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Abstract

Background: Estrogen signaling is essential for the sexual dimorphism of the skeleton, is
required for normal bone remodeling balance in adults, and may influence the skeletal response to
alcohol. High levels of alcohol consumption lower bone mass in ovary-intact but not
ovariectomized (ovx) rats. However, the extremely rapid rate of bone loss immediately following
ovx may obscure the effects of alcohol. We therefore determined (1) whether heavy alcohol
consumption (35% caloric intake) influences bone in sexually mature ovx rats with established
cancellous osteopenia, and (2) whether ICI 182,780 (ICI), a potent estrogen receptor-signaling
antagonist, alters the skeletal response to alcohol.

Methods: Three weeks following ovx, rats were randomized into five groups: (1) baseline, (2)
control+vehicle, (3) control+ICl, (4) ethanol+vehicle, or (5) ethanol+ICI and treated accordingly
for four weeks. Dual energy X-ray absorptiometry, micro-computed tomography, blood
measurements of markers of bone turnover, and gene expression in femur and uterus were used to
evaluate response to alcohol and ICI.

Results: Rats consuming alcohol had lower bone mass and increased fat mass. Bone
microarchitecture of the tibia and gene expression in femur were altered; specifically, there was
reduced accrual of cortical bone, net loss of cancellous bone, and differential expression of 19/84
genes related to bone turnover. Furthermore, osteocalcin, a marker of bone turnover, was lower in
alcohol-fed rats. ICI had no effect on weight gain, body compaosition, or cortical bone. ICI reduced
cancellous bone loss and serum CTX-1, a biochemical marker of bone resorption; alcohol
antagonized the latter two responses. Neither alcohol nor ICI affected uterine weight or gene
expression.
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Conclusion: Alcohol exaggerated bone loss in ovx rats in the presence or absence of estrogen
receptor blockade with ICI. The negligible effect of alcohol on uterus and limited effects of ICI on
bone in alcohol-fed ovx rats suggests that estrogen receptor signaling plays a limited role in the
action of alcohol on bone in a rat model for chronic alcohol abuse.
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Introduction

Alcohol consumption has context and dose-dependent effects on bone metabolism. In
women, chronic alcohol abuse is associated with osteopenia and increased fracture risk
(Gaddini et al., 2016). However, it has proven difficult to separate the specific effects of
alcohol from the contributing effects of co-morbidity factors, such as smoking, poor
nutrition and disease, often present in chronic alcohol abusers. These factors are controlled
for in animal models (Gaddini et al., 2016). Alcohol levels similar to those experienced by
alcohol abusers (Savola et al., 2004) slow bone accrual in growing rats and induce bone loss
in skeletally mature rats (Hogan et al., 2001, Turner et al., 2001b, Sampson et al., 1996).

The mechanisms of action of alcohol on the skeleton are likely multifactorial. Bone
metabolism is under tight endocrine control and there is evidence that alcohol is a
nonspecific endocrine disrupter (Gaddini et al., 2016, Ronis et al., 2007). One of the
hormones implicated as a target of alcohol action is estrogen (Turner and Sibonga, 2001,
Chen et al., 2009). Estrogen is an important endocrine regulator of bone growth, where it
plays an essential role in the sexual dimorphism of the skeleton. Estrogen is also critical for
maintenance of bone remodeling balance in adults (Turner et al., 1994). The importance of
this hormone for maintaining remodeling balance is illustrated by the rapid loss of
cancellous bone following menopause in women and following ovariectomy (ovx) in
skeletally mature rats (Turner et al., 1994).

Alcohol consumption could influence estrogen status by multiple non-mutually exclusive
mechanisms, including (1) altered synthesis or metabolism of estrogen, leading to changes
in circulating levels of the hormone or (2) changes in estrogen receptor signaling in estrogen
target cells, altering the sensitivity of bone to the hormone (Kimble, 1997, Turner and
Sibonga, 2001). There is evidence for both possibilities. Alcohol increased aromatase
activity in rat liver and increased estrogen levels in some studies evaluating dietary alcohol
in women (Chung, 1990, Purohit, 2000). In addition, /n vitro studies suggest that high
concentrations of alcohol increase estrogen receptor levels in cultured osteosarcoma cells
(Chen et al., 2009).

