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A B S T R A C T   

Gestational exposure to environmental stress induces fetal growth restriction (FGR), and thereby increasing the 
risk of infant death and chronic noncommunicable diseases in adults. However, the mechanism by which 
environmental stress induces FGR remains unclear. Based on case-control study, we found that the reduced level 
of melatonin (MT), a major secretory product from the pineal gland, was observed in placentae of FGR. This work 
was to investigate the protective effect of MT on environmental stress-caused FGR and its mechanisms. We used 
cadmium (Cd) as an environmental stressor to stimulate pregnant mice and thereby establishing a FGR model. 
The data showed that maternal Cd exposure lowered the P4 concentration in maternal sera, placentae and 
amniotic fluid, and caused FGR. Correspondingly, the expression of CYP11A1, a critical P4 synthase, was 
markedly downregulated in Cd-treated placentae. Simultaneously, Cd triggered BNIP3-dependent mitophagy in 
placental trophoblasts, as determined by the degradation of mitochondrial proteins, including HSP60 and COX 
IV, and the accumulation of puncta representing co-localization of TOM20 with LC3B or BNIP3 with LC3B. Based 
on our case-control study, we also found that activated BNIP3-dependent mitophagy and P4 synthesis inhibition 
occurred in SGA placentae. Most importantly, BNIP3 siRNA reversed Cd-induced P4 synthesis suppression in 
human placental trophoblasts. It is noteworthy that MT alleviated Cd-caused P4 synthesis suppression and FGR 
via antagonizing BNIP3-dependent mitophagy in placental trophoblasts. Further results confirmed that MT 
attenuated Cd-triggered BNIP3-dependent mitophagy via blocking GCN2/ATF4 signaling. Amusingly, Cd trig-
gered oxidative stress and then activating GCN2/ATF4 signaling in placental trophoblasts. As expected, MT 
obviously suppressed Cd-caused reactive oxygen species (ROS) release. In the present study, we propose a 
neoteric mechanism by which MT protects against environmental stress-impaired P4 synthesis and fetal growth 
via suppressing ROS-mediated GCN2/ATF4/BNIP3-dependent mitophagy in placental trophoblasts. As above, 
MT is a potential therapeutic agent antagonizing environmental stress-induced developmental toxicity.   

1. Introduction 

Fetal growth restriction (FGR), containing low-birth-weight (LBW) 
and small-for-gestational-age (SGA) infants, refers to that the fetus fails 
to reach genetically determined growth range on account of gestational 
exposure to various harmful factors. Two population studies indicated 
that the incidence of global LBW was 14.6% and the incidence of SGA 

was 27% in low- and middle-income countries [1,2]. FGR is not only an 
important dangerous factor of infant death, but also increases the risk of 
chronic noncommunicable diseases in adults, such as cardiovascular 
diseases, cancer, metabolic disorders, chronic immune diseases and 
neurological impairments [3–9]. Numerous studies demonstrated that 
prenatal exposure to various stressors, such as noise, smoking, micro-
organisms, endocrine disruptors and heavy metals, could cause FGR 
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[10–14]. Increasing evidences showed that Cd was a main environ-
mental stressor inducing FGR. Epidemiological studies found that 
maternal exposure to Cd during gestation markedly elevated the risk of 
intrauterine growth retardation [15–18]. Animal experiments further 
verified that gestational exposure to environmental Cd caused FGR 
[19–21]. Nevertheless, the mechanism by which environmental stress 
induces FGR remains unclear. 

Mitophagy is the process in which the cell selectively eliminates 
mitochondria via lysosomes [22]. Temperately activated mitophagy 
contributes to remove damaged or superfluous mitochondria, and 
thereby maintaining mitochondrial function and adapting to stress [23, 
24]. However, overactivated mitophagy causes excessive mitochondrial 
loss, to result in cellular bioenergy deficit and cell death [25–27]. 
Recently, an animal study confirmed that placental mitochondria was 
highly adaptable over the course of normal gestation, which is benefit to 
improve fetal growth [28]. So far, there was no studies to clarify the 
effect of placental mitophagy on fetal growth in response to environ-
mental stress. Accumulating evidences demonstrated that mitochondrial 
progesterone (P4) synthases, containing StAR, CYP11A1 and 3β-HSD, 
was crucial in the process whereby mitochondria synthesizes cholesterol 
into placental P4, a sterol hormone for supporting fetal growth [10, 
29–37]. Our recent study found that gestational exposure to the envi-
ronmental stressor Cd reduced the level of placental mitochondrial 
proteins, including StAR and 3β-HSD [13]. Emerging studies found that 
exposure to environmental stress resulted in excessive mitophagy and 
the following mitochondrial proteins loss in hepatic cells [38,39]. 
Hereby, we speculate that environmental stress affects fetal growth 
maybe via triggering placental mitophagy. In the past, numerous studies 
focused on parkin-dependent mitophagy less abundantly in 
parkin-independent mitophagy. BNIP3, a novel mitophagy receptor, was 
detected to be expressed in animal and human placentae [40–42]. As 
above, we make a hypothesis that placental BNIP3-dependent mitoph-
agy contributes to environmental stress-induced FGR. 

Melatonin (N-acetyl-5-methoxytryptamine, MT), a major secretory 
product from the pineal gland in mammals and human, plays a pivotal 
role in the neuro-immuno-endocrine system [43,44]. MT has numerous 
physiological functions including anti-inflammation, circadian, 
anti-apoptotic properties and endocrine rhythm regulation, and its 
potent antioxidant activity [45–48]. A previous study had demonstrated 
that MT alleviated infection-caused multifarious cellular stress response, 
such as oxidative stress, hypoxia and heat stress, in mouse placentae 
[49]. Furthermore, emerging evidences indicated that MT could antag-
onize stress-triggered mitophagy in nonpregnant tissues, such as platelet 
and cardiac microvasculature [50,51]. Until now, there is no studies to 
explore the effect of MT on placental BNIP3-dependent mitophagy in 
response to environmental stress. 

In present study, we first found activated BNIP3-dependent 
mitophagy and P4 synthesis suppression occurred in SGA placentae 
based on our case-control study. Subsequently, we used Cd as an envi-
ronment stressor to establish in vivo and in vitro models to promote our 
understanding for the role of placental BNIP3-dependent mitophagy in 
environmental stress-impaired P4 synthesis and fetal growth. Then, we 
further investigated the protective effect of MT on FGR and its mecha-
nism upon environmental stress. 

