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charide (LPS) into the uterine horn (8,9). 
While the incidence of PTB has increased 
in the United States over the last few 
decades, the availability of pharmaco-
therapy effective in preventing it  
remains elusive (5).

Toll-like receptors (TLRs) comprise an 
important subset of the pattern recogni-
tion receptors that trigger inflammatory 
signaling pathways controlled by nuclear 
factor kappa B (NF-κB) (10–15). Acti-
vation of TLRs results in a cascade of 
intracellular steps leading to activation 
of the inhibitory kappa B kinase (IKK) 
complex (16,17). This ultimately results 
in phosphorylation of IκBα, which is 
subsequently ubiquitinated and then  
degraded by the proteasome. Degra-
dation of the inhibitory molecule IκBα 
releases the NF-κB dimer and allows its 

morbidity and mortality (4,6). Ascending 
infection and chorioamnionitis trigger 
the innate immune system, resulting in 
an inflammatory response that initiates 
the process of parturition (3–7). This 
paradigm has been the basis of recently 
developed in vivo models of inflamma-
tion-driven preterm birth, where preterm 
labor is induced by injecting lipopolysac-

INTRODUCTION
Inflammation has now been implicated 

in a broad spectrum of disorders, ranging 
from cardiovascular to neurodegenera-
tive disease (1,2). Infection and its resul-
tant inflammation have been identified 
as the most common cause of sponta-
neous preterm birth (PTB) (3–5), which 
accounts for the majority of perinatal 
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translocation to the nucleus (13). Nuclear 
translocation of NF-κB triggers the pro-
duction of proinflammatory cytokines 
such as tumor necrosis factor (TNF)α and 
interleukin (IL)-1, which regulate the in-
nate immune response and inflammation 
(13–15,18–21). Cytokines such as IL-1β, 
IL-6 and TNFα in turn increase the tran-
scription of genes that mediate tissue 
remodeling, such as matrix metallopro-
teinases (MMPs) (22), and also increase 
synthesis of prostaglandins and other  
inflammatory mediators (23–27). In 
inflammatory cells, activation of NF-κB 
leads to the induction of inducible nitric 
oxide synthase (iNOS), which in turn 
leads to production of the powerful  
mediator nitric oxide (28). This well- 
orchestrated mechanism ultimately results 
in myometrial contraction, cervical ripening 
and rupture of membranes, leading to  
PTB (19,29–31). Therefore, NF-κB plays 
a central role in inflammation-associated 
PTB and represents one potential target 
for pharmacotherapeutic approaches 
aimed at controlling preterm labor and 
delivery (32–34).

Previously in our lab, we have shown 
that N, N-dimethylacetamide, a com-
monly available organic solvent, at a dose 
of 1.6 g/kg, significantly delayed PTB 
and rescued pups from being delivered 
prematurely in timed-pregnant C57BL/6 
mice administered LPS (35). This study 
also examined the effect of DMA on  
expression of pro- and antiinflamma-
tory cytokines and chemokines in mouse 
placental and uterine tissues. DMA was 
shown to downregulate proinflammatory 
cytokines and upregulate antiinflamma-
tory cytokines in these tissues, sugges-
tive of antiinflammatory action. These 
previous data led to the current work, 
in which we (1) attempt to elucidate the 
antiinflammatory mechanism of DMA 
in vitro and (2) further establish DMA’s 
antiinflammatory potential in the treat-
ment of PTB by investigating its effect 
on inflamed human placental explants. 
In addition, the present work also in-
vestigates the effect of DMA on the ca-
nonical NF-κB and MAPK inflammatory 
pathways.

MATERIALS AND METHODS

Cell Culture
RAW 264.7 (American Type Culture 

Collection) and HEK-293 cells overex-
pressing TLR4, MD2 and CD14 genes 
(American Type Culture Collection, 
previously transfected by VP) were 
maintained in complete growth medium 
(CGM), using Dulbecco’s modified Eagle 
medium (DMEM) (Cellgro), while RPMI 
1640 (Cellgro) was used for JEG-3 cells 
(American Type Culture Collection).  
Both media were supplemented with 
10% fetal bovine serum (Atlanta Biolog-
icals) and 1% penicillin-streptomycin 
(Cellgro). The serum-free media used 
to starve JEG-3 cells prior to experi-
ments was composed of RPMI 1640 with 
0.1% bovine serum albumin (BSA) and 
1% penicillin-streptomycin. All cell lines 
were maintained at 37°C and 5% CO2 
and grown to 80–90% confluence before 
subculturing or being used in experiments.

Cell Viability Assay
To determine the effect of the  

experimental conditions on cell via-
bility, 3-(4,5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (MTT) 
(Alfa Aesar) assays were performed. 
RAW 264.7, HEK-293 and JEG-3 cells 
were seeded at 20,000, 25,000 and 
30,000 cells/well, respectively, in 96-well 
plates. Following overnight incubation, 
cells were incubated with DMA (0.1, 1, 
and 10 mM) (Acros Organics), NF-κB 
inhibitor BAY 11-7082 (5 μM) (Enzo Lab 
Sciences), mitogen-activated protein  
kinase (MAPK) inhibitor SB202190 (25 μM, 
inhibiting virtually all MAPK activity) 
(Adipogen) or CGM for two hours. To 
mimic experimental conditions, RAW 
264.7 and HEK-293 cells were incubated 
with LPS (1μg mL−1) (Sigma) from Esche-
richia coli 026:B6 and JEG-3 cells were in-
cubated with recombinant human TNFα 
(20 ng mL−1) (R&D Systems). Twenty- 
four hours post-incubation, MTT was 
added to a final concentration of 0.5% and 
incubated further for two hours at 37°C 
and 5% CO2. The formed purple crystals 
were dissolved using dimethyl sulfoxide 

(DMSO) (BDH). The absorbance of the 
resulting purple solution at 570 nm was 
measured using an Opsys MR microplate 
reader (Dynex Technologies). At least 
three independent experiments were  
performed in quadruplicate wells.

