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Background: The potential mechanisms underlying premature rupture of membrane (PROM) is still unknown. The aim of
this study was to determine the role of Keap-1/Nrf2 signaling pathway activation by oxidative stress in pa-
tients with preterm premature rupture of membranes.

Material/Methods: Placental tissues from preterm premature rupture of membranes (PPROM) (n=20), full-term premature rup-
ture of membranes (FPROM) (n=20), and normal-term births (n=20) were collected and amniotic tissues were
separated from the placental tissues from pregnant women at Shandong Provincial Qianfoshan Hospital. RT-
PCR and Western blot were used to detect the levels of factors in the Keap-1/Nrf2 signaling pathway. To inves-
tigate the roles of Nrf2, we downregulated Nrf2 expression using siRNA in primary human amniotic epithelial
(HAE) cells.

Results: Among the control group, FPROM group, and PPROM group, the reactive oxygen species (ROS) levels were
significantly increased in the FPROM and PPROM groups. The differences indicated higher levels of oxidative
stress in amniotic tissues with FPROM and PPROM after downregulation of si-Nrf2 in HAE cells. Antioxidants
were lower in amniotic tissues with the FPROM group and PPROM group than in the control group. The anti-
oxidant enzymes catalase (CAT), glutathione (GSH), glutathione peroxidase (GSHPx), and superoxide dismutas-
es (SOD1 and SOD2) were examined in amniotic tissues. We found that the ROS levels were significantly in-
creased after downregulation of si-Nrf2 compared with the control group. We found that the expression of
Heme Oxygenase-1 (HO-1) and Glycogen Synthase Kinase-3[ (GSK-3f), which is critical in the Keap-1/Nrf2 sig-
naling pathway, increased significantly after downregulation of si-Nrf2 in HAE cells.

Conclusions: We found that increased ROS levels and decreased antioxidant enzymes in the PPROM and FPROM patients
compared with the control group.

MeSH Keywords: Fetal Membranes, Premature Rupture ¢ Fetal Research ¢ Oxidative Stress
Abbreviations: PPROM - preterm premature rupture of the membranes; FPROM - full-term premature rupture of mem-
branes; Keap1-Nrf2 — Kelch-like ECH-associated protein 1-Nuclear Factor-Erythroid 2 (NF-E2) p45-re-
lated Factor-2; HAE — human amniotic epithelial; PTB — preterm birth; ROS - reactive oxygen species;

RNS - reactive nitrogen species; DCFH - dichlorofluorescein.
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Material and Methods

Premature rupture of membranes (PROM) is associated with
neonatal morbidity and mortality all over the world. It is divid-
ed into full-term premature rupture of membranes (FPROM)
and preterm premature rupture of membranes (PPROM) [1,2].
PPROM frequently occurs and is closely associated with all peri-
natal deaths [3,4]. Previous reports showed that several factors
interact between preterm birth (PTB) and PPROM, including
high and low body mass indexes, behavioral factors, different
modes of delivery, obstetrical complications, several environ-
mental factors, and genetic predisposition [5-7].

Oxidative stress is a pathophysiologic mechanism related with
PPROM and was observed in previous studies [8-10]. Excessive
production of reactive nitrogen species (RNS) and reactive ox-
ygen species (ROS) occurs by removing electrons from other
molecules or adding oxygen as an oxidant to other molecules,
thereby exceeding the degree of oxidation [11,12]. PPROM fre-
quently occurs and is associated with endogenous ROS, which
has an important role in maintaining homeostasis [13].

Transcription factor nuclear factor-erythroid 2 (NF-E2) p45-re-
lated factor 2 (Nrf2, gene name NFE2L2) regulates the expres-
sion of large gene networks encoding inducible cytoprotective
proteins that allow mammalian cells and organisms to adapt
and survive under conditions of oxidative stress. Nrf2, togeth-
er with the major negative regulator Kelch-like ECH-related
protein 1 (Keap1), forms a molecular effector and sensor sys-
tem that can respond strongly to disturbances of cellular re-
dox balance and orchestrate a comprehensive defense pro-
gram to restore homeostasis [14,15]. Nrf2 status affects ROS
production through mitochondria and nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, which are 2 major
ROS production systems. The proteins in the Nrf2 transcrip-
tion target play a key role in the production and utilization of
reducing equivalents such as NADPH and reduced glutathione
(GSH), as well as thioredoxin, thioredoxin reductase, peroxi-
dase, and thioredoxins, which together perform partitioned re-
dox sensing of ROS to maintain redox balance under steady-
state conditions [16,17].

