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Abstract

Preterm Premature Rupture of Membranes (PPROM) is a serious pregnancy complication that increases that risk of preterm birth. Two major
factors involved in PPROM are oxidative stress and inflammation. Macrophages serve an important role in healing by clearing damaged tissue
and supporting repair. MIF may influence how well macrophages perform these functions, especially during the repair process after PPROM.
This review explores the important role of MIF and macrophages in the healing process of of PPROM and how they might interact.
Understanding the interaction between MIF and macrophages could lead to new treatments that improve healing and preventing side effects

for both mother and baby after PPROM.
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Introduction

Preterm Premature Rupture of Membranes (PPROM) is
the rupture of membranes during pregnancy before it
reaches 37 weeks, Preterm birth affects approximately
15 million women worldwide, of which 30 % is due to
preterm premature rupture of membranes.! PPROM
cases surpass the cases of gestational hypertension,
diabetes during pregnancy, and other premature
deliveries cause of different medical interference. On the
other hand, PPROM occurs when fetal membranes
rupture prior to the beginning of labor, mostly occurring
near full term.?3 It is a critical condition that linked to
elevated risks of preterm birth & neonatal and maternal
morbidity & mortality. Despite being a critical pregnancy
complication, PPROM is a frequently overlooked and
under-researched negative outcome of pregnancy.

Unfortunately, over the past thirty years, the incidence of
PPROM and resulting preterm deliveries has increased
despite advancements in prenatal care.* Recent
research shows that macrophages play a vital role in

regulating inflammation, tissue remodeling & healing
within the fetal membranes. This review has ability to
explore the new novel therapeutic strategies that will
help to reduce preterm birth associated with PPROM.

Methodology

A comprehensive search was conducted using PubMed,
PMC, Google Scholar, as well as relevant reference
lists. The terms “PPROM”, “macrophages”, “MIF”,
“healing process” were used in various combinations.
Studies published from 1960-2024 were included.

The study was carried out in accordance with the ethical
principles outlined in the 2013 Declaration of Helsinki
and received approval from the ethics committee of the
First Affiliated Hospital of Chongging Medical University
(Approval No. 2023-0309).
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Causes of PPROM

Approximately 30% of PPROM cases are attributed to
infections in the amniotic fluid [AF], while 70% are not
related to infections.® Inflammation & oxidative stress
[OS] are significant factors in the development of
PPROM that can weaken the membranes in different
ways.

Inflammatory changes have been observed very close to
the suspected area of membrane rupture, which
indicates that the onset of PPROM might have strong
connections with a bacterial infection. However,
bacterial toxins and enzymes that break down the
matrix, have been excluded as the leading causes of
PPROM for several reasons:(1) the level of bacterial
toxins needed to damage isolated membranes are not
present in AF; (2)PPROM occurs in women experiencing
intra-amniotic infection (IAl) caused by micro-organisms
that do not release proteases; (3) most bacterial
enzymes that degrade the matrix lack the ability to
specifically break down human extracellular matrix
collagens; (3) In numerous cases PPROM observed
despite  successful antibacterial treatment for
periodontal disease, bacterial vaginosis and IAl 8

