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A B S T R A C T

Busulphan (Bu), an alkylating agent used for bone marrow and spermatogonial stem cell transplantation (SSCT),
impairs Sertoli (SC) cells, which are necessary for the spermatogonial stem cell (SSC) homing during trans-
plantation. As Leydig (LC) and peritubular myoid (PMC) cells are essential for SC support and maintenance of
spermatogonial niche, we evaluated the impact of Bu on the LC and PMC structural integrity. Vitamin B12 (B12)
has demonstrated beneficial effects against drug-induced testicular changes; thus, we also examined whether this
vitamin is able to stimulate spermatogonia mitotic activity and prevent Bu-induced germ cell death. Rats re-
ceived 10 mg/kg of Bu in the 1st and 4th days, and daily B12 supplementation during Bu treatment and for 6 days
after the last injection of Bu (Bu-6d), totaling 10 days of treatment. Other animals received the same treatment as
Bu-6d, and B12 supplementation (Bu + 7dB12) or saline (Bu + 7dS) for 7 more days, totaling 17 days of treat-
ment. Serum testosterone levels were measured. In the historesin-embedded testis sections, the seminiferous
tubule and epithelial areas were measured, and the number of spermatogonia and PMC was quantified. Actin and
17β-HSD6 immunofluorescence was detected, and the number of TUNEL-positive LC and germ cells was com-
puted. In Bu-6d, PMC number reduced, and a weak actin immunoexpression and death in these cells was ob-
served. The testosterone levels reduced, and the interstitial tissue showed a weak 17β-HSD6 immunoexpression
and increased number of TUNEL-positive LC. In Bu + 7dB12, the number of spermatogonia was higher than in
Bu-6d and Bu + 7dS, and the number of TUNEL-positive germ cells was significantly lower than in Bu + 7dS. Bu
exerts a harmful impact on PMC and LC, reducing the testosterone levels. Vitamin B12 prevents significantly Bu-
induced germ cell death and stimulates spermatogonia proliferation, being a useful strategy for the enrichment
of SSC in vitro and an adjuvant therapy for spermatogenesis recovery in oncologic patients.

1. Introduction

Studies have emphasized on the important role of oncologists re-
garding the reproductive and fertility status of their patients, including
the hormonal health [1]. In pediatric patients submitted to therapy
with busulphan (Bu), an alkylating agent used for bone marrow trans-
plantation [2], the recovery of spermatogenesis has been a slow pro-
gressive process [3]. After treatment with Bu plus cyclophosphamide or
Bu alone, a few patients showed recovery of hormonal levels and/or
sperm production after an average of 2 to 5 years post-transplant [4–6].
Numerous studies have focused on the clinical impact of chemotherapy
on the germinal epithelium and sperm parameters [7], but little at-
tention has been paid to the integrity of the testicular somatic cells,

such as Sertoli (SC), peritubular (PMC) and Leydig (LC) cells [8].
Treatments with gonadotoxic agents, including Bu plus cyclopho-
sphamide, have induced reduction in testosterone concentrations [5,9]
and symptoms consistent with androgen deficiency [5]. LC impairment
following chemotherapy is clinically relevant [10–12]; however, the
evaluation of LC in testicular biopsy of patients after cytotoxic therapy
has not been performed [7], and evidence of LC impairment has been
based only on the hormonal status [5,9–11] or symptoms of the pa-
tients, such as sexual dysfunction and altered mood [12].

In the testes, the spermatogonial cells are vulnerable to cytotoxic
agents and may be depleted [13]. Thus, cryopreservation, sperm re-
trieval techniques and spermatogonial stem cell transplantation (SSCT)
have been tested to preserve testicular function and fertility [7,14,15].
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As Bu induces death and depletion of spermatogonia [13,16–18], this
drug has been widely used to prepare testicular recipients for SSCT
[5,19,20]. The spermatogonial cell homing is a critical step for a suc-
cessful transplantation. In this case, spermatogonial stem cells (SSC)
need to attach to Sertoli cells, pass through the blood-testis barrier,
migrate into the germline niche and attach to the basement membrane
[21]. SSC express integrins which are essential for the attachment of
these cells to the basement membrane and subsequent homing to their
niche [22]. Therefore, a promissory SSCT depends on the homing of
SSC and an adequate and healthy surrounding microenvironment
(niche), composed not only by SC, but also peritubular cells, macro-
phages, LC and vasculature [2,23–25]. In a previous study, we have
demonstrated that the treatment with Bu for a short period of time
induces structural changes and death of SC [18]. Disarrangement of the
peritubular tissue has been associated to changes and death of SC, and
the SC-peritubular tissue integrity is essential for the maintenance of
the seminiferous epithelium [26,27]. Therefore, we hypothesize that
the Bu-induced SC death could be associated to a possible harmful ef-
fect of this antineoplastic drug on the peritubular tissue and/or LC.

