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Cinnamaldehyde prevents intergenerational effect of paternal
depression in mice via regulating GR/miR-190b/BDNF
pathway
Zhi-ying Gao1, Tian-yu Chen1, Ting-ting Yu1, Li-ping Zhang1, Si-jie Zhao1, Xiao-yang Gu1, Ying Pan1,2 and Ling-dong Kong1,2

Paternal stress exposure-induced high corticosterone (CORT) levels may contribute to depression in offspring. Clinical studies disclose
the association of depressive symptoms in fathers with their adolescent offspring. However, there is limited information regarding the
intervention for intergenerational inheritance of depression. In this study we evaluated the intervention of cinnamaldehyde, a major
constituent of Chinese herb cinnamon bark, for intergenerational inheritance of depression in CORT- and CMS-induced mouse models
of depression. Depressive-like behaviors were induced in male mice by injection of CORT (20mg·kg−1·d−1, sc) for 6 weeks or by
chronic mild stress (CMS) for 6 weeks. We showed that co-administration of cinnamaldehyde (10, 20, or 40mg·kg−1·d−1, ig) for
6 weeks in F0 males prevented the depressive-like phenotypes of F1 male offspring. In addition, co-administration of cinnamaldehyde
(20mg·kg−1·d−1, ig) for 4 weeks significantly ameliorated depressive-like behaviors of chronic variable stress (CVS)-stimulated F1
offspring born to CMS mice. Notably, cinnamaldehyde had no reproductive toxicity, while positive drug fluoxetine showed remarkable
reproductive toxicity. We revealed that CMS and CORT significantly reduced testis glucocorticoid receptor (GR) expression, and
increased testis and sperm miR-190b expression in F0 depressive-like models. Moreover, pre-miR-190b expression was upregulated in
testis of F0 males. The amount of GR on miR-190b promoter regions was decreased in testis of CORT-stimulated F0 males.
Cinnamaldehyde administration reversed CORT-induced GR reduction in testis, miR-190b upregulation in testis and sperm, pre-miR-
190b upregulation in testis, and the amount of GR on miR-190b promoter regions of F0 males. In miR-190b-transfected Neuro 2a (N2a)
cells, we demonstrated that miR-190b might directly bind to the 3′-UTR of brain-derived neurotrophic factor (BDNF). In the
hippocampus of F1 males of CORT- or CMS-induced depressive-like models, increased miR-190b expression was accompanied by
reduced BDNF and GR, which were ameliorated by cinnamaldehyde. In conclusion, cinnamaldehyde is a potential intervening agent
for intergenerational inheritance of depression, probably by regulating GR/miR-190b/BDNF pathway.
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INTRODUCTION
Depression is a prevalent and devastating psychiatric disorder and
causes considerable mental pain and social-economic burden to
patients [1]. The current consensus is that the genetic make-up of
an individual contributes to depression risk and heritability, and
environmental factors, particularly lifetime exposure to chronic
stress, dramatically increase the risk of depression in an individual
[2]. Recent studies have been paying increased attention to
environmental factors experienced by parents that can affect their
offspring across multiple generations [3]. To date, the association
between depressive symptoms in fathers and their adolescent
offspring has been observed in clinical cohort studies [4, 5]. Early
interventions to paternal depression may reduce the prevalence
of adolescent depression [4].
Methylation alteration of glucocorticoid receptor (GR) gene

exon 1F promoter induced by posttraumatic stress disorder, is
related to offspring’s depression [6]. Exposue of adult males to
synthetic glucocorticoids could affect DNA methylation in sperm

of filial generation (F0) male mice and GR expression in
hippocampus and kidney of first filial generation (F1) offspring,
indicating that adults’ stress-induced high level of endogenous
glucocorticoids may lead to transcriptional and DNA methylation
changes in nuclear steroid receptors in hippocampus of male
offspring [7]. F1 offspring born to F0 males of chronic mild stress
(CMS) exposure are susceptible to depression-like symptoms [8].
The expression levels of microRNA-190 (miR-190b), miR-144, and
miR-98 in sperm are upregulated in corticosterone (CORT)-
induced depression of mice [9]. In particular, miR-190b is an
attractive regulation candidate of the synaptic plasticity in
amygdala, which may be involved in the development or the
maintenance of impulse phenotype [10]. Fluoxetine, a selective
serotonin reuptake inhibitor, is one of the first-line antidepressants
in clinical practice. Fluoxetine in F1 male rats of maternal
separation can reverse anxiety-like behaviors in second filial
generation 2 (F2) offspring [11] and attenuate pre-reproductive
stress-induced alteration in maternal oocyte miRNA expression
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and offspring phenotypes, while the treatment with fluoxetine in
pregnant mice increases pup mortality [12]. Thus, it is an urgent
need to explore safe and effective antidepressants to intervene
the intergenerational inheritance of depression.
Cinnamomum cassia (C. cassia) has been used as a traditional

Chinese medicine to improve depression, sexual function, and
others [13–16]. Cinnamaldehyde (3-phenylprop-2-enal, Fig. 1a) is
a kind of aldehydes extracted from C. cassia. Cinnamaldehyde
is reported to have neuroprotective, anti-inflammatory, analge-
sic, and other pharmacological effects [17–22]. It alleviates
chronic unexpected stress-induced depression-like behaviors in
middle-aged rats [23]. However, it is unknown whether
cinnamaldehyde intervenes the intergenerational inheritance
of depressive phenotypes.
In the present study, we evaluated the intervention of

cinnamaldehyde for intergenerational inheritance of depression
in CORT- and CMS-induced mouse models of depression,
respectively. We also assessed the male reproductive toxicity of
cinnamaldehyde and fluoxetine. As the functional endpoint of the
hypothalamic-pituitary-adrenal (HPA) axis, GR-mediated negative
feedback is dysfunctional in depression and other psychiatric
disorders [24]. Brain-derived neurotrophic factor (BDNF) expres-
sion in hippocampus of mice is increased by ketamine, its deletion
in hippocampus attenuates antidepressant responses [25, 26].
Furthermore, BDNF-tropomysin-related kinase B (TrkB) signaling
pathway as the upstream molecular effector of GR is responsible
for the enhancement of fear memory induced by restraint stress
[27]. To define the intervention mechanism of cinnamaldehyde,
we focused on the regulation of GR to miR-190b in testis and
sperm of F0 CORT-induced mouse model of depression. Further-
more, we predicted and validated the downstream target of miR-
190b in hippocampus of F1 CORT- and CMS-induced mouse
models of depression.

MATERIALS AND METHODS
Mice
C57BL/6 mice from Charles River (SCXK 2016-0003, Beijing, China)
was maintained on a 12 h light/dark cycle with ad libitum access to
normal food and water. All animal procedures were conducted in
accordance with the guidelines established by the Institutional
Animal Care Committee of Nanjing University. All behavioral tests
occurred during the animals’ light cycle (8:00–20:00). Experimen-
ters were blinded to animal group, and the order of testing was
counterbalanced during behavioral experiments.

