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Abstract
The treatment for osteoporosis involves inhibiting bone resorption and osteoclastogenesis. Glycyrrhizin (GLY) is a trit-
erpenoid saponin glycoside known to be as the most medically efficacious component of the licorice plant. It has strong 
anti-inflammatory, antioxidant, and antitumor properties. We investigated the effect of GLY on osteoclastogenesis, bone 
resorption, and intracellular oxidative stress and its molecular mechanisms. In vitro osteoclastogenesis assays were performed 
using bone marrow monocytes with and without glycyrrhizin. We also evaluated the effects of glycyrrhizin on the secretion 
of TNF-α, IL-1β, and IL-6 in LPS-stimulated RAW 264.7 cells using ELISA. The effects of glycyrrhizin on the expression 
of osteoclast-related genes, such as Nfatc1, c-fos, Trap, and cathepsin K (CK), were investigated by RT-PCR. Intracellular 
reactive oxygen species (ROS) were detected in receptor activator of nuclear factor kappa-Β ligand (RANKL)-stimulated 
osteoclasts in the presence and absence of glycyrrhizin. During the inhibition of osteoclastogenesis by glycyrrhizin, phos-
phorylation of AMPK, Nrf2, NF-κB, and MAPK was analyzed using western blotting. Our results showed that glycyrrhizin 
significantly inhibited RANKL-induced osteoclastogenesis, downregulated the expression of NFATc1, c-fos, TRAP, CK, 
DC-STAMP, and OSCAR, and inhibited p65, p38, and JNK. Glycyrrhizin was found to significantly decrease the secretion 
of inflammatory cytokines (TNF-α, IL-1β, and IL-6). Additionally, glycyrrhizin reduced the formation of ROS in osteoclasts 
by inducing AMPK phosphorylation and nuclear transfer of NRF2, resulting in an upregulation of antioxidant enzymes, such 
as HO-1, NQO-1, and GCLC. In summary, we found that glycyrrhizin inhibited RANKL-induced osteoclastogenesis. It was 
also indicated that glycyrrhizin could reduce oxidative stress by inhibiting the MAPK and NF-κB pathways and activating 
the AMPK/NRF2 signaling. Therefore, glycyrrhizin may be used as an effective therapeutic agent against osteoporosis and 
bone resorption.
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AMPK  AMP-activated protein kinase
ROS  Reactive oxygen species
NFATc1  Nuclear factor of activated T cells 1

JNK  c-Jun N-terminal kinase
NF-κB  Nuclear factor kappa B
Nrf2  Nuclear factor-erythroid 2-related factor 2
HO-1  Heme oxygenase-1
TNF-α  Necrosis factor-α
RANKL  Receptor activator of nuclear factor kappa-

B (NF-κB) ligand
MAPK  Mitogen-activated protein kinase
M-CFS  Macrophage colony-stimulating factor
TRAP  Tartrate-resistant acid phosphatase
BMM  Bone marrow monocytes
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase
CK  Cathepsin K
CTR   Calcitonin receptor
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DC-STAMP  Dendrocyte expressed seven transmem-
brane protein

OSCAR   Osteoclast-associated immunoglobulin-like 
receptor

Introduction

Bones are always in a state of dynamic metabolism due to 
simultaneous activated osteogenesis and bone resorption, 
which are executed by osteoblasts and osteoclasts, respec-
tively [1]. Bone formation and resorption collectively gov-
ern the normal bone mass. Osteoclasts are special multi-
nucleated macrophages that are formed by the fusion of 
monocytes derived from bone marrow hematopoietic stem 
cells and are mainly responsible for bone resorption [2]. 
An increase in the number or function of osteoclasts leads 
to osteoporosis, which significantly reduces bone mineral 
density and results in the formation of thin trabecular 
bone, eventually, increasing the risk of bone fractures.

Numerous studies have revealed that accumulative 
intracellular oxidative stress induced by reactive oxygen 
species (ROS) triggers cellular dysfunction, and may lead 
to inflammation, cancer, and aging, if the physiological 
antioxidant defense system fails to scavenge the ROS 
duly [3]. Specifically, it has been repeatedly reported that 
ROS played a critical role in osteoclastogenesis and bone 
resorption by RANKL-mediated activation of NADPH 
oxidase (NOX), TRAF6, and Rac1 by RANKL [4–6]. 
Nuclear factor-erythroid 2-related factor 2 (Nrf2) is the 
key transcription factor that regulates the generation of 
cytoprotective antioxidants including cytoprotective 
enzymes including heme oxygenase-1 (HO-1), NAD(P)
H: quinone reductase (NQO-1), γ-glutamyl cysteine syn-
thetase catalytic subunit (GCLC), and modifier subunit 
(GCLM), all of which are ROS scavengers [7, 8]. AMP-
activated protein kinase (AMPK) has also been demon-
strated to be a critical factor in oxidative response, inflam-
mation, and tumorigenesis [9–11].

