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Abstract
Purpose In men, obesity may lead to poor semen parameters and reduced fertility. However, the causative links between obesity
and male infertility are not totally clear, particularly on a molecular level. As such, we investigated how obesity modifies the
human sperm proteome, to elucidate any important implications for fertility.
Methods Sperm protein lysates from 5 men per treatment, classified as a healthy weight (body mass index (BMI) ≤ 25 kg/m2) or
obese (BMI ≥ 30 kg/m2), were FASP digested, submitted to liquid chromatography tandemmass spectrometry, and compared by
label-free quantification. Findings were confirmed for several proteins by qualitative immunofluorescence and a quantitative
protein immunoassay.
Results A total of 2034 proteins were confidently identified, with 24 proteins being significantly (p < 0.05) less abundant (fold
change < 0.05) in the spermatozoa of obese men and 3 being more abundant (fold change > 1.5) compared with healthy weight
controls. Proteins with altered abundance were involved in a variety of biological processes, including oxidative stress (GSS,
NDUFS2, JAGN1, USP14, ADH5), inflammation (SUGT1, LTA4H), translation (EIF3F, EIF4A2, CSNK1G1), DNA damage
repair (UBEA4), and sperm function (NAPA, RNPEP, BANF2).
Conclusion These results suggest that oxidative stress and inflammation are closely tied to reproductive dysfunction in obese
men. These processes likely impact protein translation and folding during spermatogenesis, leading to poor sperm function and
subfertility. The observation of these changes in obese men with no overt andrological diagnosis further suggests that traditional
clinical semen assessments fail to detect important biochemical changes in spermatozoa which may compromise fertility.
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Introduction

Excessive body weight continues to be a growing problem in
the twenty-first century; estimates of overweight and obesity
(i.e., a bodymass index (BMI) of ≥ 25 kg/m2) in adults remain
high at 38.9% globally [1]. In the USA, 37.8% of men of

reproductive age (20–59 years) are obese (BMI ≥ 30 kg/m2

[2]), highlighting that this population is at risk for experienc-
ing co-morbidities of obesity. As the sequelae of excessive
body weight have been investigated, it has become clear that
obesity has significant negative implications for fertility. In
men, this often manifests as poor semen parameters including
below average spermmotility, concentration, and normal mor-
phology [3–5]. In addition, obese men are significantly less
likely to conceive naturally within 12 months of trying [6, 7].
Paternal obesity has further been shown to impact the fertility
of the subsequent generation in rodent studies, with male off-
spring demonstrating poor semen parameters and reduced fer-
tilization rates [8, 9]. These data emphasize the negative ef-
fects of obesity on male fertility, and highlight the need to
further understand the mechanisms underlying these effects
and investigate possible solutions.

While obesity is clearly linked to poor semen parameters,
diagnosis of the latter remains centered around basic semen
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assessment [10]. Assays evaluating basic parameters such as
sperm motility, concentration, and morphology may fail to
detect obesity-derived changes in spermatozoa operating at
the molecular level. Previous studies support this idea, dem-
onstrating that spermatozoa from obese men have altered
abundances of a handful of proteins despite being largely nor-
mozoospermic (i.e., complying with World Health
Organization standards for sperm motility, morphology, and
concentration) [11, 12]. However, these studies employed
two-dimensional difference gel electrophoresis (2D-DIGE),
a proteomic method with good sensitivity, but limitations of
low reproducibility, narrow dynamic range, and poor separa-
tion of highly hydrophobic or acidic/basic proteins [13]. In
comparison, proteomic analysis of samples by liquid chroma-
tography tandemmass spectrometry (LC-MS/MS) offers high
sensitivity, with improvements in dynamic range and accurate
analysis of proteins regardless of hydrophobicity or isoelectric
point [14]. Combined with the use of label-free quantification,
LC-MS/MS offers robust and reliable identification of prote-
omic differences in complex samples, including human
spermatozoa [15]. While a previous study by Liu et al.
[16] used LC-MS/MS to investigate the sperm proteome
of obese men, this was limited to a small sample size
(n = 3 men), incorporated the complicating factor of se-
vere asthenozoospermia and did not appear to control
for relevant factors such as diabetes or smoking. In
contrast, we sought to analyze clinically normal samples
from a well-controlled population of obese men. Such a
deep exploration of the human sperm proteome in the
context of obesity could provide insight into the mech-
anistic links between obesity and infertility, as well as
offering more information for clinical assessment of se-
men parameters, and potential pathways to improve se-
men quality.

In this context, we performed an in depth proteomic anal-
ysis of clinically normal human spermatozoa from healthy
weight and obese men using LC-MS/MS. We present a com-
prehensive sperm proteome investigating the impacts of obe-
sity on a molecular level and discern potential implications for
male fertility.

