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Yihua Xu1, Li Wang1, Siyuan Cao1, Ruihua Hu1, Rui Liu1, Ke Hua1, Zhigang Guo1, Hong-Jie Di2* and Zhigang Hu1*

Abstract

Background: Circadian rhythm disruption impacts a wide range of physiological processes, including fertility.
However, the effect of circadian disruption on male spermatogenesis and fertility, and treatments for these effects
have been largely unexplored at the molecular level.

Methods: In this study, we examined the effects of genipin on improving the reproductive health problems caused
by circadian disruption. Three groups of animals were fed under different conditions: control group (normal T cycle
with saline), group of shortened T cycles (Light/Dark = 4 hours/4 hours) with saline, and a group of shortened T
cycles with genipin by oral gavage. The male fertility was evaluated by fertility study and pups parameters analysis
after successful sexual behavior and mating with female mice. We sacrificed the treated animals after 5 or 10 weeks
and collected the testis, sperm and serum for histological analysis, sperm motility assay, and serum hormone
detection, respectively. Furthermore, the effect of genipin was assessed by detection of progesterone secretion and
steroidogenic key proteins expression, including StAR and CYP11A1, in mouse Leydig tumor MLTC-1 cells.

Results: Male mice exposed to shortened light-dark cycles, much shorter than 24 hours, had reduced fertility with
decreased sperm concentrations and sperm motility. Male mice under circadian disruption have reduced testis size
and abnormal morphology, leading to lower fertility rates, reduced litter size and pup body weight. Treatment with
exogenous genipin, a natural plant-derived compound, alleviated circadian disruption-induced damage to fertility
and spermatogenesis and normalized testosterone, dihydrotestosterone (DHT), and androstenedione (ASD) levels in
the male mice. The levels of key proteins involved in steroidogenesis, StAR and CYP11A1, were reduced in mouse
testes after the circadian disruption, but genipin treatment restored the reduction. The mRNA expression of
SRD5A1, which encodes an androgen synthesis enzyme, was also upregulated by genipin treatment. Furthermore,
genipin treatment showed a positive effect on steroidogenesis in MLTC-1 cells, resulting in an increase in hormone
secretion and the upregulation of StAR and CYP11A1.

Conclusions: Our results showed an association between circadian disruption and reproductive health problems in
male mice and indicated that treatments with genipin have positive effects on the reproductive health of male
mice with circadian rhythm disorders.
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Introduction
Circadian rhythms are a fundamental feature in eukary-
otes and coordinate numerous aspects of behavior,
physiology, and metabolism [1]. The circadian clock sys-
tem occurs at all levels of cellular organization, allows
an organism to interact with external stimuli on the cell,
organ, and organism levels, according to a
transcriptional-translational feedback loop by light-dark
cycles [2]. Physiologically, these 24-h circadian rhythms
are orchestrated by a primary clock in the suprachias-
matic nucleus (SCN) of the hypothalamus in mammals.
Circadian clocks comprises of a set of proteins such as
Bmal1, Per1, Clock, Cry1 and Cry2, by which one or
more gets acutely sensitive to light, resulting in an oscil-
lator that can synchronize over local time [1, 2]. The cir-
cadian clock allows organisms to anticipate the
predictable changes in the environment that occur at ap-
proximately the same time of day or adapt to daily varia-
tions in their environment. This intricate network
enables the adjustment of principal physiological path-
ways so that an appropriate physiological or behavioral
response can induce at the correct time. Several kinds of
disorders such as diabetes, bipolar disorder, attention
deficit hyperactivity disorder (ADHD), and inflammatory
bowel disease, reports being associated with disturbances
in the circadian rhythms [3–6].
Circadian rhythm disruption affects a wide range of

physiological systems in mammals. Reproductive physi-
ology, in particular, is profoundly under the influence of
circadian rhythms [7, 8]. Circadian disruption is a risk
factor for impaired reproduction and fertility in both
men and women. Environmental circadian disruption
(ECD) has been recognized as a risk factor for fertility
problems among working women, and chronic ECD is
associated with abnormal reproductive cycles, irregular
menstrual cycles, increased risk of endometriosis, in-
creased latency to pregnancy, miscarriages, low birth
weight or preterm delivery, and a reduced incidence of
breastfeeding [9, 10]. The fertility of males has declined
over the past four decades. Although half of the cases of
male infertility remain unexplained, emerging evidence
implicates sleep disturbance in the risk of male infertility
[11, 12]. Indeed, the prevalence of circadian disturbance
appears to be increasing in parallel with a decline in
sperm quality, a commonly used surrogate marker of
male fertility [12]. Furthermore, a case-control study in-
dicated that genetic variability in the Clock gene associ-
ates with male infertility, implying the role of the
circadian timing system in human reproduction [13].
Clock gene expression occurs in tissues of the
hypothalamic-pituitary-gonadal (HPG) axis. Knockdown
of Clock gene expression in the testes of male mice led
to small litter size, low in vitro fertility rate, low blastula
formation rate, and low acrosin activity of sperm with

