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ABSTRACT

Chronic alcohol abuse results in decreased bone mineral den-
sity (BMD), which can lead to increased fracture risk. In con-
trast, low levels of alcohol have been associated with increased
BMD in epidemiological studies. Alcohol’s toxic skeletal effects
have been suggested to involve impaired vitamin D/calcium
homeostasis. Therefore, dietary vitamin D supplementation
may be beneficial in reducing bone loss associated with
chronic alcohol consumption. Six-week-old female C57BL/6J
mice were pair-fed ethanol (EtOH)-containing liquid diets (10 or
36% total calories) for 78 days. EtOH exposure at 10% calories
had no effects on any measured bone or serum parameter.
EtOH consumption at 36% of calories reduced BMD and
bone strength (P < 0.05), decreased osteoblastogenesis,
increased osteoclastogenesis, suppressed 1,25-hydroxyvi-
tamin D4 [1,25(0OH),D5] serum concentrations (P < 0.05), and
increased apoptosis in bone cells compared with pair-fed con-

trols. In a second study, female mice were pair-fed 30% EtOH
diets with or without dietary supplementation with vitamin D4
(cholecalciferol; VitD) for 40 days. VitD supplementation in the
EtOH diet protected against cortical bone loss, normalized
alcohol-induced hypocalcaemia, and suppressed EtOH-
induced expression of receptor of nuclear factor-«B ligand
mRNA in bone. In vitro, pretreatment of 1,25(0OH),D; in os-
teoblastic cells inhibited EtOH-induced apoptosis. In EtOH/
VitD mice circulating 1,25(0H),D; was lower compared with
mice receiving EtOH alone (P < 0.05), suggesting increased
sensitivity to feedback control of VitD metabolism in the
kidney. These findings suggest dietary VitD supplementation
may prevent skeletal toxicity in chronic drinkers by normal-
izing calcium homeostasis, preventing apoptosis, and sup-
pressing EtOH-induced increases in bone resorption.

Introduction

Chronic alcohol consumption has profound effects on the
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skeleton, interfering with bone growth, quality, and remod-
eling. Epidemiological studies in alcoholics of both genders
report significant decreases in bone mineral density (BMD)
and increased bone fractures and osteoporosis risk compared
with nondrinkers (Clark et al., 2003; Malik et al., 2009;
Pasoto et al., 2011; Wuermser et al., 2011), which is related
to changes in bone turnover, particularly decreased bone
formation and increased bone resorption (Dai et al., 2000;
Alvisa-Negrin et al., 2009; Callaci et al., 2010; Diez-Ruiz et
al., 2010). Previously, we have reported significant decreases
in tibial and femoral BMD after chronic ethanol (EtOH)
consumption in cycling female rats receiving isocaloric diets
via intragastric infusion [total enteral nutrition (TEN)]

ABBREVIATIONS: BMD, bone mineral density; EtOH, ethanol; TEN, total enteral nutrition; VitD, vitamin Ds/cholecalciferol; 250HD,, 25-
hydroxyvitamin Dg; 1,25(0H),D5, 1,25-hydroxyvitamin Dg; PF, pair-fed; CT, computed topography; uwCT, micro-CT; ROI, regions of interest; TRAP,
tartrate-resistant acid phosphatase; CTX, C-terminal telopeptide; BEC, blood ethanol concentration; CV, coefficient of variation; PTH, parathyroid
hormone; BV/TV, bone volume/tissue volume; VDR, vitamin D receptor; RANKL, receptor of nuclear factor-«B ligand; TUNEL, terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling; «MEM, a-minimal essential medium; FBS, fetal bovine serum; ANOVA, analysis of variance; PCR,

polymerase chain reaction.
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(Shankar et al.,, 2006; Chen et al., 2011). In those rats,
detailed bone histomorphometric analysis demonstrated de-
creased osteoblast numbers and increased numbers of ma-
ture osteoclasts associated with the bone perimeter, which
correlated with elevated biochemical markers of bone resorp-
tion. Further analysis demonstrated that EtOH exposure
increases reactive oxygen species in bone tissue, which stim-
ulates bone resorption while inhibiting bone formation (Chen
et al., 2006, 2010, 2011; Shankar et al., 2006, 2008b).

Chronic EtOH consumption also disrupts calcium homeo-
stasis, resulting in hypocalcaemia, which seems to be caused
in part by disturbances in vitamin D metabolism in addition
to EtOH’s inhibitory effect on intestinal calcium resorption
(Krawitt, 1975; Keiver et al., 1996; Sampson, 1997). In hu-
mans, although findings have been quite variable depending
on study population, age, sex, and drinking status, chronic
alcohol abuse has been associated with reduced plasma con-
centrations of 1,25- hydroxyvitamin D5 [1,25(0OH),D;] and
25-hydroxyvitamin D5 [250HD,] (Sampson, 1997; Gonzalez-
Reimers et al., 2011). A recent comprehensive study in alco-
holic patients reported that nutritional status and low
1,25(0H),D; plasma concentrations are independently re-
lated to increased prevalence of rib and vertebral fractures
(Gonzalez-Reimers et al., 2011). In rodent models, we and
others have reported similar decreases in circulating
1,25(0H),D; after chronic EtOH exposure (Turner et al.,
1988; Keiver et al., 1996; Shankar et al., 2006). In addition,
we have reported that this decrease in serum 1,25(0H),D; is
associated with a significant increase in renal CYP24A1, the
enzyme responsible for the conversion of 1,25(0H),D; to in-
active 1,24,25-hydroxyvitamin D; metabolite (Shankar et al.,
2008b). It is noteworthy that we and others have also re-
ported increases, decreases, or no change in serum concen-
trations of 250HD, after EtOH consumption in rodents
(Turner et al., 1988; Wezeman et al., 2007; Shankar et al.,
2008b).

