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Dp44mT regulates the levels of inflammatory mediators
through blocking NF-kB nuclear translocation in LPS-stimulated
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Abstract

Inflammation is increased by infection with pathogens such as viruses, bacteria, and parasites. High levels of inflammatory
mediators and infiltration of macrophages into inflammatory lesions were reported in severe inflammatory diseases. Here, the aim
of this study was to evaluate an anti-inflammatory activity of di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT)
on lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophages. Dp44mT (1-100 ng/mL) had no effect on viability of RAW
264.7 macrophages. Dp44mT (100 ng/mL) significantly reduced LPS-induced release of nitric oxide and expression of inducible
nitric oxide synthase and cyclooxygenase-2. A significant upregulation of tumor necrosis factor (TNF)-o and interleukin (IL)-6
by LPS stimulation was downregulated by treatment with Dp44mT. Dp44mT blocked activation of nuclear factor-xB by the
interruption of IkBo phosphorylation. Dp44mT suppressed the phagocytosis. Furthermore, administration of Dp44mT signifi-
cantly reduced the serum levels of TNF-o and IL-6 in LPS-treated mice without side effects. In conclusion, these results indicate
that Dp44mT has an anti-inflammatory activity and may be of therapeutic significant for the prevention and treatment of
inflammatory diseases.
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Introduction et al. 2020). Inflammation is a complex biological process in

which a host identifies substances in or out of the body as non-

As severe acute respiratory syndrome coronavirus 2 has rap-
idly spread worldwide, there have been increasing reports
from Asia, Europe, Latin America, and North America de-
scribing patients with COVID-19-associated multisystem in-
flammatory conditions (Li et al. 2020). In severe patients with
COVID-19, infiltration of monocytes and macrophages into
lung lesions and high levels of inflammatory response because
of the proinflammatory cytokine storm were reported (Zhang
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self-antigens or self-antigens, and is increased by infection
with pathogens such as viruses, bacteria, and parasites (Liu
et al. 2020). A moderate inflammatory response helps the host
to block the invasion of pathogens, whereas severe inflamma-
tory response contributes to the pathogenesis of various of
inflammatory diseases (Nam et al. 2017a; Liu et al. 2020).
Various inflammatory mediators such as proinflammatory cy-
tokines, nitric oxide (NO), adhesion molecules, and prosta-
glandin E2 (PGE2) are closely associated with the classical
clinical symptoms of inflammation such as heat, swelling,
pain, redness, and loss of function during the inflammatory
process (Hwang et al. 2014). Some researchers have reported
that activated macrophages are the major inflammatory cells,
which arbitrate most molecular and cellular inflammatory net-
works via production a variety of inflammatory mediators
(Mann et al. 2018; Liu et al. 2020). In inflammation, macro-
phages take charge of the phagocytosis, immunomodulation,
and antigen presentation through releasing of a variety of cy-
tokines and growth factors (Fujiwara and Kobayashi 2005).
The immune responses include the activation and infiltra-
tion of macrophages and subsequently followed by
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upregulation of various inflammatory mediators such as NO,
tumor necrosis factor (TNF)-«, and interleukin-6 (IL-6) to
resist against pathogens such as viruses, bacteria, and parasites
(Chiu et al. 2019). Lipopolysaccharide (LPS, bacterial endo-
toxin) can provoke macrophages to release inflammatory me-
diators including IL-6, TNF-«, cyclooxygenase-2 (COX-2),
NO, and inducible NO synthase (iNOS) (Nam et al. 2017a).
NO, unorthodox messenger molecule, is produced by the en-
zymatic action the iNOS which is over-expressed during in-
flammation by LPS and cytokines (Hwang et al. 2014). These
inflammatory mediators were upregulated by activation of
nuclear factor (NF)-kB in LPS-stimulated RAW 264.7 mac-
rophages (Hu et al. 2011). In inflammatory responses, inhib-
itory kappa B (IkB) is phosphorylated and degraded, and then,
NF-kB is translocated into the nucleus and then binds to the
promoter regions of various inflammatory genes including IL-
6, TNF-«, iNOS, and COX-2 (Lee et al. 2016). Therefore,
suppressing inflammatory mediators as well as NF-kB activa-
tion would be the therapeutic strategy to diminish the damage
and thus indirectly or directly blockade the progression of
inflammatory diseases (Chiu ef al. 2019).