Clock knockdown [14]. Male Bmal1 KO mice show in-
fertility, with smaller testes and reduced sperm counts
than normal males [7].
In mammals, circadian rhythms are involved in the

regulation of serum concentrations of many reproduct-
ive hormones, which are critical in mammalian fertility
[15, 16]. Steroidogenesis or biosynthesis of steroid hor-
mones is a complex multistep process by which precur-
sor cholesterol is converted to pregnenolone and
subsequently metabolized into other biologically active
steroids in steroidogenic tissues, including adrenal and
gonads [17]. The limited step of steroidogenesis is chol-
esterol transfer from outer mitochondrial membrane
(OMM) to the inner mitochondrial membrane (IMM),
which is dependent upon the steroidogenic acute regula-
tory protein (StAR) [18]. Several other enzymes or pro-
teins are involved in the process of steroidogenesis, such
as cytochrome P450 side-chain cleavage enzyme
(CYP11A1, carries out the first committed step in ste-
roidogenesis, i.e., conversion of cholesterol to pregneno-
lone), steroid 5 alpha-reductase 1 (SRD5A1, converts
testosterone to dihydrotestosterone) and hydroxysteroid
17-beta dehydrogenase 1 (HSD17B1, catalyzes ASD to
testosterone) [17]. The levels of several hormones fluctu-
ate according to the light and dark cycle and are also af-
fected by sleep [19]. Shift work modified the luteinizing
hormone (LH) surge and follicle-stimulating hormone (FSH)
levels, which might be related to the misalignment of cortisol
and melatonin rhythms during shift work [20, 21]. The dys-
regulation of reproductive hormone levels by circadian disrup-
tion contributes to low fertility or infertility [21]. While the
relationship between circadian rhythms and female pregnancy
being well studied [8, 22, 23], the effect of circadian disruption
on spermatogenesis and fertility in males and treatments that
addresses circadian disruption on fertility needs exploration.
Genipin, a natural aglycon of geniposide and an active

constituent of Gardenia jasminoides Ellis, has multipur-
pose biological and pharmacological activities, such as
antioxidant, antimicrobial, anti-inflammation, antitumor,
neuroprotective and hepatoprotective effects [24–29].
Additionally, genipin has been widely used as a natural
crosslinker for tissue engineering [30]. Current studies
implicated genipin in the regulation of steroid hormone
secretion and lipid metabolism [27, 31]. Moreover, geni-
pin inhibited the expression of mitochondrial uncoup-
ling protein 2, which affected androgen synthesis and
was associated with infertility [31, 32]. These reports im-
plicated genipin in the regulation of reproduction and
fertility in mammals. Here, we studied the effect of circa-
dian disruption on spermatogenesis and fertility in male
mice. We showed that circadian disruption impaired
spermatogenesis and fertility in male mice, and genipin
ameliorated sperm motility and fertility under circadian
disruption conditions.
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Materials and methods
Animal and housing
Eight to ten-week-old male and female ICR mice were
obtained from the Model Animal Research Center of
Nanjing University (Nanjing, Jiangsu, China). Mice were
initially housed under a 12-h light/dark cycle (12:12 LD)
at 25 °C with normal laboratory diet. The light-dark
(LD) cycle was set as described previously, with minor
modifications [33]. Briefly, male mice were randomly di-
vided into three groups after a minimum 1-week accli-
mation period: normal T cycles (T = 24 hours, L:D = 12
hours:12 hours) with saline (normal control, NC), short-
ened T cycles (T = 8 hours, L:D = 4 hours:4 hours) with
saline (disrupted + saline, SC), and shortened T cycles
with GNP (25 mg·kg− 1) (disrupted + GNP, SG). GNP
(C11H14O5, HPLC ≥ 98%; Zelang, Nanjing, Jiangsu,
China) was dissolved in saline solution and given to mice
at the end of every light cycle by oral gavage until the
mice were used for the sperm quality assay [27]. Equal
volumes of saline solution were infused into mice as a
control. Mouse body weights and food intake were mon-
itored every two days.

Cell culture and treatment
To study the function of GNP on steroidogenesis, the
mouse leydig tumor MLTC-1 cells were cultured and
treated with GNP. MLTC-1 cells were obtained from the
American Type Culture Collection (ATCC, Manassas,
VA). MLTC-1 cells were cultured in RPMI-1640 media
supplemented with 10% fetal bovine serum (FBS), and
100 unit/ml penicillin and 100 µg/ml streptomycin. Cell
cultures were maintained at 37 °C in a humidified incu-
bator in the presence of 5% CO2/95% air. For treatment,
cells were plated and cultured in 6-well or 12-well plates
with GNP (20 µM, dissolver in DMSO) for varying incu-
bation time. The supernatants of cultured media were
collected for progesterone measurement, and cells were
collected for RNA and protein extraction.

Fertility study
For male fertility evaluations, male mice were subjected
to different T cycles and treatments for 9 weeks, and
each male mouse was kept with two virgin females to-
gether. The female mice were obtained from the Model
Animal Research Center of Nanjing University and were
randomly divided into three groups for mating after a
minimum 1-week acclimation period. Mating behavior
was observed in the Plexiglas cage with a dim red light
source. Mating behavior was observed under a normal T
cycles to avoid a short-term effect of circadian disturb-
ance on female mice. Additional female mice were used
if the original female mice were unreceptive to mating.
After approximately a whole LD cycle with successful
sexual behavior and mating confirmed by the presence

of vaginal plugs or the presence of sperm in vaginal
smears, the males were separated from the females, and
the females were maintained until spontaneous delivery.
The day of delivery was considered gestational day 0.
The numbers of pups were counted, and pup sex, body
weight and body length were measured. The fertility
index was calculated by the following equation [34]: fer-
tility index = number of females that gave birth/number
of copulated females × 100%.

Sperm parameters
The males were fed for five or ten weeks under normal
T cycles or shortened T cycles with the administration
of GNP or saline. Then, the animals were sacrificed by
cervical-dislocation. Both sides of the epididymides
cauda were quickly removed and immediately crumbed
by syringe needles within the 0.2 ml of physiological sa-
line into a petri dish to release spermatozoa. Sperm con-
centration and sperm motility were assessed by
computer-assisted semen analysis (CASA, WLJY-9000,
Weili New Century Technology Development Co., Ltd.,
Beijing China). A Macro sperm-counting chamber (Nan-
jing Yuancheng Company, Nanjing, China) was used to
load the spermatozoa samples. Average path velocity
(VAP), curvilinear velocity (VCL), straight-line velocity
(VSL), and beating cross frequency (BCF) were calcu-
lated for the sperm of each group of mice by analyzing
three recordings of at least 100 spermatozoa.

