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Abstract
Introduction and objectives: Lipopolysaccharide (LPS) is a potent inducer of inflammatory 
response. Inflammation is a major risk factor for many diseases. Regulation of inflammatory 
mediator and pro-inflammatory cytokine levels could be a potential therapeutic approach to 
treat inflammatory injury. The purpose of the present study was to determine whether epal-
restat (EPS), which is used for the treatment of diabetic neuropathy, suppresses inflammatory 
response in LPS-stimulated RAW264.7 cells.
Material and methods: The effects of EPS at near-plasma concentration on the levels of 
pro-inflammatory cytokines and inflammatory mediators was examined using by MTS assay, 
quantitative RT-PCR analysis, and western blotting in LPS-stimulated RAW264.7 cells.
Results: EPS suppressed mRNA and protein expression levels of pro-inflammatory cytokines, 
including IL-1β, IL-6, and TNFα, in RAW264.7 cells stimulated with LPS. EPS also affected 
inflammatory mediators such as iNOS and NF-κB in LPS-stimulated RAW264.7 cells.
Conclusions: In this study, we demonstrated for the first time that EPS suppresses inflamma-
tory response in LPS-stimulated RAW264.7 cells. From these results, we propose that target-
ing the regulation of pro-inflammatory cytokine levels and inflammatory mediators by EPS is a 
promising therapeutic approach to treat inflammatory injury. It is expected that EPS, whose 
safety and pharmacokinetics have been confirmed clinically, would be useful for the treat-
ment of inflammatory diseases.
© 2021 Codon Publications. Published by Codon Publications.
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LPS-stimulated RAW264.7 cells; (2) EPS has an effect on 
the levels of pro-inflammatory cytokines IL-1β, IL-6, and 
TNFα, and (3) EPS affects such inflammatory mediators as 
iNOS and NF-κB.

Materials and Methods

Cell culture and treatment with EPS and LPS

RAW264.7 cells were purchased from European Collection 
of Authenticated Cell Cultures (Salisbury, UK). Cells were 
grown to 80–90% confluence at 37°C in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% fetal bovine 
serum (FBS), L-glutamine (4 mM), penicillin (100 U/mL), and 
streptomycin (100 μg/mL) in a humidified atmosphere of 5% 
CO2 and 95% air. Before treating cells with EPS (Wako Pure 
Chemical Industries, Osaka, Japan) or LPS (Sigma-Aldrich, 
St. Louis, MO, USA), the medium was replaced with DMEM 
without FBS. Untreated RAW264.7 cells were incubated 
with 50- or 100-μM EPS.

Assessment of cytotoxicity

Cell viability was assessed by CellTiter 96® Aqueous One 
Solution Cell Proliferation Assay (MTS assay) from Promega 
(Madison, WI, USA). Briefly, RAW264.7 cells treated or not 
treated with LPS (100 ng/mL) on 96-well plates were incu-
bated with 50- or 100-μM EPS for 4 h at 37°C. After the 
medium was removed, cells remaining on 96-well plates 
were washed with FBS-free DMEM and incubated with fresh 
DMEM (100 μL) and MTS assay solution (10 μL) for 60 min at 
37°C. The produced MTS formazan was measured at 490 nm 
with a Bio-Rad Model 680 microplate reader (Hercules, CA, 
USA). Cell death was assessed by measuring lactate dehy-
drogenase (LDH) release. After RAW264.7 cells treated or 
not treated with LPS (100 ng/mL) on 48-well plates were 
incubated with 50- or 100-μM EPS for 4 h at 37°C, LDH 
release was measured with Cytotoxicity LDH Assay Kit-WST 
(Dojindo Laboratories, Kumamoto, Japan) according to the 
manufacturer’s protocol. 

Measurement of mRNA levels

Quantitative Reverse transcription polymerase chain reac-
tion (RT-PCR) analysis was used to measure mRNA levels. 
Total RNA from the treated cells was extracted with a 
FastGene™ RNA Basic Kit (Nippon Genetics Co. Ltd., Tokyo, 
Japan) according to the manufacturer’s protocol. mRNAs 
were reverse-transcribed into cDNA with a high-capac-
ity cDNA reverse transcription kit (Applied Biosystems, 
Foster City, CA, USA). Quantitative RT-PCR was per-
formed with a 7500 Fast real-time PCR system (Applied 
Biosystems). Primers for mouse IL-1β, mouse IL-6, mouse 
TNFα, and mouse Nos2 (iNOS) were purchased from Applied 
Biosystems. mRNA levels were acquired from the values of 
the threshold cycle (Ct) of IL-1β, IL-6, TNFα, or Nos2 nor-
malized to that of Glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH). Relative mRNA levels were compared and 
expressed as percentage of control levels.

