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ABSTRACT

Preterm birth remains the major cause of neonatal mortality
and morbidity, mediated largely by an inflammatory process. The
sirtuin (SIRT) family of cellular regulators has been implicated as
key inhibitors of inflammation. We have previously reported a
role for SIRT1, SIRT2, and SIRT6 in regulating inflammation-
induced prolabor mediators. In this study, we determined the
effect of term labor and pro-inflammatory cytokines on SIRT3,
SIRT4, SIRT5, and SIRT7 expression in human myometrium.
Functional studies were also used to investigate the effect of small
interfering RNA (siRNA) knockdown of SIRTs in regulating
inflammation-induced prolabor mediators. Western blot analysis
and qRT-PCR were used to determine SIRT3, SIRT4, SIRT5, and
SIRT7 mRNA and protein expression in human myometrium.
Small interfering RNA knockdown of SIRT3 in myometrial
primary cells determined its role in response to inflammatory
stimuli IL1B and TNF. SIRT3 mRNA and protein expression levels
were significantly lower in term laboring myometrium compared
with term nonlaboring myometrium. There was no effect of labor
on SIRT4, SIRT5 or SIRT7 protein expression. The pro-inflamma-
tory cytokines IL1B and TNF significantly decreased levels of
SIRT3 mRNA and protein expression. SIRT3 knockdown by siRNA
significantly augmented IL1B- and TNF-stimulated IL6, CXCL8,
and CCL2 mRNA expression and release; PTGS2 mRNA expres-
sion and subsequent PGF

2alpha
release; the mRNA expression and

secretion of the adhesion molecule ICAM1 and the extracellular
matrix remodeling enzyme MMP9; and nuclear factor kappa B1
(NFkappaB1) transcriptional activity. In human myometrium,
SIRT3 expression decreases with term labor and regulates the
mediators involved in the terminal effector pathways of human
labor and delivery through the NFkappaB1 pathway.

human labor, inflammation, myometrium, SIRT3

INTRODUCTION

Preterm labor is the major cause of perinatal morbidity and
mortality worldwide, responsible for approximately 1 million
annual neonatal deaths globally [1]. Preterm birth is a costly
complication of human pregnancy with significant long-term
health impacts on children and their families [2]. Approxi-
mately 60% of all preterm births are the result of idiopathic
preterm labor (intact membranes) [1]. Thus, an efficacious
medical therapy that can stop idiopathic preterm labor would
be a major advance. Such a treatment, however, does not exist,
and its development is hampered by the fact the molecular
mechanisms regulating uterine activity are incompletely
understood [3]. A better understanding of the processes that
regulate human labor and delivery would increase the
likelihood of identifying therapeutic targets to stop or delay
preterm labor.

Inflammation is frequently associated with preterm birth and
is thought to have a driving role in initiating uterine
contractions [4, 5]. It is postulated that up-regulation in the
expression of cell adhesion molecules such as ICAM1 and
VCAM1 [6] play a role in regulating leukocyte trafficking in
the myometrium during labor [7, 8]. Interleukin 1B (IL1B) and
tumor necrosis factor (TNF), released by the leukocytes that
infiltrate the uterus, can act on gestational tissues to further
increase the expression of pro-inflammatory cytokines and
adhesion molecules; induce cyclooxygenase (COX)-2 (prosta-
glandin endoperoxide synthase-2 [PTGS2])-dependent prosta-
glandin synthesis and increase the expression of prostaglandin
F receptor (PTGFR); and activate extracellular matrix (ECM)
remodeling enzymes involved in the processes of human labor
(such as matrix metalloproteinase [MMP]-9) [5, 9–15].
Numerous studies have shown that nuclear factor jB1
(NFjB1) plays a central role in these processes [16–18].

