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Abstract

Objective To study the location and expression of receptors (SR-BI/CLA-1, SR-BII, and LDLr) and transporter (ABCA1)
involved in uptake and efflux of cholesterol in human spermatozoa and assess whether obesity alters its location/expression
and whether this could be related to infertility.

Design Observational study.

Setting None

Patient(s) Ten controls and 20 obese patients.

Intervention(s) Anthropometric parameters. Serum and semen samples were collected.

Main outcome measure(s) Spermatozoon concentration, immunolocalization, and protein expression in semen.

Results Spermatozoon concentration and motility was decreased in morbidly obese patients. SR-BI/CLA-1, SR-BII, LDLr, and
ABCALI are located in the spermatozoon cell membrane and the localization does not change between obese patients and
controls. Control spermatozoa showed high SR-BI expression, and less expression for the rest of the receptors analyzed,
indicating that SR-BI/CLA-1 is relevant in human spermatozoon cholesterol uptake/efflux. On the contrary, spermatozoa of
obese patients showed less SR-BI/CLA-1 expression than controls, and more intense positive staining for SR-BII, LDLr, and
ABCALI. Finally, human sperm expresses the 130- and 82-kDa hormone-sensitive lipase (HSL) isoforms. The 130-kDa isoform
is expressed in the control sperm, and the expression disappears in the obese patients.

Conclusion(s) The presence of lipid receptors/transporters and HSL in human spermatozoa suggests their role in the process of
maturation/capacitation. The changes in the expression of lipid receptors/transporters and the lack of the 130-kDa HSL isoform in
obese patients prevent the hydrolysis of cholesterol esters internalized by these receptors, and favor their accumulation in the
cytoplasm of the spermatozoa that could contribute to lipotoxicity and infertility.
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Introduction

Spermatogenesis is a complex process regulated by many fac-
tors [1]. After spermiogenesis, the immobile spermatozoa re-
leased into the lumen of the seminiferous tubule initiate the
process of maturation [2]. Sperm maturation is defined as the
development of the ability of spermatozoa to fertilize an oo-
cyte as they progress through the epididymis. In the different
regions of the epididymis, the spermatozoa present different
levels of maturation and different capacity of fertilization, due
to the numerous changes in the membrane glycoproteins and
the loss of cholesterol, which decrease the anisotropy of the
membrane, a prerequisite for capacitation, acrosomal reaction,
and subsequent oocyte fertilization [3].

The capacitation occurs when sperm enters in contact with
the fluids of the female genital tract, and multiple changes
occur that activate the spermatozoa for the final processes of
fertilization [4]. The first step of capacitation is the loss of
cholesterol and desmosterol [2, 5]. Cholesterol is the most
abundant sterol and the main modulator of membrane proper-
ties in sperm cells, followed by desmosterol; both have the
capacity to inhibit the capacitation. Cholesterol’s ability to
order saturated phospholipids may also be important in the
formation of lipid rafts, sterol- and sphingolipid-enriched do-
mains that have characteristic protein compositions and may
modify signaling pathways [5], also may compartmentalize
cellular processes and bring order to certain regions of the
membrane [6, 7]. Some of the main receptors for cholesterol
influx and efflux, such as scavenger receptors class B types I
and II, SR-BI/CLA-1 and SR-BII, work through lipid rafts at
the caveolar level (tested in animal models) [8, 9]. SR-BII is
an isoform of SR-BI that makes up 12% of the total combined
SR-BI + SR-BII and has fourfold lower efficiency for choles-
terol flux than SR-BIL

