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Abstract Alcoholic beverages are widely consumed,

resulting in a staggering economic cost in different social

and cultural settings. Types of alcohol consumption vary

from light occasional to heavy, binge drinking, and chronic

alcohol abuse at all ages. In general, heavy alcohol con-

sumption is widely recognized as a major epidemiological

risk factor for chronic diseases and is detrimental to many

organs and tissues, including bones. Indeed, recent findings

demonstrate that alcohol has a dose-dependent toxic effect

in promoting imbalanced bone remodeling. This imbalance

eventually results in osteopenia, an established risk factor

for osteoporosis. Decreased bone mass and strength are

major hallmarks of osteopenia, which is predominantly

attributed not only to inhibition of bone synthesis but also

to increased bone resorption through direct and indirect

pathways. In this review, we present knowledge to eluci-

date the epidemiology, potential pathogenesis, and major

molecular mechanisms and cellular effects that underlie

alcoholism-induced bone loss in osteopenia. Novel thera-

peutic targets for correcting alcohol-induced osteopenia are

also reviewed, such as modulation of proinflammatory

cytokines and Wnt and mTOR signaling and the applica-

tion of new drugs.
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Introduction

Alcohol consumption has grown into one of the most

severe substance abuse disorders worldwide. Heavy

chronic alcohol consumption and alcohol-related diseases

have various harmful effects on multiple organs, including

the brain, heart, liver, muscles, and the skeleton [1, 2].

Although recent studies have indicated that moderate levels

of alcohol intake may have benefits for bone parameters

and mineral density [3], binge drinking and chronic, heavy

alcohol abuse can be positively associated with impaired

bone remodeling and an increased risk for bone fracture

[4, 5]. The onset of alcoholic injury in gradual bone loss

may eventually result in osteopenia, a disease with

asymptomatic but substantial mortality and morbidity over

the course of one to two decades in both males and females

[6]. Therefore, effective treatments for this insidious bone

loss should be applied before the clinical manifestations of

alcohol abuse appear.

Different molecular and cellular mechanisms have been

suggested to be responsible for the osteotoxicity of alco-

holism, including a direct effect on osteoblasts and

osteoclasts [7, 8], cells that differentiate from bone marrow

mesenchymal stem cells (BMMSCs). Such mechanisms

underlying ethanol action on bone cells may be regulated

by the Wnt and mTOR pathways. In addition, systemic

alterations, such as regulation of hormone homeostasis [9],

changes in the parathyroid hormone (PTH)–vitamin D axis
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[10, 11], and growth hormone (GH)–insulin-like growth

hormone (IGF) [12] signaling, and oxidative stress [13],

have indirect effects on bone cells.

In recent decades, basic studies using human and mouse

genetic approaches have considerably improved the

understanding of the mechanisms that control alcohol-in-

duced osteopenia through various signaling pathways

[14, 15]. Here, we provide an overview of the current

findings on the molecular mechanisms that underlie bone

loss in alcohol-induced osteopenia and focus on potential

therapeutic strategies that could ameliorate the substantial

morbidity and mortality associated with disorders of bone

imbalance.

The epidemiology of alcohol-induced osteopenia

To provide clinical context and disease prevention treat-

ment, prevalence estimates for alcohol-induced bone

diseases such as osteopenia and their comorbidity factors

are necessary [16]. Bone loss associated with alcohol injury

in males and females eventually results in osteopenia, a

severe disease characterized by decreased bone formation

as the principal cellular mechanism [6]. Furthermore, the

onset of this bone loss process and structural deterioration

will lead to increased risks for osteoporosis and delayed

bone fracture healing. However, histological findings on

the influence of alcohol consumption on bone metabolism

are controversial [17], with evidence for dose-dependent

effects on imbalances in both bone formation and

resorption.