Di-2-pyridylketone-4, 4-dimethyl-3-thiosemicarbazone
(Dp44mT) is being developed as one of the most effective
iron chelators with selective antitumor activity (Kovacevic
et al. 2010; Li et al. 2016). Previous our studies reported that
Dp44mT has an anti-allergic inflammatory activity in in vivo
and in vitro models (Nam et al. 2017b; Kim et al. 2018).
Currently, many studies are being conducted on anti-
inflammatory therapy to alleviate the cytokine storm of sever
COVID-19 infection (Ioannis et al. 2020). Thus, we investi-
gated the anti-inflammatory activity and underlying mecha-
nisms of the Dp44mT on activated RAW 264.7 macrophages
and in vivo inflammation model.

Materials and methods

Materials Mouse recombinant IL-6 and TNF-«, anti-murine
IL-6 and TNF-« antibodies, and biotinylated IL-6 and
TNF-a antibodies were obtained from R&D Systems
(Minneapolis, MN). LPS, dimethyl sulfoxide (DMSO),
sodium nitrite, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT), and deferoxamine (DFX)
were obtained from Sigma (St. Louis, MO). Antibodies
of iINOS, COX-2, phosphorylated IkBx (plkBw),
NF-kB (p65), actin, poly (ADP-ribose) polymerase
(PARP), histone, and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Dulbecco’s mod-
ified Eagle’s medium (DMEM) containing | -arginine
(84 mg/L) and fetal bovine serum (FBS) were obtained
from Gibco BRL (Grand Island, NY).

Cell culture RAW 264.7 macrophages were cultured in
DMEM containing with 10% heat inactivated FBS, 100 mg/
mL streptomycin, and 100 U/mL penicillin at 5% CO,, 95%
humidity, and 37°C. Dp44mT was dissolved in DMSO and
diluted in distilled water (final concentration < 0.1% (v/v)).
Dp44mT has been used at concentrations of 1, 10, 100 ng/mL
according to previous study (Nam et al. 2017b). To specifi-
cally demonstrate the effect of Dp44mT, another iron chelator
DFX was used as a control.

MTT assay RAW 264.7 macrophages (3 x 10° cells) were
incubated for 48 h after being treated with Dp44mT (1, 10,
100 ng/mL). Cells were incubated with 20 uL of a MTT
solution (5 mg/mL) for 4 h at 5% CO2, 95% humidity, and
37°C. Consecutively, MTT formazan was dissolved in
DMSO and the absorbance of each well was read using an
enzyme-linked immunosorbent assay (ELISA) reader at
540 nm (Molecular Devices Corp., Sunnyvale, CA).

Measurement of nitrite concentration RAW 264.7 macro-
phages (3 % 10° cells) were pretreated with Dp44mT (1, 10,
100 ng/mL) for 1 h. After 1 h, cells were stimulated with LPS
(10 png/mL). To measure nitrite, supernatant was incubated
with Griess reagent (2.5% H3P0O4/0.1% N-(1-naphtyl)-
ethylenediamine dihydrochloride/1% sulfanilamide) for 10
min. The absorbance at 540 nm was determined using an
ELISA reader (Molecular Devices Corp.). NO, was ana-
lyzed by using sodium nitrite as a standard.

Western blot analysis For extraction of protein, cells were
rinsed with ice-cold phosphate buffered saline (PBS) and then
lysed in ice-cold RIPA buffer (containing protease inhibitor
cocktail and phosphatase inhibitor). Extracted protein were
separated through electrophoresis, the proteins were trans-
ferred to nitrocellulose membranes by electrophoretic transfer.
The membranes were blocked in 6% bovine serum albumin
for 1 h, rinsed and then incubated with COX-2, iNOS, NF-kB,
PARP, GAPDH, plkB, or actin antibodies (Santa Cruz, CA)
for 1 h at room temperature. After wash the membrane, the
membranes were incubated for 30 min with horse radish
peroxidase-conjugated secondary antibodies. The protein
levels were visualized by an enhanced chemiluminescence
assay according to the manufacturer’s instructions
(Amersham Corp. Newark, NJ).

