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Abstract. Gallein is a known Gβγ subunit inhibitor, but 
its function in bone metabolism, especially in osteoblasts, 
and its molecular mechanism remains to be elucidated. 
Osteoprotegerin (OPG), which is secreted from osteoblasts, 
binds to nuclear factor kB receptor activator (RANK) ligand 
(RANKL) as a decoy receptor, prevents RANKL‑RANK 
binding, and inhibits bone resorption. IL‑6 is not only a bone 
resorption factor but also as a bone metabolism regulator. 
Prostaglandin F2α (PGF2α) promotes p44/p42 MAPK, p38 
MAPK and stress‑activated protein kinase/JNK phosphoryla‑
tion in osteoblast‑like MC3T3‑E1 cells. In MC3T3‑E1 cells, 
activated p44/p42 and p38 MAPKs promote IL‑6 secretion 
and activated p44/p42 and p38 MAPKs and JNK promote 
OPG secretion. The present study aimed to investigate the 
effect and mechanism of gallein on PGF2α‑induced OPG and 
IL‑6 secretion using an osteoblastic MC3T3‑E1 cell line. It 
was found that gallein significantly increased PGF2α‑induced 
OPG and IL‑6 secretion in the MC3T3‑E1 cell. By contrast, 
fluorescein, which is a gallein‑like compound that does not 
bind to Gβγ, did not affect PGF2α‑induced OPG and IL‑6 
secretion. Gallein significantly improved the PGF2α‑induced 
OPG and IL‑6 mRNA expression levels. Gallein did not affect 
the PGF2α‑activated phosphorylation of p44/p42 and p38 
MAPKs and JNK. Gallein increased PGF2α‑induced OPG 
and IL‑6 secretion in osteoblasts, indicating that gallein may 
regulate bone remodeling via OPG/IL‑6 in bone metabolism.

Introduction

Osteoclasts that first resorb calcified bone and osteoblasts that 
form new bone to maintain homeostasis retain the bone mass. 
The processes to maintain adequate bone mass are known as 
bone remodeling. Disrupted bone remodeling, such as bone 
formation and resorption dysregulation, causes metabolic 
bone diseases such as osteoporosis (1). Osteoblasts secrete 
osteoprotegerin (OPG) which is a member of the TNF receptor 
family, along with receptor activator of NF‑κB (RANK) (2). 
OPG binds to the RANK ligand (RANKL) on osteoblasts 
as a decoy receptor, prevents RANKL‑RANK binding 
on osteoclasts, and inhibits osteoclast formation and bone 
resorption (2). IL‑6, a pro‑inflammatory cytokine, is a bone 
resorption factor as it promotes osteoclast development (3). 
The role of IL‑6 in mouse osteoblasts is to promote the differ‑
entiation of embryonic fibroblasts into osteoblasts and induce 
mineralization (4), whereas another study reveals that IL‑6 
suppresses bone formation in mouse osteoblastic MC3T3‑E1 
cells and primary mouse osteoblasts (5). Therefore, OPG and 
IL‑6 generally serve an important role in bone remodeling that 
involves both osteoblasts and osteoclasts.

Prostaglandin F2α (PGF2α) serves different roles in bone 
metabolism by regulating intracellular signal transduction 
pathways within osteoblasts  (6). PGF2α has traditionally 
been seen as a dominant bone resorbing agent, but it is now 
recognized as a bone remodeling regulator (7). Our previous 
studies revealed that PGF2α increases IL‑6 secretion through 
p44/p42 MAPK and p38 MAPK pathways in the osteoblast-
like MC3T3‑E1 cell line (8,9). In addition, PGF2α increases 
OPG synthesis via p44/p42 and p38 MAPKs and stress‑acti‑
vated protein kinase/JNK pathways in the MC3T3‑E1 cell 
line  (10). Therefore, PGF2α‑induced cellular responses in 
osteoblasts involves activating three major MAP kinases, 
including p44/p42 and p38 MAPKs and JNK.

