D

Asian Journal of Andrology (2021) 23, 306-313
www.asiaandro.com; www.ajandrology.com

Male Reproduction

Open Access

ORIGINAL ARTICLE

A decrease of docosahexaenoic acid in testes of
mice fed a high-fat diet is associated with impaired
sperm acrosome reaction and fertility

Julio Buiay', Luz-Maria Gallardo', Jorge Luis Torres-Fuentes', M Verdnica Aguirre-Arias', Renan Orellana?,
Néstor Sepulveda®, Ricardo D Moreno'

Obesity is a major worldwide health problem that is related to most chronic diseases, including male infertility. Owing to its wide
impact on health, mechanisms underlying obesity-related infertility remain unknown. In this study, we report that mice fed a high-fat
diet (HFD) for over 2 months showed reduced fertility rates and increased germ cell apoptosis, seminiferous tubule degeneration,
and decreased intratesticular estradiol (E2) and E2-to-testosterone ratio. Interestingly, we also detected a decrease in testicular
fatty acid levels, behenic acid (C22:0), and docosahexaenoic acid (DHA, 22:6n-3), which may be related to the production of
dysfunctional spermatozoa. Overall, we did not detect any changes in the frequency of seminiferous tubule stages, sperm count,
or rate of in vitro capacitation. However, there was an increase in spontaneous and progesterone-induced acrosomal exocytosis
(acrosome reaction) in spermatozoa from HFD-fed mice. These data suggest that a decrease in E2 and fatty acid levels influences
spermatogenesis and some steps of acrosome biogenesis that will have consequences for fertilization. Thus, our results add new
evidence about the adverse effect of obesity in male reproduction and suggest that the acrosomal reaction can also be affected

under this condition.
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INTRODUCTION

Infertility is a condition that affects approximately 15% of couples
worldwide; almost half of the cases involve male-related factors.
Among the risk factors of male infertility, one of the most frequent is
obesity, which is a chronic condition present in 12% of men throughout
the world.>* This notion is sustained by research showing that reversing
obesity (weight loss) by lifestyle modifications or bariatric surgery
allows one to recover some aspects of fertility.** Studies in humans
agree that, despite the absence of changes in luteinizing hormone
(LH) or follicle-stimulating hormone (FSH) levels, a decrease in total
testosterone and increases in estradiol (E2) and sex hormone-binding
globulin (SHBG) are consistently detected in the serum of most obese
infertile male patients.® In addition, it seems that obesity is not related to
sperm parameters such as viability, DNA damage, or changes in seminal
parameters such as sperm concentration or motility.** On the contrary,
other studies have highlighted a longer time to conception; increased
rate of embryonic abnormalities after in vitro fertilization; decreased
sperm viability, concentration, and motility; and an increase in sperm
DNA damage.”'* On the other hand, reports on rats, mice, and rabbits
have shown that diet-induced obesity impacts testicular physiology by
affecting steroidogenesis,'®*° promoting disruption in the blood-testis
barrier,'¢ increasing germ cell apoptosis,'****' and decreasing total

sperm count, concentration, and motility.!®'”!*?'-2 In addition, an
increase in abnormal sperm morphology reportedly leads to an increase
in oxidative stress and DNA damage in spermatozoa.'®?"
Cholesterol is a major structural component of the cell membrane;
it also participates in diverse signaling pathways.>>* In the testis,
cholesterol is implicated in the fate of germ cells and is also a precursor
of steroid hormones such as testosterone and E2. Once ejaculated,
mammalian spermatozoa must activate a series of biochemical
pathways that, as a whole, are known as capacitation.””?® These
processes allow them to experience an exocytotic event known as the
acrosomal reaction (AR), which is required for them to fertilize the
egg, and it is a good predictor of in vitro fertilization.?®* Cholesterol
efflux is a key event during mammalian sperm capacitation; blocking
or hastening this process may prevent or quicken capacitation and the
AR*?* Changes in lipogenesis in obese infertile patients are reflected
in an increase in cholesterol and impairment of the AR.* More recently,
changes in fatty acid composition in spermatozoa have been detected
in obese infertile men and are associated with low sperm quality.**
During spermatogenesis, Sertoli cells, as well as germ cells,
convert dietary fatty acids into essential long-chain polyunsaturated
fatty acids (PUFAs), including arachidonic acid (AA; 20:4n-6),
eicosapentaenoic acid (C20:5n-3), docosapentaenoic acid (DPA;
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22:5n-6), and docosahexaenoic acid (DHA; C22:6n-3), by alternating
steps of elongation, desaturation, and B-oxidation.”>*” AA and DHA
are considered essential fatty acids (EFAs) owing to their role during
testis development and spermatogenesis. AA modulates mitochondrial
function and mediates inflammation and apoptosis.**** DHA is the
most abundant fatty acid in the testis and an integral component of
the sperm membrane. In human spermatozoa, its levels are correlated
positively with total sperm count, concentration, vitality, and
progressive sperm motility, but negatively with the DNA fragmentation
index.” Cholesterol homeostasis and fatty acid biosynthesis are highly
regulated processes, and abnormal levels of cholesterol or deregulation
of fatty acid biosynthesis during a high-fat diet (HFD) intake could
have serious cellular consequences in germ cells and spermatozoa
and may lead to diseases such as infertility. Therefore, using an
obesogenic model of HFD intake in mice, we investigated testicular
damage, intratesticular hormone content, and cholesterol and fatty acid
deregulation in the testis and their implications in sperm physiology
(capacitation and AR).

