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Abstract: Many bioactive natural compounds are being increasingly used for therapeutics and
nutraceutical applications to counteract male infertility, particularly varicocele. The roles of selenium
and Polydeoxyribonucleotide (PDRN) were investigated in an experimental model of varicocele, with
particular regard to the role of NLRP3 inflammasome. Male rats underwent sham operation and were
daily administered with vehicle, seleno-L-methionine (Se), PDRN, and with the association Se-PDRN.
Another group of rats were operated for varicocele. After twenty-eight days, sham and varicocele
rats were sacrificed and both testes were weighted and analyzed. All the other rats were challenged
for one month with the same compounds. In varicocele animals, lower testosterone levels, testes
weight, NLRP3 inflammasome, IL-1β and caspase-1 increased gene expression were demonstrated.
TUNEL assay showed an increased number of apoptotic cells. Structural and ultrastructural damage
to testes was also shown. PDRN alone significantly improved all considered parameters more than
Se. The Se-PDRN association significantly improved all morphological parameters, significantly
increased testosterone levels, and reduced NLRP3 inflammasome, caspase-1 and IL-1β expression
and TUNEL-positive cell numbers. Our results suggest that NLRP3 inflammasome can be considered
an interesting target in varicocele and that Se-PDRN may be a new medical approach in support
to surgery.
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1. Introduction

Varicocele is a testicular pathology occurring as a consequence of abnormal dilation
and/or tortuosity of the veins of the pampiniform plexus [1]. It is considered a relevant
clinical problem all over the world, as it is responsible for infertility in men [2].

The exact pathophysiological mechanisms relating varicocele and consequent infertil-
ity are still unidentified; however, scrotal hyperthermia, microcirculation disturbance of the
testis, hypoxia and oxidative stress appear to play important roles [3]. In particular, reactive
oxygen species (ROS) generation seems to play a crucial role in the detrimental cascade
induced by varicocele [4,5]. Even if small amounts of ROS are required for capacitation,
acrosome reaction and consequent fertilization [6], men with varicocele have significantly
increased ROS in addition to elevated DNA fragmentation, causing poor sperm quality. Un-
der these conditions, ROS can stimulate an amplified inflammatory response characterized
by increased cytokine expression, and promote apoptosis [7].
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Furthermore, it was demonstrated that ROS might play a prominent role in NLR
pyrin domain containing 3 (NLRP3) inflammasome activation, which inhibited the block-
ing of ROS with chemical scavengers [8]. Inflammasomes are multimolecular complexes
assembled intracellularly in response to various activators [8]. The NLRP3 inflammasome
is, at present, the best-described inflammasome and is made by the NOD-like receptor
NLRP3, by the adapter protein “apoptosis-associated speck-like protein containing a cas-
pase recruitment domain” (ASC) and by the procaspase-1. When NLRP3 inflammasome
is activated, procaspase-1 cleaves and forms the active caspase-1 [9,10], leading to the
secretion of interleukin (IL)-1β and IL-18 [8] and to a rapid inflammatory form of cell death
called “pyroptosis” [11]. This is characterized by plasma membrane rupture, cytoplas-
mic swelling, osmotic lysis, DNA cleavage and the release of further pro-inflammatory
cellular contents. Recently, in an experimental model of varicocele, an upregulation of
the levels of NLRP3 inflammasome was demonstrated [12], which was decreased by the
administration of resveratrol, a nutraceutical compound provided of anti-inflammatory
properties. Furthermore, the presence of the NLRP3 inflammasome components in the
semen of varicocele patients was also shown [13].

Even if varicocele is considered surgically correctable and the benefit of varicocelec-
tomy has been demonstrated [1,14], not all men showed positive effects in terms of fertility
potential [15], particularly those with subclinical varicocele [16]. For this reason, several
therapeutic medical strategies have been proposed as a support to surgery in order to
improve testicular structure with positive effects on varicocele-induced infertility [17–20].
Anti-oxidant use is considered, among the proposed ideas, to be the most appropriate
therapeutic approach to reduce the effects of varicocele [21–23].

Selenium (Se) is an essential trace element with anti-inflammatory and anti-oxidative
properties [24,25], which is also active in detoxification from heavy metals, such as cad-
mium and lead [26,27]. In fact, Se, in the testes of chicken treated with Pb, was able to
moderate the pro-inflammatory cytokines cascade through the reduction in the ROS/NF-
kB/NLRP3/caspase-1/IL-1β signaling pathway [28].

Regarding the varicocele-induced testicular damage, the treatment with sodium
selenite was able to increase the activities of antioxidant enzymes, such as CAT, SOD, and
GPX, and reduce lipid peroxidation [29]. In humans, combined treatment with antioxidants
(vitamin E-selenium-folic acid) after varicocelectomy improved sperm parameters by
removing ROS from the environment [30].

Polydeoxyribonucleotide (PDRN) is the active fraction extracted from trout spermato-
zoa [31] and, through stimulation of adenosine A2A receptor (ADORA2A), can contrast
several harmful mechanisms observed in pathological conditions of heavy metal chal-
lenge [32] or low tissue perfusion, such as varicocele [17,18,33]. In this experimental model,
our group showed that PDRN restored spermatogenic function, improving neoangiogen-
esis [17,18] and modulating the inhibitors of apoptosis proteins (IAPs), such as neuronal
apoptosis inhibitory protein (NAIP) and survivin [33].

