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Abstract—Sepsis is an inflammatory disease characterized by dysregulation of inflammation.
Macrophage-mediated inflammation has been implicated in the pathophysiology of sepsis.
Itaconate is a metabolite produced in activated macrophages which has anti-inflammatory
activities. In the present study, we investigated the potential effects of a cell-permeable
itaconate derivative dimethyl itaconate on inflammation in sepsis. We established a lipopoly-
saccharide (LPS)-induced septic mouse model and administered dimethyl itaconate to the
septic mice. The survival rate, serum level of pro-inflammatory cytokines, and lung pathology
were evaluated. We also administered dimethyl itaconate to LPS-treated bone marrow—
derived macrophages (BMDMs), and measured the cytokine production and Nrf2 expression.
We also evaluated the effects of dimethyl itaconate on Nrf2-deficient mice. Administration of
dimethyl itaconate enhanced survival rate, decreased serum level of TNF-o and IL-6, and
ameliorated lung injury in septic mice. Dimethyl itaconate also suppressed LPS-induced
production of TNF-«, IL-6, and NOS2 in BMDMSs. Dimethyl itaconate activated Nrf2 and
promoted the expression of Nrf2 and its downstream factor HO-1 and NQO-1. The regulatory
activities of dimethyl itaconate on inflammatory cytokine production, mouse survival rate
were abolished in septic Nrf2”~ mice. Dimethyl itaconate suppressed the inflammatory

responses of macrophages in sepsis.
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INTRODUCTION

Sepsis, which is characterized by dysregulation of
inflammation, is an inflammatory immune response trig-
gered by an infection [1]. Due to the high morbidity and
mortality, sepsis affects around 30 million people and
causes around 7 million deaths every year, causing great
economic burden [2].
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The core mechanism underlying sepsis development
is immune dysfunction. Excessive inflammatory responses
have been identified to be associated with septic patients,
which contribute to tissue damage and organ failure. When
there is bacterial infection, the innate immune system,
which is the first line of defense, is activated through the
activation of pattern recognition receptor by pathogen- or
damage-associated molecular patterns, resulting in the ac-
tivation of cytokine-encoded genes. Various immune cells
including macrophages, neutrophils, and dendritic cells
play critical roles in sepsis [3]. Macrophages play a central
role in sepsis pathophysiology. Macrophages are the prin-
cipal source of pro-inflammatory cytokines including
TNF-o, IL-6, and IL-1{3 in sepsis, which aggravate the
inflammatory response. Macrophages also produce a large
amount of nitric oxide, which causes hypotension and
tissue damage during sepsis [4]. Therefore, targeting mac-
rophage could be used as a potential therapeutic approach
to treat sepsis [5, 6].

Itaconate is one of the most abundant metabolites
produced in activated macrophages [7]. Several studies
have revealed the crucial anti-inflammatory activities of
itaconate in mammals, as well as anti-bacterial activities
[7]. A recent publication described that a cell-permeable
itaconate derivative 4-octyl itaconate (OI) has anti-
inflammation activity through activating nuclear factor-
erythroid 2—related factor 2 (Nrf2) to suppress inflamma-
tion [8]. In the present study, we investigated the potential
effects of another cell-permeable itaconate derivative, di-
methyl itaconate, on inflammation in sepsis and explored
the underlying mechanisms.

MATERIALS AND METHODS

Mice and Treatment

Wild-type C57BL/6J mice 6-8 weeks old and Nrf2 7~
mice were purchased from the Nanjing Model Animal
Center (Nanjing, China). Mice were kept in a specific
pathogen-free environment in accordance with protocols
approved by the ethics committee of Xingtai People’s
Hospital of Hebei Province.

For sepsis induction, C57BL/6J mice were grouped
randomly and injected intraperitoneally with 0.1 pg/mouse
lipopolysaccharides (LPS, Sigma, USA) plus 0.5 mg/g D-
galactosamine (Sigma, St. Louis, MO, USA). Survival was
monitored every hour for 24 h. Blood was obtained from
challenged mice at various times for analysis.
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For skin infection, C57BL/6J mice were anesthetized
with 5% isoflurane in 100% oxygen. After shaving the
dorsal hair, 70% (v/v) ethanol was used to clean the skin.
Then, 50-ul volume of methicillin-resistant Staphylococ-
cus aureus strain USA300 suspension (10° CFU/ml) in
phosphate-buffered saline (PBS) was inoculated subcuta-
neously to induce skin infection. Lesion progression was
monitored 6 days after infection, and images captured
using a digital camera. For dimethyl itaconate treatment,
dimethyl itaconate (Sigma) was dissolved in PBS and mice
were intraperitoneally injected with 50 mg/kg dimethyl
itaconate 2 h before induction of sepsis and skin infection.
PBS was used as control.