Histological analysis
The testicular tissues were collected and fixed in 4%
paraformaldehyde solution. Paraffin-embedded samples
were cut into 5 µm transverse sections for routine
hematoxylin & eosin (H&E) staining. All the stained sec-
tions were examined by light microscopy (× 200
magnification).

Reproductive hormones
The cell culture media were centrifuged at the speed of
5000r.p.m for 5 min and supernatant were collected for
progesterone measurement using the Pg ELISA kit (E-
EL-0090c, Elabscience Biotechnology Co.,Ltd, Wuhan,
China). Blood samples were collected from the right ret-
roorbital plexus of different treated mice and centrifuged
at the speed of 3000r.p.m for 10 min at 4℃. The serum
levels of testosterone (#SBJ-M0439-96T), dihydrotestos-
terone (DHT) (#SBJ-M0909-96T), androstenedione
(ASD) (#SBJ-M0437-96T), and gonadotropin-releasing
hormone (GnRH) (#SBJ-M0558) were determined using
commercial kits (SenBeiJia Biological Technology Co.,
Nanjing, China) according to manufacturer’s instruc-
tions. The serum melatonin levels were tested by a com-
mercial ELISA kit from Shanghai Haling Biological
Technology Co. LTD (Shanghai, China).
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Real-time quantitative PCR
Total RNA was extracted from testicular tissues or MLTC
cells using Trizol reagent (Invitrogen, USA). Total RNA
(1 µg) samples were reverse-transcribed using superscript
II reverse transcriptase (Life Technologies, Grand Island,
NY). Amplification of cDNAs was performed using a
qPCR kit (TAKARA Biotechnology, catalog no. RR420A)
and gene-specific primers on an ABI StepOneplus system
according to manufacturer’s instructions [35]. 36B4 was
used as an internal control. All primer sequences used for
qPCR are presented in Table 1.

Western blot analysis
Testicular tissues were collected and lysed in RIPA buf-
fer using GeneReady Ultracool system (Life Real,
Hangzhou, China). Equal amounts of protein (10 ~
15 µg) were loaded on a 12% SDS-polyacrylamide gel
and blotted onto PVDF membranes. The membranes
were blocked with 5% skim milk in phosphate buffer sa-
line (PBS) with 0.1% Tween-20 for 1.5 h and incubated
with anti-StAR antibody (1:400) (A1035, ABclonal, Wu-
han, China), anti-CYP11A1 antibody (1:200) (13363-1-
AP, Proteintech, Wuhan, China) or anti-vinculin anti-
body (1:1000) (Abways Technology, Inc., Shanghai,
China) overnight at 4℃. Then the membranes were
washed with PBS for three times and probed with HRP
Goat Anti-Rabbit lgG (1:5000) (ABclonal) for 1.5 h. The
blots were developed via Tanon-4500 luminescent im-
aging workstation (Tanon Science & Technology, Shang-
hai, China).

Statistical analysis
Statistical analysis was performed with GraphPad Prism
6.0. Data were analyzed for normality using the
Kolmogorov-Smirnov test, and homogeneity of variances
was analyzed by Bartlett’s test [35, 36]. Significant differ-
ences were identified using Student’s t-test or analysis of
variance (ANOVA), in the case of comparisons among
more than two groups. Statistical analyses were per-
formed using ANOVA followed by Bonferroni’s post-

test. A p value of < 0.05 was considered as statistically
significant. All data are expressed as the mean ± SD [35].

Results
Induction of an animal circadian disruption model by a
shortened T cycle
To assess the impact of circadian disruption on fertility,
we subjected male ICR mice to normal/shortened T cy-
cles for ten weeks, as described in the Method section
(Fig. 1a). We measured daily food consumption and
body weight every two days. Figure 1b and c show that
the average final body weight and weight gain were sig-
nificantly higher in the mice subjected to shortened T
cycles (L:D = 4 hours:4 hours) than those subjected to
normal T cycles (L:D = 12 hours:12 hours). However,
there was no difference in the final body weight and
body weight gain of mice between the SG group and SC
group. Similarly, both SC mice and SG mice showed
higher daily food consumption than NC mice (Fig. 1d).

Fertility parameters
To analyze the fertility of male mice subjected to short-
ened T cycles and GNP treatment, we compared the fer-
tility rates of NC, SC, and SG male mice through natural
mating. Only 50% (n = 20) of female mice that mated
with SC males produced offspring, whereas 75% (n = 20)
of females that mated with SG males and 95% (n = 20) of
females that mated with NC males produced offspring.
These data indicated a significant decrease in the fertility
of mice subjected to shortened T cycles, and genipin
relatively fixed the circadian disruption-impaired fertility
of male mice. Moreover, the number of pups per litter
of females that mated with SC mice was lower than that
of those mated with NC mice (9.4 ± 0.92 vs.12 ± 1.12,
n = 20, P < 0.001) (Table 2). The litter size of females
that mated with SG mice was rebuilt (12.67 ± 1.14). Add-
itionally, the average body weight of the pups of SC mice
was markedly lower than that of NC mice pups (1.57 ±
0.23 g vs. 1.79 ± 0.16 g, P < 0.001), whereas genipin treat-
ment regained pup body weight.

