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Abstract

Duchenne Muscular Dystrophy (DMD) reproductive alterations and the influence of antioxidant treatments
may aid in understanding morphometry testicular quantification. In this context, the aim of the present study
was to characterize the intertubular compartment (ITC) morphometry of animal testes in mdx mice
supplemented with ascorbic acid (AA). Sixteen mice were used, namely the C57BL/10 (non-dystrophic) and
C57BL/10Mdx (dystrophic) lineages, distributed into the following groups: Control (C60), Dystrophic (D60),
Control supplemented with AA (CS60), Dystrophic supplemented with AA (DS60). A total of 200 mg/kg of AA
were administered to mice for 30 days. Subsequently, the testicles were collected, weighed, and fragmented.
The obtained fragments were fixed in Karnovsky's solution (pH 7.2) and embedded in historesin for
morphometric and transmission electron microscopy assessments. Leydig cells were hypertrophic in the D60
group, but was reverted by AA supplementation in the DS60 group. The DS60 group also exhibited increased
intertubular volume compared to the CS60 group. The ultrastructural images identified multilamellar bodies in
dystrophic animals (lipid storage) and telocyte cells (transport substances) in both control and dystrophic
animals. Morphometric alterations were, therefore, noted in the intertubular compartment due to Duchenne
muscular dystrophy (DMD), with AA administration capable of altering Leydig cells in this condition.
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Introduction

Duchenne Muscular Dystrophy (DMD) is the most common muscular dystrophy, comprising
a lethal recessive genetic disease attached to the X chromosome that leads to progressive
muscular degeneration due to the absence of the dystrophin protein. DMD affects 1 in every
3,500 males, and clinical signs usually develop in early childhood, where carriers present
difficulties when running or climbing stairs and suffer frequent falls when walking (Kieny et al.,
2013). Cardiac, respiratory, gastrointestinal, and orthopedic complications may also occur with
dystrophy progression (Bushby et al., 2010). Animal models are often employed in the study of
muscular dystrophy, with mdx mice the most adequate to assess myonecrosis and
regeneration mechanisms in DMD, aiming at developing therapeutic strategies. mdx mice
develop recessive muscular dystrophy associated with the X chromosome (locus Xp21,
mutation in exon 23), and do not express the dystrophin protein (Almeida et al., 2016).
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Inter. Morph Ultrastruc. Analy. Testis. Mdx Mice

Some reports indicate human carriers of another type of dystrophy, Myotonic Muscular
Dystrophy (MD1), who also present hypogonadism, affecting tubular and interstitial testicular
function and leading to testosterone production alterations and erectile dysfunction
(Peric et al., 2013). Free and total testosterone levels in serum have been determined in
different dystrophinopathies, including DMD, revealing that 54% of carriers present low total
testosterone levels, 39% present low free and total testosterone levels and 8% present low free
testosterone levels and normal total testosterone levels (Al-Harbi et al., 2008).

There is evidence that high reactive oxygen species (ROS) levels may aggravate muscular
dystrophies, initiating apoptosis in testicular germ cells (Rao and Shaha, 2000; Tidball and
Wehling-Henricks, 2007). Thus, the use of antioxidants such as ascorbic acid (AA) may similarly
affect the testicular parenchyma, also reducing muscular necrosis promoted by oxidative
stress (Dorchies et al., 2006). In fact, according to S6nmez et al. (S6nmez et al., 2005) the use
of AA significantly increases the testosterone levels and fertility rates of Wistar mice.

Testosterone synthesis is performed through Leydig cells, located in the interstitium
(Fawcett et al., 1973; Setchell, 2004). These cells contains lipid droplets (LD) in their cytoplasm and can
produce and secrete multilamellar bodies (MLBs) associated with LD (Haseeb et al., 2019). MLBs have
been found near blood vessels or telocyte cells (Haseeb et al., 2019), the latter comprising a new cell
found in the peritubular compartment. Although the function of this cell has not yet been elucidated,
studies propose their participation in testes lipid synthesis (Sanches et al., 2021).

Cell quantification through the application of intertubular morphometry analyses may
provide important data regarding gonadal activity and fertility (Anténioetal., 2002;
Morais et al., 2014; Russell, 1990). However, no studies reporting the effects of AA in Leydig
cells nor the morphometric quantification of such cells in DMD carriers are available to date.

In this context, this study furthers knowledge concerning new successful treatments for
dystrophinopathies, ensuring increased life expectancy for carriers. This is evidenced when
comparing the life expectancy of DMD carriers in the 1960's, of 14.4 years old to current data
indicating carriers can live to be over 40 (Kieny et al., 2013; Saito et al., 2017). These factors can
contribute to the increasing search for reproductive intervention alternatives through genetic
counseling and innovative therapies by DMD carriers, such as CRISPR-Cas9 (Bengtsson et al.,
2017; Dalton et al., 2015; Wallace et al., 2005). In this sense, this work aims to characterize the
effect of an intertubular compartment treatment based on AA triggered by DMD.

Methods

Animals

Sixteen male mice were employed, eight belonging to the C57BL/10 strain (control group,
non-dystrophic), originating from the Fiocruz/Rio de Janeiro bioterium, and eight belonging to
the C57BL/10Mdx (dystrophic animals) from the University of Sdo Paulo/ICB/USP. The project
was approved by the CEUA/UFRN ethics committee (Protocol n° 064/2013-CEUA/UFRN).

