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Cholangiocarcinoma (CCA) is the cancer of bile duct with high mortality rate particularly in Thailand. The
clinical efficacy of the standard chemotherapeutics remains unsatisfactory, and therefore, discovery and
development of the new alternative drugs with high efficacy and tolerability is needed. The aim of the
study was to investigate cytotoxic activity as well as the underlying mechanisms through which atrac-
tylodin and b-eudesmol exert their activities on CCA cell growth inhibition, cell cycle arrest, and cell
apoptosis. Effects of the compounds on cell cytotoxicity, cell cycle arrest, and cell apoptosis were
analyzed using MTT assay, BD Cycletest™ Plus DNA kit, and FITC Annexin V Apoptosis Detection Kit I,
respectively. The cytotoxic activities of both compounds were concentration- and time-dependent. The
IC50 [mean (SD)] of atractylodin and b-eudesmol were 41.66 (2.51) and 39.33 (1.15) mg/ml respectively.
Both promoted cell cycle arrest at G1 phase, and induced cell apoptosis through activation of caspase-3/7.
The highest activity was observed at 48 h of exposure. Results suggest that these mechanisms are at least
in part, explain the cell cytotoxic and anti-CCA activity of atractylodin and b-eudesmol shown in vitro and
in vivo models.

© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Cholangiocarcinoma (CCA) is the cancer of bile duct arising from
epithelial cells and develops along the biliary tree. CCA is classified
in several types based on anatomical location, microscopic pattern
of growth, microscopic feature, and origin cell.1 In the United States,
CCA accounts for 3% of all gastrointestinal cancers with approxi-
mately 5000 new cases annually.2 The highest incidence and
mortality rates are reported from Thailand, particularly in the
northeastern region of the country. Current standard treatments of
CCA with conventional drugs include 5-fluorouracil (5-FU), gem-
citabine, and cisplatin, either as single drug or combination thera-
pies.3,4 Nevertheless, their clinical efficacy remains unsatisfactory,
and therefore, discovery and development of the new alternative
drugs with high efficacy and tolerability is needed.

The rhizome of Atractylodes lancea (A. lancea) is used ethno-
botanically in China, Japan and Thailand for treatment several
gchang).
rmacological Society.

g by Elsevier B.V. on behalf of Japa
d/4.0/).
diseases or conditions such as rheumatic, digestive disorders, night
blindness, influenza, fever, and common cold.5 Moreover, various
studies also demonstrated potential property of the rhizome
extract of this plant for treatment of cancers.6e8 The anticancer
potential of the rhizome extract of A. lancea against CCA was also
reported both in vitro and in vivo models.9e13 In the present study,
we further investigated the cytotoxic activity as well as the un-
derlying mechanisms through which the two major isolated com-
pounds, i.e., atractylodin (Fig. 1A, 14% of total content) and b-
eudesmol (Fig. 1B, 6% of total content) exert their activities on CCA
cell growth inhibition, cell cycle arrest, and cell apoptosis.
2. Material and methods

2.1. Cell lines and culture

The CCA cell lines (CL-6 and HUCC-T1), and normal (OUMS)
human cell line were used in the study. The CL-6 cell originally
isolated from a patient with CCA, was kindly provided by Associate
Professor Dr. Adisak Wongkajornsilp, Faculty of Medicine, Siriraj
nese Pharmacological Society. This is an open access article under the CC BY-NC-ND
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Fig. 1. The chemical structures of atractylodin (A) and b-eudesmol (B).
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Hospital, Mahidol University, Thailand. HUCC-T1 and OUMS were
purchased from Japanese Collection of Research Bioresources
(JCRB) cell bank, Japan. All cell lines were cultured with RPMI 1640
medium (Gibco Co. Ltd., NY, USA) and Dulbecco's Modified Eagle
Medium (DMEM: Gibco Co. Ltd., NY, USA), respectively. The culture
medium was supplemented with 10% (v/v) heated fetal bovine
serum (FBS) and 100 IU/ml of antibiotic-antimycotic solution
(Gibco Co. Ltd., NY, USA). All cells were maintained at 37 �C in 5%
CO2 atmosphere and 95% humidity (HERACELL 150i, Thermo sci-
entific, MA, USA).
2.2. Cytotoxic assay

The CCA, HUCC-T1, and OUMS cell lines were treated with
varying concentrations (250, 125, 62.5, 31.25, 15.6, 7.8, 3.9, and
1.95 mg/ml) of atractylodin, b-eudesmol, and 5-FU (WAKO, Osaka,
Japan) in a 96-well microtiter plate (Corning, NY, USA) for 48 h 5-FU
(WAKO, Osaka, Japan) was used as a positive control (concentration
range 250e1.95 mg/ml). Effects of all compounds on the survival of
all cell lines were determined using MTT assay.14 Briefly, the cells
(CL-6, HUCC-T1, or OUMS) were seeded onto each well of the 96-
well microtiter plate (10,000 cells/well) and incubated for 24 h
(37 �C, 5% CO2 atmosphere, and 95% humidity) before exposing to
atractylodin, b-eudesmol, or 5-FU. Following 48 h incubation, the
MTT reagent (20 ml of 5 mg/ml solution: Sigma Co. Ltd., MO, USA)
was added into each well and the plate was further incubated for
4 h. The culture medium of each well was discarded and DMSO
(100 ml) was added, and the platewas incubated at 25 �C in the dark
room for 15 min. The absorbance was measured at 570 nM (Vari-
oscan Flash, Thermo, Finland).

Cell viability and corresponding IC50 (concentration of each
compound that produces 50% inhibitory effect on cell growth
relative to control) were determined using CalcuSyn™ v2.11 soft-
ware (Biosoft, Cambridge, UK). The selectivity index (SI) was
determined as the ratio of IC50 of atractylodin, b-eudesmol, or 5-FU
in the OUMS and that in the CCA cell.
2.3. Effect of time on cytotoxic activity of atractylodin and
b-eudesmol

To determine the effect of time on the cytotoxic activity of
atractylodin and b-eudesmol in CL-6, HUCC-T1, and OUMS cells, the
cells were seeded onto a 96-well plate (10,000 cells/well) and
incubated for 24 h. Following exposure to atractylodin or b-
eudesmol at the IC50 concentration of each compound for 12, 24,
and 48 h, cell viability was determined using MTT assay as
described above.

2.4. Effects of atractylodin and b-eudesmol on cell cycle arrest

The CL-6, HUCC-T1, and OUMS cells were exposed to atractylo-
din and b-eudesmol at the IC25 (concentration of each compound
that produces 25% inhibitory effect relative to control) of each
compound (20 and 23 mg/ml for atractylodin and b-eudesmol,
respectively) for 12, 24, and 48 h and DNA contents were identified
by BD Cycletest™ Plus DNA kit (BD biosciences, CA, USA). Briefly,
the cells were harvested after the exposure to each compound,
washed three times with buffer solution, and cell number was
adjusted to 1.0 � 106 cells/ml. Following sequential incubation
(10 min each) in the dark room with Solution A (trypsin buffer),
Solution B (trysin inhibitor and RNase buffer), and Solution C (PI
stain solution), the deoxyribonucleic acid (DNA) content of CL-6
was analyzed by flow cytometry (BD FACSVerse™ flow cytometer,
BD, USA). Each study was performed in three independent exper-
iments, triplicate each.

2.5. Effects of atractylodin and b-eudesmol on cell apoptosis and
caspase 3/7 activation

The CL-6, HUCC-T1, and OUMS cells were exposed to atractylo-
din and b-eudesmol at the IC25 and IC50 concentrations of each
compound (IC25: 20 and 23 mg/ml for atractylodin and b-eudesmol,
respectively; IC50: 40 and 40 mg/ml for atractylodin and b-eudes-
mol, respectively) for 12, 24, and 48 h, and cell apoptosis and
caspase-3/7 activation was investigated using FITC Annexin V
Apoptosi Detection Kit I and CellEvent™ Caspase-3/7 Green Flow
Cytometry Assay Kit. Briefly, the cells were harvested after expo-
sure to each compound, washed three times with PBS solution, and
cell number was adjusted to 1.0 � 105 cells/ml. The cells were
mixed with CellEvent™ Caspase-3/7 Green Detection Reagent and
incubated at 37 �C for 30 min in the dark room. Finally, the cells
were mixed with SYTOX™ AADvanced™ in DMSO and analyzed by
flow cytometry (BD FACSVerse™ flow cytometer, BD, USA). Each
study was performed in three independent experiments, triplicate
each.

3. Results

3.1. Cytotoxic activity

The IC50 [mean (SD)] values of atractylodin in CL-6, HUCC-T1,
and OUMS cell lines were 41.66 (2.51), 38.78 (1.07) and 64.33 (2.08)
mg/ml, respectively. The corresponding values of the IC50 for b-
eudesmol were 39.33 (1.15), 35.22 (0.98) and 53.15 (3.90) mg/ml,
respectively. The SI values of both compounds for the CL-6 vs.
HUCC-T1 cells were 1.54 vs. 1.66 and 1.35 vs. 1.50, respectively.

3.2. Effect of time on cytotoxic activity of atractylodin and
b-eudesmol

Both atractylodin and b-eudesmol exhibited time-dependent
cytotoxic activity in both CL-6 and HUCC-T1 cells over the expo-
sure period 12e48 h. The IC50 [mean (SD)] values of atractylodin
following 12, 24, and 48 h exposure of the CL-6 vs. HUCC-T1 cells
were 80.33 (4.50) vs. 76.41 (2.22), 66.33 (3.05) vs. 60.20 (2.79), and
41.66 (2.51) vs. 37.00 (1.22) mg/ml, respectively. The corresponding
IC50 [mean (SD)] values of b-eudesmol were 61.33 (2.51) vs. 58.29
(2.01), 50.00 (2.00) vs. 45.11 (3.02) and 39.33 (1.15), 35.11 (1.09) mg/
ml, respectively (Fig. 2A and B).



Fig. 2. Time-dependent cytotoxic activities of atractylodin and b-eudesmol over the
period 12e48 h in (A) CL-6 cells, and (B) HUCC-T1 cells. Data are presented as percent
change of the IC50 of each compound at each time point, compared with control (three
independent experiments, triplicate each).
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3.3. Effects of atractylodin and b-eudesmol on cell cycle arrest

The effects of atractylodin and b-eudesmol on CL-6, HUCC-T1,
and OUMS cell cycle arrest were investigated for the underlying
mechanisms of cytotoxicity of both compounds. After the exposure
of the cells to each compound at the IC25 for 12, 24, and 48 h, the
DNA content of CL-6 was measured by flow cytometry. Both
atractylodin (IC25: 20 mg/ml) and b-eudesmol (IC25: 23 mg/ml)
significantly induced CL-6 and HUCC-T1 cell cycle arrest at G1
phase. For atractylodin, the DNA contents of G1 phase of CL-6 vs.
HUCC-T1 cells [mean (SD)] at 12, 24, and 48 h exposure were
increased from baseline to 68.97 (0.29) vs. 72.11 (0.31), 81.51 (0.06)
vs. 83.25 (0.12) and 79.55 (1.40) vs. 85.14 (2.02)%, respectively. The
corresponding DNA contents following b-eudesmol exposure were
68.67 (3.04) vs. 66.44 (3.32), 69.78 (1.76) vs. 70.12 (1.86) and 75.87
(4.7) vs. 76.46 (3.98) %, respectively (Fig. 3A, B, C, and D). In the
control cell (OUMS), both compounds produced no significant ef-
fect cell cycle arrest.

3.4. Effects of atractylodin and b-eudesmol on cell apoptosis

The effects of atractylodin and b-eudesmol on CL-6, HUCC-T1,
and OUMS cell apoptosis were investigated by flow cytometry after
stainingwith Annexin V and propidium iodide. Results showed that
both compounds significantly induced cell apoptosis with highest
potency at 48 h of exposure. For atractylodin at the concentration of
20 mg/ml (IC25), the mean (SD) Annexin V staining ratio (Annexin V
staining of sample: Annexin V staining of control) in CL-6 vs. HUCC-
T1 cells following 12, 24 and 48 h exposure were 1.5 (0.19) vs. 1.4
(0.23), 1.47 (0.29) vs. 1.59 (0.30) and 2.59 (0.47) vs. 2.77 (0.52),
respectively. At higher concentration of 40 mg/ml (IC50), the annexin
V staining ratios were decreased to 1.56 (0.25) vs. 1.69 (0.32), 1.34
(0.39) vs. 1.26 (0.30) and 2.99 (0.14) vs. 2.87 (0.16), respectively. For
b-eudesmol at the concentration of 20 mg/ml (IC25), the staining
ratios in CL-6 vs. HUCC-T1 cells following 12, 24 and 48 h exposure
were 1.39 (0.31) vs. 1.44 (0.28), 0.92 (0.13) vs. 1.10 (0.20) and 1.99
(0.44) vs. 2.01 (0.45), respectively. At higher concentration of 40 mg/
ml (IC50), the staining ratios were 1.07 (0.18) vs. 1.05 (0.16), 1.3 (0.3)
vs. 1.1 (0.29) and 5.30 (1.44) vs. 4.88 (1.36), respectively. In the
control cell (OUMS), both compounds produced no significant ef-
fect on cell apoptosis.

To demonstrate mechanisms underlying apoptotic induction,
the activities of apoptosis-related proteins in CL-6 and HUCC-T1
treated cells were investigated. The caspase 3/7 activity of both
cells following exposure to atractylodin and b-eudesmol were
significantly increased compared with untreated control cells. Re-
sults suggested that both atractylodin and b-eudesmol enhanced
CCA cell apoptosis through caspase-3/7 activation.

4. Discussion

The cell cycle in eukaryotic cells is regulated by expression and
sequential activation of cell cycle-dependent cyclins, CDKs, and
CDK inhibitors.15,16 Activation of cell cycle arrest may finally lead to
cell apoptosis if unrepaired. Results from the present study indi-
cated that both atractylodin and b-eudesmol significantly induced
CL-6 cell cycle arrest at the G1 phase. Several factors are involved in
G1 phase cell arrest. The flavonoid cyclin inhibitor, casticin, exerted
its anti-inflammatory and anticancer activities via inhibiting cyclin
D1 and CDK4 through activation of p27 in gall bladder cells, leading
to cell cycle arrest at G1 phase.17 The induction of cell cycle arrest at
G1 phase in human ovarian cancer cells by LY294002 was associ-
ated with the PI3K/AKT/mTOR pathway.18 Exposure of linalool, the
biologically active compound from Plantaginaceae, to human AML
(acute myeloid leukemia) cell line, increased the levels of p16, p21,
p27, and p53 proteins, leading to the induction of cancer cell arrest
at G1 phase.19 Atractylodin and b-eudesmol were shown in the
present study to induce CCA cell cycle arrest at G1 phase similar to
that observed with berberine and sho-saiko-to isolated from
Berberis vulgaris and combination of seven herbs (Bupleuri radix,
Pinelliae tuber, Scutellariae radix, Zizyphi fructus, Ginseng radix, Gly-
cyrrhizae radix, and Zingiberis rhizoma) in human CCA cell (QBC939)
and human hepatocellular carcinoma cell (KIM-1), respectively.20,21

On the other hand, cell cycle arrest can also be activated at other
cell cycle phases. The cytotoxic activity of Cratoxylum formosum
Dyer on CCA cells was associatedwith an induction of cell apoptosis
and induction of cell cycle arrest at the G2/M phase and down-
regulation of cyclin A and Cdc25A protein expression. It also
potently suppressed the migration and invasion properties of CCA
cells which were associated with the suppression of NF-kB and
STAT3 nuclear translocation and transcriptional activity, and
downregulation of genes involving in cancer progression and
metastasis.22 Moreover, forbesione isolated from Garcinia hanburyi,
and decitabine, a DNA-hypomethylating agent, induced the cell
cycle arrest of CCA cell at S and G2 phase, respectively.23,24

Tumorigenesis and metastasis generally involves increased
expression of anti-apoptotic, cytoprotective, and cell proliferation-
associated genes.25,26 Cell apoptosis plays an important role in
maintaining tissue homeostasis and eliminating unwanted cells in
multicellular organisms.27 Targeting cell apoptosis is therefore one
of the promising approaches for cancer chemotherapeutic. This
program cell death starts with changing in cell nuclear morphology
(chromatin condensation and fragmentation), cell shrinking, plasma
membrane blebbing, and apoptotic body formation. Two major
signaling pathways are involved in cell apoptosis, i.e., the intrinsic
and extrinsic pathways. The Bcl-2, Bax, cytochrome c, caspase-3, and



Fig. 3. The DNA content (%) of CL-6 [mean (SD) of three independent experiments, triplicate each] following exposure of (A,B) CL-6 cells and (C,D) HUCC-T1 cells to 20 mg/ml of
atractylodin and 23 mg/ml of b-eudesmol (B) for 12, 24, and 48 h.
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caspase-9 are involved in the intrinsic pathway (mitochondrial-
mediated pathway), whereas CD147, TNF-a, FASL, TRAIL, TRAF2,
caspase-8, and caspase-3 are involved in the extrinsic pathway
(death receptor pathway).28e32 Induction of CCA cell apoptosis by
several compounds has been demonstrated including ESC-3 (iso-
lated from crocodile bile),33 mifepristone (a progesterone receptor
antagonist),34 and luteolin (a flavonoid from vegetables and
fruits).35,36 The mechanism of induction of CCA cell apoptosis by
ECS-3 and mifepristone is linked to the intrinsic pathway by down-
regulation of Bcl-2 and up-regulation of Bax level, whereas that
involved in the induction by luteolin is through JAK/STAT3 (janus
kinase/signal transducer and activator of transcription signaling
pathway).35 Moreover, targeting phosphatidylinositol 3-kinase/AKT
mammalian target of rapamycin (PI3K/AKT/mTOR) pathway by the
mTOR inhibitors RAD001 and MK-2206 was shown to significantly
inhibited CCA cell proliferation.37 CCA cell cytotoxicity following
treatment with LY294002, a potent inhibitor of PI3K, was shown to
be linked with decrease in expression of survivin and Bcl-2 and the
increase in caspase-3 levels.38 Resina Draconis, the Chinese herb
commonly used to treat coronary heart disease, angina, and acute
myocardial infarction, was shown to inhibit CCA cell proliferation
and trigger apoptotic cell death through activation of intracellular
caspase-8 and poly (ADP-ribose) polymerase. In addition, it signifi-
cantly downregulated antiapoptotic protein survivin expression and
upregulated pro-apoptotic protein Bak expression.37 The ethanolic
extract of Andrographis paniculata induced CCA cell cycle arrest at
the G0/G1 and G2/M phases resulting in cell apoptosis. The ex-
pressions of cyclin-D1, Bcl-2, and the inactive proenzyme form of
caspase-3 were reduced by the ethanolic extract of A. paniculata,
while a proapoptotic protein Bax was increased.38 The purified
compound from Kaemperia parviflora Wall. Ex Baker, 5,7,4-
trimethoxyflavone (KP.8.10), was shown to exhibit progressive
cytotoxic activity on CCA via caspase-3 mitochondrial enzyme
activation.39

In the present study, the mechanism underlying CCA cell
apoptosis induced by atractyodin and b-eudesmol through induc-
tion of caspase cascade was initially determined. Caspases are
intracellular cysteine protease enzymes that play major role in
apoptotic mechanism and caspase-3/7 is the final step in both the
intrinsic or extrinsic pathways of apoptosis.40 Both compounds
significantly activated caspase-3/7 compared to untreated control
cells, suggesting the potentiating cytotoxic effect of b-eudesmol on
CCA cells in the final stage of apoptosis. In a previous study, b-
eudesmol was shown to suppress the angiogenesis, proliferation,
and growth of several cancers including CCA.6,11,41 For atractylodin,
its inhibitory activity on CCA cells was reported to be through in-
hibition of the pro-inflammatory cytokine interleukin-6 (IL-6).42

The mechanism was via blocking NPM-ALK activation and
MAPKs.43 Recently, inhibitory effect of b-eudesmol on CCA cell
growth was shown to be associated with suppression of heme
oxygenase-1 (HO-1) production, STAT1/3 activation, and NF-kB.44

HO-1 is a critical cytoprotective enzyme known to promote anti-
apoptotic activities and chemotherapeutic resistance in several
types of tumor cells.45 JAK/STAT3 signaling is constitutively acti-
vated in CCA and represents an important target for treatment of
this disease.46 Inhibition of STAT3 signaling by sorafenib, a multi-
kinase inhibitor was found to sensitize CCA cells to tumor necrosis
factor-related apoptosis-inducing ligand-mediated apoptosis and
suppress CCA tumor growth.47 Inactivation of JAK/STAT3 signaling
in CCAwas shown to mediate the cytotoxic effects of the flavonoids
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quercetin and epigallocatechin-3-gallate (EGCG) as well as matrine,
the alkaloid isolated from traditional Chinese herb Sophora fla-
vescens ait. in CCA cells.48,49

In conclusion, results from this preliminary present suggest that
the two major active constituents of A. lancea rhizomes, atractylo-
din and b-eudesmol, play important role in anticancer activity
observed in various in vivo models in dimethylnitrosamine/CCA-
induced hamsters and CCA-xenografted nude mice.10e13 Promo-
tion of cell cycle arrest at the G1 phase together with induction of
cell apoptosis are involved in their cytotoxic activities. The mech-
anisms through which b-eudesmol and atractylodin exert their
inducing activity on cell cycle arrest and apoptosis in CCA cells,
including confirmation in animal model are being investigated in
details.
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a b s t r a c t

To investigate the inhibitory effect of Glycyrrhiza uralensis (G. uralensis) and its monomeric compounds
on Nav1.4 voltage-gated sodium channels (VGSCs) and analyze the relationship between the content of
its marker compounds and the inhibitory rate. Based on this study, we found that 4 mg/ml ethanol
extract of G. uralensis at 30%, 50%, 70% and 90% (v/v) exhibited 77.00 ± 0.03%, 34.75 ± 0.09%,
100.00 ± 0.01% and 2.00 ± 0.01% inhibitory rates on INav1.4 respectively, and 8 mg/ml ethanol extract of
G. uralensis at 30%, 50%, 70% and 90% (v/v) exhibited 99.00 ± 0.01%, 97.10 ± 0.02%, 100.00 ± 0.01% and
17.00 ± 0.04% inhibitory rates on INav1.4 respectively. Isoliquiritigenin, echinatin, liquiritin and glycyr-
rhizic acid exhibited higher inhibitory rates of 39.98 ± 4.55%, 33.20 ± 1.61%, 22.62 ± 0.30% and
20.54 ± 4.82% respectively. However, liquiritigenin, formononetin, neoisoliquiritin and glycyrrhetinic
acid exhibited lower inhibitory rates of less than 20%. Further, liquiritin apioside, isoliquiritin and neo-
liquiritin exhibited almost no effect on INav1.4. These findings showed that glycyrrhizic acid reached a
maximum concentration of 49.15 mg/ml, while echinatin had the lowest concentration. The ethanol
extract of G. uralensis has significant inhibitory effects on Nav1.4 VGSCs. This may be an important
mechanism in the treatment of gastrocnemius spasm and could guide further research regarding ma-
terial basis and mechanism of the treatment of gastrocnemius spasm with peony and licorice decoction.

© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

VGSCs are important since they are responsible for the initiation
and propagation of action potentials in the nerve, heart, and mus-
cles.1 VGSCs are composed of an a-subunit, which forms a Naþ

conducting pore, and a b-subunit, which acts as a modulator for the
biophysical properties of the channel. So far, 9 different a-subunits
(Nav1.1~1.9) and 4 different b-subunits (b1~b4) have been

identified in mammalian systems.2 However, Nav1.4 can be pri-
marily observed in skeletal muscles.3

The expression of Nav1.4 is essentially in the skeletal muscle.
Mutations in the SCN4A gene encoding the human skeletal muscle
Nav1.4 channel have been proven to cause five different skeletal
muscle disorders, including potassium-aggravated myotonia
(PAM), paramyotonia congenita (PMC), hyperkalemic period-
icparalysis (HyperPP), hypokalemic periodic paralysis (HypoPP),
and a form of congenital myasthenic syndrome (CMS).4,5 Thus, this
channel is considered a target for the treatment of abnormal
muscle contractility, spasm and paralysis.6

The gastrocnemius muscle is a typical skeletal muscle tissue; it
is frequently used to study the motor system because it is an
important compound of the motor system.7 Gastrocnemius muscle
lesions can lead to many unexpected consequences, such as
gastrocnemius spasm, which is called calf cramp in Traditional
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Chinese Medicine. Also, it is one of the most common types of
painful spasms.8 There are many causes of spasticity in the
gastrocnemius muscle. One of the most convincing explanation is
the VGSCs theory, which holds that the mutation of Nav1.4, an a-
subunit of the VGSCs encoded by the SCN4A gene, can lead to a fast
inactivation of sodium channel after it opens and add steady cur-
rent to the interior, resulting in constant muscle depolarization and
excessive muscle fiber stimulation, and eventually causing muscle
spasms.9

Peony and licorice decoction is a traditional Chinese medicine. It
has the effects of harmonizing the liver and spleen as well as
relieving spasm and pain. It also has a considerable therapeutic
effect on gastrocnemius spasm and is a classic prescription for the
treatment of gastrocnemius spasm.10,11 In ancient China, it was
used in clinical applications for thousands of years. Modern
research shows that peony and licorice decoction has the function
of relaxing muscle tissue and relaxing the uterine smoothmuscle.12

It also has a considerable therapeutic effect on painful muscle
spasm caused by diabetic neuropathy and lumbar spinal stenosis,
and muscle spasticity in dialysis patients.13 Research have
confirmed that the analgesic effect of peony and licorice decoction
is mainly attributed to peony, and the basis of the analgesic sub-
stance is the total glucoside content of peony, while the antispas-
modic effect of peony and licorice decoction is mainly attributed to
licorice (Glycyrrhiza uralensis), and the basis of the spasmolytic
substance is the total glucoside of G. uralensis (such as liquiritin,
echinatin, isoliquiritigenin, etc.) and the triterpenoid saponin
content (such as glycyrrhizic acid, etc.). Experiments have shown
that all the compounds mentioned above have antispasmodic ef-
fects, and isoliquiritigenin has the strongest antispasmodic effect.

In summary, based on the conclusions above, we speculate that
the active substances in G. uralensis play an antispasmodic role by
inhibiting theNav1.4VGSCs.However, there is littleorno information
about whether G. uralensis can block the Nav1.4 VGSCs, which are
expressed in skeletal muscles, or not. In this study, we investigated
the effects of 4mg/ml and 8mg/ml ethanol (30%, 50%, 70%and90%, v/
v) extract of G. uralensis on human Nav1.4 VGSCs, which are stably
expressed in CHO cells. Additionally, by using UPLC-DADmethod, we
determined the four marker compounds of G. uralensis in order to
study the material basis and mechanism of the treatment of
gastrocnemius spasmwith peony and licorice decoction.

2. Materials and methods

2.1. Drugs, chemicals and reagents

Medicinal materials, which were cultivated for three years, were
purchased from Aksu of Xinjiang Uygur Autonomous Region, and
were identified as G. uralensis Fisch.

The reference compounds of glycyrrhizic acid (purity�98%, No.
150407), liquiritin (purity�98%, No. 151013), isoliquiritin
(purity�98%, No. 150714), liquiritigenin (purity�98%, No. 150511),
isoliquiritigenin (purity�98%, No. 141020), echinatin (purity�98%,
No. 160417), formononetin (purity�98%, No. 160821), neo-
isoliquiritin (purity�98%, No. 150913), glycyrrhetinic acid
(purity�98%, No. 150723), liquiritin apioside(purity�98%, No.
160408) and neoliquiritin (purity�98%, No.150819)were purchased
from Chengdu Pufeide Biotech Co., Ltd. of China (Chengdu, China).

The extracellular solution was of the following composition:
140 mM NaCl, 40 mM tetraethylammonium-Cl, 4 mM KCl, 1 mM
MgCl2, 2mMCaCl2, 5mMD-Glucosemonohydrate and 10mMHEPES
andwas adjusted to pH¼ 7.4withNaOH. The internal pipette solution
was of the following composition: 145mMCsCl2, 0.1mMCaCl2, 2mM
MgCl2,10mMNaCl, 0.5mMNa2-GTP, 2mMMg-ATP,1.1mMEGTAand
10 mM HEPES and was adjusted to pH 7.2 with CsOH.

2.2. Cell culture

Recombinant voltage-gated sodium channel subtype 1.4 alpha
subunit (SCN4A) was expressed in CHO cells. The SCN4A cDNAwas
strictly similar to GenBank accession number NM_000334.4. Cells
expressing channels were cultured in F12 medium supplemented
with 10% FBS and 0.8 mg/ml G418 in culture flasks. Cells grew in a
humidified incubator at 37 �C under 5% carbon dioxide. For patch
clamp experiment, seed 3 � 103 cells into 24-well plate (final me-
dium volume: 500 ml) with 1 coverslip in each well and test 18 h
after incubation at 37 �C under 5% carbon dioxide.

2.3. Stable expression of human Nav1.4 in CHO cells

Nav1.4 cDNA (cDNA strictly similar to GenBank accession
number: NM_000334.4) was subcloned into pCDNA3.1vector
(Thermo Fisher Scientific). This vector contains a CMV promoter
and a SV40 promoter, which drive the expression of the inserted
target cDNA and geneticin-resistant gene, respectively. The CHO-K1
cells were transfected with this construct using Lipofectamine
2000 Transfection Reagent purchased from Thermo Fisher Scien-
tific After transfection, allow cells to grow and to express the pro-
tein for antibiotic resistance under nonselective conditions.

48 h post-transfection, remove medium and rinse the cells once
with PBS and detach the adherent cells using TrypL Express solu-
tion (Gibco). The cells were harvested using HAM’S F12 culture
medium (HyClone) supplemented with 10% fetal bovine serum
(Gibco) and 1.6 mg/ml antibiotic pretested for the host cell. Plate
cells in a 96-well plate with no more than two cells in each wells. It
is important to thoroughly suspend cells before seeding, but avoid
harsh treatment by frequent pipetting. Incubate cells under stan-
dard conditions and feed cells after two weeks with fresh selection
medium. The host cell was also prepared in parallel as null control.
Cell clones were test as soon as cells in the non-transfected control
wells have completely died.

Once identify the resistant clones, expand the cells culture into
6-well plate and assay for the expression of gene of interest by
using manual patch clamp test. Positive clones were expended and
cryopreserved timely, stable cell line was maintained at half con-
centration of antibiotic routinely.

2.4. Instrumentations

The instruments used in this study include gene sequencer
(3730, Applied Biosystems, USA), PCR instrument (2720, Applied
Biosystems, USA), micropipette puller (P97, Sutter Instruments,
USA), capillary glass tube (BF150-86-10, Sutter Instruments, USA),
microscope (IX71, Olympus, Japan), microelectrode manipulator
(MP285, Sutter Instruments, USA), amplifier (EPC10, HEKA, Ger-
many), electronic analytical balance (BP110S, Sartorius, Germany).

Fig. 1. Effect of ethanol extract of G. uralensis on INav1.4. A1, B1, C1, D1) INav1.4 recorded from CHO cells expressing human Nav1.4 VGSCs before G. uralensis treatment (control),
under treatment, and after washing out G. uralensis. A2, B2, C2, D2) Time course of inhibition of the INav1.4 evoked by depolarization from a holding potential of �120 mV to a test
potential of þ10 mV by sequential exposure to G. uralensis. The amplitude of the INav1.4 was measured every 20 s. The ordinate shows the INav1.4 relative to the control current
during exposure of the cell to G. uralensis and during wash-out of G. uralensis. E) The inhibitory effect of ethanol extract of G. uralensis on INav1.4. A1, A2: 4 mg/ml and 8 mg/ml
ethanol extract of G. uralensis at 30% (v/v). B1, B2: 4 mg/ml and 8 mg/ml ethanol extract of G. uralensis at 50% (v/v). C1, C2: 4 mg/ml and 8 mg/ml ethanol extract of G. uralensis at 70%
(v/v). D1, D2: 4 mg/ml and 8 mg/ml ethanol extract of G. uralensis at 90% (v/v). E: 4 mg/ml and 8 mg/ml ethanol extract of G. uralensis at 30%, 50%, 70% and 90% (v/v).
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Liquid chromatographic analysis was performed on an Agilent
UPLC-DAD system (1290 Infinity Ⅱ, Agilent Technologies, USA),
whichwas equippedwith an Agilent DAD detector (G7117A, Agilent
Technologies, USA), an Agilent 1290 auto-sampler (G7167B, Agilent
Technologies, USA), an Agilent 1290 infinity column heater
(G7166B, Agilent Technologies, USA) and a Thermo-C18
(1.5mm� 210mm, 2.6 mm) column (Thermo Fisher Scientific, USA).

2.5. Species identification

The species identification was performed using a gene
sequencer based on Appendix IIA of Pharmacopoeia of the People's
Republic of China. All the sequences obtained in the research were
determined using the DNA barcode identification system (http://
www.tcmbarcode.cn) of Chinese herbal medicine by using the
BLAST (Basic Local Alignment Search Tool) method.

2.6. Electrophysiology

2.6.1. Sample preparation
Medicinal materials were immersed in ethanol (w/v, 1:7) at

concentrations of 30%, 50%, 70% and 90% (v/v) and boiled twice for
60 min at each time. Thereafter, the solutions were filtered with a
screen mesh of 75 mm aperture and concentrated to 0.5 g/ml liquid
extraction (calculated with medicinal herbs). Finally, they were
converted to freeze-dried powder by freeze-drying.

For electrophysiology studies, each freeze-dried powder was
dissolved in DMSO to make 4 mg/ml and 8 mg/ml stock solutions.

2.6.2. Electrophysiological recordings
The electrophysiological recordings were obtained under visual

control of amicroscope. The amplifier EPC10was used for recording
the electrophysiological signal. Offset potentials were nulled
directly before formation of a seal. No leak subtraction was per-
formed. Fast capacitance (in pF) compensationwas performed after
a high seal was achieved. Cell capacitance (in pF) compensationwas
performed from whole-cell capacitance compensation after the
whole cell mode was achieved. All experiments were performed at
room temperature.

To measure the Nav1.4 channels, the membrane potential was
held at �90 mV, and then depolarized to �10 mV for 50 ms to acti-
vate Nav1.4 currents. An interpulse interval of 10 s allows recovery
from inactivation. The depolarized plus was confirmed by IV test.

Cells were incubated with the test article for 5 min, or until the
current reached a steady-state level. Two concentrations of the test
article were tested. The test and control solutions flowed into a
recording chamber mounted on the stage of an inverted micro-
scope via a gravity-fed solution delivery system.

The datawhichwere stored and analyzedwith Patchmaster and
Igor Pro were represented by X ± S and analyzed by paired T test.
P < 0.05 indicates a significant difference. Sodium currents from
activationwere converted to sodium conductance [G ¼ I/(V�Vrev)]
and plotted as a function of test potential using the Boltzmann
equation [G/Gmax ¼ 1/(1 þ exp((Vh�V)/K)] to give values for Vh
(potential causing half-maximal activation) and K (slope factor).
Similarly, currents from steady-state inactivation were also plotted
as a function of prepulse potential and fitted with the Boltzmann

equation [I/Imax ¼ 1/(1 þ exp((V�Vh)/K)] to give values for Vh
(potential causing half-maximal activation) and K (slope factor).
Currents from steady-state recovery process curves were plotted as
a function of prepulse potential and fitted with the Boltzmann
equation [I ¼ A1exp (�t/t)þA0] to give values for t (recovery time).

2.7. UPLC-DAD determination

2.7.1. Sample preparation
For UPLC analysis, the solution was dissolved in methanol (v/v,

1:1), with sufficient mixing. Before injection, it was centrifuged at
12,000 rpm for 5 min at 4 �C and filtered through a 0.22 mm filter.

2.7.2. Separation conditions
The binary gradient elution system consisted of solvent A (0.1%

formic acid water) and solvent B (acetonitrile). Optimum separa-
tion was achieved by using the gradient program described as
follows: 0~5 min, 5%e10%(B); 5e10 min, 10%e15%(B); 10e18 min,
15%e20%(B); 18e25 min, 20%e25%(B); 25e35 min, 25%e40%(B);
35e36 min, 40%e95%(B); 36e46 min, 95%(B). The column tem-
perature was maintained at 30 �C. The autosampler was condi-
tioned at 25 �C and the injection volumewas 3 ml. The flow ratewas
0.4 ml/min. The raw data was detected by a UPLC-DAD (Agi-
lent1290 Infinity Ⅱ, USA), and the wavelengths was 230 nm for
glycyrrhizic acid, 270 nm for liquiritin, and 360 nm for iso-
liquiritigenin and echinatin.

2.7.3. Preparation of standard solutions
The appropriate amounts of liquiritin, echinatin, iso-

liquiritigenin and glycyrrhizic acid were separately weighed and
dissolved together in methanol to achieve a standard working so-
lution of four different concentrations; the concentrations of the
four standard substances were 66 mg/ml, 68 mg/ml, 76 mg/ml and
88 mg/ml. The calibration curves were constructed by analyzing the
mixed solution, and the series of working solutions werewithin the
ranges of 1.32e18.48 mg/ml for liquiritin, 1.36e19.04 mg/ml for
echinatin,1.52e21.28 mg/ml for isoliquiritigenin and 1.76e24.64 mg/
ml for glycyrrhizinc acid. All solutions were prepared in dark brown
calibrated flasks and stored at 4 �C.

2.7.4. Method validation
The UPLC method was validated in terms of linearity, precision,

stability, repeatability and recovery. The validation was performed
based on the relative peak areas (RPAs). Linear regression analysis
was employed to construct calibration curves. The data was
expressed as mean ± standard deviation, and the relative standard
deviation (RSD) was used to evaluate precision, stability, repeat-
ability and recovery.

3. Results

3.1. DNA barcoding

After sequencing, the splicing sequence was compared with the
database and standard reference sequence of G. uralensis. Also, the
biological origin of the sample was further confirmed.

Fig. 2. Effect of the ethanol extract of G. uralensis on INav1.4 and kinetics. A) The voltage dependent effect of G. uralensis on INav1.4 density. B1) Effect of 3 mg/ml ethanol extract of
G. uralensis at 70% (v/v) on steady-state activation kinetics of INav1.4. Data obtained from I-U relationship. B2) Effect of 3 mg/ml ethanol extract of G. uralensis at 70% (v/v) on steady-
state inactivation kinetics of INav1.4. The steady-state inactivation curves of INav1.4 were obtained by means of a double-pulse protocol; a 1 s conditioning prepulse depolarized to
various potentials (from�90 mV to 0 mV, holding potential at �80 mV) was followed by a 200 ms test pulse to 0 mV. B3) Effect of 3 mg/ml ethanol extract of G. uralensis at 70% (v/v)
on the recovery curve of INav1.4 from steady-state inactivation. Using a standard two-pulse protocol, a 200 ms prepulse to 0 mV from holding potential of �40 mV was followed by
various recovery durations and then by a test pulse to 0 mV for 200 ms. C1, C2 and C3) The use-dependent inhibition protocol: the membrane potential was held at �90 mV, then
depolarized to �10 mV and maintained for 50 ms, recorded at frequencies 1 Hz, 3 Hz and 10 Hz. D1, D2, D3, D4 and D5) The concentration dependent protocol.
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(1) ITS2 test sequence of G. uralensis: CAGACCGTTGCCCGATGC-
CAATTGCCTCGCG ATAGGTACTTTGGTTGTGCAGGGTGAATG
TTGGCTTCCCGTGAGCATTGCGGCCTCACGGTTGGCTCAAAA
CTGAGTCCATGGTAGGGTTTGGCATGATCGATGGTGGTTGAGT-
GACGCTCGAGACCAATCATGTGTGACTCCACTGAGTTTGGGCT
CTGTAACCAATAGGCGTCTTTGAACGCTCGTGATG。

(2) PsbA-trnH test sequence of G. uralensis: CCATCTA-
TAAATGGATAATATTTTGGTTT TAAAGAAGGATACGAGGTTTTG
AAAGTAAAGGAGTAATATCAACATTGTTGATATTACTCCCTT
CTTGACTTTTACTTTTCTTAGTAGTCTATATATGTATATATATACA
TACATATTGTAATACATATGACTTCACAATGTAAAATCAGAAA
AAAAGAAATGTTTTCTTATTTTTTCTGATTTTCTCGTATTTTA
GAAGACGCGTAAGAACTTAAAAGAGAAGAAAATAAGTG
ATAATGAAAAAGTCTAAATGGAAAGTTAGATAATTTATACAT

3.2. Effect of ethanol (30%, 50%, 70% and 90%, v/v) extract of
G. uralensis on Nav1.4

In this study, whole-cell patch clamp technique was performed
to investigate the effect of ethanol (30%, 50%, 70% and 90%, v/v)
extract of G. uralensis on the INav1.4. The peak current decreased
significantly after treatment with 4 mg/ml and 8 mg/ml ethanol
extracts of G. uralensis at 30% (v/v) compared with the control
(p < 0.05, n¼ 3); the INav1.4 decreased from�289.32 ± 10.21 pA/pF
to�66.74± 5.65 pA/pF and�1.50± 0.65 pA/pF respectively, and the
inhibitory effect on INav1.4 were 77.00 ± 0.03% and 99.00 ± 0.01%
respectively. The inhibition rate of the 8 mg/ml group was signifi-
cantly higher than that of the 4 mg/ml group (p < 0.05, n ¼ 3)
(Fig. 1A1). This inhibitory effect of ethanol extract of G. uralensis at
30% (v/v) on the INav1.4 appeared within 6 min after the start of
perfusion of the bath solution containing ethanol extract of
G. uralensis at 30% (v/v) (Fig. 1A2).

The peak current decreased significantly after treatment with
4 mg/ml and 8 mg/ml ethanol extracts of G. uralensis at 50% (v/v)
compared with the control (p < 0.05, n ¼ 3); the INav1.4 decreased
from �241.08 ± 12.33 pA/pF to �170.53 ± 11.28 pA/pF
and �7.44 ± 0.98 pA/pF respectively, and the inhibitory effects on
INav1.4 were 34.75 ± 0.09% and 97.10 ± 0.02% respectively. The inhi-
bition rate of the 8mg/ml group was significantly higher than that of
the 4mg/ml group (p< 0.05, n¼ 3) (Fig.1B1). This inhibitory effect of
ethanol extract of G. uralensis at 50% (v/v) on the INav1.4 appeared
within 3 min after the start of perfusion of the bath solution con-
taining ethanol extract of G. uralensis at 50% (v/v) (Fig. 1B2).

The peak current decreased significantly after the treatment
with 4mg/ml and 8mg/ml ethanol extracts of G. uralensis at 70% (v/
v) compared with the control (p < 0.05, n ¼ 3); the INav1.4
decreased from �85.22 ± 9.23 pA/pF to 0.46 ± 0.08 pA/pF and
0.75 ± 0.09 pA/pF respectively, and the inhibitory effects on INav1.4
were 100.00 ± 0.01% and 100.00 ± 0.01%, respectively. There was no
significant difference in the inhibition rate between the 8 mg/ml
and the 4 mg/ml groups (p > 0.05, n ¼ 3) (Fig. 1C1). This inhibitory
effect of ethanol (v/v, 70%) extract of G. uralensis at 70% (v/v) on the
INav1.4 appeared within 2.5 min after starting perfusion of the bath
solution containing ethanol extract of G. uralensis at 70% (v/v)
(Fig. 1C2).

