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A B S T R A C T   

Di (2-ethyl-hexyl) phthalate (DEHP) is a wildly used plasticizer. Maternal exposure to DEHP during pregnancy 
blocks the placental cell cycle at the G2/M phase by reducing the efficiency of the DNA repair pathways and 
affects the health of offsprings. However, the mechanism by which DEHP inhibits the repair of DNA damage 
remains unclear. In this study, we demonstrated that DEHP inhibits DNA damage repair by reducing the activity 
of the DNA repair factor recruitment molecule PARP1. NAD+ and ATP are two substrates necessary for PARP1 
activity. DEHP abated NAD+ in the nucleus by reducing the level of NAD+ synthase NMNAT1 and elevated NAD+

in the mitochondrial by promoting synthesis. Furthermore, DEHP destroyed the mitochondrial respiratory chain, 
affected the structure and quantity of mitochondria, and decreased ATP production. Therefore, DEHP inhibits 
PARP1 activity by reducing the amount of NAD+ and ATP, which hinders the DNA damage repair pathways. The 
supplement of NAD+ precursor NAM can partially rescue the DNA and mitochondria damage. It provides a new 
idea for the prevention of health problems of offsprings caused by DEHP injury to the placenta.   

1. Introduction 

Fetal growth restriction (FGR) is a worldwide problem [1]. Based on 
the Developmental Origins of Health and Disease (DOHaD) hypothesis, 
it is related to the susceptibility to some diseases in later life [1–3]. FGR 
was inversely correlated with placental weight in an epidemiological, 
population-based study [4]. The placenta is a temporary yet essential 
organ that connects mother and fetus, which has barrier, transport, and 
endocrine functions [5] and the development of which is sensitive to 

some outer environment factors, such as Di (2-ethyl-hexyl) phthalate 
(DEHP). 

DEHP is a wildly used plasticizer and potential carcinogen. It is a 
known environmental endocrine disruptor (EED) [6]. Since DEHP is not 
covalently attached to PVC products, it is easy to release into various 
environmental media [7]. It enters the body through the skin, digestive 
tract, and respiratory tract [8]. DEHP is hydrolyzed rapidly in vivo by 
esterase into mono (2-ethylhexyl) phthalate (MEHP), a biologically 
active monoester metabolite which is a reproductive poison [9]. DEHP 
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has toxic effects on the occurrence of sperm and ovum and affects the 
development of fertilized eggs and embryos [10–12]. Epidemiological 
evidence showed that DEHP can affect semen parameters and testos
terone levels in adult men [13] and increase the odds of premature 
delivery in women [14]. Under the toxicity of DEHP and MEHP, key 
processes related to placental development, such as implantation, dif
ferentiation, invasion, and angiogenesis, were negatively affected, 
which can further induce increased placental apoptosis [15,16]. Our 
previous work has shown that DEHP disrupts placental growth in a dual 
blocking mode [17]. It has been reported that DEHP causes DNA damage 
[18,19] and our further analyses suggested the DNA damage repair 
pathways were affected [17]. However, the detailed mechanism remains 
unelucidated. 

DNA repair is essential for cells to maintain genome stability and cell 
survival [20]. PARP1, a nuclear enzyme sensing DNA damage [21], set 
up the damage repair platform through Poly-ADP-ribosylation (PAR
ylation) itself and other repair factors in the repair pathways [22–24] 
under the assistance of nicotinamide adenine dinucleotide (NAD+) and 
ATP. NAD+ is a coenzyme involved in cellular energy metabolism and 
homeostasis, adaptive response, chromatin stability, gene expression 
[25,26] and DNA repair [27]. ATP is formed by glycolysis in the cyto
plasm and oxidative phosphorylation in mitochondria. On one hand, 
DEHP can down-regulate the level of ATP in mouse oocytes [28] and 
testis [29]. On the other hand, our previous study found that NAD+

concentration decreased in the presence of DEHP [17]. Therefore, we 
hypothesized that DEHP interferes with DNA damage repair by inhib
iting NAD+/ATP- PARP1 signal axis in placental cells. 

In this study, we examined the mechanism of DNA damage in 
placental cells exposed to DEHP. We found that DEHP has a compart
mentalized regulatory effect on NAD+ in placental cells, which reduced 
the concentration of NAD+ in nuclear and cytoplasmic through inhib
iting NAD+ synthase NMNAT1 and NMNAT2, respectively. Meanwhile, 
NAD+ hydrolase CD38 and CD157 were observed to increase, which 
further reduced the intracellular NAD+ level. On the contrary, DEHP 
increased the concentration of NAD+ in mitochondria by up-regulating 
NMNAT3 synthetase. Although a large amount of NAD+ accumulates 
in mitochondria, DEHP inhibits the rate of ATP production by blocking 
the electron transport chain, reducing the number of mitochondria, and 
damaging the mitochondrial structure. Under the nuclear NAD+ and 
ATP deficiency, the activity of PARP1 is inhibited, resulting in the 
accumulation of DNA damage, reducing the proliferation of placental 
cells, and ultimately thinning the layer of placental trophoblast. Pre
cursor nicotinamide (NAM) pre-supplementation alleviated the DNA 
damage and the structural damage of placental mitochondria caused by 
DEHP. 

Therefore, DEHP inhibited the activity of PARP1 by regulating the 
levels of NAD+ and ATP, thus hindering the repair of DNA damage and 
blocking the proliferation of placental cells. Appropriate NAM can 
partially rescue these damages. 

