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ABSTRACT

Untimely rupture of the fetal membranes (FMs) is a major
precipitant of preterm birth. Although the mechanism of FM
weakening leading to rupture is not completely understood,
proinflammatory cytokines, including tumor necrosis factor
(TNF) and interleukin 1 beta (IL1B), have been shown to weaken
FMs concomitant with the induction of reactive oxygen species,
collagen remodeling, and prostaglandin release. We hypothe-
sized that alpha-lipoic acid, a dietary antioxidant, may block the
effect of inflammatory mediators and thereby inhibit FM
weakening. Full-thickness FM fragments were incubated with
control media or TNF, with or without alpha-lipoic acid
pretreatment. Fetal membrane rupture strength and the release
of matrix metalloproteinase 9 (MMP9) and prostaglandin E2
(PGE2) from the full-thickness FM fragments were determined.
The two constituent cell populations in amnion, the mechani-
cally strongest FM component, were similarly examined.
Amnion epithelial and mesenchymal cells were treated with
TNF or IL1B, with or without alpha-lipoic acid pretreatment.
MMP9 and PGE2 were analyzed by ELISA, Western blot, and
zymography. TNF decreased FM rupture strength 50% while
increasing MMP9 and PGE2 release. Lipoic acid inhibited these
TNF-induced effects. Lipoic acid pretreatment also inhibited
TNF- and IL1B-induced increases in MMP9 protein activity and
release in amnion epithelial cells, as well as PGE2 increases in
both amnion epithelial and mesenchymal cells. In summary,
lipoic acid pretreatment inhibited TNF-induced weakening of
FM and cytokine-induced MMP9 and PGE2 in both intact FM and
amnion cells. We speculate that dietary supplementation with
alpha-lipoic acid might prove clinically useful in prevention of
preterm premature rupture of fetal membranes.

amnion, fetal membrane rupture, fetal membranes, lipoic acid,
matrix metalloproteinase, MMP9, parturition, PGE2, placenta

INTRODUCTION

Preterm premature rupture of the fetal membranes (PPROM)
is the initiating event in approximately one third of preterm
births, resulting in significant infant mortality and morbidity
[1]. The exact mechanisms by which fetal membranes (FMs)
weaken and rupture in term and preterm gestations are

unknown. Preventative measures for ill-timed or aberrant FM
rupture are thus unavailable.

Fetal membrane rupture was previously thought to be
caused entirely by tearing due to stresses resulting from the
contractions of labor. This is clearly inconsistent with reports
that 10% of term and nearly one third of preterm births are
preceded by rupture of membranes prior to the initiation of
labor [2]. In addition, it has recently been shown that cyclical
stretching paradoxically strengthens FM by a strain hardening
process [3]. Fetal membranes are now hypothesized to weaken
and ultimately rupture as a result of collagen remodeling and
apoptosis [4, 5]. In previous reports we described a localized
region of the FM overlying the cervix that is mechanically
weak relative to other regions of the FM, and exhibits
biochemical and histological characteristics suggestive of
increased collagen remodeling. This paracervical weak zone
is present in the FM of both vaginally delivered infants and
infants delivered by cesarean delivery with no labor [6, 7].
Other investigators have also reported distinctive biochemical
and histological differences suggestive of increased tissue
remodeling in the paracervical region of the FM. Specifically,
numerous reports have described increased matrix metal-
loproteinase 9 (MMP9), increased apoptosis, and differences
in the cellular density of the FM component membranes
(amnion and choriodecidua) in the paracervical region [8–10].
Because the rupture tear line generally passes through the
remodeled, paracervical weak zone, we have presumed that FM
rupture likely initiates within this region [4].

Generation of reactive oxygen species (ROS) has been
strongly associated with tissue remodeling, particularly with
inflammatory processes initiated by tumor necrosis factor
(TNF) and interleukin 1 beta (IL1B) [11–14]. Furthermore,
ROS have been associated with the induction of MMP9 and
prostaglandins [15]. Antioxidants have therefore been proposed
as potential inhibitors of premature FM remodeling and
preterm rupture. Vitamin C has been the initial prime candidate
used in a number of in vitro studies and some preliminary
clinical trials, but with only limited success [16, 17]. Concerns
have also been raised by some investigators about the possible
adverse effects of vitamin C [18, 19]. We have reported that
vitamin C can increase apoptosis in intact amnion, amnion
cells, and amnion-derived WISH cells, and thus may
exacerbate the weakening process [20, 21].