Enzyme-linked immunosorbent assay The levels of IL-6 and
TNF-o were analyzed following the manufacturer’s instruc-
tion (R&D Systems).

RNA isolation and quantitative real-time PCR for RNA analysis
Total RNA isolation, cDNA synthesis, and real-time PCR
(RT-PCR) were performed following previous study (Nam
et al. 2017b). Each complementary DNA template was
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amplified using SYBR Green PCR Master Mix (Applied
Biosystems, Carlsbad, CA) with gene specific primers (mouse
IL-6 sense 5" CAC CAG CAT CAG TCC CAA GA 3/, anti-
sense 5' CCA GAA ACC GCT ATG AAGTTC CT 3', mouse
TNF-a sense 5' CAG ACC CTC ACA CTC AGA TCA TCT
3', antisense 5' CCT CCA CTT GGT GGT TTG CTA 3', and
mouse GAPDH sense 5' GGC AAA TTC AAC GGC ACA 3/,
antisense 5" GTT AGT GGG GTC TCG CTC CTG 3.
Transcription levels of cytokine were normalized to
GAPDH. All data were measured using the AACT method.

Transient transfection and luciferase assay NF-«B luciferase
reporter gene constructs (pNF-kB-LUC, plasmid containing
NF-kB binding site, Stantagen, La Jolla, CA) were transiently
transfected into RAW 264.7 macrophages using the
Lipofectamine 2000 (Invitrogen Co., Carlsbad CA). After 48
h, transfected cells (3 x 10°) were plated and stimulated with
LPS (10 pg/mL). Dp44mT (1, 10, 100 ng/mL) was added 1 h
before LPS stimulation. Cells were harvested 24 h after stim-
ulation and washed in cold PBS before lysis in 100 pL lysis
buffer (Luciferase assay kit; Promega). After vortex mixing
and centrifugation at 12 x 000g for 1 min at 4°C, the super-
natant was stored at 70°C until use in the luciferase assay. Cell
extract (20 pL) and 100 pL of the luciferase assay reagent
were mixed at room temperature. Luciferase activity was mea-
sured with a MicroLumat Plus luminometer, according to the
manufacturer’s protocol. All transfection experiments were
performed in at least three different experiments.

Transcription factor enzyme-linked immunoassay (TF-EIA,
DNA-binding assay) The cells were pretreated with Dp44mT
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Figure 1. Effect of Dp44mT on cell viability in RAW 264.7
macrophages. (a) Cells were pretreated with Dp44mT (1, 10, 100 ng/
mL) for 1 h and then stimulated with LPS (10 pg/mL) for 48 h. Cell
viability was determined with an MTT assay. The values from each
treatment were expressed as a percentage relative to the control (100%).

(1, 10, 100 ng/mL) for 1 h before LPS stimulation for 2 h. We
performed the TF-EIA for NF-kB. Avidin was coated an a 96-
well ELISA plate. The coated plate was washed with PBST
and then blocked with 3% skim milk solution. It was subse-
quently incubated with 1 pg/mL of 5'-biotinylated DNA oli-
gonucleotide sequence (5'-AGT TGA GGG GAC TTT CCC
AGG-3', NF-kB-binding motif) for 1 h at room temperature.
DNA-binding reaction was carried out in a total volume of
100 pL containing 10 pg nuclear protein extract in a buffer
containing 10 mM HEPES (pH 7.9), 50 mM NaCl, 5% glyc-
erol, | mM EDTA, and 1 mM DTT, for 1 h at room temper-
ature and then washed. NF-kB antibodies were then added at a
1:500 concentration in PBS containing 3% BSA for 1 h,
followed by the addition of the corresponding alkaline
phosphatase (AP)-coupled secondary antibody. Between
each addition, the wells were extensively washed in
PBST. AP activity was then detected by the addition
of p-nitrophenyl phosphate solution (Sigma). After a
10 min incubation period, the reaction was arrested by
the addition of 0.5 M H,SO,. Color intensity was de-
tected at 405 nm using an ELISA reader. AP activity
was normalized to control values (unstimulated cells).