Lipid homeostasis alterations of protein involved in cho-
lesterol uptake, mobilization from stored intracellular pools,
and synthesis significantly alter normal cellular function and,
in turn, impact fertility. Most species, including humans, de-
pend mostly on cellular uptake of lipoprotein cholesterol as
the major precursor for steroidogenesis [10]. The two domi-
nant mechanisms include uptake via the low-density lipopro-
tein receptor, LDLr [10, 11], and the lipoprotein-derived se-
lective high-density lipoprotein (HDL)-cholesteryl esters up-
take mediated by SR-BI/CLA-1 [12], which provide the ma-
jority of cholesterol in mouse testis [13]. LDLr-mediated up-
take involves the binding of apolipoprotein B (ApoB)- and
ApoE-enriched cholesterol particles with the subsequent en-
docytosis of the low-density lipoprotein (LDL) receptor and
uptake of the cholesterol-containing lipoprotein particles into
the cell. In contrast, SR-BI/CLA-1 mediates high-capacity
selective uptake of cholesteryl esters from the core of HDL,
LDL, and very-low-density lipoprotein (VLDL) [14].
Selective uptake refers to the process whereby lipoproteins
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dock on the extracellular loop of SR-BI, and the cholesteryl
esters within the core of the lipoprotein are transferred into the
interior of the cell via a channel formed by dimerization of SR-
BI/CLA-1 receptors. The lipoprotein, now depleted of
cholesteryl esters, dissociates from the receptor and is not
internalized. The internalized cholesteryl ester is stored in lip-
id droplets (LDs) in the cytoplasm of the cells and is then
hydrolyzed by cholesteryl ester hydrolases such as hormone-
sensitive lipase (HSL) to generate free or unesterified choles-
terol, which is then used for cellular processes such as ste-
roidogenesis or membrane integrity [15].

ATP-binding cassette (ABC) transporters are members of a
large and ubiquitous transmembrane protein family (e.g.,
ABCAL1, ABCA3, and ABCQG2) that exports free cholesterol
to acceptor proteins like HDL [16, 17]. ABCALI is as highly
expressed in the testis as it is in the liver, suggesting that
ABCA1 may also play a role in regulating testicular lipid
transport [ 18]. Numerous ABCA cholesterol transporters have
also been detected immunologically in spermatozoa from var-
ious species, and some analyses of their ability to control
sperm cholesterol levels have been undertaken. ABCA1 has
been detected in both the mouse and dog [19].

In clinical studies, high cholesterol levels in sperm are neg-
atively correlated with sperm quality [2], and patients with
idiopathic infertility display a higher cholesterol to phospho-
lipid ratio [20]. Some cases of unexplained male infertility
could also be the result of cholesterol and sterol intermediate
perturbations in the testes due to genetic or environmental
factors, as it may occur with obesity. In fact, it is well known
that obesity is associated with male secondary hypogonadism
and infertility [21, 22].

Therefore, the aim of this study was to describe the location
and expression of receptors and lipid transporters involved in
influx and efflux of cholesterol in spermatozoa and assess
whether obesity alters its location/expression and whether this
could be related to infertility in obese patients.

Materials and methods

We included 10 healthy controls and 20 male patients with
moderate to severe obesity who gave written informed con-
sent to participate in a substudy and the study was approved
by the Institutional Review Board of our hospital. Data of the
whole group and semen analysis characteristics were reported
before [21].

Inclusion criteria required a body mass index (BMI) of at
least 35 kg/m” and the commitment to attend the scheduled
visits. Exclusion criteria included previous vasectomy, diag-
noses of hypogonadism, thyroid and heart disease, kidney or
liver failure, and hyperprolactinemia or treatment for sexual
dysfunction or use of drugs that could interfere with normal
gonadal function or lipid metabolism.
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Anthropometric parameters were recorded. BMI was cal-
culated as weight in kilograms divided by the square of height
in meters. Waist circumference was measured as the smallest
perimeter between the costal border and the anterior suprailiac
spines. Ideal body weight was calculated as the weight corre-
sponding for a BMI of 25, given the previous lack of consen-
sus for a precise definition [23, 24]. Excess body weight
(EBW) was calculated as the difference between body weight
and ideal weight.

