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Abstract: Infertility is a potential side effect of radiotherapy and significantly affects the quality
of life for adolescent cancer survivors. Very few studies have addressed in pubertal models the
mechanistic events that could be targeted to provide protection from gonadotoxicity and data on
potential radioprotective treatments in this peculiar period of life are elusive. In this study, we utilized
an in vitro model of the mouse pubertal testis to investigate the efficacy of crocetin to counteract
ionizing radiation (IR)-induced injury and potential underlying mechanisms. Present experiments
provide evidence that exposure of testis fragments from pubertal mice to 2 Gy X-rays induced
extensive structural and cellular damage associated with overexpression of PARP1, PCNA, SOD2
and HuR and decreased levels of SIRT1 and catalase. A twenty-four hr exposure to 50 µM crocetin
pre- and post-IR significantly reduced testis injury and modulated the response to DNA damage and
oxidative stress. Nevertheless, crocetin treatment did not counteract the radiation-induced changes
in the expression of SIRT1, p62 and LC3II. These results increase the knowledge of mechanisms
underlying radiation damage in pubertal testis and establish the use of crocetin as a fertoprotective
agent against IR deleterious effects in pubertal period.

Keywords: saffron; crocetin; pubertal testis; X-rays; radiotherapy; fertility preservation; SIRT1; HuR;
oxidative stress; autophagy

1. Introduction

Infertility is a potential side effect of cancer therapies and significantly affects the
quality of life for survivors during their pre-reproductive and reproductive years [1,2].
Although modern radiotherapy techniques have evolved to ensure a reduction of the
potential risk of infertility, radiotherapy can still result in permanent or temporary gonadal
toxicity in male patients [3]. The formation of sperm by the testes through the process
of spermatogenesis is highly radiosensitive. Rapidly dividing testicular germ cells are
highly affected by ionizing radiation (IR) and their loss is proportional to the radiation
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dose. Low radiation doses can cause a profound reduction or even transient complete loss
of sperms [4].

A critical period for development of reproductive organs and function and establish-
ment of fertility potential is puberty. Spermatogenesis is known to start at very early stages
of pubertal development [5–7] and may occur before the ability to produce an ejaculate [8].
This makes it difficult to apply fertility preservation strategies in pubertal cancer patients.
Cryopreservation of ejaculated spermatozoa prior to anticancer therapy, routinely used to
preserve fertility in men, represents the first line treatment in adolescents, as well [9,10].
However, for some patients it may not be possible to recover sperm prior to the onset of
ablative therapies. Although semen samples can be obtained from boys from the age of
12 years onwards, the onset of sperm production (spermarche) can be very difficult to
predict [11]. Since there is no reliable sensitive estimate for the presence of spermatozoa in
the testes, sperm extraction from testicular tissue biopsy is not reliable [12]. Therefore, new
strategies to protect male fertility against IR deleterious effects in pubertal period need to
be considered. One of the possible reasons for limited progress in the field is the partial
understanding of the mechanistic events that could be targeted to provide protection or
repair from gonadotoxicity in this peculiar period of life. Very few studies have addressed
this issue in pubertal models. Proteomics results from pubertal mice testes revealed that
carbon ion radiations exert acute and chronic injury by activating early and long-term
mechanisms. Most proteins that are differentially expressed in early and long-term re-
sponse are involved in energy supply, endoplasmic reticulum, cell proliferation, cell cycle,
antioxidant capacity and mitochondrial respiration categories. Importantly, a significant
increase in ROS levels was observed clearly demonstrating that high doses of carbon ion
radiations disrupt the antioxidant system in testicular tissue [13,14].

The data obtained using various models including cells, animals, and recently humans
suggest that radioprotective agents working through a variety of mechanisms have the
potential to decrease free radical damage produced by IR [15]. Therefore, recently, much
interest has been ignited to discover antioxidants which would counteract or minimize
radiation-induced testicular toxicity [16–22].

In this context, recent research has reported that intake of saffron, or its constituents
crocin and safranal, exerts protective effects against genotoxicity associated to 1–2 Gy total
body irradiation in testis of adult mice [23,24]. Crocin is the glycosylated form of crocetin,
a symmetric di-carboxylic acid diterpene: about 94% of the total amount of crocetin in
saffron is glycosylated to crocin and 6% is present in the free form [23,24]. Similarly to
flavonoids [25], crocin shows a poor bioavailability after oral administration [26]. In the
intestine, crocins are hydrolyzed to the deglycosylated trans-crocetin, which is rapidly
absorbed [27–29]. On this basis, most of the saffron therapeutic activities have been
attributed to this carotenoid, known for its elevated anti-inflammatory and free radical
scavenger activity [30].

In the present study, we investigated the hypothesis that crocetin may exert a radiopro-
tective effect by preventing IR-induced damage in testis of pubertal mice. This hypothesis is
based on the knowledge of the potent anti-tumor effects of this molecule, a feature essential
for a potential fertoprotective agent, and on its ability to prevent ovarian toxicity induced
by cyclophosphamide, an anticancer drug with strong pro-oxidant power [31]. In this
study, we utilized an in vitro culture system of prepubertal mouse testes as an experimental
model of spermatogenesis to investigate the efficacy of crocetin to counteract X-ray-induced
testicular injury and the mechanisms underlying IR insult and potential crocetin effects.
Exposure to IR initiates a cascade of events that are based on direct DNA damage and
generation of free radicals. It is well documented that oxidative stress adversely affects
spermatogenesis, whereas anti-oxidative enzymes like superoxide dismutase (SOD) and
catalase (CAT) protect the testicular germ cells against the oxidative stress-induced apop-
tosis [32]. A crucial player in sensing and modulating the testis redox status is sirtuin 1
(SIRT1), a NAD+-dependent deacetylates targeting key proteins involved in the cellular
stress response [33,34]. An actor of the antioxidant and radioprotective adaptive response
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is HuR (human antigen R), a RNA-binding protein known to stabilize mRNAs containing
AU-rich elements [35–37]. One of the primary repair mechanisms to resolve DNA lesions
caused by IR is poly (ADP-ribose) polymerase 1 (PARP1) over-activation and intracellular
NAD+ level depletion [18,38]. Pathways that mitigate the effects of DNA damage during
replication include translesion synthesis and template switching under the regulation of
proliferating cell nuclear antigen (PCNA) [39]. A further process that deserves investigation
in this context is the autophagic pathway. Autophagy is crucial for the formation and
degradation of specific structures that guarantee successful spermatogenesis, and can be
induced or enhanced by various external gonadotoxic stimuli [40].

Based on the knowledge and hypotheses reported above, in this study, testes obtained
from pubertal mice were exposed to 2 Gy IR in the presence or absence of crocetin and
subjected to the analysis of morphological parameters associated with the integrity of
germinative epithelium and to the evaluation of the molecular signaling related to IR
damage response including antioxidant defenses, DNA damage response and autophagy.

