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ABSTRACT
Background: Characterized by macrophage infiltration, renal inflammation during septic acute
kidney injury (AKI) reveals a ubiquitous human health problem. Unfortunately, effective therapies
with limited side effects are still lacking. This study is aiming to elucidate the role of Dimethyl
fumarate (DMF) in macrophages against oxidative stress of septic AKI.
Methods: Balb/c mice were gavaged by 50mg/kg DMF then injected with 10mg/kg LPS by i.p.
We examined LPS-induced renal dysfunction and histological features in murine kidneys.
Raw264.7 macrophage cells were also treated with DMF and then induced by LPS. The mito-
tracker staining was used to follow mitochondria integrity by confocal microscopy. Flow cytome-
try measured the production of ROS by DCF-HDA and the expression of iNOS. Western blot
detected the expression of Nrf-2 and Sirt1. Co-IP measured the interaction between Sirt1 and
Nrf-2. Confocal microscopy observed the colocalization of Sirt1 and Nrf-2 in LPS-treated
Raw264.7 macrophage cells.
Results: DMF ameliorated murine LPS nephritis with reduced blood urea nitrogen and serum
creatinine, as well as decreased the histological alterations compared to the normal control. DMF
significantly inhibited the expression of iNOS and reduced the production of nitrite in Raw264.7
cells following LPS treatment. Our study also revealed the role of DMF in protecting against
intracellular ROS accumulation and mitochondria dysfunction in LPS-induced nephritis. DMF
facilitated colocalization and interaction between Sirt1 and Nrf-2 in LPS-treated cells.
Conclusions: This study showed that DMF alleviated LPS-induced nephritis, indicating protective
effects of DMF on macrophage against oxidative stress induced by LPS potentially involving Nrf-
2-mediated pathway.
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Introduction

Sepsis involving acute kidney injury (AKI) is the statistic-
ally leading cause of mortality in general ICU patients
[1,2]. Since there is no effective therapy with limited
side effects for septic AKI, it still remains a great chal-
lenge for both scientists and clinicians to control this
disease [3]. Regarded as a major feature of pathogen-
esis, continued activation of macrophages may contrib-
ute to intensified septic response [4].

Macrophage malfunction is closely associated with
the degree of renal structural injury and kidney

dysfunction in human renal diseases, such as rhabdo-
myolysis-induced kidney injury, polycystic kidney dis-
ease, and diabetic renal injury [5–7]. In the pathological
process, macrophages have been considered as the cru-
cial immune cells for their ability to display diverse
functional phenotypes to respond for different microen-
vironments [8]. There are at least two phenotypically
and functionally distinct subsets for macrophage polar-
ization: classically activated M1 macrophages and alter-
natively activated M2 macrophages [9]. The regulation
of the balance of pro-inflammatory M1 macrophages
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and anti-inflammatory M2 macrophages is an attractive
target for attenuating the renal injury in numerous
inflammatory pathophysiological conditions.

Dimethyl fumarate (DMF) is a methyl ester which
owns some fascinating immuno-modulatory properties.
In 2012, a slow release formulation of DMF was
approved for its treatment to multiple sclerosis [10]. As
a small therapeutic molecule for multiple sclerosis, DMF
can activate cellular antioxidant signaling pathways
through Nuclear factor erythroid 2-related factor 2 (Nrf-
2) [11]. While oral DMF was proved to be effective for
glucocorticoid-resistant lupus nephritis by involving
Nrf-2 [12], the immuno-modulatory role and mechanism
of DMF in septic AKI is still unclear.

To elucidate the unclear mechanism of septic AKI
and further to find its independents risk for adverse
outcome, this study examined the role of DMF in
macrophage against oxidative stress of endotoxin-
induced AKI. Our findings might be useful for designing
potential clinical trials to prevent and treat septic AKI in
critically ill patients.

Materials and methods

Regents and chemicals

Dimethyl fumarate was obtained from Sigma-Aldrich
company (#50744, Sigma-Aldrich, St. Louis, USA).
Tween-20 (#P1379), LPS from Escherichia coli 0111:B4
(#L2690), Nrf-2 agonist Sulforaphane (#S6317) and ROS
inhibitor NAC (#1009005) were also from Sigma.