Mammalian sirtuins (SIRTs) constitute a family of cellular
regulators involved in important processes including metabo-
lism, cell division, and aging [19–24]. As such, they have been
implicated as potential targets in a number of diseases such as
diabetes, cancer, and neurodegenerative disease. The sirtuin
family consists of seven enzymes (SIRT1-7) that share a
conserved core catalytic domain but differ in their cellular
localization and tissue distributions [25, 26]. They possess
histone/protein deacetylase activity, which is involved in the
repression of gene transcription. In nongestational tissues,
SIRTs have been implicated as key inhibitors of inflammation;
and SIRT knockouts or in vitro silencing of SIRTs leads to
increased inflammation, whereas SIRT activation or overex-
pression inhibits inflammation [27–35]. Furthermore, SIRTs
have inhibitory effects in experimental chronic inflammatory
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diseases such as chronic obstructive pulmonary disease and
colitis [29, 36]. In nongestational tissues, SIRTs can repress
inflammation by inhibiting NFjB1 activity [33, 35, 37, 38].

To date, we have begun to unravel the biological function of
a number of SIRTs. Our published studies provide the first
evidence of functional roles for SIRT1 [39] and SIRT6 [40] in
regulating the mediators involved in the terminal effector
pathways of human labor and delivery in human fetal
membranes. Specifically, the SIRT1 activators resveratrol and
SRT1720 significantly decreased lipopolysaccharide-induced
cytokine gene expression and release, PTGS2 expression, and
prostaglandin release from human gestational tissues [39].
Furthermore, knockdown of SIRT1 by RNA interference
diminished the anti-inflammatory effects of resveratrol [39].
In human primary amnion cells, small interfering RNA
(siRNA) knockdown of SIRT6 augments IL1B-induced
cytokine gene expression and release, PTGS2 expression, and
subsequent prostaglandin release, and MMP9 expression and
activity [40]. Very little, however, is known about the role of
the SIRT family members in human myometrium. Thus, this
study aimed to characterize the expression of SIRT1, SIRT3,
SIRT4, SIRT5, SIRT6, and SIRT7 in human myometrium and
to use siRNA to determine whether SIRTs are important in the
downstream pathways involved in labor.

MATERIALS AND METHODS

Tissue Collection

The Research Ethics Committee of Mercy Hospital for Women approved
this study. Written, informed consent was obtained from all participating
women. All tissues were obtained from women who delivered healthy,
singleton infants. All tissues were brought to the research laboratory and
processed within 15 min of the cesarean delivery. Women with any underlying
medical conditions such as diabetes, asthma, polycystic ovary syndrome, pre-
eclampsia, and macrovascular complications were excluded. Additionally,
women with a history multiple pregnancies, obese women, and fetuses with
chromosomal abnormalities were excluded.

Myometrium was obtained from consenting women at the time of term
cesarean section (�37 wk gestation). Myometrial biopsies were performed and
samples were collected from pregnant women undergoing elective cesarean
sections in the absence of labor (n¼ 8 patients; mean gestational age, 39.4 6
0.3 wk) and from pregnant women who delivered during active labor, defined
as the presence of regular uterine contractions (every 3–4 min), resulting in
cervical effacement and dilation (n¼ 8 patients; mean gestational age, 39.8 6

0.2 wk). Indications for cesarean section in the absence of labor were breech
presentation or previous cesarean section or both. Indications for cesarean
section in the laboring samples were for placenta praevia, fetal distress, and
delayed or failure to progress. A myometrial biopsy sample was obtained from
the upper margin of the lower uterine segment incision during the cesarean
section. There were no differences in maternal age and body mass index, parity,
or gestational age of the patients recruited. None of these patients received any
medications to augment or induce labor, and time of labor before cesarean
section was 10 h 6 6 h 40 min (mean 6 SEM). Tissue samples were snap
frozen in liquid nitrogen and immediately stored at�808C for analysis by qRT-
PCR and Western blotting as detailed below.

Primary Myometrial Cell Culture

Fresh myometrium was obtained from women who delivered healthy,
singleton infants at term (37–41 wk gestation) undergoing elective cesarean
section in the absence of labor. Cells were isolated and cultured as previously
described [41]. Briefly, myometrium was minced and digested for 1 h in
Dulbecco modified Eagle Medium/Nutrient Mixture F-12 Ham medium
(DMEM/F-12) with 3 mg/ml type I collagenase (Worthington Biochemical)
and 80 lg/ml DNase 1 (Roche Diagnostics) at 378C. Cells were centrifuged at
400 3 g for 10 min and grown in DMEM/F-12 enriched with 10% heat-
inactivated fetal calf serum (containing 100 U/ml penicillin G and 100 mg/ml
streptomycin).