Serum glucose concentrations were measured by stan-
dard colorimetric methods using the Architect ci8200 an-
alyzer (Abbot Diagnostics, Berkshire, UK). Serum con-
centrations of HDL-cholesterol were measured in super-
natant after plasma precipitation with phosphotungstic ac-
id and Mg2+ 110 (Boehringer Mannheim GmbH,
Mannheim, Germany). Serum concentrations of total cho-
lesterol and triglycerides were measured by enzymatic
methods (Menarini Diagnostica, Florence, Italy). The
LDL-cholesterol concentration was calculated by using
Friedewald’s formula [25].

Fasting insulin, total testosterone (TT), sex hormone—
binding globulin (SHBG), luteinizing hormone (LH),
follicle-stimulating hormone (FSH), and estradiol were
also assayed as described [21]. Briefly, TT was measured
by direct radioimmunoassay (Spectria, Orion Diagnostica,
Espoo, Finland). Free testosterone (FT) concentration was
calculated from total testosterone and SHBG concentra-
tions [26]. LH, FSH, serum estradiol, and insulin were
measured by immunochemiluminescence (Immulite
2000, Siemens Healthcare Diagnostics Inc., Gwynedd,
UK). All these assays had coefficients of variation below
10%. Normal ranges were 10.4—31.2 nmol/L for TT and
13-71 nmol/L for SHBG as provided by the Central
Laboratory of Hospital Universitario Ramoén y Cajal. We
used the 95% confidence interval of the mean of a group
of 10 healthy men to obtain the reference range for FT,
which was set at 225-635 pmol/L.

Sperm samples were produced by masturbation and ejacu-
lated into a clean wide-mouthed container, following a stan-
dardized 4-day sexual abstinence period. Sperm concentration
was determined in a Biirker hemocytometer. The number of
motile sperms was analyzed using a Sperm Class Analyzer ®
SCA 2002 (Microptic Inc., Barcelona, Spain). For semen
analysis, we used the reference values proposed by the
World Health Organization [27].

After evaluation of the seminal parameters in the laboratory
of Andrology, the semen samples were transported to the lab-
oratory of Biochemistry-Research for the studies of expres-
sion of proteins by western blot and cellular immunolocaliza-
tion by immunohistochemistry. An aliquot of the semen sam-
ples was used to make the extension on the slide to evaluate
the morphology of spermatozoa by staining with May
Griinwald-Giemsa.

Immunohistochemistry technique used was streptavidin-
biotin. The slides are prepared by padding them with poly-D-
lysine, then incubated for 1 h at 37 °C and washed with dis-
tilled water. Fifty microliters of the total sperm is dispensed
into each well and incubated overnight at 37 °C, then washed
three times with PBS (phosphate-buffered saline) pH 7.4, and
fixed with 4% formaldehyde for 20 min at room temperature.
We washed with PBS three times and blocked the endogenous
peroxidase with 3% hydrogen peroxide for 30 min at room
temperature in the absence of light. We washed with distilled
water and then with TBS (Tris-buffered saline), incubated
with normal donkey serum at 3%, 0.01% Triton X-100, and
0.1% glycine in TBS at room temperature for 1 h. We then
added 200 pL of the corresponding primary antibody
(Supplemental table 1) diluted in 0.3% normal serum,
0.0001% Triton X-100, and 0.1% glycine in TBS and incu-
bated overnight at 4 °C in a humid chamber. We washed with
TBS to remove the unbound antibody and added 200 pL to
each well of the corresponding secondary antibody
(Supplemental table 1), conjugated with biotin, in the same
diluent. We washed three times with TBS followed by incu-
bation with the streptavidin-peroxidase complex (Zymed,
Invitrogen), 30 min. After washing with TBS, peroxidase ac-
tivity was revealed with 3-diaminobenzydinatetrahydrochloride
(DAB + Dako substrate buffer) as chromogen. And they were
contrasted with Carazzi’s hematoxylin (Panreac). Finally, they
were dehydrated with increasing concentrations of ethanol,
washed with xylol, mounted with DePex (BDH), and observed
under an optical microscope.