Bone Marrow-Derived Macrophage Generation

Bone marrow cells isolated from C57BL/6J mice
were cultured in DMEM contained 10% fetal bovine serum
(FBS, Gibco, Grand Island, NY) supplemented with M-
CSF (10 ng/ml) for 5 days as described previously [9]. The
differentiated bone marrow—derived macrophages
(BMDMs) were defined by F4/80 staining. BMDMs were
pretreated with 200 uM dimethyl itaconate for 1 h. Then,
100 ng/ml LPS or 1 ng/ml R848 was added to cell culture.
Samples were harvested at different time points as indicat-
ed for analysis. For certain experiments, BMDMs were
treated with different concentrations of dimethyl itaconate.

Flow Cytometry

Bone marrow cells were washed with staining buffer
(2% FBS in PBS) once and then stained with anti-CD11b,
anti-F4/80, and anti-Gr-1 antibodies conjugated with dif-
ferent colors (Abcam, Shanghai, China) on ice for 30 min.
After 3 washes with staining buffer, cells were subjected to
analysis in a BD LSRII machine. Results were analyzed
using FlowJo software.

Hematoxylin and Eosin Staining

After treatment, lung tissues were harvested and fixed
in formalin (Sigma). The fixed tissues were dehydrated and
embedded. Then, 5-pum slices were made and stained with
hematoxylin and eosin (Abcam, Shanghai, China) follow-
ing manufacturer’s instructions. The lung injury score was
quantified based on criteria described previously [10].
Three slices were randomly selected from the container
and examined and scored by independent pathology spe-
cialists who were blind to the experimental groups. To
determine the extent and severity of the lung tissue injury,
a score from 0 to 4 was assigned for the characteristics:
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Inflammation was scored as follows: 0, no inflammation;
1, perivascular cuff of inflammatory cells; 2, mild inflam-
mation, extending throughout 25% of the lung; 3, moderate
inflammation covering 25-50% of the lung; 4, severe
inflammation involving over one-half of the lung.

ELISA

Supernatant level of serum and BMDM culture of IL-
6 and TNF-o was measured using commercial ELISA kits
(Abcam) following manufacturer’s protocols.

RT-PCR

After treatment, the total RNA from BMDMSs was
extracted using the RNeasy Mini kit (Qiagen, USA). The
cDNA was synthesized using the PrimeScript™ RT Re-
agent Kit (Takara, China). Real-time quantitative PCR
were set up in triplicate with TB Green® Advantage®
qPCR Premix (Takara, China) and performed using the
QuantStudio 3 Real-time PCR System (Applied
Biosystems, USA). Sequences of primers for real-time
PCR are presented in Table 1.

Western Blot

Nuclear proteins from BMDMs were isolated using
Nuclear Extraction Kit (Abcam). Proteins (25 pg) were
subjected to SDS-PAGE. After transfer, the PVDF mem-
branes (Bio-Rad, USA) were blocked with 5% non-fat dry
milk in PBS for 1 h at room temperature. Then, membranes
were incubated with primer antibodies at 4 °C overnight.
The next day, membranes were washed with 0.1% PBST
three times and then were incubated with horseradish
peroxidase—conjugated corresponding secondary antibod-
ies. Immuno-reactive bands were visualized by adding the
chemiluminescent substrate (Bio-Rad, Hercules, CA,
USA). Primary antibodies used in the study were anti-
Nrf2 (Abcam), anti-HO1 (Abcam), anti-NQO1 (Abcam),
and anti-Lamin B (Abcam).
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Statistical Analysis

Data were expressed as mean = SEM. The signifi-
cance of difference in multiple groups was determined by
Dunnett’s multiple comparisons test. The Gehan-Breslow-
Wilcoxon test was used for survival curve. The signifi-
cances of differences in two-group comparisons were de-
termined by two-tailed Student’s # test. GraphPad was used
to draw the graph and calculate the significance. When
p<0.05, the statistical difference was considered
significant.