The peak current decreased after treatment with 4 mg/ml and
8 mg/ml ethanol extracts of G. uralensis at 90% (v/v)
from �133.71 ± 4.73 pA/pF to �130.46 ± 9.38 pA/pF
and �112.11 ± 5.79 pA/Pf respectively. There was no significant
difference between the two groups (p > 0.05, n ¼ 3) (Fig. 1D1, D2).
The inhibitory effects on INav1.4 were 2.00 ± 0.01% and
17.00 ± 0.04% respectively.

After washing out G. uralensis, the inhibitory effect of G. uralensis
on INav1.4 was abolished quickly (Fig. 1A2, B2 and C2). The inhibi-
tory effect of G. uralensis on INav1.4 is shown in Fig. 1E.

3.3. Activation and inactivation kinetics, recovery curve, frequency
and concentration dependent inhibition effect of ethanol extract of
G. uralensis at 70% (v/v) on Nav1.4

Fig. 3A demonstrates the effect of 3 mg/mL ethanol extract of
G. uralensis at 70% (v/v) on current voltage relationship of INav1.4.
The result shows that 3 mg/ml ethanol extract of G. uralensis at 30%
(v/v) significantly inhibited the INav1.4 peak current. It decreased
the INav1.4 by more than 40% compared with the control (Fig. 1E)
after which the inhibition persisted with further depolarization
potentials. However, the G. uralensis did not affect the activation
property and reversal potential of INav1.4 (Fig. 2A).

The study showed that treatment with 3 mg/ml ethanol extract
of G. uralensis at 70% (v/v) did not affect the Nav1.4 activation curve.
The Vh values (in mV) were �25.1 ± 1.2 mV for pre-treatment
and �25.2 ± 1.1 mV for post-treatment, (P > 0.05), and the K
values were 9.5 ± 1.1 mV for pre-treatment and 9.2 ± 1.6 mV for
post-treatment, (P > 0.05) (Fig. 2B1). It did not change the Vh values
(in mV) and the K values.

Treatment with 3 mg/mL ethanol extract of G. uralensis at 70%
(v/v) has the following effects: the Nav1.4 inactivation curve shifted
to the hyperpolarization side and the voltage of half-maximal
inactivation shifted to the hyperpolarization side by 16.5 mV;
compared with the control (Fig. 2 B2). The data showed that 3 mg/
mL ethanol extract of G. uralensis at 70% (v/v) can significantly affect
the Nav1.4 inactivation curve, which changed the Vh values (in mV)
from �51.3 ± 1.2 mV to �68.7 ± 1.3 mV (P < 0.05) and the K values
from 7.6 ± 1.1 mV to 4.5 ± 1.6 mV (P < 0.05).

Meanwhile, 3 mg/mL ethanol extract of G. uralensis at 70% (v/v)
can significantly affect the Nav1.4 recovery curve from steady-state
inactivation and increased the recovery time from 15.3 ± 2.3 ms for
pre-treatment to 26.5 ± 5.3 ms for post-treatment (P < 0.05) (Fig. 2
B3).

The use-dependent inhibition of 3 mg/mL ethanol extract of
G. uralensis at 70% (v/v) was studied under the following protocol:
the membrane potential was held at �90 mV, then depolarized
to �10 mV and maintained for 50 ms. The use-dependent inhi-
bition was recorded at frequencies 1 Hz, 3 Hz and 10 Hz. 3 mg/ml
ethanol extract of G. uralensis at 70% (v/v) showed a weak use-
dependent inhibitory effect (P > 0.05) (Fig. 2 C1, C2 and C3).
Therefore, the concentration of 3 mg/ml did not show a frequency
dependent inhibitory effect of the ethanol extract of G. uralensis at
70% (v/v).

The concentration dependence of ethanol extract of
G. uralensis at 70% (v/v) on Nav1.4 current was measured under a
two-pulse protocol. From a holding potential of �120 mV, the first
depolarizing test pulse was followed by a hyperpolarizing con-
ditioning of inter pulse to half inactivation voltage (8 s interval),
followed by 20 ms of recovery period at �120mv, and then a
second depolarizing test pulse to 0 mV for 20 ms. The inhibition
of Nav1.4 current at the resting state (TP1) and half inactivating
state (TP2) were calculated (Fig. 2 D1). The IC50 of ethanol extract
of G. uralensis at 70% (v/v) was 4.56 mg/ml at the resting state
(Fig. 3 D2, D3) and 1.63 mg/ml at the half inactivating state (Fig. 2
D4, D5).

3.4. Effect of eleven compounds of G. uralensis on Nav1.4

This study showed the inhibitory effects of eleven compounds of
G. uralensis on the INav1.4 at a concentration of 10 mmol/l. Treatment
with isoliquiritigenin, echinatin, liquiritin, glycyrrhizic acid, liquir-
itigenin, formononetin, neoisoliquiritin and glycyrrhetinic acid had
inhibitory effects on INav1.4 and decreased the INav1.4 by
39.98 ± 4.55%, 33.20 ± 1.61%, 22.62 ± 0.30%, 20.54 ± 4.82%,
19.89 ± 3.15%, 18.63 ± 0.53%, 15.02 ± 3.24% and 14.90 ± 1.98%
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respectively. In contrast, liquiritin apioside, isoliquiritin and neo-
liquiritin had almost no effect on INav1.4 (Table 1) (Fig. 3).

3.5. Contents of isoliquiritigenin, echinatin, liquiritin and
glycyrrhizic acid in ethanol extract of G. uralensis

3.5.1. Calibration curves
Linearity was evaluated by analyzing six injection quantities of

standard solutions, and the calibration curves were constructed by
plotting the peak areas and the injection quantity of 5 ml of each
compound with six different concentrations. Linear regression
equation for liquiritin, echiantin, isoliquiritigenin and glycyrrhizic
acid are y ¼ 3,697,762.509xþ2.241, y ¼ 4768324.747xþ 5.726,
y ¼ 8823821.909xþ5.948, y ¼ 1112094.785x-1.900. Correlation
coefficients are 1.000, 0.998, 1.000 and 1.000. Linear range are
1.32e18.48 mg/ml, 1.36e19.04 mg/ml, 1.52e21.28 mg/ml,
1.76e24.64 mg/ml.

3.5.2. Precision, stability, repeatability and recovery
Precision was tested by six replicate determinations of the

standard working solution. Stability was evaluated by analyzing
the solutions stored at room temperature (about 25 �C) at
different time points (0, 4, 8, 12 and 24 h after preparation). The
solutions used in the stability test included mixed solutions of
reference standard and G. uralensis sample solutions. Six replicates
were performed for the test. The obtained data confirmed that the
four compounds were stable within 24 h at 25 �C and their RSD
values were between 0.79% and 1.03%. Repeatability was exam-
ined by six replications of a sample. In the recovery test, samples
were prepared at three concentration levels in triplicate by
spiking known quantities of each of the four standards into the
G. uralensis sample, after which extraction and analysis were done
according to the described procedures. The validation data are
shown in Table 2.

3.5.3. Content
The UPLC-DAD data demonstrated that liquiritin, echiantin,

isoliquiritigenin and glycyrrhizic acid are present in the ethanol
extract of G. uralensis (Figs. 4 and 5). The contents of the four
marker compounds in the ethanol extract of G. uralensis at 70% (v/v)
are shown in Table 3.

Fig. 3. Inhibition of the eleven compounds on INav1.4.

Table 1
Effect of the eleven compounds of G. uralensis on peak current of Nav1.4

Compounds Pre- treatment (pA) Post- treatment (pA) Inhibition (%)

isoliquiritigenin �5187.75 ± 439.04 �3128.05 ± 597.43* 39.98 ± 4.55
echinatin �1206.61 ± 865.77 �796.18 ± 550.87* 33.20 ± 1.61
liquiritin �1427.88 ± 1182.59 �1107.36 ± 921.14* 22.62 ± 0.30
glycyrrhizic

acid
�3748.10 ± 2095.58 �3049.85 ± 1920.86* 20.54 ± 4.82

liquiritigenin �631.98 ± 68.92 �507.81 ± 83.40* 19.89 ± 3.15
formononetin �1334.00 ± 721.54 �1088.15 ± 597.15* 18.63 ± 0.53
neoisoliquiritin �2231.96 ± 1874.31 �1939.55 ± 1694.87* 15.02 ± 3.24
glycyrrhetinic

acid
�4123.25 ± 987.90 �3495.05 ± 725.14* 14.90 ± 1.98

liquiritin
apioside

�1497.16 ± 789.76 �1387.76 ± 681.00 6.26 ± 2.80

isoliquiritin �2946.90 ± 853.05 �2741.00 ± 627.06 6.13 ± 4.17
neoliquiritin �1817.06 ± 1413.85 �1728.81 ± 1298.52 3.42 ± 2.60

*p < 0.05, n ¼ 3.

Table 2
Precision, repeatability, stability and recovery of the four standard substances.

Standard
Substance

Precision
RSD (%)
(n ¼ 6)

Repeatability
RSD (%)
(n ¼ 6)

Stability
RSD (%)
(n ¼ 6)

Recoveriesa (%)
RSD (%)
(n ¼ 9)

liquiritin 1.58% 1.02% 0.79% 98.56% 1.48%
echinatin 1.46% 0.97% 1.03% 98.89% 2.11%
isoliquiritigenin 1.49% 1.01% 1.01% 99.49% 1.63%
glycyrrhizic acid 1.22% 0.95% 0.88% 99.63% 2.01%

a Recovery (%) ¼ 100*(amount found-original amount)/amount spiked.
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4. Discussion

In this study, we investigated the inhibitory effect of the ethanol
extract of G. uralensis on INav1.4. The results showed that 4 mg/ml
and 8 mg/ml ethanol extracts of G. uralensis at 30% and 70% (v/v)
had a stronger inhibitory effect on INav1.4, with inhibitory rates of
77.29%e100%. Further, 8 mg/ml ethanol extract of G. uralensis at
50% (v/v) had a stronger inhibitory effect on INav1.4, with inhibitory
rate of 95%. However, the inhibitory rate decreased to 31.98% at the
concentration of 4 mg/ml. Treatment with 4 mg/ml and 8 mg/ml
ethanol extracts of G. uralensis at 90% (v/v) showed a lower inhib-
itory effect on INav1.4, which decreased to 2.2% and 16.63%
respectively.

In order to further investigate its blocking effect on INav1.4 and
the channel dynamics, 3 mg/ml ethanol extract of G. uralensis at
70% (v/v) was also studied. Based on the results, we found that it did
not alter the shape of the I-U curve or the reversal potential. Also, it
did not affect the Nav1.4 activation curve. So, the ethanol extract of

G. uralensis at 70% (v/v) does not have a significant inhibitory effect
on the activation state of Nav1.4. However, it can significantly affect
the Nav1.4 inactivation and recovery curves; it can shift the inac-
tivation curve to the hyperpolarization side and obviously increase
the recovery time of Nav1.4 from the inactivation state. We can
draw a conclusion from the results above that ethanol extract of
G. uralensis at 70% (v/v) can alter the inactivation characteristics of
Nav1.4 and increase the recovery time of Nav1.4 from the inacti-
vating state to the resting state.

In this study, eleven chemical compounds of ethanol extract of
G. uralensis were selected in order to clarify their different degrees
of inhibition with respect to INav1.4. They include isoliquiritigenin,
echinatin, liquiritin, glycyrrhizic acid, liquiritigenin, formononetin,
neoisoliquiritin, glycyrrhetinic acid, liquiritin apioside, isoliquiritin
and neoliquiritin. The results showed that treatments with
10 mmol/l isoliquiritigenin, echinatin, liquiritin and glycyrrhizic
acid decreased the INav1.4 by more than 20% compared with the
control; the values were 39.98 ± 4.55%, 33.20 ± 1.61%,

Fig. 4. UPLC-DAD chromatogram of the ethanol extract of G. uralensis at 50% (v/v) at a wavelength of 270 nm. The vertical axis represents response value (mAu) and the
horizontal axis represents retention time (min). 1. formononetin, 2. liquiritin apioside, 3. liquiritin, 4. neoliquiritin, 5. neoisoliquiritin, 6. isoliquiritin, 7. liquiritigenin, 8. echinatin, 9.
isoliquiritigenin, 10. glycyrrhizic acid, 11. glycyrrhetinic acid.

Fig. 5. Chemical structures of the four marker substances of G. uralensis.
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22.62 ± 0.30% and 20.54 ± 4.82% respectively. The other seven
compounds showed a lower inhibitory rate. Therefore, iso-
liquiritigenin, echinatin, liquiritin and glycyrrhizic acid were
selected as the marker substances in inhibiting INav1.4. Based on
the research results mentioned above, further investigation was
carried out for quantitative analysis of the four components of
4 mg/ml and 8 mg/ml ethanol (v/v, 30%, 50%, 70%, 90%) extract of
G. uralensis. The result of the investigation showed that glycyr-
rhizic acid reached the maximum concentration of 49.15 mg/ml,
while echinatin had the lowest concentration, with a maximum
value of 0.08 mg/ml only. There was no obvious correlation be-
tween the concentration of the marker substances of the ethanol
extracts of G. uralensis and the inhibitory rate on INav1.4. A tradi-
tional Chinese medicine theory holds that there is a synergistic
effect between the compounds of this Chinese medicine, which
leads to a therapeutic effect.14e16 The four compounds may have
synergistic effects and eventually play a role in the inhibition of
Nav1.4 VGSCs currents, or there may be many other compounds
besides these eleven chemical compounds that have been studied
previously, one or more of them may have an inhibition effect on
INav1.4 and work in coordination with each other to play a thera-
peutic role. Therefore, it is difficult to determine which compound
is most responsible for the inhibitory effect of ethanol extract of
G. uralensis on Nav1.4 VGSCs currents in this experimental condi-
tion. Even so, we can still conclude that isoliquiritigenin, echinatin,
liquiritin and glycyrrhizic acid play a key role in the inhibition of
Nav1.4 VGSCs currents. Further research is in progress to provide
scientific explanation of such phenomenon.

In summary, INav1.4 was blocked by ethanol extract of
G. uralensis treatment in a dose-dependent manner. Moreover, the
inactivation curve shifted to the hyperpolarization side. Further
studies are needed to resolve the electrophysiological mechanisms
of the inhibitory effect of ethanol extract of G. uralensis on Nav1.4
VGSCs. In addition, eight other a-subunits (Nav1.1~1.3, 1.5e1.9) and
4 different b-subunits (b1~b4) should be investigated. Meanwhile,
the inhibitory effects of Glycyrrhiza inflata and Glycyrrhiza glabra on
INav1.4 should also be investigated to analyze the correlation be-
tween the three different species of licorice. This will enhance the
scientific elucidation of the significance of different sources of lic-
orice in the treatment of diseases.
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a b s t r a c t

In recent years, plant-derived extracts are increasing interest from researchers worldwide due to good
efficacy and lower side effects. Among the different plant extracts, Dracorhodin perchlorate (DP) is
originated from Dragon's blood which has long been used as a natural medicine with various pharma-
cological activities. In the present study, we have explored the potential regulation of DP on fibroblast
proliferation which promotes wound healing both in vitro and in vivo. DP at treatment of 12e24 h
significantly induced fibroblast proliferation which is associated with increasing level of phosphorylated-
extracellular signal-regulated kinase (ERK). Moreover, if ERK is halted with siRNA, DP cannot induce
fibroblast proliferation. In vivo, DP ointment treatment at low- (2.5 mg/mL), medium- (5 mg/mL) and high-
(10 mg/mL) doses, rat wounds healed more rapidly compared with the control group. After DP treatment
for 7 days, Serpin family H member 1 (SERPINH1) staining confirmed enhanced fibroblast proliferation in
the wound tissue. Finally, phosphorylated-ERK in the wound tissue remarkably increased with DP
ointment treatment. Therefore, DP may be developed into a potential lead compounds for the treatment
of wounds in clinical trials in the near future.

© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

With the rapid development of medical field research, more and
more natural plants are used to study in treating clinical ailments.
The most well-known of them is artemisinin, extracted from the
stem of Artemisia annua, which has saved millions of malaria pa-
tients' lives.1 In addition, ginseng extracts are widely used for
various treatment of ailments including cancer.2 Berberine can
inhibit bacterial growth.3 Morphine has analgesic effects.4 Dragon's
blood is a resin obtained from the fruit of a number of palmae plants
predominantly distributed throughout Asia and Indonesia.5

Dragon's blood is regarded as a natural medicine for improving
blood circulation and reducing pain.6 Research also showed that
Dragon's blood possessed several pharmacological effects, including

immunoregulatory,7 anti-inflammation,8 antidiarrheic,9 antibacte-
rial,10 antiviral,11 antioxidant,12 and anticancer,13 and so on. Inter-
estingly, Dragon's blood can stimulate epithelial regeneration and
wound healing by promoting fibroblasts proliferation and collagen
synthesis.14 Dragon's blood extracts comprise of many active com-
pounds, mainly flavonoids and terpene resin acid. As the extract of
the Dragon's Blood, Dracorhodin always exists in the form of a
particular salt, which is called Dracorhodin perchlorate (DP). Recent
research has demonstrated that DP promotes vascular endothelial
cell proliferation and angiogenesis.15 However, research onwhether
DP promote wound healing has not been reported. The purpose of
this study was to determine the effects of DP on wound healing
using both in vitro and in vivo models.

Skin damage initiates a series of biological reactions to achieve
self-healing, including hemostasis, granulation tissue regeneration,
and tissue reconstruction.16 Various kinds of cells including fibro-
blasts, endothelial cells, keratinocytes, macrophages and platelets
play key roles together in wound healing process. This process in-
volves cell proliferation and migration, collagen production, and
vascular formation. Fibroblasts are the most vital cells for
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extracellular matrix production and remodeling, which are benefi-
cial for forming wound granulation tissues inwound healing.17,18 At
the same time, wound healing process is regulated by a large
number of cytokines and growth factors, which are important reg-
ulators to elicit the cell growth, proliferation, migration, differenti-
ation and adhesion, ECM deposition and proteinase activation.
Moreover, significant study has demonstrated that cell proliferation
is mediated by ERK signaling pathway in the process of wound
healing.19,20 We thus hypothesized that DP may activate cellular
functions throughERKpathways, and the activation of ERK signaling
pathwaymayalleviate the proliferation andmigration offibroblasts.

SERPINH1 (serpin peptidase inhibitor, clade H, member 1, also
knownasHSP47), a 47-kDaheat-shock protein, is a collagen-specific
molecular chaperone localized in the endoplasmic reticulum
research showed that SERPINH1-positive cells were regarded as fi-
broblasts in skin specimens.21 Therefore, we selected the SERPINH1
antibody as amarker of fibroblast in skin tissues samples. This study
aimed to identify themechanismswhether DP induces proliferation
and migration of fibroblasts during wound healing. Our results
demonstrated thatDPmaybe considered as potential treatments for
woundhealing andprovided a basis for further clinical experiments.

2. Materials and methods

2.1. Cell viability and cell proliferation assays

DP was purchased from Shanghai yuanye Bio-Technology Co.,
Ltd (R20J6F1, Shanghai, China). NIH/3T3 fibroblasts were purchased
from the Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). Fibroblasts at passage 5e9 were used experimentally.
Trypsin (0.25%, Gibco, Germany) was used to digest the fibroblasts
until the cells were all resuspended. Fibroblasts were seeded into
96-well plates at a density of 1 � 104 cells per well and incubated
for 12 h in Dulbecco's Modified Eagle's Medium (DMEM) (Hyclone,
USA) containing 10% fetal bovine serum (FBS) (complete medium)
(Gibco, Germany) at 37 �C in a humidified, 5% CO2 atmosphere.
After 12 h incubation, the complete medium was removed from
each well and replaced with DMEM in absence of FBS (starvation
medium) prior to a further 3 h incubation under identical growth
conditions. After starvation for 3 h, complete medium containing
DP at concentrations of 0 (control), 0.625, 1.25, 2.5, 5, 10, 20, and
40 mg/mL (n¼ 5wells in triplicate plates) was added into every well
respectively with 24 h treatment. In addition, 50 ng/mL epidermal
growth factor (EGF) was regarded as the positive control group. At
present, it has been reported that EGF gel promoted wound healing
in rat model.22 Many studies have reported that EGF significantly
stimulated fibroblast proliferation, which is beneficial for wound
healing.23 After DP treatment, the cell counting kit-8 (CCK-8) assay
was used to assess cell viability. Viable cells were measured at an
absorbance (Abs) of 450 nm using enzyme-linked immune detector
(Gene, China). Effective concentrations of DP were identified using
the above experiment. NIH/3T3 cells were also treated with
0 (control), 1.25, 2.5, and 5 mg/mL DP for 0, 6, 12, 24 and 36 h
separately and cell proliferationwas determined using the CCK-8 as
described previously. Cell viability was determined as follows:

Cell viabilityð%Þ ¼ Abs of DP treated group
Abs of control group

� 100%

2.2. Western blot analysis

Phosphorylation of ERK in NIH/3T3 fibroblasts was determined
after treatment with 2.5 mg/mL DP for 0, 15, 30, 60, and 120 min. At

each time point, the total protein in cells was harvested and the
proteins concentrations was detected dividely by using the
Enhanced BCA Protein Assay Kit. The rest of the cell suspensionwas
then aspirated and mixed with the sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) loading buffer in a ratio
of 1: 4. Equal amounts of proteins were separated by SDS-PAGE and
electrotransferred to polyvinylidene fluoride (PVDF) membranes.
The membranes were incubated in tris-buffered saline (TBS) con-
taining 5% skimmed milk and 0.1% Tween-20 for 60 min, and
blotted with primary antibodies at 4 �C overnight.

