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Abstract
Background—Chronic alcohol abuse is associated with increased risk for osteoporosis while
light to moderate alcohol intake correlates with reduced osteoporosis risk. Addition of alcohol to a
liquid diet is often used to model chronic alcohol abuse. Methods to model intermittent drinking
(including bindge drinking and light to moderate consumption) include 1) intragastric
administration of alcohol by oral gavage or 2) intraperitoneal (ip) administration of alcohol by
injection. However, it is unclear whether the latter two methods produce comparable results. The
purpose of this investigation was to determine the skeletal response to alcohol delivered daily by
oral gavage or ip injection.

Materials and Methods—Ethanol or vehicle was administered to 4-month-old female Sprague
Dawley rats once daily at 1.2 g/kg body weight for 7 days. Following necropsy, bone formation
and bone architecture were evaluated in tibial diaphysis (cortical bone) and proximal tibial
metaphysis (cancellous bone) by histomorphometry. mRNA was measured for bone matrix
proteins in distal femur metaphysis.

Results—Administration of alcohol by gavage had no significant effect on body weight gain or
bone measurements. In contrast, administration of the same dose of alcohol by ip injection
resulted in reduced body weight, total suppression of periosteal bone formation in tibial diaphysis,
decreased cancellous bone formation in proximal tibial metaphysis, and decreased mRNA levels
for bone matrix proteins in distal femur.

Conclusions—Our findings raise concerns regarding the use of ip injection of ethanol in rodents
as a method for modeling the skeletal effects of intermittent exposure to alcohol in humans. This
concern is based on a failure of the ip route to replicate the oral route of alcohol administration.
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Introduction
Alcohol has complex, context (age and drinking pattern)-dependent and dose-dependent
actions on bone metabolism. Chronic heavy alcohol consumption, either by itself or in
combination with co-morbidity factors such as smoking or a poor diet, increases fracture
risk (Berg et al., 2008; Chon et al., 1992; Gonzalez-Reimers et al., 2011; Santori et al., 2008;
Yuan et al., 2001). In contrast, light to moderate drinking, by attenuating age-related bone
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loss, may be beneficial for bone health (Cawthon et al., 2006; McLernon et al., 2012;
Sommer et al., 2012; Sripanyakorn et al., 2009; Tucker et al., 2009). The mechanisms by
which alcohol acts on the skeleton to confer either detrimental or beneficial effects are
poorly understood. As a consequence, many uncertainties remain regarding the apparent
dose-dependent effects of alcohol on the skeleton. These uncertainties are due, in part, to
limitations inherent to observational studies performed in humans. It is especially difficult to
seperate the specific contribution of alcohol from other co-morbidity factors known to
influence bone health (Kanis et al., 1999). Thus, relevant well validated animal models are
critical for characterizing the specific effects and mechanisms mediating the actions of
alcohol on bone metabolism.

A complete understanding of the complex effects of alcohol on bone growth and
maintenance requires careful evaluation of the skeletal response to a wide range of drinking
patterns. Based on a limited number of dose-response and time-course studies, peak blood
alcohol concentrations and duration of tissue exposure to alcohol are important variables
influencing alcohol-mediated changes in bone metabolism (Turner and Sibonga, 2001;
Turner et al., 1998). Additionally, the effects of alcohol on bone are quite rapid and often of
short duration (Marrone et al., 2012; Turner et al., 1998). Thus, amount and interval of time
between repeat exposures to alcohol may be important variables influencing the precise
effects of alcohol on bone.

Lieber and colleagues developed a liquid diet in which alcohol replaces carbohydrates
isocalorically (Lieber et al., 1989). We have routinely utilized the Lieber-DeCarli liquid diet
to investigate the dose-dependent effects of alcohol on bone metabolism in growing and
adult rats. Notably, the changes in bone architecture and turnover observed in skeletally
mature male and female rats following long-duration (4 months) delivery of alcohol at 35%
caloric intake replicates many of the changes observed in chronic alcohol abusers (Turner,
2000). However, the Lieber-DeCarli diet was designed to model the effects of chronic
alcohol abuse and is not ideal for modeling intermittent exposure to alcohol (e.g., binge
drinking and light to moderate alcohol intake).

