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A B S T R A C T

SMEPPI is a small molecule synthesized as a derivative of KR-62980 that has anti-diabetic and anti-inflammatory
activities. Despite the established physiological effects of KR-62980, the effects and benefits of SMEPPI remain
largely unexplored. This study investigated the immunomodulatory functions of SMEPPI on macrophages and
inflammatory diseases. SMEPPI did not affect the differentiation and maturation of bone marrow-derived
monocytes into macrophages, nor did it affect the proliferation of M1 or M2 macrophages. Although SMEPPI
did not affect M2 macrophage polarization, it significantly inhibited IL-1β and IL-6 cytokine production in both
M1 macrophages and activated RAW264.7 macrophages. Importantly, SMEPPI inhibited the expression and
phosphorylation of NF-κB p65 through inhibition of Akt expression, preventing its translocation to the nucleus. It
also promoted p65 degradation through the stimulation of the proteasomal degradation pathway by inducing the
expression of proteasome-related genes, thereby inhibiting p65 transcriptional activity. SMEPPI also enhanced
the expression of various molecules associated with macrophage phagocytosis, including CD68, CD33, and
lectins, thereby increasing phagocytic activity. Moreover, SMEPPI mitigated lipopolysaccharides-induced acute
lung injury by suppressing IL-1β and IL-6 production in M1 macrophages and reduced mortality related to severe
lung injury. These findings indicate that SMEPPI effectively regulates inflammatory diseases by impeding p65-
induced cytokine production and enhancement of phagocytosis by M1 macrophages.

1. Introduction

Inflammation is a highly regulated process in response to microbial
infections or tissue injury, involving a balance of pro- and anti-
inflammatory components that rapidly resolve harmful conditions and
restore homeostasis [1,2]. In the early stages of inflammation, macro-
phages recognize and eliminate foreign antigens via phagocytosis while
simultaneously presenting antigenic peptides to T lymphocytes, thereby
resulting in activation of an acquired immune response involving the
production of antibodies, cytokines, and memory cells [3]. Macrophage
activity transitions from a pro-inflammatory to an anti-inflammatory
response, contributing to homeostasis by the elimination of harmful
entities [4]. Macrophages play a crucial role in the innate immune
response and regulate innate and adaptive immune responses as a result

of their polarization and differentiation into distinct phenotypes. When
exposed to lipopolysaccharides (LPS) and interferons, resting macro-
phages polarize into pro-inflammatory M1 macrophages (classically
activated). In contrast, interleukin (IL)-4 and IL-13 promote the devel-
opment of anti-inflammatory M2 macrophages (alternatively activated)
[5]. M1 and M2 macrophages are central to host defense mechanisms
and responses to tissue remodeling, respectively, and they express spe-
cific surface biomarkers and secrete distinct cytokines. M1 markers
include CD80 and IL-6, while M2 markers comprise arginase-1 (Arg-1)
and IL-10. While the balance between M1 and M2 macrophages is
essential for maintaining normal physiological homeostasis, their aber-
rant hyperactivation and imbalance can lead to deleterious effects,
causing lesions and contributing to various inflammatory diseases,
including arthritis, lung injury, and sepsis [6].
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Macrophages differentiate from myeloid progenitor cells derived
from hematopoietic stem cells in the bone marrow (BM) [7]. Upon
stimulation with macrophage colony-stimulating factor (M-CSF),
myeloid progenitor cells proliferate and develop into monocytes, which
then enter the bloodstream and migrate to various tissues. Depending on
the local cytokines, growth factors, and the presence of pathogens or
cellular debris, monocytes differentiate into macrophages, adapting to
their microenvironments and exhibiting tissue-specific functions [8].
Tissue-resident macrophages, including Kupffer cells in the liver, alve-
olar macrophages in the lungs, microglial in the central nervous system,
and osteoclasts in the bone, reside permanently in specific tissues [3].
Circulating monocytes migrate to damaged or infected tissues, where
they transform into macrophages, which then mediate the immune
response and facilitate tissue repair [9]. Given their multiple roles in
immunity, inflammation, and tissue homeostasis, macrophages repre-
sent promising therapeutic targets for treating various diseases [10].
Thus, the identification and characterization of small molecules that can
modulate macrophage activation and phagocytosis are highly promising
avenues for tacking macrophage-mediated inflammatory diseases.

