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Abstract
Leptin is an adipose tissue hormone that acts as energy sensor and reproductive function regulator. Recent reports suggest that
leptin is involved inmitochondrial biogenesis in different tissue cells. Herein, we hypothesized that leptin could also affect Sertoli
cells mitochondrial dynamics and biogenesis. Human Sertoli cells (hSCs) were cultured in the presence of different leptin
concentrations (5, 25 and 50 ng/mL) or vehicle for 24 h. The three different leptin concentrations were selected to mimic the
circulating levels found either in normal weight, obese, and morbidly obese individuals, respectively. Leptin receptor (LEPR)
expression was evaluated as well as mitochondrial membrane potential, complexes levels, complex II activity and basal respi-
ration. Moreover, mitochondrial DNA copy number and expression of mitochondrial biogenesis markers were assessed. In hSCs,
leptin concentrations similar to those found both in lean men decreased mitochondrial complex II protein levels, but no changes
in its activity were observed. This is in agreement with basal respiration and mitochondrial membrane potential assessments,
which indicate no alterations in mitochondrial fitness. Furthermore, no changes in mitochondrial biogenesis markers were
observed upon leptin exposure, although SIRT1/3 levels were increased after exposure to the highest leptin concentration.
Overall, the increase in SIRT1/3 levels suggests a role for leptin in glycolysis, which given the relevance of SCs glycolytic flux
for germ cells nutritional support further reinforces that this mechanism can be linked to obesity-related subfertility/infertility.
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Introduction

Leptin is an adipose tissue hormone with a paramount role in
regulating energy homeostasis by influencing several path-
ways in the central nervous system and peripheral tissues.
Under physiological conditions, leptin is secreted by the adi-
pocytes into the bloodstream in proportion to body fat mass.
Thus, circulating leptin levels are usually proportional to each
individual energy reserves [1]. Leptin actions are mediated
through the leptin receptor (LEPR), which besides regulating
whole body energy homeostasis also influences the reproduc-
tive potential, denoting that enough energy is available to meet
the caloric demands of this biological process [2]. Leptin was
first described as an adipocyte secreted hormone that acts on
the basal hypothalamus to decrease food intake and increase
energy expenditure, although later leptin receptors were also
identified in tissues other than the central nervous system,
being responsible for conveying additional peripheral actions,
including a role in glucose metabolism regulation that is cru-
cial for whole body energy homeostasis (for review [3]).
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The first clear evidence of leptin’s involvement in the re-
productive function was derived from the observation that
leptin deficient obese ob/obmice infertility could be surpassed
with leptin replacement [4]. It was later further shown that
leptin could also cross the blood-testis barrier (BTB) and be
found in the seminal plasma [5]. Adjacent Sertoli cells (SCs)
form the BTB thus being key players in spermatogenesis, by
providing physical and nutritional support to germ cells. This
metabolic cooperation is susceptible to the influence of circu-
lating hormones, which can modulate the metabolic support
for spermatogenesis [6]. Our group has identified the presence
of LEPR in human SCs (hSCs) in addition to some molecular
mechanisms elicited by leptin action in these cells’ metabo-
lism [7]. Furthermore, leptin has shown to modulate mito-
chondrial dynamics and biogenesis in other systems through
regulation of genes involved in mitochondrial biogenesis [8,
9]. Interestingly, mitochondria are intimately related with
male reproduction with several reported functions in testicular
cells, namely, in the apoptosis and metabolism of those cells
[10, 11]. These novel data supported the hypothesis that leptin
could have a direct effect on SCs’ mitochondrial function.
Herein, we tested whether leptin exposure could affect mito-
chondrial dynamics and biogenesis in human SCs with poten-
tial consequences in their ability to support spermatogenesis,
or if leptin just has a role on SCs’ glycolysis efficiency control
as proclaimed in a previous work from our group [7].

Materials and Methods

Chemicals

Fetal bovine serum (FBS) was obtained from Biochrom AG
(Berlin, Germany). Leptin was obtained from Bachem
(Bubendorf, Switzerland). Insulin–transferrin–sodium sele-
nite (ITS) supplement and 5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) dye were
purchased from Life Technologies (Gaithersburg, MD, USA).
Mammalian Protein Extraction Reagent (M-PER) and BCA
Protein Assay Kit were obtained from Thermo Fisher
Scientific (Whalthan, MA, USA). Dried milk was obtained
from Regilait (Saint-Martin-Belle-Roche, France).
WesternBright™ ECL substrate was purchased from
Advansta (Menlo Park, CA, USA). NZY M-MuLV Reverse
Transcriptase (M-MLV RT), random hexamer primers,
dNTPs, NZYTaq Green Master Mix, Greensafe, NZY qPCR
Green Master Mix, and NZYDNA Ladder VI were obtained
from NZYTech (Lisbon, Portugal). Primers were obtained
from STABVIDA (Oeiras, Portugal). Dulbecco’s Modified
Eagle Medium Ham’s Nutrient Mixture F12 (DMEM:
Ham’s F12), Ethylene Diamine Tetra Acetic acid (EDTA),
Bovine Serum Albumin (BSA), trypsin–EDTA, and all other

chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA), unless stated otherwise.