The pubescent 60-day old mice mice were divided into four groups, namely the control
group (C60), the dystrophic group (D60), the control group supplemented with AA (CS60), the
dystrophic group supplemented with AA (DS60). The animals were maintained in the Anatomy
Department animal house at ICB/USP in polyethylene boxes containing a water cooler and a
feeder at a controlled temperature of about 22°C and under a 12-hour light/dark cycle.

Supplementary AA diet

After weaning at 21 days old, the animals received commercial rodent feed (Nuvilab®, Nuvital,
Sao Paulo, Brazil). At 30 days old, the animals from both AA-supplemented group (CS60 and
DS60) received 200 mg/kg animal weight of AA diluted in water, prepared daily (Sigma-Aldrich,
St. Louis, USA) to avoid oxidation, administered via gavage for 30 days. The AA concentration was
calculated considering established literature protocols (Guido et al., 2010; Tonon et al., 2012).
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Euthanasia and sample collection

The animals were euthanized after the experimental period employing a hermetically
sealed carbon dioxide chamber with a gas entrance in the upper portion of the chamber.
Following euthanasia, the animals were weighed and their testicles collected, weighed,
transversally sectioned, and fixated by immersion in Karnovsky's solution for 24 h for testicular
morphometry light microscopy and ultrastructural electronic transmission microscopy (ETM)
analyses (Karnovsky, 1965; Morais et al., 2014).

Histological processing

The testis were measured (length and width) to calculate the retraction factor (5%) to correct
morphometric values prior to the histological processing. The testicular fragments destined for
the morphometry analyses were dehydrated in an increasing ethanol series (70 to 100%) using
glycol-methacrylate (Historesin® LeicaMycrosistems, Heidelberg, Germany). Histological semi-
sectioned sections (3 pm thick) were obtained using a Leica RM2255rotary microtome (Leica
Microsystems, Heidelberg, Germany), with 40 um intervals between cuts, and blades dyed with
toluidine blue/1% sodium borate. The preparations were analyzed under a Motic BA410
microscope (Motic, CausewayBay, Hong Kong) and micro-photographed using a digital 5.0 MP
Moticam camera (Motic Instruments Inc, Richmond, Canada) employing the Motic Images Plus
2.0 OML software (Motic, Xiamen, China).

The samples were fixed in Karnovsky's solution for 24 h and then washed in phosphate buffer at
0.1 M (pH 7.4). After fixing, the fragments destined for the ultrastructural cellular analyses were
washed three times in a phosphate buffer at 0.1 M pH 7.4 for ten minutes each and post-fixated with
2% osmium tetroxide buffered in sodium phosphate 0.1M, pH 7.4 for two hours. The fragments were
washed three more times in a buffered solution for ten minutes each, immersed overnight in uranyl
acetate at 3%, washed in a buffered phosphate and dehydrated in an increasing ethanol series (50 to
100%) for ten minutes each, followed by immersion in propylene oxide for ten minutes to ensure
complete tissue dehydration. Subsequently, the materials were blocked in 502 araldite resin
(Polysciences Inc, California, USA). Semi-thin cuts were obtained employing an ultra-microtome and
stained with a 1% toluidine blue aqueous solution to identify adequate areas to obtain ultra-thin cuts.
Ultrathin sections (70 nm thick) were then obtained with a diamond razor and placed in 200 mesh
copper screens for subsequent contrast with uranyl acetate saturated at 2% from seven to ten
minutes, followed by lead citrate at 0.5% for the same amount of time. The material was finally
analyzed under a Jeol® 100 CX Il TEM (Tokyo, Japan).

Testicular stereology

The weight of the tunica albuginea was estimated from testicular volume density (Vv), by
counting 266 points projected over 10 images obtained from the histology preparations of
each animal under a 10x objective lens (Vv = Number of points counted throughout the tunica
albuginea/Total of counted points x 100). The absolute volume of the albuginea was the result
of the product of testicular density and volume by testicular volumes, considering a testicular
density of of about 1 (Costa et al., 2011; Johnson et al., 1981; Sprando et al., 1998).

The volumetric ratios between the seminiferous tubules and the intertubule were estimated by
counting 266 points projected over 10 images for each animal applying the following equation:
(Number of points counted throughout the tubule or intertubule/Total of counted points x 100). The
percentage of each element of the intertubular compartment was quantified from the projection of
1,000 points over the intertubule of each animal, quantifying the coincident points over the Leydig
cells nuclei and cytoplasm, as well as blood vessels, lymphatic space, and connective tissue. The
percentages of each of these components in the intertubule and testicles were estimated from the
following equations, respectively: Number of points counted over the element x 100/ 1000 and % of
intertubule x % of the element in the intertubule/100, while their volumes were estimated as % of the
element in the testicle x weight of the testicular parenchyma/100 (Morais et al., 2014). All counts were
performed using the Image-Pro Plus® software (Media Cybernetics Inc., Rochville, USA).
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Leydig cell nuclear diameters were measured when circular contouring perinuclear
chromatin, and evident nucleoli were observed, by quantifying 30 nuclei per animal. Leydig cell
nuclear volume (NV) and cytoplasmic volume (CV) per animal were expressed as pm3, as
follows: NV=4/3 1R3, with R comprising the nuclear radius and CV = % of cytoplasm x NV/%
nucleus. The cellular volume was obtained by summing up NV + CV.

The total number of Leydig cells was obtained by dividing the total volume of these cells per
testicular parenchyma (um?3) by the volume of each Leydig cell (um?3). The number of cells per gram of
testicle was obtained by dividing the TLC by the total gonadal weight. The Leydigosomatic index, which
quantifies the investment in Leydig cells with regard to body mass, was obtained as ILS = total volume
of Leydig cells per testicular parenchyma/ PC x 100, where PC = body weight.