Indenone derivatives have been developed as peroxisome
proliferator-activated receptor γ (PPARγ) agonists and have been shown
to exhibit extensive anti-oxidative, anti-hyperglycemic, anti-

dyslipidemic, anti-tumor, and anti-inflammatory properties [11–16].
Among these, KR-62980 [1-(transmethylimino-N-oxy)-6-(2-morpho
linoethoxy)-3-phenyl-1H-indene-2-carboxylic acid ethyl ester] is a de-
rivative with a modified indenone structure that inhibits fat accumula-
tion through activation of PPARγ suppressor, thus highlighting its
potential as a therapeutic agent with anti-diabetic and reduced adipo-
genic effects [17–19]. Additionally, KR-62980 exerts anti-allergic effects
and alleviates allergen-induced airway inflammation, further support-
ing its role as an anti-inflammatory agent [20]. SMEPPI [6-(2-(1,
1-dioxidothiomorpholino) ethoxy)-3-(2,4-difluorophenyl)-2-(6-methox
ypyridin-3-yl)-1H-inden-1-one], a newly synthesized derivative of
KR-62980, retains the core indenone structure while incorporating
functional modifications, such as thiomorpholinoethoxy, difluor-
ophenyl, and methoxypyridinyl groups, which may lead to additional
biological effects.

In this study, we investigated the effects of the indene derivative
SMEPPI on macrophage activation and polarization and explored its
anti-inflammatory effects in vivo.

Fig. 1. Effects of SMEPPI on the proliferation and polarization of BMDMs. (A) Structure of SMEPPI. (B–D) BMDMs were isolated and cultured in the presence of
M-CSF. The effects of various concentrations of SMEPPI on BMDM cell viability were analyzed (B). Cell proliferation of BMDMs was assayed in the presence or
absence of SMEPPI for 4 days (C). Flow cytometric analysis of BMDM proliferation after treatment with SMEPPI was conducted (D). (E, F) Macrophage polarization
into M1 and M2 was induced in the presence of SMEPPI. Cell viability was assessed for the M1 and M2 macrophages (E), and biomarkers of M1 and M2 macrophages
were quantitatively analyzed (F). The data represent the mean ± SEM of five independent experiments.
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2. Results

2.1. Effects of SMEPPI on macrophage differentiation and polarization

To examine the effects of the indenone derivative SMEPPI on
macrophage differentiation and maturation, BM-derived monocytes
(BMDMs) were treated with various concentrations of SMEPPI (Fig. 1A).
SMEPPI did not exhibit cytotoxicity toward monocytes, nor did it affect
cell proliferation in response to M-CSF treatment during differentiation
into macrophages (Fig. 1B and C). Furthermore, SMEPPI had no effect
on the cell cycle progression of macrophages over a period of 4 days
following M-CSF stimulation (Fig. 1D). Similarly, SMEPPI did not affect
the viability of M1- or M2- polarized macrophages (Fig. 1E). However,
SMEPPI dose-dependently decreased the expression of IL-6, a signature
marker of M1 macrophages, and rapidly reduced its level by more than
50% at a concentration of 1 μM. In contrast, the expression of Ym1, a
representative marker of M2 macrophages, was not affected by SMEPPI
(Fig. 1F). These findings suggest that SMEPPI regulates the activity of
polarized M1 macrophages without affecting macrophage differentia-
tion or proliferation.

