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Abstract

The role of cytokines in testicular function under normal conditions has not been completely understood. Here, we evaluated
testicular macrophages (TM), steroidogenesis by Leydig cells (LC) and seminiferous tubules integrity in cytokines-deficient
rat testes induced by diacerein, an anti-inflammatory drug that inhibits interleukin-1 (IL-1) and tumor necrosis factor-alpha
(TNF-a). Male rats received daily 100 mg/kg of diacerein (DIAG; n=28) or saline (CG; n=28) for 30 days. Serum testosterone
(T) levels were measured and the seminiferous tubule (ST) area, epithelial area (EA), frequency of damaged ST and number
of Sertoli cells (SC) were evaluated. TUNEL method and immunoreactions for detection of pro-IL-1p, TNF-a, steroidogenic
acute regulatory protein (StAR), 17p-hydroxysteroid dehydrogenase (17p-HSD), androgen receptor (AR) and scavenger recep-
tor for hemoglobin-haptoglobin complexes (CD163), a TM marker, were performed. Testicular AR, 17-HSD and IL-1p levels
were detected by Western blot. Data were submitted to Student ¢t test (p <0.05). In DIAG, T and testicular AR, 173-HSD and
IL-1B levels decreased significantly (p <0.05). The number of TUNEL-positive interstitial cells increased and LC showed weak
StAR, 178-HSD and AR immunoexpression in association with reduced IL-1p immunoexpression and number of CD163-
positive TM in the interstitial tissue from diacerein-treated rats. Numerous damaged ST were found in DIAG, and reduction
in the EA were associated with germ cells death. Moreover, the number of SC reduced and weak AR and TNF-o immunoex-
pression was observed in SC and germ cells, respectively. The cytokines deficiency induced by diacerein impairs TM, LC and
spermatogenesis, and points to a role of IL-1p in steroidogenesis under normal conditions. In the ST, the weak AR and TNF-«
immunoexpression in SC and germ cells, respectively, reinforces the idea that TNF-a plays a role in the SC androgenic control.
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Introduction

In vitro and in vivo studies have demonstrated some mecha-
nisms involved in the interaction between Leydig cells (LC)
and testicular macrophages (TM) (Bornstein et al. 2004;
Loveland et al. 2017). In testes, there are two populations
of resident macrophages; one of them (ED1 macrophage)
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is a type of recently recruited or transient macrophage that
expresses the lysosomal antigen CD68 (Hedger 1997), and
is found surrounding the peritubular tissue next to the sper-
matogonial stem cells (de Falco et al. 2015). The other popu-
lation of TM, also named ED2 macrophages (Hedger 1997),
are located in the interstitial tissue in close contact with LC
(Mossadegh-Keller et al. 2017) and expresses scavenger
receptors CD163 involved in endocytosis of hemoglobin-
haptoglobin complexes, being responsible for iron recycling
(Van Gorp et al. 2010. It is known that TM are the main
immune cell in the adult rodent normal testis (Winnall and
Hedger 2013; Indumathy et al. 2020) and play essential role
during inflammatory responses (Meinhardt et al. 2018).
Moreover, under physiological conditions, the macrophages
in close contact with LC seem to provide an ideal niche that
maintain LC functions, including steroidogenesis (Nes et al.
2000; Hutson 2006; Smith et al. 2015; Loveland et al. 2017).
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ED2 macrophages allow the direct transport of specific mol-
ecules to LC, such as 25-hydroxycholesterol and 25-hydrox-
ylase (Lukyanenko et al. 2001) (Fig. 1). Cholesterol is essen-
tial for steroidogenesis, whose initial step depends on the
steroid acute regulatory protein — StAR responsible for the

mobilization of cholesterol to mitochondria and production
of pregnenolone which, after several enzymatic processes in
the smooth endoplasmic reticulum, is converted into andros-
tenedione and finally into testosterone by 17p-HSD (Beattie
et al. 2015) (Fig. 1).

ERK1/2

@ RECRUITMENT

MONOCYTES / MACROPHAGES

AMPc| CYCLIC ADENOSINE MONOPHOSPHATE

NLRP3- NLR FAMILY PYRIN DOMAIN CONTAINING 3 PROTEIN

Fig.1 Leydig cell (LC) steroidogenesis and ED2 testicular mac-
rophage (TM) showing cytokines synthesis, and LC-TM paracrine
interaction under normal condition. 1-) LH activates cAMP-depend-
ent protein kinase A, which mobilizes and transports cholesterol (C),
derived from the blood stream. C is converted into 25-hydroxycho-
lesterol (25-HC) by 25-hydroxylase (25-HX). StAR transports 25-HC
to mitochondria where is metabolized into pregnenolone (P) by
CYP11A1 enzyme. In smooth endoplasmic reticulum, P is metabo-
lized into progesterone (PR) by 3p-HSD, and into androstenedione
(A) by CYP17. Finally, A is converted into testosterone (T) by 17f-
HSD, and T is released to the extracellular milieu. 2-) Via autocrine,
T binds to androgen receptor (AR) in LC and is translocated to the
nucleus, activating AR responsive genes, such as MIF, which is
secreted and released by LC. 3-) LC expresses IL-1 receptor (IL-1R);
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IL-1p/IL-1R binding stimulates IL-1p secretion via autocrine sign-
aling. 4-) IL-10/f bound to IL-IR also stimulates StAR expression
through ERK1/2 pathway, triggering the activation of StAR bind-
ing to 25-HC and subsequent steroidogenesis. 5-) The LC-produced
MIF stimulates the recruitment of new monocytes/macrophages or is
internalized by TM via CD74 receptor, stimulating NLRP3 complex
and subsequent capase-1 (CASP-1), which converts Pro-IL-1p into
active IL-1p. 6-) IL-1p released by LC binds to IL-1R in TM (auto-
crine signaling) and/or to IL-1R in LC (paracrine signaling). 7-) In
TM, IL-1 triggers IkB-a degradation and activates NF-kB transloca-
tion to nucleus. NF-kB triggers genes expression, such as pro-IL-1f,
CD163 and TNF-a. 8-) TM also transport 25-HC and/or 25-HX
directly to LC, contributing to the steroidogenic activity of LC. Cre-
ated using BioRender.com
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Studies have demonstrated that cytokines participate in
development, function and maintenance of testes under nor-
mal conditions (Verhoeven et al. 1988; Warren et al. 1990;
Meinhardt et al. 1996; Svechnikov et al. 2003). Although
the exact role of cytokines in adult testes has not been com-
pletely understood, some cytokines such as interleukin-1
(IL-1) (Verhoeven et al. 1988; Warren et al. 1990; Cudicini
et al. 1997; Gerendai et al. 2005), IL-6 (Syed et al. 1995;
Cudicini et al. 1997), tumor necrosis factor (TNF-a) (War-
ren et al. 1990; De et al. 1993) and macrophage migration
inhibitory factor (MIF) (Meinhardt et al. 1996) seem to
mediate some functions of LC, macrophages, Sertoli cells
(SC) and germ cells. Either ED1 (CD68) or ED2 (CD163)
macrophages produce several cytokines (Hedger 2002),
which act via paracrine and/or autocrine signaling, regulat-
ing cell—cell interaction (Bornstein et al. 2004). Testicular
macrophages produce either IL-1a (Soder et al. 2000) or
IL-1p (O’Bryan and Hedger 2008). IL-1 exerts an autocrine
action on macrophages (Dinarello 1987) (Fig. 1). The bind-
ing of IL-1 to IL-1 receptor (IL-1R) activates IL-1R-associ-
ated kinase (Voronov et al. 2013) and triggers the activation
of IkB-a/NF-kB complex, inducing degradation of IkB-a
(Haseeb et al. 2013). Thus, the free NF-kB is translocated to
nucleus and activates the expression of several genes, includ-
ing pro-IL-1p (O’Bryan and Hedger 2008), TNF-a (O’Bryan
and Hedger 2008; Dorrington and Fraser 2019) and CD163
(Fujiwara et al. 2010) (Fig. 1).