Phagocytosis assay Phagocytosis was analyzed following the
manufacturer’s instruction (Abchem, Cambridge, MA). In
briefly, Phagocytosis Assay Kit (green E. coli) utilizes heat-
killed, fluorescently pre-labeled E. coli particles. The cells
were pretreated with Dp44mT (1, 10, 100 ng/mL) for 1 h
and then add 5 pL of E. coli slurry to all the wells. After 3 h
incubation period, immediately measure fluorescence using
plate reader at Ex/Em 490/520 nm.

Each datum represents the mean + SEM of three independent experiments
with duplicate. (b) Cells were pretreated with Dp44mT (100 ng/mL) for
1 h and then stimulated with LPS (10 pg/mL) for 48 h. The morphology
of cell was investigated by light microscopy. (Original magnification x
400).
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Septic mice model The male C57BL/6 mice (7-9 wk old) was
obtained from the Dae-Han Experimental Animal Center
(Eumsung, Chungbuk, Republic of Korea). Mice were accli-
mated to individual cages during 7 d in a room with controlled
lighting (12 h light—dark cycle), humidity (50-60%), and tem-
perature (20-23°C). Experimental procedures and animal care
were approved by the Animal Care Committee of Kyung Hee
University (KHUASP (SE)-20-636). Dp44mT (100 pg/kg) or
a control vehicle (distilled water) was orally administrat-
ed before LPS injection. Sepsis was induced in mice by
intraperitoneal injection of LPS (10 mg/kg). Serum from
heart was obtained 4 h after LPS according to the pre-
vious study (Han ef al. 2019).

Blood biochemical parameters The levels of blood urea nitro-
gen (BUN), alanine transaminase (ALT), creatine kinase
(CK), aspartate aminotransferase (AST), and lactate dehydro-
genase (LDH) were analyzed by a DRI CHEM NX500 ana-
lyzer (Fujifilm, Tokyo, Japan).

Statistical analysis Data were shown as the mean + SEM of
independent three experiments with duplicate, and an inde-
pendent #-test was used for comparisons of normal and LPS
stimulation conditions. In the comparisons of LPS stimulation
and Dp44mT treatment conditions, an ANOVA with Tukey’s
post hoc test was used. Statistical significance was accepted
for P values < 0.05.

Results

Effect of Dp44mT on viability of RAW 264.7 macrophages The
relationship between the number of viable RAW 264.7 mac-
rophages cells and the amount of formazan produced was
investigated first. RAW 264.7 macrophages were treated with
various concentrations of Dp44mT (1, 10, and 100 ng/mL) for
48 h. As shown in Fig. 1a, Dp44mT (100 ng/mL) alone had no
effect the viability of RAW 264.7 macrophages. We also in-
vestigated the effect of Dp44mT (1, 10, and 100 ng/mL) on
viability of LPS (10 pg/mL)-stimulated macrophages.
Treatment with Dp44mT did not cause the cytotoxicity on
LPS-stimulated macrophages (Fig. 1a). In addition, morphol-
ogy was not changed by treatment with Dp44mT (100 ng/mL,
Fig. 1b). Therefore, we used the doses of 1, 10 and 100 ng/mL
to assess anti-inflammatory activity of Dp44mT on LPS-
stimulated RAW 264.7 macrophages. DFX also did not show
the cytotoxicity (Supplementary Fig. 1).

Suppressive effect of Dp44mT on NO production and iNOS
protein expression in LPS-stimulated RAW 264.7 macro-
phages NO generated by iNOS plays a pivotal role in various
inflammatory diseases through acts as a stable toxic radical
(Kim and Jeong 2015). We investigated whether Dp44mT

