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�us, approximately 50% of infertility is attributable to male factors32. While known etiologies of male infertility 
include cryptorchidism, testicular torsion or trauma, varicocele, seminal tract infections, antisperm antibodies, 
hypogonadotropic hypogonadism, gonadal dysgenesis, and obstruction of the reproductive channels32, obesity 
has been reported to represent a risk factor for male subfertility33–36. Several mechanisms underlying obesity-
induced male subfertility have been reported, which include hypogonadism, chronic in�ammation, oxidative 
stress, impaired sperm parameters, such as sperm concentration, sperm motility and morphology, sperm DNA 
damage, altered sperm lipid composition, and sperm epigenetic modi�cation37. However, the entire mechanism 
of obesity-induced male subfertility remains poorly elucidated.

A previous clinical cross-sectional study reported that serum and seminal plasma adiponectin levels were 
signi�cantly lower in men with body mass index (BMI) �  25�kg/m2 compared to those with BMI < 25�kg/m2 and 
that adiponectin concentration in seminal plasma signi�cantly is positively correlated with sperm parameters, 
such as sperm concentration, sperm count and total normomorphic spermatozoa38. Furthermore, administra-
tion of recombinant adiponectin was shown in an in�vivo study to ameliorate testicular dysfunction in diabetes 
model mice induced by high-fat diet and/or streptozotocin39,40.

In this study, AdipoR knockout (KO) mice were analyzed to investigate whether decreased adiponectin/
AdipoR signaling might be associated with obesity-induced male infertility, and if so, to clarify the mechanism 
by which decreased adiponectin/AdipoR signaling might induce male infertility.
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In order to investigate the impact of high-fat diet on the fertility of male mice, we analyzed testis and semen 
from mice fed a normal chow diet or a high-fat diet. Although there was no signi�cant di�erence in testes weight 
between the mice fed a normal chow diet and a high-fat diet (Fig.�1a), sperm count and sperm motility were 
signi�cantly decreased in high-fat diet-induced obese mice (Fig.�1b,c). Next, we assessed male mice for fertil-
ity using a mating assay and showed that the pregnancy rate in male mice fed a high-fat diet was signi�cantly 
lower than that in mice fed a normal chow diet (Fig.�1d). �ese results suggest that high-fat diet induced male 
infertility by impairing spermatogenesis. Furthermore, sperm count, sperm motility and sperm fertilizing ability 
were also signi�cantly decreased in a male mouse model of type 1 diabetes (Fig. S1a–c); it was also suggested 
that the fertility rate might be more decreased in mice fed a high-fat diet than that in the mouse model of type 
1 diabetes (Fig.�1d, Fig. S1c).
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To clarify the molecular mechanism by which high-fat diet a�ects male infertility, we performed gene expression 
and western blot analyses. High-fat diet signi�cantly decreased the expression of AdipoR1 in the testis compared 
to that in normal chow diet both in the mRNA and the protein levels (Fig.�2a,b) although there was no signi�cant 
di�erence in the expression of AdipoR2 (Adipor2) (Fig.�2c). Moreover, high-fat diet signi�cantly increased the 
expression of the pro-apoptotic genes, such as Bcl-2-associated X protein (Bax) (Fig.�2d) and caspase-9 (Casp9) 
(Fig.�2e), as well as the expression of caspase-9 at the protein level (Fig.�2f). Furthermore, we went on to evaluate 
apoptosis in the testis by terminal transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) 
staining and demonstrated that high-fat diet increased the number of apoptotic seminiferous tubules (Fig.�2g,h).
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Based on evidence of decreased expression of the AdipoR1 gene in the testis from mice fed a high-fat diet, we next 
examined male AdipoR1 KO mice for fertility, and demonstrated that, interestingly, testes weight was signi�cantly 
decreased (Fig.�3a) and seminiferous tubules were atrophied (Fig.�3b) in AdipoR1 KO mice compared to those 
in wild-type mice. Moreover, sperm count (Fig.�3c), sperm motility (Fig.�3d), and pregnancy rate (Fig.�3e) were 
signi�cantly decreased in AdipoR1 KO mice compared to those in wild-type mice.

���•�…�”�‡�ƒ�•�‡�†���‡�š�’�”�‡�•�•�‹�‘�•���‘�ˆ���’�”�‘�æ�ƒ�’�‘�’�–�‘�–�‹�…���‰�‡�•�‡�•���ƒ�•�†���’�”�‘�–�‡�‹�•�•���‹�•���–�Š�‡���–�‡�•�–�‹�•���ˆ�”�‘�•�����†�‹�’�‘���w���������•�‹�…�‡
We next performed gene expression and western blot analyses on the testis from AdipoR1 KO mice and demon-
strated that the expression of pro-apoptotic genes and proteins, such as caspase-9 (Fig.�4a,d), caspase-3 (Fig.�4b,d) 
and caspase-6 (Fig.�4c,d) were signi�cantly increased in the testis from AdipoR1 KO mice compared to that in 
wild-type mice.
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�•�‹�…�‡
Given the report that AdipoR1 activates AMP-activated protein kinase (AMPK) pathways in the liver28, we next 
focused attention on AMPK and demonstrated that the phosphorylation of AMPK was signi�cantly suppressed 
in the testis from AdipoR1 KO mice compared to that in wild-type mice (Fig.�5a). �en, in light of a recent 
important �nding that AMPK de�ciency increases caspase-6 activation in the liver in nonalcoholic steatohepa-
titis model mice41, we hypothesized that the suppression of AMPK activation might induce caspase-6 activation 
in the testis from AdipoR1 KO mice and investigated caspase-6 activity in the testis from AdipoR1 KO mice. 
Interestingly, caspase-6 activity was signi�cantly increased in the testis from AdipoR1 KO mice compared to 
that in wild-type mice (Fig.�5b).