Vitamin D, (VitD; cholecalciferol) supplementation alone
or combined with calcium is well tolerated and has shown
great promise in reducing fracture risk in men and women
(Dawson-Hughes et al., 1997; Bischoff-Ferrari et al., 2010).
Skeletal benefits associated with VitD supplementation are
attributed to endocrine actions related to the regulation of
calcium homeostasis and/or paracrine/autocrine actions
within bone cell populations. The direct effects on bone in-
clude stimulation of osteoblast differentiation and bone mass
accrual while reducing osteoclast activity and inhibiting bone
resorption (Atkins et al., 2007; Kogawa et al., 2010). To our
knowledge, only one group has published a study investigat-
ing the benefit of vitamin D supplementation in protecting
against EtOH-mediated bone loss (Wezeman et al., 2007). In
that study, the authors administered a daily subcutaneous
injection of cholecalciferol (5000 IU/kg/daily) to male rats in
combination with a binge alcohol regimen (3g/kg i.p.) for 3
weeks, which resulted in a significant amelioration of the loss
of trabecular bone and bone strength in VitD/EtOH-treated
rats compared with EtOH-treated baseline controls. How-
ever, no additional mechanistic information was reported.

Contrasting with the clinical findings of chronic alcohol
abusers, there is epidemiological evidence supporting a pos-
itive association between moderate alcohol consumption (1-2
drinks/day) and increased BMD in premenopausal and post-
menopausal women, suggesting a bimodal effect of EtOH on

bone health in both men and women (New et al., 1997; Berg
et al., 2008). The biological mechanisms underlying the ben-
efits associated with long-term moderate drinking are un-
clear and require further investigation. In the present study,
the Lieber-DeCarli liquid feeding model was used to feed
EtOH diets to cycling female C57BL/6J mice at two doses: 10
and 36% of total calories, corresponding, respectively, to
moderate and heavy drinking, for 78 days, to determine the
effects of moderate alcohol consumption on BMD and bone
turnover in comparison with the effects observed with higher
EtOH intakes. In addition, a separate study was conducted
in which an EtOH diet, 30% of total calories, was supple-
mented with 2000 IU/kg body weight of cholecalciferol to
determine whether normalizing vitamin D homeostasis
would protect against chronic EtOH-mediated bone loss.

Materials and Methods

Animals and Experimental Design

All experimental procedures were approved by the Institutional
Animal Care and Use Committee at the University of Arkansas for
Medical Sciences. Animals were housed in an Association Assess-
ment and Accreditation of Laboratory Animal Care-approved animal
facility.

Experiment 1. Fifty 6-week-old C57BL/6J female mice (The
Jackson Laboratory, Bar Harbor, ME) were randomly assigned to
five weight-matched diet groups (n = 10/group): standard rodent
chow diet, a 10% EtOH Lieber-DeCarli liquid diet, a 36% EtOH
Lieber-DeCarli diet, and corresponding pair-fed (PF) controls for
each EtOH group. Initially, all mice received the control diet, 35% of
energy from fat, 18% from protein, and 47% from carbohydrates
(Dyets, Bethlehem, PA). For the EtOH groups, EtOH was added to
the Lieber-DeCarli diet by substituting carbohydrate calories with
EtOH calories (Dyets). The EtOH concentration in the diet was
increased slowly in a stepwise manner until 10 or 36% total calories
were reached, which constituted final EtOH concentrations of 1.8
and 6.2% (v/v), respectively, and maintained until sacrifice (78 days)
as described previously (Wahl et al., 2006). All groups had access to
water ad libitum. Mice given the control diet were isocalorically PF
to their corresponding EtOH group based on the diet consumption of
the previous day. Animal body weights were measured weekly. On
days 0, 48, and 78 of the study, all mice were placed on a La Theta
X-ray computed topography (CT) scanner (Aloka Co., Tokyo, Japan),
under isoflurane anesthesia to determine body composition as de-
scribed previously (Shankar et al., 2008a). Densitometric calcula-
tions of fat and muscle were performed by using CT software (Aloka
Co.) and attenuation number thresholds of —120 to —500 for fat and
—120 to 350 for muscle. Indices of percentage of fat mass and per-
centages of lean mass were calculated. Volumetric BMD was mea-
sured by using the Alcoa software from specific regions of interest
(ROI). The femur ROI included distal, midshaft, and proximal femur
bone, tibia ROI included midshaft to proximal tibia bone, and verte-
brae ROI included thoracic vertebrae (T1-T12). Total body is defined
as all bones scanned from clavicle to the lumbar vertebrae, which
includes, scapula, forelimbs, thoracic vertebrae, pelvic girdle, and
hind limbs. At sacrifice, trunk blood was collected, and right
femurs were harvested and frozen in saline-soaked gauze at
—80°C for mechanical strength testing. Left femurs were har-
vested, and bone marrow was used in ex vivo osteoblast and
osteoclast cultures. Left tibias were fixed in EtOH and embedded
in plastic for further analysis.

Experiment 2. Twenty-two 6-week-old female C57BL/6J mice
were assigned to four weight-matched groups: EtOH, the Lieber-
DeCarli EtOH diet (Dyets), which contains the National Research
Council-recommended level of VitD and, based on diet intake, ani-
mals received 400 IU VitD/kg body weight; EtOH/VitD, the same
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Lieber-DeCarli EtOH diet supplemented with additional VitD where
mice were calculated to receive 2000 IU/kg body weight; and corre-
sponding PF and PF/VitD controls (n = 4—-6/group). In the EtOH
groups, a final EtOH concentration of 5.2% (v/v) was achieved as
described in experiment 1 and constituted 30% of total calories
consumed. Both PF groups were isocalorically fed to their corre-
sponding EtOH group based on the diet consumptions of the previous
day. EtOH and PF diets were administered for 40 days. At sacrifice,
trunk blood was collected, kidneys and femurs were frozen and
stored at —80°C, and right tibial bones were formalin-fixed for nCT
analysis. Left tibial bone was fixed in EtOH and embedded in plastic
for further analysis. Blood ethanol concentrations (BECs) were an-
alyzed by using an Analox (Huntington Beach, CA) analyzer as
described previously (Shankar et al., 2006).