Based on this background, considering (i) that no morphological analyses have been
conducted on the apoptosis and on the immunoreactivity of caspase-1 in varicocele testes,
in previous studies, (ii) the lack of data regarding the effects of the association Se plus PDRN
on varicocele-induced testicular damage, and (iii) that many bioactive natural compounds
are increasingly used for therapeutics and nutraceutical applications to counteract male
infertility, we aimed to demonstrate the protective role of the association Se plus PDRN on
the seminiferous epithelium in rats experimentally exposed to varicocele, with particular
regard to their role of NLRP3 inflammasome expression, looking at its mechanism of
action, and aiming to understand the effects of this new medical approach on the structural
organization of the testis.
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2. Results
2.1. Effects of Se, PDRN and Their Association on Testis Weight

The weight of both testes of all the examined groups was shown in Table 1. No
significant differences were observed in all these parameters among sham groups: therefore,
for a better comprehension, only one value is indicated for sham. Varicocele rats showed an
operated and contralateral testes weight significantly lower than sham, even if contralateral
testes weight was significantly greater than operated. In varicocele rats treated with Se,
both operated and contralateral testes weight was significantly lower than sham rats. The
testes of varicocele rats treated with PDRN were still significantly lower than sham, while
contralateral testes of the same group were closer to sham weight. Instead, in varicocele
rats treated with Se plus PDRN, the weight of both operated and contralateral testes was
improved and close to sham.

Table 1. Effects on testis weight, testosterone, mean tubular diameter (MTD) and Johnsen’s score (JS) induced by Se
(0.4 mg/kg i.p.), PDRN (8 mg/Kg/day i.p.) and Se (0.4 mg/kg i.p.) plus PDRN (8 mg/Kg/ day i.p.) in varicocele rats as
compared to sham and varicocele rats. Se = seleno-L-methionine; PDRN = polydeoxyribonucleotide; CL = contralateral
testis. All values are expressed as mean ± SE; n = 7 animals for each group. a p < 0.05 vs. sham; b p < 0.05 vs. varicocele.

Groups Testis Weight (g) Testosterone
(ng/ml) MTD (µm) JS

Sham 1.65 ± 0.17 6.1 ± 0.9 249 ± 21 9.7 ± 0.2
Varicocele 0.83 ± 0.11 a

2.6 ± 0.5 a 127 ± 19 a 2.6 ± 0.5 a

Varicocele CL 1.12 ± 0.36 a,b 168 ± 15 a,b 7.3 ± 0.8 a,b

Varicocele + Se 1.18 ± 0.25 a,b
4.2 ± 0.8 a,b 173 ± 12 a,b 6.7 ± 0.7 a,b

Varicocele + Se CL 1.39 ± 0.33 a,b 203 ± 16 a,b 8.8 ± 0.6 b

Varicocele + PDRN 1.28 ± 0.10 a,b
5.1 ± 0.5 b 210 ± 15 a,b 8.4 ± 1.3 b

Varicocele + PDRN CL 1.55 ± 0.51 b 221 ± 13 b 9.1 ± 0.7 b

Varicocele + PDRN + Se 1.58 ± 0.35 b
5.9 ± 0.7 b 242 ± 17 b 9.0 ± 0.5 b

Varicocele + PDRN + Se CL 1.62 ± 0.39 b 251 ± 14 b 9.3 ± 0.5 b

2.2. Effects of Se, PDRN and Their Association on Testosterone Levels

The levels of testosterone in all the examined groups were shown in Table 1. Testos-
terone levels were similar among sham groups: therefore, for a better comprehension, only
one value is indicated for sham. Se administration produced an increase in testosterone
levels (+30%), even if this was significantly lower than in sham groups. PDRN induced a
significant increase in testosterone (+49%), when compared to varicocele group. However,
in varicocele rats treated with Se plus PDRN, testosterone levels were significantly higher
(+56%) and close to sham groups.

2.3. Effects of Se, PDRN and Their Association on Glutathione (GSH) and Glutathione
Peroxidase (GPx)

A significant decrease in GSH content and in GPx activity were observed in varicocele
rats (p < 0.05 vs. sham). When varicocele rats were treated with Se or PDRN, both GSH
content and GPx activity showed a significant increase compared to varicocele group
(p < 0.05 vs. varicocele rats). The association Se plus PDRN markedly increase GSH content
and GPx activity, demonstrating a greater effect than that of the two compounds alone
(p < 0.0001 versus varicocele rats) Table 2.
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Table 2. Effects on glutathione (GSH) and glutathione peroxidase (GPx) as induced by Se (0.4 mg/kg
i.p.), PDRN (8 mg/Kg/day i.p.) and Se (0.4 mg/kg i.p.) plus PDRN (8 mg/Kg/ day i.p.) in varicocele
rats as compared to sham and varicocele rats. Se = seleno-L-methionine; PDRN = polydeoxyribonu-
cleotide; CL = contralateral testis. All values are expressed as mean± SE; n = 7 animals for each
group. a p < 0.05 vs. sham; b p < 0.05 vs. varicocele.