Nitric Oxide Assay
Nitrite levels in cell culture superna-

tant were determined by Griess assay 
(Promega). Nitrite (NO−2) is a stable  
metabolite of NO in biological systems 
(36). Samples were prepared by seeding  
1.5 × 106 RAW 264.7 cells in 25 cm2 
flasks. After overnight incubation, cells 
were incubated for 2 h with DMA  
(0.1, 1, and 10 mM), BAY 11-7082 (5 μM, 
equal to its IC50 (37) or CGM. Cells were 
then incubated with LPS (1 μg mL−1) 
for 24 h. Three independent experiments 
were performed in duplicate. The Griess 
assay was performed following the manu-
facturer’s protocol. Nitrite concentrations 
in the samples were derived by linear re-
gression from a standard curve generated 
with known concentrations of sodium 
nitrite as described by the manufacturer.

In Vitro Assay of Secreted Cytokines 
and Chemokines

RAW 264.7 and JEG-3 cells were 
seeded at 1.5 × 106 and 2 × 106 cells per 
25 cm2 flask, respectively. RAW 264.7 
cells were incubated overnight prior to 
incubation with DMA. JEG-3 cells were 
starved after the overnight incubation, 
12–16 h prior to incubation with DMA, 
by replacing the CGM with serum-free 
media (SFM) (DMEM supplemented 
with 0.1% BSA and 1% penicillin-
streptomycin). The media was then 
removed and the cells were washed 
with phosphate buffered saline (PBS). 
The cells were incubated for 2 h with 
DMA (0.1, 1 and 10 mM), BAY 11-7082 
(5 μM) or SB202190 (25 μM, which in-
hibits >90% of MAPK activity) (37). No 
DMA was added to the media for con-
trol RAW 264.7 and JEG-3 cells. RAW 
264.7 cells were incubated with LPS 
(1 μg mL−1) for 24 h. JEG-3 cells were 
stimulated with recombinant human 
TNFα (20 ng mL−1). Supernatants were 
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with 1 mM of phenylmethylsulfonyl-
fluoride and ethylenediaminetetraacetic 
acid-free protease inhibitor cocktail set 
III (Calbiochem) by repeated vortexing 
on ice for 30 min. Samples were then 
centrifuged at 14,000 × g for 20 min at 
4°C and supernatants were collected as 
lysates. Protein concentrations of the sam-
ples were determined using bicinchoninic 
acid (BCA) protein assay (Thermo Fisher). 
Equal amounts of total protein were 
resolved in 10% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto PVDF mem-
branes (Bio-Rad). The membranes were 
blocked for two hours at room tempera-
ture using 5% skim milk in TBST [20 mM 
Tris (pH 7.6), 150 mM NaCl, 0.1% Tween 
20] and incubated at 4°C overnight with 
a 1:1,000 dilution of primary antibody for 
iNOS (Santa Cruz Biotechnology), β-actin, 
glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), p38, p-p38, ERK 1/2, 
p-ERK1/2, JNK, p-JNK (Cell Signaling 
Technologies) or IκBΑ (Santa Cruz). The 
membranes were washed with TBST and 
then incubated at room temperature for 
one hour with a 1:1,000 dilution of horse-
radish peroxidase-linked secondary an-
tibody (GE Healthcare) in 5% skim milk. 
Protein expression was detected using 
Pierce enhanced chemiluminescence 
(Thermo Fisher) and developed with 
clear blue X-ray films (Thermo Fisher) 
and analyzed using ImageJ software 
(National Institutes of Health). Three in-
dependent experiments were performed 
in duplicate.

Amplification, Collection and 
Purification of Plasmids

The NF-κB-Luc, AP-1-Luc, C/EBP-Luc 
and Renilla-Luc (Promega) reporter plas-
mids were amplified using competent 
E. coli (gift from Dr. Xingguo Cheng) 
transformed by the heat shock method. 
After growing the transformed bacteria, 
Endofree maxipreps (Qiagen) were used to 
collect and purify the amplified plasmids 
following the manufacturer’s protocol. 
The collected plasmids were dissolved 
using endotoxin-free Buffer TE, and the 
yield was determined by reading the  

protocol. The concentration of each cytokine 
was interpolated using a second-order poly-
nomial (quadratic) equation generated from 
a standard curve in GraphPad Prism 6, as 
instructed by the manufacturer.

Tissue Explant Viability Assay
As the placental explants comprised 

a heterogeneous population of cells not 
suited for the MTT assay, a Pierce lactic 
dehydrogenase (LDH) assay kit (Thermo 
Fisher) was used to determine placental 
explant viability, following the manufac-
turer’s protocol. Briefly, 50 μL of super-
natant were added into a 96-well plate in 
duplicate for each sample. An equal vol-
ume of Reaction Mixture was added and 
the reaction was allowed to proceed for 
30 min at room temperature protected 
from light. Stop Solution was added, and 
the absorbance was read at 490 nm using 
a Opsys MRTM microplate reader.