The specificity of the immunohistochemical procedures
was assessed by means of negative controls that were
performed as follows: omitting the primary antibodies,
using nonimmune serum (0.3% donkey normal serum
017-000-121; Jackson ImmunoResearch) instead of the
primary antibodies, and incubating with an inappropriate
secondary antibody (anti-goat biotin 1/200 from Millipore
for SR-BI, SR-BII, and HSL; and anti-rabbit biotin 1/500
from Dako for LIMPII) after the incubation with the pri-
mary antibodies at optimal titers.

Western blot analysis was performed according to stan-
dard protocols as described previously [28-30]. Semen
samples were homogenized in 10 mM Tris-HCL buffer
pH 7.4 containing 0.5% Triton, 0.1% SDS, 10 mM CIK,
1 mM DTT, 1 mM EDTA, 1 mM PMSF-ethanol, 10 mg/
mL leupeptin, 1 pg aprotinin/mL, 100 mM FIN, and
10 mM Na-orthovanadate. Total protein of samples was
quantified by the BCA method (Pierce Biotechnology).
Fifty micrograms of protein of each semen sample was
loaded onto each well and the proteins were separated
according to their size by electrophoresis on SDS-PAGE
gels between 8 and 10% and transferred to nitrocellulose
membranes (GE Healthcare Life Science Cat, 1060048)
by wet transfer, overnight at 15 V in both cases at 4 °C.
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After blocking the membrane (TBS-Tw 10% skim milk),
they were incubated overnight with the corresponding pri-
mary antibody (Supplemental table 2). After several
washes with TBS-Tween the membranes were incubated
with the secondary antibody (Supplemental table 2) con-
jugated to IRDye 800 CW or IRDye 680 LT (LI-COR,
Lincoln, NE, USA). The membranes were analyzed using
the Odyssey Infrared Imaging (LI-COR Bioscience) sys-
tem. To correct for differences in protein loading, alpha-
tubulin (Santa Cruz Biotechnology) was used as the inter-
nal control of protein expression. The densitometric anal-
ysis of the bands was performed using the Odyssey V 3.0
Infrared Imaging System (LI-COR Bioscience).

The immunohistochemistry technique used was
streptavidin-biotin peroxidase. The method is described in
the expanded discussion of the “Materials and methods” sec-
tion. The primary and secondary antibodies employed are de-
scribed in Supplemental table 2.

All statistical analyses were performed using Pad
Prism 4.03 (GraphPad Software, San Diego, CA). Data
from western blot results were statistically analyzed
using the two-tailed Student ¢-test. Western blot data
are expressed as means £ SD. Differences were consid-
ered statistically significant with values of P<0.05 (one
asterisk indicates P <0.05; two asterisks, P<0.01; and
three asterisks, P <0.001).

Results

The clinical, biochemical, hormonal, and seminal characteris-
tics of the obese patients and controls are shown in Table 1. As
expected, body weight and BMI were significantly higher in
adult morbid obese patients compared with controls. Plasma
total testosterone and sex hormone—binding globulin (SHBG)
were significantly decreased in adult obese patients compared
with controls, whereas plasma estradiol was increased.

Spermatozoon concentration was 72.5 + 18.3-10° sperma-
tozoids/mL in controls and 40.9 + 34.9-10° spermatozoids/mL
in obese patients (Table 1). Total motility (%) and progressive
motility (%) of the spermatozoa were significantly decreased
in obese patients, increasing the percentage (27.5%) of immo-
bile spermatozoa in obese patients.

When we analyzed the results of the whole groups, sperm
concentration was inversely correlated with BMI (»=—0.428,
P=0.006) and EBW (r=—0.419, P=0.007). Total sperm
motility was inversely correlated with BMI (r=—10.433, P=
0.005) and EBW (r=—10.397, P=0.011). The sperm concen-
tration and total mobility was negatively correlated with se-
rum estradiol (r=—10.507, P=0.001; r=—0.404, P=0.030),
respectively (Supplemental figure 1).