Groups GSH
(nmol/mg Tissue)

GPx
(nmol/min/mg Tissue)

Sham 46 ± 3 52 ± 4
Varicocele 13 ± 2 a 26 ± 2 a

Varicocele + CL 25 ± 2 a,b 37 ± 6 a,b

Varicocele + Se 24 ± 3 a,b 34 ± 5 a,b

Varicocele + Se CL 27 ± 2 a,b 44 ± 4 a,b

Varicocele + PDRN 33 ± 2 a,b 43 ± 5 a,b

Varicocele + PDRN CL 37 ± 3 b 49 ± 6 b

Varicocele + PDRN + Se 42 ± 3 b 47 ± 7 b

Varicocele + PDRN + Se CL 45 ± 3 b 50 ± 4 b

2.4. Effects of Se, PDRN and Their Association on NLRP3, IL-1β and Caspase-1 Expression

Varicocele animals showed increased mRNA expression of the NLRP3 inflammasome
when compared to sham and also to contralateral testes. The treatment with Se or PDRN
significantly reduced NLRP3 mRNA expression in both operated and contralateral testes
when compared to the testes of varicocele rats (p < 0.0001 versus varicocele rats; Figure 1a).
The association of Se plus PDRN markedly reverted the increase in the message of NLRP3,
demonstrating a greater effect than that of the two compounds alone (p < 0.0001 versus
varicocele rats; p < 0.0001 versus varicocele + Se; p < 0.0001 versus varicocele + PDRN;
Figure 1a). Overlapping results were observed when mature proteins were used as readouts
(Figure 2a).

To explore the activation of the inflammatory cascade triggered by NLRP3, we eval-
uated the downstream signals, and, more specifically, the expression of caspase-1 and
IL-1β mRNAs in the testes of the same groups of animals. Varicocele rats showed an
increased expression of the downstream products of the NLRP3 (p < 0.0001 versus sham
operated; Figure 1b,c). On the contrary, both Se and PDRN treatment reduced caspase-1
and IL-1β levels in testes of varicocele animals (p < 0.0001 versus varicocele; Figure 1b,c).
The association Se and PDRN more efficiently blunted the increase in caspase-1 and IL-1β
expression, thus demonstrating a greater effect than Se and PDRN alone in reducing the
downstream products of the NLRP3 (p < 0.0001 versus varicocele alone; p < 0.0001 versus
varicocele + Se; p < 0.0001 versus varicocele + PDRN; Figure 1b,c). Similar results were
observed when the levels of IL-1β mature proteins were investigated (Figure 2b).
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Figure 1. Real-time PCR analysis for NLRP3 (a), caspase-1 (b) and IL-1β (c) in the testes from rats of 
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Figure 1. Real-time PCR analysis for NLRP3 (a), caspase-1 (b) and IL-1β (c) in the testes from rats of sham, varicocele,
varicocele contralateral, varicocele plus Se (0.4 mg/kg/day i.p.), varicocele plus Se contralateral, varicocele plus PDRN
(8 mg/kg/day i.p.), varicocele contralateral plus PDRN, varicocele plus Se plus PDRN, varicocele contralateral plus Se plus
PDRN groups. * = p < 0.05 versus sham; § = p < 0.05 versus varicocele. Bars represent the mean ± SE of 7 experiments.
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sham; § = p < 0.05 versus varicocele. Bars represent the mean ± SE of 7 experiments. 
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Figure 2. Quantitative evaluation of NLRP3 (a) and IL-1β (b) levels in the testes from rats of
sham, varicocele, varicocele contralateral, varicocele plus Se (0.4 mg/kg/day i.p.), varicocele plus
Se contralateral, varicocele plus PDRN (8 mg/kg/day i.p.), varicocele contralateral plus PDRN,
varicocele plus Se plus PDRN, varicocele contralateral plus Se plus PDRN groups. * = p < 0.05 versus
sham; § = p < 0.05 versus varicocele. Bars represent the mean ± SE of 7 experiments.