2.2. Suppression of M1-driven inflammatory cytokines by SMEPPI

To verify the regulatory effect of SMEPPI on the activities of

polarizedM1 andM2macrophages, we treatedM1 andM2macrophages
with SMEPPI at concentrations of 10 μM or less during the polarization
process and then analyzed the expression of cytokines. SMEPPI signifi-
cantly and concentration-dependently reduced IL-1β and IL-6 expression
in BM-derived M1 macrophages (Fig. 2A). These results were also
confirmed using unstimulated and LPS-stimulated RAW264.7 macro-
phages. SMEPPI significantly decreased the expression of IL-1β, IL-6,
and TNF-α at both basal and LPS-stimulated levels in RAW264.7 cells
(Fig. 2B). In contrast, the expression of ARG1, an M2-specific marker,
was not altered by SMEPPI in IL-4 and IL-13-treated RAW264.7 cells
(Fig. 2C). Therefore, SMEPPI appears to selectively inhibit inflammatory
cytokine production in M1 macrophages without affecting M2
macrophages.

2.3. Inhibition of NF-κB p65 expression and activation by SMEPPI

To understand the molecular mechanisms underlying the inhibition
of M1-driven inflammatory cytokines by SMEPPI, we examined the
expression levels of NF-κB signaling molecules involved in the produc-
tion of IL-1β, IL-6, and TNF-α. Interestingly, both the expression and
phosphorylation levels of NF-κB p65 (p65) were affected by SMEPPI
treatment. The phosphorylation of p65 was decreased in a dose-
dependent manner by treatment with SMEPI, and p65 expression was
markedly decreased at a concentration of 10 μM. In contrast, IκB

Fig. 2. Inhibitory activity of SMEPPI on M1 macrophages. (A) Inhibitory effect of SMEPPI on IL-1β and IL-6 production by primary M1 macrophages. (B) In-
hibition of IL-1β, IL-6, and TNF-α by SMEPPI in RAW264.7 macrophages with or without LPS stimulation. (C) No significant effect of SMEPPI on the expression of
M2-like markers in RAW264.7 cells upon stimulation with IL-4 and IL-13. Statistical significance was determined by ANOVA.
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expression and phosphorylation were unaffected by SMEPPI (Fig. 3A).
Nuclear localization of p65 was significantly decreased by SMEPPI, as
determined by immunofluorescence staining and quantification
(Fig. 3B). Notably, SMEPPI reduced the expression of Akt Ser/Thr ki-
nase, a p65 kinase, but it did not affect the expression and activation of
other p65 kinases, including p38, extracellular signal-regulated kinase
(ERK), and IκB kinase (IKK) β (Fig. 3C). SMEPPI also decreased the
expression and phosphorylation levels of p65 and reduced Akt expres-
sion in RAW264.7 cells (Fig. 3D). SMEPPI also suppressed the nuclear
localization of p65 in RAW264.7 cells (Fig. 3E), indicating the potential
of SMEPPI to inhibit the expression and activation of p65.

2.4. Increased NF-κB p65 proteasomal degradation by SMEPPI

As expected, the decrease in endogenous p65 expression and acti-
vation by SMEPPI led to a decrease in the promoter activity of the IL-6
gene, which is a target of p65 in RAW264.7 macrophages stimulated by
LPS (Fig. 4A). We hence overexpressed p65 in HEK293T cells to evaluate
the effect of SMEPPI on the transcriptional activity of p65. The NF-κB
promoter activity was markedly increased by p65 overexpression, which
could be decreased by SMEPPI (Fig. 4B). Interestingly, SMEPPI
decreased the expression levels of overexpressed p65 in a concentration-
dependent manner, and this was blocked by the proteasome inhibitor
MG132 (Fig. 4C and D), suggesting that SMEPPI promotes p65 protein
degradation. Further RNA sequencing (RNA-seq) analysis demonstrated
that SMEPPI increased the expression of ubiquitin-proteasomal degra-
dation-related molecules (Fig. 4E). Quantitative PCR (qPCR) verified
that SMEPPI significantly increased the expression of tripartite motif
containing 3 (Trim3), ubiquitin-conjugating enzyme 2 s (Ube2S),
ubiquitin-protein ligase E3 component n-recognin 7 (Ubr7), and Deltex4
(Dtx4) in M1 macrophages (Fig. 4F), which is in keeping with the

promotion of proteasome-mediated p65 degradation by SMEPPI.

