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Abstract

Our study explored the histological and histo-functional characteristics of the testis and seminal vesicles
of Jaculus jaculus, collected from the Biskra (34° 51" 0" N 5° 43' 59.999" E) and M'sila regions in Algeria
(35°42'20.99" N 4°32'30.98" E) from autumn to early spring, corresponding to activity and transitional
periods of the reproductive cycle. An immunohistochemical analysis of matrix metalloproteinases
(MMP-2 and MMP-9) was conducted on the seminal vesicles and testes during the active reproductive.
The study utilized an indirect immunohistochemistry protocol with amplification through streptavidin-
biotin-peroxidase. Histologically, seminiferous tubules in jaculus jaculus, captured during the transitional
period of the reproductive cycle, multinucleated giant cells of germinal origin were observed during
the transitional phase of the reproductive cycle, reflecting a process of seasonal testicular remodelling.
The histological structure of seminal vesicles appears highly characteristic of the studied species,
with the vesicular epithelium organized into complex acinar glands surrounded by basal lamina and
connective tissue. Gland cells secrete a heterogeneous product. In the testis, cells of the seminiferous
epithelium express MMP-2 and MMP-9 in their cytoplasm, with a strong expression of MMP-2; however,
both proteins are absent from the extracellular matrix. During the active period, in seminal vesicles, a
significant immunohistochemical signal of MMP-2 and MMP-9 was observed in epithelial cells, smooth
muscle cells, with no immunoexpression in the extracellular matrix. MMP-2 and MMP-9 are expressed in
a pattern consistent with a potential role in the seasonal reproductive cycle.
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Jaculus reproductive system & metalloproteinases

Introduction

The sustainability of an animal species hinges on its capacity to adapt to environmental
conditions and uphold reproductive activity (Kang et al., 2024). Environmental factors and
nutritional status exert a significant influence on the reproductive cycle (Yang et al., 2025).
Rodents, particularly those inhabiting temperate regions and arid or semi-arid areas, exhibit
a seasonal reproduction strategy characterized by periodic shifts between activity and sexual
rest. The adjustment of reproductive function is a result of synchronizing this activity with
environmental conditions, manifesting in the modulation of births across different periods
throughout the year (Amirat et al., 1980; Atabakhsh et al., 2018). Jaculus jaculus, commonly
known as the “desert jerboa,” is a small nocturnal rodent species, belonging to the Dipodidae
family, ound in arid and semi-arid regions (Meunier et al., 2020). These gerbils are widely
distributed in North Africa, including the Algerian sahara, the western region of Iran, and the
Arabian Sahara. Its presence has been confirmed in various Algerian regions such as Doucen
in the wilaya of Biskra, as well as in Batna, Djelfa, El Bayadh, and Tebessa. Only a handful of
studies have focused solely on the reproductive strategy of jaculus jaculus with older studies,
with animals captured from Sudan, revealing that breeding and pregnancy was observed during
the winter period (Happold, 1967; Ghobrial and Hodieb, 1973).

Male reproductive function is regulated by androgens, which exert their effects by binding
to nuclear androgen receptors (Guo et al., 2025a, b). These hormones regulate numerous
functions and play a crucial role in pronounced seasonal fluctuations in weight, as well as in
structural and ultrastructural changes of the reproductive system (Carson-jurica et al., 1990;
Yang et al., 2025). The cessation of reproductive activity is marked by structural and functional
atrophy of reproductive organs, including testis and seminal vesicles, associated with reduction
in hormone production (Khammar and Brudieux, 1987). Several studies have shown that
interactions between pollutants and biological stressors such as viral infections can enhance
reproductive toxicity (Hu et al., 2024; Zhang et al., 2025). Extensive research on desert rodents,
such as Psamommys, Meriones, and Girbillus, has thoroughly explored the seasonal cycles of
both endocrine and exocrine testicular function (Hegelen and Alizee, 2012). These structural
seasonal variations indicate tissue remodeling, likely occurring through processes involving
the degradation and re-synthesis of extracellular matrix proteins, facilitated by various factors
such as plasminogen activators and proteases (MMPs) (Walsh et al., 2007).

Matrix Metalloproteinases (MMPs), a category of extracellular endopeptidases that depend
on Zn?" and Ca? for their function (Visse and Nagase, 2003; Yang et al., 2023), play a role in the
remodeling of tissues associated with normal physiological processes, such as reproduction
and embryonic development (Dubois et al., 2000; Page-McCaw et al., 2007). They possess the
capability to degrade components of the extracellular matrix as well as non-matrix proteins,
including growth factors, their receptors, cytokines, chemokines and adhesion proteins (Shahed
andYoung., 2008, Nakamura et al., 2005), this activity establishes a favorable microenvironment
for processes like cell migration, cell differentiation, growth, proliferation, and apoptosis
(Nagase etal., 2006; Rodgers et al., 2009). In a manner analogous to theirimpact on extracellular
matrix proteins, MMPs can alter tissue structure (Hulboy et al., 1997; Stamenkovic, 2003). For
rodents exhibiting seasonal reproductive activity, the sexual resting period is marked by structural
atrophy in reproductive organs, reflecting a matrix metalloproteinases dependent tissue
remodeling (MMPs) (Metayer et al., 2002). Indeed, MMPs play a pivotal role in the physiological
variations of various organs within the male reproductive system and actively contribute to all
transformations in the extracellular matrix (Walsh et al., 2007). The presence of MMPs significantly
contributes to gamete fusion during fertilization and the acrosomal reaction, suggesting their
involvement in sperm maturation within the testicular fluid of domestic animals (Aknoun-
Sail et al., 2017). During spermatogenesis, germ cells must traverse the blood-testis barrier to
move from the basal compartment to the luminal compartment in the testis (Metayer et al.,
2002). MMP-2 and MMP-9 are detected in the testis and semen, and their enzymatic levels are
associated with semen parameters (motility, concentration) in dogs, suggesting a functional
involvement in sperm formation and quality (Warinrak et al., 2015). Although direct data in
the testis are limited, studies on reproductive cells show that the expression of MMP-2 and
MMP-9 is influenced by hormones (FSH) and growth factors, implying a potential interaction
between hormonal pathways and MMP regulation in reproductive tissues (Portela et al., 2009).
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Invitro, some studies have highlighted the role of MMP-9 in remodeling the barrier between Sertoli
and germ cells, particularly during the transition of germ cells across this barrier, indicating that these
enzymes could modulate the permeability or restructuring of the barrier during spermatogenesis
(Lydka et al., 2012). Importantly, normal spermatogenesis is regulated by the secretion of testicular
as well as by the normal secretion of pituitary FSH and LH (Tang et al., 2020; Witzmann et al., 2003).

This study aimed to investigate the histological features of the male reproductive organs
(testis and seminal vesicles) in the small jerboa Jaculus jaculus. Our objective was to document
the histo-functional changes occurring during both the active phase and transitional period
of the reproductive cycle. Additionally, we aimed to demonstrate the immunohistochemical
presence of metalloproteinases (MMP-2 and MMP-9) in the testis and seminal vesicles of Jaculus
jaculus throughout the active reproductive phase. The purpose of this investigation was to shed
light on their potential role in the reproductive physiology and tissue remodeling processes
affecting these glands during the seasonal reproduction. We hypothesized that the expression
of MMP-2 and MMP-9 varies between the active and transitional phases of the reproductive
cycle, reflecting their involvement in seasonal tissue remodeling.

