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Sepsis is one of the most severe complications and causes of mortality in the clinic. It remains a great challenge with no effective
treatment for clinicians worldwide. Inhibiting the release of proinflammatory cytokines during sepsis is considered as an important
strategy for treating sepsis and improving survival. In the present study, we have observed the effect of dimethyl fumarate (DMF) on
lipopolysaccharide- (LPS-) induced sepsis and investigated the possible mechanism. By screening a subset of the Johns Hopkins Drug
Library, we identifiedDMF as a novel inhibitor of nitric oxide synthesis in LPS-stimulated RAW264.7 cells, suggesting that DMF could
be a potential drug to treat sepsis. To further characterize the effect of DMF on LPS signaling, TNF-α, MCP-1, G-CMF, and IL-6
expression levels were determined by using cytokine array panels. In addition, an endotoxemia model with C57BL/6 mice was used to
assess the in vivo efficacy of DMF on sepsis. The survival rate was assessed, and HE staining was performed to investigate histopatho-
logical damage to the organs. DMF was found to increase the survival of septic mice by 50% and attenuate organ damage, consistent
with the reduction in IL-10, IL-6, and TNF-α (inflammatory cytokines) in serum. In vitro experiments revealedDMF’s inhibitory effect
on the phosphorylation of p65, IκB, and IKK, suggesting that the primary inhibitory effects of DMF can be attributed, at least in part, to
the inhibition of phosphorylation of IκBα, IKK as well as nuclear factor-κB (NF-κB) upon LPS stimulation. The findings demonstrate
that DMF dramatically inhibits NO and proinflammatory cytokine production in response to LPS and improves survival in septic
mice, raising the possibility that DMF has the potential to be repurposed as a new treatment of sepsis.

1. Introduction

Inflammation, an initial host immune reaction, is critical for
the host’s defense against microbial infection, injury, and stress
[1–3]. As such, it plays an essential role in protecting the host

from bacterial and viral infections. Excessive or inappropriate
inflammatory responses, on the other hand, frequently contrib-
ute to the pathology of numerous illnesses, including sepsis,
cancer, allergies, and asthma [4–7]. Sepsis can be caused by a
wound, bacteria, or bacterial toxins like lipopolysaccharide
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(LPS), which is considered caused by the hosts’ overreaction to
an inflammatory agent [8, 9]. Preventing and treating sepsis
requires early control of inflammatory overreaction [10, 11].

Macrophages are an essential component involved in the
pathophysiology of the overreaction of inflammatory responses
[12, 13]. LPS is a glycolipid present in Gram-negative bacteria’s
outer membrane and activates macrophages through binding to
toll-like receptor 4 (TLR-4) [14]. Activated macrophages pro-
duce inflammatory cytokines such as interleukin-6 (IL-6),
tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), as
well as inflammatory mediators like nitric oxide (NO) [15, 16].

To identify new inhibitors of LPS-induced production of
proinflammatory mediators, we set up a cell-based screen
using NO as a readout. Using this assay, we screened the
Johns Hopkins Drug Library. Among the most interesting

hits is dimethyl fumarate (DMF, Figure 1(a)). DMF was ini-
tially approved for the treatment of psoriasis in Germany in
1994 under the trade name Fumaderm [17]. In March 2013,
DMF in a new formulation, BG-12 (brand name Tecfidera),
was approved as first-line therapy for multiple sclerosis (MS)
by the US Food and Drug Administration (FDA) [18]. The
exact mechanism of action of DMF remains incompletely
understood. We further characterized the likely molecular
mechanism of inhibition of LPS signaling by DMF in vitro
and determined its effect on LPS-induced sepsis in vivo.