The definition of dose for chronic alcohol consumption

varies in the literature. Recent studies have indicated that

light alcohol consumption, mostly wine and defined as

1–10 g of ethanol per day [18], has positive effects on the

skeletal health of postmenopausal women, as measured

using lumbar spine bone mineral density (BMD). In addi-

tion, Dietary Guidelines for Americans defines 11–30 g of

ethanol per day as moderate alcohol consumption. The

effects of this level of consumption on BMD depend on

factors such as age and sex hormone status and are asso-

ciated with up to one drink per day for postmenopausal

women and up to two drinks per day for men [19]. Other

studies have found that long-term heavy alcohol con-

sumption (up to 30 g of ethanol per day) [20] is associated

with decreased BMD of forearm, spine, and trochanter [6],

and a cross-sectional study involving 1198 male patients

with osteoporosis in France demonstrated heavy alcohol

consumption to be an important risk factor for up to 28.1%

[21]. The National Institute on Alcohol Abuse and Alco-

holism (NIAAA) recently identified binge drinking as a

new pattern of alcohol consumption defined as a blood

alcohol concentration (BAC) level reaching 0.08% or more

in adults [22]. Some other researchers have suggested that

binge drinking in adults be defined as a BAC of 2–4.6 g/L

[23]. However, binge drinking data on BACs in children

and teenagers are insufficient, and precise epidemiological

data are also lacking.

Alcohol-induced osteopenia is defined as a gradual

systemic skeletal disorder characterized by imbalanced

bone formation and bone resorption, resulting in increased

bone fracture and delayed bone healing compared with

nonalcoholic patients. In addition, the prevalence of alco-

hol consumption may have many multifactorial

confounding aspects, and the multiple molecular mecha-

nisms may thus further contribute to alcohol-induced bone

loss.

Pathophysiology

All aspects of the pathogenesis of alcohol consumption in

osteopenia have not yet been clearly elucidated [24].

Overall, the etiology of alcohol-induced modulation of

bone remodeling is multifactorial and may involve both

complex direct and indirect actions on bone [25].

Mechanisms for the direct effects of alcohol-induced

bone turnover

Osteoblasts and osteoclasts

Most studies have shown that ethanol has various direct

effects on bone cells [26]. Some animal-based and cell

culture investigations have revealed that alcohol can alter

osteoblast activity and proliferation in a dose-dependent

manner [27]. Several experiments have reported signifi-

cantly reduced osteoblast activity and induced BMD under

the influence of chronic and binge alcohol consumption

[28]. In contrast, light alcohol consumption (\27 drinks per

week for men and\13 drinks per week for women) had

almost no effect on BMD and bone metabolism. Increased

BMD levels and reductions in bone remodeling markers

have been reported in postmenopausal women with mod-

erate alcohol consumption [29]. However, 7-week

intermittent ethanol vapor intake led to decreased

osteoblastogenesis and increased osteoclastogenesis in

animal studies [30]. Osteocalcin, also known as BGLAP,

originates from the late stages of bone formation, and

levels were found to be decreased in alcoholics.

Many years ago, relevant reports of chronic or binge

alcohol consumption focused mainly on inhibition of bone

formation, whereas only a few studies investigated the

toxic effect of alcohol on bone resorption [31]. In an

in vitro study, cultured osteoclasts were activated by the

alcohol exposure associated with social drinking
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(approximately two glasses per day), causing significantly

increased bone resorption [32]. However, the number of

osteoclasts was not associated with the effect of light or

chronic alcohol consumption by humans. Therefore, the

influence of covariates and indirect action on the osteoclast

number and osteogenesis must be taken into account in

future studies.

Proinflammatory cytokines

Recent investigations have provided evidence that under

binge drinking and chronic alcohol exposure, proinflam-

matory cytokines can significantly regulate

osteoclastogenesis and adipocyte differentiation [13, 33]. A

study using IL-6 gene-knockout mice chronically fed alco-

hol for 4 months indicated that alcohol can induce serum IL-

6 levels in wild-type mice but that osteoblast function and

the histomorphometric index of bone formation were

decreased in IL-6 gene-knockout mice. Further investigation

demonstrated that RANKL (Receptor Activator of Nuclear

Factor jB ligand) mRNA was only expressed in bone

marrow cultures of the wild-type mice but not in the other

groups [13]. Therefore, production of IL-6 and expression of

RANKL regulate osteoblast function and osteoclastogenesis,

which may result in decreased bone turnover.