Depression models, treatments and breeding scheme
Subcutaneous injection of CORT. C57BL/6 male mice aged 7 weeks
old were habituated to animal facilities for 1 week before
the experiment. A schematic timeline and behavioral paradigm
were shown in Fig. 1b. Mice subcutaneously injected with
20mg·kg−1·d−1 CORT (containing 0.1% DMSO and 0.1% Tween-
80) were randomized into five subgroups, receiving saline
(vehicle), 10, 20, or 40 mg·kg−1·d−1 cinnamaldehyde (≥99%,
Sigma-Aldrich, St. Louis, MO, USA) or mg·kg−1·d−1

fluoxetine
(≥99%, Aladdin, Shanghai, China) via daily intragastric gavage (10
mL/kg) for 6 weeks. Both cinnamaldehyde and fluoxetine were
suspended in water by ultrasound, respectively.
Cinnamaldehyde is reported to alleviate chronic unexpected

stress-induced depressive-like behaviors in male Sprague-Dawley
rats at 22.5, 45, and 90mg·kg−1·d−1 for 3 weeks [23]. It has
antihyperglycemic and antihyperlipidemic actions in C57BLKS/J
db/db mice at 20mg·kg−1·d−1 for 4 weeks [28], inhibits
inflammation and brain damage in a mouse model of permanent
cerebral ischemia at 25, 50, and 75mg·kg−1·d−1 for 3 d [29],
reduces fructose-induced cardiac inflammation and fibrosis at 20,
40, and 80mg·kg−1·d−1 for 5 weeks [30]. Fluoxetine is reported to
reverse stress-induced behavioral changes at 15 mg·kg−1·d−1

in unpredictable chronic mild stress-stimulated mice [31].
Accordingly, based on these reports, the doses of 10, 20,
and 40mg·kg−1·d−1 cinnamaldehyde, as well as 15 mg·kg−1·d−1

fluoxetine were used by gavage once a day for 6 weeks in this
study. During the 5th–6th week of treatment, body weight,
sucrose preference test (SPT), open field test, and forced swim test
(FST) were measured. After the behavioral tests, F0 male mice of
CORT-induced model of depression and F0 male controls were
mated with 8-week-old C57BL/6 female mice for 5 days to breed
F1 offspring. After 5 days, males were removed and females were
single housed until they littered down. On postnatal week 3,
offspring were weaned and divided into new standard-housing
boxes. Every box contained 3–5 mice of the same sex and same
paternal treatment with ad libitum access to food and water. SPT,
open field test, and FST were carried out when F1 offspring
of CORT-induced model of depression and controls were 8 weeks
of age.

CMS. C57BL/6 male mice aged 7 weeks old were habituated to
animal facilities for 1 week before the experiment. CMS animals
were housed separately and subjected to standard CMS protocols
consisting of three stressors per day for 6 weeks before behavior
testing [32]. Mice in this group experienced two stressors during
the day and a different stressor during the night. Fully validated
and approved standard stressors were randomly selected from the
following stressors, which were unpredictable to the subjects:
food deprivation for 12–16 h; water deprivation for 12–16 h; damp
bedding (200mL water poured into sawdust bedding) for 12–16 h;
white noise (https://simplynoise.com/) for 1–16 h; individual
housing (separating cage-mates into single-housing cages) for
1–16 h; cage tilt at a 45° angle for 1 to 16 h; strobe light
illumination for 1 to 16 h; crowded housing (4–5 mice in a 10 cm ×
13 cm × 13 cm plastic box with air holes) for 1–3 h; dark cycle
(continuous darkness) for 24–36 h; and light cycle (continuous
illumination) for 24–36 h. During the 5th–6th week of stress, body
weight, SPT, open field test and FST were measured. After the
behavioral test, F0 male mice of CMS-induced model of
depression and F0 male controls were mated with 8-week-old
C57BL/6 female mice for 5 d to breed F1 offspring. After 5 d, males
were removed and females were single housed until they littered
down. On postnatal week 3, offspring were weaned and divided
into new standard-housing boxes. Every box contained 3–5 mice
of the same sex and same paternal treatment with ad libitum
access to food and water. SPT, open field test, and FST were
carried out when F1 offspring of CMS-induced model of
depression and controls were 8 weeks of age.

Chronic variable stress (CVS). To investigate whether cinnamal-
dehyde could ameliorate the susceptibility of F1 offspring born to
CMS mice in response to stress, we conducted a CVS experiment
for 4 weeks according to previous study [33]. CVS was randomly
assigned every day, and the order of seven kinds of stress was
different every week. F1 males born to CMS/control F0 males were
exposed to fox odor (1:5000; W332518, Sigma-Aldrich, St. Louis,
MO, USA), constant light, presence of a novel object, multiple cage
changes, saturated bedding overnight, novel 100 dB white
noise (Sleep Machine; Brookstone, Merrimack, NH, USA), and
restrained in a 50 mL conical tube. According to the dose of
cinnamaldehyde and fluoxetine in CORT-induced mouse models
of depression, CVS-exposed mice were intragastrically adminis-
tered 20mg·kg−1·d−1 cinnamaldehyde, 15 mg·kg−1·d−1

fluoxetine
or an equivalent volume of saline as a control for 4 weeks in a
volume of 10mL/kg body weight. After the behavioral test, F1
male mice of CMS-induced model of depression and F1 male
controls were mated with 8-week-old C57BL/6 female mice for 5 d
to breed F2 offspring. The vaginal plug was checked every
morning. After 5 d, males were removed and females were single
housed until they littered down.
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Behavioral tests
SPT. C57BL/6 mice of F0 males and F1 offspring of CORT- and
CMS-induced model of depression were housed in a single cage
and given two bottles of 1% sucrose solution for 24 h to adapt to
the concentration of sucrose solution. Afterward, one of the
bottles of sucrose solution was replaced with drinking water and
given for 24 h, during which the position was changed at 12 h to
prevent location habituation. After 24 h of water and food
shortage, the bottles of 1% sucrose solution and drinking water
were given to mice for 24 h weighed separately, and the positions
were changed at 12 h. The percent of sucrose preference was
calculated as the amount (g) of sucrose solution consumed over
the total amount (g) of water and sucrose consumed [34].

Open field test. C57BL/6 mice of F0 males and F1 offspring of
CORT- and CMS-induced models of depression were measured in
an open field arena (50 cm × 50 cm × 40 cm) during a 10min test
under red lighting. A video tracking system (Xinruan, Shanghai,
China) measured locomotor activity, as well as the time spent in
the center and periphery of the test arena as an index of anxiety.