Changes in the gross anatomy of the testes
After ten weeks of treatment, the average body weight of
male SC mice was increased compared with that of NC
mice, while the average weight of the testes was slightly
decreased (Fig. 2a). Histological examination of the tes-
tes showed that the diameter of seminiferous tubules
remained similar among the three groups (Fig. 2b and
c). We observed six to eight layers of aligned spermato-
genetic cells in the seminiferous tubules. The character-
istic of leptotene, zygotene, pachytene, diplotene, and
diakinesis was observed in the H&E staining of cross-

Table 1 Primers for qPCR

Name Sequence

StAR 5’-CGGAGCAGAGTGGTGTCATC-3’-F
5’-TGAGTTTAGTCTTGGAGGGACTTC-3’-R

CYP11A1 5’-ACTGTGAACTGAAGGCTGG-3’-F
5’-GGGAAAGAGGGAAAGAGGATG-3’-R

SRD5A1 5’-ACTTGCAGAGCCGATACTTG-3’-F
5’-TTTCTCAGATTCCGCAGGATG-3’-R

HSD17B1 5’-GGAATTGGATGTCAGAGACTCC-3’-F
5’-CCCACAGCGTTCAATTCATG-3’-R

36B4 5’-TTTGGGCATCACCACGAAAA-3’-F
5’-GGACACCCTCCAGAAAGCGA-3’-R
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sections of seminiferous tubules. We found marked atro-
phy of the seminiferous tubules and more vacuoles in
the SC group than in the NC group, whereas genipin
treatment alleviated this damage (Fig. 2b). The average
numbers of spermatogonia and spermatids were reduced
significantly in male SC mice (p < 0.05) compared with
male NC mice, and genipin treatment reestablished
these effects on these cells (Fig. 2d and e).

Semen analysis
Finally, to evaluate whether the damaged testes subse-
quently affected sperm generation and function, we

isolated sperm and analyzed the concentration, motility
and motion parameters of the sperm by CASA. Com-
pared with that of male NC mice, the average sperm
concentration of male SC mice significantly reduced to
33% (P < 0.001), and genipin reversed this effect
(Table 3). Moreover, sperm motility was impaired by cir-
cadian disruption for five or ten weeks, as characterized
by lower progressive motility (PR) (16.19% vs. 28.63%, 5
weeks; 2.955% vs. 16.94%, 10 weeks), lower nonprogres-
sive motility (NP) (28.82% vs. 29.7%, 5 weeks; 3.925% vs.
23.74%, 10 weeks) and higher IM (immotility) (54.99%
vs. 41.67%, 5 weeks; 93.12% vs. 59.31%, 10 weeks) in the
SC group than in the NC group (Fig. 3a-c). GNP

Fig. 1 Experimental scheme for different LD cycle manipulations, treatments and monitoring of mice. a Scheme of experiment design. (b-d)
Effects of circadian disturbance and genipin on (b) the weight gain, (c) body weight, and (d) food intake of mouse model. ***P < 0.001

Table 2 Fertility parameters. All data are expressed as mean±SD. a indicates a statistical difference when compared with the NC
group (P<0.001), b indicates a statistical difference when compared with SC group (P<0.001)

Fertility parameters NC
(Control)

SC
(Disrupted + saline)

SG
(Disrupted + GNP)

No. of housed male 10 10 10

No. of housed female 20 20 20

Fertility index (%) 95 (19/20) 50 (10/20)a 75 (15/20)b

Litter size 12 ± 1.12 9.4 ± 0.92a 12.67 ± 1.14b

Pups body weight (g) 1.79 ± 0.16 1.57 ± 0.23a 1.803 ± 0.223b

Pups body length (cm) 4.31 ± 0.63 4.42 ±0.22 4.59 ± 0.19b
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treatment increased sperm motility after circadian disrup-
tion. Regarding the motion parameters of mouse sperm,
the VAP variable did not differ in the samples treated
with/without circadian disruption; however, the other two
sperm kinetic values (VCL and VSL) decreased after five
weeks of circadian disruption and genipin treatment re-
stored it (Fig. 3d-f). Furthermore, circadian disruption and
genipin treatment did not change BCF of sperm (Fig. 3g).

Changes in serum hormone levels
Hormone imbalance correlates with male infertility [37].
We collected the blood of NC, SC, and SG mice to
evaluate the effect of circadian disruption, and genipin
on hormone balance in vivo. We assessed serum testos-
terone, DHT, ASD, GnRH, and melatonin levels by ELIS
A. Circadian disruption for five weeks slightly increased
testosterone levels (Fig. 4a). However, circadian disrup-
tion for five or ten weeks decreased the DHT, while ten
weeks of circadian disruption decreased another male
hormone, ASD (Fig. 4b and c). GNP treatment improved

the serum levels of both of these hormones, which were
diminished by circadian disruption. Moreover, the serum
GnRH levels attenuated in mice after circadian disrup-
tion and were restored by GNP treatment (Fig. 4d). The
melatonin levels showed no changes after circadian dis-
ruption and got upregulated by GNP treatment (Fig. 4e).
As steroidogenesis is primarily mediated by the steroidogenic
acute regulatory protein (StAR) and cytochrome p450 family
11 subfamily a member 1 (CPY11A1) [18], we measured the
mRNA and protein levels of StAR and CYP11A1 in the testes
of different treated mice. Western blot analysis indicated that
the protein expression of StAR and CYP11A1 was significantly
inhibited after circadian disruption, whereas genipin at least
partially repaired the protein levels of StAR in testes (Fig. 4f
and g). The mRNA levels of StAR and CYP11A1 in mouse
testes also decreased after the circadian disruption and upreg-
ulated by GNP treatment (Fig. 4h). Furthermore, we assessed
the mRNA levels of SRD5A1 and HSD17B1. qPCR results
showed that GNP treatment augmented the mRNA levels of
SRD5A1, which downregulated by circadian disruption, while
the expression of HSD17B1 in mouse testes showed no sig-
nificant change under the experimental conditions (Fig. 4h).