In vivo, alcohol resulted in a dose-dependent reduction in bone turnover and at high levels
resulted in bone loss in skeletally mature ovary-intact rats (Turner et al., 2001b).
Pharmacological treatment with estrogen prevents osteopenia in growing rats during
intragastric infusion of alcohol (Chen et al., 2006) and the detrimental skeletal response to
alcohol is greater in cycling than pregnant rats (Shankar et al., 2006). These findings suggest
that estrogen antagonizes the detrimental skeletal effects of alcohol. Interestingly, high levels
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of alcohol consumption did not alter the magnitude of bone loss following ovx (Kidder and
Turner, 1998), whereas, intraperitoneal administration of alcohol resulted in additional bone
loss (Callaci et al., 2006). The rate of bone loss after ovx is much more rapid than the rate of
loss resulting from consuming high levels of alcohol (Hogan et al., 2001, Wronski et al.,
1988). Therefore, it is possible that the effects of dietary alcohol on bone were obscured by
the rapid bone loss occurring immediately following ovx. We evaluated this possibility in the
present study by delaying alcohol treatment until ovx-induced osteopenia was well
established and the rate of bone loss substantially diminished. We also evaluated the
contribution of estrogen receptor signaling to a skeletal response by blockading signaling
with the antiestrogen ICI 182,780 (ICI) (Turner et al., 2017). Specifically, we determined (1)
whether heavy alcohol consumption influences whole body bone mass, density and turnover,
and tibia microarchitecture in ovx rats subsequent to the initial rapid bone loss phase, and
(2) whether ICI influences the skeletal response to alcohol.

Materials and Methods

Fifty 8-week-old ovx and ten 8-week-old ovary-intact Sprague Dawley rats were obtained
from Harlan (Indianapolis, IN) and housed in plastic shoebox cages (1 rat/cage) in a
temperature- and humidity-controlled room with a 12/12 hour light/dark cycle. Additional
ovary-intact and ovx rats (n=5/group) were obtained from Harlan (Indianapolis, IN) and
sacrificed 2 weeks following surgery to determine the effects of ovx on gene expression in
uterus and femur. Animal care followed the guidelines found in the Guide for Care and Use
of Laboratory Animals. The Institutional Animal Care and Use Committee at Oregon State
University approved the animal protocol.

Experimental Design for Alcohol Study

After a 2-week period of acclimation (3 weeks following ovariectomy), the rats were
randomized by body weight into one of five groups (n = 10/group): (1) baseline, (2) control+
vehicle, (3) control + ICI, (4) ethanol (EtOH) + vehicle, (5) EtOH + ICI and baseline
animals sacrificed. Age-matched asynchronous baseline sham controls (n =10) were
included as a reference group in order to confirm that ovx resulted in cancellous bone loss
prior to initiation of ethanol feeding. Rats in the ethanol-fed groups were adapted to a liquid
ethanol diet over a 1-week period, as recommended by the manufacturer (Lieber-DeCarli
liquid diet, #F1258SP, Bio-Serve, Frenchtown, NJ). At the end of the adaptation period, 35%
of caloric intake in these rats was derived from ethanol. Control rats consumed an isocaloric
liquid diet with calories from ethanol being replaced with maltose-dextran (BioServe,
#F1259SP). The liquid diet contained 1.36% Ca, 1.06% P and 0.13% Mg (wt/v). Control
rats were pair fed to ethanol-fed rats to control for ethanol-induced reduction in food
consumption. Subcutaneous injection of ICI (Sigma-Aldrich, St. Louis, MO) in sesame oil
(0.1 ml/d; 1.5 mg/kg/d) or vehicle was started one day after completion of adaptation of rats
to their liquid diets. Injections were then administered once a day for the duration of the
experiment. The rats were weighed weekly and maintained on their respective treatment for
3 weeks.
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Dual Energy X-ray Absorptiometry

Prior to necropsy, rats were anesthetized with isoflurane delivered in oxygen and lean mass
(9), fat mass (g), percent fat (%), total body bone mineral content (BMC, g), total body bone
area (cm?), and total body bone mineral density (BMD, g/cm?) were measured using dual-
energy X-ray absorptiometry (DXA, Hologic QDR-4500A Elite, Waltham, MA) equipped
with small animal software. Bone area, BMC and BMD were also measured ex vivo
(Piximus 2, Lunar Corporation, Madison, WI) in individual tibiae.