Statistical analyses

Quantitative testicular parameters were expressed as the means + standard deviations and
submitted to a variance analysis (ANOVA) and the Kruskall-Wallis's multiple comparison test
followed by Mann-Whitney's test with Bonferroni's correction, using the PAST® software
version 2.17 (Hammer et al., 2001). The employed significance level was P<0.05. Comparisons
between C60-DS60 and CS60-D60 were not considered.

Results

Dystrophic animals supplemented with AA exhibited increased gonad (0.17 + 0.03 g) and
intertubule (0.04 £ 0.01 pl) weight and volume compared to CS60 animals (0.13 + 0.02 g and
0.02 + 0.001 pl, respectively). The dystrophy condition increased the lymphatic parenchyma
space in the D60 group (9.8 + 1.3 pl) compared to both the C60 (4.3 + 1.2 ul) and DS60 (10.3 +
2.5 pl) group compared to CS60 (5.6 + 0.8 pl) (Table 1)

Table 1. Biometric and morphometric testicular intertubular compartment data in mice with and
without Duchenne Muscular Dystrophy supplemented or not with ascorbic acid.

Variables C60 CS60 D60 DS60
Body weight (g) 23.37+2.62 21.77+1.16 28.95+1.16 27.93+1.16
Gonadal weight (g) 0.13+0.0142 0.13+0.02¢2 0.14+0.014¢ 0.17+0.03P¢
Seminiferous tubule (%) 74.25 +6.00 80.12 + 2.24 72.58 + 2.80 75.67 +4.42
Intertubule (%) 25.75 + 6.00 19.88 +2.24 27.42 +2.80 24.33+4.42
Seminiferous tubule (mL) 0.090+0.02 0.10+0.02 0.10+0.01 0.12+0.01
Intertubule (L) 32.4+8.8%a 24.2+1.4¢ 38.147.2%¢ 40.3+£16.7P¢
Intertubule (%)
Leydig cells 16.13+5.21 10.23+5.55 9.93+4.18 8.80+5.69
Blood vessels 63.08+14.55 61.70+8.96 61.00+10.90 61.28+1.24
Lymphatic space 14.58+6.71 23.15+3.23 26.43+6.76 26.65+4.65
Connective tissue 6.23+3.43 4.93+1.15 2.65+1.02 3.28+1.30
Testicular parenchyma (%)
Leydig cells 4.05+1.61 2.09+1.39 2.65+1.02 2.33+1.91
Bloodyv essels 16.69+6.76 12.20+1.85 16.82+4.29 14.89+2.99
Lymphatic space 3.56+1.56 4.61+0.98 7.20+1.83 6.32+0.42
Connective tissue 1.46+0.54 0.97+0.23 0.74+0.32 0.78+0.28
Testicular parenchyma (plL)
Leydig cells 49+1.2 2.4+1.2 3.6+0.9 4.1+3.5
Bloodyv essels 21.349.9 15.0+2.8 23.848.4 24.749.9
Lymphatic space 4.3+1.2% 5.6+0.8% 9.8+1.38¢ 10.3+2.5P¢
Connective tissue 1.84£0.5 1.240.2 1.0£0.4 1.310.6

Means presenting different pairs of capital letters on the same line (A-B; C-D) indicate comparisons between control
(C60 x D60 and supplemented (CS60 x DS60) groups, respectively. Means presenting different pairs of lower-case
letters on the same line (a-b; c-d).
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All groups comprised 60 day-old mice. C60: control group; CS60: control group
supplemented with ascorbic acid, D60: Dystrophic group; DS60: Dystrophic group
supplemented with ascorbic acid. Means presenting different pairs of capital letters on the
same line (A-B; C-D) indicate comparisons between control (C60 x D60 and supplemented
(CS60 x DS60) groups, respectively. Means presenting different pairs of lower-case letters on
the same line (a-b; c-d) indicate comparisons between control (C60 x CS60) and dystrophic (D60
x DS60) groups, respectively. Data are expressed as means + standard deviations of the means
(p<0.05).

The dystrophy condition in pubescent animals (D60) significantly increased nuclear
(466.03 +59.32 um3) and cytoplasmic (1921.62 + 637.12um?3) Leydig cell volumes compared to
C60 animals (70.66 + 10.35 um?and 231.01 + 34.10 um3, respectively). Consequently, individual
Leydig cell volume increased in pubescent dystrophic mice (D60) compared to the C60 group
(2387.66 + 665.54 um?3 versus 301.68 +40.33 um3). Supplementation with AA in the dystrophic
group (DS60) significantly reduced nuclear (62.08 * 17.43um?3), cytoplasmic (224.90 *
117.06pm?3) and individual (286.98 + 131.80um?) Leydig cell volumes compared to the D60
group (Table 2).

Table 2. Leydig cell morphometry and testicular intertubular compartment leydigosomatic rates in mice
with and without Duchenne Muscular Dystrophy supplemented or not with ascorbic acid.