Studies have demonstrated that LC also expresses either
IL-1R (Svechnikov et al. 2001) or IL-1mRNA under nor-
mal conditions (Verhoeven et al. 1988; Warren et al. 1990;
Lin et al. 1993; Cudicini et al. 1997) (Fig. 1). Although the
role of this interleukin in LC under normal conditions is
not completely understood, studies have demonstrated that
either IL-1a (Manna et al. 2007) or IL-1p (Verhoeven et al.
1988; Warren et al. 1990) stimulates steroidogenesis in LC
(Fig. 1). According to Manna et al. (2007), IL1-a stimulates
the transcription of STAR gene, via ERK 1/2, and subse-
quent StAR synthesis in LC (Fig. 1). In culture of human
granulosa-lutein cells, IL1-p upregulates StAR expression
and stimulates steroidogenesis, which is inhibited by IL-1
receptor antagonist (Dang et al. 2017). LC also synthesizes
MIF, a cytokine involved in the monocyte/macrophage
recruitment (Hedger 2002). This factor binds to CD74 recep-
tor in TM and triggers the activation of the multi-protein
complex NLRP3 and caspase-1 (interleukin-1p convert-
ing enzyme), which converts Pro-IL-1f into active IL-1f
(Shin et al. 2019) (Fig. 1). Therefore, the LC-TM coupling
is essential for testicular function, including steroidogenesis,
and cytokines seem to mediate this process.

Although there are few studies on the role of cytokines
in the seminiferous epithelium under normal conditions,
studies by Gérard et al. (1991) and Cudicini et al. (1997)
have demonstrated IL-1a mRNA expression in SC, which

seem to be the main secretory cell of IL-1a in the testis.
Moreover, germ cells, such as pachytene spermatocytes and
round spermatids also synthesize TNF-a (De et al. 1993;
Suominen et al. 2004). This factor seems to maintain sper-
matogenesis by inhibiting germ cell apoptosis via FasL
(CD95L) downregulation (Pentikdinen et al. 2001). Moreo-
ver, a study by Delfino et al. (2003) has demonstrated that
TNF-a induces the expression of androgen receptor (AR)
in SC culture and, in TNF-a knockout mice, either steroido-
genesis or spermatogenesis is impaired, and the concentra-
tion of sperm is reduced in comparison with wild-type mice
(Suh et al. 2008). Therefore, these findings reinforce the
idea that TNF-a is essential for the maintenance of testicu-
lar androgenic function and spermatogenesis under normal
conditions.

Diacerein is an anti-inflammatory agent clinically pre-
scribed for the treatment of osteoarthritis (Martel-Pelletier
and Pelletier 2010; Pavelka et al. 2016), liver steatosis and
fibrosis induced by type 2 diabetes mellitus (Leite et al.
2019) as well as obese or overweight patients with diabetes
mellitus (Ramos-Zalava et al. 2011). Recently, a beneficial
effect of diacerein for the treatment of inflammatory exacer-
bation caused by SARS-CoV-2 (COVID-19) has also been
demonstrated (De Oliveira et al. 2020). The active metabo-
lite, rhein, inhibits pro-inflammatory cytokines, such as
TNF-a (Pasin et al. 2010), IL-1a (Tamura and Ohmori 2001)
and IL-1p (Pasin et al. 2010; Abdel-Gaber et al. 2018). In
chondrocytes derived from cartilage with osteoarthritis,
either diacerein or rhein reduces the number of IL-1R (Mar-
tel-Pelletier et al. 1998) as well as IL-1f synthesis (Martel-
Pelletier et al. 1998; Mendes, et al. 2002; Martel-Pelletier
and Pelletier 2010). Except for scarce studies on the effect
of diacerein on testis under inflammatory conditions (Abdel-
Gaber et al. 2018; Fouad et al. 2020), the effect of this anti-
inflammatory drug in adult testes under normal conditions
has not been addressed. In an attempt to understand the
physiological role of cytokines in testes, including LC-TM
interplay, we evaluated LC steroidogenic activity, number
of ED2 macrophages and seminiferous epithelium integrity
in cytokines deficient rat testes.

Material and methods
Animals and treatment

The protocol regarding the use and treatment of animals was
approved by the Ethical Committee for Animal Research
of Sao Paulo State University (UNESP/FOAr, SP, Brazil;
number: 15/2019)) and by the Ethical Committee for Animal
Research of Sao Paulo Federal University (UNIFESP/EPM,
SP, Brazil; number: 7383061219).
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Sixteen Holtzman adult male rats (Rattus norvegicus albi-
nus) weighing 250-300 g were maintained in polypropylene
cages under 12 h light and 12 h dark cycle at controlled
temperature (23 2 °C) and humidity (65-75%), with water
and food ad libitum.

The animals of diacerein group (DIAG; n=28) received,
by gavage, daily solution of 100 mg/kg BW of diacerein
(Artrodar®; Pharma Inddstria Quimica e Farmacéutica Ltda,
Reg.MS:1.0341.0052.002-2, lot: 19110601) diluted in saline
for 30 days, for the induction of anti-inflammatory effect in
the animals (Tamura et al. 2002) while the animals of the
control group (CG; n=_8) received saline solution by the
same route. This dosage (100 mg/kg) was used in an attempt
to reduce IL-1p and TNF-a (Pasin et al. 2010) without caus-
ing adverse toxic effects. This is confirmed by the fact that
dosages from 100 to 150 mg/kg have demonstrated anti-
oxidant effects (Tamura and Ohmori 2001; Bu et al. 2018),
alleviating methotrexate-induced hepatotoxicity (Bu et al.
2018). Moreover, high dosages (200/mg/kg—2000 mg/kg) of
rhein have also presented non-genotoxic and non-mutagenic
effects in rats and mice (Brun 1997).

After treatment, the animals were weighed and anesthe-
tized with 80 mg/kg BW of ketamine hydrochloride (Fran-
cotar, Virbac do Brasil Ind. Com. Ltda, Jurubatuba, Brazil,
Reg.MA: 7.885) and 8 mg/kg BW of xylazine hydrochlo-
ride (Virbaxyl; Virbac do Brasil Ind. Com. Jurubatuba,
Brazil, Reg.MA:7.899). Blood samples were collected via
cardiac puncture directly from the left ventricle with BD
Vacutainer® tubes for serum testosterone measurement. Tes-
tes were weighed and the relative testicular weights were
calculated based on the ratio of absolute testis weight to
body weight of each animal. The right testes were fixed for
histological evaluation, whereas fragments of the left testes
were stored at — 80 °C for Western blot analysis.

Testosterone measurement

Serum testosterone (T) levels were determined by chemi-
luminescence immunoassays, using the Access®2 Immu-
noassay System (Beckman Coulter, CA, USA) and the
Access Testosterone Immunoassay kit (Beckman Coulter,
CA, USA). The antibody was specific for testosterone (<2%
cross-reactivity) and the analytical sensitivity considered
was 10 ng/dL. The analysis was performed at the Sdo Lucas
Clinical and Microbiological laboratory (Araraquara, SP,
Brazil).

