation/protein synthesis and cell death and survival. Representative
images of low and high magnification and secondary antibody only controls for (C) RNA-binding protein Musashi homolog 2 (MSI2), (D) pro-
saposin (PSAP), (E) lysosomal acid lipase/cholesteryl ester hydrolase (LIPA), and (F) cluster of differentiation 9 antigen (CD9). White boxes
indicate regions focused on for high power. EP, Epithelial cells; L, Seminal vesicle lumen; SM, Smooth muscle.
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TABLE 2
Comparative analysis of the core seminal vesicle proteome to seminal vesicle fluid proteome

Accession Description Gene symbol
Coverage

[%]
#

Peptides
# Unique
peptides

Order of
abundance

in core proteome

P18419 Seminal vesicle secretory protein 4 Svs4 80 20 20 1
P30933 Seminal vesicle secretory protein 5 Svs5 80 18 18 2
Q64356 Seminal vesicle secretory protein 6 Svs6 72 21 21 5
Q09098 Prostate and testis expressed protein 4 Pate4 64 13 13 6
Q61400 Carcinoembryonic antigen-related cell

adhesion molecule 10
Ceacam10 79 23 22 7

Q8BZH1 Protein-glutamine gamma-
glutamyltransferase 4

Tgm4 94 90 89 9

F2Z472 Seminal vesicle secretory protein 3A Svs3a 84 37 37 10
P01887 Beta-2-microglobulin B2m 70 11 11 11
P20029 Endoplasmic reticulum chaperone BiP Hspa5 83 85 83 12
P09036 Serine protease inhibitor Kazal-type 1 Spink3; Spink1 64 13 13 15
P09103 Protein disulfide-isomerase P4hb 91 76 76 18
P10126 Elongation factor 1-alpha 1 Eef1a1 81 51 33 19
P07724 Serum albumin Alb 93 91 91 21
P45376 Aldo-keto reductase family 1 member B1 Akr1b3 74 35 34 26
P14211 Calreticulin Calr 78 44 44 30
Q07235 Glia-derived nexin Serpine2 74 33 33 33
Q8BND5 Sulfhydryl oxidase 1 Qsox1 70 59 7 36
P81117 Nucleobindin-2 Nucb2 85 69 69 46
Q921I1 Serotransferrin Trf 72 70 70 52
P35700 Peroxiredoxin-1 Prdx1 95 32 30 62
P17182 Alpha-enolase Eno1 91 50 43 74
Q01853 Transitional endoplasmic reticulum ATPase Vcp 86 107 106 75
P24369 Peptidyl-prolyl cis-trans isomerase B Ppib 75 30 30 76
Q8CEK3 Serine protease inhibitor kazal-like protein,

minor form
Spinkl 52 9 9 92

P21460 Cystatin-C Cst3 66 14 14 105
P18242 Cathepsin D Ctsd 64 27 27 112
P06869 Urokinase-type plasminogen activator Plau 78 36 36 124
P13020 Gelsolin Gsn 68 49 49 164
P07759 Serine protease inhibitor A3K Serpina3k 54 29 27 251
O09159 Lysosomal alpha-mannosidase Man2b1 51 47 47 252
Q9QY48 Deoxyribonuclease-2-beta Dnase2b 43 20 20 259
P22599 Alpha-1-antitrypsin 1–2 Serpina1b 65 31 12 285
Q3UN54 Secreted seminal-vesicle Ly-6 protein 1 A630095E13Rik 54 6 6 325
P12032 Metalloproteinase inhibitor 1 Timp1 59 12 12 431
Q61207 Prosaposin Psap 57 24 24 509
P28665 Murinoglobulin-1 Mug1 54 59 37 519
P28798 Progranulin Grn 71 32 32 523
P32261 Antithrombin-III Serpinc1 69 33 33 583
P01027 Complement C3 C3 69 103 103 669
O88968 Transcobalamin-2 Tcn2 79 22 22 808
Q9Z0J0 NPC intracellular cholesterol transporter 2 Npc2 59 17 17 846
P06728 Apolipoprotein A-IV Apoa4 74 27 27 923
Q06890 Clusterin Clu 33 17 17 953
E9Q557 Desmoplakin Dsp 38 86 86 995
Q9D309 Protein FAM3B Fam3b 70 19 19 1028
P11276 Fibronectin Fn1 40 61 61 1073
P21614 Vitamin D-binding protein Gc 81 33 33 1092
P23953 Carboxylesterase 1C Ces1c 35 17 14 1324
P06797 Cathepsin L1 Ctsl 56 16 16 1363
Q01339 Beta-2-glycoprotein 1 Apoh 48 17 17 1628
P20918 Plasminogen Plg 51 31 31 1864
Q62181 Semaphorin-3C Sema3c 39 20 20 1936
P11672 Neutrophil gelatinase-associated lipocalin Lcn2 44 6 6 1982
Q9QZL9 Dickkopf-like protein 1 Dkkl1 40 10 10 2154

