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ABSTRACT: Hepatocyte growth factor (HGF) is expressed in various organs
and involved in the fundamental cellular functions such as mitogenic, motogenic,
and morphogenic activities. Induction of HGF may be therapeutically useful for
controlling organ regeneration, wound healing, and embryogenesis. In this study,
we examined the stimulation effect of cyanidin 3-glucoside (C3G), an
anthocyanidin derivative, on HGF production in normal human dermal fibroblasts
(NHDFs) and the underlying mechanisms. C3G induced HGF production at
both mRNA and protein levels in NHDF cells and enhanced the phosphorylation
of cAMP-response element-binding protein. We also observed that treatment with
C3G increased intracellular cAMP level and promoter activity of cAMP-response
element in HEK293 cells expressing β2-adrenergic receptor (β2AR). In contrast,
cyanidin, an aglycon of C3G, did not show the activation of β2AR signaling and
HGF production. These results indicate that C3G behaves as an agonist for β2AR
signaling to activate the protein kinase A pathway and induce the production of HGF.

■ INTRODUCTION

Hepatocyte growth factor (HGF) was first discovered as a
mitogenic protein from rat hepatocytes, which showed
regenerative effects in the injured liver.1 HGF is produced as
a single chain pro-HGF, which is cleaved into active HGF.2 In
the normal state, active HGF binds to its receptor, c-Met, and
stimulates various biological responses such as proliferation,
cell survival, morphogenesis, motility, and angiogenesis.3,4

Therefore, HGF is recognized as a potential therapeutic agent
for various diseases, especially hepatic and renal fibrosis and
cardiovascular diseases.5 Moreover, migration and proliferation
of keratinocytes can be stimulated by HGF, suggesting the
involvement in cutaneous physiology and wound healing.6,7

Some reports also highlighted the therapeutic potential of
HGF in neuronal diseases such as amyotrophic lateral sclerosis
and Alzheimer’s disease by demonstrating that exogenous
expression of HGF-regulated neuronal cell survival.8,9 These
studies motivate us to search the small molecules that function
as HGF inducers for potential therapeutic tools.
Production of HGF is regulated by several signaling

pathways, including protein kinase A (PKA), protein kinase
C (PKC), and mitogen-activated protein kinases
(MAPKs).10,11 Gohda and his colleagues reported that the
extract of bitter melon pulp (Momordica charantia L.)
stimulated the HGF production in normal human dermal
fibroblasts (NHDFs).12 They demonstrated that the extract
upregulated HGF gene expression through the activation of
extracellular signal-regulated kinase (ERK), whereas the active

components have not been identified yet. We also found that
naturally occurring compounds, such as caffeoylquinic acids
(CQAs), acteoside, and daphnane diterpenoids, acted as HGF
inducers in NHDFs.13,14 However, the mechanisms underlying
HGF production and target molecules of these pure natural
compounds have not been identified yet.
During our search for new HGF inducers from natural

products, we found that cyanidin 3-glucoside (C3G; Figure
1A) promoted the production of HGF in NHDFs. C3G is the
most common anthocyanidins found in edible fruits, legumes,
grains, and many colorful vegetables15 and has been known to
possess various biological activities such as antioxidant, anti-
inflammation, antidiabetic, and antiobesity effects.16−18 How-
ever, the effects of C3G on HGF production and potential
binding protein have not been clarified. Here, we report that
C3G enhances the HGF production in NHDFs through the
elevation of cAMP level and activation of PKA pathway
possibly by targeting β2-adrenergic receptor (β2AR).
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■ RESULTS
Effect of C3G on HGF Production in NHDF Cells. To