2.5. Enhanced phagocytic activity of macrophages by SMEPPI

In addition, the RNA-seq analysis showed that SMEPPI increased the
expression of lectin family and membrane and lysosome-related genes
involved in macrophage phagocytosis (Fig. 5A). We further validated
that SMEPPI substantially increased the expression of phagocytosis-
related genes such as Lgals3, Clec7a, Lipa, Laptm4b, Cd68, and Cd33 in
M1 macrophages (Fig. 5B), suggesting that SMEPPI can enhance the
phagocytic activity of macrophages. Flow cytometry and immunofluo-
rescence staining using fluorescence-labeled zymosan bioparticle
further confirmed that SMEPPI significantly increased the phagocytic
activity of M1 macrophages (Fig. 5C and D). SMEPPI also enhanced the
phagocytic activity of RAW264.7 macrophages in a concentration-
dependent manner (Fig. 5E), indicating the potential of SMEPPI to
promote macrophage phagocytosis.

2.6. Anti-inflammatory and anti-septic activities of SMEPPI in vivo

Having shown that SMEPPI inhibited the production of pro-
inflammatory cytokines in M1 macrophages in vitro, we examined its
anti-inflammatory and protective effects against lung injury in vivo. Mice
were injected intraperitoneally with different concentrations of SMEPPI
for seven days and their lungs were then analyzed after intratracheal
instillation of LPS. Intratracheal LPS instillation caused severe lung
inflammation and airway epithelial cell injury, which was attenuated by
pre-treatment with SMEPPI (Fig. 6A). Additionally, LPS increased the
infiltration of CD11b+ as well as F4/80+ macrophages into the injured
lung tissue, whereas SMEPPI decreased the infiltration of macrophages
into the lung in a dose-dependent manner. Interestingly, the expression

Fig. 3. Suppression of p65 expression and phosphorylation by SMEPPI. (A–C) Primary M1 macrophages were incubated with different concentrations of SMEPPI
for 24 h, followed by immunoblot analysis and immunofluorescence staining. Protein expression levels were analyzed with specific antibodies and quantified using
ImageJ software (A). The cells were fixed and immunostained with p65 antibody, followed by fluorescence microscopy; total and nuclear levels of p65 were
quantitatively determined (B). Cellular levels of kinases were evaluated in M1 macrophages and quantified (C). (D, E) RAW264.7 macrophages were incubated with
SMEPPI and subjected to immunoblot analysis of p65, pp65, and Akt. Relative protein band intensities were determined by comparison with the vehicle control (D).
The cells were fixed and stained with a p65 antibody, and cellular p65 expression was observed and quantified using a fluorescence microscope (E). The data are
shown as the mean ± SEM of five independent experiments. #P < 0.05; ###P < 0.0005 by ANOVA with Tukey’s HSD post-hoc test.
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Fig. 4. SMEPPI-induced p65 degradation through activation of the proteasomal degradation system. (A) IL-6 promoter activity was evaluated in the presence
of SMEPPI in RAW264.7 macrophages. (B) NF-κB activity by p65 overexpression was determined in the presence of SMEPPI. (C) Effects of SMEPPI on p65 protein
levels overexpressed in HEK293T cells. (D) HEK293T cells were transfected with p65 and incubated with SMEPPI in the presence or absence of MG132 (10 μM),
followed by immunoblotting analysis. (E) M1 macrophages were incubated with SMEPPI (10 μM) for 24 h and subjected to RNA-seq analysis. The heatmap of genes
involved in the proteasome system with or without SMEPPI is presented. (F) Quantitative analysis of proteasomal genes in primary M1 macrophages after treatment
with different concentrations of SMEPPI. The data are the mean ± SEM of five independent experiments. #P < 0.05; ##P < 0.005; ###P < 0.0005 by ANOVA with
Tukey’s HSD post-hoc test.