SIRT siRNA Transfection

Transfection of primary myometrial cells was performed as we have
previously described [41]. Briefly, cells at approximately 50% confluence were
transfected using Lipofectamine 3000 according to manufacturer’s guidelines
(Life Technologies). SIRT3 siRNA (siSIRT3), SIRT4 siRNA (siSIRT4),
SIRT5 siRNA (siSIRT5), SIRT7 siRNA (siSIRT7), and negative control
siRNA (siCONT) were obtained from Ambion (Thermo Fisher Scientific).
Cells were transfected with 50 nM siRNA in DMEM/F-12 for 48 h, followed
by treatment with or without 1 ng/ml IL1B or 10 ng/ml TNF for 24 h. Cells
were collected and stored at �808C until assayed for mRNA expression by
qRT-PCR, as detailed below. Medium was collected and stored at�808C until
assayed for cytokine and prostaglandin release, as detailed below. Cell viability
was assessed by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) proliferation assay. Responses to IL1B and TNF among
patients varied greatly, as we have previously reported [41]. Thus, data are
presented as fold change in expression relative to the expression level in the
IL1B- or TNF-stimulated siCONT-transfected cells, which was set at 1.
Experiments were performed from myometrium obtained from six patients.

Luciferase Assay

A luciferase assay was also used to determine the possible interactions
between SIRT3 and NFjB1 as previously described [41]. Primary myometrial
cells were transfected with 300 ng/ml NFjB1 reporter construct (Qiagen),
using FuGENE HD transfection reagent (Promega). After 6 h, cells were
transfected with 50 nM of siSIRT3 or siCONT (as detailed above) for 48 h. The
medium was then replaced with DMEM/F-12 (containing 0.5% bovine serum
albumin), with or without 1 ng/ml IL1B or 10 ng/ml TNF, and the cells
incubated at 378C for an additional 20 h. After final incubation, cells were
harvested in lysis buffer, and luminescence activity was measured using a
Luciferase Reporter Assay Kit (Life Research) and Renilla Luciferase Flash
Assay kit (Thermo Fisher Scientific) as instructed. The ratio of the firefly
luciferase level to the Renilla luciferase level was determined and the results are
expressed as a ratio of normalized luciferase activity. The experiments were
performed from myometrium obtained from five patients.

RNA Extraction and qRT-PCR

RNA extractions and qRT-PCR were performed as previously described
[41]. RNA quality and integrity were measured using an ND1000 (NanoDrop)
and determined by using the absorbance (A) ratio A

260
:A

280
. RNA (0.5 lg for

tissues and 0.2 lg for cells) was converted to cDNA by using the high-capacity
cDNA reverse transcription kit according to the manufacturer’s instructions
(Applied Biosystems). RT-PCR was performed using the CFX384 real-time
PCR detection system (Bio-Rad Laboratories), using 100 nM of predesigned
and validated QuantiTect primers (primer sequences not available; Qiagen).
Average gene cycle threshold (C

t
) values were normalized relative to those of

two housekeeping genes (b2-microglobulin [B2M] and succinate dehydroge-
nase complex subunit A [SDHA]). Of note, there was no effect of experimental
treatment on B2M or SDHA mRNA expression. Fold differences were
determined using the comparative C

t
method.

Western Blotting

Western blotting was performed as previously described [41]. Blots were
incubated in a 1/1000 dilution of rabbit monoclonal anti-SIRT3 (2627; Cell
Signaling Technology); 1 lg/ml mouse monoclonal anti-SIRT4 (SAB1403134;
Sigma-Aldrich), 1 lg/ml rabbit polyclonal anti-SIRT5 (HPA022002; Sigma-
Aldrich) or 1/1000 dilution of MaxPab rabbit polyclonal anti-SIRT7
(H00051547-D01; Abnova) prepared in blocking buffer (5% skim milk in
TBS [50 mM Tris-Cl, pH 7.5, 150 mM NaCl] with 0.05% Tween-20) for 16 h
at 48C. Semiquantitative analysis of the relative density of the bands in Western
blots was performed using Quantity One 4.2.1 image analysis software (Bio-
Rad Laboratories). Protein normalization was performed as previously
described [41]. For siRNA studies, SIRT expression was normalized to the
levels of b-actin (ACTB; Sigma-Aldrich). For all other figures, SIRT protein
expression was normalized to Ponceau S stain; a section of the Ponceau S-
stained membrane was chosen which did not show variation with labor status
[41].