2. Results
2.1. Effect of Crocetin on Tubule Diameter, Cross-Sectional Area, Seminiferous Epithelium Height
and Presence of Sperm in the Lumen in Pubertal Testis Exposed to IR

Histomorphometrical examination of testes exposed to 2 Gy X-rays showed a sig-
nificant increase in diameter (195.06 ± 2.84 µm) and cross-sectional area (30.55 × 103 ±
0.90 µm2) of seminiferous tubules associated with a decrease of seminiferous epithelium
height (50.52 ± 1.21 µm) when compared with the control (CTRL) group (183.76 ± 2.39 µm;
27.04 × 103 ± 0.2 µm2; 56.75 ± 1.04 µm, respectively, Table 1). In addition, the percentage
of tubules with active spermatogenesis (29.18% ± 2.68) appeared significantly reduced in
comparison to the control group (39.57% ± 2.77). Treatment with crocetin was able to coun-
teract X-rays deleterious effects on testis when compared to the IR group. Values of mean
diameter of seminiferous tubules and cross-sectional area (184.15 ± 2.73 µm; 27.51 × 103 ±
0.86 µm2, respectively) in testes exposed to crocetin were not significantly different from
the control group. Moreover, the lumen of seminiferous tubules presented a germinal
epithelium with a thickness (56.14 ± 1.39 µm) similar to control. A higher percentage
of tubules with active spermatogenesis (58.58% ± 3.99) was observed in comparison to
control group (Table 1, Figure 1).

Table 1. Morphometric parameters in pubertal testis exposed to IR in the presence/absence of crocetin.

Group of
Treat-
ment

n
Mean Tubule

Diameter 1

(µm)
n

Cross-Sectional
Area 1

(×103 µm2)
n

Seminiferous
Epithelium 1

Height (µm)
n Spermatogenesis 1

(%)

CTRL 120 183.76 ± 2.39 a 120 27.04 ± 0.72 a 57 56.75 ± 1.04 a 359 39.57 ± 2.77 a

IR 108 195.06 ± 2.84 b 108 30.55 ± 0.90 b 52 50.52 ± 1.20 b 240 29.18 ± 2.68 b

CRO + IR 153 184.15 ± 2.73 a 153 27.51 ± 0.86 a 76 56.14 ± 1.39 a 324 58.58 ± 3.99 c

p value * p = 0.006 p = 0.01 p = 0.002 p < 0.001
1 Data as presented mean ± SEM. * Statistical analysis by one-way ANOVA. a,b,c Post hoc multiple comparison by Holm–Sidak. Different
letters indicate p < 0.05.

2.2. Effect of Crocetin on Protein Expression of PARP1 and PCNA in Pubertal Testis Exposed to IR

To investigate the IR effects on DNA, we evaluated the expression of markers involved
in DNA strand breaks repair such as PCNA and PARP1. As shown in Figure 2, we detected
an upregulation of PCNA and PARP1 to the control group, confirming the activation of the
DNA repair response. The group treated with crocetin showed a lower amount of PCNA
than the irradiated group and similar levels than control. The ability of crocetin to restore
the basal levels of PARP1 and PCNA levels highlighted the establishment of a protective
mechanism against radiation-induced DNA damage.
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Figure 2. (a) Western blot analysis of PARP1 and PCNA protein levels. (b) Representative images 
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noreactive bands normalized to internal reference protein (GAPDH). One-way ANOVA p < 0.05; a,b 

p < 0.05, Holm–Sidak post hoc multiple comparison. 

Figure 1. Representative images showing H&E stained testis sections from control (a,a’), irradiated
(b,b’) and crocetin + irradiated group (c,c’). Histological features of irradiated testes show a significant
increase in diameter and cross-sectional area of seminiferous tubules, a decrease of seminiferous
epithelium height compared with the control group. Crocetin pretreatment significantly protects
irradiated testes from X-rays injury. Seminiferous epithelium height is delimited by black double
arrow. Mature spermatozoa located into the lumen of tubules are indicated with asterisk.
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Figure 2. (a) Western blot analysis of PARP1 and PCNA protein levels. (b) Representative images
of immunoreactive bands. Data are presented as means ± SEM of densitometric analysis of im-
munoreactive bands normalized to internal reference protein (GAPDH). One-way ANOVA p < 0.05;
a,b p < 0.05, Holm–Sidak post hoc multiple comparison.

2.3. Effect of Crocetin on Protein Expression of SIRT1, Hur, SOD2 and CAT in Pubertal Testis
Exposed to IR

To investigate the involvement of oxidative stress in the response to IR, we analysed
the levels of SIRT1, HuR, SOD2 and CAT. The group exposed to IR showed lower levels
of SIRT1 and CAT and higher levels of SOD2 and HuR. The crocetin supplementation
was able to restore the basal levels of SOD2, CAT and HuR but had no effects on SIRT1
expression following IR (Figure 3). The establishment of a condition of oxidative stress in IR
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testes was confirmed by evaluating lipid peroxidation [41,42]. As shown in Supplementary
Figure S1, IR insult induced a significant increase in 4-HNE immunostaining, which was
prevented by medium supplementation with crocetin.
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Figure 3. (a) Western blot analysis of SIRT1, HuR, CAT, and SOD2 protein levels. (b) Representative
images of immunoreactive bands. Data are presented as means ± SEM of densitometric analysis
of immunoreactive bands normalized to internal reference protein (GAPDH). One-way ANOVA
p < 0.05; a,b p < 0.05, Holm–Sidak post hoc multiple comparison.

2.4. Effect of Crocetin on Autophagy Markers on Pubertal Testis Exposed to IR

To evaluate the role of autophagy, we analysed the proteins implicated in this process.
Our data showed that IR significantly decreased the content of p62 and raised LC3-II
in mice testes compared with control as an evidence of increased autophagy. Crocetin
pretreatment was not capable to restore the basal levels of p62 and LC3-II and so to prevent
the autophagic activation (Figure 4).
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Figure 4. (a) Western blot analysis of p62 and LC3-II. (b) Representative images of immunoreactive
bands. Data are presented as means ± SEM of densitometric analysis of immunoreactive bands
normalized to internal reference protein (GAPDH). One-way ANOVA p < 0.05; a,b p < 0.05, Holm–
Sidak post hoc multiple comparison.

3. Discussion

In this study, we utilized an in vitro model of the pubertal testis as an experimental
model to investigate the efficacy of crocetin to counteract IR-induced injury and potential
underlying mechanisms in the pubertal male gonad. Results from our experiments provide
evidence that exposure of pubertal testicular tissue to 2 Gy irradiation induced extensive
structural and cellular damage associated with activation of DNA damage and antioxidant
responses and induction of autophagy. A twenty-four hour exposure to 50 µM crocetin
pre- and post-IR significantly reduced testis injury and modulated the response signalling
pathways to cell damage.

Radioprotectors targeting oxidative damage and inflammatory reaction have been
studied for decades with limited success, because of the limited effect, toxicity or risk of
tumorigenesis [15]. In this context, we have hypothesized the potential of crocetin as a
protective agent in relation to its antioxidant, anti-inflammatory and antitumor activities
which would facilitate clinical application [43]. According to [32], the in vitro culture sys-
tem selected to test IR and crocetin effects was able to sustain in vitro spermatogenesis. We
observed that about 40% of tubules from pubertal testicular fragments were characterized
by the presence of sperm in the lumen after 48 hr in vitro culture. In this system, the go-
nadotoxic effects of IR were evidenced by the appearance of enlarged seminiferous tubules
in association with reduced germinal epithelium thickness and percentage of tubules with
complete spermatogenesis (sperm in the lumen). By focusing on these parameters, we
established that crocetin supplementation was able to counteract IR insult and sustain
spermatogenesis as evidenced by an increased percentage of tubules showing sperm in the
lumen. This conclusion, which represents the first evidence for crocetin radioprotective
effects in the male gonad, is consistent with previous findings in adult mice receiving
saffron extracts or crocin after IR [23,24] and provides evidence that the effects of saffron
carotenoids intake described in these studies may be mediated by the direct action of
crocetin obtained from hydrolyzation of ingested crocin [27,44].

