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Sulfasalazine augments a pro-inflammatory response in interleukin-
1-stimulated amniocytes and myocytes
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Introduction

Summary

Preterm birth occurs in 10% of pregnancies and is a major cause of
neonatal morbidity and mortality. The majority of cases of early preterm
labour are associated with infection/inflammation, which places the fetal
central nervous system at risk. Targeting immune activation is therefore
an appealing therapeutic strategy for the prevention of preterm labour
and neonatal brain injury. The expression of many labour-associated and
inflammatory-response genes is controlled by the transcription factors
nuclear factor-kB (NF-kB) and activator protein-1 (AP-1), which makes
them therapeutic targets of interest. Sulfasalazine (SASP) has been shown
to inhibit NF-xB and reduce lipopolysaccharide-induced cytokine concen-
trations in fetal membrane explants and reduce the rate of Escherichia
coli-induced preterm labour in mice. Its effects upon AP-1 in the context
of pregnancy are unknown. In this study the effect of SASP on inter-
leukin-1f (IL-1p) -induced NF-kB and AP-1 activity, cytokine production
and cyclo-oxygenase-2 (COX-2) expression was examined in amniocytes
and myocytes. A supra-therapeutic concentration (5 mm) was required to
inhibit IL-1p-induced NF-xB (P < 0-0001) in amniocytes and IL-1p-in-
duced NF-xB (P < 0-01), AP-1 (P < 0-01) and COX-2 (P < 0-05) in myo-
cytes. Despite inhibiting IL-1f-induced cytokines, a basal increase in IL-6
(P <0-01), IL-8 (P <0-0001) and tumour necrosis factor-a (TNF-a)
(P < 0-001) was seen with 5 mm SASP in amniocytes, and significant cyto-
toxic effects were seen in myocytes. The therapeutic concentration of
0-015 mM had no inhibitory effects on pro-inflammatory mediators, but
led to an augmented response to IL-1f-induced IL-6 (P < 0-01), IL-8
(P <0-05) and TNF-a (P < 0-05) in amniocytes and IL-8 (P < 0-05) in
myocytes. SASP is therefore an unlikely therapeutic candidate for the pre-
vention of inflammation-induced preterm labour.

Keywords: activator of protein-1; amniocytes; interleukins; myocytes; nu-
clear factor-kB; sulfasalazine.

has recently begun a global campaign to halve the num-
ber of deaths due to preterm birth by 2025." Although

Preterm birth rates are increasing globally. Worldwide, 1
in 10 babies are being born early.' Despite increased
efforts to understand the pathophysiology of preterm
labour, this has not yet translated to a reduction in its
incidence.” In response, the World Health Organization

the triggers for the onset of preterm labour are not fully
understood, a strong association exists between infection/
inflammation and the premature activation of key molec-
ular pathways required for the onset of labour.> Despite
infection being demonstrated in 40-80% of preterm

Abbreviations: ANOvaA, analysis of varaince; 5-ASA, 5-aminosalicylic acid; AP-1, activator protein-1; COX-2, cyclo-oxygenase-2;
DMEM, Dulbecco’s modified Eagle’s medium; IKKua, inhibitor of nuclear factor-«B kinase o; IL, interleukin; LDH, lactate
dehydrogenase; LPS, lipopolysaccharide; NF-kB, nuclear factor-kB; SASP, sulfasalazine; TNF-, tumour necrosis factor-o
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births,*” antibiotics have not been shown to be effective
in its prevention.® There is mounting evidence that
inflammation in the absence of infection is sufficient not
only to activate molecular pathways necessary for the
onset of labour,” ' but also to contribute independently
to poor outcome in neonates born preterm.u’12 It there-
fore follows that the use of anti-inflammatory therapies
for the treatment of preterm birth should be explored.
Sulfasalazine (SASP) is an anti-inflammatory synthetic
drug introduced in the 1930s,"> which combines the
antibiotic sulfapyridine and 5-aminosalicylic acid (5-
ASA). It is widely used for the treatment of inflammatory
bowel disease and rheumatoid arthritis,'* and has a good
safety record in pregnancy."”'® A large cohort study
reported almost a 50% reduction in preterm birth in
women with Crohn’s disease treated with SASP or 5-ASA
compared with untreated disease-matched controls."”
Additionally, subcutaneous injection of SASP reduces pre-
term delivery rates in Escherichia coli-induced preterm
labour in the mouse.'® The anti-inflammatory properties
of SASP are thought to be attributable at least in part to
its ability to inhibit nuclear factor-xB (NF-xB).' Indeed,
at supra-therapeutic concentrations SASP has been shown
to significantly inhibit lipopolysaccharide (LPS) -induced
NF-xB-binding activity and LPS-induced production of
interleukin-6 (IL-6), IL-8 and tumour necrosis factor
(TNF-) in placental and fetal membrane explants.”*?!
The transcription factor NF-xB is a key regulator of
both contraction-associated genes and pro-inflammatory
cytokines.” Nuclear factor-xB activates and is activated by
the pro-inflammatory cytokines IL-8, IL-1f5, TNF-o. and
IL-6,27%¢ therefore, in the presence of inflammation this
leads to a feed-forward effect. There is good evidence for
the importance of NF-xB in the regulation of parturi-
tion.”” ! Emerging evidence also supports the importance
of activator protein-1 (AP-1) in regulating the proteins
involved in parturition. Activator protein-1 is required
for transcriptional regulation of IL-8 in human myo-
cytes.”” Several groups have reported on its activity in the
myometrium at term and in labour.> *> The physiologi-
cal processes of term labour are similar to preterm labour
and require three components; cervical ripening, mem-
brane rupture and uterine contractility. Both NF-xB and
AP-1 contribute to controlling the expression of the key
proteins responsible for all three sequelae including,
cytosolic ~ phospholipase  A,,,>**”  cyclo-oxygenase-2
(COX-2) (which is the rate limiting enzyme for prosta-
glandin E, synthesis),””*® the oxytocin receptor’*’ and
the interleukins IL-8 and IL-6.">*"** Premature activation
of these transcription factors, by stimuli such as cytokines
in the presence of inflammation, can therefore trigger
preterm cervical dilatation and preterm rupture of mem-
branes in the presence or absence of uterine contractility.
A strong association exists between exposure to intrauter-
ine inflammatory mediators and the risk of cerebral palsy,

periventricular leucomalacia, and bronchopulmonary dys-
plasia.*’ Given that NF-xB also regulates the expression
of pro-inflammatory cytokines, premature activation of
NF-xB can also worsen neonatal outcome.** Both NF-xB
and AP-1 are therefore attractive therapeutic targets for
the prevention of preterm labour and for reducing
adverse neonatal outcomes.

Sulfasalazine therefore appears to hold promise for
potential use as a therapeutic agent for the prevention of
inflammation-induced preterm labour. As it is readily
available, affordable and has a good safety record in preg-
nancy we aimed to explore this further. We sought to
determine the effect of supra-therapeutic (5 mm) and
therapeutic (0-015 mm and 1 mwm; equivalent to blood
and stool concentrations following standard oral regi-
mens* *) concentrations of SASP on basal and IL-1f-in-
duced NF-xB and AP-1 activity in both amnion epithelial
cells and myocytes in vitro. We then explored its effect on
basal and IL-1f-induced production of key pro-inflam-
matory cytokines that are associated with intrauterine
inflammation and the fetal inflammatory response syn-
drome.

Methods

Ethics statement

Placenta and myometrium were collected in accordance
with Ethical approval Ref. 2002/6283 (Hammersmith,
Queen Charlotte’s & Chelsea Hospitals Research Ethics
Committee) and REF 3357 (Riverside Research Ethics
Committee), respectively, and in accordance with Impe-
rial College NHS Healthcare Trust Research and Develop-
ment. Written consent was obtained from all subjects.

