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Abstract. Colon cancer is one of the most common malig-
nancies of the digestive system. Although more effective 
therapeutic strategies have been developed in the last decades, 
there is still a great clinical need to explore new treatment 
regimens for colon cancer due to the undesirable prognosis. 
In the present study, we investigated the anticancer activity of 
resveratrol (Res) in human colon cancer cells, and the possible 
mechanism underlying this effect. We employed crystal violet 
staining, flow cytometry and western blotting to test the antipro-
liferation- and apoptosis-inducing effects of Res in LoVo cells. 
A xenograft tumor model was also introduced to confirm the 
in vivo anticancer effect of Res. Using PCR, western blotting, a 
recombinant adenovirus and a specific inhibitor of p38 MAPK 
or bone morphogenetic protein receptor (BMPR) to explore 
the possible molecular mechanisms. We found that Res mark-
edly inhibited the proliferation and promoted the apoptosis of 
LoVo cells, and suppressed the in vivo tumor growth of colon 
cancer. Res substantially upregulated the expression of bone 
morphogenetic protein 9 (BMP9). Exogenous expression of 
BMP9 enhanced the anticancer effect of Res in LoVo cells, 
while BMP9 knockdown partly reduced this activity. Res 
increased the activation of p38 MAPK, which was enhanced 
by the exogenous expression of BMP9. The anticancer activity 
of Res, or Res combined with BMP9, was reduced partly by the 
p38 MAPK inhibitor. The BMPR inhibitor almost abolished 
the Res-induced activation of p38 MAPK, and attenuated the 
antiproliferative effect of Res in the LoVo cells. Our findings 
strongly suggest that the anticancer effect of Res in human 
colon cancer cells may be partly mediated by upregulation of 
BMP9 to activate p38 MAPK in a BMPR-dependent manner.

Introduction

Colon cancer is one of the most common malignancies in the 
digestive system. Current treatments include surgical resec-
tion, radiotherapy, chemotherapy and targeted therapy alone 
or in combination. However, the prognosis remains unsatisfac-
tory (1,2). Thus, there is a great clinical need to explore new 
agents for the treatment of colon cancer.

Numerous herbs or their components have been clini-
cally used as potential candidates for anticancer agents, such 
as camptothecin, vincristine and taxol  (3-5). Polyphenolic 
compounds are highly present in red wine, and some reports 
and clinical epidemiologic studies have demonstrated that red 
wine contributes to a reduction in cardiovascular diseases and 
cancer risk (6,7). Resveratrol (3,5,4'-trihydroxystilbene, Res), a 
polyphenolic compound from beans and grapes, was discov-
ered in red wine by Siemann and Creasy in 1992, and can be 
used as a platelet aggregation inhibitor, cardiac-protection and 
anticancer agent (8,9). It has been reported that Res can inhibit 
the proliferation and promote the apoptosis of various types 
of cancer cells, such as colon, breast and prostate  (10-12). 
For colon cancer, although the anticancer effects of Res have 
been validated (10), the precise mechanisms underlying these 
activities remain unclear.

Bone morphogenetic proteins (BMPs) belong to the 
transforming growth factor-β (TGF-β) superfamily  (13). 
Approximately 20 BMPs have been identified to date, and 
they exert multifunctions to regulate physiological processes, 
such as proliferation, differentiation, adhesion, migration and 
apoptosis  (14,15). Thus, the aberrant expression of BMPs 
and/or downstream signal cascades have been implicated in 
the pathogenesis of various types of cancer, such as colon 
cancer (16,17). Therefore, BMPs and/or the downstream signal 
cascades may be used as potential targets for colon cancer 
treatment (15,18). BMP9 is the most potent BMP member to 
induce osteogenic differentiation in mesenchymal stem cells 
to date (19). Apart from promoting osteogenic differentiation, 
BMP9 is also implicated in cancer, although the outcome is 
controversial. BMP9 inhibits the proliferation of breast and 
prostate cancer cells (20,21), but promotes the proliferation 
of osteosarcoma, ovarian and liver cancer cells (22-24). The 
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response of cancer cells to BMP9 may greatly differ even in 
the same type of cancer by inhibiting or promoting prolifera-
tion, such as in osteosarcoma (22,25). BMP9 often onsets its 
signaling through the canonical BMP/Smad pathway. Namely, 
BMP9 binds with type II bone morphogenetic protein receptor 
(BMPR) or type  I BMPR, then phosphorylates Smad1/5/8 
and forms a complex with Smad4, followed by translocation 
to the nucleus and regulation of downstream targets (19,26). 
In addition, BMP9 can also exert its function through the 
non-canonical BMP/Smad pathway, such as p38 MAPK and 
PI3K/Akt (26,27). The p38 MAPK signal is involved in cell 
differentiation, apoptosis and autophagy (28). Activation of 
p38 MAPK is critical for BMP9 to induce osteogenic differen-
tiation in mesenchymal stem cells, but the relationship between 
p38 MAPK and BMP9 in cancer is not yet known.