Studies have shown that many small molecular com-
pounds derived from natural products have good phar-
macological benefits that include antioxidant, antiaging, 
anti-inflammatory, and antitumor effects [12–15]. Certain 
compounds, including Carnosic acid, Avenanthramides, 
and Sodium hydrosulfide, are known to effectively inhibit 
osteoclast differentiation to prevent excessive bone resorp-
tion by inducing Nrf2/HO-1, and eliminate ROS and 
oxidative stress in osteoclasts [16, 17]. Recently, accu-
mulative researches revealed that glycyrrhizin (GLY), a 
triterpenoid saponin glycoside known as the most effica-
cious component of the licorice plant, possesses multiple 
pharmacological properties including anti-inflammation, 
antitumor, antiaging, and antioxidative properties [18–21]. 

However, the scope of using GLY for the treatment of 
osteoporosis and other osteoclast-related diseases has not 
been extensively studied.

In the current study, we investigated the effect of GLY 
on the generation of ROS and the attenuation of RANKL-
induced oxidative stress within osteoclasts. Our results 
demonstrated that glycyrrhizin inhibited osteoclastogene-
sis by suppressing NF-kB and MAPK in a dose-dependent 
manner. Furthermore, AMPK/Nrf2 were activated by the 
inhibitory effect of GLY, resulting in upregulation of anti-
oxidants including HO-a, NQO1, and GCLC.

Materials and Methods

Reagents

Glycyrrhizin (purity, > 98%, as determined by high-perfor-
mance liquid chromatography; Fig. 1a) was purchased from 
MeilunBio Co. (Dalian, Liaoning, China). It was stored at 
− 20 °C without direct exposure to light after it was dis-
solved in dimethyl sulfoxide supplied by Sigma-Aldrich (St. 
Louis, MO, USA). TRAP staining kit, Triton X-100, and 
40,6-diamidine-20-phenylindole dihydrochloride (DAPI) 
were also provided by Sigma-Aldrich. Recombinant mouse 
RANKL and M-CSF were purchased from R&D Systems 
(Minneapolis, MN, USA). Alpha Modification of Eagle’s 
Medium (α-MEM) was obtained from HyClone (Logan, UT, 
USA). Penicillin–streptomycin solution, trypsin-ethylene-
diaminetetraacetic acid solution (0.25%), and fetal bovine 
serum (FBS) were obtained from Gibco (Gaithersburg, 
MD, USA). Cell counting kit-8 (CCK-8) was provided by 
Dojindo Molecular Technology Inc. (Kumamoto, Japan). 
RNA extraction kit (RNeasy kit) was obtained from Qia-
gen (Valencia, CA, USA). Specific primary and secondary 
antibodies, including IkBα, P-IkBα, ERK, p-ERK, JNK, 
p-JNK, p38, p-p38, Akt, p-Akt, GSK3β, p-GSK3β, AMPK, 
p-AMPKα1, Nrf2, HO-1, NQO1, GCLC, GCLM, Lamin 
B, GAPDH, were purchased by Cell Signaling Technology 
(Danvers, MA, USA) and Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). Hydroxyapatite-coated plates were pur-
chased from Corning Life Science (St. Lowell, MA, USA). 
Compound C (Dorsomorphin) was used as AMPK inhibitor 
provided by Selleck Chemicals (Houston, TX, USA).

Isolation of Mouse Bone Marrow‑Derived Monocytes 
(BMMs) and Cell Culture

All experiments were approved by the Ethics Committee of 
Tongren Hospital affiliated with Shanghai Jiao Tong Univer-
sity School of Medicine (Shanghai, China). All the proto-
cols used were in accordance with the guidelines and proce-
dures authorized by the Animal Care and Use Committee of 
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Shanghai Jiao Tong University School of Medicine. Primary 
BMMs were isolated from bone marrow aspirates of male 
C57BL/6 mice (6–8 weeks old) as described previously [22]. 

Briefly, bone marrow cells were isolated from aspirates of 
the tibiae and femurs of the mice. The cells were incubated 
in a culture dish (diameter, 10 cm) containing α-MEM, 10% 

Fig. 1  Effect of glycyrrhizin on osteoclastogenesis in vitro. a Picture 
of Glycyrrhiza uralensis Fisch, b chemical structure of glycyrrhizin, 
c, d cell viabilities of RAW264.7 cells and BMMs after treatment 
with GLY for 24, 48, 72, or 96 h were detected using Cell Counting 

Kit-8 (CCK-8). e MNCs were incubated with RANKL and glycyrrhi-
zin (0, 25, 50, or 100  µM) and osteoclasts were identified from the 
TRAP staining test. f, g Number and percentage of TRAP-positive 
MNCs. Asterisk indicates p < 0.05, double asterisk indicates p < 0.01
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(v/v) FBS, and 30 ng/ml M-CSF at 37 °C in a humidified 
atmosphere (5%  CO2, 95% air) for 12–24 h. Next, the sus-
pension of non-adherent cells was collected and reseeded in 
another 10-cm dish and cultured. After 3 days of incubation, 
the medium containing non-adherent cells (e.g., hemocytes 
and lymphocytes) and impurities was discarded and the 
adherent cells were used as BMMs. After another 3–4 days 
of culture until 90% confluence was reached, the BMMs 
were harvested by trypsin digestion and seeded into culture 
plates or dishes for further experiments.