Methods

Animals

Our study was conducted on 15 adult male of the desert jerboa Jaculus jaculus, and weighing
between 57-73 g. Animals were captured from September 2023 to December 2024 in two
semi-arid regions of the Algerian Sahara: LOUTAYA, located 25 km Northwest of Biskra province
(35°02° 00" N, 5°36'00”) and the region of Ain Lahdjel of M'sila province (35° 40' 26" N, 3° 52' 54"E):

* The first group was gathered in September in Loutaya (Biskra Province) and included six
(06) adult males weighing between 57-69 g during the active period of reproductive phase;

+ Thesecond group was gathered in December in Loutaya (Biskra Province) and included seven
(07) adult males weighing between 61-73 g during the active period of reproductive phase;

* The third group was gathered at the end of March in Ain-lahdjel (M'sila Province) and
included three (03) adult males weighing between 57-68 g during the transitional period of
the reproductive.

To minimize stress, animals were placed in separate cages provided with the plant from
the biotope and maintained under the temperature and photoperiod conditions of the season
for a maximum of 10 hours to prevent the influence of the nychthemeral rhythm. Under deep
ketamine anesthesia (150 mg/kg, intraperitoneally), animals were euthanized, and tissue
collection was conducted entirely within the laboratory under controlled conditions, with all
samples collected at the same time of day to minimize potential circadian variations; the right
testis was carefully excised and weighed.

All procedures were carried out in accordance with the guidelines of the Algerian Association
of Experimental Animal Sciences (AASEA) and were approved by the local ethics committee of
Houari Boumediene University of Science and Technology (USTHB), Algeria (Approval No. 45/
DGLPAG/DVA.SDA.14). The laboratory work was conducted at the Laboratory of Animal Ecology
within the National Superior School of Kouba in Algiers.

Anatomo-structural stady of the testis and seminal vesicles

The testes and seminal vesicles underwent dehydration using a graded series of ethanol,
followed by clearing in cyclohexane and embedding in paraffin. Serial sections of 4 pm thickness
were then prepared for staining.
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Immunohistochemical study of MMPs (MMP-2 and MMP-9)

This study employed an indirect immunohistochemical method using streptavidin-biotin-
peroxidase amplification following the KIT LSAB2 (DAKO) peroxidase immunohistochemistry
protocol, as outlined by MacNeil et al. (2020): Histological sections (4 pm thick) were mounted
on silanized slides, deparaffinized in xylene, and rehydrated through a graded series of alcohols,
followed by rinsing in distilled water. Heat-induced antigen retrieval was performed at 95 °Cin
a water bath using a Tris-EDTA buffer (pH 6 or pH 9) containing 0.05% Tween-20. The sections
were then washed in Tris-buffered saline (TBS), and endogenous peroxidase activity was blocked
by incubation in 3% hydrogen peroxide (H,0,) for 10 minutes. The sections were incubated
with primary antibodies as follows: The primary antibody against -MMP-2 (mouse monoclonal
anti-human; Invitrogen; dilution 1:70; pH 6; clone 101; unconjugated; Cat. #436000) was applied
for 1 hour; The primary antibody against MMP-9 (mouse monoclonal anti-human; Invitrogen;
dilution 1:100; pH 9; clone lIA5; unconjugated; Cat. #MA5-14228) was applied to separate sections
for 1 hour. Following incubation, a secondary antibody conjugated to the streptavidin-biotin-
peroxidase complex was applied. Immunohistochemical visualization was carried out using
3,3'-diaminobenzidine (DAB) chromogen, followed by counterstaining with hematoxylin. Finally,
the sections were dehydrated, mounted, and examined under a light microscope.

Staining techniques

In this study, specific histological staining methods were employed, including Periodic
Acid-Schiff (PAS) staining, Masson's Trichrome staining, and Azan Trichrome staining.

Statistical analysis

To determine significant differences between the two groups, animals in the active period
of the reproductive phase and animals in the transitional period of the reproductive phase,
the normality of variable distributions was first assessed using the Kolmogorov-Smirnov
test. Differences between groups were then analyzed using a two-tailed Student's T-test and
considered statistically significant at p <0.05. No data points were excluded during the analysis.
All values are presented as means * standard error. Statistical analyses were performed using
GraphPAD InStat (Prism 9.0 package, San Diego, CA).

Results

Our study is organized into two main parts. The first includes the results of the anatomo-
structural and histo-functional analysis of the gonads and seminal vesicles to determine the
modifications specific to the active phases of the reproductive cycle of Jaculus jaculus. The findings
derived from the histological and immunohistological examinations of the testicular and seminal
vesicular tissues of Jaculus jaculus during both sexual activity and the transitional phase of the
reproductive cycle are notably intriguing. Meanwhile, the second part includes identification
and distribution of metalloproteinase (MMP-2 and MMP-9) along the reproductive phase.

The male reproductive system of Jaculus jaculus closely resembles that observed in other rodent
species, encompassing the testis, excretory ducts, appendix glands, and penis, as illustrated in
Figure 1.

Anatomo-histological characteristics of the testes in Jaculus jaculus

During the phase of sexual activity, the reproductive system displays well-developed testes,
measuring approximately 3.5 cmin length and around 1.5 cm in width. These testes exhibit a smooth
surface appearance and significant vascularization, appearing whitish. The studied rodents exhibited
a body weight ranging from 59 to 73 g (Table 1), while testicular weight varied from 2.4 to 2.8 g.
Relative testicular weight evaluations indicate that the testes account for between 3.3% and 4.8% of
the body mass, reflecting a proportional increase in gonadal size during the sexual activity period.
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Figure 1. Reproductive anatomy of adult Jaculus jaculus in the active period of reproductive cycle, testis (T),
seminal vesicles (VS), proximal Epididymides (Epp) and distal Epididymides (Eed).

In the transition phase, partial regression of both body weight (57-68 g) and a significant
decrease of absolute and relative testicular weight (1.66-1.78 g; 2.4-3.1% of body weight) is
observed compared to the active phase. This reflects preparation for the sexual rest phase,
corresponding to a reduction in gonadal activity, typical of seasonal adaptations in desert-dwelling
rodents. This phenomenon represents energy redistribution, where investment in reproduction is
temporarily reduced in favor of maintaining vital functions in an often challenging environment.

Table 1. Comparison of body weight, absolute testicular weight, and relative testicular weight between
the active reproductive period and the transitional period.

Parameter Active period Transitional period P value
Body weight (g) 64.52+1.47 62.3£3.18 NS
Absolute testicular weight (g) 2.64+0.03 1.713+0.03 FEFE
Relative testicular weight (g) 4.10+0.05 2.759+0.08 FRFE

Values are given as means + SEM. Significant differences were analyzed using Student test and indicated by ****P < 0.0001.
NS = not significant.

InJaculus jaculus, the gonadosomatic index in adult males ranges from 6.6% to 9.8%, reflecting a
high reproductive investment and strong spermatogenetic activity. These values indicate high sperm
activity and significant sperm production, characteristic of a species with an intense reproductive
strategy during the active phase. In desert gerbils such as Gerbillus tarabuli, both indices and
dimensions vary greatly between the active and quiescent periods, suggesting an adaptation
to environmental seasonality, with a GSI ranging from 0.36% to 0.68% (Hamidatou Khati and
Hammouche, 2021). Studies on Gerbillus gerbillus and Psammomys obesus also showed clear
seasonal testicular weight changes indicative of fluctuating GSI through the reproductive cycle
(Boufermes et al., 2014).