Forced swim test (FST). The FST was performed to assess
behavioral despair of C57BL/6 mice of F0 males and F1 offspring
of CORT- and CMS-induced models of depression. Swim training
was performed the day before the experiment, and the mice were
placed in 15–20 cm deep water at 24 ± 1 °C for 15 min. On the day
of the experiment, the mice were placed in water at a depth of
15–20 cm at 24 ± 1 °C for 5 min, and a video-tracking system
(Xinruan, Shanghai, China) was used for video recording and
software statistics.

Sperm count and motility measurement
The cauda epididymis of F0 male mice of CORT-induced model of
depression and F1 offspring of CMS-induced model of depression
were minced in normal saline at 37 °C and incubated for 5 min at
37 °C to release the sperm. The sperm mixture was dropped on a
glass slide in a wet preparation ~20 μm deep. After the sample
was settled on the slide (within 1 min), the slide was observed
with a phase-contrast microscope at 400 magnification. Approxi-
mately 200 spermatozoa were evaluated for each specimen to
calculate the percentage of the active type, inactive type, and
completely immobile type. The sperm count was quantified in a
hemocytometer under a light microscope. Sperm morphology
was assessed with a light microscopic following Wright-Giemsa
staining.

Histological examination
The testes or epididymis of F0 male mice of CORT-induced
model of depression and F1 offspring of CMS-induced model
of depression was removed, fixed in 4% formalin for 24 h,
dehydrated in graded ethanol, embedded in paraffin, and
sectioned. The sections were stained with hematoxylin-eosin
staining (H&E) and observed under a light microscope (Leica
DM500, Wetzlal, Germany). Six microscopic fields of every
section of the testes were randomly selected (×400 magnifica-
tion) and different germ cells (spermatogonia, spermatocytes,
and round spermatids) were counted.

CORT assay
Blood samples of animals were collected through the posterior
orbital venous plexus between 09:00 and 12:00 under anesthesia
by intraperitoneal injection of 50mg/kg sodium pentobarbital.
These samples were allowed to clot for 2 h at room temperature
and centrifuged at 3000 × g for 10 min at 4 °C, after which serum
was collected and stored at −80 °C. CORT in serum was quantified
by enzyme-linked immunosorbent assay (Parameter Corticoster-
one Assay KGE009, R&D Systems, Minneapolis, MN, USA).

RNA isolation and reverse transcription-quantitative PCR (RT-qPCR)
Total RNA was extracted from hippocampus (F0 male mice of
CORT-induced model of depression and F1 offspring of CORT- and
CMS-induced models of depression), testes, epididymis, and
sperm (F0 male mice of CORT- and CMS-induced model of
depression) after behavioral tests using TRIzol reagent (15596018,
Invitrogen, Carlsbad, CA, USA). To quantify GR, BDNF, and GAPDH
mRNA expression, oligo (dT)18 primers (3805, TaKaRa, Dalian,
China) were used to reverse transcribe total RNA into cDNA. The
reaction mixture was incubated at 16 °C for 30 min, 42 °C for
30min, and 85 °C for 5 min. Then, RT-qPCR was performed using
SYBR Green (31000, Biotium, Bay Area, California, USA) and specific
primers for GR, BDNF, and GAPDH. To quantify precursors of miR-
190b (pre-miR-190b), miR-190b, miR-144, and miR-98 expression,
PCR primers were synthesized by GENERAL BIOL (Anhui, China).
The primer sequences were listed in Supplementary Table S1. The
real-time PCR cycles consisted of a pre-denaturation step at 95 °C
for 5 min, followed by 40 cycles of 95 °C for 15 s, 60 °C for 1 min
and 72 °C for 30 s. The fold-change in GR and BDNF expression
was normalized to GAPDH expression. The fold-change in pre-miR-
190b, miR-190b, miR-144, and miR-98 expression was normalized
to U6 expression, respectively. The relative expression levels of
target genes were determined by the Ct (2−ΔΔCt) method.

Western blot analysis
RIPA lysis buffer freshly mixed with a protease inhibitor cocktail
was used to isolate proteins from hippocampus (F0 male mice of
CORT-induced model of depression and F1 offspring of CORT- and
CMS-induced models of depression), testes, epididymis, and
sperm (F0 male mice of CORT- and CMS-induced model of
depression) after behavioral tests. Proteins were separated by
SDS-PAGE with 12.5% gels. Blots were incubated with primary
antibodies, including anti-GR antibody (1:1000; 12041, Cell
Signaling Technology, Danvers, MA, USA), anti-BDNF antibody
(1:2000; ab108319, Abcam, Cambridge, UK), and anti-β-actin
antibody (1:1000; sc-47778, Santa Cruz, Dallas, TX, USA), overnight
at 4 °C followed by the incubation of secondary antibodies.
Immunoreactive bands were visualized via chemiluminescence
and quantified using ImageJ software (version 1.42q, NIH,
Bethesda, MD, USA).

Immunohistochemical staining of testes
The paraffin testes sections of F0 male mice of CORT-induced
model of depression after behavioral tests were deparaffinized,
rehydrated, treated with 3% H2O2 to block endogenous perox-
idase activity, and washed in ddH2O. Antigen retrieval was
performed using citric acid. The sections were incubated with
blocking solution, processed using an AB blocking kit, and
incubated overnight with anti-GR antibody (1:400; 12041, Cell
Signaling Technology, Danvers, MA, USA). The sections were then
incubated with mouse biotin, processed with the ABC kit
(Servicebio Technology, Wuhan, China), and stained with DAB
and hematoxylin. The sections were dehydrated, cleared in xylene
and cover slipped. The sections were viewed using a microscope
under ×20 magnification to monitor the color of the nucleus: a cell
was considered positive if the nucleus was stained brown. The
integral optical density was determined automatically by software
(Image-pro plus 6.0, Media Cybernetics, MD, USA).

Chromatin immunoprecipitation (ChIP) assay of testes
The ChIP assay of testes of F0 male mice of CORT-induced model
of depression was performed using a commercial kit (9005, Cell
Signaling Technology, Danvers, MA, USA) according to the
manufacturer’s instructions. An antibody against GR (1:50; 12041,
Cell Signaling Technology, Danvers, MA, USA) was used to
immunoprecipitate GR-chromatin complexes. Anti-IgG served as
a negative control. The ChIP products were assessed by real-time
PCR. The primers for amplification are listed in Supplementary
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Table S1. The real-time PCR cycles consisted of a pre-denaturation
step at 95 °C for 5 min, followed by 40 cycles of 95 °C for 15 s, 60 °C
for 30 s and 72 °C for 30 s.

Luciferase reporter assay of Neuro 2a (N2a) cells
N2a cells was obtained from the Cell Bank of Chinese Academy
of Sciences (Shanghai, China). The wild-type (WT) BDNF-3′-UTR
vector was constructed by inserting the amplified 3′-UTR of BDNF
into a luciferase reporter vector. The sites that interact with the
miR-190b seed sequence were mutated from ACATATC to
TGTATAG to create a mutant BDNF 3′-UTR, which was inserted
into a luciferase reporter plasmid to construct the BDNF-3′-
UTR vector. Luciferase reporter plasmid, β-galactosidase (β-gal)
expression plasmid, and the miR-190b mimic, inhibitor or
scrambled negative control RNA were co-transfected into N2a
cells using Lipofectamine 2000, with the β-gal plasmid serving as
a transfection control. After 24 h, the cells were analyzed for
luciferase activity on a Modulus Luminometer using luciferase
assay kit (E1500, Promega, Madison, WI, USA).

