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1  | INTRODUC TION

Inflammatory factors present in the normal testis, such as interleu‐
kin‐6 (IL‐6), TNFα, IL‐1, FasL and NO, participate in the regulation 
of spermatogenesis, including proliferation of premeiotic germ cells 
(GCs), spermatocyte apoptosis, sperm release from seminiferous tu‐
bules (STs) and changes at the blood–testis barrier (BTB) to allow the 
passage of preleptotene spermatocytes into the luminal compart‐
ment (Loveland et al., 2017).

Spermatogenesis and steroidogenesis are affected by inflam‐
mation. In fact, inflammation is widely accepted as an important 
aetiological factor of subfertility and infertility. Many factors 
have been described as partially responsible for the disruption of 
the dynamic equilibrium among inflammatory/anti‐inflammatory 
agents during spermatogenesis (O’Bryan & Hedger, 2008). These 
stressors alter local cytokine production and/or the number of 

effector and regulatory immune cells leading to infertility. In this 
review, we will describe the mechanisms by which different in‐
flammatory mediators such as cytokines or oxidative stress are 
involved in germ cell apoptosis (GCA). Experimental models of 
acute and chronic testis inflammation are analysed, focusing 
on results obtained in an experimental model of autoimmune 
orchitis.

2  | GENER AL MECHANISMS OF 
APOPTOSIS

Apoptotic cell death can be triggered from outside the cell by the 
activation of death receptors TNFR1 and Fas, which upon bind‐
ing with their own ligands, TNF‐α and FasL, respectively, activate 
initiator caspases 8 and 10, which cleave and activate downstream 
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Abstract
Male infertility is due to genetics, hormonal or environmental causes, or is idiopathic. 
Azoospermia is linked to local testicular microenvironment deregulation, with inflam‐
matory cells present in the 15% of testicular biopsies of infertile patients. As widely 
reported, spermatogenesis and steroidogenesis are controlled by local immunoregu‐
latory agents produced by immune and nonimmune cells. Moreover IL‐6R, TNFR1, 
Fas and IL‐1R are expressed on germ cells, indicating a direct action of pro‐inflamma‐
tory agents on these cells. Beyond the known function of cytokines and nitric oxide 
on testicular function at the stable levels present in the normal testis, this review 
focalises on the effect of pro‐inflammatory factors on germ cell survival and death 
when inflammatory conditions are established in the testis. As no cure for male infer‐
tility has been found up to the present, intracytoplasmic sperm injection is the thera‐
peutic option for azoospermic patients who wish to achieve genetic parenthood. 
Therapies with antioxidant and anti‐inflammatory agents in experimental models of 
testicular damage have been successful. However, clinical implementation is uncer‐
tain in cases with a prolonged inflammatory state of the testis. Therapies offering 
multiple approaches to treat infertility by restoring the spermatogonial stem cell 
niche and protecting germ cells from apoptosis should be considered.
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effector procaspases (such as caspase 3, 6 and 7) to kill the cell. 
Apoptosis may also be triggered by signals that activate the mito‐
chondrial pathway regulating the release of cytochrome c. Release 
of cytochrome c from mitochondria depends on mitochondria outer 
membrane permeabilisation (MOMP). Once released, cytochrome 
c promotes the activation of procaspase 9 within the apoptosome 
complex, with the subsequent proteolytic activation of effector 
caspases (Elmore, 2007). The mitochondrial pathway is modu‐
lated by members of the Bcl‐2 protein family; pro‐survival proteins 
such as Bcl‐2 and Bcl‐xL inhibit mitochondrial pathway, whereas 
pro‐apoptotic members including Bax, Bak and the BH3‐only pro‐
teins (such as Bid, Bim, Puma, Bad and Noxa) stimulate it. BH3‐
only proteins are upstream regulators of Bax and Bak activation. 
Activated Bax and Bak are able to induce MOMP and cytochrome 
c release from mitochondria to cytosol (van Delft & Huang, 2006). 
Endoplasmic reticulum (ER) can also initiate apoptosis through the 
release of Ca2+, which sensitises mitochondria to extrinsic and in‐
trinsic death stimulus or directly activating caspases. Bcl‐2, Bax 
and Bak modulate ER Ca2+ homeostasis and ER‐mediated apoptosis 
(Yuan et al., 2016).

Inhibitors of apoptosis (IAPs) are multifunctional molecules 
that protect cells from accidental caspase activation. The IAP pro‐
tein family regulates apoptosis by direct inhibition/degradation of 
caspases and modulation of the transcription factor nuclear κB (NF‐
κB; Elmore, 2007).

3  | APOPTOSIS IN ACUTE 
INFL AMMATION: LPS MODEL

Bacterial lipopolysaccharide (LPS) is a component of the cell wall 
of Gram‐negative bacteria that has been widely used to study the 
impact of acute inflammation on testis physiology. LPS exerts its 
effects through the Toll‐like receptor 4 (TLR4) complex. TLR4 is 
expressed by rat macrophages, Sertoli and Leydig cells. LPS ad‐
ministered to rats generates an inflammatory–oxidative microen‐
vironment that induces temporal apoptosis of spermatocytes and 
spermatids turning on the apoptotic mitochondrial pathway (Liew, 
Meachem, & Hedger, 2007; Metukuri, Reddy, Reddy, & Reddanna, 
2010; Reddy et al., 2006). Testicular macrophages and Sertoli cells 
respond to LPS by secreting pro‐inflammatory cytokines IL‐6 and 
IL‐1α, while Leydig cells respond by secreting TNF‐α, IL‐1β and TGF‐
β1 (Hu et al., 2017; O’Bryan & Hedger, 2008); these cytokines may 
favour GCA activating TNFR1 and IL‐6R, thereby inducing BTB dis‐
ruption as IL‐1α and TGF‐β1 and generating more local inflammation 
as is the case of IL‐1β (Theas, Jacobo, Pérez, Guazzone, & Lustig, 
2018).

Pro‐inflammatory testicular macrophages increase transiently 
12 hr after LPS challenge decreasing to normal values by Day 3, and 
GCA starts at this time and proceed for 7 days more (Gerdprasert 
et al., 2002). This temporal asynchrony and the lack of markers of 
activation, as is the steady levels of inducible NOS (iNOS) expres‐
sion in testicular macrophages, suggest that macrophages are not 

involved in the apoptotic response to LPS. On the contrary, in re‐
gions of testicular microhaemorrhage, neutrophils show an upregu‐
lation of iNOS expression, which points to them as inducers of GCA 
(Gerdprasert et al., 2002).

Acute LPS administration in mice induces apoptosis of sper‐
matocytes, spermatids and also spermatogonia followed by a 
temporary reduction in sperm concentrations in the epididymis. 
GCA is mediated by Fas‐FasL system in an autocrine–paracrine 
way, as Fas is upregulated in GCs and FasL in GCs and in Sertoli 
cells (Kajihara, Okagaki, & Ishihara, 2006). IL‐18 seems to be a 
central cytokine in the induction of GC apoptosis in response to 
LPS in mice. IL‐18 activates death and mitochondrial pathways 
by upregulating Fas‐FasL, TNFα‐TNFR1 systems and iNOS; IL‐18 
is expressed by activated testicular macrophages, Sertoli and 
Leydig cells, and however, the contribution of each population to 
the testicular increase in IL‐18 levels was not evaluated. Together 
with IL‐18, other pro‐inflammatory cytokines with a known pro‐
apoptotic effect on GCs such as IL‐6 and TNFα are produced in 
the testis after acute LPS administration. However, the overall 
apoptotic effect might depend only on IL‐18, as depletion of IL‐18 
completely prevents GCA (Inoue et al., 2015). The effect of LPS 
on spermatocyte and spermatid apoptosis may certainly depend 
on TNFR1, Fas and IL‐6R expressed by these cells; however, re‐
garding spermatogonia whose Fas death receptors expression has 
not been clearly documented, the apoptotic effect of LPS may be 
indirect and probably mediated by Sertoli cells; in this regard, LPS 
is able to reduce spermatogonia self‐renewal through inhibition of 
glial‐derived neurotrophic factor secretion by Sertoli cells (Zhang, 
Shi, Li, Zhang, & Hao, 2014).