The following primary antibodies were used: anti-phospho-
ERK1/2 (1:1000, No. 4370, Cell Signaling Technology, MA, USA),
anti-ERK1/2 (1:1000, No. 4695, Cell Signaling Technology), and anti-
GAPDH (glyceraldehyde-3-phosphate dehydrogenase, 1:1000, No.
97166, Cell Signaling Technology). The membranes were incubated
for 2 h with anti-mouse or anti-rabbit horseradish peroxidase-
conjugated secondary antibodies (1:2000, Cell Signaling Technol-
ogy). Reaction products were visualized by detection of chem-
iluminescence using an ECLWestern Blotting Detection System (GE
Healthcare, Piscataway, NJ, USA). Quantification of relative band
densities was performed by scanning densitometry using Image J
software (National Institute of Health, Bethesda, MD, USA). Gray
intensity of p-ERK/ERK was calculated by the following formula:

Gray intensity of p�ERK=ERK ¼ Gray intensity of p�ERK
Gray intensity of ERK

2.3. RNA interference experiments

To further verify whether DP promoted fibroblast proliferation
via the ERK pathway, siRNA for ERK (No. 6560, Cell Signaling
Technology, USA) was selected to block ERK signal (forward
sequence: CCUCCAACCUGCUCAUCAA; reverse sequence: UUGAU-
GAGCAGGUUGGAGG). NIH/3T3 fibroblasts were transfected with
ERK siRNA using Lipofectamine2000 (Lipo2000, Invitrogen, Japan)
and OPTI-MEM (Invitrogen, Japan) according to the manufacturer's
protocol. The final concentration of siRNA (ERK) was 100 nM, siRNA
control (No. 6568, Cell Signaling Technology, USA) and Lipo2000
were used as control groups. The transfected cells were used
experimentally after 48 h. All cells were treated with or without
2.5 mg/mL DP. The experiments were divided into control groups
(siRNA control using Lipo2000, with or without DP treatment),
Lipo2000 control groups (only Lipo2000, with or without DP
treatment) and siRNA ERK groups (siRNA ERK using Lipo2000, with
or without DP treatment). The ERK expression was detected after
120 min drug treatment and cell viability was detected after 24 h
drug treatment.

PD98059 (9900S, Cell Signaling Technology, USA) is regarded as
an ERK signal inhibitor and can reduce the level of ERK phos-
phorylation. The four experimental groups included1 control group
(without DP and inhibitor),2 inhibitor group (PD98059 only),3 drug-
treated group (2.5 mg/mL DP only), and4 drug-inhibitor group
(2.5 mg/mL DP þ PD98059). The inhibitor was diluted with com-
plete medium and exposed to cells for 24 h. And then every group
was treated with or without DP for 120 min. Densities of p-ERK and
ERK were examined by Image J software. The density ratio of p-
ERK/ERK was calculated and cell viability was assessed by CCK-8 in
all groups.

2.4. In vivo rat wound models to determine the effect of DP in
wound healing

The design of the current experiment had restrictively followed
the guidelines of the Association for Assessment and Accreditation
of Laboratory Animal Care, International. After getting the
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permission to conduct the Committee on Research Animal Care of
Northeast Agricultural University, a total of one hundred Wister
rats (male and female, aged 6e8 weeks, weighing 240e260 g) were
used in the study. Animals were maintained under standard labo-
ratory conditions and fed food and water freely for a week. DP
ointment was made by dissolving DP in dimethyl sulfoxide (DMSO)
and Vaseline. Firstly, different qualities (50, 100 and 200 mg) of DP
were dissolved in 1 mL DMSO. The final concentrations of solution
were 50 mg/mL, 100 mg/mL and 200 mg/mL respectively. And then
1 mL above solutions were mixed with 19 mL Vaseline (16 g)
respectively. The DP ointment concentrations were 2.5 mg/mL, 5 mg/
mL and 10 mg/mL. The experiment included control group (Vase-
line), DMSO group (1 mL DMSO was mixed with 16 g Vaseline),
low- (2.5 mg/mL), middle- (5 mg/mL) and high- (10 mg/mL) dose DP
groups. After sectionalization, rats were anesthetized by intraper-
itoneal injection with 10% chloral hydrate (0.35 mL/100 g).
Following dorsum shaving and antisepsis, two circular full-
thickness wounds were performed by biopsy punch (10 mm
diameter). Rats (n ¼ 20/group) were given ointment treatment
twice daily. Wound images were captured using a camera (Cannon)
at 0, 3, 7, and 14 days, and a ruler was used as a reference criterion.
Wound healing area was analyzed using IPP software to calculate
the wound healing rate using the formula:

Woundhealing rate¼Woundareað0Þ�WoundareaðtÞ
Woundareað0Þ �100%

2.5. Immunohistochemical analysis of SERPINH1 and calculation of
fibroblasts density

After treatment with or without DP for 7 days in rat wound
models, skin tissue samples were stained with anti-rabbit SER-
PINH1 (1:500; CST SERPINH1-positive cells were identified as fi-
broblasts). After several washes in PBST, samples were incubated
for 30 min at 37 �C with anti-rabbit IgG (1:500; Molecular Probes,
Life Technologies). The positive cells were then colored by DAB and
hematoxylin. Sections were then sealed with neutral resin and
mounted with cover slips. Images were captured using NIS-
Elements F2.3 software and the proliferation density was calcu-
lated as the mean number of positive cells in five randomly selected
high-power fields of view.

2.6. Western blot analysis

Rat wound skin tissues were collected at day 7 and homoge-
nized in a glass pestle in 1 mL RIPA buffer containing 10 mL protease
inhibitor and 10 mL Na3VO4 at 4 �C. ERK protein detection was
carried out as described previously in Section In vivo rat wound
models to determine the effect of DP in wound healing above.

2.7. Statistical analysis

Data were analyzed by SPSS16.0 software. All data were
expressed as means ± standard deviation (SD). The t test was used
to identify differences between two groups and one way ANOVA
was used to identify differences among multi-groups, followed by
LSD test. A p value < 0.05 was considered statistically significant.

3. Results

3.1. DP promoted NIH-3T3 cell proliferation

As shown in Fig. 1A, we found that EGF (positive control group)
significantly stimulated fibroblast proliferation (p < 0.01 vs. control
group). DP promoted fibroblast proliferation at a concentration

range of 0.625e10 mg/mL, with a peak at 2.5 mg/mL. However, when
DP was used at a concentration >20 mg/mL, fibroblast proliferation
was inhibited (p < 0.01). These data demonstrated that DP posi-
tively influenced fibroblast proliferation at an optimal concentra-
tion range. Furthermore, when DP was at a concentration range of
1.25e5 mg/mL, cell viability was significantly increased compared
with other groups (p < 0.01). Consequently, the cell proliferation
assays were carried out in accordance to these data and determined
that cell viability was higher in the DP-treated groups compared
with the control group after 12 h treatment (p < 0.01). After this
time point, the positive effect of DP on cell proliferation was more
obvious. In the three drug-treated groups, DP at 2.5 mg/mL was
identified as the best treatment concentration (Fig. 1B), which was
used for subsequent experiments.

3.2. DP stimulated NIH/3T3 proliferation via the ERK signaling
pathway

To further explore the molecular mechanism of DP-induced cell
proliferation, Total ERK and p-ERK were detected at 0, 15, 30, 60,
and 120 min in the absence or presence of DP (Fig. 2A and B). As
shown in Fig. 2A, DP treatment did not change total ERK immu-
noreactivity, however, p-ERK significantly increased after DP
treatment in a time-dependent manner (p < 0.01).

In the following experiment, fibroblasts were transfected with
ERK siRNA using Lipo2000 and Opti-MEM, as shown in Fig. 2C,
expression of ERK in fibroblasts was decreased obviously compared
with cells transfected with siRNA control or Lipo2000 (p < 0.01).
Moreover, SiRNA-mediated knockdown of ERK1/2 expression
blocked DP-induced fibroblasts proliferation (p < 0.01). Addition-
ally, we found that Lipo2000 had no influence on DP-treated fi-
broblasts proliferation and ERK expression in cells (p > 0.05). When
Lipo2000 acted alone on cells and the DP-treated cells increased
significantly compared with the cells without DP treatment
(p < 0.01). At the same time, the results also showed that prolif-
eration of cell enhanced evidently than DP-treated cells blocked by
siRNA ERK (p < 0.01) (Fig. 2D).

In the presence of the ERK1/2 inhibitor PD98059, we clearly
found that p-ERK decreased significantly than drug treated group
without inhibitor treatment (p < 0.01), and was slightly increase
compared with control group (p > 0.05) (Fig. 2E and F). Then DP-
induced cell proliferation was abrogated under the treatment of
DP (p < 0.01), but continued to be significantly enhanced compared
with the control group (p < 0.05) (Fig. 2G). Taken together, our
results indicated that DP promoted cell proliferation via phos-
phorylating the ERK signaling pathway.

3.3. DP induced rat wound healing

After establishing the rat trauma in vivo models, wounds were
treated with either DP or Vaseline and DMSO (as control groups),
and wound was recorded using a camera. There was no significant
difference between the drugs treated groups and control group
after three days of drug treatment. At day 7, the wound healing rate
was significant increase in the DP-treated group compared with the
control group (Fig. 3A and B, p < 0.01) and by day 14, the wound in
the high-dose group had healed to a greater extent compared with
the other groups. Moreover, we found that DMSO did not cause
wound healing (p < 0.01 vs. DP-treated group; p > 0.05 vs. Vaseline
group.). These findings confirmed that DP promotedwound healing
in a dose-dependent manner. Amazingly, no obvious scars were
found in eyes view when executed our experiment. Therefore we
speculated that DP inclined not to trigger fibroblasts aberrant
proliferation. In the future we will focus on the effects of DP on the
scar in wound healing process.
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3.4. DP enhanced fibroblast proliferation and upregulated p-ERK in
skin tissue wounds

SERPINH1 antibody was used as a specific marker to identify
fibroblasts in skin tissues. After 7 days of treatment with and
without DP, skin samples were analyzed by immunohistochem-
istry. In Fig. 4A, the results showed that an increased number of
SERPINH1-positive cells were found in DP treated groups ((b) low-,
(c) medium-, and (d) high-dose groups) compared with the control
group ((a) control group). Fibroblast density was calculated and
showed in Fig. 4B. These findings indicated that DP significantly
promoted the proliferation of fibroblasts in the wound tissue
(p < 0.01) in a dose-dependent manner.

Significant upregulation of p-ERK were detected in the rat skin
wounds of theDP-treatment groups comparedwith control groupat
day 7, we also found DP significantly upregulated p-ERK in the
wound tissue (p<0.01) in a dose-dependentmanner (Fig. 4C andD).

4. Discussion

Wound healing is a complex biological process involving
numerous cellular activities and molecules, and can be divided
into three stages: initial inflammation, fibroblasts proliferation
and migration, and final tissue reconstruction.24 Fibroblasts pro-
liferation and migration are critical during wound healing. Our
experimental results showed that DP was effective in promoting
the proliferation of fibroblasts. Fibroblasts are the most vital cells
for extracellular matrix production and remodeling, and prolif-
eration and migration of fibroblasts are beneficial for forming
wound granulation tissues and further wound healing.25 More-
over, we found that DP inhibited fibroblast proliferation at a
concentration higher than 20 mg/mL. However, in vivo experi-
ments, 2.5, 5 and 10 mg/mL DP ointments all promoted wound
healing in dose-dependent manner. We speculated that in-vitro
fibroblast cells were less tolerant than tissues (in vivo study).
Many studies have demonstrated that the extracts of natural
plants caused cell proliferation, playing a positive role when used
within an optimal concentration range. However, negative effects
using the same extracts are often observed when their concen-
trations are too high.26 More recently, it was reported that the
inhibitory effect of DP on cells increased caspase-9 expression and
inhibited the expressions of PI3K/Akt and NF-kB.27 Moreover,
aberrant proliferation and activation of fibroblasts are closely

associated with scar formation.28 Interestingly, it has been
recognized that being an important part of granulation tissue,
collagen plays a pivotal role in striking a controlled delicate bal-
ance between fibroblasts proliferation and apoptosis, thereby
regulating skin wound healing.29

ERK is one of the most widely studied proteins whose rela-
tionship with proliferation is now realized in many cell types. The
ERK signaling pathway situated at the intersection of thousands of
different cellular signals is highly complex and acts to modulate
numerous cellular activities.30 A further research is necessarily
needed to identify whether DP directly or indirectly activates ERK.
A large number of studies have revealed the pharmacological ef-
fects of many natural plant extracts on cells, and the natural plant
extracts preferentially recognize the growth factor receptors on the
cell surface, such as EGF receptor (EGFR), FGF receptor, PDGF re-
ceptor and so on. As previously described, flavonoids (dracorhodin
is a flavonoid31) can activate EGFR, which triggers the Ras/Raf/MEK/
MAPK pathway, the PI3-K/PTEN/Akt/mTOR pathway, and the STAT
signaling cascade.32 Similarly, in our study, we determined that DP
upregulated ERK phosphorylation level, a member of MAPK family,
therefore we speculated that DP-mediated p-ERK increase was
influenced via EGFR molecular target activation. However, research
work is going on in our lab, and we will investigate the effect of DP
on EGFR and their involvement in proliferation. We also found that
DP-induced cell proliferation was not inhibited completely by the
treatment of siRNA and inhibitor. Thus, it is possible that ERK is not
the only mediator for DP treatment. Therefore, the present research
is valuable. In fact, an increasing number of signal transduction
pathways involving ERK have been identified. The MEK/ERK
pathway is involved in the differentiation of cells and the formation
of collagen during tissue regeneration.33 In a study by Fujiwara
et al., L-arginine was found to promote fibroblast proliferation via
activation of the amino acid receptor, GPRC6A first and of the ERK/
cyclic-AMP response element binding (CREB) signaling pathway
then.34 These findings are consistent with our results. Furthermore,
keratinocyte growth factor (KGF) and EGF have been reported to
involve fibroblast proliferation.35,36 KGF is weakly expressed in
human skin but strongly upregulated in fibroblasts after skin injury.
Because KGF is a highly specific and potent mitogen for keratino-
cytes,37 this finding suggested that dermally derived KGF stimu-
lated wound re-epithelialization in a paracrine manner. In another
study, it has been reported that acemannan stimulates gingival
fibroblast proliferation, which proliferate and secrete several

Fig. 1. Cell proliferation assays and cell migration assays. (A). Fibroblasts were treated with different concentrations (0e40 mg/mL) of DP and EGF (positive control group) for 24 h
and cell viability was determined using CCK-8. (B). DP acted on cells at 1.25, 2.5 and 5 mg/mL for 6, 12, 24 or 36 h. Cell viability was measured at the indicated time points. (Data are
presented as means ± SD, n ¼ 15 for each bar; *p < 0.05; **p < 0.01 vs. control group at same time).
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growth factors and extracellular matrix, such as keratinocyte
growth factor-1 (KGF-1), vascular endothelial growth factor (VEGF),
and type I collagen, to generate new tissue.38 Similarly, EGF plays an
important role in the wound healing process by the paracrine
mechanism of fibroblasts. Zhao demonstrated that EGF promoted
the proliferation of fibroblasts.23 In Lluïsa Mir�o's study, he
confirmed that Aldosterone induced myofibroblast proliferation
and EGF secretion to regulate epithelial colonic permeability.39

Taken together, fibroblast proliferation is associated with EGF and
KGF secretion. In our study, we determined that DP promoted
fibroblast proliferation, thus, we speculate that DP could induced
EGF and KGF secretion. Research work is going on in our lab, andwe
will investigate the DP's activity on such factors.

Duringwound healing of skin injuries, granulation tissueswhich
contain newly formed vessels, macrophages, fibroblasts, and
extracellular matrix (ECM) appeared at thewounded areas. Some of
ECM, such as type III collagen, and the number of fibroblasts have
been found to increase in skin at 7 days after injury.40 Furthermore,

at 14 days after injury, myofibroblasts, which express alpha-smooth
muscle actin and have the capacity for active motility, have also
been observed at the edge of the granulation tissue.41 Immunohis-
tochemical staining analysis showed that the number of SERPINH1-
immunopositive fibroblasts gradually increased until the 14th day,
and those at day 14 after injury reached the peak of the proliferative
phase. This result demonstrated that DP could enhance fibroblast
proliferation after skin damage, which provided a hypothesis that
increased numbers of fibroblasts likely promote the formation of
collagen and blood vessels during wound healing.42,43

In conclusion, DP, the stable form of Dracorhodin, alleviates
in vitro fibroblast proliferation and migration and induces in vivo
wound healing in rats. Therefore this study shall provide strong
evidence for further research in clinical cases whose wounds are
difficult to heal. This study gives a preliminary exploration of DP in
wound repair. Further studies will be needed to examine the mo-
lecular target of drug action in order to give a deeper insight into
this field.

Fig. 2. Detection of the level of ERK phosphorylation. Cells at a 60% density were treated with or without 2.5 mg/mL DP for 0, 15, 30, 60 and 120 min. (A). The activities of ERK, was
analyzed by immunoblotting. Densitometry measurements for p-ERK was normalized to the amount of total ERK. Results were presented as the fold change compared with the
control group. (B). Gray intensity of p-ERK/ERK was measured using Image J software at different time points. (C). Detection of ERK expression with or without the transfection of
siRNA. NIH/3T3 fibroblasts were transfected with ERK siRNA, siRNA control or Lipo2000 for 48 h and then were used for experiment. (D). Cell proliferation (treated for 24 h) was
determined when the ERK signaling was blocked by RNA interference. (E & F). Effects of ERK inhibitor (PD98059) on ERK signaling pathway in fibroblasts. The inhibitor was diluted
with complete medium to indicated concentration and exposed to cells for 24 h. (G). The cell viability (treated for 120 min) was examined by the action of the inhibitor, drug-
inhibitor group (2.5 mg/mL DP þ PD98059) was compared to the other groups ((1) control group (without DP and inhibitor), (2) inhibitor group (PD98059 only), (3) drug-
treated group (2.5 mg/mL DP only)). (Data are presented as means ± SD, n ¼ 5 for each bar, *p < 0.05 and **p < 0.01 vs. control group.).
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Fig. 3. Wound healing rate was calculate with or without DP treatment in vivo rat wound models. Wounds were photographed at day 0, 3, 7, and 14 in every group (control
group (Vaseline), DMSO group, low- (50 mg/mL), middle- (100 mg/mL) and high- (200 mg/mL) dose DP groups). (A). Photographs of wound at the specified times. (B). The wound
healing rate was calculated by IPP software (Data are presented as means ± SD, n ¼ 20 for each bar, **/CCp < 0.01 vs. control group.).

Fig. 4. Immunohistochemical analysis of SERPINH1 and p-ERK detection in wound tissues. Skin tissue samples in rat wound models were harvested and assessed immuno-
histochemically using SERPHINH1 antibody at day 7. (A). Representative images of SERPHINH1 immunostaining in the wound granulation tissues in (a) control, (b) low-, (c) middle-,
and (d) high-dose groups. (B). Density of positive-cells was calculated as the mean number of positive cells in five randomly selected high-power fields of view in each images.
(SERPHINH1-positive cells weremarked by red arrows ( ). Data are presented asmeans ± SD, n¼ 20 for each bar, **p< 0.01 vs. control group. 200�). RatWoundmodels were treated
with and without DP for 7 days. The total protein was harvested from the wound granulation tissues in every rat. Western blot analysis was performed to examine p-ERK and ERK
expression (C & D). (Data are presented as means ± SD, n ¼ 5 for each bar, *p < 0.05 and **p < 0.01 vs. control group.).
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a b s t r a c t

Whereas molecular mechanisms of atrial fibrillation (AF) have been widely investigated, there is limited
information regarding interrelation between chronic volume overload and parasympathetic nervous
system in the pathophysiology of AF. In this study, we investigated the influence of abdominal aorto-
venocaval shunt (AVS)-induced atrial remodeling on electrophysiological responses to cholinergic re-
ceptor stimulation in the isolated rat atria. Interstitial fibrosis, cardiomyocyte hypertrophy and atrial
enlargement, known as structural arrhythmogenic substrates for AF, took place after one month of AVS
operation. Carbachol at 0.1 and 1 mM shortened the effective refractory period, acting as functional
arrhythmogenic substrates, but increased the conduction velocity both in the atria of the sham-operated
and AVS rats. The extents of the electrophysiological responses to carbachol in the atria of the AVS rat
were greater than those in the sham-operated ones. Also, the higher inducibility and longer duration of
carbachol-mediated AF were detected in the AVS atria than those in the sham-operated ones. These
results showed that chronic volume overload-induced atrial remodeling promoted electrophysiological
responses to cholinergic receptor stimulation in the isolated atria of rats, suggesting possible synergistic
actions between structural arrhythmogenic substrate in the remodeled atria and functional arrhyth-
mogenic substrates modulated by parasympathetic nerve activity.

© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Atrial fibrillation (AF) is one of the most common cardiac ar-
rhythmias in clinical practice, which impacts on both life expec-
tancy and quality of life.1 Autonomic nervous system is well
recognized as an important contributor in triggering and main-
taining AF, of which activation of parasympathetic nerves shortens
the atrial action potential duration and the effective refractory
period, and increases dispersion of atrial repolarization,2e4 thus
creating functional arrhythmogenic substrates for AF.