Environmental Exposures Alter Seminal Vesicle Function
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TABLE 2—Continued

Accession Description Gene symbol
Coverage

[%]
#

Peptides
# Unique
peptides

Order of
abundance

in core proteome

P13634 Carbonic anhydrase 1 Car1 58 11 11 2239
P07309 Transthyretin Ttr 71 8 8 2259
Q9ESB3 Histidine-rich glycoprotein Hrg 25 12 12 2997
Q00897 Alpha-1-antitrypsin 1–4 Serpina1d 48 23 2 3714

The core seminal vesicle fluid proteome was determined as described in supplemental Table S2 and compared with a high confidence mouse
seminal vesicle fluid proteome. This high confidence proteome was generated by obtaining data from Bayram et al., 2020 (42), Chang et al., 2010
(43), andDeanet al., 2009 (44) and filtering this data toonly includeproteins reviewedbyUniProt. This led to a final highconfidence list of 58proteins.
Included in this dataset is the order of abundance in the core proteome, determined by the average of normalized abundance quants of the three
biological replicates (prior to scaling), to demonstrate the relative level of expression of seminal vesicle secreted proteins within the proteome.

Environmental Exposures Alter Seminal Vesicle Function
significantly regulated proteins ranged in abundances
(supplemental Fig. S1E) and 8/311 (2.6%) were associated
with seminal vesicle phenotypes (Table 3).
Functional assessment of the differentially expressed pro-

teins using Ingenuity Pathway Analysis (Fig. 6, supplemental
FIG. 4. Characterization of the mouse seminal vesicle proteome fo
mice per treatment group) and (B) seminal vesicle weight (mg) (n = 11
isolation of proteins. Data are presented as a column graph with mean ±
(*) if p ≤ 0.05 when comparing the acrylamide to the control group. Using
acrylamide group were determined, (D) then compared with the control gr
control or acrylamide groups, and either 3 or 0 quantitative values in the o
presented as a heat map.
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Fig. S2, supplemental Tables S8–S10) revealed that canoni-
cal pathways and molecular functions dysregulated following
acrylamide exposure were associated with the regulation of
protein synthesis and cellular stress (Fig. 6, A and C,
supplemental Fig. S2, A–C and supplemental Tables S8 and
llowing acrylamide exposure. A, mouse weight (g) (n = 7 individual
individual mice per treatment group) were initially assessed prior to

SEM values and analyzed by unpaired t test with significance indicated
a Venn diagram, (C) proteins detected across the n = 3 replicates of the
oup filtering for proteins with three quantitative values in at least one of
ther group. E, proteins identified as unique to control or acrylamide are



FIG. 5. Acrylamide exposure alters the mouse seminal vesicle
proteome. Seminal vesicle proteomic data from acrylamide and
control mice was assessed (n = 3 biological replicates per group) to
identify those proteins with a fold-change ≥ 1.5 or ≤ −1.5 and p ≤ 0.05
using Proteome Discoverer 2.4. A, principal component analysis of
proteomic data. B, graphical depiction of differentially regulated pro-
teins using a volcano plot.

Environmental Exposures Alter Seminal Vesicle Function
S9). Utilization of a Z-score algorithm to assign either pathway
activation (Z-score ≥ 2) or inhibition (Z-score ≤ −2) revealed
EIF2 signaling (Z-score = 3.46), which is associated with
eukaryotic protein synthesis (54), as predicted to be activated
TABLE

Comparative analysis of the seminal vesicle proteome to seminal vesicle
International Mouse Phenoty

Accession Protein names
Gene
symbol

FC
ve

Q61103 Zinc finger protein ubi-d4 Dpf2
Q9D1Q4 Dolichol-phosphate

mannosyltransferase subunit 3
Dpm3

Q9D142 Uridine diphosphate glucose
pyrophosphatase NUDT14

Nudt14

P63037 DnaJ homolog subfamily A member 1 Dnaja1
Q61792 LIM and SH3 domain protein 1 Lasp1
Q8C5P7 Testis development-related protein Tdrp
P06869 Urokinase-type plasminogen activator Plau
Q9Z0M9 Interleukin-18-binding protein Il18 bp