As a tumor necrosis factor (TNF) family member,

RANKL can bind to the cognate receptor RANK and

osteoprotegerin (OPG), which plays an important role in

alcoholic bone metabolism. Indeed, an increased level of

OPG has a positive relationship with daily alcohol con-

sumption that has been interpreted as being protective

against alcohol-induced bone turnover [34]. Furthermore,

crosstalk between OPG and the RANK/RANKL system in

alcohol-induced bone loss was mediated by TNF-a and IL-

6 [35]. The signaling pathway associated with increased

IL-6 expression in osteoblasts may be regulated by

induction of protein tyrosine kinase activity through the

PKC (protein kinase C-dependent) pathway (Fig. 1) [2]. In

addition, other osteoclastogenic cytokines, such as IL-1b
and TNF-a, may have important roles in pathogenic alco-

hol-induced bone turnover disease [36].

Other proinflammatory cytokines such as TNF-a were

also reported to have an important function in bone cell

regulation. A recent study using liquid diets by distraction

osteogenesis (DO) demonstrated that increased TNF-a and

IL-1b in chronic alcohol abuse is associated with decreased

tibial strength and inhibition of osteoblastogenesis [37].

Furthermore, treatment with a TNF receptor antagonist

reversed alcohol-inhibited osteoblastogenesis during

destruction osteogenesis. Regardless, the underlying mech-

anisms associated with TNF-a and inhibited osteogenesis

are poorly understood. It has been reported that with alcohol

exposure, increased levels of reactive oxygen species (ROS)

may directly precede production of TNF-a in the bone

marrow [38]. In addition, TNF-a induction in the bone

marrow is blocked by treatment with N-acetylcysteine

(NAC). More strikingly, NAC can reverse lineage commit-

ment and differentiation of mesenchymal stromal cells

toward adipocytes [39], indicating that oxidative stress may

contribute to TNF-a-induced osteoblastogenesis inhibition.

The Wnt pathway

Another underlying mechanism appears to mediate alco-

hol-induced bone cell effects through activation of the

Wnt/b-catenin pathway. Wnt signaling was described in

the 1980s, and its essential roles in bone formation have

been investigated in recent years [40]. This pathway is

activated by association of the appropriate Wnt with a

coreceptor complex, such as LRP5 (lipoprotein receptor-

related protein 5) or LRP6 (lipoprotein receptor-related

protein 6) [41]. b-Catenin exerts an effect on targeted gene

transcription via accumulation in the cytoplasm and

translocation to the nucleus. Moreover, the proliferation,

differentiation and apoptosis of osteoblasts and osteoclasts

are regulated by the Wnt/b-catenin pathway in alcoholics.

This modulation by Wnt signaling may occur through

increased mesenchymal bone marrow stem cell differenti-

ation toward adipocytes [39]. The observed relationship

suggests that ethanol can inhibit the Wnt/b-catenin path-

way and activate adipogenetic genes and peroxisome

proliferator-activated receptor c (PPAR-c) in bone marrow

stem cells. The level of sclerostin, which is secreted by

osteocytes, is significantly higher in alcohol abusers than in

control subjects [42]; this elevation in sclerostin was rela-

ted to decreased bone synthesis and increased bone

resorption, and this effect may be modulated by antago-

nization of LRP5 and LRP6 binding and thus Wnt

signaling [43].

The PI3K/AKT/mTOR pathway

Chronic alcohol consumption not only exerts a toxic effect

on osteoblasts and osteoclasts but also has adverse effects

on BMMSCs, multipotent progenitor stem cells with a

strong capacity for differentiation into several specialized

cell types, including osteoblasts and adipocytes [44, 45].

Furthermore, the effects of chronic alcohol consumption on

BMMSCs differentiation toward adipocytes lead to

increased fat accumulation in the bone marrow and con-

tribute to bone loss with osteopenia [38, 46]. Several

molecular pathways may be involved in regulating alcohol-

induced BMMSC lineage differentiation in vitro, including

the Wnt and mTOR pathways.