Reagents

Sulfasalazine was purchased from Sigma (St Louis, MO)
and dissolved in RPMI-1640 (Invitrogen Life Technolo-
gies, Grand Island, NY) containing 1% fetal bovine serum,
2 mm/1 r-glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin (Sigma). Interleukin-1f was purchased from
R&D Systems (Abingdon, UK). Antibodies and dilutions
used for immunoblotting are shown in Table 1. Total
RNA was extracted using Trizol® (Invitrogen Life Tech-
nologies), and reagents for cDNA synthesis and quantita-
tive RT-PCR were purchased from Sigma unless stated
otherwise. Primers for gene amplification are shown in
Table 2. The lactate dehydrogenase (LDH) assay was pur-
chased from Cayman Chemical (Ann Arbor, MI).

Cell culture and treatment
Placenta and myometrial biopsies were collected at the

time of pre-labour caesarean section. For amnion
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Table 1. The incubation conditions and catalogue numbers for all antibodies used

Primary antibody Secondary antibody Catalogue no.

Phospho-p65 (Ser 536) 1 : 1000 overnight at 4° 1:2000 1 hr at room temperature (RT) 3031S, 7074
Anti-rabbit

COX-2 1:2000 2-5 hr at RT 1:2000 1 hr at RT SC-1745, SC-2020
Anti-goat

Phospho-c-Jun 1 : 5000 overnight at 4° 1:2000 1 hr at RT SC-822, SC-2005
Anti-mouse

f-actin 1 :16 0000 20 min at RT 1 : 8000 20 min at RT AB6276, SC-2005
Anti-mouse

Table 2. The primer sequences used for amplification of target genes

Forward 5 Anti-sense 5 Size (bp)
L19 GCGGAAGGGTACAGCCAAT GCAGCCGGCGCAAA 77
IL-6 CCTTCCAAAGATGGCTGAAA AGCTCTGGCTTGTTCCTCAC 153
1L-8 GCCTTCCTGATTTCTGCAGC CGCAGTGTGGTCCACTCTCA 151
TNF-o TCCTTCAGACACCCTCAACC CAGGGATCAAAGCTGTAGGC 208

epithelial cell culture, amnion was separated from the
choriodecidua, cut into strips and washed in PBS. It was
then incubated in 0-5 mm of EDTA-PBS for 15 min at
room temperature, and rinsed three times in PBS. The
intracellular matrix was digested in 2 g/l of dispase for
45 min at 37°. Epithelial cells were then isolated by shak-
ing the amnion strips vigorously in Dulbecco’s modified
Eagle’s medium (DMEM) for 4 min before being pelleted
by centrifugation for 10 min at 900 g. Cells were resus-
pended in DMEM supplemented with 10% fetal calf
serum, 2 mm/l 1-glutamine, 100 U/ml penicillin and
100 pg/ml of streptomycin and grown to confluence in
2 ml of medium in six-well plates at 5% CO,.

For myocyte culture, myometrial biopsies were taken
from the upper margin of lower segment incisions during
elective caesarean sections. Tissue was rinsed in PBS and
mechanically dissected using two sterile blades until a
paste-like texture was formed. Cells were isolated by incu-
bating 0-25 mg/ml collagenase 1A, 0-25 mg/ml collagenase
XI and 5 mg/ml of BSA, dissolved in DMEM and DMEM-—
F12-Ham (DMEM-Ham), of equal portions for 45 min at
37°. The suspension was filtered through a cell strainer and
centrifuged at 400 g for 5 min and pelleted cells were resus-
pended and cultured in DMEM. Cells up to passage four
were used. Upon final passage, cells were seeded into six-
well culture plates and cultured in 2 ml of medium. Sul-
fasalazine was dissolved to the required concentration in
RPMI medium, in line with previous studies.'>**° For all
experiments non-SASP-treated cells were cultured in the
same volume of RPMI medium to serve as a vehicle con-
trol. An initial dose response and time—course was per-
formed with SASP treatment in amniocytes and myocytes.
Cells were pre-incubated with SASP (0-1 mM, 1 mm or

© 2015 John Wiley & Sons Ltd, Immunology

5 mmM) or RPMI medium alone for 30, 60 and 120 min and
then treated with IL-1 1 ng/ml or vehicle for 15 min. Sub-
sequent experiments were performed with therapeutic con-
centrations of SASP (0-015 mMm and 1 mMm) to determine
the effects on phospho-p65, phospho-c-Jun and COX-2 in
amniocytes and myocytes. Pre-incubation with SASP was
for 120 min for detection of NF-xB and COX-2, whereas
pre-incubation for detection of phospho-c-Jun was for
30 min in amniocytes and 120 min in myocytes. The
experiment was terminated by washing cells in ice-cold PBS
followed by immediate storage at —80° until further use.

Protein extraction and SDS-PAGE and Western blotting

Protein was extracted with whole cell lysis buffer (Cell Sig-
naling, Beverly, MA) containing 5 pl/ml of protease inhi-
bitor (Sigma). Cells were incubated with ice-cold buffer
for 5 min and centrifuged for 20 min at 16 000 g at 4°.
Before SDS-PAGE, protein concentrations were deter-
mined using the Bio-Rad quantification assay measuring
absorbance at 655 nm (Bio-Rad, Hercules, CA). Protein
was resolved by SDS-PAGE and subsequently transferred
onto PVDF membranes (GE Healthcare, Chalfont St Giles,
UK) at 100 V (constant voltage). Membranes were then
blocked in 5% (weight/volume) milk in Tris-buffered sal-
ine supplemented with 0-1% Tween 20 for 1 hr before
being probed with the relevant primary and secondary
antibodies under the conditions specified in Table 1.
Chemiluminescence detection was performed with ECL
Plus (GE Healthcare) and imaged using the chemilumines-
cent imager (GE Healthcare). Blots were scanned and den-
sitometry performed with ImaGe] (v1.44p), U.S. National
Institutes of Health, Bethesda, MD.
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Cytokine mRNA quantification by quantitative RT-PCR

Total RNA was isolated from cultured cells with Trizol®
according to the manufacturer’s instructions. Two micro-
grammes of RNA was incubated with 1 pl of DNase and
1 pl of DNase buffer made up to 10 pul volume with
diethylpyrocarbonate-treated water for 15 min at room
temperature for removal of contaminating DNA. Eight
microlitres of the DNase-treated mix was incubated with
1 pul of 10 mm dANTP and 1 pl of Oligo-dT for 10 min
at 70°. To this mix, 2 pl of x 10 M-MLV RT bulffer,
1wl of M-MLV reverse transcriptase, 0-5 pul of RNase
inhibitor and 6-5 pl of dH,0 were added and incubated
at room temperature for 15 min, 37° for 50 min before
the reaction was terminated by incubating at 80° for
10 min. Samples were stored at —20° until further use.
Relative quantification of gene expression was performed
using real-time PCR performed on an Applied Biosys-
tems StepOner™ Real-Time PCR System using SYBR®
Green Master mix (Applied Biosystems, Foster City,
CA). Water non-template controls were used. Primer
efficiency was first established; with efficiencies of
between 94 and 100% for primers sets used. Gel elec-
trophoresis was also used to confirm the correct size of
the single amplified product. Relative quantification was
performed using the comparative Cr method (44 Cr).
Fold change from control samples at the —2-hr time-
point were taken relative to the housekeeping gene. L19,
GAPDH and f-actin housekeeping genes were used and
target genes were analysed relative to all three house-
keeping genes at each time-point. Data presented are rel-
ative to the L19 gene in amniocytes and f-actin in
myocytes. Table 2 provides the primer sequences for the
relevant target genes.

