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ARTICLE INFO ABSTRACT

Keywords: Maternal prenatal hypoxia is an important contributor to intrauterine growth restriction (IUGR), which impedes
Nuclear factor erythroid 2-related factor 2 fetal lung maturation and leads to the development of chronic lung diseases. Although evidence suggests the
Pyroptosis

involvement of pyroptosis in IUGR, the molecular mechanism of pyroptosis is still unclear. Nuclear factor
erythroid 2-related factor 2 (Nrf2) has been found to potentially interact with gasdermin D (GSDMD), the key
protein responsible for pyroptosis, indicating its crucial role in inhibiting pyroptosis. Therefore, we hypothesized
that Nrf2 deficiency is a key molecular responsible for lung pyroptosis in maternal hypoxia-induced IUGR
offspring mice. Pregnant WT and Nrf2”" mice were exposed to hypoxia (10.5 % Os) to mimic ITUGR model. We
assessed body weight, lung histopathology, pulmonary angiogenesis, oxidative stress levels, as well as mRNA and
protein expressions related to inflammation in the 2-week-old offspring. Additionally, we conducted a dual-
luciferase reporter assay to confirm the targeting relationship between Nrf2 and GSDMD. Our findings
revealed that offspring with maternal hypoxia-induced IUGR exhibited reduced birth weight, catch-up growth
delay, and pulmonary dysplasia. Furthermore, we observed impaired nuclear translocation of Nrf2 and increased
GSDMD-mediated pyroptosis in these offspring with IUGR. Moreover, the dual-luciferase reporter assay
demonstrated that Nrf2 could directly inhibit GSDMD transcription; deficiency of Nrf2 exacerbated pyroptosis
and pulmonary dysplasia in offspring with maternal hypoxia-induced IUGR. Collectively, our findings suggest
that Nrf2 deficiency induces GSDMD-mediated pyroptosis and pulmonary dysplasia in offspring with maternal
hypoxia-induced IUGR; thus highlighting the potential therapeutic approach of targeting Nrf2 for treating pre-
natal hypoxia-induced pulmonary dysplasia in offspring.

Lung development
Hypoxia
intrauterine growth restriction

1. Introduction by a reduced fetal birthweight below the 10th percentile for gestational
age and sex[2], and it independently increases the risk of chronic lung
Adequate oxygen supply is crucial for fetal growth and facilitats lung disease in offspring, including bronchopulmonary dysplasia (BPD)[3,4].

development throughout pregnancy. Maternal hypoxia before birth has Inadequate oxygen exposure result in pulmonary structural alterations
been shown to lead to neonatal pulmonary artery dysfunction and in- involving the parenchyma, airway, and vasculature as an adaptive
trauterine growth restriction IUGR)[ 1], which is typically characterized response, leading to lung functional changes [5]. Individuals aged 8-15
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years who were born preterm with a diagnosis of IUGR exhibited lower
forced expiratory volume in 1second (FEV1) Z-scores[6]. Adult in-
dividuals with a history of IUGR displayed impaired alveolar develop-
ment characterized by reduced alveolar number, increased lung
mesenchymal thickness, and decreased surfactant maturation|[7,8]. Rats
with IUGR experienced significant pulmonary arterial hypertension and
remodeling of the pulmonary vasculature[9]. These pulmonary struc-
tural abnormalities can persist into adulthood or even worsen over time,
leading to compromised lung function[10]. Therefore, it is very
important to study the key molecular mechanisms of IUGR induced by
maternal hypoxia during pregnancy and to obtain effective treatment
methods.

Despite extensive research on the mechanisms of hypoxia-induced
IUGR, the precise molecular mechanism underlying this disease re-
mains elusive. Pyroptosis, a recently discovered form of inflammatory
programmed cell death[11], involves the activation of gasdermin D
(GSDMD), a key protein responsible for pyroptosis. Upon activation,
GSDMD undergoes N-terminal cleavage and translocates to the mem-
brane, resulting in the release of inflammatory mediators and ultimately
leading to pyroptosis[12]. Exposure to various detrimental factors dur-
ing pregnancy such as smoking[13], PM2.5 pollution[14], intermittent
hypoxia[15], nicotine [16], and sevoflurane anesthesia [17] can induce
pyroptosis in different organs of neonatal mice offspring. Specifically,
gestational exposure to perfluorooctane sulfonate leads to pulmonary
dysplasia in offspring through caspase-3/GSDME-dependent pyroptosis
[18,19]. GSDMD-mediated pyroptosis is crucial for the progression of
respiratory diseases, particularly sepsis-related acute lung injury[20,
21]. In addition, maternal serum concentrations of GSDMD were found
to be higher in IUGR pregnant women|[22]. Therefore, although research
on the role of pyroptosis in neonatal lung development is still at an early
stage, it is gradually being recognized that pyroptosis plays a pivotal role
in hypoxia-induced IUGR. However, the specific molecular mechanism
underlying IUGR-induced pyroptosis and GSDMD activation remains
unclear.