Serum Analysis of Vitamin D Homeostasis and Bone
Turnover Markers

Serum 250HD; was measured by using a commercially available
enzyme immunoassay kit (Immunodiagnostic Systems, Scottsdale,
AZ); detection range was 5 to 380 nM, less than 10% CV for inter-
assay variation and less than 8% CV for intra-assay variation. Se-
rum 1,25(0H), D; was also measured by using a commercially avail-
able radioimmunoassay kit (Immunodiagnostic Systems); detection
range was 5 to 401 pM, and precision was 19 pM (16% CV), 46 pM
(8.8% CV), and 162 pM (8.6% CV) for interassay variation and 20%
CV, 13% CV, and 11.9% CV for intra-assay variation, respectively.
The intact form of parathyroid hormone (PTH) (Immunotopics,
Inc., San Clemente, CA), osteocalcin (Biomedical Technologies,
Stoughton, MA), and C-terminal telopeptides (CTXs) of type 1 (Im-
munodiagnostic Systems) were detected in serum by using commer-
cially available enzyme-linked immunosorbent assay kits. Serum
phosphorus and ionized calcium were measured by using colorimet-
ric assay kits (BioVision, Mountain View, CA).

Micro-Computed Tomography Analyses

All uCT analyses were consistent with current guidelines for the
assessment of bone microstructure in rodents by using micro-com-
puted tomography (Bouxsein et al., 2010). Formalin-fixed tibiae and
femora were imaged by using a MicroCT 40 (Scanco Medical AG,
Bassersdorf, Switzerland) and a 12-pm isotropic voxel size in all
dimensions. The region of interest selected for analysis comprised
240 transverse CT slices representing the entire medullary volume
extending 1.24 mm distal to the end of the primary spongiosa with a
border lying 100 um from the cortex. Three-dimensional reconstruc-
tions were created by stacking the regions of interest from each
two-dimensional slice and then applying a gray-scale threshold and
Gaussian noise filter as described previously (Suva et al., 2008) and
using a consistent and predetermined threshold with all data ac-
quired at 70 kVp, 114 mA, and 200-ms integration time. Fractional
bone volume [bone volume/tissue volume (BV/TV)] and architectural
properties of trabecular bone trabecular thickness (mm), trabecular
number (mm ™), and trabecular spacing (mm) were calculated by
using previously published methods (Suva et al., 2008). Likewise, for
cortical bone assessment, pCT slices were segmented into bone and
marrow regions by applying a visually chosen, fixed threshold for all
samples after smoothing the image with a three-dimensional Gauss-
ian low-pass filter (¢ = 0.8; support = 1.0) to remove noise and a
fixed threshold (245). Cortical geometry was assessed in a 1-mm-long
region centered at the tibial midshaft. The outer contour of the bone
was found automatically by using the built-in Scanco contouring tool.
Total area was calculated by counting all voxels within the contour,
bone area was calculated by counting all voxels that were segmented
as bone, and marrow area was calculated as total area — bone area.
This calculation was performed on all 25 slices (one slice = ~12.5
pm), using the average for the final calculation. The outer and inner
perimeter of the cortical midshaft was determined by a three-dimen-
sional triangulation of the bone surface of the 25 slices, and cortical
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thickness and other cortical parameters were determined as de-
scribed previously (Suva et al., 2008). Parameters assessed were
total cross-sectional area (mm?), total diameter, cortical thickness
(mm), medullary area (mm?)., periosteal perimeter (mm), and endo-
cortical perimeter (mm).

Mechanical Strength Testing

Whole femur mechanical strength testing was done by three-point
bending using a MTS 858 Bionix test system load frame (MTS, Eden
Prairie, MN) as described previously (Brown et al., 2002). Loading
point was displaced at 0.1 mm/s until failure, and load displacement
data were recorded at 100 Hz. Test curves were analyzed by using
TestWorks software (MTS) to determine measures of whole-bone
strength, which are peak load and stiffness. Load to failure was
recorded as the load after a 2% drop from peak load.

Analysis of Gene Expression

Total RNA was isolated from kidney and femur shaft by using TRI
reagent (Molecular Research Center, Cincinnati, OH) as described
previously (Chen et al., 2008). Total RNA was reverse-transcribed by
using IScript cDNA synthesis (Bio-Rad Laboratories, Hercules, CA)
according to the manufacturer’s instructions. Subsequent real-time
PCR analysis was carried out by using SYBR green and an ABI
7500 sequence detection system (Applied Biosystems, Foster City,
CA). Gene-specific primers were: renal CYP24A1, forward 5'-
GCAAATCGATGAGCTGCGTGATGA-3" and reverse 5'-
AGGGCTTCTTCCTCTGTGTCCTTT-3'; renal CYP27B1, forward
5'-ACTCAGCTTCCTGGCTGAACTCTT-3' and reverse 5'-
ACAAGTGTAGGGTCGGCAACGTAA-3’; osteocalcin, forward 5'-
TTGTGCTGGAGTGGTCTCTATGAC-3" and reverse 5'-CAC-
CCTCTTCCCACACTGTACA-3’; collagen type la, forward 5’-
AGGGTCATCGTCGCTTCTC-3" and reverse 5'-CTCCA-
GAGGGGGCTTGTT-3’; receptor of nuclear factor-kB ligand
(RANKL), forward 5'-GGGTTCGACACCTGAATGCT-3' and re-
verse 5'- AACTGGTCGGGCAATTCTGG-3'; tartrate-resistant
acid phosphatase (TRAP), forward 5'-TGGTCCAGGAGCTTA-
ACTGC-3' and reverse 5'-GCTAGGAGTGGGAGCCATATG-3';
and cathepsin K, forward 5'-GTGGGTGTTCAAGTTTCTGC-3’
and reverse 5'- GGTGAGTCTTCTTCCATAGC-3'.

Ex Vivo Osteoblast and Osteoclast Cell Cultures

Bone marrow cells were harvested from the left femur of chow-fed,
10% EtOH-treated, 36% EtOH-treated mice, and the corresponding
PF controls from experiment 1 (n = 6/group) and plated for osteo-
blast and osteoclast differentiation as described previously (Chen et
al., 2008). Cells were cultured for osteoblastogenesis in osteogenic
media (¢eMEM supplemented with 10% FBS and 1 mM L-ascorbic
acid phosphate) for 10 days and stained for alkaline phosphatase.
Separate osteoblast cultures were cultured in osteogenic media for
25 days and stained with Von Kossa. Alkaline phosphatase- and Von
Kossa-stained cultures were counted under a microscope (Carl Zeiss
Microscopy, LLC, Thornwood, NY) at 20X magnification. Nonadher-
ent bone marrow cells were plated at a density of 10° cells per well
and cultured in Dulbecco’s modified Eagle’s medium containing
L-glutamine, 10% FBS, 100 U/ml penicillin and streptomycin, and
20 nM 1,25(0OH),D; for 10 days followed by TRAP staining accord-
ing to the manufacturer’s instructions (Sigma-Aldrich, St. Louis,
MO). Mature multinucleated osteoclasts, containing five or more
nuclei, were counted under a microscope at 20X magnification.