The recovery of spermatogenesis after cytotoxic therapy depends on
the survival and mitotic activity of SSC [8]. SSCT is a promising
strategy to restore fertility, even in sterile childhood cancer survivors
[14,15]. However, few SSC are normally found in the small testicular
biopsy from the pubertal testis, and a successful clinical SSCT in these
patients depends on the proliferation capacity of human SSC in culture
before transplantation [15]. Vitamin B12 (cobalamin) plays an im-
portant role in DNA synthesis and cell division [28]. The vitamin B12-
deficient rodents have demonstrated testicular changes, including

spermatogenesis arrest, and spermatid and sperm aplasia; however, the
supplementation of the animals with vitamin B12 has recovered the
testicular functions [29,30]. This vitamin has also improved sperma-
togenesis in patients with oligospermia [31] and recovered either the
doxorubicin-induced testicular damage in rodents [32,33] or sperma-
togenesis in cimetidine-treated rats, alleviating tubular atrophy [34].
Moreover, we have demonstrated that the number of spermatogonia in
rats supplemented with vitamin B12 for only 6 days after the last in-
jection of Bu was fourfold higher than the non-supplemented animals
[18]. However, in this study [18], we could not clarify whether vitamin
B12 stimulates spermatogonia mitotic activity and/or exerts a protective
effect because the busulphan and vitamin B12 were administered con-
comitantly.

In a previous study, we have demonstrated that Bu impairs the
seminiferous tubule structure, including the SC integrity, leading to SC
death [18]. In the present study, considering the importance of SC, PMC
and LC for the maintenance of SSC niche, we evaluated the impact of Bu
in the serum testosterone levels as well as on the LC and PMC integrity.
We have also previously demonstrated that the number of spermato-
gonia was higher in the animals receiving co-administration of Bu plus
vitamin B12; however, the way by which this vitamin exerted this effect
was not clarified [18]. Therefore, here, we also investigated whether
vitamin B12 is able to stimulate spermatogonia mitotic activity and
protect germ cell death against Bu. In this case, animals receiving vi-
tamin for only 6 days after the last injection of Bu were compared with
the animals that received this same treatment plus vitamin (or not) for 7
more days.

Fig. 1. Protocol of treatment applied to the animals according to the groups.
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2. Material and methods

2.1. Animals and treatment

The animal care was conducted following the national law on an-
imal use (CONCEA, Brasília, DF, Brazil) and the protocol regarding the
animal use and treatment was approved by the Ethical Committee on
Animal Use of Dental School, São Paulo State University-FOAr/UNESP,
Brazil (CEUA no. 11/2009 and 03/2011).

Adult Holtzman male rats aged 100 days were maintained in poly-
propylene cages under 12 h light/12 h dark cycle at controlled tem-
perature (23 ± 2 °C) and humidity (55 ± 10%), with water and food
provided ad libitum.

Busulphan (Sigma, Aldrich; USA) was diluted in polyethylene glycol
[18,35] and the animals received two intraperitoneal injections of
10 mg/kg b.w. (Fig. 1), totaling 20 mg/kg b.w. The animals supple-
mented with vitamin B12 received 3 μg of vitamin B12-cyanocobalamin
(Bedozil®, 5000 μg − Bunker Indústria Farmacêutica LTDA, São Paulo,
SP, Brazil). This dose of vitamin was determined from a preliminary
evaluation of the quantity of daily food intake by the animals at this age
[34].

According to Fig. 1, forty animals were distributed into eight
groups, containing five animals each.

To evaluate the effect of Bu on the LC and PMC, three groups were
used: Bu-6d, B12–6d and Sham-6d (Fig. 1). In Bu-6d, the animals re-
ceived Bu in the 1st and 4th days of the treatment, and continuous daily
vitamin supplementation from the 1st to 4th day and for 6 more days
after the last injection of Bu, totaling 10 days of treatment. The rats
from the B12–6d received vehicle in the 1st and 4th days, and daily
vitamin supplementation similarly to Bu-6d. In Sham-6d, the animals
received vehicle in the 1st and 4th days, and injections of saline, to-
taling 10 days of treatment (Fig. 1).