Histological procedures
Testes were cross sectioned at the equatorial plane and fixed
for 48 h in a 4% formaldehyde (Merck, Germany) buff-

ered with 0.1 M sodium phosphate (pH 7.4). The samples
were dehydrated in graded concentrations of ethanol and
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embedded in glycolmethacrylate (Leica Biosystems, His-
toresin-Embedding Kit, Wetzlar, Germany, lot: 010,284) or
paraffin.

The historesin sections (3 um thick) were stained with
Gill's Hematoxylin and Eosin (H.E) according to Cerri and
Sasso-Cerri (2003) for morphological and morphometric
analyses. The paraffin sections were subjected to Perls’
Prussian blue histochemistry reaction for detection of ferric
iron in macrophages. Thus, after deparaffinization, the sec-
tions were immersed in acid ferrocyanide solution for 10 min
containing 2% potassium ferrocyanide and 2% hydrochloric
acid solutions (Bancroft and Stevens 1996). The sections
were washed in distilled water, and the nuclear staining was
performed with safranin 1% aqueous solution. Sections were
dehydrated and mounted in resinous mounting media.

Paraffin sections were also adhered to silanized slides and
submitted to TUNEL (TdT-mediated dUTP-biotin Nick End
Labeling) method and immunohistochemistry and immuno-
fluorescence reactions, as described below.

Morphometric analysis of seminiferous tubules
and number of SC

In non-serial H.E-stained testicular sections (distance
between sections around 30 um), the images were captured
by a camera DP-71 (Olympus, Tokyo, Japan) coupled to an
Olympus BX-51 microscope (Tokyo, Japan). The objective
lens used was UPlanSApo 20x/0.75 for measurement of
areas, and UPlanSApo 40 x/0.90 for the quantification of
SC number. The measurements were made using the Image
Analysis System—Image Pro-express 6.0 (Olympus, Tokyo,
Japan).

Tubular areas and frequency of abnormal tubules

Since the seminiferous tubules (ST) size is variable accord-
ing to the stage of the seminiferous cycle, and in an attempt
to standardize the tubular sections to be measured, 15 ST
exhibiting round shape were randomly selected at specific
stages of the seminiferous epithelium cycle, according to
Leblond and Clermont (1952), containing, from the basal
compartment to the lumen, the following germ cell layers:
I-VI (A and Intermediate/B spermatogonia, pachytene (P)
spermatocytes, round and elongate spermatids); VII-VIII
(A spermatogonia, preleptotene and P spermatocytes, round
and step 19 elongate spermatids); IX-X (post-spermiation
stage containing A spermatogonia, leptotene (L) and P sper-
matocytes and elongating spermatids) and XI-XIV (A sper-
matogonia, L to secondary spermatocytes and elongating
spermatids). Thus, in a total of 60 tubules per animal, the
area of the seminiferous epithelium and the area of the total
tubular section (tubular area) were measured (Sasso-Cerri
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et al. 2017). The luminal area was obtained by subtracting
the total area from the epithelial area.

The number of tubules showing deranged epithelium and/
or containing sloughed germ cells in the lumen was quan-
tified, and the frequency of these abnormal seminiferous
tubules was calculated.

Number of SC

In non-serial testicular sections, thirty-two cross ST sections
exhibiting round shape were randomly selected, and the
number of Sertoli cell (SC) nuclei showing typical morphol-
ogy and evident nucleolus was quantified (Caneguim et al.
2009) under an Olympus BX-51 microscope. The number
of SC per ST was calculated.

TUNEL method and number of TUNEL-positive cells

TUNEL method, used for detection of DNA breaks dur-
ing cell death, was performed as previously described
(Caneguim et al. 2009; Beltrame et al. 2019) and according
to the ApopTag® peroxidase in situ kit (Millipore; Temecula,
CA, USA, lot: 3,098,590) manufacturer instructions.

In non-serial testicular sections (distance between sec-
tions around 30 um), fifty round-shaped ST sections were
randomly selected under an Olympus BX-51 microscope
(Tokyo, Japan) equipped with a camera DP-71 (Olym-
pus, Tokyo, Japan). In each tubular section, the num-
ber of TUNEL-positive germ cells was quantified using
an UPlanSApo 40x/0.90 objective lens. The number of
TUNEL-positive cells per ST was calculated.

In 15 fields of non-serial testicular sections per animal,
containing interstitial tissue, the tissue area was measured
and the number of TUNEL-positive interstitial cells (IC)
was quantified in a standardized interstitial area. The number
of TUNEL-positive IC per mm? of interstitial tissue was
calculated.

Immunohistochemistry and immunofluorescence
reactions

CD163 (resident ED2 macrophage marker), TNF-a and AR
were detected by immunohistochemistry. StAR (steroido-
genic acute regulatory protein), 178-HSD (enzyme involved
in steroidogenesis), TNF-a and IL-1p (pro-inflammatory
cytokines) were detected by immunofluorescence. To con-
firm the presence of IL-1p in LC, double immunofluores-
cence reaction for the co-localization of 173-HSD and IL-1p
in the same section was also performed. The validation of
the antibodies used in this study is stated in the technical
specifications insert provided by the respective manufactur-
ers (cited below).

Sections were immersed in 0.001 M citrate buffer (pH
6.0) and heated in a microwave oven at 90 °C for 30 min
for antigen recovery. For detection of CD163, TNF-a and
AR by immunohistochemistry, sections were previously
immersed in hydrogen peroxide for endogenous peroxi-
dase inactivation. All sections were incubated in 2% BSA
for 30 min, and incubated at 4 °C overnight with the fol-
lowing primary antibodies: mouse anti-CD163 monoclo-
nal IgG antibody (RRID: AB_321966, 1:800, Bio-Rad,
USA; code: MCA342R, 10t:00,710); rabbit anti-TNF-«
polyclonal IgG antibody (RRID: AB_10891701, 1:500,
Boster Biological Technology, Pleasanton — USA; code:
PA1079, 10t:0101812Da45079125); rabbit anti-AR poly-
clonal IgG antibody (RRID: AB_633881, 1:1000, Santa
Cruz Biotechnology, code: sc-13062, lot:#D0414); rabbit
anti-IL-1p polyclonal IgG antibody (RRID: AB_308765,
1:400, Abcam, Cambridge, Massachusetts-USA; code:
ab9722, lot:GR3175415-1), rabbit anti-StAR polyclonal
IgG antibody (RRID:AB_2890634, 1:100, Abcam; USA;
code: ab203193, 1ot:GR3192239-3) and mouse anti-17p-
HSD7 polyclonal IgG antibody (RRID: AB_2891064, 1:500,
Santa Cruz Biotechnology, Dallas, USA; code: sc-393936,
lot:#B0414). Sections incubated with anti-CD163 and anti-
TNF-a and anti-AR IgG antibodies were washed in PBS and
incubated at room temperature with biotinylated anti-mouse
IgG and anti-rabbit IgG secondary antibodies and peroxi-
dase-labelled-streptavidin (Universal Dako LSAB Kit, Dako
Inc., Carpinteria, CA, USA, Ref: K4061, lot: 10,136,201).
The reactions were stained with 3.3'-diaminobenzidine
(DAB: Dako Liquid DAB + Substrate Chromogen sys-
tem, Dako Inc., Carpinteria, CA, USA, Ref: K3468, lot:
10,147,082) and counterstained with Carazzi's haematoxy-
lin. The testicular sections subjected to immunofluorescence
reactions were washed in PBS and incubated in the dark with
the following secondary antibodies: Alexa Fluor®594 anti-
rabbit IgG antibody (1:500; Invitrogen® by Thermo Fisher
Scientific, Calrsbad, USA, code: R3117, lot: 2,086,924) or
Alexa Fluor®488 anti-mouse IgG antibody (1:1000; Molec-
ular Probes® by Life Technologies, Calrsbad, USA, Ref:
A11001, lot: 1,664,729) for 1 h at room temperature. After
washing in PBS, nuclear staining was performed with DAPI
(1:500, Molecular Probes by Life Technologies; Carlsbad,
CA, USA, Ref: R37606, lot: 1,616,913) for 5 min in the dark
at the room temperature and the slides were mounted with
Fluoromount® mounting medium (Dako faramount Aque-
ous mounting medium, Dako Inc., Carpinteria, CA, USA,
Ref: S3025, lot: 11,176,284). To check possible unspecific
binding of the secondary antibodies to the tissues, negative
controls were performed by incubating sections with non-
immune serum instead of primary IgG antibodies. Unspe-
cific immunolabelling was not detected in these testicular
sections.
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Number of Perls-stained
and CD163-immunolabelled macrophages