Human Sertoli Cells Culture and Treatments

Clonetics™ human Sertoli cells (hSCs) (MM-HSE-2305)
were purchased from Lonza (Walkersville, MD, USA).
hSCs were thawed following manufacturer’s protocol. In
brief, the vial containing frozen cells was thawed at 33 °C,
and cells were placed in 75-cm2 flasks (VWR collection,
Amadora, Portugal) at 37 °C, 5% CO2 maintained in Sertoli
culture medium (mixture of DMEM:Ham’s F12 1:1, supple-
mented with 10% heat inactivated FBS, 25 mg/mL gentami-
cin, 100 U/mL penicillin, 100 μg/mL streptomycin sulfate,
2.5 μg/mL fungizone, and 15 mM HEPES at pH 7.4).

Cells were allowed to grow until reaching 80–85% conflu-
ence and then washed thoroughly. The medium was replaced
by serum-free media (DMEM:F12, 1:1, with ITS supplement:
insulin 10 mg/L, transferrin 5.5 mg/L, and sodium selenite
6.7 μg/L, pH 7.4). To evaluate leptin effects on hSCs, culture
media was supplemented with either one of three different
leptin concentrations (5, 25, and 50 ng/mL) and compared
with a leptin-free control group. The different leptin concen-
trations were selected to mimic plasma circulating levels
found in lean healthy males [12], in patients with obesity
[12] or morbid obesity [13], respectively. After a 24-h expo-
sure to leptin supplemented or control medium in an atmo-
sphere of 5% CO2 at 37 °C, cells were detached with a
trypsin–EDTA solution and collected according to standard
cell culture procedure [14, 15]. Total cell number was deter-
mined using a Neubauer chamber, and viability was evaluated
by the Trypan Blue Exclusion test. Then, cells were collected
for protein and RNA/DNA extractions. The toxicity profile of
leptins’ concentrations used in the current cell culture studies
was determined by the sulforhodamine B (SRB) assay as pre-
viously reported by our group [7]. No cytotoxicity was ob-
served for the leptin doses used in this work (data not shown).

Mitochondrial Membrane Potential (ΔΨm) Assay

Mitochondrial membrane potential (ΔΨm) was determined
by measuring the fluorescence of JC-1 dye (1,1′,3,3’-
Tetraethyl-5,5′,6,6′-tetrachloro-imidacarbocyanine iodide).
Briefly, cells were seeded in a 96-well black microplate (fluo-
rescence quantitation—microplate reader) as wells as on ster-
ile glass coverslips (in 12-well plates—fluorescence micros-
copy). Cells with 70% (for microplate reader) or 50%
(microscopy) confluence were treated with different concen-
trations of leptin during 24 h. Cells treated with 10% DMSO
before reading were considered as a depolarization positive
control (microplate reader). At the end of treatment, cells were
incubated with JC-1 for 30min at 37 °C, 5%CO2. Afterwards,
cells were washed with Hank’s Balanced Salt Solution
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(HBSS) supplemented with 17.5-mM glucose and 10-mM
HEPES, as well as with calcium and magnesium salts.
Fluorescence was determined at 485/528 nm and 530/
590 nm using a Synergy™ HTX Multi-Mode Microplate
Reader, BioTek (Winooski, VT, USA). Fluorescence ratio
was measured considering JC-1 aggregates and monomers.

Additionally, SCs cultured on coverslips were mounted on
slides to be observed under a Nikon fluorescence microscope
(Tokyo, Japan). Processing was made using NIS-Elements
Research Software. The accumulation of JC-1 dye in mito-
chondria depends on the ΔΨm of the cells. In healthy cells
with high mitochondrial membrane potential, JC-1 forms ag-
gregates that emit an intense red fluorescence, while in cells
with dysfunctional mitochondria, JC-1 does not migrate to
mitochondria, remaining in the monomeric form (green fluo-
rescence). Alterations in the aggregates/monomers ratio indi-
cates changes in ΔΨm which can represent mitochondrial
depolarization or hyperpolarization. Images are presented as
JC-1 aggregates and monomers fluorescence and late by
performing a merging step to address mitochondrial shape
(yellow color; red-green overlay).