2. Materials and methods 

2.1. Reagents 

Cadmium chloride (202908), Melatonin (M5250), Chloroquine 
diphosphate (C6628) were from Sigma Chemical Co (St. Louis, MO). 
Antibodies against HSP60 (12165S), COX IV (4850S), LC3B-I/II 
(3868S), ATF4 (11815S), p-eIF2α (9721S), eIF2α (2103S), GCN2 
(3302S) and β-Actin (4970S) were from Cell Signaling Technology 
(Beverley, MA). Antibodies against CYP11A1 (SC18043) and TOM20 
(SC17764) were from Santa Cruz (California, US). Antibodies against 

BNIP3 (ab10433), PGC1α (ab54481) and LC3B-I/II (ab48394) were 
from Abcam (Cambridge, MA). The secondary antibody conjugated with 
Alexa Fluor 488 (711-545-152) and the secondary antibody conjugated 
with Cy3TM (715-165-150) were from Jackson ImmunoResearch (PA, 
USA). Progesterone (P4) ELISA kit (E-EL-0090C) was from Elabscience 
(Wuhan, China). Human short interfering RNAs targeting BNIP3 and 
GCN2 were from GenePharma (Shanghai, China). 

2.2. Case-control study 

All human placentae (n = 70) were from Department of Obstetrics 
and Gynecology of the First Affiliated Hospital of Anhui Medical Uni-
versity. The placentae were collected after term delivery. Meanwhile, 
the birth weight was also recorded. The placentae of large-for- 
gestational-age and premature infants were excluded in this study. Ac-
cording to a previous epidemiological study, we divided the placentae 
into appropriate-for-gestational-age (AGA) and small-for-gestational- 
age (SGA) placentae based on the birth weight [52]. We performed 
the experimental procedures in reference to the standard operating 
procedure (Ethical approval number: 20190297). 

2.3. Animal experiments 

8-week-old CD-1 mice including male and female were from Beijing 
Vital River (Beijing, China). All mice freely acquired water and food at 
any time and were fed under standard conditions (light/dark alternate 
for 12 h, 20–25 ◦C, 50–60% air humidity) to acclimatize for 2 weeks. 
Four females and two males spend the night in one cage for mating. In 
the following morning, the female with a vaginal plug was considered as 
gestational day 0 (GD0). Our in vivo experimental procedures were 
approved by the Association of Laboratory Animal Sciences at Anhui 
Medical University and implemented according to its guidelines for 
humane treatment. Melatonin (MT) was dissolved using dimethyl sulf-
oxide (DMSO) to gain the stock solution (500 mg/ml) and then diluted it 
with saline to working solution. In working solution, the final concen-
tration of DMSO was no more than 0.1%. Cadmium (Cd) was directly 
dissolved in saline to produce working solution (0.45 mg/ml). Saline 
containing the same amount of DMSO was used as vehicle control. 

To explore whether gestational exposure to environmental stress 
inhibits placental progesterone (P4) synthesis and BNIP3-dependent 
mitophagy and its mechanism, all pregnant mice except that in control 
and MT groups were received intraperitoneal injection with 4.5 mg/kg 
CdCl2 on GD8. The dose of Cd was designated based on our previous 
study [21]. Each pregnant mouse in control group was treated with 
saline. The pregnant mice were performed euthanasia on GD12 or GD16. 
Fetal sizes were recorded on GD16. Sera of maternal mice, placentae and 
amniotic fluid were collected on GD12 or GD16. 

To investigate whether MT alleviates environmental stress-caused 
placental P4 synthesis inhibition and BNIP3-dependent mitophagy and 
its mechanism, we randomly divided forty-eight pregnant mice into 
control, Cd , MT and MT + Cd groups. Each pregnant mouse except 
which in the control and MT groups was received intraperitoneal in-
jection with 4.5 mg/kg CdCl2 on GD8. In MT and MT + Cd groups, each 
pregnant mouse was received intraperitoneal injection with 5 mg/kg/ 
day MT from GD7 to GD15. The pregnant mice treated with saline were 
regarded as controls. All pregnant mice were performed euthanasia on 
GD12 or GD16. Fetal sizes were recorded. Sera of maternal mice, 
placentae and amniotic fluid were collected. 

2.4. Cell culture and treatment 

Human JEG-3 cells were from Chinese Academy Sciences 
(TCHu195). The cells were grown in MEM supplemented with fetal 
bovine serum (10%), non-essential amino acids (1%), sodium pyruvate 
(1%) and penicillin-streptomycin (100 units/ml). We selected Cd con-
centration in medium in reference to our previous study [21]. MT was 
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dissolved using DMSO as a stock solution (1 M) and diluted it in cell 
medium before use. Other cell medium contained 1% DMSO to exclude 
its effect in each in vitro assay. 

We divided the in vitro study into six separate experiments. In order 
to investigate whether environmental stress inhibits progesterone (P4) 
synthesis and activates BNIP3-dependent mitophagy, human JEG-3 cells 
were stimulated using CdCl2 (20 μM) for 0, 2, 6 or 12 h. To explore 
whether BNIP3-dependent mitophagy mediates environmental stress- 
caused P4 synthesis suppression, the cells were pretreated using BNIP3 
siRNA (siR) before Cd stimulation. To investigate the role of GCN2/ 
ATF4 signaling in environmental stress-triggered BNIP3-dependent 
mitophagy, the cells were pretreated using GCN2 siR before Cd stimu-
lation. To obtain evidence to support the hypothesis that MT confers 
powerful protective effects on environmental stress-induced P4 syn-
thesis suppression and FGR via blocking GCN2/BNIP3/mitophagy 
pathways, the cells was pretreated with MT (1 mM) for 1 h before CdCl2 
(20 μM) stimulation. To further confirm that Cd activated GCN2/ATF4 
signaling via ROS release, human JEG-3 cells were pretreated with PBN 
(4 mM) for 1 h before CdCl2 (20 μM) stimulation. To obtain more evi-
dence that MT blocked placental GCN2/ATF4 signaling via its the strong 
antioxidant effect, human JEG-3 cells were pretreated with MT (1 mM) 
for 1 h before H2O2 (1.5 mM) stimulation. 

2.5. Immunoblotting 

The total protein of placentae and cells was extracted using RIPA 
buffer containing protease inhibitor cocktail. Based on the manufac-
turer’s protocol, the protein concentration was detected recurring to a 
Pierce BCA Protein Assay kit. After total protein being boiled, protein 
(10–50 μg per well) was separated in 8%–15% SDS-PAGE and then 
transferred onto a PVDF membrane. To block the proteins, the 5% milk 
without fat was used to incubate the PVDF membrane. Subsequently, the 
membrane was incubated for 1–3 h using primary antibodies, such as 
CYP11A1, HSP60, COX IV, LC3BI/II, GCN2, p-eIF2α, eIF2α and ATF4. 
Following wash, the corresponding secondary antibody was used to 
incubate the membrane. The signal was detected using the digital im-
aging equipment. The quantification for protein bands was performed 
by feat of Image-Pro Plus software. 