Introduction

Lipopolysaccharide (LPS) is the most common pathogenic 
endotoxin component in the outer membrane of Gram-
negative bacteria and is essential for bacterial cell integ-
rity, viability, and defense against environmental stresses. 
LPS is highly conserved among almost all Gram-negative 
bacteria and is a potent inducer of inflammatory response.1 
Inflammation is a major risk factor for many diseases, and 
macrophages are important immune cells that serve as 
the first line of defense against invading agents (bacteria, 
viruses, and fungi).2 During inflammation, macrophages 
produce excessive amounts of inducible nitric oxide (NO) 
synthase (iNOS) as inflammatory mediator and pro-inflam-
matory cytokines, such as interleukin-1β (IL-1β), IL-6, and 
tumor necrosis factor-alpha (TNFα).2,3 The excessive produc-
tion of pro-inflammatory cytokines can exacerbate a wide 
range of diseases, including allergy, autoimmune diseases, 
cancer, and metabolic syndromes.4,5 Nuclear factor kappa-B 
(NF-κB) mediates the induction of pro-inflammatory cyto-
kines, such as IL-1β, IL-6, and TNF-α, in monocytes/mac-
rophages. Many of these cytokines may induce additional 
expression of pro-inflammatory cytokines and chemokines 
by activating NF-κB in innate immune cells and fibroblasts, 
leading to additional recruitment of inflammatory immune 
cells and propagation of inflammation.6 Therefore, the reg-
ulation of inflammatory mediators, such as iNOS and NF-κB, 
and pro-inflammatory cytokines, including IL-1β, IL-6, and 
TNFα, may be a potential therapeutic approach to treat 
inflammatory injury.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is an 
important transcription factor that plays a fundamental 
role in regulating the expression of antioxidant genes, 
such as heme oxygenase-1 (HO-1) and glutamate-cysteine 
ligase (GCL).7–9 It has been reported that knockout of Nrf2 
attenuates anti-inflammatory effects,10 whereas activa-
tion of Nrf2 reduces inflammation.11 However, the detailed 
mechanism of the suppression of inflammation by Nrf2 is 
not understood. A recent study has demonstrated that Nrf2 
binds upstream of pro-inflammatory cytokine genes IL-1β 
and IL-6.12 There are reports that Nrf2 activators retain the 
potential to act as an alternative anti-inflammatory agent. 
In fact, sulforaphane is a potent Nrf2 activator and exerts 
anti-inflammatory effects.13,14

Epalrestat (EPS) (5-[(1Z,2E)-2-methyl-3-phenyl pro-
penylidene]-4-oxo-2-thioxo-3-thiazolidine acetic acid; Ono 
Pharmaceuticals, Osaka, Japan) has received approval for 
use in Japan for the treatment of diabetic neuropathy. EPS 
is an inhibitor of aldose reductase, a rate-limiting enzyme 
in the polyol pathway. Under hyperglycemic conditions, 
EPS reduces accumulation of intracellular sorbitol, which is 
implicated in the pathogenesis of diabetic complications.15 
Recently, we have found that EPS increases the intracel-
lular levels of glutathione (GSH), which is important for 
protection against oxidative injury, in rat Schwann cells.16 
In rat Schwann cells, EPS increases HO-1 levels through 
transcriptional regulation by Nrf2, which is a key transcrip-
tion factor that plays a central role in regulating antiox-
idant gene expression.17 In addition, EPS increases HO-1 
levels in bovine aortic endothelial cells thru activation 
of Nrf2.18 The purpose of the present study was to deter-
mine whether (1) EPS suppresses inflammatory response in 
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LPS (100 ng/mL) and incubated with 50- or 100-μM EPS for 
4 h. As shown in Figure 1, EPS at 50- and 100-µM had no 
effect on RAW264.7 cells treated or not treated with LPS.