Statistical analysis
The results are presented as the mean ± SD. Analyses with more
than two groups and one variable were performed using one-way
ANOVA with Bonferroni post hoc test or Fisher’s LSD post hoc test.
Analyses with more than two variables were performed using two-
way ANOVA with Bonferroni post hoc test or Fisher’s LSD post hoc
test. Analyses with two groups were performed using an unpaired,
two-tailed Student’s t test. Observed differences were considered
statistically significant at P < 0.05. Statistical analysis was per-
formed using GraphPad Prism software 7 (GraphPad Software, San
Diego, CA, USA).

RESULTS
Cinnamaldehyde exerts antidepressant-like effects in F0 males of
CORT-induced mouse model of depression
Cinnamaldehyde and fluoxetine decreased serum CORT levels in
F0 males of CORT-induced depression-like model (Fig. 1c). There
was no remarkable difference in body weight between F0 control
males (F0-Ctl) and F0 males of CORT-induced depression-like
model treated with vehicle (F0-CORT) (Fig. 1d). Compared with F0-
Ctl, F0-CORT showed sucrose consumption reduction in SPT
(Fig. 1e), the decreased time in the center and similar total
travel distance in an open field test (Fig. 1f), and the increased
immobility time in FST (Fig. 1g), which were attenuated by
cinnamaldehyde in F0 males of CORT-induced depression-like
model (F0-CA). These data indicated cinnamaldehyde effectively
decreased the anhedonia, anxiety and behavioral despair in F0
males of CORT-induced depression-like model. However, fluox-
etine in F0 males of CORT-induced depression-like model (F0-FLX)
only ameliorated behavioral despair (Fig. 1g), without prominent
effect on anhedonia and anxiety (Fig. 1e, f).
We next tested the expression of GR and BDNF in hippocampus,

and observed a prominent downregulation of GR and BDNF
mRNA (Fig. 1h, i) and protein levels (Fig. 1j) in hippocampus of F0-
CORT, which were substantially restored by cinnamaldehyde and
fluoxetine (Fig. 1h-j).

Fluoxetine but not cinnamaldehyde substantially damaged fertility
in F0-CORT
To investigate the effect of cinnamaldehyde and fluoxetine on the
intergenerational inheritance of depression traits in F0-CORT, our
experimental strategies to breed F1 offspring were shown in
Fig. 2a. Consistent with one previous study [9], CORT did not affect
male fertility compared with F0-Ctl (Fig. 2b–i). F0-CA also had no
effect on the percentage of successful mating and pregnancy,
number of F1 pups, weight ratio of testis and epididymis, sperm
count, sperm motility as well as morphology of testis, epididymis,

and sperm compared with F0-CORT (Fig. 2b–i). However,
fluoxetine substantially reduced the percentage of successful
mating between F0-CORT and naive females (Fig. 2b). Strikingly,
the percentage of successful pregnancy and number of F1 pups
were zero in mating between F0-FLX and naive females (Fig. 2c, d).
Moreover, weight ratios of testis and epididymis, sperm count, and
sperm motility were markedly decreased in F0-CORT (Fig. 2e–h).
Histological examination further showed that the number of
spermatocytes and round spermatids in the seminiferous tubules
as well as sperm filling capacity of the epididymis was remarkably
reduced in F0-FLX (Fig. 2i). There was no observed difference in
sperm morphology between F0-CORT and F0-FLX (Fig. 2i).

Cinnamaldehyde prevents paternal transmission of CORT-induced
depressive phenotype to F1 male offspring
In F1 male offspring, differences in body weight, sucrose
consumption in SPT, time spent in the center of an open field,
and locomotor activity were not observed between F1 males born
to F0-CORT (F1-CORT males) and F1 males born to F0-Ctl (F1-Ctl
males) (Fig. 3a–c). Under baseline condition, F1-CORT males
showed more time of immobility in the FST than F1-Ctl males
(Fig. 3d). Moreover, there was higher serum CORT levels in F1-
CORT males than in F1-Ctl males (Fig. 3e). F1 males born to F0-CA
(F1-CA males) had less time of immobility (Fig. 3d) and lower
serum CORT levels (Fig. 3e) than F1-CORT males, indicating that
cinnamaldehyde prevented intergenerational inheritance of beha-
vioral despair of F0-CORT.
In F1 female offspring, only body weight was higher in F1

females born to F0-CORT (F1-CORT females) than in F1 females
born to F0 control (F1-Ctl females), but there was no difference in
body weight among F1 females born to F0-CA (F1-CA females)
and F0-CORT females (Supplementary Fig. S1a). However,
prominent differences in anhedonia, anxiety, locomotion, and
behavioral despair among F1 females of F1-CORT, F1-CA and F1-
Ctl were not observed (Supplementary Fig. S1b–d). Serum CORT
levels in females of F1-CORT and F1-CA were similar to F1-Ctl
females (Supplementary Fig. S1e). These data indicated that the
intergenerational effect of CORT exposure was different between
males and females. Paternal CORT exposure-induced depressive
phenotype was not transmitted to F1-CORT females, and F1-CA
females also did not have depressive phenotype.

Cinnamaldehyde treats depression after CVS in F1 males born to a
paternal CMS-induced depression model
To reproduce stress-induced intergenerational impact, we
adapted a CMS mouse model of depression [32] and followed
mouse breeding protocol to produce F1 offspring as previously
described [3]. As expected [31, 32], CMS-stimulated F0 males (F0-
CMS) showed body weight loss, anhedonia, anxiety, and
behavioral despair with the HPA axis over-activation compared
with F0-Ctl (Supplementary Fig. S2a–e). However, these remark-
able body weight change, anhedonia, anxiety, or behavioral
despair were not observed in F1 offspring born to F0-CMS
(F1-CMS) under baseline condition (Supplementary Fig. S3a–d). F1
offspring born to F0 males of CMS-induced depression model is
susceptible to depression-like symptoms by exposure to a slight
CVS [8].
To investigate the therapeutic effect of cinnamaldehyde and