Signaling through mTOR, which belongs to the PI3K

family of protein kinases, is a primary nutrient-sensing
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pathway [47], and interactions with other proteins regulate

the proliferation of different cell types as well as differ-

entiation and transcription. Recent studies have indicated

that mTOR plays an important role in controlling mes-

enchymal stem cell lineage differentiation toward the

adipogenic program: expression of the adipogenetic gene

PPAR-c increases and that of the osteogenetic gene Runx2

(Runt-related transcription factor 2) is inhibited [48]. In

addition, the mTOR pathway may play an important role in

osteoclastogenesis, and recent investigations have shown

that inhibition of mTOR can promote osteoclast apoptosis

and suppress osteoclast differentiation [49]. However, the

role of the mTOR pathway in osteoclastogenesis remains

unclear and requires further study.

To assess whether the effects of chronic alcohol con-

sumption on the lineage commitment of BMMSCs occur

through mTOR pathways, we used in vivo and in vitro

BMMSC lines to study ethanol treatment-modulated cell

differentiation involving the PI3K/AKT/mTOR pathway

[46]. We found that high doses of ethanol (50/100 mM)

suppressed the osteogenic differentiation of BMMSCs and

that adipogenic differentiation of the cell lines was mark-

edly increased with elevated levels of adipogenic genes

PPAR-c and LPL (lipoproteinlipase) (Fig. 3). Furthermore,

bone microarchitecture analysis demonstrated that BMD

was significantly decreased in the high-dose alcohol (30%

ethanol in water) group compared to the controls. More

importantly, the number of adipocytes in bone marrow

cells was increased in the high-dose alcohol consumption

group compared to the controls. These effects of ethanol on

BMMSCs occurred mainly through mTOR signaling and

included elevated levels of PI3K/AKT/P70S6K. Similar

results were also found by western blot analysis, which

indicated decreased osteogenic differentiation and

Fig. 1 Schematic diagram of direct and indirect mechanisms effect

on alcohol and its metabolism acetaldehyde (Acet) induced signaling

cascades in osteopenia. In osteoblasts, decreased estradiol expression

followed by phosphorylation of ERK/STAT3 cascades leads to

increased RANKL level, and then binds to RANK to further decrease

bone formation. Expression level of ROS is mainly induced by NOX

enzyme family, NOX 1, 2, 4. Moreover, increased NOX activity

depends on NF-jB, JNK, ERK signaling pathways to stimulate

RANKL expression. Increased level of proinflammatory cytokine IL-

6 may mediate the signal transportation through a protein kinase

C-dependent pathway to increase RANKL expression. Inhibited

PTH–vitamin D axis can be partly mediated by Wnt pathway with

heavy alcohol consumption, which in turn promotes RANKL

expression in osteoblasts. Decreased GH production and IGF-1

expression were found in osteoblasts, accompanied by increased IGF

binding protein IGFBP1, with followed downstream signaling

pathway mTOR/S6K1 to reversely inhibit Runx2 mRNA expression.

NOX NADPH oxidase, ROS reactive oxygen species, PKC protein

kinase C, PTH parathyroid hormone, GH growth hormone, IGF

insulin-like growth factor, RANKL receptor activator of nuclear factor

kappa-B ligand
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increased adipogenic differentiation. In addition, treatment

of P70S6K siRNA increased the expression of osteogenic

genes Runx2 and ALP, but the adipocyte number and level

of associated gene PPARc decreased. However, similar

effects were found with siRNA-mediated knockdown of

raptor but not rictor in BMMSCs, suggesting that another

mechanism may be involved in alcohol-impaired lineage

BMMSC differentiation.

Mechanisms of indirect effects of alcohol abuse

on bone synthesis

The indirect action of alcohol-induced bone loss occurred

secondary to target changes in the estradiol (E2) level, the

regulation of the PTH–vitamin D axis, the level of growth-

stimulated hepatic insulin (GH)-like growth factor type 1

(IGF-1), and the effects of oxidative stress.