Examining the sections allowed us to delineate the histological features and distinctive
cellular components characteristic of the species and the specific reproductive cycle period.
In a cross-section, the testis unveils numerous seminiferous tubules, featuring lumens abundant
in spermatozoa compared to those appearing vacant. Each seminiferous tube is enveloped by
a thin outer membrane containing contractile cells along with a stratified and well-developed
germinal epithelium, possessing a thickness equivalent to two-thirds (2/3) of the tube's radius.

At higher magnifications, the seminiferous epithelium revealed distinct cell populations. The
basal layer of the epithelium included undifferentiated germ cells known as spermatogonia,
Sertoli cells, and differentiating germ cells. The somatic Sertoli cells, positioned adjacent to
and interspersed among the germ cells, extend throughout the thickness of the germinal
epithelium. These cells exhibit an elongated pyramidal shape, and the boundaries of their
cytoplasm are less discernible due to their close contact with the germ cells. Their large nuclei
with clear chromatin and one or more prominent nucleoli is frequently situated on the basal
side (as illustrated in Figure 2B).
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The histological examination of the seminiferous epithelium revealed the presence of certain
cells with distinctive characteristics, including a polylobed nucleus and a granular cytoplasm and
is situated within the tubular lumens. In seasonally reproducing species, testicular regression
is associated with disruption of the cell junctions within the seminiferous epithelium and a
reduction in the integrity of the blood-testis barrier, a phenomenon reported in Talpa occidentalis
and other seasonal mammals (Dadhich et al., 2013; Jiménez et al., 2015).

However, in Jaculus jaculus during the transitional period of the reproductive cycle, the presence
of cells compatible with immune cells in the lumen may reflect a temporary alteration of this
barrier. This situation is likely associated with structural remodeling of the seminiferous epithelium,
germ cell degeneration, and the resorption of germ cells, a phenomenon described in seasonally
reproducing species (Massoud et al., 2018; Young and Nelson, 2001) (as depicted in Figure 2C).

In histological sections captured during the transitional stage of the reproductive cycle
(Figure 3B), the seminiferous tubules of Jaculus jaculus exhibited noteworthy features. Particularly
in the testes of Jaculus jaculus collected in March, a remarkable cellular structure emerged. This
structure manifested as well-defined, closed, round or oval cell with significant volume, housing
numerous peripheral spermatid nuclei and a homogeneous cytoplasm (Figure 3C and 3D).
At higher magnification, closer examination suggests that these cells likely result from processes
of spermatid degeneration and/or phagocytosis (Figure 3A).

Figure 2. Histological characteristics of the seminiferous tubules in adult Jaculus jaculus in the active period.
A, B Cross-sections through seminiferous tubules (ST) showing that germinal epithelium (GEp) present
Spermatozoids (Sz), Spermatocyts | (Sc), Spermatogonia (SG) as well as Sertoli cells (SC) poly-nucleic (arrows).
Peritubular space (EsPr) rich in blood capillaries (Bc) and Leidig cells (CL). A Azan staining Bar: 20 pm;

B Masson's Trichrome staining Bar: 20 um. C and D presence of particular cells in the germinal epithelium
(arrows). € Masson’s Trichrome staining Bar: 20 um; D Azan staining Bar: 20 ym.

Histo-functional organization of the seminal vesicles in Jaculus jaculus

Under low magnification, an extended section of the seminal vesicle in the small jerboa
during sexual activity revealed its composition. The seminal vesicle exhibited a robust casing
encompassing a muscular layer organized into two distinct transverse and longitudinal
muscular tunics. The mucosa, influenced by an epithelial layer and vascular connective tissue,
displayed a configuration with numerous irregularly anastomosed diverticula, forming primary
and secondary folds within the vesicle lumen (as shown in Figure 4A and 4B). This structural
organization facilitates an increased surface area for exchange.
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Figure 3. Histological features of seminiferous tubules in adult Jaculus jaculus in the transitional phase
of the reproductive cycle. A during the transitional period of the reproductive cycle, cross-section
through seminiferous epithelium (ST) shows giants cell containing numerous nuclei and homogeneous
cytoplasm (arrows), contribute to reducing the number of spermatids during the transition from the
active phase to the sexual rest phase. Masson’s Trichrome staining. Bar: 20 pm. B, C and D polynuclear
structures associated with spermatid degeneration. B Masson’s Trichrome staining. Bar: 20 um; C and
D PAS staining. Bar: 20 pm.

Figure 4. Histological characteristics of seminal vesicles in adult Jaculus jaculus during active period.

A, B and C Cross-section in seminal vesicles shows: Muscular (Ms) with two layers of smooth and contractile
muscle cells transverse and longitudinal, Mucosa (Mc) composed of connective tissue (Ct) and coating
epithelium (CEp). Epithelial cells diversify their secretion products (SP) in the lumen (L). The vesicular
epithelium (GEp) is organized in acinar secretory (Sg) exocrine and excretory canal (EC). The product of
secretion is mucosal in nature (m). Masson'’s Trichrome staining. Bar: 40 pm. D, E and F secretory acinus
(Sg) structure showing two types of cells (arrows) secreting into the lumen of the organ (L) two types of
immiscible products (D). F shows the presence of a particular cell associated with the secretory part and
bathes in the connective tissue (arrows). D, E and F Masson’s Trichrome staining. Bar: 40 pm.
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Particularities and histological classification of the epithelium of the seminal vesicle
in Jaculus jaculus

The seminal vesicle histology of the jerboa unveils a distinctive organization in the structure
of its vesicular epithelium, which is reported here for the first time and appears to be unique to
the species. Under high magnification, the epithelium exhibited a configuration comprising both
simple and intricate secretory acini (rounded appearance with a reduced cavity), encircled by a basal
lamina and connective tissue (as depicted in Figure 4C). The polarized secretory cells within the
gland exhibited two distinct variations. The first type consisted of tall cylindrical cells with a ciliated
apical pole (striated plate), featuring a basal, rounded, voluminous nucleus with clear chromatin
occupying 1/3 of the cell volume, along with granular and clear cytoplasm (as seen in Figure 4C).
A detailed observation of the apical pole of these cells under high magnification revealed that the
mucosal nature of the secretion product was discharged into the vesicle lumen through the apocrine
mode, with the product being released en bloc (Figure 4D). The second type involved elongated cells
with an open apical pole, characterized by an elongated central nucleus and a dense cytoplasm.

Upon examining the histological sections, distinctive cells with spherical or ovoid shapes
were evident. These small, compartment-enclosed cells were situated in the basal part of the
acinus, closely positioned to blood capillaries. Characterized by a dense nucleus, granular
cytoplasm, and an irregular outline, these cells appear to serve an immune or endocrine
function, as illustrated in (Figure 4E). In cross-section, the excretory ducts, varying in diameter,
exhibited a shorter length in smaller glands and a longer, branched structure in larger glands.
The epithelium appeared as a simple cubic layer initially, gradually thickening and transitioning
into a simple cylindrical and then stratified arrangement, as depicted in (Figure 4F).

Immunohistochemical of MMP-2 and MMP-9 in the testes of Jaculus jaculus during
the active period of reproductive cycle

During the active period in the testes, MMP-2 and MMP-9 exhibited high expression levels in
various epithelial cells, including Sertoli cells, spermatocytes |, spermatocytes Il, round and elongated
spermatids (as depicted in Figure 5A and 5B). Particularly, the epithelial cells displayed a prominent
immunohistochemical signal of MMP-2 (Figure 5A). However, the signal was notably low in the
seminiferous lumen. Importantly, neither of these two proteins was detected in the extracellular
matrix (ECM) that bounds the seminiferous tubules. In all negative controls, where the primary
antibody was omitted, the immunohistochemical signal for both MMPs remained negative.