Exposure to IR initiates a cascade of events that are based on direct DNA damage and
generation of free radicals. PARP1 is involved in primary repair mechanisms to resolve
DNA lesions caused by toxicants and plays an important role in safeguarding DNA in-
tegrity in spermatogenesis [45]. Gamma-irradiation-dependent increase of PARP1 activity
has been recently reported in testis of adult rat [18]. For these reasons, PARP1 overexpres-
sion in irradiated pubertal testes here described is considered an evidence of the activation
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of a DNA damage response and/or excessive amount of ROS [46,47]. Cell response to DNA
damage may involve functional association between PARP1 and PCNA [48]. Accordingly,
in our experimental model, increased PARP1 protein was associated with overexpression
of PCNA. The finding that PARP1 and PCNA levels did not change in irradiated testes
exposed to crocetin strongly suggests that crocetin exposure is able to mitigate the IR
gonadotoxic insult in this experimental model.

Radioprotective effects of crocetin observed in somatic tissues have been ascribed
to elevated activities of endogenous antioxidant enzymes [49]. Here we have found that
response to irradiation of pubertal testis fragments is characterized by overexpression of
SOD2 and downregulation of CAT. SOD2, also known as manganese-dependent superoxide
dismutase (MnSOD), is a mitochondrial protein that converts superoxide ion into oxygen
and hydrogen peroxide. This, in turn, is transformed into water and oxygen by CAT. In
contrast to SOD2, CAT levels were reduced in the irradiated sample, revealing an altered
process of mitochondrial detoxification of the superoxide anion, resulting in a condition of
oxidative stress. The observation that crocetin exposure was effective in maintaining basal
protein levels of SOD2 and CAT during IR supports the hypothesis that radioprotective
activity of crocetin is mediated by its ROS scavenging activity or modulation of antioxidants
genes [31,48,50–52]. A further evidence is the observation in testes cultured in the presence
of crocetin prior and after irradiation of a reduction of oxidative damage measured by
levels of 4-HNE, a well-known marker of lipid peroxidation [42].

Total body exposure to IR results in reduced gene expression and activity of SIRT1, a
member of the family of sirtuin, histone NAD+-dependent deacetylases, in testes of adult
rats. SIRT1 plays a crucial role as a sensor of cellular energy status and oxidative stress in the
male gonad [33,34]. Here we show that the pubertal testes exposed to irradiation undergo
a decrease in SIRT1 protein level, a condition known to be associated to severe oxidative
stress [18,33]. However, exposure to crocetin did not counteract this effect, suggesting that
the radioprotective effects of crocetin are partial and not mediated by a SIRT1-dependent
response. A possible explanation for decrease of SIRT1 protein level may be the dissociation
of SIRT1 mRNA from the RNA-binding protein HuR, which occurs under severe oxidative
stress [52–54]. HuR overexpression has been associated with increased resistance to damage
induced by irradiation and promotion of cell survival [37]. In the testis, this protein has a
fine-tuned regulation that influences post-meiotic cell formation, spermatid maturation
and sperm production [35,36]. In the present study, HuR expression is increased upon
IR and maintained at basal levels by exposure to crocetin, revealing HuR involvement in
the adaptive response to IR in the male gonad. Therefore, the low level of SIRT1 in the
crocetin group may be explained by hypothesizing additional mechanisms which are out
of crocetin control.

Cellular autophagy is a cellular mechanism for selective removal of damaged cyto-
plasmic components. Selective autophagy has been documented to play a pro-survival role
in spermatogenic cells under physiological and adverse conditions. It has been reported
to minimize cell damage and promote clearance of damaged proteins and mitochondria
under oxidative insult [55]. According to [56], the increase in the autophagic marker LC3-II
we found in this study represents an evidence that IR-exposed testis is characterized by
augmented autophagic flux. This was further confirmed by the data related to p62, which
decreases when autophagy is induced [57,58]. In the testis fragments subjected to IR,
there was an increase in LC3II and a decrease of p62 irrespective of the crocetin treatment.
Nevertheless, our observations about the status of health of the seminiferous epithelium
and the pathways related to response to DNA damage and oxidative insult may suggest
that activation of autophagy in the presence of crocetin reflects a cellular effort leading
to repair and maintenance of spermatogenesis. Under this condition, tissue integrity is
associated with that of DNA and redox modulation. However, the lack of recovery of
normal SIRT1 levels is an evidence of a sublethal damage which deserves further inves-
tigation. However, the study of the molecular pathways involved in the response to IR
shows that this protective effect is partial. While protecting the germinative epithelium and
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modulating the response to DNA damage and oxidative stress, it does not counteract the
radiation-induced decrease in SIRT1 and autophagy. These results underline the need to
investigate the long-term effects of crocetin, a condition that requires in vitro experimental
models capable to sustain spermatogenesis in the long term.

Overall, this study provides new insights into the short-term cellular and molecular
damage caused by ionizing radiation in pubertal mouse testes and reveals crocetin ability
to decrease IR injury in the pubertal mouse testis. This provides the basis for establishing
new strategies to protect male fertility against IR deleterious effects in adolescent patients
who are unable or unwilling to produce a semen sample.

4. Materials and Methods
4.1. Animal Care

Male pubertal CD-1 mice (28–31 days, n = 12, Charles River Italia s.r.l., Calco, Italy)
were maintained in a temperature-controlled environment under a 12 h light/dark cycle
(7.00–19.00) with free access to feed and water ad libitum. All the experiments were carried
out in conformity with national and international laws and policies (EECC 86/609, OJ
358, 1 Dec 12, 1987; Italian Legislative Decree 116/92, GU n. 40, Feb 18, 1992; National
Institutes of Health Guide for the Care and Use of Laboratory Animals, NIH publication
No. 85-23, 1985). The project was approved by the Italian Ministry of Health and the
internal committee of the University of L’Aquila. Animals were euthanized by cervical
dislocation after an inhalant overdose of carbon dioxide (CO2, 10–30%), followed by
cervical dislocation. All efforts were made to minimize animal suffering.

4.2. Crocetin Preparation

Crocetin isolation was performed by crocetin esters and purified by an internal method
of the Verdù Cantò Saffron Spain Company (Novelda, Alicante, Spain) [59]. Crocetin
quantification was estimated using the method based on the extinction coefficient and the
related area calculated according to [60,61]. Crocetin in its free-acid form is insoluble in
water and most organic solvents, except for dimethyl sulfoxide (DMSO) [62]. Crocetin was
dissolved in DMSO 0.3 M and diluted in the Minimum Essential Medium-alpha (MEM-α,
Euroclone, Pero, Milan, Italy) to achieve concentrations of 50 µM, prepared daily and
protected from light. The final concentration of DMSO was 0.02%.