Seminal vesicle phenotypes associated with proteins expressed in the
based upon those proteins that met our differential regulation criteria (−1
presented along with their associated phenotypes.
in acrylamide-exposed seminal vesicles, while death receptor
signaling (Z-score = −2), associated with cellular stress and
apoptosis (55), was predicted to be inhibited (Fig. 6C). Inter-
estingly, assessment of molecular and physiological functions
revealed a large number of proteins associated with the terms
“cell death and survival” and “cell proliferation/protein syn-
thesis” (supplemental Fig. S2A), with overrepresentation of
the functions “apoptosis” in the category “cell death and
survival” and “translation of protein” in the category “protein
synthesis” (supplemental Fig. S2, B and C, supplemental
Table S9).
To identify the upstream signaling pathways involved in

transmitting the acrylamide-mediated dysregulation of
mouse seminal vesicle function, we utilized the upstream
regulator function of Ingenuity Pathway Analysis. A total of
206 upstream factors were predicted to be regulators of
the seminal vesicle response to acute acrylamide expo-
sure (p ≤ 0.05, supplemental Table S10). To assess the
activation or inhibition status of these regulators, we first
filtered to remove all chemical molecules other than those
classified as endogenous mammalian chemicals, leaving
156 predicted upstream regulators (p ≤ 0.05, Fig. 6B,
supplemental Table S10). Of these, four were predicted to
be activated (Fig. 6D) including MLXIPL, MYC, N-myc
proto-oncogene protein (MYCN), and Rho family of
GTPases (RHO), while the four inhibited regulators
included RICTOR, La-related protein 1 (LARP1), cyclin-
dependent kinase 4/6 (CDK4/6), and miRNA-210
(Fig. 6D, supplemental Fig. S2, D–F, supplemental
Table S10).
Notably RICTOR, a major component of the mTOR signaling

pathway known to influence both protein synthesis (56) and
epithelial cell function (57, 58), was a predicted upstream
regulator identified in the core mouse seminal vesicle prote-
ome (p = 2.52E-53, Fig. 3B and supplemental Table S5) and
was also prominent among dysregulated upstream regulators
3
phenotypes identified from the Mouse Genome Informatics and The
ping Consortium datasets

(acrylamide
rsus control)

p-value Phenotype description

2.14 5.10E-03 abnormal seminal vesicle morphology
1.83 1.66E-02 abnormal seminal vesicle morphology

1.62 1.71E-02 abnormal seminal vesicle morphology

1.58 8.86E-03 small seminal vesicle
1.57 1.32E-02 small seminal vesicle

−1.52 4.10E-03 abnormal seminal vesicle morphology
−1.56 4.37E-04 herniated seminal vesicle
−2.35 1.66E-03 abnormal seminal vesicle morphology

mouse seminal vesicle were determined. These data were then filtered
.5 ≤ FC ≥ 1.5, p ≤ 0.05) and proteins that matched these criteria are
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FIG. 6. Signaling pathways and upstream regulators influenced by acrylamide exposure in the mouse seminal vesicles. Ingenuity
Pathway Analysis was used to predict (p ≤ 0.05) canonical signaling pathways and upstream regulators of the mouse seminal vesicle proteins
that were differentially regulated following acrylamide treatment. Data are represented as a heat map based on –log10 p values and show the top
20: (A) canonical signaling pathways and (B) upstream regulators. To gain a greater understanding of the regulation of these pathways, (C)
canonical signaling pathways and (D) upstream regulators that were predicted to be activated (Z-score ≥ 2) or inhibited (Z-score ≤ −2) with p ≤
0.05 are represented as heat maps based on Z-score value. E, proteins differentially expressed following acrylamide exposure (red = upre-
gulated, green = downregulated) that are documented to be regulated by RICTOR are presented in an interaction network. Connecting lines
indicate several predicted relationships that lead to activation (orange) and a relationship not consistent with that published in the literature
(yellow). Image created with BioRender.com. F, representative images from immunofluorescence analysis of RICTOR in control and acrylamide
samples at low and high power and secondary antibody only controls (n = 5/group).White boxes indicate regions focused on for high power. EP,
Epithelial cells; L, Seminal vesicle lumen; SM, Smooth muscle.
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Environmental Exposures Alter Seminal Vesicle Function
following acrylamide exposure (Z-score = −3.64, p = 6.69E-07.
Fig. 6, B, D–F and supplemental Table S10), despite not
having altered expression (1.2 fold-change, p = 6.4E-01,
supplemental Table S7). As a prelude for future studies
focusing on defining the regulatory role of RICTOR in seminal
vesicle tissues, we used immunofluorescence to assess the
distribution of the protein in both control and acrylamide-
treated tissue samples. This approach revealed intense RIC-
TOR labeling that was primarily associated with the apical
surface of seminal vesicle epithelial cells, yet failed to respond
in terms of either abundance or localization upon acrylamide
challenge (Fig. 6F).
To validate differential protein expression, a subset of pro-