RESULTS

Dimethyl Itaconate Did Not Affect the Development
and Survival of Immune Cells

As dimethyl itaconate (Fig. 1a) has been described as
a physiological regulator in inflammation [11], first we
evaluated whether administration of dimethyl itaconate to
mice would affect macrophage and neutrophil develop-
ment in mice. We intraperitoneally injected mice with
50 mg/kg dimethyl itaconate or control PBS. Bone marrow
was harvested and subjected to staining of macrophages
and neutrophil markers. As shown in Fig. 1b, there was a
similar percentage of F4/80* CD11b" macrophages in
bone marrow between PBS-treated and dimethyl
itaconate—treated mice. Similarly, there was no difference
of percentage of Gr-1"CD11b* neutrophils in bone marrow
between PBS-treated and dimethyl itaconate—treated mice
(Fig. lc). Taken together, our data demonstrated that di-
methyl itaconate did not affect the development and sur-
vival of macrophages and neutrophils.

Dimethyl Itaconate Suppressed LPS-Induced Sepsis in
Mice

Next, we evaluated the potential effects of dimethyl
itaconate on skin infection and LPS-induced sepsis in mice.
Administration of dimethyl itaconate obviously

Table 1. Primers for PCR Experiments

Gene Forward primer Reverse primer

16 CACAGAGGATACCACTCCCAACA TCCAC GATTTCCCAGAGAACA

Tnf CATCTTCTCAAAATTCGAGTGACAA CCAGCTGCTCCTCCACTTG

Nos2 GTGGTGACAAGCAC ATTTGG AAGGCCAAACACAGCATACC

Hol GCAGAGA ATGCTGAGTTCATG CACATCTATGTGGCCCTGGAGGAGG
Ngol AGGGTTCGGTATTACGATCC AGTACAATCAGGGCTCTTCTCG

Actb GAAATCGTGCGTGACATCAAAG

TGTAGTTTCATGGATGCCACAG
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Fig. 1. Dimethyl itaconate has no effect on the development and survival of various immune cells. a Structure of dimethyl itaconate. b, ¢ Flow cytometry
analysis of macrophages (CD11b*F4/80") (b) and neutrophils (CD11b*Gr-1%) (¢) in bone marrow from PBS- or dimethyl itaconate-treated mice. Data in all
panels are presented as representative FACS plots (left) and mean + SEM values based on multiple samples (right) (n = 3). Similar results were obtained in

three independent experiments. ns, no significance.

ameliorated the skin damage in mice with skin infection
(Fig. 2a). As shown in Fig. 2b, LPS-induced sepsis resulted
in quick mouse death. In contrast, mice treated with di-
methyl itaconate had much less mortality when compared
with PBS-treated mice. We also detected significantly
decreased serum levels of IL-6 and TNF-« in dimethyl
itaconate—treated septic mice (Fig. 2c). Correspondingly,
obvious inflammation was detected in the lung of septic
mice. In contrast, there was much less inflammation in the
lung of dimethyl itaconate—treated septic mice. After quan-
titation, the lung injury score of dimethyl itaconate—treated
septic mice was significantly less than that of PBS-treated
septic mice, indicating dimethyl itaconate significantly
reduced the lung injury (Fig. 2d). Collectively, our data
demonstrated that dimethyl itaconate suppressed LPS-
induced sepsis in mice.

Dimethyl Itaconate Prevented LPS-Induced Produc-
tion of Pro-inflammatory Cytokines in BMDMs

As macrophages played an essential role in the path-
ophysiology of sepsis by producing various pro-
inflammatory cytokines and nitric oxide [4], we continued

to explore the effects of dimethyl itaconate on BMDMs
after LPS treatment. We pretreated BMDMSs with dimethyl
itaconate and then treated them with LPS. The mRNA
expression of TNF-«, IL-6, and NOS2 in BMDMs was
measured. As shown in Fig. 3a, in PBS/LPS-treated
BMDMs, increased mRNA of TNF-« and IL-6 was de-
tected at 2 h post LPS treatment, and the mRNA level of
TNF-« and IL-6 continued to increase at 6 h post LPS
treatment. LPS treatment also resulted in increased mRNA
level of NOS2 at 6 h post treatment. In contrast, signifi-
cantly decreased mRNA level of TNF-«, IL-6, and NOS2
was detected in dimethyl itaconate/LPS-treated BMDMs
when compared with mRNA level in PBS/LPS-treated
BMDMs at 2 h or 6 h post LPS treatment. Similarly, LPS
treatment induced production and secretion of TNF-oc and
IL-6 in supernatant of BMDM culture (Fig. 3b). Dimethyl
itaconate also prevented the LPS-induced production of
TNF-o and IL-6, as a significantly decreased protein level
of TNF-oc and IL-6 was detected in cell culture supernatant
of dimethyl itaconate/LPS-treated BMDMs. Interestingly,
we detected a significantly decreased mRNA level of TNF-
«, IL-6, and NOS2 in TLR7 ligand R848/dimethyl
itaconate—treated BMDMs at 6 h post R848 treatment
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Fig. 2. Dimethyl itaconate ameliorated LPS-induced sepsis shock. a Images of the mice were captured 6 days after skin infection by the USA300 strain. Mice
were administered with 10® CFU USA300 in PBS subcutaneously, and synthetic melittin (100 pg in 80 ul) or sterile PBS was applied to the surface of the
skin infection. b WT mice (8 weeks old, n = 10) were injected (i.p.) with LPS plus D-galactosamine. Lethality was monitored every other hour for 24 h. ¢ Mice
were bled at the indicated times after injection, and the serum concentration of the indicated cytokines was determined by ELISA (n = 3). d Representative
H&E slides of the lung. The scale bar indicates 100 um (z = 3). Data are presented as mean + SEM values and representative of at least three independent
experiments. Statistical analyses represent variations in experimental replicates. *p < 0.05; **p < 0.01.

