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Abstract
Alcohol abuse is associated with the development of fatty liver disease and also with significant
osteopenia in both genders. In this study, we examined ethanol-induced pathology in response to
diets with differing fat/carbohydrate ratios. Male Sprague-Dawley rats were fed intragastrically
with isocaloric liquid diets. Dietary fat content was either 5% (high carbohydrate, HC) or 45%
(high fat, HF), with or without ethanol (12–13 g/kg/day). After 14, 28, or 65 days, livers were
harvested and analyzed. In addition, bone morphology was analyzed after 65 days. HC rats gained
more weight and had larger fat pads than HF rats with or without ethanol. Steatosis developed in
HC + ethanol (HC+EtOH) compared to HF + ethanol (HF+EtOH) rats, accompanied by increased
fatty acid (FA) synthesis and increased nuclear carbohydrate response element binding protein
(ChREBP) (p < 0.05), but in the absence of effects on hepatic silent mating type information
regulation 2 homolog (SIRT-1) or nuclear sterol regulatory binding element protein (SREBP-1c).
Ethanol reduced serum leptin (p < 0.05) but not adiponectin. Over time, HC rats developed fatty
liver independent of ethanol. FA degradation was significantly elevated by ethanol in both HC and
HF groups (p < 0.05). HF+EtOH rats had increased oxidative stress from 28 days, increased
necrosis compared to HF controls and higher expression of cytochromes P450, CYP2E1, and
CYP4A1 compared to HC+EtOH rats (p < 0.05). In contrast, HC+EtOH rats had no significant
increase in oxidative stress until day 65 with no observed increase in necrosis. Unlike liver
pathology, no dietary differences were observed on ethanol-induced osteopenia in HC compared
to HF groups. These data demonstrate that interactions between diet composition and alcohol are
complex, dependent on the length of exposure, and are an important influence in development of
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fatty liver injury. Importantly, it appears that diet composition does not affect alcohol-associated
skeletal toxicity.
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Introduction
Chronic alcohol consumption is well known to result in a variety of lipid-associated
pathologies in different tissues, including dysfunction of white adipose tissue leading to loss
of fat and altered adipokine secretion, development of fatty liver disease which can progress
to cirrhosis, and osteopenia accompanied by increased bone marrow adiposity which is a
risk factor for development of osteoporosis (Addolorato, Capristo, Greco, Stefanini, &
Gasbarrini, 1997; Alvisa-Negrín et al., 2009; Reynard et al., 2002; Shankar et al., 2008; Sun
et al., 2012). It is possible that these pathologies are all linked. Disorders in adipose fat
storage function can result in excess fatty acid influx into the liver and reduced production
of the adipokine adiponectin, both of which will result in steatosis (Cusi, 2010; You &
Rogers, 2009). Maintenance of adipose tissue triglyceride buffering capacity after alcohol
treatment in the presence of the peroxisome- proliferator activated receptor (PPAR)γ agonist
rosiglitazone has been shown to improve lipid homeostasis in the adipose-tissue liver axis
(Sun et al., 2012). Similarly, loss of adipose tissue in anorexia has been shown to result in
increased bone marrow adiposity (Ecklund et al., 2010).

However, alcohol-associated morbidity and mortality is a low penetrance disease and there
is a significant degree of inter-individual difference in susceptibility to ethanol toxicity
(Potts & Verma, 2012; Tsuchiya et al., 2012). Diet is an important factor contributing to the
diversity of toxic responses to ethanol (Baumgardner, Shankar, Korourian, Badger, & Ronis,
2007; Korourian et al., 1999; Ronis, Hakkak, et al., 2004; Ronis, Korourian, Zipperman,
Hakkak, & Badger, 2004). We have previously demonstrated that diets rich in carbohydrates
appear to protect against alcoholic liver damage (ALD) (Korourian et al., 1999). However, it
is unclear if such diets can also protect other alcohol target tissues such as the skeleton. The
first stage in development of ALD is fatty liver (steatosis), and this appears necessary,
although not sufficient, for further necroinflammatory and fibrotic injury (Korourian et al.,
1999; Tsuchiya et al., 2012). However, despite intensive study, the molecular mechanisms
underlying ethanol-induced steatosis remain controversial. Moreover, obesity, excess caloric
intake, and dietary imbalance in favor of fats or simple carbohydrates can result in steatosis
by themselves (Baumgardner, Shankar, Hennings, Badger, & Ronis, 2008; Marecki, Ronis,
& Badger, 2011; Mouzaki & Allard, 2012; Ronis et al., 2012) and the pathology of non-
alcoholic fatty liver disease (NAFLD) shares many features with ALD (Baumgardner et al.,
2008; Nagata, Suzuki, & Sakaguchi, 2007; Ronis et al., 2012).