Enzyme Immunoassays

Assessment of cytokine and chemokine release of IL6 and CXCL8 was
performed using the CytoSet sandwich ELISA according to the manufacturer’s
instructions (Life Technologies). The release of CCL2, sICAM1, and sVCAM1
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was performed by sandwich ELISA from R&D Systems according to the
manufacturer’s instructions. The release of PGF

2a into the incubation medium
was assayed using a commercially available competitive enzyme immunoassay
kit according to the manufacturer’s specifications (Kookaburra kits; Sapphire
Bioscience). The inter- and intraassay coefficients of variation for all assays
were less than 10%.

Gelatin Zymography

Incubation medium was also collected, and assessment of MMP9 was
performed by gelatin zymography as previously described [42]. Proteolytic
activity was visualized as clear zones of lysis on a blue background of
undigested gelatin. Gels were scanned using a ChemiDoc XRS system (Bio-
Rad Laboratories) and then inverted, and densitometry was performed using
Quantity One image analysis software (Bio-Rad Laboratories). Fold change
was calculated relative to that of TNF activity, which was set at 1.

Statistical Analysis

All statistical analyses were undertaken using Prism software (GraphPad).
For two sample comparisons, either a paired or unpaired Student t-test result
was used to assess statistical significance between normally distributed data;
otherwise, the nonparametric Mann-Whitney U (unpaired) or the Wilcoxon
(matched pairs) test was used. For all other comparisons, the homogeneity of
data was assessed by using the Bartlett test with one-way ANOVA (with least
significant differences post-hoc testing to discriminate among the means).
Statistical significance was ascribed to a P value of ,0.05. Data are mean 6

SEM.

RESULTS

Expression of SIRT3 in Human Myometrium

Human myometrium was obtained at term cesarean section
in the absence of labor (term, no labor) and at term cesarean
section during spontaneous labor onset (term, in labor). The
mRNA abundance (Fig. 1A) and protein expression (Fig. 1B)
of SIRT3 were significantly lower in laboring myometrium
than those in nonlaboring myometrium. However, there were
no differences between the expression levels of SIRT4, SIRT5,
and SIRT7 in nonlaboring myometrium and those in laboring
myometrium (Supplemental Fig. S1; Supplemental Data are
available online at www.biolreprod.org).

A range of known mediators of labor were used to
determine which could affect SIRT3 expression in human
myometrium. We tested the pro-inflammatory cytokines IL1B
and TNF, as these have been shown to induce preterm birth in
vivo [43]. As shown in Figure 1C, treatment of myometrial
cells with IL1B or TNF significantly decreased SIRT3 mRNA
(Fig. 1C) and protein (Fig. 1D) expression.

Effect of siSIRT3 on Pro-Inflammatory Cytokines and
Chemokines

Next, loss-of-function studies were undertaken to investi-
gate whether SIRT3 was involved in the genesis of prolabor
mediators induced by inflammatory cytokines (TNF or IL1B),
bacterial infection (using the bacterial product fsl-1), or viral
infection (using the double-stranded RNA [dsRNA] analog
poly[I:C]). The efficacy of siSIRT3 is demonstrated in
Supplemental Figure S2. There was a 70% decrease in SIRT3
mRNA expression and a 75% decrease in SIRT3 protein
expression. A MTT cell viability assay showed no differences
between absorbance in cells transfected with siCONT and that
in siSIRT3 (Supplemental Fig. S2).