could regulate NO production in LPS-simulated RAW 264.7
macrophages. Cells were treated with various concentrations
of Dp44mT (1, 10, and 100 ng/mL) and then stimulate with
LPS. LPS-stimulated macrophages significantly increased the
NO production compared with the normal condition (Fig. 2a,
P < 0.001). However, treatment with Dp44mT (100 ng/mL)
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Fiure. 2. Suppressive effect of Dp44mT on NO production and iNOS
protein expression in LPS-stimulated RAW 264.7 macrophages. (a) Cells
were pretreated with Dp44mT (1, 10, 100 ng/mL) for 1 h and then stim-
ulated with LPS (10 pg/mL) for 48 h. NO release was measured. () Cells
were pretreated with Dp44mT (1, 10, 100 ng/mL) for 1 h and then stim-
ulated with LPS (10 png/mL) for 24 h. The total proteins were determined
for INOS expression by Western blot analysis. Actin was used as a load-
ing control. (¢) Each datum represents the mean + SEM of three indepen-
dent experiments. Results are representative of three independent exper-
iments. *P < 0.05: significantly different from unstimulated cells; *P <
0.05: significantly different from LPS-stimulated cells.
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significantly decreased the NO production induced by LPS
(Fig. 2a, P < 0.05). DFX had no effect on LPS-induced NO
production (Supplementary Fig. 2).

The regulatory effect of DP44mT on the protein levels of
iNOS was analyzed by Western blotting. LPS stimulation sig-
nificantly increased the iNOS expression in RAW 264.7 mac-
rophages (Fig. 2¢ and 2c¢) but treatment with Dp44mT (100
ng/mL) reduced this significantly increased iNOS expression
(Fig. 2b and 2¢). Dp44mT alone did not affect any changes the
NO production and iNOS expression on RAW 264.7 macro-
phages (Fig. 2¢).

Suppressive effect of Dp44mT on COX-2 protein expression in
LPS-stimulated RAW 264.7 macrophages COX-2 expression
is induced by inflammatory stimuli such as LPS (Ranganathan
et al. 2013). COX-2 pathway is associated with inflammatory
mediators, including NO, TNF-c, IL-13, and IL-6 (Baradaran
et al. 2019). Thus, we investigated the effect of Dp44mT on
LPS-induced COX-2 expression in RAW 264.7 macrophages.
When RAW 264.7 macrophages were stimulated with LPS,
COX-2 expression was increased compared with the normal
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Ficure 3. Suppressive effect of Dp44mT on COX-2 protein expression in
LPS-stimulated RAW 264.7 macrophages. (a) Cells were pretreated with
Dp44mT (1, 10, 100 ng/mL) for 1 h and then stimulated with LPS (10 pg/
mL) for 24 h. The total proteins were determined for COX-2 expression
by Western blot analysis. GAPDH was used as a loading control. () The
relative COX-2 protein level was quantified by densitometry. Each datum
represents the mean + SEM of three independent experiments. Results are
representative of three independent experiments. *P < 0.05: significantly
different from unstimulated cells; *P < 0.05: significantly different from
LPS-stimulated cells.
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condition, whereas treatment with Dp44mT decreased the
LPS-induced COX-2 expression in a dose-dependent manner
(Fig. 3). DFX had no effect on LPS-induced COX-2 expres-
sion (Supplementary Fig. 3).

Suppressive effect of Dp44mT on protein productions and
mRNA expressions of IL-6 and TNF-a in LPS-stimulated RAW
264.7 macrophages LPS is a well-known potential stimulator
on production of inflammatory cytokines (Kim and Jeong
2015). The suppressive effect of Dp44mT on IL-6 and
TNF-o production was investigated on LPS-simulated RAW
264.7 macrophages. Production levels of IL-6 and TNF-«
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Ficure 4. Suppressive effect of Dp44mT on protein productions and
mRNA expressions of IL-6 and TNF-o in LPS-stimulated RAW 264.7
macrophages. (a) Cells were pretreated with Dp44mT (1, 10, 100 ng/mL)
for 1 h and then stimulated with LPS (10 pg/mL) for 24 h. The amounts of
IL-6 and TNF-« produced from macrophages were measured by ELISA
method. (b) Cells were pretreated with Dp44mT (1, 10, 100 ng/mL) for
1 h and then stimulated with LPS (10 pug/mL) for 4 h. The total RNA
extracts were prepared, and then, the samples were analyzed for IL-6 and
TNF-o« mRNA by RT-PCR. Each datum represents the mean + SEM of
three independent experiments with duplicate. *P < 0.05: significantly
different from unstimulated cells; *P < 0.05: significantly different from
LPS-stimulated cells.
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Figure 5. Suppressive effect of Dp44mT on NF-«kB activation in LPS-
stimulated RAW 264.7 macrophages. Cells were pretreated with
Dp44mT (1, 10, 100 ng/mL) for 1 h and then stimulated with LPS (10
pg/mL) for 2 h. (a) The nuclear extracts were analyzed for NF-kB by
Western blot analysis. (¢) The cytoplasmic extracts were analyzed for
phosphorylated IkBx (pIkBx) by Western blot analysis. (b, d) The rela-
tive NF-kB and pIkB« protein levels were quantified by densitometry.
PARP was used as a nuclear marker and a loading control. GAPDH was
used as a loading control. (e) The NF-kB activity was assayed by lucif-
erase assay and presented as relative luminescence units (RLU). (f)