Furthermore, we went on to evaluate apoptosis in the testis by TUNEL staining and demonstrated that the 
knockout of AdipoR1 increased the number of apoptotic seminiferous tubules (Fig.�5c,d).
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AdipoR1 KO mice present with hyperglycemia and insulin resistance28, thus suggesting the possibility that 
hyperglycemia and insulin resistance might contribute to increased apoptosis in the testis from the AdipoR1 KO 
mice. �en, we studied adiponectin/AdipoR1 signaling in�vitro to investigate its direct e�ect. In TM4 cells incu-
bated with 30��g/ml adiponectin and 2�mM acadesine (AICAR), caspase-6 activity was signi�cantly decreased 
(Fig.�6a). Under suppression of AdipoR1 expression with a speci�c short interfering RNA (siRNA) (Fig.�6b), 
however, no signi�cant di�erence was noted in caspase-6 activity between TM4 cells incubated or unincubated 
with adiponectin (Fig.�6c). �ese experiments combined to show that adiponectin signi�cantly reduced caspase-6 
activity via AdipoR1.
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Our research group previously showed that the orally active AdipoR agonist AdipoRon activates AMPK and 
PPAR-� pathways22,29, ameliorates insulin resistance and glucose intolerance22,29, and reverses life shortening 
in obese diabetic mice29. Based on evidence that adiponectin/AdipoR1 signaling decreases caspase-6 activity in 
TM4 cells, we next studied the e�ects of AdipoRon on sperm parameters and apoptosis in the testis from mice 
fed a high-fat diet. Interestingly, oral administration of AdipoRon (50�mg per kg body weight) for 14�days had 
no e�ect on testes weight (Fig.�7a), however, AdipoRon improved sperm motility (Fig.�7b), activated AMPK in 
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Figure 1.   Sperm count, sperm motility and sperm fertilizing ability in male mice fed a high-fat diet were 
decreased. Testes weight (a), sperm count (b), and sperm motility (c) in mice fed a normal chow diet (NC) and 
a high-fat diet (HF) for 22–23�weeks. Pregnancy rate in mice fed a NC and a HF for 28�weeks (d). All values are 
presented as means ± s.e.m. **P < 0.01 compared to mice fed a NC. P values were determined by the unpaired 
two-tailed t-test. NS, not signi�cant. NC, n = 15 (a–c), n = 10 (d); HF, n = 16 (a–c), n = 10 (d).
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Figure 2.   Expression of AdipoR1 was decreased and expression of pro-apoptotic genes, proteins and TUNEL-
positive seminiferous tubules were increased in the testis from mice fed a high-fat diet. Adipor1 (a), Adipor2 (c), 
Bax (d) and Casp9 (e) mRNA levels, and AdipoR1 (b) and caspase-9 (f) protein levels in the testis from mice fed 
a normal chow diet (NC) and a high-fat diet (HF) for 22–23�weeks. Results of real-time PCR were normalized to 
Rn18s. Results of western blot were normalized to �-tubulin. Representative micrographs from TUNEL staining 
of the testis from mice fed a NC and HF (g) and percentage of seminiferous tubules with TUNEL-positive cells 
in mice fed a NC and HF (h). All values are presented as means ± s.e.m. *P < 0.05 and **P < 0.01 compared to 
mice fed a NC. P values were determined by the unpaired two-tailed t-test. Scale bar, 100��m. �e red arrows 
indicate TUNEL-positive cells. NS, not signi�cant. NC, n = 15 (a, c-e), n = 5 (b, h), n = 6 (f); HF, n = 16 (a, c-e), 
n = 5 (b, h), n = 6 (f).
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Figure 3.   Testes weight, sperm count, sperm motility and sperm fertilizing ability in AdipoR1 KO mice 
were decreased. A representative macrograph of testes and testes weight (a), representative micrographs from 
hematoxylin and eosin staining of the testis (b), sperm count (c), sperm motility (d) and pregnancy rate (e) in 
wild-type (WT) mice and AdipoR1 knockout (KO) mice. All values are presented as means ± s.e.m. *P < 0.05 
and **P < 0.01 compared to WT. P values were determined by the unpaired two-tailed t-test. Scale bar, 1�cm (a), 
100��m (b). WT, n = 20 (a, c, d), n = 12 (e); AdipoR1 KO, n = 20 (a, c, d), n = 12 (e).
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Figure 4.   Expression of pro-apoptotic genes and proteins were increased in the testis from AdipoR1 KO mice. 
Casp9 (a), Casp3 (b) and Casp6 (c) mRNA levels and caspase-9, caspase-3 and caspase-6 protein levels (d) in the 
testis from wild-type (WT) mice and AdipoR1 knockout (KO) mice. Results of real-time PCR were normalized 
to Rn18s. Results of western blot were normalized to �-tubulin. All values are presented as means ± s.e.m. 
*P < 0.05 and **P < 0.01 compared to WT. P values were determined by the unpaired two-tailed t-test. WT, n = 19 
(a, b, c), n = 6 (d); AdipoR1 KO, n = 20 (a, b, c), n = 6 (d).
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the testis (Fig.�7c), and decreased caspase-6 activity in the testis (Fig.�7d) and TUNEL-positive seminiferous 
tubules (Fig.�7e,f).

���‹�•�…�—�•�•�‹�‘�•
In this study we showed that decreased adiponectin/AdipoR1 signaling is implicated in obesity-induced male 
infertility and demonstrated for the �rst time that decreased adiponectin/AdipoR1 signaling involves an increase 
in caspase-6 activity via the AMPK-caspase-6 axis, thus resulting in suppressed spermatogenesis.