Materials & methods

Chemicals

All chemicals were purchased from Sigma Aldrich (St
Louis, MI) unless otherwise stated and were of HPLC
grade. Antibodies used for immunofluorescence were pur-
chased from Santa Cruz Biotechnology (Dallas, TX) and
Thermo Fisher Scientific (Waltham, MA). Antibodies used
for the quantitative protein immunoassay were purchased
from Novus Biologicals (Centennial, CO).

Ethical approval

Semen was collected with consent from patients at the
Colorado Center for Reproductive Medicine (Lone Tree,
CO) and approval from the Western Institutional Review
Board (Puyallup, WA, protocol number 20142468).

Patient selection, semen processing, and statistical
analysis

Human semen was collected on the day of oocyte retrieval.
Men were selected based on age (< 50) and BMI (control =
BMI < 25 kg/m2, obese = BMI > 30 kg/m2). Patients were
excluded if they smoked tobacco or had a history of diabetes,
hypertension, testicular injuries, or other significant medical
conditions. Only men with clinically normal semen were re-
cruited; applied cut offs included semen concentration > 15 ×
106 spermatozoa/mL, spermmotility > 20%, normal morphol-
ogy (strict Kruger criteria [17]) ≥ 1%, and DNA fragmentation
(terminal deoxynucleotidyl transferase (TdT) dUTP nick-end
labeling (TUNEL) assay) < 16% (if measured). Samples with
significant somatic cell contamination were excluded. Routine
clinical data, including age, BMI, semen concentration, mo-
tility, morphology, and DNA fragmentation, were subjected to
statistical analysis by Student’s two-tailed t test employing an
α of 0.05. Values for sperm concentration and motility were
obtained from the ejaculate used for proteomic analysis.

Ejaculates were collected by masturbation, allowed to lique-
fy, and separated on a 90%/45% PureSperm gradient (Nidacon)
to remove somatic cells and isolate viable spermatozoa. Sperm
pellets were washed twice with G-IVF (Vitrolife) supplemented
with 5 mg/mL serum protein supplement (SAGE media) in
preparation for intracytoplasmic sperm injection (ICSI).
Following ICSI, surplus washed semen was either cryopre-
served (proteome, n = 5 men per treatment) or immediately
underwent processing for qualitative immunofluorescence or
the quantitative protein immunoassay as described below. For
cryopreservation, washed ejaculates were centrifuged (300×g,
10 min) to remove G-IVF, resuspended 1:1 (v/v) in TEST-yolk
buffer (12% (v/v) glycerol, 20% (v/v) egg yolk, 10 μg/mL
gentamicin sulfate, Irvine Scientific), and suspended in liquid
nitrogen vapor for 20 min before immersion in liquid nitrogen.
Samples were stored at − 80 °C and thawed by shaking in a
37 °C water bath for 2 min prior to proteomic analysis.

Preparation of sperm cell lysates

Frozen thawed samples were further washed (300×g, 10 min,
2×) with Dulbecco’s phosphate buffered saline (PBS, without
calcium and magnesium, Gibco) to remove TEST-yolk buffer
and any remaining serum protein supplement. Sperm pellets
were resuspended in an equal volume of lysis buffer (10 mM
tris, 2% (w/v) sodium dodecyl sulfate (SDS), cOmplete mini
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EDTA free protease inhibitor cocktail) and incubated for 1 h at
room temperature with regular vortexing. Lysates were centri-
fuged (7500×g, 15 min), and both the supernatant and pellet
were retained. Cell pellets were solubilized in 200 μL 8M urea,
100 mM ammonium bicarbonate (U-ABC), vortexed for
20 min, and centrifuged (14,000×g, 10 min). Both supernatants
were snap frozen and stored at − 80 °C until further processing.

FASP digestion

Samples were individually prepared for mass spectrometry
using filter aided sample preparation (FASP). Cell lysate and
solubilized pellet supernatant were combined for each sample,
the mixture applied to a 30 kDa filter unit (Vivacon, Sartorius;
pre-washed with U-ABC) containing 200 μLU-ABC, and cen-
trifuged (14,000×g, 15 min). SDS was removed by 3 washes
with 200 μL U-ABC (13,000×g, 15 min). Proteins were re-
duced (10 mM dithiothreitol, 30 min, room temperature) and
alkylated (50 mM iodoacetamide, 30min, room temperature, in
the dark), washed with U-ABC and 50 mM ammonium bicar-
bonate and trypsin digested (sequencing grade modified tryp-
sin, 1:50 enzyme:protein, in 0.02% (v/v) protease max/50 mM
ammonium bicarbonate, 16 h at 37 °C). Peptides were washed
and eluted with consecutive washes of 50 mM ammonium
bicarbonate and 0.1% (v/v) formic acid (FA) (13,000×g,
10 min). Digested peptides were dried to minimum volume in
a vacuum centrifuge, resuspended in 150μL 0.5% (v/v) FA and
applied to activated STAGE (STop and Go Extraction) tips [18]
(activatedwith 80% (v/v) acetonitrile, 0.5% (v/v) FA, and equil-
ibrated with 0.1% (v/v) FA) containing C18 resin (binding ca-
pacity ~ 10 μg). Samples were reapplied to tips 3 times to
ensure saturation of resin (1500×g, 1 min) and washed (0.1%
(v/v) FA, 1500×g, 2 min) to remove any remaining contami-
nants. Peptides were eluted (80% (v/v) acetonitrile, 0.5% (v/v)
FA), dried to minimum volume in a vacuum centrifuge, and
resuspended with 0.1% (v/v) FA prior to injection.