Measurement of Apoptosis

EtOH-fixed, plastic-embedded tibias from the 36% EtOH and PF
groups in experiment 1 and the EtOH and EtOH/VitD groups in
experiment 2 were sectioned, and apoptotic cells were visualized by
using the ApopTag Peroxidase In Situ Apoptosis Detection Kit (Mil-
lipore Corporation, Billerica, MA) and terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) of fragmented DNA
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and immunoperoxidase staining for qualitative detection of apoptotic
cells in vivo as described in the manufacturer’s instructions. In
addition, neonatal calvaria-derived osteoblastic cells from untreated
mice were seeded at a density of 10° cells/well in a six-well plate and
maintained in osteogenic media («MEM supplemented with 10%
FBS and 1 mM L-ascorbic acid phosphate) for 20 days, at which time
cells were pretreated with 1,25(0OH),Dg for 30 min before the addi-
tion of increasing concentrations of EtOH. 1,25(0H),D5 (Enzo Life
Sciences, Plymouth Meeting, PA) was prepared as a stock solution
(60 M) in absolute EtOH and stored at —80°C until use. The
1,25(0H),D, stock was diluted into CO,-conditioned media («MEM
supplemented with 10% FBS), which was added to the wells for a
final concentration of 150 pM 1,25(0H),D5. After the preincubation
step, 25 to 100 pl/ml of a 1 M EtOH stock solution made in CO,-
conditioned media was added to the appropriate plates for final
EtOH concentrations of 25 to 100 mM. To prevent EtOH evaporation
in the media, all plates, including control plates without EtOH
treatment, were wrapped in paraffin and maintained at 37°C and 5%
CO,, for 24 h, at which time cells from each treatment group were
lysed in radioimmunoprecipitation assay buffer (Thermo Fisher Sci-
entific, Waltham, MA) supplemented with protease and phosphatase
inhibitors. EtOH-induced apoptosis in vitro was examined by West-
ern blotting using a mouse monoclonal antibody recognizing the
cleaved form of caspase-3 (Cell Signaling Technology, Danvers, MA)
followed by anti-mouse secondary antibody conjugated with horse-
radish peroxidase. Blots were developed by using the chemilumines-
cence detection method according to the manufacturer’s instructions
(Thermo Fisher Scientific). Protein bands were quantified by using a
densitometer, and band densities were corrected for total protein
loaded by staining with 0.1% amido black (Sigma-Aldrich).

Data and Statistical Analysis

Data are presented as means = S.E.M. Comparison between mul-
tiple groups was accomplished by one-way ANOVA, followed by
Student Newman-Keuls post hoc analysis. The effect of VitD supple-
mentation and EtOH and the interaction thereof were determined by
two-way ANOVA, followed by Student Newman-Keuls post hoc anal-
ysis. Statistical significance was set at P < 0.05. SigmaPlot software
package 11.0 (Systat Software, Inc., San Jose, CA) was used to
perform all statistical tests.

Results

Effects of EtOH on Weight Gain and Body Composi-
tion in Experiment 1. The mean EtOH intake for the 36%
EtOH group was 30 g/kg/day, and the mean EtOH intake for
the 10% EtOH group was 7.5 g/kg/day. At sacrifice, the mean
BEC for the 36% EtOH group was 171.5 + 27.1 mg/dl (range
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104.2—-260). This range corresponds to BECs observed in our
rat TEN model of chronic alcoholism (Shankar et al., 2006)
and falls within the range observed in human alcoholics
(Wadstein and Skude, 1979). The mean BEC for the 10%
EtOH group was 17.1 = 1.2 mg/dl. Weights at sacrifice did
not differ between the 10% EtOH, its PF control, or ad libi-
tum chow-fed groups (21.1 * 0.61 versus 21.0 * 0.58 versus
21.5 * 0.58 g, respectively), but body weight was signifi-
cantly decreased in both the 36% EtOH group and its PF
control compared with all other groups (17 = 0.13 versus
19 = 0.45 g; P < 0.05; Mann-Whitney rank sum test). Diet
intakes between the 10% PF and 36% PF control groups
differed slightly (11.06 versus 10.36 kcal/day, respectively;
P < 0.05; Mann-Whitney rank sum test), which may explain
the 10% increase in body weight between the PF controls. As
seen in Fig. 1, feeding the control high-fat Lieber-DeCarli
diet to mice resulted in an increase in fat accumulation (2- to
3-fold), accompanied by a 25% lower percentage of lean mass
in both PF control groups compared with chow-fed mice (P <
0.05). It is noteworthy that chronic consumption of EtOH at
36% of total calories, but not at 10% of total calories, reduced
the fat accumulation associated with feeding Lieber-DeCarli
liquid diets, resulting in an increase in the percentage of lean
mass to baseline values obtained in the chow-fed mice (P <
0.05).

Effects of High Alcohol Consumption on BMD and
Mechanical Strength. During the study, mice were anes-
thetized, and BMD was measured for each group by using the
La Theta CT scanner as described under Materials and Meth-
ods. As seen in Fig. 2a, baseline scans (study day 0) show no
differences in total BMD between all groups (P = 0.520).
Once maximal EtOH intakes were maintained for several
weeks (study day 48), we observed a 4.5 to 6% decrease in
total BMD in the 36% EtOH group compared with PF and
chow-fed controls, respectively, but it did not reach statistical
significance. At study day 78, both PF groups had decreased
total BMD compared with the chow-fed group (P < 0.05).
Moreover, at day 78, we observed a decrease in total BMD
between 36% EtOH and its PF control (P = 0.05), but no
difference between the 10% EtOH group and its PF control
(P = 0.9). Further analysis of cortical and trabecular BMD in
the femur, tibia, and vertebrae on day 78 showed similar
results (Table 1). At both the axial and appendicular skele-
ton, we observed a 17% decrease in cortical BMD in the 36%

