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Abstract

Background: Regenerative medicine potentially offers the opportunity for curing male infertility. Native extracellular
matrix (ECM) creates a reconstruction platform to replace the organs. In this study, we aimed to evaluate the efficiency
of the testis decellularized scaffold as a proper niche for stem cell differentiation toward testis-specific cell lineages.

Methods: Rats’ testes were decellularized by freeze-thaw cycle followed by immersion in deionized distilled water for
2 h, perfused with 1% Triton X-100 through ductus deferens for 4 h, 1% SDS for 48 h and 1% DNase for 2 h. The
decellularized samples were prepared for further in vitro and in vivo analyses.

Result: Histochemical and immunohistochemistry studies revealed that ECM components such as Glycosaminoglycans
(GAGs), neutral carbohydrate, elastic fibers, collagen I & IV, laminin, and fibronectin were well preserved, and the cells
were completely removed after decellularization. Scanning electron microscopy (SEM) showed that 3D ultrastructure of
the testis remained intact. In vivo and in vitro studies point out that decellularized scaffold was non-toxic and performed
a good platform for cell division. In vivo implant of the scaffolds with or without mesenchymal stem cells (MSCs) showed
that appropriate positions for transplantation were the mesentery and liver and the scaffolds could induce donor-loaded
MSCs or host migrating cells to differentiate to the cells with phenotype of the sertoli- and leydig-like cells. The scaffolds
also provide a good niche for migrating DAZL-positive cells; however, they could not differentiate into post meiotic-cell
lineages.

Conclusion: The decellularized testis can be considered as a promising vehicle to support cell transplantation and may
provide an appropriate niche for testicular cell differentiation.
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Background
Reproductive disorders are common in population, and
they fuel many socioeconomic problems. Nowadays, the
couples with male factor infertility are also increasing by
changes in the lifestyle and exposure to different endo-
crine interrupters. Assisted reproductive techniques
(ART) offer the opportunity to cure many reproductive

disorders, but in many cases, the fertility rescue fails to
happen; therefore, more effective procedures are needed.
Stem cell therapy [1] and tissue engineering [2] are two
new approaches to improve the male fertility. Regenerative
medicine and tissue engineering offer the opportunity to
culture various cells into the appropriate biomaterials and
recapitulate the naïve microenvironment for normal cell
and tissue differentiation and function. Based on the type
of disorder, 25–75% of the cases such as testicular sperm
extraction can be treated by ART [3]. However, more se-
vere forms of infertility such as spermatogenesis arrest [3]
need more sophisticated attention. Sperm derivation from
autologous stem cells can be a potential treatment of such
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cases. Finally, perhaps 1 day, the treatment of infertility
can be individualized.
Recapitulation of the testis microenvironment for

spermatogenesis was the subject of some investigations.
For instance, the proliferation and self-renewal of the
spermatogonial stem cells were improved by culturing in
3D agarose hydrogel [4]. Isolated cells from the rat testis
have been reported to be reconstructed by culturing in a
three-layer gradient matrigel [5]. Also, poly-L-lactic acid
nanofibers were reported to be used as basement mem-
brane to improve the frozen-thawed mouse spermato-
gonial stem cell viability [6]. The germ cells have been
detected to differentiate into late spermatid within a 3D
collagen and agar culture system [7]. Besides, 3D colla-
gen/alginate hydrogel improved the embryonic stem
cell-derived primordial germ cell differentiation [8]. 3D
culture systems can be considered as a biomimicry of
the testis microenvironment and improve the spermato-
gonial stem cell differentiation condition. The extracellu-
lar matrix and basement membrane constitute the main
niche for germ cell as well as sertoli and interstitial cell
that support their functions [9]. A culture system con-
tained laminin and fibronectin, but not collagen along
with meiosis inducer, and sertoli cell co-culture led to an
elevation in the spermatogonia stem cell marker expres-
sion such as DAZL by chick embryonic stem cells [10].
Glycosaminoglycans (GAG) such as heparin sulfate facil-
itated the primordial germ cell migration and survival
[11]. Acellular matrix is usually prepared by removing
the cellular components from the tissue through mech-
anical and/or chemical methods [12, 13]. The testis has
been previously shown to be decellularized successfully
with good extracellular matrix (ECM) preservation [14].
Decellularized tissues with naïve microarchitecture can
be considered as an appropriate niche for germ cell dif-
ferentiation and has been reported to be used for adult
testicular tissue culture [2]. The decellularized tissues
degrade slowly after implantation and are generally
replaced by the host cell-derived ECM [15].
In patients at the final stage of organ failure, biopsy of

the tissue cannot adequately provide the necessary cell
for transplantation [15]. The decellularized scaffolds can
be recellularized by either culturing the isolated cells in
vitro or cell migration from the host tissue in vivo. Dif-
ferent stem cells can be substituted as a source for germ
cell differentiation, especially for those who suffer from
spermatogonia disorders.
Among adult stem cells, mesenchymal stem cells

(MSC) have been mostly studied. They can be easily ex-
tracted from the bone marrow, and the most important
characteristic of these cells is their ability to maintain
homeostasis and integrity of the tissues [16]. The stem
cells are located in specific niche, where they would be
able to make normal cell replacement, as well. If a lesion

occurs in the tissue, they will have the capacity to mi-
grate to the site and differentiate to tissue-specific cells
or produce cytokines that repair the tissue [17]. The role
of mesenchymal stem cells in the immunomodulation
has already been recognized [18]. Therefore, if the tissue
scaffold is recellularized with the MSCs, they will escape
from the host’s immune system [19, 20].
In this study, we decellularized and characterized the

rat testis, and for the first time, we transplanted the
recellularized scaffold with bone marrow-derived MSCs
to investigate their possible capability to induce differen-
tiation of the testis-specific cells including the germ cell,
sertoli, leydig, and post-mitotic spermatogenesis lineage.

Materials and methods
Decellularization of rat testis
The testis samples were collected from Sprague-Dawley
rats weighing 150–200 g. Thereafter, the testes were
washed with phosphate-buffered saline (PBS) three times
and frozen at − 80 °C.
After thawing, the samples were immersed in deion-

ized distilled water (DDW) for 2 h and perfused with 1%
Triton X-100 (Sigma, USA) in DDW through ductus
deferens for 4 h followed by 1% SDS (Sigma, USA) in
DDW for 24 h at room temperature, using peristaltic
pump (Heidolph, Germany) at a rate of 0.5 cc/min.
Then, the perfusion rate was elevated to 0.9 cc/min for
another 24 h. To minimize the remnant of residual
DNA, 1% DNase (Sigma) in PBS (pH 7.2) was perfused
with the same aforementioned condition for 2 h. The
treated samples were washed in DDW for an additional
4 h and then prepared for further analyses. For in vitro
and in vivo studies, the samples were sterilized with 3%
peracetic acid in 4% ethanol, washed with PBS, and fi-
nally lyophilized by freeze–drier (Christ Alpha 2-4
LD-plus, Osterode am Harz, Germany) at − 50 °C.

Decellularization efficiency
The paraffin-embedded sections were prepared from
decellularized and intact testes to evaluate the efficiency
of decellularization procedure and ECM preservation.
The sections at 5 μm thickness were stained with
Hoechst (Sigma–Aldrich) and hematoxylin and eosin
(H&E) to assess the devoid of cellular components, azan
and aldehyde fuchsin staining to assess the collagen and
elastic fiber preservation.