MATERIALS AND METHODS

Animals and diet administration

All investigations were conducted in accordance with the rules
established by the Consortium for Developing a Guide for the Care
and Use of Agricultural Animals in Agricultural Research and Teaching
and by the National Research Council. All animal protocols were
endorsed by the Chilean National Fund of Science and Technology
(FONDECYT).

Twenty-one-day-old C57BL/6] male mice (just weaned) were
randomly assigned to either the control (chow diet) group (Prolab
RMN 3000, LabDiet, St. Louis, MO, USA) or HFD group (Dio Rodent
Purified diet with 60% energy from fat, LabDiet). Food and water were
given ad libitum, and the animals were housed four individuals per
cage, under a cycle of 12 h light:12 h dark and controlled temperature
at 22°C £ 1°C. No littermates were in the same experimental group
(cage). A comparative analysis of experimental diets is shown in
Supplementary Table 1. All animals were weighed early in the morning
on the same day once a week to determine their weight gain. The end
point of dietary treatment was at 90 days old (the duration of dietary
treatment for these animals was 10 weeks).

Glucose tolerance test

The glucose tolerance test was performed on 90-day-old males; blood
glucose was determined using the Accu-Chek Active kit (Roche
Diagnostics, Mannheim, Germany). Briefly, after a 6-h fast, an
intraperitoneal injection of glucose (2 g kg™ body weight [BW]) was
administered to each male, and blood samples from the tip of the tail
were collected after 30 min, 60 min, 90 min, and 120 min, according
to Andrikopoulos et al.*’

Evaluation of testicular damage and germ cell apoptosis

All 90-day-old animals were killed by cervical dislocation, and their
body, testes, and epididymides were weighed. Subsequently, one testis
was fixed in Bouin’s solution, embedded in paraffin, and cut into 7-pm
sections. These were mounted on slides and analyzed by periodic
acid-Schiff (PAS) staining and counterstained with hematoxylin.
The sections were examined under an Olympus CX31 microscope
(Olympus, Tokyo, Japan). Pictures were taken using an Olympus
5XC-3 digital camera (Olympus), and morphometric analyses were
performed by using Image] software (NIH, Bethesda, MD, USA).
Representative alterations of seminiferous tubule structure, such as
the presence of germ cells exfoliated toward the lumen, the absence
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of a lumen, and the number of seminiferous tubules with vacuoles,*'
were quantified in a minimum of 100 randomly selected seminiferous
tubules and in a minimum of three males per group. Germ cell death
was first determined by microscopy through the presence of pyknotic
cells and then corroborated by immunohistochemistry with an
anti-caspase-3 antibody. The frequency of seminiferous stages was
classified as described previously.** All analyses were on a minimum
0f 100 seminiferous tubules randomly selected per each sample in four
animals per group.

Immunohistochemistry

The active form of caspase 3 was detected by immunohistochemistry
as previously described.” Briefly, cross-sections of paraffin-embedded
mouse testes, previously fixed in Bouin’s solution, were subjected
to antigen retrieval with 0.01 mol I"* sodium citrate (pH 6.0) and
heated until boiling. The samples were treated with 3% (v/v) H,O,
for 10 min, followed by a standard protein block reagent (Ultra V
block, Freemont, CA, USA) applied for 10 min to prevent nonspecific
binding. The slides were incubated overnight at 4°C with 1 mg ml™ of
anti-caspase-3 antibody (catalog no. #9661, Cell Signaling, Danvers,
MA, USA) in phosphate-buffered saline (PBS, pH 7.4). After a
washing, the sections were incubated with a biotinylated anti-rabbit
secondary antibody (KPL, Gaithersburg, MD, USA) followed by
streptavidin-biotinylated-peroxidase complex, an amplification
reagent (biotinyl tyramide), and peroxidase-conjugated streptavidin
(30 min each; EZ-Link Sulfo-NHS-SS-Biotin and NeutrAvidin Agarose
Resins; Thermo Scientific, Fremont, CA, USA). Between each step,
the slides were washed three times for 5 min with Tris-HCI buffer
(pH 7.6) with 0.3 mol 1! NaCl and 0.1% (v/v) Tween-20. Finally,
a substrate-chromogen solution (0.8% [v/v] H,O, [substrate] and
3,3’-diaminobenzidine tetrahydrochloride [DAB, the chromogen]
in Tris-HCI; UltraVision Detection Systems, Thermo Scientific) was
applied to the slides for 30 s. The sections were washed in distilled
water, counterstained with hematoxylin, cover slipped, and examined
under an Olympus CX31 microscope. All analyses were carried out
in a minimum of 100 randomly selected seminiferous tubules in four
animals per group.

Serum and intratesticular, testosterone, and E2 analyses
Ninety-day-old male mice from each group were anesthetized
intraperitoneally (IP), with ketamine (100 mg kg™')/xylazine
(10 mg kg™'; Drag Pharma, Santiago, Chile). By cardiac puncture,
blood was drawn and serum was isolated. Seminiferous tubular fluid
(STF) was isolated from the whole testes according to a previous
protocol.** For each testis, 5 pl of STF was diluted in 300 pl PBS
(pH 7.4). Testosterone and E2 levels in serum and STF were assessed by
radioimmunoassay (RIA). All samples were processed simultaneously
and ran in duplicate (n = 4 animals per group). The sensitivity and
intra- and inter-assay coeflicients of variation (CVs) for the testosterone
assay were 4.93 pg per tube and <13.4% and <7.6%, respectively. For
the E2 assay, the sensitivity was 2.25 pg per tube and the intra- and
inter-assay CVs were <11.3% and <24.9%, respectively.