2. Materials and methods 

2.1. Reagents 

DEHP (Sigma-Aldrich, USA, D201154, purity ≥99.5%). MEHP 
(Sigma-Aldrich, USA, 796832, purity ≥97%). Corn oil (COFCO, 
370131751–1). Tween 80 (Sigma-Aldrich, P1754). Nicotinic acid (NA) 
(Topscience, T0879). Nicotinamide (Topscience, T0934). β-Nicotin
amide mononucleotide (NMN) (Topscience, T4721). Nicotinamide 
riboside (NR) (Topscience, T13795). DMSO (Sigma-Aldrich, 
RNBG2257). RPMI Medium Modified 1640 (Hyclone, SH30809.01). 
Fetal bovine serum (Sangon Biotech, Shanghai, E600001). HE Staining 
Kit (Solarbio, G1120). NAD+/NADH Assay Kit (Beyotime Biotech
nology, S0175). BCA Protein Assay Kit (Thermo Scientific, 23225). 
Comet assay kit (R&D Systems, 4250-050-K). 

2.2. Animal feeding and treatment 

SPF-grade ICR mice (8 weeks old) were obtained from Beijing Vital 
River (license number: SCXK (Beijing, China) 2016–0011). The animals 
were first adaptively housed in a specific-pathogen-free (SPF) environ
ment for one week and given access to sterile food and water (packed in 
a glass kettle). The room environment was maintained at 22 ± 2 ◦C and 
50 ± 5% humidity under an automatically controlled cycle of 12 h light/ 
dark. On the 7th night, one male and two female mice were mated in a 
new cage at 8:00 p.m. Female mice were checked by 8:00 a.m. the next 
morning. If a vaginal plug was found, it was considered as gestational 
(GD 0). Then pregnant mice were randomized and placed into different 
groups based on weight before drug treatment. Repeat the above oper
ation until enough pregnant mice were obtained. In DEHP-treated 
groups, pregnant mice were administered with 0 mg/kg/d (Tween 
80% and 1% corn oil emulsion), 5 mg/kg/d, 50 mg/kg/d, and 200 mg/ 
kg/d DEHP by gavage (1% of body weight) during GD 0–15. The dose of 
DEHP (0, 5, 50, 200 mg/kg/d) was selected according to a previous 
study [17]. In intervention groups, pregnant mice were administered 
with 0 mg/kg/d (water), 500 mg/kg/d NAM, 50 mg/kg/d DEHP, and 
500 mg/kg/d NAM + 50 mg/kg/d DEHP by gavage (1% of body weight) 
during GD 0–15. Pregnant mice were sacrificed at GD 15. The use of 
animals and the protocols are licensed by the Anhui Medical University 
Animal Care and Use Committee (20170394, LLSC20200694). 

2.3. Cell culture 

HTR-8/SVneo cell line, one of the first-trimester extravillous 
trophoblast cell lines, was purchased from the Shanghai ATCC cell bank. 
This cell line has been universally accepted to possess all the charac
teristics of first trimester human primary placental cells. Cells were 
grown in RPMI 1640 medium supplemented with 5% FBS and 1% 
penicillin/streptomycin (Sangon Biotech) in a maintained chamber at 
37 ◦C with 5% CO2. The dose of MEHP (0, 20, 200, 500 μM) was selected 
according to a previous study [17]. MEHP was prepared in DMSO at a 
final concentration of 0.1% by volume. NA (0.5 mM), NAM (0.5 or 5 
mM), NMN (0.5 mM), and NR (0.5 mM) were dissolved in distilled water 
at a final concentration of 0.1% by volume. 

2.4. Placental histopathology 

The placenta was removed and soaked in 4% paraformaldehyde 
(PFA) on a horizontal shaker overnight and embedded with paraffin 
[30]. Following this step, the placental section was dyed using hema
toxylin and eosin (H&E). According to the structure, the placenta was 
divided into four zones: decidua (dec), junctional zone (jz), labyrinth 
(lab), and chorionic plate (cp) [30]. 

2.5. Mitochondrial DNA copy number quantification 

Genomic DNA from the placenta was isolated using the DNeasy 
Blood and Tissue Kit (Qiagen), according to the manufacturer’s in
structions. The relative copy number of mitochondrial DNA per nuclear 
DNA ratio was measured by qPCR. The sequences of primers for the 
mitochondrial segment were as follows [31]: (F) CTA
GAAACCCCGAAACCAAA and (R) CCAGCTATCACCAAGCTCGT. The 
sequences of primers for the single-copy nuclear control were as follows: 
(F) ATGGGAAGCCGAACATACTG and (R) CAGTCTCAGTGGGGG 
TGAAT. 

2.6. NAD+/NADH assay 

NAD+/NADH levels were measured with NAD+/NADH Assay Kit 
according to the manufacturer’s instructions. Animal tissue was ho
mogenized using a tissue homogenizer after adding the extracting so
lution. HTR-8 cells were seeded on six-well plates (1.0 × 106 cells/well) 
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and 400 μL of extracting solution was added. Absorbance at 450 nm was 
measured using a multifunctional microplate reader (BioTek, SEN
ERGX2 Synergy 4). Finally, BCA assay was done to determine the protein 
concentration. 