increased by LPS were significantly reduced by treatment
with Dp44mT in a dose-dependent manner (Fig. 4a, P <
0.05). We also examined the suppressive effect of Dp44mT
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Nuclear protein was incubated in a 96-well plate coated with an oligonu-
cleotide containing the NF-kB-binding site. The presence of an NF-xB
transcription complex was evaluated with an NF-«B antibody. The result
is expressed as the relative increase of the absorbance at 405 nm over
control conditions. Each datum represents the mean + SEM of three
independent experiments. Results are representative of three independent
experiments. NE, nuclear extracts; CE, cytoplasmic extracts. *P < 0.05:
significantly different from unstimulated cells; *P < 0.05: significantly
different from LPS-stimulated cells.

on mRNA expressions of IL-6 and TNF-« in LPS-stimulated
RAW 264.7 macrophages. The mRNA levels of IL-6 and
TNF-« increased by LPS were significantly decreased by
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treatment with Dp44mT in a dose-dependent manner (Fig. 45,
P < 0.05). DFX had no effect on protein productions and
mRNA expressions of IL-6 and TNF-x in LPS-stimulated
RAW 264.7 macrophages (Supplementary Fig. 4).

Suppressive effect of Dp44mT on NF-kB activation in LPS-
stimulated RAW 264.7 macrophages NF-«kB plays a pivotal
role in the mRNA expression of inflammatory genes such as
iNOS, COX-2, IL-6, and TNF-«x (Lee et al. 2016). We inves-
tigated the suppressive effect of Dp44mT on nuclear translo-
cation of NF-kB/p65 after LPS stimulation. As a result, treat-
ment with Dp44mT suppressed the LPS-induced NF-«kB
translocation into the nucleus (Fig. 5a and 5b). Furthermore,
treatment with Dp44mT blocked the LPS-induced IkBx phos-
phorylation in the cytosol (Fig. 5¢ and 5d). We next examined
whether Dp44mT could modulate the luciferase expression
specifically via NF-kB. NF-«B luciferase reporter gene con-
structs were transiently transfected into RAW 264.7 macro-
phages, which was treated by Dp44mT and then stimulated by
LPS. As shown in Fig. Se, LPS increased the reporter gene
activity. However, the activity increased by LPS was signifi-
cantly decreased by treatment with Dp44mT (Fig. Se, P <
0.05). We also investigated the suppressive effect of
Dp44mT on LPS-induced NF-kB transcription complex.
When RAW 264.7 macrophages were stimulated with LPS,
DNA-binding activity for NF-kB was increased compared
with the normal condition, whereas these increased binding
activity was decreased by treatment with Dp44mT in a dose-
dependent manner (Fig. 5f). DFX had no effect on NF-«kB
activation in LPS-stimulated RAW 264.7 macrophages
(Supplementary Fig. 5).

Suppressive effect of Dp44mT on phagocytosis Macrophages
possess the ability to phagocytose and kill pathogens (Silva
2011). The suppressive effect of Dp44mT on phagocytosis
was investigated on RAW 264.7 macrophages using
fluorescent-labeled E. coli particles. As a result, treatment
with Dp44mT (100 ng/mL) significantly decreased the phago-
cytosis of RAW 264.7 macrophages (Fig. 6, P < 0.05).

Suppressive effect of Dp44mT during sepsis Next, we inves-
tigated the anti-inflammatory effect of Dp44mT in LPS-
induced septic mice model. The serum levels of IL-6 and
TNF-o in the LPS-treated mice were significantly increased
compared with the normal mice (Fig. 7, P < 0.05). Dp44mT
(100 png/kg) significantly decreased the levels of IL-6 and
TNF-« induced by LPS in the serum (Fig. 7, P < 0.05).