4.3. Mouse Testis Culture

After collection, tunica albuginea was removed and testes were cut in four pieces.
Testis fragments were cultured in 12-well culture plates with polycarbonate nucleopore
membrane (Whatman, Camlab Ltd., Cambridge, UK) in Minimum Essential Medium-alpha
(MEMα) (Invitrogen, Thermo Fisher Scientific Inc., Merelbeke, Belgium) supplemented
with 3 mg/mL bovine serum albumin (MEMα-BSA) (Sigma Aldrich, St. Louis, MO,
USA) [32,63]. Cultures were conducted at 37 ◦C in a CO2 incubator with a controlled
humidified atmosphere composed of 95% air and 5% CO2. Mouse testis fragments were
randomly assigned to three experimental groups: (1) CTRL group: control testes were
cultured for 24 h in MEMα-BSA, then transferred to a new plate and cultured for another
24 h in the presence of fresh culture medium; (2) IR group: testes were cultured for 24 h in
MEMα-BSA, then irradiated using an X-rays linear accelerator (an Elekta 6-MV photon
linear accelerator) at a dose rate of 2 Gy (200 cGy/min) at room temperature [64,65] and
cultured for another 24 h in the presence of fresh culture medium; (3) CRO+IR: testes were
cultured for 24 h in MEMα-BSA supplemented with 50 µM crocetin [66]. Testes were then
irradiated and cultured for another 24 h in fresh culture medium containing crocetin. At
the end of treatments, testes were processed to perform histological and molecular analysis.

4.4. Histological Staining and Morphometric Analysis

Testes were fixed in Bouin’s solution (Sigma Aldrich, St. Louis, MO, USA), embedded
in paraffin blocks, cut with a Leica sliding microtome (RM 2045, Nussloch, Germany)
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into section of 5 µm thick, which were mounted on microscope slides. Testicular sections
were dewaxed in xylene, re-hydrated in descending ethanol concentration, 100% (v/v),
90% (v/v) and 70% (v/v), stained with Haematoxylin and Eosin (H&E) according to the
manufacturer’s instructions (Bio Optica, Milan, Italy) and observed by light microscopy
(Zeiss Axiostar Plus, Oberkochen, Germany).

Digital images were analysed using ImageJ 1.44 p to obtain measurements of mor-
phometric parameters as mean diameter, the cross-sectional area of round or nearly round
seminiferous tubules [67,68], seminiferous epithelium height [69] and the spermatoge-
nesis [20]. The presence of active spermatogenesis was assessed by the observation of
spermatozoa in the lumen of at least 150 seminiferous tubules in each experimental group.

4.5. Western Blot Analysis

Pubertal testis fragments were lysed in RIPA Lysis buffer, containing 25 mM Tris-HCL
pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA pH 8.0, H2O, 1 mM PMSF, 1 mM
sodium ortovanadate and 1% protease inhibitor cocktail, by repeated freeze/thaw cycles
in liquid nitrogen. After centrifugation at 12,000 g for 20 min at 4 ◦C, supernatants were
collected for protein analysis. The concentration of proteins was determined by a BCA
protein assay kit (Pierce, Rockford, IL, USA).

Thirty micrograms of testicular proteins were resolved by 10% SDS-PAGE elec-
trophoresis, transferred to a polyvinylidene difluoride membrane (PVDF, Sigma Aldrich,
St. Louis, MO, USA) and blocked with 5% BSA (Sigma Aldrich, St. Louis, MO, USA)
in Tris-buffered saline containing 0.05% Tween 20 (TBS-T) for 1 h at room temperature.
After the blocking of non-specific binding site, membranes were incubated with polyclonal
rabbit anti-SIRT1 antibody (Ab12193, Abcam, Cambridge, UK; 1:750), anti-SOD2 antibody
(Ab86087, Abcam; 1:1000), anti-LC3A/B antibody (AB-83557, Immunological Sciences,
1:500), anti-P62/SQSTM1 antibody (AB-83779, Immunological Sciences, 1:500) or mouse
monoclonal anti-HuR (SC-71290, Santa Cruz Biotechnology Inc., Dallas, TX, USA, 1:250),
anti-PARP-1 (sc-74479, Santa Cruz Biotechnology, Inc., Dallas, TX, USA, 1:300), anti-PCNA
(NB500-106, Novus Biologicals, Bio-Techne srl, Milan, Italy, 1:700) anti-GAPDH (TA802519,
OriGene Technologies Inc., Rockville, MD, USA, 1:750), anti-CAT (200-4151, Rockland Inc.,
Gilbertsville, PA, USA, 1:10,000), overnight at 4 ◦C, followed by incubation with peroxidase
(HRP)-conjugated goat anti-rabbit IgG (BA1054, Boster Biological Technology Co., Ltd.,
Pleasanton, CA, USA, 1:3000) or anti-mouse secondary antibody (Ab6728, Abcam, 1:2000)
for 1 h and 30 min at room temperature. The specific immune complexes were detected by
ECL kit (Life Technologies-Thermo Scientific, Waltham, MA, USA) using Uvitec Cambridge
system (Alliance series, Cambridge, UK). Signal normalization was carried out by using
GAPDH, as the loading control protein, using ImageJ 1.44 p software. Values were given
as relative units (RU). All experiments were repeated three time.

4.6. Immunohistochemical Analysis

Paraffin-embedded sections of testes were deparaffinized and hydrated through
xylenes and graded alcohol series. To increase the immunoreactivity, the sections were
boiled in 10 mM citrate buffer (pH, 6.1 Bio-Optica, Milan, Italy) in a microwave at 720 W (3
cycles/3 min each). The sections were then subjected to treatment for blocking endogenous
peroxidase activity (Dako). After thorough washing, sections were incubated with MOM
mouse IgG blocking reagent overnight at 4 ◦C (Vector Laboratories) according to the
manufacturer’s protocol. Then, sections were incubated with rabbit polyclonal to 4-HNE
(4 Hydroxynonenal, ab46545, Abcam, 1:100) diluted in MOM diluent for 30 min, according
to the Vector Laboratories instructions. 4-HNE was revealed by biotinylated anti-rabbit
IgG followed by streptavidin-HRP, DAB substrate buffer and DAB (Dako kit), according
to manufacturer’s instructions. Counterstaining was performed with hematoxylin (Bio-
Optica, Milan, Italy). Negative controls were performed by omitting primary antibody and
substituting it with MOM diluent alone. Finally, sections were dehydrated and mounted
with Neomount (Merck, Darmstadt, Germany). They were observed and photographed
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under a Leitz Laborlux S microscope (Leica, Wetzler, Germany) equipped with an Olympus
digital compact camera.

4.7. Statistical Analysis

Results are expressed as mean ± standard error of the mean (S.E.M.). All data were
processed using the Sigma Plot 11.0 (Systat Software Inc., San Jose, CA, USA). One-way
ANOVA and Holm–Sidak post hoc analyses were performed to analyse significant differ-
ences between groups. A p value < 0.05 was considered statistically significant.