fluoxetine on the inheritance of depression, cinnamaldehyde and
fluoxetine were administered to F1 males exposed to CVS (the
scheme as Fig. 4a). After exposure to CVS, body weight of F1 males
born to F0-Ctl and F0-CMS was still similar, and the treatment of
cinnamaldehyde and fluoxetine did not affect body weight of F1
males born to F0-Ctl and F0-CMS (Fig. 4b). Although F1 males born
to F0-Ctl (F1-Ctl) had mild anxiety after CVS, F1-CMS animals were
more susceptible to anhedonia, anxiety, and behavioral despair
than F1-Ctl (Fig. 4c–e). Moreover, F1-CMS animals had higher
serum CORT levels than F1-Ctl by CVS (Fig. 4f). Cinnamaldehyde
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Fig. 1 Effects of cinnamaldehyde (CA) on depression-like behaviors and physiology in CORT-stimulated F0 males. a Chemical structure of CA.
b The timeline of CA/fluoxetine treatment, behavioral testing and breeding in F0 CORT-stimulated mice. Created in BioRender.com. c Serum
corticosterone levels (n= 6). d Body weight (n= 10). e Percentage preference for 1% sucrose solution in a two-bottle choice test (n= 10).
f Open field center (left) exploration time and (right) total distance traveled (n= 10). g Immobility time in FST (n= 10). h, i RT-qPCR analysis of
GR and BDNF mRNA levels in hippocampus (n= 5–6). j Western blot analysis of GR and BDNF protein levels in hippocampus (n= 5).
Ctl, Control; Veh, Vehicle; CA, Cinnamaldehyde; FLX, Fluoxetine. Data are expressed as mean ± SD, ***P < 0.001 vs F0-Control group, #P < 0.05,
##P < 0.01, ###P < 0.001 vs F0-CORT vehicle group.
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markedly alleviated CVS-induced anxiety and elevation of serum
CORT in F1-Ctl (Fig. 4d and f), as well as ameliorated CVS-induced
anhedonia, anxiety, behavioral despair, and elevation of serum
CORT in F1-CMS (Fig. 4c–f). Fluoxetine substantially decreased
CVS-induced elevation of serum CORT in F1-Ctl (Fig. 4f), and
attenuated CVS-induced anxiety, behavioral despair and elevation
of serum CORT in F1-CMS (Fig. 4d–f), without difference in
anhedonia of F1-CMS and anxiety of F1-Ctl (Fig. 4c, d).

Fluoxetine but not cinnamaldehyde substantially affects fertility in
F1 males of CVS
To validate the effect of cinnamaldehyde and fluoxetine for
4 weeks on fertility, F1-CMS/F1-Ctl after CVS and drug treatment
were mated with naive females to breed F2 offspring. Compared
with F1 males of control, CVS did not affect the percentage of
successful mating and pregnancy, number of F2 pups, the weight
ratio of testis and epididymis, sperm count, sperm motility as well

Fig. 2 Effects of cinnamaldehyde (CA) on male reproductive functions in CORT-stimulated F0 males. aWeaning strategies for CORT-stimulated
F0 males. Created in BioRender.com. b The percentage of successful mating between F0-CORT and naive females. c The percentage of
successful pregnancy. d The percentage of sex of F1 Pups. e Ratio of testis and body weight (testis/body weight ×1000) was examined (n= 7).
f Ratio of epididymis and body weight (epididymis/body weight ×1000) was examined (n= 7). g, h Sperm counts (g) and motility (h) were
examined from cauda epididymis in each mouse (n= 7). i Morphological examination in the testis, epididymis and sperm of CORT-stimulated
F0 males (n= 5). The sections of testis and epididymis were stained with H&E, the sperm morphology of smear was stained with Wright-
Giemsa staining. Scale bars, 50 μm. Ctl, Control; Veh, Vehicle; CA, Cinnamaldehyde; FLX, Fluoxetine. Data are expressed as mean ± SD, **P <
0.01, ***P < 0.001 vs F0-CORT vehicle group.
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as morphology of testis, epididymis, and sperm (Fig. 5a–j).
Compared with F1 males of CVS with vehicle, cinnamaldehyde
had no effect on the percentage of successful mating and
pregnancy, number of F2 pups, the weight ratio of testis and
epididymis, sperm count, sperm motility as well as morphology of
testis, epididymis, and sperm in F1 males of CVS (Fig. 5a–j).
Consistent with above observations (Fig. 2b–i), fluoxetine sub-
stantially reduced the percentage of successful mating, pregnancy
and number of F2 pups in mating between F1 males and naive
females (Fig. 5a–c). Moreover, fluoxetine markedly decreased
weight ratio of testis and epididymis, sperm count, and
sperm motility in F1 males of CVS (Fig. 5d–g). Similarly, histological
examination further showed that fluoxetine obviously decreased
the number of spermatocytes and round spermatids in the
seminiferous tubules and sperm filling capacity of the epididymis
in F1 males (Fig. 5h, i), however, fluoxetine did not impact the
morphology of sperm (Fig. 5j).

Cinnamaldehyde reverses CMS/CORT-induced downregulation of
GR in testis of F0 males
GR expression in hippocampus of F0-CORT was substantially less
than F0-Ctl (Fig. 1h, j). These data raised the possibility that
enhanced HPA axis activity may induce GR dysregulation in male
reproductive system, possibly contributing to the intergenera-
tional inheritance of depression. Therefore, we examined GR
expression in testis and epididymis of F0-CMS. The decrease in GR
expression was testis-specific, as there was less GR expression in
F0-CMS than in F0-Ctl, but there was no difference in GR
expression in caput epididymis and cauda epididymis of F0-CMS
compared with F0-Ctl (Fig. 6a, b). Low GR expression levels were
also observed in testis of F0-CORT, which were substantially
increased by cinnamaldehyde and fluoxetine (Fig. 6c–e). These
results indicated that CMS/CORT might induce GR-dependent
epigenetic changes in testis, which might be transmitted to
zygotes via sperm.

Cinnamaldehyde suppresses miR-190b expression in testis and sperm
of F0-CORT by restoring GR downregulation in testis of F0-CORT
Next, we examined miR-190b, miR-144 and miR-98 expression
levels in testis and sperm of CORT- and CMS-induced mouse
models of depression, which were increased in sperm by CORT as
reported previously [9]. RT-qPCR analysis revealed high miR-190b
expression in both testis and sperm of F0-CMS versus F0-Ctl,
respectively (Fig. 7a, b). However, miR-144 and miR-98 expression
levels were not changed in testis and sperm of F0-CMS versus F0-
Ctl (Fig. 7a, b). Moreover, F0-CMS had more pre-miR-190b
expression in testis than F0-Ctl, but there was no difference in
pre-miR-190b expression in sperm of F0-CMS compared with F0-
Ctl (Fig. 7c). These observations indicated that the increase in pre-
miR-190b expression was testis-specific, and miR-190b upregula-
tion in testis may contribute to the upregulation of miR-190b in
sperm of F0-CMS. Similarly, miR-190b expression levels in both
testis and sperm (Fig. 7d, e) and pre-miR-190b expression in testis
(Fig. 7f) of F0-CORT were increased compared with F0-Ctl.
Cinnamaldehyde and fluoxetine blocked upregulation of miR-
190b expression in both testis and sperm of F0-CORT (Fig. 7d, e),
and of pre-miR-190b expression in testis of F0-CORT (Fig. 7f).
As GR expression was decreased in testis of F0-CMS and F0-