AMPK directly phosphorylates caspase-6 to inhibit its cleavage and activation41, thus suppressing apoptosis41. 
Caspase-6 has been suggested as an important target in Alzheimer’s disease42,43 as well as in nonalcoholic 
steatohepatitis41, both of which are characterized by decreased AMPK activity41,44. Indeed, it is shown that 

Figure 5.   AMPK activity was decreased, and caspase-6 activity and TUNEL-positive seminiferous tubules 
increased, in the testis from AdipoR1 KO mice. Phosphorylation and amount of AMPK (a), and caspase-6 
activity (b) in the testis from wild-type (WT) mice and AdipoR1 knockout (KO) mice. Representative 
micrographs from TUNEL staining of the testis from WT mice and AdipoR1 KO mice (c) and percentage of 
seminiferous tubules with TUNEL-positive cells in WT mice and AdipoR1 KO mice (d). Phosphorylation of 
AMPK were normalized to amount of AMPK. All values are presented as means ± s.e.m. *P < 0.05 and **P < 0.01 
compared to WT. P value was determined by the unpaired two-tailed t-test. Scale bar, 100��m. �e red arrows 
indicate TUNEL-positive cells. WT, n = 6 (a), n = 10 (b), n = 5 (d); AdipoR1 KO, n = 6 (a), n = 10 (b), n = 5 (d).
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caspase-6 mediates a feedforward loop to sustain the caspase cascade, where increased activity of upstream 
executioner caspases, such as caspase-9, -3 and -7, activate the downstream executioner caspase-6, and activated 
caspase-6 cleaves BH3 interacting-domain death agonist (Bid) and increases mitochondrial cytochrome c release, 
and then increased cytochrome c release activates caspase-9 in the intrinsic pathway41.

�e activity of AMPK is regulated by multiple factors, such as nutrients, exercise, hormones and cytokines 
in physiological or pathological conditions45,46. Our research group previously demonstrated that adiponectin/
AdipoR1 signaling activates AMPK in the liver20,25,28 and the skeletal muscle30. AdipoR1 is relatively ubiquitously 
expressed throughout the body but expressed abundantly in the skeletal muscle, whereas AdipoR2 is found to 
be predominantly expressed in the liver46. Moreover, our research group has shown that adiponectin/AdipoR 
signaling is decreased in obesity, and decreased adiponectin/AdipoR signaling accounts in part for metabolic 
syndrome or type 2 diabetes28,29. In this study, we showed that testicular adiponectin/AdipoR1 signaling was 
decreased in obesity. Moreover, we demonstrated that decreased AMPK activity and increased caspase-6 activ-
ity in the testis from AdipoR1 KO mice and that AdipoR1 KO mice were associated with male infertility due 
to smaller testis, lower sperm counts and lower sperm motility. Our study showed that decreased adiponectin/
AdipoR1 signaling accounts for male infertility as it involves apoptosis via the AMPK-caspase-6 axis.

Several reports have shown protective e�ects of adiponectin on the testis in diabetes model mice39,40. In strep-
tozotocin-induced diabetic mice, it was shown that sperm parameters and the protein expression of autophagy 
were decreased, and the testicular endoplasmic reticulum stress and oxidative stress increased, while recom-
binant adiponectin treatment reversed these changes40. Another research group reported that administration 
of adiponectin elevated serum testosterone, the expression of testicular steroidogenic marker proteins, insulin 
receptor, and glucose transporter 8, and intra-testicular concentrations of glucose and lactate and activity of lac-
tate dehydrogenase and antioxidant enzymes in high-fat diet-/streptozotocin-induced diabetic mice, compared 
to untreated diabetic mice39. �ese �ndings suggest that adiponectin improves testicular function by increasing 
the transport of glucose and lactate as well as by reducing oxidative stress. �us, alongside these, in this study, 
another mechanism by which adiponectin/AdipoR1 signaling in�uences testicular functions has been demon-
strated for the �rst time.

Importantly, given that decreased AdipoR expression is a hallmark of obesity27, establishing ways to activate 
adiponectin/AdipoR signal is expected to be the key for de�nitive treatment of obesity-related diseases. Against 
this background, small-molecule AdipoR agonists are attracting attention as another potential class of drugs 
of interest for obesity-related diseases including type 2 diabetes47,48. An orally active synthetic small-molecule 
AdipoR agonist identi�ed by screening a library of candidate compounds29, AdipoRon is shown to activate AMPK 
and PPAR-� pathways22,29, ameliorate insulin resistance and glucose intolerance22,29, and reverse life shortening 

Figure 6.   Adiponectin/AdipoR1 signaling decreased caspase-6 activity in TM4 cells. Caspase-6 activity in TM4 
cells treated with 30��g/ml adiponectin for 10�min or 2�mM acadesine (AICAR) for 60�min (a). Adipor1 mRNA 
levels in TM4 cells transfected with the indicated speci�c short interfering RNA (siRNA) (b), and caspase-6 
activity in TM4 cells transfected with the indicated siRNA and treated with 30��g/ml adiponectin or phosphate 
bu�ered salts (PBS) for 10�min (c). Results of real-time PCR were normalized to Actb. All values are presented 
as means ± s.e.m. *P < 0.05 and **P < 0.01 compared to PBS, unrelated siRNA (negative control) or as indicated. P 
values were determined by the Dunnett’s multiple comparison test (a), unpaired two-tailed t-test (b), or Tukey’s 
honestly signi�cant di�erence test (c). NS, not signi�cant. PBS, n = 4; adiponectin, n = 4; AICAR, n = 4 (a). n = 3 
each (b, c).
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Figure 7.   AdipoRon improved sperm motility, and decreased caspase-6 activity and TUNEL-positive 
seminiferous tubules in the testis from high-fat diet-fed mice. Testes weight (a), sperm motility (b), 
phosphorylation and amount of AMPK (c), caspase-6 activity in the testis (d), representative micrographs 
from TUNEL staining of the testis (e), and percentage of seminiferous tubules with TUNEL-positive cells (f), 
in mice on a high-fat diet, treated once daily with oral administration of AdipoRon (50�mg per kg body weight) 
for two weeks. Phosphorylation of AMPK were normalized to amount of AMPK. All values are presented as 
means ± s.e.m. *P < 0.05 and **P < 0.01 compared to control mice. P values were determined by the unpaired 
two-tailed t-test. NS, not signi�cant. Scale bar, 100��m. �e red arrows indicate TUNEL-positive cells. 
AdipoRon (�), n = 10 (a, b), n = 5 (c, d, f); AdipoRon (+), n = 10 (a, b), n = 5 (c, d, f).
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in obese diabetic mice29. Moreover, it was recently reported that a PEGylated AdipoRon derivative was more 
e�ective in reducing ceramides and dihydroceramides in the liver from mice fed a high-fat diet than AdipoRon49. 
In this study, we demonstrated for the �rst time that AdipoRon ameliorated sperm motility and apoptosis in the 
testis from mice fed a high-fat diet. Our data suggested that activating adiponectin/AdipoR1 signaling might be 
one of the therapeutic targets for obesity-induced male infertility. Given that, based on the structural informa-
tion of AdipoRs21, much progress has been made to date not only in the analysis of the co-crystal structures of 
AdipoRs and AdipoRon but in the development of small-molecule AdipoR agonists for clinical use22, expectations 
are mounting for AdipoR agonists as an e�ective therapeutics for obesity-induced male infertility.