examine the effects of C3G on HGF production levels in
NHDFs, we initially tested the viability of C3G-treated cells by
using an MTT assay. C3G did not show the cytotoxicity
against NHDFs at concentrations of 0.1−50 μM in treatments
for 24, 48, and 120 h (Figure S1). Next, we performed an
ELISA assay to quantify the levels of HGF secreted to the
culture medium of the NHDFs treated with different
concentrations (1, 5, 20, and 50 μM) of C3G in various
incubation time (24, 48, 72, 96, and 120 h). Platelet-derived
growth factor-BB (PDGF-BB) (25 ng/mL) was used as a
positive control to stimulate intracellular HGF levels.19 In our
results, C3G stimulated the HGF production in a dose-
dependent manner at each treatment time (Figure 1B). The
maximum dose (50 μM) of C3G also showed a time-
dependent increase of HGF levels. These results clearly
showed the promoting effect of C3G on HGF production.
To obtain more evidence for the stimulation of HGF

production by C3G, the expression level of HGF genes was
investigated by a real-time RT-PCR. The treatment of C3G at
50 μM increased mRNA abundance of HGF genes almost
twice as much as vehicle control (Figure 2), suggesting that
C3G upregulated the transcription of HGF genes.
Effects of C3G on PKA Pathway and Phosphorylation

of CREB. To identify the signaling pathway involved in C3G-
mediated HGF induction, we tested whether the effect of C3G
on HGF production was canceled by co-treatment of selective
signaling transduction inhibitor. We found that the induction
of HGF by C3G was suppressed in the presence of H89
(Figure 3A), a PKA pathway inhibitor that blocks the binding

of ATP on PKA catalytic subunit.20 In contrast, the promoting
effect of HGF by C3G was not canceled by co-treatment of
other inhibitors, which target the PKC and MAPK pathways
(data not shown). These suggested that C3G selectively
activated the PKA pathway for the induction of HGF levels. To
further confirm the effect of C3G on the PKA pathway, we
examined the phosphorylation of cAMP-response element-
binding protein (CREB) by using western blotting analysis.
Ser133 residue of the CREB is phosphorylated by the activated
PKA kinase followed by the elevation of intracellular cAMP,
which is a key second messenger of signal transduction.21 It
triggers the transcription of downstream genes, including HGF,
under the PKA signaling pathway.10 Indeed, the phosphor-
ylation of CREB could be detected in the cells treated with
cAMP inducer like forskolin (Figure 3B), which is known to
activate the adenyl cyclase.22 Our result showed that the
phosphorylation of CREB was enhanced 15 min after the
treatment of C3G and reduced to the basal level (Figure 3B).
This rapid response was also observed in the previous

Figure 1. Effect of C3G on HGF production in NHDF cells. (A)
Chemical structures of C3G and cyanidin. (B) NHDF cells were
treated with vehicle (0.1% DMSO, shown as −), PDGF-BB (25 ng/
mL, shown as P), or C3G at the indicated concentrations and
monitored over time. The amount of HGF secreted into the culture
medium was determined by an ELISA assay. Statistical analysis was
conducted using one-way ANOVA analysis (Tukey’s test). Significant
differences (p < 0.0001) versus vehicle at 24 h (****), 48 h (####),
72 h (&&&&), 96 h (++++), 120 h (@@@@). Significant difference
(p < 0.01) versus vehicle at 96 h (++). Significant differences (p <
0.05) versus vehicle at 96 h (+) and 120 h (@). n = 5.

Figure 2. Effect of C3G on mRNA expression of HGF gene. NHDF
cells were treated with vehicle (0.1% DMSO, shown as −), PDGF-BB
(shown as P), or C3G at the indicated concentrations for 48 h.
Relative mRNA abundance was measured by using a real-time RT-
PCR. The mRNA levels of HGF were calculated as relative levels
compared with β-actin. Statistical analysis was conducted using
Student’s t-test analysis. Significant difference (**p < 0.01, *p < 0.05)
versus vehicle. n = 3.