Although the anticancer effect of Res in colon cancer cells 
has been well validated, it remains unknown whether BMP9 
is associated with this activity. In the present study, we investi-
gated the possible role of BMP9 in the antiproliferative effect 
of Res on LoVo cells, and we elucidated how BMP9 exerts this 
function. Our findings demonstrated that Res can effectively 
inhibit the proliferation and promote the apoptosis of LoVo 
cells, which may be partly mediated by upregulation of BMP9 
to activate p38 MAPK. Hence, Res may be used as an effective 
anticancer agent for colon cancer treatment alone or in combi-
nation with other agents, and BMP9/p38 MAPK signaling may 
be a potential therapeutic target for colon cancer treatment.

Materials and methods

Reagents and cell culture. Res was purchased from Xi'an 
Hao-xuan Biotechnology Co. Ltd. (Xi'an, China). For the 
in vivo experiments, Res was prepared with 0.5% carboxy-
methylcellulose sodium (CMC-Na) as a suspension. The 
LoVo cell line was obtained from the American Type Culture 
Collection (ATCC; Manassas, VA, USA). All antibodies were 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). LDN-193189 and SB203580 were purchased from 
Selleckchem (Houston, TX, USA). Cells were maintained in 
Dulbecco's modified Eagle's medium (DMEM) with 10% fetal 
bovine serum (FBS), penicillin (100 U/ml) and streptomycin 
(100 µg/ml) at 37˚C in 5% CO2.

Crystal violet assay. The crystal violet assay was carried 
out as previously described (10). Experimentally, LoVo cells 
were treated with different concentrations of Res. Cells were 
carefully washed at the scheduled time points with cold 
phosphate-buffered saline (PBS; 4˚C), and were stained with 
0.5% crystal violet solution for 20-30 min (at room tempera-
ture). Plates were gently washed with tap water, air dried at 
room temperature, then scanned and quantified. For quantifi-
cation, 20% acetic acid was used to extract the crystal violet 
for 20 min, with gentle shaking at room temperature. The 
absorbance at 570 nm was measured.

Flow cytometric analysis of cell cycle distribution and 
apoptosis. Cells were seeded into 6-well plates. For cell cycle 
analysis, the cells were treated with different concentrations 
of Res or DMSO. After 48 h, the cells were washed with 
cold PBS (4˚C), collected and washed with cold (4˚C) 70% 

ethanol followed by washing with 50 and 30% ethanol, and 
PBS. Then, the cells were incubated with 1 ml of 20 mg/ml 
propidium iodide (PI) containing RNase (1 mg/ml) for 30 min 
(in PBS), followed by fluorescence activated cell sorting 
(FACS) analysis. For the apoptosis analysis, the cells were 
collected after treatment with the different concentrations of 
Res or DMSO for 48 h. Then, the cells were washed with cold 
PBS, incubated with Annexin V-EGFP and PI according to 
the procedure provided in the kit (#KGA104; KeyGen Biotech, 
China). Finally, the cells were subjected to FACS assay.