Tissue Collection

Death in anesthetized rats was induced by exsanguination from the heart, followed by
cardiac excision. Abdominal white adipose tissue (WAT) and uteri were excised, weighed
and the latter stored in RNAlater prior to extraction and gene expression analysis. Tibiae
were excised and placed in 70% ethanol for DXA and micro-computed tomography (UCT)
evaluation. Femora were excised, snap frozen in liquid N, and stored at —80°C until
analyzed.

MCT Analysis

UCT was used to measure cancellous and cortical bone architecture in response to treatment.
The proximal tibia and distal tibia (vicinity of tibio-fibular junction) were scanned at a voxel
size of 16 x 16 x 16 pum using a Scanco Medical pCT 40 scanner (Scanco Medical AG,
Basserdorf, Switzerland). The threshold for analysis was determined empirically and set at
245 (0-1,000 range). Tibia length was measured in ScoutView as the distance between the
intercondyloid eminence and the medial malleolus. Fifty slices (800 um) of cancellous bone
were analyzed in the tibial metaphysis and 10 slices (160 um) 1 mm proximal to the tibio-
fibular junction were analyzed in the tibial diaphysis (Figure 1). Cancellous bone
measurements included cancellous bone volume fraction (bone volume/tissue volume, %),
trabecular number (mm™1), trabecular spacing (um), and trabecular thickness (um). Cortical
bone measurements included cross-sectional volume (cortical volume + marrow volume,
mm?3), cortical bone volume (mm3), marrow volume (mm3), and cortical thickness (um).
Polar moment of inertia (Iyojar, mm?) was calculated as a surrogate measure of bone strength
in torsion.

Serum ethanol and markers of bone turnover

Serum ethanol was measured at necropsy as described (Gaddini et al., 2015). Serum CTX-1
and osteocalcin were measured using standard ELISA. CTX-1 was quantified using Rat
CTX-1 ELISA kit (Novatein Biosciences, Woburn, MA). Osteocalcin was quantified using
Rat Gla-Osteoalcin High Sensitive EIA kit (Takara Bio, Mountain View, CA).

Gene expression

Expression levels of a panel of 4 estrogen-regulated genes (£5r1, Esr2, Igf1 and Pgr) in
uterus of rats were evaluated in the alcohol study as described (Gingery et al., 2017). For
reference, the expression levels of the same genes were measured in age-matched ovary
intact and ovx rats.
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Total RNA was isolated from whole femur as described (Tennant et al., 2017). cDNA was
prepared using SuperScript 277 111 First-Strand Synthesis SuperMix for qRT-PCR
(ThermoFisher). The expression of 84 gene were determined using a pathway focused RT2
Profiler™ PCR Array (Rat Osteoporosis Array — PARN-170Z) according to the
manufacturer’s protocol (Qiagen, Carlsbad, CA). Gene expression was normalized to Gapah
and relative quantification was determined using the AACt method and RT2 Profiler PCR
Array Data Analysis software version 3.5 (Qiagen).

Statistical Analysis

Results

The main experiment was performed according to a 2 x 2 factorial design with categorical
variables for treatment group (ethanol and control) and estrogen receptor blockade (ICI and
vehicle). Two-factor analysis of variance with an interaction between treatment and estrogen
receptor blockade was used to compare mean values. T-tests were used to compare the
baseline group to the control + vehicle group or ovary intact group to ovx group (uterine
gene expression). Goodness of fit was evaluated based on Levene’s test for homogeneity of
variance, plots of residuals versus fitted values, normal quantile plots, and Anderson-Darling
tests of normality. The Benjamini and Hochberg method (Benjamini and Hochberg, 1995)
for maintaining the false discovery rate at 5% was used to adjust for multiple comparisons.
Differences were considered significant at p < 0.05. All data are presented as mean + SE.
Data analysis was performed using R version 3.4.3.