Figure 3. Effect of C3G on the PKA pathway. (A) NHDF cells were
treated with vehicle (0.1% DMSO, shown as −), C3G, and H89 at the
indicated concentrations for 120 h. The amount of HGF secreted into
the culture medium was measured by ELISA assay. Statistical analysis
was conducted using one-way ANOVA analysis (Tukey’s test).
Significant differences (p < 0.01) versus vehicle (***) or C3G
treatment group (###). n = 5. (B) NHDF cells were treated with C3G
(50 μM) for 15, 30, or 60 min, and forskolin (1 μM) for 15 min.
DMSO (0.1%) was used for vehicle group treatment (shown as −).
Cell lysates were immunoblotted with antibody against p-CREB.
GAPDH is used for loading control. The asterisk (*) indicates the
phosphorylated form of ATF-1 at Ser63.
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investigation.23 Taken together, these results indicated that the
activation of PKA pathway was involved in the mechanism of
C3G on HGF induction.
C3G Enhanced Promoter Activity of CRE and cAMP

Levels through Activation of β2AR. To further study on the
effect of C3G in the PKA pathway, we examined whether C3G
enhances the promoter activity of cAMP-response element
(CRE), which is a target sequence of phosphorylated CREB.24

Previously, we transfected NHDFs with the reporter plasmid
DNA encoding the luciferase gene under the CRE element;
however, the luciferase activity was not detected due to low
transfection efficiency of NHDFs (data not shown). Thus,
HEK293 cells were used for the investigation on the promoter
activity. Initially, we measured the levels of CRE promoter
activity in the presence of forskolin, C3G, and the combination
of the two compounds by using HEK293 cells transiently
expressing the reporter plasmid. As shown in Figure 4, C3G

slightly increased the CRE promoter activity in HEK293 cells
transfected with the reporter plasmid. In contrast to a single
treatment of C3G, the CRE activity was synergistically
increased in combination with C3G and forskolin (Figure
S2), suggesting that the two compounds target different
molecules for the activation of CRE. It motivated us to
investigate the target of C3G by focusing on the different
molecules other than adenyl cyclase. We found that C3G
dramatically enhanced the CRE activity in the presence of
exogenous β2-adrenergic receptor (β2AR) (Figure 4), a
representative member of G-protein-coupled receptor
(GPCR). The increase of CRE activity by C3G was observed
in a dose-dependent manner, suggesting that C3G functions as
a β2AR activator.
To further investigate the function of C3G on the β2AR

activation, we measured intracellular cAMP levels in β2AR-
expressing cells by using GloSensor technology that can detect
the amount of cellular cAMP production with high
sensitivity.25 The binding of agonist to β2AR subsequently
activates adenyl cyclase to induce cAMP production in
cytosol.26 Indeed, we observed the elevation of intracellular
cAMP levels in the cells with or without exogenous expression
of β2AR when exposed to isoproterenol, which is known as
nonselective agonist for β adrenergic receptor (Figure 5A,B).
In contrast, C3G increased the cAMP levels in the cells only
when β2AR was exogenously expressed. This elevation of
cAMP peaked at around 330 s after the treatment and returned
to the basal level (Figure 5A), reflecting the fate of cAMP
produced in the cells.27 C3G also showed dose−response
effect on the cAMP elevation in the presence of β2AR (Figure
5B). Altogether, these results indicated that β2AR was a
potential target of C3G for the PKA activation.

Comparison Study with Aglycon. To gain insight into
the interaction of C3G with β2AR, we compared the biological
effects of C3G with cyanidin, its aglycon derivative. Unlike
C3G, cyanidin did not show the activation of CRE activity in
HEK293 cells expressing β2AR (Figure 6B). The same
tendency was observed in the HGF production in NHDF
cells (Figure 6A). These observations suggested that the
glucoside moiety of C3G was important for the activation of
β2AR and HGF production.