2.7. Immunoblotting 

Total placental and HTR8/SVneo cell lysates were heated for 10 min 
at 100 ◦C and then electrophoretically separated by 10–12.5% SDS- 
PAGE. After electrophoresis, the protein was transferred to the PVDF 
membrane and blocked in 5% skim milk formulated in TBST for 1 h. 
After blocking, the membranes were individually incubated with PCNA 
(Abcam, ab18197), γH2AX (Ser139, CST, 9718S), PARP1(CST, 46D11), 
Poly (ADP-ribose) (Trevigen, 4335-MC-100), NMNAT1 (GeneTex, 
GTX66480), NMNAT2 (Affbiotech, DF13581), NMNAT3 (Abcam, 
ab121030), ACPM (Omnimabs, OM633568), Total Oxphos (Abcam, 
ab110413), CD38 (Abcam, ab216343), CD157 (Affbiotech, DF3744), 
and NAMPT (Abcam, ab236874) antibodies for 1–4 h. Following the 
primary antibody incubation, the membranes were washed in TBST and 
subsequentially incubated with an appropriate secondary antibody. The 
membranes were washed again in TBST and detected with the enhanced 
chemiluminescence solution (Advansta, K-12043-D20). The protein 
bands were analyzed by Image J software for gray value. 

2.8. Comet assay 

The comet assay was performed with the Comet assay kit according 
to the manufacturer’s instructions. HTR-8 cells were mixed into LMA
garose (at 37 ◦C) in a 1:10 vol ratio and immobilized onto a comet assay 
glass slide (50 μL each well). Then, the glass slides were placed in a wet 
box at 4 ◦C for 30 min. Following this step, slides were immersed in pre- 
chilled lysis solution in the dark at 4 ◦C for 1 h. The excess fluid was 
subsequentially removed and the slides were incubated in pre-chilled 
neutral electrophoresis buffer in the dark at 4 ◦C for 30 min. Later, the 
slides were placed in a new neutral buffer and then electrophoresed at 
25 V for 1 h in the dark at 4 ◦C. With the excess electrophoresis solution 
aspirated, the slides were immersed in the DNA Precipitation Solution, 
and placed in the dark at RT for 30 min followed by incubation in 70% 
ethanol for 30 min in the dark at RT, and dried at 40 ◦C for 15 min. The 
nuclei were stained with 5 μg/mL of ethidium bromide (EB) at RT in the 
dark for 20 min. The images were observed by Olympus fluorescence 
microscope BX53 (Olympus Japan). DNA damage and migration were 
assessed (100 cells in each group) using the CASP software package 
[32]. 

2.9. Transmission electron microscopy (TEM) 

The placental samples were post-fixed with 4% glutaraldehyde and 
washed in phosphate buffer four times for 1 h each. After that, the 
samples were post-fixed with 1% osmium tetroxide for 2 h at 4 ◦C. Then 
the samples were rinsed in ddH2O three times for 10 min each, followed 
by rinsing further in 2% aqueous uranyl acetate for 2 h at RT, protected 
from light. Sample dehydration: 50% ethanol for 15 min, 70% ethanol 
for 15 min, 90% ethanol for 15 min, 100% ethanol for 15 min, and 100% 
acetone two times for 20 min each. Following the dehydration step, the 
samples were treated with 100% acetone: embedding agent Epon 812 
(1:1) at RT for 2 h. Later, the placental tissues were embedded, poly
merized, cut into slices, stained using lead citrate, and aired. Finally, the 
sections were observed using a transmission electron microscope 
(Thermo scientific, Talos L120C G2). 

2.10. Seahorse analysis 

HTR-8 cells were seeded at 25,000 cells per well 24 h before the 
measurement and equilibrated in a CO2-free incubator at 37 ◦C for 1 h. 
Analyses were performed using Oligomycin (1 μM), and Rotenone (1 

μM) plus Antimycin A (1 μM) as indicated. Seahorse measurements were 
performed on Seahorse XFp Extracellular Flux Analyzer (Agilent). 

2.11. Mitochondrial OXPHOS complex enzyme activity assay 

Placental mitochondria complex enzyme activity was detected 
following the manufacturer’s instruction. The enzymatic activities of 
complex I (NADH dehydrogenase), complex II (succinate-coenzyme Q 
reductase), complex III (CoQ-cytochrome C reductase), complex IV 
(Cytochrome C oxidase) and complex V (F1F0-ATP synthase) were 
assayed using Mitochondrial Respiratory Complex I–V Activity Assay Kit 
(SolarBio, BC0515/BC3235/BC3245/BC0945/BC1445). Absorbance 
was measured using a multifunctional microplate reader (BioTek, 
SENERGX2 Synergy 4). The BCA method was then used to determine the 
protein concentration. 

2.12. Live cell imaging 

HTR-8 cells were inoculated with 6 × 105 per well in 35 mm confocal 
dishes (Biosharp, BS-20-GJM) before MEHP treatment. MitoTracker 
(Maokangbio, M7514) and Hoechst 33342 (Invitrogen, H3570) were 
used to label mitochondria and nuclei respectively. Live cells were 
visualized 24 h post the MEHP treatment by confocal microscopy 
(LEICA, THUNDER Imager 3D Live Cell). 

2.13. Statistical analysis 

The data were analyzed with SPSS, version 23.0 (SPSS, Chicago, IL, 
USA), and represented as means ± standard error (SEM). Student’s t- 
test, Analysis of variance (ANOVA), Mann-Whitney U test, and Kruskal- 
Wallis H test were used as appropriate. Statistical graphs were produced 
in GraphPad Prism 7. P < 0.05 was considered a significant difference. 

3. Results 

3.1. Trophoblast area reduced by DEHP in placenta 

Pregnant mice were treated with DEHP during gestational day 0–15 
(GD 0–15) (Supplementary Figs. 1A–G). Placental sections from GD 15 
were stained with hematoxylin and eosin to explore the effect of DEHP 
on placenta development. Upon the treatment of DEHP, the total 
placental area decreased with the increase of drug dosage and showed a 
clear decrease at 200 mg/kg/d (Fig. 1A and B). The area ratio of the 
labyrinth trophoblast layer also decreased (Fig. 1C). PCNA protein is a 
marker of proliferation, and its expression was negatively correlated 
with DEHP concentration (Fig. 1D and E). These evidences suggest that 
maternal exposure to DEHP during pregnancy inhibits placental 
trophoblast development. 