���‡�–�Š�‘�†�•
���‘�—�•�‡���•�–�—�†�‹�‡�•
All procedures were carried out in accordance with relevant guidelines and regulations as approved by the Ani-
mal Care Committees of �e University of Tokyo and the Institute of Medical Science, Asahi Life Foundation, 
and complied with the standards stated in the “Guide for the Care and Use of Laboratory Animals” (National 
Institutes of Health, revised 2011). �e study is reported in accordance with ARRIVE guidelines. Male mice were 
6–55�weeks of age at the time of the study. �ey were housed in cages and maintained on a 12�h light–dark cycle 
with access to chow and water ad�libitum. In these experiments, we used normal chow diet consisting of 24.9% 
(wt/wt) proteins, 4.6% �bers, 7.1% ashes, 49.5% carbohydrates, 4.8% fat and 9.1% water (CE-2, CLEA Japan Inc.) 
or high-fat diet consisting of 25.5% (wt/wt) protein, 2.9% �bers, 4.0% ashes, 29.4% carbohydrates, 32.0% fat and 
6.2% water (High Fat Diet 32, CLEA Japan Inc.). High-fat diet was fed to male mice from 6�weeks old onwards. 
C57Bl/6 mice were purchased from Charles River Laboratories Japan, Inc. and Japan SLC, Inc. Akita mice were 
purchased from Japan SLC, Inc.

�
�‡�•�‡�”�ƒ�–�‹�‘�•���‘�ˆ�����†�‹�’�‘���w���������•�‹�…�‡
Adipor1�/�  mice (C57Bl/6 background) were generated as described previously28. All experiments in this study 
were conducted on male littermates.

���†�•�‹�•�‹�•�–�”�ƒ�–�‹�‘�•���‘�ˆ�����†�‹�’�‘���‘�•
For administration, AdipoRon (Combi-Blocks, #QV-9395) was prepared in 0.5% methyl cellulose (WAKO, 
#133-17815). AdipoRon (50�mg per kg body weight) or 0.5% methylcellulose was orally administrated to high-fat 
diet-fed mice from 8�weeks of age once daily for two weeks. �e sampling of the mice parameters was performed 
at 10�weeks of age.

���ƒ�–�‹�•�‰���ƒ�•�•�ƒ�›
Male C57Bl/6 mice fed a high-fat diet for 28�weeks, AdipoR1 KO mice fed standard chow diet, Akita mice fed 
standard chow diet, and age matched control mice fed standard chow diet were used in a mating assay. Each 
male mouse was caged with three or four female C57Bl/6 mice for consecutive �ve days. �e percentage of mice 
achieving a pregnancy were calculated for each male.

���‡�•�–�‹�•���ƒ�•�†���•�‡�•�‡�•���ƒ�•�ƒ�Ž�›�•�‹�•���‹�•���•�‹�…�‡
Testis and epididymides were carefully dissected. Bilateral testes were weighed and frozen in liquid nitrogen, and 
then processed for real-time PCR, western blot analysis or caspase-6 activity assay. Separated cauda epididymis 
from each mouse was immediately placed into modi�ed HTF medium with HEPES (KITAZATO, #93421) 
at room temperature. �e sperm number in the suspension was counted using a hemocytometer on a Nikon 
DIAPHOT 300 microscope at  200× magni�cation. At least 200 sperm were counted in each sperm sample. We 
assessed motility rate as the percentage of the sum of sperms with progressive motility and non-progressive 
motility per total sperm number.

���‡�ƒ�Ž�æ�–�‹�•�‡��������
Real-time PCR was performed according to the method described previously22,28–30. Total RNA was prepared 
from whole testis or TM4 cells with ISOGEN (Nippon Gene, #311-02501), according to the manufacturer’s 
instructions. We used the real-time PCR method to quantify mRNAs20, with slight modi�cation. �e real-time 
PCR was performed using speci�c TaqMan Gene Expression Assays (�ermo Fisher Scienti�c) for Adipor1 
(Mm01291334_mH), Adipor2 (Mm01184029_m1), Bax (Mm00432051_m1), Casp3 (Mm01195085_m1), Casp6 
(Mm01321726_g1), Casp9 (Mm00516563_m1), Rn18s (Mm03928990_g1) and Actb (Mm00607939_s1). �e 
primers for real-time PCR are shown in Table�S1.

���‹�•�–�‘�Ž�‘�‰�›���ƒ�•�†���������������•�–�ƒ�‹�•�‹�•�‰
For histological examination, each whole testis was �xed in Super Fix (Kurabo, #KY-500) at 4�°C overnight, 
washed and then was para�n-embedded and sectioned. Sections were stained with hematoxylin and eosin, and 
In�Situ Cell Death Detection Kit, POD (Roche, #11684817910) following the provided protocol for apoptosis 
detection. Six to eight micrographs from all regions of the testis were captured for analysis. Seminiferous tubules 
were evaluated by a trained pathologist for morphometry. At least 90 tubules from all testicular regions were 
counted for each sample to quantify its apoptotic seminiferous tubules.
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���‡�•�–�‡�”�•���„�Ž�‘�–���ƒ�•�ƒ�Ž�›�•�‹�•
�e whole mouse testis was homogenized in cold RIPA bu�er (Cell Signaling Technology, #9806) containing 
1�mM benzylsulfonyl �uoride (PMSF) (WAKO, #164-12181) and protease inhibitor cocktail (Complete EDTA-
free, Roche, #11873580001). Lysates were centrifuged at 15,000�rpm for 15�min at 4�°C and supernatants were 
used for western blot analysis. Western blot analyses were performed with anti-phosphorylated AMPK (Cell 
Signaling technology, 1:1000; #2535), anti-�AMPK (Cell Signaling technology, 1:1000; #2532), anti-AdipoR1 
(Immuno-Biological Laboratories, 1:1000; #18993), anti-cleaved caspase-3 (Cell Signaling technology, 1:1000; 
#9661), anti-cleaved caspase-6 (Cell Signaling technology, 1:1000; #9761), anti-cleaved caspase-9 (Cell Signaling 
technology, 1:1000; #9509), anti-�-tubulin (Cell Signaling technology, 1:4000; #2125) and HRP-linked anti-rabbit 
IgG (Cell Signaling technology, 1:2000–1:20000; #7074) antibodies. Uncropped western blot images are shown 
in Fig. S2-S5.