Fig. 5. Increased expression of macrophage surface markers and enhanced phagocytosis by SMEPPI. (A–D) Primary M1 macrophages were treated with
SMEPPI (10 μM) and subjected to RNA extraction. The heatmap of macrophage-specific markers from the RNA-seq analysis is shown (A). Quantitative analysis of
macrophage-specific markers using qPCR (B). Quantitative phagocytosis assays of M1 macrophages after treatment with SMEPPI (C). Fluorescence imaging of
zymosan bioparticle was captured in M1 macrophages treated with SMEPPI (D). (E) RAW264.7 macrophages were treated with SMEPPI, followed by a zymosan-
based phagocytosis assay. The data are expressed as the mean ± SEM. #P < 0.05; ##P < 0.005; ###P < 0.0005 by ANOVA with Tukey’s HSD post-hoc test.
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of surfactant protein-C (SP-C), a lung epithelial cell marker, was
significantly decreased by LPS, but its expression was increased in a
dose-dependent manner in the mouse lung tissue injected with SMEPPI
(Fig. 6B), suggesting a protective role of SMEPPI against lung injury. As
expected, the expression of pro-inflammatory cytokines was drastically
decreased by SMEPPI in both the lung tissue and spleen (Fig. 6C and D).
Furthermore, SMEPPI significantly increased the survival rate of mice
with LPS-induced septic shock (Fig. 6E), indicating the potent anti-
inflammatory and anti-septic effects of SMEPPI against LPS-induced
injury in vivo.

3. Discussion

In this study, we found that the indenone derivative SMEPPI, spe-
cifically suppressed IL-6, IL-1β, and TNF-α expression in M1 macro-
phages. This was mediated by a decrease in p65 phosphorylation
through a decrease in Akt expression, and a concomitant decrease in p65
expression through an increase in the expression of proteasome-related
genes. We also found that SMEPPI promoted macrophage phagocytosis
by inducing the expression of phagocytic molecules. Furthermore,
SMEPPI ameliorated actual LPS-induced lung injury and increased the
survival rate of mice against septic shock.

Indanone/indenone derivatives exert diverse biological activities,
including neuroprotective, anti-inflammatory, and anti-diabetic effects
[21–27]. The indenone derivative KR-62980 exhibits anti-allergic ac-
tivity by inhibiting CD4 T cell proliferation and by suppressing Th2 cell
cytokines associated with allergic reactions. It also exhibits
anti-adipogenic activity by inhibiting lipase activity and by increasing
PPARγ suppression [17–20]. However, the effects of indanone/indenone
derivatives on macrophage activity and their impact on
macrophage-mediated inflammatory diseases have not been investi-
gated to date. We therefore assessed whether the indenone derivative

SMEPPI could exhibit an anti-inflammatory effect through direct regu-
lation of M1 macrophages and whether it could protect from lung injury
and septic shock upon LPS injection in vivo. Our findings reiterate the
anti-inflammatory effect of the indenone structure and its potential to
modulate inflammatory diseases. Our results also highlight that SMEPPI
may be beneficial in preventing or ameliorating inflammatory diseases,
such as acute lung injury and sepsis.