In non-serial testicular sections (distance between sec-
tions around 30 um), 20 fields of interstitial tissue were
randomly selected under an Olympus BX-51 microscope
(Olympus, Tokyo, Japan) equipped with a camera DP-71
(Olympus, Tokyo, Japan), and the objective lens used
was UPlanSApo 40x/0.90. In these fields, a standard-
ized area of interstitial tissue per animal was measured
using an image analysis system (Image Pro-express 6.0
Olympus, Tokyo, Japan). In this area, the number of
CD163-positive macrophages exhibiting either weak or
strong immunostaining was quantified, and the number of
CD163-immunolabelled macrophages per mm? of inter-
stitial tissue was calculated for each animal. The same
procedures were conducted for the quantification of Perls-
positive macrophages in 20 fields of non-serial testicular
sections subjected to Perls’ histochemistry reaction. The
number of Perls-stained macrophages/mm? of interstitial
tissue was calculated.

17B-HSD, IL-1B and TNF-a immunofluorescent areas

Immunofluorescent areas were analyzed using DFC 550
Camera (Leica, Germany) attached to a BM4000 B LED
microscope (Leica, Germany) and the Leica Application
Suite software (LAS 4.3, Leica, Germany). An objective
lens HCX FL Plan 40x/0.65 (Leica, Germany) was used for
the measurement of IL-1p and 17p-HSD immunofluores-
cent areas in the interstitial tissue, whereas an objective lens
HCX FL Plan 20 x/0.40 65 (Leica, Germany) was used for
the measurement of TNF-a in the ST. All parameters of the
software, including exposure, gain and saturation as well as
the threshold adjustment and color range, were rigorously
standardized for each immunoreaction analyzed so that only
areas with intense red or green fluorescence were computed.

In non-serial testicular sections (distance between sec-
tions around 30 pm), IL-1p and 17p-HSD immunofluores-
cence was measured in a total standardized interstitial tissue
area per animal. In this area, IL-1f and 17p-HSD immuno-
fluorescent areas were measured and the respective areas/
mm? of interstitial tissue were calculated.

For the estimation of the TNF-o immunofluorescent area
in the ST, the tubular area of around 15 tubules at stages
IX-XI was measured since the immunoexpression of TNF-o
is stage-specific and more accentuated and specific in IX-XI
tubules (De et al. 1993). Thus, in a standardized tubular area
of each animal from CG and DIAG, the TNF-o immuno-
fluorescent area was measured, and the immunofluorescent
area/mm’ of seminiferous tubule was calculated (de Santi
et al. 2021).
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17B-HSD and IL-1f double immunofluorescence

The double immunofluorescence was performed according
to Shum et al. (2013). After antigen recovery as described
above, the sections were incubated overnight at 4 °C with
mouse anti-17B-HSD7 polyclonal IgG antibody (RRID:
AB_2891064, 1:500, Santa Cruz Biotechnology, Dallas,
USA: sc-393936, lot: #B0414). The day after, the sections
were washed and incubated with Alexa Alexa Fluor®488
anti-mouse IgG antibody (1:1000; Molecular Probes®
by Life Technologies, Calrsbad, USA, Ref: A11001, lot:
1,664,729), for 1 h at room temperature. After washings
in PBS, the sections were incubated with rabbit anti-IL-1p
polyclonal IgG antibody (RRID: AB_308765, 1:400,
Abcam, Cambridge, Massachusetts-USA; code: ab9722, lot:
GR3175415-1) overnight at 4 °C with. The day after (third
day), the sections were washed in high salt PBS and incu-
bated in Alexa Fluor®594 anti-rabbit IgG antibody (1:500;
Invitrogen® by Thermo Fisher Scientific, Calrsbad, USA,
code: R3117, 10t:2,086,924) for 1 h at room temperature.
After washing in PBS, nuclear staining was performed with
DAPI (1:500, Molecular Probes by Life Technologies; Carls-
bad, CA, USA, Ref: R37606, lot:1,616,913) for 5 min in the
dark at the room temperature, and the slides were mounted
with Fluoromount® mounting medium (Dako faramount
Aqueous mounting medium, Dako Inc., Carpinteria, CA,
USA, Ref: S3025, lot: 11,176,284). Negative controls were
performed following the same protocol and steps, except the
incubations in primary antibodies (anti-IL1 p and anti-17f-
HSD); during these steps, the sections were incubated in
non-immune serum from the same species as the secondary
antibodies (Burry 2011). Unspecific immunolabelling was
not detected in the testicular sections.

The immunofluorescence was analyzed using DFC 550
Camera (Leica, Germany) attached to a BM4000 B LED
microscope (Leica, Germany) and the Leica Application
Suite software (LAS 4.3, Leica, Germany). The images were
captured using an objective lens HCX FL Plan 40x/0.65
(Leica, Germany).

Western Blot

Frozen testes samples were homogenized with lysis buffer
(50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, 10%
glycerol, 1% Triton X-100, 1 mM phenylmethylsulfonyl
fluoride (PMSF) and 5 ng/mL of each protease inhibitors:
Pepstatin, Leupeptin, Aprotinin, Antipain and Chymosta-
tin (Sigma-Aldrich, code: P834-1ML, lot: #014M4024V)
and maintained overnight at 4 °C. After centrifugation for
20 min at 8,944 g, the supernatant was collected, and the
measurement of protein concentration was performed by
Bradford (Sigma-Aldrich, St. Louis, EUA; Ref: B6916,
lot: SLBP3810V) assay. Protein samples (30 ug) were
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separated in 10% SDS-PAGE and transferred to a nitrocel-
lulose membrane 0.2 um (Bio-Rad Laboratories, Hercules,
California, USA, cat: #1,620,112, lot: A10236173). The
membranes were treated for 1 h with blocking solution con-
taining 5% non-fat dry milk diluted in PBS/T (PBS/0.2%
Tween 20) for nonspecific blocking and incubated overnight
at 4°C with the following primary antibodies: rabbit anti-
IL-1p polyclonal IgG antibody (RRID: AB_308765, 1:400,
Abcam, Cambridge, Massachusetts-USA; code: ab9722,
lot:GR3175415-1), mouse anti-173-HSD7 polyclonal IgG
antibody (RRID: AB_2891064, 1:500, Santa Cruz Biotech-
nology, Dallas, USA: sc-393936, lot: #B0414) and rabbit
anti-AR polyclonal IgG antibody (RRID: AB_633881,
1:1000, Santa Cruz Biotechnology, code: sc-13062,
lot:#D0414) diluted in blocking solution. After washes in
PBS/T, membranes were incubated with HRP conjugated
anti-rabbit IgG secondary antibody (1:9000; Sigma-Aldrich,
St. Louis, USA, code: A9169-2ML, lot: #117M4808V),
diluted in blocking solution for 1 h at room temperature. The
reactions were detected using enhanced chemiluminescence
system (ECL Chemilumin; Boster, AR1170, PI:0,121,569,
lot: BST14B12B70). As positive controls, the membranes
were stripped and re-probed with rabbit anti-p-tubulin
monoclonal IgG antibody (RRID: AB_10866289, 1:3000;
Sigma-Aldrich, USA, code: ab108342, 1ot:GR275162-10)
or rabbit anti-actin IgG antibody (1:8000; Sigma-Aldrich,
USA, cod: A2066, lot: #103M4826V). The assays were per-
formed in triplicate for CG and DIAG.