Messenger RNA (mRNA) expression by quantitative polymerase
chain reaction (qPCR)

RNA was isolated from decapsulated testes of 90-day-old mice
(n = 3 animals per group) by using TRIzol” Reagent (Life Technologies
Corporation, Carlsbad, CA, USA). Concentration and quality control
were determined by analyzing the optical density ratios of 260/280 and
260/230 obtained from an ND-1000 spectrophotometer (NanoDrop,
Wilmington, DE, USA). Then, reverse transcription was performed on
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500 ng total RNA with Oligo dT17, 1x first-strand buffer (Invitrogen,
Carlsbad, CA, USA), 0.01 mol 1! dithiothreitol (DTT), 0.1 mmol 1! each
dNTP, 200 U superscript II (Invitrogen), and RNase-free water (20 pl final
reaction volume). qPCR was performed with 10 pl 2 x SYBR Green PCR
Supermix (Bio-Rad, Hercules, CA, USA), 2 ul complementary DNA
(cDNA) template, and 0.0625 pmol I each specific primer for aromatase
(Cyp19al; forward: 5-GACAGGCACCTTGTGGAAAT-3" and reverse:
5'-GAGGTTCACGCCACCTACTC-3') in a 20 pl reaction volume. PCR
profiles were obtained by the iQ5 Detection System (Bio-Rad). Data were
normalized by the 2744 method,* with glyceraldehyde-3-phosphate
dehydrogenase (Gapdh; forward: 5'-GCTGATGCTCCCATGTTCGTGAT-
3’ and reverse: 5-GTGGTGCAAGAGGCATTGCTGAC-3') as the
endogenous reference gene.

Cholesterol and fatty acid analyses

Testis from the HFD-fed or chow-fed mice (90-day-old mice, n = 4
animals per group) were used for cholesterol and fatty acid analyses.
A modification of the Bligh and Dyer method* was used for fatty
acid and cholesterol extraction. Fatty acids were cold-esterified with
potassium hydroxide in methanol. Methyl esters of fatty acids and
cholesterol were analyzed by gas chromatography on a Clarus 500
chromatograph (Perkin Elmer, Shelton, CT, USA), equipped for fatty
acids with an autosampler, SPTM Fused Silica Capillary Column 2380
(60 m x 0.25 mm x 0.2 um film thickness; Supelco, Bellefonte, PA,
USA), and a DB-17 column (30 m x 0.25 mm X 0.15 pum film thickness;
Agilent Technologies, Santa Clara, CA, USA). For cholesterol, a flame
ionization detector (FID) was used with nitrogen as a carrier gas.

Sperm preparation and quantification

Dissected cauda epididmys from the HFD-fed or chow-fed mice
(90-day-old mice, n = 4 per group) were cut into small sections and
then transferred in 3 ml of noncapacitating medium (NCM), containing
86.8 mmol 1™' NaCl, 4.17 mmol 1! KCl, 3.5 mmol I} CaC12~2HZO,
1.22 mmol 1! MgSO,-7H,0, 1.22 mmol 1! KH,PO,, 50.28 mmol 17!
HEPES, 5.6 mmol I"! glucose, 521 mmol ! pyruvic acid, 45 mmol I
DL-lactic acid, 0.06 mg ml™ penicillin, 0.05 mg ml™ streptomycin,
and 0.01 g1"! phenol red. This medium was prepared in the absence of
bovine serum albumin (BSA) and Na,HCO,.* The spermatozoa were
allowed to freely swim into the media for 5 min at 37°C with 5% (v/v)
CO,. The sperm concentration was determined in a Neubauer chamber.
Samples with >80% motility were used for capacitation experiments.

Sperm capacitation and AR

To examine capacitation, the spermatozoa were suspended
in 200 pl standard capacitating medium (CM), containing
72 mmol 1! NaCl, 4.17 mmol 17! KCI, 3.5 mmol 1! CaClz-ZHZO,
1.22 mmol 1! MgSO4~7HZO, 1.22 mmol 1! KH2P04, 23.53 mmol !
HEPES, 25.7 mmol I Na,HCO,, 5.6 mmol 1! glucose, 521 mmol I
pyruvic acid, 45 mmol I"' DL-lactic acid, 0.06 mg ml™ penicillin,
0.05 mg ml™! streptomycin, 12 mg ml™' BSA, and 0.01 g1™! phenol red,
or NCM and incubated for 2 h at 37°C with 5% CO,. For time course
capacitation experiments, the spermatozoa were incubated in CM or
NCM in the previously described conditions for 0 min, 15 min, 30 min,
60 min, or 120 min.