Excessive reactive oxygen species (ROS) is detrimental and it has
been revealed that ROS is pivotal for the occurrence of pyroptosis [23,
24]. The nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a tran-
scription factor and plays key roles in antioxidation[25]. Dysfunction of
Nrf2 contributes to the pathogenesis of respiratory diseases such as BPD,
acute respiratory distress syndrome, and chronic obstructive pulmonary
disease[26]. Various Nrf2 activators like curcumin, sulforaphane, and
resveratrol have been identified for their protective effects against
different respiratory diseases[27]. Moreover, pregnant mice lacking
Nrf2 have been observed to be more susceptible to generating I[UGR
offspring[28], and it has been found that curcumin attenuates IUGR by
activating the Nrf2-mediated antioxidative signaling pathway[29,30].
Additionally, activating Nrf2 by tert-butylhydroquinone effectively in-
hibits pulmonary pyroptosis in hyperoxia-induced mice with broncho-
pulmonary dysplasia[31]. Based on these findings, we hypothesized that
deficiency of Nrf2 is a key molecular mechanism responsible for pul-
monary pyroptosis in maternal hypoxia-induced IUGR offspring mice.
Therefore, this study aims to investigate the roles and mechanisms of
Nrf2 in lung development among offspring affected by maternal
hypoxia-induced IUGR.

2. Materials and methods
2.1. Animal model of maternal hypoxia-induced IUGR

Animal models of maternal hypoxia-induced IUGR were established
using Nrf2 knockout and wild-type (WT) mice with a C57BL/6 J back-
ground, obtained from the Model Animal Research Center, Nanjing
(project No. XM002783). To examine whether pyroptosis and pulmo-
nary dysplasia exist in maternal hypoxia-induced IUGR offspring mice,
pregnant C57BL/6 mice were randomly assigned to Control group (n=4)
and IUGR group (n=4). To determine whether Nrf2 play role in maternal
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hypoxia-induced pyroptosis and pulmonary dysplasia in offspring mice,
pregnant C57BL/6 mice and Nrf2 knockout (KO) mice were randomly
divided into four groups: WT+Control (n=4), Nrf2”"+Control (n=8),
WT-IUGR (n=3) and Nrf2”"+IUGR (n=6). Each group of pregnant mice
were housed together in the one cage. The IUGR model was established
under hypoxia (10.5% O2) exposure from gestational day 11.5 to
GD17.5, corresponding to the pseudoglandular-canalicular stage of
mouse lung development, and then pregnant mice were returned to a
normal environment (21 % O) until birth[32,33]. The control group
consisted of pregnant mice housed under normoxic conditions (21 % O3)
throughout pregnancy. Offspring mice were weighed weekly from birth
until 4 weeks old. Both male and female offspring were included in the
study. The experiments including histological and molecular biological
analyses were performed on offspring at 2 weeks old. At the end of the
experiments, each mouse was euthanized by an overdose of pentobar-
bital sodium (50 mg/kg, intraperitoneally), and the lung tissues were
collected. All experiments were conducted in accordance with estab-
lished guidelines and approved by the Animal Care and Use Committee
of Jiangnan University (JN.N020201130c0420720[325]).

2.2. Histological and immunohistochemistry analysis

The mice were dissected to obtain lung tissue samples at PN14. The
left lung tissue samples were initially fixed with a 4 % paraformaldehyde
solution, followed by immersion in the same solution for 48 hours and
subsequent paraffin embedding. The tissues were then sectioned into 4
pm slices, and the lung morphology was observed through hematoxylin
and eosin (H&E) staining. Mean linear intercept (MLI) quantification
was calculated as previously described[34]. To assess pulmonary
vascular development, lung sections were immunostained with a pri-
mary antibody against CD31 (Santa Cruz Biotechnology, diluted at
1:100, #sc-46694), followed using a biotinylated secondary antibody
and detection of the avidin-biotin complex signal using a 3,3-dia-
minobenzidine solution.