Determination of cell integrity and viability

The potential cytotoxic effects of SASP were assessed by
examining cell morphology of treated cells using standard
light microscopy. Cell viability was determined using a
trypan blue dye exclusion test. Stained cells were quanti-
fied using the Countess® Automated cell counter (Invit-
rogen Life Technologies). Cell membrane integrity was
determined by measuring LDH release into culture med-
ium using the LDH assay kit (Cayman Chemicals) as per
the manufacturer’s instructions. Triton-X (1%) -treated
cells were used as a positive control.

Statistical analysis

Experimental groups consisted of three to six biological
replicates for protein detection studies and three biolog-
ical replicates for interleukin and LDH detection. Num-
bers are specified for each experiment in the figure
legend of each data set. Statistical analysis was per-

formed with GrapH-PAD PrismM v5 (GrapHPAD Software,
San Diego, CA). A one-way analysis of variance
(aNova), aNova of repeated measures or a two-way
ANovA of repeated measures was used depending on the
number of treatment groups/tests applied to one sam-
ple. The Bonferroni’s multiple comparisons test was
applied.

Results

A supra-therapeutic concentration of SASP is
required to inhibit IL-1B-induced NF-kB activation
but has no effect on COX-2 protein expression in
cultured amniocytes

A dose-response and time—course with SASP was first per-
formed in cultured amniocytes. Cells were pre-incubated
with SASP at 0-1 mm, 1 mMm or 5 mMm for 30, 60 and
120 min before the addition of 1 ng/ml of IL-1§ for
15 min. Although SASP treatment did not alter basal NF-
kB phosphorylation, 5 mm SASP was sufficient to inhibit
IL-1f-induced phosphorylation of NF-xB at all time-
points (Fig. la—). A therapeutic concentration of
0-015 mm failed to inhibit IL-1f-induced phospho-p65
(Fig. le).

As NF-kB regulates the expression of COX-2, the
effect of SASP on basal and IL-1f-induced COX-2 pro-
tein levels was examined in treated amniocytes. Cells
were pre-incubated with SASP for 120 min to achieve
maximal NF-xB inhibition, followed by IL-1f for 4 hr.
Treatment with SASP had no effect on basal or IL-1-in-
duced COX-2 protein expression levels in treated cells

(Fig. 1d,f).

A supra-therapeutic concentration of SASP is
required to inhibit IL-1B-induced pro-inflammatory
cytokines in amniocytes

To determine the effect of SASP on IL-1f-induced cyto-
kine production in cultured amniocytes, cells were pre-in-
cubated with 5 mm of SASP or medium vehicle control
(time-point 2) for 2 hr before the addition of IL-1f or
PBS control at time-point 0. RNA was extracted at the
following time-points; —2 (before SASP treatment), 0
(time of IL-1f addition), and 4, 8, 12 and 24 hr after IL-
1/ addition and changes in IL-6, IL-8 and TNF-o were
determined by quantitative RT-PCR (Fig. 2a—c). Target
gene expression was the same regardless of which house-
keeping gene was used. Interleukin-1f significantly
induced the expression of IL-6 at 4 hr, peaking by 100-
fold at the 8-hr time-point (P < 0-05), the effect of which
was inhibited by pre-incubation with 5 mm of SASP
(Fig. 2a). Interleukin-8 mRNA expression increased 450-
fold 4 hr after IL-1f addition (P < 0-0001), and pre-incu-
bation with 5 mm SASP significantly suppressed this

© 2015 John Wiley & Sons Ltd, Immunology
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effect (P < 0-0001) (Fig. 2b). Similarly, treatment of
amniocytes with IL-1f significantly up-regulated the
expression of TNF-o at 4 hr by 16-fold (P < 0-001), the
effect of which was again attenuated by pre-incubation
with 5 mm SASP (P < 0-001) (Fig, 2¢).

At the therapeutic concentrations of 0-015 mm and
1 mMm, no attenuation of IL-1f-induced IL-6, IL-8 and
TNF-a was seen. Instead IL-1f treatment with 0-015 mm
of SASP synergistically increased IL-6 (P < 0-01), IL-8
(P < 0-05) and TNF-o (P < 0-05) (Fig. 3a—c).

© 2015 John Wiley & Sons Ltd, Immunology
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Sulfasalazine causes a rapid transient basal increase in
pro-inflammatory cytokines and AP-1 activation in
amniocytes

Contrary to what was expected, pre-incubation with
5 mmM of SASP alone significantly increased basal mRNA
expression of all pro-inflammatory cytokines (Fig 2d—f)
with levels of IL-6 mRNA increased by 80-fold (Fig. 2d)
(P < 0-01) compared with vehicle control. Pre-incubation
of cells similarly caused a transient increase in IL-8 and
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TNF-oo mRNA (Fig. 2e,f). An increase in basal IL-6, IL-8
and TNF-o was also seen with 1 mMm of SASP, but was
not statistically significant (Fig. 3d—f).

Both COX-2 and the pro-inflammatory cytokines IL-6,
IL-8 and TNF-o can be transcriptionally regulated by the
pro-inflammatory transcription factor AP-1. To test the
effect of SASP on AP-1 activation, cells were pre-incu-
bated with 0-1 mM, 1 mm or 5 mm SASP for 30, 60
and 120 min and stimulated with 1 ng/ml of IL-1p
for 15 min (Fig. 4). Activation of AP-1 was determined
by immunoblotting for phospho-c-Jun from whole cell
protein extract. A significant increase in basal and

comparisons test was used; ****P < 0.0001,
*#%P < 0-001, ¥*P < 0-01, *P < 0-05. n = 3.

IL-1f-induced AP-1 activity was seen 30 min post-incuba-
tion with SASP 5 mum (P < 0-01 and P < 0-05, respectively).
This response was transient with levels of phosphorylated c-
Jun in SASP-treated cells comparable to non-stimulated
controls by 60 and 120 min post-treatment.

A supra-therapeutic concentration of SASP is
required to inhibit IL-1B-induced NF-kB and reduce
COX-2 protein expression in cultured myocytes

A dose-response and time—course with SASP was per-
formed in cultured myocytes to examine the effects on

© 2015 John Wiley & Sons Ltd, Immunology
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NF-xB activation. As for amniocytes, cells were pre-incu-
bated with SASP 0-1 mMm, 1 mMm or 5 mm for 30, 60 and
120 min before the addition of 1 ng/ml of IL-18 for
15 min; 5 mM of SASP was required to inhibit IL-1f-in-
duced phosphorylation of NF-xB at all time-points
(Fig. 5a—c,e).

Myocytes pre-incubated with SASP 5 mm for 2 hr,
before a 4-hr stimulation with IL-1f showed significantly
less expression of COX-2 compared with control-treated
myocytes (P < 0-05) (Fig. 5d). Lower concentrations of
SASP (0-015 mM and 1 mwm) failed to inhibit COX-2
expression (Fig. 5f).