Alpha-lipoic acid (6,8-dithio-octanoic acid; LA), another
antioxidant, was initially isolated from bovine liver in 1950
[22]. Alpha-lipoic acid is found in the human diet and is also
available as a dietary supplement in its natural R-form or
racemic R/S mixture. It is rapidly absorbed and reduced
intracellularly by NAD(P)H-dependent enzymes to the dithiol
compound dihydrolipoic acid (DHLA) [23]. In addition to
playing an important role in mitochondrial energy metabolism,
the LA/DHLA system can scavenge ROS, regenerate physio-
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logical antioxidants (vitamins C/E and glutathione), chelate
metal ions, and stimulate insulin signaling [24–27]. For these
reasons, LA is also a candidate inhibitor of cytokine-mediated
remodeling and weakening of human FM.

Recently, we reported that FM weakening, concomitant
with changes in biochemical markers of remodeling mimicking
the natural weak zone at term, can be reproduced in vitro with
either TNF or IL1B [28]. This finding made available an in
vitro model system for the investigation of the FM weakening
process. The initial objective of this study was to use this in
vitro model system to determine whether the antioxidant LA
could prevent TNF-induced weakening and concomitant
MMP9 and prostaglandin E2 (PGE2) release from intact FM.
PGE2 release was measured in addition to MMP9 because it
has been shown to regulate MMP9 [29, 30]. After this proved
successful, a second objective was added: initiation of the
investigation of the cellular basis of both cytokine-induced FM
weakening and the LA inhibition of this weakening process.
Because the amnion is the strongest component of the fetal
membranes [31], we elected to focus initially upon its two
constituent cell populations, amnion epithelial and mesenchy-
mal cells.

MATERIALS AND METHODS

Materials

Reagents were from Sigma Chemical Co. (St. Louis, MO) unless stated
otherwise.

Biological Samples

The study protocol was approved by the Institutional Review Board of the
MetroHealth Medical Center, Case Western Reserve University (Cleveland,
OH). Fetal membranes were collected from uncomplicated patients undergoing
prelabor, elective, repeat cesarean delivery at term (all were 37–39 wk)
following written informed consent. Membranes were discarded if they were
meconium stained, if infection was suspected from the clinical history, or if
chorioamnionitis was detected in pathological review. Eleven FMs were used
for all of the studies reported here. Fetal membranes were cut away from the
placental disc and washed extensively in cold PBS. Regions within 1 cm of the
placental disc and near the paracervical weak zone were not used.

FM Explant Culture

Fetal membrane fragments were cultured per previously described protocols
[28, 32]. Fetal membranes from five patients were used for experiments on full-
thickness, intact FMs. One patient FM was used for each experiment. In each
experiment, three FM fragments were used for each of the four treatment
groups (12 fragments per experiment). Fetal membrane fragments were bluntly
dissected (8 3 8 cm) and placed in 150-mm2 culture dishes containing 20 ml of
Earle minimum essential medium, alpha modification (MEM), antibiotic
antimycotic solution, 50 lg/ml gentamicin sulfate, and 0.2% lactalbumin
hydrosylate (EMEML). Culture dishes were rocked gently in an atmosphere
containing 5% CO2, air and 100% relative humidity at 378C. After 24 h of
equilibration in EMEML, medium was removed and replaced. Cultures were
pretreated with 0.1% DMSO (vehicle) or 0.5 mM LA for 6 h, and then with or
without addition of 50 ng/ml TNF for an additional 72 h. Four study conditions
were used: control, LA pretreatment alone, TNF alone, and LA pretreatment
followed by TNF. Following incubation, FM samples were subjected to
biomechanical testing as outlined below. Medium from each culture was
clarified by centrifugation (15 000 3 g for 15 min), frozen at�708C, and then
thawed later and assayed for the MMP9 and PGE2 release.

