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ABSTRACT. Glucagon-like peptide-1 (GLP-1) is an incretin released into the gastrointestinal tract 
after food ingestion, and stimulates insulin secretion from the beta cells of the pancreatic islets. 
Incretins have recently been reported to have extrapancreatic actions, and they are anticipated 
to have potential efficacy for conditions such as male infertility as well as diabetes. However, the 
effects of incretins on male reproductive function remain unclear. In this study, GLP-1 receptor 
expression and the effects of GLP-1 on spermatogenesis-associated genes were investigated using 
mouse testes and testis-derived cultured cell lines. Glp1r mRNA and GLP-1 protein were expressed 
in mouse testes at levels comparable to or greater than those in positive control adipose tissue, and 
the liver and intestine, and also in a Sertoli cell line (TM4) and a Leydig cell line (MA-10) as well as 
the GC-1 spg and GC-2 spd (ts) germ cell lines. TM4 cells treated with the GLP-1 receptor agonist 
exenatide showed transiently and significantly upregulated Kitl, Pdgfa, and Glp1r mRNA expression. 
Furthermore, at 1 hr post-exenatide administration to male mice, Kitl and Glp1r mRNA expression 
levels were significantly increased, and Pdgfa mRNA expression level also showed a tendency 
toward increase. TM4 cells were treated with various cell-activating agents, and bucladesine elicited 
significantly increased Glp1r mRNA expression. We suggest that GLP-1 provides acute stimulation of 
Sertoli cells in the mouse testis and has a stimulatory effect on the expression of spermatogenesis-
related genes.
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Obesity is a metabolic disorder that is increasing in many countries around the world, and is the largest risk factor for type 2 
diabetes. It can aggravate diabetes-related conditions including cardiovascular disease, nephropathy, and neuropathy, which can be 
fatal. Obesity and diabetes are linked to a range of other complications, including male infertility [32]. Obesity reportedly leads to 
reduced numbers of spermatozoa and impaired spermatic function in humans and laboratory animals (specifically, rats) [11, 18, 36]. 
Diabetes causes lesions such as reduced testicular weight, reduced seminiferous tubule diameter, and degeneration and vacuolation 
of spermatogonia, spermatocytes, and spermatids. Reduced serum levels of testosterone, luteinizing hormone, and follicle-stimulating 
hormone are also observed in diabetes [32]. Obesity and diabetes mellitus may also be risk factors for poor outcomes with artificial 
insemination and spontaneous conception, considering that male obesity is reportedly associated with reduced pregnancy rates with 
in vitro fertilization in humans [28]. Obesity and diabetes are thus suggested to be significant risk factors for reproductive disorders 
in animals. Obesity- and diabetes-related infertility and reproductive dysfunction represent a critical problem in terms of decreased 
quality of life and economic losses from decreased litter size; however, the molecular basis of this phenomenon is not well understood.

Incretins are hormones released into the gastrointestinal tract after food intake in response to stimulation by nutrients, including 
sugars and lipids, and promote insulin secretion by acting on the beta cells of the pancreas. Incretins include glucose-dependent 
insulinotropic polypeptide (GIP), produced by K cells in the upper small intestine, and glucagon-like peptide-1 (GLP-1), produced 
by L cells in the lower small intestine and colon [31]. The insulinotropic action of these incretins is triggered when they bind to G 
protein-coupled receptors on the plasma membrane of pancreatic beta cells. This ligand binding results in activation of G-protein-
coupled adenylate cyclase, which increases intracellular cAMP levels and stimulates insulin secretion via the protein kinase A (PKA) 
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pathway [30]. Incretins have also been reported to promote pancreatic β-cell proliferation through various pathways, including the 
protein kinase C (PKC) pathway [4, 9]. Recently, incretin-based pharmaceutical agents have been used to treat obesity and type 2 
diabetes [24, 33].