Body Composition

The effects of ethanol and ICI on body composition are shown in Table 1. Starting weights
did not differ among treatment groups (data not shown). Compared to 11-week-old baseline
rats, 15-week-old vehicle-treated control rats had higher body weight due to increased lean
mass and fat mass (total, percent fat, and abdominal white adipose tissue weight). Uterine
weight was lower in the vehicle-treated rats compared to baseline rats. Total body bone area,
BMC, and BMD were all higher in vehicle-treated rats compared to baseline rats. Despite
pair-feeding, ethanol resulted in lower body weight due to lower lean mass and lower
abdominal adipose tissue weight. Moreover, total fat mass and percent fat were greater in
ethanol rats. Significant differences in uterine weight were not detected with ethanol
treatment. Ethanol resulted in lower total body bone area and BMC. However, significant
differences in BMD were not detected with ethanol treatment. ICI had no effect on body
weight or body composition and no ethanol x ICI interactions were noted for any of the
endpoints evaluated.

Food and ethanol consumption

Food consumption did not differ among treatment groups (Figure 2). During the 3-week
experiment, ethanol treated rats consumed 55 ml/d diet (2.8 g/d ethanol). The Lieber-
DeCarli liquid diet results in blood ethanol concentrations of 0.9 £ 0.2 g/l when measured
shortly after lights. At necropsy, blood ethanol levels had fallen to 0.3 + 0.1 g/l with no
difference between ethanol + veh and ethanol + ICI treatment groups.
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Tibia Mass, Density and Microarchitecture

The effects of ethanol and ICI on tibia length, area, bone mineral content, and bone mineral
density are shown in Table 2. Compared with 11-week-old baseline rats, 15-week-old
vehicle-treated rats had longer tibiae and higher tibial bone area, BMC and BMD. Ethanol
had no effect on tibia length but resulted in lower bone area, BMC and BMD. ICI had no
independent effect on tibia length, bone area, BMC or BMD and there were no ethanol x ICI
interactions for any of the endpoints evaluated.

The effects of ethanol and ICI on cancellous bone architecture in proximal tibial metaphysis
are shown in Figure 3. Significant differences in cancellous bone volume fraction (Figure
3A) were not detected between baseline and vehicle-treated rats. However, cancellous bone
volume fraction in ovx rats at baseline (11.7 £ 0.9%) was much lower than that in
asynchronous age-matched ovary-intact rats (22.2 + 1.3%), indicating that severe cancellous
osteopenia developed prior to initiation of treatment with ethanol. The vehicle-treated rats
had lower trabecular number (Figure 3B), higher trabecular spacing (Figure 3C), and higher
trabecular thickness (Figure 3D) than baseline rats. Administration of ethanol resulted in
lower cancellous bone volume fraction while administration of ICI resulted in the opposite
effect. A significant ethanol x ICI interaction was noted for trabecular number and trabecular
spacing; treatment with ICI resulted in higher trabecular number and lower trabecular
spacing in control but not ethanol-treated rats. Neither ethanol nor ICI had an independent
effect on trabecular thickness nor was there an ethanol x ICI interaction for this endpoint.
The differences in bone architecture in response to treatment can be readily appreciated in
Figure 3E.

The effects of ethanol and ICI on distal tibia cortical bone architecture are shown in Figure
4. Compared with baseline, vehicle-treated rats had higher cross sectional volume (Figure
4A), cortical volume (Figure 4B), cortical thickness (Figure 4D), and polar moment of
inertia (Figure 4E). Significant differences in marrow volume (Figure 4C) were not detected
between the baseline and vehicle-treated rats. Administration of ethanol resulted in lower
cross sectional volume, cortical volume, cortical thickness, and polar moment of inertia. ICI
had no independent effect on midshaft architecture and there were no ethanol x ICI
interactions for any of the endpoints evaluated.

Biochemical Markers of Bone Turnover—The effects of ethanol and ICI on serum
biochemical markers of bone turnover are shown in Figure 5. Vehicle-treated rats had higher
levels of CTX (Figure 5A) than baseline rats. Significant differences in osteocalcin (Figure
5B) were not detected between baseline and vehicle-treated rats. A significant ethanol x ICI
interaction was noted for CTX; treatment with ICI resulted in lower CTX levels in control
but not ethanol-treated animals. Administration of ethanol resulted in lower levels of
osteocalcin. ICI had no independent effect on serum osteocalcin and no ethanol x ICI
interaction was noted.