We found that 65% of the obese patients presented an al-
tered morphology of spermatozoa by staining with May
Griinwald-Giemsa. The most frequent morphological changes

Table 1 Clinical, biochemical,
and seminal characteristics of

Controls (n=10) Obese patients (7 =20) P

controls and obese patients
Age (years)

Weight (kg)

Body mass index (kg/m?)
Excess body weight (kg)
Total cholesterol (nmol/L)

Low-density lipoprotein cholesterol (nmol/L)
High-density lipoprotein cholesterol (nmol/L)

Triglycerides (nmol/L)
Total testosterone (nmol/L)

Sex hormone-binding globulin (nmol/L)

Free testosterone (pmol/L)
Estradiol (pmol/L)

Follicle-stimulating hormone (U/L)

Luteinizing hormone (U/1)
Fasting glucose (mmol/L)
Fasting insulin (pmol/L)
Semen volume (mL)

Sperm concentration (10%/mL)
Total motility (%)

Progressive motility (%)
Immobile (%)

34+5 40+£8 0.055
77+8 146 +27 0.000
24+2 48+9 0.000
3+6 70+26 0.000
177+33 192 £33 0.381
2.90+0.78 3.57+0.78 0.038
1.11£0.18 0.96+0.18 0.063
1.23+0.50 1.98+0.79 0.025
21.6+6.0 129+5.8 0.001
41+13 29+0.8 0.011
439+103 302+137 0.008
84+15 147+48 0.008
26+1 36+19 0.199
4.1+0.6 35+13 0.123
5.1+0.7 6.8+3.6 0.328
49 +£28 181+83 0.000
3.7+1.9 28+13 0.281
72.5+183 40.9+34.9 0.038
58+4 37+18 0.001
43+£3 18+7 0.001
43+4 64+18 0.001

*Data are shown as means + SD
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observed were the following: large, double, amorphous or
piriform head; thick and irregular neck; coiled or short tail or
spermatozoa without tail; predominantly head alterations ver-
sus combined alterations.

We analyzed by immunocytochemical techniques the cel-
lular location of the different proteins in spermatozoa. We
observed positive staining for class B scavenger receptors
(SR-BI/CLA-1 and SR-BII), LDLr, and ABCA1 on the cell
membrane and specifically in the lower part of the head, neck,
and tail of the spermatozoa of obese patients and controls (Fig.
1). These results indicate that the localization of membrane
receptors does not change between obese patients and con-
trols. The spermatozoa of the controls showed a more intense
positive staining for SR-BI/CLA-1, and more tenuous for the
rest of the receptors analyzed, which would indicate a greater
expression of this receptor in the control spermatozoa. On the
contrary, in the spermatozoa of obese patients, we observed a

Fig. 1 Immunolocalization of Controls

SR-BI/CLA-1, SR-BII, LDLr,
ABCA1, and HSL in controls and
obese patient’s spermatozoa.
Semen samples were incubated
with the primary antibodies and
counterstained with Carazzi’s
hematoxylin for the visualization
of cellular nucleus. The color of
the stain is brown for the receptors
and blue for the nucleus. We
present a representative image of
a total of 10 control samples and
20 samples of obese patients
analyzed

SR-BI

Obese patients

SR-BI

trend toward a more intense positive staining for SR-BII,
LDLr, and ABCAL1 than in the controls.

We also analyzed the location of the hormone-sensitive
lipase (HSL), an enzyme with cholesterol ester hydrolase ac-
tivity, important in the hydrolysis of cholesterol esters cap-
tured by SR-BI/CLA-1, SR-BII, and LDLyr, and stored in the
spermatozoa. As shown in Fig. 1, positive HSL immunostain-
ing appears in the cytoplasm of the head of the spermatozoa
and in the tail of the control samples. In the spermatozoa of
obese patients, we clearly observed positive HSL staining in
the tail; while a less-intense staining of HSL in the head was
observed in the spermatozoa of obese patients when compared
to controls (Fig. 1).