The rate-limiting steps in de novo fatty acid (FA) synthesis are the expression and activity of
the enzymes fatty acid synthase (FASN) and acyl CoA carboxylase (ACC-1) (Dentin et al.,
2004). Regulation of FA synthesis is complex and incompletely understood. Regulation has
been suggested to involve the interaction of a large number of transcription factors
responsive to endocrine factors including insulin, adipokines, thyroid hormone, and sex
steroids, as well as nutrients including glucose, fatty acid, and cholesterol metabolites
(Dentin et al., 2004; Filhoulaud, Guilmeau, Dentin, Girard, & Postic, 2013; Poupeau &
Postic, 2011). However, the major transcriptional regulators appear to be sterol regulatory
binding protein (SREBP)-1c and carbohydrate response element binding protein (ChREBP)
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(Dentin et al., 2004). FA degradation can also be catalyzed by several pathways. This
process is coordinately regulated though control of mitochondrial fatty acid transport via
carnitine palmitoyl transferase (CPT-1) and enzymes involved in β- and ω-oxidation in the
mitochondria and peroxisomes, respectively, such as acyl CoA oxidase (ACO) via the
transcription factor PPARα (Contreras, Torres, & Tovar, 2013). It has been suggested that
ethanol increases FA synthesis and suppresses FA degradation as a result of impaired
secretion of adiponectin from adipose tissue and subsequent downstream inhibition of
hepatic expression of the histone deacetylase silent mating type information regulation 2
homolog (SIRT-1) (Chen, Sebastian, & Nagy, 2007; Chen, Sebastian, Tang, et al., 2009;
Tang et al., 2012; You, Considine, Leone, Kelly, & Crabb, 2005; You, Liang, Ajmo, &
Ness, 2008; You & Rogers, 2009). Down-regulation of SIRT-1 has also been suggested to
increase expression and activation of SREBP-1c and to suppress signaling through PPARα
(Dominy, Lee, Gerhart-Hines, & Puigserver, 2010; You & Rogers, 2009). However,
ethanol-induced steatosis has also been reported to occur in the presence of suppressed
SREBP-1c signaling, reduced lipogenesis, and increased FA degradation (Baumgardner et
al., 2007; He, Simmen, Ronis, & Badger, 2004; Ronis et al., 2011).

In addition to FA synthesis and degradation, other pathways can also influence hepatic
triglyceride content. These include FA transport via membrane receptors CD36 and the fatty
acid transport proteins (FATPs); hydrolysis of fat droplets catalyzed by adiponutrin
(PNPLA3), and the synthesis and export of very low density lipoprotein (VLDL) which is
regulated in part through expression of the microsomal triglyceride transport protein (MTP).
Each of these pathways has been implicated in development of fatty liver (Baumgardner et
al., 2008; He et al., 2010; Ronis et al., 2011; Sugimoto et al., 2002). Also, increased
expression of FATP2, impaired expression of MTP, and reduced VLDL secretion have all
been suggested as possible mechanisms underlying ethanol-induced steatosis (Kharbanda,
Todero, Ward, Cannella, & Tuma, 2009; Ronis et al., 2011; Sugimoto et al., 2002; Sun et
al., 2012; Tan et al., 2012). However, it remains unclear whether the responses of these
pathways to ethanol are also dependent on dietary fat or carbohydrate content.

The current study was designed to examine the molecular mechanisms underlying the
development of hepatic steatosis and the progression of liver pathology in response to
feeding isocaloric diets with differing fat/carbohydrate ratios in the presence or absence of
ethanol, and to determine if alcohol-induced osteopenia is also influenced by the dietary fat/
carbohydrate ratio.

Methods
Animals and experimental protocol

Groups of n = 8–11 male Sprague-Dawley rats age 9 weeks (300 g) were cannulated
intragastrically and allowed to recover to presurgical weight for 14 days prior to being
isocalorically fed control liquid diets high in carbohydrate (HC) (16% protein [hydrolyzed
whey], 79% carbohydrate [dextrose/maltodextran], and 5% fat [corn oil]) or high in fat (HF)
(16% protein, 39% carbohydrate, 45% fat) at a level of 187 kcal/kg3/4/day for 14, 28, and 65
days via total enteral nutrition (TEN) at a rate of 3 mL/h, 23 h/day (Badger, Ronis,
Lumpkin, Valentine, et al., 1993). Additional HC and HF groups were fed diets with ethanol
isocalorically substituted for carbohydrate calories to produce diets with a final caloric
composition of 16% protein, 45% carbohydrate, 5% fat, and 34% ethanol (HC+EtOH), or
16% protein, 5% carbohydrate, 45% fat, and 34% ethanol (HF+EtOH), respectively. At
sacrifice, after 14, 28, and 65 days of TEN, trunk blood and liver were collected from fed
animals immediately after being removed from TEN feeding. Serum was prepared for
endocrine and biochemical measurements and stored frozen at −20 °C until use. In addition,
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at the 65-day time point, abdominal fat, tibias, and femurs were also collected. All tissues
were flash-frozen in liquid nitrogen and stored at −80 °C until use.

Biochemical and endocrine analysis of serum
Blood ethanol concentration (BEC) at sacrifice was measured by Analox (Ronis et al.,
2011). Non-esterified free fatty acids (NEFA) were measured using the NEFA C kit from
Waco Chemicals (Richmond, VA). Serum triglycerides were measured using Triglyceride
Reagent (IR141; Synermed, Westfield, IN). Serum glucose levels were measured using
Glucose Reagent (IR071-072; Synermed, Westfield, IN). Serum insulin and leptin levels
were measured using ELISA kits from Linco Research (St. Charles, MO) according to
manufacturer’s protocols. Serum adiponectin levels were measured using an ELISA kit from
B-Bridge International (Sunnyvale, CA), according to manufacturer’s protocols.

Hepatic steatosis and progression of ALD
Hepatic steatosis was measured by image analysis of Oil Red O staining and biochemically
using Triglyceride Reagent (Synermed). Liver lipid peroxidation (thiobarbituric acid
reactive substances, TBARS) was assessed as a measure of oxidative stress as described by
Ohkawa, Ohishi, & Yagi (1979). Serum alanine amino transferase activities (ALTs) were
measured to assess liver necrosis using the Infinity™ ALT liquid stable reagent (Thermo
Electron Corp., Waltham, MA) according to manufacturer’s protocols.

Analysis of gene expression
mRNAs of genes involved in FA transport (CD36 and FATP2), FA synthesis (FASN and
ACC1), and FA degradation (CPT1 and ACO) (in triglyceride droplet hydrolysis
[adiponeutrin] and in VLDL export [MTP]) were quantified by real time RT-PCR as
previously described (Ronis et al., 2011, 2012).