3.2. DNA damage in placenta triggered by DEHP 

In order to determine whether trophoblast proliferation deficiency 
was related to DNA damage, we detected the level of γH2AX phos
phorylation, the marker of DNA damage, in placenta by Western- 
Blotting assay (Fig. 2A). Compared with the control group, the phos
phorylation levels of γH2AX increased in DEHP-treated groups when the 
DEHP concentration reaches 200 mg/kg/d (Fig. 2B). A comet assay was 
then carried out in HTR-8 cells to further confirm the formation of DNA 
damage (Fig. 2C). As cultured cells in vitro lack a complete metabolic 
system similar to the animal, we treated HTR-8 cells with Mono-(2- 
ethylhexy) phthalate (MEHP), the bioactive metabolite of DEHP. The 
head DNA percentage, tail DNA percentage, and olive tail moment were 
analyzed, and the results showed the head DNA percentage is negatively 
correlated with MEHP concentration, while the percentage of tail DNA 
and the comet tail moment increased in a MEHP dose-dependent manner 
(Fig. 2D–F). These results suggest that DEHP exposure leads to the 
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accumulation of placental DNA damage. 

3.3. Effect of DEHP exposure on PARP1 protein expression and activity 

When DNA damage occurs, PARP1 will be activated and binds to the 
damaged site to build a repair factors platform [33]. To evaluate 
whether the DNA damage repair pathways were activated, we examined 
the protein level and activity of PARP1 in mouse placenta. In the 
DEHP-treated placenta, the protein concentration of PARP1 hardly 
changed, while the concentration of cleaved PARP1 was up-regulated 
along with the increase of DEHP dosage (Fig. 3A–C). Since DNA repair 
proteins and PARP1 itself renovate DNA damage through 
Poly-ADP-ribosylation (PARylation) [34], the PARylation levels were 
also evaluated. Compared with the control group, the PARylation level 
of PARP1 was down-regulated along with the increase of DEHP con
centration (Fig. 3D–E). These results indicate that DEHP did not affect 
the level of PARP1 protein but restrained PARP1 activity and thus likely 
hindered DNA repair in mouse placenta. 

3.4. The distribution of NAD+ in three pools in placenta treated with 
DEHP 

To execute the DNA repair function, PARP1 should be kept active in 
the presence of NAD+ in the nucleus and ATP [35,36]. Many biological 
functions of NAD+ are organized and coordinated through its 
compartmentalization within the cell [37]. Bio-synthesis of NAD+ in 
different pools requires NMNAT enzymes at different subcellular loca
tions [38]: NMNAT1/2/3 is located at the nucleus, cytoplasm, and 
mitochondria, respectively. To assess the level of NAD+ located in 
different pools, we fractionated mouse placenta to isolate the nucleus, 
cytoplasm, and mitochondria. As shown in Fig. 4, NAD+ levels declined 
in the nucleus and cytoplasm, while ascended in the mitochondria in the 
DEHP-treated mouse placenta (Fig. 4A-L). To check whether the NAD+

level change is due to the change of their respective NMNATs, the 
NMNAT1/2/3 levels were examined. Interestingly, with the rising of 
DEHP concentration, the protein levels of NMNAT1 and NMNAT2 
decreased, while the protein level of NMNAT3 increased (Fig. 4M–P), 
which is consistent with our hypothesis. These results showed that DEHP 
reduced nuclear and cytoplasmic NAD+ concentrations by reducing the 

Fig. 1. Comparison of the histopathology in normal 
and DEHP exposed placentas. Pregnant mice were 
administrated by DEHP (0, 5, 50 and 200 mg/kg/d) 
during GD 0–15. (A) Representative images of the 
largest longitudinal section of GD 15 placenta detec
ted by H&E staining. The ranges of the labyrinth were 
outlined in the lower part of the figures. Data are 
normalized by the control. (B) Total area of placenta. 
(C) Area of labyrinth in placenta. Lab: labyrinth. Scale 
bar: 1 mm. (D) Representative images of PCNA using 
Western blot, and (E) quantitative analysis of PCNA 
protein levels in mice placenta. All data are expressed 
as mean ± standard errors. (N = 6). * indicate a 
statistically significant difference compared to control 
(P < 0.05).   
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protein level of NAD+ synthetase NMNAT1 and NMNAT2 while 
increasing mitochondrial NAD+ levels by elevating the protein level of 
synthetase NMNAT3. 