We analyzed the protein expression of the different SR-Bs
on the spermatozoa because of the relevance for cholesterol
depletion in the spermatozoid capacitation. We determined
SR-BI/CLA-1 protein expression by western blotting in total

. :

SR-BII LDLr ABCA1 HSL

SR-BII LDLr ABCA1 HSL
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lysates of human sperm (Fig. 2 a). Human sperm expresses a
SR-BI/CLA-1 immunoreactive protein of 70 kDa. This iso-
form of the SR-BI/CLA-1 receptor protein is expressed in the
cell lysates of control and obese patient’s spermatozoa. The
spermatozoa of obese patients expressed less SR-BI/CLA-1
than controls, and these differences were statistically signifi-
cant (Fig. 2 a).

When analyzing the expression of SR-BII in sperm lysates,
we observed a band at 82 kDa, corresponding to the mature
isoform of SR-BII receptor, and we did not find significant
statistically differences in their expression between obese pa-
tients and controls (Fig. 2 b).

We analyzed the expression of LDL receptor on human
sperm because of the relevance of this receptor in the choles-
terol uptake from the plasma lipoproteins for steroidogenesis
and spermatogenesis. When analyzing the expression of LDL
receptor in sperm lysates, we observed a band at 130 kDa in
controls and obese patients (Fig. 2 ¢). The LDL receptor has a
low sperm expression in the semen samples, and although we
observed a tendency for a higher LDLr expression in obese
patients than in controls, these differences are not statistically
significant (Fig. 2 c).

We analyzed the expression of ABCALI receptor on human
sperm because of the relevance of this transporter in the cho-
lesterol efflux from the cells. We observed that ABCA1 254-
kDa protein is expressed in the sperm of controls and obese
patients (Fig. 2 d). We found that obese patients overexpress
ABCAI1 compared to the controls.

Finally, human sperm expresses the 130- and 82-kDa HSL
isoforms, the two HSL isoforms already described in the testis
(Fig. 3 a). The 130-kDa HSL isoform is expressed in the
control sperm, and it is practically not expressed in the sperm
of obese patients, P<0.001. The expression of the 82-kDa
HSL isoform is lower than that of the 130-kDa HSL isoform
in the control sperm, and yet the expression of this isoform is
greater than that of 130-kDa HSL in obese patients. We did
not observe statistically significant differences in the expres-
sion of the 82-kDa HSL isoform between controls and obese
patients (Fig. 3 b).

Discussion

Dyslipidemia caused by obesity is associated with infertility,
and there is a close relationship between fertility, lipid accu-
mulation, and changes in cholesterol and lipid metabolism
during spermatogenesis in the testis [31].

In the present work, we have described in human sperma-
tozoa the expression and cellular localization of the LDL re-
ceptor, responsible for the uptake of cholesterol from lipopro-
teins; the ABCAL transporter, responsible for cholesterol ef-
flux; SR-BI/CLA-1 and SR-BII, which are involved in the
uptake of cholesterol esters of lipoproteins (HDL) and in the
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efflux of cellular cholesterol. All of them are located in the cell
membrane of the spermatozoa. The localization of these cho-
lesterol receptors/transporters does not change between obese
patients and controls. The presence of these receptors in hu-
man spermatozoa allows us to suggest their role in the process
of maturation/capacitation.

SR-BI/CLA-1, as we have already mentioned, may play a
role both in the uptake of cholesterol esters of lipoproteins
(HDLs) and in efflux or reverse cholesterol transport [32].
SR-BI/CLA-1 is more efficient than SR-II in the uptake of
cholesterol esters from HDLs and reverse cholesterol transport
(shown in other human cells, not sperm cells) [9]. The results
of the present work also indicate that SR-BI/CLA-1 is one of
the most widely expressed scavenger receptors on the cell
membrane of human spermatozoa. SR-BI/CLA-1 expression
in spermatozoa was higher in controls than in obese patients,
which indicates a higher uptake or efflux of cholesterol esters
in controls than in obese patients, and this result leads us to
hypothesize that these differences may alter the process of
capacitation of the spermatozoa in obese patients.