VELELI S Ce60 CS60 D60 DS60
Nuclear diameter (um) 5.12+0.252 4,79+0.37¢ 9.61+0.398¢ 4.88+0.50¢
Nuclear percentage (%) 23.49+2.47 20.48+5.23 20.41+4.54 22.97+4.92
Nuclear volume (um?3) 70.66+10.35%%  58.22+13.51¢®  466.03+£59.328¢ 62.08+17.43¢
Cytoplasmatic percentage (%) 161.25452.07  102.25+55.46  99.25+41.77 88.00+£56.90

Cytoplasmatic volume (um?3) 231.01+34.10%* 233.71+ 59.25% 1921.62+ 637.128¢ 224,90+ 117.06%

Leydig cell volume (um3)  301.68+40.33*? 291.93+61.51% 2387.66+665.54% 286.98+131.80%
Leydig cells/testis (107) 1.65+0.394 0.91+0.63% 0.15+0.028¢ 1.49+1.61¢
Leydig cells/gram of testis (107) 13.41+4.65**  8.08+7.02% 1.11+0.265¢ 8.30+7.21¢

Leydigosomatic index (%)  0.022+ 0.009** 0.011 +0.005%® 0.0123+ 0.00308¢  0.0152+0.0158%

Means presenting different pairs of capital letters on the same line (A-B; C-D) indicate comparisons between control
(C60 x D60 and supplemented (CS60 x DS60) groups, respectively. Means presenting different pairs of lower-case
letters on the same line (a-b; ¢c-d) indicate comparisons between control (C60 x CS60) and dystrophic (D60 x DS60)
groups, respectively.

All groups comprised 60 day-old mice. C60: control group; CS60: control group
supplemented with ascorbic acid, D60: Dystrophic group; DS60: Dystrophic group
supplemented with ascorbic acid. Means presenting different pairs of capital letters on the
same line (A-B; C-D) indicate comparisons between control (C60 x D60 and supplemented
(CS60 x DS60) groups, respectively. Means presenting different pairs of lower-case letters on
the same line (a-b; c-d) indicate comparisons between control (C60 x CS60) and dystrophic (D60
x DS60) groups, respectively. Data are expressed as means + standard deviations of the means
(p<0.05).

The dystrophy condition increased nuclear Leydig cell diameters, with AA supplemented
dystrophic mice (DS60) exhibiting significantly reduced nuclear Leydig cell diameters (4.88 +
0.50 pm) compared to the D60 group (9.61+ 0.39 pm) (Table 2). The dystrophy condition
significantly reduced the Leydigosomatic index in D60 animals compared to the C60 group
(0.0123 + 0.0030% versus 0.022 + 0.009%). This was also observed for the number of Leydig
cells per gram of testicle in the D60 group compared to the C60 group (1.11 + 0.26 x 107 versus
13.41 + 4.65 x 107) (Table 2).

The light microscopy analysis evidenced small lipid droplets in the C60 group (Figure 1A),
forming agglomerates, absent in the D60 group (Figure 1C). Leydig cell cytoplasms in both the
CS60 group and supplemented DS60 dystrophic group exhibited discrete lipid droplets (Figure
2A and Figure 2C).
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Figure 1. Leydig cells in mice with Duchenne Muscular Dystrophy from the experimental groups. (A) Small
lipid vesicle agglomerates in C60. B: C60 Leydig cell with rounded nucleus and lipid vesicle agglomerates; (B)
Multilamellar bodies in Leydig Cells; (C) D60 reduced and spaced lipid vesicles; (D) D60 rounded nucleus in
Leydig cell presenting rounded mitochondria and lipid vesicles and telopodes. (T) Seminiferous tubule; (L)
Leydig cell Nuclei; (Ly) lymphatic space; (Arrow) (Lp) lipid vesicles; (arrow tip) Blood vessel; (MLB) Multilamellar
body; (M) mitochondria; (Tc) Telocyte; (Tp) Telopode. Toluidine Blue Color (light microscopy) - Bar =20 ym.

e i o :

Figure 2. Leydig cells in mice from the experimental groups supplemented with ascorbic acid. (A) CS60,
discrete lipid vesicles; (B) CS60, Leydig cells with elongated nucleus, several mitochondria and lipid vesicles
dispersed in the cytoplasm with telocytes; (C) DS60, discrete lipid vesicles in Leydig cytoplasm. C*: DS60,
magpnified lipid droplets; (D) DS60, Leydig cells with irregular nucleus, spaced lipid vesicles, and multilamellar
bodies. (T) Seminiferous tubule; (BM) basal membrane; (Mac) macrophage; (M) mitochondria; (L) Leydig cells;
(Ly) lymphatic space; (Arrow) (Lp) lipid vesicles; (Tip of the arrow) Blood vessel; (MLB) Multilamellar body; (Tp)
Telopode; (Tc) Telocyte. Toluidine Blue Color (light microscopy) - Bar = 20 pm.
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Ultrastructural analyses were employed to assess Leydig cell morphology, indicating
elongated nuclei and irregular aspects in the D60 group, while the C60, CS60 and DS60 groups
presented elongated to rounded nuclei. Circular mitochondria were observed in the Leydig
cells of all groups. Lipid drop agglomerates were confirmed in Leydig cell cytoplasm compared
to the dystrophic group, and the TEM analyses revealed the presence of multilamellar bodies
in both the control group (C60) and Dystrophy (DS60) groups (Figure 1B and Figure 2D), with
lipid droplets noted in all groups (Figure 1B and D; Figure 2B and Figure 2D). Telocytes cells in
both the control and dystrophic group were observed in the peritubular region and near the
Leydig cells (Figure 1B and Figure 2B). Telocytes are small, long and thin cells containing a
heterochromatin nucleus and peripherical mitochondria in with a discrete nucleolus, also
exhibiting extensions termed podomers (Figure 2B).