CORT (Fig. 6a–e), we next hypothesized that the downregulation
of transcription factor GR would enhance the transcription of miR-
190b in testis. To test this hypothesis, the potential promoter
region (2 kb upstream of the transcriptional start site) of miR-190b
was analyzed using JASPAR [35] and LASAGNA-Search 2.0 [36].
The results showed that GR could potentially target the promoter
region of miR-190b (Fig. 7g). ChIP showed that GR was localized
on miR-190b promoter regions in testis, and F0-CORT had
less amount of GR on miR-190b promoter regions in testis than
F0-Ctl (Fig. 7h), indicating that GR may negatively regulate the
transcription of miR-190b via specific GR-binding motifs in the
promoter region of miR-190b in testis. Cinnamaldehyde and
fluoxetine increased the amount of GR on miR-190b promoter

Fig. 3 Cinnamaldehyde (CA) prevents paternal transmission of CORT-induced depression-like behaviors to F1 male offspring. a Body weight
(n= 6–10). b Percentage preference for 1% sucrose solution in a two-bottle choice test (n= 6–10). c Open field center (left) exploration time
and (right) total distance traveled (n= 6–10). d Immobility time in FST (n= 5–9). e Serum corticosterone levels (n= 6). Ctl, Control; Veh,
Vehicle; CA, Cinnamaldehyde. Data are expressed as mean ± SD, ***P < 0.001 vs F1-Ctl group, ##P < 0.01, ###P < 0.001 vs F1-CORT vehicle group.
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regions in testis of F0 mice of CORT-induced model of depression
(Fig. 7h), possibly showing the suppression of miR-190b transcrip-
tion by upregulating GR expression in testis.

Cinnamaldehyde upregulates GR, downregulates miR-190b, and
increases BDNF expression in hippocampus of F1-CORT and F1-
CMS
To investigate the target gene of miR-190b on modulating
depression of intergenerational inheritance in males, a combina-
tion of bioinformatics software TargetScan [37] and RNAhybrid
[38] was used to predict candidate genes. Among these candidate
genes, BDNF was also one of them, and the minimum free energy
hybridization of the binding site between BDNF and miR-190b was
−20.7 kcal/mol (Fig. 8a). To verify the direct binding of miR-190b
to the target gene BDNF, a firefly luciferase reporter plasmid
containing wild-type or mutant fragment of BDNF 3′-UTR across
the miR-190b binding sites were constructed. The wild-type or
mutant plasmid was transfected into N2a cells along with miR-
190b mimic, miR-190b inhibitor or scrambled negative control
RNA, respectively. As shown in Fig. 8b, miR-190b mimic reduced
the luciferase activity compared with control mimic, whereas miR-

190b inhibitor increased the luciferase activity compared with
control inhibitor. However, the luciferase activity of mutant
reporter plasmid was no longer influenced by miR-190b mimic
or inhibitor (Fig. 8b). These data indicated that miR-190b might
directly bind to the 3′-UTR of BDNF.
Subsequently, F1-CORT males had more miR-190b expression in

hippocampus than F1-Ctl males, whereas F1 males born to
cinnamaldehyde had less miR-190b expression in hippocampus
than F1-CORT males (Fig. 8c). As anticipated, F1-CORT males
exhibited GR and BDNF downregulation in hippocampus com-
pared with F1-Ctl males (Fig. 8d, e). F1-CA males had higher GR
and BDNF expression in hippocampus than F1-CORT males
(Fig. 8d, e). Either baseline condition or exposure to CVS, miR-
190b expression levels were higher in hippocampus of F1-CMS
than that in F1-Ctl, respectively (Fig. 8f). Additionally, the
downregulation of GR and BDNF in hippocampus of F1-CMS
was observed (Fig. 8g, h). Cinnamaldehyde in F0 males of
CORT-induced depression-like mode prevented downregulation
of GR, upregulation of miR-190b, and downregulation of BDNF in
hippocampus of F1-CORT (Fig. 8c–e). Cinnamaldehyde and
fluoxetine in male F1-CMS were observed to upregulate GR,

Fig. 4 Cinnamaldehyde (CA) ameliorates depression-like behaviors of CVS-stimulated F1 offspring born to F0 males of CMS-induced
depression model. a The timeline of CA/fluoxetine treatment and behavioral testing in F1 offspring born to F0-CMS/Control. White star:
vehicle; orange star: CA; blue star: Fluoxetine. Created in BioRender.com. b Body weight (n= 10). c Percentage preference for 1% sucrose
solution in a two-bottle choice test (n= 10). d Open field center (left) exploration time and (right) total distance traveled (n= 10). e Immobility
time in FST (n= 10). f Serum corticosterone levels (n= 6). Ctl, Control; Veh, Vehicle; CA, Cinnamaldehyde; FLX, Fluoxetine. Data are expressed
as mean ± SD, **P < 0.01, ***P < 0.001 vs Control groups; #P < 0.05, ##P < 0.01, ###P < 0.001 vs CVS vehicle groups; &P < 0.05, &&P < 0.01 vs F1-Ctl
groups, respectively.
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downregulate miR-190b and increase BDNF expression in
hippocampus of male F1-CMS (Fig. 8f–h).
Taken together, these results indicated that miR-190b post-

transcriptionally suppressed BDNF expression in hippocampus of

F1-CORT and F1-CMS. BDNF-TrkB signaling pathway was the
upstream molecular effector of GR [27]. The inhibition of the
molecular cascade reaction of BDNF-related signaling pathway
might result in GR downregulation in hippocampus of males of F1-

Fig. 5 Effects of cinnamaldehyde (CA) on male reproductive functions in CVS-stimulated F1 offspring born to F0 males of CMS-induced
depression model. a The percentage of successful mating between F1-males and naive females. b The percentage of successful pregnancy.
c Number of F2 Pups. d Ratio of testis and body weight (testis/body weight ×1000) was examined (n= 6). e Ratio of epididymis and body
weight (epididymis/body weight ×1000) was examined (n= 6). Sperm counts (f) and motility (g) were examined from cauda epididymis in
each mouse (n= 6). Morphological examination in testis (h), epididymis (i) and sperm (j) of F1 males (n= 5). The sections of testis and
epididymis were stained with H&E, the sperm morphology of smear was stained with Wright-Giemsa staining. Scale bars, 50 μm. Ctl, Control;
Veh, Vehicle; CA, Cinnamaldehyde; FLX, Fluoxetine. Data are expressed as mean ± SD, *P < 0.05, ***P < 0.001 vs CVS vehicle group.
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CORT and F1-CMS. Cinnamaldehyde may intervene intergenera-
tional inheritance of depression in males by modulating GR/miR-
190b/BDNF pathway.