Most of the normal functions of the seminiferous epithelium 
depend upon androgen support. LPS decreases testicular tes‐
tosterone, but not below 30% of normal levels in rats and mice 
(Kajihara et al., 2006; O’Bryan, Schlatt, Phillips, de Kretser, & 
Hedger, 2000); up to 20%–30% are sufficient to support full sper‐
matogenesis (Sharpe, Donachie, & Cooper, 1988). Overall, the data 
point to a pro‐apoptotic effect of LPS on GCs mediated by inflam‐
matory factors such as NO, IL‐1, IL‐6, TNFα, FasL and IL‐18 pro‐
duced by macrophages, Sertoli cells and Leydig cells. Moreover, 
somatic cells are also able to respond to pro‐inflammatory cyto‐
kines by releasing more inflammatory mediators; a positive feed‐
back may be established which collaborates with the disruption of 
spermatogenesis during endotoxemia.

4  | APOPTOSIS IN CHRONIC 
INFL AMMATION: E XPERIMENTAL 
AUTOIMMUNE ORCHITIS (E AO) MODEL

In EAO induced in adult rats by active immunisation with testis ho‐
mogenate in complete Freund’s adjuvant using Bordetella pertussis, 
as co‐adjuvant, focal orchitis develops 50 days after the first immu‐
nisation and a severe disease develops by 80 days. Testicular histo‐
pathology is characterised by an interstitial lymphomononuclear cell 
infiltrate associated with damage of STs. At last, aspermatogenesis 
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and atrophy of the STs and fibrosis are observed (Lustig, Rival, & 
Tung, 2013).

Apoptosis of postmeiotic GCs, spermatocytes and spermatids, 
and sloughing from the STs to epididymis occur progressively in or‐
chitis. The number of apoptotic GCs in the severe phase of orchitis 
is approximately 10 times higher than in the focal phase. Caspases 
initiating external and internal pathways, caspase 8 and caspase 9, 
respectively, are activated and both responsible for the activation 
of the executioner caspase 3. Caspase 8 activity is highest in severe 
than in focal orchitis; concordantly, the percentage of apoptotic GC 
expressing TNFR1 and Fas increases in the damaged STs (Suescun, 
Rival, Theas, Calandra, & Lustig, 2003; Theas, Rival, & Lustig, 2003). 
Activation of caspase 9 occurs together with Bax/Bcl‐2 imbalance, 
MOMP and cytochrome c release to cytosol (Figure 1; Theas, Rival, 
Jarazo, Guazzone, & Lustig, 2006).

Two isoforms of Bax protein, Baxβ (24 kDa) and Baxα (21 kDa), 
exist and are products of alternative mRNA splicing. Both isoforms 
are expressed in the normal testis. In orchitis, Baxα translocates 
from cytosol to mitochondria while pro‐survival Bcl‐2 content de‐
creases, and the imbalance of these proteins in favour of pro‐apop‐
totic Bax may induce MOMP and mitochondrial pathway activation. 
Baxβ, highly expressed in EAO, may sequester Bcl‐2 and prevent its 
translocation to mitochondria. Baxα also translocates to the ER, sug‐
gesting that it may also regulate the ER apoptosis pathway (Theas 
et al., 2006).

Overexpression of Bcl‐2 increases cell viability and prevents 
apoptosis in adverse tissue circumstances (Toruner et al., 2006). 

The rise in Bcl‐2 protein levels in basal GCs of the STs in EAO sup‐
ports a protective role of Bcl‐2 to counteract apoptotic stimuli in 
spermatogonia. Spermatogonia that remain attached to the STs 
during severe orchitis (Méndez et al., 2017) may guarantee the 
damaged testis responds to a normalised situation. Cytokines IL‐1β, 
TNFα and IFNγ are able to regulate Bcl‐2 family protein expression 
(Diaz‐Ganete et al., 2015). In EAO, a specific GC pro‐apoptotic/anti‐
apoptotic Bcl‐2 protein family balance may occur in response to the 
pro‐inflammatory cytokines, in order to prompt apoptosis of post‐
meiotic GCs and to preserve premeiotic GCs.

4.1 | Inflammatory Factors Involved in Germ Cell 
Apoptosis in EAO

4.1.1 | Fas‐FasL system

Fas is a Type I membrane protein belonging to the TNF/nerve growth 
factor receptor family. Its ligand, FasL, is a Type II transmembrane 
protein belonging to the TNF family that may be processed into solu‐
ble form by metalloproteinases. Activation of Fas induces the bind‐
ing of procaspase 8 to Fas‐bound FADD leading to the activation of 
caspase 8 and apoptosis (Elmore, 2007).

In orchitis, Fas and membrane FasL (mFasL) are upregulated, 
being expressed by spermatocytes and spermatids in the STs, Leydig 
cells and CD4+ and CD8+ T cells in the interstitium, and testicu‐
lar macrophages do not express membrane and intracellular FasL 
(Jacobo et al., 2012; Theas et al., 2003). The number of GCs ex‐
pressing Fas and FasL or both molecules increased between focal 
and severe orchitis (Theas et al., 2003), for instance Fas expressing 
GCs, might die by the activation of Fas induced by FasL in an auto‐
crine and/or paracrine way. Pro‐inflammatory cytokines released by 
lymphomononuclear cells in EAO could modulate Fas expression on 
GCs. TNFα and IFNγ have been shown to increase Fas expression in 
the normal testis (Riccioli et al., 2000).

In focal EAO, testicular content of soluble FasL (sFas) is similar to 
that detected in normal rats; however, we cannot rule out sFasL in‐
volvement in GC death during this phase of the disease as the higher 
number of GCs expressing Fas may sensitise the testis to sFasL ac‐
tion. Intratesticular content of sFasL reaches its highest level in the 
severe phase. During severe orchitis, when paracrine interactions 
between Fas and mFasL bearing GCs are maximally disturbed, apop‐
tosis could be mediated primarily by sFasL instead of mFasL. FasL, 
intratesticularly injected, enters the STs and induces GCA providing 
that sFasL participates in the control of GCA by binding to Fas ex‐
pressed by these cells (Jacobo et al., 2012).