Fig. 1. Female mice were chronically fed EtOH diets for
78 days. Peak EtOH concentrations for 10% EtOH (7
g/kg/day) and 36% EtOH (30 g/kg/day) were reached on
day 25 and maintained for the length of the study. Body
composition, lean mass (a), and fat mass (b) were as-
sessed for each group by using in vivo CT scanning
encompassing the entire visceral region of the animal
as described under Materials and Methods and are ex-
pressed as a percentage of total body weight. Statistical
significance was determined by one-way ANOVA fol-
lowed by Student-Newman Keuls post hoc analysis. *,
P < 0.05, all groups versus chow-fed animals. #, P <
0.001, 36% EtOH versus corresponding PF control. ~,

#A

P = 0.001, 36% EtOH versus 10% EtOH.
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TABLE 1

Cortical and trabecular BMD (mg/cm?®) as measured by CT scanning in experiment 1

After 78 days of chronic EtOH consumption, BMD measurements were obtained by using whole-body CT scanning as described under Materials and Methods. Statistical
differences between treatment groups were determined by one-way ANOVA followed by Student-Newman Keuls post hoc analysis. Data in parentheses are S.E.M.

Cortical BMD

Trabecular BMD

Group
Femur Tibia Vertebrae Femur Tibia Vertebrae
mg/em?

Chow 638 (8.42) 604 (4.26) 433 (3.42) 256 (13.88) 318 (10.63) 286 (15.93)
PF to 10% EtOH 610 (9.68)* 577 (5.93)* 415 (6.28)* 258 (15.15) 317 (16.35) 310 (12.78)
10% EtOH 599 (7.65)* 556 (5.20)* 410 (4.63)* 237 (7.69) 315 (16.89) 284 (16.023)
PF to 36% EtOH 591 (7.66)* 567 (4.02)* 410 (4.76)* 216 (9.74) 296 (13.55) 295 (19.3)
36% EtOH 493 (11.00)** 466 (5.5)*" 370 (3.82)%* 190 (10.95)* 216 (9.57)" 242 (13.72)"

* P < 0.05, all groups versus chow-fed animals.
#, P < 0.001, 36% EtOH versus corresponding PF control.
*, P = 0.001, 36% EtOH versus 10% EtOH.

EtOH group compared with its PF control group (P <
0.001). In trabecular bone, decreases in BMD in both fe-
mur and vertebra were observed, a 12 and 18% decrease,
respectively; the greatest effect of alcohol on trabecular
bone was observed in tibial bone with a 26% decrease in
BMD compared with its PF control group (P < 0.001).
Throughout the study, we did not see significant changes
in trabecular BMD between the 10% EtOH group and its
PF control. Likewise, cortical BMD measurements be-
tween 10% EtOH and its PF control did not differ, but both
had lower cortical BMD values compared with chow-fed
controls (P < 0.05). Mechanical strength testing was also
performed on whole femurs taken from EtOH-treated and
PF groups. As seen in Fig. 2b, the loss in BMD observed in

the 36% EtOH group was associated with a decrease in
load to failure and stiffness (Fig. 2¢) compared with its PF
control and 10% EtOH (P < 0.001).

EtOH Consumption Disrupts Bone Remodeling. In
experiment 1, chronic EtOH consumption decreased circulat-
ing osteocalcin by 2-fold in the 36% EtOH group compared
with its PF control, 14.2 + 3.8 versus 24.6 = 8.5 ng/ml,
respectively (P < 0.001; one-way ANOVA followed by Stu-
dent-Newman Keuls post hoc analysis). Moderate EtOH con-
sumption had no effect on circulating osteocalcin in the 10%
EtOH group compared with its PF control (26.9 * 6.2 versus
28.8 = 6.1 ng/ml, respectively). Consistent with these find-
ings, we observed an inhibitory effect on osteoblastogenesis
in primary bone marrow cells taken from 36% EtOH-treated
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Fig. 3. Chronic EtOH consumption alters both osteoblastogenesis and
osteoclastogenesis in primary bone marrow cells cultured in osteogenic
media for 10 days followed by alkaline phosphatase staining (a), cultured
in osteogenic media for 25 days followed by Von Kossa staining (b), or
cultured in «aMEM containing 10 nM 1,25(0H),D, and 15 ng/well recom-
binant RANKL for 10 days (c). Data represent mean = S.E.M. forn = 6

femurs cultured ex vivo. The number of alkaline phospha-
tase-stained preosteoblasts was lower in cells from bone ex-
posed to 36% EtOH in vivo compared with chow-fed, PF, and
10% EtOH cultures maintained in osteogenic media for 10
days (P < 0.05) (Fig. 3A). As a result, the number of differ-
entiated osteoblasts identified by Von Kossa staining after 25
days in culture was also statistically different (P < 0.05) (Fig.
3b). Chronic consumption of 10% EtOH had no stimulatory or
inhibitory effect on osteoblastogenesis. In addition, the num-
ber of differentiated, multinucleated TRAP-positive oste-
oclasts was increased in the 36% EtOH group compared with
its PF control and 10% EtOH group (P < 0.001) in ex vivo
primary bone marrow cultures (Fig. 3c).

EtOH Consumption Alters Circulating Vitamin D
Metabolites. As shown in Fig. 4a, serum 1,25(0H),D, was
drastically reduced after chronic consumption of 36% EtOH
compared with its PF control (P < 0.05). Moderate alcohol
consumption did not alter 1,25(0OH),D; concentrations. De-
spite disruption of vitamin D homeostasis, we did not see
significant changes in serum PTH among the EtOH or PF
control groups (Fig. 4b), which is consistent with previously
published reports demonstrating a lack of development of
secondary hyperparathyroidism after EtOH-induced hy-
pocalcaemia (Sampson, 1997).