Cell Viability Assay

Cell Counting kit-8 (CCK-8, Dojindo, Kumamoto, Japan) 
was used to evaluate cell viability. Briefly, RAW264.7 
cells and BMMs were seeded in four 96-well plates with 
or without glycyrrhizin (0, 5, 10, 20, 40, 80, or 160 µM) for 
24, 48, 72, or 96 h. Culture media were then replaced with 
those containing 30 ng/ml M-CSF, followed by incubation 
for 48 h. Next, the media were replaced with 10% CCK-8 
solution (100 µl/well), after which the plates were incubated 
for 2 h at 37 °C. Absorbance was immediately measured 
at 450 nm (630 nm as reference) using a BioTek Synergy 
HT spectrophotometer. Each experiment was repeated three 
times. Results have been expressed as increases or decreases 
in cell number over different concentrations of glycyrrhizin.

In Vitro Osteoclastogenesis Assay

BMMs were seeded at 1 × 104/well in triplicates in 96-well 
plates for 24 h until they adhered to the plates. Culture media 
were replaced with fresh media containing 30 ng/ml M-CSF, 
100 ng/ml RANKL, and varying non-cytotoxic concentra-
tions of glycyrrhizin (0, 25, 50, or 100 µM). These media 
were changed every other day. After 7 days, the cells were 
fixed with 4% paraformaldehyde for 30 s, stained using 
TRAP kit according to the manufacturer’s instructions, 
incubated for 1 h at 37 °C, and analyzed under a micro-
scope. TRAP-positive multinucleated cells (MNCs) (nuclei, 
> 3) were counted as osteoclasts. The percentage of TRAP-
stained MNCs per area (/mm2) was measured using Image-
Pro Plus 6.0 software. Each experiment was repeated three 
times [23].

F‑actin Ring Formation Assay

BMMs were seeded at 8 × 104/dish in confocal culture dishes 
(diameter, 35 mm). 24 h later, by which time the cells had 
adhered to the dishes, the culture media were replaced with 
fresh media containing M-CSF and RANKL with or with-
out glycyrrhizin (0, 50, or 100 µM). The cells were then 
cultured for 7 days. Next, the cells were fixed with 4% 
paraformaldehyde for 15 min, permeabilized with 0.1% 

(v/v) Triton X-100 for 5 min, and washed with phosphate-
buffered saline (PBS) three times. F-actin was stained with 
rhodamine-conjugated phalloidin (1:100; Invitrogen Life 
Technologies, Carlsbad, CA, USA) diluted with 0.2% (w/v) 
bovine serum albumin-PBS at 37 °C for 1 h, followed by 
washing with PBS. Nuclei were stained with DAPI for 5 min 
at room temperature. A fluorescent microscope (Axiovert 
200, Carl Zeiss, Oberkochen, Germany) was used to detect 
formed F-actin ring. Fluorescence images were processed 
using Zeiss ZEN software, and the number of intact F-actin 
rings was counted.

Hydroxyapatite Resorption Pit Assay

Hydroxyapatite resorption pit assay was performed using 
Corning Osteo Assay Surface 24-Well Plates (#3987; Corn-
ing Inc., Corning, NY, USA) coated at the bottom with 
hydroxyapatite. Next, 8 × 104 BMMs/well were seeded in the 
plates and media were changed with those containing 30 ng/
ml M-CSF and 100 ng/ml RANKL with or without glycyr-
rhizin (0, 50, or 100 µM). Afterwards, the attached cells 
were cultured for 7 days at 37 °C in 5%  CO2 until the osteo-
clasts matured. The media were completely aspirated from 
the wells on day 7 and the cells were detached with trypsin. 
Von Kossa staining was performed in order to increase the 
contrast between pits and surface coating. Visual enumera-
tion of pits was done using a microscope or software. The 
number of resorption pits (/mm2) was counted, and the per-
centage of the resorption area was measured. Each experi-
ment was repeated three times.

Enzyme‑Linked Immunosorbent Assay (ELISA)

ELISA was performed to evaluate the effect of GLY on the 
secretion of inflammatory cytokines by LPS-stimulated 
RAW 264.7 cells incubated with or without glycyrrhizin (0, 
50, or 100 µM). RAW 264.7 cells that were not treated with 
LPS served as the control group. ELISA kits were used for 
the experiments according to the manufacturer’s instruc-
tions. Each experiment was repeated three times.

Reactive Oxygen Species (ROS) Assay

The level of intracellular reactive oxygen species (ROS) 
in BMMs was assessed using the cell-permeable dye 
dichlorofluorescein diacetate (DCFH-DA) and OxiSelect™ 
Intracellular ROS assay kit (Cell Biolabs, Inc., San Diego, 
CA, USA). BMMs were seeded at 5 × 105/well in six-well 
plates containing 30 ng/ml M-CSF and 100 ng/ml RANKL, 
with or without glycyrrhizin (0, 25, 50, or 100 µM). The 
plates were incubated for 24 h, followed by the addition of 
10 µmol/l DCFH-DA to each well. Non-fluorescent DCFH 
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was converted to fluorescent DCFH-DA according to the 
amount of intracellular ROS generated. Fluorescence inten-
sity was immediately measured using a BioTek Synergy HT 
spectrophotometer at excitation and emission wavelengths of 
485 and 530 nm, respectively. Each experiment was repeated 
three times.