Establish murine LPS nephritis model

Six to eight week-old female Balb/c mice were pur-
chased from the Western China Experimental Animal
Center of Sichuan University. According to National
Institutes of Health Guidelines in China, all the mice
were treated with human care and kept under tempera-
ture controlled conditions. LPS was dissolved in saline
and i.p. injected the mice at a dosage of 10mg/kg.
According to previous study of Hsu CN and Jing et al.
[13,14], we use 50mg/kg DMF to treat the mice. Mice
were weighed and randomly assigned to four groups:
normal control group, LPS nephritis group, LPSþDMF
group and DMF alone group (n¼ 5 per group). DMF
was freshly prepared in 0.5% Tween-20/PBS. Control
animals received 0.5% Tween-20/PBS as vehicle alone
at the same frequency and volume as DMF. For DMF
treatment, 50mg/kg DMF was gavaged 30min after
LPS injection. Mice were sacrificed after anesthesia by
1.5% pentobarbital sodium i.p. following by LPS injec-
tion. Then the serum and kidney tissues were collected.

Cells

The murine macrophage cell line Raw264.7 (#SC-6003,
Cryosite, Lane Cove, NSW, Australia) was purchased
from the global Bioresource center ATCC. According to
the supplier’s instruction, the cells were cultured in
DMEM with 10% FBS, 100 units/ml penicillin and
100 lg/ml streptomycin. Cells were grown under an
atmosphere condition of 95% air and 5% CO2 at 37 �C.

Assessment of renal function

Blood samples were collected at 24 h after LPS injec-
tion. The levels of blood urea nitrogen (BUN) and serum
creatinine (CREA) were detected by Creatinine (Cr)
Assay kit (C011-2-1, Nanjing Jiancheng Biotech.,
Nanjing, China) with sarcosine oxidase method and
Urea Assay Kit (C013-2-1, Nanjing Jiancheng Biotech.)
with urease method.

Histology and immunohistochemistry

To assess renal injury under optical microscope, murine
kidney sections were fixed in 10% formalin, embedded
in paraffin, cut into 2-lm sections and stained with
hematoxylin-eosin. The dewaxed and hydrated 2-lm
renal tissue sections were incubated with 3% H2O2 for
10min. After washed by PBS for three times, the sec-
tions were blocked with 5% BSA (BP9706100,
Thermofisher Scientific, USA). The incubated the sec-
tions over night with primary antibodies against CD68
(1:200, #ab955, Abcam, Massachusetts, USA), and iNOS
(1:100, #ab15323, Abcam). The sections were then
washed by PBS for three times and stained using the
Polink-2 plus Polymer HRP Detection System (#PV-9001/
9002, ZSGB-Bio, Beijing, China). The result of PAS stain-
ing indicating damage score was interpreted by two
pathological technicians who were doubleblinded.
According to previous study by Zhang J, the damage
score means: “0”¼no damage, “1”¼mild damage,
“2”¼moderate damage and “3”¼severe damage [15].

Nitrite assay

Raw264.7 cells were seeded at 2� 104 cells/well in 96-
well plates (Costar Corning, Rochester, NY) and incubated
in the culture medium overnight. The cells were pre-
treated with various concentrations of DMF (0, 1.25, 2.5,
5, 10, 20 and 40lM) for 5h and then respectively treated
with 1lg/ml LPS for 24, 48 and 72h. The nitrite accumu-
lation in the supernatant was detected by the Griess reac-
tion kit (#S0021, Beyotime, Shanghai, China). Mixed 50ll
cell supernatant with an equal volume of Griess reagent
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and incubated at room temperature for 10min. The
absorbance at 530nm was measured by the Fluoroskan
Ascent Fl (ThermoFisher, USA). A series of known concen-
trations of sodium nitrite was used as standards.

Reactive oxygen species assay

Raw264.7 cells were seeded at 2� 105 cells/well in 6-
well plates (Costar Corning, Rochester, NY) and incu-
bated in the culture medium overnight. The cells were
respectively pretreated with 5 lM DMF and 5 lM SFN
5h before 1 lg/ml LPS induction for 24 h. DCFH-DA
(#S0033, Beyotime) was used to detect the ROS produc-
tion of Raw264.7 cells. The intracellular reactive oxygen
species could oxidize the non-fluorescent DCFH to be
green fluorescent DCF. The fluorescence color change
of DCF indicates the level of intracellular reactive oxy-
gen species. Flow cytometric data for reactive oxygen
assay were acquired using a Novocyte flow cytometer
(ACEA Biosciences) at an excitation of 488 nm and an
emission of 530 nm.