2.3. Immunofluorescence staining

The left lung tissue samples were collected and fixed in 4 % para-
formaldehyde at 4 °C for 12h and cryo-protected in 20-30 % sucrose.
Cryostat sections were prepared for immunofluorescence staining. The
Section (4 pm) were blocked with 0.3 % BSA and 0.1 % Triton X-100 in
PBS for 40 min at room temperature, and then incubated with mouse
anti-GSDMD antibody (Santa Cruz Biotechnology, 1:50, #sc-393581) at
4°C overnight. After washing with 0.1 % Triton PBS, the sections were
incubated with secondary antibody labeled with Alexa Fluor 488 (1:100,
Yeasen, #33206ES60) at room temperature for 30 min. Nuclei were
counterstained with DAPI (CWBIO, Taizhou, China; #CW20695) for
5 minutes. The immunostaining was visualized using a Zeiss fluores-
cence microscope (Oberkochen, Germany).

2.4. The content of lactate dehydrogenase (LDH)

The content of LDH in serum was measured by a commercial assay
kit (#A020-2, Nanjing Jiancheng Bio Co., Ltd., China) according to the
manufacturer’s instructions. Briefly, a total of 20 uL of samples were
obtained, transferred into a 96-well microplate together with 25 pL
matrix buffer and incubated for 15 min at 37°C. Subsequently, 25 uL of
formazan dye was added and incubated for another 15min at 37°C.
Finally, the absorbance was read using a standard ELISA plate reader at
450 nm.

2.5. Enzyme-linked immunosorbent assay (ELISA)
The contents of IL-1p (#MM-0040M1), IL-6 (#MM-0163M1), and

TNF-a (#MM-0132M1) in lung tissues were measured by ELISA Kkits
(Meimian, Jiangsu, China) in the light of the manufacturer’s guidance.



D. Chen et al.

Briefly, lung tissues were homogenized, centrifugated and then added to
microplate coated with monoclonal antibody. Meanwhile, the horse-
radish peroxidase (HRP)-conjugate reagent was also added and incu-
bated together for 60 min at 37°C. Following this, the plate was washed,
and developer solution was added. Finally, the absorbance value was
detected at 450 nm wavelength by a microplate reader (Bio-Rad, USA).

2.6. Dual-luciferase reporter assay

The GSDMD luciferase reporter plasmid (pGL4.10-GSDMD Promote),
containing a segment of the human GSDMD promoter
(NM_001166237.1), was purchased from OBiO Technology Corp, Ltd.
(Shanghai, China). The luciferase reporter plasmid was co-transfected
with pcDNA3.1-Nrf2 plasmids into 293 T cells. After 24 hours of trans-
fection, the lysed 293 T cells were assayed using the Dual-Luciferase
Reporter Assay Kit (Vazyme Biotech, China), and the luciferase re-
porter signals were measured utilizing a plate luminometer (Synergy
H4, BioTek Instruments, Inc., Winooski, VT, USA).

2.7. Western blotting

Lung tissues were homogenized in lysis buffer, and the total protein
concentration in samples was measured using the BCA reagent kit
(Yeasen, Shanghai, China). The proteins (30 ug) were separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred onto nitrocellulose membranes in Tris-glycine-methanol buffer.
The bands were visualized using enhanced chemiluminescence. GAPDH
was used as a loading control to normalize the data. The antibodies used
in Western blot are listed in Table 1.

2.8. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA from the lung tissue was extracted using Trizol Reagent
(Vazyme Biotech, Nanjing, China; R401). Reverse transcription was
performed using ReverTraAce qPCR RT kit (Toyobo, Osaka, Japan) and
RT-qPCR was then carried out using SYBR Green qRT-PCR Master Mix
Kit (Toyobo, Osaka, Japan) on a StepOne Plus system (Thermo Fisher
Scientific, Waltham, MA, USA). The primer sequences for mice were
listed in Table 2. Quantification was performed employing the 2744
method, with GAPDH serving as the reference gene.