© 2015 John Wiley & Sons Ltd, Immunology

®
O 4

Time-points (hr)

IL-6 mRNA < (e) IL-8 mRNA

Z 2500

€

@ 2000 4

J

0

2 1500 4

S 1000 A

[=2) 4 Y

j s v

S 500+ s

&} o '

= 3 ole= —o—a

L i Q0 % 2 0 ox

Time-points (hr)

TNF-o. mRNA

-+ NS
-m- SASP 0-015 mm
-& SASP 1 mm

L

Time-points (hr)

Sulfasalazine induces pro-inflammatory cytokine
production and has a differential effect on AP-1
dependent on concentration in myocytes

The effect of 0-015 mm and 1 mm SASP on pro-inflamma-
tory cytokines was determined by RT-PCR using f-actin as
the housekeeping gene in myocytes. Neither concentration
was able to inhibit IL-1f-induced cytokines (Fig. 6a—c), yet
an augmented IL-8 response was seen with the combination
of SASP 0-015 mm and IL-1f (P < 0-05) (Fig. 6¢). Although
SASP 1 mM led to an increase in basal IL-6, IL-8 and TNF-o
production, this was not statistically significant (Fig. 6d—f).
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Figure 4. Sulfasalazine (SASP) induces activa-
tor protein-1 (AP-1) activation in cultured
amniocytes. Protein was extracted from inter-
leukin-1f (IL-1p)-stimulated and SASP-treated
cells and whole cell phosphorylated c-Jun (p-c-
Jun) was examined using immunoblotting.
Amniocytes were pre-incubated with 0-1, 1 or
5 mm of SASP for either 30, 60 or 120 min
before the addition of 1 ng/ml of IL-1f for
Representative  immunoblots

15 min. are

120 min

p-c-Jun/B-actin

Fold change of p-c-Jun/B-actin

R
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Activation of AP-1 was examined in myocytes pre-in-
cubated with SASP for 30, 60 or 120 min before treat-
ment with 1 ng/ml of IL-1f (Fig. 7a—c). Sulfasalazine did
not cause an increase in basal AP-1 activity, and contrary
to the effect seen in amniocytes, SASP 5 mwm inhibited IL-
1f-induced AP-1 phosphorylation (P < 0-01). At the
lower concentration of 0-015 mwm, an augmented response
was seen in combination with IL-1f stimulation, leading
to increased AP-1 phosphorylation (Fig. 7d).

Sulfasalazine has significant cytotoxic effects

Cell viability of amniocytes and myocytes following treat-
ment with supra-therapeutic SASP (5 mMm) was deter-
mined by the trypan blue dye exclusion test. The total
number of cells present in the vehicle control groups did
not differ significantly from that in SASP-treated groups.
Figs 8(a) and 9(a) show the morphological appearance of
representative amniocytes and myocytes, respectively,
along with percentage viability at time-points 0, 2, 6, 10,
14 and 26 hr following treatment with SASP 5 mwm. These
time-points correspond to the -2, 0, 4, 8, 12 and 24 hr
time-points in the cytokine detection studies. Although

K
&

shown for 30 min of pre-incubation (a),
60 min (b), and 120 min (c) and (d). To
determine the effect of a therapeutic concen-
tration of SASP on AP-1 activation, amnio-
cytes were pre-incubated with 0-015 mm of
SASP for 30 min before IL-1f stimulation for
15 min. Immunoblots were probed for f-actin
as an internal loading control. Densitometric
analysis of the immunoblots was conducted
revealing a significant increase in p-c-Jun at
the 30 min time-point at 5 mm (P < 0-01) (a)
Although a trend was seen of a further increase
above IL-1f-stimulated p-c-Jun in cells pre-in-
cubated for 120 min with 0-015 mm and 1 mm
(c) of SASP, this did not reach statistical sig-
nificance. For statistical analysis, analysis of
variance of repeated measures with Bonfer-
roni’s multiple comparison test was used,
*¥*p < 0-01, *P < 0-05, n = 4.

cell viability and morphology of amniocytes were not sig-
nificantly altered with SASP treatment, the viability of
myocytes was reduced from as early as 2 hr after incuba-
tion with SASP 5 mm. Alterations in myocyte morphol-
ogy could be detected in cells treated with 5 mm SASP
following 6 hr of incubation.

A dose-response was performed with 0-015 mm, 1 mm
and 5 mmMm (with non-stimulated vehicle control) to assess
cytotoxic effects. Cell morphology was examined along
with LDH production in the medium to assess the cell
membrane integrity of amniocytes and myocytes. The
LDH was significantly increased over time with 5 mm
SASP in both amniocytes (P < 0-001) and myocytes
(P < 0-001), (Figs 8b and 9b, respectively, with higher
concentrations seen in myocytes). No significant increase
was seen with the therapeutic concentrations or vehicle
control.

Discussion

A firm causal link exists between the presence of inflam-
mation and both preterm labour and poor neonatal out-
come.? Accordingly, research efforts have been made to

© 2015 John Wiley & Sons Ltd, Immunology
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phorylated p65 (p-p65) was examined using NS
immunoblotting. Myocytes were pre-incubated
with 0-1, 1 or 5 mm of SASP for either 30, 60

or 120 min before the addition of 1 ng/ml of
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IL-1p for 15 min. Representative immunoblots
are shown for 30 min of pre-incubation (a),
60 min (b) and 120 min (c). For COX-2
expression, cells were pre-treated for 120 min
before the addition of IL-1f for 4 hr (d). Sub-
sequent experiments were performed to deter-
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ison test, *P < 0-05, **P < 0-01. n = 3.

explore the potential use of anti-inflammatory drugs to
prevent preterm birth including progesterone, COX-2
inhibitors, N-acetyl cysteine and the anti-inflammatory
15-deoxy-41214 44,51-57
Sulfasalazine holds potential advantages over these drugs
because it is generally well tolerated, and already has an
established safety profile in pregnancy.'® Additionally it
has been shown to inhibit NF-xB,*® the transcriptional
regulator of both contractile-associated proteins and
inflammatory cytokines.” As levels of IL-1f3 are increased
in fetal membranes during preterm and term labour, and

prostaglandin prostaglandin  J,.

© 2015 John Wiley & Sons Ltd, Immunology

IL-1B NS IL-1B

even more so in the presence of chorioamnionitis,*® IL-
1 is commonly used as an inflammatory stimulus in
experimental models of infection/inflammation-induced
preterm labour.

Sulfasalazine, rather than its metabolites sulfapyridine
or 5-ASA, is the active component required for the inhi-
bition of NF-xB. At similar concentrations to sul-
fasalazine, neither the anti-inflammatory metabolite 5-
ASA nor the antibiotic metabolite sulfapyridine is able to
inhibit NF-kB activity in SW620 colonic epithelial cells.*’
As little as 30% of SASP is absorbed in its unaltered
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Figure 6. Therapeutic concentrations of sul-

(e) IL-8 mRNA fasalazine (SASP) do not inhibit interleukin-1/

(IL-1f) -induced pro-inflammatory cytokines
and are pro-inflammatory. The effects of thera-
peutic concentrations of SASP (0-015 mm and
1 mM) on IL-1f-induced pro-inflammatory
cytokine production was examined by quanti-
tative RT-PCR. Neither concentration was able
to inhibit IL-1f-induced IL-6 (a), IL-8 (b) or
tumour necrosis factor-o. (TNF-) (c). In com-
N bination with IL-1 SASP (0-015 mm) syner-

Time-points (hr) Time-points (hr) gistically increased mRNA expression of IL-6

()  TNF-o mRNA

(P <0-01) at 24 hr (a), IL-8 (P < 0-05) at 8
and 24 hr (b) and TNF-a (P < 0-05) at 4 hr

1500
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1000 A
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-& SASP 1 mm

(c) compared with IL-1f treatment alone. Sim-
ilarly IL-1f combined with 1 mm of SASP
increased IL-6 at 12 hr (P < 0-01) (a) and IL-8
(b) at 12 and 24 hr (P <0-01, P <0-001,

500 4

& 9 % % .0 g

Fold change of TNF-o/B-actin mRNA
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form, with the rest being degraded by colonic bacteria
and azo-reduced to its metabolites.®® Although the con-
centrations within the fetal membranes and myometrium
of pregnant women taking SASP are unknown, it is found
as an intact molecule in synovial fluid of inflamed joints
at comparable levels to blood plasma of 5-8 pg/ml when
used in the treatment of rheumatoid arthritis.*’ This
equates to between 0-01 and 0-02 mm, far less than the
concentration required to inhibit NF-xB activity in vitro
in the majority of studies.