NF‑kB and Are‑Luciferase Assay

RAW 264.7 cells were stably transfected with NF-κB and 
ARE luciferase reporter constructed as described previ-
ously [24, 25]. Briefly, RAW 264.7 cells were seeded in 
48-well plates and pretreated with glycyrrhizin (0, 25, 50, 
or 100 µM) for 1 h, followed by the addition of 100 ng/
ml RANKL and incubation for 8 h. After cells were lysed 
with luciferase lysis buffer, luciferase activity was detected 
using Luciferase Assay Kit (Promega, Madison, WI, USA). 
Results have been presented as fold changes, which were 
obtained after normalization of data to that for the control 
group (0 mM glycyrrhizin group).

Nrf2 siRNA Transfection

For Nrf2 silencing, 5 × 105 cells per well of RAW 264.7 
cells were grown in six-well plates. Effective siRNAs spe-
cific for mouse Nrf2 and negative control siRNA were pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz, 
CA). When the confluence of cells reached approximately 
50%, cells were then subjected to transient transfection with 
Nrf2-negative control siRNA and Nrf2-siRNA using the 
X-tremeGENE siRNA transfection reagent (Roche Applied 
Science), following the manufacturer’s protocol. After 24 h, 
the transfected cells were treated with glycyrrhizin for 6 h, 
followed by lysis buffer for western blot analysis.

Total RNA Extraction and Real‑Time Polymerase 
Chain Reaction (RT‑PCR)

Quantitative PCR was used to measure the expression of 
specific genes during osteoclast formation. Briefly, BMMs 
were seeded at 5 × 105/well in six-well plates for total RNA 
extraction. The cells were incubated with 30 ng/ml M-CSF 
and 100 ng/ml RANKL, with or without 20 µM glycyr-
rhizin for 0, 1, 3, or 5 days. Total RNA was extracted 
using Qiagen RNeasy Mini kit according to the manu-
facturer’s instructions. cDNA was synthesized from 1 µg 
of total RNA using reverse transcriptase (TaKaRa Bio-
technology, Otsu, Japan). Real-time PCR was performed 
using SYBR Premix Ex Taq kit (TaKaRa) and an ABI 
7500 Sequencing Detection System (Applied Biosystems, 
Foster City, CA, USA). Each reaction was run in triplicate. 
The mouse primer sequences for CK, calcitonin recep-
tor (CTR), TRAP, DC-STAMP, OSCAR, c-fos, NFATc1, 

HO-1, NQO-1, and GAPDH are listed in Supplementary 
Table 1.

Western Blotting Analysis

The cells were lysed with radioimmunoprecipitation 
assay buffer (Beyotime, Shanghai, China) and 1% phenyl-
methylsulfonyl fluoride. Nuclear and cytoplasmic protein 
were isolated and extracted as previously reported [26]. 
Phosphatase Inhibitor Cocktail (#78441; Thermo Fisher, 
Waltham, MA, USA) was used to extract total protein after 
washing was done with PBS. The lysates were centrifuged 
at 12,000×g for 10 min and supernatants were collected. 
Protein concentrations in the samples were measured using 
BCA Protein Assay Reagent (Thermo Pierce, Rockford, 
IL, USA). Protein extracts were separated on sodium 
dodecyl sulfate–polyacrylamide gels and transferred onto 
polyvinylidene difluoride membranes (Millipore, Bedford, 
MA, USA). The membranes were incubated with primary 
antibodies at 4 °C overnight, after which secondary anti-
bodies were added and incubated for 1 h at room tem-
perature. Protein bands were detected using an Odyssey 
V3.0 image scanner (Li-COR. Inc., Lincoln, NE, USA). 
The intensity of each band was analyzed using ImageJ 
software.

NF‑κB Activation Assay

4 × 103 cells/dish of RAW264.7 were seeded onto confocal 
dishes. After cells adhered, all culture media were replaced 
with or without pretreatment of GLY for 4 h. Then, three 
groups were stimulated with PBS or 100 ng/ml RANKL 
for 20 min. Untreated group was stimulated with PBS as 
control. Media were discarded and cells were fixed using 4% 
paraformaldehyde. Immunofluorescent stain was performed 
using the NF-kB/ p65 Activation Nuclear Translocation 
Assay Kit (Beyotime, Shanghai, China) according to manu-
facturer’s instructions. The images were captured under 
an LSM5 confocal microscope (Carl Zeiss, Oberkochen, 
Germany).