Incretin receptors are expressed in a range of extrapancreatic tissues in vivo [24, 33, 41], and reportedly trigger diverse effects when 
activated by a ligand. For example, activation of the GLP-1 receptor (after binding its incretin ligand or an agonist) has been shown to 
suppress food intake through an action on the central nervous system [23], to exert protective effects on the myocardium and kidneys 
[23, 34, 40], to promote lipolysis and inhibit lipogenesis in the liver [38], and to promote bone formation and inhibit bone resorption 
[17]. According to one recent report, administration of GLP-1 receptor agonists to obese mice suppressed testicular inflammation and 
improved sperm characteristics [42]. However, the mechanism by which incretins—molecules closely associated with obesity and 
diabetes—exert an effect on reproductive function has not been well characterized.

Accordingly, in the present study, we investigated the role of incretins in male reproductive function, with the aim of elucidating 
part of the molecular basis of infertility and reproductive dysfunction associated with obesity and diabetes. In particular, the effects of 
GLP-1 receptor agonists were investigated by altering gene expression in mouse testis and testis-derived lineage cells. Furthermore, 
mouse testis-derived cells were used to ascertain regulators of GLP-1 receptor expression.

MATERIALS AND METHODS

Animal experiments
Inbred mice (C57BL/6J, male, 8 weeks old, Japan SLC Inc., Shizuoka, Japan) were housed in plastic cages at the Experimental 

Animal Center of Kagoshima University (temperature: 23 ± 3°C; humidity: 50 ± 20%; light/dark cycle: 12 hr [7:00–19:00]). They 
were fed a commercial chow (CE-2; CLEA Japan, Inc., Tokyo, Japan) and allowed to drink water ad libitum.

Exenatide (Toronto Research Chemicals, Toronto, Canada) was used as the GLP-1 receptor agonist in the relevant experiments in 
this study. Exenatide was dissolved in a dimethyl sulfoxide (DMSO; Nacalai Tesque Inc., Kyoto, Japan) solution, to prepare 1 mM, and 
the resultant solution was stored at −80°C until use. Immediately before use, the exenatide solution was diluted to 1 µM with saline 
(Otsuka Pharmaceutical Factory, Inc., Tokushima, Japan). Male mice were fasted for 18 hr (6:00 pm–12:00 noon) and then assigned to 
the control (n=3) or exenatide-treated (n=3) group. Each mouse in the exenatide-treated group received an intraperitoneal dose of the 
diluted solution (2.5 nmol/kg). The dose was set based on a previous report on exendin administration to mice [8]. Each mouse in the 
control group received 1,000-fold diluted DMSO saline solution intraperitoneally. Each mouse was euthanized by cervical dislocation 
at 1 hr post-administration, and its testes were collected. The collected testes were stored at −80°C until evaluation.

This study was approved by the Animal Care and Use Committee of Kagoshima University (Protocol Approval Numbers VM180006, 
VM180064, VM19053, and VM22043). The program for the care and use of laboratory animals at the Experimental Animal Center 
has been accredited by AAALAC International.

Cultured cell lines and culture conditions
The following mouse-derived cell lines were used in this study: a spermatogonial cell line (GC-1 spg: CRL-2053), a spermatocyte 

cell line {GC-2 spd (ts): CRL-2196}, a Sertoli cell line (TM4: CRL-1715), and a Leydig cell line (MA-10: CRL-3050). Each cell line 
was each obtained from the American Type Culture Collection (Manassas, VA, USA).

GC-1 spg and GC-2 spd (ts) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; FUJIFILM Wako Pure Chemical 
Corporation, Osaka, Japan) with 10% fetal bovine serum (FBS; Thermo Fisher Scientific K.K, Tokyo, Japan). TM4 cells were cultured 
in a 1:1 mixture of Ham’s F12 medium (FUJIFILM Wako) supplemented with 5% horse serum (Thermo Fisher) and 2.5% FBS. 
MA-10 cells were cultured in DMEM supplemented with L-glutamine, phenol red, HEPES, and sodium pyruvate (DMEM/Ham’s 
F-12) medium (FUJIFILM Wako) supplemented with 15% horse serum. All media used for cell culture were supplemented with 100 
units/mL penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL amphotericin B (Nacalai). All cell lines were cultured at 37°C in 5% 
CO2. Plates and dishes used for culture of MA-10 cells were precoated with 0.1% gelatin (Nacalai) on the inner surface.