To evaluate whether vitamin supplementation is necessary to
maintain the seminiferous epithelium integrity and stimulates sper-
matogonia mitotic activity after Bu treatment, another two groups (Bu
+ 7 dB12 and Bu + 7dS) were evaluated (Fig. 1). In these groups, the
animals received the same treatment as those from Bu-6d (1st to 10th
day) except that, in Bu + 7dB12, the vitamin supplementation con-
tinued for 7 more days (11th to 17th day), whereas in Bu + 7dS, the
supplementation was interrupted and the animals received saline for 7
more days, totaling 17 days of treatment. Two additional groups (V
+ 7dB12 and V + 7dS) were used as control groups for comparison
with Bu + 7dB12 and Bu + 7dS, respectively. A sham group (Sham
+ 7d) was also used for comparison with Sham-6d. In this group, the
animals received the same treatment as those from Sham-6d, and saline
for 7 more days (Fig. 1).

It is important to clarify that all the animals that received the an-
tineoplastic Bu also received concomitant doses of vitamin B12 from the
1st to 4th day to avoid severe damage to the animals, such as lethargy
as well as appetite and weight loss, as previously demonstrated in rats
treated only with Bu [18]. In this last study, we have demonstrated that
although these effects are softened by vitamin supplementation, the
reduction in the number of spermatogonia induced by Bu (a purpose of
this study) was still severe in the animals receiving Bu + vitamin B12.

2.2. Testosterone measurement

Serum testosterone concentration was measured by a chemilumi-
nescence immunoassay by using Elecsys 2010 system and the Access
Testosterone kit (Beckman Coulter, CA, USA). The antibody was spe-
cific for testosterone (0.4% cross-reactivity) and the analytical sensi-
tivity was 10 ng/dL. The analysis was performed at São Lucas Clinical
and Microbiological Laboratory (Araraquara, SP, Brazil).

2.3. Histological procedures

The animals were anaesthetized with 80 mg/kg bw of ketamine
hydrochloride (Francotar; Virbac do Brasil Ind. Com. Ltda., Jurubatuba,
São Paulo, Brazil) and 8 mg/kg bw of xylazine hydrochloride (Virbaxyl;
Virbac do Brasil Ind. Com. Ltda).

Testes were removed and fixed for 48 h in 4% formaldehyde freshly
prepared from paraformaldehyde (Merck, Darmstadt, Germany) buf-
fered at pH 7.4 with 0.1 M sodium phosphate. Testicular fragments
were dehydrated in graded ethanol and embedded in glycol metha-
crylate (historesin) or in paraffin. The historesin sections were stained
with hematoxylin and eosin (H.E.) [36] for morphometric and mor-
phological analyses, while the paraffin sections were submitted to
TUNEL (Terminal deoxynucleotidyl Transferase-mediated dUTP Nick
End Labeling) method and immunofluorescence reactions.

2.4. Seminiferous tubule areas

Three H.E.-stained non-serial testicular sections per animal were
used. In each section, 15 round cross-sections of seminiferous tubules in
each interval of cycle: stages I–VI, stages VII–VIII, and stages IX–XIV
[37] were randomly selected, totaling 45 tubules per animal. The
images were captured using a camera (DP-71; Olympus, Tokyo, Japan)
attached to a light microscope (BX-51; Olympus) at ×320 magnifica-
tion. The areas of the seminiferous tubule sections and seminiferous
epithelium were measured using an image analysis system (Image Pro-
Express 6.0; Olympus).

2.5. Number of spermatogonia

Three non-serial H.E.-stained testicular sections per animal were
used. In each section, 10 seminiferous tubule cross sections were cap-
tured using a camera (DP-71; Olympus, Tokyo, Japan) attached to a
light microscope (BX-51; Olympus), at ×430 magnification, totaling 30
tubules per animal. As the number of spermatogonia varies according to
the stages of the seminiferous epithelium cycle [37], only tubules at
stages IX–XIV were randomly selected for a standardized quantification
of spermatogonia number. These germ cells were identified according
to typical morphological features [38]. The quantification was per-
formed by two calibrated and blinded examiners, and the number of
spermatogonia per tubule was calculated.

2.6. Number of PMC

In three non-serial testicular sections per animal stained with H.E.,
30 seminiferous tubule cross sections were randomly selected and
captured using a camera (DP-71; Olympus, Tokyo, Japan) attached to a
light microscope (BX-51; Olympus). In each tubular section, the number
of PMC was quantified at ×430 magnification, and the number of PMC
per tubule was calculated.