Liquid chromatography tandem mass spectrometry

All samples (n = 5 per treatment) were run in duplicate to ac-
count for any between-run variation. Samples were analyzed on
a Q Exactive HF quadrupole orbitrap mass spectrometer
(Thermo Fisher Scientific, Waltham, MA) coupled to an Easy
nLC 1000 UHPLC (Thermo Fisher Scientific) through a
nanoelectrospray ion source. Peptides were separated on a
self-made C18 analytical column (100 μm internal diameter,
× 20 cm length) packed with 2.7 μm Phenomenex Cortecs
particles. After equilibration with 3 μL 5% (v/v) acetonitrile
and 0.1% (v/v) formic acid, the peptides were separated by a
240-min linear gradient from 4% (v/v) to 30% (v/v) acetonitrile
with 0.1% (v/v) formic acid at 400 nL/min. LC mobile phase
solvents and sample dilutions used 0.1% (v/v) formic acid in
water (buffer A) and 0.1% formic acid (v/v) in acetonitrile

(buffer B) (Optima™ LC/MS, Fisher Scientific, Pittsburgh,
PA). Data acquisition was performed using the instrument sup-
plied Xcalibur™ (v 4.0) software. The mass spectrometer was
operated in the positive ion mode, in the data–dependent acqui-
sition mode. Full MS scans were obtained with a range of m/z
300–1600, amass resolution of 120,000 at m/z 200, and a target
value of 1.00E+06 with the maximum injection time of 50 ms.
HCD collision was performed on the 15 most significant peaks,
and tandem mass spectra were acquired at a mass resolution of
30,000 at m/z 200 and a target value of 1.00E+05, with a
maximum injection time of 100 ms. Isolation of precursors
was performed with a window of 1.2 Th. The dynamic exclu-
sion time was 20 s. The normalized collision energy was 32.
Precursor ions with single, unassigned, or eight and higher
charge states were excluded from fragmentation selection.

Protein identification

MS/MS spectra were extracted from raw data files and con-
verted into Mascot generic files (.mgf) using Proteome
Discoverer (v 2.2, Thermo Fisher Scientific). Mascot generic
files were batch searched using an in-house Mascot server (v
2.6, Matrix Science), against the SwissProt database (release
date February 2018, 20,333 entries), with taxonomy set to
Homo sapiens. Search parameters included trypsin as the pro-
tease, allowing up to 1 missed cleavage, carbamidomethyl cys-
teine as a fixed modification, acetylation of N-terminal pro-
teins, oxidation of methionine and proline, and N-terminal
pyroglutamate as variable modifications, MS peak tolerance
of 15 ppm, MS/MS fragment ion tolerance of 25 ppm, and
peptide charges of 1+, 2+, and 3+ and #C13C of 1.

Label-free quantification of protein abundance
and statistical analysis

Mascot .dat files were loaded into (v 4.8.9, Proteome Software
Inc.) for ID validation and quantitative analysis. Peptide and
protein identifications were accepted if they were established
at greater than 95% or 99% probability by the Peptide Prophet
[19] and Protein Profit [20] algorithms, respectively. Positive
protein identifications also required a minimum of 2 unique
peptides. Proteins that contained similar peptides and could
not be differentiated based on MS/MS analysis alone were
grouped to satisfy the principles of parsimony. False discovery
rate (FDR) was calculated within Scaffold, using peptide and
protein probabilities calculated by Peptide Prophet and
Protein Profit algorithms. Quantitative comparisons employed
normalized weighted spectra (NWS) using experiment-wide
protein grouping, and treatment groups were compared using
a Student’s two-tailed t test within Scaffold, with an α of 0.05.
Data were exported to Excel and ranked by fold change; only
samples with a fold change of ≥ 1.5 or ≤ 0.5 were further
considered as significant. To further enhance the validity of
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the quantitative comparison, a minimumNWS cutoff of 5 was
applied to the patient group with the highest abundance of
each protein (i.e., NWS below 5 was accepted if present in
the patient group with significantly reduced protein
abundance).