2.5. Administration of Se, PDRN and Their Association Counteracts Testes Changes

All animals of sham groups showed the same morphology after HE stain. As a
consequence, for clarity of results, only one image is provided as a representative of sham
(Figure 3A) and a single datum is provided for MTD and JS (Table 1). In the testes of
sham rats, the normal morphology of the seminiferous tubules was evident (Figure 3A).
In the testes of varicocele rats (Figure 3B; Table 1), the seminiferous tubules showed a
sharp reduction in their MTD and an epithelium that was highly reduced in thickness,
with spermatogonia arranged on 1-2 rows and residual condensed sperm tails: JS was
significantly low. The extratubular compartment was enlarged, owing to the presence
of a marked edema. In contralateral testes of the same group (Figure 3C; Table 1), the
seminiferous tubules diameter was significantly reduced and many spermatids and some
immature spermatozoa were present. The extratubular compartment was edematous and
hyperemic. In varicocele rats treated with Se (Figure 3D; Table 1), the MTD was higher
but the seminiferous epithelium was often detached from the basement membrane and
many large clefts were present in its wall, as indicated by the low JS. The extratubular
compartment was enlarged, owing to an evident edema. In the contralateral testes of the
same group (Figure 3E; Table 1), elongated spermatids were present in the tubular wall
(significantly higher MTD and JS), but peripheral spermatogonia were often detached
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from the basement membrane. The extratubular compartment showed hyperemic blood
vessels and interstitial edema. The testes of varicocele rats treated with PDRN (Figure 3F;
Table 1) showed larger seminiferous tubules with intercellular clefts among round or
elongated spermatids; JS was still significantly low. A mild edema was present in the
extratubular compartment. In contralateral testes of the same group (Figure 3G; Table 1),
seminiferous tubules with close to normal MTD, many elongated spermatids and mature
spermatozoa and a significantly higher JS were demonstrated; a mild edema enlarged the
extratubular compartment. In the seminiferous tubules of both operated and contralateral
testes of varicocele rats treated with Se plus PDRN (Figure 3H,I; Table 1), the seminiferous
epithelium had MTD, structural organization and JS close to sham.
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Figure 3. Structural organization of testes from rats of sham, varicocele, varicocele contralateral,
varicocele plus Se (0.4 mg/kg/day i.p.), varicocele plus Se contralateral, varicocele plus PDRN
(8 mg/kg/day i.p.), varicocele contralateral plus PDRN, varicocele plus Se plus PDRN, varicocele
contralateral plus Se plus PDRN groups. (A): In sham testes, the seminiferous tubules have normal
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morphology. (B): Varicocele rats. The seminiferous epithelium shows reduced thickness with
spermatogonia arranged on 1–2 rows and residual condensed sperm tails (arrow). In the extratubular
compartment, a marked edema is evident (*). (C): Contralateral testes of the same group. The
seminiferous tubules show many elongated spermatids (arrow). The extratubular compartment is
edematous and hyperemic (*). (D): In varicocele operated rats treated with Se, the seminiferous
epithelium is detached from the basement membrane (arrowhead) and many large clefts are present
in its wall (arrow). The extratubular compartment is enlarged (*). (E): In the contralateral testes of the
same group, peripheral spermatogonia are often detached from the basement membrane (arrow). The
extratubular compartment shows hyperemic blood vessels and edema (*). (F): Varicocele operated
rats treated with PDRN. The seminiferous epithelium shows intercellular clefts among round or
elongated spermatids (arrow). A mild edema is present in the extratubular compartment (*). (G):
Contralateral testes of the same group. The seminiferous epithelium has many elongated spermatids
and mature spermatozoa; the extratubular compartment shows only a mild edema (*). (H,I): In the
seminiferous tubules of both operated and contralateral testes of varicocele rats treated with Se plus
PDRN, the seminiferous epithelium is close to normal. (Scale bar = 50 µm).

2.6. Administration of Se, PDRN and Their Association Modulates Sperm Cells Apoptosis

All animals of sham groups showed the same morphology after TUNEL assay. As
a consequence, for the clarity of results, only one image is provided as representative of
sham (Figure 4A) and a single datum is provided for TWAC and apoptotic index (Table 3).
No TUNEL-positive cells were detected in the seminiferous tubules of sham animals. On
the contrary, in the testes of varicocele rats, a large number of TUNEL-positive germ cells,
placed along the wall of the tubules, were observed (Figure 4B). In fact, both TWAC and
apoptotic index were significantly higher than those observed in the sham group (Table 3).
By contrast, in the contralateral testes of the same rats, some isolated TUNEL-positive
germ cells were present in the peripheral part of the seminiferous tubules (Figure 4C).
Both TWAC and apoptotic index were significantly lower than those of varicocele rats
(Table 3). In varicocele rats treated with Se, many TUNEL-positive cells were present in
the periphery of the seminiferous tubules; TWAC and apoptotic index were significantly
reduced (2.5-fold and 1.4-fold, respectively) (Figure 4D). In the contralateral testes of the
same group, some TUNEL-positive cells were demonstrated in the external part of the
tubules. TWAC was significantly reduced (Figure 4E; Table 3). In the testes of varicocele
rats treated with PDRN, the number of TUNEL-positive cells was reduced, as was also
indicated by TWAC and apoptotic index values (Table 3), and they were located along the
peripheral part of the tubules (Figure 4F). In the contralateral testes of the same group,
only a few TUNEL-positive cells were present in the seminiferous epithelium (Figure 4G;
Table 3). In the seminiferous tubules of both operated and contralateral testes of varicocele
rats treated with Se plus PDRN, very rare or no TUNEL-positive cells were observed
(Figure 4H,I), so that TWAC and apoptotic index were close to sham (Table 3).



Int. J. Mol. Sci. 2021, 22, 1319 9 of 19
Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 9 of 22 
 

 

 

Figure 4. Assessment of apoptosis in the testes with TUNEL staining technique from rats of sham, 

varicocele, varicocele contralateral, varicocele plus Se (0.4 mg/kg/day i.p.), varicocele plus Se 

contralateral, varicocele plus PDRN (8 mg/kg/day i.p.), varicocele contralateral plus PDRN, 

varicocele plus Se plus PDRN, varicocele contralateral plus Se plus PDRN groups. (A): In sham rats, 

no TUNEL positive cells can be observed. (B): In the testes of varicocele rats, a large number of 

TUNEL-positive germ cells (arrow), placed along the wall of the tubules, are observed. (C): In the 

contralateral testes of the same rats, some isolated TUNEL-positive germ cells are present in the 

peripheral part of the seminiferous tubules (arrow). (D): In varicocele rats treated with Se, many 

TUNEL-positive cells are present in the periphery of the seminiferous tubules (arrow). (E): In the 

contralateral testes of the same group, some TUNEL-positive cells are located in the external part of 

the tubules (arrow). (F): In the testes of varicocele rats treated with PDRN, the number of TUNEL-

positive cells is reduced, and they are located along the peripheral part of the tubules (arrow). (G): 