Sulfasalazine has been shown to inhibit NF-xB-induced
activation via multiple stimuli including PMA, TNF-«

10

respectively). SASP alone at 0-015 mm led to
an increase in basal production of IL-6 (d), IL-
8 (e) and TNF-o (f). For statistical analysis
two-way repeated measures ANOovA with Bonfer-
roni’s multiple comparisons test was used;
*#%kP < 0-001, **P < 0-01, *P < 0-05. n = 3.

and LPS.* Treatment of amniocytes and myocytes with
IL-1p leads to a rapid phosphorylation/activation of inhi-
bitor of NF-xB kinase o (IKKz) and IKKf and subse-
quently the phosphorylation and degradation of IxBo,
phosphorylation of the p65 subunit and translocation
into the nucleus.’ Phosphorylation of p65 at Ser 536 is
mediated by IKKB and/or IKK«**** and is required for
efficient NF-xB-mediated transcription.* For this reason
we used phospho-p65 (Ser 536) as a marker of NF-xB
activation for examining the effect of SASP on basal and
IL-1f-stimulated amniocytes and myocytes (Figs 1 and 5,
respectively).

© 2015 John Wiley & Sons Ltd, Immunology
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Figure 7. A supra-therapeutic concentration of
sulfasalazine (SASP) is required to inhibit acti-
vator protein-1 (AP-1) activation in cultured
myocytes. Protein was extracted from inter-
leukin-1f (IL-1f) -stimulated and SASP-trea-
ted cells and whole cell phosphorylated c-Jun
(p-c-Jun) was examined using immunoblot-
ting. Myocytes were pre-incubated with 0-1, 1
or 5 mm of SASP for either 30, 60 or 120 min
before the addition of 1 ng/ml of IL-1f for
15 min.

Fold change of p-c-Jun/B-actin

Representative  immunoblots — are

shown for 30 min of pre-incubation (a),

Pro-inflammatory effects of SASP

Fold change of p-c-Jun/B-actin

60 min (b), and 120 min (c). A subsequent
experiment was performed to determine the
effect of therapeutic concentrations of
0-015 mM and 1 mM on basal and IL-1p-in-
duced p-c-Jun (d) Immunoblots were probed

()

for f-actin as an internal loading control. Den-
sitometric analysis of the immunoblots was
conducted revealing a significant inhibition of
IL-1p-induced p-c-Jun after 60 and 120 min of
pre-incubation (P < 0-01) (b, ¢). A synergistic

120 min

increase in AP-1 activation was seen with a
120-min pre-incubation of cells with SASP
0-015 mm and IL-1f stimulation (P < 0-01)
(d) For statistical analysis, analysis of variance

Fold change of p-c-Jun/B-actin

of repeated measures with Bonferroni’s multi-
ple comparison test was used, *P < 0-05, 1

(d)

p-c-jun

B-actin

2.0 ,—|
1.5 120 min

1.0 4
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We performed dose-response and time—course analyses
to determine the lowest concentration required to inhibit
NF-xB at the cellular level. A supra-therapeutic concen-
tration of 5 mm was required in both amniocytes and
myocytes to achieve inhibition of IL-1f-stimulated NEF-
kB. This was consistent with SASP concentrations previ-
ously reported to inhibit LPS-induced NF-«B activation
in fetal membrane tissue explants.*>*"**°>%® We had
anticipated a lower concentration to be effective in cells
because treatment of colonic epithelial cells with 0-5 mm
shows a 50% reduction in NF-xB activation,” and a
reduction is seen with 1 mm in SASP-treated Jurkat
cells,®’

As NF-xB regulates and is regulated by IL-6, IL-8 and
TNF-o, the effect of SASP on their expression in IL-1f-
stimulated amniocytes was therefore determined. Only
the supra-therapeutic 5-mM concentration was able to
attenuate IL-1f-induced mRNA expression of IL-6, IL-8
and TNF-o in amniocytes in a mechanism likely to be
dependent on NF-«xB inhibition; because the lower thera-
peutic concentrations neither inhibited NF-xB nor IL-1p-
induced cytokines in amniocytes and myocytes (Figs 3a—c
and 6a—c, respectively). This is consistent with the find-

© 2015 John Wiley & Sons Ltd, Immunology

ings of Lappas et al., who demonstrated that 5 mm of
SASP was the minimum concentration required not only
to inhibit LPS-induced NF-xB activation but also to inhi-
bit LPS-induced IL-6, IL-8 and TNF-a production in fetal
membrane explants.

Surprisingly, both supra-therapeutic (Fig. 2d—f) and
therapeutic (Figs 3d—f and 6d—f) concentrations of SASP
possessed pro-inflammatory properties in amniocytes and
myocytes. Previous studies examining the effect of SASP
on LPS-induced interleukin production by fetal mem-
branes have demonstrated only anti-inflammatory
effects.?*! However, both studies used LPS as a stimulant
with no pre-incubation step, and did not report on the
effect of SASP alone on interleukin production. This
unexpected increase in pro-inflammatory cytokine pro-
duction led us to explore the effect of SASP on AP-1,
another transcription factor known to regulate the expres-
sion of inflammatory response genes. We demonstrated a
rapid increase in phospho-c-Jun 30 min after treatment
with 5 mm of SASP, the effect of which disappeared by
120 min (Fig. 4a—c). This could explain the rapid
transient increase in basal cytokines in amniocytes
(Fig. 3d—f). A moderate increase in non-stimulated and

1
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IL-1p-induced phospho-c-Jun was observed in amniocytes
following 1 mm SASP pre-incubation; which is likely to
be responsible for increased basal and IL-1f-induced IL-
6, IL-8 and TNF-o (Fig. 3a—c). Similarly, in myocytes
pre-incubated with 0-015 mm SASP before IL-1f stimula-
tion, an augmented response was seen in both phospho-
c-Jun and IL-8 production (Figs 7d and 6b). This is con-
sistent with the moderate activation of AP-1 DNA-bind-
ing activity previously demonstrated in SW620 human
colonic epithelial cells pre-incubated with SASP before
the addition of TNF-o.*” This temporal induction of
cytokines seen in our study may be explained by this
rapid and transient activation of AP-1, which is known to
play a role in the transcriptional regulation of the IL-6,
IL-8 and TNF-a genes.”>*>%

There is mounting evidence that AP-1 may also play an
important role in the activation of the parturition cascade.
We have previously shown that AP-1 activation in the
murine uterus by a specific LPS serotype alone is sufficient
to drive an inflammatory cascade that leads to preterm
labour.?® Even in the absence of increased NF-xB activity,
the rapid induction of AP-1 activation was associated with
increased mRNA expression of the pro-inflammatory
cytokines IL-1f, IL-6, IL-8 and TNF-o, as well as contrac-
tile associated proteins including Con 43,”%”' oxytocin
receptor®® and COX-2.>>"? The AP-1 subunits have previ-

12

Figure 8. Assessment of sulfasalazine (SASP)
toxicity in amniocytes. Amniocytes were incu-
bated with 0-015, 1 and 5 mM of SASP for
120 min at time —2 to mimic experimental
time-points previously used. At each time-

24 92%

point cells were imaged by microscopy at all
concentrations, and percentage cell viability
was assessed with Trypan blue for cells treated
with 5 mm of SASP (a). No significant effect
was seen in cell viability with treatment with

24 92%

SASP. In a separate experiment, medium was
assayed at each time-point for lactate dehydro-
genase (LDH) (b). LDH release was signifi-
higher the 8 hr
onwards in amniocytes treated with the supra-
therapeutic concentration of 5 mm (P < 0-01
at 8 and 24 hr, and P < 0-001 at 12 hr). No
significant increase in LDH production was

cantly from time-point

seen over time with the lower concentrations
of 0-015 mm or 1 mwm. For statistical analysis a
two-way analysis of variance of repeated mea-
sures with Bonferroni’s multiple comparison
test *¥*%*P < 0-001, **P <0-01.
n=3.

was used,

ously been shown to be up-regulated in the myometrium
of women in preterm labour.** Therefore, an unintended
activation of AP-1 by SASP could worsen outcome in the
context of pregnancy and prevention of preterm labour.