Retention of carbohydrates
In order to identify the retention of acidic GAGs and
neutral carbohydrates, we stained the decellularized tis-
sues with 1%alcian blue (Sigma–Aldrich) at pH 1 and
periodic acid–Schiff, respectively. The sections stained
with alcian blue were, then, counterstained with nuclear
fast red (Sigma–Aldrich).
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Immunohistochemistry
To evaluate the retention of collagen type I and IV, lam-
inin and fibronectin, the decellularized and intact testes
were fixed in 4% paraformaldehyde for 24 h followed by
immersing in 30% sucrose as a cryoprotectant for 72 h; at
the end, they were transported to the liquid nitrogen. The
tissues were then embedded in OCT and sectioned at a
thickness of 6–7 μm. Endogenous peroxidase was neutral-
ized by 0.3% H2O2 in methanol, and non-specific binding
sites were blocked by 4% goat serum in PBS. The samples
were incubated with anti-collagen IV (pre-diluted; ab6581,
Abcam), anti-collagen I (pre-diluted; ab6577, Abcam),
anti-laminin (pre-diluted; ab6571, Abcam), and anti-fibro-
nectin (pre-diluted; ab6584, Abcam) antibodies overnight
at 4 °C. Then, they were washed with PBS three times for
15 min. Finally, the samples were treated with streptavi-
din–horseradish peroxidase complex followed by incuba-
tion with diaminobenzidine (DAB, Dako) and
counterstained with hematoxylin.

DNA content analysis
To investigate the DNA content of the intact and decel-
lularized testes (n = 3), dsDNA Assay Kit (QIAGEN,
Germany) was used according to the manufacturer’s
guideline. Briefly, the dried samples were cut into pieces
with less than 25 mg in weight, transferred into the
strips, and digested with proteinase K at 56 °C. After
washing, the samples were added to 200 μL of 96% etha-
nol and DNA extracted by DNeasy Mini spin column.
After DNA elusion, the DNA/protein ratio was evalu-
ated by a spectrophotometer (Nanodrop Technologies
Inc., Wilmington, USA) at 260/280 nm.

Scanning electron microscopy
In order to evaluate the microarchitecture of the decel-
lularized scaffolds, scanning electron microscopy (SEM)
was performed. The samples were fixed in 2.5% glutaral-
dehyde for 24 h at 4 °C, dehydrated in increasingly
graded ethanol, and dried with increasingly graded
hexamethyldisilazane. Finally, the samples were covered
with gold using Q150R- ES sputter coater (Quorum
Technologies, UK) and imaged by a VEGA3 microscope
(TESCAN, Czech Republic).

Mesenchymal stem cell isolation
Mesenchymal stem cells were collected from the bone
marrow of the adult rat. The rats were euthanized by
chloroform, and the femur and tibia were removed. In
order to collect MSCs, we inserted a 23-gauge syringe
into the bone cavity and flashed with serum-free Dulbec-
co's modified Eagle's medium (DMEM, GIBCO). After
centrifuging at 1200 rpm for 10 min, the bone marrow
cells were re-suspended in 1 mL DMEM that was sup-
plemented with 10% fetal bovine serum (FBS), 10 U/mL

penicillin, 10 μg/mL streptomycin, and 1% L-glutamate
(all supplied by GIBCO). Finally, the number of viable
cells was checked with trypan blue and hemocytometer
and transferred to culture dishes. The suspended cells
were removed after 24 h, and the attached cells were
allowed to grow up to confluency.

Cytotoxicity assay
The sterile lyophilized decellularized testes were cut trans-
versely into 5-mm pieces and re-sterilized by UV. At the
third passage, bone marrow-derived MSCs were harvested
and loaded at a density of 5 × 104 per each scaffold for 24,
48, and 72 h. The same number of MSCs was seeded in a
2D conventional condition as the control culture. The cells
in both 2D conventional and 3D conditions cultured
DMEM supplemented with 10% FBS, 10 U/mL penicillin,
10 μg/mL streptomycin, and 1% L-glutamate. After incuba-
tion, the viability of the cells on the decellularized testis was
determined by adding 1 mg/mL 3-(4, 5-dimethylthiazolyl-
2)-2, 5-diphenyltetrazolium bromide (MTT, M5655;
Sigma–Aldrich) for 3 h. Formazan was eluted by adding di-
methyl sulfoxide (Sigma–Aldrich) for 15 min. The optical
density of the eluted MTT was evaluated at 590 nm.

Recellularization and in vitro assessments
To prepare the lyophilized decellularized scaffolds, we
pre-conditioned them with DMEM supplemented with
charcoal-stripped FBS overnight at 37 °C and 5% CO2.
MSCs at a density of 5 × 107/mL in DMEM supplemented
with 10% FBS, 10 U/mL penicillin, 10 μg/mL streptomycin,
and 1% L-glutamate were loaded on each scaffold. After
30 min, DMEM was added to the cell-seeded scaffolds and
incubated at 37 °C and 5% CO2 for 3, 7, and 14 days. In
order to avoid the effect of FBS steroid hormones on the
MSC differentiation fate, the FBS was stripped by activated
charcoal and dextran (Sigma) for 2 h.
The recellularized scaffolds were prepared histologi-

cally and stained with H&E and immunostained with
anti-DAZL (1:100; Abcam; ab34139) antibody followed
by incubating with Alexa-Fluor®488 conjugated second-
ary antibody (1:500; Abcam; ab150077). Then, the
samples were counterstained with Hoechst. The intact
testis was used as positive control.

In vivo assessments
For in vivo transplantation, the cells were trypsinized at
passage 3 and labeled with PKH26 red fluorescent cell
linker kit (Sigma). The labeled MSCs at a density of 5 ×
107/mL were loaded into the pre-conditioned scaffolds.
After 48 h, the scaffolds with or without cell loading
were transplanted into different positions including the
skin, renal capsule, mesentery, and liver. The rats were
anesthetized by intramuscular injection of 10 mg/kg
xylazine and 100 mg/kg ketamine; an incision was made
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in the abdominal wall and the recellularized scaffolds
with or without cells was transplanted. The scaffolds
were sutured using 8-0 nylon sutures, and the abdomen
was closed using 3-0 nylon sutures. They also received
analgesic drug and antibiotic. The animals were kept
under the standard condition and ad libitum for 20, 40,
and 60 days (n = 5 in each group). Then, all animals were
sacrificed and the transplanted tissues were removed
and prepared histologically. The sections were stained
with H&E, and they were also immunostained for
DAZL, inhibin, and CD68. The DAZL was performed in
the same way as we did for in vitro samples. The inhibin
and CD68 (ready to use, Dako) were detected by avidin–
biotin–peroxidase complex method. Diaminobenzidine
(Master Diagnostic, Spain) was used as chromogen, and
the samples were counterstained with hematoxylin. The
area that was occupied by seminiferous tubules and also
the percentages of the fibrous seminiferous tubules were
estimated by Image J software (http://mac.softpedia.-
com/get/Graphics/ImageJ.shtml). The possibility of post-
mitotic cell differentiation was evaluated by interaction
of the potential developing acrosome with peanut agglu-
tinin (PNA, Sigma) lectin. The deparaffinized sections
were incubated with 10 μg/mL of FITC-conjugated PNA
for 2 h at room temperature, and then, they were coun-
terstained with Hoechst.
To detect the endothelial cells and angiogenesis, we also

incubated the slides with the 10 μg/mL of FITC-conjugated
UEA lectin for 2 h at room temperature followed by coun-
terstaining with Hoechst.