The AR was induced by incubating spermatozoa for 15 min in CM
or NCM with 40 pmol I"! progesterone (P4). In addition, to determine
the maximum percentage of spermatozoa capable of undergoing the
AR, an aliquot of cells was incubated with 10 pmol I"! of A23187, a
calcium ionophore (Sigma-Aldrich, St. Louis, MO, USA), for 1 h at
37°Cin 5% CO,. Then, sperm suspensions were collected and fixed with
4% (w/v) paraformaldehyde in PBS (pH 7.4) for 30 min at 4°C. The AR
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was evaluated by the Coomassie blue dye technique.**** In brief, fixed
spermatozoa were washed three times with 100 mmol I ammonium
acetate by centrifugation at 1210 g, layered onto microscope glass
slides, and dried at 30°C. The slides were washed in distilled water and
methanol for 5 min at room temperature, submerged in Coomassie
brilliant blue G-250 (Winkler, Santiago, Chile) solution (0.22% [w/v]
Coomassie brilliant blue in 50% [w/v] methanol and 10% [w/v]
acetic acid) for 2 min, washed with distilled water, and mounted on
Entellan® (Merck, Darmstadt, Germany). All samples were observed
under an Olympus CX31 phase-contrast light microscope with a
x40 objective lens, and at least 200 cells were assessed for acrosomal
negative or positive staining in spontaneous (without P4) or P4- or
A23187-induced AR. In addition, differences between the percentage
of progesterone-induced AR (P4-AR) and spontaneous AR (SP-AR)
and the rate of AR after progesterone challenger (ARPC = [P4-AR] -
[SP-AR]) from four mice were measured.

Sperm ultrastructural analysis

The sperm were fixed in a mixture of 4% (w/v) paraformaldehyde
and 0.1% (w/v) glutaraldehyde in PBS (pH 7.4), dehydrated in
ethanol, and embedded in LR White resin (London Resin Company,
Stansted, UK). Semi-thin sections were obtained by ultramicrotomy,
and ultrastructural analysis of sperm head with normal morphology
was done under a Philips Tecnai 12 electron microscope (BioTWIN,
Eindhoven, The Netherlands).

Sperm protein extraction and western blotting

Sperm protein was extracted by homogenizing sperm suspensions in a
buffer containing 1 moll™' NaCl, 1 mmoll' ethylenediaminetetraacetic
acid (EDTA), 10 mg ml™ phenylmethylsulfonyl fluoride (PMSF),
1% (v/v) Triton X-100, 20 mmol 17! Tris-HCI (pH 7.4), and a
protease inhibitor cocktail (Sigma-Aldrich) - including 2 mmol I
4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSEF),
0.3 mmol 1™ aprotinin, 130 mmol I"! bestatin hydrochloride,
14 mmol 1" E-64, 1 mmol I"! EDTA, and 1 mmol 1! leupeptin
hemisulfate. The homogenate was centrifuged for 10 min at 10 000 g
at 4°C.** Proteins were resolved on a 7% (w/v) polyacrylamide gel
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) under reducing and denaturing conditions and then
transferred to nitrocellulose at 400 mA for 2 h. The nitrocellulose
membrane was incubated with 5% (w/v) nonfat milk and 0.1% (w/v)
Tween 20 in PBS (pH 7.4) for 1 h to block nonspecific binding.
Then, the membrane was incubated overnight at 4°C with a mouse
monoclonal antibody against phosphotyrosine (PY20; catalog no.
ab10321, Abcam, Cambridge, UK) diluted at 1:15 000 or mouse
anti-p-tubulin (catalog no. 322600, Thermo Fisher) diluted at
1:5000. All antibodies were diluted in blocking solution. The
membranes were subsequently washed three times and incubated
with a goat anti-mouse IgG conjugated with horseradish peroxidase
(KPL) diluted at 1:5000 with blocking solution for 2 h at room
temperature. Peroxidase activity was detected with ECL substrate
(Pierce Biotechnology, Rockford, IL, USA).

Evaluation of fertility

Ninety-day-old male mice from each group were randomly selected
to evaluate their potentially fertility. Each male mouse (n = 10 males
per group) was placed in a cage with two females (not exposed to any
treatment, 20 females in total); all mice were then fed with the control
diet and housed for 8 days (to ensure at least two complete estrous
cycles). Copulation was assessed by detection of the vaginal plug, and
effective pregnancy was determined by body weight increase. Between



18- and 20-day postdetection of the vaginal plug, the females were
killed to quantify the number of implantations and resorptions in each
uterine horn. Each ovary was dissected, placed in Bouin’s solution, and
embedded in paraffin. Serial 7-um histological sections were stained
with hematoxylin-eosin, and the number of luteal bodies per ovary
was assessed. Specifically, luteal bodies from an ovarian section were
identified and counted, and then the total number of luteal bodies
counted was normalized to the total number of sections counted. Thus,
all the luteal bodies of each ovary were considered. The gestational rate,
fertility index, fertility potential, number of implantations, number
of resorptions, preimplantation loss, and fetal mortality (number of
resorptions/number of implantations) were determined as described
previously.*

Statistical analyses

All data were presented as mean + standard deviation (s.d.).
To determine differences between averages, an unpaired t-test,
Chi-squared test, or Wilcoxon signed-rank test was performed using
GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA,
USA). Correlation between variables was measured by using Pearson’s
correlation coeflicient (Pearson’s r). P < 0.05 was considered statistically
significant.