In the current study, despite the inhibition of both
basal and IL-1f-induced NF-xkB with 5 mm of SASP, no
inhibition was seen in COX-2 protein expression in
amniocytes (Fig. 1). This result is consistent with findings
from Lappas et al.,”® where SASP concentrations of up to
10 mum failed to inhibit COX-2 in LPS-treated amnion,
choriodecidua or placental explants. The promoter region
of the COX-2 gene contains binding sites for NF-xB, AP-
1 and cAMP-response elements.””> These transcription fac-
tors bind in a variety of combinations depending on cell
type and also on the regulatory pathway that has been
activated.”* Both NF-xB and AP-1 have been shown to be
required for IL-1f-induced up-regulation of COX-2 in
amnion epithelial cells.’® Therefore, the opposing effects
of SASP-induced inhibition of NF-xB and activation of
AP-1 make the overall effect on COX-2 transcription dif-
ficult to resolve. The effect of SASP on alternative con-
traction-associated proteins (cytosolic phospholipase A,,
and Con-43 in amniocytes, and oxytocin receptor and
Con-43 in myocytes) were not examined because no
increase in mRNA was demonstrated with IL-1f (see
Supplementary material, Fig. S1).

© 2015 John Wiley & Sons Ltd, Immunology



Figure 9. Assessment of sulfasalazine (SASP)
toxicity in myocytes. Myocytes were incubated
with 0-015, 1 and 5 mm of SASP for 120 min
and time-points of —2, 0, 4, 8, 12 and 24 hr
were examined. At each time-point cells were
imaged by microscopy at all concentrations,
and percentage cell viability was assessed with
Trypan blue in cells treated with 5 mm of
SASP (a). Cell viability was
reduced from the 0 hr time-point, following

significantly

120 min of supra-therapeutic concentrations of
SASP (5 mm). In a separate experiment, med-
ium was assayed at each time-point for lactate
dehydrogenase (LDH) (b). LDH release was
significantly higher from the 4 hr time-point
onwards in myocytes treated with the supra-
therapeutic concentration of 5 mm (P < 0-05
at 4 hr, P <0-001 at 8 hr, and P < 0-01 at
12 hr). No statistically significant increase in
LDH production was seen over time with the
lower concentrations of 0-015 mm or 1 mwm.
For statistical analysis a two-way analysis of
variance of repeated measures with Bonfer-
roni’s multiple comparison test was used,
***P < 0-001, **P < 0-01,*P < 0-05. n = 3.

Our study also revealed that supra-therapeutic con-
centrations of SASP had significant cytotoxic effects on
myocytes and amniocytes, whereas therapeutic doses did
not (Figs 8 and 9). The SASP-induced cell death of
amniocytes and myocytes would probably be detrimen-
tal for the treatment of pregnant women because
apoptosis is associated with preterm rupture of mem-

75
branes.
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The observation that the treatment of Crohn’s disease
in pregnancy with 5-ASA/SASP leads to a 50% reduc-

tion in preterm delivery rates compared with untreated
controls'” requires further investigation. It is unlikely
that this protective effect is the result of direct action
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SASP fails to inhibit the induction of key labour-associ-

ated transcription factors NF-«kB and AP-1 by IL-1p,
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and leads to pro-inflammatory cytokine production.

Additionally, although supra-therapeutic concentrations
are capable of inhibiting IL-1f-induced NF-xB and AP-
1, this is also associated with significant cytotoxic

effects.

© 2015 John Wiley & Sons Ltd, Immunology

1 March of Dimes, PMNCH, Save the Children, WHO. Born Too Soon: The global
Action Report on Preterm Birth. Eds CP Howson, MV Kinney, JE Lawn. World Health
Organization. Geneva, 2012.

2 Sykes L, Maclntyre DA, Teoh TG, Bennett PR. Targeting immune activation in the pre-
vention of preterm labour. Eur Obstet Gynaecol 2011; 6:100-6.

13



—

w

-~

o

=N

~

=3

©

1

18]

1

w

1

'

1

N

1

®

1

©

2

S

2

-

2!

S

2

@

2

=

2

a

26

2

;N

28

2!

=1

3

S

14

Sykes et al.

Sykes L, MacIntyre DA, Yap XJ, Teoh TG, Bennett PR. The Thl : Th2 dichotomy of
pregnancy and preterm labour. Mediators Inflamm 2012; 2012:967629.

Lamont RF. Infection in the prediction and antibiotics in the prevention of sponta-
neous preterm labour and preterm birth. BJOG 2003; 110(Suppl 20):71-5.

Goldenberg RL, Hauth JC, Andrews WW. Intrauterine infection and preterm delivery.
N Engl ] Med 2000; 342:1500-7.

King J, Flenady V. Prophylactic antibiotics for inhibiting preterm labour with intact
membranes. Cochrane Database Syst Rev 2002; 4:CD000246.

Shim SS, Romero R, Hong JS, Park CW, Jun JK, Kim BI et al. Clinical significance of
intra-amniotic inflammation in patients with preterm premature rupture of mem-
branes. Am ] Obstet Gynecol 2004; 191:1339-45.

Romero R, Espinoza J, Goncalves LF, Kusanovic JP, Friel L, Hassan S. The role of
inflammation and infection in preterm birth. Semin Reprod Med 2007; 25:21-39.
Lindstrom TM, Bennett PR. The role of nuclear factor kB in human labour. Reproduc-
tion 2005; 130:569-81.

Romero R, Gotsch F, Pineles B, Kusanovic JP. Inflammation in pregnancy: its roles in
reproductive physiology, obstetrical complications, and fetal injury. Nutr Rev 2007; 65:
$194-202.

Yoon BH, Romero R, Park JS, Kim CJ, Kim SH, Choi JH et al. Fetal exposure to an
intra-amniotic inflammation and the development of cerebral palsy at the age of three
years. Am ] Obstet Gynecol 2000; 182:675-81.

Ghezzi F, Gomez R, Romero R, Yoon BH, Edwin SS, David C et al. Elevated inter-
leukin-8 concentrations in amniotic fluid of mothers whose neonates subsequently
develop bronchopulmonary dysplasia. Eur ] Obstet Gynecol Reprod Biol 1998; 78:5-10.
Ogrendik M. Antibiotics for the treatment of rheumatoid arthritis. Int ] Gen Med 2013;
7:43-7.

Travis SP, Jewell DP. Salicylates for ulcerative colitis—their mode of action. Pharmacol
Ther 1994; 63:135-61.