2. Materials and Methods

2.1. Chemicals and Reagents. Sigma Chemical Co. (St. Louis,
MO) provided DMF, LPS (Escherichia coli 055:B5), and
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FIGURE 1: DMF effects on LPS-induced NO synthesis and iNOS expression. (a) Chemical structure of DMF. (b, c) Inhibition of LPS-stimulated
NO synthesis and iNOS expression by DMF. LPS or LPS as well as various concentrations of DMF (10, 20, 40, and 80 µM) were used to treat
RAW264.7 cells. On x-aixs, the first 0 corresponds to the blank group and the second 0 corresponds to the LPS stimulation group (without
DMF). NO synthesis was evaluated by Griess reagent and expression of iNOS was performed by western blot. The protein levels of iNOS were
statistical analyzed by semi-quantitation method. The values represent the meanÆ SD of three separate experiments and Student’s t-test was
utilized for evaluating the differences in the mean values. ∗Suggests significant difference between the indicated two groups (P<0:05).
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dimethylsulfoxide (DMSO). Invitrogen Gibco (Grand Island,
NY) provided penicillin, streptomycin, fetal bovine serum
(FBS), and Dulbecco’s modified Eagle’s medium (DMEM).
Polyclonal antibodies against phospho-p44/42 MAPK
(Erk1/2), IKKα, and IκBα, monoclonal antibodies against
phosphor-IKKα/β, phosphor-IκBα, NF-κb p65, and phos-
phor-NF-κB p65 were supplied by the Cell Signaling Technol-
ogy Inc. (Beverly,MA). Polyclonal antibodies against GAPDH,
iNOS, and ERK1 were bought from Santa Cruz Biotechnology
(CA). GE Healthcare (Buckinghamshire, UK) provided
goat–mouse secondary antibodies as well as HRP-conjugated
anti-rabbit. We bought polyvinylidenefluoride (PVDF)
membrane from Whatman GmbH (Germany). Thermo Fisher
Scientific Inc. (Pierce, Rockford) provided Pierce ECL western
blotting substrate. The Cytometric Bead Array (CBA) Mouse
Cytokine Kit was purchased from BD (Becton, Dickinson and
Company, USA). The rest of the chemicals were of reagent grade.

2.2. Cell Culture and Model Animals. The American Type
Culture Collection (ATCC) supplied the murine macrophage
cell line RAW264.7, cultured in DMEM with 10% heat-
inactivated FBS, penicillin (100U/ml), as well as streptomycin
(100μg/ml). The cells were incubated at 37°C in a humidified
environment containing 5% CO2 and subcultured every
2 days. The male C57Bl/6 mice (20–25 g) were obtained
from the Experimental Animal Center of NMU in China
and Jackson Laboratory in the USA. They were kept in a
controlled environment (23Æ 3°C, 50Æ 10% humidity, and
12hr day/night rhythm) and fed standard laboratory chow.
Animal experiments were approved by Johns Hopkins Uni-
versity Animal Care and Use Committee (ACUC) in accor-
dance with the Guide for Care and Use of Laboratory Animals
published by U.S. National Institutes of Health (NIH).

2.3. Determination of NO Synthesis. The amount of nitrite
accumulated in the incubation media was used to determine
NO synthesis. RAW264.7 cells were plated at a density of
5× 105 cells/well in 6-well plates. After 24 hr of incubation,
the cells were treated for 18 hr with 0.1 µg/ml LPS supple-
mented with different concentrations of DMF. An aliquot of
50 µl of culture supernatant was combined with 50 µl of
Griess reagent (1% sulfanilamide and 0.1% naphthylethyle-
nediamine dihydrochloride in 2.5% phosphoric acid) and
then incubated for 15min at room temperature. Then, the
absorbance at 540 nm was measured using OPTIMA plate
reader. A sodium nitrite standard curve was used to calculate
the nitrite concentrations.

2.4. Western Blot. RAW264.7 cells were plated at a density of
5× 105 cells/well in 6-well plates. After incubation for 24 hr,
before being stimulated with 0.1 µg/ml LPS for 15min, we
pretreated the cells with various concentrations of DMF for
15min. After discarding the supernatant, the cells were
washed with cold PBS twice. Subsequently, lysis buffer
(50mM Tris·HCl, pH 7.4, 150mM NaCl, 1% Triton X-100
1% sodium deoxycholate, 0.1% SDS, 20mM β-glyceropho-
sphate, 1mM phenylmethylsulfonylfluoride, 2mM p-nitro-
phenylphosphate, and 1 : 50 protease inhibitor) was used to
lyse the cells for 30min on ice. The lysates were resolved by

10% SDS-PAGE and proteins were transferred into PVDF
membranes. Then, we treated the membranes with specified
primary antibodies overnight at 4°C after blocking with 5%
BSA in TBST buffer at room temperature for an hour. The
membranes were rinsed three times with TBST before being
incubated for 1 hr with HRP secondary antibodies at room
temperature. Chemiluminescence substrates were used to
detect the HRP signal on the membrane.