Supplementary Materials: Supplementary Figure S1 is available online.

Author Contributions: Conceptualization, C.T., A.M.D., G.D.E.; methodology, G.R., M.P., C.C., F.R.,
S.D., G.L.A., G.L.G.; software, G.R., M.P., G.D.E.; validation, C.T., A.M.D.; formal analysis, G.R., M.P.,
G.D.E.; investigation, G.R., M.P., G.D.E.; resources, C.T., A.M.D.; data curation, C.T., A.M.D., G.D.E.,
G.R.; writing—original draft preparation, G.R., M.P., G.D.E., C.T., A.M.D.; writing—review and
editing, G.D.E., C.T., A.M.D.; visualization, G.D.E., C.T., A.M.D.; supervision, C.T., A.M.D., G.D.E.;
project administration, C.T., A.M.D.; funding acquisition, C.T., A.M.D. All authors have read and
agreed to the published version of the manuscript.

Funding: The funds for this work were provided by the Department of Life, Health and Environ-
mental Sciences, University of L’Aquila.

Institutional Review Board Statement: Not applicant.

Informed Consent Statement: Not applicant.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References
1. Valli, H.; Phillips, B.T.; Shetty, G.; Byrne, J.A.; Clark, A.T.; Meistrich, M.L.; Orwig, K.E. Germline stem cells: Toward the

regeneration of spermatogenesis. Fertil. Steril. 2014, 101, 3–13. [CrossRef]
2. Ward, E.; DeSantis, C.; Robbins, A.; Kohler, B.; Jemal, A. Childhood and adolescent cancer statistics, 2014. CA Cancer J. Clin. 2014,

64, 83–103. [CrossRef] [PubMed]
3. Jeruss, J.S.; Woodruff, T.K. Preservation of fertility in patients with cancer. N. Engl. J. Med. 2009, 360, 902–911. [CrossRef]

[PubMed]
4. Osterberg, E.C.; Ramasamy, R.; Masson, P.; Brannigan, R.E. Current practices in fertility preservation in male cancer patients.

Urol. Ann. 2014, 6, 13–20. [CrossRef]
5. Müller, J.; Skakkebaek, N.E. Quantification of germ cells and seminiferous tubules by stereological examination of testicles from

50 boys who suffered from sudden death. Int. J. Androl. 1983, 6, 143–156. [CrossRef] [PubMed]
6. Müller, J.; Skakkebaek, N.E. The prenatal and postnatal development of the testis. Baillieres Clin. Endocrinol. Metab. 1992, 6,

251–271. [CrossRef]
7. Hovatta, O. Cryopreservation of testicular tissue in young cancer patients. Hum. Reprod. Update 2001, 7, 378–383. [CrossRef]

[PubMed]
8. Nielsen, C.T.; Skakkebaek, N.E.; Richardson, D.W.; Darling, J.A.; Hunter, W.M.; Jørgensen, M.; Nielsen, A.; Ingerslev, O.; Keiding,

N.; Müller, J. Onset of the release of spermatozoa (spermarche) in boys in relation to age, testicular growth, pubic hair, and height.
J. Clin. Endocrinol. Metab. 1986, 62, 532–535. [CrossRef]

9. Sharma, V. Sperm storage for cancer patients in the UK: A review of current practice. Hum. Reprod. 2011, 26, 2935–2943. [CrossRef]
10. Daudin, M.; Rives, N.; Walschaerts, M.; Drouineaud, V.; Szerman, E.; Koscinski, I.; Eustache, F.; Saïas-Magnan, J.; Papaxanthos-

Roche, A.; Cabry-Goubet, R.; et al. Sperm cryopreservation in adolescents and young adults with cancer: Results of the French
national sperm banking network (CECOS). Fertil. Steril. 2015, 103, 478–486. [CrossRef]

11. Bahadur, G.; Ozturk, O.; Wafa, R.; Muneer, A.; Ralph, D.; Minhas, S. Posttreatment azoospermia in cancer patients is subgroup
dependent. Fertil. Steril. 2006, 85, 531–533. [CrossRef]

12. Wyns, C.; Curaba, M.; Petit, S.; Vanabelle, B.; Laurent, P.; Wese, J.F.; Donnez, J. Management of fertility preservation in prepubertal
patients: 5 years’ experience at the Catholic University of Louvain. Hum. Reprod. 2011, 26, 737–747. [CrossRef] [PubMed]

13. Li, H.; He, Y.; Zhang, H.; Miao, G. Differential proteome and gene expression reveal response to carbon ion irradiation in pubertal
mice testes. Toxicol. Lett. 2014, 225, 433–444. [CrossRef] [PubMed]

http://doi.org/10.1016/j.fertnstert.2013.10.052
http://doi.org/10.3322/caac.21219
http://www.ncbi.nlm.nih.gov/pubmed/24488779
http://doi.org/10.1056/NEJMra0801454
http://www.ncbi.nlm.nih.gov/pubmed/19246362
http://doi.org/10.4103/0974-7796.127008
http://doi.org/10.1111/j.1365-2605.1983.tb00333.x
http://www.ncbi.nlm.nih.gov/pubmed/6862671
http://doi.org/10.1016/S0950-351X(05)80150-8
http://doi.org/10.1093/humupd/7.4.378
http://www.ncbi.nlm.nih.gov/pubmed/11476350
http://doi.org/10.1210/jcem-62-3-532
http://doi.org/10.1093/humrep/der281
http://doi.org/10.1016/j.fertnstert.2014.11.012
http://doi.org/10.1016/j.fertnstert.2005.11.004
http://doi.org/10.1093/humrep/deq387
http://www.ncbi.nlm.nih.gov/pubmed/21227939
http://doi.org/10.1016/j.toxlet.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24440814


Molecules 2021, 26, 1676 11 of 13

14. Li, H.; Zhang, H.; Di, C.; Xie, Y.; Zhou, X.; Yan, J.; Zhao, Q. Comparative proteomic profiling and possible toxicological mechanism
of acute injury induced by carbon ion radiation in pubertal mice testes. Reprod. Toxicol. 2015, 58, 45–53. [CrossRef]

15. Smith, T.A.; Kirkpatrick, D.R.; Smith, S.; Smith, T.K.; Pearson, T.; Kailasam, A.; Herrmann, K.Z.; Schubert, J.; Agrawal, D.K.
Radioprotective agents to prevent cellular damage due to ionizing radiation. J. Transl. Med. 2017, 15, 232. [CrossRef]

16. Naeimi, R.A.; Talebpour Amiri, F.; Khalatbary, A.R.; Ghasemi, A.; Zargari, M.; Ghesemi, M.; Hosseinimehr, S.J. Atorvastatin
mitigates testicular injuries induced by ionizing radiation in mice. Reprod. Toxicol. 2017, 72, 115–121. [CrossRef] [PubMed]

17. Li, X.; Luo, L.; Karthi, S.; Zhang, K.; Luo, J.; Hu, Q.; Weng, Q. Effects of 200 Gy 60Co-γ Radiation on the Regulation of Antioxidant
Enzymes, Hsp70 Genes, and Serum Molecules of Plutella xylostella (Linnaeus). Molecules 2018, 23, 1011. [CrossRef] [PubMed]