In the Ponceau-stained membrane, all bands were identi-
fied. The optical density (OD) of the band intensities of each
lane (total protein) and the OD of the proteins of interest
were quantified using Image Lab software (version 5.2.1,
Bio-Rad). The results were obtained according to the nor-
malized data using GraphPad Prism® 6.0 software (Graph-
Pad Software, CA, USA).

Statistical analysis

The statistical analysis of the morphometric data was per-
formed using the GraphPad Prism® 6.0 software (GraphPad
Software, CA, USA). The data were checked for normal
distribution by the Kolmogorov and Smirnov’s normality
test and, according to the data distribution, the differences
between the groups were submitted to the unpaired Student's

t test. The accepted level of significance was p <0.05, and
the results were expressed as mean + standard deviation.

Results
Testicular weight

The body weight of animals from diacerein group (DIAG)
were similar to those of control group (CG). However, either
absolute or relative testes weight reduced significantly
(p=0.0002 and p=0.0476) in the animals from DIAG in
comparison with CG (Table 1).

Seminiferous epithelium integrity and number of SC

In the animals from CG, the ST showed regular outline
and normal epithelium with organized concentric layers
of germ cells (spermatogonia, spermatocytes, round and
elongating spermatids) and absence of detached cells in the
lumen (Fig. 2a, c¢). Typical SC and spermatogonia nuclei
with evident nucleolus were found in the basal compart-
ment adjacent to the peritubular tissue (Fig. 2c—e). In the
DIAG animals, the ST were apparently smaller than CG and
showed disorganized epithelium, lack of germ cells, intraepi-
thelial spaces and germ cells filling the lumen (Fig. 2b, f, i,
7). Some germ cells, mainly spermatogonia and spermato-
cytes, showed irregular nuclei and/or condensed chromatin
in the nuclear periphery, suggesting apoptosis (Fig. 2h, j).
Abnormal SC nuclei with irregular outline were observed;
some of them were abnormally located in the tubular lumen
(Fig. 2g, j). The number of SC nuclei reduced significantly
(p=0.0002) in the animals from DIAG in comparison with
CG (Fig. 2k).

Tubular areas and frequency of ST
with morphological changes

A significant reduction of total tubular (p =0.0005) and epi-
thelial (p=0.0001) areas was detected in the testes of ani-
mals from DIAG. No difference (p =0.6915) was observed
in the luminal area of treated animals in comparison with
CG (Table 1). The frequency of ST with morphological

Table 1 Body weight (BW), absolute testicular weight (ATW), relative testicular weight (RTW), total tubular area (TA), tubular lumen area (LA)

and seminiferous epithelium area (EA) of the animals from CG and DIAG

BW(g) ATW(g) RTW(%) TA (um?) LA (um?) EA (um?)
CG 423+25.9 1.81+0.02 0.43+0.02 82,166.85+2712.16 8764.51 +1564.41 73,402.34 +1868.11
DIAG 425+17.8 1.61+0.03* 0.37+0.01% 71,288.79 +3367.80% 9309.14 +2512.48 61,979.64 +2296.48%
#p<0.05
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Fig.2 Photomicrographs of testicular sections of animals from CG
and DIAG stained with H.E. (a—j), number of SC (k) and frequency
of abnormal ST (I). In a and b, seminiferous tubules (ST) and inter-
stitial tissue (IT) are observed. In a, the normal seminiferous tubules
show empty lumen (asterisks) whereas in b, the tubular sections are
apparently smaller than CG and some of them show detached germ
cells filling the lumen (asterisks). In ¢, f, portions of tubules showing
germ cells organized in concentric layers: spermatogonia (thin white
arrows), spermatocytes (thick black arrows), round spermatids (thick
white arrows), elongate spermatids (arrowheads) and SC nuclei with
evident nucleolus (thin black arrows) are also observed. In d, a SC
nucleus with typical morphology and evident nucleolus (arrow). In
e, a spermatogonia with ovoid nucleus containing condensed dots of
chromatin (arrow). In f, intraepithelial spaces (S), lack of germ cells
in some portions of epithelium (stars) and basophilic SC nuclei (thin
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black arrows) are observed. In g, a SC nucleus with evident nucleolus
(arrow) shows irregular shape. In h, nucleus of spermatogonium with
irregular shape and masses of condensed chromatin in the nuclear
periphery (arrows), suggesting apoptosis. In i and j, tubules showing
disorganized epithelium and lumen filled with germ cells (asterisks).
In j, a portion of tubule showing intraepithelial spaces (S), lepto-
tene spermatocytes with condensed chromatin in the nuclear periph-
ery (white arrowheads) and pachytene spermatocytes with irregular
nucleus (black thick arrows). Note an abnormal flattened SC nucleus
(thin arrow). In the lumen, a SC nucleus (inset) is observed among
several sloughed germ cells. In k, the number of SC per seminiferous
tubule is significantly reduced in DIAG. In 1, a significant increase of
frequency of abnormal tubules is seen in DIAG. Scale bars=100 pm
(a and b); 50 um (i), 12 pm (¢, f and j) and 4 um (d, e, g, h, and inset
of j)
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changes increased significantly in DIAG (p =0.0043) when
compared with CG (Fig. 21).

TUNEL-positive cells in the seminiferous epithelium

In the ST of animals from CG, scarce TUNEL-positive
germ cells were found (Fig. 3a). However, in DIAG,

TUNEL-positive cells/ST
a5

o
o
I

*p<0.05 ¢

Fig.3 Photomicrographs of testicular sections submitted to TUNEL
method counterstained with haematoxylin (a—f) and number of
TUNEL-positive germ cells (g) in CG and DIAG. In a, scarce
TUNEL-positive cells are observed in the tubules of animals from
CG. A TUNEL-labelled germ cell is observed (inset). In b, numerous
TUNEL-positive cells are observed in the tubules (arrows and inset).
In ¢ and d, TUNEL-positive spermatocytes are observed in the basal

numerous TUNEL-positive germ cells, mainly spermat-
ocytes, were observed in the seminiferous epithelium
(Fig. 3b, c, d). Detached germ cells in the lumen were
also labelled by TUNEL (Fig. 3¢). SC nuclei exhibiting
TUNEL positivity were also found either in the basal com-
partment or in the tubular lumen (Fig. 3e, f). The num-
ber of TUNEL-positive germ cells increased significantly

