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Abstract 
Background/Aims: We have reported in a separate study that alcohol exposure triggers 
activation of the TNF-α signaling pathway leading to an adverse shift of multipotential 
mesenchymal stem cells in bone marrow (BMSCs) away from osteogenesis towards 
adipogenesis. However, inhibition of TNF-α signaling only yielded moderate inhibition of 
adipogenesis. Here we showed that in addition to promoting the TNF-α signaling, alcohol 
also suppressed the Wnt1/β-catenin signaling pathway. Methods: We treated primary BMSCs 
from human subjects with alcohol for 24 days. We measured changes of genes related to 
endoplasmic reticulum (ER) stress, adipogenic markers and osteogenic markers using 
quantitative real-time RT-PCR and Western blot analysis. We performed Alizarin red staining 
for osteogenesis. We also conducted assays for osteogenic biomarkers alkaline phosphatase, 
collagen-I and osteocalcin. Results: Wnt/β-catenin signaling was markedly activated in 
BMSCs treated with osteogenic inducers relative to the control cells, as indicated by the 
increased levels of nuclear β-catenin along with reduced levels of cytosolic β-catenin, as well 
as increased protein levels of Wnt1. Activation of Wnt/β-catenin signaling was significantly 
suppressed in BMSCs exposed to alcohol, which was reflected by downregulated expression of 
osteogenic marker genes Osf2/Cbfa1, osteopontin and osteocalcin, upregulated adipogenic 
marker  PPARγ2 and aP2, and reduced number of calcification nodules. In contrast, activation 
of Wnt/β-catenin signaling by BIO favored osteogenesis even in the presence of alcohol. 
Simultaneous activation of Wnt1 by BIO and inhibition of TNF-α by 3,6‘-dithiothalidomide 
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produced synergetic suppression of ethanol-induced adipogenic lineage compared to 
interference with either of them alone. Conclusion: This remarkable shift of BMSCs towards 
osteoblast lineage suggests the superiority of concordant and reciprocal interferences of the 
TNF-α and Wnt/β-catenin pathways for promoting osteogenesis.

Introduction

Habitual consumption of excessive quantities of alcohol is commonly recognized as a 
major factor for osteopaenia and increased incidence of bone fracture in alcoholics [1–3]. 
The current consensus of both clinical and experimental studies is that alcohol-induced bone 
loss is mainly be due to the suppression of new bone formation with only relatively small 
changes (increase or decrease) occur in bone resorption [4]. In adults, the osteoblast, which 
is responsible for bone formation, is derived from multipotential mesenchymal stem cells in 
bone marrow (BMSC) [5–8]. The capacity and dynamics of these BMSCs to differentiate into 
osteoblasts plays a critical role in the cellular processes involved in the maintenance of the 
adult human skeleton.

The BMSCs have been proven to differentiate into multiple lineages and generate 
progenitors committed to one or more cell lines [9–11]. Among these multiple lineages, 
those of adipogenesis and osteogenesis are the most closely related: Several studies have 
provided substantial evidence that osteoblasts and adipocytes share a common progenitor: 
multipotential BMSCs [5–8, 12–14]. An inverse relationship has been demonstrated between 
osteogenesis and adipogenesis suggesting the possible reciprocal relationship between 
the two differentiation pathways [15–17]. There has been evidence for the differentiation 
switching between these two cell lineages, suggesting a large degree of plasticity between 
osteoblasts and adipocytes [18, 19]. Because the relationship between adipogenesis and 
osteogenesis is reciprocal and the adipocytic and osteogenic cells share a common lineage, 
it is possible that inhibition of adipogenesis may provide an approach to prevent or treat 
osteoporosis or other bone diseases. Thus, the signal transduction pathways implicated in 
these processes are evaluated as potential targets for therapeutic intervention of osteopenic 
disorders.