Other receptors with a role in the uptake of lipoproteins and
lipids such as LDL receptor and SR-BII appear to have a
tendency to overexpress in the spermatozoa of obese patients,
which could probably reflect a compensatory effort to main-
tain an adequate lipid composition of the plasma membrane
(this should be checked in future studies both in vivo and
in vitro). This compensation theory could be supported by
the ABCA1 overexpression in obese patients, which together
with the SR-BI/CLA-1 participates in the reverse transport of
cholesterol from the spermatozoid to an external acceptor.

Since the presence of some of these receptors was not pre-
viously described in human spermatozoa, there are few studies
on whether their absence or overexpression in humans pro-
duces infertility. In vivo and in vitro models demonstrate that
experimental SR-BI deficiency causes abnormalities in the
development of female gametes, resulting in sterility in female
mice lacking SR-BI [33].

It is also interesting to note that disturbances in cholesterol
homeostasis in Sertoli cells produce infertility or subfertility
caused by the excessive accumulation of cholesterol esters.
This has been demonstrated in a model of ABCA1 knockout
mice [34] and mice lacking nuclear retinoid beta receptor
(RXRf3, Rxrb gene) or hepatic X receptor (LXR) (Nrlh gene)
[35, 36]. In the case of the LXR double knockout (Lxre; 3—/-),
the accumulation of cholesterol esters is due to a decrease in the
ABCA1-dependent cholesterol efflux of Sertoli cells, since
ABCAL is a target gene of LXR [35]. Previous studies in
LXR-deficient mice fed with high-cholesterol diets report that
at 8-9 months they become infertile, since LXR is one of the
transcription factors that regulate cholesterol homeostasis. These
mice store cholesterol esters in the head of the epididymis and the
spermatozoa recovered from the head of the epididymis show
structural fragility between the head and the intermediate piece
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Fig.2 SR-BI/CLA-1, SR-BII, LDLr, and ABCA1 expression in controls
and obese patient’s spermatozoa. a Western blotting analysis of SR-BI/
CLA-1 in lysates of sperm samples. The results correspond to an
experiment representative of two independent experiments; in total, six
control and six obese patient samples were analyzed by densitometry.
Results are mean = SEM of six control and six obese patient samples. b
Western blotting analysis of SR-BII in lysates of sperm samples. The
results correspond to an experiment representative of two independent
experiments; in total, eight control and 13 obese patient samples were
analyzed by densitometry. Results are mean = SEM of eight control and
13 obese patient samples. ¢ Western blotting analysis of LDL receptor in

resulting in a large amount of broken spermatozoa [37].
Therefore, these mice are a good model to address the question
of how an excess of dietary lipid affects reproductive functions in
dyslipidemic animals.

Men with Tangier disease (caused by the mutation in ho-
mozygosis or compound heterozygosity of the ABCA1 gene)
are fertile, but they may have a higher incidence of age-related
reproductive difficulties than normolipidemic subjects with-
out this mutation [34]. Therefore, we leave open this line of
research for future studies to answer questions still unresolved
about the role of each of these receptors/transporters in matu-
ration and capacitation, which ultimately translates into fertile
sperm capacity.
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lysates of sperm samples. The results correspond to an experiment repre-
sentative of two independent experiments; in total, six control and 16
obese patient samples were analyzed by densitometry. Results are mean
+ SEM of six control and 16 obese patient samples. Results are mean +
SEM of seven control and 16 obese patient samples. d Western blotting
analysis of ABCA1 in lysates of sperm samples. The results correspond to
an experiment representative of two independent experiments; in total, six
control and six obese patient samples were analyzed by densitometry.
Results are mean = SEM of six control and six obese patient samples.
Statistical comparisons show the differences between controls and obese
patients (*P < 0.05)