A normal pregnancy, like other normal physiological
conditions, maintains a stable equilibrium between
reactive oxygen species and antioxidants.®13 OS
enhances placental mitochondrial activity and reactive
oxygen species (ROS) release when the fetoplacental
unit has high energy needs, such as during pregnancies
at high altitudes. This results in a disrupted redox
balance.'* Behavioral risks factors for PPROM, such as
cigarette smoking, promote the generation of
superoxide, nitric oxide, and hydroxyl ion, which can
impair the collagen matrix and diminish antioxidant
defenses.’>22 ROS degradation particularly affects
collagen, making it highly vulnerable. Superoxide has
been shown to induce the breakdown of fibrillar collagen
into 4-hydroxyproline in vitro.223 Collagen breaking
enzymes in the chorioamniotic membranes are also
vulnerable to activation by ROS.?* For example,
glutathione precursor N-acetylcysteine (NAC) or
superoxide dismutase (sod) can both suppress matrix
metalloproteinase-9 (MMP9) activity. Lappas and
colleagues has demonstrated the suppression of MMP9
and other markers of inflammation by NAC.?> NAC works
by blocking an NF-kB-activated pathway, which in turn
reduces the metabolism of phospholipid, the release of
particular pro-inflammatory cytokine and proteolytic
activity peaks within human fetal membranes.2®
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Fetal membrane apoptosis was identified as a
pathological process linked to PPROM more than ten
years ago.?631 The conclusion provided additional
support for this discovery that apoptotic components are
commonly found in membranes from Protease activity
and pro-inflammatory cytokine release in human fetal
membranes.?’ without rupture of membranes (ROM).
Many pro-apoptotic factors which are typically not
present in membranes taken after sPTB with intact
membranes during PPROM are triggered by infections
and other endotoxins.?%:3233 A typical DNA fragmentation
pattern, commonly has been noted, accompanied by
apoptosis, to fetal membranes which have been
collected from women with PPROM. Oxidative stress
also leads to DNA fragmentation in fetal membrane
cells.3* Since inflammatory mediators have the ability to
cause different types of cell death, based on their
exposure time and concentration, it is likely that PPROM
involves multiple forms of cell death.

Maternal stress or under-nutrition, smoking, intrauterine
bleeding, oxidative stress and medical procedures like
amniocentesis or fetoscopy are the factors that cause
PPROM that are not linked to infection. According to
Romero et al., intra-amniotic inflammation presents in
37% of preterm labor cases before 37 weeks of
gestation. Remarkably, infection induced inflammation
was present in just 11% of cases, in contrast, non-
infectious induced inflammation, without bacterial
presence, was observed in 26%.3°

Recent studies suggest that PPROM can be linked with
non-infectious induced inflammation in fetal membranes
that resemble infection but without any microbial
presence confirmed by culture or molecular methods.35

The above evidence emphasizes that oxidative stress
and inflammation are key factors in PPROM. At term,
about 8% of pregnancies that lead to serious
complications are affected by PPROM. About 1% of all
deliveries are complicated by PPROM and it is twice
likely in PPROM African Americans.3®

Fetal membranes: Structure and function

The lining of the pregnant uterus is made up of fetal
membranes commonly known as placental membranes
or amniochronic membranes of human. The fetal-
placental and the maternal compartments are separated
by these fetal membrane tissues that are different from
placenta. Fetal membranes consist of the amnion, the
innermost layer of the intra-amniotic cavity and the
chorion, fetal tissue attached to maternal decidua. These
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layers are interconnected by an extra cellular matrix
(ECM) that is rich in collagen.®” The structural foundation
of the fetal membranes are formed by the ECM,
consisting of fibrous proteins and various collagen types
(Figure 1).37%8 The inner most layer amnion,
continuously immersed in amniotic fluid, plays a crucial
role as the main agent to changes in the amniotic cavity.
The chorion, positioned near the maternal decidua,
helps maintain immune tolerance at the maternal-fetal
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Various factors that contribute to weakening of
membrane can cause the rupture of membranes. These
factors include elevated levels of local cytokines, a
disrupted balance between matrix metalloproteinases
(MMPs) and tissue inhibitors, heightened activity of
collagenase and protease, as well as other contributing
factors that may increase intrauterine pressure.36

Collagenlysis, extracellular  matrix  (ECM)

breakdown and fatal membranes rupture:

The disintegration of the ECM rich in collagen that joins
the amnion and chorion layers of the fetal membranes is
a crucial step in the onset of rupture of membranes
(ROM).4348  Several MMPs are involves in the
degradation process, each targeting specific collagen
types for turnover. The following occurs via mechanisms
like transcriptions, translation, and post-translational
modifications or by their endogenous inhibitors, the
tissue specific inhibitors of metalloproteinases (TIMPS).
can modulate the MMP activity in fetal membranes.4®-50
A balanced MMP/TIMP system is essential for both
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during typical labor and in cases of PPROM. While the
exact disruption of this balance in PPROM remains
unclear, proteases linked to inflammation or infection
can initiate endogenous MMPs in human fetal
membranes, resulting to collagen degradation and
weakening of membrane.51-57

In summary, previous researches have separately
investigated the role of inflammation, infection, collagen
breaking enzymes and apoptosis in PPROM, with the
assumption of identifying pathways associated with
specific risk factors would help identify the triggers and
mediators of PPROM in individual cases. No reliable
biomarkers, or significant improvements, in preventing
PPROM and sPTB, have resulted from these studies
despite these efforts.