For experiments subsequent to siRNA transfection, cells
were treated with IL1B, TNF, fsl-1, or poly(I:C). Compared to
siCONT-transfected cells, and as expected, IL1B (Fig. 2) and
TNF (Fig. 3) significantly increased IL6, CXCL8, and CCL2
mRNA expression and IL6, CXCL8, and CCL2 secretion. The

effect of siSIRT3 was a significant amplification of IL1B-
induced IL6, CXCL8, and CCL2 mRNA expression and
secretion (Fig. 2) and TNF-induced IL6 and CXCL8 mRNA
expression and secretion of IL6, CXCL8, and CCL2 (Fig. 3, A,
B, D, and E). There was no effect, however, of siSIRT3 on
TNF-induced CCL2 mRNA expression or CCL2 secretion
(Fig. 3, C and F). There was no effect of siSIRT3 on
inflammation induced by fsl-1, a bacteria-derived Toll-like
receptor (TLR) 2/6 agonist or poly(I:C), a viral dsRNA analog
and TLR3 ligand (Supplemental Fig. S3 for IL6 and CXCL8
data).

Of note, there was no effect of siSIRT1, siSIRT5, siSIRT6,
or siSIRT7 on IL1B- or TNF-induced pro-inflammatory
mediators (Supplemental Fig. S4 for IL6 data).

Effect of siSIRT3 on PTGS2-Prostaglandin Pathway

In siCONT-transfected cells, treatment with IL1B (Fig. 4,
A–C) and TNF (Fig. 4, D–F) significantly increased PTGS2
and the prostaglandin F receptor PTGFR mRNA expression
and subsequent PGF

2a release. This increase was further
significantly augmented in cells transfected with siSIRT3.

Effect of siSIRT3 on Adhesion Molecules

The effect of siSIRT3 on the expression and secretion of
adhesion molecules ICAM1 and VCAM1 is shown in Figure 5.
In siCONT-transfected cells, both IL1B and TNF significantly
increased ICAM1 (Fig. 5, A and E) and VCAM1 (Fig. 5, B and
F) mRNA expression. This was associated with a significant
increase in sICAM1 (Fig. 5, C and G) and sVCAM1 (Fig. 5, D
and H) secretion. The effect of siSIRT3 was further significant
increase in ICAM1 mRNA expression and sICAM1 release.
There was, however, no effect of siSIRT3 on VCAM1 mRNA
expression and sVCAM1 release.

Effect of siSIRT3 on MMP9

Figure 6 demonstrates the effect of siSIRT3 on the
expression of the ECM degrading and remodeling enzyme
MMP9. In siCONT-transfected cells, IL1B (Fig. 6A) or TNF
(Fig. 6B) significantly increased MMP9 mRNA expression. In
addition, TNF treatment also significantly increased pro-
MMP9 secretion (Fig. 6C). This increase was further
significantly augmented in siSIRT3-transfected cells. Of note,
the release of pro-MMP9 in the presence of IL1B was not
detectable by zymography.

Effect of siSIRT3 on NFkappaB1 Activation

In nongestational tissues, SIRT3 can repress inflammation
by inhibiting NFKB1 activity [33, 35, 37]. Given the central
role of NFKB1 in the regulation of pro-inflammatory and
prolabor mediators in fetal membranes [16–18, 39], we
hypothesized that SIRT3 may also regulate prolabor mediators
in primary myometrial cells through NFjB1. We addressed
this by determining the effect of siSIRT3 on NFjB1
transcriptional activity using a luciferase assay. As shown in
Figure 7, treatment of primary myometrial cells with IL1B
(Fig. 7A) or TNF (Fig. 7B) significantly increased NFjB1
activity. The result of siSIRT3 was a significant increase in
IL1B- and TNF-induced NFjB1 activation.