(Fig. 3c), indicating dimethyl itaconate also suppressed
R848-induced expression of TNF-«, IL-6, and NOS2.
Taken together, our data demonstrated that dimethyl
itaconate suppressed LPS-induced production of pro-
inflammatory cytokines in BMDMs.

Dimethyl Itaconate Regulated Nrf2 in BMDMs

It has been described that dimethyl itaconate could
activate Nrf2 and its targeting proteins [12]. We next
evaluated the effects of dimethyl itaconate on Nrf2 and
its targeting proteins HO1 and NQOI. As shown in Fig. 4a,
24-h LPS treatment induced the mRNA expression of Nrf2
targeting proteins HO1 and NQO1. Administration of di-
methyl itaconate promoted the expression of HO-1 and
NQOTL in LPS-treated BMDMs. Dimethyl itaconate itself
was capable of inducing the expression of Nrf2, HO1, and
NQOI1 in BMDMs. As shown in Fig. 4b, we detected
increased protein levels of Nrf2, HO1, and NQOI in nu-
clear fraction of BMDMs after dimethyl itaconate treat-
ment in a dose-dependent manner.

Dimethyl Itaconate-Mediated Suppression of Sepsis
Depended on Nrf2

Next, we assessed whether dimethyl itaconate-mediated
suppression of sepsis depended on Nrf2. We treated BMDMs
from Nrf2”~ mice with dimethyl itaconate and LPS. As
shown in Fig. 5a, in BMDMs from wild-type septic mice,
6-h LPS treatment induced the expression of TNF-«, IL-6,
and NOS2 while dimethyl itaconate significantly decreased
the expression of all three genes. In contrast, the inhibitory
effects of dimethyl itaconate were abolished in Nrf2-deficient
BMDMs as there was no difference of expression between
PBS-treated and dimethyl itaconate—treated BMDMs. Corre-
spondingly, dimethyl itaconate—treated septic Nrf2”~ mice
displayed a similar survival rate to PBS-treated septic Nrf2”’
~ mice (Fig. 5b), indicating dimethyl itaconate did not affect
sepsis in Nrf2™ mice. In addition, we detected similar serum
levels of TNF- and IL-6 in PBS-treated and dimethyl
itaconate—treated septic Nrf2 "~ mice (Fig. 5¢). All these
results demonstrated that the effects of dimethyl itaconate
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Fig. 3. Dimethyl itaconate inhibits LPS-induced production of pro-inflammatory cytokines in BMDMs. a The expression of indicated cytokines in primary
BMDMs treated with dimethyl itaconate and LPS (100 ng/ml) was measured by qRT-PCR. b ELISA of the indicated cytokines in the supernatants of
BMDMs stimulated with LPS for 24 h. ¢ The expression of indicated cytokines in primary BMDM s treated with dimethyl itaconate and R848 (1 pg/ml) was
measured by qRT-PCR. All data are presented as fold relative to the (3-actin mRNA level. Data are presented as mean + SEM values and representative of at
least three independent experiments. Statistical analyses represent variations in experimental replicates. *p < 0.05; **p < 0.01.

were abolished in Nrf2™~ mice, indicating dimethyl
itaconate—mediated suppression of sepsis depended on Nrf2.