teins whose expression was dysregulated by acrylamide
treatment and that were associated with responsive cellular
and molecular functions identified by bioinformatic analyses
were selected for orthogonal quantification by immunoblotting
(n = 4 per group). Specifically, these proteins were associated
FIG. 7. Orthogonal validation of proteins identified in the mouse
were validated via immunoblotting of differentially regulated proteins (
selected based on those differentially regulated proteins that were as
Representative Immunoblotting images shown. Proteins assessed in
lation initiation factor 4E-binding protein 1 (EIF4EBP1), (A and D) 60S
Immunoblotting data were assessed using Multi Gauge software, norm
mean ± SEM values. Data were analyzed by unpaired t test. * p ≤ 0.0
control groups.
with “cell death and survival”; Caspase-6 (CASP6, −1.71-fold-
change in acrylamide versus control, p = 2.91E-04), or “protein
synthesis”; (60S ribosomal protein L28 (RPL28, 1.96-fold-
change in acrylamide versus control, p = 1.33E-04), and
eukaryotic translation initiation factor 4E-binding protein 1
(EIF4EBP1, −2.06-fold-change in acrylamide versus control,
p = 2.06E-04)). Additionally, we also assessed Lactadherin
(MFGE8, −1.2-fold-change in acrylamide versus control, p =
6.83E-01) as a protein that did not exhibit change in the
proteomic dataset. Consistent with the proteomic data,
CASP6 (Fig. 7, A and B, −1.9-fold-change in acrylamide
versus control, p = 0.0021), and EIF4EBP1 (Fig. 7, A and
C, −1.8-fold-change in acrylamide versus control, p < 0.0001)
were suppressed, while RPL28 (Fig. 7, A and D, 1.8 fold-
change in acrylamide versus control, p = 0.0005) was
induced following acrylamide exposure. Additionally, MFGE8
(Fig. 7, A and E, 1.23 fold-change in acrylamide versus control,
p = 0.1420) was not altered.
seminal vesicle proteome. Quantitative mass spectrometry data
n = 4 individual mice per treatment group). Candidate proteins were
sociated with canonical pathways and upstream regulators with (A)
cluded (A and B) Caspase-6 (CASP6), (A and C) Eukaryotic trans-
ribosomal protein L28 (RPL28), and (A and E) lactadherin (MFGE8).
alized to the control group and presented as a column graph with

5 indicates statistical significance when comparing acrylamide with
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Acrylamide Treatment Leads to Increased Levels of
Oxidative DNA Damage in the Mouse Seminal Vesicle

We have previously demonstrated that exposure to acryl-
amide leads to increased levels of oxidative DNA damage in
epididymal sperm (22–24, 59). Consistent with these findings,
we observed a number of canonical signaling pathways and
functions associated with the cellular response to oxidative
stress that were altered in the mouse seminal vesicles
following acrylamide exposure (Fig. 6, supplemental Tables S8
and S9). These pathways included NRF2-mediated oxidative
stress response (11 proteins, p = 6.92E-05), acute-phase
response signaling (9 proteins, p = 9.12E-04), antioxidant
actions of vitamin C (6 proteins, p = 4.17E-03), sirtuin signaling
pathway (10 proteins, p = 7.59E-03), glutathione-mediated
detoxification (3 proteins, p = 9.77E-03) (Fig. 6A and
supplemental Table S8), and free radical scavenging (22 pro-
teins, p = 3.69E-03) (Fig. 8A and supplemental Table S9).
Given this evidence, we assessed whether acrylamide expo-
sure causes oxidative stress in seminal vesicle tissues. Spe-
cifically, seminal vesicle tissue sections were assessed for
their levels of oxidative DNA damage burden using an 8-
OHdG probe. This analysis confirmed that acrylamide treat-
ment elicits elevated 8-OHdG in epithelial cells (Fig. 8, B and
D, fivefold increase, p = 0.016) and the smooth muscle cell
layer (Fig. 8, C and D, twofold increase, p = 0.04).