DISCUSSION

For the first time, we report that SIRT3 plays a role in
regulating the mediators involved in the terminal processes of
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FIG. 1. Expression of SIRT3 in myometrium. A and B) Human myometrium was obtained from nonlaboring (term no labor, n¼ 8 patients) and laboring
women at term who underwent cesarean section (term in labor, n¼8 patients). A) SIRT3 mRNA expression was analyzed using qRT-PCR and fold change
was calculated relative to term no labor group. Data are mean 6 SEM. *P , 0.05 versus term no labor (Student t-test). B) SIRT3 protein expression was
analyzed by using Western blotting and fold change was calculated relative to term no labor group. Data are mean 6 SEM. *P , 0.05 versus term no labor
(Student t-test). Representative Western blots from 4 patients per group are also shown. C and D) Human primary myometrial cells were treated with or
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FIG. 2. Effect of siSIRT3 on IL1B-induced pro-inflammatory cytokines and chemokines. Human primary myometrial cells were transfected with 50 nM
siCONTor 50 nM siSIRT3 for 48 h and then treated with 1 ng/ml IL1B for an additional 24 h (n¼5 patients). A–C) IL6, CXCL8, and CCL2 mRNA expression
levels were analyzed by using qRT-PCR. D–F) IL6, CXCL8, and CCL2 concentration in the incubation medium was assayed by ELISA. For all data, the fold
change was calculated relative to that of IL1B-stimulated siCONT-transfected cells, and displayed as mean 6 SEM. *P , 0.05 versus IL1B-stimulated
siCONT-transfected cells (one-way ANOVA).

3

without 1 ng/ml IL1B or 10 ng/ml TNF for 20 h (n¼5 patients per treatment). C) SIRT3 mRNA expression was analyzed by using qRT-PCR, and fold change
was calculated relative to basal level. Data are mean 6 SEM. *P , 0.05 versus basal (paired sample t-test). D) SIRT3 protein expression was analyzed by
using Western blotting and the fold change was calculated relative to basal. Data are mean 6 SEM. *P , 0.05 versus basal (paired sample t-test).
Representative Western blot from 1 patient is also shown.
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human labor and delivery in human myometrium. Specifically,

SIRT3 expression was decreased in term laboring myometrium

compared to nonlaboring myometrium. The pro-inflammatory

cytokines IL1B and TNF, capable of inducing uterine

contractions [44–46], significantly decreased SIRT3 expression

in myometrium. Furthermore, siRNA knockdown of SIRT3

amplified IL1B- and/or TNF-induced expression and secretion

of pro-inflammatory cytokines and chemokines, PTGS2
expression, and ensuing prostaglandin secretion, the expression
and secretion of the adhesion molecule sICAM1, and the
expression of the ECM remodeling enzyme MMP9. SIRT3
knockdown by siRNA also increased NFjB1 activity.

Whether the decrease in SIRT3 expression in human term
laboring myometrium is a cause or consequence of human

FIG. 3. Effect of siSIRT3 on TNF-induced pro-inflammatory cytokines and chemokines. Human primary myometrial cells were transfected with 50 nM
siCONT or 50 nM siSIRT3 for 48 h and then treated with 10 ng/ml TNF for an additional 24 h (n ¼ 5 patients). A–C) IL6, CXCL8, and CCL2 mRNA
expression levels were analyzed by using qRT-PCR. D–F) IL6, CXCL8, and CCL2 concentrations in the incubation medium were assayed by ELISA. For all
data, the fold change was calculated relative to that of TNF-stimulated siCONT-transfected cells and displayed as mean 6 SEM. *P , 0.05 versus TNF-
stimulated siCONT-transfected cells (one-way ANOVA).
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labor is not known. Treatment, however, of human primary
myometrial cells with the pro-inflammatory cytokine IL1B or
TNF, both of which are significantly higher in gestational
tissues and biological fluids at the time of labor onset [7, 11,
47, 48], significantly decreased SIRT3 expression. These
findings suggest that increased inflammation associated with
term labor onset may be responsible for the decrease in SIRT3
expression observed in laboring myometrium.

The pro-inflammatory cytokines IL1B and TNF play central
roles in the processes of human labor and delivery. Sterile
inflammation refers to an inflammatory process where
microorganisms cannot be detected in patients with preterm
labor and intact membranes [49]. Furthermore, intra-amniotic
and/or systemic administration of IL1B or TNF to mice and
monkeys induces preterm labor [43, 50, 51]. IL1B and TNF,
which are released from infiltrating leukocytes in the uterus and
myometrium during labor [7, 8], can further increase the
expression of cell adhesion molecules [6] to promote further
neutrophil infiltration and activation [52], stimulate PTGS2
activity to produce prostaglandins such as PGF