Fig. 2 Morphometric analysis of testes. a Testes index of three groups. (Testis index = Testis weight/Body weight × 100). b Histology cross-
sections of seminiferous tubules. The seminiferous tubules diameters were indicated by double-headed arrows. c Average diameter of
seminiferous tubules. Average number of spermatogonia cells (d) and spermatid cells (e) per section (n = 5 per group; about 30 seminiferous
tubules were examined for each mouse). *P < 0.05; **P < 0.01

Table 3 Sperm concentration

NC
(Control)

SC
(Disrupted + saline)

SG
(Disrupted + GNP)

Sperm Con., ×106 100.04 ± 35.53 33.22 ± 11.54a 102.55 ± 37.68b
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Genipin regulates steroidogenesis in mouse Leydig tumor
MLTC-1 cells
To further investigate the effect of genipin on steroido-
genesis, MLTC-1 cells were cultured and treated with
GNP. Following the addition of GNP for 24 hours, sam-
ples of the media were collected and analyzed for pro-
gesterone content by ELISA. The results in Fig. 5a
demonstrate that treatment with GNP significantly in-
creased the levels of progesterone secreted by MLTC
cells. Next, we assessed the effects of GNP treatment on
the mRNA and protein levels of StAR and CYP11A1 in
MLTC cells. The western blot analysis results demon-
strated that GNP treatments promoted StAR and
CYP11A1 protein expression in MLTC-1 cells (Fig. 5b
and c). The mRNA expression of both StAR and
CYP11A1 got upregulated by GNP after 2 to 4 hours of
treatment (Fig. 5d). These results indicated that GNP in-
creases steroidogenesis in MLTC-1 cells.

Discussion
The Circadian rhythms are present in most living organ-
isms from, eubacteria to humans, that most cells and tis-
sues express autonomous clocks [1]. Disruption of

circadian rhythms results in several kinds of metabolic
disorders, revealing the interactions between metabolism
and circadian rhythms at neural, molecular, and cellular
levels [1, 2]. Circadian disruption can impact upon re-
productive capacity, which is highlighted most obviously
in mouse models with deletion or mutation of clock
genes, resulting not only in circadian disruption, but also
compromised male and female reproductive capacity [8].
Shift work gets associates with an increased risk of
reproduction, such as endometriosis, infertility, miscar-
riage, and low birth weight in humans [21]. In this study,
we identified that circadian disruption impairs spermato-
genesis and fertility in male mice. Constant exposure to
shortened T cycles increases the food intake and body
weight gain of the mice. In male mice, it results in
smaller litter size and lowers the average body weight of
pups. Comparison with control conditions, circadian dis-
ruption significantly decreased sperm amounts. Simi-
larly, the motility of sperm diminished. Genipin
treatment remarkably enhances fertility and sperm pa-
rameters. Collectively, this evidence indicated that circa-
dian disruption is detrimental to male fertility, and
genipin treatment can improve this effect (Fig. 5e).
Reduced sperm concentration and diminished sperm

motility can cause subfertility and infertility in mice [7].
In our study, circadian disruption reduced the sperm

Fig. 3 Sperm parameters. a Progressive motility, b non-progressive motility (c) immotility of sperms from control and treated mice for five or ten
weeks. d-g The VCL, VSL, VAP, and BCF of sperms from control or treated mice for five weeks. *P < 0.05; **P < 0.01; ***P < 0.001
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concentration by nearly 30% after ten weeks of exposure.
Several factors may decrease sperm production, such as
spermatogonia loss, cell cycle arrest, and intermediate
stage sperm death. Morphological analysis revealed atro-
phy of the seminiferous tubules and a reduction in the
number of spermatogonia and spermatids (Fig. 2). Al-
though male infertility is multi-factorial, sperm motility
is one of the most significant factors that regulate male
fertility. In the SC mice, the decrease in sperm motility
was time-dependent. Total motility decreased from 45–
6.88% when the exposure time to shortened T cycles
prolonged from five weeks to ten weeks. Although
sperm motility reduced to less than 10%, the fertilization
rate was approximately 50% in SC mice compared to
95% in NC mice. Our results were consistent with stud-
ies on human couples; male partners with less than 32%
sperm motility were observed to be subfertile [38]. We
observed high levels of sperm IM in the NC mice (>
40%), due to the exposure of the sperm extracted from
the caudal epididymis to the experimental environment.
These data are supported by reports that room
temperature exposure causes a significant reduction in
sperm motility and viability [39]. In addition to environ-
mental factors, many genetic and physiological factors
get implicated in sperm motility. At the molecular level,
several signaling pathways and proteins are responsible

for sperm motility [40]. However, the molecular mecha-
nisms by which circadian disruption impairs spermato-
genic function needs future elucidation. In addition to
sperm motility, circadian disruption diminished two
other sperm velocity parameters, VCL and VSL, while
the average path velocity of sperm showed no changes
among the three groups. All these results indicated that
circadian disruption impaired spermatogenic function.
In male reproduction and spermatogenesis, sex hor-

mones such as testosterone, DHT and ASD are the piv-
otal endocrine factors that control testicular functions
and sexual behaviors [15, 37]. Steroidogenesis is a com-
plex multistep and multienzyme process that is regulated
by many factors, including tropic hormones and miR-
NAs [18, 41]. Previous studies showed that the dysregu-
lation of circadian rhythm genes such as Bmal1 and
Clock results in the reduction of testosterone levels in
serum [7, 14, 42]. The serum level of Testosterone dis-
plays circadian variation, and the change of testosterone
level is dependent on sleep restriction rather than circa-
dian disruption [43]. We detected a slight increase in
testosterone levels in mice under circadian disruption in
our study. These results may be due to the different L/D
cycle between our control and circadian disruption
group. Moreover, circadian disruption attenuated DHT,
ASD, and GnRH levels in mice, while GNP treatment