2.5. Endotoxaemia Model. Sixty-six male C57BL/6 mice (7–8
weeks old) were included in the study. To investigate the
survival rate, 30 mice were randomly divided into three
groups using the random number table (n= 10 per group):
control group, LPS group and DMF group. The mice in
control group were given neither LPS nor DMF, and the
mice in LPS group were intraperitoneally injected with LPS
(20mg/kg) to induce the endotoxemia model. The mice in
DMF group were orally given DMF (dose: 30mg/kg body
weight) in 0.08% methocel as carrier solution twice a day for
two consecutive days, then LPS (20mg/kg) was intraperito-
neally administered to the mice in the DMF group. The death
time of these mice was recorded, and the survival rate was
determined using a log-rank statistical approach. To investi-
gate the DMF effects on the organ and the blood sampling in
LPS-induced septic mice, 36 mice were randomly assigned to
three groups (n= 12 per group): control group, LPS group,
and DMF group. The treatment methods of each group were
the same as the above-mentioned investigation experiments
of survival rate. The lung, kidney, and liver samples were
obtained after 24 hr of establishing the sepsis model, and
blood samples were collected in different groups at indicated
hours. The tissues were fixed in 10% formalin for 24 hr, and
the fixed tissues were embedded in paraffin for H&E stain-
ing. H&E-stained 5-µm-thick slices were imaged using a
fluorescence microscope (Leica, German). Serum samples
were stored at −80°C prior to analysis. All mice were anes-
thetized via intraperitoneal injection with 1% sodium pento-
barbital (50mg/kg). The mice were euthanized with 100%
carbon dioxide.

The injury scores were determined according to a previously
established method [19]. Alveolar congestion, hemorrhage, neu-
trophil infiltration into the vessel wall or airspace, and the alveo-
lar wall thickness/formation of the hyaline membrane were used
to calculate the lung injury score. Hemorrhage, inflammatory
cell infiltration, and necrosis of hepatocytes in the liver tissue
were used to calculate the liver injury score. The kidney injury
score was as per the renal tubule injuries as well as the shrunk
glomerulus. Two independent pathologists blindly assessed
histopathological abnormalities in the lung, liver, and kidney
samples.

2.6. Mouse Cytokine Array Panel. Each array unit was filled
with 100 μl culture medium supernatant, and each mem-
brane needs to be sealed with 2ml of the corresponding array
buffer and incubated on the shaking table for 1 hr. The dilu-
tion of the sample was done in the matching array buffer
with 1.5ml volume per hole, and the sample was then incu-
bated for an hour at room temperature with the diluted test
antibody. The appropriate array unit was then introduced,
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followed by overnight incubation at 4°C with the array protein
membrane. After three washes with wash buffer, streptavidin-
HRPwas added, followed by a 0.5 hr of incubation and shaking
of the membrane at room temperature. The film was washed
thrice using wash buffer, and then each hole was filled with 1ml
of chemical reagent. Subsequently, we developed the color
using a chemiluminescence imager. Professional software was
used to examine the data.

2.7. Mouse Cytometric Bead Array. The mixed capture beads
were vortexed before 50 μl of bead suspension was aliquoted
to all assay tubes. An aliquot of 50 μl of mouse cytokines
standard dilutions or serum to the tubes. The mixtures
were incubated for 2 hr at room temperature, protected
from light. Add 1ml wash buffer to each assay tube and
centrifuge at 200 g for 5min. Carefully aspirate the superna-
tant from each assay tube and discard. Add 300 μl of wash
buffer to each assay tube to resuspend the bead pellet. Add
50 μl of each of the following to the wells in the filter plate
and cover the plate and shake it for 5min at 1,100 rpm on a
plate shaker. Add 120 μl of wash buffer to each well to resus-
pend the beads and cover the plate and shake it for 2min at
1,100 rpm before collecting samples. Analyze cytokine data
using FCAP Array software.

2.8. Statistical Analysis. Employing SPSS v.20.0, data were
analyzed by one-way analysis of variance (ANOVA) as well
as Student’s t-test. The least significant difference approach
was employed for determining the variation across the
groups, and the significance threshold was set at P<0:05.
The outcomes were shown as meanÆ standard deviation.