Statistical Analysis

All results are expressed as mean ± standard deviation (SD) 
from at least three independent experiments. Statistical 
significance of data was analyzed using Student’s t test or 
analysis of variance followed by Dunnett’s test for post hoc 
analysis. SPSS 17.0 software (SPSS Inc., Chicago, IL, USA) 
was used for the statistical analysis. p values < 0.05 were 
considered statistically significant.
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Fig. 2  Effects of glycyrrhizin on F-actin ring formation and bone 
resorption. a, b F-actin rings and cell nuclei in osteoclasts differen-
tiated from BMMs were stained with 555 fluorescent phalloidin and 
DAPI, respectively, and counted. c, d BMMs were seeded in Corn-
ing osteo assay surface 24-well plates coated at the bottom with 

hydroxyapatite, and incubated with M-CSF, RANKL, and GLY 
for 9 days. e Secretion of inflammatory cytokines including TNF-a, 
IL-1β, and IL-6 was detected by ELISA. Asterisk indicates p < 0.05, 
whereas double asterisk indicates p < 0.01
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Results

Glycyrrhizin Inhibits RANKL‑Induced 
Osteoclastogenesis

The naturally active form of GLY in nature and chemical 
structure are shown in Fig. 1a, b, respectively. According 
to the results of the cell viability assay, proliferations of 
RAW264.7 cells and BMMs were not significantly reduced 
by glycyrrhizin even at concentration of 160 µM compared 
with those of control groups (0 µM), in which the OD val-
ues were 2.23 ± 0.12 (160 µM) versus 2.36 ± 0.11 (0 µM) 
and 2.18 ± 0.09 (160 µM) versus 2.21 ± 0.16 (0 µM) for 
RAW264.7 cells and BMMs, respectively, at 96 h (p > 0.05, 

Fig. 1c, d). Therefore, GLY was used at 0, 25, 50, or 100 µM 
concentrations in further experiments.

It has been demonstrated by TRAP staining that gly-
cyrrhizin inhibited cell fusion and the formation of MNCs 

Fig. 3  Effect of glycyrrhizin on expression of osteoclastogenesis-
related genes. a Differentiation and activity of osteoclast-related 
genes such as NFATc1, c-fos, TRAP, CK, CTR, DC-STAMP, and 

OSCAR were measured by real-time PCR. Asterisk and double aster-
isk indicate p < 0.05 and p < 0.01, respectively. b, c The protein of 
NFATc1, c-fos, TRAP, and CK were detected by western blotting

Fig. 4  Mechanisms of inhibitory effect of glycyrrhizin on osteoclas-
togenesis. a Phosphorylation of MAPK and NF-κB were evaluated by 
western blotting to further investigate the mechanism underlying the 
inhibition of osteoclastogenesis by glycyrrhizin. b Quantitative meas-
uring the gray intensity of proteins compared to GAPDH. c Expres-
sions of phosphorylated AMPK, Nrf2, and antioxidative enzymes 
were detected by western blotting. d Quantitative measuring the 
gray intensity of proteins compared to GAPDH or Lamin B. Aster-
isk indicates p < 0.05, double asterisk indicates p < 0.01. e Localiza-
tion and transfer of NF-kB (p65) were detected in PBS, RANKL, and 
RANKL + GLY treated groups by immunofluorescence assay

▸
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into osteoclasts in a dose-dependent manner (Fig. 1e). The 
number and percentage of TRAP-positive MNCs were 
accounted and analyzed. It was observed that the number 
and percentage of TRAP-positive MNCs in RANKL and 
100 µM glycyrrhizin-treated group were 10.33 ± 2.31 and 
3.67 ± 0.45%, respectively, while those were 64.33 ± 8.89 
and 51.33 ± 7.16% in control group, respectively, which 
were significantly higher than those of GLY-treating group 
(Fig. 1f, g).

F-actin rings are microtubule and microfilament struc-
tures in cells, which play critical roles in seal zone forma-
tion and absorption of bone mineral matrix in osteoclasts. 
Results showed that the numbers of F-actin rings, visualized 
by phalloidin under a fluorescent microscope, was remark-
ably reduced in the glycyrrhizin-treated cells in a concentra-
tion-dependent manner (Fig. 2a, b). Specifically, numbers of 
F-actin formed during osteoclastogenesis were 36.67 ± 4.72, 
17.21 ± 3.57, and 6.00 ± 1.39 in cells incubated with 0, 50, 
or 100 µM GLY, respectively. As a result of previous con-
sequence, as expected, significantly fewer hydroxyapatite 
resorption pits were formed when osteoclasts were incubated 
with glycyrrhizin in comparison to that of control (Fig. 2c, 
d).

Moreover, the effect of GLY on secretion of inflammatory 
cytokines from RAW264.7 cells, not only precursors of oste-
oclasts but macrophages as well, was detected. Results of the 
ELISA experiment showed that concentrations of TNF-α in 
control, LPS, LPS + 50 µM GLY, and LPS + 100 µM GLY 
groups were 48.21 ± 8.12, 181.67 ± 23.33, 127.82 ± 11.75, 
and 59.12 ± 5.23  pg/ml, respectively. Meanwhile, the 
amount of IL-1β secreted by RAW264.7 cells from con-
trol, LPS, LPS + 50 µM GLY, and LPS + 100 µM GLY 
groups were 31.22 ± 5.83, 133.77 ± 21.86, 102.03 ± 16.72, 
and 42.52 ± 4.27 pg/ml respectively. Meanwhile, the con-
centrations of IL-6 in these groups were 55.37 ± 11.24, 
127.81 ± 27.33, 78.24 ± 16.83, and 32.44 ± 6.11  pg/ml, 
respectively. Therefore, glycyrrhizin significantly inhibited 
the secretion of inflammatory cytokines including TNF-
α, IL-1β, and IL-6 by LPS-stimulated RAW 264.7 cells 
(Fig. 2e).