Rahimi R, Nikfar S, Rezaie A, Abdollahi M. Pregnancy outcome in women with inflam-
matory bowel disease following exposure to 5-aminosalicylic acid drugs: a meta-analy-
sis. Reprod Toxicol 2008; 25:271-5.

Ostensen M, Forger F. How safe are anti-rheumatic drugs during pregnancy? Curr Opin
Pharmacol 2013; 13:470-5.

Norgard B, Pedersen L, Christensen LA, Sorensen HT. Therapeutic drug use in women
with Crohn’s disease and birth outcomes: a Danish nationwide cohort study. Am ] Gas-
troenterol 2007; 102:1406—13.

Nath CA, Ananth CV, Smulian JC, Peltier MR. Can sulfasalazine prevent infection-me-
diated pre-term birth in a murine model? Am J Reprod Immunol 2010; 63:144-9.

Liptay S, Bachem M, Hacker G, Adler G, Debatin KM, Schmid RM. Inhibition of
nuclear factor kB and induction of apoptosis in T-lymphocytes by sulfasalazine. Br J
Pharmacol 1999; 128:1361-9.

Lappas M, Permezel M, Georgiou HM, Rice GE. Nuclear factor B regulation of proin-
flammatory cytokines in human gestational tissues in vitro. Biol Reprod 2002; 67:668—
73.

Keelan JA, Khan S, Yosaatmadja F, Mitchell MD. Prevention of inflammatory activation
of human gestational membranes in an ex vivo model using a pharmacological NF-xB
inhibitor. J Immunol 2009; 183:5270-8.

Lappas M, Rice GE. Transcriptional regulation of the processes of human labour and
delivery. Placenta 2009; 30(Suppl A):S90-5.

Manna SK, Ramesh GT. Interleukin-8 induces nuclear transcription factor-xB through
a TRAF6-dependent pathway. J Biol Chem 2005; 280:7010-21.

Belt AR, Baldassare JJ, Molnar M, Romero R, Hertelendy F. The nuclear transcription
factor NF-xB mediates interleukin-1f-induced expression of cyclooxygenase-2 in
human myometrial cells. Am J Obstet Gynecol 1999; 181:359-66.

Kniss DA, Rovin B, Fertel RH, Zimmerman PD. Blockade NF-xB activation prohibits
TNF-o-induced cyclooxygenase-2 gene expression in ED27 trophoblast-like cells. Pla-
centa 2001; 22:80-9.

Wang L, Walia B, Evans J, Gewirtz AT, Merlin D, Sitaraman SV. IL-6 induces NF-xB
activation in the intestinal epithelia. J Immunol 2003; 171:3194-201.

Allport VC, Pieber D, Slater DM, Newton R, White JO, Bennett PR. Human labour is
associated with nuclear factor-xB activity which mediates cyclo-oxygenase-2 expression
and is involved with the ‘functional progesterone withdrawal’. Mol Hum Reprod 2001;
7:581-6.

Chapman NR, Europe-Finner GN, Robson SC. Expression and deoxyribonucleic acid-
binding activity of the nuclear factor kB family in the human myometrium during
pregnancy and labor. J Clin Endocrinol Metab 2004; 89:5683-93.

Condon JC, Jeyasuria P, Faust JM, Mendelson CR. Surfactant protein secreted by the
maturing mouse fetal lung acts as a hormone that signals the initiation of parturition.
Proc Natl Acad Sci USA 2004; 101:4978-83.

Condon JC, Hardy DB, Kovaric K, Mendelson CR. Up-regulation of the progesterone
receptor (PR)-C isoform in laboring myometrium by activation of nuclear factor-xB
may contribute to the onset of labor through inhibition of PR function. Mol Endocrinol
20065 20:764-75.

3

)

3

3

@

3

&

3

@

3

=N

3

N

3

®

3

°

A

S

4

42

4

@

4

=

4

<@

4

>

47

48

4

°

5

S

5

52

5

@

5

=

5!

@

51

>

Khanjani S, Kandola MK, Lindstrom TM, Sooranna SR, Melchionda M, Lee YS et al.
NE-«B regulates a cassette of immune/inflammatory genes in human pregnant myome-
trium at term. J Cell Mol Med 2011; 15:809-24.

Khanjani S, Terzidou V, Johnson MR, Bennett PR. NFxB and AP-1 drive human
myometrial IL8 expression. Mediators Inflamm 2012; 2012:504952.

Lim R, Lappas M. Differential expression of AP-1 proteins in human myometrium after
spontaneous term labour onset. Eur ] Obstet Gynecol Reprod Biol 2014; 177:100-5.
Bethin KE, Nagai Y, Sladek R, Asada M, Sadovsky Y, Hudson TJ et al. Microarray anal-
ysis of uterine gene expression in mouse and human pregnancy. Mol Endocrinol 2003;
17:1454-69.

Maclntyre DA, Lee YS, Migale R, Herbert BR, Waddington SN, Peebles D et al. Activa-
tor protein 1 is a key terminal mediator of inflammation-induced preterm labor in
mice. FASEB ] 2014; 28:2358-68.

Lappas M, Rice GE. The role and regulation of the nuclear factor xB signalling pathway
in human labour. Placenta 2007; 28:543-56.

Chi PL, Chen YW, Hsiao LD, Chen YL, Yang CM. Heme oxygenase 1 attenuates inter-
leukin-1f-induced cytosolic phospholipase A2 expression via a decrease in NADPH oxi-
dase/reactive oxygen species/activator protein 1 activation in rheumatoid arthritis
synovial fibroblasts. Arthritis Rheum 2012; 64:2114-25.

Allport VC, Slater DM, Newton R, Bennett PR. NF-xB and AP-1 are required for
cyclo-oxygenase 2 gene expression in amnion epithelial cell line (WISH). Mol Hum
Reprod 2000; 6:561-5.

Terzidou V, Lee Y, Lindstrom T, Johnson M, Thornton S, Bennett PR. Regulation of
the human oxytocin receptor by nuclear factor-«B and CCAAT/enhancer-binding pro-
tein-f. J Clin Endocrinol Metab 2006; 91:2317-26.

Terzidou V, Sooranna SR, Kim LU, Thornton S, Bennett PR, Johnson MR. Mechanical
stretch up-regulates the human oxytocin receptor in primary human uterine myocytes.
J Clin Endocrinol Metab 2005; 90:237—-46.

Barnes PJ, Karin M. Nuclear factor-xB: a pivotal transcription factor in chronic inflam-
matory diseases. N Engl ] Med 1997; 336:1066—71.

Xiao W, Hodge DR, Wang L, Yang X, Zhang X, Farrar WL. NF-xB activates IL-6
expression through cooperation with c-Jun and IL6-AP1 site, but is independent of its
IL6-NFxB regulatory site in autocrine human multiple myeloma cells. Cancer Biol Ther
20045 3:1007-17.

Galinsky R, Polglase GR, Hooper SB, Black MJ, Moss TJ. The consequences of
chorioamnionitis: preterm birth and effects on development. ] Pregnancy 2013;
2013:412831.

Pirianov G, Waddington SN, Lindstrom TM, Terzidou V, Mehmet H, Bennett PR. The
cyclopentenone 15-deoxy-A412,14-prostaglandin ], delays lipopolysaccharide-induced
preterm delivery and reduces mortality in the newborn mouse. Endocrinology 2009;
150:699-706.

Gaginella TS, Walsh RE. Sulfasalazine. Multiplicity of action. Dig Dis Sci 1992; 37:801—
12.

Lakey RL, Cawston TE. Sulfasalazine blocks the release of proteoglycan and collagen
from cytokine stimulated cartilage and down-regulates metalloproteinases. Rheumatol-
0gy 2009; 48:1208-12.