2.6. Isolation of total RNA and real-time RT-PCR 

The total RNA was extracted using the TRI reagent in human JEG-3 
cells. Subsequently, the genomic DNA was removed via using DNase 
without RNase. Real-time RT-PCR was implemented after reverse tran-
scription using AMV. The normalization was performed based on the 
level of 18S mRNA. The sequences of human BNIP3 gene-specific primer 
were 5′-CTTTAAACACCCGAAGCGCA-3′ (forward) and 5′- 
GTGCTGGTGGAGGTTGTCA’ (reverse). The sequences of human 18S 
gene-specific primer were 5′- CGGCTACCACATCCAAGGAA-3′ (forward) 
and 5′-GCTGGAATTACCGCGGCT-3′ (reverse). 

2.7. Immunofluorescence 

The frozen placental tissues were cut into 5 μm sections after dehy-
dration using sucrose solution (30%). Human JEG-3 cells were grown on 
the slides, and then fixed using paraformaldehyde (4%) for 30 min after 
treatment. To block the nonspecific binding sites, the frozen sections and 
the cellular slides were incubated with PBS supplemented with 10% 
normal donkey serum for 1.5 h. Subsequently, the frozen sections were 
incubated with the mixture containing primary antibodies against 
LC3BI/II (1:200) and TOM20 (1:200) at 37 ◦C for 2 h. The cellular slides 
were incubated with the mixture containing primary antibodies against 
LC3BI/II (1:200) and BNIP3 (1:200) at 37 ◦C for 2 h. After being washed 
with PBS, the frozen sections and the cellular slides were incubated 
using the mixture of luciferin conjugated secondary antibodies. The 
nucleus was tagged using hoechst 33258 for 5 min. Each section was 

observed by a confocal microscope (LSM880, Zeiss) or fluorescence 
microscope (BX53F, Olympus). 

2.8. RNA interference 

Human JEG-3 cells were grown to 70–80% in 60-mm culture dishes. 
Homo sapiens BNIP3-, GCN2- or ATF4-specific small interfering RNA 
(siRNA) were mixed with lipofectamine 3000 for 20 min in Opti-MEM 
without serum. The scrambled RNA was used as vehicle control. The 
mixture was added into cell medium without serum and penicillin/ 
streptomycin to transfect human JEG-3 cells for 6 h. Subsequently, the 
cells were grown in complete medium for 42 h before Cd stimulation. 
The cells treated with PBS were regarded as control. Finally, the cells 
were washed and then collected. The sequences of BNIP3 siRNA were 5′- 
GCAUCAAGUUACAGGUCUUTT-3′ (forward) and 5′-AAGACCUGUAA-
CUUGAUGCTT-3′ (reverse). The sequences of GCN2 siRNA were 5′- 
GCCUCGGUUUCUAUUUAUATT-3′ (forward) and 5′-UAUAAAUA-
GAAACCGAGGCTT-3′ (reverse). The sequences of ATF4 siRNA were 5′- 
GUGAGAAACUGGAUAAGAATT -3′ (forward) and 5′-UUCUUAUCCA-
GUUUCUCACTT-3′ (reverse). The scrambled siRNA control sequences 
were 5′-UUCUCCGAACGUGUCACGUTT-3′ (forward) and 5′-ACGUGA-
CACGUUCGGAGAATT-3′ (reverse). 

2.9. ELISA assay 

The level of progesterone and melatonin (MT) was detected in 
reference to the manufacturer’s instructions. P4 level in serum of 
maternal mice, amniotic fluid and cells were shown as ng/ml. The frozen 
placentae were thawed and then 100 mg of tissue was homogenized in 
900 μl PBS. After being centrifuged at 5000 g for 10 min at 4 ◦C, the 
supernatant was collected for subsequent detection. P4 and MT content 
on placentae are expressed as ng/g. 

2.10. Measurement of GSH content 

The concentration of total GSH (T-GSH) and GSSG in placentae was 
quantified by a GSH and GSSG Assay Kit following the manufacturer’s 
instruction (Bioengineering Institute of Jincheng, Nanjing, China). The 
concentration of T-GSH and GSSG in placentae were shown as μmol/mg. 
The concentration of GSH was calculated as follows: GSH = T-GSH – 2 ×

GSSG. 

2.11. Reactive oxygen species assay 

Human JEG-3 cells were grown to 70–80% in MEM medium plus 
with fetal bovine serum (10%), non-essential amino acids (1%), sodium 
pyruvate (1%) and penicillin-streptomycin (100 units/ml). After Cd 
administration, the cells were washed three times with PBS. Subse-
quently, the level of intracellular ROS was examined using DCFH-DA 
(10 μM). The cells were incubated with DCFH-DA at 37 ◦C for 15 min, 
then washed three times with PBS. The fluorescence signal was detected 
by a fluorescence microscope (BX53F, Olympus)) or Multimode Reader 
(SYNERGY4, BioTek). 

2.12. Statistical analysis 

In the present study, all data were shown as mean ± SEM. All sta-
tistical analysis is performed recurring to SPSS 23.0. The differences 
between two groups were analyzed using Student’s t-test. Multiple 
comparisons were performed using ANOVA. The post hoc test is 
executed adopting Bonferroni or Tamhane’s T2 method following the 
result of homogeneity of variance test. Difference was regarded obvious 
when P＜0.05. 
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3. Results 

3.1. Association of placental mitophagy, reduced melatonin (MT) level, 
inhibition of progesterone synthesis and all-cause fetal growth restriction 

The human placentae (n = 70) were collected and the birth weight 
was recorded after delivery. The concentration of MT in human 
placentae was assessed. Notably, there was a positive correlation be-
tween the placental MT concentration and the birth weight (r = 0.869, P 
< 0.01; Fig. 1A). According to the birth weight, the placentae were 

divided into appropriate-for-gestational-age (AGA) and small-for- 
gestational-age (SGA) placentae. We further detected the level of 
CYP11A1, a key progesterone (P4) synthase, in placentae. As shown in 
Fig. 1B and C, the level of CYP11A1 protein was markedly reduced in 
SGA placentae. Moreover, the level of placental mitophagy was evalu-
ated. The results suggested that mitochondrial proteins, such as HSP60 
and COX IV, were reduced in SGA placentae when compared to AGA 
placentae (Fig. 1D–F). Meanwhile, the elevation of PGC1α，a regulator 
promoting mitochondrial biosynthesis, was observed in SGA placentae 
(Fig. 1D and G). In addition, the level of BNIP3 and LC3B-II proteins in 

Fig. 1. Association between placental mitophagy, reduced melatonin level, inhibition of progesterone synthesis and all-cause fetal growth restriction. All placentae 
(n = 70) were collected after term delivery. (A) The association between Birth weight and human placental MT level (ng/g). (B–L) According to the birth weight, the 
placentae were divided into appropriate-for-gestational-age (AGA) and small-for-gestational-age (SGA) placentae (n = 12 per group). (B) Representative immuno-
blots of CYP11A1 protein in placentae. (C) Quantification for CYP11A1. (D) Representative immunoblots of HSP60, COX IV and PGC1α proteins in placentae. (E–G) 
Quantification for HSP60, COX IV and PGC1α. (H) Representative immunoblots of LC3B-I/II and BNIP3 proteins in placentae. (I and J) Quantification for LC3B-I/II 
and BNIP3. (K) Quantification for yellow dots per cell. (L) Representative immunofluorescent images of AGA or SGA placentae. Data are expressed as the mean ±
SEM. The differences between AGA and SGA were analyzed using Student’s t-test. *P < 0.05, **P < 0.01 versus AGA group. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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SGA placentae was higher than that in AGA placentae (Fig. 1H–J). To 
provide more mitophagy-related evidences, we performed immunoflu-
orescent staining of LC3B and TOM20. As expected, the accumulation of 
puncta (Fig. 1K and L), representing co-localization of LC3B with 
TOM20, occurred in SGA placentae. As above, there is a positive asso-
ciation of the placental mitophagy, reduced MT level, inhibition of 
progesterone synthesis and all-cause fetal growth restriction. 