Discussion

Mammal testicles can be functionally categorized into two compartments, namely the
tubular or spermatogenic compartment and the intertubular or androgenic compartment.
Most mammals present Leydig cells as an important functional constituent of the intertubular
compartment, which secrete steroids and essential pheromones that act in the sexual behavior
of males and in spermatogenesis development (Franca and Russell, 1998). An increase in
amounts of Leydig cells in the testicular parenchyma during the pre-pubescent phase is
widespread in mammals, regressing until puberty (Setchell, 2004). the findings reported herein
indicate that DMD may comprise a significant driver in elevating the nuclear and cytoplasmic
volume of Leydig cells and, consequently, their individual volume in puberty, characterizing a
hypertrophy. This alteration in mice exposed to formaldehyde fumes has shown to lead to
decreased testosterone rates resulting from functional Leydig cell failure (Razi et al., 2013).
However, AA supplementation in dystrophic mice may revert this condition, probably due to
increased glutathione levels, which in turn decrease ROS levels responsible for promoting
testicular oxidative stress, similarly to what has been reported for the combined treatment of
AA and a chemotherapy in mice presenting tumors (Longchar and Prasad, 2015). The
percentage of intertubular and tubular compartments may vary according to species and
factors responsible for differences in spermatic production efficiency (Franca and Russell,
1998; Russell, 1990). The intertubule analyzed herein in mice is morphologically similar to the
descriptions noted for other mammals in both the control and dystrophic groups, composed
of Leydig cells, blood vessels, connective tissue and lymphatic space (Franca and Russell, 1998).
Our findings confirm increases in blood vessel density, which may be associated to active
lymphagiogenesis in mdx mice, a process previously reported for mdx mice (Santos et al.,
2013). However, AA treatment is not able to reduce this mechanism, as DMD can promote
inflammatory processes in several organs (Seixas et al., 1997).

The ultrastructural analyses revealed that Leydig cell nuclei are morphologically rounded
and contain heterochromatin in both the control and 60-day-old supplemented dystrophic
groups. However, dystrophic animals presented irregular nuclei, despite Hooker's description
of Leydig cells as normal when ellipsoid or polygonal (Hooker, 1970). According to previous
reports in mice treated with herbicides, this nuclear Leydig cell pleomorphism may reduce
plasmatic testosterone levels and lead to other structural changes (Victor-Costa et al., 2010).

The Leydig cells assessed herein contained lipid droplets, a formed by cholesterol esters,
which comprise a substrate for testosterone biosynthesis catalyzed by enzymes located in the
smooth endoplasmic reticulum and mitochondria membranes (Mori and Christensen, 1980).
Furthermore, telocytes were evidenced in both control and dystrophic group testes. Telocytes
are a new type of classic interstitial cells first described in the early 21 century (Hinescu and
Popescu, 2005) present in several organs, including the human testicle (Marini et al., 2018) and
mdx mice testes (Gomes et al., 2021). Although their function has not yet been elucidated, some
hypotheses indicate that these cells may be involved in the synthesis of testis lipids in the genital
system (Sanches et al., 2021), is due to the communication of cytoplasmic processes through
telopods (Tp), with multilamellar bodies (lipid storage) located in the Leydig cell cytoplasm
(Haseeb et al., 2019). Furthermore, the presence of testicular telocytes in dystrophic mice seems
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to imply in spermatogenesis mechanisms, potentially aiding in seminiferous tubuletestosterone
uptake (Gomes et al., 2021). Thus, it is possible that these cells may play a role in the testis of
dystrophic mice, although further investigations on this specific topic are required.

Most domestic mammals present an average of 20-60 million Leydig cells per gram of
testicle (Franca and Russell, 1998). This parameter can be used to monitor testosterone levels,
as a positive correlation between Leydig cells per gram of testicle tissue and plasmatic
testosterone levels is noted in mammals, for example, normal rabbits (Castro et al., 2002).
Thus, as the dystrophy condition considerably reduces the number of Leydig cells per gram of
testicle, it may also reduce plasmatic testosterone levels during the pubescent period.
Plasmatic testosterone concentrations re an important parameter that should be further
evaluated to confirm potential correlations in this regard.

Decreased gonadal weight and increased Leydig cell volume in dystrophic animals have
been implicated in the proportional body mass increase of Leydig cells, as well as in the
Leydigosomatic index compared to control animals. This allows for comparisons between
different -ized species, as Golden Retriever dogs are commonly used as a model for DMD
(Martins-Junior et al., 2015). In addition, this rate varies according to animal age in normal dogs
with no defined breed, increasing until puberty when greater spermatic production takes place,
decreasing in the post-pubescent period (Mascarenhas et al., 2006). This behavior comprising
greater body mass Leydig cells investment in dystrophic mice (D60) is certainly another
compensatory action to ensure greater hormonal support for spermatogenesis.

Conclusion

DMD may affect the volumetric component ratios of the intertubular compartment,
especially concerning Leydig cell number, morphology and ultrastructure. Supplementation
with AA may reverse the accentuated Leydig cell hypertrophy observed in dystrophic
pubescent mice.

Acknowledgments

The authors would like to thank the granted Pro-rectory and graduate UFRN/CAPES
scholarships. Thanks are also due to technicians Maria de Lourdes Freitas and Melyna Souto
for their help with the biological samples.

References

Al-Harbi TM, Bainbridge LJ, McQueen M), Tarnopolsky MA. Hypogonadism is Common in Men With
Myopathies. J Clin Neuromuscul Dis. 2008;9(4):397-401.
http://dx.doi.org/10.1097/CND.0b013e318176eb55. PMid:18525423.