Figure 4. Assessment of apoptosis in the testes with TUNEL staining technique from rats of sham,
varicocele, varicocele contralateral, varicocele plus Se (0.4 mg/kg/day i.p.), varicocele plus Se con-
tralateral, varicocele plus PDRN (8 mg/kg/day i.p.), varicocele contralateral plus PDRN, varicocele
plus Se plus PDRN, varicocele contralateral plus Se plus PDRN groups. (A): In sham rats, no TUNEL
positive cells can be observed. (B): In the testes of varicocele rats, a large number of TUNEL-positive
germ cells (arrow), placed along the wall of the tubules, are observed. (C): In the contralateral testes
of the same rats, some isolated TUNEL-positive germ cells are present in the peripheral part of the
seminiferous tubules (arrow). (D): In varicocele rats treated with Se, many TUNEL-positive cells are
present in the periphery of the seminiferous tubules (arrow). (E): In the contralateral testes of the
same group, some TUNEL-positive cells are located in the external part of the tubules (arrow). (F): In
the testes of varicocele rats treated with PDRN, the number of TUNEL-positive cells is reduced, and
they are located along the peripheral part of the tubules (arrow). (G): In contralateral testes of the
same group, only a few TUNEL-positive cells (arrow) are present in the seminiferous epithelium. H,
I: In the seminiferous tubules of both operated and contralateral testes of varicocele rats treated with
Se plus PDRN, very rare or no TUNEL-positive cells are observed. (Scale bar: 50 µm).
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Table 3. Effects on %TWAC (percentage of tubules with apoptotic cells), on the apoptotic index (mean number of
TUNEL-positive cells per tubule), and on the number of caspase-1 positive cells/MF (microscopic field) as induced
by Se (0.4 mg/kg i.p.), PDRN (8 mg/Kg/day i.p.) and Se (0.4 mg/kg i.p.) plus PDRN (8 mg/Kg/ day i.p.) in varicocele rats
as compared to sham and varicocele rats. Se = seleno-L-methionine; PDRN = polydeoxyribonucleotide; CL = contralateral
testis. All values are expressed as mean ± SE; n = 7 animals for each group. a p < 0.05 vs. sham; b p < 0.05 vs. varicocele.

Groups % TWAC Apoptotic Index Caspase-1 Positive Cells/MF

Sham 0.2 ± 0.1 0.1 ± 0.1 0.3 ± 0.1
Varicocele 35 ± 5 a 10 ± 2.6 a 15.2 ± 4.1 a

Varicocele + CL 7.5 ± 2.6 a,b 4.1 ± 1.4 a,b 7.5 ± 2.1 a,b

Varicocele + Se 13.2 ± 2.7 a,b 7.1 ± 1.4 a,b 6.3 ± 1.7 a,b

Varicocele + Se CL 3.3 ± 1.3 a,b 3.9 ± 1.2 a,b 3.5 ± 1.3 a,b

Varicocele + PDRN 7.2 ± 1.7 a,b 5.3 ± 1.1 a,b 5.1 ± 1.6 a,b

Varicocele + PDRN CL 1.8 ± 0.4 b 2.2 ± 0.5 b 2.1 ± 0.7 b

Varicocele + PDRN + Se 4.4 ± 0.8 b 1.5 ± 0.6 b 1.3 ± 0.3 b

Varicocele + PDRN + Se CL 1.3 ± 0.2 b 0.2 ± 0.1 b 0.4 ± 0.1 b

2.7. Administration of Se, PDRN and Their Association Modulates Caspase-1 Activity

All animals of sham groups showed the same morphology when caspase-1 activity
was evaluated. As a consequence, for the clarity of results, only one image is provided as
representative of sham (Figure 5A) and a single datum is provided for caspase-1 positive
cells (Table 3). No caspase-1 positive cells were detected in the seminiferous tubules of
sham animals (Figure 5A; Table 3). In varicocele rats, a large number of caspase-1 positive
cells were located in the highly damaged wall of the tubules (Figure 5B; Table 3). The
number of caspase-1 positive cells was significantly reduced in the contralateral testes
of the same rats (Figure 5C; Table 3). On the contrary, in varicocele rats treated with Se,
many caspase-1 positive cells were present in the periphery of the seminiferous tubules
(Figure 5D; Table 3). In the contralateral testes of the same group, some caspase-1 positive
cells were present in the external part of the tubules (Figure 5E; Table 3). In the testes
of varicocele rats treated with PDRN, a reduced number of caspase-1 positive cells were
located along the periphery of the tubules (Figure 5F; Table 2). In the contralateral testes
of the same group, only isolated caspase-1 positive cells were present (Figure 5G; Table 3).
In the seminiferous tubules of both operated and contralateral testes of varicocele rats
treated with Se plus PDRN, very rare or no caspase-1 positive cells were demonstrated
(Figure 5H,I; Table 3).