Healing of PPROM:

The process of healing in adult tissues namely classified
into the following steps: (1) hemostasis (2) inflammation
(3 migration & proliferation (4) resolution and
remodeling.58 On the other hand, fetal tissue healing 58
characterized by minimal inflammation, no
vascularization, and no formation of granulation tissue is
a simpler process. These characteristics allow for rapid
and scar less healing.%®

The injury to human fetal membrane creates an
inflammatory response that begin healing process of the
fetal membrane (as depicted in Figure 2).60-61 In the
context of wound healing, neutrophils are the initial
immune cells to reach the injury place during
inflammation, migrating from the injured blood vessels.
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Figure 2. Inflammatory responses begin healing of
amnion.
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In contrast to neutrophils, monocytes are typically
attracting to wounds at a later stage. Upon arrival, they
differentiate into macrophages, that engage in removal
of debris and dying neutrophils through phagocytosis. 58
Interestingly, studies have shown that macrophages are
the only main immune cells that gather around amniotic
membranes that have ruptured without infection. In
contrast, neutrophils migration is rarely observed during
epidermal wound healing process in adult skin, where
the flow of neutrophils is seldom noticed.82 Such could
be due to the absence of infection stimuli together with
the lack of infection and inflammatory stimulus.
Macrophages type 2 (M2), which are found in high
numbers, migrate from the amniotic cavity to the site of
injury and secrete healing cytokines such as tumor
necrosis factor-alpha (TNF-a) and interlukin-1 beta (IL-
1B8), which moderate the response for injury and
inflammation of the fetal membranes.t2 Consequently,
M2 macrophages might be vital in the intimate
membranes’ inflammatory response.

Misbah Ul Ain Tahir et al.

Animal models for healing of membrane

Interestingly, the initial histological researches of the
regeneration process in embryonic membranes were
performed using rats. According to Sopher’s research 3,
puncturing gestational sacs of rat on the 15th day of
pregnancy using a 21-gauge needle led to a significant
proliferation in mesenchymal cells of amnion layer within
just 24 hours. In addition, Mogami’s demonstrated that
small size of ruptures (0.47 mm) created during the
second trimester, using an aseptic puncture model in
mice and culturing primary human amnion cells, were
capable of healing successfully.5?

Additionally, in a notable case, collagen transplantation
was performed on patients Following early PPROM
which occurred spontaneously at 16.5 weeks of
pregnancy, a male infant was delivered successfully. at
30 weeks and 3 days gestation with an Apgar score of
6-7. The male infants grew up to become healthy and
active adults.5* However, throughout the entire
gestational period, the interactions between the sealant

Table I: Preclinical studies of fetal membranes healing.

Author Year Experiment Highlights Title of references
name design
Sopher D 1972 Rat/in vivo 21G needles: caused the amnion Effects of injury on rat fetal membranes.%3
mesenchymal cells on the edge of
the amnion to multiply rapidly within
24 h.
R Devlieg-er 2002 fetoscopic/in Fetoscopic access port Matrix metalloproteinases-2 and -9, along
vivo sites plugging by collagen in with their natural tissue inhibitors, play a key
sheep leads to the effective sealing role in tissue remodeling following the sealing
of fetal membranes functionally. of fetal membranes. This process has been
studied in a sheep model to understand the
effects of fetoscopic surgery.®®
Nicole 2003 AEC The cultures remained viable for 14 Encouraging the growth of human amnion
Ochsenbein- Culture/in days, demonstrating robust survival. epithelial and mesenchymal cells to explore
Kélble vitro An increase in cell density, survival potential ways to repair membranes in the
rates, and proliferation activity was future.®”
also observed.
Haruta 2017 Mousel/invivo Small tears in the fetal membrane Exploring Solutions for Early Pregnancy
Mogami typically healed within 72 hours, Challenges.5?
while larger ruptures had a much
lower healing rate, with only 40%
closing successfully.
Haruta 2018 Mouse/invivo Based on the information provided, Collagen Type 1 Plays a Key Role in the
Mogami 90% of the wounds treated with Healing Process of Ruptured Fetal
collagen type 1 injections healed, Membranes.%
whereas 40% of the wounds treated
with PBS showed the same results.
This was done using the 26- or 20-
gauge needles.
Lauren 2018 AEC Healing progress: self-renewal, The growth, movement, and changes in
Richards-on Culture/in transition, migration, and behavior of human amnion cells reveal their
vitro proliferation. metastatic state.58
Ah-young 2020 amniotic pore 20 G needles: 100% healed; 26G The simulation of the amniotic membrane
Lee culture/in vitro  needles:40% healed. rupture before term shows a spontaneous