4.1.2 | TNFα‐TNFR1 system

TNFα exerts its effects by binding to either cell membrane TNF‐α 
receptor (TNFR) TNFR1 or TNFR2. TNFR1 contains a cytoplasmatic 
death domain (DD) and belongs to the family of death receptors; 
survival apoptotic and pro‐inflammatory signals may also be initi‐
ated by stimulation of TNFR1. Which type of signal predominates 
depends on the balance of intracellular adaptor proteins interacting 

F I G U R E  1   Apoptotic pathways and mediators involved in germ 
cell apoptosis (GCA) in experimental autoimmune orchitis (EAO). In 
EAO, spermatocytes and spermatids up regulate death receptors 
TNFR1 and Fas and also IL‐6R. TNFα produced by interstitial 
macrophages activates caspase 8, which in turn activates caspase 3. 
FasL shed from interstitial lymphocytes (soluble Fas) or expressed 
by neighbouring GCs trigger Fas activation in a paracrine or 
autocrine pathway, inducing apoptosis. NO released by interstitial 
macrophages activates both external and mitochondrial pathway by 
promoting release of cytochrome c from mitochondria and caspase 
9 activation followed by caspase 3 execution of apoptosis. Release 
of cytochrome c from mitochondria is facilitated by increased Bax/
Bcl‐2 ratio in the mitochondria. IL‐6 contributes with GCA through 
the activation of caspase 3

Mitochondrial pathway

NO FasL/FasTNFα/TNFR1

External pathway

Caspase 8 activation

Caspase 3 activation

Caspase 9 activation

Bax/Bcl-2

Cytochrome c release

APOPTOSIS

IL-6/IL-6R
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with TNFR1. As the intracellular domain of TNFR2 lacks DD, it ef‐
ficiently activates NF‐κB pathway and JNK and is generally unable 
to elicit apoptosis (Vandenabeele, Declercq, Herreweghe, & Vanden 
Berghe, 2010).

In EAO, TNFα, produced by pro‐inflammatory infiltrating mono‐
cytes and resident immunosuppresor macrophages, increases in the 
testis between the end of the immunisation and severe orchitis and 
induces GCA (Theas et al., 2008). Lymphocytes and Leydig cells are 
also a source of TNFα in orchitis (Jacobo, Pérez, Theas, Guazzone, 
& Lustig, 2011; Theas et al., 2008). Upregulation of TNFRI occurs in 
orchitis in STs, mainly in spermatocytes, most of the TNFR1+ GCs 
being apoptotic (Suescun et al., 2003). Apart from a direct effect 
of TNFα on GCA, indirect actions are also possible through TNFα 
disruption of the Sertoli cell tight junction barrier and the induction 
of other pro‐apoptotic factors released from somatic cells. TNFα 
stimulates IL‐6 release from Sertoli cells and peritubular cells and in 
combination with other cytokines induces NO production by Sertoli 
cells (Riccioli et al., 1995; Schell et al., 2008). In orchitis, a pro‐sur‐
vival role of TNFα is possible through the modulation of Bcl‐2 family 
protein, and Fas‐FasL system, as a compensatory mechanism to curb 
excessive GC death; TNFα is able to induce anti‐apoptotic Bcl‐xL ex‐
pression in GCs and the release of soluble Fas (sFas) from Sertoli cells 
(Riccioli et al., 2000; Suominen, Wang, Kaipia, & Toppari, 2004). We 
propose that sFas might prevent FasL to interact with Fas expressed 
by GCs. TNFα is undetectable in the serum of EAO rats support‐
ing the concept that TNFα acts locally. Aside from its role in GCA, 
TNFα is able to increase endothelial cell permeability, facilitating 
lymphomonocyte extravasation and activation in the testis (Bauché, 
Stéphan, Touzalin, & Jégou, 1998; Riccioli et al., 1995; Schell et al., 
2008). In fact, Yule and Tung (1993) defined TNFα as an important 
cytokine in the pathogenesis of autoimmune orchitis developed in 
mice as i.p. neutralisation of the cytokine reduced the incidence and 
severity of the disease.

4.1.3 | IL‐6‐IL‐6R system

IL‐6 has pro‐inflammatory and anti‐inflammatory actions and in‐
duces a broad range of effects including cell proliferation and dif‐
ferentiation, cell cycle arrest and apoptosis (Hunter & Jones, 2015).

In orchitis, a significant increase in IL‐6 secreted by inflammatory 
infiltrating monocytes occurs as well as an upregulation of IL‐6R. 
Peritubular and Leydig also contribute to the rise in the testicular 
content of IL‐6 in the inflammatory microenvironment of orchitis. 
On the contrary, Sertoli cells down regulate IL‐6 expression in both 
focal and severe EAO; this behaviour may reflect a Sertoli cell func‐
tion impairment or an attempt to cope with the deleterious effect of 
IL‐6 in the STs (Rival, Theas, Guazzone, & Lustig, 2006). In orchitis, 
the number of spermatocytes and spermatids IL‐6R+ in the STs rises 
simultaneously with the number of apoptotic GCs, indicating that 
IL‐6 triggers GC death in a direct way (Pérez et al., 2012; Rival et 
al., 2006). Exogenous IL‐6 induces GCA through caspase 3 activa‐
tion and GC sloughing from STs. IL‐6 upon binding to IL‐6R activates 
JAK/STAT signalling which finally acts on the nucleus to change gene 

expression, through this pathway IL‐6 may prompt Bcl‐2/Bax imbal‐
ance and GCA (Ju, Byun, Mok, & Joo, 2016). An indirect mechanism 
of death mediated by IL‐6 is possible through an increase in the num‐
ber of leucocytes (CD45+ cells) able to secrete inflammatory medi‐
ators with a pro‐apoptotic effect on postmeiotic GC. Exogenously 
IL‐6 disrupts BTB and also impacts on premeiotic GCs in the ST 
(Pérez et al., 2012). IL‐6 inhibits DNA synthesis in spermatogonia, 
and in spermatogonia B GC‐1 cell line, IL‐6 promotes the mainte‐
nance of the stem germ status (Hakovirta, Syed, Jegou, & Parvinen, 
1995; Huang et al., 2016); in this way, beyond inducing GCA of post‐
meiotic GCs, IL‐6 may promote premeiotic germ cell cycle arrest in 
orchitis (Méndez et al., 2017).

4.1.4 | NO‐NOS system

Nitric oxide (NO) is a pro‐oxidative molecule with multiple biologi‐
cal actions synthesised by enzymatic conversion of l‐arginine to 
l‐citrulline catalysed by NOS. Three isoforms of NOS exist, induc‐
ible (iNOS), endothelial (eNOS) and neuronal (nNOS). In general, low 
concentrations of NO promote cell survival, proliferation and ho‐
meostasis, whereas higher levels such as those occurring during in‐
flammatory processes generate oxidative stress favouring cell cycle 
arrest, apoptosis and senescence (Thomas et al., 2008).

In the inflamed testis, NO is produced at higher levels than in 
normal testis, and an oxidative condition is established in this 
organ (Jarazo Dietrich et al., 2015; Jarazo‐Dietrich et al., 2012). 
Upregulation of the NOSs isoform expression in the STs and in the 
interstitial cells occurs together with NOS‐increased activity, being 
iNOS the isoform selectively upregulated. Pro‐inflammatory cyto‐
kines such as TNFα, IFNγ and IL‐6 produced in large amounts by in‐
terstitial lymphocytes and macrophages during EAO development 
might be involved in iNOS upregulation (Jacobo et al., 2011; Rival et 
al., 2008; Theas et al., 2008). In fact, in vitro stimulation of Sertoli 
and peritubular cells with combined cytokines (TNFα, IFNγ and IL‐1) 
and LPS induce iNOS expression (Bauché et al., 1998).

Many studies performed on experimental models of testicular 
damage have shown the upregulation of NOS associated with patho‐
logical alterations of the testis (Turner & Lysiak, 2008). Our group 
has demonstrated for the first time the involvement of NO‐NOS 
system in the induction of pathological alterations occurring during 
chronic inflammation (Jarazo Dietrich et al., 2015).