FM Biomechanical Testing

Treated FM fragments were removed from culture, washed twice in 20 ml
of MEM, maintained in MEM, and kept moist for the entirety of biomechanical
testing. Fetal membrane physical properties were determined using our
previously reported methodology [6]. Briefly, biomechanical testing was
performed using modified industrial rupture testing equipment (Com-Ten
Industries, St Petersburg, FL) by the American Society for Testing and
Materials standards. A mechanically driven, 1-cm diameter, rounded plunger

was forced at a speed of 8.4 cm/min through membrane pieces supported on a
fixture with a 2.5-cm diameter orifice. Force (applied to the FM) and resultant
FM displacement data were collected continuously and analyzed by data
reduction software. Rupture strength was determined from generated force/
displacement curves.

Amnion Cell Culture Studies

Reflected amnion was peeled from choriodecidua, washed three times in
cold PBS, and minced. Amnion epithelial and mesenchymal cells were isolated
by sequential digestion with trypsin and collagenase as previously reported [20,
33, 34].

Amnion epithelial cell isolation. Amnion fragments were incubated in 100
ml of TMEM (MEM/antibiotic-antimycotic/10 mM Hepes, pH 7.2, containing
0.2% trypsin [T8128; Sigma]) for 10 min at 378C with intermittent agitation.
After straining through 4-mm2 stainless mesh, the initial eluate was discarded.

Fragments were then incubated with 150 ml of TMEM for 30 min at 378C
and strained, and the eluate was maintained on ice. Digestion with TMEM was
repeated three times. Following digestion, fragments were washed in 500 ml of
cold PBS and strained, and this eluate was pooled along with the previous
digests.

Epithelial cells were pelleted by centrifugation at 300 3 g for 8 min at 108C,
resuspended in MEM containing 10% fetal bovine serum, antibiotic-
antimycotic, and 50 lg/ml gentamycin sulfate (EMEMC), and plated in 150-
mm2 tissue culture dishes containing 30 ml of EMEMC. Dishes were incubated
at 378C, 5% CO2 with 48-h medium changes until confluent (5–7 days).

Amnion mesenchymal cell isolation. Following trypsinization and
washing, de-epithelialized amnion fragments were incubated in 100 ml of
MEM/0.1% collagenase (C2139; Sigma), 25 mg of DNAase, and 10 mM
Hepes, pH 7.2, for 30 min at 378C, strained through 1-mm2 stainless mesh, and
the eluate was centrifuged 400 3 g for 10 min at 108C. Pelleted mesenchymal
cells were plated in EMEMC on 6 3 150 mm2 tissue culture dishes for 6 h, and
then medium was removed and replaced.

Upon confluency (5–7 days), epithelial and mesenchymal cells were
trypsinized (0.25% trypsin/0.02% EDTA/PBS) and plated on 24-well plates in
EMEMC. At 90%–95% confluency (48–72 h), medium was replaced with
antibiotic-antimycotic-free EMEML for 24 h prior to experimentation. Purity
and viability were routinely monitored by cytokeratin/vimentin differential
immunohistochemistry and trypan blue exclusion, as described previously [20].
The purity and viability of isolated cell types were greater than 97% and 99%,
respectively, following passage 2–3 days prior to experimentation.

Cell culture incubations. Cells were preincubated in EMEML for 6 h with
increasing doses of LA prior to addition of increasing doses of TNF or IL1B.
After 24 h of incubation, medium was removed and clarified by centrifugation
for 15 min at 15 000 3 g at 108C. Supernatants were stored at �708C until
assay.

Monolayers were washed with 2 ml of cold PBS then lysed by sonication
(30 sec on ice, setting 40; Artek Industries) in 200 ll of Zymogram Buffer (ZB;
Bio-Rad, Hercules, CA) and frozen at �708C.

Protein content was determined by Bio-Rad DC Protein Assay.

Immunoassays

Prostaglandin E2 (Cayman Chemical Co., Ann Arbor, MI) and MMP9
(EMD Biosciences, San Diego, CA) levels in spent medium were determined
using commercial ELISA kits and following the manufacturers’ protocols.
Sensitivity measurements were 93 pg/ml and 0.1 ng/ml, and interassay and intra-
assay coefficients of variation were 2.1%–4.5% and 2.9%–6.5%, respectively.