compartment (arrows), and some sloughed germ cells in the lumen
are also labelled (c; inset). In e and f, TUNEL-positive SC nuclei are
observed either in the basal compartment (arrow) or in the tubular
lumen (insets). In g, the number of TUNEL-positive cells per ST is
significantly higher in DIAG than in CG. Scale bars=70 pym (a and
b and insets), 13 um (c), 8 um (d, e and f) and 4 pm (inset: ¢, e and f)
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«Fig. 4 Photomicrographs of interstitial tissue of animals from CG and
DIAG stained with H.E. a and b TUNEL method (c—f), Perls’ his-
tochemical reaction (g and h), CD-163 immunohistochemistry (i and
J), number of TUNEL-positive interstitial cells (IC) (k), number of
Perls-stained macrophages (1) and number of CD163-immunolabelled
macrophages (m). In a, portions of interstitial tissue showing Leydig
cells with typical nucleus exhibiting condensed chromatin dots in the
nuclear periphery (thin arrows). Macrophages show eccentric round
to ovoid nucleus with intense basophilia (thick arrows). In b, the Ley-
dig cells show nucleus with irregular outline and apparently smaller
(thin arrows and inset) than in a. Some of them show condensed
masses of chromatin in the nuclear periphery (inset). A macrophage
is observed (thick arrow). In ¢, no TUNEL labelling is observed in
Leydig cells (thin arrows) in comparison to several TUNEL-positive
Leydig cells observed in DIAG (d—f; thin arrows). In g and h, Perls-
stained macrophages are observed (thick arrows and inset); note that
in h, few macrophages are seen. In i and j, CD163-immunolabelled
macrophages are seen (thick arrows and inset); however, in j, some of
them are weakly immunolabelled (arrwoheads; inset). In k, the num-
ber of TUNEL-positive IC are increased in DIAG in comparison to
CG. In 1 and m, either the number of CD163-immunolabelled mac-
rophages or the number of Perls-stained macrophages per mm? of
interstitial tissue decreased significantly in DIAG. Scale bars=8 pm
(a, b, ¢, d, inset: g and h); 13 um (g, h, i and j), and 4 um (e, f, inset:
b, iand j)

(»=0.0001) in the animals from DIAG in comparison with
CG (Fig. 3g).

Impact of diacerein on interstitial cells (IC)

In the interstitial tissue of animals from CG, the LC showed
normal features such as ovoid to elliptical nucleus with loose
chromatin (weak basophily), evident nucleolus and several
dots/clumps of chromatin in the nuclear periphery (Fig. 4a).
Among groups of LC, macrophages exhibiting eccentric and
intense basophilic round to ovoid nucleus with homogenous
and compacted chromatin (intense basophily) were also
found either in CG or DIAG (Fig. 4a, b). In DIAG, LC nuclei
with irregular outline were observed; some of them showed
masses of condensed chromatin in the nuclear periphery,
typical of apoptosis (Fig. 4b). In the testicular sections sub-
mitted to TUNEL method, scarce TUNEL-positive IC were
observed in CG whereas several TUNEL-labelled IC were
found in DIAG (Fig. 4c—f, k).

In the interstitial tissue of testes of animals from CG
and DIAG, either Perls-positive macrophages (Fig. 4g, h)
or CD163-immunolabelled macrophages (Fig. 4i, j) were
found in CG and DIAG. However, in DIAG, few posi-
tive macrophages to Perls’ histochemistry and to CD163
immunohistochemistry were found in comparison to CG
(Fig. 4h, j). Moreover, a weak CD163 immunolabelling
was observed in some macrophages of animals from DIAG
(Fig. 4j). The quantitative analysis showed a significant
decrease in the number of both Perls-stained (p =0.0001)

and CD163-immunolabelled (p =0.0001) macrophages in
the animals from DIAG (Figs. 41, m).

Steroidogenic proteins and T levels

In CG, an enhanced StAR immunofluorescence was
observed filling the LC cytoplasm throughout the interstitial
tissue (Fig. 5a, c) whereas a weak StAR immunoexpression
was restricted to some Leydig cells in DIAG (Fig. 5b, d).
The steroidogenic enzyme 178-HSD was also detected in the
LC of both CG and DIAG groups (Fig. 5e, f). However, in
DIAG, these cells showed weak 17p-HSD immunolabelling
(Fig. 5f) when compared to CG (Fig. 5e). The immunofluo-
rescent area of 17f-HSD/mm? of interstitial tissue in the
animals from DIAG reduced significantly (p=0.0001) com-
pared to CG (Fig. 5g). Moreover, the Western blot showed
weak signals of 17p-HSD protein levels, which reduced sig-
nificantly (p=0.0019) in the testicular extracts of animals
from DIAG (Fig. 5h).

The serum T levels of animals from DIAG also reduced
significantly (p=0.0131) in comparison with CG (Fig. 5i).

Effect of diacerein on IL-1B immunoexpression

In the testicular sections of animals from both CG and DIAG
groups, IL-1p immunoreaction was detected in the intersti-
tial cells (Fig. 6a, b). However, whereas an intense IL-1f
immunofluorescence was observed filling the cytoplasm of
almost all interstitial cells in CG (Fig. 6a), a weak immu-
noexpression was observed in few interstitial cells of the
animals from DIAG (Fig. 6b). This weak immunoexpression
was confirmed by the analysis of IL-1f immunofluorescent
area, which reduced significantly (p =0.0001) in DIAG
(Fig. 6e). Moreover, the analysis by Western blot showed
weak signal of pro-IL-1f protein levels, which reduced sig-
nificantly in the testicular extracts of animals from DIAG
(Fig. 6f).

Co-localization of 17B-HSD and IL-1f3

Either in the testes of animals from CG or DIAG, the dou-
ble immunoreaction confirmed that besides macrophages
and other interstitial cell types, IL-1p was also detected in
17p-HSD-immunolabelled LC, evidenced by the co-locali-
zation of both proteins in LC (yellow fluorescence; Fig. 6c,
d).

AR and TNF-a immunoexpression
In the testes of animals from CG, an evident AR nuclear

immunolabelling was observed either in SC (Fig. 7a) or LC
(Fig. 7c). However, in DIAG, scarce SC (Fig. 7b) and LC
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«Fig.5 Photomicrographs of testicular sections subjected to immu-
nofluorescence for detection of StAR (a—d) and 178-HSD (e and f),
area of 17p-HSD immunofluorescence (g), 17p-HSD protein levels
by Western blot (h) and serum T levels (i). In a and c, the intersti-
tial tissue shows intense masses of StAR immunofluorescence filling
the LC cytoplasm (arrows). In b and d, a weak StAR immunofluores-
cence is noted only in some LC of the interstitial tissue (arrows). In
e, the interstitial tissue shows intense 17p-HSD immunofluorescence
in the LC cytoplasm (arrows) whereas in f, a weak 17p-HSD immu-
nolabelling is observed in LC (arrows). In g, a significant reduction
in the 17p-HSD immunofluorescence area per mm? of interstitial tis-
sue is observed in DIAG. In h, a strong 17p-HSD signal at 34KDa is
observed in CG whereas a weak signal is noted in DIAG. p-tubulin
signal is observed in both groups. A significant decrease of 17f-
HSD levels optical density (OD) is observed in the animals from
DIAG when compared to CG. In i, the serum T levels is significantly
decreased in DIAG. Scale bars=75 um (a and b); 26 um (c-f)

(Fig. 7d) immunostained nuclei were found. The analysis
by Western blot showed weak signals of AR protein levels,
which reduced significantly (p =0.0170) in the testicular
extracts of animals from DIAG (Fig. 7i). The TNF-o immu-
nohistochemistry showed a strong immunolabelling in sper-
matocytes and elongating spermatids in the animals from
CG whereas a weak immunoreaction was detected in DIAG
(Figs. 7e, f). TNF-a immunofluorescence was also detected
in the seminiferous tubules of CG and DIAG (Figs. 7g, h).
However, the tubules at stages IX—XI showed an intense
TNF-a immunofluorescence in the cytoplasm of spermato-
cytes and elongating spermatids (Fig. 7g) whereas a weak
or absent immunoreaction was detected in these cells of the
animals from DIAG (Fig. 7h). The quantitative analysis
showed a significant reduction (p =0.0001) in the TNF-«
immunofluorescent area of IX-XI seminiferous tubules
(Fig. 7j).