3.2. Melatonin attenuates environmental stress-induced fetal growth 
(FGR) restriction in mice 

Cd, a proverbial environmental stressor, was used to establish in vivo 
FGR model. The effects of MT on environmental stress-caused FGR were 
assessed on GD16. Notably, MT reversed Cd-lowered fetal weight and 
crown-rump length in mice (Fig. 2A and B). We further compared the 
rates of FGR among different groups. Results showed that MT signifi-
cantly reversed Cd-elevated rate of FGR in mice (Fig. 2C). The number of 
fetuses per litter was also recorded on GD16. As shown in Fig. 2D, there 
was no significant statistical difference of fetuses per litter in each group. 
To sum up, MT could provide a powerful protective effect on environ-
mental stress-caused FGR. 

3.3. Melatonin alleviates environmental stress-induced progesterone 
synthesis suppression in placental trophoblasts 

To explore the effects of MT on environmental stress-caused reduc-
tion of progesterone (P4) level in sera of maternal mice, placentae and 
amniotic fluid, the mice were exposed to environmental stressor Cd on 

GD8. As presented in Fig. 3A–C, MT markedly reversed Cd-induced 
reduction of P4 concentration in sera of maternal mice, placentae and 
amniotic fluid. We further assessed the effects of MT on Cd-induced 
inhibition of P4 synthesis. As presented in Fig. 3D and E, MT obvi-
ously alleviated Cd-caused downregulation of CYP11A1 protein 
expression in placentae. We also investigated whether MT alleviated Cd- 
induced P4 synthesis inhibition in human placental trophoblasts. As 
expected, MT attenuated Cd-reduced level of P4 and CYP11A1 protein in 
human JEG-3 cells (Fig. 3F–H). Collectively, our data confirmed that MT 
could reverse environmental stress-caused P4 synthesis inhibition in 
placental trophoblasts. 

3.4. Gestational exposure to environmental stress activates BNIP3- 
dependent mitophagy in placental trophoblasts 

To investigate the effects of maternal exposure to environmental 
stress during pregnancy on BNIP3-dependent mitophagy, the level of 
mitophagy in environmental stressor Cd-treated placentae was detected 
on GD12 and GD16. As shown in Fig. 4A–C, maternal exposure to Cd 
during gestation obviously reduced the level of mitochondrial proteins, 
including HSP60 and COX IV, in placentae. Moreover, the level of 
PGC1α protein，a regulator promoting mitochondrial biosynthesis, was 
elevated in Cd-treated placentae when compared to NS group (Fig. 4A 
and D). The results about immunofluorescence staining showed that 
maternal exposure to Cd caused the increment of co-localization be-
tween TOM 20 and LC3B in placentae, as determined by the accumu-
lation of puncta (Fig. 4E and F). The level of BNIP3 and LC3B-I/II 
proteins in placentae were also detected on GD12 and GD16. As 

Fig. 2. Melatonin (MT) attenuates environ-
mental stress-induced fetal growth restric-
tion in mice. Fig. 2 Melatonin (MT) 
attenuates environmental stress-induced 
fetal growth restriction in mice. Pregnant 
mice in Cd and MT + Cd groups received 
intraperitoneal injection of Cd on GD8. In 
MT and MT + Cd groups, pregnant mice 
were treated with MT from GD7 to GD15. 
Pregnant mice in Ctrl group were treated 
with saline. n = 10–12 from 10 to 12 
different pregnant mice. (A) Fetal weight. 
(B) Crown-rump length. (C) The rate of FGR. 
(D) Fetuses per litter. Data are expressed as 
the mean ± SEM. Multiple comparisons were 
performed using ANOVA. The post hoc test is 
executed adopting Bonferroni or Tamhane’s 
T2 method following the result of homoge-
neity of variance test. **P < 0.01 versus NS 
group. #P < 0.05 versus Cd group.   
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presented in Fig. 5A–C, gestational Cd exposure significantly induced 
the elevation of BNIP3 and LC3B-I/II proteins in placentae. We further 
assessed the effect of Cd on BNIP3-mediated mitophagy in human JEG-3 
cells. As shown in Fig. 4G–J, Cd treatment markedly caused the reduc-
tion of mitochondrial proteins, including HSP60 and COX IV, and the 
elevation of PGC1α. The level of BNIP3 mRNA level was also detected in 
the cells. As shown in Fig. 5D, Cd obviously elevated the level of BNIP3 
mRNA in the cells. In addition, Cd also enhanced BNIP3 and LC3B-II 
protein level in a time-dependent manner (Fig. 5E–G). To explore 
whether Cd activated BNIP3-dependent mitophagy, human JEG-3 cells 
were pretreated with CQ to inhibit lysosomal acidification. As expected, 
CQ pretreatment obviously antagonized Cd-caused degradation of 
HSP60 and COX IV proteins (Fig. 4K-M). Furthermore, the results 
showed that there was a further upregulation of BNIP3 and LC3B-II 
protein expression in Cd-stimulate cells after CQ pretreatment 
(Fig. 5H–J). To obtain more evidences that BNIP3 mediated Cd- 
triggered mitophagy, we further performed the immunofluorescent 
staining for BNIP3 and LC3B in human JEG-3 cells. We found that there 
was a significant increment of puncta, representing co-localization of 
BNIP3 with LC3B, in Cd-simulated cells (Fig. 5K and L). As above, 
maternal exposure to environmental stress during gestation triggers 
BNIP3-dependent mitophagy in placental trophoblasts. 

