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Abstract

Objective—A physiologic increase of reactive oxygen species (ROS) is observed through
pregnancy. ROS-induced damage to major cellular elements, specifically protein peroxidation, can
lead to fetal and placental tissue senescence and inflammation often associated with normal
parturition. The purpose of this study was to examine the effects of oxidative stress (OS) in
inducing changes in proteins, senescence, and sterile inflammation in pregnant mice.

Methods—CD-1 mice (n=5/group) on day 14 of gestation were subjected to minilaparotomy and
the uterine horn between gestational sacs was injected with the following: saline (contral),
cigarette smoke extract (CSE) CSE diluted in saline and CSE + SB 203580 (SB) (a p38 mitogen-
activated protein kinase (MAPK) inhibitor). Mice were sacrificed on day 18, and amniotic sacs,
placentas and amniotic fluid (AF) were collected. Protein damage was evaluated by
immunostaining for 3-Nitrotyrosine modified proteins (3-NT). Activation of prosenescence
p38MAPK was evaluated by western blot. Senescence features, p-galactosidase (SA-B—Gal) and
AF inflammatory cytokines were analyzed by immunostaining and multiplex luminex-based
immunoassays, respectively. The data were analyzed by ANOVA and Tukey’s test, p < 0.05 was
used for significance.

Results—Amniotic sac from CSE-treated animals showed significant protein peroxidation
compared to control as indicated by 3-NT staining. CSE activated p38MAPK phosphorylation in
amniotic sac but not in placenta. Membrane p38MAPK activation was reduced after treatment
with SB. CSE increased fetal membrane senescence (staining for SA-p—Gal) and increased AF
concentrations of all evaluated cytokines. High inflammation correlated with pup loss and a
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decrease in placental weight. Treatment with p38MAPK inhibitor (SB) minimized damages,
senescence and sterile inflammation.

Conclusion—OS induction by cigarette smoke extract cause fetal tissue protein damage,
p38MAPK activation, senescence and sterile inflammation in the amniotic cavity of mouse.
Prevention of p38MAPK activation can be a novel approach to prevention of adverse pregnancy
outcomes related to OS induced premature senescence.

Keywords

fetal membranes; protein damage; p38MAPK; Labor; Inflammation; Murine Model; cigarette
smoke

Introduction

Oxidative stress and generation of reactive oxygen species (ROS) in the fetal compartments
may contribute to a variety of a physiological processes during pregnancy [1]. ROS
generated in gestational tissues is required for fetal, placental, and fetal membrane growth
and tissue remodeling required to maintain normal pregnancy. ROS in tandem with
inflammatory mediators such as cytokines matrix metalloproteinases, and prostaglandins [2,
3] are one of the major components that maintain pregnancy homeostasis. At term, ROS
substantially increases in fetal compartments mainly due to increased metabolic demands,
reduction in substrate supply, depletion of antioxidant reserves and elevated tissue oxygen
requirements. Increase in ROS causes fetal tissue damage beyond repair and enhances
inflammation at term, which promotes labor-associated changes in maternal compartments
[4-6]. Inflammation, the main labor-inducer [7], is commonly associated with infection,
however, non-infection factors such as maternal bleeding, deteriorating of the feto-maternal
interface, physical stretch and the presence of Damage-associated molecular patterns
(DAMPs) can also lead to intrauterine inflammation. In especial highlight, increases in ROS
seen to induce a cycle of events that propels delivery [8], once in vitro studies have shown
that treatment of chorioamnion explants with antioxidant reduces the release of
prostaglandins, cytokines and metalloproteinases activity induced by lipopolysaccharide [9].
However, these in vitro data do not explain specific fetal signals that generate such an
inflammatory overload at term in the absence of microbial invasion and intrauterine
infection, a condition associated with term births and majority of preterm births [10].

Multiple enzymatic and non-enzymatic processes can generate ROS in fetal cells [10], and
the exposition of intrauterine cavity to abnormal environment and chemicals substances can
generate ROS [11, 12]. As mentioned above, the main concern about the excessive ROS is
the toxic effects in damaging cellular components such as proteins, lipids, carbohydrates and
DNA [13-15]. Cellular damage-associated processes can induce the arrest of cellular growth
resulting in senescence, a mechanism associated with aging, defined as the irreversible loss
of replicative capacity in somatic cells [16]. Although senescence is a normal biological
process, it can be either beneficial or deleterious, since contributes for tumor suppression
and is also linked to the aging related diseases [17]. Senescent cells acquire many changes in
expressions, altered mMRNA and proteins, including a wide range of growth factors,
proteases, chemokines and cytokines [18]. This is referred as senescence-associated
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secretory phenotype (SASP), contributing to “sterile inflammation’ associated with term
parturition [17, 18]. The regulation of the SASP complex is still not well established;
however, its main consequence is the influence on tissue microenvironment through the
induction of a local proinflammatory response [19]. Senescent cells and SASP were recently
highlighted in human fetal membranes at term labor [4]. At term, ROS contributes to
senescence of fetal cells and sterile inflammation; however, the mechanism by which
senescent cells could lead to labor is still unclear.