2.7. Immunofluorescence for detection of actin and 17β-HSD6

The testicular sections were immersed in 0.001 M sodium citrate
buffer pH 6.0 and placed into a microwave oven at 90 °C for the antigen
retrieval. The slides were washed in phosphate-buffered saline (PBS) pH
7.4 and incubated overnight at 4 °C with rabbit anti-actin antibody
(Sigma-Aldrich, USA), diluted 1:100, for detection of PMC, and rabbit
anti-17β-hydroxysteroid dehydrogenase 6 (17β-HSD6) antibody (Santa
Cruz Biotechonology; USA), diluted 1:50, to detect LC [39]. After
washing in PBS, the sections were incubated with Alexa Fluor® 488 goat
anti-rabbit antibody (1:1000; Molecular Probes® by Life Technologies,
Calrsbad, USA) or Alexa Fluor® 594 goat anti-rabbit IgG antibody
ReadyProbes® reagent (Life Technologies, Calrsbad, USA) for 1 h at
room temperature. The nuclear staining was performed with DAPI
(Molecular Probes by Life Technologies; Carlsbad, California, USA).
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Sections, used as negative controls, were incubated with non-immune
serum in place of primary antibodies. The analyses were performed
using a fluorescent microscope DM400 B LED, a camera DFC-550 and
an Image Analysis System LAS4 (Leica Microsystems, Wetzlar, Ger-
many).

2.8. TUNEL method

The TUNEL protocol was performed as previously described
[34,40,41] and following the manufacturer instructions of ApopTag®

Peroxidase In Situ Apoptosis Detection Kit (Millipore; Temecula, CA,
USA). After treatment with proteinase K (Sigma-Aldrich Chemical Co.,
St. Louis, USA) and hydrogen peroxide, the sections were incubated
with TdT (Terminal deoxynucleotidyl Transferase) enzyme for 1 h at
37 °C. Subsequent incubation with anti-digoxigenin-peroxidase was
performed, and the reaction was revealed by DAB (Sigma-Aldrich
Chemical Co., St. Louis, USA). Carazzi’s hematoxylin was used for nu-
clear staining. For the sections used as negative controls, the same
protocol was followed, except that the sections were incubated with a
TdT-free solution.

2.9. Number of TUNEL-positive germ cells

In three non-serial testicular sections per animal, the number of
TUNEL-positive germ cells was quantified in 15 cross sections of
seminiferous tubules, totaling 45 tubules per animal.

2.10. Number of TUNEL-positive LC

In three non-serial testicular sections per animal submitted to the
TUNEL method, the number of TUNEL-positive LC was computed in a
total of 600 interstitial cells.

2.11. Statistical analyses

All data are presented as mean ± SD, and the statistical analysis
was performed using GraphPad Prism® 6.01 software. The results were
submitted to Student t-test or to one-way ANOVA followed by Student
Newman Keuls’ post-test. The significance level considered was
p< 0.05.

3. Results

3.1. Effect of busulphan on the peritubular (PMC) and Leydig (LC) cells

3.1.1. Busulphan-induced changes in the PMC
In the animals from Sham-6d group, the seminiferous epithelium

showed normal histoarchitecture surrounded by an intact peritubular
tissue containing normal flattened PMC (Fig. 2A and C). Otherwise, in
the animals treated with Bu (Bu-6d), the seminiferous tubule sections
showed irregular outline and depletion of PMC in large portions of the
peritubular tissue (Fig. 2B). In these damaged tubules, the PMC showed
enlarged and ovoid-shaped nucleus, condensed chromatin in the nu-
clear periphery and small nuclear portions next to each other, in-
dicating nuclear fragmentation (Fig. 2D–F). Moreover, TUNEL-labeled
PMC exhibiting abnormal nuclear features were also found in Bu-6d
(Fig. 2G–J).

The number of PMC reduced significantly in the seminiferous tu-
bules of the animals from Bu-6d when compared with Sham-6d
(Fig. 2P).

3.1.2. Busulphan-induced changes in the LC and testosterone levels
In Bu-6d, TUNEL-positive LC were usually observed in the inter-

stitial tissue (Fig. 2K–M). Moreover, macrophages containing TUNEL-
labeled structures within the cytoplasm were also found (Fig. 2M–O). In
Bu-6d, the number of TUNEL-positive LC was significantly higher than

in the animals from Sham-6d (Fig. 2Q), and weak 17β-HSD6 im-
munofluorescence was observed in the LC of Bu-6d when compared to
Sham-6d (Fig. 3A–D). The serum testosterone levels decreased sig-
nificantly in Bu-6d (Fig. 3E).

3.1.3. Actin immunoexpression in the peritubular tissue
In the animals from Sham-6d, the actin immunofluorescence in the

peritubular tissue was continuous around the entire tubule (Fig. 4A and
B). However, in the tubules of the animals from Bu-6d, the actin im-
munofluorescence was weak or absent in some portions of the peri-
tubular tissue (Fig. 4C and D).