Chromatin immunoprecipitation analysis (ChIP)
Recruitment of SREBP-1c to the FASN promoter was assessed by ChIP. The ChIP-IT
enzymic kit (Active Motif) was used with minor modifications for in vivo samples as
described previously (Shankar et al., 2010). Three pools of liver samples (each pool
representing 2–3 separate animals) were used for the analysis. Immunoprecipitation was
performed using 5 μg of anti-SREBP-1c (Novus Biologicals, Littleton, CO). The SREBP-1c
target binding region on the FASN promoter was amplified by PCR.

Western immunoblot analysis of protein expression
Antibodies against SIRT-1deactylase (sc. 15404), GCN1 acetylase (sc. 20698), and the
transcription factor carbohydrate response element binding protein (ChREBP) (sc. 21189)
were obtained from Santa Cruz Biotechnology. Protein expression of SIRT-1, GCN-1,
SREBP-1c, and ChREBP in nuclear extracts and of FASN in whole liver lysates was
measured by Western immunoblot and expression of apoproteins for the cytochrome P450
enzymes CYP2E1 and CYP4A1 were measured in microsomal fractions by Western
immunoblot as described previously (Borengasser et al., 2011; Ronis, Hakkak, et al., 2004;
Ronis, Korourian, et al., 2004; Ronis et al., 2011, 2012). Amido black staining of total
protein on transfer membranes was used to control for loading.

Analysis of bone strength and architecture
The effects of fat/carbohydrate ratio and ethanol on bone mechanical strength was assessed
in whole tibia by three-point bending using an MTS 858 Bionix test system load frame
(MTS, Eden Prairie, MN) as described previously (Brown et al., 2002). The loading point
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was displaced at 0.1 mm/s until failure, and load displacement data were recorded at 100 Hz.
Test curves were analyzed using TestWorks software (MTS) to determine peak load and
stiffness. The microarchitecture of trabecular bone was assessed by μCT at the distal femur
using ex vivo fixed femurs as described previously (Bouxsein et al., 2010; Sebastian, Suva,
& Friedman, 2008; Suva et al., 2008). All μCT analyses were consistent with current
guidelines for the assessment of bone microstructure in rodents using micro-computed
tomography (Bouxsein et al., 2010). Formalin-fixed femora were imaged using a MicroCT
40 (Scanco Medical AG, Bassersdorf, Switzerland) using a 16-μm isotropic voxel size in all
dimensions. Semi-automated contouring was used to select a region of interest (ROI)
extending 3.2 mm proximal to the distal femoral metaphysis, but excluding the cortex and
subcortical bone, composed of 250 adjacent slices. Three-dimensional reconstructions 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 (Suva et al., 2008),
using a consistent and pre-determined threshold (300) with all data acquired at 55 kVp, 145
mA, and 275-ms integration time. Fractional bone volume (bone volume/tissue volume; BV/
TV) and architectural properties of trabecular bone, trabecular thickness (Tb.Th.), trabecular
separation (Tb.Sp.), trabecular number (Tb.N.), and connectivity density (Conn. D., mm 3),
were calculated using previously published methods (Suva et al., 2008). Similarly, for
cortical bone assessment, μCT 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 Gaussian low-pass filter (σ = 0.8, support = 1.0) to remove noise, and a
fixed threshold. Cortical geometry was assessed in a 1.5-mm-long region centered at the
femoral midshaft. The outer contour of the bone was found automatically 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 40 slices
using the average for the final calculation. The outer and inner perimeter of the cortical
midshaft was determined by a three-dimensional triangulation of the bone surface (BS) of
the 40 slices, and cortical thickness and other cortical parameters were determined as
described (Suva et al., 2008). Parameters assessed included total cross sectional area
(Tt.CSA), cortical area (Ct.CSA), cortical thickness (Ct.Th.), medullary area (Me.Ar.),
periosteal perimeter (Ps. Pm.), and endocortical perimeter (Ec.Pm).

Statistical analysis
Data for continuous outcomes are presented as mean ± standard errors of the mean (SE).
Two-factor analysis of variance (ANOVA) was used to compare mean effects of diet (HF
vs. HC), EtOH (control vs. EtOH), and their interaction on each outcome at each time point.
Post hoc comparisons were performed using an all-pairs Student Neuman-Keuls comparison
test and was considered significant at p < 0.05. In addition, one-way ANOVA was utilized
to compare the effects of time of TEN diet infusion on each outcome within each diet-EtOH
combination. Whenever the Bonferroni test-corrected significant probability of a time-
dependent effect was < 0.05, Tukey-Kramer post hoc testing was utilized to determine
differences between means at different time points. Statistical analyses were performed
using the Stata statistical package version 12.0 (Stata Corporation, College Station, TX) and
Sigma Stat software package 11.0 (Systat Software, Inc., San Jose, CA).

Results
Growth, body composition, and serum biochemistry

Isocaloric feeding of HC and HF diets resulted in a significant difference in growth of male
rats fed via TEN for 65 days. Weight gain in the HF group was smaller than that of the HC
group: 4.2 g/day vs. 5.4 g/day (p < 0.05) (Table 1). However, although there was a decrease
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in absolute fat pad and liver weights in the HF compared to the HC group (p < 0.05), there
was no effect of fat/carbohydrate ratio on the relative weight of the abdominal fat pads or of
the liver (Table 1). Ethanol treatment resulted in similar blood ethanol concentrations in
both the HC+EtOH and HF+EtOH groups (175 ± 75 and 200 ± 60 mg/dL, respectively).
Consistent with previous reports that ethanol suppresses growth hormone secretion (Badger,
Ronis, & Lumpkin, 1993; Badger, Ronis, Lumpkin, Valentine, et al., 1993), ethanol-fed
groups had suppressed weight gain in both diet groups (p < 0.05), but growth suppression
was greater in the HF+EtOH group compared to the HC+EtOH group: 1.60 vs. 2.75 g/day (p
< 0.05). This latter effect appeared to be due to reductions in adiposity since there was a
corresponding reduction in the absolute and relative abdominal fat pad weights in the HF
+EtOH group compared to the HC+EtOH group (p < 0.05). Although absolute liver weight
was decreased (p < 0.05), ethanol treatment also significantly increased relative liver weight
in both diet groups (p < 0.05) (Table 1).