3. Results

3.1. Screening and Validation of DMF as an Effective Hit for
Inhibiting NO Production in RAW Cells. We screened a sub-
set of the Johns Hopkins Drug Library in an LPS-stimulated
NO production assay using RAW264.7 cells and DMF
emerged as one of the most interesting hits. In response to
LPS stimulation, DMF inhibited LPS-stimulated NO produc-
tion in RAW264.7 cells in a dose-dependent manner
(Figure 1(b)). Next, we determined the effect of DMF on
the level of iNOS (inducible nitric oxide synthase), whose
expression has been reported to be upregulated by LPS sig-
naling. We observed that, similar to NO, LPS-induced iNOS
expression is also inhibited by DMF in a dose-dependent
manner, suggesting that the inhibition of NO byDMF is likely
secondary to its inhibition of iNOS expression (Figure 1(c)).

3.2. DMF’s Effects on the Production of Inflammatory
Cytokines. We determined the effect of DMF on the produc-
tion of inflammatory cytokines in response to LSP treatment
using aMouse Cytokine Array Panel. As shown in Figure 2(a),
after LPS stimulation of RAW264.7 cells, the expression levels
of several cytokines increased among the 40 cytokines moni-
tored. Upon DMF treatment, the protein levels of various
cytokines were significantly decreased in comparison to the
control. Among them, TNF-α, G-CMF, IL-6, and MCP-1
decreased appreciably compared with the LPS control group
(Figure 2(b)).

3.3. DMF Protected against Mortality and Attenuated
Excessive Inflammation in Septic Mice. To assess the effect
of DMF on sepsis in vivo, we developed a mouse model of
severe sepsis. The mice had 100%mortality at 74 hr after LPS
injection. Treatment with DMF prior to the LPS challenge
increased the survival rate by 50% compared with the control
group (Figure 3(b)). We also detected the levels of inflam-
matory factors in the serum of mice by using mouse cytokine
array panels in each group at 6, 12, and 24 hr after the inter-
vention. The expression levels of IL-6, TNF-α, and IL-10
were found to be substantially higher in septic mice as
expected [16]. The highest concentration of TNF-α and
IL-10 was observed at 6 hr post-LPS injection, while the
highest concentration of IL-6 appeared at 12 hr. Importantly,
treatment with DMF significantly inhibited the upregulation
of IL-6, TNF-α, and IL-10 throughout the course of the
experiments (Figure 3(c)).

3.4. DMF Attenuated Multiple Organ Injury in LPS-Induced
Sepsis. A hallmark of sepsis is multiple organ injury. We
performed histopathological analyses of mice treated with
DMF at 24 hr post-LPs injection. Tissue sections of the
lung, kidney, and liver were stained with H&E. Upon LPS-
induced sepsis, the lung, liver, and kidney all had significant
injury that are manifested as inflammatory cell infiltration,
hemorrhage, and cell death (Figure 4). The administration of
DMF significantly alleviated the organ tissue damage of the
lung, liver, and kidney, and the pathological scores of each
organ were improved compared with those of the septic mice.

3.5. Effects of DMF on LPS-Induced Activation of the NF-κB
Signaling Pathway. The transcriptional activation of iNOS
expression by LPS requires the activation of NF-κB among
other transcription factors [16]. It has been reported that
DMF is capable of inhibiting the phosphorylation as well
as nuclear translocation of the p65 subunit of NF-κB during
dendritic cell maturation [20]. We thus determined the
effects of DMF on LPS-stimulated NF-κB activation. DMF
inhibited the phosphorylation of p65 (Figure 5), similar to
what was observed in dendritic cells. Aside from p65, how-
ever, we found that the phosphorylation of IκB, as well as
IKK in response to LPS treatment was also inhibited by DMF
(Figure 5), suggesting that the site of action of DMF in LPS-
stimulated RAW267.4 macrophage line lies upstream of p65.
Together, these findings indicated that DMF’s inhibitory
effect on NO production as well as inflammatory cytokine
production can be attributed to the suppression of NF-κB
activation by LPS through inhibition of a target that lies
upstream of IKK.