DISCUSSION

In the present study, we evaluate the potential effects
of dimethyl itaconate on inflammation using a septic mu-
rine model. We demonstrated that dimethyl itaconate ame-
liorated sepsis, promoted survival rate of septic mice, and
decreased the serum level of pro-inflammatory cytokines

in septic mice. Dimethyl itaconate also inhibited LPS-
induced production of pro-inflammatory cytokines in
BMDMs. We further demonstrated that dimethyl itaconate
activated Nrf2, which was required for the inhibitory ef-
fects of dimethyl itaconate on inflammation. Our finding
confirmed the anti-inflammatory activities of itaconate and
strongly suggested that itaconate could be used as a poten-
tial therapeutic approach to treat inflammation-related dis-
eases, such as sepsis.

Sepsis is caused by the dysregulated innate immune
response against infection. The immunopathogenesis of
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for 24 h. ¢ Mice were bled at the indicated times after injection, and the serum concentration of the indicated cytokines was determined by ELISA. All data are

presented as fold relative to the Actb mRNA level. Data are presented as mean + SEM values and representative of at least three independent experiments.
Statistical analyses represent variations in experimental replicates. *p < 0.05.
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sepsis is complicated, which involves both overactivation
and suppression of immune response [13]. The innate
immune system quickly responds and initiates an over-
whelming inflammatory immune response at the early
stage of sepsis [14]. During early sepsis, innate immune
response is activated by pathogen-associated molecular
patterns (PAMPs) and/or damage-associated molecular
patterns (DAMPs). The immediate result of the intracellu-
lar signaling process is the cytokine storm, which is essen-
tial in initiating and escalating both innate and adaptive
immune responses [15]. The excessive inflammatory re-
sponse results in auto-destruction and followed by tissue
damage [16]. As one of the major immune cells, macro-
phages are activated at the early stage of sepsis and release
a massive amount of pro-inflammatory factors including
IL-1, IL-6, TNF-«, and nitric oxide synthase (NOS), as
well as a large number of chemokines, which can induce T
cell-mediated immune response. Using an in vitro macro-
phage cell model, we also demonstrated that after stimula-
tion with PAMPs LPS or R848, the BMDM s produced IL-
6, TNF-o, and NOS2.

After rapidly responding to inflammatory stimuli,
macrophages produce cellular metabolites such as
itaconate, which could reprogram the cell metabolism.
Itaconate, a derivative of the tricarboxylic acid (TCA)
cycle, has been reported to have antimicrobial effects
through inhibiting isocitrate lyase [17, 18]. Besides the
antimicrobial activities, the anti-inflammatory activities of
itaconate have been described [8, 19]. Administration of
dimethyl itaconate, a cell-permeable derivative of
itaconate, reduced the expression levels of pro-
inflammatory cytokines in LPS-stimulated BMDMs and
ameliorated the injury in ischemia-reperfusion mice [11].
In the present study, we also demonstrated that dimethyl
itaconate, a cell-permeable itaconate derivative, suppressed
LPS-induced production of TNF-«, IL-6, and NOS2 in
BMDMs. Mills and colleagues demonstrated that 4-octyl
itaconate (OI) protected mice against LPS-induced death
and inhibited pro-inflammatory cytokine production [8]. In
the present study, we found that dimethyl itaconate also
ameliorated LPS-induced mouse death and prevented pro-
inflammatory cytokine production in LPS-treated mice.

Furthermore, we found that the anti-inflammatory ac-
tivities of itaconate depended on Nrf2. Nrf2 is a transcrip-
tional factor which regulates the expression of antioxidant
and cytoprotective genes [20]. The regulatory effects of Nrf2
are critical for inflammation. Using Nrf2-deficient mice,
Thimmulappa ef al. demonstrated that there was greater
inflammation in Nrf2-deficient mice, indicating Nrf2 nega-
tively regulated inflammatory immune response [16]. In
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LPS-treated mice, the activation of Nrf2 by itaconate was
observed [8]. Consistent with this finding, we also found
that dimethyl itaconate promoted Nrf2 expression, activated
Nrf2 signaling pathway, and induced the expression of Nrf2
targeting gene HO1 and NQO1 in both LPS-treated mice
and macrophages. In addition, we found that the protective
effects of dimethyl itaconate against sepsis depended on
Nrf2 as dimethyl itaconate did not protect septic Nrf2 "~
mice. These findings revealed the underlying mechanisms
of dimethyl itaconate—mediated protection against inflam-
mation and sepsis.

CONCLUSION

In summary, we demonstrated that dimethyl itaconate
prevented the inflammation response in septic mice in a
Nrf2-dependent manner.
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