The HC diet resulted in higher levels of serum insulin and lower levels of plasma glucose
than the HF diet after 14 days (p < 0.05). Calculated Homeostasis Model Assessment
(HOMA) (Levy, Matthews, & Hermans, 1998) values indicated significantly greater insulin
resistance after consumption of the HC diet than the HF diet at this time point (p < 0.05).
However, this difference disappeared after longer periods of TEN. Ethanol reduced serum
insulin and HOMA in the HF+EtOH group compared to the HC+EtOH group at 14 days, but
this difference disappeared after longer periods of feeding. After 65 days of TEN, ethanol
treatment significantly reduced serum insulin and HOMA (p < 0.05) independent of diet, but
serum glucose values were significantly elevated in the HF+EtOH group relative to the HC
+EtOH group (Table 2). Mean serum non-esterified free fatty acids (NEFA) values
increased over time in all groups but this only reached statistical significance in the HC and
HF+EtOH groups. The consumption of the HF diet resulted in overall higher serum levels of
NEFA relative to the HC diet (p < 0.05) (Table 2). Ethanol treatment had no effects on
serum NEFA values in either diet group except at the day-28 time point (Table 2).

Development of steatosis and progression of liver injury
The appearance of fat droplets in the liver was assessed by Oil Red O staining of frozen
sections (Fig. 1). Quantification of staining by digital imaging and biochemical analysis of
triglyceride accumulation is also shown (Figs. 2A and 2B). After 14 days of diet, little fat
accumulation was present in either HC or HF control groups. Ethanol treatment significantly
increased Oil Red O staining only in the HC+EtOH group (p < 0.05). Similar results were
obtained when hepatic triglyceride content was assessed biochemically (Fig. 2A). A similar
pattern was observed after 28 days. In contrast, after 65 days, significant steatosis developed
in the HC controls themselves relative to the shorter periods of TEN feeding (p < 0.05).
Although average triglyceride values remained significantly greater in the HC+EtOH group
than the HC control group after 65 days of feeding (p < 0.05), the difference in fat droplet
accumulation between HC and HC+EtOH groups disappeared (Figs. 1 and 2B). The HF
+EtOH group had lower levels of steatosis than the HC+EtOH group at all time points (p <
0.05) with no significant increase in mean levels of triglycerides and lipid droplets relative
to the HF control groups at any time point (p < 0.1) (Figs. 2A and 2B). Despite the lower
overall level of steatosis in the HF groups compared to the HC groups and lower ethanol-
associated fat accumulation in the HF+EtOH compared to the HC+EtOH group, the HF
+EtOH group developed significant oxidative stress earlier than the HC+EtOH group as
measured by TBARS (Ohkawa et al., 1979) (p < 0.05) (Fig. 2C). In addition, only the HF
+EtOH group had evidence of necrosis relative to its appropriate dietary control, indicated
by significant increases in serum ALT values after 65 days of TEN feeding (p < 0.05) (Fig.
2D). Serum ALT values doubled in both the HC and HC+ETOH groups after 65 days of
TEN feeding relative to values after 14 days or 28 days of feeding (p < 0.05) (Fig. 2D).
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Serum adipokines and hepatic acetylation/deacetylation pathways
Since effects on adipokine secretion and hepatic acetylation pathways have both been
implicated in the development of alcoholic steatosis (Choudhury et al., 2011; Tan et al.,
2012; You et al., 2007; You & Rogers, 2009), we next examined the effects of fat/
carbohydrate ratio and ethanol treatment on plasma leptin and adiponectin levels and on
hepatic expression of deacetylase SIRT-1 and acetylase GCN5. Isocalorically increasing the
dietary polyunsaturated fat/carbohydrate ratio significantly reduced both plasma leptin and
adiponectin concentrations after 65 days of TEN feeding in the HF compared to the HC
group (p < 0.05) (Table 1, Fig. 3A). In addition, ethanol consumption significantly reduced
serum leptin levels relative to the appropriate control group in both diets (p < 0.05) (Table
1). However, no significant ethanol effect was observed on serum adiponectin levels after
either 14 days or 65 days of TEN feeding as part of either the HC or HF diet. Despite lower
serum adiponectin after high fat feeding, hepatic expression of SIRT-1 protein was increased
in the HF compared to the HC groups after both 14 and 65 days of TEN feeding (p < 0.05)
(Figs. 3B and 3D). There was no significant effect of dietary fat/carbohydrate ratio on
expression of hepatic GCN5 protein after either 14 days or 65 days of TEN feeding (Figs.
3B and 3D). SIRT-1 protein expression was increased after both 14 days and 65 days of
TEN feeding in the HF+EtOH groups compared to HF controls (p < 0.05). In contrast,
ethanol had no effect on hepatic SIRT-1 protein expression when fed as part of the HC diet
(Figs. 3B and 3D). Effects of ethanol on GCN5 expression were both diet- and time-
dependent. At 14 days of TEN feeding, ethanol significantly increased GCN5 expression
only in the HF group (p < 0.05). After 65 days of TEN feeding, ethanol significantly
increased GCN5 expression only in the HC group (p < 0.05) (Figs. 3C and 3D).