Gel Zymography

In-gel zymographic analysis was performed following PAGE using 40-ll
aliquots of medium:ZB (1:1) or 40 lg of cell lysate/ZB on 10% gels/Tris-HCl
containing gelatin, according to the Bio-Rad protocol. Active, human,
recombinant, 66-kDa MMP2 and/or 83-kDa MMP9 (90% purity by SDS-
PAGE; EMD Biosciences) were used as relative markers in some zymograms
and Western blots (below).

Western Blotting

b-Mercaptoethanol, to 5% v/v, was added to ZB cell lysates (20 lg of
protein), and samples were incubated in a boiling waterbath for 5 min.
Denatured samples were electrophoresed on 4%–15% gels/Tris-HCl, and
resolved proteins were electrophoretically transferred to polyvinylidene
fluoride membrane (GE Healthcare, Piscataway, NJ) according to Bio-Rad
protocols. Membranes were blocked in 5% nonfat dry milk/Tris-buffered
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saline, 0.5% Tween-20 (TBST) for 30 min and then incubated overnight at
108C with MMP9 antibody (1:100; Santa Cruz Biotechnology, Santa Cruz,
CA). Membranes were washed three times in TBST, incubated with
horseradish peroxidase-conjugated secondary antibody (1:10 000) in 5% nonfat
milk/TBST for 30 min, and then again washed three times in TBST.

Chemiluminescent detection was performed using Lumigen-PS according
to the manufacturer’s protocol (GE Healthcare), and blots were exposed against
Super RX film (Fuji, Tokyo, Japan) for equivalent time periods.

Quantitation and Statistical Analysis

Developed films and stained gels were scanned using an Epson Perfection
1200U scanner. Densitometry was performed using ImageJ software
(National Institutes of Health, Bethesda, MD). The value for an equivalent
scanned blank region within a ‘‘dye-only’’ lane of each blot was subtracted
from the value for each lane containing protein. Data points for cumulative
Western blots and zymograms represent the mean 6 SD for amnion cell
lysates obtained from three different patients. Immunoassay data points for
PGE2 and MMP9 represent the mean 6 SD of medium from cultures treated
in triplicate and assayed in duplicate. All experiments were performed at least
three times.

All intact FM data (biomechanical, released MMP9, and released PGE2)
and cell data (densitometry, released MMP9, and released PGE2) were analyzed
by ANOVA followed by posthoc pairwise comparisons using Statview
software. Data and results are termed significant when P , 0.05.

RESULTS

Studies Using Full-Thickness FM

Full-thickness FM fragments were incubated with control
media, LA (0.5 mM) alone, TNF (50 ng/ml) alone, or both
(TNF added after 6 h of pretreatment with LA) as described in
Materials and Methods. Tumor necrosis factor decreased the
rupture strength of the FM fragments by more than 50% (10.0
6 3.5 N versus 4.5 6 1.4 N; P ¼ 0.001), consistent with our
previous report [28]. The LA alone had no effect on the basal
FM rupture strength, but it inhibited TNF-induced weakening
(4.5 6 1.4 N [TNF] versus 15.3 6 7.03 N [LA pretreatment
and then TNF]; P , 0.0001; Fig. 1A). The TNF increased
MMP9 release from intact FM into the medium. The LA alone
only modestly inhibited basal MMP9 release but completely
abolished the TNF-induced MMP9 increase (Fig. 1B). In a
similar fashion, PGE2 release into the medium from intact FM
was increased with TNF, and this TNF-induced effect was
completely inhibited by LA pretreatment (Fig. 1C).

Studies Using Amnion Epithelial Cells

MMP9 release into medium. Treatment of amnion
epithelial cells for 24 h with TNF (0–50 ng/ml) resulted in a
dose-dependent increase in MMP9 protein released into the
media (to 25-fold). Pretreatment with increasing doses of LA
for 6 h resulted in a stepwise inhibition in the TNF-induced
MMP9 release to near-basal levels (Fig. 2A). Treatment of
amnion epithelial cells for 24 h with IL1B (0–50 ng/ml) also
resulted in a dose-dependent increase in MMP9 release (to 14-
fold). Pretreatment with LA inhibited the IL1B-induced MMP9
release to basal levels (Fig. 2B).