���–�—�†�‹�‡�•���™�‹�–�Š�������z���…�‡�Ž�Ž�•
�e mouse Sertoli cell-line TM4 was purchased from American Type Culture Collection (ATCC, #CRL-1715). 
TM4 cells were cultured in a 1:1 mixture of Ham’S F12 medium and Dulbecco’s modi�ed Eagle’s medium with 
1.2�g/L sodium bicarbonate and 15�mM HEPES (D-MEM/Ham’s F-12) (WAKO, #042-30555) containing 5% 
horse serum (Invitrogen, #26050-088), 2.5% fetal bovine serum (FBS) (Bio-West, #S1600-500), and 10% penicil-
lin/streptomycin (WAKO, #168-23191) at 37�°C in a humidi�ed incubator with 5% CO2. TM4 cells were seeded 
in 100�mm cell culture dishes and 12-well plates coated with Cellmatrix Type I-c (Nitta gelatin, #631-00771). 
�ree days later, TM4 cells were incubated with D-MEM/Ham’s F-12 without horse serum, FBS or penicillin/
streptomysin for 10�h, then treated with either 2�mM acadesine (AICAR) (Adipogen Life Sciences, #AG-CR1-
0061-M010) for 60�min, 30��g/ml adiponectin (Enzo, #ALX-522-063-C050) for 10�min, or phosphate bu�ered 
salts (PBS) (TaKaRa, #T900) for 10�min. TM4 cells were transfected by using Lipofectamine RNAiMAX Trans-
fection Reagent (Invitrogen, #13778) and following the manufacturer’s instructions.

���������‹�•�–�‡�”�ˆ�‡�”�‡�•�…�‡
Silencer Select Pre-Designed siRNA (�ermo Fisher Scienti�c) for Adipor1 (s91210) or Silencer Select Negative 
Control No.1 siRNA (#4390843) were transfected into TM4 cells by using Lipofectamine RNAiMAX Transfec-
tion Reagent. Forty-two hours a�er transfection, TM4 cells were incubated with D-MEM/Ham’s F-12 without 
horse serum, FBS or penicillin/streptomycin for 10�h, then treated with 30��g/ml adiponectin for 10�min, or 
PBS for 10�min, and then the cells were lysed for caspase-6 activity assay. Transfection e�cacy was monitored 
based on gene expression levels of Adipor1 using the real-time PCR. �e siRNA sequence for downregulating 
AdipoR1 is shown in Table�S2.

���ƒ�•�’�ƒ�•�‡�æ�|���ƒ�…�–�‹�˜�‹�–�›���ƒ�•�•�ƒ�›
�e testis or cell was homogenized with lysis bu�er. Capase-6 activity was determined with Caspase-6 Assay Kit 
(Colorimetric) (Abcam, #ab39709), according to manufacturer’s instruction. Caspase-6 activity was normalized 
to total protein amount.

���–�ƒ�–�‹�•�–�‹�…�ƒ�Ž���ƒ�•�ƒ�Ž�›�•�‹�•
Results are expressed as mean ± s.e.m. Di�erences between two groups were assessed for signi�cance using the 
unpaired two-tailed t-test. Data involving more than two groups were assessed by analysis of variance (ANOVA) 
followed by the Dunnett’s multiple comparison test or Tukey’s honestly signi�cant di�erence test. Representative 
data from one of 2–5 independent experiments are shown. Every experiment was performed several times with 
essentially the same results.

���ƒ�–�ƒ���ƒ�˜�ƒ�‹�Ž�ƒ�„�‹�Ž�‹�–�›
�e source data for the �gures are available in Supplementary Data 1. Uncropped images of western blots are 
shown in Supplementary Fig.�2-5. All other data that support the �ndings of this study are available from the 
corresponding authors on reasonable request.

Received: 7 September 2023; Accepted: 5 March 2024

���‡�ˆ�‡�”�‡�•�…�‡�•
	 1.	World Health Organazaion. Fact sheets https://​www.​who.​int/​news-​room/​fact-​sheets/​detail/​obesi​ty-​and-​overw​eight (2022).
	 2.	Gesta, S., Tseng, Y. H. & Kahn, C. R. Developmental origin of fat: Tracking obesity to its source. Cell 131, 242–256. https://​doi.​

org/​10.​1016/j.​cell.​2007.​10.​004 (2007).
	 3.	 Glass, C. K. & Olefsky, J. M. In�ammation and lipid signaling in the etiology of insulin resistance. Cell Metab. 15, 635–645. https://​

doi.​org/​10.​1016/j.​cmet.​2012.​04.​001 (2012).
	 4.	 Lin, H. V. & Accili, D. Hormonal regulation of hepatic glucose production in health and disease. Cell Metab. 14, 9–19. https://​doi.​

org/​10.​1016/j.​cmet.​2011.​06.​003 (2011).
	 5.	Arita, Y. et al. Paradoxical decrease of an adipose-speci�c protein, adiponectin, in obesity. Biochem. Biophys. Res. Commun. 257, 

79–83. https://​doi.​org/​10.​1006/​bbrc.​1999.​0255 (1999).
	 6.	 Li, S., Shin, H. J., Ding, E. L. & van Dam, R. M. Adiponectin levels and risk of type 2 diabetes: a systematic review and meta-analysis. 