Immunoblot Analysis
To determine the effect of DMA on 

various proteins, such as iNOS, nuclear 
factor of kappa light polypeptide gene 
enhancer in B cell inhibitor α (IκBα) and 
native and phosphorylated forms of p38, 
extracellular signal-regulated kinase 
(ERK) and c-jun N-terminal kinase (JNK), 
RAW 264.7 cells were seeded at 1.5 × 106 
cells in 25 cm2 flasks and were allowed 
to grow for 48 h at 37°C and 5% CO2. 
The cells were incubated for 2 h with 
DMA (0.1, 1 and 10 mM), BAY 11-7082 
(10 μM) or CGM. In addition, three more 
singleton placentae were obtained from 
uncomplicated term elective Cesarean 
deliveries after uneventful pregnancies 
and processed as described above. For 
iNOS expression, cells were incubated 
with LPS (0.1 μg mL−1) for six hours. 
To determine IκBα and the native and 
phosphorylated forms of p38, ERK and 
JNK, cells and explants were stimulated 
with LPS (1 μg mL−1) for 15 min. Whole-
cell and explants lysates were prepared 
using a modified protocol as described 
by Abcam. Briefly, cells and explants 
were lysed in radio immunoprecipita-
tion assay (RIPA) lysis buffer (G Biosci-
ences) freshly supplemented before use 

collected and centrifuged at 1,000 × g 
for 10 min. The concentrations of TNFα, 
IL-6, IL-8, IL-10 and GM-CSF were de-
termined using enzyme linked immuno-
sorbent assay (ELISA) kits (eBioscience) 
following the manufacturer’s protocol. 
Three independent experiments were 
performed in duplicate, and analyses 
of each experimental sample were run 
in duplicate. The concentration of each 
cytokine was interpolated using a  
second-order polynomial (quadratic) 
equation generated from a standard 
curve in GraphPad Prism 6, as instructed 
by the manufacturer.

Ex Vivo Assay of Secreted Cytokines 
and Chemokines

Singleton placentae were obtained 
from uncomplicated term elective  
Cesarean deliveries after uneventful 
pregnancies (38–41 wks gestation, n = 7) 
and were collected in coordination with 
the New York Cord Blood Bank at the  
Albert Einstein College of Medicine, 
Bronx, NY. The protocol was approved 
and considered exempt by both Albert 
Einstein College of Medicine and St. 
John’s University’s Institutional Review 
Boards. Patients with chorioamnionitis, 
hypertension or preeclampsia, diabetes 
mellitus, fetal anomalies or Apgar scores 
<7 were excluded. Sections were taken 
from the maternal side of the placenta 
and washed thoroughly with cold sterile 
PBS. Blood vessels, blood clots, con-
nective tissue and membranes were re-
moved. The sections were finely minced, 
pooled in cold DMEM supplemented 
with 10% fetal bovine serum (FBS) and 
1% penicillin-streptomycin and centri-
fuged at 1,000 × g for 10 min. Duplicate 
aliquots of 200 mg (wet weight) were  
incubated for two hours with DMA (0.1,  
1 and 10 mM), BAY 11-7082 (5 μM), 
SB202190 (25 μM) or CGM for the control 
group. The explants were incubated with 
or without LPS (1 μg mL−1) for 20 h at 37°C 
and 5% CO2. The media was collected 
and ELISA was performed in duplicate 
wells for each sample to determine the 
concentrations of TNFα, IL-6, IL-8, IL-10 
and GM-CSF, following the manufacturer’s 
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absorbance at 260 nm using a BioSpec-
trometer kinetic (Eppendorf).

Transfection and Luciferase Assay
HEK 293 cells overexpressing TLR4, 

MD2 and CD14 genes were co-transfected 
with 100 ng of NF-κB-Luc, AP-1-Luc or 
C/EBP-Luc reporter plasmids and  
10 ng of Renilla-Luc control plasmid using 
Lipofectamine 3000 reagent (Invitrogen) 
following the manufacturer’s protocol. 
Subsequently, the cells were incubated for 
two hours with DMA (0.1, 1 and 10 mM), 
BAY 11-7082 (10 μM) or CGM. Cells were 
incubated for an additional 24 h with or 
without LPS (1μg mL−1), and luciferase 
assay was performed as per the manu-
facturer’s instructions using a Synergy H1 
microplate reader (Biotek) to measure lu-
minescence. The ratio of firefly/renilla 
readings for each sample was taken. The 
effect of the treatment relative to the 
LPS-only treated group is expressed in 
fold luciferase activity, determined by di-
viding the ratio of the firefly/renilla read-
ings in each experimental sample by the 
average ratio of the firefly/renilla readings 
in the LPS control group, as shown below. 
Three independent experiments were  
performed in triplicate.

Statistical Analysis
Cell and tissue explant viability, 

luciferase assays, nitric oxide assays, 
cytokine levels and protein assays were 
analyzed using one-way analysis of vari-
ance (ANOVA). Post hoc analysis was 
performed using Dunnett’s test. Kaplan 
Meier curves for mouse pup survival 
were compared using the log rank test. 
The a priori p value was set at p <0.05. 
The statistical analysis was done using 
GraphPad Prism Version 6.

All supplementary materials are available 
online at www.molmed.org.