Effects on fatty acid synthesis and degradation pathways
Since changes in both FA synthesis and degradation pathways have been suggested to
underlie the development of alcoholic steatosis, we examined expression of FASN mRNA
and protein as well as mRNAs encoding ACC-1, CPT-1, and ACO in the liver (Figs. 4 and
5). Isocalorically increasing dietary polyunsaturated fats from 5% to 45% resulted in
significantly lower expression of both FASN and ACC-1 mRNA and FASN protein at all
time points in the HF compared to HC groups (p < 0.05). Moreover, the HC diet by itself
significantly increased the expression of both enzymes over the 65 days of TEN, compared
to the early 14-day and 28-day time points. Similarly, the HF diet also significantly
increased FASN protein expression on day 65 relative to the HF group on day 14 of TEN (p
< 0.05). Ethanol consumption rapidly increased FASN mRNA and protein expression and
ACC-1 mRNA in the HC+EtOH group compared to HC controls after only 14 days, and
increased FA synthesis continued to be observed in the HC+EtOH group compared to the
HC group after 28 days (p < 0.05). However, over the longer 65-day period, the HC diet by
itself increased expression of these rate-limiting enzymes in FA synthesis to the same degree
as in the HC+EtOH group. Ethanol consumption also significantly increased FASN protein
expression at 14 days and ACC-1 mRNA at 28 days in the HF+EtOH groups relative to HF
controls. However, the ethanol-induced increases in these enzymes in the context of HF
feeding were modest and inconsistent across all measures and time points.

Since signaling via SREBP-1c and CHREBP are the main drivers of FA synthesis, the
effects of fat/carbohydrate ratio and ethanol on nuclear localization of these transcription
factors and on the binding of SREBP-1c to its response element on the FASN promoter were
next measured by ChIP analysis (Figs. 5 and 6). Nuclear ChREBP was higher and
SREBP-1c was lower in the HF compared to the HC group after 14 days of TEN feeding (p
< 0.05) (Fig. 6). However, after 65 days of feeding, ChREB was elevated in the HC group
relative to earlier feeding periods (p < 0.05), and differences in nuclear ChREBP between
HC and HF groups was no longer significant. In contrast, reduced expression of nuclear
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SREBP-1c protein in HF compared to HC groups persisted and increased with length of diet
(p < 0.05) (Fig. 6). Decreased nuclear SREBP-1c protein coincided with decreased binding
of SREBP-1c to the FASN promoter in ChIP analysis (Fig. 5). Ethanol consumption resulted
in increased nuclear localization of ChREBP protein in both the HC+EtOH and HF+ETOH
groups compared to HC and HF controls after 14 days of TEN (p < 0.05), but this effect was
lost by day 65. In contrast, no significant effect of ethanol treatment was observed on
nuclear SREBP-1c protein expression or SREBP-1c binding to the FASN promoter after 14
days feeding of either diet. After 65 days of TEN diets, ethanol reduced nuclear expression
of SREBP-1c in the HC+EtOH compared to the HC group (p < 0.05) (Fig. 6).

CPT-1 mRNA and ACO mRNA are involved in FA degradation. CPT-1 mRNA encodes
carnitine palmitoyl transferase, the rate-limiting transport protein for FA into the
mitochondria for β-oxidation. ACO mRNA encodes acyl CoA oxidase, an enzyme important
in peroxisomal oxidation of FAs. CPT-1 mRNA and ACO mRNA were both elevated after
65 days of TEN feeding of either control diet relative to earlier time points (p < 0.05) (Fig.
4). In addition, CPT-1 mRNA was elevated by ethanol in the CHO+EtOH groups relative to
CHO controls at 14 days and 65 days of feeding, and was elevated to a greater degree in the
HF+EtOH group compared to HF or HC+EtOH groups at both time points. ACO mRNA
was also increased by EtOH in the HF but not HC group at 14 days (p < 0.05), but was
elevated by ethanol treatment in both diets after 65 days of TEN (p < 0.05) (Fig. 4).

Effects on other pathways regulating hepatic triglyceride accumulation
We next examined the effects of changing fat/carbohydrate ratio on expression of mRNAs
encoding proteins important in pathways regulating FA transport, triglyceride hydrolysis and
VLDL secretion. These included CD36 and FATP2 (transport), adiponutrin (hydrolysis) and
MTP (VLDL secretion) (Fig. 7). The expression of CD36 was elevated over time of TEN for
both HC and HF diets with or without ethanol (p < 0.05). In addition, CD36 mRNA was
significantly increased in the HF+EtOH group compared to its HF control at the 14-day time
point (p < 0.05). Likewise, ethanol significantly increased the expression of FATP2 mRNA
in the HF group at both day 14 and day 65 of TEN (p < 0.05). In contrast, adiponutrin
mRNA was low in all HF groups compared to HC groups (p < 0.05), and its expression was
not consistently affected by ethanol treatment at any time point. MTP mRNA expression
was not affected across time or by diet and was not consistently affected by ethanol
treatment.

Effects on hepatic cytochrome P450 expression
Cytochrome P450 CYP2E1, the major ethanol-inducible form, and CYP4A1, the major form
involved in ω-hydroxylation of FAs, have both been shown to be “leaky” redox systems
which generate reactive oxygen species (Albano et al., 1991; Dai, Rashba-Step, &
Cederbaum, 1993; Leclercq et al., 2000). Both enzymes have been reported to be involved
in the generation of oxidative stress after alcohol consumption and to be involved in
progression of liver pathology from simple steatosis to steatohepatitis (Leung & Nieto,
2013; Maher, 2001; Ronis, Lindros, & Ingelman-Sundberg, 1996). We next measured the
expression of CYP2E1 and CYP4A1 apoproteins in microsomes prepared from the livers of
rats after 65 days of TEN. The expression of both enzymes was significantly higher in
animals fed HF compared to HC diets (p < 0.05) (Fig. 8). In addition, ethanol induced the
expression of both enzymes in the HC+EtOH compared to the HC group (p < 0.05), and
expression of both enzymes was higher in the HF+EtOH group compared to the HC+EtOH
group (p < 0.05).
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Effects on bone architecture and strength
The effects of dietary fat/carbohydrate ratio and ethanol on bone architecture and strength
were measured across all treatment groups after 65 days of TEN feeding (Table 3). No
significant effects of diet alone were observed on these parameters. In contrast, ethanol
treatment significantly reduced trabecular bone volume and connectivity density as well as
cortical thickness, cortical surface area, and periosteal perimeter of the femur (p < 0.05).
These diet-independent changes were associated with reduced bone strength in the tibia (p =
0.06).