Wnt1 was originally described as a proto-oncogene in mouse mammary tumor induced 
by mouse mammary tumor virus [20]. Genetic evidence indicates that Wnt signaling is 
critically involved in bone homeostasis and is essential for normal osteogenesis [21–25]. 
Enhancement of Wnt signaling either by Wnt overexpression [26] or deficiency of Wnt 
antagonists [27] is associated with increased bone formation in mice and humans. A recent 
study by Chen et al. [28] has elucidated the critical role of Wnt/β-catenin signaling in mediating 
the ethanol-induced adipogenic lineage commitment of mesenchymal  stem  cells: ethanol 
inhibits bone formation through stimulation of oxidative stress to suppress Wnt signaling.

Several studies [29–33] have provided evidence that alcohol shifts lineage commitment 
and differentiation of BMSCs from osteogenesis to adipogenesis by upregulation of gene 
expression for peroxisome proliferator-activated receptor gamma (PPARγ); however, the 
molecular mechanism underlying the reciprocal relationship is not yet well understood. 
We have found in a separate study that alcohol exposure triggers ER stress in BMSCs 
where ATF4 and CHOP are excessively upregulated and activated. These changes result 
in activation of the TNF-α signaling pathway leading to an unwanted shift of BMSCs away 
from osteogenesis towards adipogenesis. Here we confirmed the results reported by Chen 
et al. [28] that alcohol-induced ER stress suppresses the Wnt1/β-catenin signaling pathway 
favoring adipogenic remodeling of BMSCs. We therefore proposed the following ethanol-
induced signaling pathway leading to inhibition of osteogenesis: Ethanol  ER stress↑  
ATF4 and CHOP↑↑ / TNF-α↑↑ / Wnt1/β-catenin↓↓  Osteoblasts↓↓↓. These data explain 
why ATF4 and CHOP which are normally required for osteogenic shift of lineage enter into 
adipogenic remodeling when overexpressed during ER stress. Obviously, targeting ATF4 
and CHOP may not be an ideal strategy for promoting osteogenesis as while silencing ATF4 
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and CHOP may alleviate ER stress this maneuver may well damage the osteogenic potential 
of BMSCs. Moreover, targeting either TNF-α or Wnt signaling may not yield optimal effects 
in preserving osteogenic lineage of BMSCs. We therefore examined the potential benefit to 
osteogenesis via targeting the downstream components of the signaling pathway shown 
above by simultaneous silencing TNF-α and activating Wnt1. 

Materials and Methods

Human BMSCs preparation and culture
Bone marrow samples for isolating BMSCs were collected from cancellous bony fragments of patients 

(age range 35–50 years; n=6) undergoing routine total hip replacement surgery in the Orthopaedic Hospital, 
the People's Liberation Army General Hospital of Guangzhou Military Command. Written informed consent 
was obtained from all patients. The study protocol was approved by the Ethics Committee of the People's 
Liberation Army General Hospital of Guangzhou Military Command. None of the patients were alcoholics, 
showed any evidence of concurrent illness, and received any medications that could affect bone metabolism. 

The procedures for preparing primary BMSCs from human subjects were essentially the same as 
described by Huang et al [18], which was a modified method of Percoll density gradient centrifugation [34]. 
Briefly, when BMSC cultures became nearly confluent, cells were trypsinized and plated in 75 cm2 flasks 
or 6-well plates for protein analysis or RNA analysis and cytochemical analysis, respectively. Only cells at 
passage two or three were used. Cell surface markers were evaluated by flow cytometry (Cytomics FC-500, 
Beckman Coulter, CA, USA) using the monoclonal antibodies conjugated with fluorescein isothiocyanate 
(FITC) or phycoerythrine (PE): CD34-FITC, CD105-PE, CD166-PE.

Alcohol treatment and adipogenic induction
BMSCs at passage two or three were divided into three groups: control group, osteogenic group, and 

alcohol group. The control group was cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% 
FBS, the osteogenic group in DMEM containing osteogenic inducers (10 mM β-glycerophosphate, 50 μg/
ml ascorbic acid, and 0.1 μM dexamethasone) supplemented with 10% FBS [18], and the alcohol group in 
DMEM containing 10% FBS, 100 mM alcohol, and osteogenic inducers. All cultures were maintained for 
24 days prior to experimental measurements and treatments were implemented as to be specified. This 
concentration of alcohol is approximately twice as much as its IC50 for inhibiting osteoblast proliferation 
in vitro and also represents a level within the physiological range observed in actively imbibing alcoholics 
[18, 35]. To supplement the potential loss of alcohol because of its volatile nature and maintain the constant 
alcohol concentration, we followed the procedures described by Huang et al. [18] by placing a reservoir 
containing the same concentration of alcohol in a chamber during culture, which was replenished daily.