Effect of EPS on LPS-induced pro-inflammatory 
cytokines

IL-1β, IL-6, and TNFα are the major pro-inflammatory cyto-
kines released by activated macrophages. We investigated 
the effect of EPS on pro-inflammatory cytokine levels in 
LPS-stimulated RAW264.7 cells. Figure 2 shows that mRNA 
and protein expression levels of IL-1β, IL-6, and TNFα were 
dramatically increased in LPS-stimulated RAW264.7 cells. 
EPS significantly suppressed the mRNA expression levels of 
IL-1β and TNFα in a dose-dependent manner. Similarly, EPS 
suppressed the protein expression levels of IL-1β, IL-6, and 
TNFα in a dose-dependent manner. These results suggest 
that EPS suppressed LPS-induced inflammatory response in 
RAW264.7 cells.

Effect of EPS on LPS-induced inflammatory 
mediators

Production of NO due to cytokine-induced expression 
of iNOS is largely involved in the pathophysiology of 

Measurement of protein levels

IL-1β, IL-6, TNFα, phospho-NF-κB (p-NF-κB), NF-κB, 
phospho-p38 (p-p38), p38, phospho-c-Jun N-terminal kinase 
(p-JNK), JNK, phospho-extracellular signal-regulated kinase 
(p-ERK), and ERK protein levels were analyzed by western 
blotting. RAW264.7 cells treated or not treated with LPS 
(100 ng/mL) were incubated with 50- or 100-μM EPS for 
4 h. After the medium was removed, the cells were washed 
with Dulbecco’s phosphate buffered saline (DPBS) and lysed 
in lysis buffer (50 mM HEPES [pH 7.4], 5-mM EDTA, 120-
mM NaCl, 1% Triton X-100, protease inhibitors [10 μg/mL 
aprotinin, 1-mM phenylmethylsulfonyl fluoride, 10-μg/mL 
leupeptin] and phosphatase inhibitors [50-mM sodium flu-
oride, 1-mM sodium orthovanadate, 10-mM sodium pyro-
phosphate]). The lysate was centrifuged at 10,000×g for 
15 min and 20–50 μg of protein in the supernatant was 
resolved by 12% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). The separated proteins were 
blotted onto a polyvinylidene difluoride (PVDF) membrane. 
The membrane was incubated with the following primary 
antibodies: anti-mouse IL-1β, anti-rabbit IL-6, anti-rabbit 
TNFα, anti-rabbit p-NF-κB, anti-rabbit NF-κB, anti-rabbit 
p-p38, anti-rabbit p-38, anti-rabbit p-JNK, anti-rabbit JNK, 
anti-rabbit p-ERK, and anti-rabbit ERK (all from Cell Signaling 
Technology, Danvers, MA, USA), and anti-mouse β-actin 
polyclonal antibody (Sigma-Aldrich). Following primary 
antibody incubation, the membrane was incubated with 
horseradish-peroxidase (HRP)-conjugated secondary anti-
bodies. Chemiluminescence was detected with Immobilon 
(Merck, Darmstadt, Germany). Data are representative of 
three experiments.

Measurement of nitric oxide

RAW264.7 cells treated or not treated with LPS (100 ng/mL) 
were incubated with 50- or 100-μM EPS for 24 h at 37°C. 
Production of NO was determined by assessing nitrite level 
in culture media with a NO2/NO3 Assay Kit-C II (Dojindo 
Laboratories) according to the manufacturer’s protocol.

Statistical Analysis

All experiments were performed independently at least 
three times. Data were combined and expressed as mean 
values ± standard deviations (SD). Statistical signifi-
cance was determined using two-way analysis of variance 
(ANOVA) with Tukey’s multiple comparison test; P < 0.05 
was considered significant.

Results

Effect of EPS on LPS-stimulated RAW264.7 cells

We first evaluated the cytotoxicity of EPS with MTS assay 
and LDH release assay using LPS-stimulated RAW264.7 
cells. MTS assay and LDH release assay indicate cell viabil-
ity and cell death, respectively. MTS assay and LDH release 
assay were performed in cells treated or not treated with 
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Figure 1  Effect of EPS on LPS-stimulated RAW264.7 cells. 
(A) RAW264.7 cells treated or not treated with LPS (100 ng/mL) 
were incubated with 50- or 100-μM EPS for 4 h. Cell viability 
was assessed by MTS assay. Values are mean values ± SD of six 
experiments. (B) RAW264.7 cells treated or not treated with 
LPS (100 ng/mL) were incubated with 50- or 100-μM EPS for 
4 h. Cell death was assessed by measuring LDH release. Values 
are mean values ± SD of three experiments.
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Figure 2  Effect of EPS on pro-inflammatory cytokine levels. RAW264.7 cells treated or not treated with LPS (100 ng/mL) were 
incubated with 50- or 100-μM EPS for 4 h. (A, C, and E) Pro-inflammatory cytokine mRNA and (B, D, and F) protein levels were 
measured. Values are mean values ± SD of three experiments. *Significant difference (P < 0.05).