Discussion

There is scarce information on the effect of cytokines in
testes under normal conditions. In this study, we used
diacerein to reduce IL-1P and TNF-a levels in adult rat
testes in an attempt to investigate the impact of these
cytokines deficiency on testicular steroidogenesis and
spermatogenesis. In the diacerein-treated rats, a signifi-
cant reduction of IL-1p and TNF-a immunoexpression
was detected in the interstitial tissue and seminiferous
tubules, respectively. This deficiency was associated with
changes in ED2 macrophages (TM) and LC, including
weak AR immunoexpression in LC, which culminated

in low steroidogenic activity, confirmed by decrease in
StAR and 17p-HSD immunoexpression and low serum
T levels. Therefore, the low steroidogenesis caused by
diacerein-induced dysfunction on TM-LC interplay may
be responsible for the changes in the seminiferous epi-
thelium. However, considering SC death in association
with the weak AR immunoexpression in these cells and
reduced intra-tubular TNF-a immunoexpression, it is pos-
sible that the diacerein-induced androgenic dysfunction
in SC may be related to TNF-a deficiency, as discussed
below.

Impact of diacerein on LC and macrophages

LC nuclei with irregular outline and condensed chro-
matin in the nuclear periphery, suggesting apoptosis,
were observed in DIAG. These findings were in agree-
ment with the presence of TUNEL-positive LC and the
significant increase in the number of TUNEL-positive
interstitial cells. Moreover, reduction in the immunoex-
pression of 17p-HSD, weak StAR immunofluorescence
and decreased serum T levels confirmed that the treat-
ment impaired steroidogenesis in LC. Studies in vitro, in
which LC were stimulated by LPS, have shown IL-1 (a/p)
mRNA expression in these cells (Wang et al. 1991; Lin
et al. 1993; Hedger et al. 2005). In the present study, the
IL-1P and 17B-HSD double immunoreaction confirmed an
evident IL-1p immunoexpression in LC of animals from
CG and DIAG. However, in DIAG, either the IL-1p immu-
nofluorescent area in the interstitial tissue or the testicular
IL-1p protein levels reduced significantly. Although stud-
ies have demonstrated a direct correlation between high
levels of cytokines and low T levels and/or steroidogen-
esis under inflammatory conditions (Ogilvie et al. 1999;
Tremellen et al. 2018), suppression of steroidogenesis and
low testicular T levels have been demonstrated in TNF-a
knockout mice (Suh et al. 2008). Moreover, studies have
demonstrated that IL-1 stimulates steroidogenesis in LC
(Verhoeven et al. 1988; Warren et al. 1990; Manna et al.
2007) as well as in granulosa-lutein cells (Dang et al.
2017). According to Manna et al. (2007), IL-1a upregu-
lates StAR expression and stimulates steroidogenesis in
LC under normal conditions (Fig. 1). Here, the reduction
of IL-1p in parallel to weak AR immunoexpression in LC
as well as decreased StAR, 17B-HSD immunolabelling and
T levels reinforces the idea that IL-1p mediates steroido-
genesis in LC (Fig. 8).
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Fig.6 Photomicrographs of testicular sections of animals show-
ing IL-1f immunofluorescence (a and b) and double immunofluo-
rescence for detection of 178-HSD and IL-1p in animals from CG
and DIAG (¢ and d), IL-1p immunofluorescence area (e) and IL-1p
protein levels by Western blot (f). In a, intense IL-1p immunofluo-
rescence is observed filling the cytoplasm of several interstitial cells
(arrows) whereas in d, a weak immunoreaction is restricted to few
cells of interstitial tissue (arrows). In ¢ and a, Leydig cells showing
only 17p-HSD immunofluorescence (green fluorescence; thin arrows)
are observed. Some of them (yellow fluorescence; thick arrows) show

Studies have demonstrated that diacerein impairs the
formation of NLRP3 multiprotein complex, inhibiting
the production of caspase-1, an interleukin-1p-converting
enzyme (ICE), reducing the production of active IL-1f
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double immunolabelling (IL-1p and 17p-HSD) whereas macrophages
and other interstitial cells exhibit only IL-1p (red fluorescence; arrow-
heads). In e, a significant reduction in the IL-1p immunofluorescence
area per mm? of interstitial tissue is observed in DIAG compared to
CG. In f, Western blot analysis shows strong IL-1f signal at 31KDa
in CG whereas a weak signal is noted in DIAG. fB-tubulin signal is
observed in both groups. A significant decrease of IL-1f levels opti-
cal density (OD) is observed in the animals from DIAG when com-
pared to CG. Scale bars=26 um (a, b, ¢ and d)

(Chang et al. 2019; Moldovan et al. 2000) (Fig. 8). It is
known that IL-1 (a/P) acts on TM via autocrine signaling
(Dinarello et al. 1987; Wang et al. 1991), and mediates
the translocation of NF-kB to nucleus where genes for the
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expression of pro-IL1p (O’Bryan and Hedger 2008) and
TNF-a (O’Bryan and Hedger 2008; Dorrington and Fraser
2019) are activated (Fig. 1). In chondrocytes in vitro, the
suppression of IL-1f impairs the degradation of IxkB-a,
avoiding the subsequent activation of NF-kB (Martel-Pel-
letier et al. 1998; Mendes et al. 2002; Martel-Pelletier and
Pelletier 2010). Therefore, considering the weak immuno-
expression of IL1p observed in DIAG, associated with low
number of ED2 TM and 173-HSD immunoexpression, it
is conceivable to suggest that IL-1f deficiency impaired
the autocrine signaling in TM and/or the TM-LC paracrine
interactions (Fig. 8).

ED2 (CD163) macrophages play important role in the
control of steroidogenesis under normal (Lukyanenko
et al. 2001; Mossadegh-Keller et al. 2017; Mossadegh-
Keller and Sieweke 2018) and inflammatory (Gaytan et al.
1995) conditions. The close contact between TM and LC
is essential for the transport of several factors, including
25-hydroxycholesterol and 25-hydroxylase from mac-
rophages to LC (Lukyanenko et al. 2001) (Fig. 1). Moreo-
ver, an in vitro study under normal conditions has shown
that IL-1p, produced by TM, stimulates steroidogenesis
in LC via paracrine signaling (Verhoeven et al. 1988)
(Fig. 1), and reduction in the TM population impairs tes-
tosterone synthesis (Verhoeven et al. 1988; Hutson 2006).
In the present study, either the number of CD163-positive
TM or Perls-stained TM reduced significantly in the ani-
mals from DIAG. These findings may be associated with
the impaired steroidogenesis following diacerein treatment
(Fig. 8). On the other hand, studies have demonstrated
that destruction of LC with ethane dimethane sulfonate
(EDS) impairs TM population (Schlatt et al. 1999), con-
firming that LC are essential for the maintenance of TM.
Studies have demonstrated a proportional correlation
between T levels and MIF (Meinhardt et al. 1998; Hedger
et al. 2005), which is also produced by LC (Meinhardt
et al. 1996). Since MIF induces monocytes/macrophages
recruitment in testes (Hedger 2002), we cannot omit
the fact that MIF levels may be reduced in DIAG due to
impaired steroidogenesis/low T levels; this possible effect
may also explain the reduction in the number of CD163-
positive TM (Fig. 8). Considering that MIF also acts in
macrophages via CD74 receptor and regulates the activa-
tion of NLRP3 complex, which induces the conversion of
pro-IL-1p into active IL-1p by the interleukin converting
enzyme caspase-1 (Shin et al. 2019) (Fig. 1), low MIF
levels could also have disturbed the production of IL-1p.
Therefore, besides a direct inhibitory effect of diacerein
on NLRP3, low MIF levels could also have disturbed the

production of IL-1f. Further analyses focusing on MIF
levels of diacerein-treated rats are necessary to clarify this
hypothesis.