Figure 5. MMP-2 and MMP-9 immunohistochemistry in the adult Jaculus jaculus testis in the active period.
A, B in the seminiferous tubule, all cells of the epithelium germinal: Spermatocyts (Sc),
Spermatogonia (SG); Spermatids (Sp) Spermatozoids (Sz) express MMP-2 and MMP-9 in the cytoplasm.
The immunostaining of MMP-9 is lower than that of MMP-2. L: Lumen. Bar: 20 pm.
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Immunohistochemical of MMP-2 and MMP-9 in the seminal vesicles of Jaculus jaculus
during the active period of reproductive cycle

Within the seminal vesicles of Jaculus jaculus, MMP-2 immunostaining was evident in the
cytoplasm of epithelial cells (acini and ducts) (illustrated in Figure 6A), smooth muscle cells
(SMC), and the extracellular matrix (ECM). Notably, MMP-2 immunoreactivity was pronounced in
epithelial cells and secretion, with a comparatively lower intensity in the SMC (Figure 6B and 6C).
The connective tissue within the axis of the epithelial folds showed no MMP-2 immunolabeling
(Figure 6C). For MMP-9 immunoexpression, it was observed in epithelial cells, SMC, and secretion
products, mirroring the pattern observed for MMP-2. During the active period, both epithelial
cells and SMC exhibited strong MMP-9 expression with equal intensity (Figure 7A and 7B).
The ECM did not exhibit any signaling (Figure 7C), while the secretion’s product appeared to be
rich in MMP-9.

Figure 6. MMP-2 immunohistochemistry in the adult Jaculus jaculus seminal vesicles in active period.
A, B and C Epithelial cells of the secretory glands (Sg) are too strongly immunolabelled, the connective
tissue (Ct) is devoid of immunoreactivity. Smooth muscle cells (Ms) and secretion product (SP) show a

significant immunoreactivity. Bar: 20 ym.

Figure 7. MMP-9 immunohistochemistry in the adult Jaculus jaculus seminal vesicles in active period.
A: The immunohistochemical signal (arrows) was observed in epithelial cells; secretion (SP), the
extracellular matrix and in the smooth muscle cells (Ms). In B, C: Epithelial cells of acini (Sg) and

excretory ducts expressed a similar important immunostaining of MMP-9, and in the connective (Ct)

tissue immunostaining is absent. SVe: segment of the seminal vesicular. Bar: 60 pm.
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Discussion

The synchronization of reproductive activities and metabolism is crucial, especially for species
residing in challenging environmental conditions. Jaculus jaculus, a diminutive nocturnal rodent
found in both temperate regions and arid or semi-arid areas, employs adaptation mechanisms
primarily linked to reproductive function. This species demonstrates the capability to modulate
its reproductive activity in accordance with seasonal changes.

The histological particularities of testes and seminal vesicles in Jaculus jaculus during
the seasonal reproductive cycle

The testes of Jaculus jaculus exhibit notably larger size and volume during the period of sexual
activity when compared to other desert rodents such as Gerbillus gerbillus (Aknoun-Sail et al., 2017),
Meriones crassus (Smai-Hamdidouche et al., 2015), Meriones libycus and Meriones shawi
(Zaime et al., 1992). These studies indicate that nocturnal rodent species generally have more
substantial testes than their diurnal counterparts, as evidenced by relative statistics and testicular
weight. In Jaculus jaculus, the testes exhibit a distinctive morphology, resembling smooth beans
on the surface and being relatively large, in contrast to the oval and very small testes observed
in rats, hamsters, and gerbils.

In the transitional period of the reproductive cycle, histological sections of the small jerboa’s testes
reveal the presence of distinct, multinucleated giant cells characterized by numerous spermatid
nuclei and a homogeneous cytoplasm are associated with massive spermatid degeneration,
possibly of macrophagic origin. Their appearance coincides with seasonal testicular regression,
which is characterized by extensive germ cell apoptosis and the accumulation of cellular debris.
These cells are likely involved in phagocytic activity and testicular remodeling processes that
facilitate the transition from the sexually active state to sexual quiescence. Confirmation of the
histological nature of these cells requires immunohistochemical analyses (e.g., CD68, CD163)
to distinguish a macrophagic origin from other cellular types. Similar phenomena have been
reported in cases of testicular atrophy and tubular degeneration in humans and mice, as well
as in rabbits (Holstein and Eckmann, 1986; Furukawa et al., 2023; Assar et al., 2023).

The development or regression of seminal vesicles, which are accessory glands, is androgen-
dependent (Mansouria etal., 2011). In seasonally breeding rodents such as Mériones (Amirat et al.,
1977), Psammomys and Gerbillus (Boufermes et al., 2021), significant histological modifications
are observed in the seminal vesicles during the period of sexual activity. These modifications
involve the three histological components, namely the epithelial part, mesenchymal fraction,
and muscle fiber zones. In species like Mériones, Psammomys, and Gerbillus, the organ reaches
its maximum development during sexual activity, presenting as anastomosed diverticula in the
form of folds within the vesicle lumen. Each fold is bounded by a simple and glandular epithelium
(Belhocine et al., 2015). Contrastingly, in Jaculus jaculus, the vesicular epithelium undergoes a
complete transformation into exocrine glandular tissue with a complex secretory acinus. This
unique organization, described for the first time, appears to be specific to the species. Notably,
this epithelium has been reported as non-glandular in other desert rodents. Furthermore, the
secretion product of the seminal vesicle in Jaculus jaculus appears heterogeneous and mixed,
comprising two types of chemically immiscible molecules. This contrasts with other species of
desertrodents where the secretion product of glandular cells appears simple and homogeneous.

Identification of MMP-2 and MMP-9 expressions in the testes and seminal vesicles
in Jaculus jaculus during sexual activity of reproductive cycle

The immunohistochemistry analysis revealed the presence of two matrix metalloproteinases
(MMP-2 and MMP-9) in the testes and seminal vesicles of the desert jerboa (Jaculus jaculus)
throughout the active period (Autumn and Winter) of the reproductive cycle. These MMPs were
identified in epithelial cells, smooth muscle cells (SMC) of seminal vesicles. Previous studies
have similarly detected MMP-2 and MMP-9 in the same cells in other species of desert rodents,
such as Mériones and Psammomys (Kareskoski et al., 2021). This finding suggests that these
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enzymes play a role in intracellular processes, including synthesis and secretion, as well as in
cell migration and differentiation. The SMC are believed to contribute to contractile activity,
facilitating the expulsion of secretion products and participating in the tissue remodeling
characteristics of the reproductive cycle period. These observations align with results from
other rodent studies, such as Meriones libycus and Psammomys obesus (Legrand et al., 1999).

The detection of MMP-2 and MMP-9 in the seminal vesicle secretion indicates their intended export,
providing additional evidence of their presence in seminal fluid (Buisson et al., 1996). Additionally,
their involvement in extracellular processes and fertility is affirmed (Atabakhsh et al., 2018). These
enzymes are likely to blend with seminal plasma, contributing to the maturation of spermatozoa.
Notably, MMPs, being proteolytic enzymes, target both matrix and non-matrix substrates. However,
maintaining an appropriate cellular concentration of MMPs is crucial for facilitating polarized cell
migration (Rodgers et al., 2009).