18. El-Mesallamy, H.O.; Gawish, R.A.; Sallam, A.M.; Fahmy, H.A.; Nada, A.S. Ferulic acid protects against radiation-induced
testicular damage in male rats: Impact on SIRT1 and PARP1. Environ. Sci. Pollut. Res. Int. 2018, 25, 6218–6227. [CrossRef]

19. Fatehi, D.; Mohammadi, M.; Shekarchi, B.; Shabani, A.; Seify, M.; Rostamzadeh, A. Radioprotective effects of Silymarin on the
sperm parameters of NMRI mice irradiated with γ-rays. J. Photochem. Photobiol. B 2018, 178, 489–495. [CrossRef]

20. Najafi, M.; Cheki, M.; Amini, P.; Javadi, A.; Shabeeb, D.; Eleojo Musa, A. Evaluating the protective effect of resveratrol, Q10, and
alpha-lipoic acid on radiation-induced mice spermatogenesis injury: A histopathological study. Int. J. Reprod. Biomed. 2019, 17,
907–914. [CrossRef]

21. Ibrahim, A.A.; Karam, H.M.; Shaaban, E.A.; Safar, M.M.; El-Yamany, M.F. MitoQ ameliorates testicular damage induced by
gamma irradiation in rats: Modulation of mitochondrial apoptosis and steroidogenesis. Life Sci. 2019, 232, 116655. [CrossRef]

22. Gawish, R.A.; Fahmy, H.A.; Abd El Fattah, A.I.; Nada, A.S. The potential effect of methylseleninic acid (MSA) against γ-irradiation
induced testicular damage in rats: Impact on JAK/STAT pathway. Arch. Biochem. Biophys. 2020, 679, 108205. [CrossRef]

23. Koul, A.; Abraham, S.K. Intake of saffron reduces γ-radiation-induced genotoxicity and oxidative stress in mice. Toxicol. Mech.
Methods 2017, 27, 428–434. [CrossRef] [PubMed]

24. Koul, A.; Abraham, S.K. Efficacy of crocin and safranal as protective agents against genotoxic stress induced by gamma radiation,
urethane and procarbazine in mice. Hum. Exp. Toxicol. 2018, 37, 13–20. [CrossRef]

25. Shahidi, F.; Vasudevan Ramakrishnan, V.; Oh, W.Y. Bioavailability and metabolism of food bioactives and their health effects: A
review. J. Food Bioact. 2019, 8, 6–41. [CrossRef]

26. Lautenschläger, M.; Sendker, J.; Hüwel, S.; Galla, H.J.; Brandt, S.; Düfer, M.; Riehemann, K.; Hensel, A. Intestinal formation
of trans-crocetin from saffron extract (Crocus sativus L.) and in vitro permeation through intestinal and blood brain barrier.
Phytomedicine 2015, 22, 36–44. [CrossRef]

27. Asai, A.; Nakano, T.; Takahashi, M.; Nagao, A. Orally administered crocetin and crocins are absorbed into blood plasma as
crocetin and its glucuronide conjugates in mice. J. Agric. Food Chem. 2005, 53, 7302–7306. [CrossRef] [PubMed]

28. Zhang, Y.; Fei, F.; Zhen, L.; Zhu, X.; Wang, J.; Li, S.; Geng, J.; Sun, R.; Yu, X.; Chen, T.; et al. Sensitive analysis and simultaneous
assessment of pharmacokinetic properties of crocin and crocetin after oral administration in rats. J. Chromatogr. B Anal. Technol.
Biomed. Life Sci. 2017, 1044, 1–7. [CrossRef] [PubMed]

29. Umigai, N.; Murakami, K.; Ulit, M.V.; Antonio, L.S.; Shirotori, M.; Morikawa, H.; Nakano, T. The pharmacokinetic profile of
crocetin in healthy adult human volunteers after a single oral administration. Phytomedicine 2011, 18, 575–578. [CrossRef]

30. Hashemi, M.; Hosseinzadeh, H. A comprehensive review on biological activities and toxicology of crocetin. Food Chem. Toxicol.
2019, 130, 44–60. [CrossRef]

31. Di Emidio, G.; Rossi, G.; Bonomo, I.; Alonso, G.L.; Sferra, R.; Vetuschi, A.; Artini, P.G.; Provenzani, A.; Falone, S.; Carta, G.; et al.
The Natural Carotenoid Crocetin and the Synthetic Tellurium Compound AS101 Protect the Ovary against Cyclophosphamide by
Modulating SIRT1 and Mitochondrial Markers. Oxidative Med. Cell. Longev. 2017, 2017, 8928604. [CrossRef]

32. Ranjan, A.; Choubey, M.; Yada, T.; Krishna, A. Direct effects of neuropeptide nesfatin-1 on testicular spermatogenesis and
steroidogenesis of the adult mice. Gen. Comp. Endocrinol. 2019, 271, 49–60. [CrossRef]

33. Tatone, C.; Di Emidio, G.; Barbonetti, A.; Carta, G.; Luciano, A.M.; Falone, S.; Amicarelli, F. Sirtuins in gamete biology and
reproductive physiology: Emerging roles and therapeutic potential in female and male infertility. Hum. Reprod. Update 2018, 24,
267–289. [CrossRef] [PubMed]

34. Rato, L.; Duarte, A.I.; Tomás, G.D.; Santos, M.S.; Moreira, P.I.; Socorro, S.; Cavaco, J.E.; Alves, M.G.; Oliveira, P.F. Pre-diabetes
alters testicular PGC1-α/SIRT3 axis modulating mitochondrial bioenergetics and oxidative stress. Biochim. Biophys. Acta 2014,
1837, 335–344. [CrossRef]

35. Levadoux-Martin, M.; Gouble, A.; Jégou, B.; Vallet-Erdtmann, V.; Auriol, J.; Mercier, P.; Morello, D. Impaired gametogenesis in
mice that overexpress the RNA-binding protein HuR. EMBO Rep. 2003, 4, 394–399. [CrossRef]

36. Nguyen Chi, M.; Chalmel, F.; Agius, E.; Vanzo, N.; Khabar, K.S.; Jégou, B.; Morello, D. Temporally regulated traffic of HuR and its
associated ARE-containing mRNAs from the chromatoid body to polysomes during mouse spermatogenesis. PLoS ONE 2009, 4,
e4900. [CrossRef] [PubMed]

37. Masuda, K.; Abdelmohsen, K.; Kim, M.M.; Srikantan, S.; Lee, E.K.; Tominaga, K.; Selimyan, R.; Martindale, J.L.; Yang, X.;
Lehrmann, E.; et al. Global dissociation of HuR-mRNA complexes promotes cell survival after ionizing radiation. EMBO J. 2011,
30, 1040–1053. [CrossRef] [PubMed]