2a, which acts
on the PTGFR to increase uterine contractility, and so promote
the onset and progression of labor [44–46]. IL1B and TNF also
induce the expression of MMP9, which is involved in tissue
remodeling of human myometrium during labor [14]. In light
of this evidence, IL1B and TNF were thus used in term
myometrium as our model of preterm birth. A number of
studies have suggested that SIRT3 plays an important role in
regulating inflammation [32, 33, 35, 53]; thus, we sought to
determine whether SIRT3 also regulates IL1B or TNF induced
pro-inflammatory cytokines and pro-labor mediators. In
support of the studies in nongestational tissues, targeted siRNA
knockdown of SIRT3 has revealed that its decline is required

for pro-inflammatory cytokine-stimulated IL6, CXCL8, and
CCL2 mRNA expression and IL6, CXCL8, and CCL2 release;
PTGS2 and PTGFR mRNA expression and PGF

2a release; and
expression and secretion of ICAM1 and MMP9.

Spontaneous preterm birth can also be due to microorgan-
isms such as bacteria or viruses [5]. Pattern recognition
receptors like TLRs, which are highly expressed on immune
cells at the maternal-fetal interface [54], recognize evolution-
arily conserved structures on pathogens termed pathogen-
associated molecular patterns (PAMPs). Each TLR1-10
recognizes specific structures and the induction of specific
TLR-dependent cytokine responses reflect the different path-
ogens causing the immune response [55]. In myometrium
bacterial ligand activation of TLR2 and TLR5 and viral
activation of TLR3 elicits pro-inflammatory and prolabor
responses [56, 57]. Additionally, activation of TLR2 and TLR3
can lead to preterm delivery in animal models [58]. It is
interesting to note that no effect of SIRT3 knockdown on
TLR2- or TLR3-induced prolabor mediators was observed
(Supplemental Fig. 3). These findings suggest that in human
myometrium, SIRT3 is required for IL1B- and TNF-mediated
signaling but dispensable for TLR-induced pro-inflammatory
cytokine production. The induction of the inflammatory
response through cytokine and TLR signaling is complex and
involves different adapter molecules. Our findings suggest that
in human myometrium, SIRT3 may be acting on a number of
discrete downstream proteins involved in IL1B and TNF
signaling but not TLR signaling. Nevertheless, our findings are
significant given that over 60% of all preterm births are the
result of sterile intra-amniotic inflammation [49].

The anti-inflammatory effects of SIRT3 are a result of its
histone deacetylase activity, which thereby represses target

FIG. 4. Effect of siSIRT3 on the PTGS2-prostaglandin pathway. Human primary myometrial cells were transfected with 50 nM siCONT or 50 nM siSIRT3
for 48 h and then treated with 1 ng/ml IL1B (A–C) or 10 ng/ml TNF (D–F) for an additional 24 h (n¼5 patients). A, B, D, and E) PTGS2 and PTGFR mRNA
expression levels were analyzed by using qRT-PCR. C, F) PGF

2a concentration in the incubation medium was assayed using ELISA. For all data, the fold
change was calculated relative to IL1B-stimulated siCONT-transfected cells and displayed as mean 6 SEM. *P , 0.05 versus IL1B-stimulated siCONT-
transfected cells (one-way ANOVA); **P , 0.05 versus TNF-stimulated siCONT-transfected cells (one-way ANOVA).
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FIG. 5. Effect of siSIRT3 on the expression and secretion of adhesion molecules. Human primary myometrial cells were transfected with 50 nM siCONT
or 50 nM siSIRT3 for 48 h and then treated with 1 ng/ml IL1B (A–D) or 10 ng/ml TNF (E–H) for an additional 24 h (n¼ 5 patients). A, C, E, and G) ICAM1
and VCAM1 mRNA expression was analyzed by using qRT-PCR. B, D, F, and H) sICAM1 and sVCAM1 concentrations in the incubation medium was
assayed using ELISA. The fold change was calculated relative to that of IL1B- or TNF-stimulated siCONT-transfected cells, and data are mean 6 SEM. *P ,
0.05 versus IL1B-stimulated siCONT-transfected cells (one-way ANOVA); **P , 0.05 versus TNF-stimulated siCONT-transfected cells (one-way ANOVA).