In sand rats, examination of seminal vesicle protein homogenate during the sexual rest
period revealed the activity of calcium-dependent metalloproteinases, as detected using the
gelatin gel zymography method. Metalloproteinases play a crucial role in the reproductive organ
development and spermatogenesis of adult rats (Metayer et al., 2002). They are also involved
in re-epithelialization, with MMP-9 produced by epithelial cells, and regulation of cell migration
(Ayvazova et al., 2016). Additionally, MMPs are generated by epithelial cells during healing, while
stromal fibroblasts are the primary source of MMPs during cell invasion (Shahed and Young,
2008). During sexual activity, immunoreactivity of MMPs in the extracellular matrix of seminal
vesicles is notably present which reflects a state of intense tissue remodeling. Indeed, during the
active reproductive phase, gonadal tissues undergo significant structural modifications associated
with hormonal stimulation, particularly testosterone, which promotes cell growth, differentiation,
and reorganization of the extracellular matrix (ECM). These processes enable the tissue plasticity
required for optimal reproductive function (Robinson et al., 2001). However, it should be considered
that immunohistochemistry mainly allows tissue localization of protein expression and does not
directly reflect the enzymatic activity of MMPs, which may be regulated by the presence of specific
inhibitors such as tissue inhibitors of metalloproteinases (TIMPs). Therefore, although the intense
immunostaining observed suggests a strong involvement of MMPs in ECM remodeling during the
active reproductive period, complementary analyses—such as gelatin zymography and Western
blotting—would be necessary to further elucidate the functional dynamics of these enzymes.

In the male reproductive tract organs studied, the connective stroma showed no immune
response, indicating limited transcriptional or synthetic capacity. In our study, MMP-2 expression
appeared higher than that of MMP-9 based on qualitative assessment. It is reported that MP-9
expression is generally weak or absent in normal tissues but can be induced in the context of
tissue remodeling (Ayvazova et al., 2016).

In desert-dwelling rodents, sample size is often structurally limited, reflecting ecological
constraints inherent to desert environments, including short seasonal and reproductive activity
periods, high mortality associated with extreme heat and aridity, low population density, and
pronounced spatio-temporal variability of the studied rodent populations (Pizzutto et al., 2021).

In addition, sample size was deliberately restricted to minimize the impact of sampling on
naturally vulnerable populations, in accordance with ethical guidelines for wildlife research. The
unequal distribution among experimental groups can be attributed to the natural variability in the
reproductive status of individuals at the time of sampling, a phenomenon well documented in desert
rodents with seasonal reproductive cycles (Pizzutto et al., 2021). Despite these limitations, the sample
size was sufficient to reveal clear and biologically coherent reproductive trends, providing original
data on a species that remains poorly studied. Collaborative studies conducted across multiple
geographic sites would allow a substantial increase in sample size without over-sampling a single
population, while accounting for the ecological variability characteristic of desert environments.
The establishment of inter-site research networks, encompassing multiple populations distributed
along an environmental gradient, would represent a relevant approach to strengthen the statistical
robustness of the results. Furthermore, the use of non-invasive methods and longitudinal monitoring
would offer promising perspectives for advancing the study of reproduction in desert-dwelling
rodents, while respecting the ethical and ecological constraints specific to these species.
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Conclusion

In Jaculus jaculus, the reproductive season manifests distinct characteristics in histological
organization of male reproductive organs, specifically the testes and seminal vesicles. Notably,
the seminal vesicles undergo a significant transformation, with the secretory epithelium
evolving into complex acinar glands differentiating two distinct types of glandular cells. Which
resultin the production of a heterogeneous seminal product. During the transitional period of
the reproductive cycle, the testes exhibit polymorphonuclear cells, a phenomenon attributed
to testicular remodeling that facilitates the transition toward sexual quiescence. This activity
reduces the number of spermatids, marking the transition from the active reproductive phase
to the period of sexual rest. Throughout the seasonal reproductive cycle of Jaculus jaculus, both
the seminal vesicles and testes demonstrate the production of metalloproteinases (MMP-2 and
MMP-9). These enzymes are expressed in patterns suggesting potential roles in various cellular
activities, including the contractility of circular muscle layers (CMLs) to facilitate the discharge of
secretion into the external environment. These findings significantly enhance our understanding
of the intricate histophysiology of the reproductive system in semi-desert rodents.
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Data will be made available on request.

References

Aknoun-Sail N, Zatra Y, Kheddache A, Moudilou E, Khammar F, Exbrayat JM, Amirat Z. Pituitary-adrenal axis
activity in the male Libyan jird, Meriones libycus: seasonal effects and androgen-mediated regulation.
Folia Biol. 2017;65(2):95-105. https://doi.org/10.3409/fb65_2.95.

Amirat Z, Khammar F, Brudieux R. Variations saisonniéres comparées de l'activité sexuelle (données pondérales)
chez deux especes de rongeurs (Psammomys obesus et Gerbillus gerbillus) du Sahara occidental algérien.
Mammalia. 1977;41(3):341-54. https://doi.org/10.1515/mamm.1977.41.3.341.

Amirat Z, Khammar F, Brudieux R. Variations saisonniéres comparées du poids de la surrénale chez deux
especes de rongeurs désertiques (Psammomys obesus et Gerbillus gerbillus). Mammalia. 1980;44(3).
https://doi.org/10.1515/mamm.1980.44.3.399.

Assar DH, Mokhbatly AA, ELazab MFA, Ghazy EW, Gaber AA, Elbialy ZI, Hassan AA, Nabil A, Asa SA. Silver
nanoparticles induced testicular damage targeting NQO1 and APE1 dysregulation, apoptosis via Bax/
Bcl-2 pathway, fibrosis via TGF-B/a-SMA upregulation in rats. Environ Sci Pollut Res Int. 2023;30(10):
26308-26. https://doi.org/10.1007/s11356-022-23876-y. PMid:36367645.

Atabakhsh M, Khodadadi I, Amiri I, Mahjub H, Tavilani H. Activity of matrix metalloproteinase 2 and 9 in
follicular fluid and seminal plasma and its relation to embryo quality and fertilization rate. ] Reprod
Infertil. 2018;19(3):140-5. PMid:30167394.

Ayvazova NP, Rilcheva VS, Konova El, Roussev RG, Rashev Pl. Matrix metalloproteinase MMP-2 and
MMP-9 activities in seminal plasma. Journal of Biomedical and Clinical Research. 2016;9(2):114-20.
https://doi.org/10.1515/jbcr-2016-0016.

Belhocine M, Hatti R, Gernigon-Spychalowicz T. Effets de la castration sur limmunoexpression de la gélatinase
B (MMP-9) dans les vésicules séminales du Mérion de Libye (Meriones libycus). Ann Endocrinol (Paris).
2015;76(4):495. https://doi.org/10.1016/j.and0.2015.07.651.

Boufermes R, Belhocine M, Amirat Z, Khammar F. Assessment of testicular Lhcgr mRNA expression correlated
with testis and seminal vesicle activities in the Libyan jird (Meriones libycus, Rodentia: Muridae) during
breeding season compared with nonbreeding season. Animals. 2021;11(2):320. https://doi.org/10.3390/
ani11020320. PMid:33514013.