Acrylamide Treatment Leads to Alterations of Seminal
Vesicle Secretory Capacity

Collectively, these data demonstrate that seminal vesicle
tissue is responsive to acute acrylamide exposure; however,
whether these changes alter the secretory capacity of the
seminal vesicles remained to be answered. To begin to
address this question, we undertook histological analysis of
seminal vesicles to examine the impact of acrylamide on
epithelial cells and the smooth muscle layer, which play
important roles in modulating secretory capacity (25). Analysis
of seminal vesicle epithelial cells revealed no significant
change in epithelial cell mucosal folding/branching (Fig. 9, A
and D), nor any change in epithelial cell height, reflective of
maintenance of a tall secretory columnar epithelium following
acrylamide exposure (Fig. 9, B and D). Similarly, no significant
change was observed in the depth of the smooth muscle cell
layer (Fig. 9, C and E) in acrylamide-treated seminal vesicle
tissue compared with the controls, suggesting that SVS ca-
pacity was unchanged.
However, despite not overtly affecting gross seminal

vesicle morphology or weight (Fig. 4B, Fig. 9, A–E), acryl-
amide treatment did significantly reduce the volume of
seminal vesicle secretions harvested from treated animals
(Fig. 10A, 36% reduction, p < 0.01). Notably, this response
was also reflected in a reduction in the total amount of
seminal vesicle fluid protein collected (Fig. 10B, 25%
reduction, p = 0.02), with a small but nonsignificant increase
14 Mol Cell Proteomics (2021) 20 100107
in protein concentration per mg fluid collected observed
(Fig. 10C, p = 0.055).
Additionally, analysis of our proteomic data for seminal

vesicle secreted proteins showed evidence of alterations to
seminal vesicle secreted proteins (Table 2) (42–44). Seven of
these, alpha-1-antitrypsin 1–4 (SERPINA1D, 5.0 FC,
p = 2.56E-13), serine protease inhibitor A3K (SERPINA3K,
1.66 FC, p = 9.39E-03), carbonic anhydrase 2 (CAR1, 1.5 FC,
p = 1.60E-2), urokinase-type plasminogen activator
(PLAU, −1.56 FC, p = 4.4E-04), NPC intracellular cholesterol
transporter 2 (NPC2, −1.6 FC, p = 8.0E-05), dickkopf-like
protein 1 (DKKL1, −1.7 FC, p = 3.21E-03), and neutrophil
gelatinase-associated lipocalin (LCN2, −1.9 FC, p = 9.0E-05)
were significantly altered (FC ≥ 1.5 or ≤ −1.5 and p ≤ 0.05) in
seminal vesicle tissue of acrylamide-treated males compared
with control (Fig. 10D, Table 2). Notably, of the 12 other
seminal vesicle secreted proteins (supplemental Fig. S3,
Table 2) that did not reach the effect size threshold but did
reach statistical significance, seven were in the top 1% most
abundant seminal vesicle proteins. These included PATE4
(−1.25 FC, p = 3.54E-02), SVS3A (−1.30 FC, p = 1.98E-02),
carcinoembryonic antigen-related cell adhesion molecule 10
(CEACAM10, −1.34FC, p = 1.07E-02), serine protease inhibitor
kazal-type 1 (SPINK1, −1.36 FC, p = 8.3E-03), beta-2-
microglobulin (B2M, −1.37 FC, p = 7.28E-03) SVS6 (−1.41
FC, p = 4.34E-03), and sulfhydryl oxidase 1 (QSOX1, −1.44
FC, p = 2.73E-03) (supplemental Fig. S3, Table 2).
DISCUSSION

Supporting the delivery of spermatozoa to the site of fertil-
ization has long been considered the sole function of seminal
plasma, but this narrow delineation is now inadequate. Indeed,
seminal plasma fulfills a more complex role in virtually all
species that deposit gametes in the female reproductive tract
at intromission (1). Thus, in addition to its primary function in
sperm delivery, seminal plasma modifies the postcopulatory
female reproductive tract environment in a manner that sup-
ports embryo implantation and exerts long-term conse-
quences for offspring health (2, 3, 15, 21). In most species, the
major contributor to seminal plasma volume is the seminal
vesicle glands (2, 4). Although compelling evidence implicates
these glands as crucial regulators of reproductive success (3,
15, 17), understanding of their physiology and proteomic
constitution remains limited. This is illustrated through anal-
ysis of reviewed M. musculus proteins in UniProt (25,260
proteins) whereby only 26 proteins have been characterized as
seminal vesicle expressed, despite substantially more proteins
linked with seminal vesicle phenotypes (40, 41). Thus, in
completing the first proteomic assessment of the mouse
seminal vesicle, we have built greater understanding of this
gland’s complex biology and demonstrated that the seminal
vesicle tissue, akin to that of other segments of the male
reproductive tract, is sensitive to environmental exposures.