Almeida CF, Martins PCM, Vainzof M. Comparative transcriptome analysis of muscular dystrophy models
Largemyd, DMDmdx /Largemyd and DMDmdx: what makes them different? Eur | Hum Genet.
2016;24(9):1301-9. http://dx.doi.org/10.1038/ejhg.2016.16. PMid:26932192.

Antonio T, De Paula R, Matta LPS. Avaliacdo Histologica quantitativa do testiculo de capivaras
(Hydrochoerus hydrochaeris) adultas. Biosci J. 2002;18:121-36.

Bengtsson NE, Hall JK, Odom GL, Phelps MP, Andrus CR, Hawkins RD, Hauschka SD, Chamberlain JR,
Chamberlain JS. Muscle-specific CRISPR/Cas9 dystrophin gene editing ameliorates pathophysiology in
a mouse model for Duchenne muscular dystrophy. Nat Commun. 2017;8:14454.
http://dx.doi.org/10.1038/ncomms14454. PMid:28195574.

Bushby K, Finkel R, Birnkrant DJ, Case LE, Clemens PR, Cripe L, Kaul A, Kinnett K, McDonald C, Pandya S, Poysky J,
Shapiro F, Tomezsko J, Constantin C, DMD Care Considerations Working Group. Diagnosis and management
of Duchenne muscular dystrophy, part 1: diagnosis, and pharmacological and psychosocial management.
Lancet Neurol. 2010;9(1):77-93. http://dx.doi.org/10.1016/S1474-4422(09)70271-6. PMid:19945913.

Castro ACS, Berndtson WE, Cardoso FM. Plasma and testicular testosterone levels, volume density and
number of Leydig cells and spermatogenic efficiency of rabbits. Braz ] Med Biol Res. 2002;35(4):493-
8. http://dx.doi.org/10.1590/50100-879X2002000400014. PMid:11960201.

Anim Reprod. 2022;19(3):e20210124 8/10


https://doi.org/10.1097/CND.0b013e318176eb55
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18525423&dopt=Abstract
https://doi.org/10.1038/ejhg.2016.16
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26932192&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28195574&dopt=Abstract
https://doi.org/10.1016/S1474-4422(09)70271-6
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19945913&dopt=Abstract
https://doi.org/10.1590/S0100-879X2002000400014
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11960201&dopt=Abstract

Inter. Morph Ultrastruc. Analy. Testis. Mdx Mice

Costa KL, da Matta SL, de Lucca Moreira Gomes M, de Paula TA, de Freitas KM, de Araljo Resende
Carvalho F, de Assis Silveira J, Dolder H, Chamindrani Mendis-Handagama SM. Histomorphometric
evaluation of the neotropical brown brocket deer Mazama gouazoubira testis, with an emphasis on
cell population indexes of spermatogenic yield. Anim Reprod Sci. 2011;127(3-4):202-12.
http://dx.doi.org/10.1016/j.anireprosci.2011.07.016. PMid:21889273.

Dalton J, Goldman JS, Sampson JB. The muscular dystrophies. In: Goldman J, ed. Genetic counseling for adult
neurogenetic disease. Boston: Springer; 2015. p. 251-62. https://doi.org/10.1007/978-1-4899-7482-2_20.

Dorchies OM, Wagner S, Vuadens O, Waldhauser K, Buetler TM, Kucera P, Ruegg UT. Green tea extract
and its major polyphenol (-)-epigallocatechin gallate improve muscle function in a mouse model for
Duchenne muscular dystrophy. Am J Physiol Cell Physiol. 2006;290(2):C616-25.
http://dx.doi.org/10.1152/ajpcell.00425.2005. PMid:16403950.

Fawcett DW, Neaves WB, Flores MN. Comparative observations on intertubular lymphatics and the
organization of the interstitial tissue of the mammalian testis. Biol Reprod. 1973;9(5):500-32.
http://dx.doi.org/10.1093/biolreprod/9.5.500. PMid:4203289.

Franca LR, Russell LD. The testis of domestic animals. Male Reprod a Multidiscip Overv. 1998;197:219.

Gomes VLA, Braz JKFDS, Martins GM, Clebis NK, Oliveira MF, Morais DB, Moura CEB. Identification of
telocytes in dystrophic mice testis. Einstein (Sao Paulo). 2021;19:eAI5737.
http://dx.doi.org/10.31744/einstein_journal/2021AI5737. PMid:33503147.

Guido AN, Campos GER, Neto HS, Marques MJ, Minatel E. Fiber type composition of the sternomastoid
and diaphragm muscles of dystrophin-deficient mdx mice. Anat Rec (Hoboken). 2010;293(10):1722-8.
http://dx.doi.org/10.1002/ar.21224. PMid:20730859.

Hammer DAT, Ryan PD, Hammer @, Harper DAT. Past: paleontological statistics software package for
education and data analysis. Palaeontol Electronica. 2001;4:1-9.

Haseeb A, Tarique |, Igbal A, Gandahi N, Ali vistro W, Bai X, Liang Y, Huang Y, Chen H, Chen Q, Yang P.
Characterization of multilamellar bodies and telocytes within the testicular interstitium of naked
mole rat Heterocephalus glabe. Theriogenology. 2019;138:111-20.
http://dx.doi.org/10.1016/j.theriogenology.2019.07.010.

Hinescu ME, Popescu LM. Interstitial Cajal-like cells (ICLC) in human atrial myocardium. J Cell Mol Med.
2005;9(4):972-5. http://dx.doi.org/10.1111/j.1582-4934.2005.tb00394.x. PMid:16364205.