Impact of androgen and/or cytokines deficiency
on ST

Besides the interstitial tissue, the integrity of the semi-
niferous tubules was also affected following diacerein
treatment. A high frequency of tubules with disorgan-
ized germ cell layers and/or detached germ cells filling
the lumen was observed. Moreover, a high index of germ
cells death was observed in DIAG animals, and the num-
ber of SC decreased in these animals. These results cor-
roborated the significant reduction either in the tubular
and epithelial areas and subsequent decrease in testicular
weight observed in the animals from DIAG. It is known
that androgens are essential for the seminiferous epithe-
lium and spermatogenic process (Smith and Walker 2014).
Several studies have demonstrated a direct correlation
between low serum T levels (due to impaired steroido-
genesis and/or LC) and damage to the seminiferous epithe-
lium, including SC integrity (Beltrame et al. 2019; Camara
et al. 2019). In the present study, the testes of animals from
DIAG showed low AR protein levels as well as weak AR
immunolabelling either in SC or LC in comparison with
CG. Therefore, the tubular changes observed in DIAG may
be consequence of both androgen deficiency (low T levels)
and androgen dysfunction in SC due to weak AR immu-
noexpression. However, studies have demonstrated that
either SC or germ cells express cytokines such as IL-1a
and TNF-a under normal (Gérard et al. 1991; Suominen
et al. 2004) and inflammatory (Cudicini et al. 1997,
Loveland et al. 2017) conditions. Under normal condi-
tions, IL-1a produced by SC seems to play a role in the
conversion of glucose into lactate for germ cells, main-
taining spermatogenesis (Hedger and Meinhardt 2003).
It is important to emphasize that diacerein inhibits either
IL-1a (Tamura and Ohmori 2001) or IL-1f (Pasin et al.
2010; Abdel-Gaber et al. 2018) in inflammatory processes.
Therefore, although IL1-a levels were not evaluated in this
study, we cannot exclude the fact that the tubular changes
observed in DIAG may also be consequence of a possible
IL-1a deficiency induced by diacerein. Besides the partici-
pation of IL-1a in SC, TNF-a mRNA has been detected in
pachytene spermatocytes and round spermatids (De et al.
1993; Suominen et al. 2004), and this cytokine seems
to mediate SC functions via TNFR1/TNFR2 receptors
(Suominen et al. 2004). In SC in vitro, TNF-a increases
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«Fig. 7 Photomicrographs of testicular sections of animals from CG
and DIAG submitted to immunohistochemistry for detection of AR
(a—d) and TNF-a (e and f) and TNF-a immunofluorescence (g and
h), AR protein levels by Western blot (i) and area of TNF-o immu-
nofluorescence (j). In a, evident AR immunostaining is observed in
the SC nuclei throughout the basal compartment of the ST (arrows),
whereas in b, only few AR-immunostained SC nuclei are seen
(arrows). In ¢ and d, the interstitial tissue shows AR-immunolabelled
LC (arrowheads); note that in d (DIAG), scarce AR-immunostained
LC (arrowheads) are observed in comparison to CG. In e, strong
TNF-a immunolabelling is observed in spermatocytes (arrows and
inset) and elongating spermatids (asterisks). In f, note the weak
immunoreaction observed either in the basal (arrows and inset) or in
the adluminal (asterisks) compartments. In g, a seminiferous tubule
at stages IX—XI shows evident TNF-a immunofluorescence in the
cytoplasm of spermatocytes (thin arrows) and elongating spermatids
(asterisks) whereas in h, weak or absent TNF-o immunolabelling is
noted in these cells of a IX—XI tubule of animal from DIAG. In i,
Western blot analysis of AR levels in testicular extracts shows strong
band at 71KDa in CG in comparison with weak band in DIAG. Actin
signal is observed in both groups. A significant decrease in AR lev-
els optical density (OD) is observed in the animals from DIAG. In j,
TNF-a immunofluorescence area per mm? of seminiferous epithelium
at stages IX-XI is significantly reduced in DIAG in comparison with
CG. Scale bars=25 pm (a and b); 20 um (c and d); 70 um (e and f),
30 um (g and h) and 13 um (insets: e and f)

the activity of lactate dehydrogenase (Nehar et al. 1997).
Moreover, TNF-a seems to inhibit apoptosis via regula-
tion of FasL (CD95L), acting as a survival factor for germ
cells, maintaining germ cells viability (Pentikdinen et al.
2001). In testes of TNF-a knockout mice, steroidogen-
esis is suppressed in response to reduced expression of
steroidogenesis-related genes, and spermatogenesis and

sperm production are also impaired probably due to low
testicular T levels (Suh et al. 2008). Our results are in
agreement with these findings since a significant reduc-
tion in TNF-a immunoexpression was observed in parallel
to changes in ST of animals from DIAG, including germ
cells death and damage to SC. According to Delfino et al.
(2003), the expression of AR, an essential receptor for
the responsiveness of SC to androgens, seems to be regu-
lated by TNF-a since this factor stimulates AR promoter
and induces AR expression in SC in vitro. Therefore, the
low testicular AR protein levels verified in DIAG associ-
ated with the weak AR immunolabelling in SC confirm
the androgenic dysfunction in the seminiferous epithe-
lium, and the decrease of TNF-a in germ cells, caused by
diacerein, may be responsible for this process.

In conclusion, diacerein reduced IL-1f and TNF-a in tes-
tes of rats under normal conditions. The diacerein-induced
IL-1p deficiency in the interstitial cells was associated with
reduction in the number of TM, low immunoexpression of
steroidogenic proteins, LC death and reduction in testos-
terone levels, reinforcing the idea that this cytokine plays a
role in LC steroidogenesis. Considering the TM-LC inter-
play, the changes in TM may be responsible for LC dysfunc-
tion, which in turn may impairs TM. The low steroidogen-
esis explains SC and germ cells death; however, the weak
immunoexpression of TNF-o and AR in germ cells and SC,
respectively, point to a role of this cytokine on the andro-
genic control of SC and maintenance of spermatogenesis.
Further analyses are necessary to confirm this hypothesis.

@ Springer



578

Histochemistry and Cell Biology (2021) 156:561-581

LEYDIG CELL

¥ RECRUITMENT

MONOCYTES / MACROPHAGES

== ©

Pro-IL-1B1
CD163
TNF-a

ED2 MACROPHAGE

TESTOSTERONE

' -

H Y

H ‘ PREGNENOLONE @ PROGESTERONE | A y ANDROSTENEDIONE
! o

'
| NLRP3 ) NLR FAMILY PYRIN DOMAIN CONTAINING 3 PROTEIN

Fig.8 Changes in Leydig cell (LC) and ED2 testicular macrophage
(TM) induced by diacerein based on the literature and findings of this
study. 1-) Diacerein inhibits NLRP3 complex and subsequent cas-
pase-1 (CASP-1), impairing the conversion of pro-IL-1f into active
IL-1p. 2-) Low IL-1f levels impairs IL autocrine action in TM and/
or paracrine signaling in LC. 3-) In TM, NF-kB activation is impaired
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