Gene ontology and protein network interactions

Identified proteins were further characterized using
PANTHER (www.patherdb.org, v 14.0) for gene ontology
and STRING (www.string-db.org, v 11.0) to identify protein
network interactions. In both cases, species was specified as
Homo sapiens.

Qualitative immunofluorescence

Qualitative immunofluorescence was performed to corrobo-
rate a representative selection of proteins which were signifi-
cantly differentially abundant in the sperm proteome of obese
men (GSS and NDUFS2). Samples used for immunofluores-
cence were obtained from new cohorts of control and obese
patients (n = 3 per treatment, under the same inclusion/
exclusion criteria as previously stated) to ensure that findings
could be generalized to a different population of patients.
Fresh post-ICSI samples were washed (300×g, 10 min) with
PBS, diluted to 50 × 106 spermatozoa/mL, and gently smeared
on poly-L-lysine-coated slides. Slides were air dried and
stored at − 20 °C until use. Slides were allowed to warm to
room temperature and fixed/permeabilized in 100% ice cold
methanol for 1 min. Slides were blocked with 5% (v/v) goat
serum in PBS and 0.1% (v/v) Tween 20 (PBST) for 60 min,
then treated with primary antibody (1:50 dilution,
Supplemental Table S1) diluted in 5% (v/v) goat serum in
PBST for 1.5 h. Slides were washed 4 times for 5 min each
in PBST, then incubated with a FITC-conjugated goat anti-
mouse secondary antibody (1:100 dilution, Supplemental
Table S1) diluted in 5% (v/v) goat serum in PBST for 1.5 h.
Slides were washed 4 times for 5 min each in PBST, then
mounted in Fluoroshield with DAPI and immediately imaged
using an Olympus BX52 fluorescent microscope and
Coolsnap HQ camera, running Metamorph software (v
7.7.0.0). All images were captured under a × 60 objective,
with a standardized exposure time (10 s), and a consistent
display range was set for each target using ImageJ (v 1.52a).
Target localization and signal strength were qualitatively
assessed in all samples.

Orthogonal validation of differentially abundant
proteins

A quantitative immunoassay was performed as orthogonal
validation for a representative selection of proteins which
were significantly differentially abundant in the sperm

proteome of obese men (ADH5, GSS, LTA4H). Samples used
for the immunoassay were obtained from new cohorts of con-
trol and obese patients (n = 5 per treatment, under the same
inclusion/exclusion criteria as previously stated) to ensure that
findings could be generalized to a different population of pa-
tients. Fresh post-ICSI samples were washed (300×g, 10 min)
with PBS, the supernatant discarded, and the pellet snap fro-
zen and stored at − 80 °C. Pellets were lysed as above, protein
concentration assessed by Qubit assay (Thermofisher), and
lysates diluted to a standardized concentration (200 μg/mL
for LTA4H or 800 μg/mL for ADH5, GSS) in 0.1× sample
buffer (Protein Simple). Relative protein amounts were quan-
tified using the automated Jess SimpleWestern protein immu-
noassay (Protein Simple), employing capillary based separa-
tion and chemiluminescent detection according to manufac-
turer’s directions. Briefly, samples were diluted with a fluo-
rescent master mix containing DTT (final concentration
40 mM) and reduced (100 °C, 10 min). Proteins were electro-
phoretically separated by size, labeled with primary and sec-
ondary antibodies (Supplemental Table S1), and imaged using
chemiluminescence. Fluorescent internal standards were used
for quality control, and within-capillary total protein normal-
ization was performed to account for any differences in pro-
tein loading. In addition, both positive (HeLa or Jurkat cell
lysates) and negative (HeLa or Jurkat cell lysates with no
primary antibody) controls were included to confirm appro-
priate performance of each antibody. All samples were run in
duplicate for each protein target (n = 10 replicates per treat-
ment). Relative protein amounts were assessed using the
corrected area of chemiluminescent peaks and analyzed by
Student’s two-tailed t test, with an α of 0.05.

Results

Clinical data

There were no significant differences between control and obese
patients in terms of age, semen concentration, motility, normal
morphology, or DNA fragmentation (Table 1). In all cases, pa-
tients were considered to have clinically normal semen accord-
ing to cut offs described (Supplemental Table S2). Average BMI
was significantly higher in the obese compared with the control
group (33.0 ± 0.6 vs 23.9 ± 0.4 kg/m2, p < 0.001).

Identification of proteins by LC-MS/MS and general
characterization

A total of 606, 078 peptides (FDR 0.52%) corresponding to
2034 proteins (FDR 0.00%) were identified in the combined
control and obese datasets after applying confidence cut offs
(peptide (95%) and protein confidence (99%), minimum 2
unique peptides per protein, Supplemental Table S3). By
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manual comparison with published human proteomes [16,
21–24], the vast majority of these proteins have previously
been identified in human spermatozoa (2019/2034, 99.3%).
All proteomic data has been made publically available via
PRIDE (project accession number PXD014849).

