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R E S E A R C H  A R T I C L E

BACKGROUND: The potential of the caffeic acid in 
other important Receptor Activator Nuclear Factor 

kB Ligand (RANKL)-Tumor Necrosis Factor 

(TNF)a-induced osteoclastogenic signaling pathways has 

not been known. Therefore, the current study was conducted 

to explore as well as to understand the inhibition potential 

of caffeic acid. 

METHODS:  RAW264.7 cells were cultured, treated 

with caffeic acid, RANKL and TNFa. Tartrate Resistant 

Acid Phosphatase (TRAP) staining was performed to 

detect TRAP+ osteoclast-like polynuclear cells. To detect 

the activity of p44/42 Mitogen Activated Protein Kinase 

(MAPK), Akt, and Transforming Growth Factor-β-activated 
Kinase (TAK)1, the phosphorylated forms of the proteins 

were investigated with the immunoblotting assay. 

RESULTS: Pre-treatment of caffeic acid inhibited the 
RANKL and TNFa-induced differentiation of RAW264.7 
cells into TRAP+ osteoclast-like polynuclear cells. RANKL 

and TNFa induced phosphorylation of p44/42 MAPK at 

Thr202/Tyr204, phosphorylation of Akt at both Ser473 

and Thr308 and phosphorylation of TAK1 at Ser412. Pre-

treatment with caffeic acid prior to the RANKL and TNFa 

induction, inhibited the phosphorylation of MAPK, and 

TAK1, but not Akt. 

CONCLUSION: Caffeic acid might regulate the RANKL-
TNFa-induced osteoclastogenic pathway in RAW264.7 by 

targeting TAK1, which later activation of p44/42 MAPK 

was abolished.
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Abstract

Introduction

Bone remodeling process is a complex mechanism, 

influenced by osteoclast and osteoblast. Osteoclast is a 
major bone resorbing factor derived from hematopoietic 

stem cells, induced by various cytokines such as Receptor 

Activator Nuclear Factor kB Ligand (RANKL), Tumor 

Necrosis Factor (TNF)-a, Macrophage Colony Stimulating 

Factor (M-CSF), Interleukin (IL)-1a and IL-6.(1,2) The 

bindings of RANKL to RANK and TNF to TNF receptor 

further induces intracellular signaling pathways, including 

Tumor Necrosis Factor Receptor (TNFR)-associated 

Factor 6 (TRAF6) (3), Mitogen Activated Protein Kinase 

(MAPK) family (4-6) and Nuclear Factor kB (NFkB) (7). 

Activated MAPK family consists of p44/42 MAPK (4), p38 

MAPK (4,5), and c-Jun N-Terminal Kinase (JNK) or Stress 

Activated Protein Kinase (SAPK) (6).

 The inhibition of osteoclastogenesis can be achieved 

by using inhibitors related to the upregulated signals. The 

6877002 (inhibitor of TRAF6) (8), U0126 and PD98059 

(inhibitors of p44/42 MAPK) (9), SB203580 (inhibitor of 

p38) (10), SP600125 (inhibitor of JNK/SAPK) (11) and 

JSH 23 (NFkB inhibitor) (12) have been reported to inhibit 

osteoclastogenesis. Besides the molecules mentioned above, 

there are numerous efforts in finding potential inhibitors,   
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Methods

Cell Culture
RAW264.7 cells were cultured in 96-well plates or 6-well 

plates with α-MEM (GIBCO, Grand Island, NY), 10% 
Fetal Bovine Serum (Sigma-Aldrich, St. Louis, MO) and 

penicillin-streptomycin, in a 37°C humidified incubator 
with 5% CO

2
. 

Osteoclastogenesis
Pre-treatment of 10 μg/mL caffeic acid (Sigma-Aldrich) 
was conducted for 2 hours prior to the treatment of 20 

ng/mL RANKL (PeproTech, London, UK) and 1 ng/mL 

TNFα (Sigma-Aldrich). After 3 days, Tartrate Resistant 
Acid Phosphatase (TRAP) staining using Leukocyte Acid 

Phosphatase Kit (Sigma-Aldrich) was performed. TRAP+ 

polynuclear cells (PNCs) were documented under an 

inverted microscope.

Immunoblotting Assay
Treated cells were harvested and incubated with lysis 

buffer containing 10 mM Tris buffer (pH 7.4), 150 mM 
NaCl, 1% Triton-X100 and 100 μL protease inhibitor 
cocktail (Sigma-Aldrich). The proteins in the samples were 

separated by sodium dodecyl sulfate (SDS)-polyacrylamide 

gel electrophoresis and transferred to a nitrocellulose 

membrane (Bio-Rad, Richmond, CA, USA). After blocking 

with 5% skim milk in phosphate buffer saline (PBS) (pH 
7.4), the membrane was probed with 1:1000 diluted 

rabbit polyclonal anti-phospho-p44/42 MAPK (Thr202/

Tyr204) (Cell Signaling Technology, Beverly, MA, USA), 

anti-p44/42 MAPK (Cell Signaling Technology), anti-

phospho-Akt (Ser473) (Cell Signaling Technology), anti-

phospho-Akt (Thr308) (Cell Signaling Technology), anti-

Akt (Cell Signaling Technology), anti-phospho-TAK1 

(Ser412) (Cell Signaling Technology) or anti-TAK1 (Cell 

Signaling Technology) antibody. The secondary antibody 

was 1:2000 diluted horseradish peroxidase-conjugated 

donkey anti-rabbit antibody (Cell Signaling Technology). 