Based on data on oxidative stress, we hypothesized that the
anti-oxidative capacity of fetal-maternal tissues, oxidative
stress-induced cell damage, and activated oxygen-activated
signaling pathways indicate that PPROM and FPROM are clin-
ically different. We also hypothesized that the critical effect of
the Keap-1/Nrf2 signaling pathway is involved in the mecha-
nism of PPROM and FPROM. We investigated the gene expres-
sion of factors in the Keap-1/Nrf2 signaling pathway at mRNA
levels and protein levels by RT-PCR and Western blot. We also
sought to identify the biochemical and histological markers
in HAE cells and amniotic tissues of patients.

Patients and study design

From December 1, 2014 to July 30, 2018, a case-control study
was performed on pregnant women at 24 to 33+6 weeks of
pregnancy, admitted to the Department of Obstetrics and
Gynecology, The First Affiliated Hospital of Shandong First
Medical University. In the case group, all individuals were wom-
en with premature rupture of membranes. After joining the
group, PPROM and FPROM were divided into PPROM/FPROM
at a ratio of 1/1. The dates of all eligible cases are obtained
from the medical record system. To avoid data loss due to in-
complete medical records, we conducted telephone interviews
within 6 months after diagnosis. A control group matched for
gestational age was selected from pregnant women of nor-
mal gestational age. For the case group, 52 patients were el-
igible. Complete information was collected from 40 patients.
As a control, a total of 48 patients were eligible, including
complete information on 40 patients. This study enrolled a to-
tal of 20 eligible PPROM and FPROM cases and 20 controls,
with a patient/control ratio of 1/1. The Ethics Committee ap-
proval number was S$326. The required sample size was cal-
culated according to previous reports [18,19] using Power and
Sample Size (PASS) v15 software. Sixty patients were eligible
and were enrolled after calculation. Among them, 20 patients
with PPROM, 20 patients with FPROM, and 20 patients with
normal-term births were enrolled.

Tissues collection and amnion tissues isolation

Placental tissues were derived from a normal delivery or arti-
ficially ruptured maternal membranes (38 weeks with no pri-
or history of PTB or PPROM), FPRPOM (38 weeks), or PPROM.
The diagnosis of rupture of membranes was established by
a positive Nitrazine test result and/or positive pooling on spec-
ulum examination and oligohydramnios on ultrasound exami-
nation. Several aliquots of tissue were randomly collected from
the maternal side of the placenta. We separated amnion tissues
from human placental tissues and washed the blood stains.
The amnion tissue was cut into pieces, and the first tissue di-
gestive juice was added for digestion. We removed the first
tissue digestive fluid after digestion, washed the amnion tis-
sue and shredded it, added a second tissue digestive fluid for
digestion, and added trypsin solution for digestion.

Oxidation of DCFH

A 100-pL aliquot of DCFH (40 pmolL-1) was added to 100 pL
PBS containing Cu2+ or Cu+, and the development of fluores-
cence was monitored in an automatic plate reader at 37°C.
The excitation wavelength was set at 485 nm and the emission
spectrum was recorded at 535 nm. At the specified timepoints,
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Table 1. Demographics and clinical characteristics of all patients.

Clinical demographic variables P value

Control group (n=20)

FPROM group (n=20) PPROM group (n=20)

Maternal age (years) 27.6+3.8 26.9+3.4 28.1+4.1 0.371
Gestational age (weeks, days) 386104 2105 318208 o001
CBinthweight k) 325¢12 sai07 245813 0008
Modeofdelvery . o7
”””” NSwO 1 u 1
”””” Cesareansecton & 9 10
emi 2sas a7 %325 0315
NSVD — normal spontaneous vaginal delivery; BMI — body mass index.
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Figure 1. The ROS levels were detected and compared in the control group (A), FPROM group (B), and PPROM group (C) (P<0.01).

20 pL of copper chelator or PBS (for control) was added to ob-
tain the final concentration.

RNA extraction and real-time reverse transcriptase-PCR

Total RNA of tissue samples was isolated using TRIzol (Life
Technologies, Inc., Rockville, MD) according to the manufac-
turer’s instructions. cDNA was generated from 1 ug of each
RNA sample and a reverse-transcribed using a transcription
kit (Takara, Kyoto, Japan). Real-time quantitative reverse tran-
scriptase-PCR (RT-PCR) was done in the 7300 Real-Time PCR
System (Applied Biosystems).