Mitotracker staining

To observe the cell morphology, Raw264.7 cells were
pretreated with 5 lM DMF for 5 h and treated with
1 lg/ml LPS for 24 h. Normal saline was used as the nor-
mal control. The cells were incubated with 100mM
Mitotracker Red FM (#M22426, Invitrogen, USA) for
40min at 37 �C. The cells were then washed with PBS
for three times, stained with DAPI (#M62248, Invitrogen,
USA) for 5min and washed again with PBS for three
times. Images were captured by a confocal microscope
(Leica MicroImaging, Leica TCS SP8, Germany) and proc-
essed by software provided by the manufacturer.

Confocal microscopy

For immunostaining, Raw264.7 cells were seeded at
2� 105 cells/well in 6-well plates (Costar Corning,
Rochester, NY). The cells were respectively pretreated
with 5lM or 10lM DMF before 24h LPS induction. The
cells were fixed with 4% paraformaldehyde, permeabi-
lized with 0.25% Triton-X 100, and washed with PBS. The
cells were then incubated with rabbit polyclonal anti-
body against Nrf-2 (1:100, #ab31163, Abcam) or rabbit
polyclonal antibody against Sirt1 (1:100, #13161-1-AP,
Proteintech) at 4 �C overnight. The cells were next
washed with PBS for three times and incubated with
Alexa Fluor 488 goat anti-rabbit IgG (1:1000, #ab150077,
Abcam) for 1 h. DAPI (#M62248, Invitrogen, USA) was
used to stain nuclei at the concentration of 1lM and the

cells were washed with PBS for three times. The images
were captured by a fluorescence confocal microscope
(Leica MicroImaging, Leica TCS SP8, Germany) and proc-
essed by the manufacturer’s software.

Western blot

Total protein of Raw264.7 cells was extracted by a RIPA
lysis buffer (#P0013B, Beyotime). The protein concentra-
tions were determined by the BCA Protein Assay kit
(BioRad, Hercules, CA). The protein was stored at
�80 �C for western blotting analysis. The protein was
mixed with 5� loading buffer and boiled at 100 �C for
5min, separated with 10% sodium dodecyl sulfate poly-
acrylamide gelelectrophoresis (SDS-PAGE) and trans-
ferred to PVDF membranes (ThermoFisher) at 100 V for
90min. The membranes were blocked with 5% skim
milk for 1 h and incubated with primary antibody
against Nrf-2 (1:600, #16396-1-AP, Proteintech) and
GAPDH (1:10000, #9295, Sigma), respectively at 4 �C
overnight. After washed by TBST for three times, the
membranes were incubated with HRP conjugated goat
anti-rabbit antibody (1:5000, #SA00001-2, Proteintech)
at 37 �C for 1 h. Then membranes were washed with
TBST for three times and the signals were detected
by an enhanced chemiluminescence detection kit
(Millipore, USA). Image was captured by the
ImageQuant LAS 4000 mini system (GE, USA).

Immunoblotting and immunoprecipitation

Raw264.7 cells were seeded at 5� 106 cells/plate in
10 cm2 plates and pretreated with10 lM DMF before
24 h LPS induction. Total proteins of the cells were
extracted by an IP lysis buffer (#P0013J, Beyotime).
Protein concentrations were determined by the
BCA Protein Assay kit (BioRad). The lysates were
mixed with anti-Nrf-2 antibody (1:50, #12791,
CellSignalingTechnology, USA) or anti-Sirt1 antibody
(1:50, #13161-1-AP, Proteintech), which were coupled to
agarose beads (Invitrogen). Immunoprecipitates were
separated by SDS-PAGE and transferred to PVDF mem-
branes. The membranes wererespectively incubated
with primary antibody against Sirt1 (1:600, #13161-1-
AP, Proteintech) or antibody against Nrf-2 (1:1000,
#12791, CellSignalingTechnology), and washed by TBST.
Then the membranes were incubated with HRP conju-
gated goat anti-rabbit antibody (1:5000, #SA00001-2,
Proteintech) and the signal was detected by an
enhanced chemiluminescence detection kit (Millipore,
USA). Results were obtained by the ImageQuant LAS
4000 mini system (GE, USA).
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Statistical analysis

Data were shown by ratios or percentages compared
with normal controls ± SD from three independent
experiments. Parametric data were statistically analyzed
by one-way ANOVA. p< 0.05 indicated a statistically
significant difference. Statistical analysis was performed
by the SPSS (Version 13.0, SPSS Inc., Chicago, IL).