To analyze the side effect of the Dp44mT, levels of blood
biochemical parameters were determined by using DRI
CHEM NX500 analyzer. As shown in Table 1, levels of se-
rum LDH, BUN, ALT, AST, and CK in the LPS-treated group
were significantly higher than those the normal group, where-
as Dp44mT-administered group significantly reduced the

contents of serum LDH, BUN, ALT, AST, and CK compared
to those of LPS-treated group (P < 0.05).

Discussion

In this study, we focused on anti-inflammatory activity and
underlying mechanisms of Dp44mT on LPS-stimulated RAW
264.7 macrophages. We determined that Dp44mT has an anti-
inflammatory activity through blocking the inflammatory
mechanism such as NF-kB signaling pathway.

Macrophage is a main cell in the immune response to for-
eign invaders such as pathogens and macrophage activated by
bacterial LPS plays an important role in inflammatory reaction
via production of NO, IL-6, and TNF-« (Jacobi 2002; Bharat
Reddy and Reddanna 2009). Excess production of inflamma-
tory mediators from macrophages is involved in many dis-
eases including sepsis, pulmonary fibrosis, atherosclerosis,
rheumatoid arthritis, and asthma (Bharat Reddy and
Reddanna 2009 ). NO produced by iNOS is a critical signaling
molecule which is associated with immune response, inflam-
mation, angiogenesis, and neural development (Wang et al.
2019). COX-2 is prostaglandin endoperoxide synthase, and it
catalyzes the biosynthesis of prostanoid, such as prostaglan-
dins and thromboxane from arachidonic acid (Bian et al.
2019). In addition, COX-2 mediated the inflammatory reac-
tions in humans. Therefore, COX-2 inhibitors are widely used
as anti-inflammatory drugs (Wang et al. 2019). TNF-« pro-
duced by activated macrophages induces various biological
responses, including inflammation, shock, apoptosis, and tis-
sue injury (Kim and Jeong 2015). In addition, TNF-x in-
creases the productions of inflammatory mediators and acti-
vation of T cells and other inflammatory cells (Kim and Jeong
2015). IL-6 is a proangiogenic, proinflammatory, and
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Ficure 6. Suppressive effect of Dp44mT on phagocytosis. Cells were
pretreated with Dp44mT (1, 10, 100 ng/mL) for 1 h and then stimulated
with E. coli particles for 3 h. The fluorescence was analyzed using plate
reader at Ex/Em 490/520 nm and presented as relative fluorescence units
(RFU). Each datum represents the mean + SEM of three independent
experiments. *P < 0.05: significantly different from unstimulated cells;
*P < 0.05: significantly different from E. coli particle-stimulated cells.
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Ficure. 7 Suppressive effect of
Dp44mT during sepsis. Dp44mT
(100 pg/kg) or a control vehicle
(distilled water) was orally
administrated before LPS
injection. Serum was isolated
from blood and then assayed for
(a) IL-6 and (b) TNF-« using the
ELISA method. *P < 0.05: sig-
nificantly different from normal
mice; *P < 0.05: significantly
different from LPS-treated mice.
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apoptotic cytokine and causes the pancreatitis-mediated lung
injury and lethality. IL-6 mediated in innate and adaptive im-
mune responses (Piao et al. 2019). Severe COVID-19 associ-
ated pneumonia patients may exhibit features of systemic
hyper-inflammation designated under the umbrella term of
macrophage activation syndrome or cytokine storm
(McGonagle et al. 2020). The cytokine storm is an out-of-
control cytokine release that has been observed in some infec-
tious and noninfectious diseases, leading to a hyper-
inflammation condition in the host (Mahmudpour et al.
2020). High levels of TNF-oc and IL-6 were reported in pa-
tients with COVID-19 (Waleed et al. 2018; Chen et al. 2020).
In this study, we showed that Dp44mT significantly sup-
pressed the levels of NO, iNOS, COX-2, TNF-«, and IL-6
in activated RAW 264.7 macrophages. Therefore, these re-
sults suggest that Dp44mT has an anti-inflammatory activity
through suppressing levels of inflammatory mediators
on macrophage-mediated inflammatory reactions.