Western blot assay. Cells were seeded into 6-well plates, and 
were treated with different concentrations of Res or DMSO. At 
the scheduled time points, the cells were lysed and the lysates 
were boiled for 10 min. Total protein was separated with 
SDS-PAGE, transfered to polyvinylidene difluoride (PVDF) 
membranes, blocked with 5% BSA and probed with the anti-
body tagged with HRP. The target bands were developed with 
ECL substrate (#34095; Thermo, USA).

Total RNA extraction and reverse transcription polymerase 
chain reaction (RT-PCR) assay. The cells were seeded in a 
T25 flask and were treated with different concentrations of 
Res or DMSO. Total RNA was extracted with TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA), followed by RT reaction 
to obtain cDNA. Finally, the cDNA products were used as 
templates to detect the expression of the target genes with 
PCR. Primer sequences are available upon request.

Construction of recombinant adenoviruses for exogenous 
expression of BMP9, GFP and small interference RNA 
fragments for BMP9. The recombinant adenoviruses for 
exogenous expression of BMP9 (AdBMP9) or GFP (AdGFP) 
were generated following the AdEasy system as previously 
reported  (29,30), as well as the recombinant adenoviruses 
expressing small interfering RNA (siRNA) fragments for 
BMP9 (AdsiBMP9). AdGFP was used as a vehicle control.

Ectopic tumor model of human colon cancer and histological 
evaluation. All experiments followed the guideline of the 
Institutional Animal Care and Use Committee of Chongqing 
Medical University (Chongqing, China). Athymic nude mice 
(female, 4-6 weeks old, 5/group) were purchased from the 
Animal Center of Chongqing Medical University (Chongqing, 
China). LoVo cells were cultured and resuspended in PBS 
(4˚C) for implantation into the flanks of the athymic nude mice 
as previously reported (10,31). The mice were treated with Res 
(50 or 150 mg/kg) or the same volume of solvent through intra-
gastric administration 1 week after implantation, once a day, 
up to 4 weeks. At the end of the 4 week, all nude mice were 
sacrificed. The tumor samples were harvested, fixed in 10% 
formalin and embedded in paraffin. Sections of the samples 
were subjected to hematoxylin and eosin (H&E) staining.

Immunohistochemical staining. The deparaffinized slides 
were subjected to antigen retrieval and were probed with an 
anti-BMP9 antibody or isotype IgG control, followed by incu-
bation with a biotin secondary antibody and streptavidin-HRP. 
The proteins of interest were visualized by 3,3'-diaminobenzi-
dine staining.
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Statistical analysis. All experiments were performed in tripli-
cates and the results were repeated in at least three independent 
experiments. Statistical analysis of the results was conducted 
following a t-test (Microsoft Excel). Data are expressed as 
mean ± standard deviation (SD).

Results

Res decreases the proliferative ability of LoVo cells. It has been 
reported that Res exhibits antiproliferative activity in various 
types of cancer cells, including colon cancer cells. In this inves-
tigation, we first confirmed the effect of Res on LoVo cells. 
The results showed that Res inhibited the proliferation of LoVo 
cells in a concentration-dependent manner (Fig. 1A). The level 
of proliferating cell nuclear antigen (PCNA) was also mark-
edly increased in a concentration-dependent manner (Fig. 1B). 
Cell cycle analysis results showed that Res induced cell cycle 

arrest at the S phase in the LoVo cells (Fig. 1C). All these data 
suggest that Res inhibits the proliferation of LoVo cells.

Res induces the apoptosis of LoVo cells. Most anticancer 
agents induce apoptosis, therefore we ascertained whether Res 
induces apoptosis in the LoVo cells. We employed FACS and 
western blotting to analyze the effect of Res on apoptosis in 
the LoVo cells. FACS assay results showed that Res notably 
increased the percentage of apoptotic LoVo cells (Fig. 2A). 
Western blot assay showed that Res increased the level of 
Bad, but markedly decreased the level of Bcl-2 prominently 
in a concentration-dependent manner (Fig. 2B). These results 
confirmed that Res may be an effective apoptosis inducer in 
human colon cancer cells.