GO analysis of all identified proteins (Supplemental Table S4)
showed that the molecular functions of most identified proteins
fall under either catalytic activity (GO:0003824, 633 proteins,
30.5% of total) or binding (GO:0005488, 490 proteins, 23.6%
of total). Over 80% of proteins were involved in the following
biological processes: metabolic process (GO:0008152, 575 pro-
teins, 27.7% of total), cellular component organization or biogen-
esis (GO:0071840, 333 proteins, 16.1% of total), localization
(GO:0051179, 302 proteins, 14.6% of total), biological regula-
tion (GO:0065007, 270 proteins, 13.0% of total), or cellular pro-
cess (GO:0009987, 222 proteins, 10.7% of total). Awide range
of protein classes were identified, with hydrolase (PC00121, 223
proteins, 10.8% of total), oxidoreductase (PC00176, 141 pro-
teins, 6.8% of total), nucleic acid binding (PC00171, 134 pro-
teins, 6.5% of total), transferase (PC00220, 130 proteins, 6.3% of
total), cytoskeletal protein (PC00085, 108 proteins, 5.2% of to-
tal), and enzyme modulator (PC00095, 105 proteins, 5.1% of
total) being the most common.

The 50 most abundant proteins included protein families
such as tubulins, dyneins, and heat shock proteins. The major
interaction categories of these highly abundant proteins re-
vealed by STRING analysis included metabolic processes
(glycolysis, oxidative phosphorylation, beta oxidation of fatty
acids), histones, structural proteins, sperm motility, sperm ca-
pacitation, and fertilization.

Quantitative differences in the global sperm
proteome of obese men

From a total of 2034 proteins, 27 had significantly different
abundance in obese compared with control samples

(Supplemental Table S5). Of these 27 proteins, 3 were signif-
icantly more abundant in spermatozoa of obese men (fold
change ≥ 1.5, p < 0.05), while 24 were significantly less abun-
dant (fold change ≤ 0.5, p < 0.05) compared with control sper-
matozoa (Table 2). Proteins with the most significant fold
changes included protein jagunal homolog 1 (JAGN1),
NADH dehydrogenase [ubiquinone] iron-sulfur protein 2
(NDUFS2), leukotriene A-4 hydrolase (LTA4H), eukaryotic
initiation factor 4A-II (EIF4A2), and glutathione synthetase
(GSS).

Qualitative immunofluorescence

Qualitative immunofluorescence of representative proteins
confirmed abundance changes observed by LC-MS/MS
(Fig. 1). GSS showed very strong signal in control spermato-
zoa, mostly restricted to the equatorial and post acrosomal
region, while spermatozoa from obese men displayed only
weak signal. NDUFS2 showed moderate signal in spermato-
zoa from obese men, as both an equatorial band, post acroso-
mal and midpiece staining, and control spermatozoa showed
only dim signal with similar localization.

Orthogonal validation by quantitative protein
immunoassay

Changes in protein abundance of ADH5, GSS, and LTA4H
were confirmed by orthogonal validation using a Jess Simple
Western protein immunoassay (Supplemental figure 1). Both
ADH5 and GSS were confirmed to be significantly less abun-
dant in spermatozoa of obese patients compared with controls
(ADH5 control 66,160 ± 7641 vs obese 31,855 ± 4666 arbi-
trary units, p = 0.001; GSS control 175,907 ± 13,420 vs obese
107,161 ± 14,068 arbitrary units, p = 0.002). While the
63 kDa isoform of LTA4H was similar between control and
obese patients, the 73 kDa isoform was significantly less

Table 1 Clinical data of patients providing ejaculated semen for LC-MS/MS analysis

Parameter Control (BMI < 25) Obese (BMI > 30) P value

Mean ± SEM Range Mean ± SEM Range

Age 38.2 ± 2.2 33–46 41.0 ± 2.1 35–46 0.379

Body mass index (kg/m2) 23.9 ± 0.4 22.4–24.9 33.0 ± 0.6 31.2–34.7 0.000002

Semen concentration (spermatozoa/mL) 93.2 × 106 ± 13.3 × 106 69–137 × 106 83.5 × 106 ± 28.3 × 106 18–189 × 106 0.764

Total motility (%) 64.6 ± 0.1 42–77 59.8 ± 0.1 26–78 0.675

Normal morphology (%)a 3.0 ± 0.9 1–5 2.8 ± 0.6 1–4 0.856

DNA fragmentation (%)b 3.4 ± 2.5 0–13 3.3 ± 0.2 3–4 0.959

a Based on Kruger classification [1], assessed on Diff Quik stained slides
b Based on TUNEL assay using In Situ Cell Death Detection Kit (Roche Diagnostics), percentage of spermatozoa with DNA strand breaks (i.e., positive
staining)

Highlighted to show a significant p value (i.e. less than 0.05)
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abundant in spermatozoa of obese men (control 126,432 ±
4737 vs obese 93, 436 ± 8151 arbitrary units, p = 0.003).