VitD Supplementation Prevents EtOH-Induced Cor-
tical Bone Loss in Experiment 2. The mean EtOH intake
for EtOH and EtOH/VitD groups was 29 g/kg/day, which
corresponds to 30% of total caloric intake. At sacrifice, mean
BECs were not significantly different and were 218.4 + 48.3
mg/dl (range 63—-329.7) for EtOH and 144.28 = 28.1 mg/dl
(range 71-231) for EtOH/VitD. The amount of diet consumed
did not differ between the EtOH and EtOH/VitD groups, but
statistical analysis of final body weight using two-way
ANOVA followed by Student Newman-Keuls post hoc analy-
sis showed a decrease in body weight in the EtOH group
compared with PF control (21 = 0.45 and 19.2 = 0.17, re-
spectively) and between the EtOH/VitD and PF/VitD groups
(21.1 = 0.38 and 20.1 = 0.2, respectively) (P < 0.05). At
sacrifice, right femurs from all groups were collected and
used for mechanical strength testing. As expected, chronic
EtOH feeding resulted in 23 and 32% decreases in load-
bearing strength and stiffness in the EtOH group compared
with its isocalorically PF control (P < 0.05) (Fig. 5). pCT
analysis of left tibial bone in the EtOH-treated group re-
vealed decreases in trabecular BV/TV, number, and thick-
ness (P < 0.05) (Table 2). Trabecular spacing did not change
in the EtOH-treated mice compared with PF controls. In
cortical bone, EtOH consumption did not change total cross-
section area, but did reduce total diameter and thickness and
increased medullary area (P < 0.05). VitD supplementation
alone reduced trabecular BV/TV and number and increased
spacing between PF and PF/VitD controls (P < 0.05). How-
ever, the addition of EtOH did not result in further reduc-
tions in trabecular BV/TV, number, or increases in spacing
between the trabeculae compared with the EtOH/VitD group
or the PF/VitD controls. In the cortical compartment, VitD
supplementation prevented EtOH-mediated effects on med-

animals per group plated in triplicate. Statistical differences were deter-
mined by Mann-Whitney rank sum test. *, P = 0.05, all groups versus
chow-fed animals. #, P = 0.05, 36% EtOH versus its corresponding PF
control. %, P = 0.05, 36% EtOH versus 10% EtOH.
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TABLE 2

The effect of VitD supplementation on bone loss associated with chronic EtOH consumption

After 40 days of chronic EtOH consumption, tibial bone was analyzed by pCT as described under Materials and Methods. Values are mean + S.E.M. Statistical differences
between treatment groups were determined by two-way ANOVA followed by Student-Newman Keuls post hoc analysis. Values with different letter superscripts are

significantly different from each other (P < 0.05).

PF EtOH PF/VitD EtOH/VitD

RCT Trabecular bone parameters

BV/TV, % 6.640 (0.004)* 4.770 (0.003)" 4.550 (0.004)" 4.770 (0.003)"

Tb.N, 1/mm 2.826 (0.168)* 2.352 (0.098)° 2.133 (0.194)® 2.260 (0.146)"

Th.Sp, mm 0.366 (0.035)* 0.413 (0.027)* 0.487 (0.035)" 0.459 (0.027)*

Tb. Th, mm 0.044 (0.001)* 0.041 (0.001)® 0.044 (0.001)*" 0.042 (0.001)*P
RCT Cortical bone parameters

Tt.Ar, mm? 0.153 (0.007)* 0.138 (0.005)* 0.141 (0.007)* 0.134 (0.005)*

Total diameter, mm 0.035 (0.002)* 0.026 (0.001)° 0.035 (0.002)* 0.031 (0.001)*"

Ct.Th, mm 0.173 (0.006)* 0.149 (0.005)° 0.179 (0.006)* 0.165 (0.005)*

Me.Ar, mm?
Ps.Pm, mm
Ec.Pm, mm

0.104 (0.006)*
1.442 (0.070)*
0.567 (0.042)*

0.126 (0.006)"
1.529 (0.060)*
0.647 (0.034)*

0.094 (0.006)*
1.367 (0.070)*
0.533 (0.042)*

0.100 (0.005)*
1.375 (0.060)*
0.563 (0.034)*

Tb.Th, trabecular bone trabecular thickness; Th.N, trabecular number; Tb.Sp, trabecular spacing; Tt.Ar, total cross-sectional area; Ct.Th, cortical thickness; Me.Ar,

medullary area; Ps.Pm, periosteal perimeter; Ec.Pm, endocortical perimeter.

ullary area (P < 0.05), diameter (P = 0.08), and thickness
(P = 0.06) comparing EtOH/VitD and EtOH groups. Consis-
tent with the protective effects of dietary VitD supplementa-
tion on cortical bone parameters, VitD supplementation pre-
vented the loss of bone load-bearing strength and stiffness
produced by EtOH consumption (P < 0.05), but no significant
difference was observed in the PF/VitD group relative to the
PF group (Fig. 5).

VitD Supplementation Prevents EtOH-Induced Changes
in Biochemical Markers of Bone Remodeling. Chronic
EtOH exposure significantly increased biochemical markers
of bone resorption. We observed a 7-fold increase in circulat-

ing CTX in the serum of EtOH-treated mice and 2- to 3-fold
increases in mRNA expression of RANKL, TRAP, and ca-
thepsin K in the femur shaft of EtOH-treated mice compared
with PF controls (P < 0.05) (Fig. 6). In contrast, osteoblast
genes associated with bone formation such as osteocalcin and
collagen type 1a mRNA expression were decreased in the
femur shaft of EtOH-treated mice compared with PF controls
(P < 0.05). Serum concentrations of CTX were reduced by
40% in the EtOH/VitD group compared with EtOH alone
(P < 0.05). Likewise, mRNA expression of bone resorption
biochemical markers was also reduced in the EtOH/VitD
group compared with EtOH alone (P < 0.05). In addition,
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TABLE 3
Vitamin D homeostasis parameters in experiment 2

Statistical significance was determined by two-way ANOVA followed by Student Newman-Keuls post hoc analysis.

different from each other (P < 0.05).

Values with different letter superscripts are significantly

250HD3 1,25(0H),D3 PTH Serum Ca?* Serum Phosphorous
nmol/l pmol/l pglml mg/dl mmol /1l
PF 48.3 (1.09)2 94.4 (9.6)* 184.9 (33.2)* 11.87 (1.48)* 2.76 (0.163)*
EtOH 99.1 (3.95)° 66.5 (11)° 189.0 (21.7)* 8.00 (1.21)° 3.17 (0.198)*
PF/VitD 121.5 (2.58)° 45.3 (2.1)P° 162.9 (33.2)* 11.26 (1.48)* 3.20 (0.298)*
EtOH/VitD 141.1 (4.1)¢ 29.0 (4.1)¢ 126.1 (21.7)* 14.63 (1.48)* 3.36 (0.232)*

osteocalcin expression increased, but not significantly (P =
0.100), and collagen type la mRNA expression increased
(P < 0.05) in the EtOH/VitD group compared with EtOH
alone.