MMP9 cellular protein and activity. Western blot analysis
of MMP9 protein in amnion epithelial cells demonstrated that
both TNF (0–50 ng/ml) and IL1B (0–50 ng/ml) increased 92-
kDa and 86-kDa MMP9 proteins in a dose-dependent manner.
The LA pretreatment reduced TNF-induced and IL1B-induced
increases in 92-kDa and 86-kDa MMP9 proteins to basal levels
(Fig. 3). Zymogram analysis indicated that both TNF and IL1B
increased 92-kDa and 86-kDa MMP9 enzyme activities.
Pretreatment with LA reduced TNF-induced increases in 92-
kDa and 86-kDa MMP9 activities, as well as IL1B-induced
increases in 92-kDa and 86-kDa MMP9 activities (Fig. 4).

PGE2 release. Amnion epithelial cells did not release
significant amounts of PGE2 in response to TNF (Fig. 5A).
However, treatment of amnion epithelial cells with increasing
doses of IL1B (0–50 ng/ml) resulted in a dose-dependent
increase in PGE2 release (Fig. 5B). The LA pretreatment
inhibited IL1B-induced PGE2 release to basal levels (Fig.
5B).

FIG. 1. Alpha-lipoic acid inhibits TNF-induced weakening, decreasing
MMP9 and PGE2 release in cultured FM. Fetal membrane fragments were
preincubated with or without LA (0.5 mM) for 6 h, and then incubated
with or without the addition of TNF (50 ng/ml) for 72 h. Four groups are
displayed: control, LA pretreatment, TNF, and LA pretreatment plus TNF.
Rupture force (A) was determined as outlined in Materials and Methods.
MMP9 release (B) and PGE2 release (C) in media were measured by ELISA.
Data points represent pooled results of five experiments using three FM
fragments per treatment group in each experiment (n ¼ 15). Data are
presented as mean 6 SD. TNF incubation resulted in significant FM
weakening that was inhibited by pretreatment with LA (A). TNF also
induced increases in MMP9 (B) and PGE2 (C) release that were inhibited
by LA pretreatment (B and C, respectively). Columns with symbols (* or
triangle) indicate data are significantly different; P , 0.001.
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Studies Using Amnion Mesenchymal Cells

Isolated amnion mesenchymal cells did not release detect-
able levels of MMP9 over 24 h of culture in response to TNF,
IL1B, or LA. Furthermore, no MMP9 proteins or enzymatic
activities were detectable on Western blots or in zymograms
(data not shown). Treatment of amnion mesenchymal cells with
TNF (0.5–50 ng/ml; Fig. 5C) or IL1B (1–50 ng/ml; Fig. 5D)
induced 10- or 20-fold increases in PGE2 release, respectively.
Pretreatment with LA reduced PGE2 release to basal levels
(Fig. 5, C and D).

DISCUSSION

Our data demonstrate that TNF-induced FM weakening and
remodeling can be inhibited by the dietary antioxidant LA.
Because the amnion is the major strength-bearing component
of the FM [31], we also examined the effect of LA on cytokine
stimulation of primary cultures of its constituent cell
populations, amnion epithelial cells and amnion mesenchymal
cells. Both TNF and IL1B increased MMP9 release, cellular
protein, and enzymatic activity in amnion epithelial cells.
Alpha-lipoic acid completely inhibited this TNF-induced

FIG. 2. Alpha-lipoic acid inhibits TNF- and IL1B-induced MMP9 release by cultured amnion epithelial cells. Amnion epithelial cells were pretreated for
6 h with increasing doses of LA and then treated with increasing doses of TNF (A) or IL1B (B) for 24 h. Tumor necrosis factor (A) or IL1B (B) induced a dose-
dependent increase in MMP9 release. The cytokine-induced increase was inhibited by pretreatment with increasing doses of LA. Data points represent the
mean 6 SD for triplicate cultures, assayed by ELISA in duplicate. Experiments were repeated with cells isolated from amnions of three different patients.
Columns with symbols indicate data are significantly different; P , 0.001 (*, due to cytokine dose; triangle, due to inhibition of the cytokine-induced
effect by LA).