Discussion
Despite intensive investigation, the molecular mechanisms underlying development of fatty
liver following alcohol abuse remain the subject of considerable dispute (Baumgardner et
al., 2007; Ronis et al., 2011; You & Rogers, 2009). Ethanol has previously been reported to
cause white adipose tissue dysfunction and to reduce adiposity without decreasing lean body
mass in both rodents and humans, at least in part, as a result of induction of CYP2E1,
generation of oxidative stress, and inhibition of PPARγ signaling (Addolorato et al., 1997;
Chen et al., 2011; Chen et al., 2009; Crabb, Zeng, Liangpunsakul, Jones, & Considine, 2011;
Liangpunsakul, Crabb, & Qi, 2010; Mercer et al., 2012; Sun et al., 2012; Tan et al., 2012).
In addition, several investigators have published data suggesting a central role for reduced
secretion of the adipokine adiponectin and inhibition of downstream pathways in the liver
involving the SIRT-1-AMP kinase axis in the development of alcoholic steatosis (Yin et al.,
2012; You, Considine, Leone, Kelly, & Crabb, 2005; You, Liang, et al., 2008, You &
Rogers, 2009). If this pathway is indeed central, then it would be predicted that reduced
adiponectin, decreased hepatic SIRT-1, increased hepatic nuclear SREBP-1c, increased de
novo FA synthesis, and increased FA degradation would be a universal feature of animal
models of alcoholic liver disease. However, a variety of other studies including the current
one have failed to observe that ethanol decreases serum adiponectin despite decreased
adiposity, and have shown increases in steatosis, despite no change or suppressed nuclear
SREBP-1c protein and despite increased PPARα-dependent FA degradation (Baumgardner
et al., 2007; He et al., 2004; Ronis et al., 2011). It is possible that these differences reflect
differences in species, strain, and animal models of alcohol administration. It is also possible
that differences in published results reflect complex interactions between alcohol and other
dietary components in regulation of the pathways regulating endocrine communication
between the adipose tissue and liver, and hepatic pathways controlling lipid homeostasis that
are dependent on the duration of alcohol exposure. Dietary fat composition has previously
been suggested to alter interactions between ethanol and the SIRT-1 pathway (You, Cao,
Liang, Ajmo, & Ness, 2008; You, Liang, et al., 2008), and dietary fat type and levels of
dietary carbohydrate have also previously been suggested to influence progression of ALD
from simple steatosis to steatohepatitis (Korourian et al., 1999; Ronis, Hakkak, et al., 2004).

After short periods of TEN diet infusion up to 28 days, hepatic triglyceride accumulation
was minor and fat droplets were small and rare in rats fed both the HC and HF control diets
despite the large difference in fat/carbohydrate ratio. This was not surprising since it is well
established that diets containing polyunsaturated fats result in little hepatic lipid
accumulation, even though levels as low as the 5% fat in the HC diet have suppressed
lipogenesis and FA transport relative to diets containing saturated or monounsaturated fats
(Clarke, Turini, Jump, Abraham, & Reedy, 1998; Iritani & Fukuda, 1995; Jeffcoat, Roberts,
& James, 1979; Jump, Thelen, & Mater, 1999; Ronis et al., 2012). The molecular
mechanisms underlying this effect are complex and have been suggested to be related to
signaling mediated via dietary linoleic acid, resulting in relatively low levels of nuclear
ChREBP and SREBP-1c (Dentin et al., 2004; Jump et al., 1999). The HF diet had
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significantly reduced levels of FA synthesis and increased FA degradation compared to the
HC diet as indicated by expression of FASN, ACC, CPT-1, and ACO mRNAs. Decreased
FA synthesis occurred despite higher nuclear ChREBP expression in the HF than the HC
diet at day 14. However, it was accompanied by greater insulin resistance and significantly
reduced nuclear SREBP-1c and SREBP-1c binding to the FASN promoter in the HF diet
group at this time point. Increased FA degradation in the HF group could be related to
increased PPARα signaling through polyunsaturated fat metabolites. Consistent with this,
we also observed increases in expression of another PPARα target, CYP4A1, after longer
periods of TEN feeding in the HF group relative to the HC group. Increased FA transport via
FATP2 and decreased triglyceride hydrolysis via adiponeutrin in the HF group compared to
the HC group appear to compensate for the effects of HF on FA turnover, and levels of fat
accumulation in the HC and HF control groups at day 14 and day 28 were comparable.

Although ethanol significantly increased overall hepatic triglyceride accumulation and fat
droplets in both diet groups even after short term 14-day and 28-day TEN feeding, steatosis
was dramatically greater in the HC+EtOH groups than the HF+EtOH groups and was
associated with increases in FA synthesis in the HC+EtOH group relative to the other
groups. This effect of ethanol was not associated with any change in serum adiponectin,
hepatic expression of either SIRT-1 or GCN5 deacetylase or acetylase proteins, or changes
in nuclear accumulation of SREBP-1c protein relative to HC controls. These data are not
consistent with the hypothesis that suppressed adiponection-SIRT-1-AMP kinase signaling
underlies alcoholic steatosis when consumed as part of a high carbohydrate diet. In contrast,
we report that ethanol treatment increased hepatic accumulation of ChREBP which could
drive increased transcription of FASN and ACC-1. These data are consistent with a recent
report from Liangpunsakul et al. (2013) demonstrating increased nuclear accumulation of
ChREBP in ethanol-treated hepatoma cells in vitro and in ethanol-fed mice.