Estrogen

Estrogen has been shown to prevent bone loss in both

males and females [9], and experimental studies have

reported decreased serum E2 levels in young female alco-

holics [50]. A recent study demonstrated that alcohol

dehydrogenase (ADH), an alcohol-metabolizing enzyme, is

highly expressed in stromal osteoblasts and can suppress

the cellular effects of alcohol-induced bone remodeling.

Osteocalcin, a bone formation marker, is also suppressed

[51]. In contrast, increased estrogen production in post-

menopausal women is associated with the gain of bone

remodeling that is associated with light alcohol consump-

tion [6]. Mechanistically, the inhibitory effect of estrogen

on heavy alcohol consumption mainly occurs through the

estrogen receptor isoforms ERa and ERb [52]. In addition,

E2 and its receptor are reported to significantly inhibit

alcohol-induced bone loss directly through osteoclastoge-

nesis via induction of the RANK/RANKL/OPG system

[53].

The cellular and molecular mediator of E2 action in

alcohol-induced bone loss involves phosphorylation of

mitogen-activated protein (MAP) kinase-related molecules,

including stimulation of MAP kinase extracellular signal-

regulated kinase (ERK) and its downstream target STAT3,

which is phosphorylated following constitutive expression

of RANKL mRNA in osteoblasts [51]. In addition, E2 can

activate ERK in osteocytes for a short period, over 12–48 h

[54], and acetaldehyde, a major byproduct of alcohol

metabolism, triggers oxygen radical generation and induces

RANKL mRNA through ERK in mouse osteoblasts

(Fig. 1) [55]. As estrogen is considered to have an

antioxidant effect on bone cells, its involvement in cross-

talk and signaling needs further research [56].

Status of the PTH–vitamin D axis in alcohol abuse

Indirect effects on bone abnormalities at the hormone level

have been associated with heavy alcohol consumption [57].

These changes may occur due to secondary interference

with calcium regulation and bone mineral homeostasis

through the PTH–vitamin D axis [10]. In an early study, 77

alcoholic patients (68 men and 9 women) who were heavy

drinkers defined as those who consumed [150 g etha-

nol/day for prolonged periods (28.4 ± 11.4 years)

exhibited significantly lower serum 25-hydroxyvitamin D3,

IGF-1 and vitamin D levels compared with 28 controls

[20]. Evidence has shown that PTH and its related protein

(PTHrP) are involved in activating vitamin D, which plays

a positive role in calcium homeostasis as well as

microarchitectural remodeling of osteoblast function and

differentiation [58].

The molecular mechanisms underlying PTH and vitamin

D actions on alcohol-induced bone effects remain unclear.

The effect of PTH on osteoblast cell number may require

transcription factors such as Runx2 and CREB (CAMP

response element-binding protein) [59]. Other observations

suggest that intermittent PTH can ameliorate decreased

bone mineralization, which is regulated by the Wnt path-

way in heavy alcohol consumption, but that PTH fails to

prevent alcohol-induced bone marrow adiposity [11, 60].

Overall, associations between adipocytic and osteogenic

lineages remain unclear and require further research.

Stimulation of vitamin D metabolism may be regulated by

the vitamin D receptor (VDR) in osteoblasts, positively

affecting bone matrix mineralization and cell differentia-

tion [22]. In recent years, vitamin D deficiency in excessive

alcohol consumption has been suggested to promote

RANKL-regulated osteoclastogenesis and OPG induction

[61]. However, administration of vitamin D supplements

was found to cause decreased osteoclastogenesis through a

downregulated RANKL/osteoprotegerin ratio, and

impaired bone metabolism could subsequently be reversed

in individuals with alcoholism [62].