Congestive heart failure and mitral valve diseases are also
regarded as important risk factors for AF,5 which can generate

structural substrates through volume overload to the atria. The role
of the parasympathetic nervous system or volume overload in the
pathogenesis of AF has a long and rich history independently.5,6

Whereas molecular control mechanisms of AF have been investi-
gated widely, linked to gene expression, cell Ca2þ handling, and
conduction disturbance,7 interrelation between volume overload
and parasympathetic nervous system in triggering andmaintaining
AF remains elusive. Recently, we established a rat model to deliver
long-term volume overload to the heart by aorto-venocaval shunt
(AVS) operation, where initiating trigger of AF, namely, increased
automaticity in the pulmonary-vein myocardium could be found.8

In that study, carbachol suppressed the spontaneous electrical ac-
tivity in pulmonary-vein myocardium of AVS via a significant
hyperpolarizing effect on the resting membrane potential, exerting
an antiarrhythmic effect.8 To clarify cholinergic modulation of
arrhythmogenic properties in the atrium itself, we assessed the
influence of chronic volume overload-induced atrial remodeling on
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electrophysiological responses to cholinergic receptor stimulation
in the atria. This study may provide new insights into pathophys-
iology of interrelation between functional and structural substrates
in AF.

2. Materials and methods

Experiments were performed by using 8-week-old male Wistar
rats (n ¼ 37), weighing approximately 150e200 g (Sankyo Labo
Service, Tokyo, Japan). Animals were kept at 23 ± 1 �C under a 12-h
lightedark cycle, where food and water were available ad libitum.
All experiments were approved by the Animal Research Committee
for Animal Experimentation at Faculty of Pharmaceutical Sciences
of Toho University (No. 17-51-359) and performed in accordance
with the Guidelines for the Care and Use of Laboratory Animal of
Toho University.

Rats were randomly divided into two groups: sham group
(n ¼ 19) and AVS group (n ¼ 18). Briefly, animals were anesthetized
with pentobarbital sodium (50 mg/kg, i.p.). Then, rats in the AVS
group received fistulation between the abdominal aorta and infe-
rior vena cava by an 18-gauge needle, as described previously.9 Rats
in the sham group underwent similar operation procedure, but did
not receive a fistulation. Four weeks later, histological and
morphometric analyses in addition to electrophysiological testing
were performed.

2.1. Histological examination

More than 4 weeks after the AVS surgery, the animals in the
sham (n ¼ 2) and AVS (n ¼ 2) groups were anesthetized with
pentobarbital sodium (50 mg/kg, i.p.). To prevent blood clotting,
1 mL of heparinized saline (100 IU/mL) was intravenously admin-
istered. Immediately after euthanization, beginning of the aorta
was cannulated for retrograde perfusion with saline and vena cava
was incised. The perfusion fixation with a 10% formalin neutral
buffer solution was conducted through the cannula, and the seg-
ments were processed into paraffin blocks. Longitudinal sections
(n ¼ 1 for the sham group and n ¼ 1 for the AVS group) in 4-mm-
thick were cut that all four chambers of the heart were seen from
the paraffinized tissue blocks. In addition, cross sections (n ¼ 1 for
the sham group and n ¼ 1 for the AVS group) in 4-mm-thick were
also cut from four chambers and mounted on charged slides. One
slide each was stained with Masson trichrome to accentuate
muscle and connective tissues. Microphotographs in the upper
panel were taken by Aperio scanscope (Leica Microsystems K.K.,
Tokyo) at 4� (objective), and in the lower at 20� (objective).

2.2. Morphometric examination

For morphometric examination, the hearts were immediately
dissected and blotted dry in the sham (n ¼ 8) and AVS groups
(n ¼ 8). Right and left ventricles, interventricular septum, and
atrium were separated and weighed. Body weight was also
measured and used for normalization of heart masses (Table 1). The
wall thickness was measured at the thickest part where was
identified with naked eye.

2.3. Electrophysiological testing

The isolated atrial preparation consisted of the entire right and
left atrium from sham (n ¼ 9) and AVS (n ¼ 8) groups, which was
incubated with the KrebseHenseleit solution of the following
composition (in mM): NaCl 118.4, KCl 4.7, CaCl2 2.5, MgSO4 1.2,

KH2PO4 1.2, NaHCO3 24.9, glucose 11.1, gassed with 95% O2/5% CO2
(pH 7.4 at 37 �C). Electrophysiological parameters were recorded as
described previously.10,11 Carbachol at 0.1 and 1 mM was added to
isolated atria of the sham and AVS groups. After obtaining elec-
trophysiological data of 1 mM carbachol, atropine at 10 mM was
additionally applied to the atria (n ¼ 3 for each group) to confirm
association of muscarinic receptors. Briefly, the stimulating and
recording electrodes for measuring intra-atrial conduction time
were attached on the atrial epicardium close to the sinus nodal
region and on the left atrial appendage, respectively. On the other
hand, the stimulating electrode for burst pacing was attached on
the septum of atria. Electrograms were amplified with a bioelectric
amplifier (AB-621G; Nihon Kohden, Tokyo, Japan) and fed into a
computer-based data acquisition system (PowerLab, ADInstru-
ments, Castle Hill, Australia). The preparation was electrically
driven at cycle lengths of 200, 150, or 100 ms using an electrical
stimulator (SEN-7203, Nihon Kohden) and an isolator (SS-104J,
Nihon Kohden) with rectangular pulses (about 1.5 times of the
diastolic threshold voltage and 3-ms width). The effective re-
fractory period of right atria was assessed by a pacing protocol
consisting of ten beats of basal stimuli (S1) in cycle lengths of 200,
150, or 100 ms followed by an extra stimulus (S2) of various
coupling intervals. The intra-atrial conduction time was measured
as the difference between right and left atrial electrograms to
calculate the intra-atrial conduction velocity. The pacing cycle
lengths were set shorter than those during spontaneous sinoeatrial
activity, which were around 220e250 ms. Atrial tachyarrhythmia
was induced by pacing at the septum of atrium with burst pacing
(5 V output; 3-ms pulse width; 10-ms cycle length for 30 s) for 10
times. An episode of more than 3 continuous premature atrial
contractions and/or atrial tachyarrhythmia such as AF and atrial
flutter (AFL) lasted for 30 s were regarded as an incidence of AF/AFL.
AF/AFL duration was expressed as an average of the 10 times of
burst pacing. All experiments were performed at 36.5 ± 0.5 �C.

2.4. Drugs

Carbachol and atropine sulfate were purchased from
SigmaeAldrich (catalog # 074K0777, St. Louis, MO, USA) and Wako
Pure Chemical (catalog # 015-4853, Osaka), respectively, which
were dissolved in distilled water. Small aliquots were added to the
organ bath to obtain the desired final concentration. All the other
chemicals were commercial products of the highest available
quality. The concentration of carbachol was determined by previ-
ous studies, in which the low concentration (0.1 mM) was reported
to produce physiological responses mimicking parasympathetic
nerve activity at night or rest time.8,12

Table 1
Morphometric parameters.

Parameters Sham AVS

Body weight (g) 274 ± 6 282 ± 6
Heart weight (mg) 761 ± 29 1234 ± 48****

Heart weight (mg)/body
weight (g)

2.8 ± 0.1 4.4 ± 0.2****

Atrial weight (mg) 78 ± 5 145 ± 11****

Ventricular weight (mg) 684 ± 26 1089 ± 43****

RV weight (mg) 131 ± 4 212 ± 13****

LV weight (mg) 553 ± 27 877 ± 33****

RV wall thickness (mm) 1.2 ± 0.0 1.7 ± 0.1***

Septal thickness (mm) 2.6 ± 0.2 3.4 ± 0.1****

LV wall thickness (mm) 3.8 ± 0.1 5.1 ± 0.2****

Data are presented as mean ± S.E.M. (n ¼ 8 for each group). ***P < 0.001,
****P < 0.0001 vs. Sham. RV: right ventricle; LV: left ventricle; AVS: aorto-venocaval
shunt.
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2.5. Statistical analysis

All data are expressed as mean ± standard error of mean
(S.E.M.). The statistical significances within a parameter were
evaluated by one-way repeated-measures ANOVA followed by
Contrasts for mean values comparison, whereas those between the
groups were analyzed by unpaired t-test. A P-value less than 0.05
was considered significant.

3. Results

3.1. Histology of the heart

Typical photos of the heart obtained from the sham-operated
and AVS rats are shown in Fig. 1. Macroscopic analysis (Fig. 1A)
from longitudinal sections indicated a significant enlargement of
both atrial and ventricles in the AVS rat. Microscopic study from
cross sections revealed that atrial narrow myocytes were well
aligned and surrounded by little interstitial tissue in the sham-
operated rat, whereas atrial myocytes were enlarged and sur-
rounded by fibrosis in the AVS rat (Fig. 1B). Similar morphological
results were also obtained in another series of our experiment
using the same animal model (data not shown).

3.2. Morphometric examination

Four weeks after the AVS surgery, the body weights in the sham
and AVS groups were alike (Table 1), whereas significant differ-
ences were detected in the heart weight, the ratio of heart-weight/
body-weight, atria and ventricle weights, wall thickness of right
ventricle, left ventricle and septum between sham-operated and
AVS animals (Table 1).

3.3. Electrophysiological testing

Fig. 2 shows typical traces of electrograms obtained from the
right and left atrium in the sham-operated (left panel) and AVS rats
(right panel), whereas Table 2 summarizes the control values of
effective refractory period and conduction velocity in sham and
AVS atria before carbachol application. The effective refractory
period in the AVS group was significantly longer than those in the
sham group. The conduction velocity in the AVS group was rela-
tively less than those in the sham group, which did not achieve
statistical significance. Figs. 3 and 4 summarize effects of carbachol

Fig. 1. Tissue sections of the heart after Masson's trichrome staining in the sham-
operated (n ¼ 1) and AVS (n ¼ 1) rats. (A) Longitudinal sections showed a signifi-
cant enlargement of both atrial and ventricles of the AVS rat one month after the
operation. The vertical black bar indicates a scale of 5 mm. (B) Cross sections in sham
group (n ¼ 1) are shown in the upper panel, and the ones in AVS group (n ¼ 1) cor-
responding to the upper ones are indicated in the lower panel. Note that atrial myocyte
hypertrophy and fibrosis occurred in the AVS atria. The horizontal black bar indicates a
scale of 50 mm. RA: right atrium; LA: left atrium; RV: right ventricle; LV: left ventricle;
AVS: aorto-venocaval shunt.

Fig. 2. Typical traces of electrograms obtained from atria in the sham-operated (left panel) and AVS (right panel) rats before and after application of carbachol at 1 mM. The
preparation was electrically driven at a pacing cycle length of 200 ms. (A) Conduction velocity between the right and left atrium was delayed in the AVS rat than that in the sham-
operated one. (B) Effective refractory period of the right atrium was longer in the AVS rat than that in the sham-operated one. Note that atrial tachyarrhythmia occurred in the AVS
atria at coupling interval of 61 ms (before carbachol) and 18 ms (after carbachol). Conduction block and/or conduction delay appeared between right and left atria of AVS at coupling
interval of 61 ms. S1 and S2 indicate the basal stimuli and an extra stimulus of various coupling intervals, respectively. CCh: carbachol; AF: atrial fibrillation, AFL: atrial flutter; S:
electrical stimulation; CI: coupling interval; AVS: aorto-venocaval shunt; RA: right atrium; LA: left atrium.
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on the effective refractory period and conduction velocity, respec-
tively, in the atria. Carbachol at 0.1 mM tended to shorten the
effective refractory period in both sham and AVS atria, and at 1 mM
it significantly shortened the effective refractory period at all pac-
ing cycle lengths in both sham and AVS atria when compared with
pre-drug control. Their extents were greater in the AVS atria than
those in the sham atria (Fig. 3 upper). Carbachol at 0.1 mM signifi-
cantly increased the conduction velocity in the AVS atria at pacing
cycle lengths of 150 and 100 ms, and in sham atria at pacing cycle
lengths of 200 and 100 ms when compared with pre-drug control.
Carbachol at 1 mM significantly increased the conduction velocity at
all pacing cycle lengths in both sham and AVS atria when compared
with pre-drug control. Their extents were relatively greater in the
AVS atria than those in the sham ones (Fig. 4 upper).

Typical traces of AFL induced by burst pacing in an AVS rat
atrium before and after carbachol treatment are shown in Fig. 5A,
and the AF/AFL inducibility as well as duration in both sham and
AVS group is summarized in Fig. 5B. There were no significant
differences in control values of AF/AFL inducibility or duration be-
tween the sham and AVS groups. Carbachol at 0.1 and 1 mM
increased AF/AFL inducibility from 50% to 100% in the AVS atria, but
hardly altered it in the sham atria. On the other hand, carbachol at
0.1 and 1 mM significantly prolonged the AF/AFL duration in the AVS
atria when compared with pre-drug control, whereas hardly
altered it in the sham atria.

Atropine at 10 mM reversed the carbachol (1 mM)-induced
abbreviation of effective refractory period and acceleration of
conduction velocity both in the sham and AVS atria (n ¼ 3 for each
group), and completely suppressed the carbachol (1 mM)-mediated
AF/AFL in the AVS atria (n ¼ 3).

4. Discussion

In this study, we assessed the influence of chronic volume
overload-induced atrial remodeling on electrophysiological re-
sponses to cholinergic receptor stimulation in the atria. As shown
in Fig.1 and Table 1, interstitial fibrosis, cardiomyocyte hypertrophy
and atrial enlargement, which are shown to be structural
arrhythmogenic substrates for AF,13 took place after one month of
AVS operation. The electrophysiological responses to carbachol in
the remodeled atria were directionally similar to those in the sham
ones, but the extents were greater. Also, the higher inducibility and
longer duration of carbachol-mediated AF/AFL were detected in the
AVS atria than those in the sham ones.

4.1. Characteristics of AVS-remodeled atria

The effective refractory period in the AVS atrium was longer
than that in the sham group (Table 2). In our previous study, the
action potential duration of the pulmonary vein myocardium in the
AVS rat is longer than that in the sham-operated rat (97.8 ms vs
64.6 ms).8 Thus, similar electrophysiological change might be also
involved in the AVS atria. On the other hand, the conduction ve-
locity in the AVS atria tended to be decelerated, as shown in Fig. 2
and Table 2, which may be in part associated with interstitial
fibrosis as observed both in the right and left atria of the AVS rat
(Fig. 1). These characteristics of atrial conduction and refractoriness
in the AVS rat are essentially in accordancewith those in the atria of
the canine model of congestive heart failure.14 Generally, prolon-
gation of effective refractory period is considered to be antiar-
rhythmic, whereas conduction delay is reported to promote
reentry-based arrhythmias.8 Since similar inducibility and dura-
tion of AF/AFL were observed in the sham and AVS atria in the
absence of carbachol (Fig. 5, control), the antiarrhythmic property
by the prolonged effective refractory period was likely to

Table 2
Electrophysiological parameters.

Parameters PCL Sham AVS

Effective refractory
period (ms)

200 ms 42.6 ± 3.2 57.4 ± 4.8 P < 0.05
150 ms 44.3 ± 3.4 58.4 ± 5.1 P < 0.05
100 ms 46.4 ± 3.4 59.7 ± 5.5 P ¼ 0.12

Conduction
velocity (m/s)

200 ms 0.55 ± 0.12 0.46 ± 0.07 P ¼ 0.54
150 ms 0.54 ± 0.13 0.43 ± 0.07 P ¼ 0.48
100 ms 0.47 ± 0.11 0.33 ± 0.05 P ¼ 0.28

Data are means ± S.E.M. (n¼ 9 for sham group and n¼ 8 for AVS group). AVS: aorto-
venocaval shunt. PCL: pacing cycle length.

Fig. 3. Effective refractory period after carbachol application of the atria in the sham-
operated (n ¼ 9) and AVS (n ¼ 8) rats. Effects of pre-drug control (white), carbachol at
0.1 (grey) and 1 mM (black) on atria effective refractory period were recorded at pacing
cycle lengths of 200, 150 and 100 ms both in the sham-operated and AVS rats. Upper
panel shows the extents of carbachol-induced changes. Data are presented as
mean ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001. AVS: aorto-venocaval shunt.

Fig. 4. Conduction velocity in the atria after carbachol application in the sham-
operated (n ¼ 9) and AVS (n ¼ 8) rats. Effects of pre-drug control (white), carbachol
at 0.1 (grey) and 1 mM (black) on the conduction velocity were recorded at pacing cycle
lengths of 200, 150 and 100 ms both in the sham-operated and AVS rats. Upper panel
shows the extents of carbachol-induced changes. Data are presented as mean ± S.E.M.
*P < 0.05, **P < 0.01, ****P < 0.0001. AVS: aorto-venocaval shunt.
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counteract the proarrhythmic potential associated with arrhyth-
mogenic substrates including reduced conduction velocity and
interstitial fibrosis, as well as atrial enlargement.

4.2. Comparison of the effect of carbachol on the sham and AVS
remodeled atria

Carbachol shortened the atrial effective refractory period in both
sham-operated and AVS rats in a concentration-related manner, as
shown in Fig. 3. Since abbreviation of the atrial effective refractory
period is suggested to promote reentry-based arrhythmias,2e4 the
result may reflect the increment of AF/AFL duration in the presence
of carbachol, as shown in Fig. 5. More interestingly, the extent of the
changes by carbachol at the high concentration was greater in the
atria of the AVS rat, suggesting that the cholinergic receptor stim-
ulation completely counteracts component of the AVS-induced
prolongation of the atrial effective refractory period through acti-
vation of IKACh. Similar electrophysiological responses to carbachol
have been reported in the isolated pulmonary vein myocardium.8

Since the observation may be important to better understand
pathophysiology of AF associated with activation of para-
sympathetic nerves, further investigation will be awaited for
determining relationship between progress of atrial remodeling
and proarrhythmic properties.

In this study, carbachol increased the inter-atria conduction ve-
locity in a concentration-relatedmanner both in the sham-operated

andAVS atria, whichwas relativelygreater in the atria of theAVS rat,
as shown in Fig. 4. Our previous study has demonstrated that the
resting membrane potential in the pulmonary vein myocardium of
the AVS ratwas less negative than that of the sham-operated rat and
that carbacholmore potently hyperpolarized the restingmembrane
potential in that of the AVS rat.8 Thus, the similar mechanism15

might exist in the atria of the AVS rat, leading to the recovery of
sodium channels becoming increasingly rapid. Importantly, the
accelerated conduction velocity is considered as antiarrhythmic,
which may partly counteract proarrhythmic actions by carbachol,
associatedwith the greater abbreviation of atrial effective refractory
period, in the AVS rat.

Although we confirmed that the atrial electrophysiological re-
sponses to carbachol were mediated by muscarinic receptors using
atropine, putative mechanisms underlying the differences of
responsiveness to carbachol between sham and AVSmodels are still
unclear. Previous cellular electrophysiological studies have
revealed that IKACh can be enhanced by increases in protein kinase C
protein expression, intracellular Naþ concentration and 1,2-diac-
ylglycerol as well as acidosis,17e20 whereasmyocardial acute stretch
by volume overload may reduce IKACh activity,21 as summarized in
Fig. 6. It has been shown that constitutively active IKACh is enhanced
in the atrial myocytes from patients with chronic AF, whereas
carbachol-activated IKACh in such patients is less than that in pa-
tients with sinus rhythm.16 In addition, activity of IKACh has been
shown to be altered by amplitude of inward rectifier Kþ current IK1.7

Fig. 5. Effects of carbachol on the burst pacing-induced AF/AFL. (A) Typical examples of electrograms after burst pacing (cycle length of 10 ms for 30 s) in the AVS atrium. Three
beats of premature atrial contractions were triggered by the burst pacing before carbachol treatment (Control: upper left panel). A sustained episode of AFL was triggered by the
burst pacing after 0.1 mM of carbachol application (Carbachol: upper right panel). (B) Inducibility and duration of AF/AFL by the burst pacing in the sham (n ¼ 9) and AVS (n ¼ 8) atria
(lower panel) after carbachol (CCh: 0.1 and 1 mM) application. Data of AF/AFL duration are presented as mean ± S.E.M. *P < 0.05, ***P < 0.001. AF: atrial fibrillation, AFL: atrial flutter,
AVS: aorto-venocaval shunt.

X. Cao et al. / Journal of Pharmacological Sciences 136 (2018) 73e78 77



Based on these investigations, further experiments dealing with
molecular control mechanisms of IKACh are needed to elucidate
proarrhythmic mechanisms existing in the atria of AVS rats.

5. Conclusion

In conclusion, the present study showed that chronic volume
overload-induced atrial remodeling promoted electrophysiological
responses to cholinergic receptor stimulation in the isolated atria of
rats, suggesting possible synergistic actions between structural
arrhythmogenic substrate in the remodeled atria and functional
arrhythmogenic substrates modulated by parasympathetic nerve
activity. The observation may be important to better understand
pathophysiology of AF associated with activation of para-
sympathetic nerves.
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a b s t r a c t

Human organic anion transporter-3 (hOAT3) is richly expressed in the kidney, where it plays critical roles
in the secretion, from the blood to urine, of clinically important drugs, such as anti-viral therapeutics,
anti-cancer drugs, antibiotics, antihypertensives, and anti-inflammatories. In the current study, we
examined the role of dexamethasone in hOAT3 transport activity in the kidney HEK293 cells. Cis-
inhibition study showed that dexamethasone exhibited a concentration-dependent inhibition of
hOAT3-mediated uptake of estrone sulfate, a prototypical substrate for the transporter, with IC50 value of
49.91 mM. Dixon plot analysis revealed that inhibition by dexamethasone was competitive with a
Ki ¼ 47.08 mM. In contrast to the cis-inhibition effect of dexamethasone, prolonged incubation (6 h) of
hOAT3-expressing cells with dexamethasone resulted in an upregulation of hOAT3 expression and
transport activity, kinetically revealed as an increase in the maximum transport velocity Vmax without
meaningful alteration in substrate-binding affinity Km. Such upregulation was abrogated by GSK650394,
a specific inhibitor for serum- and glucocorticoid-inducible kinases (sgk). Dexamethasone also enhanced
sgk1 phosphorylation. Our study demonstrated that dexamethasone exhibits dual effects on hOAT3: it is
a competitive inhibitor for hOAT3-mediated transport, and interestingly, when entering the cells, it
stimulates hOAT3 expression and transport activity through sgk1.

© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Organic anion transporter-3 (OAT3) belongs to a class of organic
anion transporters (OATs) consisting of over 10membrane proteins.
OAT3 is expressed at the basolateral membrane of the renal prox-
imal tubule cells and plays a critical role in the secretion of many
clinical drugs, including anti-HIV therapeutics, anti-tumor drugs,
antibiotics, antihypertension drugs, and anti-inflammatories.1e6

We previously established that OATs are subjected to the regu-
lation by the serum- and glucocorticoid-inducible kinases (sgk).7e9

Sgk consists of three serine/threonine kinase isoforms sgk1, sgk2
and sgk3. These kinases regulate many cellular processes such as
Naþ balance, osmoregulation, cell survival, and proliferation.10e16

They also play important roles in oncology, diabetes, and
obesity.17 Sgk1 and sgk3 are expressed ubiquitously, whereas sgk2
is restricted to tissues such as liver, kidney, pancreas, and brain. We
previously demonstrated that sgk1 and sgk2 stimulate OAT activity

byweakening the association of OATwith a ubiquitin ligase Nedd4-
2, which leads to a deceleration of ubiquitin-dependent OAT
internalization from the plasma membrane to intracellular com-
partments. As a result, the amount of OAT at the cell surface is
enhanced and OAT transport activity is increased.7,8

Glucocorticoids are hormones that regulate numerous physio-
logical activities related with metabolic, cardiovascular, and in-
flammatory processes.18 Excess of glucocorticoids contribute to
obesity, hyperlipidemia, hypertension, and glucose intolerance.19

Glucocorticoids have been used for the treatment of diarrhea
related to inflammatory bowel diseases and nontropical sprue.20

Several studies have shown that one of the signaling molecule
downstream glucocorticoids is sgk.21e23 In the current study, we
investigated the role of dexamethasone, a synthetic glucocorticoid,
in OAT3 expression and transport activity.

2. Materials and methods

2.1. Materials

The HEK293 cells were purchased from ATCC (Manassas, VA).
[3H]-labeled estrone sulfate ([3H]-ES) was purchased from
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PerkinElmer (Waltham,MA). cDNA for mouse Flag-tagged sgk1was
generously provided by Dr. Alan C. Pao from the Department of
Medicine, Stanford University, (Stanford, CA). Dexamethasone and
all other reagents were purchased from SigmaeAldrich (St Louis,
MO).

2.2. Cell culture and transient transfection

Parental HEK293 cells were grown in Dulbecco's modified Ea-
gle's medium (DMEM) (Corning, Corning, NY) supplemented with
10% fetal bovine serum (Gibco, Grand Island, NY) at 37 �C in 5% CO2.
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) was used for trans-
fection of cDNAs following the manufacturer's instructions. 48 h
after transfection, the cells were used for further experiments. Cells
stably expressing hOAT3 were maintained in DMEM medium
supplemented with 0.2 mg/ml G418 (Invitrogen, Carlsbad, CA), and
10% fetal bovine serum.

2.3. Transport measurement

The transport activity of hOAT3 was determined by measuring
[3H]-ES uptake into hOAT3-expressing cells. The uptake solution
consists of phosphate-buffered saline (PBS) with 1 mM CaCl2 and
1 mM MgCl2 (PBS/CM) (137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4, 1.4 mM KH2PO4, 0.1 mM CaCl2 and 1 mM MgCl2, pH 7.4)

and [3H]-ES (300 nM). At the time points indicated, uptake was
terminated by removing the uptake solution followed by washing
with ice-cold PBS twice. The cells were then lysed in 0.2 N NaOH,
neutralized with 0.2 N HCl and transferred into scintillation vials
for liquid scintillation counting.

2.4. Cell surface biotinylation

The expression level of hOAT3 at the cell surface was examined
by using a biotinylation strategy. The cells in monolayer culture
were washed with ice-cold PBS and then incubated with 1 ml of
NHS-SS-biotin (0.5 mg/ml in PBS/CM) on ice for two consecutive
20 min periods under gentle shaking. Biotinylation was stopped by
rinsing with 100 mM glycine in PBS/CM. Afterwards, the cell ex-
tracts were prepared in lysis buffer (10 mM Tris/HCl, 150 mM NaCl,
1 mM EDTA, 0.1% SDS, 1% Triton X-100 with 1/100 protease inhib-
itor cocktail) for 30 min at 4 �C and cleared by centrifugation at
16,000�g at 4 �C. The supernatant was mixed with streptavidin-
agarose beads (Pierce, Rockford, IL) to isolate cell surface proteins.
Membrane-expressed hOAT3 was detected by SDS-PAGE and

Fig. 1. Cis-inhibition of hOAT3-mediated [3H]-ES uptake by dexamethasone. 4-min
uptake of 300 nM [3H]-ES in the presence of dexamethasone (100 mM) or probenecid
(100 mM) was measured. Each data point represented only carrier-mediated transport
after subtraction of values from parental cells. Uptake activity was expressed as per-
centage of uptake measured in control cells from three independent experiments.
Results shown are means ± S.E. of three separate experiments. *P < 0.05.

Fig. 2. Concentration dependence of dexamethasone inhibition on hOAT3-mediated uptake. hOAT3-expressing cells were incubated for 4 min with 300 nM [3H]-ES in the
presence of various concentrations of dexamethasone. Each data point represented only carrier-mediated transport after subtraction of values from parental cells. Uptake activity
was expressed as percentage of uptake measured in control cells from three independent experiments. Results shown are means ± S.E. of three separate experiments. *P < 0.05. The
line represents a best fit of data using nonlinear regression analysis.

Fig. 3. Dixon plot analysis of the inhibitory effects of dexamethasone on hOAT3-
mediated transport. [3H]-ES uptake (1.2 mM and 2.4 mM) was determined at 4 min
in the presence of varying concentrations of dexamethasone. Each data point repre-
sented only carrier-mediated transport after subtraction of values from parental cells.
Results shown are means ± SE percentage of uptake measured in control cells. The data
were fitted by linear regression and Ki was calculated.

H. Wang et al. / Journal of Pharmacological Sciences 136 (2018) 79e8580



immunoblotting with an anti-myc antibody (epitope myc was
tagged to hOAT3).

2.5. Electrophoresis and immunoblotting

The protein samples were separated on 7.5% SDS-PAGE minigels
(Bio-Rad, Hercules, CA) and electroblotted on to polyvinylidene
difluoride (PVDF) membranes (Bio-Rad, Hercules, CA). The blots
were blocked with 5% nonfat dry milk for 1e2 h in PBS-Tween 20
(PBST; 0.05% Tween-20 in PBS) at room temperature, washed and
incubated overnight at 4 �C with appropriate primary antibodies.
The primary antibodies included mouse anti-E cadherin (Abcam,
Cambridge, MA), rabbit anti-sgk1 (Cell Signaling, Danvers, MA),
mouse anti-myc (Roche, Indianapolis, IN), mouse anti-b-actin, and
mouse anti-P-sgk1 (S422) (Santa Cruz, Santa Cruz, CA). The blots
were then incubated with horseradish peroxidase-conjugated
secondary antibodies, followed by detection with a SuperSignal
West Dura Extended Duration Substrate kit (Pierce, Rockford, IL).
The FluorChem 8000 imaging system (Alpha Innotech Corp., San
Leandro, CA) was applied to quantify the nonsaturating, immuno-
reactive protein bands.

2.6. Concentration-dependent inhibition studies

Inhibition studies were performed at varying concentrations of
Dexamethasone. hOAT3 specific uptake was obtained by subtract-
ing [3H]-ES uptake into parental cells from the uptake into hOAT3-
expressing cells. The IC50 (concentration of the drugs required to
inhibit 50% of ES uptake) was determined by nonlinear regression
using GraphPad Prism.

2.7. Dixon plot

The mechanism of inhibition was determined by linear regres-
sion analysis of reciprocal saturable uptake (1/v) for different sub-
strate concentrations (1.2 mMor 2.4 mMES) as a function of inhibitor
concentration. hOAT3 uptake was determined at 4 min in both the
absence and presence of varying concentrations of dexamethasone.
The specific uptake was obtained by subtracting [3H]-ES uptake

into parental cells from the uptake into hOAT3-expressing cells. The
data were analyzed by linear regression with GraphPad Prism. In-
hibition constant Ki was obtained by fitting the data with Eq.
(1),24e26 where C is the concentration of substrates (mM) and Km is
the Michaelis constant (mM). An IC50 is a relative value, which de-
pends on the concentrations of the transporter, substrate and in-
hibitor with other experimental conditions used in the assay, while
Ki is an intrinsic, thermo-dynamic quantity that is independent of
the substrate but depends on the transporter and inhibitor. For

Fig. 4. Long-term treatment of hOAT3-expressing cells with dexamethasone stimulates hOAT3 transport activity. (a). Time dependence. hOAT3-expressing cells were pre-
treated with dexamethasone (10 nM) for 2, 4 and 6 h. 4-min uptake of [3H]-ES (300 nM) was then measured. Uptake activity was expressed as a percentage of the uptake measured
in control cells. The data represent uptake into hOAT3-expressing cells minus uptake into mock cells (parental cells). Values are mean ± S.E. (n ¼ 3). *P < 0.05. (b). Dose dependence.
hOAT3-expressing cells were pretreated for 6 h with dexamethasone at varies doses. 4-min uptake of [3H]-ES (300 nM) was then measured. Uptake activity was expressed as a
percentage of the uptake measured in control cells. The data represent uptake into hOAT3-expressing cells minus uptake into control cells (parental cells). Values are mean ± S.E.
(n ¼ 3). *P < 0.05.

Fig. 5. Kinetic analysis of hOAT3-mediated ES transport. Kinetic characteristics were
determined at substrate concentration ranging from 0.05 to 10 mM (ES, 4-min uptake)
after pretreatment of dexamethasone for 6 h (10 nM). The data represent uptake into
hOAT3-expressing cells minus uptake into control cells (parental cells). Values are
mean ± S.E. (n ¼ 3). Transport kinetic values were calculated using the EadieeHofstee
transformation.

H. Wang et al. / Journal of Pharmacological Sciences 136 (2018) 79e85 81



competitive inhibitors, the relationship between IC50 and Ki is
stated in equation below.

Ki ¼
IC50

1þ C=Km

(1)

2.8. Data analysis

Each experiment was repeated at least three times. Student's
paired t-tests were used to perform statistical analysis. A value of
P < 0.05 was considered significant.

3. Results

3.1. Cis-inhibition of hOAT3-mediated estrone sulfate (ES) uptake
by dexamethasone

Cis-inhibition studies were performed in hOAT3-expressing
HEK293 cells. The 4-min uptake of [3H]-ES (300 nM) in the pres-
ence of dexamethasone (100 mM) or probenecid (100 mM) were

measured. Probenecid is a known competitive inhibitor for OATs. As
shown in Fig. 1, dexamethasone exhibited ~80% inhibition of ES
uptake, similar to the inhibitory potency of probenecid.

3.2. Dose-dependent effects of dexamethasone on hOAT3-mediated
transport

Dose response curve was then constructed to evaluate the
effectiveness of dexamethasone as an inhibitor of hOAT3 uptake. 4-
min uptake of [3H]-ES (300 nM) was measured in the presence of
0.1e1000 mM dexamethasone. Our result showed that dexameth-
asone inhibited hOAT3-mediated ES uptake in a concentration-
dependent manner with IC50 values of 49.91 mM (Fig. 2). IC50
value is the concentrations at which 50% inhibition is achieved.

3.3. Dixon plot analysis

To further characterize the mechanism of inhibition and to
determine the Ki values (inhibition constant), uptake in the pres-
ence and absence of dexamethasone was analyzed via Dixon plot
(Fig. 3). Dexamethasone demonstrated a competitivemechanism of

Fig. 6. Effect of dexamethasone on hOAT3 expression. (a). Top panel: Cell surface expression of hOAT3. hOAT3-expressing cells were pretreated with the dexamethasone (10 nM,
6 h). Cells were labeled with biotin. Biotinylated cell surface proteins were separated with streptavidin beads, followed by immunoblotting (IB) with an anti-myc antibody (hOAT3
was tagged with epitope myc for immunodetection). Bottom panel: The expression of cell surface protein marker E-cadherin. The same blot from the top panel was re-probed with
anti- E-cadherin antibody. (b). Densitometry plot of results from Fig. 6a, top panel as well as from other experiments. The values are mean ± S.E. (n ¼ 3). *P < 0.05. (c). Top panel:
Total cell expression of hOAT3. hOAT3-expressing cells were pretreated with the Dexamethasone (10 nM, 6 h). Cells were lysed, followed by immunoblotting (IB) with an anti-myc
antibody. Bottom panel: Total cell expression of cellular protein marker b-actin. The same blot from top panel was re-probed with anti-b-actin antibody. (d). Densitometry plot of
results from Fig. 6c, top panel as well as from other experiments. The values are mean ± S.E. (n ¼ 3). *P < 0.05.
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inhibition of [3H]-ES uptake by hOAT3 (as the lines for substrate
concentrations converge above the x axis). We then determined the
inhibition constant Ki by fitting the data to a competitive inhibition
model, as described by Eq. (1). The Km values of OAT3 for ES was
5 mM, the inhibition constant (Ki) of dexamethasone was then
estimated as 47.08 mM.

3.4. Long-term treatment of hOAT3-expressing cells with
dexamethasone stimulates hOAT3 transport activity

The above studies (Figs.1e3)were designed bymeasuring the 4-
min uptake of [3H]-ES (300 nM) in the presence of dexamethasone
(100 mM). However, the long-term effect of dexamethasone on
hOAT3 is not known. In the current experiment, we pretreated
hOAT3-expressing cells with dexamethasone for 0e6 h, followed
by measuring [3H]-ES uptake. Our results showed that long-term
treatment of hOAT3-expressing cells with dexamethasone resul-
ted in a stimulation of hOAT3-mediated [3H]-ES uptake with 40%
stimulation after 6 h pretreatment (Fig. 4a). Dexamethasone also
induced a dose-dependent stimulation of hOAT3 mediated trans-
port with 6 h pretreatment (Fig. 4b). To examine the mechanism of
dexamethasone-induced stimulation of hOAT3 activity, we deter-
mined hOAT3-mediated [3H]-ES uptake at different substrate (ES)
concentrations. An Eadie-Hofstee analysis of the derived data
(Fig. 5) showed that treatment of hOAT3-expressing cells with
dexamethasone resulted in an increased maximal transport ve-
locity Vmax of hOAT3 (330 ± 24 pmol mg�1$4 min�1 with control
cells and 387 ± 29 pmol mg�1$4 min�1 with cells transfected with
dexamethasone) with no significant change in the substrate-
binding affinity Km of the transporter (5.07 ± 0.49 mM with con-
trol cells and 5.08 ± 0.51 mM with cells transfected with
dexamethasone).

3.5. Effect of dexamethasone on hOAT3 expression

An increased Vmax (Fig. 5) could be a result from either an
increased number of the transporter at the cell surface or an
increased transporter turnover number. We conducted experi-
ments that differentiate between these possibilities by measuring
transporter expression both at the cell surface and in the total cell
lysates. We showed that dexamethasone treatment resulted in an
increased cell surface expression of hOAT3 without affecting the
total cell expression of the transporter (Fig. 6).

3.6. Sgk inhibitor GSK650394 abrogates the stimulatory effect of
dexamethasone on hOAT3 transport activity

Several studies have shown that one of the signaling molecule
downstream glucocorticoids is the serum- and glucocorticoid-
inducible kinases (sgk). In this experiment, we examined whether
sgk mediates the effect of dexamethasone on hOAT3. We treated
hOAT3-expressing cells with dexamethasone with or without a
sgk-selective inhibitor GSK650394, followed by the measurement
of hOAT3-mediated uptake of [3H]-ES. As shown in Fig. 7, dexa-
methasone stimulated hOAT3-mediated transport ~40% in control
cells, whereas such stimulation was blocked in the presence of
GSK650394.

3.7. Dexamethasone enhanced sgk1 phosphorylation

Previous investigations23,27,28 reported that activation of sgk1 is
dependent upon the phosphorylation of this kinase, at least in part,
by phosphorylating sgk1 at serine residue 422 (Ser 422). Thus, we
examined the effect of dexamethasone on the phosphorylation
levels of sgk1. hOAT3-expressing cells were pretreated with

dexamethasone for 6 h (10 nM). Treated cells were then lysed,
followed by immunoblotting (IB) with anti-phospho-sgk1-specific
antibody. Our results showed that dexamethasone significantly
enhanced the level of sgk1 phosphorylation as compared to that of
the control (Fig. 8a) without change in the total expression of sgk1
(Fig. 8c). The expression level of cellular protein marker b-actinwas
also not changed.

4. Discussion

Organic anion transporters (OATs) are critical players in the
therapeutic efficacy and toxicity of many drugs. Therefore, uncov-
ering how OATs are regulated at the molecular and cellular levels is
clinically and pharmacologically significant. The current investi-
gation revealed that dexamethasone, a synthetic glucocorticoid,
has a significant role in modulating hOAT3 expression and trans-
port activity.

Glucocorticoids are known to affect a variety of renal functions.
Glucocorticoid excess can lead to metabolic alkalosis and potas-
sium depletion.29 In addition, glucocorticoids such as dexametha-
sone have been shown to specifically regulate, through
glucocorticoid receptors, a set of transporters/exchangers (e.g.
Naþ:HCO3

� cotransporter, Naþ/Hþ exchanger) in renal proximal
tubules, where OATs are expressed.22,30,31

We chose to perform our investigation in human kidney
HEK293 cells, a widely-used cell model for answering mechanistic
questions of many renal transport processes.32e35 Therefore, our
studies in these cells will provide insights into the future investi-
gation in evaluating whether similar regulation is working in vivo.

From our investigation, we gained several pieces of valuable
information. Dexamethasone has dual effects on hOAT3 transport
activity. First, when co-present with hOAT3 substrate for a brief
period of time (4 min), dexamethasone acts as an inhibitor for
hOAT3-mediated transport (Fig. 1). Further characterization of the
inhibition mechanism by Dixon plot revealed that the dexameth-
asone is a competitive inhibitor (Fig. 3). Such mode of inhibition is
that the binding of the inhibitor to the active site on the transporter
excludes the binding of the substrate and vice versa. The IC50 value

Fig. 7. Sgk inhibitor GSK650394 abrogates the stimulatory effect of dexametha-
sone on hOAT3 transport activity. hOAT3-expressing cells were incubated for 6 h
with 10 nM dexamethasone in the presence and absence of sgk inhibitor GSK650394
(100 nM). After washing the cells, 4-min uptake of [3H]-ES (300 nM) was measured.
Uptake activity was expressed as a percentage of the uptake measured in control cells.
The data represent uptake into hOAT3-expressing cells minus uptake into mock cells
(parental HEK293 cells). The values are mean ± S.E. (n ¼ 3). *P < 0.05.
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of dexamethasone for hOAT3 determined in the present study is
49.91 mM (Fig. 2). This is the concentrations at which 50% inhibition
was achieved. The maximum plasma concentration (Cmax) of
dexamethasone is 0.16 mM (64.4 mg/L), as suggested by spoorenberg
et al.36 Corrected by unbound fraction value of 0.272,37 the un-
bound maximum plasma concentration (Cu,max) of dexamethasone
is ~0.045 mM. A Cu,max/IC50 value greater than 0.1 would indicate a
potential for drugedrug interaction.38 The Cu,max/IC50 value of
dexamethasone for hOAT3 was <0.1. Therefore, the propensity for
dexamethasone to cause drugedrug interaction through inhibition
of hOAT3 is low.

Interestingly, long-term treatment of hOAT3-expressing cells at
the clinically relevant concentration of dexamethasone (10 nM),
displayed an opposite effect of dexamethasone on hOAT3 transport
activity. Instead of an inhibitory role, pretreatment of hOAT3-
expressing cells with dexamethasone for 6 h resulted in a 40%
stimulation of hOAT3 activity (Fig. 4). The stimulation of hOAT3
transport activity by dexamethasone correlated with an enhanced
hOAT3 expression at the cell surface. One of the signaling pathways
downstream of dexamethasone is the serum- and glucocorticoid-
inducible kinases (sgk) pathway. Our lab previously demonstrated
that sgk stimulates OAT expression and activity by weakening the
interaction of OAT with a ubiquitin ligase Nedd4-2 and therefore
preventing Nedd4-2-dependent OAT internalization from the cell
surface.7e9 To examine the role of sgk in the effect of dexametha-
sone on hOAT3, we pretreated hOAT3-expressing cells with dexa-
methasone in the presence or absence of sgk-specific inhibitor
GSK650394. We showed that GSK650394 abrogated stimulatory
effect of dexamethasone on hOAT3 transport activity, suggesting
that dexamethasone exerts its effect on hOAT3 through the acti-
vation of sgk (Fig. 7). This conclusion was further reinforced by our
results showing that dexamethasone enhanced sgk phosphoryla-
tion (Fig. 8). Phosphorylation of sgk was previously reported to be a
prerequisite for the activation of this kinase.23,28 Based on previ-
ously published work, dexamethasone diffuses passively into
cells,39 stimulates PI3K signaling pathway through binding to

glucocorticoid receptor,22 which leads to the phosphorylation of
SGK1 and enhancement of SGK1 activity.