3.5. NAD + depletion in pregnant mice triggered by DEHP 

From the experiments above, we have observed that DEHP regulated 
the compartmentalized distribution of NAD+ in placental cells. 
Furthermore, we observed that DEHP also reduced the concentration of 
NAD+ in serum and placenta during pregnancy (Fig. 5A–H). Similar 

results were also observed in HTR-8 cells (Fig. 5I-L). These results sug
gest that DEHP not only regulates the regional distribution of NAD+ in 
placental cells but also influences the source of NAD+ entering the 
placenta. To investigate whether the change of the NAD+ level was due 
to its metabolic processes, the NAD+ hydrolases and synthases levels 
were measured. The protein levels of NAD+ hydrolase CD38 and CD157 
in DEHP-treated groups were higher than those in the control groups 
(Fig. 5M–O). However, the protein level of NAMPT, a synthetase that 
converts NAM to NMN, almost remained unchanged (Fig. 5P and Q). 
Overall, DEHP may induce an increase in the expression level of NAD+

Fig. 2. DNA damage in placenta triggered by DEHP. Pregnant mice were administrated by DEHP (0, 5, 50 and 200 mg/kg/d) during GD 0–15. HTR-8 cells were 
treated with MEHP (0, 20, 200, 500 μM) for 24 h or 500 μM H2O2 for 30 min. (A) Representative images of phosphorylated γ-H2AX using Western blot, and (B) 
quantitative analysis of phosphorylated γ-H2AX levels in mice placenta. (C) Representative images of the comet assays. (D) Head DNA percentage, (E) Tail DNA 
percentage, and (F) Olive tail moment was analyzed in HTR-8 cells, respectively. Scale bar: 100 μm. All data are expressed as mean ± standard errors. (N = 6). * 
indicate a statistically significant difference compared to control (P < 0.05). 
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hydrolases, leading to the depletion of NAD+ in serum and placenta 
during pregnancy. 

3.6. DEHP exposure causes a decrease in ATP levels by blocking the 
mitochondrial electron transport chain 

To evaluate the level of ATP, another donor’s contribution to PARP1 
activity upon DEHP exposure, we performed Seahorse XF Real-Time 
ATP Rate assay in HTR-8 cells exposed to MEHP, the bioactive metab
olite of DEHP. ATP is primarily produced by oxidative phosphorylation 
and glycolysis in the cell. Oxygen consumption rate (OCR) is generated 
by mitochondrial electron transport and used to evaluate oxidative 
phosphorylation function. Extracellular acidification rate (ECAR) results 
from glycolytic acidification and mitochondrial acidification. After 
subtracting mitochondrial acidification, the resulting value is called the 
glycolytic proton efflux rate (PER). ECAR and PER can use together to 
evaluate glycolysis states. As shown in Fig. 6A and B, the ATP production 
rate was repressed by MEHP in both cytoplasm and mitochondria. OCR, 
ECAR, and PER had a downward trend (Fig. 6C–E). In order to figure out 
the reason for the decrease of ATP, we detected the protein levels and 
complex enzyme activity of the mitochondrial respiratory chain. The 
protein levels of complex II-V of the mitochondrial respiratory chain 
decreased significantly, while complex I increased (Fig. 6F–K). To 
confirm the change of complex I, we detected the protein level of ACPM, 
the accessory and non-catalytic subunit of NADH dehydrogenase com
plex I, and it was indeed elevated in the placenta of DEHP treated mouse 
(Fig. 6L and M). In terms of OXPHOS complex enzyme activity, complex 
I activity was elevated, while complex IV and complex V activities were 
reduced (Fig. 6N–R). In summary, these results indicate that DEHP in
hibits placental mitochondrial respiration and electron transport. 

3.7. DEHP exposure caused a decrease in ATP level by destroying 
mitochondrial structure and reducing mitochondrial number in placenta 

To investigate whether the decrease of ATP is related to the structure 
and quantity of mitochondria, we observed morphological changes of 
mitochondria in placenta by TEM and used a mitochondrial fluorescent 
probe in living cell images to represent the mitochondrial area. Under 

DEHP treatment, the structure of mitochondria was disrupted, and both 
the number and area of mitochondria were reduced in mouse placenta 
(Fig. 7A–C). The mitochondrial DNA copy number also declined 
(Fig. 7D). In addition, along with the rise of the MEHP concentration, the 
ratio of the mitochondrial area also decreased (Fig. 7E and F). 

Together, under DEHP exposure, the mitochondrial structure was 
disrupted, the mitochondrial respiratory chain was blocked and the 
quantity and area of mitochondria decreased, resulting in the reduction 
of ATP production. 

3.8. NAM can alleviate DNA and mitochondrial damage in placenta 
induced by DEHP 

Since the deficiency of NAD+ and ATP reduces the activity of PARP1, 
hinders the repair of DNA damage, and thus inhibits the proliferation of 
placental cells, we want to know whether supplementation of the pre
cursor of NAD+ can rescue the phenotypes induced by DEHP treatment. 
There are many precursors to supplement NAD+, such as NA, NAM, 
NMN, and NR. NAM was selected as the appropriate supplemental 
precursor by detecting the NAD+ concentration in the serum of mice 
exposed to different precursors (Supplemental Fig. 2A). Mice treated 
with 500 mg/kg/d NAM for 2 h were selected through time course and 
concentration gradient assays (Supplemental Figs. 2B and C). Compared 
with the DEHP group, NAM intervention significantly reduced the level 
of γH2AX phosphorylation (Fig. 8A and B). The ability of NMN, NR, and 
NAM to produce NAD+ in different exposure duration was tested in 
HTR-8 cells (Supplemental Figs. 3A–H). HTR-8 cells pre-treated with 5 
mM NAM for 6 h were selected. Compared with the MEHP group in the 
comet assay, the comet head DNA% increased, tail DNA% and tail 
moment showed a significant decrease in the group of NAM + MEHP 
(Fig. 8C–F). Surprisingly, through TEM, we found that NAM can better 
alleviate the damage of mitochondrial structure caused by DEHP treat
ment (Fig. 8G). Under NAM supplementation, the number and area of 
placental mitochondria also recovered (Fig. 8H and I). These results 
indicated that NAM supplementation alleviated the DNA and mito
chondrial damage in the mouse of maternal exposed to DEHP during 
pregnancy. 