Res inhibits tumor growth in an ectopic tumor model. The 
above findings showed that Res is a potent proliferation 

Figure 1. Resveratrol (Res) inhibits the proliferation of LoVo cells. (A) Crystal violet staining results show the antiproliferation effect of Res on the LoVo cells. 
(B) Western blot results show the effect of Res on the expression of PCNA in LoVo cells. GAPDH was used as a loading control. (C) Cell cycle analysis shows 
the S phase arrest effect of Res in the LoVo cells.

Figure 2. Resveratrol (Res) induces apoptosis in LoVo cells. (A) FACS assay results show the percentage of apoptotic cells induced by Res (**p<0.01 vs. the 
control group). (B) Western blot results show the effect of Res on the Bad and Bcl-2 levels in the LoVo cells. GAPDH was used as a loading control.



yuan et al:  BMP9/p38 MAPK and resveratrol in colon cancer942

inhibitor in colon cancer cells. We next investigated the in vivo 
anticancer activity of Res with a well-established xenograft 
tumor model as previously reported (10,31). We implanted 
1x106 LoVo cells into the flanks of athymic nude mice. One 
week after implantation, the mice were treated with Res (50 or 
150 mg/kg) through intragastric administration, once a day, 
up to 4 weeks. The results showed that tumor masses from the 
Res-treated groups were smaller than those from the control 
group (Fig. 3A). H&E staining results showed that cellularity 

was apparently decreased in the Res-treated groups (Fig. 3B). 
These results demonstrated that Res is capable of effectively 
inhibiting colon cancer growth in vivo.

Res increases the expression of BMP9 in LoVo cells. Next, 
we aimed to ascertain the possible mechanism underlying 
the anticancer activity of Res in the colon cancer cells. Using 
PCR and western blot assay we found that BMP9 was highly 
upregulated by Res in the LoVo cells (Fig. 4A and B). The 

Figure 4. Resveratrol (Res) increases BMP9 expression in the LoVo cells. (A) PCR assay results show the effect of Res on BMP9. GAPDH was used as a loading 
control. (B) Western blot analysis shows the effect of Res on BMP9. GAPDH was used as a loading control. (C) Immunohistochemical staining results show 
the expression of BMP9 (L, low dosage, 50 mg/kg; H, high dosage, 150 mg/kg). (D) Western blot assay shows the endogenous expression of BMP9 in FHC 
cells and in different colon cancer cell lines. GAPDH was used as a loading control.

Figure 3. Resveratrol (Res) inhibits the growth of tumors. (A) Representative tumor masses from the xenograft tumor assay. (B) Hematoxylin and eosin staining 
results show the antitumor activity of Res in colon cancer. Representative images are shown.
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immunohistochemical staining of the tumor masses showed 
similar results  (Fig. 4C). Furthermore, western blot assay 
found that BMP9 was detectable in all the colon cancer cell 
lines, as well as FHC cells. However, the level of BMP9 in 
the FHC cells was relative higher than that in the cancer cell 
lines  (Fig. 4D). These data imply that the upregulation of 

BMP9 may be related with the anticancer activity of Res in 
colon cancer.

BMP9 enhances the antiproliferative activity of Res in LoVo 
cells. As Res upregulates the expression of BMP9 in LoVo 
cells and the level of BMP9 is higher in FHC cells, we aimed 

Figure 5. BMP9 affects the anticancer effect of resveratrol (Res) in the LoVo cells. (A) Crystal violet staining results show the effect of exogenous expression of 
BMP9 on the antiproliferative effect of Res on the LoVo cells. (B) Cell cycle analysis results show the effect of exogenous expression of BMP9 on the cell cycle 
arrest induced by Res in LoVo cells. (C) Crystal violet staining results show the effect of exogenous expression or knockdown of BMP9 on the antiproliferative 
effect of Res on the LoVo cells. (D) Western blot assay shows the effect of exogenous expression of BMP9 on Bad and Bcl-2 levels in the LoVo cells. GAPDH 
was used as a loading control. (E) Western blot assay show the effect of BMP9 knockdown on Bad and Bcl-2 levels in the LoVo cells. GAPDH was used as a 
loading control.
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to ascertain whether BMP9 affects the anticancer activity of 
Res in LoVo cells. Using the AdEasy system, we constructed 
recombinant adenoviruses to express BMP9 or BMP9 siRNA 

fragments in the LoVo cells. Using a crystal violet staining 
assay, we found that exogenous expression of BMP9 inhibited 
the proliferation of LoVo cells, and the antiproliferative 