Bucladesine (dibutyryl cAMP; Cayman, Ann Arbor, MI, USA), phorbol 12-myristate 13-acetate (PMA, protein kinase C activator; 
LC Laboratories, Woburn, MA, USA), WY-14643 (PPARα agonist; Cayman), and all-trans-retinoic acid (Vitamin A acid; FUJIFILM 
Wako) were dissolved in DMSO. The relevant drug solution was applied to the cell culture medium at a rate of 10 µL/mL. The final 
concentrations of the drug solutions were 1 mM for bucladesine, 100 nM for PMA, 10 µM for WY-14643, and 100 nM for all-trans-
retinoic acid. The drug-solution doses were set based on the reports from previous in vitro studies in male mouse reproductive cells 
[3, 14, 22, 26]. DMSO was applied at 10 µL/mL, as a vehicle control.

Exenatide was dissolved in DMSO. The solution was added to a medium containing TM4 cells at a rate of 1 µL/mL and a final 
concentration of 10 nM [10]. The mRNA expression levels of Kitl, Pdgfa, and Glp1r were quantified after at 1, 12, and 24-hr treatment 
with real-time RT-PCR, and evaluated by comparison with levels noted for vehicle control treatment, which involved supplementation 
of the media with 1 µL/mL DMSO.

Total RNA extraction and reverse transcription reaction
Mouse tissues and mouse-derived cultured cells were homogenized using TriPure total RNA isolation reagent (Roche Diagnostics 

K.K, Tokyo, Japan). Total RNA extraction was performed in accordance with the manufacturer’s protocol. Reverse transcription 
reactions were performed using 2 µg total RNA, oligo dT primer, oligo d (N) primer, and reverse transcriptase (ReverTra Ace; 
TOYOBO Inc., Osaka, Japan). Reverse transcription products were stored at −80°C until use.

555–562, 2024



SPERMATOGENESIS AND GLP-1

J Vet Med Sci 86(5): 557

Quantification of mRNA levels in each tissue or cell line
Quantitative real-time RT-PCR was performed using KAPA SYBR FAST Master Mix (x 2) (Kapa Biosystems Inc., Wilmington, 

MA, USA), gene-specific primers, and the StepOne real-time PCR system (Thermo Fisher) or the CFX Connect real-time PCR 
system (Bio-Rad Laboratories, Inc., Tokyo, Japan). Relative comparative quantification with standard curves was used to quantify 
gene expression level. Dilutions of cDNA from normal mouse testes were used to generate the standard curves. Primers used for 
real-time RT-PCR are listed in Table 1.

Immunoblotting
Proteins from mouse tissues and mouse-derived cultured cells were solubilized with RIPA buffer (Nacalai), and separated by 

SDS-PAGE on 10% polyacrylamide gels. The separated proteins were transferred from the gel to a PVDF membrane (FUJIFILM 
Wako). Rabbit anti-human GLP-1 receptor polyclonal antibody (26196-1-AP; Proteintech Group, Inc., Rosemont, IL, USA) and mouse 
anti-GAPDH monoclonal antibody (5A12; FUJIFILM Wako) were used as primary antibodies. Goat peroxidase-conjugated anti-mouse 
IgG (H+L) antibody {5220-0341; Seracare Life Sciences Inc., Milford, MA, USA} and goat peroxidase-conjugated anti-rabbit IgG 
(H+L) antibody (5220-0458; Seracare) were used as secondary antibodies. Immobilon Forte Western HRP substrate (Merck KGaA, 
Darmstadt, Germany) and LAS-1000 (FUJIFILM Wako) were used for secondary antibody detection. ImageJ software [29] was used 
for quantitative analysis of the detected bands.