Gallein is a Gβγ subunit and G protein (Gs) signaling 
inhibitor (11). Gallein has been found in mouse in vivo studies 
to inhibit Gs signaling, suppressing progression of heart failure 
progression (12). In addition, gallein blocks the chemotaxis 
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of human promyelocytic leukemia cells and primary human 
neutrophils. Systemic gallein administration inhibits paw 
edema and neutrophil infiltration in a carrageenan‑induced 
mouse paw edema model, indicating that targeting Gβγ regu‑
lation may be an effective anti‑inflammatory strategy (13). 
Therefore, regulating OPG and IL‑6 may improve our 
understanding of the benefits of gallein on bone health, but 
the association of gallein with OPG and IL‑6 synthesis in 
osteoblasts and the molecular mechanisms behind it remains 
to be elucidated. The present study aimed to investigate the 
role of gallein in PGF2α‑induced OPG and IL‑6 secretion as 
well as the mechanism in vitro in osteoblasts.

Materials and methods

Materials. Calbiochem (Merck KGaA) and MilliporeSigma 
provided gallein and fluorescein, respectively. R&D Systems, 
Inc. supplied PGF2α and mouse OPG (cat.  no.  MOP00) 
and IL‑6 (cat.  no.  M6000B) ELISA kits. Cell Signaling 
Technology, Inc. provided antibodies, including phos‑
phorylated (p‑)p44/p42 MAPK (cat.  no.  9101), p44/p42 
MAPK (cat. no. 9102), p‑p38 MAPK (cat. no. 4511), p38 
MAPK (cat.  no.  9212), p‑JNK (cat.  no.  4668), and JNK 
(cat. no. 9252). Santa Cruz Biotechnology, Inc. supplied glyc‑
eraldehyde‑3‑phosphate dehydrogenase (GAPDH) antibodies 
(cat. no. sc‑25778). Peroxidase‑labeled anti‑rabbit IgG anti‑
bodies (cat. no. 5220‑0336; SeraCare Life Sciences, Inc.) and 
peroxidase‑labeled anti‑mouse IgG antibodies (cat. no. 7076; 
Cell Signaling Technology, Inc.) were used as secondary anti‑
bodies. Cytiva provided an ECL western blotting detection 
system.

Cell culture. The osteoblast‑like MC3T3‑E1 cells are natu‑
rally immortalized and calvaria‑derived cell lines (14). Dr 
M Kumegawa (Department of Dentistry, Graduate School of 
Dentistry, Meikai University, Sakado, Japan) donated these 
cells. Cells were maintained in minimal essential medium 
(α‑MEM; MilliporeSigma) supplemented with 10% fetal 
bovine serum (FBS; Thermo Fisher Scientific Inc. and incu‑
bated at 37˚C and 5% CO2 (15). Cells were plated on 90‑mm 
diameter plates (2x105 cells/plate) and 35‑mm diameter plates 
(5x104 cells/plate) in α‑MEM supplemented with 10% FBS. 
The incubation medium was replaced with α‑MEM supple‑
mented with 0.3% FBS 5 days after seeding. Cells were used 
for experiments after 48 h.

Measurement of OPG and IL‑6. Cultured cells were treated 
with 10 mM of PGF2α or vehicle in 1 ml of α‑MEM supple‑
mented with 0.3% FBS for 48 h at 37˚C. These cells were 
pretreated with 1, 3, and 10 µM gallein or fluorescein for 
60 min. The conditioned medium was collected at the end of 
the incubation, and the OPG and IL‑6 concentrations in the 
medium were measured by mouse OPG and IL‑6 ELISA kits 
following the manufacturer's protocol (16).