Figure 6. BMP9 activates p38 MAPK to promote the anticancer activity of Res in LoVo cells. (A) Western blot assay shows the effect of Res on the activation 
of p38 MAPK in the LoVo cells. GAPDH was used as a loading control. (B) Western blot assay shows the effect of Res and/or exogenous expression of BMP9 
on the activation of p38 MAPK in the LoVo cells. GAPDH was used as a loading control. (C) Crystal violet staining results show the effect of BMP9 and/or 
p38 inhibitor on the antiproliferation effect of Res in the LoVo cells (SB, p38 inhibitor SB203580). (D) Western blot assay shows the effect of the p38 inhibitor 
and/or Res on Bad and Bcl-2 levels in the LoVo cells (SB, p38 inhibitor SB203580). GAPDH was used as a loading control. (E) Western blot assay shows the 
effect of the BMPR inhibitor and/or Res on the activation of p38 MAPK in the LoVo cells (LDN, BMPR inhibitor LDN-193189). GAPDH was used as a loading 
control. (F) Crystal violet staining results show the effect of Res and/or the BMPR inhibitor on the proliferation in the LoVo cells (LDN, BMPR inhibitor 
LDN-193189).
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effect of Res on LoVo cells was enhanced when combined 
with BMP9 (Fig. 5A). Cell cycle analysis showed that BMP9 
apparently enhanced the S  phase arrest effect of Res in 
LoVo cells (Fig. 5B). BMP9 knockdown partly reversed the 
antiproliferative effect of Res (Fig. 5C). Western blot assay 
showed that BMP9 increased the level of Bad but decreased 
the level of Bcl-2 induced by Res in the LoVo cells (Fig. 5D). 
However, knockdown of BMP9 decreased the level of Bad 
induced by Res in the LoVo cells, although no apparent effect 
was noted for Bcl-2 (Fig. 5E). These data indicate that the 
anticancer effect of Res in colon cancer may be mediated by 
upregulating BMP9.

p38 MAPK mediates the effect of BMP9 on the antiprolif-
erative activity of Res in LoVo cells. BMP9 usually exerts its 
function through the canonical BMP/Smad pathway, but our 
findings showed that Res exhibited no apparent effect on the 
phosphorylation of Smad1/5/8 (data not shown). This implied 
that the effect of BMP9 on the antiproliferative effect of Res 
noted in the LoVo cells may not be mediated through the canon-
ical BMP/Smad pathway, but the non-canonical BMP/Smad 
pathway. p38 MAPK is involved in this signaling pathway, and 
its activation is essential for BMP9-induced osteogenesis in 
mesenchymal stem cells (27). Therefore, we speculated that 
Res-induced BMP9 may affect the activation of p38 MAPK 
in LoVo cells. Western blot results showed that Res increased 
the level of phosphorylated p38 MAPK (p-p38) substantially 
in the LoVo cells  (Fig.  6A), and exogenous expression of 
BMP9 enhanced this effect of Res on p-p38 (Fig. 6B). The 
p38 MAPK inhibitor, SB203580 (32), increased the prolifera-
tion of LoVo cells, while reducing the antiproliferative effect 
of Res, BMP9 and Res combined with BMP9 (Fig. 6C). The 
p38 MAPK inhibitor also reversed the Res-induced decrease 
in Bcl-2, although no apparent effect on the level of Bad was 
noted (Fig. 6D). The BMPR inhibitor (LDN‑193189) abol-
ished the Res-induced activation of p38 MAPK in the LoVo 
cells (Fig. 6E). Similar results were also found when BMP9 
was knocked down (data not shown). Further analysis showed 
that the BMPR inhibitor promoted the proliferation of LoVo 
cells, and partly reversed the antiproliferative effect of Res 
on LoVo cells (Fig. 6F). These data suggest that BMP9 may 
mediate the antiproliferative effect of Res on LoVo cells by 
activating p38 MAPK, which may be partly triggered through 
a BMPR-dependent manner.