GH–IGF1 signaling

Several groups have reported that the GH–IGF axis plays

an important physiological role in lean body mass (LBM)

accretion [63]. The GH–IGF axis is complex, involving

numerous hormones in the blood and biological fluids [64]

that may have important functions in the regulation of bone

remodeling in adults [65]. Researchers have shown that

damage to spontaneous GH excretion arises not only in

heavy alcohol consumption but also in binge alcohol intake

[66]. Further investigations showed that IGF-1 mRNA is

significantly decreased in chronic alcoholics [67]. More-

over, an in vitro study demonstrated that treatment of
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osteoblasts and chondrocytes with GH may lead to cell

differentiation and proliferation [68] and that the stimula-

tory mechanism may be regulated by the synthesis and

secretion of IGF-1 [69]. Therefore, heavy alcohol con-

sumption likely impairs the GH–IGF axis and results in an

imbalance between osteogenesis and adipogenesis.

This controlled bioactivity of IGF-1 may be partly

attributable to its high affinity for binding to its target

protein IGFBP1 [64]. In vitro and in vivo studies have

reported that chronic alcohol consumption not only inhibits

the biological activity of IGF-1 but also increases IGFBP1

production [70]. The mechanism of this reciprocal rela-

tionship between IGF-1 and IGFBP1 may be partly due to

IGF-1 resistance (Fig. 1) [71, 72]. In addition, acute alco-

hol intake impairs IGF activity in stimulating threonine

phosphorylation of ribosomal protein S6 kinase-1 (S6K-1/

Thr389; S6K-1/Thr421) [72], and this defect might be

mediated through the mTOR pathway [73, 74]. However,

this mechanism has not been fully defined, as phosphory-

lation of another mTOR substrate, 4E-binding protein-1

(4E-BP1), is not inhibited [71]. Other nutritional states and

the route of alcohol administration may also play contrib-

utory roles in IGF-1 resistance [75].

Oxidative stress

Recent studies using gene array approaches suggest that

ROS act as regulators of the effects of chronic alcohol

exposure in the inhibition of bone formation [7, 76]. Pro-

duction of ROS may contribute to plasma membrane lipid

and nucleic acid damage [77], and the toxic effect of

alcohol-induced bone pathology may, therefore, derive

from intracellular ROS production [78]. Indeed, chronic

alcohol consumption is reported to accelerate ROS gener-

ation through increased expression of NADPH oxidase

(NOX) in osteoblasts in a rat model [79]. Several sources

of oxidative stress have been reported in alcohol-induced

bone cells. The plasma membrane-associated NOX enzyme

family (NOX1, 2, 4) has been identified in osteoblasts

in vitro, with NOX4 being the major constitutive subtype to

generate superoxide in these cells [80]. Moreover, mRNA

expression of three members of the NOX family is sig-

nificantly upregulated in osteoblasts after alcohol exposure

[81], and NOX4 is considered the most responsive agent

for regulating cell proliferation and apoptosis (Fig. 1) [82].

As a result, alcohol-induced NOX expression has been

associated with bone resorption. Consistently, oxidative

stress ultimately leads to an imbalanced relationship

between ROS production and the biological capacity to

detoxify ROS, which may contribute to decreased bone

formation [78].

Different animal studies have helped to identify these

pathogenic mechanisms [83]. One study using rat

osteoblast cell lines from neonatal calvariae demonstrated

that induced oxidative stress promotes activation of the

senescence pathway and upregulates RANKL mRNA

production in osteoblasts [81]. In contrast, NOX produc-

tion was blocked by E2 and dietary NAC, which could

reverse the effect of alcohol on RANKL mRNA expres-

sion. This is consistent with a previous report

demonstrating that NAC is able to block alcohol-induced

oxidative stress in vivo [84]. In addition, treatment with

diphenyleneiodonium, a specific NOX inhibitor, effec-

tively abolishes RANKL mRNA induction in osteoblasts

[81], suggesting the involvement of converging crosstalk

between E2 and alcohol-induced RANKL gene

expression.

Several signal transduction pathways have been

reported to regulate ROS production. Increased NAPDH

oxidase activity by ROS, which increases RANKL

expression, depends on prolonged nuclear accumulation

of MAP kinase signaling [85], and the signal-regulated

kinase pathway of ERK [39]. This association was fur-

ther observed in co-treatment of osteoblasts with alcohol

and the ERK inhibitor PD98095, which prevented

RANKL expression [79]. The downstream transducer

and activator of STAT3 transcription are reported to be

the ERK target, modulating RANKL expression in

osteoblasts [86]. In addition, AG490, an inhibitor of

STAT3, appears to prevent alcohol-induced RANKL

mRNA induction in these cells. Furthermore, several

other intracellular signaling cascades, including the NF-

jB, JNK and the Wnt pathways, have also been impli-

cated in increased NOX activity in alcohol-induced bone

loss in osteoblasts [87].