Drug treatment
Approximately 4×105 cells were treated in a plastic dish with a selective inhibitor of TNF-α 

biosynthesis 3,6'-dithiothalidomide (10 µM; C32H32F3N3O2; Santa Cruz Biotechnology) [3, 4]. XAV939 
(2-(4-(trifluoromethyl)phenyl)-7,8-dihydro-5H-thiopyrano[4,3-d]pyrimidin-4-ol) is a cell permeable, small 
molecule inhibitor of the Wnt/β–catenin pathway [1, 2]. It inhibits tankyrase 1 (IC50=11 nM) and tankyrase 
2 (IC50=4 nM), stabilizes axin and stimulates β-catenin degradation. XAV-939 was solubilized in DMSO at 
55°C to make a 10 mM stock solution which may be diluted later to a working concentration of 100 μM. 

To activate Wnt/β–catenin signaling pathway, BMSCs were treated with 20 µM BIO (Sigma) for 24 h 
[36, 37].

Alizarin red staining
To detect mineral deposition, alizarin red staining was performed on BMSCs after cultured in chamber 

slides for 28 days. Cells were fixed in 4% formaldehyde in PBS at 4°C for 45 min. Next, the cells were washed 
and exposed to alizarin red (2% aqueous, Sigma) for 10 min at RT, and washed again with distilled water. 
Finally, cells were examined under a phase contrast microscope.
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Real-time PCR
Total RNA was prepared from cultures on day ten, using the Trizol reagent (Invitrogen) according 

to the manufacturer’s instructions. Quantitative real-time RT-PCR analysis was performed with the SYBR 
Green RT-PCR Kit (Qiagen, Valencia, CA) using the GeneAmp 5700 sequence detection system (Applied 
Biosystems) according to the manufacturer's instructions. Levels of mRNAs of osteogenic makers Osf2/
Cbfa1 [38], osteopontin [39] and osteocalcin [40], adipogenic markers (PPARγ2 and aP2) [41], and Wnt1 
were determined. Samples were assayed in triplicates, and the values were normalized to the relative 
amounts of β-actin, and the results were interpreted using the ΔCT method.

Immunoblots
Cells were lysed in a RIPA lysis buffer containing inhibitors for proteases and phosphatases. Protein 

concentration was determined by the protein content was determined by BCA Protein Assay Kit using bovine 
serum albumin as the standard (Pierce, USA). Equal amounts of protein samples (~25 µg) were fractionated 
by SDS-PAGE (12% polyacrylamide gels) and electrophoretically transferred to PVDF membrane (Millipore, 
Bedford, MA) using a Mini Trans-blot (Bio-Rad Laboratories, Shanghai). The membranes were blocked 
for 1 h in defatted milk (10% in Tris-buffered saline with Tween-20 buffer), and incubated with primary 
antibodies (1:1000) at 4°C overnight. The primary antibodies included rabbit polyclonal anti-PPARγ2, 
anti-Osf2/Cbfa1, and anti-Wnt1, all purchased from Santa Cruz Biotech (CA, USA). Next day, the membrane 
was incubated with horseradish peroxidase-conjugated secondary antibody (1:1,000; Molecular Probes) 
diluted in PBS for 2 h at RT. Finally, the membrane was rinsed with PBS before scanning using the Infrared 
Imaging System (LI-COR Biosciences). β-actin was used as an internal control for equal input of protein 
samples, using anti-β-actin antibody. Western blot bands were quantified using the LI-COR®–Image Studio 
Lite software by measuring the band intensity (Area × OD) for each group and normalizing to β-actin. The 
final results are expressed as fold changes by normalizing the data to the control values.