JAMA 302, 179–188. https://​doi.​org/​10.​1001/​jama.​2009.​976 (2009).
	 7.	Pischon, T. et al. Plasma adiponectin levels and risk of myocardial infarction in men. JAMA 291, 1730–1737. https://​doi.​org/​10.​

1001/​jama.​291.​14.​1730 (2004).
	 8.	Scherer, P. E., Williams, S., Fogliano, M., Baldini, G. & Lodish, H. F. A novel serum protein similar to C1q, produced exclusively 

in adipocytes. J. Biol. Chem. 270, 26746–26749 (1995).

https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://doi.org/10.1016/j.cell.2007.10.004
https://doi.org/10.1016/j.cell.2007.10.004
https://doi.org/10.1016/j.cmet.2012.04.001
https://doi.org/10.1016/j.cmet.2012.04.001
https://doi.org/10.1016/j.cmet.2011.06.003
https://doi.org/10.1016/j.cmet.2011.06.003
https://doi.org/10.1006/bbrc.1999.0255
https://doi.org/10.1001/jama.2009.976
https://doi.org/10.1001/jama.291.14.1730
https://doi.org/10.1001/jama.291.14.1730


�w�x

Vol:.(1234567890)

���…�‹�‡�•�–�‹�¤�…�����‡�’�‘�”�–�• |         (2024) 14:5701  | �Š�–�–�’�•�ã�����†�‘�‹�ä�‘�”�‰���w�v�ä�w�v�y�~���•�z�w�{�•�~�æ�v�x�z�æ�{�|�x�•�v�æ�v

www.nature.com/scientificreports/

	 9.	Hu, E., Liang, P. & Spiegelman, B. M. AdipoQ is a novel adipose-speci�c gene dysregulated in obesity. J. Biol. Chem. 271, 10697–
10703 (1996).

	10.	 Maeda, K. et al. cDNA cloning and expression of a novel adipose speci�c collagen-like factor, apM1 (AdiPose Most abundant Gene 
transcript 1). Biochem. Biophys. Res. Commun. 221, 286–289. https://​doi.​org/​10.​1006/​bbrc.​1996.​0587 (1996).

	11.	 Nakano, Y., Tobe, T., Choi-Miura, N. H., Mazda, T. & Tomita, M. Isolation and characterization of GBP28, a novel gelatin-binding 
protein puri�ed from human plasma. J. Biochem. 120, 803–812 (1996).

	12.	 Zhang, Y. et al. Positional cloning of the mouse obese gene and its human homologue. Nature 372, 425–432. https://​doi.​org/​10.​
1038/​37242​5a0 (1994).

	13.	 Kahn, C. R. Triglycerides and toggling the tummy. Nat. Genet. 25, 6–7. https://​doi.​org/​10.​1038/​75610 (2000).
	14.	 Spiegelman, B. M. & Flier, J. S. Obesity and the regulation of energy balance. Cell 104, 531–543. https://​doi.​org/​10.​1016/​s0092-​

8674(01)​00240-9 (2001).
	15.	 Scha�er, A. & Buechler, C. CTRP family: Linking immunity to metabolism. Trends Endocrinol. Metab. 23, 194–204. https://​doi.​

org/​10.​1016/j.​tem.​2011.​12.​003 (2012).
	16.	 Yamauchi, T. et al. �e fat-derived hormone adiponectin reverses insulin resistance associated with both lipoatrophy and obesity. 

Nat. Med. 7, 941–946. https://​doi.​org/​10.​1038/​90984 (2001).
	17.	 Fruebis, J. et al. Proteolytic cleavage product of 30-kDa adipocyte complement-related protein increases fatty acid oxidation in 

muscle and causes weight loss in mice. Proc. Natl. Acad. Sci. USA 98, 2005–2010. https://​doi.​org/​10.​1073/​pnas.​98.4.​2005 (2001).
	18.	 Berg, A. H., Combs, T. P., Du, X., Brownlee, M. & Scherer, P. E. �e adipocyte-secreted protein Acrp30 enhances hepatic insulin 

action. Nat. Med. 7, 947–953. https://​doi.​org/​10.​1038/​90992 (2001).
	19.	 Combs, T. P., Berg, A. H., Obici, S., Scherer, P. E. & Rossetti, L. Endogenous glucose production is inhibited by the adipose-derived 

protein Acrp30. J. Clin. Investig. 108, 1875–1881. https://​doi.​org/​10.​1172/​jci14​120 (2001).
	20.	 Yamauchi, T. et al. Cloning of adiponectin receptors that mediate antidiabetic metabolic e�ects. Nature 423, 762–769. https://​doi.​

org/​10.​1038/​natur​e01705 (2003).
	21.	 Tanabe, H. et al. Crystal structures of the human adiponectin receptors. Nature 520, 312–316. https://​doi.​org/​10.​1038/​natur​e14301 

(2015).
	22.	Iwabu, M. et al. AdipoR agonist increases insulin sensitivity and exercise endurance in AdipoR-humanized mice. Commun. Biol. 

4, 45. https://​doi.​org/​10.​1038/​s42003-​020-​01579-9 (2021).
	23.	 Kahn, B. B., Alquier, T., Carling, D. & Hardie, D. G. AMP-activated protein kinase: Ancient energy gauge provides clues to modern 

understanding of metabolism. Cell Metab. 1, 15–25. https://​doi.​org/​10.​1016/j.​cmet.​2004.​12.​003 (2005).
	24.	Kersten, S., Desvergne, B. & Wahli, W. Roles of PPARs in health and disease. Nature 405, 421–424. https://​doi.​org/​10.​1038/​35013​

000 (2000).
	25.	 Yamauchi, T. et al. Adiponectin stimulates glucose utilization and fatty-acid oxidation by activating AMP-activated protein kinase. 