FIG. 8. Acrylamide induces oxidative stress in the mouse seminal vesicle. A, Ingenuity Pathway Analysis identified the production and
synthesis of reactive oxygen species as a significant (p ≤ 0.05) cellular function associated with proteins that were differentially regulated
following acrylamide exposure. These data are presented as interaction networks where a circular arrow surrounding the protein name indicates
it is associated with the production of reactive oxygen species, and a square dotted line surrounding the protein indicates it is associated with
the synthesis of reactive oxygen species. These lines indicate several predicted relationships that lead to activation (orange), relationship
inconsistent with the literature (yellow), and relationship is known but effects on function is yet to be completely characterized (gray). Image
created with BioRender.com. B–D, oxidative DNA damage was measured using 8-Hydroxy-2' -deoxyguanosine (8-OHdG) in (B) epithelial
cells and (C) the smooth muscle layer, with (D) representative images at low and high magnification and secondary antibody only controls
(n = 5/group). White boxes indicate regions focused on for high power. Data were analyzed by unpaired t test and are presented as a column
graph with mean ± SEM values. *p ≤ 0.05 indicates statistical significance when comparing acrylamide with control groups. EP, Epithelial cells;
L, Seminal vesicle lumen; SM, Smooth muscle.
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FIG. 9. Seminal vesicle cellular structure is not altered following acrylamide exposure. A and D, epithelial cell branching/folding (B and D)
epithelial cell height, and (C and E) depth of stromal muscle layer wete assessed as surrogate measures of seminal vesicle secretory capacity
with (D and E) representative histological images of (D) hematoxylin and eosin and (E) alpha smooth muscle actin (αSMA) presented. Data were
analyzed by unpaired t test and are presented as column graphs with mean ± SEM values from n = 5 individual mice per group. EP, Epithelial
cells; L, Seminal vesicle lumen; SM, Smooth muscle.

Environmental Exposures Alter Seminal Vesicle Function
The principal responsibility of the seminal vesicles is to
synthesize and secrete a diversity of bioactive factors,
including proteins that promote reproductive success by
supporting gamete function or interacting with the female
reproductive tract (2, 4, 5). Consistent with this primary func-
tion, proteins secreted by the seminal vesicle (42–44) were
among the most abundant proteins detected in seminal
vesicle tissue. These proteins play critical roles in semen
coagulation (e.g., members of the SVS family and PATE4),
and the regulation of male gamete function (e.g., members
of the SVS family, SPINKL and SERPINE2) (1–4). Consistent
with other secretory mucosal surfaces, wherein equivalent
cellular pathways mediate the cell fate decisions needed to
maintain healthy tissue homeostasis and organ functionality
16 Mol Cell Proteomics (2021) 20 100107
(60–62), our in silico analysis of the seminal vesicle prote-
ome identified cell proliferation, protein synthesis, and
protein turnover as prominent biological processes. In
addition, proteins linked to cellular death and survival
pathways were abundantly represented within the seminal
vesicle proteome.
Notably, the composition of seminal vesicle secretions is

known to exhibit significant plasticity in response to changing
paternal environments (63–65) or even cues produced by a
female partner (66); functions that are postulated to maximize
fertilization success and transmit evolutionary adaptations to
offspring (63, 66, 67). These above studies raise the possibility
that in addition to sperm, the seminal vesicles are sensitive to
environmental signals and stressors (3, 15, 17). To assess the