Reverse transcription‑quantitative (RT‑q) PCR. Equal counts 
of cells (5x104 cells/35‑mm dish) were seeded and cultured 
through identical process among all the experiments and 
used for the experiments 1 week after seeding. Cultured cells 
were pretreated with 10 µM of gallein for 60 min and then 

stimulated with 10 µM of PGF2α in α‑MEM supplemented 
with 0.3% FBS for 3  h. TRIzol reagent (Thermo Fisher 
Scientific, Inc.) was used to isolate total RNA that was 
reverse transcribed into cDNA using the Omniscript Reverse 
Transcriptase kit (Qiagen, Inc.). A Light Cycler system with 
Fast Start DNA Master SYBR Green I (Roche Diagnostics) 
was used for RT‑qPCR. RNA extraction, cDNA synthesis, and 
qPCR performed according to the manufacturer's protocols. 
Samples were subjected to the following PCR thermocycling 
conditions: Initial denaturation at 95˚C for 10 min, followed 
by 40 cycles of denaturation at 95˚C for 1 sec, annealing at 
60˚C for 5 sec and elongation at 72˚C for 7 sec. Predesigned 
primer sets for mouse OPG (cat. no. MA026526) and IL‑6 
(cat. no. MA039013) were obtained from Perfect Real‑Time 
Supporting System (Takara Bio Inc.). For the GAPDH 
primer, the GAPDH sequence from a previous article was 
adopted (16) and MilliporeSigma synthesized the GAPDH 
primer (Forward primer ID: 5852‑065, Reverse primer ID: 
5852‑066) with the same sequence. The primer sequences 
were as follows: OPG forward, 5'‑CAA​TGG​CTG​GCT​TGG​
TTT​CAT​AG‑3' and reverse, 5'‑CTG​AAC​CAG​ACA​TGA​CAG​
CTG​GA‑3'; IL‑6 forward, 5'‑CCA​CTT​CAC​AAG​TCG​GAG​
GCT​TA‑3' and reverse, 5'‑GCA​AGT​GCA​TCA​TCG​TTG​TTC​
ATAC‑3'; and GAPDH forward, 5'‑AAC​GAC​CCC​TTC​ATT​
GAC‑3' and reverse, 5'‑TCC​ACG​ACA​TAC​TCA​GCAC‑3'. All 
measurements were analyzed using the 2‑ΔΔCq method (17). All 
experiments were performed and analyzed in triplicate.

Western blot analysis. Cultured cells were preincubated with 
10, 30, and 50 µM of gallein and stimulated with 10 µM of 
PGF2α in α‑MEM containing 0.3% FBS for the indicated 
periods. Cells were rinsed with phosphate‑buffered saline and 
lysed with lysis buffer that contained 62.5 mM of Tris/HCl, 
50 mM of dithiothreitol, 2% sodium dodecyl sulfate (SDS), 
and 10% glycerol for western blot analysis. Proteins were 
separated on a 10% sodium dodecyl sulfate‑polyacrylamide 
gel electrophoresis gel and transferred to a polyvinylidene 
difluoride (PVDF) membrane, followed by western blot 
analysis (18). Although the mass of protein per lane was not 
quantified, the same number of cells (2x105 cells/dish) was 
seeded in each dish. The days of treatment, conditions, and lysis 
buffer dose were also the same for each dish. Lysates (10 µl) 
were applied per lane of all SDS‑PAGE gels. The membranes 
were blocked with 5% fat‑free dry milk in Tris‑buffered 
saline‑Tween (TBS‑T; 20 mM Tris‑HCl, pH7.6, 137 mM NaCl, 
0.1% Tween20) at room temperature for 2 h before incubation 
with primary antibodies. The membrane was then incubated 
with primary antibodies (1:1,000) against p38 MAPK, p‑p38 
MAPK, p44/p42 MAPK, p‑p44/p42 MAPK, JNK, p‑JNK and 
GAPDH in 5% fat‑free dry milk‑TBS‑T at 4˚C overnight. The 
membrane was incubated with secondary antibodies (1:1,000) 
in 5% fat‑free dry milk‑TBS‑T at room temperature for 1 h. 
The same cell lysate was used for phosphorylation, total, and 
GAPDH in the present study. The peroxidase activity on the 
PVDF sheet was visualized on X‑ray film using the ECL 
western blotting detection reagents (cat. no. RPN2109, Cytiva).