Luciferase
activity
(fold)

ratio of firefly/renilla
luciferase reading

(each sample)

average of the 
ratio of firefly/renilla 
reading (LPS Control)

=

RESULTS

Cell Viability by MTT Assay
The highest concentration of DMA 

causing <10% cell death was determined 
to be 10 mM for RAW 264.7, JEG-3 cells 
and HEK-293/TLR4 cells (Supplementary 
Figure S1). Any change in cell viability 
at this concentration of DMA was not 
statistically significant. At 20 mM, 
viability was significantly decreased 
to approximately 75%, 80% and 85% in 
RAW 264.7, JEG-3 and HEK 293/TLR4 
cells, respectively. One hundred mM 
DMA significantly decreased the viabil-
ity of all cell lines. Thus, based on the 
aforementioned results, 10 mM DMA 
was the highest concentration used in 
our experiments.

DMA Regulates NO−2 Secretion and 
iNOS Expression in RAW 264.7 Cell

Nitrite levels were determined in  
supernatants 24 h after LPS incubation, 
as they were found to peak at this point 
in the time profile analysis conducted 
prior to the experiments (Supplementary 
Figure S2). As previously reported (35), 
LPS (1 μg mL−1) significantly increased 
NO−2 levels (≈65 μM) compared with 
the control (p <0.0001; Figure 1A). The 
NF-κB inhibitor BAY 11-7082 (5 μM) sig-
nificantly reduced NO−2 levels to 20 μM 
(p <0.0001) compared with the control. 
DMA, at 10 mM, significantly reduced 
NO−2 levels by 15 μM (p <0.0001)  
compared with the control.

Monomethylacetamide (MMA) is the 
primary metabolite of DMA in vivo (39). 
We then determined whether MMA  
contributes to the antiinflammatory effect 
of DMA; ie, whether DMA might be a  
prodrug that needs to be converted to a 
more active form. MMA, at 10 mM, did 
not significantly alter LPS-induced NO−2 
secretion in RAW264.7 cells. (Figure 1B). 
No detectable levels of NO−2 were found 
in either JEG-3 cells or human placental 
explants (data not shown). As expected, 
iNOS was significantly increased six  
hours after incubation with LPS (0.1 μg mL−1) 
as compared with controls (p <0.0001) 
(Figure 1D). Incubating cells with BAY 

11-7082 (5 μM) significantly decreased 
LPS-induced iNOS expression (p < 0.0001) 
(Figure 2C). Similarly, DMA at 10 mM 
significantly reduced iNOS expression  
(p <0.05) after incubation with LPS  
(Figure 1C).

DMA Inhibits Secretion of Cytokines 
and Chemokines in RAW 264.7 and 
JEG-3 Cells

LPS (1 μg mL−1) significantly  
stimulated the production of TNFα, 
IL-6, GM-CSF and IL-10 in RAW 264.7 
cells (Figures 2A–D), but not in JEG-3 
cells (data not shown). Increasing the 
concentration of LPS to 10 μg mL−1 
did not affect levels of IL-6 in JEG-3 
cell supernatants (Supplementary 
Figure S3, Panel A). However, TNFα 
significantly increased IL-6 secretion 
in JEG-3 cells when compared with the 
untreated control at various time points 
(Supplementary Figure S3, Panel B). 
Hence, experiments with JEG-3 cells 
were performed using TNFα as stimu-
lant. The NF-κB inhibitor BAY 11-7082 
was found to significantly reduce all cy-
tokines and chemokines tested as com-
pared with the LPS or TNFα controls 
(Figures 2 and 3).

The incubation of RAW 264.7 cells 
with LPS produced a significant increase 
in TNFα levels (p <0.0001) (Figure 2A). 
DMA (0.1–10 mM) decreased the LPS- 
induced increase in TNFα levels in a  
concentration-dependent manner, with 
10 mM of DMA producing a 90% decrease 
in secreted TNFα compared with the 
control (p <0.001) (Figure 2A). LPS also 
significantly increased IL-6 production in 
RAW 264.7 cells (100 ng mL−1; p <0.0001) 
(Figure 2B). DMA similarly reduced IL-6 
secretion in a concentration-dependent 
manner, with the 10 mM concentration 
of DMA again significantly decreasing 
IL-6 levels compared with the control 
(p <0.05) (Figure 2B) . Incubation of 
RAW 264.7 cells with LPS significantly 
increased secretion of GM-CSF as well 
(p <0.01) (Figure 2C). Once again, DMA 
suppressed the LPS-induced increase in 
GM-CSF secretion in a concentration-
dependent fashion, with 10 mM DMA 
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DMA Inhibits Secretion of 
Proinflammatory Cytokines  
and Chemokines in Human 
Placental Explants

The effect of DMA on secretion of 
proinflammatory cytokines and other 
mediators in placental explants (n = 7) 
stimulated with LPS was evaluated. 
LDH levels in the supernatant of each 
treatment group were first determined, 
in order to test whether the treatment 

were increased in comparison to the 
untreated groups. DMA, in a concen-
tration-dependent manner, reduced 
secretion of IL-6 (Figure 3). All the con-
centrations of DMA tested resulted in a 
statistically significant reduction in IL-6 
production as compared with the TNFα 
control (p <0.05 at 0.1 mM, p <0.001 at 
1 mM, p <0.0001 at 10 mM). At 10 mM, 
DMA reduced IL-6 secretion to baseline 
levels (Figure 3).

causing a significant decrease in GM-CSF 
levels compared with the control (p <0.05) 
(Figure 2C). Lastly, reduction in LPS-
induced IL-10 secretion was observed 
at all concentrations of DMA; however, 
only at 10 mM was statistical significance 
achieved compared with the LPS control 
(p <0.05) (Figure 2D).