Fig. 3. Effect of DEHP exposure on PARP1 protein expression and activity. Pregnant mice were administrated by DEHP (0, 5, 50 and 200 mg/kg/d) during GD 0–15. 
(A) PARP-1, Cleaved PARP-1, (D) Total protein PARylation representative images of Western blot. (B) PARP-1, (C) Cleaved PARP-1, (E) PAR protein levels of 
quantitative analysis in mice placenta. All data are expressed as mean ± standard errors. (N = 6). * indicate a statistically significant difference (P < 0.05). 
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Fig. 4. NAD + concentration and bio-synthesis changed in different subcellular compartments after DEHP treatment. Pregnant mice were administrated by DEHP (0, 
5, 50 and 200 mg/kg/d) during GD 0–15. NAD+ content was measured in placental (A–D) nucleus, (E–H) cytoplasm, and (I–L) mitochondria, respectively. (M) 
NMNAT1, NMNAT2, and NMNAT3 representative images of Western blot. Quantifications of (N) NMNAT1, (O) NMNAT2, and (P) NMNAT3 expression in mice 
placenta based on band intensity were shown on the right side of the blots. All data are expressed as mean ± standard errors. (N = 6). * indicate a statistically 
significant difference (P < 0.05). 
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Fig. 5. NAD + depletion in pregnant mice triggered by DEHP. Pregnant mice were administrated by DEHP (0, 5, 50 and 200 mg/kg/d) during GD 0–15. HTR-8 cells 
were treated with MEHP (0, 20, 200, 500 μM) for 24 h. NAD+ content was measured in (A–D) serum, (E–H) placenta, and (I–L) HTR-8 cells, respectively. (M) CD38, 
CD157, and (N) NAMPT representative images of Western blot. Quantifications of (O) CD38, (P) CD157, and (Q) NAMPT expression in mice placenta based on band 
intensity were shown below the blots. All data are expressed as mean ± standard errors. (N = 6). * indicate a statistically significant difference compared to control 
(P < 0.05). 
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Fig. 6. DEHP causes mitochondrial function 
reduced and electron-transport chain arrested 
in the placenta. Pregnant mice were adminis
trated by DEHP (0, 5, 50 and 200 mg/kg/d) 
during GD 0–15. HTR-8 cells were treated with 
MEHP (0, 20, 500 μM) for 24 h. ATP produc
tion rates due to glycolysis or mitochondrial 
respiration as measured with the Seahorse XF 
Real-Time ATP Rate assay. (A) ATP production 
rate, (B) Mitochondria/Glycolysis ATP pro
duction rate. (C) Oxygen consumption rate, 
(D) Extracellular acidification rate, and (E) 
Proton efflux rate, were measured in HTR-8 
cells. (F) OXPHOS representative images of 
Western blot. Quantifications of (G) Complex 
I, (H) Complex II, (I) Complex III, (J) Complex 
IV, and (K) Complex V expression in mice 
placental mitochondria based on band in
tensity were shown on the right side of the 
blots. (L) Representative images of ACPM 
using Western blot, and (M) quantitative 
analysis of ACPM protein levels in mice 
placenta. Activity of mitochondrial (N) com
plex I, (O) complex II, (P) complex III, (Q) 
complex IV, and (R) complex V. Enzyme ac
tivity data are normalized by the control. All 
data are expressed as mean ± standard errors. 
(N = 6). * indicate a statistically significant 
difference compared to control (P < 0.05).   

S. Zhao et al.                                                                                                                                                                                                                                    



Redox Biology 55 (2022) 102414

10

4. Discussion 

Our previous study has shown that maternal exposure to environ
mental pollutants DEHP during pregnancy induces fetal growth re
striction by inhibiting the proliferation of placental cells through DNA 
damage [17]. Placental development defects are associated with fetal 
growth retardation, leading to adverse pregnancy outcomes and some 
diseases in adulthood of offsprings [39,40]. Therefore, it is very essential 
to understand the mechanism of DNA damage in placental cells treated 
by DEHP. From a toxicological point of view, we started with DEHP 
concentrations that produced embryotoxicity and then considered its 
mechanism. This study explored the mechanism of DNA damage of 
placental cells by DEHP. The concentration of NAD+ in the nucleus and 
the production rate of ATP were down-regulated by DEHP treatment in 
placental cells, thus inhibiting the activity of PARP1 and hampering the 
DNA repair pathways, and finally leading to placental development 
disorder (Fig. 9). 

A fetal growth restriction model of DEHP-treated in whole pregnancy 
was constructed in our previous study in which exposure to DEHP at 
different stages of fetal development reduced placental weight and 
diameter, especially on days 6–12 of pregnancy [41]. In this study, the 
same obstacles to the development of placenta and offsprings were 
found during DEHP exposure in GD 0–15 (Supplementary Figs. 1A–G). 
Impaired trophoblast proliferation can lead to placental tissue malde
velopment [42,43]. Consistent with the results of other research groups 
[15], we found that both the total area of placental and the proportion of 
placental trophoblast area in the total area decreased in the 
DEHP-treated groups compared with the control groups (Fig. 1). For 
proliferation, we found that the expression of PCNA protein increased 
under 5 mg/kg/d DEHP, but this did not change the placental pathology. 
Low-dose DEHP can promote cell proliferation, while high-dose DEHP 
inhibits cell proliferation [44]. This result may be caused by cellular 
stress responses, dose effect [45] and hormesis [46,47]. 