Figure 4. C3G enhanced promoter activity of CRE through the β2AR
signaling pathway. HEK293 cells were transiently co-transfected with
pGL4.29 and pcDNA3.1-β2AR then seeded into a 96-well plate.
Transfected cells were treated with vehicle (0.1% DMSO, shown as
−), isoproterenol (10 μM, shown as Iso), or C3G at the indicated
concentrations for 24 h treatment. Luminescence value corresponding
to CRE promoter activity was measured using cell lysates. Statistical
analysis was conducted using one-way ANOVA (Tukey’s test).
Significance differences (****p < 0.0001, **p < 0.01, *p < 0.05)
versus vehicle treatment group at cells co-transfected with pGL4.29
and pcDNA3.1-β2AR. Significant differences (####p < 0.0001, ##p <
0.01) versus vehicle treatment group at cells transfected with
pGL4.29. n = 5.

Figure 5. C3G increased intracellular cAMP levels through the β2AR signaling pathway. (A) HEK293 cells were transiently co-transfected with
pGloSensor-22F cAMP and pcDNA3.1-β2AR and then seeded into a 96-well plate. Transfected cells were treated with vehicle (0.1% DMSO),
isoproterenol, or C3G at the indicated concentrations; then kinetic measurement of intracellular cAMP was performed. (B) Peak values of RLU
based on kinetic assay in the transfected-HEK293 cells were shown. Statistical analysis was conducted using one-way ANOVA (Tukey’s test).
Significant difference (****p < 0.0001) versus vehicle treatment group on the cells co-transfected with pGloSensor-22F cAMP and pcDNA3.1-
β2AR. Significant difference (####p < 0.0001) versus vehicle treatment group on the cells transfected with pGloSensor-22F cAMP. n = 3. Iso:
isoproterenol (10 μM).
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■ DISCUSSION
Recent investigations highlighted the therapeutic potential of
HGF on various diseases including neurodegenerative and
skin-related diseases, as well as cancers.28−30 Several preclinical
studies demonstrated that the administration of recombinant
HGF or injection of HGF expression vector to the patient was
discovered as promising approaches for the attenuation of
disease process.8,31,32 Thus, a pharmacological approach using
small molecules that function as a HGF inducer is also thought
to be useful for disease prevention or treatment. Here, we
found that C3G, an anthocyanidin derivative, stimulated HGF
production in NHDF cells by upregulation of transcription of
HGF gene without cytotoxicity at several concentrations. So
far, many researchers focused on the flavonoids including
anthocyanidins to modulate the downstream signaling of
growth factors including HGF;33−35 however, there are few
reports on the enhancement of growth factor production by
using flavonoids including anthocyanidin.
Previously, Ono et al. demonstrated that the extract of bitter

melon pulp enhanced HGF production through the activation
of MAPK pathway.12 While they suggested that active
substances may be nonproteinous macromolecules with the
mass of around 14,000 Da, it has not been identified yet. We
previously reported that daphnane diterpenes, known as PKC
modulators, enhanced the HGF production in NHDF cells.14

In addition, some phenylethanoids and phenylpropanoids,
which bear the catechol moiety in their structure, also act as

HGF inducers;13 however, the detailed mechanism of these
compounds has not been clarified. In the present study, we
demonstrated that C3G mainly regulated PKA pathway to
upregulate the transcription of HGF gene under the CRE
promoter. Our result is supported by previous transcriptome
analysis that demonstrated upregulation of the downstream
genes of PKA pathway by the treatment of C3G in human
amniotic epithelial cells.36

Another important finding of this study is that C3G
functions as a β2AR activator for the regulation of the PKA
pathway. β2AR is a member of G protein-coupled receptor,
which is involved in the regulation of relaxation of airway
smooth muscle and glucose uptake in several insulin-sensitive
tissues.37,38 But the relationship between β2AR activation and
HGF production has rarely been investigated. Here, we
showed that C3G stimulated the intracellular cAMP
production and CRE promoter activity specifically in the
presence of β2AR (Figures 4 and 5), suggesting that C3G
directly targeted β2AR. It may also complement the previous
findings of biological effects of C3G, which correlate with
cAMP elevation through upregulation of PGC1-α and
induction of preadipocyte differentiation.39,40