Osteoclastogenesis‑Related Genes Are 
Downregulated by Glycyrrhizin Through 
Suppression of NF‑kB and MAPK

Results of RT-PCR revealed that after treatment of the 
cells with RANKL, GLY caused a significant and dose-
dependent downregulation in the transcription of osteoclas-
togenesis-related genes such as NFATc1, c-fos, TRAP, CK, 
CTR, OSCAR, and DC-STAMP on day 1, 3, or 5 (Fig. 3a). 
In line with this, the expressions of proteins, including 
NFATc1, c-fos, TRAP, and CK, were noticeably inhibited 

by glycyrrhizin in a dose-dependent manner after stimula-
tion of the cells with RANKL for 3 days (Fig. 3b, c).

NF-κB and MAPK both play critical roles in multiple 
physiological and pathological cellular behaviors includ-
ing inflammation, carcinogenesis, proliferation, apopto-
sis, as well as osteoclastogenesis [27–29]. Therefore, we 
investigated effect of glycyrrhizin on them. The results 
indicated that glycyrrhizin tremendously suppressed phos-
phorylation of p38 MAPK, JNK, IKKα/β, and p65 NF-kB 
of pre-osteoclasts under stimulating by RANKL (Fig. 4a, 
b). Immunostaining of p65 in the activated NF-κB com-
plex indicated the localization of p65 in the cytoplasm 
prior to stimulation of the cells by RANKL. Once the cells 
were stimulated by RANKL, the subcellular localization of 
p65 changed from cytoplasm to nucleus, thereby suggest-
ing that RANKL activated the NF-κB complex. However, 
in the presence of GLY, the transfer of p65 from the cyto-
plasm to the nucleus was inhibited (Fig. 4e).

Inhibition of Osteoclastogenesis and Oxidative 
Stress by GLY Through the AMPK/Nrf2 Signaling Axis

Phosphorylation of AMPK (p-AMPK) and the expres-
sion of both cytoplasmic and nuclear Nrf2 were  
investigated by immunoblot. It was observed that GLY dose-
dependently induced the phosphorylation of AMPK. Moreo-
ver, it was demonstrated that the cytoplasmic Nrf2, a critical 
regulator of intracellular antioxidants, was downregulated, 
while nuclear NRF2 was upregulated as compared to the 
untreated control. This suggests that GLY promotes the 
transfer of NRF2 from the cytoplasm to the nucleus for the 
regulation of downstream genes by inducing phosphorylation 
of AMPK. Accordingly, intracellular antioxidants such as 
HO-1, NQO-1, and GCLC increased in response to the treat-
ment of glycyrrhizin in a concentration-dependent manner  
(Fig.  4c, d). The ROS in RANKL-induced osteo-
clasts were detected using DCFH-DA, a cell-permeable  
dye ,  and  i t  was  found  t ha t  GLY s ign i f i -
cant ly reduced the generat ion of  ROS in a  
dose-dependent way (Fig.  5a). Luciferase assay 
revealed that glycyrrhizin simultaneously inhibited the  
transcription of NF-kB but promoting the transcription of 
Nrf2-ARE (Fig. 5b, c).

To further investigate the role of AMPK in the glycyr-
rhizin-mediated distribution of NRF2, a specific AMPK 
inhibitor called compound C (Dorsomorphin, CC) was used 
in another western blotting assay. Proteins were detected in 
four groups of cells treated with RANKL only (RANKL); 
treated with RANKL and glycyrrhizin (RANKL + GLY); 
treated with RANKL and compound C (RANKL + CC); 
treated with RANKL, glycyrrhizin, and compound C 
(RANKL + GLY + CC). The results suggested that the 
expression of p-AMPK in the RANKL + GLY + CC group 
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was significantly reduced in comparison with that in the 
RANKL + GLY group, indicating an effective attenuation of 
the activation of AMPK by glycyrrhizin in the presence of 
CC (Fig. 5d, e). While cytoplasmic NRF2 was remarkably 
upregulated in the RANKL + GLY + CC-treated cells, nuclear 
NRF2 was decreased in comparison to the RANKL + GLY-
treated cells; this indicates that CC partly offsets the activation 
of p-AMPK and the transfer of NRF2 by GLY. In addition, the 
reduction in the ROS by GLY was found to be significantly 
restored after the inhibition of p-AMPK by CC (Fig. 5e).