Discussion

Using LC-MS/MS, we identified 27 proteins which are signif-
icantly different in abundance in the spermatozoa of obese men
compared with men of a healthy weight. These results demon-
strate that excessive body weight has implications in the male
reproductive tract, leading to significant alterations in the sperm
proteome. We believe that these alterations are truly a reflection
of obesity, as patient cohorts did not differ in any other relevant
factors (e.g., age, semen parameters, tobacco use), and patients
with complicating factors (e.g., diabetes, oligozoospermia)
were excluded. Interestingly, while clinical semen analysis
showed no significant differences in semen parameters, mass
spectrometric analysis demonstrated significant changes to the

sperm proteome, suggesting that even obese men with no se-
vere andrological pathologies may have important molecular
alterations to their spermatozoa. The proteomic data gathered
in this study suggest possible mechanisms by which the sper-
matozoa of obese men may be negatively impacted (Fig. 2).

Proteins with altered abundance in the spermatozoa of
obese men are involved in a diverse range of processes, yet
their common roles serve to highlight how obesity may impact
both spermatogenesis and mature sperm function. While ma-
ture spermatozoa are thought to be largely transcriptionally
silent, changes in protein abundance while spermatozoa are
fully transcriptionally active (i.e., during spermatogenesis) are
likely to have wide ranging and significant impacts. Several
proteinswith decreased abundance in spermatozoa from obese
men had important roles in transcription and translation, in-
cluding the eukaryotic translation initiation factors EIF3F and
EIF4A2. EIF3F is a subunit of the eIF3 complex, which is
involved in mRNA recruitment to initiate protein synthesis.

Table 2 Proteins identified by LC-MS/MSwith significantly different abundance (by normalized weighted spectra) in spermatozoa from control (BMI
< 25) vs obese (BMI > 30) men

Gene symbol Protein name Mean control Mean obese p value Fold change
(obese/control)

JAGN1 Protein jagunal homolog 1 4.87 8.46 0.04 1.7

NDUFS2 NADH dehydrogenase [ubiquinone] iron-sulfur
protein 2, mitochondrial

13.85 21.53 0.00052 1.6

NUP35 Nucleoporin NUP53 20.39 31.10 0.041 1.5

BANF2 Barrier-to-autointegration factor-like protein 16.36 8.88 0.031 0.5

MPC1 Mitochondrial pyruvate carrier 1 11.76 5.34 0.027 0.5

USP14 Ubiquitin carboxyl-terminal hydrolase 14 10.65 4.98 0.016 0.5

RAB18 Ras-related protein Rab-18 8.09 3.77 0.042 0.5

EIF3F Eukaryotic translation initiation factor 3 subunit F 7.49 3.58 0.039 0.5

SUGT1 Protein SGT1 homolog 16.20 6.87 0.017 0.4

FAHD2A Fumarylacetoacetate hydrolase domain-containing protein 8.50 3.45 0.026 0.4

CCDC189 Coiled-coil domain-containing protein 189 8.06 3.43 0.0031 0.4

ADH5 Alcohol dehydrogenase class-3 13.62 6.09 <0.0001 0.4

CSNK1G1 Casein kinase I isoform gamma-1 13.41 4.48 0.012 0.3

NAPA Alpha-soluble NSF attachment protein 8.50 2.45 0.0017 0.3

KIAA1324 UPF0577 protein KIAA1324 7.20 2.10 0.005 0.3

UBE4A Ubiquitin conjugation factor E4 A 6.19 2.08 0.011 0.3

NT5C 5′(3′)-deoxyribonucleotidase, cytosolic type 6.33 1.98 0.028 0.3

SKP1 S-phase kinase-associated protein 1 6.22 1.79 0.026 0.3

LRRC74A Leucine-rich repeat-containing protein 74A 10.37 2.01 0.0013 0.2

TTC12 Tetratricopeptide repeat protein 12 8.87 1.86 0.012 0.2

ATIC Bifunctional purine biosynthesis protein PURH 6.73 1.55 0.0021 0.2

C1orf100 Uncharacterized protein C1orf100 6.35 1.06 0.0022 0.2

GLOD4 Glyoxalase domain-containing protein 4 6.76 1.08 <0.0001 0.2

RNPEP Aminopeptidase B 7.52 0.68 0.0053 0.09

GSS Glutathione synthetase 5.81 0.53 0.00019 0.09

EIF4A2 Eukaryotic initiation factor 4A-II 5.11 0.43 0.0048 0.08

LTA4H Leukotriene A-4 hydrolase 5.09 0.37 0.00079 0.07
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EIF3F specifically inhibits protein synthesis at the translation-
al level [25], and the decreased expression of this protein in
cancer cells protects them from apoptosis [26]. In comparison,
EIF4A2 is involved in mRNA silencing via micro RNAs [27].
Expression of casein kinase 1 gamma 1 (CSNK1G1) was also
decreased; it is a prolific signaling molecule, involved in
hedgehog, NFκB, p53, PI3K/AKT, and Wnt signaling cas-
cades [28], all of which impact transcription and translation
of their various downstream targets. The observed reduced
abundance of these regulators of transcription and translation
demonstrates that obesity may have significant implications
for gene expression during spermatogenesis.