Farr M, Brodrick A, Bacon PA. Plasma and synovial fluid concentrations of sul-
phasalazine and two of its metabolites in rheumatoid arthritis. Rheumatol Int 1985;
5:247-51.

Neff L, Zeisel M, Sibilia J, Scholler-Guinard M, Klein JP, Wachsmann D. NF-xB and
the MAP kinases/AP-1 pathways are both involved in interleukin-6 and interleukin-8
expression in fibroblast-like synoviocytes stimulated by protein I/II, a modulin from
oral streptococci. Cell Microbiol 2001; 3:703—-12.

Wahl C, Liptay S, Adler G, Schmid RM. Sulfasalazine: a potent and specific inhibitor of
nuclear factor kB. J Clin Investig 1998; 101:1163-74.

Lappas M, Permezel M, Georgiou HM, Rice GE. Regulation of phospholipase isozymes
by nuclear factor-xB in human gestational tissues in vitro. ] Clin Endocrinol Metab
2004; 89:2365-72.

Dodd JM, Flenady V, Cincotta R, Crowther CA. Prenatal administration of proges-
terone for preventing preterm birth. Cochrane Database Syst Rev 2006; 1:CD004947.
Dodd JM, Flenady V], Cincotta R, Crowther CA. Progesterone for the prevention of
preterm birth: a systematic review. Obstet Gynecol 2008; 112:127-34.

Groom KM, Shennan AH, Jones BA, Seed P, Bennett PR. TOCOX-a randomised, dou-
ble-blind, placebo-controlled trial of rofecoxib (a COX-2-specific prostaglandin inhibi-
tor) for the prevention of preterm delivery in women at high risk. BJOG 2005;
112:725-30.

Souter D, Harding J, McCowan L, O’Donnell C, McLeay E, Baxendale H. Antenatal
indomethacin — adverse fetal effects confirmed. Aust N J Obst Gynaecol 1998; 38:11-6.
Shahin AY, Hassanin IM, Ismail AM, Kruessel JS, Hirchenhain J. Effect of oral N-acetyl
cysteine on recurrent preterm labor following treatment for bacterial vaginosis. Int |
Gynaecol Obstet 2009; 104:44-8.

Sykes L, MacIntyre DA, Yap XJ, Ponnampalam S, Teoh TG, Bennett PR. Changes in
the Thl : Th2 cytokine bias in pregnancy and the effects of the anti-inflammatory

© 2015 John Wiley & Sons Ltd, Immunology



5

]

5

&

5

©

6f

S

6

=

6.

e}

6.

@

64

6!

@

6

=N

6

N

cyclopentenone prostaglandin 15-deoxy-A4(12,14)-prostaglandin J2. Mediators Inflamm
20125 2012:416739.

Sykes L, Maclntyre DA, Teoh TG, Bennett PR. Anti-inflammatory prostaglandins for
the prevention of preterm labour. Reproduction 2014; 148:R29-40.

Miagkov AV, Kovalenko DV, Brown CE, Didsbury JR, Cogswell JP, Stimpson SA et al.
NF-kB activation provides the potential link between inflammation and hyperplasia in
the arthritic joint. Proc Natl Acad Sci USA 1998; 95:13859—64.

Keelan JA, Blumenstein M, Helliwell RJ, Sato TA, Marvin KW, Mitchell MD. Cytokines,
prostaglandins and parturition — a review. Placenta 2003; 24(Suppl A):S33-46.

Hoult JR. Pharmacological and biochemical actions of sulphasalazine. Drugs 1986; 32
(Suppl 1):18-26.

Lindstrom TM, Bennett PR. 15-Deoxy-412,14-prostaglandin J, inhibits interleukin-1f-
induced nuclear factor-«B in human amnion and myometrial cells: mechanisms and
implications. J Clin Endocrinol Metab 2005; 90:3534-43.

Mattioli I, Sebald A, Bucher C, Charles RP, Nakano H, Doi T et al. Transient and selec-
tive NF-xB p65 serine 536 phosphorylation induced by T cell costimulation is mediated
by IxB kinase f and controls the kinetics of p65 nuclear import. J Immunol 2004;
172:6336-44.

Sakurai H, Chiba H, Miyoshi H, Sugita T, Toriumi W. IxB kinases phosphorylate NF-
kB p65 subunit on serine 536 in the transactivation domain. J Biol Chem 1999;
274:30353-6.

Hu J, Nakano H, Sakurai H, Colburn NH. Insufficient p65 phosphorylation at S536
specifically contributes to the lack of NF-xB activation and transformation in resistant
JB6 cells. Carcinogenesis 2004; 25:1991-2003.

Lappas M, Permezel M, Ho PW, Moseley JM, Wlodek ME, Rice GE. Effect of nuclear
factor-xB inhibitors and peroxisome proliferator-activated receptor-y ligands on PTHrP
release from human fetal membranes. Placenta 2004; 25:699-704.

Lappas M, Permezel M, Georgiou HM, Rice GE. Regulation of proinflammatory cytoki-
nes in human gestational tissues by peroxisome proliferator-activated receptor-y: effect
of 15-deoxy-Delta(12,14)-PGJ(2) and troglitazone. J Clin Endocrinol Metab 2002;
87:4667-72.

Weber CK, Liptay S, Wirth T, Adler G, Schmid RM. Suppression of NF-xB activity by
sulfasalazine is mediated by direct inhibition of IxB kinases o and . Gastroenterology
2000; 119:1209-18.

© 2015 John Wiley & Sons Ltd, Immunology

Pro-inflammatory effects of SASP

6

3]

Foletta VC, Segal DH, Cohen DR. Transcriptional regulation in the immune system: all
roads lead to AP-1. J Leukoc Biol 1998; 63:139-52.

69 Grassl C, Luckow B, Schlondorff D, Dendorfer U. Transcriptional regulation of the

°

interleukin-6 gene in mesangial cells. ] Am Soc Nephrol 1999; 10:1466-77.

Geimonen E, Jiang W, Ali M, Fishman GI, Garfield RE, Andersen J. Activation of pro-
tein kinase C in human uterine smooth muscle induces connexin-43 gene transcription
through an AP-1 site in the promoter sequence. ] Biol Chem 1996; 271:23667-74.
Mitchell JA, Lye SJ. Differential activation of the connexin 43 promoter by dimers of

7!

S

7

activator protein-1 transcription factors in myometrial cells. Endocrinology 2005;
146:2048-54.

Sooranna SR, Lee Y, Kim LU, Mohan AR, Bennett PR, Johnson MR. Mechanical stretch
activates type 2 cyclooxygenase via activator protein-1 transcription factor in human
myometrial cells. Mol Hum Reprod 2004; 10:109-13.

Appleby SB, Ristimaki A, Neilson K, Narko K, Hla T. Structure of the human cyclo-
oxygenase-2 gene. Biochem ] 1994; 302:723-7.

Harper KA, Tyson-Capper AJ. Complexity of COX-2 gene regulation. Biochem Soc
Trans 2008; 36:543-5.

Fortunato SJ, Menon R, Bryant C, Lombardi SJ. Programmed cell death (apoptosis) as

7.

N

7

@

7:

N

7

3

a possible pathway to metalloproteinase activation and fetal membrane degradation in
premature rupture of membranes. Am J Obstet Gynecol 2000; 182:1468-76.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. The effect of interleukin-1f (IL-1f) on con-
traction-associated gene expression was examined by
quantitative RT-PCR wusing L-19 and p-actin as the
housekeeping genes for amniocytes and myocytes, respec-
tively.
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