Interestingly, over longer periods of 65 days of TEN diet infusion, triglycerides accumulated
and steatosis developed in the rats fed the HC control diet to the same degree as in the HC
+EtOH group. This also appeared to be related to increases in FA synthesis correlating with
nuclear accumulation of ChREBP, and suggests that ethanol and simple carbohydrates
activate the same lipogenic pathways but with a different time course. Additional increases
in FA transport via CD36 with time also appear to contribute to fat accumulation in the HC
group. In the HF groups, the more modest accumulation of hepatic triglycerides after
chronic ethanol treatment was associated with little or no increase in FA synthesis pathways.
A smaller increase in nuclear ChREBP was counteracted by decreased nuclear SREBP-1c
and increased expression of mRNAs encoding genes involved in FA degradation. Consistent
with our previous studies (Ronis et al., 2011) in the context of HF feeding, ethanol appeared
to increase fat accumulation, in part as a result of increased FA transport through increasing
FATP2 expression.

Despite the much lower level of steatosis, progression of necrotic alcohol liver injury
beyond simple steatosis as measured by increases in ALT over the appropriate dietary
controls was only evident in the HF+EtOH group and was accompanied by earlier
appearance of oxidative stress as measured by TBARS and by increased expression of
CYP2E1 and CYP4A1 relative to the HC+EtOH group. This is consistent with previous data
from our laboratory suggesting protection against EtOH hepatotoxicity by high carbohydrate
diets (Korourian et al., 1999; Ronis, Hakkak, et al., 2004) and may reflect availability of
energy from glucose for use in ongoing cellular repair processes in response to alcoholic
injury. Interestingly, ALTs increased to the same degree in both HC and HC+EtOH groups
after 65 days of TEN feeding relative to earlier time points and appeared to be associated
with the high levels of steatosis found in both these groups. These data support the important
role of dietary polyunsaturated fats and lipid peroxidation in the progression of liver injury
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after consumption of diets high in ethanol and fat, but suggest that when consumed in the
context of high carbohydrate diets, the mechanisms underlying development of alcoholic
and non-alcoholic steatohepatitis may be indistinguishable.

In contrast to the dramatic differences in development of alcoholic steatosis and liver injury,
dietary manipulation had no effect on alcohol-induced osteopenia. As has been reported,
ethanol consumption reduced both trabecular and cortical bone (Alvisa-Negrin et al., 2009;
Chen et al., 2011; Mercer et al., 2012). Despite the fact that increased bone marrow
adiposity has been linked to reduced adipose tissue mass in anorexia (Ecklund et al., 2010),
and that ethanol inhibition of bone formation has been shown to result in increased bone
marrow fat as the result of trans-differentiation of marrow mesenchymal stem cells into
adipocytes (Chen et al., 2010; Shankar et al., 2008), the different effects of fat/carbohydrate
ratio on ethanol-associated loss of abdominal fat were not reflected in differences in ethanol-
induced skeletal toxicity. These data suggest that the molecular mechanisms underlying
alcohol effects in liver, adipose tissue, and bone tissues are strikingly distinct.