The bound antibodies were visualized using Immun-Star 

HRP Chemiluminescent Kit (Bio-Rad). All visualized bands 

were captured using Alliance 4.7 (UVItech, Cambridge, 

UK) and quantified using UVIband software (UVItech).

Results

RANKL and TNFα-induced Osteoclastogenesis was 
Inhibited by Caffeic Acid
Induction of 20 ng/mL RANKL and 1 ng/mL TNFα 
successfully differentiated RAW264.7 cells into TRAP+ 

osteoclast-like PNCs (Figure 1B). Pre-treatment of 10 

μg/mL caffeic acid could inhibit the RANKL and TNFα-
induced differentiation of RAW264.7 cells into TRAP+ 

osteoclast-like PNCs (Figure 1C).

RANKL and TNFα-induced Phosphorylation of p44/42 
MAPK at Thr202/Tyr204 was Inhibited by Caffeic Acid
Treatment of 20 ng/mL RANKL and 1 ng/mL TNFα for 0.2, 
1, 6 and 12 hours induced phosphorylation of p44/42 MAPK 

markedly at Thr202/Tyr204, especially phosphorylation of 

p44 (Figure 2). The phosphorylation of p44/42 MAPK was 

observed at 0.2 hour treatment. The highest phosphorylation 

level of p44/42 MAPK was observed at 1 hour treatment. 

The phosphorylation level was then decreased gradually. 

Pre-treatment of caffeic acid inhibited the phosphorylation 
of p44/42 MAPK induced by RANKL and TNFα (Figure 2). 

RANKL and TNFα-induced Phosphorylation of Akt at 
Ser473 and Thr308 was Not Inhibited by Caffeic Acid
Treatment of 20 ng/mL RANKL and 1 ng/mL TNFα for 0.2, 
1, 6 and 12 hours induced phosphorylation of Akt markedly 

at both Ser473 and Thr308 (Figure 3). The phosphorylation 

including   the   approach   in   herbal   extract.  Some  

herbal  extracts  have  shown  their  potencies  in inhibiting  

osteoclastogenesis  through  different  pathways.(3-7,13) 
 Amongst the herbal extracts, caffeic acid, often found 
in berries and Japanese sweet potato has been studied for 

its potential to protect human cells from several diseases 

including cancer and bone resorption.(3,5-7,14) Caffeic 
acid activated the Caspases, further inducing osteosarcoma 

cells into apoptosis.(15,16) Meanwhile, in bone resorption, 

caffeic acid has a potential in inhibiting RANKL-TNFa-

induced osteoclastogenesis through TRAF6, p38 MAPK, 

JNK/SAPK, Nuclear Factor of Activated T-cells cytoplasmic 

1 (NFATc1), and NFkB.(3,5-7) However, potential of the 

caffeic acid in other important osteoclastogenic signaling 
pathways, such as p44/42 MAPK (17) and Akt (18), have 

not been known. These pathways should be explored as 

well  to understand  inhibition  potential  of  caffeic  acid. 
In addition, the TRAF6 was reported to be not inhibited by 

caffeic acid. Therefore, another potential downstream  of the 
RANKL & TNFa signaling pathway should be  explored. 

Amongst them, Transforming Growth Factor-β-activated 
Kinase 1 (TAK1) (18-20), which was reported to regulate 

the development and function of osteoclasts was explored.
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Figure 1. RANKL and TNFa-induced osteoclastogenesis in RAW264.7 cells were inhibited by caffeic acid. RAW264.7 cells were 
pre-treated with/without 10 μg/mL caffeic acid for 2 hours and treated with/without 20 ng/mL RANKL and 1 ng/mL TNFa for 3 days. A: 
Untreated RAW264.7 cells; B: RAW264.7 cells were treated with RANKL and TNFa; C: RAW264.7 cells were pre-treated with caffeic 
acid then treated with RANKL and TNFa. Black bar: 100 μm.

Discussion

In the current study, RANKL and TNFα induced 
phosphorylation of p44/42 MAPK markedly, especially 

phosphorylation of p44 MAPK or also known as 

Extracellular signal-regulated kinase (Erk)1. Erk1 has 

been known to positively regulate osteoclast development 

and bone resorptive activity.(21) Impaired osteoclast 

differentiation and reduced number of osteoclast progenitors 
in the bone marrow of Erk1−/− mice has been reported.