Hooker C. The intertubular tissue of the testis In: Johnson AD, Gomes WR, Vandemark NL, eds. The
testis: development, anatomy and physiology. Cambridge: Academic Press; 1970.
http://dx.doi.org/10.1016/B978-0-12-386601-1.50014-7.

Johnson L, Petty CS, Neaves WB. A new approach to quantification of spermatogenesis and its
application to germinal cell attrition during human spermiogenesis1. Biol Reprod. 1981;25(1):217-26.
http://dx.doi.org/10.1095/biolreprod25.1.217. PMid:6793101.

Karnovsky MJ. A formaldehyde-glutaraldehyde fixative of high osmolality for use in electron microscopy.
J Cell Biol. 1965;27(137):1A-149A.

Kieny P, Chollet S, Delalande P, Le Fort M, Magot A, Pereon Y, Perrouin Verbe B. Evolution of life
expectancy of patients with Duchenne muscular dystrophy at AFM Yolaine de Kepper centre
between 1981 and 2011. Ann Phys Rehabil Med. 2013;56(6):443-54.
http://dx.doi.org/10.1016/j.rehab.2013.06.002. PMid:23876223.

Longchar A, Prasad SB. Biochemical changes associated with ascorbic acid-cisplatin combination
therapeutic efficacy and protective effect on cisplatin-induced toxicity in tumor-bearing mice. Toxicol
Rep. 2015;2:489-503. http://dx.doi.org/10.1016/j.toxrep.2015.01.017. PMid:28962385.

Marini M, Rosa |, Guasti D, Gacci M, Sgambati E, Ibba-Manneschi L, Manetti M. Reappraising the microscopic
anatomy of human testis: identification of telocyte networks in the peritubular and intertubular stromal
space. Sci Rep. 2018;8(1):14780. http://dx.doi.org/10.1038/541598-018-33126-2. PMid:30283023.

Martins-Junior HA, Simas RC, Brolio MP, Ferreira CR, Perecin F, Nogueira GDP, Miglino MA, Martins DS,
Eberlin MN, Ambrésio CE. Profiles of Steroid Hormones in Canine X-Linked Muscular Dystrophy via
Stable Isotope Dilution LC-MS/MS. PLoS One. 2015;10(5):e0126585.
http://dx.doi.org/10.1371/journal.pone.0126585. PMid:26010907.

Mascarenhas RM, de Paula TAR, da Matta SLP, Lara L, Fonseca CC. das Neves MTD. Morfometria macro e
microscopica e indices somaticos dos componentes testiculares de cdes sem raca definida, da
puberdade a senilidade. Rev Ceres. 2006;53:113-9.

Anim Reprod. 2022;19(3):e20210124 9/10


https://doi.org/10.1016/j.anireprosci.2011.07.016
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21889273&dopt=Abstract
https://doi.org/10.1152/ajpcell.00425.2005
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16403950&dopt=Abstract
https://doi.org/10.1093/biolreprod/9.5.500
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4203289&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33503147&dopt=Abstract
https://doi.org/10.1002/ar.21224
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20730859&dopt=Abstract
https://doi.org/10.1016/j.theriogenology.2019.07.010
https://doi.org/10.1111/j.1582-4934.2005.tb00394.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16364205&dopt=Abstract
https://doi.org/10.1016/B978-0-12-386601-1.50014-7
https://doi.org/10.1095/biolreprod25.1.217
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6793101&dopt=Abstract
https://doi.org/10.1016/j.rehab.2013.06.002
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23876223&dopt=Abstract
https://doi.org/10.1016/j.toxrep.2015.01.017
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28962385&dopt=Abstract
https://doi.org/10.1038/s41598-018-33126-2
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30283023&dopt=Abstract
https://doi.org/10.1371/journal.pone.0126585
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26010907&dopt=Abstract

Inter. Morph Ultrastruc. Analy. Testis. Mdx Mice

Morais DB, Barros MS, Freitas MBD, Paula TAR, Matta SLP. Histomorphometric characterization of the
intertubular compartment in the testes of the bat Sturnira lilium. Anim Reprod Sci. 2014;147(3-
4):180-6. http://dx.doi.org/10.1016/j.anireprosci.2014.03.008. PMid:24793584.

Mori H, Christensen AK. Morphometric analysis of leydig cells in the normal rat testis. ] Cell Biol.
1980;84(2):340-54. http://dx.doi.org/10.1083/jcb.84.2.340. PMid:6991510.

Peric S, Nisic T, Milicev M, Basta |, Marjanovic |, Peric M, Lavrnic D, Rakocevic Stojanovic V. Hypogonadism
and erectile dysfunction in myotonic dystrophy type 1. Acta Myol. 2013;32(2):106-9. PMid:24399868.

Rao AVSK, Shaha C. Role of glutathione S-transferases in oxidative stress-induced male germ cell
apoptosis. Free Radic Biol Med. 2000;29(10):1015-27. http://dx.doi.org/10.1016/S0891-
5849(00)00408-1. PMid:11084290.

Razi M, Malekinejad H, Sayrafi R, Hosseinchi MR, Feyzi S, Moshtagion SM, Janbaz H. Adverse effects of
long-time exposure to formaldehyde vapour on testicular tissue and sperm parameters in rats. Vet
Res Forum an Int Q J. 2013;4(4):213-9. PMid:25568674.

Russell, LD. Mammalia Spermatogenesis. In: Russell L, Etilin R, Shina-Hikim A, Clegg E, editors.
Histological and histopathological evaluation of the testis. Florida: Cache River Press; 1990. p. 1-40.