Gene Expression in Uterus and Femur—The effects of ovx, ethanol and ICI on gene
expression in uterus and femur are shown in Figure 6 and 7, respectively. £srZ and Esr2
levels were lower in ovary intact animals whereas /gfZ was higher. mRNA levels for Pgrdid
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not change. A total of 19/84 genes were differentially expressed in femur when ovx rats
were compared to ovary intact animals. 18/84 genes were differentially expressed in femur
when ethanol treated ovx rats were compared with ovx rats and 14 genes differentially
expressed in femur when ICI treated rats were compared with ovx rats. As shown in the
Venn diagram, there was moderate overlap in differentially expressed genes comparing ICI
and ethanol (7 genes) but low overlap comparing ICI and ovarian status (2 genes) or ethanol
and ovarian status (3 genes). A complete listing of differentially expressed genes (compared
to ovx) in femur is shown in Figure 7.

Discussion

Heavy alcohol consumption beginning 4 weeks following ovx had no effect on uterine
weight, slowed accrual of total body mass, lean mass and abdominal WAT mass but resulted
in increased total body fat mass and percent fat mass. Alcohol lowered serum osteocalcin, a
biochemical marker of bone turnover, decreased accrual of cortical bone mass in tibia of ovx
rats by reducing addition of bone onto the periosteal bone surface and accentuated further
ovx-induced cancellous bone loss. ICI treatment had no effect on uterine weight, body
weight, body composition, tibia bone mass, density, or cortical bone architecture. ICI
prevented further cancellous bone loss, a response antagonized by alcohol.

The time course effects of ovx on bone growth and turnover in Sprague Dawley rats are
well-established (Wronski et al., 1988). Ovx accelerates longitudinal and radial tibial growth
in young rats, resulting in longer bones with increased cross sectional area (Turner et al.,
1989). Cancellous bone turnover increases following ovx and osteopenia occurs at sites such
as the proximal tibial metaphysis where the increase in bone resorption exceeds the coupled
increase in bone formation (Westerlind et al., 1997). Time-course studies show that ovx in
young rats (e.g. 2-month-old) prevents further accrual of cancellous bone and, as in the
present study, can result in bone loss (Turner et al., 2013). The most dramatic changes in
cancellous microarchitecture occur during the initial few weeks following ovx (Wronski et
al., 1988). Alcohol results in dose-dependent cancellous bone loss in ovary-intact skeletally
mature rats, but the magnitude is lower and rate of bone loss is slower than bone loss
following ovx (Turner et al., 2001b). The rapid development of cancellous osteopenia in
response to acute onset of gonadal hormone insufficiency may explain our prior failure to
detect an independent effect of dietary alcohol following ovx (Kidder and Turner, 1998).

In the present study, cross-sectional volume, cortical volume, cortical thickness and polar
moment of inertia (surrogate measure of strength in torsion) increased in the control rats
compared to baseline, indicating that the rats, in spite of ovx, were accruing cortical bone
mass and increasing cortical bone strength. Alcohol reduced the accrual of bone; the
observed changes in cortical bone microarchitecture, particularly the lower cross-sectional
volume and no change in medullary volume, imply reduced periosteal bone formation as the
likely explanation for the lower cortical bone volume in alcohol-fed rats. The present
findings are consistent with prior studies assessing the skeletal effects of alcohol in growing
intact female rats and intact male rats (Maddalozzo et al., 2009, Turner et al., 2001a, Brown
et al., 2002, Sampson et al., 1997). We performed the present studies in sexually mature but
growing rats, in part, because bone accrual during late adolescence is especially important
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for achieving optimal peak bone mass (McCormack et al., 2017). An inhibitory effect of
alcohol on periosteal expansion during late adolescence and early adulthood, should it occur,
would likely lower peak bone mass and consequently increase fracture risk later in life
(Langdahl et al., 2016).