FIG. 10. Seminal vesicle secretory function is perturbed
following acrylamide exposure. Seminal vesicle fluid was collected
and (A) seminal vesicle fluid weight (mg), (B) total seminal vesicle fluid
protein (mg), and (C) seminal vesicle fluid protein/mg seminal vesicle
fluid were assessed. Data are presented as column graph with mean ±
SEM values and data from n = 11 individual mice per treatment group.
Data were analyzed by unpaired t test. *p ≤ 0.05 indicates statistical
significance. D, expression of seminal vesicle secreted proteins (n = 3
individual mice per treatment group) identified by proteomics of
mouse seminal vesicle fluid (42–44) as statistically significant (p ≤ 0.05
indicated by *) and fold-change ≥ 1.5 or ≤ −1.5 in our proteomic
analysis. Proteins assessed included alpha-1-antitrypsin 1–4 (SERPI-
NA1D), serine protease inhibitor a3k (SERPINA3K), carbonic anhy-
drase 2 (CAR1), urokinase-type plasminogen activator (PLAU), NPC
intracellular cholesterol transporter 2 (NPC2), dickkopf-like protein 1
(DKKL1), and neutrophil gelatinase-associated lipocalin (LCN2). Data
are presented as column graphs of log fold-change (logFC).
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impact of environmental exposures on seminal vesicle func-
tion, we utilized a readily tractable in vivo acute acrylamide
exposure model. This model, which utilizes doses of acryl-
amide that are substantially higher than human chronic
exposure estimates (68), has been extensively utilized by us
(22) and others (69, 70) to investigate adverse impacts of
acrylamide exposure on sperm quality and fetal development.
Specifically, exposure of testicular germ cells to acrylamide
leads to enhanced levels of DNA damage that fail to be
resolved during sperm maturation, yet do not appear to affect
fetal development. Comparable levels of DNA damage are
also characteristic of sperm exclusively exposed to acryl-
amide during epididymal transit. However, exposure during
epididymal transit leads to substantially increased rates of
fetal loss (22, 69, 71, 72). This raises the intriguing possibility
that the male transfers the burden of acrylamide stress to the
female through mechanisms that are independent of sperm
DNA damage. While the nature of these paternal stress signals
and the timing of their transfer to spermatozoa remain an area
of active investigation, our data raise the prospect that other
tissues in the male reproductive tract such as the seminal
vesicles may be similarly affected by paternal stressors and
therefore deserve consideration in terms of a holistic appraisal
of their impact on male reproductive health and fertility.
Consistent with this possibility, paternal exposure to the

reproductive toxicant, acrylamide altered the seminal vesicle
proteome. In silico analysis of the dysregulated proteins
provided evidence that the seminal vesicles initiate protein
synthesis and promote cellular survival in response to the
acrylamide insult, in order to return seminal vesicle tissue to
normal homeostasis and functionality. The cellular re-
sponses we observed among dysregulated proteins share
analogy with changes recorded following oxidative stress
insults, wherein cells typically increase the expression of
antioxidant genes and activate pathways that promote sur-
vival and adaptation to counter the cytotoxic effects of
excessive reactive oxygen species production (73). Indeed,
our studies demonstrate that treatment with the antioxidant
resveratrol for 3 months rescues acrylamide-induced sperm
DNA damage in mouse chronic exposure model (59), but this
rescue is lost after a longer, 6 month exposure when other
consequences of treatment have become apparent. Simi-
larly, other studies have demonstrated that antioxidants can
inhibit oxidative stress in rodent seminal vesicles (74, 75).
Here we demonstrate that acrylamide exposure leads to the
dysregulation of oxidative stress pathways accompanied by
elevation of 8-OHdG lesions in the seminal vesicle epithe-
lium, indicating that oxidative stress likely plays a leading
role in the pathological response of this tissue to acute
acrylamide.
Notably in our analysis, we have detected proteins uniquely

expressed in the seminal vesicle proteome, with ARHGAP10,
BCAP29, DNAJB5, IRAK4, and WDR46 present following
acrylamide treatment and HNRNPC, MPZ, and UGT1A7C
absent. In agreement with our in silico analysis, these uniquely
acrylamide-expressed proteins are associated with driving
cellular maintenance, proliferation, and repair in response to
cellular stressors. Specifically, DNAJB5, a member of the heat
shock protein 40 chaperone family (76), is a regulator of
cellular protein homeostasis through its interaction with his-
tone deacetylases and is activated in response to oxidative
stress (77, 78). Moreover, the expression of DNAJB5 is known
to increase in response to other cellular stressors such cancer
(79) or infection (80).
Notwithstanding the paucity of studies focused on changes

to the global proteomic landscape induced by acrylamide
challenge in other tissues, we sought to explore the conser-
vation of the proteomic response of the seminal vesicles to
Mol Cell Proteomics (2021) 20 100107 17
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that of other tissues. We noted a 68% overlap (23/34) between
proteins identified within our dataset and significantly dysre-
gulated proteins identified in hippocampal tissue (81) and
striatal synaptosomes (82) (supplemental Table S11). How-
ever, of the 23 detected proteins, only glutathione S-trans-
ferase omega-1 (upregulated) and alpha-soluble NSF
attachment protein (downregulated) were also significantly
dysregulated in seminal vesicle tissue. Although these studies
suggest that the seminal vesicles respond to acrylamide in a
tissue-specific manner compared with existing data (81, 82),
further studies are required to confirm this, particularly through
the examination of proteomic changes in response to acryl-
amide from other male reproductive tract tissues.
Much of our knowledge of seminal vesicle biology comes