Pro‐inflammatory macrophages are the main producers of NO 
in EAO testis. NO released by EAO macrophages disrupt testicular 
function, as it induces GCA and increased testosterone production 
by Leydig cells. NO activates the mitochondrial pathway of apop‐
tosis and provokes a rise in Bax/Bcl‐2 ratio by targeting Bax to the 
mitochondria, thereby triggering cytochrome c release and caspase 
9 activation (Jarazo Dietrich et al., 2015).

During EAO development, spermatocytes and spermatids are 
the main targets of pro‐inflammatory microenvironment. However, 
diethylenetriamine DETA‐(NO), a slow‐releasing of NO, and NO re‐
leased by EAO macrophages induce apoptosis of basal GCs of normal 
testis (spermatogonia and/or preleptotene spermatocytes) (Jarazo 
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Dietrich et al., 2015). Pro‐ and anti‐apoptotic protein expression may 
diverge in GCs in normal and inflamed testicular microenvironment, 
resulting in cells with different sensitivities to apoptotic stimuli. 
Premeiotic GCs of the basal compartment of STs express low levels 
of the anti‐apoptotic Bcl‐2 protein, and spermatocytes expressing 
death receptors are scarce, in the normal but not in the EAO testis 
(Rival et al., 2006; Suescun et al., 2003; Theas et al., 2003, 2006).

4.1.5 | IL‐17‐IL‐17R system

IL‐17A plays an essential role in inflammatory and autoimmune dis‐
ease (Isailovic, Daigo, Mantovani, & Selmi, 2015). In EAO, the content 
of IL‐17 (prototypical Th17 cytokine) increases in the testis, reaching 
its maximum level during the severe stage (Jacobo et al., 2011). IL‐17 
intratesticular injection induces BTB permeability, apoptosis and 
sloughing of spermatocytes through activation of executioner cas‐
pase 3 (Pérez et al., 2014). No receptors for IL‐17 have been identi‐
fied in GCs, and no apoptotic actions of this cytokine were reported. 
IL‐17 stimulates a host of inflammatory cytokines and chemokines 
along with other inflammatory mediators such as NO, IL‐6 and TNFα 
mRNA (Isailovic et al., 2015). An indirect effect of IL‐17A on GCA is 
possible, mediated by pro‐apoptotic agents released by somatic cells 
and/or recruited lymphocytes and macrophages, such as NO, IL‐6 
and TNFα, and the impairment of the BTB.

5  | AGEING

Testicular ageing is associated with decreased steroidogenesis 
and impaired spermatogenesis, events that are also prompted by 
local microenvironment alterations and deregulation of the hypo‐
thalamic–pituitary–gonadal axis (Lacombe et al., 2006). iNOS and 
TNFα upregulation, failure of the spermatogonia stem cell (SSC) 
niche to support an appropriate balance between SC self‐renewal 
and differentiation, are associated with GCA during ageing in mice 
(Banerjee, Anjum, Verma, & Krishna, 2012; Hikim et al., 2005; Ryu, 
Orwig, Oatley, Avarbock, & Brinster, 2006). Matzkin et al., (2016) by 
comparing mice with delayed (GHRH‐KO) to those with accelerated 
longevity, (GH‐transgenic mice), demonstrated that the testis of the 
aged mice exhibits testicular inflammation, oxidative and apoptotic 
processes. This topic is reviewed by Frungieri et al., in this supple‐
ment of Andrologia.

6  | OBESIT Y

Obesity is a global health problem associated with dietary, genetic 
and hormonal factors, a high‐fat diet being the most common cause 
of obesity. There is substantive evidence supporting that obesity 
causes peripheral inflammation based on the presence of cytokines 
(TNFα and IL‐6) and the activation of pro‐inflammatory signalling 
pathways; however, until recently, it was not clear that inflamma‐
tion associated to obesity damages spermatogenesis . In the testis 

of obese mice, upregulation of TNFα mRNA, IL‐6 mRNA, IL‐1β pro‐
tein, NOD‐like receptor family pyrin domain‐containing‐3 protein 
(NLRP3), active caspase 1 and increased number of macrophages 
are associated with GCA (Fan et al., 2018; Wellen & Hotamisligil, 
2005; Zhang et al, 2017). Intracellular inflammasome is a multipro‐
tein complex, sensor of damage, infection and pathogen‐associated 
signatures, comprised of several proteins (NLRP3, procaspase 1 and 
an adaptor molecule) that function by activating pro‐IL‐1β and IL‐18 
by caspase 1‐dependent proteolytic cleavage. Activation of inflam‐
masome present in macrophages and Sertoli cells may explain the 
increased content of IL‐1β in the testis of obese mice (Hayrabedyan 
et al., 2016; Jo, Kim, Shin, & Sasakawa, 2016).

The mechanism involved in spermatogenesis disruption in obe‐
sity needs further clarification to unveil the role of inflammatory 
agents in GCA.

7  | CLINIC AL IMPLIC ATIONS

Recent reports have estimated that almost 15% of couples are in‐
fertile worldwide, with over half of these cases being attributable 
to factors in the male partner (Inhorn & Patrizio, 2015). Testicular 
biopsies from infertile patients revealed asymptomatic focal inflam‐
matory lesions in approximately 30% of the cases (Schuppe et al., 
2008). GCs undergo a unique series of genetic and epigenetic modi‐
fications to finally become functional quality gametes, events that 
require an optimal testicular microenvironment to succeed (Hajj & 
Haaf, 2013). No cure for male infertility has yet been found until 
today. Intracytoplasmic sperm injection (ICSI) is the therapeutic 
option, for patients who wish to achieve genetic parenthood. ICSI 
performed with gametes of bad quality poses risks in terms of mis‐
carriage, health and well‐being of the offspring and perpetuation of 
the infertile phenotype (Aitken, 2018). In vitro gametogenesis pro‐
vides an alternative source of gametes with the potential to cure in‐
fertility but is presently premature (Nagamatsu & Hayashi, 2017). 
Therefore, reconstitution of the testicular milieu may guarantee 
the production of quality gametes. In accordance, antioxidant and 
anti‐inflammatory treatments have been employed experimentally 
to ameliorate testicular function; however, no specific treatment ex‐
ists for infertility associated with a testicular inflammatory process 
(Arena et al., 2017; Theas et al., 2018).

8  | FUTURE PERSPEC TIVES

Targeting apoptosis may represent an alternative therapeutic strat‐
egy in the treatment of infertility. This approach might be achieved 
by blocking activated apoptotic pathways or by inducing repressors 
of apoptosis. Caspase inhibitors have been employed in testicular 
torsion and varicocele to reduce GCA (Lysiak, Zheng, Woodson, & 
Turner, 2007). The mitochondria‐derived cytoprotective peptide 
humanin, protects GCs from apoptosis induced by hormonal dep‐
rivation by preventing pro‐apoptotic Bax to enter the mitcohondria 
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(Jia et al., 2013). Nortriptyline, a well‐tolerated second‐generation 
antidepressant inhibits MOMP, a central event for mitochondrial 
pathway induction, reduces GCA after testis de‐torsion (Yazdani et 
al., 2017). Polydeoxyribonucleotide, an agonist of adenosine A2A 
receptor, stimulates the expression of IAPs, modulates Bcl‐2 family 
protein and restores spermatogenic function in experimental varico‐
cele (Minutoli et al., 2015).