Assays for osteogenic biomarkers alkaline phosphatase, collagen-I and osteocalcin
Alkaline phosphatase activity was determined by measuring the formation of p-nitrophenol from 

p-nitrophenyl phosphate with the ALP Optimised clorimetric test kit according to the manufacturer’s 
instructions. C-terminal propeptide of type I collagen was measured by enzyme-linked immunoadsorbent 
assay with a Metra CICP EIA kit (Quidel, San Diego, CA). For assessing osteocalcin, 1,25-dihydroxycholecalciferol 
(0.1 μM) was added into the culture and incubated for 24 h. A Metra Osteocalcin EIA kit (Quidel) was used 
for osteocalcin production measurement in the culture media on day ten. The values of alkaline phosphatase 
activity, type I procollagen and osteocalcin production were normalized to total protein determined with 
Bio-Rad total protein assay reagents (Bio-Rad, Hercules, CA).

Data analysis
Results are presented as mean±S.E.M. Multiple comparisons were performed using one-way ANOVA 

and Bonferroni  after  test comparison (Prism software; GraphPad, San Diego, CA). A  P  value <0.05 was 
considered significant.

Results

Characterization of BMSCs
Expression of CD34, CD105, and CD166 in the BMSCs were determined by flow 

cytometry using the monoclonal antibodies CD34-FITC, CD105-PE, and CD166-PE in the 
undifferentiated states. The BMSCs consistently expressed BMSC markers CD105 and 
CD166, but did not express hematopoietic cell marker CD34. The cells prepared by Percoll 
separation were composed of 98.6%±5.5% of CD34 negative cells, 94.9%±7.2% of CD105 
positive cells and 93.7%±6.3% of CD166 positive cells. These results indicated the purity of 
BMSCs in our cell preparation.

Alcohol-induced dissipation of osteogenic lineage in BMSCs
We first compared the osteogenic and adipogenic status among the three groups by 

assessing the relative expression of osteogenic marker genes Osf2/Cbfa1 and osteocalcin, 
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and adipogenic marker PPARγ2 and aP2 at both mRNA and protein levels, in BMSCs. 
Quantitative analysis of the mRNA levels by real-time RT-PCR (qPCR) revealed that 

Osf2/Cbfa1 and osteocalcin mRNAs in the osteogenic group were significantly upregulated 
(P<0.001), whereas PPARγ2 and aP2 mRNAs were downregulated (P<0.05), compared to 
the control group (Fig. 1A). These changes were all inverted by alcohol: in the alcohol group, 
expression of Osf2/Cbfa1 and osteocalcin was markedly downregulated (P<0.01), along 
with robust increases in the levels of PPARγ2 and aP2 mRNAs (P<0.001), relative to the 
osteogenic group (Fig. 1B). 

Similar results were obtained from Western blot analysis. Alcohol reversed the elevated 
protein levels of Osf2/Cbfa1 and the diminished levels of PPARγ2 and aP2 observed in the 
osteogenic group (Fig. 1C). Additionally, alkaline phosphatase activity was enhanced, and 

Fig. 1. Evidence for alcohol-induced 
dissipation of osteogenic lineage in bone 
marrow-derived stem cells (BMSCs). 
A, Upregulation of osteogenic marker 
Osf2/Cbfa1 mRNA and downregulation 
of PPARγ2 and aP2 mRNAs in BMSCs 
treated with osteogenic inducers 
(the Osteogenic group), compared to 
untreated control cells (the Control 
group). B, Alcohol exposure (100 mM 
for 24 days) reversed all above changes. 
C, Upregulation of osteogenic marker 
Osf2/Cbfa1 protein and downregulation 
of PPARγ2 and aP2 proteins in BMSCs 
treated with osteogenic inducers 
(the Osteogenic group), reversal of 
these changes by alcohol (the Alcohol 
group). C: the Control group; O: the 
Osteogenic group; A: the Alcohol group 
in the presence of osteogenic inducers. 
*P<0.01 Alcohol vs Control; **P<0.01 
Osteogenesis vs Control; ***P<0.001 
Osteogenesis vs Control; +++P<0.001 
Alcohol vs Osteogenesis; n=5. 