However, information is lacking with regard to the

relative signaling role of NOX enzymes in osteoclastic

bone resorption and osteoclastogenesis [88]. Nonetheless,

an in vitro experiment demonstrated that increased NOX1

and -2 may stimulate osteoclast activity and prevent

osteoclast apoptosis due to alcohol exposure [79] and that

NOX4 participates in the shift lineage commitment and

differentiation of preadipocytes [82]. Another study has

suggested that RANKL can increase osteoclast differen-

tiation in osteoclast precursors downstream of RANKL

and RANK binding. In addition, with increased ROS

production, ethanol can affect osteoclasts or other pre-

cursors regulated by RANKL signaling and may also have

an influence on ROS primarily through MAPK and

STAT3 signaling [89].

Some studies have demonstrated that oxidative stress

has a lineage association with Wnt/b-catenin signaling and

osteoblastogenesis [39]. Indeed, Wnt signaling is a poten-

tial target in alcohol-induced bone loss [41]. In addition to

accumulating ROS and interfering with osteoblast differ-

entiation in vivo, chronic alcohol abuse has direct effects
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on mesenchymal stem cells, ultimately leading to damp-

ened b-catenin nuclear translocation and decreased Wnt-

dependent T cell factor/lymphoid enhancer factor (TCF/

LEF) transcription, partly through GSK3b gene production

[76, 90].

Potential therapeutic strategies to prevent alcohol-
induced bone disease

As described in this review, chronic alcohol consumption

has toxic effects on bone regulation by decreasing bone

formation and increasing osteogenesis in bone degradation.

This impaired bone remodeling is influenced by proin-

flammatory factors, the Wnt/b-catenin pathway, the mTOR

pathway and RANKL/RANK signaling toward osteoblasts,

osteoclasts and BMMSCs. In addition, indirect actions

should be taken into account, including nutritional and

hormonal factors. Therefore, the treatment of alcohol-in-

duced osteopenia should focus on increasing osteogenesis

and decreasing osteoclastic activity.

It has been reported that the Wnt pathway can be tar-

geted by antagonizing sclerostin, which is produced by

osteocytes [91, 92]. Consistent with this, blocking scle-

rostin increases bone formation and has a beneficial effect

on bone mass in osteopenic animals [93]. Moreover, an

anti-sclerostin antibody was recently used in post-

menopausal woman to increase bone formation and

strength [94]. Another class of drugs for treating post-

menopausal osteoporosis that could be theoretically

effective in alcohol-induced bone loss includes the RNAK/

RANKL pathway inhibitor denosumab [95]. This human

monoclonal antibody can decrease osteoclast activity and

bone resorption by inhibiting RANKL and its binding to

RANK. In fact, one study demonstrated that denosumab

reduced vertebral and hip fractures in postmenopausal

women compared to controls [96].

As a highly specific medicine, rapamycin targets the

mTOR pathway [97], and previous studies have demon-

strated that rapamycin can be used as a novel nonsteroidal

anticancer drug [98] and may play a critical immunosup-

pressive role in tumor immunity [99]. Mechanistically, this

effect appears to be regulated by natural crosstalk between

mTOR and rapamycin [47]. In addition, rapamycin binding

to FKBP12 (FK506-binding protein 12, targeted intracel-

lular receptor) causes functional alterations in certain

Fig. 2 Direct and indirect

mechanisms effect on ethanol

(ETOH)-induced osteoclast

activation and

osteoclastogenesis via RANKL/

RANK signaling cascades in

osteopenia. Other inflammatory

cytokines, including TNF-a and

IL-6, also have directly positive

effect on osteoclasts. However,

their downstream signaling

cascades remain unsolved and

need further research. RANK

receptor activator of nuclear

factor kappa-B, RANKL RANK

ligand, SOST sclerostin
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amino acid residues in the mTOR complex assembly [100].