The modes of β2AR activation are different among the
functions of ligands. Binding of a full agonist such as
isoproterenol to β2AR causes the activation and dissociation
of G proteins, leading to the stimulation of second messenger
molecules production including the synthesis of cAMP by
adenyl cyclase.41 Other type of ligands such as carvedilol does
not cause the activation of G protein and preferentially regulate
β-arrestin signaling.42 Given that C3G stimulated cAMP levels
and CRE promoter activity in a β2AR-dependent manner, we
assumed that C3G functions as an agonist of β2AR. The
compounds that bear the catechol group such as isoproterenol
exhibit full agonism of β2AR.

43,44 These catechol groups serve
as hydrogen bond donors to Ser2035.42 and Ser2075.46 in the
β2AR to cause the arrangement of TM5 and TM 3/6. While
we assume that the catechol group of C3G is likely to exhibit
similar interaction, other substructures may play distinct roles
compared with existing ligands. The major class of β2AR
agonists, including epinephrine, isoproterenol, and formoterol,
possess secondary alcohol and amine groups conjugated with
catechol, which interacts with Asp1133.32 and Asn3127.39,
whereas C3G does not have these functional groups in the
structure. Instead, 3-glucoside moiety may play an important
role for the agonistic activity and possibly interaction with
β2AR, as shown in comparison study with aglycon (Figure
6A,B). Previously, Kato et al. reported that higenamine 4′-O-β-
D-glucoside, a plant-derived tetraisoquinoline compound,
enhanced glucose uptake in L6 cells.45 They also discussed
the potential function of the glucoside compound as a β2AR
binder. Although biophysical investigations such as crystal
structural analysis or binding assay and further structure−
activity relationship study are needed, these suggest the
potential role of glucoside moiety for the interaction with
β2AR.
In conclusion, this study discovered the stimulation effect of

C3G on HGF productions in NHDF cells through the
activation of PKA pathway possibly by targeting the β2AR.
While we showed the potential importance of glucoside moiety
of C3G for binding to β2AR, other chemical modifications of
anthocyanidin are also of interest from the perspective of
dietary intake46 as well as the ligand−receptor interaction.
Further studies on the pharmacological properties are

Figure 6. Comparison study with aglycon. (A) NHDF cells were
treated with vehicle (0.1% DMSO, shown as −), PDGF-BB (25 ng/
mL, shown as P), C3G, or cyanidin at the indicated concentrations for
120 h. The amount of HGF secreted into the culture medium was
measured by ELISA assay. Statistical analysis was conducted using
Student’s t-test. Significance difference (**p < 0.01, *p < 0.05) versus
vehicle treatment group. n = 5. (B) HEK293 cells were transiently co-
transfected with pGL4.29 and pcDNA3.1-β2AR and then seeded into
a 96-well plate. Transfected cells were treated with vehicle (0.1%
DMSO, shown as −), isoproterenol (10 μM, shown as Iso), C3G, or
cyanidin at the indicated concentrations for 24 h treatment.
Luminescence was measured using cell lysates. Statistical analysis
was conducted using one-way ANOVA (Tukey’s test). Significant
difference (****p < 0.0001, **p < 0.01) versus vehicle treatment
group. n = 5.
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warranted to assess the therapeutic potential of C3G and its
chemical derivatives on tissue regeneration and wound healing.