4. Discussion

Sepsis is among the most severe complications and causes of
mortality, leading to over 8 million deaths annually world-
wide [13, 21]. Despite extensive clinical and basic research
that has led to some progress in the management of several
areas of sepsis, the therapeutic efficacy of existing drugs
against sepsis remains limited. The current clinical treatment
of sepsis is still mainly supportive treatment, which requires
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FIGURE 2: Effects of DMF on TNF-α, IL-6, G-CMF, and MCP-1 production by LPS-activated murine macrophages. RAW264.7 cells
underwent incubation with DMF and subsequent treatment with 10 μg/ml LPS. (a) Cytokine array panel was represented by the membrane.
The production of several cytokines was shown by rounded black spots, and the gray value of each cytokine was determined. (b) The results
indicated that, compared with the blank group, the expressions of TNF-a, IL-6, G-CMF, and MCP-1 were significantly increased after LPS
stimulation. However, after DMF administration, the gray values of TNF-a, IL-6, G-CMF, and MCP-1 were decreased, respectively,
compared with LPS control. The values are presented as the meanÆ SD of three different samples. The student’s t-test was employed for
determining statistical significance. ∗P<0:05.
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a lot of resources such as intensive care for patients, but can
only provide limited efficacy.

Pathologically, sepsis leads to fatal organ dysfunction
resulting from a dysregulated response to infection [13, 22].
Mechanistically, sepsis is typically initiated and driven by vari-
ous pathogen-related molecular patterns (PAMPs), which are
released by pathogenic microorganisms and recognized by the
host’s receptors, eventually leading to tissue and organ damage
or failure, and deaths. In sepsis, bacterial-LPS endotoxin can be
recognized by TLR whose activation induces macrophages to
release large amounts of proinflammatory cytokines, caus-
ing cytokine storms [9, 23]. These proinflammatory factors
can cause damage to the structure and activity of important
organs such as the lung, liver, and kidney, culminating in
multiple organ dysfunction syndrome (MODS) and even-
tual mortality. Hence, inhibiting the release of proinflam-
matory cytokines during sepsis is considered an important
strategy for treating sepsis and improving survival.

NO is known as an important inflammatory mediator.
Upregulation of NO by activated macrophages in response to

certain stimuli has been implicated in inflammation, cyto-
toxicity, and immune disorders [24]. Therefore, inhibition of
NO production can be an effective way to reduce inflamma-
tion. By screening a subset of the Johns Hopkins Drug
Library for inhibitors of LPS-stimulated NO synthesis in
RAW264.7 cells, we found that DMF to be a promising
anti-inflammatory agent (Figure 1(a)). In the follow-up
experiments, we found that DMF is capable of inhibiting
LPS-stimulated NO synthesis in a dose-dependent manner
(Figure 1(b)). Furthermore, we found that the inhibitory
effect of DMF on NO synthesis was secondary to the reduc-
tion of iNOS expression (Figure 1(c)).

Macrophages are important participants and regulatory
cells in sepsis-related inflammatory responses [12]. Macro-
phages can recognize LPS released by Gram-negative bacteria
through TLRs, leading to excessive expression of inflamma-
tory factors, including IL-1β, TNF-α, and IL-6, which are
considered the leading cause of multiple organ dysfunction
in the early stage of sepsis [25]. In the present work, we found
that DMF is a novel inhibitor of LPS-induced NO synthesis.
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FIGURE 3: DMF protected against mortality and attenuated excessive inflammation in septic mice. C57BL/6 mice were administered DMF
(30mg/kg, gavage) or vehicle (saline) 30min through injection before LPS injection (20mg/kg, i.p.), survival was noted at various times, and
the sera were collected. (a) The model diagram of the animal experiment is shown. (b) The log-rank test was employed to evaluate the
statistical significance of survival rate. The mice had 100% mortality at 74 hr in the sepsis model. Treatment with DMF before the LPS
challenge could increase the survival rate of mice by 50% compared with the sepsis model group. (c) Mouse cytokine array panel was to assess
the generation of TNF-α, IL-6, and IL-10. The cytokines were inhibited after DMF administion in comparison with the LPS control group.
The data are presented as the meanÆ SD of three independent samples. The student’s t-test determined the statistical significance. ∗P<0:05.
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Importantly, we found that DMF also inhibited the LPS-
induced cytokine production in LPS-stimulated RAW264.7
cells, including IL-6, G-CMF, TNF-α, and MCP-1 (Figure 2),
suggesting that DMF may have the potential to treat various
inflammation-related diseases including sepsis.