38. Reed, A.M.; Fishel, M.L.; Kelley, M.R. Small-molecule inhibitors of proteins involved in base excision repair potentiate the
anti-tumorigenic effect of existing chemotherapeutics and irradiation. Future Oncol. 2009, 5, 713–726. [CrossRef]

http://doi.org/10.1016/j.reprotox.2015.07.079
http://doi.org/10.1186/s12967-017-1338-x
http://doi.org/10.1016/j.reprotox.2017.06.052
http://www.ncbi.nlm.nih.gov/pubmed/28668617
http://doi.org/10.3390/molecules23051011
http://www.ncbi.nlm.nih.gov/pubmed/29701645
http://doi.org/10.1007/s11356-017-0873-6
http://doi.org/10.1016/j.jphotobiol.2017.12.004
http://doi.org/10.18502/ijrm.v17i12.5791
http://doi.org/10.1016/j.lfs.2019.116655
http://doi.org/10.1016/j.abb.2019.108205
http://doi.org/10.1080/15376516.2017.1307476
http://www.ncbi.nlm.nih.gov/pubmed/28298158
http://doi.org/10.1177/0960327116689715
http://doi.org/10.31665/JFB.2019.8204
http://doi.org/10.1016/j.phymed.2014.10.009
http://doi.org/10.1021/jf0509355
http://www.ncbi.nlm.nih.gov/pubmed/16131146
http://doi.org/10.1016/j.jchromb.2016.12.003
http://www.ncbi.nlm.nih.gov/pubmed/28056427
http://doi.org/10.1016/j.phymed.2010.10.019
http://doi.org/10.1016/j.fct.2019.05.017
http://doi.org/10.1155/2017/8928604
http://doi.org/10.1016/j.ygcen.2018.10.022
http://doi.org/10.1093/humupd/dmy003
http://www.ncbi.nlm.nih.gov/pubmed/29447380
http://doi.org/10.1016/j.bbabio.2013.12.008
http://doi.org/10.1038/sj.embor.embor803
http://doi.org/10.1371/journal.pone.0004900
http://www.ncbi.nlm.nih.gov/pubmed/19333380
http://doi.org/10.1038/emboj.2011.24
http://www.ncbi.nlm.nih.gov/pubmed/21317874
http://doi.org/10.2217/fon.09.31


Molecules 2021, 26, 1676 12 of 13

39. Ripley, B.M.; Gildenberg, M.S.; Washington, M.T. Control of DNA Damage Bypass by Ubiquitylation of PCNA. Genes 2020, 11,
138. [CrossRef] [PubMed]

40. Zhu, Y.; Yin, Q.; Wei, D.; Yang, Z.; Du, Y.; Ma, Y. Autophagy in male reproduction. Syst. Biol. Reprod. Med. 2019, 65, 265–272.
[CrossRef]

41. Liou, G.Y.; Storz, P. Detecting reactive oxygen species by immunohistochemistry. Methods Mol. Biol. 2015, 1292, 97–104.
42. Di Emidio, G.; Rea, F.; Placidi, M.; Rossi, G.; Cocciolone, D.; Virmani, A.; Macchiarelli, G.; Palmerini, M.G.; D’Alessandro, A.M.;

Artini, P.G.; et al. Regulatory Functions of L-Carnitine, Acetyl, and Propionyl L-Carnitine in a PCOS Mouse Model: Focus
on Antioxidant/Antiglycative Molecular Pathways in the Ovarian Microenvironment. Antioxidants 2020, 9, 867. [CrossRef]
[PubMed]

43. Colapietro, A.; Mancini, A.; Vitale, F.; Martellucci, S.; Angelucci, A.; Llorens, S.; Mattei, V.; Gravina, G.L.; Alonso, G.L.; Festuccia,
C. Crocetin Extracted from Saffron Shows Antitumor Effects in Models of Human Glioblastoma. Int. J. Mol. Sci. 2020, 21, 423.
[CrossRef]

44. Xi, L.; Qian, Z.; Du, P.; Fu, J. Pharmacokinetic properties of crocin (crocetin digentiobiose ester) following oral administration in
rats. Phytomedicine 2007, 14, 633–636. [CrossRef] [PubMed]

45. Celik-Ozenci, C.; Tasatargil, A. Role of poly(ADP-ribose) polymerases in male reproduction. Spermatogenesis 2013, 3, e24194.
[CrossRef] [PubMed]

46. Virág, L. Structure and function of poly(ADP-ribose) polymerase-1: Role in oxidative stress-related pathologies. Curr. Vasc.
Pharmacol. 2005, 3, 209–214. [CrossRef]

47. Du, Y.; Yamaguchi, H.; Wei, Y.; Hsu, J.L.; Wang, H.L.; Hsu, Y.H.; Lin, W.C.; Yu, W.H.; Leonard, P.G.; Lee, G.R., IV; et al. Blocking
c-Met-mediated PARP1 phosphorylation enhances anti-tumor effects of PARP inhibitors. Nat. Med. 2016, 22, 194–201. [CrossRef]

48. Prosperi, E.; Scovassi, A.I. Dynamic Interaction between PARP-1, PCNA and p21waf1/cip1. In Poly(ADP-Ribosyl)ation; Springer:
Boston, MA, USA, 2006; pp. 67–74.

49. Zhang, C.; Chen, K.; Wang, J.; Zheng, Z.; Luo, Y.; Zhou, W.; Zhuo, Z.; Liang, J.; Sha, W.; Chen, H. Protective Effects of Crocetin
against Radiation-Induced Injury in Intestinal Epithelial Cells. Biomed. Res. Int. 2020, 2020, 2906053.

50. Milani, A.; Basirnejad, M.; Shahbazi, S.; Bolhassani, A. Carotenoids: Biochemistry, pharmacology and treatment. Br. J. Pharmacol.
2017, 174, 1290–1324. [CrossRef]

51. Cerdá-Bernad, D.; Valero-Cases, E.; Pastor, J.J.; Frutos, M.J. Saffron bioactives crocin, crocetin and safranal: Effect on oxidative
stress and mechanisms of action. Crit. Rev. Food Sci. Nutr. 2020, 1–18. [CrossRef]

52. López de Silanes, I.; Zhan, M.; Lal, A.; Yang, X.; Gorospe, M. Identification of a target RNA motif for RNA-binding protein HuR.
Proc. Natl. Acad. Sci. USA 2004, 101, 2987–2992. [CrossRef] [PubMed]

53. Abdelmohsen, K.; Pullmann, R., Jr.; Lal, A.; Kim, H.H.; Galban, S.; Yang, X.; Blethrow, J.D.; Walker, M.; Shubert, J.; Gillespie, D.A.;
et al. Phosphorylation of HuR by Chk2 regulates SIRT1 expression. Mol. Cell. 2007, 25, 543–557. [CrossRef] [PubMed]

54. Kim, H.S.; Patel, K.; Muldoon-Jacobs, K.; Bisht, K.S.; Aykin-Burns, N.; Pennington, J.D.; van der Meer, R.; Nguyen, P.; Savage, J.;
Owens, K.M.; et al. SIRT3 is a mitochondria-localized tumor suppressor required for maintenance of mitochondrial integrity and
metabolism during stress. Cancer Cell 2010, 17, 41–52. [CrossRef]

55. Lv, C.; Wang, X.; Guo, Y.; Yuan, S. Role of Selective Autophagy in Spermatogenesis and Male Fertility. Cells 2020, 9, 2523.
[CrossRef] [PubMed]

56. Yoshii, S.R.; Mizushima, N. Monitoring and Measuring Autophagy. Int. J. Mol. Sci. 2017, 18, 1865. [CrossRef]
57. Jiang, T.; Harder, B.; de la Vega, M.R.; Wong, P.K.; Chapman, E.; Zhang, D.D. p62 links autophagy and Nrf2 signaling. Free Radic.