2.9. RNA-sequence data acquirement

The transcriptomic data of GSE12216 was downloaded from the GEO
database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE
12216) with the platform GPL2986 ABI Human Genome Survey
Microarray Version 2. The “limma” package was used to identify the
different GSDMD mRNA expression levels between 8 normal placental
samples and 8 IUGR placental samples.

2.10. Protein-protein interactions (PPI) networks analysis

The STRING database was used to construct a PPI network of
different expressed hub genes as previously reported[35]. And the

Table 1
List of primary antibodies used in Western blots.
Antibody Dilution
GSDMD (Abcam, ab209845) 1:1000
GSDMD (Cell Signalling Technology, #96458) 1:1000
Nrf2 (Proteintech group, 16396-1-AP) 1:1000
ATP1A1 (Proteintech group, 14418-1-AP) 1:1000
LambinB (Bioss, bs—1840R) 1:1000
NLRP3 (Cell Signalling Technology, 15101 S) Caspase—1 (ABclonal, 1:1000
A0964) p-actin (Santa Cruz, sc—47778) 1:1000
1:1000
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Table 2
Primers for Real-Time Quantitative PCR Analysis.
Gene Primer Sequence
IL-1p Forward 5-CAAGGAGAACCAAGCAACGA-3’
Reverse 5-TTTCATTACACAGGACAGGTATAGA-3’
Nrf2 Forward 5'-AAAATCATTAACCTCCCTGTTGAT-3'
Reverse 5'-CGGCGACTTTATTCTTACCTCTC-3'
SOD1 Forward 5“AACCAGTTGTGTTGTCAGGAC-3’
Reverse 5-“CCACCATGTTTCTTAGAGTGAGG—-3’
SOD2 Forward 5“-CAGACCTGCCTTACGACTATGG—3’
Reverse 5-“CTCGGTGGCGTTGAGATTGTT-3’
Gclm Forward 5“AGGAGCTTCGGGACTGTATCC-3’
Reverse 5-“GGGACATGGTGCATTCCAAAA-3’
Txn Forward 5-CATGCCGACCTTCCAGTTTTA-3’
Reverse 5“TTTCCTTGTTAGCACCGGAGA -3’
IL-6 Forward 5“ACTTCCATCCAGTTGCCTTCTTGG—3’
Reverse 5-TTAAGCCTCCGATTGTGAAGTG—3’
TNFa Forward 5-AGGTTCTCTTCAAGGGACAA-3’
Reverse 5“GACTTTCTCCTGGTATGAGATAG-3’
IL-18 Forward 5-“GACAGCCTGTGTTCGAGGATATG—-3’
Reverse 5-TGTTCTTACAGGAGAGGGTAGAC-3’
NLRP3 Forward 5-“TCACAACTCGCCCAAGGAGGAA-3’
Reverse 5-AAGAGACCACGGCAGAAGCTAG-3’
Caspase—1 Forward 5“GGCACATTTCCAGGACTGACTG—-3’
Reverse 5-“GCAAGACGTGTACGAGTGGTTG—-3’
GAPDH Forward 5“TGTGATGGGTGTGAACCACGAGAA-3’
Reverse 5-“GAGCCCTTCCACAATGCCAAAGTT-3’

Cytoscape (3.7.1) was used to perform further analysis, identify, and
visualize the PPI networks.

2.11. Statistical analysis

Measurement data were expressed as means + standard deviation
(SD). Comparisons between two groups were performed using Student’s
unpaired two-tailed t-test. Comparisons among groups were carried out
by analysis of variance (ANOVA) with GraphPad Prism followed by
Tukey’s multiple comparisons test. The Pearson correlation coefficient
was used to assess the correlation between the inflammatory cytokines
and birth weight. P < 0.05 was considered statistically significant.