Results

DMF ameliorated LPS induced renal dysfunction
in mice

To observe the effect of DMF on renal dysfunction dur-
ing LPS nephritis, we detected the BUN and CREA of
murine blood samples at the time point of 24 h post
LPS injection. At 24 h, the level of CREA in LPS nephritis
group increased to 38.20 ± 6.44lM, compared to
9.43 ± 2.86 lM in the normal control group and
11.24 ± 1.56lM in the DMF alone group. However,
50mg/kg DMF pre-administration significantly reduced
the level of CREA to 13.97 ± 4.30lM at 24 h, which all
significantly reduced compared to those of LPS neph-
ritis group (Figure 1(A)). BUN in mice of the LPS neph-
ritis group exhibited a significant increase to
34.38 ± 5.19lM at 24 h following LPS injection, com-
pared to 4.83 ± 1.10lM in normal control group and
6.48 ± 0.83 lM in the DMF alone group. However,
50mg/kg DMF administration after LPS injection signifi-
cantly reduced the level of BUN to 12.70 ± 2.45lM
(Figure 1(B)). The results indicated that DMF was effect-
ive for protecting mice against renal dysfunction
induced by LPS.

DMF treatment attenuated histological changes in
endotoxin-induced acute kidney injury

To further elucidate the role of DMF in LPS stimulated
nephritis, we observed the histological changes upon
DMF treatment of murine LPS nephritis. Light micros-
copy about Hematoxylin & eosin (H & E) staining and
Periodic Acid-Schiff (PAS) staining showed that LPS
injection induced severe renal pathological lesions,
including impaired brush border of renal tubule, dam-
aged renal tubular epithelial cells and infiltration of
inflammatory cells, compared to normal control mice.
In contrast, DMF treatment followed by LPS injection
reduced the pathological features in murine kidney
(Figure 2(A)). LPS injection could significantly increase
the damage score in murine kidney indicating severe
renal injury. However, DMF treatment could reduce the

damage score in mice kidney suggesting potential role
of DMF against renal injury (Figure 2(B)).

DMF inhibited the expression of CD68 and iNOS
mice kidney after LPS injection and production of
nitrite in LPS-induced macrophages

To analyze the effect of DMF on infiltrated inflamma-
tory cells in LPS-induced nephritis, we performed

Figure 1. DMF ameliorated LPS-induced renal dysfunction in
mice. The BUN and CREA of murine blood samples were
detected at 24 h post LPS injection. LPS was dissolved in
saline and i.p. injected the mice at a dosage of 10mg/kg.
Mice were weighed and randomly assigned to four groups:
normal control group, LPS nephritis group, LPSþDMF group
and LPSþDMF alone group (n¼ 5 per group). DMF was
freshly prepared in 0.5% Tween-20/PBS. Control animals
received 0.5% Tween-20/PBS as vehicle alone at the same fre-
quency and volume as DMF. For DMF treatment, 50mg/kg
DMF was gavaged 30min after LPS injection. Blood samples
were collected at 24 h after LPS injection. (A) CREA levels of
murine blood samples collected at 24 h post LPS injection. (B)
BUN levels of murine blood samples collected at 24 h post
LPS injection. Statistically significant differences are indicated
by �p< 0.05 or ��p< 0.01. DMF: dimethyl fumarate; CREA:
serum creatinine; BUN: blood urea nitrogen.
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immunohistological staining of CD68 and iNOS. In add-
ition, kidneys of mice in DMF treated group had mark-
edly less CD68þ cell infiltration than mice without DMF
treatment. iNOSþ cell infiltration was reduced in mice
of DMF treatment compared to mice of the LPS injec-
tion group. The results showed that DMF treatment
might attenuate histological damages and decreased
the expression of CD68 and iNOS in mice kidney after
LPS injection (Figure 3(A)). We also determined the pro-
duction of nitric oxide in the supernatant of LPS-
induced Raw264.7 macrophage cells by testing the
amount of nitrite, a stable metabolite of nitric oxide
[16]. The cells produced 5.06 ± 1.51lM nitrite in normal
control group. LPS induction for 24 h increased the
secretion of nitrite to 7.11 ± 0.13lM, whereas nitrite
secretion was reduced to 6.74 ± 0.11lM and
6.62 ± 0.18 lM by 5lM and 10 lM (DMF), respectively
(Figure 3(B)). Compared with 5.87 ± 2.14 lM nitrite in
normal control group, LPS induction for 48 h increased
the secretion of nitrite to 9.75 ± 0.11lM, whereas nitrite
secretion was reduced to 8.68 ± 0.07 lM, 8.18 ± 0.11lM,
7.26 ± 0.18 lM, 6.00 ± 0.18 lM, and 6.13 ± 0.11lM by