Our RNA-seq analysis demonstrated that SMEPPI increased the
expression of several ubiquitin-conjugating enzymes and ubiquitin li-
gases involved in the ubiquitin-proteasomal degradation pathway [28].
The levels of Trim3, Ube2s, Ubr7, and Dtx4, which play roles in
ubiquitin-mediated protein degradation [29–32], were increased by
SMEPPI in a dose-dependent manner. Because p65 protein stability is
regulated by the ubiquitin-mediated proteolytic and lysosomal degra-
dation pathways [33–35], the ubiquitin-related genes increased by
SMEPPI may directly decrease p65 protein stability. For example, Trim
family E3 ligases act as critical regulators of the NF-κB pathway and are
involved in the development of NF-κB-mediated inflammatory diseases
[31]. However, further studies are needed to clarify whether and how
p65 is directly regulated by Trim3, Ube2s, Ubr7, and Dtx4.

In addition to the proteasome-related genes, SMEPPI also induced
the expression of macrophage phagocytic genes, which include lectin
family members, lysosomal genes, and macrophage surface markers,
such as Lgals3, Clec7a, Cd68, Cd33, Lipa, and Laptm4b [36–41].
Galectin-3, encoded by the Lgals3 gene is known to promote phagocy-
tosis of apoptotic cells, and its deficiency is consistent with reduced
efferocytosis observed in human asthma [36,42]. Phagocytic C-type
lectins (Clec family) directly recognize pathogens on the surface of mi-
crobes and mediate phagocytosis [37]. Increased expression of these
membrane proteins and lysosomal proteins in macrophages may in-
crease their ability to recognize and bind to target cells, resulting in
efficient phagocytosis and degradation. Therefore, increased expression

Fig. 6. Suppression of acute lung injury and mortality by SMEPPI. C57BL/6 mice were intraperitoneally injected with either vehicle (n = 6) or different con-
centrations of SMEPPI (n = 6 per group) for 5 days and exposed to LPS (10 mg/kg) via intratracheal instillation. (A) After overnight LPS instillation, lung tissues were
sectioned and subjected to HE staining. (B) Immunohistochemistry of lung tissues using antibodies against CD11b, F4/80, and SP-C. (C) Lung tissues were harvested
for RNA extractions, and the relative expression levels of inflammatory cytokines were determined using qPCR. (D) Splenic cells were harvested and subjected to RT
and qPCR analysis. (E) The effects of SMEPPI on the mortality rate of mice upon LPS-induced acute lung injury. The mice were injected with vehicle (n = 9) or SMEPP
(n = 11) for 5 days and then exposed to LPS. The mice were monitored for 3 days, and their survival rate was determined. The data are expressed as the mean ± SEM.
#P < 0.05; ##P < 0.005; ###P < 0.0005 by ANOVA with Tukey’s HSD post-hoc test.
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of membrane surface markers and lysosomal proteins in M1 macro-
phages by SMEPPI promotes M1 macrophage phagocytosis. Although
the expression of phagocytic genes was increased by SMEPPI, it is still
unclear how SMEPPI induces the transcription of these gene and how
these phagocytosis genes are involved in the promotion of phagocytosis
at the molecular level.

4. Materials and methods

4.1. Materials

The cytokines M-CSF, IL-4, and IL-13 were purchased from R&D
Systems (Minneapolis, MN, USA). LPS, carboxyfluorescein diacetate
succinimidyl ester (CFSE), and MG132 were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The synthesized SMEPPI had 98 % pu-
rity and was used for all the in vitro and in vivo experiments. Antibodies
against Akt, IκB, IKKβ, pIκB, pp65, p65, pp38, pERK, and actin were
obtained from Cell Signaling Technology (Danvers, MA, USA), Santa
Cruz Biotechnology Inc. (Santa Cruz, CA, USA), or Bioss (Woburn, MA,
USA).