Dexamethasone is a synthetic glucocorticoid. Because of its
potent anti-inflammatory and immunosuppressant effect, it has
been widely used to treat inflammatory and autoimmune condi-
tions, such as rheumatic problems, and severe allergies.40 What is
more, it is often used with chemotherapy in cancer patient to
counteract certain side effects of their antitumor treatments.41 Our
in vitro study showed that at a clinical relevant concentration
(10 nM), long-term treatment with dexamethasone stimulated
hOAT3 transport activity, suggesting that hOAT3-mediated drug
elimination might be affected if a hOAT3 substrate/drug is taken
with dexamethasone simultaneously. The in vivo study aiming at
identifying the effect of dexamethasone on hOAT3 activity is
currently being carried out in our lab.

In summary, current study uncovered dual roles of dexameth-
asone in hOAT3 transport activity: dexamethasone can act as a
competitive inhibitor for hOAT3-mediated transport. Interestingly,
once entering the cells, dexamethasone activates sgk1, which leads
to an enhanced hOAT3 expression at the cell surface and an
enhanced hOAT3 transport activity.
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a b s t r a c t

Microminipigs are expected as a novel animal model for cardiovascular pharmacological experiments.
Since inherent vulnerability of coronary circulation of microminipigs has not been characterized, we
performed dipyridamole-stress test to both microminipigs and beagle dogs, and compared the results.
Dipyridamole in doses of 0.056 and 0.56 mg/kg were intravenously infused over 10 min (n ¼ 4 for each
animal). Dipyridamole decreased the systolic/diastolic blood pressures and double product in dogs as
well as in microminipigs; but it did not significantly alter the heart rate or the global balance between the
myocardial oxygen demand and supply in either animal. While organic coronary arterial stenosis was not
detected in either animal, dogs have well-developed epicardial intracoronary networks unlike micro-
minipigs. Like in humans, dipyridamole did not affect the ST segment of microminipigs, whereas it sub-
stantially depressed that in dogs. The results indicate the onset of subendocardial ischemia by
dipyridamole in dogs may be partly associated with their well-developed native coronary collateral
channels. Microminipigs would be more useful to evaluate the drugs which may affect the coronary
circulation in the pre-clinical study than dogs.

© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

An extraordinarily small-sized miniature pig; namely, micro-
minipig, weighing approximately 7 kg at 6months of agewhen they
are young mature, was developed by Fuji Micra, Inc. (Shizuoka) as
an alternative non-rodent experimental animal model to dogs and
monkeys for life science research.1,2 We have pharmacologically

characterized this animal under the halothane anesthesia as an
in vivo experimental model for safety pharmacology study. The
extent of drug-induced cardiovascular responses was generally
greater in microminipigs than in dogs because of its unique phar-
macokinetic profile including smaller effective volume of distri-
bution of drugs and less body fat content; greater basal sympathetic
tone with less great reflex-mediated increase; and/or smaller
repolarization reserve.3e5 Importantly, we encountered some cases
of microminipigs showing reversible ST-segment elevation/depres-
sion, occasionally resulting in the onset of lethal arrhythmias dur-
ing the preparation period for the studies.6,7 Since these
phenomena were not observed in dogs under the same anesthetic
condition, coronary regulation might be different between micro-
minipigs and dogs.
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Dipyridamole-stress test has been clinically performed for the
diagnosis of patients with coronary artery disease.8 Infusion of
dipyridamole inhibits the intracellular adenosine reuptake and
thereby increases the plasma concentration of adenosine. Adeno-
sine then dilates the coronary artery of the healthymyocardium and
increases the blood flow, but in turn blood flow into the diseased
coronary artery becomes ‘stolen’, resulting in ischemia of the
damaged myocardium.

Dipyridamole-stress test does not affect the ST segment in
healthy subjects; however, it induces the ST-segment elevation/
depression in the patients with coronary artery disease. In this
study, we compared and characterized the coronary circulation
between healthy microminipigs and dogs with the dipyridamole-
stress test under electrocardiographic monitoring.

2. Materials and methods

Beagle dogs and microminipigs were obtained from Kitayama
Labes Co., Ltd. (Nagano) and Fuji Micra, Inc. respectively. They were
kept in individual cages on a 12 h light (6:00e18:00)-dark
(18:00e6:00) cycle. The ventilation provided a total air exchange
rate of 10e15 times per hour. The room temperature was main-
tained at 23 ± 2 �C, and relative humidity was 50 ± 30%. All ex-
periments were approved by Toho University Animal Care and User
Committee (14-54-151, 14-51-275) and performed in accordance
with the Guidelines for the Care and Use of Laboratory Animals of
Toho University.

2.1. Cardiovascular effects of dipyridamole in dogs

Experiments were performed using 2 male and 2 female beagle
dogsweighing10.7±0.6kg. Thedogswere initiallyanesthetizedwith
thiopental sodium (30 mg/kg, i.v.). After intubation with a cuffed
endotracheal tube (Portex®; Smiths Medical, London, UK), 1.0%
halothane vaporized with 100% oxygen was inhaled with a volume-
limited ventilator (SN-480-3; Shinano Manufacturing Co., Ltd.,
Tokyo). Tidal volume and respiratory ratewere set at 20mL/kg and 15
breaths/min, respectively. Two sets of clinically available catheter
sheath (FAST-CATH™406108; St. JudeMedical, Inc.,Minnetonka,MN,
USA) were used; one was placed into the right femoral artery,
whereas the otherwas set in the right femoral vein. To prevent blood
clotting, heparin calcium (100 IU/kg)was intravenously administered
through a flush line of the catheter sheath placed at the right femoral
vein. Blood pressure was measured at a flush line of the catheter
sheath placed at the right femoral artery. The double product was
calculated with the following equation: double product ¼ systolic
blood pressure � heart rate, which reflects the cardiac oxygen con-
sumption rate.8 The ratio of double product to diastolic blood pres-
sure was also calculated to estimate the balance between cardiac
oxygen supply and demand (demand/supply ratio¼ double product/
diastolic bloodpressure). The lead I, II and III electrocardiogramswere
continuously monitored, and the lead II was used for electrocardio-
graphic analysis. Corrected QT interval (QTc)was calculatedwith Van
deWater's formula:QTc¼QT� 0.087� (RR� 1000),9where a unit of
the RR interval was given in ms. The ST-segment depression was
measured both at 80ms after the J point and at the bottom of T wave
based on the previous report.8,10

2.2. Cardiovascular effects of dipyridamole in microminipigs

Experiments were performed using 4 male microminipigs
weighing 9.2 ± 0.3 kg. They were pre-anesthetized with ketamine
(16 mg/kg, i.m.) and xylazine (1.6 mg/kg, i.m.). A 24G cannula was
introduced into a superficial auricular vein for anesthetic injection
of 1 mg/kg of propofol. After intubation with a cuffed endotracheal

tube (Portex®; Smiths Medical), 1.0% halothane vaporized with
100% oxygen was inhaled with a volume-limited ventilator (SN-
480-3; Shinano Manufacturing, Co., Ltd.). Tidal volume and respi-
ratory rate were set at 10 mL/kg and 15 breaths/min, respectively.
Two sets of catheter sheath (FAST-CATH™ 406108; St. JudeMedical,
Inc.) were used; one was placed into the right or left femoral artery,
and the other was set in the right or left femoral vein. To prevent
blood clotting, heparin calcium (100 IU/kg) was intravenously
administered through a flush line of the catheter sheath placed at
the femoral vein. Cardiovascular variables were analyzed in the
same manner as described for dogs.

2.3. Experimental protocol

The heart rate, blood pressure and electrocardiogram were
monitored with a polygraph system (RM-6000, Nihon Kohden
Corporation, Tokyo) and analyzed by using a real-time fully auto-
matic data analysis system (WinVAS3 ver 1.1R24; Physio-Tech Co.,
Ltd., Tokyo). Each measurement of electrocardiogram was made
based upon themean of three recordings of consecutive complexes.
Since in preliminary experiments with the halothane-anesthetized
beagle dogs (n ¼ 2), infusion of dipyridamole in a dose of 0.56 mg/
kg over 10 min markedly depressed the ST segment, the doses of
0.056 and 0.56 mg/kg were selected for this study.8 After the basal
assessment, dipyridamole in a dose of 0.056 mg/kg was intrave-
nously infused over 10 min, and each variable was recorded at 10,
20 and 30 min for dogs and at 5, 10, 15, 20 and 30 min for micro-
minipigs after the start of the administration. Then, dipyridamole in
a dose of 0.56mg/kgwas infused over 10min and each variablewas
assessed at 10, 20 and 30min for dogs and at 5,10,15, 20, 30, 45 and
60 min for microminipigs after the start of the infusion. After the
assessment of cardiovascular effects of dipyridamole was
completed, their hearts were excised to macroscopically examine
the morphology of coronary arteries.

2.4. Drugs

Dipyridamole (Persantin® Injection, Boehringer Ingelheim Japan
Inc., Tokyo) was used, which was diluted with saline in concen-
trations of 0.056 and 0.56 mg/mL. The following drugs were pur-
chased: thiopental sodium (Ravonal® for injection, Mitsubishi
Tanabe Pharma Co., Osaka), halothane (Fluothane®, Takeda Phar-
maceutical Company Ltd., Osaka), ketamine (Ketalar®, Daiichi
Sankyo Company Ltd., Tokyo), xylazine (Seractal®, Bayer Yakuhin
Ltd., Osaka), propofol (Diprivan®, AstraZeneca K.K., Osaka) and
heparin calcium (Caprocin®, Sawai Pharmaceutical Co. Ltd., Osaka).

2.5. Statistical analyses

Data are expressed as the mean ± S.E.M. The statistical signifi-
cances within a variable were evaluated by one-way, repeated-
measures analysis of variance (ANOVA) followed by Contrasts as a
post-hoc test for mean values comparison, whereas those between
the groups were analyzed with an unpaired t-test. A P value < 0.05
was considered to be statistically significant.

3. Results

Cardiohemodynamic collapse or lethal ventricular arrhythmia
was not observed during the experimental period for dogs or
microminipigs. Organic coronary arterial stenosis was not macro-
scopically detected in the left anterior descending, circumflex or
right coronary artery of either animal. Notably, dogs have more and
larger epicardial coronary arteries along with collateral networks
than microminipigs, as depicted in Fig. 1.
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3.1. Effects on the heart rate, blood pressure, double product and
demand/supply ratio

The time courses of changes in the heart rate, systolic/diastolic
blood pressures, double product and demand/supply ratio in dogs
and microminipigs are summarized in Fig. 2 left and right panels,
respectively. Their pre-drug control values (C) for dogs were 119 ± 3
beats/min,139 ± 12/99 ± 9mmHg,16592 ± 1552mmHg$beats/min,
and 169 ± 9, whereas those for microminipigs were 87 ± 5 beats/
min, 84 ± 6 and 58 ± 6 mmHg, 7255 ± 677 mmHg$beats/min and
126 ± 9, respectively. The pre-drug control values in beagle dogs
andmicrominipigswere within the range that can be expected from
our previous studies,3e5,10e12 each of which was smaller in micro-
minipigs than in dogs.

In dogs, the low dose of 0.056 mg/kg infusion of dipyridamole
did not alter any of these variables. The high dose of 0.56 mg/kg
decreased the systolic blood pressure for 10e20 min, diastolic
blood pressure for 10e30 min and double product for 10e20 min,
whereas no significant change was detected in the heart rate or
demand/supply ratio. On the other hand, in microminipigs, the low
and high doses decreased the systolic and diastolic blood pressures,
and double product for 5e30 min and for 5e60 min, respectively,
whereas no significant change was observed in the heart rate or
demand/supply ratio.

Maximum changes (percent) in the systolic/diastolic blood
pressures and the double product from the pre-drug control
values were observed at 10 min after the high dose in both animals,
which were �12/e16 mmHg (�8/e16%) and �1867 mmHg$beats/
min (�11%) for dogs, and �25/e20 mmHg (�31/e34%)
and�2903mmHg$beats/min (�40%) formicrominipigs, respectively.

3.2. Effects on the electrocardiographic variables

The time courses of changes in the PR interval, QRS width, QT
interval and QTc in dogs andmicrominipigs are summarized in Fig. 3
left and right panels, respectively. Their pre-drug control values (C)
for dogs were 97 ± 6, 66 ± 8, 271 ± 11 and 314 ± 10 ms, whereas

those for microminipigs were 114 ± 3, 92 ± 3, 374 ± 7 and
400 ± 8ms, respectively. The pre-drug control values in beagle dogs
andmicrominipigswerewithin the range that can be expected from
our previous studies3e5,10e12 each of which was longer in micro-
minipigs than in dogs, although significant difference was not
detected in the PR interval.

In dogs, the low dose prolonged the QTc for 10e20min, whereas
no significant change was detected in the other variables. The high
dose prolonged the QT interval and QTc for 10e30 min, whereas no
significant change was detected in the other variables. Then again
in microminipigs, the low and high doses prolonged the PR interval
for 20e30 min and for 5e60 min, respectively, whereas no signif-
icant change was detected in the other variables.

3.3. Effects on the ST segment

Typical tracings of the electrocardiogram at the basal control
and 10 min after the high dose are superimposed for a dog and
microminipig in Fig. 4A, whereas the time courses of changes in the
ST-segment level (DST) in lead II electrocardiogram are summa-
rized in Fig. 4B. In dogs, 2 out of 4 showed downsloping
morphology of ST segment, whereas the other two revealed
upsloping or horizontal one, respectively at the basal control. The
low dose hardly altered the ST-segment level, whereas the high
dose significantly depressed it for 10e30 min. Meanwhile in
microminipigs, 3 out of 4 showed horizontal morphology of ST
segment, whereas another revealed downsloping one at the basal
control. The low or high dose did not significantly alter the ST-
segment level. The ST-segment depression was not also observed
in the other limb leads of microminipigs.

4. Discussion

In this study, we tried to pharmacologically characterize the
inherent vulnerability of coronary circulation of microminipigs in
comparison with that of beagle dogs. Dipyridamole depressed the
ST segment in dogs in spite of the absence of either a
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Fig. 1. Macroscopic view of coronary arteries of a beagle dog (A) and microminipig (B). The dog's heart has more and larger epicardial coronary arteries along with collateral
networks (asterisks) than microminipig's one. White and black scales indicate 1 cm. RA: right atrium; LA: left atrium; RV: right ventricle; LV: left ventricle; and LAD: left anterior
descending artery.
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macroscopically-detectable, stenotic lesion in large coronary ar-
teries or an imbalance between the cardiac oxygen demand and
supply, but such ischemic change was not observed in micro-
minipigs, indicating the presence of marked differences in the
anatomical structure and functional regulation of coronary arteries
between the two species.

4.1. Rationale of the dose of dipyridamole

The standard intravenous infusion doses of dipyridamole for the
pharmacological stress test of ischemic heart diseases are described
to be 0.56 mg/kg over 4 min or 0.75 mg/kg over 10 min during
electrocardiographic monitoring.8 We selected intravenous doses
of 0.056 and 0.56 mg/kg over 10 min based on the preliminary
study, although the peak plasma concentration of dipyridamole can
be expected to be lower in this protocol than that achieved by the
recommended ones due to longer infusion period or lower dosage.

However, since blood volume/bodyweight was known to be 85mL/
kg in beagle dogs and 65 mL/kg in minipigs,13 the plasma concen-
tration might be greater in microminipigs than in dogs when the
same dose of a drug in mg/kg basis was given and the metabolic
speed of dipyridamole was similar.

4.2. Effects on the cardiohemodynamic variables

Dipyridamole decreased the systolic/diastolic blood pressures
and double product in dogs as well as in microminipigs, but it did
not significantly alter the heart rate. Hypotensive action can be
considered to be induced through an activation of adenosine A2A

receptors.14 In previous studies using dogs15 and pigs16 with
dipyridamole, qualitatively similar responses were observed in the
heart rate and double product to this study, although their doses,
infusion speeds and anesthetics were different from ours. Currently
observed, dipyridamole-induced decrements in the systolic/

Fig. 2. The time courses of changes in the heart rate, systolic blood pressure (SBP), diastolic blood pressure (DBP), double product and double product to diastolic blood pressure
ratio (Demand/Supply ratio) in beagle dogs (left panels) and microminipigs (right panels). Data are shown as mean ± S.E.M. (n ¼ 4 for each animal group). The closed symbols
represent significant differences from respective basal control values (C) by P < 0.05.
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diastolic blood pressures as well as the double product were greater
in microminipigs than in dogs, although their pre-drug control
values in microminipigs were statistically smaller than in dogs.
However, the demand/supply ratiowas not altered in either animal,
indicating that the global balance between the myocardial oxygen
demand and supply could be kept within the physiological range
after the administration of dipyridamole.

4.3. Effects on the electrocardiographic variables

Dipyridamole prolonged the PR interval inmicrominipigs, which
can be explained as an adenosine A1 receptor-mediated action,14

and in accordance with its clinically reported effect on the atrio-
His conduction time.17 In contrast, the atrioventricular nodal con-
duction in dogs was hardly altered by dipyridamole possibly due to
the following 2 reasons. One is that the extent of hypotension-
induced, reflex-mediated increase of sympathetic tone was
shown to be greater in dogs than in microminipigs3,4; and the other
is that the plasma drug concentration could be smaller in dogs than
in microminipigs, as discussed above. Meanwhile, dipyridamole did
not change the QRS width in dogs or microminipigs, indicating a
lack of inhibitory actions on Naþ channels, which is in accordance
with the clinical investigation.17 Importantly, dipyridamole pro-
longed the QT interval/QTc in dogs, which was not observed in
microminipigs. Dipyridamole has been reported to hardly inhibit Kþ

channels including a human ether-�a-go-go related gene related Kþ

channel (IC50 [ 100 mM),18 suggesting that the drug will not
directly delay the ventricular repolarization process. One can
speculate that dipyridamole-induced prolongation of the QT in-
terval/QTc in dogs might be secondarily caused by the ST-segment
depression, which could be confirmed on the tracing of electro-
cardiogram in Fig. 4A (left).

4.4. Effects on the ST segment

In dogs, dipyridamole depressed the ST segment of the lead II
electrocardiogram, reflecting the onset of subendocardial ischemia,

since the magnitude of ST-segment depression denotes the degree
of subendocardial ischemia.8,10 Meanwhile in microminipigs,
dipyridamole did not depress the ST segment like in healthy human
subjects. It has been reported that pigs have very few and small
intramural collaterals which deliver little flow, but that dogs have
many large and primarily epicardial collateral vessels.19e21 Similar
macroscopic findings were confirmed in beagle dogs and micro-
minipigs, respectively. Thus, dipyridamole-induced subendocardial
ischemia in dogs might partly depend on a so-called, coronary steal
possibly through their well-developed native coronary collateral
channels, suggesting that the intracoronary collaterals could not
necessarily provide functional benefit in some particular
conditions.

4.5. Limitation of this study

There are several limitations in this study. First, we could not
directly evaluate coronary circulation after dipyridamole treat-
ment, but just compared macroscopic anatomy of epicardial coro-
nary arteries in canine hearts with that in microminipig's ones.
Therefore, we may be unable to conclude with certainty that the
dipyridamole-induced ST-segment depression was caused by cor-
onary steal via larger epicardial arterial network in dogs' hearts.
Second, there were some differences in QRS-complex morphology
between dogs and microminipigs in the control condition; namely,
dogs showed qR pattern, whereasmicrominipigs showed rS pattern.
It has been reported that Purkinje-ventricular junctions can be
identified only in subendocardium in humans, dogs and rabbits,
whereas they may be present transmurally in sheep and pigs.22

Also, there was a marked difference in apical shape of the heart
between dogs and microminipigs, which was round in the former,
but was prominent in the latter, as shown Fig. 1. These electro-
physiological and morphological differences may partly explain the
characteristics of QRS-complex morphology of each animal, which
might have affected the direct comparison of ST-segment level.
Third, it would be possible that a downsloping ST depression was
secondary to T-wave change induced by dipyridamole, although T-

Fig. 3. The time courses of changes in the PR interval (PR), QRS width (QRS), QT interval (QT) and QT corrected by Van de Water's formula (QTc) in beagle dogs (left panels) and
microminipigs (right panels). Data are shown as mean ± S.E.M. (n ¼ 4 for each animal group). The closed symbols represent significant differences from respective basal control
values (C) by P < 0.05.
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wave change by itself may also reflect the myocardial ischemia.
Finally, since we usually performed pharmacological assessments
in these animals >2 h after the induction of general anesthesia to
confirm the stability of cardiohemodynamic condition, we suppose
that the initially administered pre-anesthetic agents may hardly
influence the basal hemodynamic parameters just before the
administration of drugs. However, we cannot totally rule out the
possibility that the pre-anesthetic agents might have affected the
basal values of hemodynamic parameters in these animals from the
results of this study.

5. Conclusion

The ST segment was not depressed in intactmicrominipigs by the
dipyridamole-stress test like in healthy human subjects, suggesting
favorable invulnerability against the dipyridamole administration
and their similarity in anatomical structure and functional

regulation of coronary arteries. Meanwhile, dipyridamole
depressed the ST segment in normal dogs unlike in intact micro-
minipigs, indicating that the well-developed native coronary
collateral channels in dogs might have played some roles in the
onset of myocardial ischemia as inherent vulnerability of coronary
circulation. Thus, microminipigs would be more useful to evaluate
the drugs which may affect the coronary circulation in the pre-
clinical study than dogs.