Biol. Med. 2015, 88, 199–204. [CrossRef]
58. Katsuragi, Y.; Ichimura, Y.; Komatsu, M. p62/SQSTM1 functions as a signaling hub and an autophagy adaptor. FEBS J. 2015, 282,

4672–4678. [CrossRef]
59. Festuccia, C.; Mancini, A.; Gravina, G.L.; Scarsella, L.; Llorens, L.; Alonso, G.L.; Tatone, C.; Di Cesare, E.; Jannini, E.A.; Lenzi,

A.; et al. Antitumor Effects of Saffron-Derived Carotenoids in Prostate Cancer Cell Models. BioMed Res. Int. 2014, 2014, 135048.
[CrossRef]

60. Sánchez, A.M.; Carmona, M.; Zalacain, A.; Carot, J.M.; Jabaloyes, J.M.; Alonso, G.L. Rapid determination of crocetin esters and
picrocrocin from saffron spice (Crocus sativus L.) using UV-visible spectrophotometry for quality control. J. Agric. Food Chem.
2008, 56, 3167–3175. [CrossRef]

61. Sánchez, A.M.; Carmona, M.; Ordoudi, S.A.; Tsimidou, M.Z.; Alonso, G.L. Kinetics of individual crocetin ester degradation
in aqueous extracts of saffron (Crocus sativus L.) upon thermal treatment in the dark. J. Agric. Food Chem. 2008, 56, 1627–1637.
[CrossRef]

62. Bathaie, S.Z.; Farajzade, A.; Hoshyar, R. A review of the chemistry and uses of crocins and crocetin, the carotenoid natural dyes in
saffron, with particular emphasis on applications as colorants including their use as biological stains. Biotech. Histochem. 2014, 89,
401–411. [CrossRef]

63. Lopes, F.; Smith, R.; Nash, S.; Mitchell, R.T.; Spears, N. Irinotecan metabolite SN38 results in germ cell loss in the testis but not in
the ovary of prepubertal mice. Mol. Hum. Reprod. 2016, 22, 745–755. [CrossRef]

64. Gravina, G.L.; Mancini, A.; Mattei, C.; Vitale, F.; Marampon, F.; Colapietro, A.; Rossi, G.; Ventura, L.; Vetuschi, A.; Di Cesare, E.;
et al. Enhancement of radiosensitivity by the novel anticancer quinolone derivative vosaroxin in preclinical glioblastoma models.
Oncotarget 2017, 8, 29865–29886. [CrossRef]

http://doi.org/10.3390/genes11020138
http://www.ncbi.nlm.nih.gov/pubmed/32013080
http://doi.org/10.1080/19396368.2019.1606361
http://doi.org/10.3390/antiox9090867
http://www.ncbi.nlm.nih.gov/pubmed/32942589
http://doi.org/10.3390/ijms21020423
http://doi.org/10.1016/j.phymed.2006.11.028
http://www.ncbi.nlm.nih.gov/pubmed/17215113
http://doi.org/10.4161/spmg.24194
http://www.ncbi.nlm.nih.gov/pubmed/23885303
http://doi.org/10.2174/1570161054368625
http://doi.org/10.1038/nm.4032
http://doi.org/10.1111/bph.13625
http://doi.org/10.1080/10408398.2020.1864279
http://doi.org/10.1073/pnas.0306453101
http://www.ncbi.nlm.nih.gov/pubmed/14981256
http://doi.org/10.1016/j.molcel.2007.01.011
http://www.ncbi.nlm.nih.gov/pubmed/17317627
http://doi.org/10.1016/j.ccr.2009.11.023
http://doi.org/10.3390/cells9112523
http://www.ncbi.nlm.nih.gov/pubmed/33238415
http://doi.org/10.3390/ijms18091865
http://doi.org/10.1016/j.freeradbiomed.2015.06.014
http://doi.org/10.1111/febs.13540
http://doi.org/10.1155/2014/135048
http://doi.org/10.1021/jf703725e
http://doi.org/10.1021/jf0730993
http://doi.org/10.3109/10520295.2014.890741
http://doi.org/10.1093/molehr/gaw051
http://doi.org/10.18632/oncotarget.16168


Molecules 2021, 26, 1676 13 of 13

65. Ciccarelli, C.; Di Rocco, A.; Gravina, G.L.; Mauro, A.; Festuccia, C.; Del Fattore, A.; Berardinelli, P.; De Felice, F.; Musio, D.;
Bouché, M.; et al. Disruption of MEK/ERK/c-Myc signaling radiosensitizes prostate cancer cells in vitro and in vivo. J. Cancer
Res. Clin. Oncol. 2018, 144, 1685–1699. [CrossRef]

66. Nasirzadeh, M.; Rasmi, Y.; Rahbarghazi, R.; Kheradmand, F.; Karimipour, M.; Aramwit, P.; Astinfeshan, M.; Gholinejad, Z.;
Daeihasani, B.; Saboory, E.; et al. Crocetin promotes angiogenesis in human endothelial cells through PI3K-Akt-eNOS signaling
pathway. EXCLI J. 2019, 18, 936–949. [PubMed]

67. Nyengaard, J.R. Stereologic methods and their application in kidney research. J. Am. Soc. Nephrol. 1999, 10, 1100–1123. [PubMed]
68. Osinubi, A.A.; Noronha, C.C.; Okanlawon, A.O. Morphometric and stereological assessment of the effects of long-term adminis-

tration of quinine on the morphology of rat testis. West. Afr. J. Med. 2005, 24, 200–205. [CrossRef] [PubMed]
69. Montoto, L.G.; Arregui, L.; Sánchez, N.M.; Gomendio, M.; Roldan, E.R.S. Postnatal testicular development in mouse species with

different levels of sperm competition. Reproduction 2012, 143, 333–346. [CrossRef]

http://doi.org/10.1007/s00432-018-2696-3
http://www.ncbi.nlm.nih.gov/pubmed/31762720
http://www.ncbi.nlm.nih.gov/pubmed/10232698
http://doi.org/10.4314/wajm.v24i3.28198
http://www.ncbi.nlm.nih.gov/pubmed/16276694
http://doi.org/10.1530/REP-11-0245

	Introduction 
	Results 
	Effect of Crocetin on Tubule Diameter, Cross-Sectional Area, Seminiferous Epithelium Height and Presence of Sperm in the Lumen in Pubertal Testis Exposed to IR 
	Effect of Crocetin on Protein Expression of PARP1 and PCNA in Pubertal Testis Exposed to IR 
	Effect of Crocetin on Protein Expression of SIRT1, Hur, SOD2 and CAT in Pubertal Testis Exposed to IR 
	Effect of Crocetin on Autophagy Markers on Pubertal Testis Exposed to IR 

	Discussion 
	Materials and Methods 
	Animal Care 
	Crocetin Preparation 
	Mouse Testis Culture 
	Histological Staining and Morphometric Analysis 
	Western Blot Analysis 
	Immunohistochemical Analysis 
	Statistical Analysis 

	References