3.5. Gestational exposure to environmental stress inhibits progesterone 
synthesis via BNIP3-dependent mitophagy in placental trophoblasts 

To explore whether BNIP3-dependent mitophagy mediated envi-
ronmental stress-induced progesterone (P4) synthesis inhibition, human 
JEG-3 cells were pretreated with BNIP3 siRNA (siR) before environ-
mental stressor Cd stimulation. Results on ELISA assay showed that 
BNIP3 siR markedly reversed Cd-caused reduction of P4 level in cell 

medium (Fig. 6A). Correspondingly, the expression of CYP11A1 protein, 
a critical P4 synthase, was markedly upregulated in Cd-stimulated cells 
after BNIP3 siR pretreatment (Fig. 6B and C). Furthermore, BNIP3 siR 
obviously reversed Cd-reduced the level of mitochondrial proteins, 
including HSP60 and COX IV, in the cells (Fig. 6D–F). Meanwhile, a 
significant reduction of BNIP3 and LC3B-II protein level was observed in 
Cd-treated cells after BNIP3 siR pretreatment (Fig. 6G and I). Further-
more, the expression of CYP11A1 protein was upregulated after CQ 
pretreatment in Cd-stimulated human placental trophoblasts (Figs. S2 A 
and B). Notably, environmental stress suppressed P4 synthesis via 
BNIP3-dependent mitophagy in placental trophoblasts. 

3.6. Melatonin inhibits environmental stress-triggered BNIP3-dependent 
mitophagy in placental trophoblasts 

Based on the model by which environmental stressor causes FGR, the 
effects of MT on BNIP3-dependent mitophagy were evaluated in envi-
ronmental stress-exposed placentae. As compared with the Cd group, the 
puncta representing co-localization of TOM 20 with LC3B were reduced 
in placenta from MT + Cd group (Fig. 7A and B). Furthermore, MT 
significantly antagonized Cd-elevated level of BNIP3 and LC3B-II pro-
teins in placentae (Fig. 7C and D). Correspondingly, MT also alleviated 
Cd-reduced level of mitochondrial proteins, HSP60 and COX IV, in 
placentae (Fig. 7C and D). To further confirm the effects of MT on Cd- 
triggered BNIP3-dependent mitophagy, human JEG-3 cells were pre-
treated with MT. The results showed that MT obviously reversed Cd- 
induced elevation of BNIP3 and LC3B-II protein level in the cells 
(Fig. 7E and F). As we expected, the level of HSP60 and COX IV protein 
was obvious elevated in Cd-stimulated cells after MT pretreatment 
(Fig. 7E and F). Next, we performed the immunofluorescent staining for 
BNIP3 and LC3B in the cells. As shown in Fig. 7G and H, MT markedly 

Fig. 3. Melatonin (MT) alleviates environmental 
stress-induced progesterone synthesis suppression in 
placental trophoblasts. (A–F) Pregnant mice in Cd and 
MT + Cd groups received intraperitoneal injection of 
Cd on GD8. In MT and MT + Cd groups, pregnant 
mice were treated with MT from GD7 to GD15. 
Pregnant mice in Ctrl group were treated with saline. 
n = 10–12 from 10 to 12 different pregnant mice. (A) 
Progesterone (P4) in maternal sera. (B) P4 in 
placentae. (C) P4 in amniotic fluid. (D) Representative 
immunoblots of CYP11A1 protein in placentae. (E) 
Quantification for CYP11A1. (F-H) Human JEG-3 cells 
were pretreated with MT before Cd stimulation (n = 3 
per group). (F) P4 in cell medium. (G) Representative 
immunoblots of CYP11A1 protein in the cells. (H) 
Quantification for CYP11A1. Data are expressed as the 
mean ± SEM. Multiple comparisons were performed 
using ANOVA. The post hoc test is executed adopting 
Bonferroni or Tamhane’s T2 method following the 
result of homogeneity of variance test. *P < 0.05, **P 
< 0.01 versus PBS/NS group; #P < 0.05, ##P < 0.01 
versus Cd group.   
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reversed Cd-caused increment of puncta representing co-localization of 
BNIP3 with LC3B. Taken as a whole, these data showed that MT could 
inhibit environmental stress-triggered BNIP3-dependent mitophagy in 
placental trophoblasts. 

3.7. Gestational exposure to environmental stress triggers BNIP3- 
dependent mitophagy via activating GCN2/ATF4 signaling in human 
placental trophoblasts 

To investigate the mechanism by which environmental stress acti-
vates BNIP3-dependent mitophagy in placental trophoblasts, we per-
formed the detection for the GCN2/ATF4 signaling in environmental 
stressor Cd-stimulated human JEG-3 cells. As presented in Fig. 8A–D, Cd 
significantly upregulated the expression of GCN2, p-eIF2α and ATF4 
proteins in the cells. To determine whether GCN2/ATF4 signaling me-
diates Cd-triggered BNIP3-dependent mitophagy, human JEG-3 cells 
were pretreated with GCN2 siRNA (siR). Our experimental data showed 
that GCN2 siR obviously alleviated Cd-elevated level of BNIP3 and 
LC3B-II proteins (Fig. 8F and G). Meanwhile, GCN2 siR markedly alle-
viated Cd-caused reduction of mitochondrial proteins, HSP60 and COX 
IV, in the cells (Fig. 8F and H). We further assessed the level of P4 
synthase, including CYP11A1 protein, and P4 in the cells. As expected, 
GCN2 siR significantly elevated the level of CYP11A1 protein and P4 in 
Cd-stimulated cells (Fig. 8E, F and I). Meanwhile, GCN2 siR significantly 
blocked Cd-activated GCN2/ATF4 signaling in the cells (Fig. 8J-L). 
Mechanistically, the above data indicated that GCN2/ATF4 signaling 
regulated placental BNIP3-dependent mitophagy in response to envi-
ronmental stress. 

3.8. Melatonin blocks environmental stress-activated GCN2/ATF4 
signaling via suppressing ROS release in placental trophoblasts 

The placental GSH/GSGG ratio has been measured on GD12. As 
shown in Fig. 9A, MT abolished Cd-induced elevation of the GSH/GSGG 
ratio in mouse placentae. To determine whether MT blocking GCN2/ 
ATF4 signaling in environmental stress-exposed mouse placentae, the 
pregnant mice were pretreated MT before environmental stressor Cd 
stimulation. As presented in Fig. 9B–E, MT significantly reversed Cd- 
elevated level of GCN2, p-eIF2α and ATF4 proteins in mouse 
placentae. We proposed a hypothesis that MT blocked maternal stress- 
induced GCN2/ATF4 signaling activation via suppressing ROS release 
based on the strong antioxidant effect of MT. The data revealed that the 
level of NOX2, NOX4 and HO-1 proteins was significantly reduced in 
placenta from MT + Cd group when compared to Cd group (Fig. 9F and 
G). We further explored the effects of MT on Cd-activated GCN2/ATF4 
signaling in human placental trophoblasts. Expectedly, MT also atten-
uated Cd-upregulated protein expression of GCN2, p-eIF2α and ATF4 in 
JEG-3 cells (Fig. 9H–K). Furthermore, the result about fluorescent 
staining showed that MT suppressed Cd-induced ROS release (Figs. 9L 
and M). Meanwhile, we evaluate the effect of MT on Cd-triggered 
oxidative stress. As shown in Fig. 9N–Q, MT alleviated Cd-elevated the 
level of NOX2, NOX4 and HO-1 proteins in placental trophoblasts. To 
obtain more evidences that MT blocked placental GCN2/ATF4 signaling 
via its the strong antioxidant effect, human JEG-3 cells were pretreated 
with MT before H2O2 stimulation. The result showed that MT blocked 