Densitometric analysis. A scanner and image analysis soft‑
ware (ImageJ version 1.48; National Institutes of Health) 
was used for densitometric analysis of western blots. 
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Phosphorylated protein levels were calculated as follows: The 
background‑subtracted signal intensity of each phosphoryla‑
tion signal was normalized to the respective intensity of total 
protein and plotted as a fold increase compared to unstimulated 
control cells.

Statistical analysis. Mini StatMate (version 2.01; ATMS) was 
used for all data analysis. Analysis of variance followed by the 
Bonferroni significance test was used for multiple comparisons 
between the two groups. All measurements were conducted 
and analyzed in triplicate from dependent cell preparations. 
Data were expressed as mean ± standard deviation. P<0.05 
was considered to indicate a statistically significant difference.

Results

Gallein, but not fluorescein, increases PGF2α‑induced OPG 
release using the MC3T3‑E1 cell line. The present study first 
investigated the effect of gallein on PGF2α‑induced OPG 
secretion using an osteoblastic MC3T3‑E1 cell line. The result 
revealed that gallein did not affect OPG release in MC3T3‑E1 
cells, but significantly increased PGF2α‑induced OPG 
secretion. The effect of gallein on OPG secretion increased 
dose‑dependently up to 10 µM (Fig. 1A). The association 
of fluorescein, a gallein‑like compound that does not bind 
Gβγ (13), with PGF2α‑induced OPG secretion was also inves‑
tigated. The result indicated that fluorescein at concentrations 
of 1‑10 µM demonstrated no effect on OPG secretion with or 
without PGF2α stimulation (Fig. 1B).

Gallein, but not fluorescein, increases PGF2α‑induced 
IL‑6 release using MC3T3‑E1 cell line. The present study 
next investigated the effect of gallein on PGF2α‑induced 
IL‑6 secretion using the osteoblastic MC3T3‑E1 cell line. 
The result revealed that gallein did not affect IL‑6 release 
in the MC3T3‑E1 cell line, but it significantly increased 
PGF2α‑induced IL‑6 secretion. The effect of gallein on IL‑6 
secretion increased dose‑dependently at 1, 3, and 10  µM 
(Fig. 2A). In addition, the association of fluorescein with 
PGF2α‑induced IL‑6 secretion was investigated. The result 
revealed that 1, 3, and 10 µM of fluorescein did not affect IL‑6 
secretion with or without PGF2α stimulation (Fig. 2B).

Gallein enhances PGF2α‑induced OPG and IL‑6 mRNA 
expression using MC3T3‑E1 cell line. The aforementioned 
results reveal that gallein improves OPG and IL‑6 protein 
secretion; thus, the association of gallein with PGF2α‑induced 
OPG and IL‑6 mRNA expression levels was then investigated 
using the MC3T3‑E1 cell line. The results revealed that 10 µM 
of gallein significantly improved PGF2α‑induced OPG and 
IL‑6 mRNA expression levels (Fig. 3).

Gallein does not affect PGF2α‑activated p44/p42 MAPK, 
p38 MAPK and JNK in the MC3T3‑E1 cell line. Regarding 
the signaling mechanism in osteoblasts, the authors previ‑
ously used osteoblast‑like MC3T3‑E1 cells to demonstrate 
that PGF2α activates the phosphorylation of three major 
MAPKs, including p44/p42 and p38 MAPKs and JNK (10). 
The present study investigated how gallein affected 
p44/p42 and p38 MAPKs and JNK phosphorylation in 

these cells with or without PGF2α stimulation. The result 
was that gallein alone at 10, 30, and 50 µM did not affect 
p44/p42 and p38 MAPKs and JNK phosphorylation as well 
as PGF2α‑activated p44/p42 and p38 MAPKs and JNK 
phosphorylation (Fig. 4).