The same cytokines were evaluated 
in JEG-3 cells stimulated with TNFα 
(20 ng mL−1). However, only IL-6 levels 

Figure 1. DMA inhibits NO−2 secretion and iNOS expression. (A) NO−2 secretion was determined by Griess assay in LPS-stimulated RAW 
264.7 cells after incubation with DMA and BAY 11-7082. (B) NO−2 secretion in LPS-stimulated RAW 264.7 cells after incubation with MMA. 
(C) Time profile of iNOS expression in LPS-stimulated RAW 264.7 cells. Data shown are means ± SEM of at least three independent ex-
periments done in duplicate. * P ≤ 0.05; **** P≤ 0.0001. (D) Immunoblot analysis of iNOS expression after incubation with DMA and BAY 
11-7082.
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the 10 mM concentration only, signifi-
cantly reduced secretion of TNFα, IL-6, 
IL-8 and GM-CSF (Figures 4A–D). DMA 
also inhibited IL-10 secretion at 10 mM; 
however, this was not found to be signif-
icant (Figure 4E).

DMA Inhibits IκBα Degradation
To determine the mechanism by which 

DMA suppresses cytokine secretion, we 
determined how it affects degradation 
of the NF-κB inhibitor IκBα. We first con-
ducted a time-profile experiment, using 
whole lysates from RAW 264.7 cells to 
determine the profile of IκBα degradation 
after exposure to LPS (1 μg mL−1) at  
various time points (Figure 5A). West-
ern blotting showed that IκBα was 
degraded 15 min after addition of LPS. 
The IκBα bands were noted to reappear 
at 30 min, and their intensity increased 
with time. We then evaluated whether 
DMA inhibits IκBα degradation after 
15 min exposure to LPS (Figure 5B). 
As expected, LPS significantly induced 
degradation of IκBα (p < 0.0001), as 
manifested by a decrease in IκBα levels 
in the LPS control as compared with the 
untreated group. However, we found 

of TNFα, IL-6, IL-8 or GM-CSF in the 
explants (data not shown). However, 
SB202190, an inhibitor of p38 α and 
p38 β MAPKs, significantly reduced 
secretion of all the aforementioned 
cytokines (Figures 4A–E).

Interestingly, a similar pattern to that 
of the in vitro experiments emerged 
when we examined the effect of DMA 
on the secretion of various cytokines in 
the human placental explants. DMA, at 

conditions affected tissue viability. 
Results revealed similar LDH levels in 
all treatment groups (Supplementary 
Figure S4). LPS significantly enhanced 
secretion of TNFα, IL-6, IL-8 and 
GM-CSF in placental explant superna-
tants as compared with the controls  
(p <0.0001) (Figures 4A–E). LPS did  
not significantly alter the levels of  
IL-10. The NF-κB inhibitor BAY 11-7082 
did not significantly affect secretion 

Figure 2. DMA inhibits cytokine and chemokine secretion in LPS-stimulated RAW 264.7 
cells. ELISA was performed to determine (A) TNFα, (B) IL-6, (C) GM-CSF and (D) IL-10 levels 
in RAW 264.7 cell culture supernatant after incubation with DMA and BAY 11-7082 in the 
presence of LPS after 24 h. Data shown are means ± SEM of at least three independent 
experiments done in duplicate. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; **** P ≤ 0.0001.

Figure 3. DMA inhibits IL-6 secretion in 
JEG-3 cells. ELISA was performed to  
determine IL-6 levels in JEG-3 cell superna-
tants after incubation with DMA and BAY 
11-7082 in TNFα-stimulated JEG-3 cells. Data 
shown are means ± SEM of at least three  
independent experiments done in duplicate. 
* P ≤ 0.05; *** P ≤ 0.001; **** P ≤ 0.0001.



R E S E A R C H  A R T I C L E

	 M O L  M E D  2 2 : 7 4 7 - 7 5 8 ,  2 0 1 6  |  P e k s o n  E T  A L .  |  7 5 3

Figure 4. DMA inhibits cytokine and chemokine secretion in LPS-stimulated human placental explants. ELISA was performed to determine 
levels of (A) TNFα, (B) IL-6, (C) IL-10, (D) IL-8 and (E) GM-CSF after incubation with DMA or SB 202190 in the presence of LPS after 20 h. 
Data shown are means ± SEM of experiments done in duplicate (n = 7). * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; **** P ≤ 0.0001.