3.2. Effect of vitamin B12 in the seminiferous tubules of Bu-treated rats

3.2.1. Tubular and epithelial areas of seminiferous tubules
In the animals from the Bu groups (Bu-6d, Bu + 7dB12 and Bu

+ 7dS), the tubular and epithelial areas reduced significantly in com-
parison with the other groups. The tubular area in Bu + 7dB12 was
similar to Bu-6d whereas in Bu + 7dS, the tubular area was smaller
than in Bu + 7dB12 and Bu-6d. Either in Bu + 7dB12 or Bu + 7dS, the
epithelial areas decreased significantly in comparison with Bu-6d;
however, in Bu + 7dB12, the epithelial area was larger than that of the
animals from the Bu + 7dS (Table 1).

3.2.2. Tubular morphological features and number of spermatogonia
In the animals from the Sham groups (Sham-6d and Sham + 7d),

B12-6d and vehicle groups (V + 7dB12 and V + 7dS), the seminiferous
tubules showed normal epithelial histoarchitecture with organized and
concentric germ cell layers and normal spermatogonia in the basal
compartment (Figs. 5A, B, F–H and 6A, B and F ). The tubular sections
of the animals treated with Bu, mainly Bu-6d and Bu + 7dS, showed
irregular shape and were smaller than those of the other groups (Fig. 5C
and E; Table 1). Tubules showing disarranged epithelium, in-
traepithelial vacuoles and germ cells filling the tubular lumen were also
observed in these groups (Fig. 5C and E). In the animals treated with Bu
and supplemented with vitamin B12 for 7 more days (Bu + 7dB12), the
tubules showed more preserved seminiferous epithelium than in Bu
+ 7dS and Bu-6d (Fig. 5D).

In the seminiferous tubules of the animals from the Bu-6d and Bu
+ 7dS, spermatogonia were absent in large portions of the epithelial
basal compartment (Fig. 6C and E), whereas in Bu + 7dB12, these germ
cells were usually found (Fig. 6D). In Bu + 7dS, step 19 spermatids
abnormally positioned in the basal compartment, indicating failure in
spermatid release, were usually observed in the tubules at stages IX–XIV
(Fig. 6E). The quantitative analysis confirmed that the number of
spermatogonia increased significantly in the animals that continued
receiving vitamin supplementation for 7 more days (Bu + 7dB12) when
compared with Bu + 7dS and Bu-6d (Fig. 7).

3.2.3. Number of TUNEL-labeled germ cells
The seminiferous tubules of the animals from the Sham groups

(Sham-6d and Sham + 7d), B12-6d and vehicle groups (V + 7dB12 and
V + 7dS) showed few TUNEL-positive germ cells (Fig. 8A and E),
whereas in Bu-6d, Bu + 7dB12 and mainly in Bu + 7dS, numerous la-
beled germ cells were found (Fig. 8B–E). In the animals whose vitamin
supplementation was interrupted (Bu + 7dS), the tubules showed a
massive TUNEL labeling throughout the epithelium (Fig. 8C). The
quantitative analysis confirmed that the number of TUNEL-labeled cells
in this group (Bu + 7dS) was significantly higher than in Bu-6d and Bu
+ 7dB12 (Fig. 8E). The number of TUNEL-positive germ cells in Bu
+ 7dB12 was similar to Sham and vehicle groups (Fig. 8E).
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4. Discussion

4.1. Effect of busulphan on the peritubular myoid and Leydig cells

In a previous study, we have demonstrated that the same protocol of

Bu treatment applied in this study (Bu-6d) affected the integrity of the
seminiferous tubules, including the Sertoli cells (SC), culminating in SC
death [18]. Here, our findings show that the treatment with Bu (Bu-6d)
also induced harmful effects on the Leydig (LC) and peritubular myoid
(PMC) cells. It is known that these cells in association with SC