Two methods commonly used to model intermittent alcohol consumption include
intraperitoneal (ip) injection and intragastric delivery by oral gavage. Intraperitoneal
injection is a convenient way to deliver intermittent alcohol over a wide range of doses.
However, discrepancies have been reported between the skeletal effects of oral and ip
delivery of alcohol in studies designed to model binge drinking (Lauing et al., 2008;
Sampson et al., 1999) and some investigators believe that gavage administration replicates
the tissue level effects of drinking with a higher degree of fidelity than ip injection (Luz et
al., 1996). Unfortunately, differences in protocols (e.g., dose, age, gender) among studies
prevent direct comparison of the two methods. We therefore performed studies to compare
the skeletal effects of daily administration of ethanol (1.2 g/kg body weight) for 1 week by
oral gavage to ip injection using sexually mature female rats as a model. The results
demonstrate that the two methods of alcohol delivery differ dramatically in their effects on
bone formation and on mRNA levels for bone matrix proteins.

Methods
Experiment 1; Skeletal response to alcohol administered by gavage

This study was designed to determine the effects of ethanol administered daily by gavage on
bone metabolism. Sixteen 4-month-old female Sprague-Dawley rats were obtained from
Harlan (Madison, WI) and divided randomly into either a control or an ethanol group (n = 8
animals/group). Ethanol (1.2 g/kg body weight) was administered orallly by gavage diluted
with distilled water for a total volume of 1 ml. Control rats received distilled water only. The
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rats were treated for 7 days. Fluorochromes were administered by tail vein injection to label
mineralizing bone at treatment initiation (calcein, 20 mg/kg) and 2 days before sacrifice
(tetracycline, 20 mg/kg). The rats were weighed, anesthetized with CO2, bled by cardiac
puncture, and sacrificed by decapitation. Tibiae were removed and placed in 70% ethanol
for histomorphometric analysis. Femora were frozen in liquid nitrogen and stored at −84°C
prior to RNA analysis.

Experiment 2; Skeletal response to alcohol administered by ip injection
The study design of this experiment was identical to that of Experiment 1 with the exception
that ethanol (1.2 g/kg body weight) was diluted in saline and administered by ip injection.
The controls received saline ip.

Bone Histomorphometry—Cortical bone from the tibial diaphysis was prepared for
histomorphometric analysis as described (Iwaniec et al., 2008; Kidder and Turner, 1998).
Briefly, 150 μm thick cross-sections were cut just proximal to the tibia-fibula synostosis
with a low speed saw (Isomet, Buehler, Lake Bluff, IL) equipped with a diamond wafer
blade. The sections were ground to a thickness of 15 – 20 μm on a roughened glass plate
and mounted in glycerin for microscopic examination under visible and ultraviolet
illumination. The following measurements were performed: cross-sectional area (cortical
bone and medullary area, mm2), cortical bone area (mm2), cortical thickness (μm),
medullary area (mm2), periosteal double label perimeter (double label perimeter/bone
perimeter, %), periosteal mineral apposition rate (calculated as the mean distance between
two fluorochrome markers that comprise a double label divided by interlabel time, μm/d),
and periosteal bone formation rate (calculated as double label perimeter x mineral apposition
rate, μm2/μm/y).

For evaluation of cancellous bone, the proxmal tibia was dehydrated in a graded series of
ethanol, embedded without demineralization in a mixture of methylmethacrylate:2-
hydroxyethyl-methacrylate (12.5:1) to retain the fluorochrome labels, and sectioned at a
thickness of 5 μm (2065 Microtome, Reichert-Jung, Heidelberg Germany). A standard
sampling site was established in the secondary spongiosa of the metaphysis 1 mm distal to
the calcein label that was deposited at the metaphyseal growth plate, its center perpendicular
to the long axis of each bone and extending 2 mm proximal to the starting point. This
method adjusts for longitudinal growth, such that only the portion of the secondary
spongiosa present throughout the experiment is sampled. The sampling site extends
bilaterally but excludes cortical edges. A total metaphyseal area of 2.9 mm2 was sampled for
each specimen.

Cancellous bone was measured using unstained sections as described (Iwaniec et al., 2008;
Kidder and Turner, 1998). Static cancellous bone endpoints included bone area fraction
(bone area/tissue area, %) and the derived architectural indices of trabecular number
(mm−1), trabecular thickness (μm), and trabecular separation (μm). Fluorochrome-based
indices of bone formation included double label perimeter (double label perimeter/bone
perimeter, %) and mineral apposition rate (mean distance between two fluorochrome
markers that comprise a double label divided by interlabel time, μm/d). Bone formation rate
was calculated using a bone perimeter referent (μm2/μm/y). All data are reported using
standard nomenclature (Parfitt et al., 1987).