Statistical analyses
The data were presented as mean values ± standard devi-
ation, and statistical analyses were performed using
one-way ANOVA analysis, LSD, and Mann–Whitney U
test. GraphPad Prism was used for analyses. A p value
less than 0.05 was considered as significant difference.

Results
Evaluation of decellularization
The first step in the assessment of the decellularization
efficacy is to confirm the elimination of the cellular ele-
ments. Gross examination of the decellularized scaffold
revealed that 1% SDS turned the color of the testis to
the whitish translucent appearance (Fig. 1a). Quantifica-
tion test also suggested a significant decrease in the
DNA content of the decellularized testis (less than 50 ±
12 ng/mg dry weight) compared with that in the native
tissue (Fig. 1b). H&E staining confirmed the cell removal
along with the partially intact ECM architecture (Fig. 1c,
d). Hoechst staining also showed the presence of a very
few nuclei in each section (Fig. 1e, f ). The tunica albugi-
nea remained intact; however, the seminiferous tubules
and interstitial tissue were detected with mild distortion.

Vasculature framework without endothelial cells also
preserved in the samples.
Scanning electron microscopy was used to qualita-

tively evaluate the three-dimensional structure of the
decellularized testis. Ultrastructure of the decellularized
testis showed the convoluted, loop-shaped, tubular sem-
iniferous tubules. Compact collagenous structure of the
tunica albuginea remained nearly intact after the
decellularization process (Fig. 2a). The SEM images
confirmed the intact testicular three-dimensional ECM
architecture and normal interstitial tissue without any
cell or nucleus component (Fig. 2a, b).

Characterization of the ECM preservation
Histochemical studies indicated that the ECM constituents
were preserved properly in the decellularized testis. Alcian
blue staining revealed that GAG distribution in decellular-
ized testis was the same as that in the native one. GAGs
were preserved in the wall of the vessels as well as in the
tunica albuginea after decellularization. PAS staining
showed that neutral carbohydrates were present in the
interstitium and in the wall of the vessels of intact testis
and they were preserved properly in the same position in
the decellularized testis. Elastic fibers were distributed in
the interstitium, the wall of the arteries, and tunica albugi-
nea of native testis. Both Verhoeff and aldehyde fuchsin
staining confirmed the preservation of the elastic fibers in
the same regions of the decellularized testis (Fig. 3).
Both azan and immunostaining revealed that collage

type I was also preserved in the tunica propria, intersti-
tium, the wall of the vessels, and tunica albuginea (Figs. 3
and 4). Immunostaining also indicated that laminin and
collagen type IV were present in the basal lamina of the
seminiferous tubules in both decellularized and intact
testis. In both native and decellularized tissue, collagen
type IV and fibronectin were present in the interstitium.
Both fibronectin and laminin were preserved in the tu-
nica albuginea and the wall of the large blood vessels in
the decellularized tissue (Fig. 4).

Cytocompatibility
MTT assay revealed that the decellularized scaffold was
non-toxic. Bone marrow-derived MSCs were seeded into
the decellularized testis and the cell viability was com-
pared with that in 2D monolayer condition after 1, 3,
and 7 days. In short term, the viability was significantly
lower in the cells seeded on the scaffold compared to
those seeded in 2D conventional monolayer cultures (P
< 0.0001); however, in long term, it was the same in both
3D and 2D conditions. As the time passed, the prolifera-
tion and viability significantly declined in 2D condition
(P = 0.0062 for the 1st day versus the 3rd day, P = 0.0006
for the 1st day versus the 7th day), while it significantly
elevated in 3D condition (P < 0.0001 for the 1st day

Kargar-Abarghouei et al. Stem Cell Research & Therapy           (2018) 9:324 Page 4 of 16

http://mac.softpedia.com/get/Graphics/ImageJ.shtml
http://mac.softpedia.com/get/Graphics/ImageJ.shtml


versus the 3rd day, P = 0.0244 for the 1st day versus the
7th day). The comparison of the cell viability in 2D and
3D conditions showed they were similar on days 3 and 7
of incubation (Fig. 5a).

In vitro study
After day 3, the cells in the recellularized scaffolds were
distributed with different phenotypes in both seminifer-
ous tubules and interstitium (Fig. 5b). The cells located
in the interstitium had a fibroblast-like structure with
oval pale nuclei (Fig. 5c). The cells scattered within the
seminiferous tubules were spherical with round or oval
nuclei and acidophilic cytoplasm (Fig. 5c, d). Therefore,
it seems that the ECM architecture and content

regulated the cell morphology. In spite of cell morph-
ology, the cell density decreased after 7 and 14 days
(Fig. 5e, f ). Besides, the cells that attached to the surface
of the tunica albuginea were squamous in shape. Some
mitotic figures were also observed in the cells loaded in
the seminiferous tubules.
SEM images also confirmed the difference in the cell

phenotype according to the location within the scaffolds.
While the cells located within the interstitium showed a
cell body with numerous processes (Fig. 6a), those lo-
cated within the seminiferous tubules were spherical
(Fig. 6b). Immunostaining showed that both seeded cells
within the seminiferous tubules and interstitium of the
scaffolds were DAZL-negative in all days.

Fig. 1 Macroscopic and microscopic structure of the rat testis after SDS-based decellularization process. A lyophilized decellularized testis scaffold
showed whitish translucent appearance (a). The transverse section of the decellularized testis showed intact ECM and tunica albuginea gross
architecture. DNA quantification showed significant cell removal by decellularization procedure (N = 3) (b). Comparing of the H&E (c, d), Hoechst
(e, f), staining of the naïve (c, e), and decellularized tissue (d, f) also confirmed the cell removal. Both staining showed that ECM was preserved
with no residual nuclei or cells
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In vivo study
Gross examination of the grafts showed that there was
no sign of inflammation or adhesion in those implanted
in the liver; however, in some cases, the implant in the
mesentery led to adhesion (Fig. 7). Besides, the cell-free
and cell-seeded scaffolds were absorbed totally and
replaced by connective tissue when they were implanted
in renal subcapsular and subcutaneous regions without
any sign of inflammation. Those implanted within the
mesentery or liver remained up to day 60.
The cell tracing by PKH showed that both bone

marrow-derived MSCs and host migrating cells were
present in the implanted scaffolds after day 20. Although
most of the cells were present in the seminiferous
tubules migrated from the host, both migrating and
labeled MSCs could be found in the interstitium of the
scaffolds (Fig. 8).
The implants were penetrated by the blood vessels prop-

erly. UEA-positive cells covered the lumen of the blood
vessels, confirming the fact that the angiogenesis happened
after transplantation (Fig. 9). Also, some infiltrated
immune cells were observed within both cell-free and
cell-loaded scaffolds that indicated a mild inflammation.
Histological study showed that the cells in the tunica pro-

pria had elongated nuclei similar to the myoid cells. Within
the interstitium, both fibroblast and the round acidophilic
cells with centrically located nuclei can be found (Figs. 10
and 11). Some other seminiferous tubules were occupied
by fibrous tissue containing the fibers and elongated dark
nuclei that might have belonged to the fibrocytes (Fig. 11e,
f). The percentage of the fibrosis tubules was increased
significantly in all conditions as the time progressed (all P
< 0.001). Although the seminiferous tubules in both
cell-loaded and cell-free implants contained the cells with
sertoli cell phenotype, the percentage of tubules with fibro-
sis tissue was statistically the same in both conditions
(transplanted on liver and mesentery) (Table 1).