Fig. 2. Photomicrographs of testicular sections stained with H.E. (2A–2F) and submitted to TUNEL method and counterstained with hematoxylin (2G–2O) of animals from Sham-6d (2A,
2C) and Bu-6d (2B, 2D–2O). In A, PMC (arrows) can be observed throughout the intact peritubular tissue whereas in B, scarce myoid cells (arrows) can be found only in a small portion of
this tissue. In C, a PMC (arrow) shows normal flattened nucleus. In D-F, the myoid cells show: ovoid-shaped nucleus (D; arrow), condensed chromatin in the nuclear periphery (E; arrow)
and fragmented nucleus (F; arrowheads). In G–J, TUNEL-positive PMC exhibiting abnormal nuclear features (arrows) are observed in Bu-6d. In K–M, TUNEL-positive LC (arrows) are
observed in the interstitial tissue. In M-O, macrophages containing TUNEL-positive structures within the cytoplasm (arrowheads) are also observed. Bars = 14 μm (2A and 2B); 6 μm
(2C–2O). (2P) The number of PMC is significantly lower in the animals from Bu-6d compared to Sham-6d; asterisk (p ˂ 0.05). (2Q) A high number of TUNEL-labeled LC is observed in Bu-
6d in comparison to Sham-6d; asterisk (p ˂ 0.05).
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contribute to the maintenance of SSC niche [2,23–25]. SC and PMC are
responsible for the maintenance of the tubular histoarchitecture and the
blood-testis barrier [42]. These cells produce specific components of the
peritubular tissue extracellular matrix [43–45], express several types of
alfa and beta integrin subunits [46] and synthesize factors that regulate
SC functions [47]. The adherence of SC to the basement membrane has
been mediated by integrin α6β1 [48]. Moreover, weak cellular adhe-
sion and cell death by apoptosis has been demonstrated in transgenic
mice with lack of functional β4 integrin [49]. Thus, damage to the
peritubular tissue components has been related to changes in the
seminiferous epithelium [26,27,40,50], including detachment of SC
from the basement membrane and apoptosis [26,40]. In the present
study, the integrity of the PMC, including the actin filaments, was af-
fected after only 6 days of Bu treatment, and the number of PMC de-
creased significantly. Therefore, the Bu-induced SC damage and death
may be consequence of the treatment effect on the peritubular tissue.

It is clear that testosterone is essential for spermatogenesis.
However, AR is not expressed in the germ cells [51] and is unnecessary
for germ cell maturation [52,53]. As SC, PMC, LC [51] of the mature
testis express androgen receptors, it has been widely accepted that the

requirement of testosterone for spermatogenesis is mediated by these
cell types [54]. In PMC-ARKO males, spermatogenesis is severely im-
paired and the animals are infertile, confirming the crucial role for
PMC-dependent AR signaling in male fertility [55]. In these PMC-ARKO
mice, as the number of SC is not reduced, it has been suggested that the
decrease in the number of spermatogonia is due to possible changes in
the SC. This is reinforced by the fact that the levels of some SC-specific
gene products are reduced in the PMC-ARKO testes, indicating that the
AR signaling in PMC exerts an effect on the function of their neigh-
boring SC [54,56]. The ablation of AR action in PMC by Myh6-Cre
results in infertile individual with reduced number of germ cells, in-
cluding spermatogonial germ cells [55]. Therefore, as spermatogonia
are in close contact with the basement membrane and PMC, the Bu-
induced spermatogonial depletion may be caused by the harmful effect
of this antineoplastic drug on the PMC integrity. In the PMC-ARKO,
PMC shows a progressive loss of desmin and smooth muscle actin.
These changes may impair attachment and signaling between PMC and
spermatogonia, leading to disruption in the SSC niche [56]. In view of
the fact that PMC-spermatogonia crosstalk and the androgen action on
PMC are essential for spermatogenesis and fertility [55], our data

Fig. 3. Photomicrographs of testicular sections sub-
mitted to immunofluorescence for detection of 17β-
HSD6. In Sham-6d (A and B), the Leydig cells show
strong immunofluorescence (arrows) in comparison
with Bu-6d (C and D). Bars = 14 μm. (3E) The tes-
tosterone levels in Bu-6d are significantly reduced
when compared to Sham-6d asterisk (p ˂ 0.05).
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suggest that the spermatogonial depletion and germ cell apoptosis in-
duced by Bu could be caused by changes in the SC, PMC and LC.

Studies focusing on the LC integrity of patients after antineoplastic
therapies are scarce in the literature [7], and only findings based on the
hormonal status and sexual symptoms have been reported as evidence
of decreased serum testosterone levels and/or LC impairment in pa-
tients following chemotherapy [5,9–12]. Few in vivo studies in adult
rats have demonstrated that Bu induces reduction in the serum an-
drogen levels, in the number of LC [57] and in the volume of both
interstitial tissue and LC [58]. These findings are in agreement with our
results, which showed that the exposure of testes to Bu for only 6 days
induced significant decrease of serum testosterone levels in parallel to
weak 17β-HSD6 immunofluorescence and significant increase in the LC
death index.