Discussion

Colon cancer, is the most common prevalent malignancy in 
the digestive system and accounts for a major proportion of 
cancer-induced mortality (33). Hence, there is a great clinical 
need to explore new agents or adjuvant therapies for colon 
cancer treatment. In the present study, we demonstrated the 
efficacious anticancer activity of Res in human colon cancer 
cells. Mechanistically, we found that the anticancer effect 
of Res on colon cancer cells may be mediated by activating 
p38 MAPK partly through upregulation of BMP9.

Challenges for colon cancer treatment include the toxicity 
of drugs, drug resistance and cancer cell metastasis. The serious 
side-effects associated with traditional chemotherapy drugs 
greatly decrease the life quality of patients, while reducing 

the effectiveness of the treatment for colon cancer (34,35). 
Although targeted therapy agents, such as the VEGF antibody 
bevacizumab, and EGFR antibodies cetuximab and panitu-
mumab (2,36), have been clinically used, natural products 
and/or their derivates are still an essential source of anti-
cancer agents (37). Resveratrol (Res), a natural polyphenolic 
compound, is found in the skin of red grapes or other fruits (8). 
Increasing evidence suggests that Res shows antiproliferation- 
and apoptosis-inducing activities in breast, prostate and colon 
cancer cells (10-12). Since the bioavailability of Res is low, even 
a high dose of Res may not provide the effective concentration 
required for systemic treatment (38). However, Res may benefit 
gastrointestinal cancer treatment. Reports and our studies have 
validated the inhibitory effect of Res on the proliferation of 
colon cancer cells. Vanamala et al reported that Res induces 
apoptosis through suppressing Wnt/β-catenin and activating 
the p53 signaling pathways in human colon cancer cells (39). 
Sheth et al found that microRNA-21 participates in the inhibi-
tion of prostate cancer cell growth and metastasis initialized 
by Res (40). Recently, it was reported that the p38 MAPK and 
PI3K signaling pathways are also involved in the anticancer 
activity of Res (41,42). However, to date, the detail molecular 
mechanism underlying this process remains unclear.

BMP9, also termed growth and differentiation factor 2 
(GDF2), was first identified in the developing mouse liver 
as playing an important role in regulating iron metabolism 
and the development of cholinergic neurons (43). Although 
BMP9 has been reported as the most potent BMP member 
to induce osteogenic differentiation in mesenchymal 
stem cells, it has also been implicated with tumorigen-
esis (20-25). BMP9 exerts its physiological function through 
the canonical BMP/Smad pathway or the non-canonical 
BMP/Smad pathway. Regarding the canonical BMP/Smad 
pathway, BMPs bind with BMP receptor (type I or type II) 
and phosphorylate BMP-related Smads (Smad1/5/8), form 
a complex with Smad4 and then translocate to the nucleus 
regulating downstream targets (19,26). Regarding the non-
canonical BMP/Smad pathway, BMPs activate a serial 
signaling pathway, such as PI3K/Akt and p38 MAPK (27,44). 
However, how BMP9 activates these signaling pathways 
remains unknown. The response of cancer cells to BMP9 
may depend on the cell type and/or the microenvironment 
of the cells. A few reports have indicated that BMP9 is 
important for hepatocellular carcinoma cell proliferation 
and survival, and promotes the proliferation of osteosarcoma 
and ovarian cancer cells (22,23). On the contrary, it has also 
been reported that BMP9 can inhibit the proliferation or 
metastasis in various types of cancer cells, such as gastric 
and breast cancer cells (15,20). Our results demonstrated that 
Res can effectively inhibit the proliferation of LoVo cells, and 
BMP9 was significantly increased during this process. This 
evidence implies that BMP9 may be critical for the antipro-
liferative effect of Res on LoVo cells.