Statistical analysis
All data are expressed as mean ± standard error. GraphPad Prism 6 software (GraphPad Software, Boston, MA, USA) was used 

to test for statistical significance. One-way analysis of variance was used to test for differences between three or more groups, and 
multiple comparisons were made using Tukey’s post-hoc method. Unpaired t-test with equal SD was used to test for differences 
between two groups. P values below 0.05 were considered statistically significant.

RESULTS

Evaluation of GLP-1 receptor expression in mouse tissues and cultured cell lines derived from mouse testis
To compare the expression of GLP-1 receptors between mouse testicular and non-testicular tissues, we determined relevant tissue 

Glp1r mRNA expression levels in a real-time RT-PCR assay. The assay revealed that testicular Glp1r mRNA expression was equal to 
or greater than that in brown adipose tissue, white adipose tissue, the small intestine, and the liver, tissues for which GLP-1 receptor 
expression has been previously reported (Fig. 1A). Specifically, the testicular expression level was approximately 20-fold higher than 
those in the small intestine and liver. For a further comparison, the expression levels of the GLP-1 receptor (GLP-1R) protein were 
compared between the same tissues using immunoblot analysis, which revealed that GLP-1R protein expression level in the testis 
was comparable to those in brown adipose tissue and liver, and 3.1 to 3.8-fold higher than those in white adipose tissue and small 
intestine (Fig. 1B).

To clarify the distribution of GLP-1 receptors in the testis and to select cell lines for an investigation of GLP-1 action at the cellular 
level, we then quantified Glp1r mRNA expression in multiple cultured mouse testis cell lines. This expression was highest in the 
MA-10 Leydig cell line, with the GC-1 spg spermatogonial cell line showing a similar level, but relatively low in the GC-2 spd (ts) 
spermatocyte cell line (mean value: 27%), and the TM4 Sertoli cell line (mean value: 16%) (Fig. 2A). Further immunoblot analysis 
for the GLP-1 receptor protein revealed lower expression levels in the GC-1 spg and GC-2 spd (ts) cell lines than in the other cell 
lines, and an approximately 3-fold higher level in TM4 cells—relative to GC-1 spg and GC-2 spd (ts) cells—that was comparable to 
the level in MA-10 cells (Fig. 2B, 2C).

Effects of GLP-1 receptor stimulation in mouse TM4 cells
Based on the relatively high GLP-1 receptor protein expression level in TM4 cells described above, we selected the TM4 cell line 

as the test system for an in vitro investigation into the effects of GLP-1 at the cellular level in testicular tissue.
Kitl and Pdgfa encode Kit receptor ligands and platelet-derived growth factor A (PDGF-A), respectively. Kit receptor ligands and 

PDGF-A are each produced by Sertoli cells and are known to be involved in testicular function [1, 2, 6, 13]. Therefore, to investigate 
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Table 1. Lists of the primers used in the quantitative real-time PCR

Gene Forward/Reverse Primer sequence
Gapdh Forward TCCTGCACCACCAACTGCTT

Reverse GTCTTCTGGGTGGCAGTGAT
Glp1r Forward GTCATCGCTTCAGCCATCCT

Reverse TACATCCACTTGAGGGCAGC
Kitl Forward ATCTGCGGGAATCCTGTGAC

Reverse CATCCCGGCGACATAGTTGA
Pdgfa Forward TGGGTCCCATGCCATTAACC

Reverse AATGACCGTCCTGGTCTTGC
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whether GLP-1 receptor activation can modulate the production of the above-stated cytokines by Sertoli cells, we applied exenatide, a 
stable GLP-1 receptor agonist, to TM4 cells, and compared the expression levels of Kitl, Pdgfa and Glp1r relative to those noted with 
controls at 1, 12 and 24 hr (Fig. 3). Kitl, Pdgfa and Glp1r mRNA expression levels were all significantly increased in exenatide-treated 
cells; Kitl and Glp1r showed transient, approximately two-fold and four-fold increases, respectively, after 1-hr treatment, relative to 
the vehicle control level. In contrast, Pdgfa showed an approximately 1.6-fold increase after 1-hr treatment, relative to the vehicle 
control level and maintained similar expression levels to the vehicle control level after 12-hr treatments.