Our findings in the present study suggest that chronic heavy alcohol consumption can
accentuate cancellous osteopenia induced by gonadal insufficiency. This study design differs
from our earlier work (Kidder and Turner, 1998) in that in the present study we did not begin
alcohol treatment until development of ovx-induced cancellous osteopenia. Under these
experimental conditions, modest additional cancellous bone loss in rats fed alcohol was
apparent. Fracture risk in women increases dramatically following menopause and is
associated with the magnitude of bone loss (Trajanoska et al., 2018). Therefore, even modest
changes in magnitude of bone loss may influence fracture risk in this population. This
possibility could be further explored using skeletally mature (>8-month-old) rats (Martin et
al., 2003).

Whether alcohol can increase aromatization of androgens to estrogens is unclear (Purohit,
2000). Acute administration of moderate alcohol to early postmenopausal women reduced
biochemical markers of bone turnover (Marrone et al., 2012), a finding consistent with the
known actions of estrogen on bone turnover (Turner et al., 1994). However, serum estradiol
levels did not change following administration of alcohol and there was no association
between estradiol levels and serum biochemical markers of bone turnover. Some studies
(reviewed by (Gaddini et al., 2016) suggest that the alcohol-induced increase in estrogen
levels are transient and only detectable when assayed a short interval following alcohol
consumption. Uterine weight increases in ovx rats in response to increased circulating
estrogen levels, providing a functional assay for changes in estrogen status in the animal
model (Lotinun et al., 2003, Sibonga et al., 2003). The absence of an increase in uterine
weight in the present study provides strong evidence that heavy consumption of alcohol did
not lead to increased estrogen signaling in the growing rats. The absence of changes in
mRNA levels for representative estrogen regulated genes provides further support for this
conclusion (Gingery et al., 2017). Our findings in postmenopausal women and ovary-intact
rats (Turner et al., 1998) indicate that alcohol has rapid effects on bone metabolism not
requiring increased estradiol levels but they do rule out the possibility that alcohol influences
metabolism by bone cells, in part, by modulating estrogen signaling at the estrogen receptor
level. However, the weak overlap between ethanol and genes differentially expressed in
femur following ovx does not provide strong support for this possibility.

We did not design our analysis of gene expression in femur to determine mechanisms of
action of ovarian hormones, ethanol or ICI on bone metabolism. The resulting data instead
provides a useful “read out” of tissue level changes in response to treatment. As expected,
ICI had little effect on expression of genes differentially expressed following ovx. Ethanol
treatment resulted in lower mRNA levels for £srZ and Essra, two receptors involved in
estrogen signaling. However, ethanol also lowered expression levels for other receptors
(Fgfr1, Fgfr2and Pthir), as well as genes related to cell signaling (DkkZ, Tnfsf11, Tnfrs11b,
Pthih, Nos3) and transcription (Nfatcl, Tnfajp3, Twistl), findings consistent with prior
evidence that alcohol acts on the skeleton through multiple pathways. In addition to estrogen

Alcohol Clin Exp Res. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wagner et al.

Page 9

levels and/or signaling discussed above, alcohol consumption is associated with changes in
the levels and/or skeletal response to a wide variety of bone regulatory factors. These include
mechanical loading, androgens, vitamin D, parathyroid hormone, growth hormone, and
leptin (Hefferan et al., 2003, Maddalozzo et al., 2009, Turner et al., 1988, Turner et al.,

2010, Ronis et al., 2007, Shankar et al., 2008). Each play an important role in bone
metabolism and disturbances in associated signaling would likely result in alterations in
bone response.