from studies examining the impact of androgens on this
tissue. Indeed, androgens are pivotal for all aspects of
seminal vesicle development and function through their
capacity to trigger differentiation of epithelial cells into a
secretory epithelial layer (4, 25, 83). This raises the possi-
bility that dysregulated production of androgens may
contribute to altered seminal vesicle function following
acrylamide exposure. However, we did not observe the
expected reduction in seminal vesicle size or tissue
morphology (84), nor did we detect any in silico evidence of
endocrine pathway disruption. These findings suggest that
our subchronic acrylamide exposure regimen was below
the threshold needed to influence serum testosterone levels
(85, 86), and thus androgens are unlikely to be solely
responsible for driving the seminal vesicle response to
acrylamide.
Due to the lack of comprehensive assessment of the

proteomic composition of seminal vesicles, the identity of
other regulators of seminal vesicle function remains un-
known, although estrogens (87) and sexual activity (88) are
implicated. In an attempt to shed light on novel regulators,
we utilized Ingenuity Pathway Analysis to identify regulators
of central importance to the seminal vesicle. Notably, in
silico analyses identified RICTOR, a component of the
mTOR pathway with established roles in protein production,
protein secretion, and epithelial cell function (56–58, 89–94),
as a putative regulator of the seminal vesicle tissue
response to acrylamide exposure. While we have yet to
directly assess how RICTOR influences the physiological
responses of seminal vesicle tissue, we found no evidence
of overt modulation of either RICTOR expression of intra-
cellular distribution in response to acrylamide challenge.
Despite this, it is notable that deficiency of the closely
related mTORC1 molecule regulatory-associated protein of
MTOR complex 1 (RPTOR) does dysregulate seminal vesicle
function (95), thus reinforcing the tenet that components of
the mTOR complex play an important role in seminal vesicle
biology. It is also notable that impaired mTORC2 signaling,
mediated by RICTOR, has been implicated in increased
cellular ROS sensitivity (96, 97).
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The altered protein composition of seminal vesicle tissue
following acrylamide exposure raises the question of whether
seminal vesicle secretory function is similarly influenced. While
no change in the weight of seminal vesicle tissue was
detected, a decrease in seminal vesicle secretion volume and
overall protein concentration was observed. This change in
secretory function is consistent with other studies of epithelial
cells in which environmental perturbations or genetic defi-
ciency has been linked to a hyposecretory phenotype
(98–100), yet the exact mechanisms by which this change is
enacted remain uncertain. Additionally, our data implicates the
synthesis of prominent seminal vesicle secreted factors,
including SVS3A, SVS6, and PATE4, as being dysregulated in
seminal vesicle tissue following acrylamide exposure. These
proteins have well-established roles in copulatory plug for-
mation (2, 9, 44), with PATE4-deficient male mice unable to
form a complete copulatory plug leading to subfertility (9).
Additional proteins with altered synthesis included the serine
protease inhibitors SERPINA1D (101), SERPINA3K (102), and
PLAU (103), which may contribute to copulatory plug forma-
tion, modification of sperm function, or activation of seminal
fluid signaling molecules, as has been shown for other pro-
tease inhibitors in seminal fluid (104).
Taken together, these findings raise the possibility that

alterations to seminal vesicle function may contribute to the
embryonic loss observed following acute acrylamide expo-
sure in the sire, as well as epididymal sperm changes (22,
69, 70). However, the specific proteomic impacts of acryl-
amide exposure on seminal vesicle fluid and the biological
consequences of these changes remain to be addressed—
particularly as this fluid constitutes a highly biased proteo-
mic sample with a small subset of highly dominant proteins
that rapidly coagulate upon recovery, making proteomic
analysis and biological assessment of their functions chal-
lenging (42, 63). Indeed, our combined analysis of published
seminal vesicle fluid proteomes (42–44) only identified 58
reviewed proteins from the UniProt database as being
secreted by the seminal vesicle. These data further
emphasize the importance of gaining a comprehensive
profile of the true protein composition of seminal vesicle
fluid, as acknowledged by Bayram et al., (42). Our future
studies aim to address this and increase the depth of the
mouse seminal vesicle fluid proteome and explore the bio-
logical significance of altered seminal vesicle secretions on
fertility and fetal development.
In summary, we have exploited an advanced proteomic

platform to generate the first mechanistic insight into mouse
seminal vesicles in normal physiology and pathology. These
data identify how the seminal vesicle tissue responds to the
reproductive toxicant, acrylamide, lending support to the
emerging evidence that suggests we need to consider the
responses of all male reproductive tract tissues when inter-
preting the potential impact of toxicants/environmental
stressors on male fertility.
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