FIG. 3. Alpha-lipoic acid inhibits TNF-
and IL1B-induced MMP9 protein in cul-
tured amnion epithelial cells. a) Western
blot of MMP9 cellular protein from amnion
epithelial cells. Cells were pretreated for 6 h
with increasing doses of LA followed by
treatment with increasing doses of TNF (A)
or IL1B (B) for 24 h. Representative Western
blots are shown. b) Densitometric analysis
of Western blots for MMP9 from three
experiments using epithelial cell isolates
from amnions of three different patients
(n ¼ 3). Tumor necrosis factor (A and B) or
IL1B (C and D) induced MMP9 proteins (92
and 86 kDa) by amnion epithelial cells.
Pretreatment with increasing doses of LA
inhibited these cytokine-induced increases.
Data are presented as mean 6 SD. Columns
with symbols indicate data are significantly
different; P , 0.001 (*, due to cytokine
dose; triangle, due to inhibition of the
cytokine-induced effect by LA). KD and
kd, kilodalton.
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FIG. 4. Alpha-lipoic acid inhibits TNF-
and IL1B-induced MMP9 activities in am-
nion epithelial cells. a) Representative
zymogram of TNF-induced (A) and IL1B-
induced (B) MMP9 activities and inhibition
by pretreatment with LA in amnion epithe-
lial cells treated as in Figure 3. b) Densito-
metric analysis of zymograms detecting
MMP9 activities from three experiments
using epithelial cell isolates from the
amnions of three different patients (n ¼ 3).
Tumor necrosis factor-induced (A and B) or
IL1B-induced (C and D) MMP9 enzyme
activities by amnion epithelial cells. Pre-
treatment with increasing doses of LA
inhibited these cytokine-induced increases.
Data are presented as mean 6 SD. Columns
with symbols indicate data are significantly
different; P , 0.001 (*, due to cytokine
dose; triangle, due to inhibition of the
cytokine-induced effect by LA). KD and kd,
kilodalton.

FIG. 5. Alpha-lipinoic acid inhibits TNF-
and IL1B-induced PGE2 release in amnion
cells. Amnion epithelial (A and B) or
amnion mesenchymal (C and D) cells were
pretreated for 6 h with increasing doses of
LA, followed by increasing doses of TNF (A
and C) or IL1B (B and D) for 24 h. The PGE2
release into medium from triplicate cul-
tures, assayed by ELISA in duplicate, is
shown. Experiments were repeated three
times using cells isolated from the amnions
of three different patients. Data are pre-
sented as mean 6 SD. Columns with
symbols indicate data are significantly
different; P , 0.001 (*, due to cytokine
dose; triangle, due to inhibition of the
cytokine-induced effect by LA).
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increase. MMP9 was not detectable in mesenchymal cells.
Both TNF and IL1B increased PGE2 release in amnion
mesenchymal cells, whereas only IL1B increased PGE2
production in amnion epithelial cells. Alpha-lipoic acid also
completely inhibited these increases. Therefore, LA inhibited
all investigated effects of TNF and IL1B in amnion cells.

In a previous study we reported that TNF and IL1B,
proinflammatory cytokines that normally increase toward the
end of pregnancy, can cause significant FM weakening in vitro.
A clear, dose-dependent, relationship between both cytokines
and observed FM rupture strength and work to rupture was
demonstrated in those studies. Furthermore, both cytokines
produced weakness through a process involving collagen
remodeling and apoptosis [28]. This previous study is
consistent with numerous clinical studies that support a role
for these cytokines in FM remodeling and rupture. Amniotic
fluid levels of TNF and IL1B normally increase with gestation
and the onset of labor [35]. These cytokines also are markedly
elevated in amniotic fluid, maternal serum, and fetal tissue in
preterm birth, especially in the context of infection [36]. In this
regard, Menon and Fortunato [5] have postulated that PPROM
is an autotoxic disease involving activation of extracellular
MMPs by the host inflammatory response.