Boufermes R, Richard N, Le Moguen K, Amirat Z, Khammar F, Kottler ML. Seasonal expression of KiSS-1 and
the pituitary gonadotropins LHB and FSHf in adult male Libyan jird (Meriones libycus). Anim Reprod Sci.
2014;147(1-2):56-63. https://doi.org/10.1016/j.anireprosci.2014.04.001. PMid:24786546.

Buisson A-C, Zahm J-M, Polette M, Pierrot D, Bellon G, Puchelle E, Birembaut P, Tournier JM. Gelatinase
B is involved in the in vitro wound repair of human respiratory epithelium. ] Cell Physiol. 1996;166(2):
413-26. https://doi.org/10.1002/(SICI)1097-4652(199602)166:2<413::AID-JCP20>3.0.CO;2-A. PMid:8592002.

Carson-Jurica MA, Schrader WT, O'Malley BW. Steroid receptor family: structure and functions. Endocr Rev.
1990;11(2):201-20. https://doi.org/10.1210/edrv-11-2-201. PMid:2194782.

Anim Reprod. 2026;23(3):e20250117 12/15


https://doi.org/10.3409/fb65_2.95
https://doi.org/10.1515/mamm.1977.41.3.341
https://doi.org/10.1515/mamm.1980.44.3.399
https://doi.org/10.1007/s11356-022-23876-y
https://pubmed.ncbi.nlm.nih.gov/36367645
https://pubmed.ncbi.nlm.nih.gov/30167394
https://doi.org/10.1515/jbcr-2016-0016
https://doi.org/10.1016/j.ando.2015.07.651
https://doi.org/10.3390/ani11020320
https://doi.org/10.3390/ani11020320
https://pubmed.ncbi.nlm.nih.gov/33514013
https://doi.org/10.1016/j.anireprosci.2014.04.001
https://pubmed.ncbi.nlm.nih.gov/24786546
https://doi.org/10.1002/(SICI)1097-4652(199602)166:2%3c413::AID-JCP20%3e3.0.CO;2-A
https://pubmed.ncbi.nlm.nih.gov/8592002
https://doi.org/10.1210/edrv-11-2-201
https://pubmed.ncbi.nlm.nih.gov/2194782

Jaculus reproductive system & metalloproteinases

Dadhich RK, Barrionuevo FJ, Real FM, Lupiafiez DG, Ortega E, Burgos M, Jiménez R. Identification of
live germ-cell desquamation as a major mechanism of seasonal testis regression in mammals:
a study in the Iberian mole (Talpa occidentalis). Biol Reprod. 2013;88(4):101. https://doi.org/10.1095/
biolreprod.112.106708. PMid:23515671.

Dubois B, Arnold B, Opdenakker G. Gelatinase B deficiency impairs reproduction. J Clin Invest. 2000;106(5):
627-8. https://doi.org/10.1172/JC110910. PMid:10974013.

Furukawa K, Takamiya K, Ohmi Y, Bhuiyan RH, Tajima O, Furukawa K. Disordered testosterone transport
in mice lacking the ganglioside GM2/GD2 synthase gene. FEBS Open Bio. 2023;13(9):1615-24.
https://doi.org/10.1002/2211-5463.13603. PMid:36999634.

Ghobrial LI, Hodieb ASK. Climate and seasonal variations in the breeding of the desert jerboa, Jaculus jaculus,
in the Sudan. Wallingford: CABI; 1973. p. 221-33.

Guo L, Zhu K, Zhong YN, Gao M, LiuJ, Qi Z, Liu Z, Rong N, Zhang M, Li D, Zhang Q, Yang G, Zhang X, Zhang
M, Ding N, Ping YQ, Yang Z, Xiao P, Xia M, Yu X, Gaole A, Sun JP, Yang F. Structural basis and biased
signaling of proton sensation by GPCRs mediated by extracellular histidine rearrangement. Mol Cell.
20253;85(8):1658-1673.e7. https://doi.org/10.1016/j.molcel.2025.03.018. PMid:40215959.

Guo M, Huang L, Li Y, Kong W, Liu Y, Jiang X, Sun J. Characterization and binding site profiling of zinc-
chelated peptides from Takifugu rubripes bone with enhanced biological activity. Food Chem. 2025b;
496(Pt 1):146627. https://doi.org/10.1016/j.foodchem.2025.146627. PMid:41067155.

Hamidatou Khati W, Hammouche S. Histomorphometrical study of the testis in the desert Rodent, Gerbillus
tarabuli, sexually immature and adult during the annual reproductive cycle. Anat Histol Embryol.
2021;50(2):324-32. https://doi.org/10.1111/ahe.12633. PMid:33222275.

Happold DCD. The natural history of Khartoum province: mammals. Sudan Notes Rec. 1967;48:111-32.

Hegelen M, Alizee T. Atlas photographique de I'anatomie clinique des NAC (petits mammiféres, a I'exception
du furet) [Internet]. Paris: Université Paris-Est; 2012 [cited 2025 Aug 6]. Available from: https://eve.vet-
alfort.fr/enrol/index.php?id=440

Holstein AF, Eckmann C. Multinucleated spermatocytes and spermatids in human seminiferous tubules.
Andrologia. 1986;18(1):5-16. https://doi.org/10.1111/j.1439-0272.1986.tb01729.x. PMid:3954087.

Hu YL, ZhangY]J, Lv XY, Liu RL, Zhong ZH, Fu L], Bao MH, Geng LH, Xu HJ, Yu SM, Ding YB. Impact of omicron
variant infection on female fertility and laboratory outcomes: a self-controlled study. Am ] Reprod
Immunol. 2024;92(5):e70012. https://doi.org/10.1111/aji.70012. PMid:39535337.

Hulboy D, Rudolph LA, Matrisian LM. Matrix metalloproteinases as mediators of reproductive function.
Mol Hum Reprod. 1997;3(1):27-45. https://doi.org/10.1093/molehr/3.1.27. PMid:9239706.

Jiménez R, Burgos M, Barrionuevo FJ. Circannual testis changes in seasonally breeding mammals. Sex Dev.
2015;9(4):205-15. https://doi.org/10.1159/000439039. PMid:26375035.

Kang S, Jin S, Mao X, He B, Wu C. CD4+T and CD8+T Cells in uterus exhibit both selective dysfunction and
residency signatures. ] Immunol Res. 2024;2024(1):5582151. https://doi.org/10.1155/2024/5582151.
PMid:38690552.

Kareskoski M, Vakkamaki J, Laukkanen K, Palviainen M, Johannisson A, Katila T. Matrix metalloproteinase
(MMP)-2, MMP-9, semen quality and sperm longevity in fractionated stallion semen. Theriogenology.
2021;164:93-9. https://doi.org/10.1016/j.theriogenology.2021.01.020. PMid:33571920.

Khammar F, Brudieux R. Seasonal changes in testicular contents and plasma concentrations of androgens
in the desert gerbil (Gerbillus gerbillus). ] Reprod Fertil. 1987;80(2):589-94. https://doi.org/10.1530/
jrf.0.0800589. PMid:3656287.

Legrand C, Gilles C, Zahm J-M, Polette M, Buisson A-C, Kaplan H, Birembaut P, Tournier J-M. Airway epithelial
cell migration dynamics: MMP-9 role in cell-extracellular matrix remodeling. ) Cell Biol. 1999;146(2):517-
29. https://doi.org/10.1083/jcb.146.2.517. PMid:10427102.