adding 5lM,10 lM, 20lM and 40lM DMF respectively
(Figure 3(C)). Compared with 6.18 ± 1.32lM nitrite in
normal control group, LPS induction for 72 h increased
the secretion of nitrite to 10.35 ± 0.48lM, whereas
2.5 lM DMF inhibited nitrite secretion to 8.31 ± 0.07 lM,
5 lM DMF inhibited nitrite secretion to 8.08 ± 0.09 lM,
10lM DMF inhibited nitrite secretion to 7.21 ± 0.13 lM,
20lM DMF inhibited nitrite secretion to 5.92 ± 0.10lM
upon LPS stimulation and 40lM DMF inhibited nitrite
secretion to 4.85 ± 0.06 lM upon LPS stimulation
(Figure 3(D)). These findings suggested that DMF could
inhibit production of Nitrite in LPS-induced macro-
phage in a time- and dosage-dependent manner.

DMF suppressed LPS-induced oxidative injury and
mitochondria dysfunction of macrophages

Having confirmed the effective dosage of DMF for LPS
stimulated Raw264.7 cells by Griess reagent, we
observed that LPS increased the percentage of DCFþ

cells to 99%, compared to 0.33% in normal control
group, whereas 5 lM DMF decreased it to 81.46% and

Figure 2. DMF treatment attenuated histological alterations in LPS-induced nephritis. To assess renal injury under optical micro-
scope, murine kidney sections were fixed in 10% formalin, embedded in paraffin and cut into 2-lm sections. (A) H&E staining
and PAS staining. Images are shown at a magnification of 20 mm. (B) Damage score based on PAS staining. Statistically signifi-
cant differences are indicated by �p< 0.05. DMF: dimethyl fumarate.
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5 lM SFN decreased it to 94.09% (Figure 4(A)). These
showed that DMF might suppress LPS-induced oxida-
tive injury of macrophages. After incubated the cells
with Mitotracker Red FM, we found that exposure to
1 lg/ml LPS for 24 h greatly impaired the mitochondrial
function reflected by reduction in the red fluorescent
intensity when compared to normal control cells.
However, 5 lM DMF significantly increased the red
fluorescent intensity in Raw264.7 cells upon LPS stimu-
lation (Figure 4(B)). It showed that DMF might suppress
LPS-induced mitochondria dysfunction in macrophages.

DMF activated Nrf-2 translocation in LPS-
stimulated Raw264.7 cells

In in vitro analysis, we observed that LPS induction
reduced the protein level of Nrf-2 in nuclear of macro-
phages. DMF could significantly increase the nuclear

protein level of Nrf-2 in macrophages after LPS stimula-
tion (Figure 5(A)). DMF could also significantly increase
the expression of Nrf-2 in cytoplasm of macrophages
after LPS stimulation (Figure 5(A)). Confocal microcopies
showed that LPS significantly reduced Nrf-2 expression
in the nuclei and increased Nrf-2 expression in the cyto-
plasm, compared with that of normal control group.
However, DMF increased Nrf-2 expression in the nuclei
and decreased Nrf-2 expression in the cytoplasm
(Figure 5(B)).