VitD Supplementation Lowers Circulating 1,25(0H),D,
But Protects against EtOH-Induce Hypocalcaemia. Di-
etary supplementation to 2000 IU/kg body weight/day in-
creased serum 250HD;, concentration by 2.5-fold in PF/VitD
mice compared with PF controls (P < 0.05) (Table 3). EtOH
alone increased 250HD, concentrations compared with PF
controls (P < 0.05). EtOH exposure combined with VitD
supplementation increased serum 250HD; still further com-
pared with EtOH-treated mice (P < 0.01). Concurrently,
serum 1,25(0H),D4 concentrations were decreased by 2-fold
in PF/VitD mice compared with PF controls (P < 0.05). EtOH

exposure alone reduced 1,25(0H),D; concentrations by 30%
(P < 0.05). However, EtOH exposure combined with VitD
supplementation decreased serum 1,25(0H),D, levels still
further in the EtOH/VitD group compared with EtOH-
treated mice (P < 0.01). Serum PTH levels did not change in
response to either EtOH or VitD supplementation alone or in
combination. However, serum concentrations of ionized
calcium were deceased in the EtOH group compared with
PF control mice, (P < 0.05). VitD supplementation alone
did not change serum calcium concentrations between PF
controls, but calcium concentrations comparable with PF
controls were maintained in the EtOH/VitD group com-
pared with EtOH alone (P < 0.05). Serum phosphorous
concentrations were not statistically different between any
treatment groups.
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Increased Circulating 250HD; by EtOH Treatment
and/or VitD Supplementation Enhances Feedback Reg-
ulation of Renal Cytochrome P450 Expression Control-
ling 1,25(0H),D; Synthesis and Degradation. Chronic
EtOH feeding increased renal CYP24A1 mRNA expression
2-fold compared with PF control (P < 0.05) (Fig. 7a). VitD
supplementation alone also increased CYP24A1 mRNA expres-
sion 2-fold compared with PF controls. Moreover, the addition of
EtOH increased CYP24A1 mRNA expression further (63%)
compared with either agent alone (P = 0.083). Renal CYP27B1
is the enzyme responsible for the synthesis of 1,25(0H),D5 from
25(0OH)D, (Christakos et al., 2010). Renal CYP27B1 mRNA also
decreased in the EtOH/VitD group (P < 0.05) compared with
the EtOH or PF/VitD groups (Fig. 7b). In all groups, we ob-
served no significant changes in bone-specific CYP27B1 mRNA
expression in response to EtOH or VitD supplementation alone
or in combination (Fig. 7c).

Chronic EtOH Consumption Induces Apoptosis in
Mouse Tibial Bone Marrow. Recently, apoptosis has been
reported in rat tibia after chronic consumption of EtOH for 17
weeks (Maurel et al.,, 2011). We observed an increase in
apoptosis as measured by qualitative in situ TUNEL staining
in tibial bone marrow after chronic EtOH exposure (Fig. 8, a
and c). It is noteworthy that VitD supplementation seemed to
protect against EtOH-mediated apoptosis in bone marrow
cells (Fig. 8d). For a more quantitative analysis of the effects
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of EtOH and VitD on bone cell apoptosis, we measured
EtOH-mediated apoptosis in vitro by using neonatal calvar-
ia-osteoblastic cells derived from control chow-fed C57BL/6J
female mice. In cell culture, we observed a dose-dependent
increase in active caspase-3 expression in cell lysates after
24 h of EtOH exposure (P < 0.05; 0 < 25 <50 mM). However,
pretreating calvaria cells with 150 pM 1,25(0OH),D; before
the addition of EtOH prevented the increase in active
caspase-3 expression (Fig. 8e).

Discussion

Consistent with our previously published studies using the
rat TEN model (Chen et al., 2006, 2010, 2011; Shankar et al.,
2006, 2008b), chronic exposure to high EtOH concentrations
significantly decreased trabecular and cortical BMD,
which resulted in the loss of bone strength in the female
mouse. In experiment 1, bone loss was associated with
decreased bone formation and increased osteoclastogen-
esis. Serum 1,25(0H),D; concentrations were also de-
creased despite normal levels of PTH. EtOH exposure also
decreased body weight and fat accrual in these mice, a phe-
nomena that has been reported in heavy and chronic drink-
ers (Addolorato et al., 2000). Lower body weights may be, in
part, explained by disruption of the growth hormone/insulin-
like growth factor 1 axis by EtOH as a result of impaired
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Fig. 8. a to d, representative pictures of in situ TUNEL
staining in tibial bone marrow taken from 36% EtOH-
treated mice (a) and corresponding PF controls (b), 30%
EtOH-treated mice (c), and 30% EtOH/VitD-treated
mice (d) as described under Materials and Methods.
Arrows indicate apoptotic cells. e, EtOH exposure (0-50
mM) increased cleaved caspase-3 expression in differ-
entiating osteoblastic cells in a dose-dependent manner.
Pretreatment with 1,25(0OH),D; protected against
EtOH-induced apoptosis in osteoblastic cells treated
with EtOH. Apoptosis was assessed by Western blot
with caspase-3 expression quantified by densitometry.
Band densities were corrected for total protein loaded
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growth hormone secretion (Ronis et al., 2007) or inefficient
utilization of EtOH as an energy source (Lieber, 1991). Al-
ternatively, others have reported that EtOH metabolism in
white adipose tissue blocks preadipocyte differentiation to
mature adipocytes through the inhibition of peroxisome pro-
liferator-activated receptor y and CCAAT-enhancer-binding
protein B expression (Crabb et al., 2011). Chronic EtOH
feeding also stimulates lipolysis in white adipose tissue in
rats through the increased expression of the major adipose
lipases and concurrent down-regulation of genes related to
adipose tissue fatty acid uptake. These effects were reported
to be reversed by treatment with the peroxisome proliferator-
activated receptor y agonist rosiglitazone (Sun et al., 2012).