Obesity creates a chronic inflammatory state in the body,
driven by interactions between adipose tissue and the immune
system [29]. This inflammatory state undoubtedly impacts the
testes, where increased levels of pro-inflammatory cytokines,
inflammation markers, and macrophage infiltration are ob-
served as a result of chronic obesity [30–33]. Inflammation
occurring in the testes of obese men may be reflected in, and
to some extent explained by, the proteomic alterations we ob-
served.We found reduced levels of SUGT1 (alias SGT1), a co-
chaperone of HSP90 with roles in Akt signaling [34], centro-
mere function [35], and regulation of NLRP3 inflammasomes
[36]. Obesity is associated with increased expression of
NLRP3 [37], and as the SUGT1-HSP90 complex is responsi-
ble for maintaining these inflammasomes in a repressed state,
limited levels of SUGT1 could potentially lead to an aberrant
immune response and auto-activation of inflammatory path-
ways [36]. Interestingly, leukotriene A4 hydrolase (LTA4H)
was also reduced in abundance in the spermatozoa of obese
men. LTA4H has both pro- and anti-inflammatory roles, cata-
lyzing the production of the pro-inflammatory mediator leuko-
triene B4 and degrading the chemoattractant peptide PGP [38].
Due to its potent capacity for degrading PGP, reduced abun-
dance of this protein could help to sustain local inflammation
in the testes. Interestingly, both the production and activity of
LTA4H is reduced by acrolein [39], a byproduct of lipid per-
oxidation, which could be produced by developing spermato-
zoa undergoing oxidative stress [40]. While inflammation as-
sociated with obesity is primarily propelled by adipose tissue,
reduced levels of SUGT1 and LTA4H could help to maintain
inflammation in the testes of obese men.

Chronic low level inflammation contributes to oxidative
stress, another significant side effect of obesity [41]. This state
of oxidative stress is again locally observed in the testes of obese
males, reflected by higher concentrations of both reactive

oxidative stress

obesity

inflammation

lipid peroxidation byproduct generation  

adduct formation

protein dysfunction?

spermatogenesis

mature sperm function

(e.g. 4HNE, acrolein, malondialdehyde)

JAGN1
GSS

41PSU 2SFUDN

SUGT1 LTA4H

EIF4A2 EIF3F CSNK1G1 SKP1

BANF2 NAPA RNPEP

ADH5
Fig. 2 Obesity creates systemic
inflammation and oxidative
stress, two closely inter-related
processes. When occurring local-
ly in the testes, these processes
may impact spermatogenesis and
mature sperm function either di-
rectly, or indirectly, via the for-
mation of protein/reactive
byproduct adducts and subse-
quent protein dysfunction

Fig. 1 Representative images of qualitative immunofluorescence.
Spermatozoa from control (BMI < 25 kg/m2) or obese (BMI > 30 kg/
m2) men were incubated with antibodies against GSS or NDUFS2 and
a FITC-conjugated secondary antibody. DAPI staining was included to
identify all spermatozoa. A secondary antibody only control was included
to assess non-specific binding
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oxygen species (ROS) in spermatozoa [5, 42, 43] and products
of lipid peroxidation in testicular tissues [44–46]. These products
of lipid peroxidation (e.g., 4HNE, acrolein, malondialdehyde)
cause further problems by forming protein adducts which may
alter protein structure and function, potentially in a deleterious
manner [47]. Only 3 proteins were observed at a higher abun-
dance in the spermatozoa of obesemen, and 2 of these, NDUFS2
and JAGN1, may have important interactions with oxidative
stress and its corollaries. NDUFS2, a component of mitochon-
drial complex I, forms adducts with lipid peroxidation products
under conditions of oxidative stress [48, 49], potentially modi-
fying its structure and/or function and causing mitochondrial
dysfunction. Such an alteration could help to explain increases
in mitochondrial ROS production [50] and the aberrant mito-
chondrial function observed in the spermatozoa of obese men
[51, 52]. The heightened expression of JAGN1 observed in sper-
matozoa is likely due to induction of the unfolded protein re-
sponse during spermatogenesis as a result of endoplasmic retic-
ulum (ER) stress [53], a commonly observed side effect of obe-
sity, driven in part by oxidative stress [54]. We also observed a
reduction in USP14, a proteasome-associated deubiquitinating
enzyme, which ties together both oxidative and ER stress.
Inhibition of USP14 increases degradation of proteins adducted
by lipid peroxidation byproducts, enhancing cellular resistance
to oxidative stress [55]. In addition, silencing of USP14 activates
the ER-associated degradation pathway, increasing breakdown
of unfolded proteins in the ER [56]. USP14 was similarly found
to be decreased in spermatozoa of obese, asthenozoospermic
men [16]. Thus, while increased levels of NDUFS2 and
JAGN1 may be causes and symptoms of oxidative stress, re-
duced levels of USP14 may be a mechanism for coping with
oxidative stress, by allowing for increased breakdown of protein
adducts and clearance of unfolded proteins.