Basal Oxygen Consumption Rate Measurements in
Intact Human Sertoli Cells

Cells were cultivated in 100 mm diameter cell culture plates
reaching around 70–80% confluence. Prior to oxygen mea-
surements, cells were trypsinized, resuspended in 2 mL respi-
ration medium (specific for Sertoli Cells), and counted in a
Neubauer chamber to address cell density. Respiration medi-
umwas based on cell culturemedium, with a total of 17.5-mM
glucose and 4-mM L-glutamine, without serum, and supple-
mented with 1% ITS (0.01 mg/ml recombinant human insulin,
0.0055 mg/ml human transferrin substantially iron-free-, and
0.005 μg/ml sodium selenite). To assess the oxygen consump-
tion rates, we did closed-chamber oxygen measurement in a
thermostatized (by a water jacket, at 37 °C) 1 mL volume
chamber, using a Clark-type electrode from Hansatech
Oxytherm System, connected to a computer with Oxytrace
Plus data acquisition software [16]. Each assay starts with a
30-min initial respiration, and oxygen consumption rate
(OCR) was measured in the last 5 min. OCR is represented
by the modulus of oxygen concentration (pM)/min and nor-
malized to cell content (106 cells).

Isolation of Human Sertoli Cells Mitochondria

hSCs were cultivated (100 mm diameter plates) and treated
during 24 h with leptin as described previously.
Mitochondria-rich fractions were obtained from human
hSCs by differential centrifugations after cell homogenization
with Glass-Teflon Potter Elvehjem, using the traditional pro-
cedures with minor modifications [16]. After isolation

mitochondrial protein concentration was determined (optical
density measured at 595 nm) using the Pierce™ BCA Assay
kit according to manufacturer’s instructions.

Mitochondrial Complex II Activity

Isolated mitochondria were submitted to three cycles of
freezing/thawing to give substrate access to the mito-
chondrial matrix. Assay was conducted at 37 °C using
up to 10 μg of mitochondrial protein. Complex II
(Succinate-Coenzyme Q reductase) activity was evaluat-
ed spectrophotometrically following the reduction of
2,6-dichloroindophenol (DCPIP – color change, from
blue to colorless), which is used as an exogenous final
acceptor of the electrons resulting from the succinate
oxidation promoted by enzyme. Thus, the time-
dependent decrease of absorbance intensity at 600 nm
(extinction coefficient 20.7 × 10−3 M−1 cm−1) promoted
by mitochondria-rich fraction was recorded in separate
wells of one 96-well microplate, using a microplate
spectrofluorometer (Synergy H1, BioTek, Winooski,
Vermont, USA), similarly to the protocol described in
literature with minor modifications [17]. Enzyme activi-
ty was expressed as nM DCPIP reduced/min/mg of
protein.

Total Protein Extraction of Human Sertoli Cells

hSCs proteins were extracted using the M-PER buffer, sup-
plemented with 1% protease inhibitor cocktail and 100-mM
sodium orthovanadate, following the manufacturer’s instruc-
tions. Total protein concentration was determined using the
Pierce™ BCA Protein Assay Kit according to manufacturer’s
instructions. Optical densities of samples were determined at
595 nm.

Western Blot of Human Sertoli Cells

Western blot was performed as previously described [18]
to analyze individual protein levels of oxidative phosphor-
ylation (OXPHOS) complexes. For that, protein samples
(100 μg) were mixed with sample buffer (60 mM
Tris.HCl, 10% glycerol, 2% SDS, 5% β-mercaptoethanol,
0.01% bromophenol blue, pH 6.8) and denatured for
15 min at 37 °C. Proteins were fractionated in 15% poly-
acrylamide gels, and electrophoresis was carried out for
90 min. Afterwards, proteins were transferred from gels
to previously activated polyvinylidene difluoride mem-
branes (Merck Milipore, Darmstadt, Germany) in a Mini
Trans-Blot® cell (Bio-Rad, Hemel Hempstead, UK) and
then blocked for 3 h in a 5% non-fat milk solution at room
temperature. The membranes were incubated overnight at
4 °C with mouse anti-OXPHOS (1:1000, ab110413,

922 Reprod. Sci.  (2021) 28:920–931



Abcam, UK). The antibody cocktail used represents a mixture
of primary antibodies against 5 proteins: NDUFB8 (NADH
dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8),
representing the complex I; SDH8 (Succinate dehydrogenase
assembly factor 4), complex II; UQCRC2 (Cytochrome b-c1
complex subunit 2), complex III; MTCO-1 (mitochondrially
encoded cytochrome c oxidase I), complex IV; and ATP5A
(ATP synthase F1 subunit alpha), complex V. As a protein-
loading control, mouse anti-β-actin was used (1:5000, MA5–
15739, Thermo Fisher, USA). The immune-reactive proteins
were detected with goat anti-mouse (1:5000, A3562, Sigma-
Aldrich, Germany). Membranes were reacted with
WesternBright™ ECL and visualized with the Bio-Rad
ChemiDoc XR (Bio-Rad, Hemel Hempstead, UK). Densities
from each band were obtained using the Image Lab Software
(Bio-Rad, Hemel Hempstead, UK) considering standard
methods.