4.2. Cell culture and viability assay

BMDMs were isolated from male C57BL/6 mice by flushing the fe-
murs and tibia with DMEM supplemented with 10 % FBS. The BMDMs
were induced to proliferate by treatment with M-CSF (10 ng/mL), which
was replaced with fresh M-CSF medium every other day for 7 days. The
cells were treated with IL-4 (10 ng/mL) and IL-13 (10 ng/mL) for M2
polarization or LPS (100 ng/mL) for M1 polarization for 24 h.
RAW264.7 macrophages (TIB-71, ATCC, Manassas, VA, USA) were
maintained in DMEM and treated with SMEPPI. For the cell viability
assay, BMDMs or activated macrophages were treated with SMEPPI for
24 h, followed by incubation with EZ-Cytox reagent for 30 min ac-
cording to the manufacturer’s instructions (EZ-Cytox Cell Viability
Assay Kit, DoGenBio, Seoul, Korea). The optical density was determined
using a microplate reader (Molecular Devices, Sunnyvale, CA, USA) at
the Ewha Fluorescence Imaging Core Center.

4.3. Cell proliferation analysis

BMDMs were stained with CFSE (5 μM) for 15 min and incubated
with SMEPPI (100 μM) in the presence of M-CSF (10 ng/mL) for 4 days
with replacement of the medium every other day. The cells were har-
vested on days 0, 1, 2, 3, and 4 and then subjected to flow cytometric
analysis using a BD FACS Caliber (BD Biosciences, San Jose, CA, USA).
Proliferating cells were quantitatively analyzed using CellQuest soft-
ware (BD Biosciences).

4.4. RNA-seq and qPCR analysis

M1macrophages derived from BMDMs were incubated with SMEPPI
(10 μM) for 24 h and harvested for RNA extraction using TRIzol reagent
(Thermo Fischer Scientific, Carlsbad, CA, USA). The RNA-seq assay was
performed by Ebiogen Inc. (Seoul, Korea). Total RNA was prepared from
M1 macrophages or RAW264.7 cells treated with different concentra-
tions of SMEPPI and subjected to reverse transcription and qPCR anal-
ysis using Thunderbird SYBR qPCR Mix (Toyobo, Osaka, Japan) and a
Step-One-Plus real-time PCR system (Applied Biosystems, Carlsbad,
CA, USA). The relative transcript levels of the genes were calculated
after normalization with the Ct values of the β-actin gene. The specific
primer sets used were as follows: IL-1β, 5′-caaccaacaagtgatattctccat-3′,
5′-gatccacactctccagctgca-3′; IL-6, 5′-accacttcacaagtcggagg-3′, 5′-tccagg-
tagctatggtactcc-3′; TNFα, 5′-cagttctatggcccagaccctca-3′, 5′-acaacc-
catcggctggcaccac-3′; Trim3, 5′-gctctggtcagcgacttggag-3′, 5′-
ccaggttgagcaccgatctc-3′; Ube2s, 5′-tgctgaccatcaagtgcctg-3′, 5′-cta-
cagtcgcctcagtgctc-3′; Ubr7, 5′-gccacagtccagctgcagac-3′, 5′-

cttctctcttaacaaccgtgcc-3′; Dtx4, 5′-catctactgcctggtggctatg-3′, 5′-
ttcggatgctctggtccctg-3′; Lgals3, 5′-actgacggtgccctatgacc-3′, 5′-gtaggt-
gagcatcgttgacc-3′; Clec7a, 5′-cccagctaggtgctcatctactg-3′, 5′-gtgcag-
taagctttcctgggg-3′; Lipa, 5′-tggtgaggaacactcggtcc-3′, 5′-
ccagcatccgccaggaggaag-3′; Laptm4b, 5′-acatgctgcctggatcatccc-3′, 5′-
accaggacatcggaggagttc-3′; Cd68, 5′-tcagggtggaagaaaggcttggg-3′, 5′-
ttccaccgccatgtagtcc-3′; Cd33, 5′-tcaagaggcaggaagcgatcac-3′, 5′-ggaagc-
catagaggacacagg-3′; β-actin, 5′-caccctgtgctgctcaccgag-3′, 5′-
accgctcgttgccaatagtga-3′.