Fig. 4 Hormones levels and the protein levels of StAR and CYP11A1 in the control and treated mice. a testosterone, b DHT, and c ASD in serum
of control and treated mice for five or ten weeks. d Serum GnRH and (e) melatonin in control and treated mice for ten weeks. f The protein
levels of StAR and CYP11A1. g The statistical quantification of panel d. h The mRNA levels of StAR, CYP11A1, SRD5A1 and HSD17B1 in the mouse
testes under different treatments. **P < 0.01; ***P < 0.001
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restored these hormones levels. The serum melatonin
levels got strongly enhanced by GNP treatment. Further-
more, the protein levels of StAR and CYP11A1 decreased
in the mouse testes after circadian rhythm disruption, in-
dicating the transcriptional/posttranscriptional regulation
of key steroidogenesis proteins by circadian rhythm.
Genipin is a natural extract from G. jasminoides Ellis,

traditionally utilized as an herbal medicine in many Asian
countries including, China. Also, as a natural crosslinker,
GNP exerts antioxidant and anti-inflammatory effects by
activating/inhibiting several signaling pathways [26, 28,
44]. On molecular levels,GNP was reported to regulate
the expression of miR-142a-5p, which negatively regulated
Srebp-1c, an important regulator of steroidogenesis and
lipogenesis [27]. Furthermore, GNP shows the choleretic
effect by enhancing bilirubin disposal and augment of
genes in charge of the efflux of a number of organic an-
ions [45]. GNP widely implicates in the inhibition of

uncoupling protein 2 (UCP2) in various experimental
models of ROS generation [45–47]. This study demon-
strated the protective effect of GNP against circadian
disruption-induced damage of spermatogenesis and fertil-
ity in male mice. Additionally, GNP treatment rescued the
levels of the hormones DHT and ASD, as well as StAR,
CYP11A1, and SRD5A1 mRNA and protein levels, in male
mice under circadian disruption. In addition to the animal
studies, GNP showed a positive effect by promoting ster-
oid product secretion and the expression of key steroido-
genic proteins (StAR and CYP11A1) in MLTC-1 cells.
The protective effect of genipin may depend on its anti-
oxidant and anti-inflammatory functions. Indeed, the cir-
cadian regulation of protein expression plays a significant
role in the cellular response to oxidative stress and inflam-
mation, whereas circadian disruption induced the aug-
mentation of oxidative stress level and inflammatory
response [48–50].

Fig. 5 Genipin upregulates steroidogenesis in mouse ledig tumor MLTC-1 cells. a GNP increased progesterone secreted in MLTC-1. b Protein
levels of StAR and CYP11A1 were upregulated by GNP in MLTC-1. c The statistical quantification of panel b. d mRNA levels of StAR and
CYP11A1,in MLTC-1 after treated with or without GNP. **P < 0.01; ***P < 0.001. e The model of circadian disruption of spermatogenesis and fertility
in male mice and its improvement by genipin
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Conclusions
In conclusion, this study shows that circadian disruption
impairs spermatogenesis and fertility, which could be re-
stored by genipin treatment in male mice. We showed
that exposure to shortened T cycles reduces sperm con-
centration and motility in mice, resulting in decreased
fertility index, litter size and pup body weight in mice.
Furthermore, the levels of the serum reproductive hor-
mones testosterone, DHT, ASD, and GnRH remained al-
tered after exposure to shortened T cycles due to the
dysregulation of StAR, CYP11A1 and SRD5A1 expres-
sion. Collectively, our findings may have implications for
general health under circadian disruption and provide
results that suggest genipin as a treatment.

Abbreviations
DHT: Dihydrotestosterone; ASD: Androstenedione; StAR: Steroidogenic acute
regulatory protein; CYP11A1: Cytochrome P450 family 11 subfamily A
member 1; SRD5A1: Steroid 5α-reductase type 1; SCN: Suprachiasmatic
nucleus; ADHD: Attention deficit hyperactivity disorder; NC: Normal control;
ECD: Environmental circadian disruption; HPG: Hypothalamic-pituitary-
gonadal; LH: Luteinizing hormone; FSH: Follicle-stimulating hormone;
LD: Light-dark; GNP: Genipin; FBS: Fetal bovine serum; VAP: Average path
velocity; VCL: Curvilinear velocity; VSL: Straight-line velocity; BCF: Beating
cross frequency; STR: Straightness; LIN: Linearity; WOB: Wobble;
HSD17B1: Hydroxysteroid 17-beta dehydrogenase 1; OMM: Outer
mitochondrial membrane; IMM: Inner mitochondrial membrane;
GnRH: Gonadotropin-releasing hormone

Acknowledgements
We thanks Dr. Alagamuthu Karthick Kumar in Nanjing normal University for
reviewing the manuscript.

Authors’ contributions
Conception and design:Z. Hu, Z. Guo, H. Di; Development of methodology: Z.
Hu, S. Cao, K. Hua, H. Di; Acquisition of data: Y. Xu, L. Wang, R. Hu, R. Liu, S. Cao,
Z. Hu; Analysis and interpretation of data: Y. Xu, L. Wang, R. Hu,R. Liu, K. Hua, Z.
Hu; Drafting the article: R. Liu, H. Di, Z. Guo, Z. Hu;. All authors reviewed the
manuscript. The author(s) read and approved the final manuscript.

Funding
This work was supported by Natural Science Fund of Colleges and
Universities in Jiangsu Province (19KJA180010), National Natural Science
Foundation of China (31400659), and the Priority Academic Program
Development of Jiangsu Higher Education Institutions.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
All animal experiments were performed in accordance with the Guide for
the Care and Use of Laboratory Animals published by the National Institutes
of Health (NIH publication 85-23, revised in 1996), and the procedures were
approved by the Laboratory Animal Care Committee at Nanjing Normal Uni-
versity (Permit 2090658, issued 20 April 2008).

Consent for publication
Not applicable.

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

Received: 11 June 2020 Accepted: 6 December 2020

References
1. Huang WY, Ramsey KM, Marcheva B, Bass J. Circadian rhythms, sleep, and

metabolism. J Clin Invest. 2011;121:2133–41.
2. Edery I. Circadian rhythms in a nutshell. Physiol Genomics. 2000;3:59–74.
3. Gale JE, Cox HI, Qian J, Block GD, Colwell CS, Matveyenko AV. Disruption of

circadian rhythms accelerates development of diabetes through pancreatic
beta-cell loss and dysfunction. J Biol Rhythms. 2011;26:423–33.