2.8. Administration of Se, PDRN and Their Association Counteracts Ultrastructural Testes
Changes

All groups of sham animals showed the same morphology as the SEM. For this reason,
for the clarity of results, only one image is provided as representative of sham. In sham
animals, the structure of the seminiferous tubules was normal (Figure 6A). In varicocele
rats, tubules showed a reduced height of the seminiferous epithelium and condensed
sperm tails (Figure 6B). The seminiferous tubules of the contralateral testes of the same
group showed some clefts in the epithelium (Figure 6C). In varicocele rats treated with
Se, the seminiferous epithelium was low and irregularly arranged (Figure 6D). In the
contralateral testes of the same group, only few spermatozoa could be observed (Figure 6E).
In the testes of varicocele rats treated with PDRN, the epithelium was higher (Figure 6F).
In contralateral testes of the same group, the tubular morphology was well preserved, with
evident spermatozoa (Figure 6G). In both operated and contralateral testes of varicocele
rats treated with Se plus PDRN, tubules showed close to normal size and organization
(Figure 6H,I).
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Figure 5. Immunohistochemical localization of caspase-1 in the testes from rats of sham, varicocele,
varicocele contralateral, varicocele plus Se (0.4 mg/kg/day i.p.), varicocele plus Se contralateral,
varicocele plus PDRN (8 mg/kg/day i.p.), varicocele contralateral plus PDRN, varicocele plus Se
plus PDRN, varicocele contralateral plus Se plus PDRN groups. (A): In sham rats, no caspase-1
positive cells can be observed. (B): In varicocele rats, a large number of caspase-1 positive cells are
located in the wall of the tubules (arrow). (C): In the contralateral testes of the same rats, some
isolated caspase-1 positive cells are present (arrow). (D): In varicocele rats treated with Se, many
caspase-1 positive cells are present in the periphery of the seminiferous tubules (arrow). (E): In the
contralateral testes of the same group, some caspase-1 positive cells are located in the external part of
the tubules (arrow). (F): In the testes of varicocele rats treated with PDRN, fewer caspase-1 positive
cells are located along the periphery of the tubules (arrow). (G): In contralateral testes of the same
group, only isolated caspase-1 positive cells (arrow) are present. (H,I): In the seminiferous tubules of
both operated and contralateral testes of varicocele rats treated with Se plus PDRN, very rare or no
caspase-1 positive cells are demonstrated. (Scale bar: 50 µm).
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Figure 6. Scanning electron micrographs of testes from sham, varicocele, varicocele contralateral,
varicocele plus Se (0.4 mg/kg/day i.p.), varicocele plus Se contralateral, varicocele plus PDRN
(8 mg/kg/day i.p.), varicocele contralateral plus PDRN, varicocele plus Se plus PDRN, varicocele
contralateral plus Se plus PDRN groups. (A): Sham animals. Note the normal structure of the
seminiferous tubules. (B): Varicocele rats. Tubules show evident reduction in their height and
condensed sperm tails (arrow). (C): In the contralateral testes of the same group, some clefts are
present in the seminiferous epithelium (arrow). (D): In varicocele rats treated with Se, a low and
irregularly arranged seminiferous epithelium is evident (arrow). (E): In the contralateral testes of the
same group, only a few spermatozoa can be observed (asterisk). (F): In varicocele rats treated with
PDRN the tubular lumen is reduced, owing to the presence of a higher epithelium (arrow). (G): In
the contralateral testes of the same group, many spermatozoa are present (arrow). (H,I): In varicocele
rats treated with Se plus PDRN, both the operated and the contralateral testes show close to normal
organization. (Scale bar: 50 µm).
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3. Discussion

Infertility is an important condition affecting about 70 million couples all over the
world [34]. Generally, primary and a secondary infertility are described: the first is referred
to someone who has never conceived a child and is having trouble conceiving, while
secondary infertility designates someone who has had one or more pregnancies in the past
but is having trouble conceiving again [35].

Male infertility contributes to approximately 50%–60% of the total [1]: it is a complex
multifactorial condition related to quantitative impairment of spermatogenesis, ductal
obstruction or dysfunction, alteration of the hypothalamic–pituitary axis or qualitative
spermatogenetic disturbances [36].

Varicocele, an abnormal dilation and/or tortuosity of the veins of the pampiniform
plexus, accounts for 35% of cases, thus representing the most common cause of primary and
secondary infertility [1]. Regarding the mechanism of action by which fertility is affected, a
primary role is played by the increased heat induced by blood stasis in the scrotum, able to
damage spermatogenesis [16]. However, metabolites reflux into the testis, increased ROS
levels with sperm DNA damage, and hormonal deregulation were also considered [37].
In fact, in the present experimental model of varicocele, we were able to demonstrate
the weight of both operated and contralateral testes and the level of testosterone to be
significantly lower than sham, seminiferous tubules with reduced MTD and an epithelium
formed only by spermatogonia with residual sperm tails. Furthermore, a large number of
TUNEL-positive and caspase-1 positive cells were observed. Through Real-Time PCR, the
increased mRNA expression of the NLRP3 inflammasome and of its downstream signals
(caspase-1 and IL-1β) was demonstrated.

Varicocele is considered the most common cause of sub/unfertility that is correctable
with surgery [1]. Microsurgical varicocelectomy is the standard operative procedure in both
adolescents and adults, as it shows lower postoperative recurrence and complication rates
if compared with other techniques [38,39]. Though the surgical treatment improved semen
parameters and natural pregnancy rate in a significant way, further studies examining
the pathophysiology of varicocele, real improvement in antioxidant defenses [30] and the
involvement of new pathways are requested [1]. In this way, either the deleterious effects
of varicocele on spermatogenesis could be better elucidated or new treatment strategies
could be proposed in support to surgery in order to improve testicular structure, with
positive effects on varicocele-induced infertility.