A combination of antioxidant/anti‐inflammatory therapies to‐
gether with IAPs may be considered for full recovery of normal 
testicular function. This strategy may facilitate the reconstitution 
of a suitable microenvironment to re‐start spermatogenesis from 
the remaining spermatogonia within STs and to prevent apoptosis 
of postmeiotic GCs which are the most sensitive cells to death in‐
sult in pathological conditions. Improvement of the spermatogonia 
niche to favour autorenovation, differentiation and proliferation 
of SSC might also be considered together with anti‐inflammatory 
therapies, by transplantation of healthy nurse cells. Experimental 
Sertoli cell and mesenchymal SC transplantation have been 
demonstrated to stimulate partial recovery of endogenous sper‐
matogenesis in the damaged testis (Hsiao, 2015; Malolina, Kulibin, 
& Kushch, 2016).

ORCID

María Susana Theas   http://orcid.org/0000-0002-8971-9833 

R E FE R E N C E S

Aitken, R.‐J. (2018). Not every sperm is sacred; a perspective on male 
infertility. Molecular Human Reproduction, 24, 287–298. https://doi.
org/10.1093/molehr/gay010

Arena, S., Iacona, R., Antonuccio, P., Russo, T., Salvo, V., Gitto, E., … 
Romeo, C. (2017). Medical perspective in testicular ischemia‐reper‐
fusion injury. Experimental and Therapeutic Medicine, 13, 2115–
2122. https://doi.org/10.3892/etm.2017.4289

Banerjee, A., Anjum, S., Verma, R., & Krishna, A. (2012). Alteration in 
expression of estrogen receptor isoforms alpha and beta, and 
aromatase in the testis and its relation with changes in nitric 
oxide during aging in mice. Steroids, 77, 609–620. https://doi.
org/10.1016/j.steroids.2012.02.004

Bauché, F., Stéphan, J.‐P., Touzalin, A.‐M., & Jégou, B. (1998). In vitro reg‐
ulation of an inducible‐type NO synthase in the rat seminiferous 
tubule cells. Biology of Reproduction, 58, 431–438.

Diaz‐Ganete, A., Baena‐Nieto, G., Lomas‐Romero, I.‐M., Lopez‐
Acosta, J.‐F., Cozar‐Castellano, I., Medina, F., … Lechuga‐Sancho, 
A.‐M. (2015). Ghrelin's effects on proinflammatory cytokine 
mediated apoptosis and their impact on β‐cell functionality. 
International Journal of Endocrinology, 2015, 235727. https://doi.
org/10.1155/2015/235727

El Hajj, N., & Haaf, T. (2013). Epigenetic disturbances in in vitro cultured 
gametes and embryos: Implications for human assisted reproduc‐
tion. Fertility and Sterility, 99, 632–641. https://doi.org/10.1016/j.
fertnstert.2012.12.044

Elmore, S. (2007). Apoptosis: A review of programmed cell 
death. Toxicologic Pathology, 35, 495–516. https://doi.
org/10.1080/01926230701320337

Fan, W., Xu, Y., Liu, Y., Zhang, Z., Lu, L., & Ding, Z. (2018). Obesity or over‐
weight, a chronic inflammatory status in male reproductive system, 

leads to mice and human subfertility. Frontier Physiology, 8, 1117. 
https://doi.org/10.3389/fphys.2017.01117

Gerdprasert, O., O'Bryan, M.‐K., Muir, J.‐A., Caldwell, A.‐M., Schlatt, 
S., de Kretser, D.‐M., & Hedger, M.‐P. (2002). The response of tes‐
ticular leukocytes to lipopolysaccharide‐induced inflammation: 
Further evidence for heterogeneity of the testicular macrophage 
population. Cell Tissue and Research, 308, 277–285. https://doi.
org/10.1007/s00441-002-0547-6

Hakovirta, H., Syed, V., Jegou, B., & Parvinen, M. (1995). Function of IL‐6 
as an inhibitor of meiotic DNA synthesis in the rat seminiferous epi‐
thelium. Molecular and Cell Endocrinology, 108, 193–198. https://doi.
org/10.1016/0303-7207(95)03475-M

Hayrabedyan, S., Todorova, K., Jabeen, A., Metodieva, G., Toshkov, 
S., Metodiev, M.‐V., … Fernández, N. (2016). Sertoli cells have a 
functional NALP3 inflammasome that can modulate autophagy 
and cytokine production. Scientific Report, 8, 18896. https://doi.
org/10.1038/srep18896

Hikim, A. P., Vera, Y., Vernet, D., Castanares, M., Diaz‐Romero, M., Ferrini, 
M., …Wang, C. (2005). Involvement of nitric oxide‐mediated intrin‐
sic pathway signaling in age‐related increase in germ cell apopto‐
sis in male Brown‐Norway rats. The Journals of Gerontology Series 
A Biological Sciences and Medical Sciences, 60, 702–708. https://doi.
org/10.1093/gerona/60.6.702

Hsiao, C.‐H., Ji, A.‐T.‐Q., Chang, C.‐C., Cheng, C.‐J., Lee, L.‐M., & Ho, 
J.‐H.‐C. (2015). Local injection of mesenchymal stem cells protects 
testicular torsion‐induced germ cell injury. Stem Cell Research & 
Therapy, 6, 113. https://doi.org/10.1186/s13287-015-0079-0

Hu, W., Shi, L., Li, M.‐Y., Zhou, P.‐H., Qiu, B., & Yin, K. (2017). 
Adrenomedullin protects Leydig cells against LPS‐induced oxida‐
tive stress and inflammatory reaction via MAPK/NF‐κB signalling 
pathways. Scientific Reports, 7, 16479. https://doi.org/10.1038/
s41598-017-16008-x

Huang, G., Yuan, M., Zhang, J., Li, J., Gong, D., Li, Y., … Huang, L. (2016). 
IL‐6 mediates differentiation disorder during spermatogenesis in 
obesity‐associated inflammation by affecting the expression of 
Zfp637 through the SOCS3/STAT3 pathway. Scientific Reports, 6, 
28012. https://doi.org/10.1038/srep28012

Hunter, C. A., & Jones, S. A. (2015). IL‐6 as a keystone cytokine in 
health and disease. Nature Immunology, 16, 448–457. https://doi.
org/10.1038/ni.3153

Inhorn, M.‐C., & Patrizio, P. (2015). Infertility around the globe: New 
thinking on gender, reproductive technologies and global move‐
ments in the 21st century. Human Reproduction Update, 21, 411–
426. https://doi.org/10.1093/humupd/dmv016

Inoue, T., Aoyama‐Ishikawa, M., Kamoshida, S., Nishino, S., Sasano, M., 
Oka, N., … Usami, M. (2015). Endogenous IL‐18 regulates testicular 
germ cell apoptosis during endotoxemia. Reproduction, 150, 105–
114. https://doi.org/10.1530/REP-14-0427

Isailovic, N., Daigo, K., Mantovani, A., & Selmi, C. (2015). Interleukin‐17 
and innate immunity in infections and chronic inflammation. 
Journal of Autoimmunity, 60, 1–11. https://doi.org/10.1016/j.
jaut.2015.04.006

Jacobo, P.‐V., Fass, M., Pérez, C.‐V., Jarazo‐Dietrich, S., Lustig, L., 
& Theas, M.‐S. (2012). Involvement of soluble Fas Ligand in 
germ cell apoptosis in testis of rats undergoing autoimmune 
orchitis. Cytokine, 60, 385–392. https://doi.org/10.1016/j.
cyto.2012.07.020