Fig. 2. Evidence for the alcohol-induced decrease 
in osteogenesis in BMSCs. Upper panels: typical 
images of Alizarin red staining for quantification 
of calcification nodules. Lower pane: mean data of 
the number of calcification nodules. ***P<0.001 
Osteogenesis vs Control; ++P<0.01 Alcohol vs 
Osteogenesis; n=4.
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type I collagen (procollagen I) and osteocalcin productions were increased by osteogenic 
inducers, which were all abolished by alcohol exposure (Fig. 1D). 

Moreover, Alizarin red staining showed that throughout the 28-day culture period, 
the number of calcification nodules in the osteogenic group was 79.3±6.5/cm2, which was 
significantly decreased by nearly 50% by alcohol (P<0.001; Fig. 2). 

Fig. 3. Evidence for the role of Wnt/β-catenin signaling in osteogenesis and alcohol-induced adipogenic 
lineage shift of BMSCs. A, Enhanced nuclear translocation of β-catenin, as indicated by the relative increase 
of β-catenin in the nucleus and decrease in the cytoplasm in cells treated by osteogenic inducers, and the 
reversal of these changes by alcohol exposure (100 mM for 24 days). B, Upregulation of Wnt1 protein in 
the Osteogenic group and downregulation in the Alcohol group. 1: the Control group; 2: the Osteogenic 
group; 3: the Alcohol group in the presence of osteogenic inducers; C: cytoplasm; N: nucleus. ***P<0.001 
Osteogenesis vs Control; ++P<0.01 Alcohol vs Osteogenesis; +++P<0.001 Alcohol vs Osteogenesis; n=4.

Fig. 4. Inhibition of Wnt/β-catenin si-
gnaling by XAV939 (100 μM) suppres-
ses osteogenesis of BMSCs. A, XAV939 
decreased the osteogenic marker Osf2/
Cbfa1 protein level, alkaline phosphata-
se activity, and procollagen I and osteo-
calcin productions. B, XAV939 increased 
the adipogenic markers PPARγ2 and 
aP2 protein levels. C, XAV939 reduced 
the number of calcified nodules. O: the 
Osteogenic group as control; X: the Os-
teogenic group treated with XAV939. 
**P<0.01 XAV939 vs Control; ***P<0.001 
XAV939 vs Osteogenesis; n=5.
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Inhibition of Wnt1/β-catenin and alcohol-induced dissipation of osteogenic lineage 
Wnt1 has been shown to play a crucial role in bone homeostasis and normal osteogenesis 

[21–28]. To investigate if Wnt1 is involved in alcohol-induced dissipation of osteogenic 
lineage of BMSCs, we evaluated the effects of Wnt/β-catenin inhibition and activation. As 
illustrated in Fig. 3, Wnt/β-catenin signaling was markedly activated in the osteogenic group 
relative to the control cells, as indicated by the increased levels of nuclear β-catenin along 
with reduced levels of cytosolic β-catenin (Fig. 3A), as well as increased protein levels of 
Wnt1 (Fig. 3B). Activation of Wnt/β-catenin signaling was significantly suppressed in BMSCs 
exposed to alcohol. It was noted that not only was the nuclear translocation of β-catenin 
enhanced but also was its expression level elevated, as indicated by the increased sum of 
cytosolic and nuclear β-catenin protein.

Moreover, in the osteogenic group treated with a Wnt/β-catenin signaling inhibitor 
XAV939, the osteogenic marker genes were downregulated (Fig. 4A), whereas the adipogenic 
markers were upregulated (Fig. 4B). The number of calcification nodules in the osteogenic 
group was also decreased by 30% by XAV939 (P<0.001; Fig. 4C).

On the contrary, activation of Wnt/β-catenin signaling by BIO in alcohol-treated 
BMSCs caused the opposite changes: upregulation of the osteogenic markers (Fig. 5A), 
downregulation of adipogenic markers (Fig. 5B), and increase in the number of calcification 
nodules (Fig. 5C). Osf2/Cbfa1 by ~1.8 fold, alkaline phosphatase activity by ~2.1 fold, 
procollagen I by ~1.9 fold, and osteocalcin production by ~1.6 fold (Fig. 5A). PPARγ2 and 
aP2 were decreased by ~28% and ~33%, respectively, by BIO (Fig. 5B). The number of 
calcification nodules was increased by ~1.5% (Fig. 5C).