Furthermore, the effect of CC on the GLY-induced suppres-
sion of osteoclastogenesis was monitored by TRAP staining. 
It was observed that the number of MNCs in RANKL + GLY 
group was dramatically less compared to that in the untreated 
control. The number of MNCs in RANKL + GLY + CC group 
was also less than the control but was significantly more than 
that in RANKL + GLY group. It can, therefore, be concluded 
that after getting remarkably suppressed by GLY, the forma-
tion of mature osteoclasts was partly restored by the addition 
of CC (Fig. 5f, h). Expression analyses of NFATc1 and c-fos 
proteins showed both the proteins were upregulated when 
treated with the RANKL + GLY + CC combination compared 
with that in the RANKL + GLY treatment, indicating the inhi-
bition of osteoclastogenesis by GLY by inducing p-AMPK 
(Fig. 5d, g).

Silencing of Nrf2 Abolished the Protective Effect 
of Glycyrrhizin on RANKL‑Induced Oxidative Stress

While oxidation is a fundamental risk factor in many dis-
orders including osteoporosis [30, 31], Nrf2 is deemed as 
a master mediator of antioxidant enzymes including HO-1, 
NQO-1, GCLC, and GCLM. Therefore, we used siRNA tar-
geting Nrf2 to study whether the inhibiting effect of glycyr-
rhizin on oxidative stress was Nrf2-dependent. In compari-
son to the control group, the remarkable property of GLY 
to eliminate intracellular ROS was effectively abolished in 
 Nrf2−/− cells (Fig. 6b). Results of RT-PCR revealed that the 
GLY-induced upregulation of antioxidant enzymes, HO-1 
and NQO-1, was also attenuated in  Nrf2−/− group compared 
with control (Fig. 6c, d).

Discussion

The maintenance of normal bone mass largely depends on 
the homeostasis between the osteogenic effect of osteoblasts 
and the bone resorption activity of osteoclasts. Osteoclasts 
are multinucleated macrophages that are aggregated and 
fusion products of multiple monocytes that are stimulated by 
cytokines such as RANKL and TNF-α [32]. Recent studies 
on the molecular mechanisms of osteoclast differentiation 
and bone resorption-related genes, and in-depth molecular 

mechanisms have revealed many new targets for effective 
treatment of osteoporosis. The drugs currently used in 
osteoporosis reduce bone resorption primarily by inhibiting 
osteoclast formation. Currently available antioxidants that 
are used include bisphosphonates, selective estrogen recep-
tor modulators, calcitonin, and estrogen [33, 34]. However, 
many recent studies have reported that some of these drugs 
cause serious health disorders such as breast cancer, endo-
metritis, thromboembolism, hypercalcemia, osteonecrosis of 
the jaw, and atrial fibrillation [35, 36]. Some plant-derived 
small-molecule compounds have also been used to inhibit 
osteoclast differentiation and bone resorption, because of 
their anti-inflammatory, antioxidant, anti-inflammatory, and 
antitumor effects [12, 14, 15, 37].

In the present study, glycyrrhizin effectively inhibited 
RANKL-induced osteoclastogenesis in vitro. It was dem-
onstrated by TRAP staining that glycyrrhizin significantly 
suppressed the formation of multinucleated giant cells. In 
addition, it reduced bone resorption in a dose-dependent 
manner, which was evidenced by the attenuation of F-actin 
ring formation in the osteoclasts and the bone resorption 
assay. The effects of glycyrrhizin on the expression of oste-
oclast-related genes were evaluated by RT-PCR and western 
blotting. These genes, including NFATc1, c-fos, TRAP, CK, 
CTR, DC-STAMP, and OSCAR , were significantly reduced 
by glycyrrhizin in a dose-dependent manner, especially on 
days 3 and 5 after the treatment with RANKL. Western 
blotting assays also indicated suppression in the levels of 
NFATc1, c-fos, TRAP, and CK.

As is well known, after RANKL binds to RANK, TRAF6 
gets activated and is recruited to upregulate the expression 
of c-fos and NFATc1 via the NF-κB and the p38/JNK/ERK 
pathways. NFATc1 is the master molecule in osteoclastogen-
esis [29, 38, 39]. In the classical NF-κB pathway, RANKL 
activates phosphorylated IκB kinase (IKK) by activating 
an intracellular kinase, which then phosphorylates IκB to 
separate it from the p65-p50 dimer. This allows the dimer 
to translocate to the nucleus for upregulating the expression 
of downstream genes such as TRAP, NFATc1, and CK. Our 
results showed that glycyrrhizin decreased the phosphoryla-
tion of NF-κB (p65), IKK, p38, and JNK. We hypothesize 
that glycyrrhizin mediates the expression of downstream 
genes that regulate osteoclast differentiation through the 
NF-κB and MAPK signaling pathways.