recuperative process of the human amnion °
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and the membranes remained limited in vivo, with only a
small number of explants examined. Moreover, the
prolonged healing process of cultured fetal membrane
explants my lead to deteriorating conditions in vitro,
potentially compromising their capacity for repair over
time. 65

Macrophage involvement in wound repairing:

The process of wound healing is facilitated by
macrophages, which can be divided into two categories
[69]: Conversely activated macrophages (M2
macrophages) and similarly activated macrophages (M1
macrophages).f® M2 macrophages perform a crucial
function in facilitating wound healing, which produce
anti-inflammatory cytokines and express tissue repair
markers.5”

Furthermore, the recruitment of macrophages to injury
sites is a remarkable aspect of fetal tissue healing.
Circulating monocytes are differentiate into tissue
macrophages at the injury sited when they migrate there,
while tissue-resident macrophages also perform a
crucial function in the wound repairing process.® They
secrete the growth factors, transforming growth factor
(TGF-B) and platelet derived growth factors (PDGF),
which enhance activation in the injured epidermis and
fibroblasts cells. Constant tissue damage prevents
excessive tissue destruction. TGF-f that are proficient in
tissue contraction and TIMPs release, mask MMPs,
preventing excessive tissue degeneration, serve a
pivotal function in the alteration of fibroblasts into
myofibroblasts. In conjunction with macrophages,
myofibroblasts aid in injury rehabilitation by secreting
collagen  and performing  tissue  restoration.
Macrophages start the reorganization of damaged tissue
after releasing MMPs and TIMPs. Macrophages also
phagocytose the damaged area eradicating the
extracellular matrix (ECM) in the process to cleanse the
wound.8

Macrophages and PPROM Membrane Healing:

Fetal membranes release danger signals like DAMPs
(danger-associated molecular patterns) and pro-
inflammatory cytokines following PPROM damage.
These signals activate macrophages, prompting them to
migrate to the injury site guided by chemokines and
other inflammatory mediators.6670  Upon arrival,
macrophages take on several essential tasks. They
engulf and eliminate cellular debris, pathogens, and
foreign material present in the amniotic fluid, preventing
further infection and tissue damage.”* It is the
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macrophages that are orchestrating the inflammatory
response. To attract other immune cells and help fight
infection, they secrete pro inflammatory cytokines, such
as the IL-1B, TNF-a and interleukin-6 (IL-6).
Unfortunately, this strategy can also cause extensive
tissue injuries. Consequently, these macrophages
produce cytokines that suppress inflammation:
interleukin-10 (IL-10), and transforming growth factor
beta (TGB-B).727® Macrophages help in the repair of
tissues by secreting growth factors like vascular
endothelial growth factor (VEGF) and fibroblast growth
factor (FGF) which are quite fascinating. These growth
factors promote blood vessel formation, collagen
deposition, and overall tissue regeneration within the
fetal membranes.’” As healing progresses,
macrophages adopt a reparative phenotype. They
decrease inflammation and promote the return of
balance (homeostasis) within the fetal membranes.5°

In conclusion, macrophages are essential for healing
after PPROM. They act as a defense system, clearing
debris and pathogens, regulating inflammation,
promoting tissue repair, and ultimately restoring fetal
membranes health.