RNA Analysis—Frozen distal femur metaphyses were individually homogenized in
guanidine isothiocyanate using a Spex freezer mill (Edison, NJ). Total cellular RNA was
extracted and isolated using a modified organic solvent method and yields determined
spectrophotometrically at 260 nM. Northern analysis was performed for prepro-α2
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(1)subunit of type 1 collagen (collagen), osteonectin and osteocalcin as described in detail
(Turner et al., 1998).

Statistical Analysis
For each experiment, differences between treatment groups were determined using a t-test
(SPSS 17.0, SPSS Inc., Chicago, IL). If t-test assumptions of homogeneity of variance were
not met, a Mann-Whitney U test was applied. Differences were considered significant at P <
0.05. All data are reported as mean ± SE.

Results
The effects of ethanol administered by oral gavage versus ip injection on body weight
change are shown in Figure 1. Body weight did not differ between groups prior to initiation
of treatment in either the gavage (Experiment 1) or ip (Experiment 2) studies. Significant
changes in body weight were not detected in rats gavaged daily for 1 week with either
distilled water (−8 g, −3%) or ethanol solution (−10 g, −4%). Likewise, significant changes
in body weight were not detected in rats injected ip with saline (+7 g, +3%). However, body
weight decreased (−17 g, −8 %, p<0.05) following ip injection of ethanol solution.
Significant differences in uterine weight were not detected between ethanol-treated and
control rats following either gavage or ip administration of ethanol (data not shown).

The effects of ethanol administered by oral gavage versus ip injection on static and dynamic
cortical bone histopmorphometry in the tibial diaphysis are shown in Figure 2. Whereas
differences in cortical bone area were not detected rats administered alcohol orally (Figure
2A), cortical bone area was lower in rats administered alcohol ip (Figure 2E). Neither
treatment influenced tibial cross-sectional area, cortical thickness, or medullary area (data
not shown). Gavage had no effect on indices of periosteal bone formation (double label
perimeter (Figure 2B), mineral apposition rate (Figure 2C) and bone formation rate (Figure
2D)). In contrast, ip administration of ethanol reduced periosteal bone formation to values
below detection level (Figure 2F–H).

The effects of ethanol administered by oral gavage versus ip injection on static and dynamic
cancellous bone histomorphometry in the proximal tibial metaphysis are shown in Figure 3.
Neither oral nor ip-administered ethanol had an effect on cancellous bone area fraction
(bone area/tissue area) (Figure 3A and E) or indices of bone architecture (trabecular number,
thickness and separation; data not shown). Delivery of ethanol by gavage had no effect on
dynamic indices of bone formation (double label perimeter (Figure 3B), mineral apposition
rate (Figure 3C) and bone formation rate (Figure 3D)). In contrast, double label perimeter
(Figure 3F), mineral apposition rate (Figure 3G) and bone formation rate (Figure 3F) were
lower in rats administered ethanol ip.

The effects of ethanol administered by oral gavage versus ip injection on mRNA levels for
bone matrix proteins in the distal femur metaphysis are shown in Figure 4. Ethanol delivered
by gavage had no effect on steady-state mRNA for type 1 collagen (Figure 4A), osteonectin
(Figure 4B) or osteocalcin (Figure 4C). In contrast, mRNA levels for all 3 matrix proteins
were lower in rats administered ethanol ip (Figure 4D – F).

Discussion
Administration of alcohol (1.2 g/kg body weight) for 1 week by once daily oral gavage had
no significant effect on body weight, dynamic indices of bone formation at representative
cortical and cancellous sites in tibia, or on mRNA levels for bone matrix proteins in distal
femur. In contrast, daily ip injection of an identical dose of alcohol for 1 week decreased
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body weight, extinguished cortical bone formation, reduced cancellous bone formation, and
reduced mRNA levels for bone matrix proteins.