Finally, HSL is the main enzyme in the testis that hydrolyzes
the cholesterol esters internalized by the different receptors (SR-
BI/CLA-1, SR-BII, LDLr) and stored in the lipid droplets.
Previous studies have described that genetically deficient HSL
mice show an increase of 2 to 4 times in the accumulation of
cholesterol esters in testes and are infertile [38]. This infertility is
reversed in transgenic mice expressing the testicular form of HSL
in germ cells post meiosis [39, 40], which demonstrates that this
enzyme is essential in spermatogenesis.

In the present work, we have shown that the 130-kDa isoform
of HSL is highly expressed in spermatozoa from controls and
very little expressed in obese patients, which could indicate lower
hydrolysis of cholesterol esters in spermatozoa of obese patients,
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Fig. 3 HSL expression in controls and obese patient’s spermatozoa. a
Western blotting analysis of HSL in lysates of sperm samples. The
results correspond to an experiment representative of two independent
experiments; in total, six control and 16 obese patient samples were
analyzed. b Densitometric analysis of HSL western blots of sperm
samples from controls and obese patients. Results are mean + SEM of
six control and 16 obese patient samples. Statistical comparisons show
the differences between controls and obese patients (***P < 0.001)

favoring their accumulation, also facilitated by decreased SR-BI
cholesterol excretion in the spermatozoa of obese patients. This
alteration in lipid homeostasis in obese patients’ spermatozoa
could induce lipotoxicity and infertility.

Our previous studies in HSL knockout mice [30, 41] showed
that the lack of HSL in mouse testis disturbs lipid composition of
the plasma membrane, disrupts lipid raft microdomains, and al-
ters the localization and expression of SR-BIL. These results sup-
port the hypothesis that alterations at a critical point for correct
homeostasis of cholesterol in the testis try to be compensated
through overexpression of other receptors, such as SR-BI and
SR-BII, which favor the uptake of cholesterol esters; however,
the lack of HSL prevents hydrolysis of the cholesterol esters
internalized by these receptors and favors their accumulation in
the cytoplasm contributing to the testicular lipotoxicity and infer-
tility observed in these mice.

A good example that establishes the association between
the defects of cholesterol homeostasis and defects in post-
testicular maturation is Niemann—Pick disease, which is char-
acterized by accumulation of sphingomyelin and cholesterol
in cells and tissues, by deficit of acid sphingomyelinase (cat-
alyzes sphingomyelin to ceramide and phosphorylcholine). In
murine models of this disease, in the head and tail of the
epididymis, epithelial cells have lipid vacuoles and the sper-
matozoa recovered in the tail have high levels of
sphingomyelin and cholesterol, which allows disruption of
the membrane and acrosome with defects in morphology
and motility, which alter the maturation process [42].

@ Springer

All these studies, together with the results we provide, con-
tinue to reinforce the hypothesis of the important role of lipids
in post-testicular maturation and sperm capacitation, and raise
the need for new studies that can answer unresolved questions
about spermatozoa lipid homeostasis.

In summary, these findings highlight an important and pre-
viously unrecognized role of the lipid receptors/transporters in
sperm development. Further studies into the molecular path-
ways may yield significant new insights into the concept of
sperm maturation and the cause of infertility in obese humans.

In conclusion, the presence of lipid receptors/transporters
and HSL in human spermatozoa suggests their role in the
process of maturation/capacitation. The changes in the expres-
sion of lipid receptors/transporters and the lack of the 130-kDa
HSL isoform in morbid obese patients prevent the hydrolysis
of cholesterol esters internalized by these receptors, and favor
their accumulation in the cytoplasm of the spermatozoa that
could contribute to lipotoxicity and infertility.
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