Effects of GLP-1 receptor agonists on gene expression in mouse testis
Mouse TM4 cells had shown increased expression levels for spermatogenesis-related genes known to be expressed in Sertoli 

cells, after the treatment with exenatide in vitro; therefore, we then administered exenatide intraperitoneally to healthy male mice 
and determined testicular gene expression at 1 hr post-administration (Fig. 4). Exenatide treatment resulted in a significant, two-fold 
increase in Kitl and Glp1r mRNA expression versus the control. In contrast, Pdgfa mRNA expression showed a tendency toward 
increase with exenatide treatment, but the difference versus the control was not significant. These results suggest that GLP-1 agonists 
have a stimulatory effect on mouse testes and transiently increase the expression of spermatogenesis-related genes.
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Fig. 1. Expression of Glucagon-like peptide-1 receptor (GLP-
1) receptor (GLP-1R) in the testis of mice. A. Glp1r mRNA 
expression was determined using quantitative RT-PCR. Glp1r 
mRNA levels were normalized to Gapdh mRNA levels and 
are expressed relative to that of the testis. Values are mean 
± SEM of three samples. B. GLP-1R protein expression was 
determined using immunoblotting. GLP-1R protein levels were 
normalized to the GAPDH protein level and are expressed 
relative to that of the testis. Values are mean ± SEM of three 
samples. C. Immunoblotting of GLP-1R and GAPDH proteins. 
1: Testis, 2: Brown adipose tissue (BAT), 3: White adipose tis-
sue (WAT), 4: Liver, 5: Intestine, 6: Pancreas.

Fig. 2. Glucagon-like peptide-1 receptor (GLP-1) receptor (GLP-
1R) expression in the mouse testis-derived cell lines. A. Glp1r 
mRNA expression was determined using quantitative RT-PCR. 
Glp1r mRNA levels were normalized to Gapdh mRNA levels 
and are expressed relative to that of GC-1 spg cells. Values are 
mean ± SEM of three samples. B. GLP-1R protein expression 
was determined using immunoblotting. GLP-1R protein levels 
were normalized to GAPDH protein levels and are expressed 
relative to that of GC-1 spg cells. Values are mean ± SEM of 
three samples. C. Immunoblotting of GLP-1R and GAPDH 
proteins. 1, 5: GC-1 spg cells, 2, 6: GC-2 spd (ts) cells, 3, 7: 
MA-10 cells, 4, 8: TM4 cells, 9: Pancreas.
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Variation in GLP-1 receptor mRNA expression levels in TM4 cells
To elucidate the role of GLP-1 in the regulatory mechanism for spermatogenesis, we investigated modulators of GLP-1 receptor 

expression, using four cell-activating drugs, bucladesine, PMA, WY-14643, and all-trans-retinoic acid. TM4 cells were treated with 
each stimulant for 1, 12 and 24 hr, and Glp1r mRNA expression was then quantified and compared with that measured for vehicle 
control treatment (Fig. 5). Glp1r expression was upregulated approximately two-fold after 1-hr treatment with bucladesine, but 
significantly downregulated (decrease of approximately 50%) by 12-hr treatment with WY-14643. In addition, 24-hr all-trans-retinoic 
acid treatment resulted in significantly downregulated expression (decrease of approximately 50%).