Conflict of interest statement

The authors declare no conflicts of interest.

Acknowledgments

This study was supported in part by JSPS KAKENHI Grant
number JP16K08559 and AMED Grant number AS2116907E. The

Fig. 4. Effects of dipyridamole on the ST-segment level. (A) Typical tracings of the lead II electrocardiogram in a beagle dog (left panel) and microminipig (right panel) before (gray)
and 10 min (black) after the start of infusion of 0.56 mg/kg of dipyridamole. (B) The time courses of changes in the ST-segment level (D) are summarized. Note that significant
depression of ST-segment level was observed in dogs, which was not observed in microminipigs. Data are shown as mean ± S.E.M. (n ¼ 4 for each animal group). The closed symbols
represent significant differences from respective basal control values (C) by P < 0.05.

K. Ando et al. / Journal of Pharmacological Sciences 136 (2018) 86e92 91



authors thank Dr. Yoshioki Satoh, Dr. Hiroshi Iwasaki, Dr. Hiro Eda,
Dr. Katsuhito Kashiwagi, Ms. Misako Nakatani and Mrs. Yuri Ichi-
kawa for their technical assistance.

References

1. Kaneko N, Itoh K, Sugiyama A, Izumi Y. Microminipig, a non-rodent experi-
mental animal optimized for life science research: preface. J Pharmacol Sci.
2011;115:112e114.

2. Sugiyama A, Nakamura Y, Akie Y, et al. Microminipig, a non-rodent experi-
mental animal optimized for life science research. In vivo proarrhythmia
models of drug-induced long QT syndrome: development of chronic atrio-
ventricular block model of microminipig. J Pharmacol Sci. 2011;115:122e126.

3. Yokoyama H, Nakamura Y, Saito H, et al. Pharmacological characterization of
microminipig as a model to assess the drug-induced cardiovascular responses
for non-clinical toxicity and/or safety pharmacology studies. J Toxicol Sci.
2017;42:93e101.

4. Matsukura S, Nakamura Y, Cao X, et al. Characterization of microminipigs as an
in vivo experimental model for cardiac safety pharmacology. J Pharmacol Sci.
2017;133:103e109.

5. Cao X, Wada T, Nakamura Y, et al. Sensitivity and reliability of halothane-
anesthetized microminipigs to assess risk for drug-induced long QT syn-
drome. Basic Clin Pharmacol Toxicol. 2017;121:465e470.

6. Matsukura S, Nakamura Y, Ohara H, et al. Feasible induction of coronary artery
vasospasm occurred during cardiac catheterization in a microminipig. J Vet Med
Sci. 2016;78:873e876.

7. Cao X, Nakamura Y, Aoki T, et al. Coronary artery vasospasms in a microminipig
occurred after placing an ameroid constrictor. J Vet Med Sci. 2016;78:
1213e1216.

8. Ellestad MH. Stress testing, principles and practice. 4th ed. Philadelphia, PA: F.A.
Davis Company; 1996.

9. Van deWater A, Verheyen J, Xhonneux R, Reneman RS. An improved method to
correct the QT interval of the electrocardiogram for changes in heart rate.
J Pharmacol Methods. 1989;22:207e217.

10. Sugiyama A, Hashimoto K. Antiischemic effects of CP-060S, an inhibitor of
pathologically modified sodium channels, assessed in the canine experimental
model of angina pectoris. J Cardiovasc Pharmacol. 1999;33:70e77.

11. Sugiyama A. Sensitive and reliable proarrhythmia in vivo animal models for
predicting drug-induced torsades de pointes in patients with remodelled
hearts. Br J Pharmacol. 2008;154:1528e1537.

12. Matsukura S, Nakamura Y, Cao X, et al. Anti-atrial fibrillatory versus proar-
rhythmic potentials of amiodarone: a new protocol for safety evaluation
in vivo. Cardiovasc Toxicol. 2017;17:157e162.

13. Diehl KH, Hull R, Morton D, et al. A good practice guide to the administration of
substances and removal of blood, including routes and volumes. J Appl Toxicol.
2001;21:15e23.

14. Layland J, Carrick D, Lee M, Oldroyd K, Berry C. Adenosine: physiology, phar-
macology, and clinical applications. JACC Cardiovasc Interv. 2014;7:581e591.

15. Sakanashi M, Noguchi K, Kato T, et al. Investigation on the effect of dipyr-
idamole and papaverine on regional blood flow and cardiac hemodynamics in
anesthetized dogs. Arzneimittelforschung. 1989;39:1119e1123.

16. Segar DS, Ryan T, Sawada SG, Johnson M, Feigenbaum H. Pharmacologically
induced myocardial ischemia: a comparison of dobutamine and dipyridamole.
J Am Soc Echocardiogr. 1995;8:9e14.

17. Bubi�nski R, Markiewicz K, Cholewa M, G�orski L, Gawor Z, Ku�s W. Electro-
physiologic effects of intravenous dipyridamole. Int J Cardiol. 1989;24:
327e335.

18. Yunomae K, Ichisaki S, Matsuo J, et al. Effects of phosphodiesterase (PDE) in-
hibitors on human ether-a-go-go related gene (hERG) channel activity. J Appl
Toxicol. 2007;27:78e85.

19. Eckstein RW. Coronary interarterial anastomoses in young pigs and mongrel
dogs. Circ Res. 1954;2:460e465.

20. Patterson RE, Kirk ES. Analysis of coronary collateral structure, function, and
ischemic border zones in pigs. Am J Physiol. 1983;244:H23eH31.

21. Bertho E, Gagnon G. A comparative study in three dimension of the blood
supply of the normal interventricular septum in human, canine, bovine,
porcine, ovine and equine heart. Dis Chest. 1964;46:251e262.

22. Lelovas PP, Kostomitsopoulos NG, Xanthos TT. A comparative anatomic and
physiologic overview of the porcine heart. J Am Assoc Lab Anim Sci. 2014;53:
432e438.

K. Ando et al. / Journal of Pharmacological Sciences 136 (2018) 86e9292

http://refhub.elsevier.com/S1347-8613(18)30005-7/sref1
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref1
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref1
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref1
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref2
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref2
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref2
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref2
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref2
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref3
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref3
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref3
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref3
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref3
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref4
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref4
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref4
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref4
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref5
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref5
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref5
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref5
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref6
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref6
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref6
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref6
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref7
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref7
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref7
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref7
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref8
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref8
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref9
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref9
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref9
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref9
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref10
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref10
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref10
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref10
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref11
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref11
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref11
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref11
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref12
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref12
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref12
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref12
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref13
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref13
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref13
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref13
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref14
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref14
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref14
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref15
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref15
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref15
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref15
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref16
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref16
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref16
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref16
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref17
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref17
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref17
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref17
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref17
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref17
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref17
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref18
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref18
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref18
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref18
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref19
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref19
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref19
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref20
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref20
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref20
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref21
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref21
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref21
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref21
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref22
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref22
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref22
http://refhub.elsevier.com/S1347-8613(18)30005-7/sref22


Short communication

LPA5 signaling is involved in multiple sclerosis-mediated neuropathic
pain in the cuprizone mouse model

Ryoko Tsukahara a, Shinji Yamamoto b, Keisuke Yoshikawa b, Mari Gotoh c, d,
Tamotsu Tsukahara a, Hiroyuki Neyama a, Satoshi Ishii e, Noriyuki Akahoshi e,
Keisuke Yanagida f, Hayakazu Sumida f, Masatake Araki g, Kimi Araki g,
Ken-ichi Yamamura g, Kimiko Murakami-Murofushi c, Hiroshi Ueda a, *

a Department of Pharmacology and Therapeutic Innovation, Nagasaki University Graduate School of Biomedical Sciences, Nagasaki, Japan
b Department of Pharmacology, Faculty of Medicine, Saitama Medical University, Saitama, Japan
c Endowed Research Division of Human Welfare Sciences, Ochanomizu University, Tokyo, Japan
d Institute for Human Life Innovation, Ochanomizu University, Tokyo, Japan
e Department of Immunology, Akita University Graduate School of Medicine, Akita, Japan
f Department of Biochemistry and Molecular Biology, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan
g Institute of Resource Development and Analysis, Kumamoto University, Kumamoto, Japan

a r t i c l e i n f o

Article history:
Received 13 September 2017
Received in revised form
29 December 2017
Accepted 9 January 2018
Available online 2 February 2018

Keywords:
LPA5
Neuropathic pain
Multiple sclerosis

a b s t r a c t

Lysophosphatidic acid (LPA) and LPA1 receptor signaling play a crucial role in the initiation of peripheral
nerve injury-induced neuropathic pain through the alternation of pain-related genes/proteins expression
and demyelination. However, LPA and its signaling in the brain are still poorly understood. In the present
study, we revealed that the LPA5 receptor expression in corpus callosum elevated after the initiation of
demyelination, and the hyperalgesia through Ad-fibers following cuprizone-induced demyelination was
mediated by LPA5 signaling. These data suggest that LPA5 signaling may play a key role in the mecha-
nisms underlying neuropathic pain following demyelination in the brain.

© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Lysophosphatidic acid (LPA), one of lipid mediators, was iden-
tified as a key initiator of neuropathic pain via activation of multiple
signaling pathways in peripheral nerve system.1 LPA and LPA1 re-
ceptor signaling initiate the neuropathic pain following partial
sciatic nerve ligation in mice.1 LPA1 signaling is also involved in the
demyelination of dorsal roots and upregulation of pain-related
genes/proteins such as calcium channel a2d1, ephrinB1, and pro-
tein kinase Cg.1,2 Besides, it has been reported that LPA5-mediated
signaling plays a role in the development of neuropathic pain after
peripheral nerve injury.3 Murai et al. also reported that LPA5
signaling transmits pain signals in the spinal cord.4 However, the
mechanisms of LPA signaling underlying demyelination as well as
neuropathic pain in the brain are still unclear.

Multiple sclerosis (MS) is a chronic autoimmune disorder
affecting the CNS through demyelination and neurodegeneration.5 It

has been reported that closely-related bioactive lipid, sphingosine
1-phosphate (S1P) and its signaling are involved in the progressionof
demyelination in MS.6 S1P receptor modulator fingolimod (FTY720)
is currently approved for the treatment of MS, which inhibits S1P
signaling results in ameliorating demyelination inpatientswithMS.6

However, the mechanisms of neuropathic pain following demyelin-
ation in MS are not fully understood. This led us to hypothesize that
LPA signalingmay be associatedwith neuropathic pain inMS. In this
study, we investigated whether LPA signaling is involved in neuro-
pathic pain in MS using cuprizone (CPZ)-induced MS model.7

For animal study, C57BL/6J mice were obtained from TEXAM
corporation (Nagasaki, Japan). To generate Lpar5-KO mice, we used
a gene trap clone (Ayu21-B206) of KTPU8 mouse embryonic stem
cells, in which the trap vector pU-21B is integrated into Lpar5.8 In
the Ayu21-B206 clone (http://egtc.jp/action/access/clone_detail?
id¼21-B206), 50-RACE data showed the trap vector pU-21B was
integrated into the first intron upstream of the open reading frame-
containing exon of Lpar5. The precise genomic integration site of
pU-21B was determined by long PCR and sequencing. Sequence
comparison with the assembled mouse genome revealed that
the integration occurred in the first intron of Lpar5 at chr6:
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125078165 (GRCm38/mm10). We established a mouse line (B6;
CB-Lpar5Gt(pU�21B)206Imeg) from the Ayu21-B206 clone. Then, mice
were backcrossed to the C57BL/6N background for 8 generations.
With genomic DNA from tail biopsies, mice were genotyped by PCR
for Lpar5 alleles. The PCR primers for detection of the Lpar5 WT
allele were 50-gtttatctgtacaccagacagc-30 and 50-gacaggctaatgc-
tacgcttg-30, and those for the Lpar5-KO allele were 50-gtttatctgta-
caccagacagc-30 and 50-cacatccatgctgaggatgag-30, yielding 457- and
490-bp products, respectively. Mice used in this study were kept
in a room maintained at 21 ± 2 �C and 55 ± 5% relative humidity
with a 12 h light/dark cycle. All animal experiments were approved
by the Nagasaki University Animal Care Committee, and complied
with the fundamental guidelines for the proper conduct of animal
experiments and related activities in academic research institutions
under the jurisdiction of the Ministry of Education, Culture, Sports,
Science and Technology, Japan.

As for CPZ model, mice were fed ad libitum a powdered diet
(CLEA Japan, Tokyo) containing 0.2% bis-cyclohexanone oxaldihy-
drazone (cuprizone; Merck KGaA, Darmstadt, Germany) for 5
weeks. Mice were euthanized, and tissue from the corpus callosum
was collected for RNA extraction as previously reported.9 For his-
tology, mice were intracardially perfused with 4% para-
formaldehyde in phosphate buffered saline (PBS). Brains were
postfixed overnight in 4% paraformaldehyde in PBS, and subse-
quently cryoprotected in 30% sucrose solution in PBS.

For quantitative real-time PCR (Q-PCR), RNAwas extracted from
the corpus callosum (n¼ 6 per group) using ISOGEN (NIPPONGENE
CO, Japan) following the manufacturer's instructions. The extracted
RNA was reverse transcribed using a PrimeScript RT reagent kit
(TAKARA BIO INC, Japan). Q-PCR was performed using the 7900
SequenceDetectionSystem(AppliedBiosystems)with the following
conditions:95 �C for30 s, followedby40cyclesof 5 s at 95 �Cand34s
at 60 �C. The primer sets used for Q-PCR were as follows: phos-
phoglycerate kinase 1 (PGK1) forward: 50-ctgctgttccaagcatcaaa-30

and reverse: 50-gcatcttttcccttcccttc-3’; Lpar1 forward: 50-cac-
cagcctgacagcttct-30 and reverse: 50-ctgtagaggggtgccatgtt-3’; Lpar2
forward: 50-tctccatcaaaggctggttc-30 and reverse: 50-tccaagtcaca-
gaggcagtg-3’; Lpar3 forward: 50-ctggccaatttgctggttat-30 and reverse:
50-tgaagaaggccaggaggtt-3’; Lpar4 forward: 50-aacctggccctctctgattt-30

and reverse: 50-cgatcggaagggatagacaa-3’; Lpar5 forward: 50-tcagc-
gatgaactgtggaag-30 and reverse: 50-acgaagcacagcaggaagat-3’; Lpar6
forward: 50-tcatctgtgccctcaaagtg-30 and reverse: 50-cacagcaatg-
caaacgatct-3’. The gene expression was calculated by using DDCT
method. The results were normalized to the expression levels of

PGK1. Relative changes in gene expression were described as a per-
centage of the expression in control.

To evaluate the paw withdrawal response, electrical stimulation-
induced paw withdrawal (EPW) test was performed. Electrical
stimuli with a frequency of 5, 250, and 2000 Hz were applied to the
right hindpaw to activate C-, Ad-, and Ab-fibers, respectively.10

Electrodes were fastened to the plantar and insteps of mice. Trans-
cutaneous nerve stimuli with each of the three sine-wave pulses
were applied using a Neurometer CPT/C system (Neurotron Inc.,
Baltimore, MD). The minimum intensity (mA) at which each mouse
withdrew its paw was defined as the current stimulus threshold.

For histological analysis, coronal brain sections (25 mm thick)
were cut on a cryostat (LEICA CM1900, Wetzlar, Germany). Sections
were stained for myelin using Black Gold II (Histo-Chem, Jefferson,
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Fig. 1. The expression level of LPA receptors in corpus callosum. The expression
levels of LPA receptors (Lpar1-6) were determined by Q-PCR in corpus callosum before
and after 5-weeks cuprizone (CPZ) exposure.
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Fig. 2. LPA5 receptor signaling was involved in neuropathic pain through the
stimulation of Ad-fiber. The threshold levels were measured every week after CPZ-
exposure in WT and Lpar5-KO mice as well as WT and Lpar5-KO mice with normal
diet using EPW test. The values represent the minimum intensity (mA) required to
produce a paw withdrawal response to electrical stimulation with 5 Hz for C-fiber (A),
250 Hz for Ad-fiber (B), and 2000 Hz for Ab� fiber (C). *p < 0.05 (versus WT).
***p < 0.001 (versus WT).
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AR) according the manufacturer's instructions.11 The stained sec-
tions were selected between Bregma �0.22 mm and �0.58 mm,
and photographed at 10� magnification on KEYENCE BZ-X700
microscope (Keyence Corporation, Japan). Images were imported
into ImageJ 1.46r to measure the mean optical density (OD) within
the middle of the corpus callosum. The OD of the tissue-free area
was used as a background. The resulting ODs for myelin in each
mouse were normalized against values in unchallenged mice using
the following formula: myelin score (%) ¼ (density reading/un-
challenged density average) � 100.

The data were analyzed by one-way ANOVA followed by
NewmaneKeuls post hoc test or two-way ANOVA followed by
Dunnett's test using GraphPad Prism (Graphpad Software Inc.). The
results were expressed as the mean ± SEM.

We first investigated whether demyelination in the brain affects
the expression of LPA receptors (Lpar1-6) using CPZ-induced
demyelination model mice. As shown in Fig. 1, the expression
level of Lpar5 in the corpus callosum markedly increased about 15-
fold after CPZ-exposure for 5 weeks. Less increase was observed in
Lpar3 and Lpar4 expression, while there was no increase in Lpar1,
Lpar2 and Lpar6 expression.

It is known that several neuropathies including MS are accom-
panied with demyelinating disorders in CNS.12 To examine whether
CPZ-induced demyelination causes neuropathic pain, we performed
the pain behavioral study in the EPW test using three different fre-
quencies of electrical stimulation. As shown in Fig. 2, significant
decrease in the pain threshold to 250 Hz (Ad-fibers) stimulation
started at 2 weeks and reached maximum at 3e5 weeks after CPZ-
exposure, while there was no significant change in the threshold to
5 or 2000 Hz in WT mice. In Lpar5-KO mice, on the other hand, the
hyperalgesia to 250 Hz stimulation was abolished, while no change
was observed in the case with 5 and 2000 Hz. These results indicate
that CPZ-mediated demyelination and LPA5-mediated signaling are
correlated with the hyperalgesia through Ad-fibers.

Next, we examined the effect of LPA5 receptor on the progres-
sion of demyelination using Lpar5-KO mice, since Lpar5 expression
was elevated after CPZ exposure. We fed CPZ-containing diet to the
mice for 5 weeks, and myelin content in the corpus callosum was
quantified using Black-Gold II staining. In WT mice, the corpus
callosum appeared to retain sufficient myelin content (Fig. 3A). In
contrast, WT mice exposed to CPZ showed demyelination in the
corpus callosum (Fig. 3B). Similarly, Lpar5-KO mice with CPZ diet

Fig. 3. LPA5 had no effect on the CPZ-induced demyelination. Representative images of coronal brain sections at the level of the fimbria demonstrate progressive demyelination
in the corpus callosum after 5 weeks of CPZ-exposure. Black-Gold II staining was performed in WT (A), WT þ CPZ (B), Lpar5-KO (C), and Lpar5-KO þ CPZ (D) groups. Myelin densities
in the corpus callosumwere compared with those of controls and expressed as a percentage using the ImageJ analysis program (E). Data represent mean ± SEM. N ¼ 4 for WT, n ¼ 5
for Lpar5-KO þ CPZ, and n ¼ 6 for WT þ CPZ and Lpar5-KO. Scale bar ¼ 500 mm ***p < 0.001 (versus WT) and ###p < 0.001 (versus Lpar5-KO). NS means no significant.
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showed demyelination and the degree of demyelination was
equivalent to that inWTmice (Fig. 3D and E). These results indicate
that LPA5 has no effect on the progression of demyelination
induced by CPZ.

In this study, we found that the hyperalgesia through Ad-fibers
followed by CPZ-induced demyelination is mediated by LPA5
signaling, while LPA5 has no effect on the progression of demye-
lination in the corpus callosum in CPZ-induced MS model. CPZ is
reported to cause a selective toxicity to mature oligodendrocytes
leading to apoptosis and demyelination in the brain.13 As no sig-
nificant change was observed in the basal threshold to 2000 Hz
(Ab-fibers)-stimulation (Fig. 2C), it is unlikely that CPZ affects the
peripheral myelinated fibers in terms of sensory threshold. The
present findings that LPA5 is involved in the hyperalgesia, but not in
the cause of demyelination in theMSmodel, are consistent with the
report that Lpar5-KO mice lose the peripheral neuropathic pain
following partial sciatic nerve ligation, but do not affect the
demyelination of dorsal root.2 Regarding the source of LPA, there
are reports that the protein level and enzyme activity of LPA-
producing enzyme autotaxin are elevated in the cerebrospinal
fluid of MS patients.14,15 As such, it is interesting to speculate that
both upregulated LPA5 expression and demyelination-related in-
crease in brain LPA levels are involved in the CPZ-induced LPA5-
mediated neuropathic pain. We have proposed the hypothesis
that LPA5-mediated hyperalgesia in mice with peripheral nerve
injury may be related to the phosphorylation of cAMP response
elementebinding protein,2 followed by the up-regulation of brain-
derived neurotrophic factor and down-regulates KCC2 levels and
exerts a functional switch of the GABA/glycine receptor from
inhibitory to stimulatory.16 Further study to examine whether LPA
is produced by CPZ-induced demyelination and LPA5 mediates the
BDNF up-regulation will be required as the next subject.
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