Jacobo, P., Pérez, C.‐V., Theas, M.‐S., Guazzone, V.‐A., & Lustig, L. 
(2011). CD4+ and CD8+ T cells producing Th1 and Th17 cy‐
tokines are involved in the pathogenesis of autoimmune or‐
chitis. Reproduction, 141, 249–258. https://doi.org/10.1530/
REP-10-0362

Jarazo Dietrich, S., Fass, M.‐I., Jacobo, P.‐V., Sobarzo, C.‐M., Lustig, L., 
& Theas, M.‐S. (2015). Inhibition of NOS‐NO system prevents au‐
toimmune orchitis development in rats: Relevance of NO released 

http://orcid.org/0000-0002-8971-9833
http://orcid.org/0000-0002-8971-9833
https://doi.org/10.1093/molehr/gay010
https://doi.org/10.1093/molehr/gay010
https://doi.org/10.3892/etm.2017.4289
https://doi.org/10.1016/j.steroids.2012.02.004
https://doi.org/10.1016/j.steroids.2012.02.004
https://doi.org/10.1155/2015/235727
https://doi.org/10.1155/2015/235727
https://doi.org/10.1016/j.fertnstert.2012.12.044
https://doi.org/10.1016/j.fertnstert.2012.12.044
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1080/01926230701320337
https://doi.org/10.3389/fphys.2017.01117
https://doi.org/10.1007/s00441-002-0547-6
https://doi.org/10.1007/s00441-002-0547-6
https://doi.org/10.1016/0303-7207(95)03475-M
https://doi.org/10.1016/0303-7207(95)03475-M
https://doi.org/10.1038/srep18896
https://doi.org/10.1038/srep18896
https://doi.org/10.1093/gerona/60.6.702
https://doi.org/10.1093/gerona/60.6.702
https://doi.org/10.1186/s13287-015-0079-0
https://doi.org/10.1038/s41598-017-16008-x
https://doi.org/10.1038/s41598-017-16008-x
https://doi.org/10.1038/srep28012
https://doi.org/10.1038/ni.3153
https://doi.org/10.1038/ni.3153
https://doi.org/10.1093/humupd/dmv016
https://doi.org/10.1530/REP-14-0427
https://doi.org/10.1016/j.jaut.2015.04.006
https://doi.org/10.1016/j.jaut.2015.04.006
https://doi.org/10.1016/j.cyto.2012.07.020
https://doi.org/10.1016/j.cyto.2012.07.020
https://doi.org/10.1530/REP-10-0362
https://doi.org/10.1530/REP-10-0362


     |  7 of 8THEAS

by testicular macrophages in germ cell apoptosis and testosterone 
secretion. PLoS One, 10(6), e0128709. https://doi.org/10.1371/
journal.pone.0128709

Jarazo‐Dietrich, S., Jacobo, P., Pérez, C.‐V., Sobarzo, C.‐M., Lustig, L., 
& Theas, M.‐S. (2012). Up regulation of nitric oxide synthase‐ni‐
tric oxide system in the testis of rats undergoing autoimmune or‐
chitis. Immunobiology, 217, 778–787. https://doi.org/10.1016/j.
imbio.2012.04.007

Jia, Y., Lue, Y.‐H., Swerdloff, R., Lee, K.‐W., Cobb, L.‐J., Cohen, P., & Wang, 
C. (2013). The cytoprotective peptide humanin is induced and neu‐
tralizes Bax after pro‐apoptotic stress in the rat testis. Andrology, 1, 
651–659. https://doi.org/10.1111/j.2047-2927.2013.00091.x

Jo, E.‐K., Kim, J.‐K., Shin, D.‐M., & Sasakawa, C. (2016). Molecular 
mechanisms regulating NLRP3 inflammasome activation. Cellular 
and Molecular Immunology, 13, 148–159. https://doi.org/10.1038/
cmi.2015.95

Ju, H.‐J., Byun, Y.‐S., Mok, J.‐W., & Joo, C.‐K. (2016). The Blockade of IL6 
counterparts the osmolar stress‐induced apoptosis in human con‐
junctival epithelial cells. Journal of Ophthalmology, 2016, 8350134 
https://doi.org/10.1155/2016/8350134

Kajihara, T., Okagaki, R., & Ishihara, O. (2006). LPS‐induced transient 
testicular dysfunction accompanied by apoptosis of testicular germ 
cells in mice. Medical Molecular Morphology, 39, 203–208. https://
doi.org/10.1007/s00795-006-0334-7

Lacombe, A., Lelievre, V., Roselli, C.‐E., Salameh, W., Lue, Y.‐H., Lawson, 
G., … Vilain, E. (2006). Delayed testicular aging in pituitary ade‐
nylate cyclase‐activating peptide (PACAP) null mice. Proceedings of 
the National Academy of Sciences of the United States of America, 103, 
3793–3798. https://doi.org/10.1073/pnas.0505827103

Liew, S.‐H., Meachem, S.‐J., & Hedger, M.‐P. (2007). A stereological 
analysis of the response of spermatogenesis to an acute inflam‐
matory episode in adult rats. Andrologia, 28, 176–185. https://doi.
org/10.2164/jandrol.106.000752

Loveland, K.‐L., Klein, B., Pueschl, D., Indumathy, S., Bergmann, M., 
Loveland, B.‐E., … Schuppe, H.‐C. (2017). Cytokines in male fer‐
tility and reproductive pathologies: Immunoregulation and be‐
yond. Frontiers in Endocrinology, 8, 307. https://doi.org/10.3389/
fendo.2017.00307

Lustig, L., Rival, C., & Tung, K. (2013). Autoimmune orchitis and auto‐
immune oophoritis. In N. Rose & I. Mackay (Eds.), The autoimmune 
diseases (5th ed., pp. 1007–1022). Amsterdan: Elsevier Academic 
Press.

Lysiak, J.‐J., Zheng, S., Woodson, R., & Turner, T.‐T. (2007). Caspase‐9‐
dependent pathway to murine germ cell apoptosis: Mediation by 
oxidative stress, BAX, and caspase 2. Cell and Tissue Research, 328, 
411–419. https://doi.org/10.1007/s00441-006-0341-y

Malolina, E.‐A., Kulibin, A.‐Y., & Kushch, A.‐A. (2016). Neonatal testicular 
cell transplantation restores murine spermatogenesis damaged in 
the course of herpes simplex virus‐induced orchitis. Reproduction, 
Fertility and Development, 28, 757–764. https://doi.org/10.1071/
RD14255

Matzkin, M.‐E., Miquet, J.‐G., Fang, Y., Hill, C.‐M., Turyn, D., Calandra, 
R.‐S., … Frungieri, M.‐B. (2016). Alterations in oxidative, inflam‐
matory and apoptotic events in short‐lived and long‐lived mice 
testes. Aging (Albany NY), 8, 95–110. https://doi.org/10.18632/
aging.100875

Méndez, S., Ferreiro, M. E., Ferraris, M. J., Cristian, M. S., Jacobo, P., 
Lustig, L., & Theas, M. S. (2017). Undifferentiated spermatogonia 
cell cycle arrest contributes to the impairment of spermatogene‐
sis in the testis under a chronic inflammatory process. I Reunión 
Conjunta De Sociedades Biomédicas. Retrieved from https://www.
reunionbiociencias2017.com.ar/

Metukuri, M.‐R., Reddy, C.‐M., Reddy, P.‐R., & Reddanna, P. (2010). 
Bacterial LPS‐mediated acute inflammation‐induced spermatogenic 
failure in rats: Role of stress response proteins and mitochondrial 

dysfunction. Inflammation, 33, 235–243. https://doi.org/10.1007/
s10753-009-9177-4