RESULTS

HEFD intake and testicular histology and germ cell apoptosis

Adult HFD-fed mice began to present a higher body weight at postnatal
day 77 than chow-fed mice (control group; Figure 1a). The basal
blood glucose level was similar in both groups, but 120 min after
the glucose tolerance test, HFD-fed mice showed elevated glucose
compared with chow-fed mice (Figure 1b). HFD-fed mice presented
a large accumulation of fatty tissue around the gonads compared with
controls (Figure 1c). However, testicular and epididymal weights had
no changes in both groups (Supplementary Table 2). Histological
evaluation of the testis showed a robust decrease in the diameter of
seminiferous tubules and epithelial height in HFD-fed compared with
chow-fed mice (Figure 2a). In addition, the HFD-fed mice exhibited
significantly higher percentage of seminiferous tubules with diverse
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Figure 1: HFD feeding induced a metabolic state associated with alterations
in reproductive organs. Metabolic evaluation of HFD-fed compared with
chow-diet (control) mice: (a) body weight and (b) glucose tolerance test.
(c) Representative images of accumulation of fatty tissue in the abdominal
cavity of HFD-fed mice. All graphs represent the mean + s.d., n = 4. Data
were statistically analyzed with an unpaired t-test: P < 0.05, P < 0.01.
s.d.: standard deviation; HFD: high-fat diet.
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types of damage, such as exfoliated germ cells toward the tubular lumen,
tubules without a lumen, and tubules with vacuoles than controls
(Figure 2a). Furthermore, the testes of HFD-fed mice showed a higher
rate of germ cell apoptosis than chow-fed mice, evaluated by pyknotic
and caspase-3-positive cells (Figure 2b). Interestingly, there were no
variations in the frequency of the seminiferous tubule stages between
the groups (Figure 2c). Overall, these data suggest that HFD induced an
increase in adiposity, weight gain, and prediabetic condition, all of which
were associated with testicular injury accompanied by germ cell death.

Changes in intratesticular E2 in HFD-fed mice

Given that we observed an increase in seminiferous tubule degeneration
without changes in testicular and epididymal weights in HFD-fed
mice, we examined whether these alterations were due to changes in
hormone levels. Serum and intratesticular testosterone levels were
similar between HFD-fed and chow-fed mice (Figure 3a). However,
the intratesticular E2 level and E2-to-testosterone ratio were lower in
HFD-fed mice (Figure 3b and 3c¢). This phenomenon did not seem to
be due to a deficiency in the production of E2 because the mRNA level
of Cyp19al that encodes aromatase, the enzyme that produces E2 from
testosterone, was not different between the two groups (Figure 3d).

Cholesterol and fatty acid regulation in HFD-fed mouse testes
It is plausible that the intake of a diet rich in cholesterol and saturated
and unsaturated fatty acids modifies the lipid content in testicular
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Figure 2: Degeneration-atrophy of seminiferous tubules and increase in
apoptosis in HFD-fed mice. (a) Morphometric analysis of seminiferous
tubules (diameter and epithelial height). In addition, images of testicular
sections stained with PAS and hematoxylin that present different types of
seminiferous tubule degeneration/atrophy and germ cell death by pyknotic
cells (orange arrow) found in HFD-fed compared with chow-fed mice. The
quantification of histological alterations and germ cell death in HFD-fed
versus chow-fed mice is shown at the bottom. Scale bars = 100 pym.
(b) Evaluation of germ cell apoptosis by caspase-3-positive cells (red arrow).
Scale bars = 100 pm. (c) Frequency of seminiferous epithelial cycles. All
graphs represent the mean + s.d., n = 4. Data were statistically analyzed
with an unpaired t-test: P < 0.05, P < 0.01, "™"P < 0.001. s.d.: standard
deviation; HFD: high-fat diet; PAS: periodic acid-Schiff.
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cells, but this has not been fully elucidated. First, we characterized
the total cholesterol and fatty acid profiles in the testis of HFD-fed
and chow-fed mice. The total cholesterol content was similar in both
groups (Table 1). For total fatty acids, only behenic acid (C22:0) and
DHA (C22:6n-3) levels were lower in HFD-fed than chow-fed mice
(Table 1). Furthermore, there were no differences in the percentage
of saturated fatty acids, mono-unsaturated fatty acids (MUFA), or
PUFA between HFD-fed and chow-fed mouse testes (Table 1). Thus,
fine-tuned changes, especially a decrease in DHA in testis by HFD
consumption, might induce significant alterations in sperm function.

Changes in AR in spermatozoa from HFD-fed mice

Neither the epididymal sperm count nor the sperm head ultrastructure
was different between HFD-fed and chow-fed mice (Figure 4a and 4b).
Given that capacitation involves a series of biochemical changes that
require an efflux of cholesterol, and previous studies have shown that
the sperm plasma membrane composition is modified in obese men
and mice, we evaluated whether these physiological parameters would
change under this condition. One of the key steps during in vitro sperm
capacitation is the change in tyrosine phosphorylation before the
AR. Spermatozoa from both chow-fed and HFD-fed mice showed a
sustained and similar increase in the tyrosine phosphorylation pattern
after 2 h of incubation (Figure 4c). We next determined the percentage
of SP-AR and P4-AR at different incubation time. The percentage of
SP-AR for chow-fed and HFD-fed mice was similar between the groups
throughout the incubation time, with a constant and smooth increase
in both cases (Figure 4d). On the other hand, the percentage of P4-AR
was higher in spermatozoa from HFD-fed than chow-fed mice at all
times examined (Figure 4d). Thus, the AR induced in HFD-fed mouse
spermatozoa seems more sensitive to external stimuli than that of
spermatozoa from chow-fed mice. This phenomenon would have an
impact on sperm-fertilizing capacity.