Figure 5. DMA prevents LPS-stimulated IκBα degradation but does not affect levels of MAPK pathway proteins in RAW 264.7 cells. 
(A) Time profile analysis of IkBα degradation was determined by immunoblot of IkBα from whole-cell lysate of RAW 264.7 cells at 
various time points after incubation with LPS (1 μg mL−1). (B) The effect of various concentrations of DMA on IkBα degradation was 
determined in the presence or absence of LPS for 15 min. (C) Graphical summary of the relative densities of IkBα expression in 
panel B quantified using ImageJ software. (D) Immunoblots of downstream proteins of the MAPK pathway after incubation with 
DMA in the presence of LPS. Representative immunoblots are shown and data are means ± SEM from three independent experi-
ments. ** P ≤ 0.01; **** P ≤ 0.0001.
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DISCUSSION
Inflammation-associated preterm birth 

continues to account for most cases of 
perinatal morbidity and mortality in the de-
veloped world. Safe and effective pharma-
cotherapy to prevent inflammation-driven 
preterm labor has remained elusive, partly 
because of toxic or teratogenic effects of 
potential therapies. Prior to using DMA 
in these experiments, we determined 
the highest concentration of DMA that 
did not reduce cell viability in the pres-
ence of LPS. Our experiments revealed 
that DMA does not cause significant 
toxicity in any of the three cell lines we 
used in this work at concentrations up to 
10 mM. This concentration is equivalent 
to 871 mg/L of DMA. Although there is 
no reliable way to convert this in vitro 
concentration to an in vivo dose, we can 
approximate based on the presumption 
of a one-compartment model that this 
concentration is equivalent to a dose of 
0.87 g/kg in mice or 0.07 g/kg in hu-
mans. This estimated amount is much 
lower than the reported oral LD50 of  
4.6 g/kg in mice (40). In addition, this  
estimated concentration is also lower than 
what we previously used (1.6 g/kg) in our 
in vivo experiments, which successfully 
showed the positive effect of DMA with-
out producing toxic effects in either mice 
dams or fetuses (35). Those previous 

with increasing concentrations of DMA 
in the presence of LPS did not signifi-
cantly change the expression of p-JNK, 
p-ERK1/2 or p-p38 MAPK (Figure 5D, 
Lanes 3–5) as compared with the con-
trols. Similarly, the expression levels of 
the native forms of these proteins were 
not affected by DMA, as manifested  
by the uniform band densities across 
the treatment groups (Figure 5D,  
Lanes 3–5).

DMA Inhibits the Transcriptional 
Activity of NF-κB but Not AP-1 or C/EBP

The transcriptional activity of NF-κB 
and AP-1, but not C/EBP, was significantly 
stimulated by LPS, based on their  
respective luciferase reporter assays 
(data not shown). DMA, at 10 mM,  
significantly inhibited (p <0.0001) NF-κB 
transcriptional activity in the presence  
of LPS (Figure 6A). It did not affect 
AP-1–driven transcription (Figure 6B), 
but significantly enhanced transcrip-
tional activity of C/EBP (Figure 6C). As 
expected, BAY 11-7082 (5 μM) signifi-
cantly inhibited transcription of the NF-κB 
luciferase reporter (p <0.001) (Figure 6A) 
but enhanced AP-1 and C/EBP transcrip-
tional activities (Figures 6B–C). DMSO, the 
vehicle for BAY 11-7082, had no significant 
effect on the transcriptional activity of NF-
κB, AP-1 or C/EBP (Figures 6A–C).

that the levels of IκBα increased with  
increasing concentrations of DMA  
(Figure 5C). Data were normalized 
using β-actin, and statistical analysis of 
the relative densities of IκBα revealed 
that the highest concentration of DMA 
(10 mM) significantly (p <0.01) inhibited 
IκBα degradation relative to the LPS 
control (Figure 5C). We performed a 
similar experiment in human placental 
explants, aimed at testing the effect 
of varying concentrations of DMA on 
LPS-induced IκBα degradation. Although 
LPS produced only a slight decrease in 
IκBα levels detected in placental lysates 
by immunoblotting, levels trended back 
up with increasing concentrations of 
DMA (Figure S5).

The effect of DMA on phosphory-
lation of downstream proteins in the 
MAPK signaling pathway was evalu-
ated in LPS-induced RAW 264.7 cells by 
Western blotting of the phosphorylated 
and native forms of JNK, ERK1/2 and 
p38 (Figure 5D). Bands for phosphor-
ylated JNK, ERK1/2 and p38 MAPK 
(p-JNK, p-ERK1/2 and p-p38 MAPK) 
were seen 15 min after exposure to LPS 
(Figure 5D, Lane 2). In contrast, bands 
were barely detected in the untreated 
controls (Figure 5D, Lane 1), with 
the exception of p-p38 MAPK, where 
bands were seen. Incubation of cells 

Figure 6. DMA decreases transcriptional activity of NF-κB but not AP-1 or C/EBP. Luciferase activity was evaluated using the DualGlo 
luciferase reagent system after DMA and BAY 11-7082 in LPS-stimulated HEK 293/TLR4 cells transiently transfected with (A) NF-κB-Luc, 
(B) AP-1-Luc and (C) C/EBP-Luc reporter plasmids. The activity of Renilla-Luc was used to normalize the data. DMSO was included as 
a vehicle control. Data shown are means ± SEM of at least three independent experiments done in triplicate. ** P ≤ 0.01; *** P ≤ 0.001; 
**** P ≤ 0.0001.
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our explant model (data not shown). This 
might be explained by the concentration of 
BAY 11-7082 we used in the experiments, 
only 5 and 10 μM. Others have reported sig-
nificant inhibition of the NF-κB-dependent 
production of proinflammatory cytokines 
using 50 μM of BAY 11-7082 (58,59). We 
found this concentration to be cytotoxic to 
RAW 264.7 and JEG-3 cells, as determined 
by our MTT assay (data not shown).  
In addition, it has been reported that BAY 
11-7082 is cytotoxic at 30 μM (60).