H2O2-induced GCN2/ATF4 signaling activation (Figs. S1A-D). To 
further confirm that Cd activates GCN2/ATF4 signaling via ROS release, 
human JEG-3 cells were pretreated with PBN before Cd stimulation. As 
shown in Figs. S1E-H, the level of GCN2, p-eIF2α and ATF4 proteins was 
obviously reduced in Cd-treated cells after PBN pretreatment. Notably, 
PBN also inhibited Cd-induced mitophagy, as evidenced by the elevation 
of mitochondrial proteins, such as HSP60 and COX IV, in Cd-stimulated 
cells (Figs. S1 I-K). Meanwhile, PBN mitigated Cd-induced elevation of 
BNIP3 and LC3B-II in human placental trophoblasts. As expected, PBN 
also abolished Cd-induced reduction of CYP11A1 protein and P4 level in 
human placental trophoblasts (Figs. S1 M − O). To further explore 
whether ATF4 regulates the expression of NOXs, ATF4 siRNA (siR) was 
used to pretreat human placental trophoblasts before Cd-stimulation. 
The data showed that there was no significant change of NOX4 pro-
tein level after ATF4 siR pretreatment in Cd-stimulated cells (Figs. S3 A- 
C). All in all, our results further verify that MT blocks environmental 
stress-induced GCN2/ATF4 signaling activation via suppressing ROS 
release in placental trophoblasts. 

4. Discussion 

Fetal growth restriction (FGR) is an important inducement of 
neonatal death and high incidence on chronic disease in adulthood [9, 
53–56]. Cadmium (Cd), as a widely distributed heavy metal, is a main 
environmental stressor inducing developmental toxicity. In the present 
study, we used Cd as an environmental stress to stimulated pregnant 
mice and then found that maternal exposure to Cd stress on gestational 
day 8 (GD8) resulted in the reduction of fetal weight and crown-rump 
length. Furthermore, the rate of fetal growth restriction (FGR) was 
obviously elevated in Cd-stimulated mice when compaired to controls. 
In concert with our results, several previous studies also demonstrated 
that maternal exposure to Cd during pregnancy caused FGR in mice [13, 
50]. Melatonin (N-acetyl-5-methoxytryptamine, MT) is a major secre-
tory product from the pineal gland, and has numerous physiological 
functions. An earlier study found that MT could confer powerful pro-
tective effects on gestational infection-induced FGR in mice [57]. Sub-
sequent studies indicated that MT protected against Cd-induced injury in 
nonpregnant tissues, such as liver, brain and testes [48,58,59]. In this 
study, we firstly found that MT alleviated Cd-caused reduction of fetal 
weight and crown-rump length in mice. MT also protected against 
Cd-induced elevation of FGR rate in mice. Meanwhile, our case-control 
study further showed that the reduced level of MT was occurred in 
placentae of all-cause FGR. As above, MT could confer protection against 
environmental stress-caused FGR in mice. 

Progesterone (P4) is essential for pregnancy success and contributing 
to fetal growth [35,60]. A previous study revealed that prenatal expo-
sure to noise stress impaired fetal growth via lowering maternal P4 level 
in mice [10]. Similarly, our results showed that the stressor Cd induced 
the reduction of P4 level in maternal sera and then caused FGR in mice. 
Human studies and murine experiments found that the placenta, the 
main organ synthetizing progesterone in middle and late gestation, is 
essential for keeping maternal P4 level and promoting fetal growth [29, 
30,61]. In the present study, there was a significant reduction of 
placental P4 concentration in Cd-treated mice when compared to con-
trols. These results are in agreement with the previous study [13]. An 

Fig. 4. Gestational exposure to environmental stress activates mitophagy in placental trophoblasts. (A–F) Each pregnant mouse in Cd group received intraperitoneal 
injection of Cd on GD8. Each pregnant mouse in Ctrl group was treated with saline. n = 10–12 from 10 to 12 different pregnant mice. (A) Representative immu-
noblots of HSP60, COX IV and PGC1α proteins in placentae. (B–D) Quantification for HSP60, COX IV and PGC1α. (E) Representative immunofluorescent images of 
mouse placentas from NS and Cd groups. Arrows: co-localizations of TOM20 with LC3B. The Hoechst was used to tagged the nucleus. Scale bar: 20 μm. (F) 
Quantification for yellow dots per cell. (G–J) Human JEG-3 cells were incubated with Cd for 0, 2, 6 or 12 h (n = 3 per group). (G) Representative immunoblots of 
HSP60, COX IV and PGC1α proteins in the cells. (H–J) Quantification for HSP60, COX IV and PGC1α. (K–M) Human JEG-3 cells were pretreated using CQ before Cd 
stimulation (n = 3 per group). (K) Representative immunoblots of HSP60 and COX IV proteins in the cells. (L and M) Quantification for HSP60 and COX IV. Data are 
expressed as the mean ± SEM. Multiple comparisons were performed using ANOVA. The post hoc test is executed adopting Bonferroni or Tamhane’s T2 method 
following the result of homogeneity of variance test. *P < 0.05, **P < 0.01 versus PBS/NS group, ##P < 0.01 versus Cd group. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5. BNIP3 mediates environmental stress-triggered mitophagy in placental trophoblasts. (A–D) Each pregnant mouse in Cd group received intraperitoneal in-
jection of Cd on GD8. Each pregnant mouse in Ctrl group was treated with saline. n = 10–12 from 10 to 12 different pregnant mice. (A) Representative immunoblots 
of BNIP3 and LC3B-I/II proteins in placentae. (B and C) Quantification for BNIP3 and LC3B-II. (D–G) Human JEG-3 cells were treated with Cd for 0 h, 2 h, 6 h or 12 h 
(n = 3 per group). (D) The level of relative BNIP3 mRNA. (E) Representative immunoblots of BNIP3 and LC3B-I/II proteins in the cells. (F and G) Quantification for 
BNIP3 and LC3B-II. (H–J) Human JEG-3 cells were pretreated using CQ before Cd stimulation (n = 3 per group). (H) Representative immunoblots of BNIP3 and LC3B- 
I/II proteins in the cells. (I and J) Quantification for BNIP3 and LC3B-II. (K and L) Human JEG-3 cells were treated with Cd for 6 h (n = 6 per group). (K) Quan-
tification for yellow dots per cell. (L) Representative immunofluorescent images of PBS- or Cd-treated cells. The Hoechst was used to tagged the nucleus. Scale bar: 20 
μm. Data are expressed as the mean ± SEM. Multiple comparisons were performed using ANOVA. The post hoc test is executed adopting Bonferroni or Tamhane’s T2 
method following the result of homogeneity of variance test. *P < 0.05, **P < 0.01 versus PBS/NS group, #P < 0.05, versus Cd group. 
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early human study found that MT contributed to progesterone synthesis 
in nonpregnant woman [62]. Our experiment further found that MT 
provided powerful protective effects on Cd-induced reduction of P4 level 
in sera of maternal mice, placentae and amniotic fluid. Moreover, MT 
also elevated the P4 concentration in medium of Cd-treated cells. To sum 
up, MT protected against environmental stress-induced FGR via 
elevating the level of P4 in placenta. 