Minutoli, L., Arena, S., Antonuccio, P., Romeo, C., Bitto, A., Magno, C., 
… Marini, H. (2015). Role of inhibitors of apoptosis proteins in tes‐
ticular function and male fertility: Effects of polydeoxyribonucleo‐
tide administration in experimental varicocele. BioMedical Research 
International, 2015, 248976. https://doi.org/10.1155/2015/248976

Nagamatsu, G., & Hayashi, K. (2017). Stem cells, in vitro gametogen‐
esis and male fertility. Reproduction, 54, F79–F91. https://doi.
org/10.1530/REP-17-0510

O’Bryan, M.‐K., & Hedger, M.‐P. (2008). Inflammatory networks in the 
control of spermatogenesis. Chronic inflammation in an immunologi‐
cally privileged tissue? Advances in Experimental Medicine and Biology, 
636, 92–114. https://doi.org/10.1007/978-0-387-09597-4_6

O’Bryan, M.‐K., Schlatt, S., Phillips, D.‐J., de Kretser, D.‐M., & Hedger, 
M.‐P. (2000). Bacterial lipopolysaccharide induced inflamma‐
tion compromises testicular function at multiple levels in vivo. 
Endocrinology, 141, 238–246.

Pérez, C.‐V., Pellizzari, E.‐H., Cigorraga, S.‐B., Galardo, M.‐N., Naito, M., 
Lustig, L., & Jacobo, P.‐V. (2014). IL17A impairs BTB integrity and in‐
duces testicular inflammation. Cell & Tissue Research, 358, 885–898. 
https://doi.org/10.1007/s00441-014-1995-5

Pérez, C.‐V., Sobarzo, C.‐M., Jacobo, P.‐V., Pellizzari, E.‐H., Cigorraga, 
S.‐B., & Denduchis, B. (2012). Loss of occludin expression and im‐
pairment of BTB permeability in rats with autoimmune orchitis: 
Effect of IL‐6 on Sertoli cell tight junctions. Biology of Reproduction, 
87, 1–12. https://doi.org/10.1095/biolreprod.112.101709

Reddy, M.‐M., Mahipal, S.‐V., Subhashini, J., Reddy, M.‐C., Roy, K.‐R., 
Reddy, G.‐V., … Reddanna, P. (2006). Bacterial lipopolysaccharide‐
induced oxidative stress in the impairment of steroidogenesis and 
spermatogenesis in rats. Reproductive Toxicology, 22, 493–500. 
https://doi.org/10.1016/j.reprotox.2006.03.003

Riccioli, A., Filippini, A., De Cesaris, P., Barbacci, E., Stefanini, M., Starace, 
G., & Ziparo, E. (1995). Inflammatory mediators increase surface ex‐
pression of integrin ligand, adhesion to lymphocytes, and secretion 
of IL‐6 in mouse Sertoli cells. Proceedings of the National Acaddemy 
of Sciences USA, 92, 5808–5812.

Riccioli, A., Starace, D., D’Alessio, A., Starace, G., Padula, F., De Cesaris, 
P., … Ziparo, E. (2000). TNF‐alpha and IFN‐gamma regulate expres‐
sion and function of the Fas system in the seminiferous epithelium. 
Journal of Immunology, 165, 743–749.

Rival, C., Theas, M.‐S., Guazzone, V.‐A., & Lustig, L. (2006). Interleukin‐6 
and IL6 receptor cell expression in testis of rats with autoimmune 
orchitis. Journal of Reproductive Immunology, 70, 43–58. https://doi.
org/10.1016/j.jri.2005.10.006

Rival, C., Theas, M.‐S., Suescun, M.‐O., Jacobo, P., Guazzone, V., van 
Roijeen, N., & Lustig, L. (2008). Functional and phenotypic char‐
acteristics of testicular macrophages in experimental autoimmune 
orchitis. Journal Pathology, 215, 108–117. https://doi.org/10.1002/
path.2328

Ryu, B.‐Y., Orwig, K.‐E., Oatley, J.‐M., Avarbock, M.‐R., & Brinster, R.‐L. 
(2006). Effects of aging and niche microenvironment on sper‐
matogonial stem cell self‐renewal. Stem Cells, 24, 1505–1511. 
https://doi.org/10.1634/stemcells.2005-0580

Schell, C., Albrecht, M., Mayer, C., Schwarzer, J.‐U., Frungieri, M.‐B., 
& Mayerhofer, A. (2008). Exploring human testicular peritubu‐
lar cells: Identification of secretory products and regulation by 
TNFalpha. Endocrinology, 149, 1678–1686. https://doi.org/10.1210/
en.2007-1064

Schuppe, H.‐C., Meinhardt, A., Allam, J.‐P., Bergmann, M., Weidner, 
W., & Haidl, G. (2008). Chronic orchitis: A neglected cause 
of male infertility? Andrologia, 40, 84–91. https://doi.
org/10.1111/j.1439-0272.2008.00837.x

Sharpe, R.‐M., Donachie, K., & Cooper, I. (1988). Re‐evalua‐
tion of the intratesticular level of testosterone required for 

https://doi.org/10.1371/journal.pone.0128709
https://doi.org/10.1371/journal.pone.0128709
https://doi.org/10.1016/j.imbio.2012.04.007
https://doi.org/10.1016/j.imbio.2012.04.007
https://doi.org/10.1111/j.2047-2927.2013.00091.x
https://doi.org/10.1038/cmi.2015.95
https://doi.org/10.1038/cmi.2015.95
https://doi.org/10.1155/2016/8350134
https://doi.org/10.1007/s00795-006-0334-7
https://doi.org/10.1007/s00795-006-0334-7
https://doi.org/10.1073/pnas.0505827103
https://doi.org/10.2164/jandrol.106.000752
https://doi.org/10.2164/jandrol.106.000752
https://doi.org/10.3389/fendo.2017.00307
https://doi.org/10.3389/fendo.2017.00307
https://doi.org/10.1007/s00441-006-0341-y
https://doi.org/10.1071/RD14255
https://doi.org/10.1071/RD14255
https://doi.org/10.18632/aging.100875
https://doi.org/10.18632/aging.100875
https://www.reunionbiociencias2017.com.ar/
https://www.reunionbiociencias2017.com.ar/
https://doi.org/10.1007/s10753-009-9177-4
https://doi.org/10.1007/s10753-009-9177-4
https://doi.org/10.1155/2015/248976
https://doi.org/10.1530/REP-17-0510
https://doi.org/10.1530/REP-17-0510
https://doi.org/10.1007/978-0-387-09597-4_6
https://doi.org/10.1007/s00441-014-1995-5
https://doi.org/10.1095/biolreprod.112.101709
https://doi.org/10.1016/j.reprotox.2006.03.003
https://doi.org/10.1016/j.jri.2005.10.006
https://doi.org/10.1016/j.jri.2005.10.006
https://doi.org/10.1002/path.2328
https://doi.org/10.1002/path.2328
https://doi.org/10.1634/stemcells.2005-0580
https://doi.org/10.1210/en.2007-1064
https://doi.org/10.1210/en.2007-1064
https://doi.org/10.1111/j.1439-0272.2008.00837.x
https://doi.org/10.1111/j.1439-0272.2008.00837.x


8 of 8  |     THEAS

quantitative maintenance of spermatogenesis in the rat. 
Journal of Endocrinology, 117, 19–26. https://doi.org/10.1677/
joe.0.1170019

Suescun, M.‐O., Rival, C., Theas, M.‐S., Calandra, R., & Lustig, L. (2003). 
Involvement of tumor necrosis factor‐alpha in the pathogenesis 
of autoimmune orchitis in rats. Biology of Reproduction, 68, 2114–
2121. https://doi.org/10.1095/biolreprod.102.011189

Suominen, J.‐S., Wang, Y., Kaipia, A., & Toppari, J. (2004). Tumor necrosis 
factor‐alpha (TNF‐alpha) promotes cell survival during spermato‐
genesis, and this effect can be blocked by infliximab, a TNF‐alpha 
antagonist. European Journal of Endocrinology, 151, 629–640. 
https://doi.org/10.1530/eje.0.1510629

Theas, M.‐S., Jacobo, P.‐V., Pérez, C.‐V., Guazzone, V.‐A., & Lustig, L. 
(2018). Inflammation and spermatogenesis. In Taylor and Francis 
Group (Eds.), Spermatogenesis. In: Spermatogenesis biology and clin-
ical implications (pp. ???–???). Leiden: CRC Press, In press.