One important feature of ROS-induced senescence is the telomere shortening that leads to
loss of cell functions when it reaches critical lengths. Cell recognizes this change as a signal
to exit the cell cycle and activates apoptotic or senescent pathways. We have previously
demonstrated human amnion cells treated with ROS inducers (cigarette smoking extract
[CSE]) show reduction of telomere length, senescence morphology and biochemical changes
mediated through p38 mitogen activated protein kinase (p38MAPK) pathway. Inflammation
in these cells were reduced by p38MAPK inhibitor confirming stress signal associated
development of inflammation in the absence of infection [6, 20].

ROS generated by CSE includes hydrogen peroxide superoxide, hydroxyl radical, nitric
oxide, which are potent oxidizing and nitrating compound that have been linked to a variety
of pathological conditions [21]. To further expand our knowledge and test the validity of our
in vitro model of ROS induced senescence and sterile inflammation [6, 22], we tested the
effects of CSE induced OS on pregnant mice. Specifically, how OS effects the amniotic sac
(fetal membranes, placental membranes, amniochorion), placenta, and pregnancy outcomes.

Material and Methods

Water soluble cigarette smoking extract (CSE) stimulation

Water soluble cigarette smoking extract (CSE) preparation was adapted as previously
reported [6, 23], by bubbling smoke that is drawn from a single lit commercial cigarette that
represented high tar (unfiltered Camel; R.J.Reynolds Tobacco Co, Winston-Salem, NC)
through 25 mL of saline. The treated saline was sterilized by using a filter 0,2um (Corning,
New York, USA). Our previous results showed amnion cells are not viable under concentrate
CSE treatment [6], therefore, the 1:10 dilution was used for injecting into intrauterine cavity.

Animals—The Institutional Animal Care and Use Committee (IACUC) at the University of
Texas Medical Branch at Galveston approved the study protocol. CD-1 pregnant mice were
purchased from Charles River Laboratories (Wilmington, MA). Animals were shipped on
day 10 of gestation and acclimated in a temperature- and humidity-controlled facility with
automatically controlled 12:12 hour light and dark cycles. Mice were allowed to consume
regular chow and drinking solution ad libitum.

At day 14! of pregnancy, the pregnant CD-1 mice (n=5/group) were weighed and subjected
to minilaparotomy in the lower abdomen and injection of 150uL of the treatment into uteri
in between 2-3 gestational sacs according to the following experimental groups: 1) cigarette
smoke extract (CSE) diluted in saline; 2) CSE in combination with SB203580 (p38MAPK
inhibitor) and 3) saline (control). CSE concentration was validated in an amnion cells model
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and /n vivo prior to these experiments to rule out toxicity [24, 25]. After sacrificing the
animals by using carbon dioxide inhalation according to the IACUC and American
Veterinary Medical Association guidelines on day 18, maternal, fetal, and placental weight
were documented and pup loss/reabsorption was counted. Amniotic sacs and placentae were
collected in either formalin 10%or fresh frozen in liquid nitrogen and stored at —80°C until
further analysis.

Immunohistochemistry—Amniotic sac tissue sections were fixed in 10% formalin for
48 hours and embedded in paraffin. Sections were cut at 5-um thickness and adhered to a
positively charged slide and attached by keeping them at 57 °C for 45 min. Slides were
deparaffinized using Xylene and rehydrated with 100% alcohol, 95% alcohol, and normal
saline (pH 7.4) and stained using oxidative stress marker 3-Nitrotyrosine modified proteins
(3-NT). Staining of 3-NT reveals oxidative stress-induced damage at the protein level. Five
images for each category were taken at 40X magnification. Images were processed with
ImageJ and staining intensity was measured in a uniform manor.

Western Blot—Amniotic sac and placenta samples were lysed in a RIPA lysis buffer with
freshly added protease and phosphatase inhibitors (0.01%). The insoluble material was
removed by centrifugation at 10,000 rpm for 20 min at 4°C. The concentration of protein in
each tissue lysate was determined by using the BCA protein assay kit (Pierce BCA Protein
Assay Kit, Thermo Scientific). The same amount of protein (30 pg) from each sample was
loaded onto a 10% SDS-PAGE gel and electrophoresed at 120 V. The resolved proteins were
transferred to a PVDF membrane using the iBlot transfer apparatus (Bio-Rad Laboratories).
The membranes were blocked in Tris-Buffered Saline (TBS) containing 0.1% Tween 20
(TBS-T) and 5% skim milk for 2h at room temperature. Blots were incubated separately
with total p38MAPK (Cell Signaling, Danvers, MA, USA, #9212), phosphorylated (P)-
p38MAPK (Cell Signaling, #9211S), or B-actin (Sigma-Aldrich, #A5441) specific primary
antibody at 4°C and shaken overnight. Blots were washed three times with TBS-T and
incubated with appropriate peroxidase-conjugated 1gG secondary antibody for 1h at RT. All
blots were developed using chemiluminescence reagents ECL Western Blotting Detection
System (Amersham Piscatawya, NJ, USA), in accordance with the manufacturer’s
recommendations, followed by autoradiography.