The round acidophilic cells had the phenotype similar
to either leydig cell or macrophages (Fig. 12a). To distin-
guish these two types of cells, we performed immuno-
staining for inhibin and CD68. Although some cells
were inhibin-positive (Fig. 12b), the others expressed
CD68 (Fig. 12c). Therefore, within the interstitium, both
macrophages and leydig-like cells were present.
In some seminiferous tubules, the cells with large

pale nuclei and prominent nucleoli, similar to sertoli
cell nuclei (Fig. 12d), were found. Some of the cells
within the seminiferous tubules were inhibin-positive
that may indicate they differentiated to the sertoli-like
cells (Fig. 12e, f ). To find the possible differentiation
of the cells to post-mitotic cell lineages, we stained
the implant with PNA lectin that is the marker of the
acrosome and acrosomal granules. None of the sem-
iniferous tubules contained PNA-positive cells that in-
dicated there was no post-mitotic cell differentiation
even after following for 60 days.
In the grafts transplanted in both the liver and mes-

entery, the area occupied by seminiferous tubules was
statistically the same in the matched time series and
the cell loading before graft had no significant influ-
ence on this criterion. As the time progressed, semin-
iferous tubules were kept in the implants on the liver;
however, those implanted in the mesentery showed a
significant reduction after 60 days compared to that
after 20 days in both cell-loaded or cell-free condi-
tions (P = 0.006 and 0.011, respectively, Table 2).
Immunohistochemistry detected some migrating

DAZL-positive cells toward the scaffolds in cell-loaded
implants harvested from both mesentery and liver; how-
ever, after 60 days, the DAZL-positive cells disappeared
in the scaffold transplanted on the liver (Fig. 13).
DAZl-positive cells were also detected in both cell-free
scaffolds transplanted in the both liver and mesentery
after 40 and 60 days (Fig. 14).

Fig. 2 Scanning electron microscopy evaluates three-dimensional testis structure after decellularization. Ultrastructure of the decellularized testis
confirmed that the framework of the testis remained intact and the testis tubules are visible on the transverse section (a). Higher magnification of
a seminiferous tubules are shown without any cell, and the collagen fiber orientation and structure are almost unaffected (b)
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Discussion
Decellularized organs provide an appropriate ECM for
tissue-specific cell differentiation. Detergents such as
SDS have detrimental effects on the ECM constituents.
In addition, trace amount of DNA and cellular antigens
can cause serious side effects on the cell viability and
functions [21]. The data from the current study indi-
cated that in short term, the viability of the cells seeded

on the decellularized scaffolds was less than those cul-
tured in 2D conventional condition and it may be attrib-
uted to the presence of the cell debris and SDS trace
within the scaffolds. However, as the time progressed,
the cell viability increased in in vitro condition. In vivo
tests also confirmed that the transplanted as well as host
migrating cells could survive properly within the scaf-
folds. It has been shown that the extracellular matrix has
chemical properties to trigger mitotic activity in the
stem cells and migrating cells to the scaffold which is
critical for tissue reconstruction [22]. Long-term cultur-
ing led to the removal of the trace of the SDS that im-
proved the cell viability.
Our results indicated that the decellularized scaffolds

remained when they were implanted in the liver and

Fig. 3 Comparison of the ECM content of intact testis (left series)
with decellularized scaffolds (right series). Alcian blue and PAS
showed that GAG and neutral carbohydrate were preserved after
decellularization. GAGs were mainly present in tunica propria as well
as tunica albuginea. Neutral carbohydrates were mainly present in
the interstitium. Aldehyde fuchsin, Verhoeff, and azan confirmed the
preservation of the collagen and elastic fibers as well. Collagen fibers
were distributed in both tunica albuginea and tunica propria, but
the elastic fibers were present in the wall of arteries and interstitium

Fig. 4 Comparison of the ECM content of the intact testis (left
series) with decellularized scaffolds (right series) showed that
collagen I, collagen IV, fibronectin, and laminin remained after
decellularization. The distribution of these proteins was the same in
both cellularized and decellularized tissues. The laminin and collagen
IV were mainly present in the basal lamina, while the fibronectin
distributes in all regions uniformly
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mesentery, but they were absorbed when they were
transplanted in the subcapsular region of the kidney or
in the subcutaneous part of the skin. The proper pos-
ition for transplantation of the ectopic tissues such as
engineered scaffolds is a critical point in the success of

the cell-base or tissue replacement therapy. Although
subcapsular space of the kidney has been suggested as
an appropriate site for organ rudiment development [23]
and subcutaneous part of the skin was used for ectopic
transplantation of the cells and tissues in rodents [24],

Fig. 5 In vitro culture of recellularized scaffolds. MTT assay of the decellularized scaffold revealed that the scaffolds were non-toxic. At the day 1,
the viability was significantly lower in the cells seeded on the scaffold compared to those seeded in 2D conventional monolayer cultures. At the
days 3 and 7, the proliferation and viability significantly declined in 2D condition, while it significantly elevated in 3D condition. The similar cell
viability was recorded in 3D and 2D culture conditions after 3 and 7 days (a). After 3 days, the cells within the scaffold showed various
phenotypes according to the position (b); those located within the seminiferous tubules were spherical with round nuclei and acidophilic
cytoplasm (arrow head), while those located in the interstitium were fibroblast-like (arrow, c). The higher magnification of the seminiferous
tubules showed the spherical cells (d). After 7 (e) and 14 (f) days, the cells were present within the scaffolds; however, the cell density declined

Fig. 6 Scanning electron microscopy of the different regions of the recellularized scaffolds. Electron micrographs revealed that the cells were
attached to the scaffolds; the cells located within the interstitium showed a cell body with numerous processes (a), while those located within
the seminiferous tubules were spherical (b)
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the best position for each ectopic tissue depends on the
species and type of the tissue or transplanted cells [25].
Our data also showed that the partial reconstruction of
the testis as well as angiogenesis successfully happened
in the decellularized scaffolds transplanted in the liver
and mesentery, as well.
This study reports a simple protocol for preparing a

biocompatible matrix of the testes with minimal damage
to the 3D structure and ECM constituents. In vitro as-
sessment showed that the 2D monolayer cultures con-
tained more viable cells compared with those cultured
within 3D decellularized scaffolds on day 1, while on
days 3 and 7, the number of viable cells was higher in
3D scaffolds. It seems that the cells reached confluency
in 2D condition; therefore, there was no suitable space
for the cell growth. The cells seeded on the 3D scaffolds

had sufficient space for further growth. ECM is an es-
sential factor for differentiation, cellular behavior, and
gene regulation [26]. Also, another study pointed out
that the maintenance of other compounds in ECM, such
as vascular endothelial growth factor, could play an im-
portant role in the migration, reproduction, and differ-
entiation of the cells grown during the in vivo
post-transplantation process [27]. Here, the whole rat
testis was perfused via non-ionic (Triton X100) and
ionic (SDS) detergents as well as freeze and thaw and
DNase to make the biomimetic scaffold. The freeze and
thaw, as a physical process, lyses the cells and acceler-
ates the penetration of the chemical solutions [21]. The
use of DNase in the final stages of decellularization re-
duced the remaining of DNA fragments [21]. The effect-
ive removal of DNA and cell debris from the
decellularized tissue led to better migration of the host
cells to the scaffold and also reduced the inappropriate
immune response [28, 29]; however, we also found a
mild immune cell infiltration including CD68-positive
macrophages and lymphocytes, as well. DNA content of
less than 50 ng/mg dry weight was considered as an ob-
jective measurement for the effective elimination of cel-
lular components [30]. Although there is no single
optimized method for decellularization, we and others
removed the cells effectively with minimal damage to
the ECM [31–33]. A big challenge for optimizing the
decellularization techniques is to find the balance be-
tween effective elimination of cellular components and
maintenance of ECM materials.
We found that the 3D ultrastructure of the testis

remained with minimal damage after decellularization
which is consistent with previous studies [34, 35].
Spermatogenesis has been shown to happen in a 3D
microenvironment that provides appropriate mechanical