RNA and DNA Extraction of Human Sertoli Cells

Extraction of total RNA (tRNA) from cells was performed
using the GRS Total RNA Kit (GRiSP, Porto, Portugal), as
indicated by the manufacturer. DNA from hSCs was extracted
using the E.Z.N.A. Tissue DNA Kit (Omega bio-tek,
Norcross, GA, USA), following manufacturer’s instructions.
RNA and DNA concentration and absorbance ratios used to
measure sample purity were determined using Nanodrop 1000
Spectrophotometer (Thermo Scientific, Wilmington, DE,
USA).

Reverse Transcriptase Polymerase Chain Reaction (RT-
PCR)

tRNA obtained for each sample was reversely transcribed in a
mixture containing 2.5 μL of random hexamer primers (50 ng/
μL), 1 μL of dNTPs (10 mM), 1 μg of tRNA, and sterile H2O
up to a volume of 17 μL. The mixture was then incubated
during 5 min at 65 °C. Then, 1 μL of M-MLV RT and 2 μL
of reaction buffer were added and incubated sequentially at
25 °C for 10 min, 37 °C for 50 min and 70 °C for 15 min. The
resulting complementary DNA (cDNA) was used with exon-
exon spanning primer sets designed to amplify the housekeep-
ing gene 18S ribosomal RNA (18S) to evaluate sample integ-
rity (Table 1). Each polymerase chain reaction (PCR)
contained 1 μL of cDNA in 12.5 μL of final volume of a
mixture containing 6.5 μL of NZYTaq Green Master Mix,
0.1 μL (50 μM) of each primer and sterile H2O. Adipose
tissue was used as positive control and cDNA-free sample
was used as a negative control. At the end of the experiments,
samples were run in 1% agarose gel electrophoresis with 2 μL
of Greensafe in 200 mL, during 30 min at 120 V, to confirm
sample integrity. The agarose gel was visualized in Bio-Rad
GelDoc XR (Bio-Rad, Hemel Hempstead, UK) using the

software Quantity One (Bio-Rad, Hemel Hempstead, UK).
The size of the expected products was compared with a
DNA ladder.

Quantitative PCR (qPCR) of Human Sertoli Cells

mRNA expression levels of PPARG coactivator 1 alpha
(PPARGC1A), nuclear respiratory factor 1 (NRF1), Sirtuin 1
(SIRT1), Sirtuin 3 (SIRT3), and leptin receptor (LEPR) were
evaluated by qPCR. Specific primers were designed for target
amplification and housekeeping transcripts (Table 1). qPCR
was carried out in a CFX Connect™ Real-Time PCR system
(Bio-Rad, Hercules, CA, USA). Amplification efficiency was
determined for all primer sets using serial dilutions of cDNA
(1:3, 1:15, and 1:75). qPCR conditions and reagent concen-
trations were previously optimized, and amplicons’ specificity
was determined by melting curves. qPCR amplifications used
1 μL of diluted 1:15 cDNA in a 20-μL reaction volume con-
taining 10-μL NZY qPCR Green Master Mix, 0.8 μL
(10 mM) of forward and reverse primers for each gene, and
sterile H2O. Amplification conditions comprised an initial de-
naturation step of 5 min at 95 °C, followed by a specific
number of runs for each set of primers of a 3 steps cycle: (1)
a denaturation step of 30 s at 95 °C, (2) an annealing step of
30 s with a specific temperature for each set of primers, and (3)
an extension step of 1 min at 72 °C. Target genes, sequences,
and annealing temperatures are described in Table 1. Beta-2-
microglobulin (B2M) transcript levels were used as a reference
gene to normalize the mRNA expression levels of target
genes. Fold variation of the expression levels was calculated
following the mathematical model proposed by Pfaffl using
the formula: 2-ΔΔCt [19].

Mitochondrial DNA Copy Number of Human Sertoli
Cells

Mitochondrial DNA (mtDNA) copy number in hSCs was
assessed through qPCR analysis, as described before [20].
Briefly, the reaction mixture consisted in 10 μL of NZY qPCR
Green Master Mix, 0.8 μL (10 mM) of forward and reverse
primers, 20 ng of mtDNA and sterile H2O. qPCR was carried
out in a CFX Connect™ Real-Time PCR system (Bio-Rad,
Hercules, CA, USA). Nuclear encoded beta-2-microglobulin
(B2Mnc) gene transcript levels were used as a reference gene to
normalize the mtDNA expression levels of mitochondrially
encoded NADH dehydrogenase 1 (ND1), following the mathe-
matical model proposed by Pfaffl (Table 1) [19].

Statistical Analysis

All experimental data are shown as mean ± SEM (n = 3–6 for
each condition, done in triplicate). Statistical analysis was ex-
ecuted using a one-way ANOVA and Students’ t test in
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GraphPad Prism 6 (GraphPad Software, San Diego, CA,
USA). P < 0.05 was considered significantly different.