3. Results

3.1. Antenatal maternal hypoxia resulted in pulmonary dysplasia in
offspring mice

To establish an IUGR model, time-mated pregnant mice were
exposed to 10.5% O, from GD11.5 to GD17.5 and then returned to a
normoxic environment until birth. Maternal hypoxia during pregnancy
significantly reduced fetal birth weight (P=0.0144) (Fig. 1A). The lower
body weight sustained on PN7 (P=0.0287), then IUGR offspring
exhibited weight gain and displayed catch-up growth with no significant
difference in body weight between the Normal and IUGR offspring on
PN14 (P=0.3514), 21 (P=0.4431) and 28 days (P=0.1793) (Fig. 1B). To
investigate lung development in IUGR offspring, H&E staining was
performed (Fig. 1C) which revealed alveolar simplification and collapse
with thickening of the alveolar walls as evidenced by a significantly
decreased MLI in IUGR offspring (P=0.0200) (Fig. 1D). Additionally,
immunohistochemistry staining for CD31, an endothelial cell marker,
was conducted (Fig. 1E) which showed no significant difference in CD31
immunoreactivity between the Control and IUGR groups (Fig. 1F).
Moreover, considering their involvement in mediating vascular sprout-
ing, proliferation, and endothelial cell migration as well as promoting
angiogenesis[36], mRNA levels of VEGFA and VEGFR2 were deter-
mined. Both mRNA levels of VEGFA (P=0.0153) (Fig. 1G) and VEGFR2
(P=0.0048) (Fig. 1H) were reduced in the lungs of IUGR offspring. These
results indicate that maternal hypoxia during pregnancy triggers pul-
monary dysplasia in mice offspring.
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Fig. 1. Chronic maternal hypoxia resulted in IUGR and pulmonary dysplasia in the offspring. (A) Birthweight (control group, n=14; IUGR group, n=25). (B) Mean
postnatal weight of offspring (control group, n=14; IUGR group, n=25). (C) Representative H&E stained lung sections (magnification, x200). (D) Quantification of
mean linear intercept (MLI) (n=20). (E) Immunohistochemistry for CD31 in the lung section (magnification, x200). (F) %CD31 positive cells (n=20). (G-H) Relative
mRNA levels of VEGFA and VEGFR2 (control group, n=4; IUGR group, n=5). The data represent the mean+SD. Unpaired 2-sided t-test. Individual P-values are

denoted above the comparison lines (*P < 0.05 vs control).

3.2. Maternal hypoxia during pregnancy induced the expression of
pyroptosis-related genes in the lungs of IUGR offspring mice

We have previously observed a significant upregulation of GSDMD
(the key protein responsible for pyroptosis) expression in IUGR placenta
samples through the GEO database (n=8, P=0.0241) (Fig. 2A). To
explore whether pyroptosis exists in lung tissues of IUGR offspring,
protein content of pyroptosis-related genes in lung tissue were examined
as shown in Fig. 2B. It revealed an increase in NLRP3 (P=0.0366)
(Fig. 2C), Caspase-1 pl7 (P=0.0139) (Fig. 2D), and GSDMD-N (an
executor of pyroptosis) on cell membranes (P=0.0095) (Fig. 2E), indi-
cating the presence of pyroptosis in lungs of IUGR offspring. Moreover,
serum LDH content was increased in IUGR mice, which also indicating
increased pyroptosis (P=0.0284) (Fig. 2F). Furthermore, mRNA levels of
downstream cytokines associated with pyroptosis, such as IL-6, IL-1p
and TNF-o were also examined. Maternal hypoxia during pregnancy
significantly elevated IL-6 (P=0.0029) and IL-1f (P=0.0256) mRNA
levels in IUGR mice (Fig. 2G). Moreover, these levels exhibited a nega-
tive correlation with birth weight: IL-6 showed a correlation coefficient
of r=-0.5769 with P=0.0044 (Fig. 2H), while IL-1§ had a correlation
coefficient of r=-0.5637 with P=0.0039 (Fig. 2I). However, no

significant association was found between TNF-a and birth weight
(Fig. 2J). These results provide evidence for the presence of pyroptosis in
lungs from maternal hypoxia-induced IUGR offspring.

3.3. The translocation of Nrf2 into the nucleus was hindered in lung tissue
of IUGR offspring mice

To investigate the role of Nrf2 in IUGR, we examined the protein
levels of Nrf2 and its downstream antioxidant genes. Interestingly, an
upregulation of total Nrf2 content was observed in lung tissues of IUGR
offspring (P=0.0192) (Fig. 3A and B). Subsequently, we assessed the
subcellular localization of Nrf2 and found a decrease in nuclear content
within lung tissues of IUGR offspring, indicating impaired nuclear
translocation (Fig. 3C and 3D). In addition, the Nrf2 downstream anti-
oxidant genes were also examined. The SOD2 mRNA level was signifi-
cantly reduced (P=0.0153), while there were no significant different on
mRNA levels for SOD1 (P=0.12), Gclm (P=0.152), and Txn (P=0.087)
between control and IUGR group (Fig. 3E). These findings suggest the
presence of transcriptional dysfunction involving Nrf2 in lung tissue of
IUGR offspring mice resulting in compromised antioxidant defense
mechanisms and oxidative damage.
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Fig. 2. Maternal hypoxia during pregnancy induced the expressions of pyroptosis-related genes IUGR offspring lungs. (A) Differential gene analysis based on
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3.4. Nrf2 deficiency resulted in an upregulation of pyroptosis-related gene
expression in the lungs of maternal hypoxia-induced IUGR offspring mice