Moreover, it has been reported that TRAF6 also plays 
a critical role in generation of reactive oxygen species 
(ROS) in osteoclasts induced by RANKL [6]. Redundant 
ROS in cells can trigger many disorders including inflam-
mation, aging, metabolic disturbance, and osteoporosis [30, 
31]. Therefore, the NRF2-mediated regulation of antioxi-
dant enzymes, such as HO-1, NQO-1, GCLC, and GCLM, 
should be taken into consideration for preventing osteopo-
rosis by reducing ROS levels. Additionally, AMPK has been 
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Fig. 5  Involvement of AMPK in Nrf2 nuclear distribution and antiox-
idation by glycyrrhizin. a ROS in pre-osteoclasts were detected using 
DCFH-DA with or without glycyrrhizin. b, c Luciferase activities of 
NF-kB and Nrf2-ARE were detected in RAW264.7 cells under the 
stimulation of RANKL and different concentrations of glycyrrhizin. 
d, e Activation of AMPK and Nrf2 in osteoclasts induced by RANKL 
were detected with or without glycyrrhizin or/and compound c (inhib-

itor of AMPK). f, h Formation of osteoclasts was evaluated by TRAP 
staining with or without glycyrrhizin or/and compound c. g Osteo-
clastogenesis-associated genes, c-fos and NFATc1, were detected as 
well. Asterisk indicates p < 0.05 when compared with RANKL group, 
double asterisk indicates p < 0.01, hash indicates p < 0.05 when com-
pared with RANKL + GLY group
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Fig. 6  Knockout of Nrf2 abolished the suppression of glycyrrhi-
zin on oxidative stress caused by RANKL. a Proteins of Nrf2 were 
detected in wild-type (WT) and  Nrf2−/− RAW 264.7 cells. b ROS 
were detected in both WT and  Nrf2−/− with or without glycyrrhizin. 
c, d mRNA of HO-1 and NQO1 of WT and  Nrf2−/− were investigated 
by RT-PCR in the presence and the absence of glycyrrhizin. Double 

asterisk indicates p < 0.01, NS indicates no significant differences. e 
Graphic abstract of molecular mechanisms of glycyrrhizin suppress-
ing osteoclastogenesis and oxidative stress induced by RANKL. 
Phosphorylation of NF-κB, JNK, and p38 induced by RANKL were 
inhibited by glycyrrhizin while AMPK was activated and Nrf2/HO-1 
was upregulated
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shown to participate in the regulation of cellular energetic 
metabolism, oxidative stress, and Nrf2-HO-1 pathway [10, 
11, 40]. We investigated the effect of glycyrrhizin on intra-
cellular oxidative stress during its inhibition on osteoclas-
togenesis, and it turned out that glycyrrhizin significantly 
reduced ROS in osteoclasts. Moreover, GLY activated the 
phosphorylation of AMPK and upregulated nuclear Nrf2 and 
antioxidative genes, including HO-1, NQO-1, and GCLC, 
in a dose-dependent manner by glycyrrhizin. Compound C 
(Dorsomorphin), used as an AMPK inhibitor, attenuated the 
inhibitory effect of glycyrrhizin on osteoclastogenesis and 
oxidative stress, which further confirmed the activation of 
AMPK by GLY. Thereafter, siRNA targeted against Nrf2 
was used to establish transient Nrf2 knockout RAW 264.7 
cells  (Nrf2−/−). The ROS assay revealed that the inhibition 
of oxidative stress by GLY was rescued in  Nrf2−/− cells. As 
expected, RT-PCR demonstrated that the promoted expres-
sion of HO-1 and NQO-1 by GLY was abolished when Nrf2 
was knocked out. Conclusively, GLY reduced oxidative 
stress in RANKL-induced osteoclasts, thereby inhibiting 
osteoclastogenesis by activating the AMPK/Nrf2 axis.

GLY is known to inhibit the enzyme 11-ß-hydroxysteroid 
dehydrogenase type 2 in the adrenal gland. This causes a 
resultant cortisol-induced mineralocorticoid effect leading 
to elevations of serum sodium and reduction of serum potas-
sium levels, which can lead to hypertension [41]. However, 
it is well known that every drug has both therapeutic and 
toxic effects depending on dosage and usage. For instance, 
arsenic trioxide  (As2O3) is a very old toxin but as well as an 
effective antitumor drug. In addition, this present research 
was a really preliminary basic ex vivo investigation and it 
only can tell us that GLY indeed has an inhibitory effect on 
osteoclastogenesis, which means that side effects of GLY 
used for preventing bone resorption in vivo will be our next 
focus. Moreover, even though severe systematic side effects 
exist, GLY could be used locally in further research, like 
articular irrigation or intra-articular injection for OA or RA 
patients, to find out if it would decrease the influence of 
GLY on liver and adrenal gland. At least, given the cortisol-
induced mineralocorticoid effect of GLY, it would be the 
optimal drug for therapy of patients suffering from both 
hypoaldosteronism and osteoporosis. Therefore, our study 
only came up with a pharmacologic effect of GLY on bone 
resorption and there are still many further works to be done 
before GLY could be used clinically in terms of appropriate 
usage and dosage.

In summary, as illustrated (Fig. 6e), our findings firstly 
and clearly showed that glycyrrhizin suppresses RANKL-
induced osteoclastogenesis and oxidative stress through 
activating AMPK/Nrf2 and inhibiting NF-κB and MAPK. 
Therefore, glycyrrhizin may be a potential drug for the treat-
ment of osteoporosis and other osteoclasts-related diseases.
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