Among the medical approaches in support to surgery, many bioactive natural com-
pounds are being increasingly used for therapeutics and nutraceutical applications in
experimental models of varicocele. Among them, the effects of Morinda officinalis, resver-
atrol, crysin, selenium, ghrelin, silymarin, berberin, Schisandra chinensis and lycopene
were evaluated owing to their antioxidant and anti-inflammatory activities [12,23,40–46].
Furthermore, our group evaluated the effects of PDRN alone and administration in ex-
perimental varicocele, demonstrating an increase in testicular angiogenesis mediated by
the modulation of vascular endothelial growth factor (VEGF) -a [17] and CD-34 [18] and
an inhibition of apoptosis proteins (IAPs), such as neuronal apoptosis inhibitory protein
(NAIP) and survivin [33].

On the basis of the studies indicated above, in the present paper, we evaluated the
role of Se and PDRN, alone or in association, on NLRP3 inflammasome activation and
molecular behavior in order to provide further data in the physiopathology of varicocele to
study new triggering molecular mechanisms and possibly identify potential biomarkers
and/or medical targets of fertility problems.

NLRP3 inflammasome can be activated by different triggers, among which exogenous
microbial stimuli, environmental large inorganic crystalline structures, and endogenous
danger signals are included [47]. Given the high number of NLRP3 inflammasome ac-
tivators, several studies have been performed to indicate a single molecule or pathway
responsible for its activation. Three possible pathways were indicated: increased levels
of ROS, a drop in intracellular potassium concentration, and the disruption of lysosomal
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membranes [47]. To date, oxidative stress in cells and the consequent production of ROS
seems to be the major activator of the inflammasome complex [48], as recently recognized
in an ischemia/reperfusion model [49], after spinal cord injury [50] and in a varicocele
model [12].

When activated, NLRP3 binds to a caspase recruitment domain (CARD) and a pyrin
domain. In this way, inflammasomes activate a class of caspases, a family of cysteine
proteases involved in apoptosis, necrosis and inflammation, known as inflammatory
caspases [47]. Their representative member, caspase-1, stimulates the secretion of cytokines
such as IL-1β and IL-18 [51], which are crucial mediators of the inflammatory response.

Selenium, an essential trace element with anti-oxidative and anti-inflammatory prop-
erties, significantly reduced mRNA expression of NLRP3 inflammasome, of caspase-1 and
of inflammatory cytokines in Pb-treated chicken testes and kidneys [26,52] and increased
the activities of antioxidant enzymes in rats with experimental varicocele [29]. No data,
however, were provided on its role on testosterone levels and apoptosis. In the present
paper, Se showed positive effects on all examined parameters, but both biochemical and
morphological parameters were still significantly lower if compared to sham animals.

PDRN is an adenosine A2A receptor agonist. When adenosine A2A receptors are
activated, they inhibit the secretion of proinflammatory cytokines in many diseases [53–58].
Moreover, a preceding paper demonstrated that PDRN has antioxidant effects; this ROS
reduction may have an indirect but significant effect on the NLRP3 inhibition [59].

The role of PDRN was already evaluated in experimental models of varicocele, demon-
strating the up-regulation of the expression of VEGF-a and the inhibition of IAPs [17,18,33].

In this study, PDRN alone improved more significantly than Se in all considered
parameters, even if none was comparable to sham operated animals.

On the contrary, the association of Se and PDRN significantly improved all the tubular
morphological parameters and their ultrastructural features, increased testosterone levels,
reduced NLRP3, caspase-1 and IL-1β expression and TUNEL-positive cells number, thus
showing an overall positive action on fertility.

Therefore, this study suggests that NLRP3 inflammasome can be considered an in-
teresting target for innovative bioactive compounds aimed to treat testicular injury after
varicocele and that the association Se and PDRN may be used as a new medical approach
in support to surgery for varicocele. Furthermore, in previous clinical trials, PDRN demon-
strated a very good safety profile in patients with chronic diabetic foot ulcers and knee
osteoarthritis [60,61]; thus, despite the fact that no clinical data are available regarding the
efficacy of PDRN and Selenium combination to treat testicular damage, the present data
suggest a potential use of this association in patients with varicocele.

Of course, additional and translational studies are required to study a new possible
mechanism of action of this bioactive association in the context of healthy diet, rich in
anti-inflammatory and antioxidant food, such as a Mediterranean-style diet.

Finally, these findings suggest that the association Se and PDRN may also offer a
structural model for the design of new analog compounds (i.e., functional and/or medical
foods) that can provide novel therapeutic approaches in the management of varicocele and
male infertility.

4. Material and Methods
4.1. Experimental Protocol

All procedures were authorized by the Italian Ministry of Health (02 February 2017)
(authorization number 90/2017—PR) and the Animal Research: Reporting In Vivo Ex-
periments (ARRIVE) guidelines were followed. Male Sprague-Dawley rats (72 animals,
age 7 weeks, weight 200–230 g) were provided by Charles River Laboratories Italia srl
(Calco, Italy). The rats were kept under a 12-hour light/dark cycle, a temperature of
about 23 ◦C with water and food ad libitum. A total of 36 animals underwent varico-
cele as previously described [18,23,33]. The other animals (n = 36) were sham operated.
Twenty-eight days after both surgical procedures, all animals were daily administered with
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vehicle (n = 18), with seleno-L-methionine (Se), (n = 18; 0.4 mg/kg i.p.), with PDRN (n = 18;
8 mg/Kg/day i.p.), and with Se (0.4 mg/kg i.p., daily) and PDRN (8 mg/Kg/day i.p.)
(n = 18) throughout a further experimental period of 30 days. The basis for using the
said doses of Se and PDRN was specified in previous works by our group [17,18,27]
and other authors [29]. All rats were then sacrificed with an intraperitoneal (i.p.) over-
dose of ketamine and xylazine. Both testes were weighted and analyzed for biochemical,
histopathological, immunohistochemical and ultrastructural evaluation.