Occupational DEHP exposure may lead to oxidative distress and DNA 
damage [19]. DEHP and its metabolites can break down DNA in the liver 
[48], ovary [49], oocytes [28], Leydig cells [50], and placental tro
phoblasts cells [51] through reactive oxygen species (ROS). We also 
observed DNA damage in the placenta of mouse and HTR-8 cells. Nor
mally, the repair pathways should be launched once DNA damage occurs 
[52]. However, the repair approach did not work effectively after DEHP 
induced DNA damage. Thus, we decided to investigate the mechanism of 
DNA damage caused by DEHP from the perspective of DNA repair fail
ure. PARP1 is a nuclear enzyme that is activated by DNA damage and 
plays a crucial role in repairing DNA breaks [53]. In zebrafish larvae and 
HEK293T cells treated with DEHP or MEHP, the mRNA level of PARP1 
increased [54]. In MEHP-treated HTR-8 cells, however, PARP1 protein 
expression significantly decreased [17]. In this study, we discovered that 
the PARP1 protein level was almost unchanged in placenta, but its ac
tivity was down-regulated. This may be related to differences in bio
logical samples, drug concentrations, and processing times. NAD+ and 
ATP are the essential substrates for PARP1 activity [23,24]. We 
attempted to clarify the reasons for the change of PARP1 activity by 
considering these two aspects. 

(caption on next column) 

Fig. 7. Effect of the structure and number of placental mitochondria affected 
by DEHP. Pregnant mice were administrated by DEHP (0, 5, 50 and 200 mg/kg/ 
d) during GD 0–15. HTR-8 cells were treated with MEHP (0, 20, 200, 500 μM) 
for 24 h. (A) Respective mitochondrial morphology analysis of trophoblast cells 
in mice placenta. (B) Number of mitochondria, and (C) mean mitochondrial 
area. 13500 × , Scale bar: 500 nm. 45000 × , Scale bar: 200 nm. (D) Mito
chondrial DNA copy number was detected in mice placenta. (E) Mitochondrial 
immunofluorescence representative image in live HTR-8 cells in control or 
MEHP treatment (after 24 h). 40 × , Scale bar: 50 μm. 100 × , Scale bar: 20 μm. 
(F) The area of mitochondria was measured per live HTR-8 cells and normalize. 
All data are expressed as mean ± standard errors. (N = 6). * indicate a statis
tically significant difference compared to control (P < 0.05). 
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NAD+ is a cofactor of key enzymes in glycolysis, TCA cycle, and 
oxidative phosphorylation, participating in a variety of redox reactions 
in cells [55]. NAD+ is distributed in the nucleus, cytoplasm, and mito
chondria and is bio-synthesized by NAMAT1, 2 and 3, respectively [38]. 
PARP1 is the major consumer of the nuclear NAD+ pool [56]. NMNAT1 
is recruited to the target gene promoters by PARP1 to generate NAD+ to 
support the catalytic activity of PARP1, and the reduction of NMNAT1 
hinders DNA repair [57]. Over-activation of PARP1 consumes a large 
amount of NAD+ and reduces it [58,59] and reduction of NAD+ further 
inhibited the activity of PARP1 [60–62], which might suggest a negative 
feedback regulation. The study by Santhosh A. et al. showed that DEHP 
inhibits NAD+ bio-synthesis in erythrocytes, resulting in a decrease in 
NAD+ levels [63]. Similarly, we found that DEHP decreased the NAD+

concentration in the placenta and blood of mice. Moreover, DEHP also 
decreased the level of NMNAT1. Therefore, DEHP down-regulates the 
bio-synthesis of NAD+ by abating the protein level of NMNAT1, thereby 
interfering with the activity of PARP1. 

We found an interesting phenomenon that the level of NAD+

decreased in both nucleus and cytoplasm but increased in mitochondria, 
which is challenging to explain. A major cause of cell death resulting 
from genotoxic stress is believed to be the depletion of NAD+ in the 
nucleus and cytoplasm. Even though the nucleus and cytoplasm pools of 
NAD+ are depleted, the higher NAD+ level in mitochondria can still 
maintain cell viability and protect cells from death [64]. There is evi
dence that the increase of mitochondrial NAD+ can promote cell survival 
during genotoxic stress, and the content of mitochondrial NAD+ is the 
main determinant of cell apoptosis [64]. Sirt3, also an NAD+-dependent 
enzyme, plays a key role in the maintenance of mitochondrial function 
[65]. Under DEHP treatment, the protein expression of Sirt3 increased in 
the mouse placenta (data not shown). High concentrations of NAD+ in 
mitochondria may provide the last chance for cell survival. 

Liu H. et al. demonstrated that DEHP inhibits the Nrf2 pathway and 
mitochondrial biogenesis pathway in HepG2 cells, resulting in excessive 
autophagy and down-regulated ATP level [66]. In the testis microenvi
ronment, DEHP causes lactic acid accumulation and insufficient ATP 
supply by disrupting the tricarboxylic acid cycle and gluconeogenesis 
[29]. Similarly, a decrease in ATP levels was also observed in car
diomyocytes [67] and mouse oocytes [28] treated with DEHP. In this 
study, we found that DEHP down-regulated ATP production by dis
rupting placental mitochondrial structure, reducing mitochondrial 
numbers, and inhibiting OXPHOS complex protein expression and 
enzymatic activity. These phenomena could be a direct toxic effect of 
DEHP/MEHP, or an indirect toxic effect caused by ROS. Firstly, MEHP 
can pass through the placenta [68]. It may have direct toxic effects on 
placental mitochondria. Next, mitochondria are major sources of reac
tive oxygen species [69], electrons in the mitochondrial electron 
transport chain combine with molecular oxygen to form ROS superoxide 
anion radical (O2•