Osteopenia induced by chronic heavy alcohol consumption in rats is due in part to depressed
bone accrual (Hogan et al., 1997; Howe et al., 2011; Maddalozzo et al., 2009; Sampson et
al., 1997; Turner et al., 1987). In the present study, we compared the effects of intermittent
alcohol administration on bone formation in rats using fluorochrome-based dynamic
histomorphometry and mRNA levels for bone matrix proteins. The dynamic
histomorphometry utilized a standard double label technique in which sequential labels are
administered at the start of treatment and 5 days later. Thus, the method evaluated bone
formed during the initial 5 days of treatment. The complete suppression of periosteal bone
formation and the reduction in cancellous bone formation indicate that the inhibitory effects
of alcohol administered ip are rapid. The mRNA levels for bone matrix proteins correlate
with bone formation rates measured by dynamic histomorphometry and provide an index of
bone formation at necropsy (day 7 of treatment) (Turner et al., 1992; Turner and Spelsberg,
1991). The reduction in mRNA levels for bone matrix proteins provide additional support
for a reduction in bone formation following administration of alcohol ip, compared to no
change in bone formation when alcohol was delivered by gavage. Consistent with our
conclusions, Sampson et al. reported no detrimental effects of a similar amount of alcohol
(1.1 g/kg body weight) on bone in growing rats using a model for binge drinking in which
alcohol was administered by gavage on either 2 consecutive days/week or 5 consecutive
days/week for 6 and 7 weeks, respectively (Sampson et al., 1999).

Dose-response studies have been performed to determine blood alcohol concentration
(BAC) in rats following oral or ip administration of alcohol. In our hands, BAC was found
to increase linearly with dose following ip administration of ethanol from 0.3 to 1.7 g/kg
body weight (Turner et al., 1998). The dose used in the present study (1.2 g/kg) resulted in a
BAC of 94 mg/dL at 1 hr following ip administration (Turner et al., 1998). We did not
measure BAC following gavage but Walker and Ehlers (Walker and Ehlers, 2009)
performed detailed studies evaluating method of delivery, age and alcohol dose on BAC.
These authors reported that, compared to gavage, ip administration results in similar peak
BAC and alcohol clearance when administered at 0.75 g/kg or 1.5 g/kg but higher peak BAC
and slower alcohol clearance when administered at 3 g/kg. Based on these observations, it is
unlikely that the differences in skeletal repsonse associated with route of alcohol
administration observed in our study were due to differences in BAC.

We administered alcohol at 1.2 g/kg in the present study because the peak BAC achieved
following ip or oral delivery at this dose is similar to values observed in rats fed a liquid diet
in which alcohol contributed 35% of caloric density (Reed et al., 2002; Sampson et al.,
1998). Although a comparable peak BAC was likely achieved in this study by gavage and ip
delivery to that achieved using a liquid diet (~100 mg/dL), addition of alcohol to the diet
(35% caloric density) results in a 10-fold higher (~12 g/kg) daily exposure to alcohol than
once daily administration by gavage or ip injection.

Relatively few studies exist comparing tissue level effects of alcohol delivered ip with oral
administration (Knapp et al., 2001; Lee and Rivier, 2003; Morales-Gonzalez et al., 1999;
Ogilvie et al., 1997). Maternal alcohol exposure, regardless of delivery route, reduced fetal
arterial blood acceleration and velocity time integral from umbilical to cerebral arteries
(Bake et al., 2012). In contrast, Ciccocioppo et al. reported that conditioned taste aversion to
ethanol in alcohol-preferring rats is influenced by the method of alcohol delivery
(Ciccocioppo, 1999), as is hepatic metabolism of ethanol during liver regeneration (Morales-
Gonzalez et al., 1999). Luz et al. concluded that ip injection of alcohol alters energy balance
by an indirect pathway not observed when alcohol is administered by gavage (Luz et al.,
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1996). Interestingly, intragastric administration of alcohol (3 g/kg) resulted in greater
inhibition of liver regeneration than ip administration. In contrast, ip administration of
alcohol resulted in weight loss (Morales-Gonzalez et al., 1999; Luz et al., 1996). These
differences may be best explained by BAC-independent, tissue-speciifc, delivery-associated
effects of alcohol. To our knowledge, the comparative effects of ip and oral alcohol on bone
have not been previously reported.

In the current study, once daily gavage with alcohol had no significant effect on body
weight. In contrast, ip administration of alcohol resulted in a significant decrease in body
weight. These findings are in agreement with Luz et al. who reported that administration of
alcohol by gavage had no effect on energy balance whereas ip alcohol administration
resulted in a negative energy balance (Luz et al., 1996). Callaci and colleagues, modeling
binge drinking using ip alcohol administration delivered on 2 consecutive days followed by
5 days of abstinence, report decreased weight gain (Lauing et al., 2008). These changes in
energy status may be relevant to the ip-specific skeletal changes observed in our study as the
growing skeleton is exquisitely sensitive to changes in energy balance (Devlin et al., 2010).