(21) In our current results, the RANKL-TNFa-induced 

phosphorylation of p44/42 MAPK or phosphorylation of 

Erk1/2 was inhibited by caffeic acid, which was shown to 
inhibit osteoclastogenesis. Therefore, p44/42 MAPK could 

A B C

Figure 2. RANKL and TNFa-induced phosphorylation 
of p44/42 in RAW264.7 cells was inhibited by caffeic acid. 
RAW264.7 cells were pre-treated with/without 10 µg/mL caffeic 
acid for 2 hours and treated with 20 ng/mL RANKL and 1 ng/mL 
TNFa for 0, 0.2, 1, 6 and 12 hours. Cells were lysed and subjected 
to immunoblotting assay using anti-p44/42 or anti-p-p44/42 
antibody. Data represent a typical result from 3 independent 
experiments. p-p44: phosphorylated p44; p-p42: phosphorylated 
p42.

of Akt at both Ser 473 and Thr308 were observed at 0.2 

hour treatment. The phosphorylation levels of Akt at both 

Ser 473 and Thr308 were almost the same up to 12 hours 

treatment. Pre-treatment of caffeic acid did not inhibit the 
phosphorylation of Akt at both Ser473 and Thr308. 

RANKL and TNFα-induced Phosphorylation of TAK1 
at Ser412 was Inhibited by Caffeic Acid
Treatment of 20 ng/mL RANKL and 1 ng/mL TNFα for 0.2, 
1, 6 and 12 hours induced phosphorylation of TAK1 at Ser412 

markedly. The phosphorylation of TAK1 was markedly 

increased at 0.2 hour treatment. The phosphorylation level 

was then decreased gradually. Pre-treatment of caffeic acid 
inhibited the phosphorylation of TAK1 induced by RANKL 

and TNFα (Figure 4).

Figure 3. RANKL and TNFa-induced phosphorylation of Akt 
in RAW264.7 cells was not inhibited by caffeic acid. RAW264.7 
cells were pre-treated with/without 10 µg/mL caffeic acid for 2 
hours and treated with 20 ng/mL of RANKL and 1 ng/mL of TNFa 
for 0, 0.2, 1, 6 and 12 hours. Cells were lysed and subjected to 
immunoblotting assay using anti-Akt, anti-p-Akt at Ser473 or anti-
p-Akt at Thr308 antibody. Data represent a typical result from 3 
independent experiments. p-Akt: phosphorylated Akt.



Print ISSN: 2085-3297, Online ISSN: 2355-9179The Indonesian Biomedical Journal, Vol.13, No.4, December 2021, p.337-443

436

Figure 4. RANKL and TNFa-induced phosphorylation of 
TAK1 was inhibited by caffeic acid. RAW264.7 cells were pre-
treated with/without 10 µg/mL caffeic acid for 2 hours and treated 
with 20 ng/mL RANKL and 1 ng/mL TNFa for 0, 0.2, 1, 6 and 
12 hours. Cells were lysed and subjected to immunoblotting assay 
using anti-TAK1 or anti-p-TAK1 antibody. Data represent a typical 
result from 3 independent experiments. p-TAK1: phosphorylated 
TAK1.

be suggested to play important role in the osteoclastogenic 

pathway induced by RANKL-TNFa and caffeic acid could 
regulate the phosphorylation.

 With the induction of RANKL-TNFa, phosphorylation 

of Akt was also increased at both Ser473 and Thr308. 

Moreover the role of Akt  in osteoclast differentiation has 
been well reported.(18) However, unlike phosphorylation 

of p44/42 MAPK, the RANKL-TNFa-induced 

phosphorylation of Akt at both Ser473 and Thr308 was not 

inhibited by caffeic acid. These results suggested caffeic acid 
might inhibit selectively the signals in the osteoclastogenic 

pathway. Therefore, several TRAP+ osteoclast-like PNCs 

could be observed in the group treated with caffeic acid 
prior to RANKL-TNFa, as reported previously.(7)

 TAK1, an important factor in RANKL-TNFa-

induced osteoclast differentiation, was shown to be highly 
phosphorylated in our RAW264.7 cells as well.(20) The 

phosphorylation was observed in an early period of time, 

about 0.2 h or 12 min. The phosphorylation of TAK1 

was inhibited by caffeic acid. This result suggested that 
caffeic acid might regulate the RANKL-TNFa-induced 

osteoclastogenic pathway in RAW264.7 by targeting TAK1. 

This result is in accordance to our previous report showing 

that TRAF6 was not inhibited by caffeic acid, since the 
caffeic acid inhibited TAK1, the downstream of TRAF6.
(22) By inhibiting phosphorylation of TAK1, therefore 

all p44/42 MAPK, p38 MAPK (5), JNK/SAPK (6) and 

Conclusion

Taken together, caffeic acid might regulate the RANKL-
TNFa-induced osteoclastogenic pathway in RAW264.7 by 

targeting TAK1, which later activation of p44/42 MAPK 

was abolished.
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