In our PTB mouse model, we showed 
that DMA downregulates TNFα and IL-6 
in the placenta, delaying parturition and 
decreasing the number of pups dropped 
(35). These cytokines are involved in 
transforming the uterus from a quiescent 
to an active state (61–63). In addition, our 
current data show that DMA inhibits IL-8 
secretion. IL-8 is an important paracrine 
mediator of inflammation that amplifies 
inflammatory signals by demargination, 
activation and chemotaxis of inflam-
matory cells to the site of injury (64,65). 
Interestingly, we also demonstrated an 
increase in intravascular polymorphonu-
clear (PMN) cells in the murine placenta 
and uterine tissues in the presence of LPS 
in vivo, which was significantly reduced 
by DMA (35). Thus, these new data from 
our placental explant model showing 
the same reduction in TNFα, IL-6 and 
IL-8 corroborate our previous findings 
and further provide strong evidence of 
DMA’s antiinflammatory activity and its 
potential value in the treatment of PTB.

Another exciting finding in the current 
work is the inhibitory effect of DMA on 
GM-CSF secretion in both RAW 264.7 
cells and human placental explants.  
GM-CSF is an important cytokine pro-
duced in the choriodecidua (65). GM-CSF 
has been reported to be involved in fetal 
membrane weakening (66) and in reg-
ulating the maturation and function of 
uterine dendritic cells and macrophages 
as antigen-presenting cells (67). In a 
review by van Nieuwenhuijze et al., 
investigators highlighted the potential 
of GM-CSF as a therapeutic target in 
various inflammatory diseases such as 
arthritis and Alzheimer’s disease (68). 

of iNOS was reported in human placental 
villous tissue, specifically localized in 
Hofbauer cells, and iNOS was found to 
be expressed in syncytiotrophoblast and 
villous vascular endothelium (52).

We have previously shown that DMA 
regulates proinflammatory cytokine and 
chemokine expression in mouse placen-
tal tissue (35). Now, for the first time, 
we report DMA’s effect on regulating 
secreted proinflammatory cytokines and 
chemokines in RAW 264.7 and JEG-3 
cells. Specifically, DMA (10 mM) was 
found to reduce TNFα, IL-6, IL-10 and 
GM-CSF secretion in LPS-induced RAW 
264.7 cells. With respect to JEG-3 cells, 
we found that DMA (0.01–10 mM) re-
duced TNFα-induced IL-6 secretion. 
These findings, along with our data on 
this molecule’s effect on NO and iNOS 
expression, are an important indication 
of the antiinflammatory activity of DMA. 
Importantly, DMA suppressed cytokine 
secretion in cells stimulated by both LPS 
and TNFα, which rules out the possi
bility of DMA’s simply inactivating LPS 
by some direct interaction. Our results 
indicate that DMA (10 mM) significantly 
inhibits secretion of TNFα, IL-6, IL-8 
and GM-CSF in LPS-stimulated human 
placental explants. Remarkably, the 
effects of DMA in reducing TNFα, IL-8 
and GM-CSF were found comparable to 
that of SB202190, a selective p38 MAPK 
inhibitor (35), used here as a control. In 
addition, DMA was also shown to have 
a modest but significant inhibitory effect 
on IL-6 secretion and a trend toward in-
hibiting IL-10 inhibition, which was not 
found to be statistically significant.

The activity of LPS is mediated by 
TLR4, which subsequently activates 
both the NF-κB and MAPK pathways 
(13,53,54). It is not surprising then to see 
that SB202190 was able to suppress secre-
tion of these inflammatory cytokines and 
mediators. Shoji et al. previously reported 
involvement of the MAPK pathway in the 
production of proinflammatory cytokines 
in the choriodecidua (55–57). What was 
unexpected was that BAY 11-7082, an 
NF-κB inhibitor, did not have a significant 
effect on the secretion of these cytokines in 

results, together with our cell viability 
assays, served as the basis for using  
10 mM as the highest concentration in 
the in vitro experiments here.

Investigation of antiinflammatory 
activity in in vitro models is commonly 
performed using various cell lines,  
including human peripheral blood 
mononuclear cells (PBMCs) and murine 
macrophage-like RAW 264.7 cells (41,42). 
In the present work, we first determined 
the effect of DMA on NO−2 secretion as 
an initial evaluation of its antiinflamma-
tory potential in LPS-stimulated RAW 
264.7 cells (43-45). Our data reveal that 
DMA at 10 mM results in a 21% re-
duction in NO−2 levels in LPS-induced 
RAW 264.7 cells, as compared with the 
LPS control. Because DMA is primarily 
metabolized in vivo into MMA (46), we 
explored the possibility that MMA might 
be contributing to the effect of DMA on 
NO secretion. However, the data from 
our experiments using MMA suggest 
otherwise. In fact, MMA resulted in a 
slightly higher level of NO−2 as compared 
with the LPS control, although this was 
not found to be statistically significant.