Lydka M, Bilinska B, Cheng CY, Mruk DD. Tumor necrosis factor a-mediated restructuring of the Sertoli
cell barrier in vitro involves matrix metalloprotease 9 (MMP9), membrane-bound intercellular
adhesion molecule-1 (ICAM-1) and the actin cytoskeleton. Spermatogenesis. 2012;2(4):294-303.
https://doi.org/10.4161/spmg.22602. PMid:23248771.

MacNeil T, Vathiotis IA, Martinez-Morilla S, Yaghoobi V, Zugazagoitia J, Liu Y, Rimm DL. Antibody validation
for protein expression on tissue slides: A protocol forimmunohistochemistry. Biotechniques. 2020;69(6):
460-9. https://doi.org/10.2144/btn-2020-0095. PMid:32852223.

Mansouria BTG, Yasmina B, Jean-Marie E. Production des métalloprotéinases matricielles dans les vésicules
séminales, |la prostate et le canal déférent du Mérion de Libye (Meriones libycus) au cours de la période
active du cycle reproducteu [Internet]. Ouargla: Université Kasdi Merbah; 2011 [cited 2025 Aug 6].
Available from: http://dspace.univ-ouargla.dz/jspui/handle/123456789/6745

Anim Reprod. 2026;23(3):e20250117 13/15


https://doi.org/10.1095/biolreprod.112.106708
https://doi.org/10.1095/biolreprod.112.106708
https://pubmed.ncbi.nlm.nih.gov/23515671
https://doi.org/10.1172/JCI10910
https://pubmed.ncbi.nlm.nih.gov/10974013
https://doi.org/10.1002/2211-5463.13603
https://pubmed.ncbi.nlm.nih.gov/36999634
https://doi.org/10.1016/j.molcel.2025.03.018
https://pubmed.ncbi.nlm.nih.gov/40215959
https://doi.org/10.1016/j.foodchem.2025.146627
https://pubmed.ncbi.nlm.nih.gov/41067155
https://doi.org/10.1111/ahe.12633
https://pubmed.ncbi.nlm.nih.gov/33222275
https://doi.org/10.1111/j.1439-0272.1986.tb01729.x
https://pubmed.ncbi.nlm.nih.gov/3954087
https://doi.org/10.1111/aji.70012
https://pubmed.ncbi.nlm.nih.gov/39535337
https://doi.org/10.1093/molehr/3.1.27
https://pubmed.ncbi.nlm.nih.gov/9239706
https://doi.org/10.1159/000439039
https://pubmed.ncbi.nlm.nih.gov/26375035
https://doi.org/10.1155/2024/5582151
https://pubmed.ncbi.nlm.nih.gov/38690552
https://pubmed.ncbi.nlm.nih.gov/38690552
https://doi.org/10.1016/j.theriogenology.2021.01.020
https://pubmed.ncbi.nlm.nih.gov/33571920
https://doi.org/10.1530/jrf.0.0800589
https://doi.org/10.1530/jrf.0.0800589
https://pubmed.ncbi.nlm.nih.gov/3656287
https://doi.org/10.1083/jcb.146.2.517
https://pubmed.ncbi.nlm.nih.gov/10427102
https://doi.org/10.4161/spmg.22602
https://pubmed.ncbi.nlm.nih.gov/23248771
https://doi.org/10.2144/btn-2020-0095
https://pubmed.ncbi.nlm.nih.gov/32852223

Jaculus reproductive system & metalloproteinases

Massoud D, Lao-Perez M, Hurtado A, Abdo W, Palomino-Morales R, Carmona FD, Burgos M, Jiménez R,
Barrionuevo FJ. Germ cell desquamation-based testis regression in a seasonal breeder, the Egyptian
long-eared hedgehog, Hemiechinus auritus. PLoS One. 2018;13(10):e0204851. https://doi.org/10.1371/
journal.pone.0204851. PMid:30286149.

Métayer S, Dacheux F, Dacheux JL, Gatti JL. Comparison, characterization, and identification of proteases
and protease inhibitors in epididymal fluids of domestic mammals. Matrix metalloproteinases are
major fluid gelatinases. Biol Reprod. 2002;66(5):1219-29. https://doi.org/10.1095/biolreprod66.5.1219.
PMid:11967181.

Meunier M, Stoetzel E, Souttou K, Sekour M, Hadjoudj M, Boukmenza M, Doumand;ji S, Denys C. Mise a
jour de la liste des rongeurs d'Algérie, biogéographie et implications paléoécologiques. Bull Soc Zool
Fr [Internet]. 2020 [cited 2025 Aug 6];145(4):413-74. Available from: https://hal.science/hal-02958117/
file/Meunier%20et%20al.%202020_liste%20rongeurs%20alg%C3%A9rie.pdf

Nagase H, Visse R, Murphy G. Structure and function of matrix metalloproteinases and TIMPs. Cardiovasc
Res. 2006;69(3):562-73. https://doi.org/10.1016/j.cardiores.2005.12.002. PMid:16405877.

Nakamura M, Miyamoto S, Maeda H, Ishii G, Hasebe T, Chiba T, Asaka M, Ochiai A. Matrix metalloproteinase-7
degrades all insulin-like growth factor binding proteins and facilitates insulin-like growth factor bioavailability.
Biochem Biophys Res Commun. 2005;333(3):1011-6. https://doi.org/10.1016/j.bbrc.2005.06.010.
PMid:15964556.

Page-McCaw A, Ewald AJ, Werb Z. Matrix metalloproteinases and the regulation of tissue remodelling. Nat
Rev Mol Cell Biol. 2007;8(3):221-33. https://doi.org/10.1038/nrm2125. PMid:17318226.

Pizzutto CS, Colbachini H, Jorge-Neto PN. One Conservation: the integrated view of biodiversity conservation.
Anim Reprod. 2021;18(2):e20210024. https://doi.org/10.1590/1984-3143-ar2021-0024. PMid:34122656.

Portela VM, Veiga A, Price CA. Regulation of MMP2 and MMP9 metalloproteinases by FSH and growth
factors in bovine granulosa cells. Genet Mol Biol. 2009;32(3):516-20. https://doi.org/10.1590/51415-
47572009005000048. PMid:21637514.

Robinson LL, Sznajder NA, Riley SC, Anderson RA. Matrix metalloproteinases and tissue inhibitors of
metalloproteinases in human fetal testis and ovary. Mol Hum Reprod. 2001;7(7):641-8. https://doi.org/10.1093/
molehr/7.7.641. PMid:11420387.

Rodgers UR, Kevorkian L, Surridge AK, Waters ]G, Swingler TE, Culley K, lllman S, Lohi J, Parker AE, Clark
IM. Expression and function of matrix metalloproteinase (MMP)-28. Matrix Biol. 2009;28(5):263-72.
https://doi.org/10.1016/j.matbio.2009.04.006. PMid:19375502.

Shahed A, Young KA. Differential activity of matrix metalloproteinases (MMPs) during photoperiod induced
uterine regression and recrudescence in Siberian hamsters (Phodopus sungorus). Mol Reprod Dev.
2008;75(9):1433-40. https://doi.org/10.1002/mrd.20879. PMid:18213647.

Smai-Hamdidouche S, Menad R, Belhocine M, Gernigon T, Khammar F, Exbrayat JM. Histophysiologie du
vagin chez le mérion de libye, meriones libycus, rongeur gerbillide nocturne, au cours du cycle saisonnier
de reproduction. Ann Endocrinol. 2015;76(4):500. https://doi.org/10.1016/j.and0.2015.07.669.