Fig. 7 The scaffolds (arrows) transplanted on the mesentery (a) and liver (b) after 20 days. No obvious sign of gross inflammation or adhesion
was observed

Fig. 8 Cell tracing by PKH staining showed that the donor cells
remained viable in the transplanted scaffolds. It was also showed
that both bone marrow-derived MSCs (red) and host migrating cells
were present in the implanted scaffold
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stress for the sperm development. Spermatogenesis was
reported to be improved in 3D collagen type I hydrogel
[36]. Besides, the basal lamina of the seminiferous tu-
bules provides a niche for spermatogenesis [7]. Also, the
functions of the testis-specific cells such as leydig cells
were modified by culturing on the ECM constituents
such as fibronectin, laminin, or collagen type IV [37].
Collagens also regulate the sertoli cell functions such as
blood-testis barrier dynamic. Laminin has been sug-
gested to have a role in spermatogenesis and germ cell
perturbation [38]. Importantly, the isolated mouse neo-
natal testicular cells were reported to be reconstructed
within 3D collagen matrix [39]. Laminin, fibronectin,
and GAGs act as adhesion molecules that have been re-
ported to promote the cell attachment and migration
[40]. Both in vitro and in vivo experiments revealed that
the morphology of the bone marrow-derived MSCs

cultured within the decellularized scaffolds was regulated
by the position of the cells within the scaffolds. The cells
in the seminiferous tubules had spherical phenotype,
and those in the interstitium or tunica propria had
fibroblast-like morphology that may be attributed to the
cell interaction with ECM. Also, some cells with the
phenotype of leydig cells and the capability to express
inhibin were found in the interstitium. It has been
shown that the rat leydig cells express inhibin [41].
Sertoli-like cells within the seminiferous tubules were
also detected that expressed inhibin, as well. It seems
that the ECM constituents of the scaffolds have the abil-
ity to induce testis-specific cell differentiation. However,
beside the role in the hypothalamic–pituitary–gonadal
axis regulation, inhibin has been demonstrated to
involve in immune cell differentiation and coordinate
the tolerance versus immunity [42, 43]. Therefore, the

Fig. 9 In vivo study showed that angiogenesis happened properly and different sections of the blood vessels were present in the transplanted
scaffolds (a). H&E staining showed that all types of vessels were present in the transplanted sections. UEA lectin, as a marker of endothelial cells,
also confirmed the angiogenesis (b, FITC-conjugated UEA; c, Hoechst)
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presence of the inhibin-positive cells in the graft may be
more related to their immunomodulatory role rather
than leydig or sertoli cell differentiation.
The other constituents of the decellularized testis were

GAGs that were preserved with minimal damage. GAGs
have been shown to surround the sertoli and leydig cells
in developing rat gonad [44], indicating the importance of
such a component in testis-specific cell differentiation.
GAGs can influence spermatogenesis by sequestrating the

growth factors and protecting them from protease diges-
tion [44]. Researchers have believed that GAG not only af-
fects the cell adhesion, proliferation, and differentiation,
but also plays a crucial role in the cell fate [45].
A line of evidence showed the presence of extra

gonadal germ cell population in the bone marrow and
peripheral blood. In female mouse, this cell population
has been reported to be influenced by the estrous cycle,
can migrate to the ovary, and is involved in the oocyte

Fig. 10 Histological sections of the cell-loaded (left series) and cell-free transplants (right series) on the liver. After 20 days, cells could be
observed in the seminiferous tubules (*) of both cell-loaded (a) and cell-free (b) scaffolds. Some cells within the tubules had nuclei with close
similarity to sertoli cells (Arrow). The cells surrounding the tubules had elongated nuclei similar to the myoid cells in the tunica propria. After
40 days (c, d), the sertoli-like cells had yet presented within the tubules. Between the tubules, some round eosinophil cells with round centrally
located nuclei (arrow) could be also observed (c). At day 60 (e, f), some tubules occupied by fibrous tissue were present within the scaffolds (*)
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differentiation [46]. DAZL-positive cells have detected
human decellularized ovarian scaffold transplanted in
the ovariectomized rat model [47]. These cells have been
also detected in the adult male mouse [48] and human
male fetus bone marrow [49]. Besides, a pluripotent cell
population, called very small embryonic-like stem cells

(VSEL), was isolated from the peripheral blood and bone
marrow, which has a tendency to differentiate into the
germ cells [50]. This cell population expresses DAZL
and can migrate under stress or damaged conditions
[51]. Our data revealed a stream of DAZL-positive cells
migrating from the liver or mesentery toward the

Fig. 11 Histological sections of the cell-loaded (left series) and cell-free transplants (right series) on the mesentery. After 20 days (a, b), the cells
within the seminiferous tubule showed sertoli-like cell phenotype (arrow head) along with round cells with leydig cell-like phenotype in the
interstitium (arrow). A similar phenotype could be observed after 40 days (c, d). After 60 days, some tubules contained sertoli-like cells that had
yet occupied some tubules. The percentage of the tubules occupied by fibrous tissue increased significantly at day 60 (asterisk) (e and f)

Table 1 The percentage of the seminiferous tubules occupied by fibrous tissue in the various days

Days 20 days
%

40 days
%

60 days
%

Liver Cell-free scaffolds 29.24 ± 4.16* 67.30 ± 8.84 81.71 ± 1.66

Cell-loaded scaffolds 30.97 ± .2.87* 58.75 ± 7.66 72.98 ± 7.19

Mesentery Cell-free scaffolds 37.65 ± 14.1* 60.97 ± 5.27 89.15 ± 10.71

Cell-loaded scaffolds 26.66 ± 4.91* 52.14 ± 22 67.69 ± 3.33

*Significant difference with the corresponding grafts after 60 days (p < 0.05)
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decellularized scaffold, and it is possible that they are de-
rived from VSEL or DAZL-positive cells circulating in
the blood.
Promising results of good ECM preservation and suc-

cessful in vitro recellularization encouraged us to test in
vivo transplantation of the testis scaffold. Qualitative ob-
servation showed that following transplantation of the
cell-loaded and cell-free scaffolds to the liver and mesen-
tery, the infiltration of immune cells (mainly macrophages,
epithelioid cells and lymphocytes) was low. Moreover, the
researchers suggested that the decellularized scaffolds
have anti-inflammatory and immune-repressive effects
[52]. The underlying mechanism may be the reduction of
MHC I and II molecules after decellularization [53, 54].
The data of the current study showed that the MSCs

could not differentiate into post-mitotically cell lineages.
MSCs from various sources were injected to the testis of
different infertile animal models. In most of the cases,
various combinations of growth factors were used to

induce germ cell differentiation before or during the cell
injection [55]. Besides, co-culturing systems with other
cell types, such as sertoli cells, were previously per-
formed to induce trans-differentiation of MSCs into
germ cells [56], and then, the differentiated cells were
transplanted into the busulfan-induced azoospermic rats
[57]. Yet, some other studies have revealed that the
injected undifferentiated MSCs into the busulfan-in-
duced rats improved the spermatogenesis [58]. This may
be due to the effects of cytokines that MSCs produced
within the host testis. However, the differentiation of the
MSCs into the sperms was not confirmed [58]. In this
study, we did not use any growth factor supplementation
or co-culture system and we found that DAZL-positive
cells migrated from the host to both cell-loaded or
cell-free decellularized testis. It may be helpful to sug-
gest that using enriched decellularized scaffolds with
growth factors may promote the DAZL-positive cells to-
ward post-mitotic cell lineages.