Western blot analysis

Denatured protein samples were resolved on SDS-PAGE and
transferred to PVDF membranes (Millipore, Billerica, MA. After
blocking with non-fat milk, membranes were incubated over-
night at 4°C with Keap-1, Nrf2, HO-1, GSK-3B, and GAPDH
antibodies (Abcam, USA) followed by incubation with anti-
rabbit HRP-conjugated secondary antibodies (Santa Cruz,
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Billerica, MA). Chemiluminescence detection was performed
using ECL Advance Western blotting detection reagents (GE
Healthcare, Little Chalfont, Buckinghamshire, UK). The relative
expression was quantified using Image) software.

Statistical analysis

The chi-square test or Fisher’s exact test were used to com-
pare qualitative variables, while continuous variables were
compared using the t test or Mann-Whitney test for variables
with abnormal distribution. All statistical evaluations were
carried out using SPSS software (Statistical Package for the
Social Science, version 15.0, SPSS Inc.) and GraphPad Prism 5
(Version 5.01, GraphPad Software, Inc.). The required sample
size was calculated using PASS v15 software. A value of P<0.05
was considered to be statistically significant in all analyses.
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Figure 2. (A-F) Antioxidants were detected among the control group, FPROM, and PPROM group; (G) Keap-1 mRNA levels were
significantly different in the control group, FPROM group, and PPROM group (P<0.05); (H) Nrf2 mRNA levels were significantly
different in the control group, FPROM group, and PPROM group (P<0.05).
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Figure 3. (A-C) Expressions of Keap-1 and Nrf2 were significantly different in the control group, FPROM group, and PPROM group as
assessed by Western blot (P<0.05); The ROS levels were detected and compared in the control group (D) and si-Nrf2 group

(E) (P<0.01).

Results

Participants and pregnancy outcomes

The general characteristics of all 60 patients are shown in
Table 1. We assessed 60 tissue samples in the control, FFROM,
and PPROM groups. Maternal age, gestational age, marital sta-
tus, mode of delivery, and BMI were recorded. Gestational ages
were significantly different among the 3 groups but were sim-
ilar between the control group and FPROM group.

Comparison of ROS levels among different groups

ROS levels were detected by dichlorofluorescein (DCFH).
Compared with the control group, the ROS levels were sig-
nificantly enhanced in FPROM and PPROM (P<0.01, Figure 1).
The differences indicated that higher levels of oxidative stress
in amniotic tissues with FPROM and PPROM.
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Comparison of antioxidant enzymes levels among different
groups

The FPROM and PPROM membranes had lower antioxidants
than the control group. The membranes were checked for
the antioxidant enzymes listed below. CAT in the control
group was significantly higher than in the FPROM and PPROM
groups (Figure 2A). GSH and GSH-Px were significantly high-
er in the control group than in the FPROM and PPROM groups
(Figure 2B, 2C), and GSH and GSH-Px were significantly high-
er in the FPROM group than in the PPROM group. SOD1 and
SOD2 were significantly higher in the control group than in
the FPROM and PPROM groups (Figure 2D, 2E), and SOD1 and
SOD2 were significantly higher in the FPROM group than in
the PPROM group. PRX was significantly higher in the control
group than in the FPROM and PPROM groups (Figure 2F). There
were no significant differences in TRX between the FPROM
and PPROM groups.
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Figure 4. Knockdown of the expression of si-Nrf2 significantly increased the expression of Keap-1 (A) and decreased the expression of
Nrf2 (B), HO-1 (C), and GSK-3B (D) at both mRNA and protein levels.

Expression of Keap-1 and Nrf 2 in human amniotic tissues

To further confirm whether the Keap-1/Nrf2 was associated
with PPROM mediated by oxidative stress, we assessed chang-
es in levels of Keap-1 and Nrf2 at mRNA levels and protein lev-
els. Real-time PCR and Western blot analysis were used to ex-
amine the expression of Keap-1 and Nrf2 in different groups.
As shown in Figure 2G and 2I, the expression of Keap-1 was
significantly upregulated the control group compared with the
PPROM and FPROM groups. Conversely, the expression of Nrf2
were significantly downregulated in the control group com-
pared with the PPROM and FPROM groups (Figure 3A-3C).