DISCUSSION
Evidence has shown that paternal exposure to stress and elevated
CORT can mediate depression-like traits in offspring [2, 9]. Our study
demonstrated that cinnamaldehyde could intervene depression in
F1 males born to CORT- and CMS-induced mouse models of
depression. Previously, there is limited information regarding the
intervention for intergenerational inheritance of depression with
safe and effective drugs. In addition, the existing antidepressants
often have treatment limitations, especially reproductive toxicity
[39–45], further highlighting these unmet needs [1]. Despite
cinnamaldehyde had an obvious antidepressant effect in mouse
model of depression, which was supported by both our study and
another previous report [23], it remains unknown whether
cinnamaldehyde can intervene the intergenerational inheritance of
depression. Notably, our study found that cinnamaldehyde had no
male reproductive toxicity, while the classical antidepressant
fluoxetine had obvious male reproductive toxicity and even resulted
in complete infertility. Additionally, fluoxetine treatment failed to

substantially improve anxiety-like behavior of CORT-disturbed mice,
which might be due to the substantial time lag and low rate of
efficacy of fluoxetine.
There are some important points that deserve more in-depth

discussion. First, several typical depression models have been
applied in the literature. Stress-related models are were the
earliest established models. Considering the uncontrollability of
stressors and passive/active coping responses of rats, HPA axis
activation-related models are then established based on the fact
that glucocorticoid homeostasis is disrupted by excessive activity
of HPA axis in depression [46]. Therefore, these models can be
divided into two categories: stress-related models (including CMS,
chronic social defeat stress, and unpredictable maternal separa-
tion combined with unpredictable maternal stress) and HPA axis-
related models (including CORT-induced model and mice models
of mutations in HPA axis [2, 8, 47–49]. In order to comprehensively
evaluate the role of cinnamaldehyde in depression, we selected
one model from each of the two category models (CMS and CORT
models) in our study. Additionally, we used CORT-induced mouse
model of depression by subcutaneous injection of CORT, so as to
avoid the individual differences caused by oral CORT. Second,
cinnamic acid is the first metabolite of cinnamaldehyde. A part of
cinnamaldehyde was is metabolized into cinnamic acid in

Fig. 6 CMS/CORT exposure markedly downregulates GR expression in testis of F0 males, which are attenuated by cinnamaldehyde (CA).
Analysis of GR mRNA (a) and protein (b) levels in testis, caput epididymis and cauda epididymis of F0-CMS versus F0-Control (n= 6). Analysis
of GR mRNA (c) and protein (d) levels in testis of F0-CORT (n= 5). e Immunohistochemical staining for GR in testis of F0-CORT (n= 5). Scale
bars, 50 μm. Ctl, Control; Veh, Vehicle; CA, Cinnamaldehyde; FLX, Fluoxetine. Data are expressed as mean ± SD, **P < 0.01, ***P < 0.001 vs F0-
Control group, #P < 0.05, ##P < 0.01 vs F0-CORT vehicle group.
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stomach and small intestine and almost completely metabolized
into cinnamic acid in the liver before it is absorbed into blood in
rats [50]. Although there are evidence that cinnamic acid protects
bone marrow, spleen and liver of Swiss albino mice from the toxic
effects of cyclophosphamide [51], ameliorates nonalcoholic fatty
liver disease of fatty liver disease mice [52] and decreases H2O2-
induced DNA damage in human peripheral blood lymphocytes
[53], there is lack of direct evidence to identify its influence on
testis. Nevertheless, indirect evidences suggest that cinnamic acid
may have no obvious testis toxicity. Because C. cassia and
cinnamon bark oil, both contain cinnamaldehyde, have been used
to treat male sexual disorder and prevent CCl4-induced impair-
ments of testis, epididymis, and sperm quality in Wistar rats [54].
Pure cinnamaldehyde also improves erectile function of human
and rat corpus cavernosum [55]. No obvious reproductive toxicity
of cinnamaldehyde on male is reported by these studies. However,
more evidence shows that cinnamaldehyde has some influences
on female reproductivity [56, 57]. To our knowledge, there are
three studies about the reproductive toxicity of cinnamaldehyde
to female in literature [56–58], while the results are inconsistent.
In one study, female rats receive oral cinnamaldehyde before
pregnancy [58], and oral cinnamaldehyde reduces mortality and
improves the glucose/insulin levels of infants born to rat model of
gestational diabetes [58]. Moreover, the hyperphagia, glucose

intolerance, and lipid metabolism symptoms of fatty-sucrose diet/
streptozotocin-induced rat model of gestational diabetes are also
improved [58]. The other two studies gave cinnamaldehyde by
subcutaneous injection and gavage to pregnant rats, respectively
[56, 57]. One study observes that cinnamaldehyde has a dose-
dependent anti-5-azacytidine-induced digital malformations in
the fetus of pregnant rats [56]. Interestingly, cinnamaldehyde
shows a time-dependent fetal mortality increasing effect [56].
The other study reports found that cinnamaldehyde increases
the incidence of poor cranial ossification in the fetus of pregnant
rats [57].
Accumulating evidence indicates that various environmental

factors experienced by males induce epigenetic changes in sperm,
which may lead to a disease cycle and disease risk in their
offspring [3, 59, 60]. Spermatogenesis occurs in testis, and further
maturation occurs in epididymis. Thus, we examined GR expres-
sion in testis and epididymis. Our results of mouse models of
depression showed that CMS and CORT exposure markedly
downregulated GR expression in testis of F0 males. However, GR
expression in epididymis of F0 males was not influenced by
exposure to CMS and CORT. These results indicated that the
downregulation of GR expression in testis of F0 CMS and F0-CORT
was tissue-specific, which may be the basis of the difference of
CORT response [61–63].