Alternatively, ip administration of alcohol may result in local inflammation (Boe et al.,
2010; Emanuele et al., 2005) which in turn could results in systemic bone loss (Desimone et
al., 1993). Notably, the concentration of alcohol delivered into the peritoneal cavity
following ip administration is typically 100–400 times BAC. In this regard, we have shown
that acute ip administration of alcohol (1.2 g/kg) results in a transient increase in the
proinflammatory cytokine tumor necrosis factor-α (TNF-α) in femur (Turner et al., 1998).
Additionally, ip alcohol transiently reduced mRNA levels for the important immune
modulators macrophage migration inhibitory factor (MMIF), interlukin-6 (IL-6) and
interferon-γ (INF-γ). In contrast, we did not detect changes in expression levels of these
cytokines following short-term (1 week) or long-term (16 weeks) administration of alcohol
as part of a liquid diet where alcohol contributed 35% caloric intake (unpublished data).

In summary, the effects of intermittent alcohol on bone formation depend upon the method
of alcohol administration. Our findings suggest that the antiosteogenic effects of alcohol
administered once daily via ip injection do not reflect the actions of dietary alcohol
administered by gavage. Because factors such as amount, concentration and frequency of
alcohol delivered ip may influence the specificity and magnitude of the response, our
findings may not be extrapolatable to other protocols in which alcohol is administered ip to
rodents. However, they clearly demonstrate the necessity for method validation, especially if
the goal of the research is to model intermittant drinking in humans.
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Figure 1.
The effects of ethanol administered by oral gavage (A and B) versus intraperitoneal (ip)
injection (C and D) on body weight change during the 1 week treatment interval. Four-
month-olds rats (n = 8/group) were administered ethanol (1.2 g/kg body weight) either orally
by gavage or ip by injection. Animals were sacrificed after 7 days of treatment. Ethanol
administered via gavage had no significant effect on body weight change whereas ip
injection of ethanol reduced body weight. Data are mean ± SE. *Different from baseline
(initial body weight), p <0.05.
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Figure 2.
The effects of ethanol administered by oral gavage (A – D) versus intraperitoneal (ip)
injection (E – H) on static and dynamic cortical bone histomorphometry in the tibial
diaphysis. Four-month-olds rats (n = 8/group) were administered ethanol (1.2 g/kg body
weight) either orally by gavage or ip by injection. Animals were sacrificed after 7 days of
treatment. Cortical bone area was reduced following ip injection (E). Ethanol administered
via gavage had no significant effect on indices of periosteal bone formation [double label
perimeter (B), mineral apposition rate (C) and bone formation rate (D)] whereas ip injection
of ethanol reduced periosteal bone formation to values below detection level (F – H). Data
are mean ± SE. Ct.Ar, cortical bone area; dL.Pm/B.Pm, double labeled perimeter/bone
perimeter; MAR, mineral apposition rate; BFR/B.Pm, bone formation rate/bone perimeter.
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Figure 3.
The effects of ethanol administered by oral gavage (A – D) versus intraperitoneal (ip)
injection (E – H) on static and dynamic cancellous bone histomorphometry in the proximal
tibial metaphysis. Four-month-olds rats (n = 8/group) were administered ethanol (1.2 g/kg
body weight) either orally by gavage or ip by injection. Animals were sacrificed after 7 days
of treatment. Neither oral nor ip admininstration of ethanol had a significant effect on
cancellous bone area fraction (A and E). Ethanol administered via gavage had no significant
effect on dynamic indices of bone formation [double label perimeter (B), mineral apposition
rate (C) and bone formation rate (D)] wheras ip administration of ethanol resulted in reduced
double label perimeter (F), mineral apposition (G) and bone formation rate (H). Data are
mean ± SE. B.Ar/T.Ar, bone area/tissue area; dL.Pm/B.Pm, double labeled perimter/bone
perimeter; MAR, mineral apposition rate; BFR/B.Pm, bone formation rate/bone perimeter.
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Figure 4.
The effects of ethanol administered by oral gavage (A –C) versus intraperitoneal (ip)
injection (D – F) on mRNA levels for bone matrix proteins in the distal femur metaphysis.
Four-month-olds rats (n = 8/group) were administered ethanol (1.2 g/kg body weight) either
orally by gavage or ip by injection. Animals were sacrificed after 7 days of treatment.
Ethanol administered via gavage had no significant effect on mRNA for prepro-α2
(1)subunit of type 1 collagen (A), osteocalcin (B) or osteonectin (C) wheras ip
administration of ethanol resulted in reduced mRNA levels for all 3 matrix proteins (D – F).
Data are mean ± SE.
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