Fig. 12 Higher magnification of the H&E staining showed that some cells with eosinophilic cytoplasm and round nuclei were present in the
interstitium (arrow) after 20 days. Also, some elongated cells with close similarity with myoid cells present in the tissue surrounded each
seminiferous tubule (arrowhead, a). Immunohistochemistry showed that some cells within the interstitium reacted with anti-inhibin antibody (b).
Immunohistochemistry for CD68 revealed that a subpopulation of the round cells located between the tubules were macrophage (arrowhead, c).
Also, H&E staining shows the presence of the cells with pale trigonal or round nuclei and expanded cytoplasm in some tubules in all samples
(arrow, d). These sertoli-like cells were present within the tubules and react with anti-inhibin antibody (large arrow). Leydig-like cells that express
inhibin (small arrow) and myoid-like cells (arrowhead) also were present in the transplanted scaffold (e). After 60 days, some seminiferous tubules
contain inhibin expressing sertoli-like cells (arrow, f)

Table 2 The area that occupied by the seminiferous tubules in the various days

Days 20 days
mm2/1 mm2

40 days
mm2/1 mm2

60 days
mm2/1 mm2

Liver Cell-free scaffolds 0.026917 ± .0091802 0.023292 ± .0027741 0.012915 ± .003992

Cell-loaded scaffolds .033776 ± .0045181 0.028616 ± .0141431 0.016742 ± .0046878

Mesentery Cell-free scaffolds 0.039351 ± .0078787* 0.031658 ± .00983333 0.013582 ± .0089382

Cell-loaded scaffolds 0.042226 ± .0201494* 0.030711 ± .0120754 0.018701 ± .0130810

*Significant difference with the corresponding grafts after 60 days (P < 0.05)
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Fig. 13 Immunofluorescence staining validation of the presence of DAZL-positive cells in the recellularized scaffold transplanted in the liver
(above) on the day 20 and mesentery (bottom) on the day 60. Stream of DAZL-positive cells came from the edge of the liver toward the scaffold.
The arrow shows the DAZL-positive cells, and the asterisk shows seminiferous tubules

Fig. 14 Immunohistochemistry showed that DAZL-positive cells migrated to the cell-free scaffolds that implanted into the liver (above) and
mesentery (bottom). DAZL-positive cells were present in both the somniferous tubules and interstitium. Arrow shows the DAZL-positive cells, and
the asterisk shows seminiferous tubules
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Conclusion
Data from the current study showed that the cell compo-
nent was eliminated in the rat testis, while the
three-dimensional structure and constituents of the ECM
remained with minimal damage after decellularization.
Since the scaffold could be recellularized successfully and
it exhibited good cytocompatibility, the in vivo tests
showed some testis-specific cells such as inhibin-positive
cells within the scaffolds. Besides, the scaffold provided a
microenvironment for DAZL-positive cell migration; how-
ever, we did not find any post-mitotic spermatogenic cell
lineage. The scaffold may provide a valuable boon for in
vitro and in vivo spermatogenesis. Our outcomes can pro-
mote the understanding of the role of ECM in testicular
function, as well.

Abbreviations
ART: Assisted reproductive techniques; DAB: Diaminobenzidine;
DAZl: Deleted in Azoospermia-Like; DDW: Deionized distilled water;
DMEM: Dulbecco’s modified Eagle’s medium; DNase: Deoxyribonuclease;
ECM: Extracellular matrix; FBS: Fetal bovine serum;
GAGs: Glaycosaminoglycans; H&E: Hematoxylin and Eosin;
MSCs: Mesenchymal stem cells; MTT: 3-(4, 5-Dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide; OCT: Optimal cutting temperature; OD: Optical
density; PAS: Periodic acid schiff; PBS: Phosphate-buffered saline; PNA: Peanut
agglutinin; SDS: Sodium dodecyl sulfate; SEM: Scanning electron microscopy;
UEA: Ulex europaeus agglutinin; VSEL: Very small embryonic-like stem cells

Acknowledgements
The authors wish to thank the vice chancellery of the research deputy for
offering the grant no. 11100. Also, thanks to M Sani, M Salamnnjad, Noori,
and Nadimi for the excellent technical supports. This work was conducted
by E Kargar as a part of the requirements for PhD program. The authors
would also like to thank Shiraz University of Medical Sciences, Shiraz, Iran,
and also Center for Development of Clinical Research of Nemazee Hospital
and Dr. Nasrin Shokrpour for the editorial assistance.

Funding
This study was supported by a grant no. 11100 offered by the Vice-
Chancellor of Research in Shiraz University of Medical Sciences.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files.

Authors’ contributions
EK performed the experiments and was involved in the collection, analysis,
and interpretation of data and manuscript drafting. TTK and ZV conceived
the original idea and supervised the project. TTK, ZV, and SA interpreted the
data and revised the manuscript. AH assisted in data collection. All authors
read and approved the final manuscript.

Ethics approval and consent to participate
This study was approved by the Ethics Committee of Shiraz University of
Medical Sciences (Registration number: IR.SUMS.REC. 1395. S1122).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Tissue Engineering Lab, Department of Anatomical Sciences, School of
Medicine, Shiraz University of Medical Sciences, Zand St., Shiraz, Fars
7134845794, Iran. 2Laboratory for Stem Cell Research, Department of
Anatomical Sciences, School of Medicine, Shiraz University of Medical
Sciences, Shiraz, Iran. 3Reproductive Biology Department, School of Advance
Sciences and Technology, Shiraz University of Medical Sciences, Shiraz, Iran.

Received: 18 August 2018 Revised: 23 October 2018
Accepted: 25 October 2018

References
1. Monsefi M, Fereydouni B, Rohani L, Talaei T. Mesenchymal stem cells repair

germinal cells of seminiferous tubules of sterile rats. Iran J Reprod Med.
2013;11(7):537.

2. Baert Y, De Kock J, Alves-Lopes JP, Söder O, Stukenborg J-B, Goossens E.
Primary human testicular cells self-organize into organoids with testicular
properties. Stem cell Rep. 2017;8(1):30–8.

3. Aponte PM, Schlatt S, Franca LR. Biotechnological approaches to the
treatment of aspermatogenic men. Clinics. 2013;68:157–67.