Fig. 7 CMS/CORT exposure upregulated miR-190b transcription by suppressing GR in testis of F0 males, which is ameliorated by
cinnamaldehyde (CA). RT-qPCR analysis of miR-190b, miR-144 and miR-98 in sperm (a) and testis (b) of F0-CMS (n= 6). c RT-qPCR analysis of
pre-miR-190b in testis and sperm of F0-CMS (n= 6). RT-qPCR analysis the effect of cinnamaldehyde on miR-190b expression in sperm (d) and
testis (e) of CORT-stimulated F0 males (n= 5). f RT-qPCR analysis the effect of cinnamaldehyde on pre-miR-190b expression in testis of CORT-
stimulated F0 males (n= 5). g Potential targeting of GR at the promoter region of miR-190b. h ChIP assay was used to analyze the effect of
cinnamaldehyde on the abundance of GR at miR-190b promoter in testis of CORT-stimulated F0 males. Ctl, Control; Veh, Vehicle; CA,
Cinnamaldehyde; FLX, Fluoxetine. Data are expressed as mean ± SD, **P < 0.01, ***P < 0.001 vs F1-Ctl group, #P < 0.05, ##P < 0.01, ###P < 0.001 vs
F1-CORT vehicle group.
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Fig. 8 The effects of cinnamaldehyde (CA) on GR, miR-190b and BDNF expression in hippocampus of F1-CORT and F1-CMS. a Schematic
descriptions of the hypothetical duplexes formed by miR-190b with the 3′-UTR of BDNF. b Relative luciferase activities in N2a cells treated
with a miR-190b mimic or inhibitor (n= 3). c RT-qPCR analysis of miR-190b in hippocampus of F1-CORT (n= 5–6). d RT-qPCR analysis of GR
and BDNF mRNA levels in hippocampus of F1-CORT (n= 6–8). e Western blot analysis of GR and BDNF protein levels in hippocampus of
F1-CORT (n= 5). f RT-qPCR analysis of miR-190b in hippocampus of F1-CMS (n= 5). g RT-qPCR analysis of GR and BDNF mRNA levels in
hippocampus of F1-CMS (n= 5). h Western blot analysis of GR and BDNF protein levels in hippocampus of F1-CMS (n= 5). Ctl, Control;
Veh, Vehicle; CA, Cinnamaldehyde; FLX, Fluoxetine. Data are expressed as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001 vs Control group,
#P < 0.05, ##P < 0.01, ###P < 0.001 vs F1-CORT/F1-CMS vehicle group; &P < 0.05, &&P < 0.01, &&&P < 0.001 vs F1-Ctl groups, respectively.
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Mature sperm in mammals has abundant small non-coding RNAs
(sncRNAs) [64, 65]. Recent studies in Caenorhabditis elegans [66, 67]
and mice [2, 68, 69] have shown that sncRNAs, specifically miRNAs,
can mediate non-Mendelian inheritance of traits or phenotypes
acquired throughout life. Recently, miR-190b, miR-144, and miR-98
expression levels were altered by CORT exposure in mouse sperm,
and altered miRNAs in sperm of CORT-stimulated F0 males may
affect gene expression patterns in offspring embryos [9]. In CMS-
and CORT-disturbed males, miR-190b expression was found to be
upregulated in testis and sperm, while pre-miR-190b expression was
upregulated only in testis, indicating that miR-190b was transcrip-
tionally upregulated in testis possibly contributing to miR-190b
upregulation in sperm. However, we did not observe a prominent
change in the expression levels of miR-144 and miR-98 in sperm of
F0-CMS.
To determine the regulation of GR on miR-190b, we used

bioinformatics predictions and ChIP assay and validated that GR was
upstream transcription factor of miR-190b by directly binding to its
promoter region. Our results showed that paternal CORT exposure
decreased the amount of GR on miR-190b promoter regions in testis
of F0 mice. A recent study shows that spermatogenesis-related
miRNAs are mainly expressed in the early stages of meiosis [70].
Moreover, spermatogenesis-related miRNAs have a conserved
testicular-specific high expression pattern in different mammals
[70]. Therefore, paternal CMS/CORT exposure downregulated GR
expression and upregulated transcription of miR-190b in testis of F0
mice, which may lead to miR-190b upregulation in sperm of F0-
CMS/F0-CORT. In testicular germ cells, miRNAs control mRNA
translation by compartmentalization based on 3′UTR length [71].
Sperm miRNAs can be transferred into zygotes during fertilization
[72]. Moreover, small RNAs are critical regulators of gene expression
in early embryonic development [72]. These results raise the
possibility that stress induces GR-dependent miR-190b increase in
testis, which may be a primary mechanism of intergenerational
inheritance of depression.
Using bioinformatic algorithms, we predicted that miR-190b

was a potential miRNA targeting BDNF and confirmed that miR-

190b binds directly to the 3′-UTR of BDNF mRNA. BDNF is required
for activity-dependent formation and maintenance of synaptic
plasticity [73]. In males of F1-CORT and F1-CMS, the expression
levels of BDNF and GR were decreased, and the expression of miR-
190b was increased in hippocampus. These results suggest that
miR-190b post-translationally regulates BDNF expression in
hippocampus of males of F1-CORT and F1-CMS. The BDNF-TrkB
signaling pathway was the upstream molecular effector of GR [27].
The inhibition of the molecular cascade reaction of BDNF-related
signaling pathway may result in the downregulation of GR
in hippocampus of males of F1-CORT and F1-CMS. F1-CA males
had higher BDNF and GR expression and lower miR-190b in
hippocampus than in F1-CORT males. Moreover, cinnamaldehyde
substantially ameliorated CVS-induced BDNF and GR downregula-
tion and miR-190b upregulation in hippocampus of F1-CMS males.
Our results showed that CORT exposure induced serum CORT

levels elevation, anhedonia, anxiety, and behavioral despair in F0
males (Fig. 1c, e–g), but F1-CORT males only showed behavioral
despair and elevated serum CORT levels (Fig. 3d, e), which may
result from the different miRNA expression profiles in sperm
between F0-CORT and F0-Ctl. The discrepancy of sperm miRNA
expression between generations in different depression models
has also been verified by other studies [2, 8, 9]. These findings
cross-validate that sperm miRNAs were crucial to intergenerational
inheritance of depression. Different miRNAs expression profiles
and functions in sperm may lead to different trait.
The clinical therapy of depression includes blocking the

reuptake and breakdown of monoamines and increasing synaptic
plasticity by chronic administration of typical antidepressants
[26, 74]. However, typical antidepressants have notably a
substantial time lag, low rates of efficacy and side effects,
especially reproductive toxicity [39–45]. The therapeutic limita-
tions of typical antidepressants highlight the major unmet needs
of depression treatment [1]. The safety outcomes of cinnamalde-
hyde were supported by the emerging preclinical evidence [75].
Our study suggested that the administration of cinnamaldehyde
is an excellent choice for depression, not only therapy for

Fig. 9 Schematic representation of cinnamaldehyde for the intervention of intergenerational effect of paternal depressive phenotypes
possibly through GR/miR-190b/BDNF axis. Created in BioRender.com.
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depression but also prevention of intergenerational inheritance of
depression. Further studies should be conducted to confirm the
clinical efficacy of cinnamaldehyde in the intervention of intergenera-
tional inheritance of depression, such as multicenter large-scale trials.
In summary, we demonstrate the efficacy of cinnamaldehyde as

a potential intervention for intergenerational inheritance of
depression in F1 males of CORT- and CMS-induced mouse models
of depression. Compared with fluoxetine, cinnamaldehyde may
not have male reproductive toxicity. This study identified an
essential GR/miR-190b regulatory axis in testis of F0 males of
CORT- and CMS-induced mouse models of depression and
highlighted the vital role of miR-190b in suppressing BDNF
expression in hippocampus of F1 males of CORT- and CMS-
induced mouse models of depression. These changes in testis
were ameliorated by cinnamaldehyde (the working model is
summarized in Fig. 9). Future studies are warranted to explore GR-
dependent epigenetic changes that contribute to the transmission
of acquired traits in mammals, which should be considered in the
development of novel antidepressants.
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