DMF induced potential colocalization between
Sirt1 and Nrf-2 after LPS stimulation

In in vivo study, we observed that LPS reduced the
expression of Sirt1 and Nrf-2 in murine kidney tissue,
whereas DMF could increase the expression expression
of Sirt1 and Nrf-2 in murine kidney tissue after LPS

Figure 3. DMF inhibited the expression of CD68 and iNOS in mice kidney after LPS injection and production of Nitrite in LPS-
induced macrophages To assess renal injury under optical microscope, murine kidney sections were fixed in 10% formalin,
embedded in paraffin, cut into 2-lm sections and stained with immunohistological staining. Raw264.7 cells were seeded at
2� 104 cells/well in 96-well plates and incubated in the culture medium overnight. The cells were pretreated with various con-
centrations of DMF (0, 1.25, 2.5, 5, 10, 20 and 40 lM) for 5 h and then respectively treated with 1lg/ml LPS for 24, 48 and 72 h.
The nitrite accumulation in the supernatant was detected by the Griess reagent. (A) Immunohistological staining of CD68 and
iNOS. Images are shown at a magnification of 20 mm. (B) Production of Nitrite in LPS-stimulated macrophages at 24 h. (C)
Production of Nitrite in LPS-stimulated macrophages at 48 h. D. Production of Nitrite in LPS-stimulated macrophages at 72 h.
Statistically significant differences are indicated by ��p< 0.01. DMF: dimethyl fumarate.
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Figure 4. DMF suppressed LPS-induced oxidative injury and mitochondria dysfunction of macrophages. Raw264.7 cells were
seeded at 2� 105 cells/well in 6-well plates and incubated in the culture medium overnight. The cells were respectively pre-
treated with 5lM DMF and 5 lM SFN 5 h before 1lg/ml LPS induction for 24 h. DCFH-DA was used to detect the ROS produc-
tion of Raw264.7 cells by flow cytometry. Flow cytometric data for reactive oxygen assay were acquired using a Novocyte flow
cytometer at an excitation of 488 nm and an emission of 530 nm. (A) Flowcytometry detection of DCFH-DA. (B) Confocal images
observed by Mitotracker Red FM. Images are shown at a magnification of 25 mm. DMF: dimethyl fumarate; SFN: Sulforaphane.
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injection (Figure 6(A)). Then we found there was an
interaction between Sirt1 and Nrf-2 in Raw264.7 macro-
phages after DMF treatment (Figure 6(B)). We also
found that LPS impaired the colocalization of Sirt1 and
Nrf-2 in Raw264.7 cells by fluorescence confocal micros-
copy, whereas DMF promoted the colocalization of
Sirt1 and Nrf-2 in LPS-treated cells (Figure 6(C)).

Discussion

Septic AKI is a major cause for the death of critically ill
patients worldwide [17]. Characterized by macrophage
infiltration, renal inflammation in septic AKI represents

a ubiquitous human health problem, but effective
therapies with limited side effects are still lacking [18].
In this study, we observed DMF could attenuate renal
dysfunction and pathological damage in mice with LPS-
induced AKI. DMF treatment decreased the expression
of CD68 and iNOS in mice kidney after LPS injection,
indicating the potential role of DMF in macrophage oxi-
dative stress. Then current study aimed to elucidate the
potential role of DMF in LPS-induced acute kidney
injury against oxidative stress of macrophages.

Previous mechanistic studies suggested that the
therapeutic mechanism of DMF is mainly involved in
Nrf-2-dependent regulation of oxidative stress [19,20].