Fig. 5. Activation of Wnt/β-catenin 
signaling by BIO (20 μM) suppres-
ses alcohol-induced adipogenesis of 
BMSCs. A, BIO increased the osteo-
genic marker Osf2/Cbfa1 protein 
level, alkaline phosphatase activity, 
and procollagen I and osteocalcin 
productions. B, BIO decreased the 
adipogenic markers PPARγ2 and 
aP2 protein levels. C, BIO increased 
the number of calcified nodules. 
A: the Alcohol group as control; B: 
the Alcohol group treated with BIO. 
*P<0.05; **P<0.01; ***P<0.001 BIO 
vs Alcohol; n=4.
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Osteogenic lineage shift of BMSCs induced by simultaneous knockdown of TNF-α and 
upregulation of Wnt1 
It was noted that the efficacy of promoting osteogenesis or suppressing adipogenesis by 

BIO (20 μM) was moderate and suboptimal based on the data shown in Figure 5. Increasing 
BIO concentration to achieve a greater extent of Wnt/β-catenin signaling activation might 
improve the efficacy; however, this maneuver could cause changes of other signaling pathways 
that could obscure and confound the interpretation of data. It is therefore more desirable to 
take alternative approaches. As already mentioned, we have shown in our separate study that 
alcohol exposure upregulated TNF-α signaling favoring adipogenic lineage of BMSCs. These 
findings prompted us to test if simultaneous inhibition of TNF-α signaling and activation of 
Wnt/β-catenin signaling could yield more powerful suppressing effects on alcohol-induced 
dissipation of osteogenic lineage. The results presented in Fig. 6 provide supportive evidence 
for the notion. Concordant treatment of BMSCs with 3,6'-dithiothalidomide (10 μM) and BIO 
(20 μM) in the alcohol group generated superior promotion of osteoblast lineage shift, or 
inhibition of adipocytes lineage, after ethanol exposure. Osf2/Cbfa1 was upregulated by ~3.2 
fold, alkaline phosphatase activity enhanced by ~3.9 fold, and procollagen I and osteocalcin 
productions by ~2.6 fold and ~2.9 fold, respectively (Fig. 6A). PPARγ2 and aP2 were 
decreased by ~45% and ~63%, respectively, by BIO (Fig. 6B). The number of calcification 
nodules was increased by ~2.9% (Fig. 6C).

Discussion

Both TNF-α and Wnt1 have been shown to play a crucial role in bone formation and 
homeostasis with Wnt1 being essential for normal osteogenesis and TNF-α being anti-

Fig. 6. Simultaneous activation of Wnt/β-
catenin signaling by BIO (20 μM) and inhi-
bition of TNF-α signaling by 3,6'-dithiotha-
lidomide (DT; 10 µM) yield superior sup-
pressive effects on alcohol-induced adipo-
genesis lineage shift of BMSCs. A, BIO+DT 
increased the osteogenic marker Osf2/
Cbfa1 protein level, alkaline phosphatase 
activity, and procollagen I and osteocalcin 
productions. B, BIO+DT decreased the adi-
pogenic markers PPARγ2 and aP2 protein 
levels. C, BIO+DT increased the number of 
calcified nodules. A: the Alcohol group as 
control; B: the Alcohol group treated with 
BIO+DT. **P<0.01; ***P<0.001 BIO+DT vs 
Alcohol; n=4.
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osteogenic. The main goal of this study was to examine our hypothesis that concordant 
reciprocal interventions of TNF-α and Wnt1 signaling produce more thorough inhibition of 
ethanol-induced adipogenesis in human BMSCs. The main findings of the present study are 
(1) Wnt/β-catenin signaling in BMSCs was significantly suppressed by ethanol, indicating its 
involvement in the impaired osteogenesis; and (2) simultaneous activation of Wnt/β-catenin 
signaling and inhibition of TNF-α signaling produced synergetic suppression of ethanol-
induced adipogenic lineage compared to intervention of either of them alone. 