In this study, Dp44mT partially reduced the production of
NO, TNF-«, and IL-6 and the expression of iNOS and COX-
2. In particular, the IC50 values of Dp44mT for NO and
TNF-« inhibitory effects are approximately 6 pg/mL and
681 ng/mL, respectively. It can be seen that the concentration
of Dp44mT used in this study is very low. Therefore, further
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studies are needed to determine the complete inhibitory effect
of Dp44mT at higher concentrations without cytotoxicity.

NF-kB regulates inflammatory response and their signal-
ing pathways induce the expression of COX-2 and iNOS in
LPS-stimulated macrophages (Jeong et al. 2014). Therefore,
the inhibition of NF-kB nuclear translocation is viewed as a
pivotal objective by those developing anti-inflammatory
drugs (Kim and Jeong 2015). Dp44mT reduced proliferation
of various cancer cells, including prostate cancer, neuroblas-
toma, pancreatic cancer, neuroepithelioma, colorectal cancer,
breast cancer, and lung carcinoma through iron chelation and
the generation of cytotoxic radicals (Li et al. 2016; Forciniti
et al. 2020). Previous our study reported that Dp44mT exerted
an anti-allergic inflammatory activity through the inhibition of
NF-kB in activated human mast cells (Nam et al. 2017b). In
this study, we showed that treatment of Dp44mT significantly
reduced the protein levels of translocated NF-«B in LPS-
stimulated RAW 264.7 macrophage. Therefore, these data
suggest that Dp44mT has an anti-inflammatory activity
through the downregulation of NF-kB activation in
macrophage-mediated inflammatory reaction.

Phagocytosis is required for a wide variety of specialized
biologic events and is the first step in triggering host defense
and inflammation. Macrophages are an important mediator of

Table 1. Effects of Dp44mT on

the blood biochemical parameters LDH (U/L) BUN (mg/dL)  ALT (U/L) AST (U/L) CK (mg/dL)
Normal 850 + 129.1 13.73£073  53.75+17.97 115.75+£23.73  0.14+0.01
LPS 5450 + 404.15" 58.1+1.96"  305.75+1945% 478.75+16.38" 1.11 +0.04*
Dp44mT 1050 + 57.74 1935+0.66  61.00 +5.29 117.75 £ 8.77 0.14 £ 0.01
LPS + Dp44mT  2057.5 £370.44" 29.68+2.36"  133.00+10.13" 16325+11.62"° 0.23+0.01

Values are means + SEM
# P < 0.05 vs. normal group
*P < 0.05 vs. LPS group

LPS, LPS-treated group; LPS + Dp44mT, Dp44mT (100 pg/kg)-administered group
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inflammation and serve as phagocyte clearing microorgan-
isms. Macrophages produces inflammatory mediators, includ-
ing cytokines that further instruct the adaptive immune re-
sponse during the phagocytosis (Dennison and Van Dyke
1997). In this study, Dp44mT significantly reduced the phago-
cytosis. Furthermore, administration of Dp44mT decreased
the levels of TNF-«, and IL-6 on serum of LPS-treated mice.
Therefore, these data suggest that Dp44mT has an anti-
inflammatory activity through blocking the activation of
macrophage.

Conclusion

Conclusively, this study demonstrates that Dp44mT signifi-
cantly alleviated the iNOS and COX-2 expression and sup-
pressed the inflammatory cytokine production by blocking
NF-«B activation. Furthermore, Dp44mT significantly re-
duced the phagocytosis and decreased the levels of inflamma-
tory cytokines in septic mice. Thus, the unique abilities of
Dp44mT to reduce the levels of NO, IL-6, and TNF-« suggest
that it can be a strong candidate for the prevention and treat-
ment of inflammatory diseases such as sepsis or COVID-19.
However, inflammatory diseases complicated, and the anti-
inflammatory activity of Dp44mT in COVID-19 in vivo
models was not investigated in this study. Therefore, further
study is required to elucidate potential effects of
Dp44mT on various inflammation in vivo models before
clinical applications.
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