DISCUSSION

In the present study, the first step involved determining the relative mRNA expression levels for genes encoding GLP-1 receptors, 
in mouse testicular tissues with real-time RT-PCR. We found that testicular Glp1r mRNA was expressed at comparable levels in the 
testes, and white and brown adipose tissues (Fig. 1A). Immunoblot analysis for the GLP-1 receptor protein then revealed similar 
levels of expression in the testis and other tissues (Fig. 1B). In adipose tissue, GLP-1 receptor stimulation has been reported to induce 
lipolysis and brown remodeling [35, 37, 39]. Furthermore, GLP-1 is involved in enhancing lipolysis and inhibiting lipogenesis in the 
liver [38]. Taken together with these reports, our results indicate that GLP-1 receptors are expressed in the testes, as well as in adipose 
and other tissues, and suggest that GLP-1 receptor ligands have an effect on testicular function.
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Fig. 3. The effect of exenatide on the expression of genes asso-
ciated with the spermatogenic function of Sertoli cells in TM4 
cells. TM4 cells were treated with exenatide (Ex-4) for 1 to 
24 hr. mRNA expression of Kitl, Pdgfa, and Glp1r was deter-
mined using quantitative RT-PCR. mRNA levels of each gene 
were normalized to the Gapdh mRNA level and are expressed 
relative to that of vehicle control cells (Control). Values are 
mean ± SEM of six samples. *P<0.05 vs. control by ANOVA 
with Tukey’s post hoc test.

Fig. 4. The effect of exenatide on the expression of genes as-
sociated with spermatogenic function of Sertoli cells in mouse 
testis. Mice were treated with exenatide (Ex-4) for 1 hr. mRNA 
expression of Kitl, Pdgfa, and Glp1r was determined using 
quantitative RT-PCR. mRNA levels of each gene were normal-
ized to Gapdh mRNA level and are expressed relative to that of 
vehicle control cells (control). Values are mean ± SEM of three 
samples. *P<0.05 vs. control by unpaired t-test with equal SD.



M IIDA ET AL.

560J Vet Med Sci 86(5):

Analysis of Glp1r mRNA (Fig. 2A) and GLP-1 receptor protein (Fig. 2B, 2C) expression in cultured cell lines suggest that the 
GLP-1 receptor is relatively highly expressed in Leydig cells, and is clearly present in germ cells and Sertoli cells, in mice. According 
to recent reports on the human testis, both Glp1r mRNA and GLP-1 receptor protein are mainly expressed in Leydig cells [5]. GLP-1 
reportedly stimulates differentiation of stem Leydig cells, but does not affect their proliferation, in rats [15]. It is thus plausible that 
GLP-1 can affect the function of Leydig cells in mice. On the other hand, in mouse testes, GLP-1 receptor protein expression is 
reportedly localized to Sertoli cells [42]. Moreover, human Sertoli cells also reportedly express GLP-1 receptors [19]. GLP-1 has the 
potential to induce conversion of glucose to lactate, mTOR phosphorylation, and attenuation of mitochondrial membrane potential 
and oxidative damage in human Sertoli cells [19]. However, there have been few reports on the effects of GLP-1 on spermatogenesis, 
particularly on the regulation of spermatogenesis via Sertoli cells. Therefore, in the present study, we focused on the effect of GLP-1 
on the supportive function of Sertoli cells for spermatogenesis. Somewhat surprisingly, we observed no positive correlation between 
mRNA and protein expression levels in TM4 cells and the liver, and it is not possible to offer an explanation for these findings currently. 
Further detailed analyses of the distribution of GLP-1 receptors in the testis using histological or cytological techniques are required.