4. Park JE, Park MH, Kim MS, Park YR, Yun JI, Cheong HT, Kim M, Choi JH, Lee
E, Lee ST. Porcine spermatogonial stem cells self-renew effectively in a three
dimensional culture microenvironment. Cell Biol Int. 2017;41(12):1316–24.

5. Alves-Lopes JP, Söder O, Stukenborg J-B. Testicular organoid generation by
a novel in vitro three-layer gradient system. Biomaterials. 2017;130:76–89.

6. Eslahi N, Hadjighassem MR, Joghataei MT, Mirzapour T, Bakhtiyari M, Shakeri
M, Pirhajati V, Shirinbayan P, Koruji M. The effects of poly L-lactic acid
nanofiber scaffold on mouse spermatogonial stem cell culture. Int J
Nanomedicine. 2013;8:4563.

7. Mahmoud H. Concise review: spermatogenesis in an artificial three-
dimensional system. Stem Cells. 2012;30(11):2355–60.

8. Mansouri V, Salehi M, davood Omrani M, Niknam Z, Ardeshirylajimi A.
Collagen-alginate microspheres as a 3D culture system for mouse
embryonic stem cells differentiation to primordial germ cells. Biologicals.
2017;48:114–20.

9. Siu MK, Cheng CY. Extracellular matrix and its role in spermatogenesis. Mol
Mechanisms Spermatogen Springer. 2009:74–91.

10. Shi Q-Q, Sun M, Zhang Z-T, Zhang Y-N, Elsayed AK, Zhang L, Huang X-M, Li
B-C. A screen of suitable inducers for germline differentiation of chicken
embryonic stem cells. Anim Reprod Sci. 2014;147(1–2):74–85.

11. Wei K-H, Liu I-H. Heparan sulfate glycosaminoglycans modulate migration
and survival in zebrafish primordial germ cells. Theriogenology. 2014;81(9):
1275–85. e2.

12. Piechota HJ, Dahms SE, Nunes LS, Dahiya R, Lue TF, Tanagho EA. In vitro
functional properties of the rat bladder regenerated by the bladder acellular
matrix graft. J Urol. 1998;159(5):1717–24.

13. Chen F, Yoo JJ, Atala A. Acellular collagen matrix as a possible “off the shelf”
biomaterial for urethral repair. Urology. 1999;54(3):407–10.

14. Baert Y, Stukenborg J-B, Landreh M, De Kock J, Jörnvall H, Söder O,
Goossens E. Derivation and characterization of a cytocompatible scaffold
from human testis. Hum Reprod. 2014;30(2):256–67.

15. Atala A. Tissue engineering of reproductive tissues and organs. Fertil Steril.
2012;98(1):21–9.

16. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D,
Deans R, Keating A, Prockop D, Horwitz E. Minimal criteria for defining
multipotent mesenchymal stromal cells. The International Society for
Cellular Therapy position statement. Cytotherapy. 2006;8(4):315–7.

17. Augello A, Kurth TB, De Bari C. Mesenchymal stem cells: a perspective from
in vitro cultures to in vivo migration and niches. Eur Cell Mater. 2010;
20(121):e33.

18. Bartholomew A, Sturgeon C, Siatskas M, Ferrer K, McIntosh K, Patil S, Hardy
W, Devine S, Ucker D, Deans R. Mesenchymal stem cells suppress
lymphocyte proliferation in vitro and prolong skin graft survival in vivo. Exp
Hematol. 2002;30(1):42–8.

19. Assis ACM, Carvalho JL, Jacoby BA, Ferreira RL, Castanheira P, Diniz SO,
Cardoso VN, Goes AM, Ferreira AJ. Time-dependent migration of
systemically delivered bone marrow mesenchymal stem cells to the
infarcted heart. Cell Transplant. 2010;19(2):219–30.

20. Murphy JM, Fink DJ, Hunziker EB, Barry FP. Stem cell therapy in a caprine
model of osteoarthritis. Arthritis Rheum. 2003;48(12):3464–74.

Kargar-Abarghouei et al. Stem Cell Research & Therapy           (2018) 9:324 Page 15 of 16



21. Liu W-Y, Lin S-G, Zhuo R-Y, Xie Y-Y, Pan W, Lin X-F, Shen F-X. Xenogeneic
decellularized scaffold: a novel platform for ovary regeneration. Tissue
Engineering Part C: Methods. 2017;23(2):61–71.

22. Reing JE, Zhang L, Myers-Irvin J, Cordero KE, Freytes DO, Heber-Katz E,
Bedelbaeva K, McIntosh D, Dewilde A, Braunhut SJ. Degradation products of
extracellular matrix affect cell migration and proliferation. Tissue Eng A.
2008;15(3):605–14.

23. Cunha GR, Baskin L. Use of sub-renal capsule transplantation in
developmental biology. Differentiation. 2016;91(4–5):4–9.

24. Fukushima MG, Furlan I, Chiavegatti T, Kiyomoto BH, Godinho RO. Ectopic
development of skeletal muscle induced by subcutaneous transplant of rat
satellite cells. Braz J Med Biol Res. 2005;38(3):367–74.

25. DeWard AD, Komori J, Lagasse E. Ectopic transplantation sites for cell-based
therapy. Curr Opin Organ Trans. 2014;19(2):169.

26. Everitt EA, Malik AB, Hendey B. Fibronectin enhances the migration rate of
human neutrophils in vitro. J Leukoc Biol. 1996;60(2):199–206.

27. Shupe T, Williams M, Brown A, Willenberg B, Petersen BE. Method for the
decellularization of intact rat liver. Organ. 2010;6(2):134–6.

28. Sabetkish S, Kajbafzadeh AM, Sabetkish N, Khorramirouz R, Akbarzadeh A,
Seyedian SL, Pasalar P, Orangian S, Beigi RSH, Aryan Z. Whole-organ tissue
engineering: decellularization and recellularization of three-dimensional
matrix liver scaffolds. J Biomed Mater Res A. 2015;103(4):1498–508.

29. Mazza G, Rombouts K, Hall AR, Urbani L, Luong TV, Al-Akkad W, Longato L,
Brown D, Maghsoudlou P, Dhillon AP. Decellularized human liver as a natural
3D-scaffold for liver bioengineering and transplantation. Sci Rep. 2015;5:13079.

30. Badylak SF, Taylor D, Uygun K. Whole-organ tissue engineering:
decellularization and recellularization of three-dimensional matrix scaffolds.
Annu Rev Biomed Eng. 2011;13:27–53.

31. Wagner DE, Bonenfant NR, Sokocevic D, DeSarno MJ, Borg ZD, Parsons CS,
Brooks EM, Platz JJ, Khalpey ZI, Hoganson DM. Three-dimensional scaffolds
of acellular human and porcine lungs for high throughput studies of lung
disease and regeneration. Biomaterials. 2014;35(9):2664–79.

32. Nichols JE, Niles JA, Cortiella J. Production and utilization of acellular lung
scaffolds in tissue engineering. J Cell Biochem. 2012;113(7):2185–92.

33. Crapo PM, Gilbert TW, Badylak SF. An overview of tissue and whole organ
decellularization processes. Biomaterials. 2011;32(12):3233–43.

34. Orlando G, Booth C, Wang Z, Totonelli G, Ross CL, Moran E, Salvatori M,
Maghsoudlou P, Turmaine M, Delario G. Discarded human kidneys as a
source of ECM scaffold for kidney regeneration technologies. Biomaterials.
2013;34(24):5915–25.