The P4 synthases, including StAR, CYP11A1 and 3β-HSD, are located 
in mitochondria and play a pivotal role in P4 synthesis [31–33,36,63, 

64]. Our experiments found that gestational exposure to Cd lowered the 
level of placental CYP11A1, a crucial P4 synthase, and then reduced P4 
level in sera of maternal mice, placentae and amniotic fluid. Analo-
gously, our in vitro experiments further verified that the stressor Cd 
downregulated the protein expression of CYP11A1, thereby lowering 
the P4 level in the medium from human placental trophoblasts. In line 
with our data, another animal research also found that maternal expo-
sure to the stressor lipopolysaccharide (LPS) during gestation signifi-
cantly lowered the level of P4 via reducing the mRNA and the protein 

Fig. 6. Gestational exposure to environmental stress inhibits progesterone synthesis via BNIP3-dependent mitophagy in placental trophoblasts. (A–I) Human JEG-3 
cells were pretreated with BNIP3 siRNA before Cd stimulation. (A) Progesterone in cell medium. (B) Representative immunoblots of CYP11A1 protein in the cells. (C) 
Quantification for CYP11A1. (D) Representative immunoblots of HSP60 and COX IV proteins in the cells. (E and F) Quantification for HSP60 and COX IV. (G) 
Representative immunoblots of LC3B-I/II and BNIP3 proteins in the cells. (H and I) Quantification for LC3B-II and BNIP3. Data are expressed as the mean ± SEM. n =
3 per group. Multiple comparisons were performed using ANOVA. The post hoc test is executed adopting Bonferroni or Tamhane’s T2 method following the result of 
homogeneity of variance test. *P < 0.05, **P < 0.01 versus PBS group, #P < 0.05, ##P < 0.01 versus Cd group. 
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Fig. 7. Melatonin (MT) inhibits environmental stress-triggered BNIP3-dependent mitophagy in placental trophoblasts. (A–D) Pregnant mice in Cd and MT + Cd 
groups received intraperitoneal injection of Cd on GD8. In MT and MT + Cd groups, pregnant mice were treated with MT from GD7 to GD15. Pregnant mice in Ctrl 
group were treated with saline. n = 10–12 from 10 to 12 different pregnant mice. (A) Representative immunofluorescent images of mouse placenta from Cd and MT 
+ Cd groups. Arrows: co-localizations of TOM20 with LC3B. The Hoechst was used to tagged the nucleus. Scale bar: 20 μm. (B) Quantification for yellow dots per cell. 
(C) Representative immunoblots of BNIP3, LC3B-I/II, HSP60 and COX IV proteins in mouse placenta. (D) Quantification for BNIP3, LC3B-II, HSP60 and COX IV. 
(E–H) Human JEG-3 cells were pretreated using MT before Cd administration (n = 3 per group). (E) Representative immunoblots of BNIP3, LC3BI/II, HSP60 and COX 
IV proteins in mouse placenta. (F) Quantification for BNIP3, LC3BI/II, HSP60 and COX IV. (G) Quantification for yellow dots per cell. (H) Representative immu-
nofluorescent images from Cd-treated cells with or without MT pretreatment. The Hoechst was used to tagged the nucleus. Scale bar: 20 μm. Data are expressed as the 
mean ± SEM. Multiple comparisons were performed using ANOVA. The post hoc test is executed adopting Bonferroni or Tamhane’s T2 method following the result of 
homogeneity of variance test. *P < 0.05, **P < 0.01 versus PBS/NS group, #P < 0.05, ##P < 0.01 versus Cd group. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 8. Gestational exposure to environmental stress triggers BNIP3-dependent mitophagy via activating GCN2/ATF4 signaling in human placental trophoblasts. 
(A–D) Human JEG-3 cells were treated with Cd for 0, 2, 6 or 12 h (n = 3 per group). (A) Representative immunoblots of GCN2, p-eIF2α/eIF2α and ATF4 proteins in 
the cells. (B–D) Quantification for GCN2, p-eIF2α and ATF4. (E–L) Human JEG-3 cells were pretreated with GCN2 siR before Cd stimulation (n = 3 per group). (E) P4 
in the medium. (F) Representative immunoblots of BNIP3, LC3BI/II, HSP60, COX IV and CYP11A1 proteins in the cells. (G–I) Quantification for BNIP3, LC3BI/II, 
HSP60, COX IV and CYP11A1. (J) Representative immunoblots of ATF4 and GCN2 proteins in the cells. (K and L) Quantification ATF4 for and GCN2. Data are 
expressed as the mean ± SEM. Multiple comparisons were performed using ANOVA. The post hoc test is executed adopting Bonferroni or Tamhane’s T2 method 
following the result of homogeneity of variance test. *P < 0.05, **P < 0.01 versus PBS group, #P < 0.05, ##P < 0.01 versus Cd group. 
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level of P4 synthases, such as CYP11A1 and 3β-HSD, in murine placentae 
[30]. Moreover, our population case-control study further showed that 
P4 synthesis was inhibited in SGA placentae when compared to AGA 
placentae. Most importantly, our results further showed that MT could 
protect against Cd-induced reduction of CYP11A1 protein level in mouse 
placentae and human placental trophoblasts. Collectively, MT alleviated 
environmental stress-induced reduction of P4 level via reversing P4 
synthesis inhibition in placental trophoblasts. 