Results

Exposure of Human Sertoli Cells to Leptin Does Not
Alter LEPR mRNA Levels

LEPR has been previously identified in human testis by sev-
eral techniques [21–23]. Of note, our group has recently re-
ported the presence of this receptor in hSCs [7]. To further
characterize the role of leptin in hSCs, we analyzed mRNA
levels of LEPR by qPCR after exposure to leptin. However,
leptin exposure had no significant effect in mRNA levels of
LEPR at any of the studied concentrations as compared with
the leptin-free group (Fig. 1).

Mitochondrial Membrane Potential (ΔΨm) Is Not
Altered after Exposure to Leptin in Human Sertoli
Cells

Lately, several reports have shown leptin’s involvement in
mitochondrial dynamics. In order to disclose whether leptin
modulates mitochondrial dynamics in hSCs, we analyzed the
mitochondrial membrane potential in hSCs after exposure to
leptin. Our results show no alterations inΔΨm of hSCs treat-
ed with leptin when compared with the leptin-free group
(Fig. 2a). These findings were further confirmed by the red/
green fluorescence observed by JC-1 staining in leptin treated
cells, which showed no significant difference in ΔΨm when

compared with the leptin-free group (Fig. 2b). Furthermore,
no differences were observed in mitochondrial morphology/
area between leptin-treated cells and non-treated cells (Fig.
2b).

Exposure of Human Sertoli Cells to Leptin Decreases
Succinate Dehydrogenase Subunit of Complex II with
Slightly Impact in its Activity

To address mitochondrial dynamics, we analyzed the
protein levels of mitochondrial complexes in hSCs after

Table 1 Genes, oligonucleotide sequence, and respective conditions for PCR amplification of human Sertoli cells

Gene Sequence (5′- 3′) AT (°C) Amplicon size (bp) Species of origin

PPARGC1A
AN: NM_013261.3

Forward: TGGTTGCCTGCATGAGTGT
Reverse: CACCACTTGAGTCCACCCAG

56 253 human

NRF1
AN: NM_005011.4

Forward: CAGCCGCTCTGAGAACTTCA
Reverse: GGCCGTTTCCGTTTCTTTCC

58 300 human

SIRT1
AN: AF083106.2

Forward: ACAGGTTGCGGGAATCCAAA
Reverse: GTTCATCAGCTGGGCACCTA

60 155 human

SIRT3
AN: NM_001370314.1

Forward: CCCCAAGCCCTTTTTCACTTT
Reverse: CGACACTCTCTCAAGCCCA

56 148 human

LEPR
AN: NM_002303.5

Forward: TCAGTGGGGCTATTGGACTG
Reverse: GGTGGCATGCAAGACAACTTA

62 197 human

B2M
AN: NM_004048.2

Forward: ATGAGTATGCCTGCCGTGTG
Reverse: CAAACCTCCATGATGCTGCTTAC

60 93 human

MT-ND1
AN: NC_012920.1

Forward: CGATTCCGCTACGACCAACT
Reverse: AGGTTTGAGGGGGAATGCTG

58 121 human

B2Mnc

AN: NG_012920.1
Forward: GAGGCTATCCAGCGTGAGTC
Reverse: GACGCTTATCGACGCCCTAA

58 306 human

18S
AN: NR_046237.1

Forward: AAGACGAACCAGAGCGAAAG
Reverse: GGCGGGTCATGGGAATAA

56 149 human

Abbreviations: PPARGC1A (PPARG coactivator 1 alpha); NRF1 (Nuclear respiratory factor 1); SIRT1 (Sirtuin 1); SIRT3 (Sirtuin 3); LEPR (Leptin
receptor);B2M (Beta-2-Microglobulin);MT-ND1 (Mitochondrially encoded NADHdehydrogenase 1);B2Mnc (Nuclear encoded beta-2-microglobulin);
18S (18S ribosomal RNA); AT (Annealing temperature); BP (Base pairs); AN (Genbank Accession Number)

Fig. 1 Effect of exposure to leptin in levels of LEPR in human Sertoli
cells (hSCs). The figure shows pooled data of independent experiments,
indicating mRNA levels of LEPR in hSCs cultured in the absence or
presence (5, 25 and 50 ng/mL) of leptin. One-way ANOVA was used
for statistical analysis. Results are expressed as mean ± SEM (n = 6 for
each condition)
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exposure to leptin. Our results show that complex II
protein levels were decreased after cell exposure to
5 ng/mL (0.63 ± 0.06 – fold variation to leptin-free) rel-
ative to non-exposed cells (Fig. 3a). However, despite

lower protein levels in the cells exposed to 5 ng/mL of
leptin, complex II activity was not significantly altered
in the leptin treated groups relative to non-exposed cells
(Fig. 3b).
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Leptin Does Not Alter Basal Respiration in Human
Sertoli Cells

To access mitochondrial bioenergetic modulation by leptin,
we evaluated its effects on cell respiration through intact cell
respirometry. Despite the tendency of basal respiration deple-
tion, leptin did not significantly disrupt the oxidative phos-
phorylation (Fig. 4), which is in agreement with our JC-1
fluorescence results described above.