4.2. Determination of Testosterone

Testosterone determination was performed in serum by ELISA methodology using
a commercially available kit, according to the manufacturer’s protocol, as previously
described [23].

4.3. Analysis of Cytokine Expressions through Real-Time PCR

The mRNA expression of NLRP3, IL-1β and Caspase-1 was evaluated as previously
described [62–64]. Primers used for target and reference genes were listed in Table 4.

Table 4. Primer list.

Gene Sequence

β-actin Fw:5′AGCCATGTACGTAGCCATCC3′

Rw:5′CTCTCAGCTGTGGTGGTGAA3′

NLRP3 Fw:5′ACGGCAAGTTCGAAAAAGGC3′

Rw:5′AGACCTCGGCAGAAGCTAGA3′

IL-1β Fw:5′AGGCTTCCTTGTGCAAGTGT3′

Rw:5′TGAGTGACACTGCCTTCCTG3′

Caspase-1 Fw:5′GACAAGATCCTGAGGGCAAA3′

Rw:5′ GGTCTCGTGCCTTTTCCATA3′

4.4. Evaluation of NLRP3 and IL-1β Levels in Testis

Testis tissues were assayed using commercially available ELISA kits for NLRP3 and
IL-1β (Abcam, Cambridge, UK) following the protocol of the manufacturer, as previously
described [65,66].

4.5. Determination of Glutathion (GSH) and Glutathion Peroxidase (GPx)

GSH content and GPx activity were measured according to the manufacturer’s pro-
tocol of commercial kits (Abcam, Cambridge, UK). All the samples were evaluated in
duplicate and the obtained results were interpolated with the pertinent standard curves.

4.6. Histological Evaluation

The testes were processed for light microscopy and photographed according to the
techniques previously described in detail [23].

4.7. Evaluation of Apoptosis with Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling
(TUNEL) Assay

An apoptosis detection kit (in situ Apoptosis Detection kit, Abcam, Cambridge, UK)
was used for the TUNEL technique, following the manufacturer’s instructions. In brief,
histological sections (5 µm) were permeabilized, treated with H2O2 to block endogenous
peroxidase, and then incubated as previously described in detail [23]. Counterstaining was
performed in Mayer’s haematoxylin. The slides were photographed with a Nikon Ci-L
light microscope using a digital camera Nikon Ds-Ri2. For evaluation of the distribution of
the apoptotic cells, see below (Section 4.9).
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4.8. Immunohistochemistry for Caspase-1

Histological sections (5 µm) were treated with pH 6.0 citrate buffer and then with
H2O2 to block endogenous peroxidase. Primary antibody (caspase-1, 1:250, Cell Signalling,
Tucson, AZ, USA) was incubated overnight at 4 ◦C in a moisturized chamber and the day
after the secondary antibody (anti-mouse, Vectastain, Vector, Burlingame, CA, USA) was
added and the reaction was visualized with 3,3′-Diaminobenzidine (DAB) (Sigma-Aldrich,
Milan, Italy). Counterstaining was performed in Mayer’s haematoxylin [67]. Appropriate
positive and negative controls were used in each test. Slides were photographed with
a Nikon Ci-L light microscope using a digital camera Nikon Ds-Ri2. For parameters
evaluated on caspase-1 positive cells, see below (Section 4.9).

4.9. Morphometric Evaluation

From the specimens stained with HE, the mean tubule diameter (MTD) was calculated
as previously described in detail [23] Furthermore, spermatogenesis was evaluated using
the Johnsen’s scoring system (JS) [68], as modified by Erdemir et al. [69], giving a score of
10 to 1 on the basis of the epithelial structure of each considered tubule.

In order to evaluate the distribution of apoptosis, 100 seminiferous tubules of each
group were considered to establish the percentage of tubules with apoptotic cells (%TWAC)
and the mean number of TUNEL-positive cells per tubule, indicated as apoptotic index [70].
For the assessment of the immunoreactivity for caspase-1, the number of positive cells was
counted from 10 nonserial sections of each group of rats, selecting two unit areas (UA) of
0.1 µm2 (316 × 316 µm).

4.10. Scanning Electron Microscopy

Testes from two rats of each of the above-indicated groups were fixed in 2.5% glu-
taraldehyde in 0.2 M phosphate buffer (pH 7.4) at +4 ◦C, washed with 0.2 M phosphate
buffer (pH 7.4), dehydrated in graded ethanol, and then critical-point-dried in CO2. The
testes were gently fractured, so that the inner surface of the tubules was exposed. The
specimens were covered with gold and viewed and photographed in a JEOL JCM 6000
(JEOL, Tokyo, Japan) scanning electron microscope adjusted at 15 kV.

4.11. Drugs

Mastelli Srl, Sanremo, Italy, kindly provided PDRN. All chemicals and reagents were
commercially available reagent grades.

4.12. Statistical Analysis

A post-hoc analysis between any two experimental groups was handled with the Stu-
dent’s t-test using the Bonferroni correction to account for multiple comparisons. A p value
of ≤ 0.05 was considered statistically significant. Values are provided as mean ± standard
error (SE).
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