Macrophage Migration Inhibitory Factor (MIF) and
PPROM Healing:

The protective barrier surrounding the fetus is disrupted
by PPROM, posing a significant risk for complications.
Immune cells such as macrophages that are crucial for
healing, play a vital role in PPROM recovery. Yet there
are many other considerations featuring MIF which could
influence their potency.” MIF plays a dual role in human
body. It can cause break down and weakening of the
fetal membranes by causing inflammation or it can repair
and regulate the inflammatory responses and can
promote tissue repairing. As a pro-inflammatory
cytokine, the production of MIF in chorioamniotic
membranes or in AF increases in the presence of any
infection or inflammatory response which can lead to the
inflammation surge. It causes the weakening and break
down of the fetal membranes through the activation of
MMPs and other enzymes that can lead to the rupture of
membranes.”® MIF also plays a major role in wound or
injury healing. An experiment was performed on mice in
2005, that explained the local application of MIF has
repaired wound healing, promoting pro-collagen
production than MIF deficient mice.”” In the framework
of PPROM healing, MIF also illustrates complex
functions. MIF can captivate or drive away macrophages
to the spot of wound based on the immediate
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surroundings within the amniotic cavity. At the beginning
of PPROM, MIF can prohibit macrophage migration,
putting off the recovery response.” MIF might influence
the inflammatory response stimulated by macrophages.
Although few researches point out that it can boost an
irritating  state, obstructing tissue repair, others
demonstrate inflammation reducing effect.”®:80 Additional
researches are needed to find out the exact effect of MIF
on inflammation in PPROM. MIF’s outcome on tissue
remodeling throughout PPROM recovery remains
ambiguous. Moreover, there are certain studies
suggesting that it could be a factor in collagen
deposition, which is fundamental aspects of tissue
repair.8t However, further studies are required to
completely perceive its influence on this process.

MIF’s impact in the healing of PPROM seems to be
complicated. Although it can initially prevent the
mobilization of macrophages and potentially affect the
inflammation, but its overall effects on tissue remodeling
is still ambiguous. More research work is required to find
out how MIF can be controlled to maximize the
macrophage function and boost the successful healing
after PPROM.

Connection between MIF and Macrophages in
PPROM Healing:

It has been demonstrated that MIF can regulate
macrophage functions, affecting their activation,
recruitment, and polarization in different conditions that
lead to inflammation.82 Within the framework of PPROM,
MIF might control the macrophage phenotype and role
at the location of tear of the membrane, consequently
influencing the inflammatory response & tissue repair
process.®® In response to this, macrophages can
produce MIF, initiating a positive feedback loop
maintaining inflammation and remodeling tissue.8*
There is a need for further research to clarify the precise
mechanism that supports the connection between MIF
and macrophages in PPROM healing and to explore the
possible therapy methods that focuses on this pathway.
Even though the exact process behind the connection
between MIF and PPROM healing are still being figured
out, existing evidences show that MIF can help in
regulating inflammation, immune responses, tissue
repair and angiogenesis, which are essential part of
PPROM healing process.
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Discussion

This review highlights the important role of immune
regulation in the context of PPROM. Macrophages, as
key immune cells, contribute to inflammatory phase and
later stages of tissue repair. A balance action of M1 and
M2 seems essential for proper repairing after membrane
damage. The cytokine environment influences
macrophage behavior, and among these signals, MIF
emerges as a key regulator. Studies suggest that MIF
may effect how efficiently macrophages clear damaged
tissue and promote repair. However, the exact way MIF
controls this switch between inflammation and healing
remains unclear.

Most findings agree that excessive or prolonged
inflammation, driven by cytokine like TNF and IL-1, can
weaken membranes and delay healing. In contrast, a
timely shift toward a healing response involving M2
macrophages could help restore tissue integrity. MIF
might play role in controlling this shift, but further
research is needed to define its specific actions.

Overall, the relationship between MIF and macrophages
offers a promising area for further investigation.
Understanding this connection could lead to new
therapies aimed at improving recovery after PPROM and
preventing side effects for both mother and baby.
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