In the present study, we investigated the skeletal actions of alcohol in ovx rats in which
estrogen receptor signaling was blocked by treatment with ICI (Wakeling and Bowler,
1992). ICI has two modes of action to block estrogen receptor mediated signaling: (1)
competition for estrogen binding sites on the receptor and (2) acceleration of receptor
degradation (Robertson, 2001). Treatment with ICI results in uterine atrophy and osteopenia
in ovary-intact rats (Gallagher et al., 1993, Sibonga et al., 1998) but as shown in the present
study, decreases magnitude of cancellous osteopenia in ovx rats (Gallagher et al., 1993,
Sibonga et al., 1998). Notably, administration of ICI to 10-week-old ovary-intact rats, using
the same protocol as in the present study, decreased uterine weight to values that did not
differ from ovx animals. Due to its exclusion from brain and growth plate at doses used in
the present study (Gallagher et al., 1993, Sibonga et al., 1998), ICI treatment had no effect
on body weight gain or longitudinal bone growth in sham or ovx rats. ICI treatment of
ovary-intact animals actually increases the circulating level of estrogen in ovary intact
animals (Kennedy et al., 2005), demonstrating the efficacy of the treatment protocol in
blocking activation of estrogen receptors by endogenous estrogens. Thus, it is possible that
the partial reduction in cancellous bone loss in ICI-treated ovx rats occurs via ICI mimicking
estrogen, with both acting through a non-estrogen receptor mediated pathway. Specifically,
we have shown that estradiol activates signal transducer and activator of transcription-1 in
estrogen receptor negative human fetal osteoblasts and estrogen receptor negative tumor
cells by a mechanism that is dependent on Src kinase activity (Kennedy et al., 2005).
Notably, ICI also regulates Src kinase activity, a step critical for estrogen receptor
degradation (Yeh et al., 2013). In that there was moderate overlap in differentially expressed
genes in femur by ethanol and ICl, it is plausible that they share a common estrogen receptor
independent pathway for their opposing actions on bone in ovx rats.

Taken as a whole, our prior findings in women and present findings in rats suggest that the
majority of skeletal effects of alcohol on bone metabolism are not dependent upon estrogen
receptor-mediated signaling. However, ICI increased trabecular number and decreased
trabecular spacing as well as serum CTX in control but not ethanol-treated ovx animals. ICI
completely blocked the effects of estrogenic compounds on osteoblasts in vitro, suggesting
that a non-estrogen receptor dependent alcohol sensitive pathway mediates these actions
(Maran et al., 2006, Robinson et al., 2000). Because ICI is used to treat advanced breast
cancer (Lee et al., 2017) where it appears to have a bone sparing effect (Journe et al., 2008),
our results raise a concern that high levels of alcohol consumption may interfere with
therapeutic actions of the drug (Journe et al., 2008).

There is additional evidence that estrogen signaling has a limited role in mediating the
skeletal effects of alcohol. Alcohol has similar effects on bone metabolism in male and
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female rats (Turner, 2000), and although there is compelling evidence that estrogen plays an
important role in skeletal maturation in human males (Khosla et al., 2001), this seems not be
the case in rats. In contrast to female rats, administration of ICI had virtually no effect on the
skeleton in male rats and did not antagonize the bone anabolic effects of testosterone,
indicating that bone growth and turnover proceeds normally in spite of estrogen receptor
blockade (Sibonga et al., 1998, Turner et al., 2000, Vandenput et al., 2002).

In summary, alcohol exaggerated cancellous bone loss in ovx rats with established
osteopenia suggesting that chronic heavy alcohol consumption may aggravate bone loss
associated with gonadal insufficiency. Additionally, alcohol reduced accrual of cortical bone
during the latter stages of bone growth. Co-treatment of post ovx rats with alcohol and the
potent estrogen receptor antagonist ICI revealed that most of the skeletal effects of alcohol
occur independent of estrogen receptor signaling. However, alcohol antagonized the bone
sparing action of ICI on cancellous bone in ovx rats, likely through a non-estrogen receptor
dependent pathway. Additional studies will be required to determine whether estrogen
signaling influences the skeletal response to moderate alcohol consumption and whether the
effects are influenced by gonadal status.
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Figurel.
UCT image of tibia showing the regions of interest evaluated in the proximal tibia

metaphysis (cancellous bone) and distal tibia diaphysis (cortical bone).
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Figure 2.
Food consumption in rats during adaptation-to-ethanol phase (days 1-7) and treatment phase

(days 8-28). During the treatment phase, 35% of caloric intake was derived from ethanol.
Control rats were pair fed to ethanol-fed rats. Data are mean + SE. N = 10/group.
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Effect of ethanol and ICI 182 780 (ICI) on cancellous bone architecture in proximal tibia
metaphysis: (A) cancellous bone volume fraction, (B) trabecular number, (C) trabecular
spacing, and (D) trabecular thickness. Representative UWCT images of cancellous bone in the
proximal tibia metaphysis are shown in E. Data are mean + SE. N = 8-10/group. *Vehicle-
treated Control different from Baseline, P<0.05. @Different from Veh within treatment,