Consistent with this finding, in one of our studies, we found

that rapamycin treatment of BMMSCs was able to appar-

ently rescue alcohol-induced osteopenia [46]. However,

concerning the multifunctional roles of rapamycin in

immune-regulatory and osteoporosis therapies, the effect

and safety of this drug in preclinical tests and more detailed

clinical trials need to be assessed in future studies.

It has been shown that vitamin D supplementation with

eldecalcitol can protect against cortical bone loss through

inhibition of NF-jB ligand mRNA in mice fed a liquid

ethanol diet (30% ethanol in water) [14]. Clinical studies

are necessary, however, to investigate the effects of

vitamin D supplements and therapy with bisphosphonates

in people with chronic alcoholism [101]. Bisphospho-

nates, which inhibit bone resorption, have been widely

used to treat bone diseases in postmenopausal women

[102]. Alendronate also has positive effects on bone

mineralization in the femur during chronic alcohol con-

sumption [103] and, it could compensate for the decreased

biomechanical properties of femurs affected by ethanol

[103]. Similar results were found in another study, sug-

gesting that bisphosphonates can decrease production of

urinary amino telopeptides, including expression of the

osteoblastogenesis genes collagen-I and serum osteocal-

cin [104].

Conclusion

In recent years, some important mechanisms underlying

alcohol-induced bone pathology in humans and animal

models have been identified. The effects of alcohol con-

sumption on BMD and bone mass are dose and duration

dependent [105]. Although the effect of light chronic

alcohol consumption is not deleterious to bones, the exact

effects depend on other factors including age, sex hormone

status, and nutrition levels. Chronic and binge alcohol

consumption have harmful effects on bone tissues and

represent a risk for osteopenia. However, the optimal

amount of daily alcohol consumption for a positive effect

on bone tissues can hardly be estimated based on current

studies because general population studies are heteroge-

neous globally. Indeed, different mechanisms may

contribute to the effects of chronic heavy alcohol con-

sumption on the activity of osteoblasts and osteoclasts and

also its inhibition of bone formation. Some emerging evi-

dence suggests that the effects of typical cell changes might

be modulated in part by Wnt and mTOR signaling

[39, 106], leading to decreased bone formation associated

with increased adipogenesis in the bone marrow (Fig. 3).

The harmful effects of chronic alcohol consumption on

bone tissues may also be regulated in indirect ways,

including by estrogen, the PTH–vitamin D axis, GH–IGF

Fig. 3 Schematic diagram of direct and indirect mechanisms effect

on ethanol induced signaling cascades in osteopenia by bone marrow

mesenchymal stem cells (BMMSCs). Ethanol treatment has direct

effect on BMMSCs by ROS accumulation and Wnt inhibition, which

in turn support a shift in BMMSCs differentiation towards adipocyte

lineage over the osteoblast lineage. In addition, ethanol also increases

TNF-a production in BMMSCs with ROS activation. Heavy alcohol

consumption activates PI3K/AKT/mTOR signaling cascades in

BMMSCs by inhibiting osteogenic differentiation and promoting

adipogenic differentiation, with increased PPAR-c production and

inhibited Runx2 mRNA expression
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levels, and effects of oxidative stress (Figs. 1, 2). All of

these prompted us to provide novel therapeutic approaches,

such as modulation of the corresponding signaling (Wnt

and mTOR pathway) and inhibition of the RANKL/RANK

pathway in bone cells. Studying these direct and indirect

effects of alcohol-induced bone pathology may translate

into efficient therapeutics, not only for preventing the

development of alcohol-induced bone disorders but also for

correcting imbalanced bone remodeling in human meta-

bolic skeletal disorders. Regardless, the cellular

mechanisms for alcohol-induced osteopenia are not so

simple. More investigations into osteoclast apoptosis and

activity will lead us to a better understanding of bone

pathology in alcoholics.
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