DMF not only inhibited LPS-induced NO and proin-
flammatory cytokine production in vitro, but also worked
in vivo in a murine sepsis model. We found that DMF sig-
nificantly reduced the mortality of LPS-induced sepsis mice.
The tissue damage and inflammatory cell infiltration of vital

Sham LPS DMF

Lung

Liver

Kidney

ðaÞ

Sham LPS DMF

5

Lu
ng

 in
ju

ry
 sc

or
e 4

3

2

1

0

∗ ∗

Sham LPS DMF

5

Li
ve

r i
nj

ur
y 

sc
or

e 4

3

2

1

0

∗ ∗

Sham LPS DMF

5

Ki
dn

ey
 in

ju
ry

 sc
or

e 4

3

2

1

0

∗ ∗

ðbÞ
FIGURE 4: DMF attenuated multiple organ injury in LPS-induced sepsis mice. After sepsis mouse modeling and DMF treatment, different
organ tissues were harvested 24 hr after LPS injection. (a) The outcomes demonstrated H&E staining of the lung, liver, and kidney tissue
sections from the specified group. (b) The injury scores of lung, liver, and kidney were shown in the figure. The results show that DMF could
significantly reduce the damage of lung, liver, and kidney tissue caused by sepsis, and the results are shown as the meanÆ SEM for each. The
figure represents three independent experiments. ∗P<0:05.
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organs such as lung, liver, and kidney were significantly
reduced in DMF-treated septic mice, suggesting that DMF
could alleviate the pathological damage of organs caused by
LPS (Figure 4).

DMF has shown potent anti-inflammatory effects. It has
been reported that DMF exerts potential anti-inflammatory

and antioxidative effects through the nuclear factor erythroid
2-related factor 2 pathway as well as NF-κB nuclear translo-
cation [26–28]. NF-κB is a major transcriptional factor in
modulating the immune and inflammatory responses [29].
There are five NF-κB members in mammalian cells, p50, p52,
RelA (p65), c-Rel, and RelB, with the best characterized
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FIGURE 5: Effects of DMF on the LPS-induced NF-κB signaling pathway. RAW264.7 cells were pretreated with varying concentrations of DMF
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being the p50/p65 heterodimer [30]. In most cell types, NF-
κB complexes are present in an inactive state sequestered in
the cytoplasm by its inhibitor IκB [31]. Upon activation of
TLRs by LPS, IKK undergoes phosphorylation, which in turn
phosphorylates IκB, leading to its ubiquitination and degra-
dation by the proteasome, releasing the bound NF-κB com-
plex. Free NF-κB subsequently translocates into the nucleus
where it initiates transcriptional activation of its target genes.
The primary mode of inhibition of NF-κB by DMF has been
reported to be caused by its inhibition of p65 phosphoryla-
tion in dendritic cells [20, 32, 33]. In contrast, we observed
that DMF inhibited the phosphorylation of IKK in a dose-
dependent manner, suggesting that the site of action of DMF
in macrophages lies upstream of IKK. The precise molecular
target remains to be identified.

Although our study demonstrates that DMF could inhibit
NO and proinflammatory cytokine production in response to
LPS and improve survival in LPS-induced septic mice, several
limitations emerge from our study. Sepsis can cause complex
pathological and physiological processes, of which LPS-
induced endotoxemia is an important aspect. Due to the
varied nature of sepsis, it is unlikely that LPS-induced endotox-
emiamodel involved in our study couldmimic all aspects of the
clinical and biological complexity of the disease encountered in
humans. Therefore, in the future, we can detect the role of
DMF in other animal models that better reflect sepsis, in order
to facilitate the future clinical application of this small mole-
cule drug.

5. Conclusion

DMF has been used as a treatment for MS and other diseases
for a long time. It has been used in the chronic settings in MS
patients and is well-tolerated. The results presented in this
study raise the exciting possibility that it may be effective in
treating sepsis through its inhibition of the LPS-induced
NF-κB signaling pathway in macrophages.
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