4. Voinescu BI, Szentagotai A, David D. Sleep disturbance, circadian preference
and symptoms of adult attention deficit hyperactivity disorder (ADHD). J
Neural Transm (Vienna). 2012;119:1195–204.

5. Liu X, Yu R, Zhu L, Hou X, Zou K. Bidirectional Regulation of Circadian
Disturbance and Inflammation in Inflammatory Bowel Disease. Inflamm
Bowel Dis. 2017;23:1741–51.

6. Bradley AJ, Webb-Mitchell R, Hazu A, Slater N, Middleton B, Gallagher P,
McAllister-Williams H, Anderson KN. Sleep and circadian rhythm disturbance
in bipolar disorder. Psychol Med. 2017;47:1678–89.

7. Alvarez JD, Hansen A, Ord T, Bebas P, Chappell PE, Giebultowicz JM, Williams C,
Moss S, Sehgal A. The circadian clock protein BMAL1 is necessary for fertility
and proper testosterone production in mice. J Biol Rhythms. 2008;23:26–36.

8. Kennaway DJ, Boden MJ, Varcoe TJ. Circadian rhythms and fertility. Mol Cell
Endocrinol. 2012;349:56–61.

9. Gamble KL, Resuehr D, Johnson CH. Shift work and circadian dysregulation
of reproduction. Front Endocrinol (Lausanne). 2013;4:92.

10. Sen A, Sellix MT. The Circadian Timing System and Environmental Circadian
Disruption: From Follicles to Fertility. Endocrinology. 2016;157:3366–73.

11. Palnitkar G, Phillips CL, Hoyos CM, Marren AJ, Bowman MC, Yee BJ. Linking
sleep disturbance to idiopathic male infertility. Sleep Med Rev. 2018;42:149–59.

12. Green A, Barak S, Shine L, Kahane A, Dagan Y. Exposure by males to light
emitted from media devices at night is linked with decline of sperm quality
and correlated with sleep quality measures. Chronobiol Int 2020:1–11.

13. Hodzic A, Ristanovic M, Zorn B, Tulic C, Maver A, Novakovic I, Peterlin B.
Genetic variation in circadian rhythm genes CLOCK and ARNTL as risk factor
for male infertility. PLoS One. 2013;8:e59220.

14. Liang X, Cheng S, Jiang X, He X, Wang Y, Jiang Z, Hou W, Li S, Liu Y, Wang
Z. The noncircadian function of the circadian Clock gene in the regulation
of male fertility. J Biol Rhythms. 2013;28:208–17.

15. Karasu T, Marczylo TH, Maccarrone M, Konje JC. The role of sex steroid
hormones, cytokines and the endocannabinoid system in female fertility.
Hum Reprod Update. 2011;17:347–61.

16. Dohle GR, Smit M, Weber RF. Androgens and male fertility. World J Urol.
2003;21:341–5.

17. Hu ZG, Shen WJ, Cortez Y, Tang XD, Liu LF, Kraemer FB, Azhar S. Hormonal
Regulation of MicroRNA Expression in Steroid Producing Cells of the Ovary,
Testis and Adrenal Gland. Plos One 2013, 8.

18. Hu ZG, Shen WJ, Kraemer FB, Azhar S. Regulation of adrenal and ovarian
steroidogenesis by miR-132. J Mol Endocrinol. 2017;59:269–83.

19. Kim TW, Jeong JH, Hong SC. The impact of sleep and circadian disturbance
on hormones and metabolism. Int J Endocrinol. 2015;2015:591729.

20. Davis S, Mirick DK. Circadian disruption, shift work and the risk of cancer: A summary of
the evidence and studies in Seattle. Cancer Causes Control. 2006;17:539–45.

21. Gamble KL, Resuehr D, Johnson CH. Shift Work and Circadian Dysregulation
of Reproduction. Front Endocrinol 2013, 4.

22. Kloss JD, Perlis ML, Zamzow JA, Culnan EJ, Gracia CR. Sleep, sleep
disturbance, and fertility in women. Sleep Med Rev. 2015;22:78–87.

23. Sellix MT, Menaker M. Circadian clocks in the ovary. Trends Endocrinol
Metab. 2010;21:628–36.

24. Yu SX, Du CT, Chen W, Lei QQ, Li N, Qi S, Zhang XJ, Hu GQ, Deng XM, Han
WY, Yang YJ. Genipin inhibits NLRP3 and NLRC4 inflammasome activation
via autophagy suppression. Sci Rep. 2015;5:17935.

25. Shanmugam MK, Shen H, Tang FR, Arfuso F, Rajesh M, Wang L, Kumar AP,
Bian J, Goh BC, Bishayee A, Sethi G. Potential role of genipin in cancer
therapy. Pharmacol Res. 2018;133:195–200.

26. Shin JK, Lee SM. Genipin protects the liver from ischemia/reperfusion injury
by modulating mitochondrial quality control. Toxicol Appl Pharmacol. 2017;
328:25–33.

27. Zhong H, Chen K, Feng M, Shao W, Wu J, Chen K, Liang T, Liu C. Genipin
alleviates high-fat diet-induced hyperlipidemia and hepatic lipid accumulation
in mice via miR-142a-5p/SREBP-1c axis. FEBS J. 2018;285:501–17.

Xu et al. Reproductive Biology and Endocrinology          (2020) 18:122 Page 10 of 11



28. Nam KN, Choi YS, Jung HJ, Park GH, Park JM, Moon SK, Cho KH, Kang C,
Kang I, Oh MS, Lee EH. Genipin inhibits the inflammatory response of rat
brain microglial cells. Int Immunopharmacol. 2010;10:493–9.

29. Li Y, Li L, Holscher C. Therapeutic Potential of Genipin in Central
Neurodegenerative Diseases. CNS Drugs. 2016;30:889–97.