inflammation.19–21 As shown in Figure 3, iNOS mRNA expres-
sion levels and NO production were markedly increased 
after LPS stimulation. EPS dramatically suppressed iNOS 
mRNA expression levels and NO production in RAW264.7 
cells stimulated with LPS (Figures 3A and 3B). The tran-
scription factor NF-κB is a prominent regulator of immune 
and inflammatory responses and is highly involved in the 
pathophysiology of cancer.22–24 EPS did not inhibit the phos-
phorylation of NF-κB but promoted the degradation of 
the protein expression levels of NF-κB in LPS-stimulated 
RAW264.7 cells (Figure 3C).

Effect of EPS on LPS-induced MAPK activation

It has been reported that mitogen-activated protein kinases 
(MAPKs) play important roles in controlling inflammatory 

response through the production of inflammatory media-
tors.25 We examined the effect of EPS on MAPK activated 
by LPS. The phosphorylation of JNK and ERK was increased 
by LPS-induced stimulation, indicating that LPS activated 
the MAPK signaling pathway (Figures 4B and 4C). In addi-
tion, Figure 4B shows that EPS suppressed the phosphory-
lation of JNK.

Discussion

Epalrestat is the only aldose reductase inhibitor approved 
in Japan in 1992. EPS is used for the treatment of diabetic 
neuropathy. The usual dose of EPS is 50 mg orally three 
times a day. The plasma EPS concentration of 3.9 µg/
mL (12 µM) was observed 1 h after its single oral dose of 
50 mg.26 EPS at 50 µM and 100 µM had no effect on RAW264.7 
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L-arginine and mediates NO production.34 Therefore, the 
regulation of iNOS is expected to be a potential therapeu-
tic approach to treat inflammatory injury. EPS dramatically 
suppressed iNOS mRNA expression levels and NO produc-
tion in RAW264.7 cells stimulated with LPS (Figures 3A 
and 3B). These results indicate that EPS could effectively 
suppress LPS-induced inflammatory response and may be 
a potential therapeutic approach to treat inflammatory 
injury.

Moreover, we examined the effects of EPS on NF-κB 
and MAPK activities in LPS-stimulated RAW264.7 cells. 
NF-κB plays an important role in regulating inflammatory 
response by increasing the expression of inflammatory 
mediators and pro-inflammatory cytokines, such as iNOS, 
IL-1β, IL-6, and TNFα.6,35 The heterodimers of NF-κB compo-
nents (p50/p65) are activated by the phosphorylation and 
degradation of κB inhibitor (IκB) under LPS-induced stimu-
lation.36 As a result, NF-κB (p65), which is considered to play 
an important role in inflammation, translocates into the 
nucleus where it encodes various cytokines. As shown in 
Figure 3C, EPS did not inhibit the phosphorylation of NF-κB 
but promoted the degradation of protein expression lev-
els in LPS-stimulated RAW264.7 cells. The MAPK signaling 
pathway plays an important role in regulating gene expres-
sion in eukaryotic cells. Three major groups of distinctly 
regulated MAPK cascades are known to alter gene expres-
sion in humans: p38, JNK, and ERK1/2. Similar to NF-κB, 
the MAPK signaling pathway is involved in LPS-induced iNOS 
expression.37 Moreover, it has been reported that NF-κB 
is a downstream component of MAPK signaling pathway.38 
Therefore, inhibition of NF-κB and MAPK pathways may be 

cells treated or not treated with LPS (Figure 1). EPS, whose 
safety and pharmacokinetics have been confirmed clini-
cally, is expected to be useful for the treatment of various 
diseases. In the present study, we demonstrated for the 
first time that EPS at near-plasma concentration suppresses 
inflammatory response in LPS-stimulated RAW264.7 cells.