Senescence associated pB-galactosidase assay (SA-B—Gal)—The SA-B-Gal, a
senescence cellular marker, was evaluated by using a commercial histochemical staining
assay, following the manufactory’s instructions (Senescence cells Histochemical Staining
Kit; Sigma—Aldrich). Briefly, paraffin amnion sac and placental samples were fixed for 6-7
min using the provided Fixation Buffer, washed in PBS and incubated for 1h at 37°C with
fresh B-gal solution. Following incubation, tissues were evaluated using a standard light
microscope for SA-p—Gal blue staining (dark grey in black and white images).

Luminex assay for inflammatory cytokines—Multiplex luminex-based immunoassay
was performed for the cytokines IL-1p, IL-6, IL-8 and TNF-a using antibody-coated beads
(Biosource International, Camarillo, CA, Luminex Corporation, Austin, TX) as indicators of
SASP profile in amniotic fluid and maternal serum. Standard curves were developed with
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duplicate samples of known quantities of recombinant proteins that were provided by the
manufacturer. Sample concentrations were determined by relating the absorbance that was
obtained to the standard curve by linear regression analysis.

Statistical Analysis—Significant differences were analyzed by GraphPad Prism (version
7) software One-Way ANOVA followed by Tukey’s Multiple Comparison post-hoc test was
used for comparison among the studied groups. A P value < 0.05 was considered significant.

Oxidative stress induces protein oxidative damage and p38MAPK activation in the
amniotic sac

OS produces highly reactive peroxynitrite radicals that react with tyrosine residues on
proteins, resulting in a stable polypeptide-bound 3-NT [5]. 3-NT is therefore a marker for
protein peroxidation and oxidative stress. Intensity of staining in amniotic sac, specifically in
amnion epithelial cells (red arrow) (Fig. 1A), from CSE-treated animals were significantly
higher (P<0.0001) compared to amniotic sacs from saline controls. Protein damage was
significantly inhibited (P=0.0007) by the addition of p38MAPK inhibitor SB203580 (SB)
(Fig. 1A) compared to CSE injections alone. Our previous data indicated that amnion cells
under oxidative stress develop senescence features primarily through p38MAPK activation
[6, 26]. Here we reproduce these data /77 vivo in murine models of pregnancy. As shown in
Figure 1 (B), CSE treatment induced higher P-p38MAPK than unstimulated controls
(P=0.03). Co-treatment of animals with CSE and p38MAPK inhibitor, decreased p38MAPK
activation in the amniotic sac. A similar trend was seen between CSE treated and saline
treated groups in placental samples regarding p38MAPK activation (Fig. 1C).

CSE induced senescence, sterile inflammation, and adverse pregnancy outcomes

SA-B-Gal, identified by blue staining (dark grey in black and white images), was induced by
CSE injections and minimized by co-injection of CSE with SB (Fig. 2A). CSE induced
sterile inflammation was also examined by measuring mouse amniotic fluid cytokine levels.
Although not statistically significant, amniotic fluid from animals injected with CSE
increased concentrations of SASP and inflammation mediators; specifically, IL-1p, IL-6,
IL-8, and TNF-a, and the co-treatment with CSE and SB decreased these productions (Fig.
2B-D).

CSE injection results in adverse pregnancy outcome

Injections of CSE also induced adverse pregnancy outcomes by increasing pup
reabsorption/pup loss and lowering placental weight. These trends were reversed with the
addition of SB (Fig. 3A-B). Maternal weight was not affected regardless of treatment (Fig.
3C). Additionally, treatments of SB only did not result in any changes from saline injected
mice.
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Discussion