SIRT1 and SIRT3 Are Upregulated in Human Sertoli
Cells Exposed to the Highest Concentration of Leptin
that Mimics the One Present in Morbidly Obese Men

In parallel with JC-1 fluorescence imaging, we also
assessed whether leptin could alter the number of mito-
chondrial copies and the transcript levels of PPARGC1A,
NRF1, SIRT1, and SIRT3 by qPCR, to address if leptin is
involved in mitochondrial biogenesis in human Sertoli
cells. The mRNA levels of PPARGC1A and NRF1, the
master regulator of mitochondrial biogenesis, and a down-
stream effector of PGC-1α, respectively, were not altered
in leptin treated groups when compared with non-exposed
cells (Fig. 5a and b). Concerning SIRT1, which also has
been extensively implicated in mitochondrial biogenesis,
mRNA levels were significantly increased in hSCs on the
group treated with 50 ng/mL of leptin (1.50 ± 0.09-fold
variation to leptin-free) when compared with the leptin-
free group and with hSCs exposed to 5 ng/mL and 25 ng/
mL of leptin (0.92 ± 0.18 and 0.88 ± 0.10-fold variation to
leptin-free, respectively) (Fig. 5c). SIRT3, the main mito-
chondrial deacetylase, which is also involved in mito-
chondrial biogenesis, was upregulated after exposure to
50 ng/mL of leptin. mRNA levels were significantly in-
creased (2.10 ± 0.15-fold variation to leptin-free) when
compared with hSCs exposed to 5 ng/mL and 25 ng/mL
of leptin (1.10 ± 0.27 and 0.95 ± 0.20-fold variation to lep-
tin-free, respectively) (Fig. 5d). Furthermore, leptin expo-
sure did not alter the mitochondrial copy number in hSCs
(Fig. 5e).

Discussion

Leptin is a crucial regulatory signal of whole-body homeosta-
sis, acting as an energy sensor and a metabolic regulator of
several processes, including reproductive function [24, 25].
Thus, leptin deficiency has been described as an impairment
to reproductive function [26], while excessive leptin levels as
frequently observed in overweight and obese individuals also
seem to influence negatively male and female reproductive

Fig. 3 Effect of exposure to leptin (5, 25, and 50 ng/mL) in human Sertoli
cells (hSCs) mitochondrial complexes and complex II activity. Panel a
shows pooled data of independent experiments, indicating mitochondrial
complexes protein levels of hSCs. One-way ANOVA was used for
statistical analysis. Results are expressed as mean ± SEM (n = 6 for
each condition). Panel b shows pooled data of independent
experiments, indicating mitochondrial complex II activity of
hSCs. Activity is expressed as nM of DCIPIP reduced/min/mg of
mitochondrial protein. One-way ANOVA was used for statistical
analysis. Results are expressed as mean ± SEM (n = 3 for each
condition). Significantly different results (P < 0.05) are indicated as a
relative to leptin-free group

�Fig. 2 Effect of exposure to leptin (5, 25, and 50 ng/mL) on
mitochondrial membrane potential of human Sertoli cells (hSCs), using
the JC-1 fluorescent probe. Panel a represents the fluorescence ratio of
JC-1 measured at two wavelengths (Ex = 485 nm, Em = 530 nm; Ex =
535 nm, Em= 590 nm), calculated between red aggregates (representing
hyperpolarized mitochondria) and green monomers (depolarized
mitochondria). C+ represents a depolarizing control (DMSO 10%);
Panel b comprises representative pictures of JC-1 fluorescence,
captured in a Nikon Elipse400 microscope, at 400x magnification (red
aggregates measured with a G-2A filter, EX510–560; DM575; and
BA590—A, D, G, and J; green monomers measured with a FITC filter,
EX480/40; DM510; andBA590—B, E, H, and K; andmerged pictures—
C, F, I and L. One-way ANOVAwas used for statistical analysis. Results
are expressed as mean ± SEM (n = 3 for each condition)
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function [27]. At a cellular level, leptin was recently shown to
regulate mitochondrial function, particularly by modulating
mitochondrial dynamics, biogenesis, and functioning [8]. In
addition to the action on the central nervous system, leptin
also acts in peripheral tissues, including the testes. In fact,
leptin was reported to have several effects in male reproduc-
tive system [28]. Our group has recently identified the leptin
receptor in hSCs, which are the somatic cells responsible for
the physical and nutritional support of germ cells. In addition,
we have shown that leptin alters the glycolytic and oxidative
profiles in these same cells [7]. In this work our aim was to
gain further insight whether leptin could influence reproduc-
tive function by modulating mitochondrial function and dy-
namics in human SCs or if leptin just has a role on SCs’
glycolysis efficiency control as proclaimed in a previous work
from our group, therefore expanding the knowledge on the
molecular mechanisms by which this hormone could poten-
tially interfere in spermatogenesis.