Nat. Med. 8, 1288–1295. https://​doi.​org/​10.​1038/​nm788 (2002).
	26.	 Tomas, E. et al. Enhanced muscle fat oxidation and glucose transport by ACRP30 globular domain: Acetyl-CoA carboxylase 

inhibition and AMP-activated protein kinase activation. Proc. Natl. Acad. Sci. USA 99, 16309–16313. https://​doi.​org/​10.​1073/​
pnas.​22265​7499 (2002).

	27.	 Rasmussen, M. S. et al. Adiponectin receptors in human adipose tissue: E�ects of obesity, weight loss, and fat depots. Obesity 14, 
28–35. https://​doi.​org/​10.​1038/​oby.​2006.5 (2006).

	28.	 Yamauchi, T. et al. Targeted disruption of AdipoR1 and AdipoR2 causes abrogation of adiponectin binding and metabolic actions. 
Nat. Med. 13, 332–339. https://​doi.​org/​10.​1038/​nm1557 (2007).

	29.	 Okada-Iwabu, M. et al. A small-molecule AdipoR agonist for type 2 diabetes and short life in obesity. Nature 503, 493–499. https://​
doi.​org/​10.​1038/​natur​e12656 (2013).

	30.	 Iwabu, M. et al. Adiponectin and AdipoR1 regulate PGC-1alpha and mitochondria by Ca(2+) and AMPK/SIRT1. Nature 464, 
1313–1319. https://​doi.​org/​10.​1038/​natur​e08991 (2010).

	31.	 Inhorn, M. C. & Patrizio, P. Infertility around the globe: New thinking on gender, reproductive technologies and global movements 
in the 21st century. Hum. Reprod. Update 21, 411–426. https://​doi.​org/​10.​1093/​humupd/​dmv016 (2015).

	32.	 Hammoud, A. O., Gibson, M., Peterson, C. M., Hamilton, B. D. & Carrell, D. T. Obesity and male reproductive potential. J. Androl. 
27, 619–626. https://​doi.​org/​10.​2164/​jandr​ol.​106.​000125 (2006).

	33.	 Jensen, T. K. et al. Body mass index in relation to semen quality and reproductive hormones among 1,558 Danish men. Fertil. 
Steril. 82, 863–870. https://​doi.​org/​10.​1016/j.​fertn​stert.​2004.​03.​056 (2004).

	34.	Kort, H. I. et al. Impact of body mass index values on sperm quantity and quality. J. Androl. 27, 450–452. https://​doi.​org/​10.​2164/​
jandr​ol.​05124 (2006).

	35.	 Bieniek, J. M. et al. In�uence of increasing body mass index on semen and reproductive hormonal parameters in a multi-institu-
tional cohort of subfertile men. Fertil. Steril. 106, 1070–1075. https://​doi.​org/​10.​1016/j.​fertn​stert.​2016.​06.​041 (2016).

	36.	 Hammiche, F. et al. Body mass index and central adiposity are associated with sperm quality in men of subfertile couples. Hum. 
Reprod. 27, 2365–2372. https://​doi.​org/​10.​1093/​humrep/​des177 (2012).

	37.	 Liu, Y. & Ding, Z. Obesity, a serious etiologic factor for male subfertility in modern society. Reproduction (Cambridge, England) 
154, R123-r131. https://​doi.​org/​10.​1530/​rep-​17-​0161 (2017).

	38.	 �omas, S. et al. Seminal plasma adipokine levels are correlated with functional characteristics of spermatozoa. Fertil. Steril. 99, 
1256-1263.e1253. https://​doi.​org/​10.​1016/j.​fertn​stert.​2012.​12.​022 (2013).

	39.	 Choubey, M., Ranjan, A., Bora, P. S. & Krishna, A. Protective role of adiponectin against testicular impairment in high-fat diet/
streptozotocin-induced type 2 diabetic mice. Biochimie 168, 41–52. https://​doi.​org/​10.​1016/j.​biochi.​2019.​10.​014 (2020).

	40.	 Shi, W., Guo, Z., Ji, Y. & Feng, J. �e protective e�ect of recombinant globular adiponectin on testis by modulating autophagy, 
endoplasmic reticulum stress and oxidative stress in streptozotocin-induced diabetic mice. Eur. J. Pharmacol. 879, 173132. https://​
doi.​org/​10.​1016/j.​ejphar.​2020.​173132 (2020).

	41.	Zhao, P. et al. An AMPK-caspase-6 axis controls liver damage in nonalcoholic steatohepatitis. Science 367, 652–660. https://​doi.​
org/​10.​1126/​scien​ce.​aay05​42 (2020).

	42.	 LeBlanc, A. C. Caspase-6 as a novel early target in the treatment of Alzheimer’s disease. Eur. J. Neurosci. 37, 2005–2018. https://​
doi.​org/​10.​1111/​ejn.​12250 (2013).

	43.	 Wang, X. J., Cao, Q., Zhang, Y. & Su, X. D. Activation and regulation of caspase-6 and its role in neurodegenerative diseases. Annu. 
Rev. Pharmacol. Toxicol. 55, 553–572. https://​doi.​org/​10.​1146/​annur​ev-​pharm​tox-​010814-​124414 (2015).

	44.	 Salminen, A., Kaarniranta, K., Haapasalo, A., Soininen, H. & Hiltunen, M. AMP-activated protein kinase: A potential player in 
Alzheimer’s disease. J. Neurochem. 118, 460–474. https://​doi.​org/​10.​1111/j.​1471-​4159.​2011.​07331.x (2011).

	45.	 Zhao, P. & Saltiel, A. R. From overnutrition to liver injury: AMP-activated protein kinase in nonalcoholic fatty liver diseases. J. 
Biol. Chem. 295, 12279–12289. https://​doi.​org/​10.​1074/​jbc.​REV120.​011356 (2020).

	46.	 Iwabu, M., Okada-Iwabu, M., Yamauchi, T. & Kadowaki, T. Adiponectin/adiponectin receptor in disease and aging. NPJ Aging 
Mech. Dis. 1, 15013. https://​doi.​org/​10.​1038/​npjamd.​2015.​13 (2015).