It is noteworthy that moderate EtOH exposure (10%
EtOH) had no adverse or positive effects on body composi-
tion, cortical and trabecular BMD, or bone strength. These
findings suggest there is no gain in bone health in response to
moderated EtOH exposure in this mouse model. Aside from
alcohol, other components found in alcoholic beverages have
been reported to have bone anabolic effects, and these, as
opposed to EtOH, may contribute to the positive correlation
between light-moderate drinking and improved BMD ob-
served in several epidemiological studies (New et al., 1997;
Jugdaohsingh et al., 2004; Berg et al., 2008).

In our rat and mouse models of chronic EtOH exposure,
heavy alcohol consumption is associated with a significant
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decrease in serum 1,25(0H),D, (Shankar et al., 2006, 2008b).
Given the importance of hormonal VitD regulation in main-
taining bone density, we conducted an additional experiment
to test whether correcting for the loss in 1,25(0H),D,
through dietary VitD supplementation would provide protec-
tion against EtOH-induced bone loss. In experiment 2, pCT
analysis of 30% EtOH-treated tibias revealed significant
changes in both cortical and trabecular compartments. These
changes were associated with decreased bone strength. How-
ever, in the EtOH/VitD group, increasing daily VitD intake
from 400 to 2000 IU/kg body weight protected against EtOH-
dependent losses of cortical bone and bone strength. This
protection coincided with decreases in circulating CTX and
gene expression of bone resorption markers and increases in
the expression of bone formation markers in EtOH/VitD mice
compared with EtOH mice. It is noteworthy that VitD sup-
plementation alone reduced trabecular bone in the PF/VitD
controls (Table 2). In the literature, it has been reported that
VitD supplementation in 10-week-old male rats fed low-cal-
cium, vitamin D-depleted diets produced a positive correla-
tion between trabecular BV/TV and serum 250HD; concen-
trations =80 nM (Anderson et al., 2008). However, it has also
been reported that dietary VitD supplementation in 6-week-
old female mice, significantly decreased trabecular BV/TV
through an overall increase in bone turnover in that com-
partment (Iwamoto et al., 2003). Therefore, we suspect that
the reduction trabecular volume observed in the PF/VitD
group is a sex- and/or age-dependent, compartment-specific
effect associated with vitamin D receptor (VDR) signaling.

Most interesting was that serum calcium in the EtOH/VitD
group was normalized to PF controls despite further de-
creases in serum 1,25(0H),D; concentrations. The reduction
in serum 1,25(0OH),D; coincided with a significant reduction
in renal CYP27B1 and increased renal CYP24 expression in
the EtOH/VitD group relative to the EtOH group. These
findings support the current view that endocrine regulation
of renal VitD synthesis and metabolism is subject to a feed-
back loop via serum calcium (Christakos et al., 2010). Our
data suggest that circulating 1,25(0OH),D; is not important in
mediating the normalization of serum calcium associated
with dietary VitD supplementation in the current model and
is consistent with studies suggesting that CYP27B1 in extra-
renal tissues is responsible for 1,25(0OH),D; synthesis and
autocrine/paracrine VDR signaling (Heaney et al., 2003;
Fleet and Schoch, 2010; Morris and Anderson, 2010; Geng et
al., 2011). Although controversial, support for intestinal syn-
thesis of 1,25(0H),D, comes from clinical studies by Heaney
et al. (2003) in which calcium absorption was increased 25%
after 4 weeks of treatment with 50 pg/day of 2560HD, despite
no changes in serum 1,25(0H),D, and from studies localizing
CYP27B1 in the intestinal villus (Balesaria et al., 2009).
Alternatively, 250HD, may have direct biological actions to
stimulate VDR-dependent signaling in the intestine because
it was significantly elevated in the EtOH/VitD group (Rowl-
ing et al., 2007; Zhang et al., 2011).

The protection from EtOH-mediated bone loss observed in
the EtOH/VitD mice may be secondary to the restoration of
calcium homeostasis. In VDR knockout mice, it has been
reported that a “rescue diet” containing 2% calcium, 20%
lactose, and 1.25% phosphorous is capable of reversing the
abnormal mineral homeostasis, rickets, and osteomalacia as-
sociated with this genotype (Li et al., 1998). However, in
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CYP27B1 knockout mice, the rescue diet did not completely
restore the impaired bone phenotype, in particular the inhi-
bition of longitudinal bone growth (Dardenne et al., 2003). In
these same mice, daily injections of 1,25(0OH),D; normalized
serum calcium and rescued the bone deficiencies, including
the aberrant bone growth (Dardenne et al., 2003), which
emphasizes the importance of VDR signaling in bone growth
and maintenance and the likelihood that a calcium rescue
diet in the absence of additional VitD may not completely
alleviate EtOH’s effect on bone.

In the EtOH/VitD mice, bone turnover is normalized,
which could also be related to increased VDR signaling as a
result of local conversion of 250HD, to 1,25(0H),D, in bone
cells by CYP27B1 (Geng et al., 2011). In the present study we
have shown that in vivo EtOH exposure is associated with
the presence of apoptotic cells in the bone marrow (Fig. 8).
Moreover, VitD supplementation minimized the in vivo apopto-
tic response to EtOH exposure, and pretreatment of osteoblastic
cells with a physiological relevant dose of 1,250H,D; com-
pletely suppressed the EtOH-mediated apoptosis in vitro. We
suspect that in the EtOH/VitD-treated mice increased VDR
signaling prevents or counteracts the effects of EtOH-
mediated oxidative stress in osteoblasts.

In summary, dietary VitD supplementation normalizes se-
rum calcium and prevents cortical bone loss and subsequent
loss of mechanical strength associated with chronic EtOH
exposure. In the intestine, local VitD synthesis may be re-
sponsible for increased calcium absorption, which results in
the normalization of serum calcium. In bone, the direct
actions of locally produced 1,25(0OH),D5 on bone cells may
suppress EtOH-induced oxidative stress signaling path-
ways involved in reducing osteoblastogenesis, increasing
bone resorption and stimulating apoptosis. Because the
study described here increased VitD in the diet approxi-
mately 5-fold, it is plausible that increasing average daily
dietary VitD intake by a similar amount would be a feasi-
ble approach to preventing the deleterious effects of EtOH
on bone in heavy or chronic drinkers.
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