Saito T, Kawai M, Kimura E, Ogata K, Takahashi T, Kobayashi M, Takada H, Kuru S, Mikata T, Matsumura
T, Yonemoto N, Fujimura H, Sakoda S. Study of Duchenne muscular dystrophy long-term survivors
aged 40 years and older living in specialized institutions in Japan. Neuromuscul Disord.
2017;27(2):107-14. http://dx.doi.org/10.1016/j.nmd.2016.11.012. PMid:28003112.

Sanches BDA, Tamarindo GH, Maldarine JDS, Da Silva ADT, Dos Santos VA, Gées RM, Taboga SR, Carvalho
HF. Telocytes of the male urogenital system: Interrelationships, possible functions, and pathological
implications. Cell Biol Int. 2021;45(8):1613-23. http://dx.doi.org/10.1002/cbin.11612. PMid:33856089.

Santos AC, Oliveira DM, Bertassoli BM, Viana DC, Vasconcelos BG, Assis-Neto AC. Morphologic features
from mdx mice spleens, used for Duchenne Muscular Dystrophy Studies. ] Morphol Sci. 2013;30:21-7.

Seixas SL, Lagrota-Candido J, Savino W, Quirico-Santos T. Importancia do camundongo mdx na
fisiopatologia da distrofia muscular de Duchenne. Arq Neuropsiquiatr. 1997;55(3B):610-7.
http://dx.doi.org/10.1590/50004-282X1997000400017. PMid:9629415.

Setchell BP. Hormones: what the testis really sees. Reprod Fertil Dev. 2004;16(5):535-45.
http://dx.doi.org/10.1071/RD03048. PMid:15367369.

Sénmez M, Turk G, Yuce A. The effect of ascorbic acid supplementation on sperm quality, lipid
peroxidation and testosterone levels of male Wistar rats. Theriogenology. 2005;63(7):2063-72.
http://dx.doi.org/10.1016/j.theriogenology.2004.10.003. PMid:15823361.

Sprando RL, Collins TFX, Black T, Olejnik N, Rorie J. Testing the potential of sodium fluoride to affect
spermatogenesis: a morphometric study. Food Chem Toxicol. 1998;36(12):1117-24.
http://dx.doi.org/10.1016/50278-6915(98)00085-4. PMid:9862654.

Tidball JG, Wehling-Henricks M. The role of free radicals in the pathophysiology of muscular dystrophy. |
Appl Physiol. 2007;102(4):1677-86. http://dx.doi.org/10.1152/japplphysiol.01145.2006.
PMid:17095633.

Tonon E, Ferretti R, Shiratori JH, Santo H No, Marques MJ, Minatel E. Ascorbic acid protects the
diaphragm muscle against myonecrosis in mdx mice. Nutrition. 2012;28(6):686-90.
http://dx.doi.org/10.1016/j.nut.2011.09.013. PMid:22189191.

Victor-Costa AB, Bandeira SMC, Oliveira AG, Mahecha GAB, Oliveira CA. Changes in testicular
morphology and steroidogenesis in adult rats exposed to Atrazine. Reprod Toxicol. 2010;29(3):323-
31. http://dx.doi.org/10.1016/j.reprotox.2009.12.006. PMid:20045047.

Wallace WHB, Anderson RA, Irvine DS. Fertility preservation for young patients with cancer: who is at risk
and what can be offered? Lancet Oncol. 2005;6(4):209-18. http://dx.doi.org/10.1016/51470-
2045(05)70092-9. PMid:15811616.

Author contributions

JKFSB: Methodology, Investigation, Data curation, Writing - original draft, Writing - review & editing; VAG and VAS: Methodology, Investigation; SLPM, NKC
and MFO: Resources, Supervision; ACAN: Writing - review & editing; DBM and CEBM: conceptualization, analysis, supervision, writing - original draft, writing
- review & editing.

Anim Reprod. 2022;19(3):e20210124 10/10


https://doi.org/10.1016/j.anireprosci.2014.03.008
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24793584&dopt=Abstract
https://doi.org/10.1083/jcb.84.2.340
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6991510&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24399868&dopt=Abstract
https://doi.org/10.1016/S0891-5849(00)00408-1
https://doi.org/10.1016/S0891-5849(00)00408-1
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11084290&dopt=Abstract
https://doi.org/10.1016/j.nmd.2016.11.012
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28003112&dopt=Abstract
https://doi.org/10.1002/cbin.11612
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33856089&dopt=Abstract
https://doi.org/10.1590/S0004-282X1997000400017
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9629415&dopt=Abstract
https://doi.org/10.1071/RD03048
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15367369&dopt=Abstract
https://doi.org/10.1016/j.theriogenology.2004.10.003
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15823361&dopt=Abstract
https://doi.org/10.1016/S0278-6915(98)00085-4
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9862654&dopt=Abstract
https://doi.org/10.1152/japplphysiol.01145.2006
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17095633&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17095633&dopt=Abstract
https://doi.org/10.1016/j.nut.2011.09.013
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22189191&dopt=Abstract
https://doi.org/10.1016/j.reprotox.2009.12.006
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20045047&dopt=Abstract
https://doi.org/10.1016/S1470-2045(05)70092-9
https://doi.org/10.1016/S1470-2045(05)70092-9
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15811616&dopt=Abstract

	ORIGINAL ARTICLE
	Intertubular morphometric and ultrastructural testes analyses in mdx mice
	Abstract
	Introduction
	Methods
	Animals
	Supplementary AA diet
	Euthanasia and sample collection
	Histological processing
	Testicular stereology
	Statistical analyses

	Results
	Discussion
	Conclusion
	Acknowledgments
	References