This work is licensed under Creative Common Attribution-
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Knockdown of expression of Nrf2 is involved in Keap-1/
Nrf2 signaling pathway in HAE cells

To examine the effect of Nrf2 on regulation the oxidative stress
and the targeted molecular factors, we knocked down the ex-
pression of Nrf2 HAE cells with RNAi. We found that the ROS
levels were significantly increased after si-Nrf2 knockdown com-
pared with the control group, as shown in Figure 3D and 3E.
Moreover, knockdown of the expression of si-Nrf2 significantly
decreased the expression of HO-1 and GSK-3, but increased
the expression of Keap-1 at mRNA and protein levels (Figure 4).
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Discussion

The purpose of this study was to understand the changes/dam-
ages of membrane cells associated with oxidative stress, leading
to different molecular signaling pathways that can be differenti-
ated into PTB and PPROM as clinical phenotypes. The exact bi-
ological signals and mechanisms of premature membrane rup-
ture (PPROM) are still poorly understood [20]. There are likely
multiple and redundant pathways that converge on the pheno-
type of preterm and term parturition. The core hypothesis is the
oxidative stress induces a range of protective proteins to alle-
viate damage to cells [8,21]. Endogenous conditions and some
exogenous factors may cause oxidative stress, which in part
leads to the promotion of the above regulations and gene acti-
vation [22]. The degree of oxide removal and the imbalance be-
tween the oxidation system and the antioxidant system result
in tissue damage [9]. Studies measuring ROS or RNS or measur-
ing oxidative stress by-products (i.e., biomarkers) generally re-
port higher levels in PTB specimens compared to TB specimens,
while studies measuring antioxidants report that they are lower
in PTB specimens than in TB specimens [23,24]. Findings sug-
gest that an imbalance in oxidants and antioxidants exists in
PTB; thus, a dysregulated redox environment may be associat-
ed with the pathophysiology of PTB [25]. Although some stud-
ies support the relationship between oxidative stress and PTB,
other studies are inconsistent and contradictory. The various
measures used further limit the interpretation of the potential
of PTB-associated oxidative stress mechanisms.

In the first phase of oxidative stress, Nrf2 is activated by dis-
sociation from a repressor protein in the cytoplasm of Keap-1
cells, which contains cysteine residues. Keap-1 reacts with ox-
idizing and electrophilic groups, resulting in a conformational
change and release of Nrf2 [26,27]. Subsequently, Nrf2 is trans-
ported to the nucleus and combines with the antioxidant re-
sponse element (ARE), resulting in the transcription of defense
genes [28]. The activation of transcription involves Nrf2 recog-
nizing its own promoter and establishing effective interaction
with it, and newly formed and accumulated Nrf2 in the nucle-
us binds to promoters of other specific genes [29].

Confounding factors seriously interfered with our estimation of
risk, so we must find ways to control these variables. However,
because the confounding factors we need to consider are not

CLINICAL RESEARCH

measurable, to be able to analyze the real results we can use
surrogate confounders to control the confounding factors. In
the present study, we found the antioxidant enzymes CAT,
GSH, GSH-Px, SOD1, SOD2, and TRX were significantly higher
in the control group than in the FPROM and PPROM groups,
which suggests the activation of oxidative stress. These fac-
tors could be used as surrogate confounders to control the
confounding bias. The Chinese population cohort selected in
the present study minimized confounding factors introduced
by interventions. Moreover, in patient selection, the demo-
graphics and clinical characteristics of patients in the control
group, FPROM group, and PPROM group were similar and the
potential selection bias was controlled.

This study also has some limitations. Retrospective sampling
after delivery is the only way to obtain tissue in the uterus;
although some of the indicators of oxidative stress we tested
were specific, they were not enough to confirm Keap-1/Nrf2
as a pathway involved in PPROM. Prospective studies of sam-
ple sets with better clinical and phenotypic characteristics
are needed.

Conclusions

We found that increased ROS levels and decreased antioxi-
dant enzymes in the PPROM and FPROM patients compared
with the control group. The levels of several antioxidant en-
zymes in the FPROM group and PPROM group also were sig-
nificantly different. In an in vitro HAE cell culture model, we
found that Nrf2 is essential for regulating the expression HO-1
and GSK-3p levels. These results show the importance of the
Keap-1/Nrf2 pathway in PROM.
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