The cell type (PMC, SC or LC) primarily affected by Bu treatment
needs to be clarified. As Bu reaches the seminiferous tubules through
the blood stream, it is conceivable to suggest that the primary tissues to
be affected by this antineoplastic drug, besides the endothelium, is the
interstitial tissue and then the peritubular tissue. However, LC death
may be a secondary effect following Bu-induced SC and/or PMC

changes. An in vitro study has demonstrated that Bu impairs the func-
tion of SC and PMC, and decreases the production of SC-PMC paracrine
factors as well as the production and secretion of a LC-stimulating
factor [59]. It is known that SC are not only essential for the main-
tenance of spermatogenesis and normal PMC cell function, but SC-de-
rived factors act directly on LC and are essential for the maintenance of
these cells, being critical regulators of germ cell development and an-
drogen secretion [60]. Moreover, the number of human SC decreases
with age [61] and aging is also related to reduction in the number [62]
and function [63] of the adult LC population. Besides SC, a study has
also demonstrated that PMC play a regulatory role in LH-independent
testosterone production by LC [64]. Therefore, it is not surprising that
damaged LC is observed in the testes whose SC and/or PMC is sig-
nificantly affected by antineoplastic agents. Strategies to recover LC
population should be designed to improve the fertility of patients fol-
lowing chemotherapy.

4.2. Effect of vitamin B12 on the integrity of the seminiferous epithelium and
apoptotic index

The seminiferous tubules of the animals treated with Bu (Bu-6d, Bu
+ 7dS and Bu + 7dB12) showed abnormal histoarchitecture. However,
in the animals whose vitamin B12 supplementation was continued for 7
more days (Bu + 7dB12), the structural changes were less frequent than
in Bu + 7dS, and the tubular and epithelial areas were larger than
those of the animals from Bu-6d and Bu + 7dS. In agreement with a
previous study [18], these results confirm the beneficial effect of the
vitamin supplementation on the Bu-damaged seminiferous epithelium.
A similar effect has also been demonstrated in the seminiferous tubule
diameters of rats receiving doxorubicin plus vitamin B12 [32].

In the present study, the reduction in the tubular area was caused by
loss of germ cells and subsequent reduction of the epithelial area. The
apoptotic index was higher in Bu-6d than in Bu + 7dB12, leading to
germ cell loss and subsequent reduction of the epithelial area 7 days

Fig. 4. Photomicrographs of testicular sections sub-
mitted to immunofluorescence for detection of actin.
In Sham-6d (A and B), an evident and continuous
actin immunofluorescence is observed throughout
the peritubular tissue (arrows) in contrast to a weak/
absent immunofluorescence surrounding the epithe-
lium in Bu-6d (C and D). Bars = 14 μm.

Table 1
Areas of seminiferous tubules (TA) and seminiferous epithelium (EA) in the animals from
each group.

Groups TA (μm2) EA (μm2)

Sham-6d 88051 ± 2604a 79549 ± 3479a

B12-6d 88082 ± 2933a 79706 ± 2063a

Bu-6d 78378 ± 659b 70425 ± 1269b

Bu + 7dB12 70049 ± 7950b 59811a ± 7192c

Bu + 7dS 59726 ± 9419c 49823 ± 7820d

V + 7dB12 86914 ± 1651a 78448 ± 873a

V + 7dS 85795 ± 2333a 78328 ± 1847a

Sham + 7d 84847 ± 3860a 77149 ± 3749a

a ≠ b ≠ c ≠d = statistically significant (p ˂ 0.05).
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later in Bu + 7dB12. However, in the seminiferous tubules of the ani-
mals whose vitamin supplementation was discontinued (Bu + 7dS), the
apoptotic index increased two and fivefold in comparison with Bu-6d
and Bu + 7dB12, respectively. This high apoptotic index explains the
significant reduction of the epithelial area in these non-supplemented
animals. The tubular and/or epithelial areas were more reduced in the
animals from Bu + 7dS and Bu + 7dB12 than Bu-6d due to the fact that
the animals were killed 13 days after the last injection of Bu, being
exposed for a longer period of time to this antineoplastic drug than the
animals from Bu-6d.

Oxidative stress and cell death have been correlated with reduced
levels of glutathione, a major antioxidant defense molecule [65], and an
important function of vitamin B12 (cobalamins) is to maintain glu-
tathione status and the sulphydryl groups of enzymes at a reduced state
[66]. Cobalamins (especially thiolatocobalamins), maintain the in-
tracellular glutathione levels, prevent peroxide-induced oxidative stress
and avoid cell death, including apoptosis and necrosis [67]. Moreover,
hydroxycobalamin, cobinamide, and dicyanocobinamide directly in-
hibit the isoforms of nitric oxide synthase (NOS) and then the nitric
oxide production [68]. Therefore, the significant preventive effect of

vitamin against Bu-induced germ cell death observed in this study may
be related to the antioxidant effect of cobalamin.