In summary, our data demonstrate that the development of steatosis and progression of ALD
differs depending on the relative levels of dietary carbohydrate and polyunsaturated fat even
when ethanol exposure is identical. In addition, the data are consistent with the idea that in
the context of diets high in carbohydrate, stimulation of FA synthesis by ethanol is rapid and
underlies the development of steatosis as a result of the activation of hepatic ChREBP
signaling. Importantly, feeding diets unbalanced by the presence of excess simple
carbohydrates is not benign, but over time also results in the development of fatty liver
disease even in the absence of alcohol via the same pathway. In the context of high levels of
polyunsaturated fats, ALD progressed despite relatively little accumulation of hepatic
triglycerides. This points to the importance of lipid peroxidation in development of hepatic
necroinflammatory injury (Nanji, 2004). Finally our data suggest that mechanisms
underlying alcohol pathology are tissue specific. This is the focus of ongoing investigations.
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Figure 1.
Effects of dietary fat/carbohydrate ratio and ethanol on development of hepatic steatosis.
Representative pictures of Oil Red O stained livers (×10) after 14 or 65 days of TEN
feeding. HC – high carbohydrate, HF – high fat, EtOH – ethanol.
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Figure 2.
Effects of dietary fat/carbohydrate ratio and ethanol on A) liver triglycerides, B) lipid
droplet accumulation based on area of Oil Red O staining, C) liver lipid peroxidation
(TBARs – thiobarbituric acid reactive products), and D) necrosis indicator, serum alanine
aminotransferase (ALT) activity. HC – high carbohydrate, HF – high fat, EtOH – ethanol.
Data are mean ± SEM. Statistical significance for the effects of length of TEN feeding on
each parameter was determined by one-way ANOVA followed by Tukey-Kramer post hoc
analysis. Means with different letters are significantly different, a < b, p < 0.05. Statistical
significance with regard to the effects of diet and ethanol within each time point was
determined by two-way ANOVA followed by Student Newman-Keuls post hoc analysis.
Means with # are significantly different by diet within the respective control or ethanol
group; means with * are significantly different after EtOH treatment within each diet group,
p < 0.05.
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Figure 3.
Effects of dietary fat/carbohydrate ratio and ethanol on serum adiponectin and hepatic
acylation/deacetylation pathways. A) serum adiponectin, B) immunoquantitation of SIRT-1
protein expression, C) immunoquantitation of GCN5 protein expression, D) Western
immunoblots from day 14 and day 65 groups. Each lane represents a different animal, n = 3/
group. AB – amido black stain loading control, HC – high carbohydrate, HF – high fat,
EtOH – ethanol. Data are mean ± SEM. Statistical significance with regard to the effects of
diet and ethanol at each time point was determined by two-way ANOVA followed by
Student Newman-Keuls post hoc analysis. Means with # are significantly different by diet
within the respective control or EtOH group; means with * are significantly different after
ethanol treatment within each diet group, p < 0.05.
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Figure 4.
Effects of dietary fat/carbohydrate ratio and ethanol on expression of mRNAs encoding
enzymes in hepatic FA synthesis and degradation pathways. A) fatty acid synthase (Fasn),
B) acyl CoA carboxylase (ACC-1), C) carnitine palmitoyl transferase (Cpt-1), D) acyl CoA
oxidase (Aco). HC – high carbohydrate, HF – high fat, EtOH – ethanol. Data are mean ±
SEM. Statistical significance for the effects of length of TEN feeding on each parameter was
determined by one-way ANOVA followed by Tukey-Kramer post hoc analysis. Means with
different letters are significantly different, a < b, p < 0.05. Statistical significance with
regard to the effects of diet and ethanol within each time point was determined by two-way
ANOVA followed by Student Newman-Keuls post hoc analysis. Means with # are
significantly different by diet within the respective control or ethanol group; means with *
are significantly different after ethanol treatment within each diet group, p < 0.05.
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Figure 5.
Effects of dietary fat/carbohydrate ratio and ethanol on hepatic fatty acid synthase (FASN)
protein expression A) as determined by Western immunoblot and B) by binding of
SREBP-1c to its response element on the FASN promoter as determined by ChIP. HC –
high carbohydrate, HF – high fat, EtOH – ethanol. Immunoquantitation data are mean ±
SEM. Statistical significance with regard to the effects of diet and EtOH at each time point
was determined by two-way ANOVA followed by Student Newman-Keuls post hoc
analysis. Means with # are significantly different by diet within the respective control or
ethanol group; means with * are significantly different after ethanol treatment within each
diet group, p < 0.05.
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Figure 6.
Effects of dietary fat/carbohydrate ratio and ethanol on hepatic expression of transcription
factor proteins SREBP-1c and ChREBP in nuclear extracts. HC – high carbohydrate, HF –
high fat, EtOH – ethanol. Immunoquantitation data are mean ± SEM. Statistical significance
for the effects of length of TEN feeding on each parameter was determined by one-way
ANOVA followed by Student Newman-Keuls post hoc analysis. Means with $ are
significantly different from the day-14 time point, p < 0.05. Statistical significance with
regard to the effects of diet and ethanol at each time point was determined by two-way
ANOVA followed by Student Newman-Keuls post hoc analysis. Means with # are
significantly different by diet within the respective control or ethanol group; means with *
are significantly different after ethanol treatment within each diet group, p < 0.05.
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Figure 7.
Effects of dietary fat/carbohydrate ratio and ethanol on expression of mRNAs encoding
enzymes in hepatic FA transport, triglyceride hydrolysis and VLDL secretion pathways. A)
CD36, B) fatty acid transport protein 2 (Fatp-2), C) adiponutrin, D) microsomal triglyceride
transport protein (Mttp). HC – high carbohydrate, HF – high fat, EtOH – ethanol. Data are
mean ± SEM. Statistical significance for the effects of length of TEN feeding on each
parameter was determined by one-way ANOVA followed by Tukey-Kramer post hoc
analysis. Means with different letters are significantly different, a < b < c, p < 0.05.
Statistical significance with regard to the effects of diet and ethanol within each time point
was determined by two-way ANOVA followed by Student Newman-Keuls post hoc
analysis. Means with # are significantly different by diet within the respective control or
ethanol group; means with * are significantly different after ethanol treatment within each
diet group, p < 0.05.
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Figure 8.
Effects of dietary fat/carbohydrate ratio and ethanol on hepatic microsomal cytochrome
P450 protein expression after 65 days of TEN feeding as determined by Western
immunoblot: A) Western blot of CYP2E1, B) immunoquantification of CYP2E1, C)
Western blot of CYP4A1, and D) immunoquantification of CYP4A1. HC – high
carbohydrate, HF – high fat, EtOH – ethanol. Immunoquantitation data are mean ± SEM.
Statistical significance with regard to the effects of diet and ethanol was determined by two-
way ANOVA followed by Student Newman-Keuls post hoc analysis. Means with # are
significantly different by diet within the respective control or ethanol group; means with *
are significantly different after EtOH treatment within each diet group, p < 0.05.
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(1
/m

m
);

 T
b 

Sp
p.

: t
ra

be
cu

la
r 

sp
ac

in
g 

(μ
M

);
 T

b.
T

h:
 tr

ab
ec

ul
ar

 th
ic

kn
es

s 
(μ

M
);

 D
A

: d
eg

re
e 

of
 a

ni
so

tr
op

y;
 C

on
n.

D
.: 

co
nn

ec
tiv

ity
 d

en
si

ty
 (

m
m

3 )
; S

M
I:

 s
tr

uc
tu

re
 m

od
el

 in
de

x;
 T

ot
. C

SA
: t

ot
al

 c
ro

ss
 s

ec
tio

na
l a

re
a 

(c
m

2 )
; M

e.
A

r.
: m

ed
ul

la
ry

 a
re

a 
(c

m
2 )

; C
t. 

C
SA

: c
or

tic
al

 c
ro

ss
 s

ec
tio

na
l a

re
a 

(c
m

2 )
; C

t. 
T

h.
: c

or
tic

al
th

ic
kn

es
s 

(m
m

);
 A

v.
 D

ia
m

: a
ve

ra
ge

 d
ia

m
et

er
 (

cm
);

 M
e.

 D
ia

m
.: 

m
ed

ul
la

ry
 d

ia
m

et
er

 (
cm

);
 E

c.
 P

m
.: 

en
do

co
rt

ic
al

 p
er

im
et

er
 (

cm
);

 P
s.

Pm
.: 

pe
ri

os
te

al
 p

er
im

et
er

 (
cm

).
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