OS and inflammation are physiologic components of pregnancy. Parturition is associated
with enhancement of these physiologic factors to a pathologic level to help induction of
labor and promoting delivery. Recent reports has indicated OS induced damages, activation
of stress associated signaling pathways, development of senescence and sterile inflammation
in term human parturition [26, 27]. This was recapitulated in vitro using primary amnion
epithelial cells exposed to OS inducer. OS inducer, CSE treatment of cells and tissues have
been shown to mimic OS effects seen at term and preterm parturition [6]. In this study, we
investigated the impact of OS in mouse amniotic sac in promoting changes as observed /n
vitroand in clinical setting during parturition. They key findings from this study are 1) CSE
induced OS in murine amniotic sac leading to protein peroxidation 2) OS lead to p38MAPK
mediated senescence activation, senescence, and sterile inflammation, and 3) CSE treatment
induced pup reabsorption/loss and a decrease in placental weight. 4) OS induced damage
leading to senescence and adverse pregnancy outcomes were reversed with co-treatment of
SB20358. Highlighting the importance of p38MAPK activation in the initiation of labor. OS
induced changes were minimal in placenta compared to amniotic sac. This could be due to
the site of administration of CSE or more pronounced response by amniotic membranes than
placenta. Alternate hypothesis is that placenta, as the major organ required for fetal growth
and survival, has minimal contributions in parturition as it is required to support fetal life
until delivery. Though small, these changes show that preterm OS has the ability to induce
senescence and adverse pregnancy out comes such as placental abnormalities (preeclampsia)
and loss of pups (still birth) [28].

Recent findings suggest that senescence of the fetal membranes is a natural and
physiological process that is initiated at the time of embryogenesis and placentation. Term
labor can be considered as an end stage of life for the intra uterine tissues such as fetal
membranes and placenta. This is documented by telomere shortening in fetal membrane
cells, fetal leukocytes, as well as the placenta [29]. We have already reported that cell free
fetal telomere fragments (cffTF) (cleaved portions of telomeres from fetal tissues) increase
in term amniotic fluid [26] and they are capable of causing OS, senescence and preterm birth
in mouse models, similar to the findings reported here. At term, increased cffTF, a damage
associated molecular pattern marker (DAMP), leads to p38MAPK activation, senescence
and SASP. Previous data as well as resent findings suggest that senescence induces cells to
produce inflammatory cytokines [30], which, in turn, act in promoting labor and/or
membrane weakening.

Mouse pregnancy is reported to be driven by a systemic progesterone withdraw followed by
maternal signals to deliver the fetus [31]. Here we document that OS induced fetal tissue
damage and senescence causing inflammatory signals, mainly from the chorioamnion that
can lead to sterile inflammation and labor associated changes. These data suggest that
besides maternal endocrine mediators (leuteolysis and systemic progesterone withdrawal)
and paracrine, fetal signaling at term may be important for the initiation of labor in mice.
Paracrine signaling may be mediated by sterile inflammatory markers produced in response
to OS buildup in the intrauterine cavity. OS inducing risk factors can produce similar
changes resulting in preterm parturition. Additionally, our study validates the use of mouse
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models to study p38MAPK activation and novel signaling cascaded which can be targeted to
prevent adverse pregnancy outcomes related to premature senescence, especially considering

new opportunities to study and understand its upstream regulators.
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Highlights

Uterine oxidative stress (OS) leads to fetal tissue protein oxidative damage.

OS leads to p38MAPK activation, senescence, and sterile inflammation.
OS treatment induced adverse pregnancy events.

OS induced damage, senescence, & adverse pregnancy outcomes were
reversed with p38MAPK inhibitor.

p38MAPK plays an important role in the initiation of labor in a murine
model.
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Figure 1. Oxidative Stress Induced Protein Oxidation Damage and p38MAPK Activation in the
Amniotic Sac

A) CSE injections induced 3-Nitrotyrosine (3-NT) in the amniotic sac (P<0.0001) (brown
Stain) compared to controls, which was reduced by SB203580 (SB), an inhibitor of
p38MAPK (P=0.0007) compared to controls. Images were taken at a 40X magnification.
CSE injections led to the phosphorylation and activation of p38MAPK (P=0.0455) in the
amniotic sac (B) and placenta (C) compared to controls. SB203580 reduced p38MAPK
activation compared to CSE alone.
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Figure 2. CSE Injections Induce Senescence and Inflammation in Mice
A) CSE injections induced senescence associated p-galactosidase assay (SA-B-Gal) in the

amniotic sac and placenta (dark grey). This was prevented by the inhibition of p38MAPK
with SB203580 (SB). Images were taken at a 40X magnification. Amniotic fluid from CSE
injected CD-1 mice showed an increasing trend of inflammatory markers IL-1p (B), IL-6
(C), IL-8 (D), and TNF-a. (E) Increase in cytokine response was minimized by co-treatment
with SB.
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Figure 3. CSE Injections Induce Pup Loss and a Decrease in Placental Weight
A) CSE induced pup reabsorption or loss was higher than saline injected mice. SB203580

(SB), a p38MAPK inhibitor, prevented pup loss compared to CSE alone. B) CSE injections
decreased placental weight compared to saline. Co-treatment with CSE+SB prevented this
decrease in weight. C) Co-treatment with CSE+SB decreased maternal weight, which was
reversed with CSE.
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