The loss of antioxidant capacity is another hallmark of
obesity [57]. The tripeptide thiol antioxidant glutathione has
been found at reduced levels in serum and various body tis-
sues of obese individuals [58–60]. Of note, low glutathione
levels have also been observed in the semen of men with
various infertility diagnoses [61, 62]. Intriguingly, we saw
reduced levels of glutathione synthetase (GSS), which cata-
lyzes the final step of glutathione synthesis. Reduced avail-
ability of GSS may directly limit glutathione synthesis, leav-
ing spermatozoa from obese men vulnerable to oxidative dam-
age.We also observed significantly decreased levels of ADH5
(alias GSNOR) in spermatozoa from obese men. ADH5main-
tains the balance of GNSO formation and protein
nitrosylation, without producing reactive intermediates or
end products, thus representing a significant element of cellu-
lar antioxidant defense [63]. This activity of ADH5 also con-
tributes to the maintenance of an intracellular glutathione
pool; thus, the combined effect of reduced abundance of both
GSS and ADH5 may significantly weaken glutathione-based
antioxidant defenses in spermatozoa from obese men.

Several proteins which were less abundant in the sperma-
tozoa of obese men compared with men of a healthy weight
have important roles in a mature sperm function. NSF attach-
ment protein alpha (NAPA, alias alpha-SNAP) plays a direct
and indispensable role in the acrosome reaction [64, 65].
While NAPA is shed from the acrosome during exocytosis,
anti-NAPA antibodies limit sperm-zona pellucida binding,
suggesting that NAPA may also play a role in zona recogni-
tion and binding [66]. Aminopeptidase B (RNPEP, alias APB)
is an exopeptidase which cleaves pro-neuropeptides into their
active forms [67], and has previously been identified in the
sperm acrosome [68]. Interestingly, both the pro-neuropeptide
pro-enkephalin and its cleavage product met-enkephalin have
also been detected in the human sperm head, and met-
enkephalin has been shown to have significant positive effects
on sperm motility [69]. While no direct links between RNPEP
and the processing of pro-enkephalin in spermatozoa have
been described, there is a strong possibility that this may be
the exopeptidase responsible. In addition to sperm motility,
RNPEP may also impact zona recognition; its inhibition in
Xenopus laevis spermatozoa reduced vitelline membrane
binding by 50% [70]. Barrier to autointegration factor 2
(BANF2, alias BAF-L) is a nuclear protein which, along with
BANF1, is expressed in spermatids and retained in mature
ejaculated spermatozoa, unlike many other nuclear proteins
[71, 72]. BANF2 is highly expressed in the testes and is pro-
posed to regulate the function of BANF1, which has roles in
chromatin structure, segregation, and post-mitotic nuclear as-
sembly [73]. These characteristics suggest that BANF2 may
be important for maintaining nuclear shape in mature sperma-
tozoa and formation of the male pro-nucleus following fertil-
ization [72]. The reduced levels of NAPA, RNPEP, and
BANF2 we observed could help to explain why obese males
exhibit poor sperm motility, a deficient response to acrosome
challenge [74, 75], reduced zona pellucida binding [76], and
slower pronuclear fusion to achieve syngamy following fertil-
ization [77].

Conclusion

We have shown that obesity significantly impacts the human
sperm proteome, potentially to the detriment of important
spermatogenic processes and the function of mature sperma-
tozoa. These changes may be both symptoms of and contrib-
utors to the inflammation and oxidative stress associated with
obesity, and may help to explain why obese men may have
altered semen parameters, potentially leading to altered fertil-
ity. It is noteworthy that these changes were detected in obese
men with no significant andrological diagnoses, indicating the
failure of traditional clinical semen assessment to recognize
molecular changes which could potentially compromise fer-
tility. While some of the problems created by paternal obesity
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may be overcome by ART, the swathe of implications follow-
ing fertilization remains to be rigorously investigated. In ad-
dition, efforts should be directed toward the implementation of
treatments to correct or limit the observed changes when
weight loss prior to conception is neither practical nor
realistic.
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