Lipopolysaccharide-stimulated RAW264.7 cells induce 
a rapid inflammatory response and release a number 
of pro-inflammatory cytokines (IL-1β, IL-6, and TNFα).27 

Furthermore, these inflammatory mediators themselves 
can enhance inflammation, for example, by inducing dan-
ger-associated molecular patterns (DAMPs).28,29 Excessive 
inflammatory cytokine production can lead to tissue 
damage, hemodynamic changes, organ failure, and ulti-
mately death.30 Therefore, it is important to regulate the 
expression of pro-inflammatory cytokines in inflammatory 
response.31 Figure 2 shows that the mRNA and protein 
expression levels of IL-1β, IL-6, and TNFα were dramatically 
increased in RAW264.7 cells stimulated with LPS, which 
induced inflammatory response. EPS significantly sup-
pressed the mRNA expression levels of IL-1β and TNFα in 
a dose-dependent manner. The mRNA expression levels of 
IL-1β and TNFα in cells treated with EPS were reduced by 
more than 70% compared with those in cells without EPS. 
These results suggest that EPS may protect RAW264.7 cells 
from LPS-induced inflammatory injury.

Nitric Oxide is a biological signaling and effector 
molecule that regulates the expression of pro-inflamma-
tory cytokines.32 Inflammatory injury is thought to result 
from NO-induced overproduction of pro-inflammatory 
cytokines.32,33 iNOS catalyzes the oxidative deamination of 
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(C) ERK protein expression levels were measured.

a potential therapeutic approach to treat inflammatory 
injury. In the present study, the phosphorylation of JNK 
and ERK1/2 was increased by LPS-induced stimulation, indi-
cating that LPS activated the MAPK signaling pathway in 
RAW264.7 cells (Figures 4B and 4C). EPS treatment obvi-
ously suppressed the phosphorylation of JNK (Figures 4B). 
These results suggest that the anti-inflammatory effects of 
EPS are partially related to the inhibition of MAPK phos-
phorylation in LPS-stimulated RAW264.7 cells.

A recent study has established that Nrf2 contributes to 
the anti-inflammatory process and regulates gene expres-
sion via the antioxidant response element (ARE). The 
Nrf2 pathway primarily regulates anti-inflammatory gene 
expression and suppresses the progression of inflamma-
tion.39 Sulforaphane activates the intracellular antioxidant 
defense system via the Nrf2–ARE pathway and exerts an 
anti-inflammatory effect.13,14,40 Quercetin also attenuates 

an inflammatory response via the Nrf2–ARE pathway.41 
Both of these are Nrf2 activators.42 In microglial cells, 
the activation of Nrf2 by sulforaphane and quercetin is 
an adaptive intracellular response to LPS-induced inflam-
matory response, and Nrf2 protects against inflammatory 
injury.14,41 Therefore, administration of Nrf2 activators may 
be an effective therapeutic strategy for treating inflamma-
tory diseases.

Sulforaphane and quercetin regulate HO-1 expression 
levels via Nrf2.39,41 HO-1 is a representative Nrf2 target 
gene product and a stress-responsive enzyme with anti-
inflammatory, antioxidant, and cytoprotective functions.43 

The regulation and amplification of HO-1 is expected to 
lead to the development of therapeutic agents for vari-
ous diseases.44 HO-1 has also become a potential target for 
anti-inflammatory therapy.45 Carbon monoxide produced by 
HO-1 inhibits the production of pro-inflammatory cytokines 
IL-1β, IL-6, and TNFα.46 It is expected that the upregulation 
of HO-1 by an Nrf2 activator, such as sulforaphane or quer-
cetin, may be useful for the treatment of inflammatory 
diseases. In our previous work, we demonstrated that EPS 
upregulates HO-1 in rat Schwann cells and bovine aortic 
endothelial cells in association with the Nrf2 pathway.17,18 
We expect that EPS would protect against inflammatory 
injury in the same manner as sulforaphane and quercetin. 
However, the specific mechanism underlying the protec-
tive effect of EPS via the Nrf2 pathway requires further 
investigation.

Conclusion

We demonstrated that EPS suppresses inflammatory 
response in LPS-stimulated RAW264.7 cells. Our findings 
led us to propose that targeting the regulation of pro-in-
flammatory cytokine levels and inflammatory mediator 
levels by EPS is a promising therapeutic approach to treat 
inflammatory injury. We expect that EPS, whose safety and 
pharmacokinetics have been confirmed clinically, would be 
useful for the treatment of inflammatory diseases.
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