Wnt signaling has been known to participate in osteogenesis and bone homeostasis [21–
28] and stimulation of Wnt signaling either by Wnt overexpression [27] or deficiency of Wnt 
antagonists [28] is implicated in increased bone formation in mice and humans. Chen et al. [28] 
provide the first evidence for the role of Wnt/β-catenin signaling in the regulation of osteogenic 
and adipogenic lineages of mesenchymal stromal cells with prolonged exposure to alcohol. Our 
results are consistent with this study demonstrating the importance of Wnt/β-catenin signaling 
against alcohol-induced adipogenic lineage commitment. Moreover, we showed that Wnt/ 
-catenin signaling was substantially activated in BMSCs treated with osteogenic inducers 
relative to untreated control cells, as indicated by the enhanced nuclear translocation of 
β-catenin, as well as increased protein levels of Wnt1. Artificial inhibition of Wnt/β-catenin 
signaling inhibited osteogenesis even in the presence of osteogenic inducers. On the other 
hand, Wnt/β-catenin signaling was significantly suppressed in BMSCs exposed to alcohol. 
Artificial activation of Wnt/β-catenin signaling in cells treated with alcohol alleviated 
the adipogenesis. This study did not get into the mechanisms for the activation of Wnt/ 
-catenin signaling during osteogenesis and inhibition during adipogenesis induced by alcohol. 
It is possible that it is ER stress induced by alcohol that inhibited Wnt/β-catenin signaling, 
as it has been shown that ER stress suppresses Wnt/β-catenin signaling [41, 42] and in our 
separate study, we have addressed the critical role of ER stress in adipogenic lineage shift 
of BMSCs after exposure to ethanol. Furthermore, it has been shown that oxidative stress 
downregulates Wnt/β-catenin signaling, and the antioxidant N-acetylcysteine is able to 
reverse this downregulation and block bone loss [28].

It is noted that either activation of Wnt/β-catenin signaling alone or inhibition of TNF-α sig-
naling alone allowed for only moderate recovery of osteogenesis impairment induced by alcohol. 
There are several possible explanations for this observation. It may be that the activation of Wnt/ 
-catenin signaling or inhibition of TNF-α signaling was incomplete or suboptimal. Alterna-
tively, it may be that multiple signaling pathways including Wnt/β-catenin signaling and 
TNF-α signaling (and likely others as well) are involved in the regulation of differentiation 
of BMSCs after ethanol insult and intervention with any one of these pathways could elicit 
only a fractional changes of cell fate as the remaining pathways may well compensate for it. 
Or it is more likely that these above-mentioned two possibilities co-exist. To strengthen the 
efficacy of recovery of ethanol-induced osteogenesis impairment, one might simply elevate 
the concentrations of Wnt/β-catenin activator or TNF-α inhibitor; however, this could well 
be in the face of generating non-specific and unwanted effects. An alternative approach is to 
simultaneously interfere Wnt/β-catenin signaling and TNF-α signaling to achieve improved 
effects. The results in the present study indeed provided evidence in support of this latter 
strategy: concomitant activation of Wnt/β-catenin signaling and inhibition of TNF-α signa-
ling give rise to superior effects in terms of inhibition of ethanol-induced adipogenesis over 
interference of any one these pathways alone. This is expected if Wnt/β-catenin signaling 
and TNF-α signaling are two separate signaling pathways. However, all these notions need to 
be examined by future studies.

Collectively, our study supports the finding that downregulation Wnt/β-catenin 
signaling as an important determinant of ethanol-induced adipogenic shift of BMSCs [28]. 
Activation of Wnt/β-catenin signaling partially reverted the impairment of osteogenesis. 
Moreover, simultaneous reciprocal interferences of Wnt/β-catenin signaling and TNF-
αsignaling yielded a significant improvement of effects on the recovery of osteogenesis. 
This strategy may therefore be considered as an alternative approach for the treatment of 
ethanol-induced impairment of osteogenesis. 
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