Vitamin B12 is an essential cofactor in DNA synthesis and methy-
lation, stimulating cellular proliferation [69]. Therefore, the beneficial
effect of this vitamin on the seminiferous epithelium has also been re-
lated to a possible mitotic effect of this vitamin [18,34,69]. We have
previously demonstrated that the number of spermatogonia after only
6 days after the last injection of Bu increased fourfold in comparison to
the non-supplemented animals [18]. However, we could not clarify if
this vitamin was able to exert a “protective” or “mitotic” effect on these
cells since Bu and vitamin were administered concomitantly to the
animals. In the present study, the comparative evaluation of the
number of spermatogonia before (Bu-6d) and after the supplementation
with vitamin (Bu + 7dB12) or without supplement (Bu + 7dS) for 7
more days confirmed that vitamin was able to stimulate the mitotic
activity of spermatogonia whose number was two and threefold higher
in Bu + 7dB12 than in Bu-6d and Bu + 7dS, respectively. Recovery of
spermatogenesis has also been demonstrated in rats submitted to vi-
tamin B12 deficient diet and supplemented with this vitamin [29,30].
Moreover, the changes induced by cimetidine in the seminiferous

Fig. 5. Photomicrographs of testicular sections of
animals from Sham-6d (A), B12-6d (B), Bu-6d (C), Bu
+ 7dB12 (D), Bu + 7dS (E), V + 7dB12 (F), V + 7dS
(G) and Sham + 7d (H) stained by H.E. In A, B and
F–H, the epithelium of the seminiferous tubule sec-
tions show normal morphology. In C, D and E, the
tubular sections are irregularly shaped (C) and
smaller than in the other groups. In C and E, the
tubules show intraepithelial vacuoles (v) and de-
tached germ cells in the lumem (asterisk). In D, the
epithelial histoarchitecture of the seminiferous tu-
bules is more preserved than in C and E.
Bars = 59 μm.
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epithelium, including reduction in the number of SC, have also been
ameliorated by vitamin B12 supplementation [34,70]. A study has de-
monstrated that cubilin (Cubn), an intestinal intrinsic factor-cobalamin

receptor (IF-B12), has been strongly detected in a very small population
of spermatogonia (probably SSC) of mouse testes [71]. Moreover, am-
nionless, a protein that forms a complex with Cubn and plays a role in
the nutrient uptake and proliferation, has also been detected in sper-
matogonia [72], suggesting that Cubn participates in the nutrient up-
take in the SSC of mouse testes. These findings reinforce our results and
may explain how the supplementation of Bu-treated rats with vitamin
B12 stimulates the mitotic activity of spermatogonia. Therefore, the
knowledge of the pharmacological and nutritional processes required
by the SSC are essential in attempt to better elaborate adjuvant thera-
pies to improve spermatogonial recovery in oncologic patients, in-
cluding autotransplantation of SSC to restore fertility in childhood
cancer survivors.

5. Conclusions

The treatment with the antineoplastic Bu induces significant
changes in the PMC and LC, culminating in death of these cells and
reduction in the serum testosterone levels. These changes may explain
the deleterious effect of Bu on the SC. Thus, strategies to protect the
structural and functional integrity of these somatic cells that constitute
the spermatogonial niche should be performed in attempt to improve
the spermatogenesis progression after SSC transplantation following Bu
treatment. The supplementation with vitamin B12 improves the

Fig. 6. Photomicrographs of seminiferous tubule
sections (stages IX-XIV) of animals from Sham-6d
(A), B12-6d (B), Bu-6d (C), Bu + 7dB12 (D), Bu
+ 7dS (E) and Sham + 7d (F) stained by H.E. In A, B
and F, the epithelium shows normal histoarchi-
tecture and spermagonia (arrows) in the basal com-
partment. In C and E, depletion of spermatogonia is
evident (asterisks) whereas in D, spermatogonia can
be observed (arrows). In E, step 19 spermatids (ar-
rowheads) are abnormally positioned in the basal
compartment. Bars = 14 μm.

Fig. 7. The number of spermatogonia in the Bu-treated animals decreased significantly in
comparison with the other groups; however, in Bu + 7dB12, the number of spermato-
gonia is two and three times higher than the Bu-6d and Bu + 7dS, respectively; a ≠ b ≠ c
(p ˂ 0.05).

E. Sasso-Cerri et al. Biomedicine & Pharmacotherapy 95 (2017) 1619–1630

1627



seminiferous epithelium integrity impaired by Bu, stimulates sperma-
togonia mitotic activity and exerts a preventive effect against Bu-in-
duced germ cell death. Therefore, vitamin B12 supplementation may be
an excellent strategy for the enrichment of SSC in vitro and a useful
adjuvant therapy to improve fertility in oncologic patients.
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