Considering the previous reports and our findings on cell lines in the first step in this study, we then investigated the effect of a GLP-1 
agonist (exenatide) on the spermatogenic function of Sertoli cells using TM4 cells (Fig. 3). Exenatide treatment elicited a significant, 
transient increase in Kitl, Pdgfa and Glp1r expression versus the vehicle control. Furthermore, administration of exenatide to male 
mice resulted in significantly upregulated Kitl and Glp1r expression and a tendency toward upregulated Pdgfa expression, results 
which were similar to our in vitro findings in TM4 cells. Kit ligand is a membrane-bound cytokine that functions as a ligand for the 
KIT receptor, a tyrosine kinase-type receptor, and is produced by Sertoli cells. Kit ligand are reported to be involved in spermatogonial 
cell differentiation and proliferation, and in differentiation and steroidogenesis of Leydig cells [6, 13]. PDGF-A is another cytokine 
expressed in the mouse testis and is produced mainly in Sertoli cells, whereas its receptor, PDGFR-α, is expressed on Leydig cells 
[1]. PDGF-A-deficient adult mice show loss of Leydig cells, progressively reduced testicular size, and arrested spermatogenesis, 
indicating that PDGF-A is involved in the differentiation and proliferation of Leydig cells and their steroidogenic functions [1, 2]. 
Sertoli cells are known to promote self-renewal, proliferation, and differentiation of male germ cells in the seminiferous tubules [7, 27]. 
The present results suggest that GLP-1 plays a role in promoting spermatogenesis by stimulating the proliferation and differentiation 
of spermatogonia and Leydig cells, and steroidogenesis in Leydig cells in vivo by acting on Sertoli cells to stimulate the production 
of Kit ligand and PDGF-A. Although the blood-testis barrier is formed in the seminiferous tubules [16], it has not been established 
whether this barrier is permeable to incretins and incretin receptor agonists. This has implications for any consideration of the pathways 
by which endogenous GLP-1 and exogenous GLP-1 receptor agonists may exert an effect on male germ cells. The consideration of 
potential pathways should encompass both direct pathways to cells in the seminiferous tubules and pathways by which indirect effects 
are exerted on testicular tissue before the blood-testis barrier. In contrast, the follicle-stimulating hormone (FSH), a peptide hormone, 
acts as a survival factor for spermatogonia by activating surface receptors located exclusively on Sertoli cells in the adult phase [21, 
25]. The reported accessibility of FSH to Sertoli cells underlines that possibility that other peptide hormones such as GLP-1 can reach 
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Fig. 5. The effect of stimulating drugs on the expression of genes associated with spermatogenic function of Sertoli cells 
in TM4 cells. TM4 cells were treated with bucladesine, all-trans-retinoic acid, phorbol 12-myristate 13-acetate (PMA) 
or WY-14643 for 1 to 24 hr. mRNA expression of Glp1r was determined using quantitative RT-PCR. mRNA levels 
of each gene were normalized to the Gapdh mRNA level and are expressed relative to that of vehicle control cells 
(Control). Values are mean ± SEM of six samples. *P<0.05 vs. control by ANOVA with Tukey’s post hoc test.
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Sertoli cells in the same way as FSH.
Finally, stimulation experiments with four different drugs were performed on TM4 cells to explore modulators of incretin receptor 

expression. The results showed that Glp1r mRNA expression levels were significantly increased by bucladesine (Fig. 5), which is 
consistent with the results showing upregulation following GLP-1 agonist stimulation (Figs. 3 and 4). Long-term exenatide treatment 
reportedly elicits a tendency to increased GLP-1 receptor protein expression in the testis [42]. The findings in the present study suggest 
that increased Glp1r mRNA expression also occurs as an acute effect of exenatide. Taking our findings together with previous reports, 
we suggest that there is a positive feedback mechanism for GLP-1 signaling involving induction of GLP-1 receptor expression, in the 
testis. Glp1r mRNA expression was significantly reduced by all-trans-retinoic acid and WY-14643 treatment, suggesting it is suppressed 
by activation of RAR and PPARα. RAR has previously been reported to suppress the expression of matrix metalloproteinase-2 (MMP-
2), an enzyme that degrades denatured collagen in dental pulp cells [12]. PPARα suppresses the expression of thrombin activatable 
fibrinolysis inhibitor (TAFI), a factor that promotes thrombus formation in the liver [20]. Similar mechanisms may be responsible 
for the suppression of Glp1r expression.

The present study revealed that GLP-1 receptor expression in the testis is comparable to that in other GLP-1 receptor-positive tissues, 
suggesting that GLP-1 agonists and GLP-1 receptor modulators are involved in stimulation of Sertoli cells, leading to proliferation 
and differentiation of spermatogonia and Leydig cells. Further detailed studies are needed to determine the effects and mechanisms 
of action of GLP-1 agonists on testicular function in males with impaired reproductive function due to obesity and diabetes mellitus.
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