NO is an important inflammatory 
mediator produced by macrophages 
and other cells in response to bacterial 
products like LPS (47–49). In RAW 264.7 
cells, NO is enzymatically produced in 
the presence of inflammatory stimuli 
through the induction of iNOS (45,50). 
We next determined whether DMA  
affects expression of LPS-induced iNOS 
and, as expected, and in agreement with 
its effect on NO secretion, iNOS expres-
sion was reduced by 10 mM DMA. To 
our knowledge, this is the first time that 
DMA is reported to inhibit iNOS expres-
sion in LPS-induced RAW 264.7 cells. 
We did not find detectable levels of NO−2 
in the cell culture supernatants of JEG-3 
cells or human placental explants after 
incubation with LPS. In JEG-3 cells, we 
tried increasing the concentration of LPS 
to 10 μg mL−1 and prolonging the exposure 
to 72 h, but the findings were similar. This 
could be explained by the absence of iNOS 
in human trophoblast cells, as previously 
reported (51). In another study, the presence 
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implicated as a valuable therapeutic ap-
proach for various conditions including 
cancer (73, 74), chronic kidney disease 
(75), metabolic diseases (76), airway in-
flammatory disease (77), arthritis (78), 
and, in line with our findings in previous 
and current work, PTB (79).

Interestingly, our data do not support 
any significant effect of DMA on the 
MAPK pathway. Phosphorylation of 
JNK, ERK1/2 and p38 MAPK induced by 
LPS was not affected by DMA, as seen 
in the Western blots that we performed. 
To further test whether DMA affects 
the NF-κB and/or MAPK pathways, we 
evaluated its effect on NF-κB and AP-1 
transcriptional activity in LPS-stimulated 
HEK 293 cells overexpressing TLR4 
transfected with NF-κB–Luc, AP-1–Luc or 
C/EBP–Luc reporter genes. Our data  
indicate that DMA inhibits NF-κB–driven 
transcription, thereby shutting down 
NF-κB dimer–driven inflammation, but 
not transcription driven by AP-1 or C/EBP. 
This corroborates our Western blot data, 

DMA’s lack of effect on expression levels 
of JNK, p-JNK, ERK 1/2, p-ERK 1/2, p38 
MAPK and p-p38 MAPK indicates that it 
specifically suppresses the NF-κB path-
way. The unchanged levels of MAPK 
pathway proteins further show that the 
effects of DMA reported here cannot be 
explained by DMA’s simply decreasing 
cell viability. The precise mechanism 
by which DMA prevents IκBα degra-
dation—ie, whether it inhibits IKK and 
prevents IκBα from being phosphory-
lated, whether it affects degradation of 
phosphorylated IκBα by the proteasome, 
or both—remains to be determined. We 
speculate that DMA inhibits phosphor-
ylation of IκBα by IKKs, which in turn 
leads to inhibition of IκBα degradation. 
But why DMA selectively inhibits these 
kinases and does not affect the phos-
phorylation of JNK, ERK1/2 and p38 
MAPK remains to be determined. Fur-
ther investigation is warranted to answer 
this important question. Significantly, 
inhibition of IκBα and IKKs has been 

Further, Bozinovski et al. showed that 
LPS-induced lung inflammation is ame-
liorated by neutralizing GM-CSF (69). 
Finally, elevated levels of GM-CSF, in 
addition to IL-6 and IL-8, were recently 
found in amniotic fluid in the setting of 
infection (70). Thus, we are excited to 
find that DMA has an inhibitory effect 
on GM-CSF secretion in the presence of 
LPS, which could be further explored to 
establish DMA’s potential as an antiin-
flammatory agent in various settings.

IL-10 is a key antiinflammatory cytokine 
primarily produced by macrophages 
and monocytes. It inhibits production 
of proinflammatory cytokines such 
as TNFα, IL-1β, IL-6 and IL-8 (71,72). 
In the present study, we observed a 
decrease in IL-10 after treating RAW 
264.7 cells with DMA in the presence 
of LPS. A similar trend was seen in the 
placental explants, although the results 
did not reach statistical significance. 
This is opposite to what we expected 
and also contrary to what we have  
observed in vivo (35). We speculate that 
this unexpected result might be due 
to the stark difference in the samples 
used, wherein lysates from whole pla-
cental tissues from our in vivo model 
were analyzed in our previous study, 
while 264.7 cell supernatants were 
tested in the current work. Another  
factor is the complexity of the in vivo 
system, where the effects of other or-
gans, tissues and cells may contribute 
to the observed effect, as compared 
with the more controlled setting of a 
specific cell or tissue.

In the present study, we demonstrate 
that DMA significantly inhibits IκBα degra-
dation in a concentration-dependent manner. 
As illustrated in Figure 7, increased intracel-
lular concentrations of IκBα, in turn, inhibit 
the nuclear translocation of the NF-κB 
dimer and subsequent transcription of 
specific inflammatory mediators, thus ex-
plaining the decrease in proinflammatory 
cytokine secretion observed in both the  
in vitro and ex vivo experiments reported 
here. In addition, we demonstrated previ-
ously that DMA inhibits nuclear translocation 
of NF-κB using immunofluorescence (35). 

Figure 7. DMA prevents p50/Rel driven transcription of inflammatory cytokine genes by 
inhibiting IκB degradation.
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where DMA was found not to affect the 
level of phosphorylated JNK, ERK1/2 
and p38 MAPKs in LPS-stimulated RAW 
264.7 cells.

CONCLUSION
DMA inhibits production of NO and 

proinflammatory cytokines and chemo-
kines in vitro and ex vivo. Further, we 
show for the first time that this effect is 
brought about by DMA’s ability to block 
IkBα degradation and NF-κB–driven 
transcription. Taken together, our previ-
ous in vivo PTB data and the in vitro,  
ex vivo and in vivo data presented here es-
tablish DMA as a novel antiinflammatory 
agent and further strengthen its potential 
use not only in PTB, but in the manage-
ment of a wide array of human diseases.
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