35. Lun S, Irvine SM, Johnson KD, Fisher NJ, Floden EW, Negron L, Dempsey SG,
McLaughlin RJ, Vasudevamurthy M, Ward BR. A functional extracellular
matrix biomaterial derived from ovine forestomach. Biomaterials. 2010;
31(16):4517–29.

36. Khajavi N, Akbari M, Abolhassani F, Dehpour AR, Koruji M, Roudkenar MH. Role
of somatic testicular cells during mouse spermatogenesis in three-dimensional
collagen gel culture system. Cell Journal (Yakhteh). 2014;16(1):79.

37. Diaz ES, Pellizzari E, Meroni S, Cigorraga S, Lustig L, Denduchis B. Effect of
extracellular matrix proteins on in vitro testosterone production by rat
leydig cells. Mol Reprod Dev. 2002;61(4):493–503.

38. Siu MK, Cheng CY. Dynamic cross-talk between cells and the extracellular
matrix in the testis. BioEssays. 2004;26(9):978–92.

39. Zhang J, Hatakeyama J, Eto K, Abe S-i. Reconstruction of a seminiferous
tubule-like structure in a 3 dimensional culture system of re-aggregated
mouse neonatal testicular cells within a collagen matrix. Gen Comp
Endocrinol. 2014;205:121–32.

40. Wierzbicka-Patynowski I, Schwarzbauer JE. The ins and outs of fibronectin
matrix assembly. J Cell Sci. 2003;116(16):3269–76.

41. Risbridger G, Clements J, Robertson D, Drummond A, Muir J, Burger H, De
Kretser D. Immuno-and bioactive inhibin and inhibin α-subunit expression
in rat Leydig cell cultures. Mol Cell Endocrinol. 1989;66(1):119–22.

42. Carbajal-Franco E, de la Fuente-Granada M, Alemán-Muench GR, García-
Zepeda EA, Soldevila G. Inhibins tune the thymocyte selection process by
regulating thymic stromal cell differentiation. J Immunol Res. 2015;2015.
https://doi.org/10.1155/2015/837859.

43. Olguín-Alor R, de la Fuente-Granada M, Bonifaz LC, Antonio-Herrera L,
García-Zepeda EA, Soldevila G. A key role for inhibins in dendritic cell
maturation and function. PLoS One. 2016;11(12):e0167813.

44. Miqueloto C, Zorn T. Characterization and distribution of hyaluronan and
the proteoglycans decorin, biglycan and perlecan in the developing
embryonic mouse gonad. J Anat. 2007;211(1):16–25.

45. Yang B, Zhang Y, Zhou L, Sun Z, Zheng J, Chen Y, Dai Y. Development of a
porcine bladder acellular matrix with well-preserved extracellular bioactive
factors for tissue engineering. Tissue Engineering Part C: Methods. 2010;
16(5):1201–11.

46. Johnson J, Bagley J, Skaznik-Wikiel M, Lee H-J, Adams GB, Niikura Y, Tschudy
KS, Tilly JC, Cortes ML, Forkert R. Oocyte generation in adult mammalian
ovaries by putative germ cells in bone marrow and peripheral blood. Cell.
2005;122(2):303–15.

47. Hassanpour A, Talaei-Khozani T, Kargar-Abarghouei E, Razban V, Vojdani Z.
Decellularized human ovarian scaffold based on a sodium lauryl ester
sulfate (SLES)-treated protocol, as a natural three-dimensional scaffold for
construction of bioengineered ovaries. Stem Cell Res Ther. 2018;9(1):252.

48. Katsara O, Mahaira LG, Iliopoulou EG, Moustaki A, Antsaklis A, Loutradis D,
Stefanidis K, Baxevanis CN, Papamichail M, Perez SA. Effects of donor age,
gender, and in vitro cellular aging on the phenotypic, functional, and
molecular characteristics of mouse bone marrow-derived mesenchymal
stem cells. Stem Cells Dev. 2011;20(9):1549–61.

49. Hua J, Pan S, Yang C, Dong W, Dou Z, Sidhu KS. Derivation of male germ
cell-like lineage from human fetal bone marrow stem cells. Reprod BioMed
Online. 2009;19(1):99–105.

50. Smadja DM. Bone marrow very small embryonic-like stem cells: new
generation of autologous cell therapy soon ready for prime time? Stem Cell
Rev Rep. 2017;13(2):198–201.

51. Shaikh A, Anand S, Kapoor S, Ganguly R, Bhartiya D. Mouse bone marrow
VSELs exhibit differentiation into three embryonic germ lineages and germ
& hematopoietic cells in culture. Stem Cell Rev Rep. 2017;13(2):202–16.

52. Fishman JM, Lowdell MW, Urbani L, Ansari T, Burns AJ, Turmaine M, North J,
Sibbons P, Seifalian AM, Wood KJ. Immunomodulatory effect of a
decellularized skeletal muscle scaffold in a discordant xenotransplantation
model. Proc Natl Acad Sci. 2013;110(35):14360–5.

53. Petersen TH, Calle EA, Zhao L, Lee EJ, Gui L, Raredon MB, Gavrilov K, Yi T,
Zhuang ZW, Breuer C. Tissue-engineered lungs for in vivo implantation.
Science. 2010. https://doi.org/10.1126/science.1189345.

54. Nakayama KH, Lee CCI, Batchelder CA, Tarantal AF. Tissue specificity of
decellularized rhesus monkey kidney and lung scaffolds. PLoS One. 2013;
8(5):e64134.

55. Ghasemzadeh-Hasankolaei M, Sedighi-Gilani M, Eslaminejad M. Induction of
ram bone marrow mesenchymal stem cells into germ cell lineage using
transforming growth factor-β superfamily growth factors. Reprod Domest
Anim. 2014;49(4):588–98.

56. Xie L, Lin L, Tang Q, Li W, Huang T, Huo X, Liu X, Jiang J, He G, Ma L. Sertoli
cell-mediated differentiation of male germ cell-like cells from human
umbilical cord Wharton’s jelly-derived mesenchymal stem cells in an in vitro
co-culture system. Eur J Med Res. 2015;20(1):9.

57. Zhang D, Liu X, Peng J, He D, Lin T, Zhu J, Li X, Zhang Y, Wei G. Potential
spermatogenesis recovery with bone marrow mesenchymal stem cells in an
azoospermic rat model. Int J Mol Sci. 2014;15(8):13151–65.

58. Anand S, Bhartiya D, Sriraman K, Mallick A. Underlying mechanisms that
restore spermatogenesis on transplanting healthy niche cells in busulphan
treated mouse testis. Stem Cell Rev Rep. 2016;12(6):682–97.

Kargar-Abarghouei et al. Stem Cell Research & Therapy           (2018) 9:324 Page 16 of 16

https://doi.org/10.1155/2015/837859
https://doi.org/10.1126/science.1189345

	Abstract
	Background
	Methods
	Result
	Conclusion

	Background
	Materials and methods
	Decellularization of rat testis
	Decellularization efficiency
	Retention of carbohydrates
	Immunohistochemistry
	DNA content analysis
	Scanning electron microscopy
	Mesenchymal stem cell isolation
	Cytotoxicity assay
	Recellularization and in vitro assessments
	In vivo assessments
	Statistical analyses

	Results
	Evaluation of decellularization
	Characterization of the ECM preservation
	Cytocompatibility
	In vitro study
	In vivo study

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