30. Muzzarelli RA, El Mehtedi M, Bottegoni C, Aquili A, Gigante A. Genipin-
Crosslinked Chitosan Gels and Scaffolds for Tissue Engineering and
Regeneration of Cartilage and Bone. Mar Drugs. 2015;13:7314–38.

31. Ge H, Zhang F, Shan D, Chen H, Wang X, Ling C, Xi H, Huang J, Zhu C, Lv J.
Effects of Mitochondrial Uncoupling Protein 2 Inhibition by Genipin in
Human Cumulus Cells. Biomed Res Int. 2015;2015:323246.

32. Fu ZH, Chen SL, Kong LH, Li H, Chen SM, Xing FQ. [Expression of
uncoupling protein 2 in periimplantation endometrium and its relationship
with infertility]. Di Yi Jun Yi Da Xue Xue Bao. 2004;24:1425–7.

33. Park N, Cheon S, Son GH, Cho S, Kim K. Chronic circadian disturbance by a shortened
light-dark cycle increases mortality. Neurobiol Aging. 2012;33:1122 e1111–22.

34. Low BS, Das PK, Chan KL. Standardized quassinoid-rich Eurycoma longifolia
extract improved spermatogenesis and fertility in male rats via the
hypothalamic-pituitary-gonadal axis. J Ethnopharmacol. 2013;145:706–14.

35. Liu R, Wang M, Li E, Yang Y, Li J, Chen S, Shen WJ, Azhar S, Guo Z, Hu Z.
Dysregulation of microRNA-125a contributes to obesity-associated insulin
resistance and dysregulates lipid metabolism in mice. Biochim Biophys Acta
Mol Cell Biol Lipids. 2020;1865:158640.

36. Filion GJ. The signed Kolmogorov-Smirnov test: why it should not be used.
Gigascience. 2015;4:9.

37. Madhukar D, Rajender S. Hormonal treatment of male infertility: promises
and pitfalls. J Androl. 2009;30:95–112.

38. Guzick DS, Overstreet JW, Factor-Litvak P, Brazil CK, Nakajima ST, Coutifaris C, Carson
SA, Cisneros P, Steinkampf MP, Hill JA, et al. Sperm morphology, motility, and
concentration in fertile and infertile men. N Engl J Med. 2001;345:1388–93.

39. Paulenz H, Soderquist L, Perez-Pe R, Berg KA. Effect of different extenders
and storage temperatures on sperm viability of liquid ram semen.
Theriogenology. 2002;57:823–36.

40. Pereira R, Sa R, Barros A, Sousa M. Major regulatory mechanisms involved in
sperm motility. Asian J Androl. 2017;19:5–14.

41. Hu ZG, Shen WJ, Kraemer FB, Azhar S. MicroRNAs 125a and 455 Repress
Lipoprotein-Supported Steroidogenesis by Targeting Scavenger Receptor
Class B Type I in Steroidogenic Cells. Mol Cell Biol. 2012;32:5035–45.

42. Guo Y, Shen O, Han J, Duan H, Yang S, Zhu Z, Tong J, Zhang J. Circadian
rhythm genes mediate fenvalerate-induced inhibition of testosterone synthesis
in mouse Leydig cells. J Toxicol Environ Health A. 2017;80:1314–20.

43. Wittert G. The relationship between sleep disorders and testosterone in
men. Asian J Androl. 2014;16:262–5.

44. Jeon WK, Hong HY, Kim BC. Genipin up-regulates heme oxygenase-1 via PI3-
kinase-JNK1/2-Nrf2 signaling pathway to enhance the anti-inflammatory
capacity in RAW264.7 macrophages. Arch Biochem Biophys. 2011;512:119–25.

45. Fan X, Lin L, Cui B, Zhao T, Mao L, Song Y, Wang X, Feng H, Qingxiang Y,
Zhang J, et al. Therapeutic potential of genipin in various acute liver injury,
fulminant hepatitis, NAFLD and other non-cancer liver diseases: More friend
than foe. Pharmacol Res. 2020;159:104945.

46. Zhang CY, Parton LE, Ye CP, Krauss S, Shen R, Lin CT, Porco JA Jr, Lowell BB.
Genipin inhibits UCP2-mediated proton leak and acutely reverses obesity-
and high glucose-induced beta cell dysfunction in isolated pancreatic islets.
Cell Metab. 2006;3:417–27.

47. Zhong H, Liu M, Ji Y, Ma M, Chen K, Liang T, Liu C. Genipin Reverses HFD-
Induced Liver Damage and Inhibits UCP2-Mediated Pyroptosis in Mice. Cell
Physiol Biochem. 2018;49:1885–97.

48. Castanon-Cervantes O, Wu M, Ehlen JC, Paul K, Gamble KL, Johnson RL, Besing
RC, Menaker M, Gewirtz AT, Davidson AJ. Dysregulation of inflammatory
responses by chronic circadian disruption. J Immunol. 2010;185:5796–805.

49. Wilking M, Ndiaye M, Mukhtar H, Ahmad N. Circadian rhythm connections
to oxidative stress: implications for human health. Antioxid Redox Signal.
2013;19:192–208.

50. Varadinova MG, Valcheva-Traykova ML, Boyadjieva NI. Effect of Circadian
Rhythm Disruption and Alcohol on the Oxidative Stress Level in Rat Brain.
Am J Ther. 2016;23:e1801–5.

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

Xu et al. Reproductive Biology and Endocrinology          (2020) 18:122 Page 11 of 11


	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Animal and housing
	Cell culture and treatment
	Fertility study
	Sperm parameters
	Histological analysis
	Reproductive hormones
	Real-time quantitative PCR
	Western blot analysis
	Statistical analysis

	Results
	Induction of an animal circadian disruption model by a shortened T cycle
	Fertility parameters
	Changes in the gross anatomy of the testes
	Semen analysis
	Changes in serum hormone levels
	Genipin regulates steroidogenesis in mouse Leydig tumor MLTC-1 cells

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