Figure 5. DMF activated Nrf-2 translocation in LPS-stimulated Raw264.7 cells. Raw264.7 cells were seeded at 2� 105 cells/well in
6-well plates and incubated in the culture medium overnight. The cells were respectively pretreated with 5lM DMF hours before
1 lg/ml LPS induction for 24 h. (A) Western blot detected the expression of Nrf-2 in the nuclear and cytoplasm of Raw264.7 cells.
(B) Confocal observation of Nrf-2 in Raw264.7 cells. Images are shown at a magnification of 50 mm. DMF: dimethyl fumarate.
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Figure 6. DMF induced potential colocalization between Sirt1 and Nrf-2 after LPS stimulation. LPS was dissolved in saline and i.p.
injected the mice at a dosage of 10mg/kg. Mice were weighed and randomly assigned to four groups: normal control group,
LPS nephritis group, LPSþDMF group and LPSþDMF alone group (n¼ 5 per group). DMF was freshly prepared in 0.5% Tween-
20/PBS. Control animals received 0.5% Tween-20/PBS as vehicle alone at the same frequency and volume as DMF. For DMF treat-
ment, 50mg/kg DMF was gavaged 30min after LPS injection. Blood samples were collected at 24 h after LPS injection. Raw264.7
cells were seeded at 5� 106 cells/plate in 10 cm2 plates for Co-IP and 2� 105 cells/well in 6-well plates for immunostaining with
confocal. Then the cells were incubated in the culture medium overnight. The cells were pretreated with 5lM DMF hours before
1 lg/ml LPS induction for 24 h. (A) Western blot detected the expression of Nrf-2 and Sirt1 in murine renal tissue after LPS injec-
tion. (B) Co-IP between Nrf-2 and Sirt1 in Raw264.7 cells after DMF treatment. (C) Confocal oberseved colocalization between
Sirt1 and Nrf-2 after DMF treatmen. Images are shown at a magnification of 50 mm. DMF: dimethyl fumarate.
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A series of evidence have shown that Nrf-2 is beneficial
for autoimmune disorders and inflammatory diseases,
such as multiple sclerosis and neurodegenerative dis-
eases [21,22]. Activation of Nrf-2 could protect cells
from apoptosis and inflammation through regulation of
oxidative stress [23]. Once activated by redundant ROS
accumulation under oxidative stress, Nrf-2 could dis-
sociate with Keap1 and translocate from the cytoplasm
to the nuclei [24]. In our study, DMF increased the
expression of Nrf-2 in nuclei of macrophages after LPS
stimulation. It suggested that DMF activated Nrf-2
translocation in LPS-stimulated macrophages.

Nrf-2 pathway is an important antioxidant pathway
against oxidative stress by removal of oxygen free
radicals [25,26]. Correlated with the activated Nrf-2 trans-
location role of DMF, we observed that DMF suppressed
LPS-induced oxidative injury and mitochondria dysfunc-
tion in macrophages. Wilms et al. have reported that
DMF reduced the production of nitric oxide in brain
inflammation [19]. Liu et al. reported that DMF sup-
pressed iNOS activities in dextran sulfate sodium-
induced murine experimental colitis [27]. In the current
study, we also observed that DMF inhibited production
of nitrite in LPS-treated macrophages at a time- and dos-
age-dependent manner. These indicated the role of DMF
in inhibition of oxidative stress in endotoxin-
induced AKI.

Sirtuin 1 (Sirt1) is a NADþ-dependent deacetylase
that exerts many pleiotropic effects of oxidative metab-
olism. He et al. observed that Sirt1 activation could pro-
tect murine renal medulla from oxidative injury [28].
Sirt1 is also known to induce the deacetylation of Nrf-2
that subsequently reduces Nrf-2-dependent gene tran-
scription [29]. And we observed that DMF could
increase the expression expression of Sirt1 and Nrf-2 in
murine kidney tissue after LPS injection. DMF also
induced potential colocalization between Sirt1 and Nrf-
2 in LPS-stimulated Raw264.7 cells. These results indi-
cate that DMF activated the interaction between Sirt1
and Nrf-2 in LPS-stimulated Raw264.7 cells to enhance
defense against oxidative stress.

Due to limitation to current study, we just
observed the potential role of DMF in LPS-induced
AKI against oxidative stress of macrophages and did
not precisely elucidate the mechanism of DMF in
mitochondria oxidative stress of macrophages. Our
further study will focus on the mechanism of DMF
to understand how oxidative stress is specifically
regulated in mitochondria. And for the importance
of macrophage polarization in sepsis, we will study
the role and mechanism of DMF in macrophage
polarization in LPS-induced AKI in next.

Hence, our study revealed that DMF alleviated the out-
come of LPS-induced AKI. In particular, it revealed protect-
ive effects of DMF on regulating macrophage against
oxidative stress in LPS-induced acute renal inflammation
potentially involving Nrf-2-mediated pathway.
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