− ) [70] which can directly damage mitochondrial and 
(caption on next column) 

Fig. 8. NAM alleviated DNA damage and mitochondrial damage in placenta 
induced by DEHP. Pregnant mice were administrated by water, NAM (500 mg/ 
kg/d), DEHP (50 mg/kg/d) during GD 0–15. NAM + DEHP group was firstly 
treated with NAM (500 mg/kg/d), then add DEHP (50 mg/kg/d) after 2 h, 
during GD 0–15. HTR-8 cells were treated with DMSO, NAM (5 mM), MEHP 
(200 μM), H2O2 (500 μM) for 24 h, 30 h, 24 h, 0.5 h, respectively. NAM +
MEHP group was firstly treated with NAM (5 mM) for 6 h, then add MEHP (200 
μM) to the medium for 24 h. (A) Representative images of phosphorylated 
γ-H2AX using Western blot, and (B) quantitative analysis of phosphorylated 
γ-H2AX protein levels in mice placenta. (C) Representative images of the comet 
assays. (D) Head DNA percentage, (E) Tail DNA percentage, and (F) Olive tail 
moment was analyzed in HTR-8 cells, respectively. Scale bar: 100 μm. (G) 
Respective mitochondrial morphology analysis of trophoblast cells in mice 
placenta. (H) Number of mitochondria, and (I) Mean mitochondrial area. 
13500 × , Scale bar: 500 nm. 45000 × , Scale bar: 200 nm. All data are 
expressed as mean ± standard errors. (N = 6). * indicate a statistically signif
icant difference (P < 0.05). 
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cellular molecules or is converted into other oxidants [71]. ROS mainly 
includes superoxide anion radical, hydrogen peroxide, hydroxyl radical, 
and others [72]. Studies have shown that DEHP [73] and MEHP [74] can 
cause oxidative distress in mitochondria and generate a large amount of 
ROS (hydrogen peroxide or superoxide anion radical). High level of 
oxidative challenge is associated with biomolecular damage [75]. This 
oxidative damage may further inhibit mitochondrial respiration and 
electron transport, creating a vicious circle. At the same time, the 
complex antioxidant network possessed by mitochondria may also be 
affected [76,77]. This may lead to the disruption of the vitagenes 
network including heme oxygenase, γ-glutamyl cysteine ligase, and 
sirtuins [78]. Eventually resulting in mitochondrial fragmentation, 
mitophagy and cell death [79–81]. But it is still unclear why the respi
ratory chain was inhibited in the context of elevated NAD+, which is the 
focus of our future studies. 

Nicotinamide is a vitamin that serves as a precursor of NAD+ and has 
DNA repair and anti-inflammatory properties in different studies 
[82–85]. Li F. et al. shown that nicotinamide benefits both dams and 
pups [86]. Dietary nicotinamide improved the maternal condition, 
prolongs pregnancies, and prevents FGR in two contrasting mouse 
models of preeclampsia [86]. For DNA damage, NAM can suppress 
cisplatin-induced DNA damage in kidney [84], enhance DNA repair in 
keratinocytes [87] and decrease DNA fragmentation in neure [88,89] 
and microvascular endothelial cell [90]. Supplementing NAD+[91] or 
other NAD + precursors, such as NMN [92], NR [93], can also alleviate 
DNA damage. However, there are also study indicated that NAM can 
cause DNA damage in tumours/normal tissues in mice [94] and inhibit 
DNA repair [95]. In this study, we found NAM can alleviate DNA 
damage. induced by DEHP. The main reason is the supplementation of 
NAD+. NMNAT1 is the last enzyme of the synthesis of NAD+ in nuclear. 
DEHP decreased the level of NMNAT1. However, the supplementation of 
NAD+ precursors still elevated the concentration of NAD+. This is also 
part of our future research. Niacinamide supplementation might stim
ulate the activity or expression of NMNATs. In the presence of sufficient 
NAM, NAD+ is continuously supplied for DNA repair pathways. More
over, NAM could prevent PARP1 degradation and permit DNA repair by 
directly inhibiting caspase 3-like activity [96]. Under the intervention of 
NAM, DNA damage in the DEHP groups was significantly alleviated in 
our study. DNA damage in the NAM + DEHP group was lower than that 
in the NAM and DEHP groups alone. The same results were obtained 
from in vitro experimental validation. We thus speculated that this may 
reflect the antagonistic effects between DEHP and NAM. 

Fluctuations in NAD+ impact mitochondrial function and meta
bolism [97]. NAD+ and NAD+ precursors had been shown to be capable 
of boosting mitochondrial function [98]. The treatment of different 
species or cells with NAM or NR can improve mitochondrial biogenesis 
and function [98,99]. Through TEM, we also observed that NAM sup
plementation could partially ameliorate structural damage to 
mitochondria. 

In the future, efforts will be made to understand the molecular 

mechanisms underlying this current study. Such as, whether there is a 
negative feedback relationship between NAD+ and ATP, whether NAM 
can promote the production of ATP, and whether NAM supplementation 
can regulate mitochondrial bio-synthesis, etc. We hope to provide in
sights into alleviating genotoxic stress induced by exogenous chemicals. 

5. Conclusion 

In conclusion, DEHP blocks the activity of PARP1 in DNA damage 
repair by down-regulating the bio-synthesis of nuclear NAD+ and 
mitochondrial ATP, resulting in the inhibition of placental cell 
proliferation. 
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V. Calabrese, T. Cederholm, J. Cryan, L. Dye, J.A. Farrimond, A. Korosi, S. Layé, 
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