FIG. 6. Effect of siSIRT3 on the expression and secretion of MMP9 expression. Human primary myometrial cells were transfected with 50 nM siCONT or
50 nM siSIRT3 for 48 h and then treated with 1 ng/ml IL1B (A) or 10 ng/ml TNF (B and C) for an additional 24 h (n¼ 5 patients). A and B) MMP9 mRNA
expression was analyzed by using qRT-PCR. The fold change was calculated relative to that of IL1B- or TNF-stimulated siCONT-transfected cells. C) The
incubation medium was assayed for pro-MMP9 expression by using gelatin zymography, and the fold change was calculated relative to that of TNF-
stimulated siCONT-transfected cells. Representative gelatin zymographic results from one patient are also shown. All data are mean 6 SEM. *P , 0.05
versus IL1B-stimulated siCONT-transfected cells (one-way ANOVA); **P , 0.05 versus TNF-stimulated siCONT-transfected cells (one-way ANOVA).
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gene transcription [33]. Recent studies have highlighted a role
for NFjB1 inhibition in the anti-inflammatory actions of
SIRT3 [33, 37, 59, 60]. NFjB1 is a pro-inflammatory
transcription factor that plays a central role in the terminal
processes of human labor and delivery [16–18, 39]. In
myometrium, NFjB1 is active in both upper and lower
segments prior to the onset of labor at term, where it principally
regulates a group of immune/inflammation-associated genes
[61]. Similarly, we have previously shown that NFjB1 is
required for IL1B and TNF signaling in human myometrium
[57, 62, 63]. In this study, using a luciferase assay, IL1B- and
TNF-induced NFjB1 transcriptional activity was augmented in
cells transfected with siSIRT3. Collectively, our data suggest
that in the absence of SIRT3, there is hyperactive NFjB1,
leading to increased transcription of pro-inflammatory and
prolabor genes.

The exact mechanisms by which SIRT3, which is primarily
localized to the mitochondria, regulates NFjB1-mediated
nuclear regulation of pro-inflammatory gene expression is not
known. Studies in nongestational tissues have shown, however,
that SIRT3 can reduce inflammation by decreasing mitochon-
drial reactive oxygen species production (ROS) [33]. It is well
established that pro-inflammatory cytokines increase mito-
chondrial ROS [64] and we have previously shown that ROS
are involved in NFjB1-driven prolabor mediators in human
gestational tissues [65]. Thus, we hypothesize that IL1B and
TNF decrease SIRT3 expression resulting in increased
mitochondrial ROS which can then activate NFjB1 and its
target genes.

To our knowledge, this is the first study to explore SIRTs in
human myometrium. While the findings of this study show that
SIRT3 appears to have a role in human labor in the
myometrium, there was no effect of term labor on expression
of SIRT1 and SIRT4 to SIRT7 in myometrium. Furthermore,
gene silencing of SIRT1 and SIRT4 to SIRT7 did not regulate
cytokine signaling in myometrium. In contrast, we have
previously reported that SIRT1 exerts anti-inflammatory
actions in human placenta and fetal membranes [39] and
SIRT6 exerts anti-inflammatory actions in fetal membranes
[40]. Although we have not assessed the role or regulation of
SIRT3 in human fetal membranes, our findings to date suggest
that the SIRT family members may play distinct roles in human

gestational tissues. That is, SIRT3 in the myometrium
influences uterine contractions, and SIRT1 and SIRT6 having
a role in the rupture of fetal membranes.

In summary, decreased SIRT3 expression was found in
laboring myometrium and in myometrium treated with IL1B
and TNF. In myometrial cells, SIRT3 knockdown by siRNA
significantly increased IL1B and TNF-stimulated pro-inflam-
matory cytokines and chemokines, PTGS2 mRNA and release
of prostaglandins, extracellular remodeling enzyme MMP9 and
adhesion molecule sICAM1. Collectively, these findings
suggest that SIRT3 inhibits the production of pro-inflammatory
and prolabor mediators induced by known mediators of
preterm birth, IL1B and TNF. Taken together, the data
suggests that SIRT3 may be a promising target for the
development of therapeutics for preterm birth, as activation of
SIRT3 could potentially quench the inflammatory response
associated with spontaneous preterm birth.
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