Using the String database (protein-protein interaction), we con-
structed a network consisting of NLRP3, Caspasel, GSDMD, IL-18, and
IL-1p that exhibited significant interactions with Nrf2. The networking
graphic in Fig. 4A demonstrated the association between pyroptosis-
related genes NLRP3, Caspasel, GSDMD, IL-18 and IL-1p with Nrf2.
Through a dual luciferase reporter assay in 293 cells (Fig. 4B), it was
revealed that overexpression of Nrf2 inhibited GSDMD transcription.
Furthermore, increasing levels of Nrf2 overexpression dose-dependently
inhibited not only the expression of GSDMD itself but also its cleavage
products GSDMD-N in 293 cells (Supplementary Figure 1). Additionally,
to confirm the effect of Nrf2 on pyroptosis, we utilized Nrf2 knockout
mice. Our findings indicated that knockout of Nrf2 significantly
increased mRNA levels of GSDMD (P < 0.001, WT IUGR VS Nrf2”/" TUGR)
(Fig. 4C), Caspase-1 (P < 0.001, WT IUGR VS Nrf2”/ IUGR) (Fig. 4D), and
IL-18 (P<0.001, WT IUGR VS Nrf2”~ TUGR) (Fig. 4E) in lung tissues

from IUGR offspring. However, it had no significant effect on the mRNA
level of NLRP3 (Fig. 4F). Western blot results demonstrated an up-
regulation in GSDMD expression when comparing deficiency of Nrf2
to WT IUGR group samples (P=0.0165, WT IUGR VS Nrf2”/" IUGR)
(Fig. 4G). Moreover, immunofluorescence staining for GSDMD showed
consistent results as well (Figs. 4H and 4I). These results indicate that
while inhibiting GSDMD transcription is a function attributed to Nrf2
activity; deficiency or absence thereof leads to an up-regulation in
GSDMD expression exacerbating pyroptosis in maternal hypoxia-
induced IUGR offspring.

3.5. Nrf2 deficiency aggravated pulmonary dysplasia in maternal
hypoxia-induced IUGR offspring

To explore whether Nrf2 play roles in pulmonary pyroptosis of IUGR
offspring, Nrf2 knockout mice were used. The IUGR process was
significantly exacerbated by the lack of Nrf2, as evidenced by a lower
rate of live fetus (P=0.0436, WT IUGR VS Nrf2”" TUGR) and birth weight
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(P<0.0001, WT IUGR VS Nrf2”- IUGR) compared to WT mice (Fig. 5A
and B). Additionally, Nrf2”" offspring exhibited a significant reduction
in body weight under hypoxic exposure, as shown in Fig. 5C and D
(P=0.0062, WT IUGR VS Nrf2”" IUGR, Fig. 5D). Importantly, Nrf2
knockout further aggravated pulmonary dysplasia characterized by
alveolar simplification, thickened alveolar septum, and reduced number
of alveoli (Fig. S5E). These findings indicate that Nrf2 deficiency exac-
erbates pulmonary dysplasia in IUGR offspring.

4. Discussion

The present study was designed to examine the roles and the
mechanisms of Nrf2 on pulmonary complications in maternal hypoxia-
induced IUGR offspring. Here, antenatal maternal hypoxia was used to
mimic IUGR model, and we found that (1) antenatal maternal hypoxia
inhibits Nrf2 nuclear translocation, leading to pyroptosis and resulting
in pulmonary dysplasia in IUGR offspring; (2) Nrf2 inhibits GSDMD
transcription and Nrf2 deficiency up-regulates the GSDMD expression
and exacerbates pyroptosis in maternal hypoxia-induced IUGR
offspring; (3) Nrf2 deficiency aggravated maternal hypoxia-induced
pulmonary dysplasia in IUGR offspring. These results suggest that tar-
geting Nrf2 may hold potential as a therapeutic approach for alleviating
maternal hypoxia-induced pulmonary development retardation in IUGR
offspring.