■ METHODS
Test Compounds. Test compounds used in this study

were purchased from the following manufacturers: cyanidin 3-
glucoside (Fuji Film Wako Pure Chemical Corporation, Japan,
#633-42451NS380101), cyanidin chloride (Fuji Film Wako
Pure Chemical Corporation, Japan, #030-21961), platelet-
derived growth factor-BB (PDGF-BB) (Fuji Film Wako Pure
Chemical Corporation, Japan, #166-19743), forskolin (Nacalai
Tesque, Inc., Japan, #16384-84), isoproterenol (Nacalai
Tesque, Inc., Japan, #19703-04), and H89 (Cayman Chemical,
United States, #10010556).
Cell Culture. NHDF cells, purchased from Kurabo Co.,

Ltd. (Japan), were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma-Aldrich, Co. LLC., United States,
#D5796) containing 10% fetal bovine serum (Gibco, Thermo
Fisher Scientific, United States) at 37 °C in humidified 5%
CO2 atmosphere. Human Embryonic Kidney 293 cells
(HEK293), provided from RIKEN Bioresource Research
Center (Japan), were cultured in DMEM containing 10%
fetal bovine serum and 1% of 100 U/mL Penicillin and 100
μg/mL streptomycin (Sigma-Aldrich, Co., LLC., United States,
#11074440001) at 37 °C in humidified 5% CO2 atmosphere.
Cell Viability Assay. Confluent NHDF cells were seeded

into 96-well plate at a density of 1 × 104 cells/well. The cells
were treated with C3G for 24, 48, or 120 h. After treatment,
the old medium was replaced with the fresh medium.
Subsequently, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT; Dojindo, Japan, #M009) solution (5
mg/mL) was added to the cell culture. After formazan crystals
were observed, 100 μL of 10% SDS was added to each well,
followed by incubation overnight. Then, the absorbance was
measured at 570 nm using a microplate reader (Varioskan Lux,
Thermo Fisher Scientific, United States).
Determination of HGF Levels in Conditioned Media.

NHDF cells were seeded in a 96-well plate (Nunc, Denmark)
at a density of 1 × 104 cells/well and incubated overnight. The
cells were treated with test samples dissolved in 100 μL of
DMEM supplemented with 0.5% FBS. After treatment, the
conditioned medium was collected for the quantification of
HGF. Cell layers were washed with phosphate-buffered saline
(PBS) and lysed with 0.5% Triton X-100 in PBS. Then, the
amount of cellular protein was quantified using a BCA assay
(Takara Bio, Inc., Japan #T9300A).
The sandwich human HGF ELISA was performed at room

temperature. Briefly, 96-well plates were coated with antihu-
man HGF monoclonal antibody (0.2 μg/mL, diluted in PBS)
(R&D Systems, Inc., United States, #294-HG-100/CF) and
incubated overnight at 4 °C. The wells were washed with
0.05% Tween 20 in PBS and incubated with PBS containing
1% BSA, 5% Tween 20, and 5% sucrose for 1 h. After washing,
the conditioned medium was added to the wells. At the same
time, human HGF (R&D Systems, Inc., United States, #294-
HG-005) for the standard curve was also added within the
range of 0−50 ng/mL. After 2 h incubation, the wells were
washed and incubated with biotinylated goat antihuman HGF
antibody (250 ng/mL, diluted in PBS) (R&D Systems, Inc.,
United States, #BAF294) for 90 min incubation. After washing,
streptavidine HRP conjugate (200 ng/mL, diluted in PBS)
(Sigma-Aldrich, Co., LLC., United States, #RABHRP3) was
added and incubated for 30 min. The wells were washed, and

the substrate solution containing ABTS (2,2′-azino-di-(3-
ethylbenzthiazoline sulfonic acid), 0.3 mg/mL) (Sigma-
Aldrich, #10102946001) mixed with H2O2 at ratio 1:1000
was added and then incubated for another 30 min. Stop
solution (1 M H2SO4) was added, and the optical density of
each well was determined at 450 nm using a microplate reader
(Varioskan Lux, Thermo Fisher Scientific, United States). The
HGF levels were expressed as pg/μg cellular protein.