Figure 1. Gallein, but not fluorescein, increases PGF2α‑induced OPG release 
using the MC3T3‑E1 cell line. Cultured cells were pretreated with 1, 3, 10, 
and 30 µM of (A) gallein, (B) fluorescein, or vehicle for 60 min and then 
treated with 10 µM of PGF2α (closed circles) or vehicle (open circles) for 
the indicated periods. *P<0.05 vs. PGF2α alone. N.S. denotes no significant 
differences. PGF2α, prostaglandin F2α; OPG, osteoprotegerin.

https://www.spandidos-publications.com/10.3892/br.2024.1835
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Discussion

The present study revealed that gallein increased 
PGF2α‑induced OPG and IL‑6 secretion in osteoblast‑like 
MC3T3‑E1 cells. In addition, gallein improved the mRNA 

expression levels of PGF2α‑induced OPG and IL‑6. 
Therefore, gallein probably upregulated PGF2α‑induced 
OPG and IL‑6 secretion and the improving effect of gallein 
on PGF2α‑induced OPG and IL‑6 secretion may be mediated 

Figure 2. Gallein, but not fluorescein, increases PGF2α‑induced IL‑6 secre‑
tion using the MC3T3‑E1 cell line. Cultured cells were pretreated with 1, 3, 
10, and 30 µM of (A) gallein, (B) fluorescein, or vehicle for 60 min, and then 
treated with 10 µM of PGF2α (closed circles) or vehicle (open circles) for 
the indicated periods. *P<0.05 vs. PGF2α alone. N.S. denotes no significant. 
PGF2α, prostaglandin F2α.

Figure 3. Gallein enhances PGF2α‑induced OPG and IL‑6 mRNA expression 
using the MC3T3‑E1 cell line. Cultured cells were pretreated with 10 µM 
of (A) gallein, (B) fluorescein, or vehicle for 60 min, then stimulated using 
10 µM of PGF2α or vehicle for 3 h. The mRNA expression levels of OPG and 
IL‑6 were quantified by reverse transcription‑quantitative PCR. OPG and 
IL‑6 mRNA expression levels were normalized to those of GAPDH mRNA. 
*P<0.05 vs. control. #P<0.05 vs. PGF2α value alone. PGF2α, prostaglandin 
F2α; OPG, osteoprotegerin.
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through transcriptional events. We have previously shown 
that PGF2α activates the phosphorylation of three major 
MAPKs, such as p44/p42 and p38 MAPKs and JNK, in 

osteoblast‑like MC3T3‑E1 cells regarding intracellular signal 
transduction by PGF2α in osteoblasts (10). In addition, we 
revealed that PGF2α increases OPG secretion by activating 

Figure 4. Gallein does not affect PGF2α‑activated p44/p42 MAPK, p38 MAPK, and JNK using the MC3T3‑E1 cell line. Cultured cells were pretreated with 
10, 30, and 50 µM of gallein or vehicle for 60 min and then treated with 10 µM of PGF2α or vehicle for 10 min. Cell extracts were subjected to SDS‑PAGE 
followed by western blot analysis using antibodies against (A) phosporylated‑specific p44/p42 MAPK and p44/p42 MAPK, (B) phosporylated‑specific p38 
MAPK and p38 MAPK,  (C) phosporylated‑specific JNK and JNK and GAPDH. The histogram illustrates a quantitative representation of the phosphorylated 
kinase level after normalization to the unphosphorylated kinase level obtained from densitometric analysis. Levels were expressed as fold increases over basal 
levels shown as lane 1. *P<0.05 vs. control. N.S. denotes no significant differences. PGF2α, prostaglandin F2α.

https://www.spandidos-publications.com/10.3892/br.2024.1835
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these three major MAPKs (10). In addition, PGF2α induces 
IL‑6 secretion by activating p44/p42 and p38 MAPKs in 
these cells (8,9). The present study showed that gallein did 
not affect PGF2α‑induced p44/p42 and p38 MAPKs and 
JNK phosphorylation. Therefore, the intracellular signaling 
pathway may not activate the three major MAPKs although 
gallein amplifies PGF2α‑induced OPG and IL‑6 secretion in 
osteoblast‑like MC3T3‑E1 cells. To the best of the authors' 
knowledge, this is the first study revealing the active involve‑
ment of gallein in PGF2α‑induced OPG and IL‑6 secretion 
in osteoblasts.