	47.	 Holland, W. L. & Scherer, P. E. Cell Biology. Ronning a�er the adiponectin receptors. Science 342, 1460–1461. https://​doi.​org/​10.​
1126/​scien​ce.​12490​77 (2013).

	48.	Rosen, E. D. & Spiegelman, B. M. What we talk about when we talk about fat. Cell 156, 20–44. https://​doi.​org/​10.​1016/j.​cell.​2013.​
12.​012 (2014).

https://doi.org/10.1006/bbrc.1996.0587
https://doi.org/10.1038/372425a0
https://doi.org/10.1038/372425a0
https://doi.org/10.1038/75610
https://doi.org/10.1016/s0092-8674(01)00240-9
https://doi.org/10.1016/s0092-8674(01)00240-9
https://doi.org/10.1016/j.tem.2011.12.003
https://doi.org/10.1016/j.tem.2011.12.003
https://doi.org/10.1038/90984
https://doi.org/10.1073/pnas.98.4.2005
https://doi.org/10.1038/90992
https://doi.org/10.1172/jci14120
https://doi.org/10.1038/nature01705
https://doi.org/10.1038/nature01705
https://doi.org/10.1038/nature14301
https://doi.org/10.1038/s42003-020-01579-9
https://doi.org/10.1016/j.cmet.2004.12.003
https://doi.org/10.1038/35013000
https://doi.org/10.1038/35013000
https://doi.org/10.1038/nm788
https://doi.org/10.1073/pnas.222657499
https://doi.org/10.1073/pnas.222657499
https://doi.org/10.1038/oby.2006.5
https://doi.org/10.1038/nm1557
https://doi.org/10.1038/nature12656
https://doi.org/10.1038/nature12656
https://doi.org/10.1038/nature08991
https://doi.org/10.1093/humupd/dmv016
https://doi.org/10.2164/jandrol.106.000125
https://doi.org/10.1016/j.fertnstert.2004.03.056
https://doi.org/10.2164/jandrol.05124
https://doi.org/10.2164/jandrol.05124
https://doi.org/10.1016/j.fertnstert.2016.06.041
https://doi.org/10.1093/humrep/des177
https://doi.org/10.1530/rep-17-0161
https://doi.org/10.1016/j.fertnstert.2012.12.022
https://doi.org/10.1016/j.biochi.2019.10.014
https://doi.org/10.1016/j.ejphar.2020.173132
https://doi.org/10.1016/j.ejphar.2020.173132
https://doi.org/10.1126/science.aay0542
https://doi.org/10.1126/science.aay0542
https://doi.org/10.1111/ejn.12250
https://doi.org/10.1111/ejn.12250
https://doi.org/10.1146/annurev-pharmtox-010814-124414
https://doi.org/10.1111/j.1471-4159.2011.07331.x
https://doi.org/10.1074/jbc.REV120.011356
https://doi.org/10.1038/npjamd.2015.13
https://doi.org/10.1126/science.1249077
https://doi.org/10.1126/science.1249077
https://doi.org/10.1016/j.cell.2013.12.012
https://doi.org/10.1016/j.cell.2013.12.012


�w�y

Vol.:(0123456789)

���…�‹�‡�•�–�‹�¤�…�����‡�’�‘�”�–�• |         (2024) 14:5701  | �Š�–�–�’�•�ã�����†�‘�‹�ä�‘�”�‰���w�v�ä�w�v�y�~���•�z�w�{�•�~�æ�v�x�z�æ�{�|�x�•�v�æ�v

www.nature.com/scientificreports/

	49.	 Onodera, T. et al. PEGylated AdipoRon derivatives improve glucose and lipid metabolism under insulinopenic and high-fat diet 
conditions. J. Lipid Res. 62, 100095. https://​doi.​org/​10.​1016/j.​jlr.​2021.​100095 (2021).

���…�•�•�‘�™�Ž�‡�†�‰�‡�•�‡�•�–�•
We gratefully appreciate to research group members department of diabetes and metabolic diseases, graduate 
school of medicine, the University of Tokyo and the Institute of Medical Science, Asahi Life Foundation, for 
technical assistance, support with in�vivo experiments and for discussions. �is work was supported by JSPS 
KAKENHI Grant Numbers JP22H03528 (M.I.), JSPS KAKENHI Grant Numbers JP22K11873 (M.O.-I.), JSPS 
KAKENHI Grant Numbers JP22K21343 (M.O.-I.), JSPS KAKENHI Grant Numbers JP26000012 (T.Kadowaki), 
JSPS KAKENHI Grant Numbers JP19H01052 (T.Kadowaki), Translational Research Network Program B10 
(AMED) (M.O.-I.), AMED under Grand Number JP22zf0127006 (M.I., M.O.-I. and T.Y.), JST, PRESTO (JPM-
JPR13MF) (M.I.), JST FOREST Program (JPMJFR2059) (M.I.), and JST-Mirai Program (JPMJMI20D2) (M.I.).

���—�–�Š�‘�”���…�‘�•�–�”�‹�„�—�–�‹�‘�•�•
T.K., M.I. and M.O.-I. designed the research. T.K., M.I. and M.O.-I. performed all experiments. N.O. and A.K. 
performed in�vitro and in�vivo experiments. T.K., M.I., M.O.-I., N.Y., T.Kadowaki, T.Y. and M.K. wrote the main 
manuscript. All authors reviewed the manuscript.

���‘�•�’�‡�–�‹�•�‰���‹�•�–�‡�”�‡�•�–�• 
�e authors declare no competing interests.

���†�†�‹�–�‹�‘�•�ƒ�Ž���‹�•�ˆ�‘�”�•�ƒ�–�‹�‘�•
Supplementary Information �e online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​56290-0.

Correspondence and requests for materials should be addressed to M.I.�or�M.O.-I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access   �is article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© �e Author(s) 2024

https://doi.org/10.1016/j.jlr.2021.100095
https://doi.org/10.1038/s41598-024-56290-0
https://doi.org/10.1038/s41598-024-56290-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