The NLRP3 and apoptosis-associated speck-like protein containing
(ASC) collaborate to activate caspase-1, which cleaves GSDMD and re-
leases the N-domain with pore-punching activity. The activating
GSDMD-N forms pores in the cell membrane, leading to the release of IL-
1B and IL-18 from the cell[11]. The NLRP3/caspase-1/GSDMD axis is a
classical pathway that induces pyroptosis, which can occur in cases of
sterile intra-amniotic inflammation and intra-amniotic infection in pa-
tients with spontaneous preterm labor and birth[37]. Activation of the
NLRP3 inflammasome has been shown to be essential for the patho-
genesis of bronchopulmonary dysplasia, a common complication of
IUGR[5,38]. In this study, we observed upregulation of NLRP3,
caspase-1, and GSDMD expression in lung tissues from IUGR offspring.
Furthermore, we found significant upregulation of GSDMD-N at the cell

membrane in IUGR lung tissues. Additionally, analysis using GEO
database revealed high expression levels of GSDMD in IUGR placenta.
These findings collectively suggest that antenatal maternal hypoxia
triggers pyroptosis in IUGR offspring.

Nrf2, a key molecule that activates the expressions of downstream
antioxidant stress genes[39], has been found to exhibit increased cyto-
plasmic expression in invasive extravillous trophoblasts associated with
severe early onset IUGR and preeclampsia[40]. The activation of Nrf2
pathway through food supplements such as curcumin, docosahexaenoic
acid, N-carbamylglutamate, and L-arginine has shown improvement in
IUGR[29,41,42]. However, in a maternal hypoxia-induced IUGR mouse
model, we observed an increase in total protein expression of Nrf2 but
reduced nuclear translocation in lung tissues affected by IUGR. This
indicates that Nrf2 fails to perform its transcription factor function.
Furthermore, the deficiency of Nrf2 exacerbates IUGR and subsequent
pulmonary dysplasia, emphasizing the crucial role of Nrf2 in improving
pulmonary complications associated with IUGR.

Recent studies have demonstrated the pivotal role of Nrf2 in inhib-
iting NLRP3-mediated pyroptosis, which is implicated in sepsis[43],
acute liver injury[44], and smoking-induced atherosclerosis[45]. Clas-
sical activators of Nrf2, such as sulforaphane[46] and dimethyl fumarate
[47], have been reported to effectively suppress pyroptosis. Dimethyl
fumarate has exhibited protective effects against
lipopolysaccharide-induced shock, familial Mediterranean fever, and
experimental autoimmune encephalitis by interacting with GSDMD
[48]. However, the regulatory mechanism underlying the influence of
Nrf2 on pyroptosis remains elusive. In this study, we discovered that
Nrf2 represses the transcription and expression of GSDMD, and its
knockout significantly exacerbates pyroptosis as evidenced by increased
levels of caspasel, GSDMD, and IL-18. Overall, our findings provide
novel evidence that deficiency in Nrf2 exacerbates pyroptosis in
maternal hypoxia-induced IUGR offspring.

There are some limitations in this study. Firstly, although we found
for the first time that the nuclear translocation of Nrf2 was impaired in
maternal hypoxia-induced lung tissue, the specific molecular mecha-
nism has not been studied. Secondly, effective measures to promote Nrf2
to enter the nucleus have not been explored. Thirdly, Nrf2 knockout
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group. One-way ANOVA. Individual P-values are denoted above the comparison lines (*P < 0.05; **P < 0.01 vs control; ***P < 0.001 vs control).

mice were used in this study, Nrf2 conditional knockout mice in alveolar
epithelial cells or pulmonary vascular endothelial cells should be used in
future studies. Finally, we analyzed the correlation between GSDMD and
maternal hypoxia-induced IUGR using GEO database, multi-center
clinical studies are needed to confirm the role of nrf2/GSDMD
pathway in maternal hypoxia-induced IUGR.

In conclusion, our findings reveal that Nrf2 deficiency aggravated
pyroptosis and pulmonary dysplasia in maternal hypoxia-induced fetal

growth restriction. Nrf2 maybe a potential therapeutic target for
hypoxia-induced pulmonary development retardation in IUGR
offspring.
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