Previous studies have indicated that the AR depends on the
cholesterol content of the spermatozoa. Hence, we evaluated whether
variations in the concentration of a cholesterol scavenger (e.g., albumin)
in the culture medium could modulate both SP-AR and P4-AR. The
spermatozoa from HFD-fed mice incubated with 10 mg ml™ BSA
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Figure 3: A decrease in intratesticular estradiol (E2) levels was not related to
changes in E2 synthesis in mice fed with a HFD. (a) Testosterone levels in
serum and seminiferous tubular fluid (intratesticular). (b) E2 levels in serum
and seminiferous tubular fluid (intratesticular). (¢) E2-to-testosterone ratio in
serum and seminiferous tubular fluid (intratesticular). All measurements were
made by radioimmunoassay. All graphs represent the mean + s.d., n=4. Data
were statistically analyzed with an unpaired t-test: “P < 0.05. (d) Cypl19al
(aromatase) gene expression by quantitative polymerase chain reaction in
adult mouse testes at the experimental end point. All graphs represent the
mean + s.d., n = 3. Data were analyzed by Wilcoxon signed-rank test. AU:
arbitrary units; s.d.: standard deviation; HFD: high-fat diet.
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presented a significant increase in the percentage of SP-AR and
P4-AR compared with chow-fed mice (Figure 4e). However, when
determining the difference between the percentage of P4-AR and
SP-AR, which is considered the population of spermatozoa capable
of responding to P4 stimulation (ARPC), there was no difference
between HFD-fed and chow-fed animals. By contrast, when incubated
with a higher BSA concentration (30 mg ml™'), SP-AR and P4-AR were
similar between sperm from HFD-fed and chow-fed mice (Figure 4e).
However, the ARPC was significantly higher in chow-fed than that in
HFD-fed mice. Overall, these data indicate that spermatozoa from
obese mice have a “labile” plasma membrane that modifies its ability
to undergo the AR in vitro.

We evaluated whether changes in testicular DHA were correlated
with steroid hormone levels or with the AR. Testicular DHA levels
were positively correlated with intratesticular E2 but not testosterone
(Supplementary Figure 1a and 1b). In addition, intratesticular DHA
levels were negatively correlated with SP-AR (Supplementary Figure 1¢)
but not with P4-AR or ARPC (Supplementary Figure 1d-1f).
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Figure 4: Capacitation and the AR in spermatozoa from HFD-fed mice.
Comparison between HFD-fed and chow-diet (control) mice. (a) Total
sperm count in cauda epididymis, graph represents the mean + s.d., n =
4. No significant differences were observed. (b) Representative images of
acrosomal ultrastructure in HFD-fed and chow-fed mice. The images depict
the acrosome (A), sub-acrosomal compartment (SC), nucleus (N), and plasma
membrane (PL). (c) Representative images of the time-dependent pattern
of tyrosine phosphorylation; B-tubulin was used as a loading control, n = 3.
(d) Quantification of AR; spermatozoa from each group were incubated in CM.
The time-dependent percentage of spontaneous AR (SP-AR) and AR induced
by 40 pmol I-! of progesterone (P4-AR) was evaluated with the Coomassie blue
dye technique. As a control, the maximum AR response was evaluated in the
presence of 10 ymol I A23187, a calcium ionophore. All graphs represent
the mean + s.d., n = 4. SP-AR and P4-AR were analyzed with an unpaired
t-test: "P < 0.05, "P < 0.01, "™"P < 0.001. (e) SP-AR and P4-AR and the
rate of ARPC were measured with the Coomassie blue dye technique, after
incubating the spermatozoa in CM with 10 mg mi-! or 30 mg ml-! bovine
serum albumin as a cholesterol scavenger. All graphs represent the mean +
s.d., n=4. Data were statistically analyzed with an unpaired t-test: "P< 0.05,
P < 0.01. s.d.: standard deviation; AR: acrosomal reaction; HFD: high-fat
diet; CM: capacitating medium; ARPC: AR after progesterone challenger.



HEFD intake in mice and fertility

Finally, we examined whether fertility was similar in HFD-fed and
chow-fed mice. The gestation rate and fertility potential were lower
in HFD-fed than chow-fed mice (Chi-squared test: P < 0.001, and
Wilcoxon signed-rank test: P < 0.034). In addition, we observed
that fetal offspring of the HFD-fed mice presented a higher embryo
resorption (unpaired t-test; P < 0.017) and fetal mortality (unpaired
t-test; P < 0.034) than the chow-fed group (Table 2). Other parameters,
such as the fecundity index, implantation rates, and preimplantation
loss were similar between the groups.

DISCUSSION

Data from human patients and animal models indicate that obesity
adversely impacts male fertility. In the present study, we showed that an
HFD mouse model recapitulates previous data from the literature. These
findings suggest that the decreased fertility observed in this model may
be partially explained by the high lability of spermatozoa to undergo the
AR. This eventuality probably occurs due to downregulation of some
fatty acid levels, such as DHA and behenic acid in testes.

We found that mice fed with an HFD over 2 months showed an
increased germ cell apoptosis and seminiferous tubule damage. These
findings are similar to previously reported changes.'®'%%**! Interestingly,
there were no changes in epididymal sperm count or the frequency of
seminiferous tubule stages; these data suggest that the rate of sperm
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production remained constant, despite the high seminiferous tubule
damage. While some work has shown that obesity promotes changes
in the rate of spermatogenesis and a decrease in sperm count, 8225
others have failed to find these changes.'¢ We believe that the differences
in our data from that in the literature may be related to the type of diet,
time of treatment, or age of mice.