To date, the role of BMP9 in colon cancer remains 
unknown. Further analysis found that BMP9 was detectable 
in FHC cells and colon cancer cell lines. However, the level of 
BMP9 in the FHC cells was distinctly higher than that in the 
other colon cancer cell lines. These data may also highlight the 
importance of BMP9 in the regulation of proliferation in colon 
cancer cells. Our subsequent investigation showed that exog-
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enous expression of BMP9 enhanced the antiproliferation- and 
apoptosis-inducing effects of Res in LoVo cells, while BMP9 
knockdown reduced these effects. Thus, the anticancer activity 
of Res in LoVo cells may be partly mediated by upregulation 
of the expression of BMP9. However, how BMP9 mediates this 
effect remains unknown.

Regarding the canonical BMP/Smad pathway, BMP9 
binds to type I receptor (activin receptor-like kinase, including 
ALK1 and ALK2), followed by Smad1/5/8 phosphoryla-
tion (45). However, our data indicated that Res exhibited no 
substantial effect on the phosphorylation of Smad1/5/8, which 
implies that the effect of BMP9 on the anticancer activity of 
Res may not be mediated through the canonical BMP/Smad 
pathway. Therefore, the non-canonical BMP/Smad pathway, 
such as p38 MAPK and PI3K/Akt, may be implicated in this 
effect.

It was previously reported that p38 MAPK is involved 
in the anticancer effect of Res, and activation of p38 MAPK 
is also essential for BMP9-induced osteogenesis (27,41,42). 
Hence, we speculated that the effect of BMP9 on the anticancer 
activity of Res may be associated with p38 MAPK. Our results 
showed that Res can apparently increase the phosphorylation 
of p38 MAPK in a concentration-dependent manner, which is 
consistent with reports that p38 is involved in the anticancer 
effect of Res in colon cancer cells (27,41,42). However, how 
p38 MAPK is activated by Res in colon cancer cells remains 
unknown. Further assay results showed that exogenous expres-
sion of BMP9 enhanced the phosphorylation of p38 MAPK 
induced by Res, and the p38 MAPK inhibitor (SB203580) 
decreased the antiproliferative effect of Res, as well as the 
combination of Res and BMP9. The p38 MAPK inhibitor also 
reduced the apoptosis induced by Res in the LoVo cells. These 
data suggest that BMP9 may mediate the anticancer effect 
of Res partly through activation of p38 MAPK signaling. In 
fact, p38 MAPK is important not only in regulating the prolif-
eration of cancer cells, but also in mediating the osteogenic 
differentiation induced by BMP9. The blockage of p38 MAPK 
greatly reduces BMP9-induced osteogenic differentiation (27). 
Thus, p38 MAPK should be downstream of BMP9. However, 
how BMP9 activates p38 MAPK remains unknown. Since Res 
promotes the activation of p38 MAPK, upregulates BMP9, and 
exhibits no substantial effect on Smad1/5/8 phosphorylation, 
the activation of p38 MAPK by BMP9 may not be medi-
ated through the canonical BMP/Smad pathway. Following 
treatment with the BMP receptor (BMPR) inhibitor (LDN-
193189) (46), the Res-induced activation of p38 MAPK was 
almost abolished, so did the antiproliferative effect of Res in the 
LoVo cells. Therefore, the activation of BMPR may be neces-
sary for BMP9 to activate p38 MAPK, although Smad1/5/8 is 
not involved in. These data demonstrated that p38 MAPK may 
mediate the effect of BMP9 on the anticancer activity of Res 
in LoVo cells, and BMP9 may activate p38 MAPK through a 
BMPR-dependent manner.

Taken together, our findings strongly demonstrated that 
Res is a potent anticancer agent and inhibits the proliferation 
and promotes the apoptosis of colon cancer cells. The anti-
cancer activity of Res may be mediated by upregulation of 
BMP9 in colon cancer, by which to activate p38 MAPK in 
a BMPR‑dependent manner. Our findings also indicate that 
TGF-β signaling should be a potential target for colon cancer 

treatment. However, the exact molecular mechanism of 
how Res regulates the expression of BMP9 requires further 
investigation.
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