Numerous studies also have reported that MMP9 is
upregulated following labor and delivery at term or preterm
gestation, whereas the other major gelatinase, MMP2, is not
[37, 38]. We have shown previously that MMP9 protein levels
are elevated in a mechanically weak zone within the FM found
in the region overlying the cervix in unlabored cesarean
deliveries [6]. MMP9 is also elevated in a weak zone
consistently present along the rupture tear line in term-labored,
vaginally delivered FM [7]. Furthermore, our previous in vitro
studies on cultured FM indicate that TNF and IL1B both
induce increased MMP9 cellular protein concomitant with
mechanical weakening [28]. The data presented here are
consistent with these previous studies. Tumor necrosis factor
weakened full-thickness FM fragments by more than 50% and
markedly increased release of both MMP9 and PGE2. Alpha-
lipoic acid inhibited these TNF-induced effects, both biome-
chanical as well as biochemical. Alpha-lipoic acid may
therefore serve as a useful tool for probing the cellular
mechanism of TNF-induced FM weakening.

We chose to investigate the effects of TNF and LA on the
cells of the amnion initially, because amnion is the strongest
component of the FM [31]. Amnion epithelial cells, but not
amnion mesenchymal cells, clearly participate in the TNF-
induced MMP9 release. Both amnion cell types secrete
increased PGE2 in response to cytokines, which may in turn
secondarily affect MMP9 production, release, and activity.
Alpha-lipoic acid inhibits all of these cytokine-induced effects,
which directly correlates with its effects on intact FM.

Choriodecidua, the remaining component of the FMs, is
clearly also important for FM structural integrity. There are at
least three fetal cell populations in the chorion, fibroblasts, and
macrophages in the reticular layer, and cytotrophoblasts in the
trophoblast layer [39]. Numerous maternal, marrow-derived
cell types, in addition to modified uterine endometrial stromal
cells, populate the decidua [40]. Many of these cells possess
TNF and IL1B receptors and have been reported to synthesize
and secrete MMP9 in response to cytokine treatment [41, 42].
Thus, they may also participate directly or indirectly in the
cytokine-induced FM weakening process. Finally, interactions
between different FM cell populations and/or the extracellular
matrix may also be important in the cellular mechanism and
biomechanics of rupture. Teasing out the roles played by these
diverse cell populations in cytokine-induced FM weakening,

and the mechanism of LA inhibition, are objectives for future
investigation.

Although the mechanism by which LA inhibits TNF and
IL1B effects in full-thickness FM and amnion cells is not
certain, TNF and IL1 are known to generate ROS, with
subsequent upregulation of nuclear transcription factor nuclear
factor-jB (official symbol RELA). Induction and DNA binding
of RELA are known inducers of both PGE2 production and
MMP9 [43]. Alpha-lipoic acid has previously been shown to
inhibit TNF-induced RELA transcriptional activity and MMP9
expression in vascular smooth muscle cells [44], inhibit bone
resorption by suppressing PGE2 synthesis [45], and attenuate
LPS-induced RELA-DNA binding in monocytes by activating
the PI3K/AKT pathway [46].

Alpha-lipoic acid is an antioxidant with multiple reported
mechanisms of action [24, 25]. Exogenous LA is reduced
intracellularly by at least two and possibly three enzymes, and
through the actions of its reduced form it influences a number
of cell processes. These include direct radical scavenging,
recycling of other antioxidants, accelerating glutathione
synthesis, and modulating transcription factor activity, espe-
cially that of RELA [23, 44, 46]. The specific mechanisms of
action resulting in each of the effects reported here remain to be
investigated.

Alpha-lipoic acid inhibits TNF-induced weakening, MMP9
release, and PGE2 release in full-thickness FM fragments. A
parallel, LA-induced inhibition of cytokine-stimulated MMP9
release, protein production and activity, and PGE2 release is
seen in the two constituent cell populations in amnion, the
mechanically strongest component of FM. We speculate that
LA could be useful as part of a clinical regimen in the
prevention of PPROM in the context of cytokine-induced
inflammation.
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