Measurement of mRNA Abundance of HGF Gene.
NHDF cells were treated with test samples for 48 h, and total
RNA was collected by using the ISOGEN kit (Nippon Gene
Co., Ltd., Japan, #311-02501). Reverse transcription of RNA
was performed using Superscript VILO Master Mix (Thermo
Fisher Scientific, United States, #11755050). Real-time PCR
analysis was conducted by using THUNDERBIRD SYBR
qPCR Mix (Toyobo, Co., Ltd., Japan, #QPS-201 T) and
analyzed on 7500 FAST Real-Time PCR (Applied Biosystems,
United States). Gene expression data were normalized to that
for β-actin. Primer sequences were as follows: HGF, forward:
5′-ACGAACACAGCTTTTTGCCTT-3′, HGF, reverse 5′-
AACTCTCCCCATTGCAGGTC-3′, β-actin, forward 5′-
CTGTGGCATCCACGAAACTACC-3′, β-actin, reverse 5′-
GCAGTGATCTCCTTCTGCATCC-3′.

Determination of Phosphorylated CREB. NHDF cells
were treated with test samples and then lysed in RIPA buffer
(Nacalai Tesque, Inc., Japan, #16488-34) mixed with 1%
phosphatase inhibitor cocktail (Nacalai Tesque, Inc., Japan,
#07575-51). Total cellular protein samples were boiled in 5 ×
SDS sample buffer for 5 min, separated by 10% SDS-PAGE,
and transferred to Immobilon-P PVDF membrane (Merck
Millipore, United States, #IPFL00010). The blot was
incubated with a blocking solution (2% BSA in TBS/T
solution) and then probed with anti-pCREB (1:1000, Cell
Signaling Technology, United States, #9198S) or anti-GAPDH
(1:3000, Thermo Fisher Scientific, United States, #MA5-
15738). Horseradish peroxidase (HRP)-conjugated anti-rabbit
(Cell Signaling Technology, United States, #7074) or anti-
mouse secondary antibodies (Cell Signaling Technology,
United States, #7076) were used at a 1:3000 dilution.
Immunoreactive bands were visualized using immobilon
western chemiluminescent HRP substrate (Merck Millipore,
United States, #WBKLS0500) using LuminoGraphI (WSE-
6100, ATTO Corporation, Japan).

Construction of pcDNA3.1-β2AR. DNA fragment encod-
ing β2AR was amplified from the plasmid (Addgene, #14697)
and cloned into a pcDNA3.1 vector (Invitrogen, United
States) by using the seamless ligation cloning extract (SLiCE)
method.47

CRE Reporter Assay. HEK293 cells were transfected with
pGL4.29 (Promega Corporation, United States) and
pcDNA3.1-β2AR using Hilymax (Dojindo, Japan, #H357).
Transfected cells were treated with test samples for 24 h. CRE
promoter activity was measured using a luciferase assay system
(Promega Corporation, United States, #E1500). Luminescence
values (RLU) corresponding to CRE promoter activity were
quantified using a microplate reader (Varioskan Lux, Thermo
Fisher Scientific, United States).

Measurement of Intracellular cAMP Levels. HEK293
cells were transfected with pGloSensor-22F cAMP (Promega
Corporation, United States) and pcDNA3.1-β2AR using
Hilymax. Intracellular cAMP levels were measured by using
GloSensor cAMP assay (Promega Corporation, United States,
#E1290) according to the manufacturer’s protocol. Briefly,
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transfected cells were equilibrated with CO2 independent
medium (Thermo Fisher Scientific, United States, #18045088)
containing 10% FBS and 2% GloSensor cAMP reagent. After
incubating for 2 h in room temperature, the cells were exposed
to the test samples and subjected to kinetic measurement of
luminescence for the determination of cAMP levels by a
microplate reader (Varioskan Lux, Thermo Fisher Scientific,
United States).
Statistical Analysis. Statistical analyses were performed

using GraphPad Prism9. Methods and representative symbols
are described in the legends of the figures. Symbols mean
significant differences from mean values of indicated numbers
of independent experiments. A paired Student’s t-test or one-
way ANOVA was used to compare different variables between
two or more experimental groups, respectively. For all analyses,
p-values below 0.05 were considered statistically significant and
were indicated in the legends of the figures.
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