Although we recently identified that hSCs express LEPR
[7], whether LEPR is responsive to different leptin stimuli or
the molecular mechanisms by which leptin could act on hSCs
are still undisclosed. Here, we show that LEPR expression in
hSCs was not influenced by leptin exposure in any of the
concentrations tested, suggesting that these cells do not re-
spond to leptin stimuli in the tested timeframe and concentra-
tions. Interestingly, an increase in LEPR expression was re-
ported in several other systems [29, 30], including malignant
mammary tissues, being generally considered a poor prognos-
tic marker. However, our results elicit that leptin action when
overproduced is not mediated by a response in LEPR expres-
sion in hSCs.

Some studies highlighted a possible role for leptin in mod-
ulating mitochondrial function and dynamics [9, 31]. To ad-
dress mitochondrial morphology and mitochondrial mem-
brane potential, we used JC-1 probe, considering aggregates/

monomers ratio as an indicator of these parameters. However,
our results did not show differences in ΔΨm between leptin-
treated groups and non-exposed cells, revealing that mito-
chondrial electron transport chain as a whole was not affected
by increasing concentrations of leptin. Additionally, through
JC-1 imaging, we observed a diffuse mitochondrial network
distribution which was consistent between all groups indicat-
ing no alterations upon leptin treatment.

To date, although leptin has been recognized as a pivotal
modulator of metabolism in several cells and tissues, the evi-
dence linking leptin to SCs’ metabolism is scarce.
Mitochondrial electron transport chain components are rele-
vant targets to explain any kind of modulation of OXPHOS
and the way it integrates redox mediators (NADH/NAD+,
FADH2/FAD, etc.) to the final phosphorylation of ADP to
ATP. Despite no alterations in LEPR expression, exposure
to leptin concentrations similar to those found in lean de-
creased mitochondrial complex II protein levels in hSCs.
This result prompted us to evaluate complex II activity, which
was not altered in the hSC of the various experimental groups,
including the 5 ng/mL of leptin group. Interestingly, we can
observe the presence of a slight “Hormesis effect”.
Nonetheless, in higher concentrations of leptin, the effect
seems to be diluted, which can be explained due to activation
of rescue mechanisms to re-establish the proper mitochondrial
function (in this case, regularization of basal levels of CII
expression). In parallel with mitochondrial potential assess-
ment, mitochondrial basal respiration awareness can disclose
the full picture of mitochondrial physiology. Our data, regard-
ing basal respiration, reveals no significant alterations be-
tween leptin treated groups and non-exposed cells. Overall,
considering bioenergetics parameters (addressing mitochon-
drial physiology) and mitochondrial distribution in cells (mi-
tochondrial morphology), leptin did not alter oxidative phos-
phorylation as a whole. Furthermore, despite lower complex II
expression in the group treated with 5 ng/mL, its enzymatic
activity was not significantly changed. Consideringmitochon-
drial area/shape and mitochondrial network in hSCs after
treatment with leptin, we can observe that leptin treatment
did not change mitochondrial area or shape between the dif-
ferent concentrations of leptin. Moreover, mitochondrial com-
plex II has a small contribution to the overall electron transport
chain process, corroborating that leptin has low impact on
oxidative phosphorylation.

Previous studies also have shown that leptin stimulates
fatty acid oxidation, reactive oxygen species production and
glucose uptake in endothelial and muscle cells [32, 33]. In
addition, leptin was shown to stimulate mitochondrial biogen-
esis in adipocytes and cardiomyocytes from ob/ob mice [31,
34]. To determine whether leptin could modulate mitochon-
drial biogenesis in hSCs, we measured the expression of key
markers of mitochondrial biogenesis and function. The results
showed that mitochondrial DNA copy number in hSCs

Fig. 4 Effect of exposure to leptin (5, 25, and 50 ng/mL) on intact and
non-permeabilized human Sertoli cells (hSCs) basal oxygen consumption
rates, measured using a Clark-type electrode. One-way ANOVA was
used for statistical analysis. Results are expressed as mean ± SEM (n =
3 for each condition)
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remained unchanged after exposure to leptin, while similar
results were found for mitochondrial biogenesis markers, such
as PPARGC1A levels, which is the master regulator of mito-
chondrial biogenesis [35]. Furthermore, the expression of the
downstream PPARGC1A target, NRF1, a transcription factor
involved in the expression of genes codified by the mitochon-
drial genome [36], was not altered in hSCs exposed to any of
the chosen concentrations of leptin. Interestingly, SIRT1
levels, which are involved in PPARGC1A deacetylation
[37], were increased in the group treated with 50 ng/mL of
leptin as compared with the other groups. SIRT1, besides

being involved in mitochondrial biogenesis, is heavily tied
to cellular metabolism control by functioning as a metabolic
sensor involved in lipid and glucose metabolism [38, 39]. A
previous study has described a correlation between SIRT1
abundance in seminal plasma and male fertility [40].
Although the presence of specific proteins in seminal fluid
may come from different pools of cells from the reproductive
tract, the results on this paper shed some light on the role of
this deacetylase on spermatogenesis. Indeed, a work by Mu
et al. [41] found that the activation of SIRT1 was associated
with the attenuation of endoplasmic reticulum (ER) stress in