In the testis, testosterone exerts its effects by the activation of the
androgen receptor as well as via activation of the estrogen receptor
(after its aromatization to E2). The majority of studies on human and
animal models have indicated an increase in serum E2 mostly related
to an increase in white adipose tissue mass.” Our data demonstrated
a decrease in serum and intratesticular E2 levels along with a decrease
in the E2-to-testosterone ratio, without changes in intratesticular or
serum testosterone levels in HFD-fed mice. These findings could
explain the similarity in sperm count and frequency of seminiferous
tubule stages between the HFD-fed and chow-fed mice. Experiments
of short- and long-term diet-induced obesity in rats have shown
that the testicular testosterone level is reduced only after long-term
diet exposure. After short-term treatment (3 months), there are only
alterations in serum E2 levels and steroidogenic gene expression.*
Given that we did not observe changes in Cypl9al expression, the
decrease in E2 may be related to deregulation in the levels of enzymes
involved in its metabolism.***> A recent report showed elevated levels

Table 1: Cholesterol and fatty acid composition in testis from high-fat diet-fed and chow-fed mice (control)

Parameter Control (n=4) HFD (n=4) P

C4:0 (%) 0.75+0.51 (0.30-1.40) 4.95+8.13 (0.30-17.10) 0.3423
C6:0 (%) 1.00+0.61 (0.40-1.80) 0.80+0.48 (0.50-1.50) 0.6221
C8:0 (%) 0.73+0.86 (0.20-2.00) 0.30+0.16 (0.10-0.50) 0.3699
C16:0 (%) 22.75x1.86 (20.50-24.80) 18.10+3.59 (13.90-21.60) 0.0609
C18:0 (%) 6.18+1.07 (4.90-7.20) 5.98+1.13 (4.50-7.00) 0.8056
C18:1n9t (%) 8.08+2.73 (6.00-12.10) 7.95+2.28 (5.10-10.40) 0.9563
C18:1n9c (%) 1.50+0.14 (1.30-1.60) 1.23+0.21 (1.99-1.40) 0.0701
C18:2n6¢ (%) 2.80+1.50 (1.70-5.00) 2.57+1.42 (1.20-4.50) 0.8351
C20:3n6 (%) 9.28+1.17 (8.10-10.80) 8.45+2.03 (6.50-10.40) 0.5080
C22:0 (%) 1.20+0.18 (1.00-1.40) 0.83+0.15 (0.70-1.00) 0.0192"
C24:1n9 (%) 9.96+0.74 (9.10-10.90) 9.13+£2.20 (7.20-11.50) 0.4919
C22:6n3 (%) 6.38+0.63 (5.60-7.10) 3.93+0.96 (3.10-4.90) 0.0053"
SFA (%) 32.60+4.14 (28.20-37.40) 30.95+5.01 (25.80-37.80) 0.6295
MUFA (%) 19.55+3.01 (16.40-23.60) 18.28+3.47 (13.20-20.80) 0.6001
PUFA (%) 18.45+2.62 (15.30-21.20) 14.93+3.08 (10.80-17.70) 0.1323
NI (%) 29.40+9.09 (20.70-40.10) 35.85+4.48 (31.80-41.00) 0.2506
Cholesterol (mg per sample) 1.05+0.21 (0.76-1.23) 1.31+0.12 (1.18-1.44) 0.0746

Sample (g) 0.05

0.05

Data are expressed as meanzs.d., with the minimum and maximum values in parentheses (n=4). *Significant differences at P<0.05 level compared to control group; unpaired t-test.
SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; NI: not identified; s.d.: standard deviation; HFD: high-fat diet

Table 2: Fertility parameters in high-fat diet-fed versus chow-fed (control) mice

Parameter Control (n=10) HFD (n=10) P
Gestational rate (%)? 100+0 75.00+26.73 <0.001™
Fecundity index (%)? 100+0 100+0 1.000
Fertility potential (%)° 100+0 92.25+8.28 0.034"
Number of implantation (gestational day 20)° 8.30+1.16 8.60+3.77 0.813
Number of resorption (gestational day 20)° 0.10+0.32 0.60+0.52 0.017°
Number of luteal bodies® 8.30+0.95 9.30+3.95 0.605
Preimplantation loss (%)° 1.56+4.42 7.75+8.28 0.076
Fetal mortality (%)° 0.01+0.05 0.08+0.07 0.034"

Data are expressed as meanzs.d. *Chi-squared test; *Wilcoxon signed-rank test; cunpaired t-test. *Significant differences at P<0.05 level compared to control group; “*Significant differences
at P<0.001 level compared to control group. s.d.: standard deviation
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of cytochrome P450, family 1, subfamily A, member 1 (CYP1A1) and
Catechol-O-methyltransferase (COMT), which produce hydroxyl-
estradiol and methoxy-estradiol, respectively, in testicular biopsies of
overweight patients with spermatogenic failure.® In addition, these
E2 metabolites induce DNA fragmentation in Sertoli cells.”” Thus, an
increase in E2 metabolism rather than decreased E2 production could
explain E2 decline without altered testosterone levels. Further studies
should focus on the role of intratesticular E2 and its metabolites in
obesity-induced infertility.