4.5. Immunofluorescence staining

For immunofluorescence staining, primary M1 macrophages and
RAW264.7 cells were plated on poly-L-lysine-coated glass coverslips
(Marienfeld, Lauda-Königshofen, Germany) and incubated with
different concentrations of SMEPPI for 24 h. The cells were then fixed
and stained with antibodies against NF-κB p65, followed by DAPI
staining (1 μg/mL, Sigma-Aldrich) and observation using a fluorescence
microscope (Axio Observer 7, Carl Zeiss, Jena, Germany) at the Ewha
Drug Development Research Core Center. Total and subcellular fluo-
rescence intensities were quantified using ImageJ software (NIH,
Bethesda, MD, USA).

4.6. Immunoblot analysis

The cells were treated with SMEPPI and subjected to protein
extraction using RIPA lysis buffer. Protein lysates were resolved by SDS-
PAGE, transferred to nitrocellulose membranes, and incubated with
primary and secondary antibodies. Protein signals were visualized after
incubation with electrochemical luminescence detection reagent using
Amersham ImageQuant 800 (Cytiva, Marlborough, MA, USA) and
quantified using ImageJ software.

4.7. Reporter gene assay

RAW264.7 cells were transfected with the reporter genes pIL-6-luc
and RSVβ and then incubated with SMEPPI for 24 h. HEK-293T cells
were transfected with the p65 expression vector and reporter genes NF-
κB-luc and RSVβ and incubated with SMEPPI for an additional 24 h. The
reporter gene RSVβ was transfected as a positive control for transfection
efficiency. The cells were harvested and subjected to luciferase and
β-galactosidase assays (Promega, Madison, WI, USA). Luciferase re-
porter activity was normalized to β-galactosidase activity and expressed
as fold-induction.

4.8. Phagocytosis assay

M1macrophages or RAW264.7 cells were incubated with SMEPPI for
24 h and incubated with pre-labeled zymosan particles (ab234053,
Abcam, Cambridge, MA, USA). The cells were fixed and observed using a
fluorescence microscope. The cells were subjected to flow cytometric
analysis and quantification using CellQuest software.

4.9. LPS-induced acute lung injury model

For in vivo efficacy testing of SMEPPI, C57BL6/J mice (male, 8–10
weeks old) were pretreated with different doses of SMEPP (5, 10, and
20 mg/kg) daily for 5 consecutive days via intraperitoneal injection. The
mice were then exposed to LPS (10 mg/kg, intratracheal instillation),
and the survival rate was monitored for 3 days. All animal experiments
were conducted according to international animal welfare guidelines,
and all procedures were approved by the Institutional Animal Care and
Use Committee of Ewha Womans University (IACUC 19–010 and
21–072).

J.H. Oh et al.



Biomedicine & Pharmacotherapy 183 (2025) 117856

8

4.10. Histological analysis

After overnight LPS treatment, the mice were sacrificed, and lung
tissue samples were harvested, fixed in 10 % formaldehyde solution for
24 h, and embedded in paraffin. Lung tissues were sectioned at 4-μm
thickness and subjected to hematoxylin and eosin (HE, Sigma-Aldrich)
staining or immunohistochemistry. HE-stained lung tissues were
observed and photographed under an upright microscope (Nikon Eclipse
Ci, Nikon, Tokyo, Japan). For immunohistochemistry, lung tissues were
incubated with antibodies against macrophage markers CD11b and F4/
80 and lung epithelial cell marker SP-C, followed by incubation with
fluorescence-conjugated antibodies and DAPI solution (1 μg/mL, Sigma-
Aldrich).

4.11. Statistical analysis

All experiments were performed at least five times, and all data are
expressed as the mean ± standard error of the mean (SEM). All statis-
tical analyses were performed using GraphPad Prism version 10.0 soft-
ware (GraphPad Inc., San Diego, CA, USA). The statistical significance of
the mean differences was analyzed using a one-way analysis of variance
(ANOVA) with Tukey’s HSD post-hoc test. P values < 0.05 were
considered statistically significant.
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