Theas, M.‐S., Rival, C., Jarazo, S.‐J., Guazzone, V.‐A., & Lustig, L. (2006). 
Death receptor and mitochondrial pathways are involved in germ 
cell apoptosis in an EAO. Human Reproduction, 21, 1734–1742. 
https://doi.org/10.1093/humrep/del066

Theas, M.‐S., Rival, C., Jarazo‐Dietrich, S., Jacobo, P., Guazzone, V.‐A., 
& Lustig, L. (2008). TNF‐alpha released by testicular macrophages 
induces apoptosis of germ cells in autoimmune orchitis. Human 
Reproduction, 23, 1865–1872. https://doi.org/10.1093/humrep/
den240

Theas, S., Rival, C., & Lustig, L. (2003). Germ cell apoptosis in autoim‐
mune orchitis: Involvement of the Fas‐Fas L system. American 
Journal of Reproductive Immunology, 50, 166–176. https://doi.
org/10.1034/j.1600-0897.2003.00074.x

Thomas, D.‐D., Ridnour, L.‐A., Isenberg, J.‐S., Flores‐Santana, W., 
Switzer, C.‐H., & Donzelli, S. (2008). The chemical biology of NO: 
Implications in cellular signaling. Free Radical Biology Medicine, 45, 
18–31. https://doi.org/10.1016/j.freeradbiomed.2008.03.020

Toruner, M., Fernandez‐Sapico, M., Sha, J.‐J., Pham, L., Urrutia, R., & 
Egan, L.‐J. (2006). Antianoikis effect of nuclear factor‐κB through 
upregulated expression of osteoprotegerin, Bcl‐2 and IAP‐1. Journal 
of Biological Chemistry, 281, 8686–8696. https://doi.org/10.1074/
jbc.M512178200

Turner, T.‐T., & Lysiak, J.‐J. (2008). Oxidative stress: A common factor in 
testicular dysfunction. Journal of Andrology, 29, 88–98. https://doi.
org/10.2164/jandrol.108.005132

Van Delft, M.‐F., & Huang, D.‐C. (2006). How the Bcl‐2 family of proteins 
interact to regulate apoptosis. Cell Research, 16, 203–213. https://
doi.org/10.1038/sj.cr.7310028

Vandenabeele, P., Declercq, W., Van Herreweghe, F., & Vanden Berghe, 
T. (2010). The role of the kinases RIP1 and RIP3 in TNF‐induced 
necrosis. Science Signaling, 3, re4. https://doi.org/10.1126/
scisignal.3115re4

Wellen, K.‐E., & Hotamisligil, G.‐S. (2005). Inflammation, stress, and 
diabetes. Clinical Investigation, 115, 1111–1119. https://doi.
org/10.1172/JCI25102

Yazdani, I., Ghazi‐Khansari, M., Saeedi Saravi, S.‐S., Nobakht, M., Majdani, 
R., Rezayat, S.‐M., … Dehpour, A.‐R. (2017). Nortriptyline protects 
testes against germ cell apoptosis and oxidative stress induced by 
testicular ischaemia/reperfusion. Andrologia, 49, e12605. https://
doi.org/10.1111/and.12605

Yuan, S., Wu, B., Yu, Z., Fang, J., Liang, N., Zhou, M., … Peng, X. (2016). 
The mitochondrial and ER pathways involved in the apopto‐
sis of bursa of Fabricius cells in broilers exposed to dietary afla‐
toxin B1. Oncotarget, 7, 65295–65306. https://doi.org/10.1210/
endo.133.3.8103448

Yule, T.‐D., & Tung, K.‐S.‐K. (1993). Experimental autoimmune orchi‐
tis induced by testis and sperm antigen‐specific T cell clones: 
An important pathogenic cytokine is tumor necrosis fac‐
tor. Endocrinology, 133, 1098–1107. https://doi.org/10.1210/
endo.133.3.8103448

Zhang, J., Li, K., Yuan, M., Zhang, J., Huang, G., Ao, J., … Huang, L. (2017). 
A high‐fat diet impairs reproduction by decreasing the IL1β level in 
mice treated at immature stage. Scientific Report, 3, 567. https://doi.
org/10.1038/s41598-017-00505-0

Zhang, X., Shi, K., Li, Y., Zhang, H., & Hao, J. (2014). Lipopolysaccharide 
inhibits the self‐renewal of spermatogonial stem cells in 
vitro via downregulation of GDNF expression in Sertoli cells. 
Reproductive Toxicology, 45, 87–93. https://doi.org/10.1016/j.
reprotox.2014.01.009

How to cite this article: Theas MS. Germ cell apoptosis and 
survival in testicular inflammation. Andrologia. 2018;e13083. 
https://doi.org/10.1111/and.13083

https://doi.org/10.1677/joe.0.1170019
https://doi.org/10.1677/joe.0.1170019
https://doi.org/10.1095/biolreprod.102.011189
https://doi.org/10.1530/eje.0.1510629
https://doi.org/10.1093/humrep/del066
https://doi.org/10.1093/humrep/den240
https://doi.org/10.1093/humrep/den240
https://doi.org/10.1034/j.1600-0897.2003.00074.x
https://doi.org/10.1034/j.1600-0897.2003.00074.x
https://doi.org/10.1016/j.freeradbiomed.2008.03.020
https://doi.org/10.1074/jbc.M512178200
https://doi.org/10.1074/jbc.M512178200
https://doi.org/10.2164/jandrol.108.005132
https://doi.org/10.2164/jandrol.108.005132
https://doi.org/10.1038/sj.cr.7310028
https://doi.org/10.1038/sj.cr.7310028
https://doi.org/10.1126/scisignal.3115re4
https://doi.org/10.1126/scisignal.3115re4
https://doi.org/10.1172/JCI25102
https://doi.org/10.1172/JCI25102
https://doi.org/10.1111/and.12605
https://doi.org/10.1111/and.12605
https://doi.org/10.1210/endo.133.3.8103448
https://doi.org/10.1210/endo.133.3.8103448
https://doi.org/10.1210/endo.133.3.8103448
https://doi.org/10.1210/endo.133.3.8103448
https://doi.org/10.1038/s41598-017-00505-0
https://doi.org/10.1038/s41598-017-00505-0
https://doi.org/10.1016/j.reprotox.2014.01.009
https://doi.org/10.1016/j.reprotox.2014.01.009
https://doi.org/10.1111/and.13083