Stamenkovic I. Extracellular matrix remodelling: the role of matrix metalloproteinases. ] Pathol. 2003;200(4):
448-64. https://doi.org/10.1002/path.1400. PMid:12845612.

Tang W, Wu],Jin S, He L, Lin Q, Luo F, Yin Y. Glutamate and aspartate alleviate testicular/epididymal oxidative
stress by supporting antioxidant enzymes and immune defense systems in boars. Sci China Life Sci.
2020;63(1):116-24. https://doi.org/10.1007/s11427-018-9492-8. PMid:31102177.

Visse R, Nagase H. Matrix metalloproteinases and tissue inhibitors of metalloproteinases: structure, function,
and biochemistry. Circ Res. 2003;92(8):827-39. https://doi.org/10.1161/01.RES.0000070112.80711.3D.
PMid:12730128.

Walsh LA, Cooper CA, Damjanovski S. Soluble membrane-type 3 matrix metalloprioteinase causes changes
in gene expression and increased gelatinase activity during Xenopus laevis development. Int) Dev Biol.
2007;51(5):389-95. https://doi.org/10.1387/ijdb.062253Iw. PMid:17616928.

Warinrak C, WuJT, Hsu WL, Liao JW, Chang SC, Cheng FP. Expression of matrix metalloproteinases (MMP-2,
MMP-9) and their inhibitors (TIMP-1, TIMP-2) in canine testis, epididymis and semen. Reprod Domest
Anim. 2015;50(1):48-57. https://doi.org/10.1111/rda.12448. PMid:25441368.

Witzmann FA, Bobb A, Briggs GB, Coppage HN, Hess RA, Li ], Pedrick NM, Ritchie GD, Rossi ] 3rd, Still KR.
Analysis of rat testicular protein expression following 91-day exposure to JP-8 jet fuel vapor. Proteomics.
2003;3(6):1016-27. https://doi.org/10.1002/pmic.200300385. PMid:12833526.

Yang Z, Ping YQ, Wang MW, Zhang C, Zhou SH, Xi YT, Zhu KK, Ding W, Zhang QY, Song ZC, Zhao RJ, He
ZL, Wang MX, Qi L, Ullmann C, Ricken A, Schdneberg T, Gan ZJ, Yu X, Xiao P, Yi F, Liebscher I, Sun JP.
Identification, structure, and agonist design of an androgen membrane receptor. Cell. 2025;188(6):
1589-1604.e24. https://doi.org/10.1016/j.cell.2025.01.006. PMid:39884271.

Anim Reprod. 2026;23(3):e20250117 14/15


https://doi.org/10.1371/journal.pone.0204851
https://doi.org/10.1371/journal.pone.0204851
https://pubmed.ncbi.nlm.nih.gov/30286149
https://doi.org/10.1095/biolreprod66.5.1219
https://pubmed.ncbi.nlm.nih.gov/11967181
https://pubmed.ncbi.nlm.nih.gov/11967181
https://doi.org/10.1016/j.cardiores.2005.12.002
https://pubmed.ncbi.nlm.nih.gov/16405877
https://doi.org/10.1016/j.bbrc.2005.06.010
https://pubmed.ncbi.nlm.nih.gov/15964556
https://pubmed.ncbi.nlm.nih.gov/15964556
https://doi.org/10.1038/nrm2125
https://pubmed.ncbi.nlm.nih.gov/17318226
https://doi.org/10.1590/1984-3143-ar2021-0024
https://pubmed.ncbi.nlm.nih.gov/34122656
https://doi.org/10.1590/S1415-47572009005000048
https://doi.org/10.1590/S1415-47572009005000048
https://pubmed.ncbi.nlm.nih.gov/21637514
https://doi.org/10.1093/molehr/7.7.641
https://doi.org/10.1093/molehr/7.7.641
https://pubmed.ncbi.nlm.nih.gov/11420387
https://doi.org/10.1016/j.matbio.2009.04.006
https://pubmed.ncbi.nlm.nih.gov/19375502
https://doi.org/10.1002/mrd.20879
https://pubmed.ncbi.nlm.nih.gov/18213647
https://doi.org/10.1016/j.ando.2015.07.669
https://doi.org/10.1002/path.1400
https://pubmed.ncbi.nlm.nih.gov/12845612
https://doi.org/10.1007/s11427-018-9492-8
https://pubmed.ncbi.nlm.nih.gov/31102177
https://doi.org/10.1161/01.RES.0000070112.80711.3D
https://pubmed.ncbi.nlm.nih.gov/12730128
https://pubmed.ncbi.nlm.nih.gov/12730128
https://doi.org/10.1387/ijdb.062253lw
https://pubmed.ncbi.nlm.nih.gov/17616928
https://doi.org/10.1111/rda.12448
https://pubmed.ncbi.nlm.nih.gov/25441368
https://doi.org/10.1002/pmic.200300385
https://pubmed.ncbi.nlm.nih.gov/12833526
https://doi.org/10.1016/j.cell.2025.01.006
https://pubmed.ncbi.nlm.nih.gov/39884271

Jaculus reproductive system & metalloproteinases

Yang MC, Nakamura M, Mayanagi M, Sasano Y. Immunohistochemical characterization of the mandibular
condyle for type | and Il collagen, aggrecan, MMP-9, and MMP-13 in MMP-2-deficient mice. Biomed
Res. 2023;44(2):65-72. https://doi.org/10.2220/biomedres.44.65. PMid:37005284.

Young KA, Nelson RJ. Mediation of seasonal testicular regression by apoptosis. Reproduction. 2001;122(5):
677-85. https://doi.org/10.1530/rep.0.1220677. PMid:11690527.

Zaime A, Laraki M, Gautier JY, Garnier DH. Seasonal variations of androgens and several sexual
parameters in male Meriones shawi in southern Morocco. Gen Comp Endocrinol. 1992;86(2):289-96.
https://doi.org/10.1016/0016-6480(92)90113-X. PMid:1601278.

Zhang J, Zhang Y, Xia X, Ma C, Zhang Q, Li Y, Yang Z. Promoting effects of lipophilic pollutants on the
reproductive toxicity of proteinophilic pollutants to Daphnia magna under chronic exposure. Environ
Pollut. 2025;372:126013. https://doi.org/10.1016/j.envpol.2025.126013. PMid:40057168.

Author contributions

NZ: Investigation, Methodology, Writing - original draft; NLB: Data curation, Investigation, Writing - original draft; MFO: Conceptualization, Data curation,
Writing - original draft; SL: Conceptualization, Data curation, Software, Validation, Writing - review & editing; NLG: Methodology, Validation, Writing - review &
editing; SL: Conceptualization, Data curation, Software, Validation, Writing - review & editing; NM: Formal analysis, Visualization, Writing - review & editing;
WE: Conceptualization, Resources, Writing - review & editing; FB: Supervision, Writing - review & editing; HB: Supervision, Writing - review & editing;
HT: Data curation, Validation, Writing - review & editing; AA: Formal analysis, Validation, Writing - review & editing.

Anim Reprod. 2026;23(3):e20250117 15/15


https://doi.org/10.2220/biomedres.44.65
https://pubmed.ncbi.nlm.nih.gov/37005284
https://doi.org/10.1530/rep.0.1220677
https://pubmed.ncbi.nlm.nih.gov/11690527
https://doi.org/10.1016/0016-6480(92)90113-X
https://pubmed.ncbi.nlm.nih.gov/1601278
https://doi.org/10.1016/j.envpol.2025.126013
https://pubmed.ncbi.nlm.nih.gov/40057168