Mitophagy is a process in which cells target mitochondria for 
degradation via lysosomes [24]. In the present study, our data showed 
that gestational exposure to Cd significantly reduced mitochondrial 
proteins, such as HSP60 and COX IV. We suspected that the placental 
trophoblasts compensated for this effect via up-regulating the expression 
of PGC-1a, a transcriptional co-activator promoting mitochondrial 
biogenesis [65]. As above, we concluded that gestational exposure to Cd 
decreased placental mitochondrial proteins via promoting mitochon-
drial degradation rather than inhibiting mitochondrial biogenesis. Thus, 
we further explored the role of placental mitophagy, a novel mito-
chondrial protein degradation pathway, in Cd-caused FGR. There are 
Parkin-dependent mitophagy and Parkin-independent mitophagy 
involving other mediators, such as BNIP3, NIX, FUNDC1 and cardiolipin 
[66]. Several studies found that the stressors, including cadmium and 
ketoconazole, triggered hyperactive mitophagy and led to mitochon-
drial proteins loss in hepatic cells [38,39]. In our present study, we 
firstly found gestational exposure to Cd stress significantly triggered 
BNIP3-dependent mitophagy in mouse placentae and human placental 
trophoblasts, as determined by the degradation of mitochondrial pro-
teins, including HSP60 and COX IV, and the accumulation of puncta 
representing co-localization of TOM20 with LC3B and BNIP3 with LC3B. 
We further pretreated human JEG-3 cells with BINP3 siRNA (siR) to 
investigate the role of BNIP3-dependent mitophagy in Cd-caused 
placental P4 synthesis suppression. Results showed that the protein 
expression of CYP11A1 was elevated in Cd-treated human JEG-3 cells 
after BINP3 siR pretreatment. Furthermore, the expression of CYP11A1 
protein was upregulated after CQ pretreatment in Cd-stimulated human 
placental trophoblasts. Our population case-control study also found 
BNIP3-dependent mitophagy was activated in SGA placentae. Further-
more, we also found MT could confer powerful inhibitory effects on 
Cd-caused elevation of BNIP3 and LC3B-II proteins and reduction of 
HSP60 and COX IV proteins in mouse placenta. Similarly, MT also 
reversed Cd-induced degradation of mitochondrial proteins, such as 
HSP60 and COX IV, and accumulation of puncta, representing 
co-localization of TOM20 with LC3B and BNIP3 with LC3B in human 
JEG-3 cells. As above, MT attenuated environmental stress-induced P4 
synthesis inhibition via suppressing BNIP3-dependent mitophagy in 
placental trophoblasts. 

The GCN2/ATF4 signaling, one response pathway of the mitochon-
drial stress, is activated upon mitochondrial stress and thereby regu-
lating protein synthesis [67]. A previous study found maternal exposure 
to stressors including nicotine induced GCN2 signaling activation in 
murine placenta [68]. Until now, the role of GCN2/ATF4 signaling in 
mitophagy activation remains unclear in response to environmental 
stress. In the present study, we found Cd stress obviously elevated the 
level of GCN2 and ATF4 proteins in placental trophoblasts. ATF4, a 
well-known nuclear transcription factor, regulated multifarious gene 

transcription and protein synthesis [69]. Our results showed that Cd 
stress elevated the level of BNIP3 mRNA and then upregulated the 
expression of BNIP3 protein in human JEG-3 cells. Most importantly, 
GCN2 siR pretreatment significantly lowered the level of BNIP3 protein. 
Meanwhile, the level of HSP60 and COX IV proteins was elevated in 
Cd-stimulated cells after GCN2 siR pretreatment. Further study showed 
that MT conferred powerful inhibitive effects on GCN2/ATF4 signaling 
in Cd-treated placentae and cells. Mechanistically, MT antagonized 
environmental stress-triggered BNIP3-dependent mitophagy via block-
ing GCN2/ATF4 signaling activation in placental trophoblasts. 

Oxidative stress is the result from imbalance between reactive oxy-
gen species (ROS) overproduction and endogenous antioxidants. 
Excessive ROS triggered multifarious cellular stress response, such as 
endoplasmic reticulum (ER) stress, inflammatory reaction, genotoxic 
stress and hypoxia [70–73]. A recent plant study found ROS induced the 
activation of GCN2 kinase in Arabidopsis [74]. Our previous studies 
confirmed that gestational exposure to environmental stress induced 
oxidative stress [49,75]. In present study, we firstly explored the effect 
of ROS on placental GCN2/ATF4 signaling activation. The data showed 
that the level of NOX2/4, two NADPH oxidases inducing ROS produc-
tion, was elevated in placental trophoblasts after Cd treatment. Further 
results showed that PBN, a free radical scavenger, obviously blocked 
Cd-activated GCN2/ATF4 signaling. Numerous studies have confirmed 
that MT is a powerful antioxidant [76–78]. In this study, we also found 
MT inhibited ROS release, and thereby reducing the level of GCN2 and 
ATF4 proteins in Cd-treated placental trophoblasts. Our results further 
confirmed that MT inhibited H2O2-activated GCN2/ATF4 signaling 
activation in placental trophoblasts. In conclusion, MT blocked envi-
ronmental stress-induced GCN2/ATF4 signaling activation via sup-
pressing ROS production in placental trophoblasts. 

In the present study, we find activated BNIP3-dependent mitophagy 
and P4 synthesis suppression is observed in SGA placentae based on our 
case-control study. Subsequently, we propose a neoteric mechanism by 
which gestational exposure to environmental stress causes P4 synthesis 
inhibition and FGR via activating BNIP3-dependent mitophagy in 
placental trophoblasts. More importantly, our data suggest that MT 
confers protection against environmental stress-impaired P4 synthesis 
and fetal growth via suppressing ROS-mediated GCN2/ATF4/BNIP3- 
dependent mitophagy in placental trophoblasts. In conclusion, our 
findings provide new pharmacological evidence for the application of 
MT as a potential therapeutic agent antagonizing environmental stress- 
induced developmental toxicity. 
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Fig. 9. Melatonin (MT) blocks environmental stress-activated GCN2/ATF4 singaling via suppressing ROS release in placental trophoblasts. (A–H) Pregnant mice in 
Cd and MT + Cd groups received intraperitoneal injection of Cd on GD8. In MT and MT + Cd groups, pregnant mice were treated with MT from GD7 to GD15. 
Pregnant mice in Ctrl group were treated with saline. n = 10–12 from 10 to 12 different pregnant mice. (A) GSH/GSSG ratio in mouse placentae. (B) Representative 
immunoblots of GCN2, p-eIF2α/eIF2α and ATF4 proteins in placentae. (C–E) Quantification for GCN2, p-eIF2α and ATF4. (F) Representative immunoblots of NOX2, 
NOX4 and HO-1 proteins in placentae. (G) Quantification for NOX2, NOX4 and HO-1. (H–Q) Human JEG-3 cells were pretreated with MT before Cd stimulation (n =
3 per group). (H) Representative immunoblots of GCN2, p-eIF2α/eIF2α and ATF4 proteins in the cells. (I-K) Quantification for GCN2, p-eIF2α and ATF4. (L) 
Representative fluorescent images of ROS detection. (M) Quantification for fluorescence recur to a Multimode Reader. (N) Representative immunoblots of NOX2, 
NOX4 and HO-1 proteins in placenta. (O–Q) Quantification for NOX2, NOX4 and HO-1. Data are expressed as the mean ± SEM. Multiple comparisons were performed 
using ANOVA. The post hoc test is executed adopting Bonferroni or Tamhane’s T2 method following the result of homogeneity of variance test. *P < 0.05, **P < 0.01 
versus PBS/NS group, #P < 0.05, ##P < 0.01 versus Cd group. 
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