Previous studies have shown that spermatozoa from HFD-fed mice
and rabbits show decreased capacitation compared with controls,'**
but in the present study, we showed that the total phosphotyrosine
pattern — a parameter of sperm capacitation — was similar between
HFD-fed and chow-fed mice. It is possible that the differences
between our findings and the previous results are due to different diet
composition or the methodology to evaluate capacitation. The AR,
the fusion between the outer acrosomal membrane and the plasma
membrane, can occur spontaneously, probably as a consequence of
sperm death, or after some stressor or condition that promotes the
fusion between plasma and acrosomal membranes. On the other hand,
the so-called “physiological” or “true” reaction is one that occurs
only after the completion of training and against some stimulus that
the spermatozoa would find in the genital tract — progesterone is
most used in vitro.***! In this study, there was a negative correlation
between testicular DHA levels and SP-AR but not P4-AR. Although
it is true that we did not quantify the levels of DHA in spermatozoa,
a study in pig sperm showed results similar to ours.* Interestingly,
the male D6D-null mouse that is unable to synthesize PUFAs,
including AA and DHA, and a mouse null for acyl-CoA synthetase
isoform 6 (ACSL6), which activates DHA by ligating a CoA, are
infertile; DHA diet supplementation restores spermatogenesis and
fertility in that model.”” DHA is required during spermiogenesis for
acrosomal formation related to transport of syntaxin and acrosine
from the endoplasmic reticulum (ER) to the Golgi apparatus and
Golgi-derived vesicle fusion.® Furthermore, this negative correlation
could be explained by the fact that DHA affects the fluid properties of
biological membranes owing to the extent of its polyunsaturation, and
that it is highly enriched in the head of human spermatozoa.®* This
hypothesis could explain why the total SP-AR and P4- AR were higher
in the spermatozoa of HDF-fed than chow-fed mice, and not with a
medium with a high concentration of albumin. BSA is a cholesterol
scavenger and promotes fluidity and fusion of the membranes; these
phenomena occur in the spermatozoa of chow-fed but not HFD-fed
mice. The “true” AR, the one that is induced by progesterone, which
in this work we call ARPC, was higher in spermatozoa from HFD-fed
than chow-fed mice, but the opposite occurred when the albumin
concentration was increased. This could be explained as a reflection
of the changes in the lipid composition between the spermatozoa
plasma membranes from the different groups. Interestingly, it has
been reported that spermatozoa from obese patients show elevated
cholesterol levels and an increase in SP-AR but a reduction in P4-AR.*
In humans, studies have indicated a correlation between DHA
levels with various sperm parameters such as motility, viability, and
concentration, but there is no study that has correlated it with either
spontaneous or induced AR 346466

In this study, we showed that HFD-fed mice had a reduced
gestational rate, reduced potential fertility, and increased embryo
mortality. Previous results have shown that spermatozoa from obese
mice produce low-quality embryos with less potential to develop.”~*
Furthermore, paternal obesity in humans leads to a low fertilization
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rate, reduces the live birth rate by assisted reproductive technology,
and increases the risk of nonviable pregnancy.”-’

CONCLUSION

This study demonstrated that in an obese mouse model, induced by
high-fat intake, there was a decrease in intratesticular E2 related with
testicular damage, especially a decrease in DHA, associated with an
increase in spontaneous AR, along with affected fertility.
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Supplementary Table 1: Comparative analyses of the experimental diets

r=08483
L L P =0.0078 Nutrients Chow diet (control) HFD
] L2 8
€% 5 f‘g 6 Carbohydrates (%) 32.13 259
g 4 S8 4 Protein (%) 22.50 23.10
52 2 52 2 Fat (%) 12.90 34.90
OUWO 00 P p Py 3 Cholesterol (ppm) 199.00 301.00
E Intra-testicular testosterone m Intra-testicular estradiol Linoleic acid (%) 1.63 4.70
r=-0.8228 r=-0.0581 Linolenic acid (%) 0.19 0.39
10 = 10 =
on P Foosoe Arachidonic acid (%) 0.02 0.06
&% &% ¢ Omega-3 fatty acids (%) 0.37 0.39
§§ 4 §§ 4 Total saturated fatty acids, (%) 1.71 13.68
52 2 52 2 Total monounsaturated fatty acids (%) 1.80 14.00
ol 0
15 20 25 30 35 15 30 45 60 Energy (Kcal/g) 4.20 5.10
SP-AR [BSA (10 mg/mI)] EI P4-AR [BSA (10 mg/ml)] Calories provided by
Carbohydrates (%) 59.12 20.30
r=102796 r=05914 Protein (%) 25.96 18.1
10 Lroees 10 protez0 Fat (ether extract) (%) 14.93 61.60
g@ 8 g@ 8 HFD: high-fat diet
386 S8 6
N N
22 4 S84 . . .
I, I, Supplementary Table 2: Absolute and relative weights of the testis and
0 0 epididymis
0 10 20 30 40 0 10 20 30
a ARPC [BSA (10 mg/ml)] ARPC [BSA (30 mg/ml)] Group Absolute weight (mg) Relative weight (organ weight/BW)
Supplementary Figure 1: Testicular DHA levels correlated with testicular Testis Epididymis Testis Epididymis
estradiol (E2) levels and the AR. (a and h) Scatterplot for correlation between ~ Control ~ 93.67+4.75  35.27+6.51 0.34+0.03 0.13+0.02
testicular DHA levels and intratesticular steroid hormone levels (testosterone  HDF 93.07+6.75 29.38+0.38 0.25+0.06" 0.09+0.01"

and E2). (c-f) Scatterplots for correlation between testicular DHA levels and 1™ "0 o4 oe means.d., n=3 per group. ~P<0.05 between the HFD-fed and
the AR (spontaneous, progesterone induced, or ARPC). A correlation was  chow-fed mice using an unpaired t-test. BW: body weight; s.d.: standard deviation;
considered statistically significant when P < 0.05. r: Pearson’s correlation ~ HFD: high-fat diet

coefficient; AU: arbitrary units; DHA: docosahexaenoic acid; AR: acrosomal

reaction; ARPC: AR after progesterone challenger.