Fig. 5 Effect of exposure to leptin in transcript levels of PPARG
coactivator 1 alpha (PPARGC1A), nuclear respiratory factor 1 (NRF1),
Sirtuin 1 (SIRT1), SIRT3, and in mitochondrial copy number in human
Sertoli cells (hSCs). The figure shows pooled data of independent
experiments, indicating mRNA levels of PPARGC1A, NRF1, SIRT1,
SIRT3, and mitochondrial copy number in hSCs (panel a, b, c, d, and e,

respectively) cultured in the absence or presence (5, 25, and 50 ng/mL) of
leptin. One-way ANOVA was used for statistical analysis. Results are
expressed as mean ± SEM (n = 6) for PPARGC1A, NRF1, SIRT1, and
mitochondrial copy number and n = 3 for SIRT3. Significantly different
results (P < 0.05) are indicated as (a) relative to leptin-free group, (b)
relative to 5 ng/mL group, and (c) relative to 25 ng/mL group
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the testes of obese mice. These results reflect in part the con-
tribution of Sertoli cells to SIRT1 involvement inmale fertility
and on the event of spermatogenesis. Moreover, SIRT3, the
primary mitochondrial deacetylase, has been described in sev-
eral systems as a regulator of the activity of enzymes that
coordinate global shifts in cellular metabolism. In its panoply
of functions, SIRT3 promotes the tricarboxylic acid (TCA)
cycle and electron transport chain function and reduces oxi-
dative stress [42]. In the group treated with 50 ng/mL of leptin,
SIRT1 and SIRT3 transcripts levels were significantly in-
creased when compared with the other groups, but no direct
correlation with the effects on complex II expression and ac-
tivity (where leptin 5 ng/mL present a relevant alteration—
decrease in expression and in accordance with activity slow-
down) was observed. 50 ng/mL of leptin may evoke SIRT1-
and SIRT3-mediated processes not directly connected to
Krebs cycle and OXPHOS modulation, at least considering
a 24-h treatment.

SCs uptake glucose to produce essential metabolites for
germ cells’ development. Our group has previously shown
that leptin modulates glucose transporter protein levels, in
particularly decreasing GLUT2, which may be linked with
obesity-related male subfertility/infertility [7]. The results ob-
tained in this study show that exposure to the leptin concen-
tration reported in morbidly obese men increases SIRT1 and
SIRT3 levels in hSCs. SIRT1 modulates the activity of
PPARGC1A in glycolytic genes through deacetylation, which
induces a strong glycolytic pathway dysregulation,
compromising even further the nutritional support of sper-
matogenesis . Furthermore, SIRT1 modulat ion of
PPARGC1A does not directly regulate the effects of
PPARGC1A in mitochondrial genes, which could explain
why no differences were observed in mitochondrial biogene-
sis markers [43]. Thus, our results support that the SIRT1
changes are not directly associated with mitochondrial func-
tion but rather with glycolysis control as our previous work
demonstrated [7]. Moreover, the mitochondrial deacetylase
SIRT3, was also upregulated at 50 ng/mL. Liu et al., reported
that in renal cell carcinoma, SIRT3 overexpression was asso-
ciated with enhanced mitochondrial biogenesis [44].
However, in our work, no alterations in the selectedmitochon-
drial biogenesis markers were observed. Interestingly, upreg-
ulation of SIRT1 transcript levels is also associated with en-
hanced mitochondrial biogenesis [37], but our results, once
again, did not revealed this. Also, mitochondrial physiology
endpoints (mitochondrial potential and basal respiration) were
not altered as we reported above, confirming no influence in
mitochondrial biogenesis by SIRT1/3 leptin-mediated upreg-
ulation, in our cell model.

Mitochondrial assessment in hSCs is essential to evaluate
the full picture of bioenergetics regulation. In regular condi-
tions, we postulate that SCs present a sustained mitochondrial
activity, coupled with anaplerotic reactions to refill Krebs

cycle intermediates and to coordinate with the essential bio-
synthetic processes. It seems that upon several hormonal/
signaling challenges, particularly by leptin, hSCs mitochon-
dria have a huge “buffer” capacity, and gathering the findings
published by our group, other metabolic pathways, like gly-
colysis, swing around a pivotal point to achieve the right bio-
energetics conditions, assuming a quantitatively more relevant
metabolic role of glycolysis than OXPHOS per se.
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