Heterotrimeric G proteins are membrane‑bound G 
proteins that form heterotrimeric complexes. The hetero‑
trimeric protein directly binds to seven transmembrane 
G protein‑coupled receptors. Heterotrimeric proteins are 
composed of Gα, Gβ, and Gγ subunits. The subunit binds 
either GTP or GDP and acts as an on/off switch for G protein 
activation. A ligand that binds to a GPCR catalyzes the 
exchange of GDP and GTP on the Gα subunit and is released 
from the Gβγ subunit. Gα and Gβγ subunit dissociation 
enables each subunit to bind directly to downstream signaling 
proteins  (19). Gallein generally inhibits Gβγ signaling 
without affecting GPCR‑dependent Gα activation (20). The 
present study used fluorescein, which has a structure similar 
to gallein but does not bind to Gβγ (13), as a control to inves‑
tigate the association of Gβγ inhibition with the effects of 
gallein. Fluorescein did not affect PGF2α‑induced OPG and 
IL‑6 secretion in osteoblast‑like MC3T3‑E1 cells at either the 
protein or mRNA levels. Therefore, fluorescein did not inhibit 
Gβγ signaling and was not involved in PGF2α‑induced OPG 
and IL‑6 secretion despite being a gallein‑like compound. 
Therefore, the amplifying effect of gallein on PGF2α‑induced 
OPG and IL‑6 secretion is mediated by its Gβγ inhibition in 
osteoblasts.

PGF2α regulates various physiological functions by inter‑
acting with and activating the PGF2α receptor (FP), which 
belongs to the G protein‑coupled receptor family. Generally, 
PG receptors activate different G protein subtypes, among 
which FP is primarily coupled to the Gα subunit. Gαβγ 
subunits dissociate into Gα and Gβγ components and cell 
signaling pathways are exerted when PGF2α binds to FP (21). 
Therefore, the present results indicated that gallein may act on 
FP, which has a GPCR structure, and inhibit the Gβγ subunit 
activation, thereby increasing PGF2α‑induced OPG and IL‑6 
secretion in osteoblasts.

OPG binds to RANKL and inhibits RANK activation in 
bone metabolism, thereby preventing bone resorption through 
osteoclast differentiation and activation  (2). The present 
study revealed that gallein upregulates PGF2α‑induced OPG 
secretion in osteoblasts. Therefore, the positive result that 
gallein increases OPG secretion may indicate that gallein 
suppresses bone resorption by osteoclasts by regulating the 
RANK/RANKL/OPG axis. Conversely, the pro‑inflammatory 
cytokine, IL‑6, is generally a bone resorption factor. IL‑6 can 
stimulate osteoclast formation in bone resorption in conditions 
such as estrogen deficiency (3). However, IL‑6 exhibits a posi‑
tive effect on bone formation and is considered an osteotropic 
factor (22). Furthermore, osteoclast bone resorption, followed 
by bone formation by osteoblasts, triggers bone resorption in 
bone remodeling (1). PGF2α generally serves an important 

role as a bone remodeling regulator (7). Considering these 
results, the findings that gallein enhances IL‑6 are not neces‑
sarily inconsistent with the result that gallein promotes OPG. 
We have recently revealed that oncostatin M, which serves an 
important role in fracture healing, promotes PGD2‑induced 
OPG and IL‑6 secretion using the osteoblastic MC3T3‑E1 cell 
line (23). The amplifying effect of gallein on OPG and IL‑6 
secretion may be an important discovery from the perspective 
of the treatment of metabolic bone diseases, considering that 
oncostatin M has favorable effects on bone metabolism.

In conclusion, the results of the present study revealed that 
gallein increased PGF2α‑induced OPG and IL‑6 secretion in 
osteoblasts, indicating that gallein may regulate bone remod‑
eling through OPG/IL‑6 in bone metabolism.
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