P<0.05.
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Effect of ethanol and ICI 182 780 (ICI) on cortical bone architecture in distal tibia diaphysis:
(A) cross-sectional volume, (B) cortical volume, (C) marrow volume, (D) cortical thickness,
and (E) polar moment of inertia. Data are mean £ SE. N = 9-10/group. *Vehicle-treated

Control different from Baseline, P<0.05.
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Figure5.
Effect of ethanol and ICI 182 780 (ICI) on (A) plasma CTX-1, a marker of global bone

resorption and (B) plasma osteocalcin, a marker of global bone formation. Data are mean +
SE. N = 10/group. *Vehicle-treated Control different from Baseline, P<0.05. 2Different from
Veh within treatment, P<0.05.
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Figure 6.

Effect of ethanol and ICI 182 780 (ICI) on gene expression of (A) Esr1, (B) EsraZ, (C) lgfl,
and (D) Pgrin uterus. Gene expression in ovary-intact and ovx rats is presented for
reference. Data are mean + SE. N = 7/group (ethanol study) and N = 5/group (reference

study). *Different from ovx, P<0.05.
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Figure7.

EtOH+Veh vs Control+Veh

Effect of ethanol and I1CI 182 780 (ICI) on gene expression for 84 genes related to bone
growth and turnover in femur normalized to Gapdh. ovx mice were used to compare the
effects of gonadal hormone insufficiency (red circle; 19 genes differentially expressed),
ethanol treatment (blue circle; 18 genes differentially expressed) and ICI treatment (green
circle; 14 genes differentially expressed). Differentially expressed genes for each treatment
condition are tabulated. The numbers depicted where circles overlap represent shared genes.
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Table 1.

Effects of ethanol and ICI 182,780 on body composition in overiectomized rate.

Page 21

Control EtOH ANOVA P-value
Endpoint Baseline Veh ICI Veh ICI EtOH ICI Interaction
Terminal body 2342 300+2% 2973 2718+3 2765 0.000 0.654 0.924
weight (g) - - - - - ’ ’ )
Abdominal WAT *
weight (g) 1.3+0.2 50+0.3 49+03 3.7+0.3 41+05 0.009 0.681 0.639
Uterine weight (mg) 122+38 93+77 85+2 83+3 804 0.204 0.339 0.679
Densitometry (total
body)
Lean mass (g) 230+ 2 279 +3% 278+ 4 248 £ 2 251+3 0.000 0.924 0.661
Fat mass (g) 19+1 30+17 30+1 39+1 38+2 0.000  0.906 0.724
Percent fat 7.4+0.3 93+04% 95+0.3 13.2+04 12.8+0.7 0.000 0.876 0.654
Bone area (cm2) 44,97 +0.38 56.01 + 0.67 *  5520+0.48 50.98 + 0.45 51.37 £ 0.56 0.000 0.826 0.482
BMC (9) 6.88 + 0.08 884+0117 8.81+£0.11 8.18£0.10 8.16 £0.13  0.000 0.903 0.990
0.158 0.160 0.161 0.159
2
BMD (g/cm?) 0.153 + 0.001 +0.00L% +0.001 +0.001 +0.002 0.574 0.985 0.348

Data are mean * SE, n = 9 — 10/group

*
Vehicle-treated Control different from Baseline, P<0.05
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Table 2

Effects of ethanol and ICI 182,780 on tibia length area, bone mineral content and bone mineral density in
overiectomized rats.

Control EtOH ANOVA P-value
Endpoint Baseline Veh ICI Veh ICI EtOH ICI Interaction
Length (mm) 37.31+0.22 3967+048%  39.39+0.34 39.03+0.19 39.38+£0.23 0526 0.985 0.553

Densitometry (tibia)
Bone Area (cm?) 2.01+0.03 229+003% 2.31£0.02 2.24+0.01 2.22+£0.02 0.006  0.990 0.595
BMC (g) 0.227+0.006 (0.289+0.004" 0.297+0.005 0.269+0.002 0.268+0.004 0.000 0.608 0.428

BMD (g/cm?) 0.113+0.002 0.126+0.001° 0.129+0.001 0.120+0.001 0.121+0.001 0.000 0.526 0.574

Data are mean * SE, n = 8 — 10/group

*
Vehicle-treated Control different from Baseline, P<0.05
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