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Abstract

In this study, DEN-treated male mice were assigned to 4 groups: a 35% high fat ethanol liquid diet
(EtOH), an EtOH liquid diet with soy protein isolate as the sole protein source (EtOH/SQOY) an
EtOH liquid diet supplemented with genistein (EtOH/GEN) and a chow group. EtOH feeding,
final concentration 5% (v/v), continued for 16 wks. As expected, EtOH increased both the
incidence and multiplicity of both basophilic lesions and adenomas compared to the chow fed
group, (p<0.05). Soy protein supplementation in the EtOH/SQOY group significantly reduced
adenoma progression when compared to the EtOH and EtOH/GEN group, (p<0.05). Genistein
supplementation alone in the EtOH diet had no protective effect. In saline-treated mice, soy
feeding significantly reduced serum ALT concentrations (p<0.05), decreased hepatic TNFa and
CD-14 expression and decreased nuclear accumulation of NFxB protein in the EtOH/SOY-treated
mice compared to the EtOH group (p<0.05). With respect to ceramides, high resolution MALDI-
FTICR Imaging mass spectrometry revealed changes in the accumulation of long acyl chain
ceramide species, in particular C18, in the EtOH group when compared to the EtOH/SQY group.
Additionally, expression of the enzymes acid ceramidase and sphingosine kinase 1 which degrade
ceramide into sphingosine and convert sphingosine to sphingosine-1-phosphate respectively and
expression of sphingosine-1-phosphate receptors SIPR2 and S1PR3 were all upregulated by EtOH
and suppressed in the EtOH/SQY group, p<0.05. Chronic EtOH feeding also increased hepatocyte
proliferation and mRNA expression of B-catenin targets, including cyclin D1, MMP7 and
glutamine synthase, which were reduced in the EtOH/SOY group, p<0.05. These findings suggest
that soy prevents tumorigenesis by reducing pro-inflammatory signaling resulting from EtOH-
induced hepatic injury, and by reducing hepatocyte proliferation through inhibition of EtOH-
mediated p-catenin signaling. These mechanisms may involve blockade of sphingolipid signaling.
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Introduction

Alcohol-induced liver cancer occurs via several different interacting mechanisms at the level
of both initiation and promotion [1, 2]. Formation of acetaldehyde and reactive oxygen
species results in DNA damage as the result of ethanol (EtOH) metabolism by alcohol
dehydrogenase and CYP2EL, and reduced DNA methylation as a result of disruption of one
carbon metabolism may result in tumor initiation [2]. In addition, there is data demonstrating
that EtOH can act as a tumor promoter [3, 4]. Our laboratory and others have shown that
EtOH stimulates hepatocyte proliferation in rodent models coincident with development of
liver injury and depletion of hepatic retinoid stores [4]. Treatment with retinoic acid can
reverse the increase in hepatocyte proliferation after EtOH exposure [5]. Down regulation of
retinoic acid receptor (RAR) signaling by use of a dominant negative has also been shown to
increase hepatocyte proliferation and liver tumor promotion as a result of increased Wnt-f-
catenin signaling [6]. Recently, we have developed a mouse model of EtOH-induced liver
tumor promotion in which, in combination with tumor initiation during early development
by the nitrosamine chemical carcinogen diethylnitrosamine (DEN). In this model, EtOH
consumption during adulthood results in increased multiplicity of liver adenomas [4, 7]. We
have shown that increased tumor promotion was associated with necroinflammatory injury,
fibrosis, retinoid depletion and increased p-catenin signaling in both hepatocytes and the
tumors in this model [4, 7]. Clinically, a significant percentage of liver tumors from
alcoholics have also been shown to be p-catenin positive [8]. In many of these cases,
mutations have been found in f-catenin, the phosphorylation site of GSK3p or in Axin
resulting in B-catenin stabilization [9]. However, we did not observe B-catenin mutations in
the mouse DEN-EtOH model [4, 7]. Transgenic mice expressing mutations in the p-catenin
pathway do not have increased tumor initiation suggesting, consistent with our EtOH model,
that increased Wnt-p-catenin signaling contributes to tumor promotion [8].

If this hypothesis is correct, then compounds which inhibit p-catenin signaling should be
tumor protective in the mouse DEN-EtOH model. In this regard, there is ample
epidemiological evidence and experimental data to suggest that dietary factors found in soy
foods such as soy protein isolate (SOY) are cancer protective in multiple tissues. Meta-
analyses have demonstrated reductions in risk of mammary, prostate and colon cancer in soy
consumers [10]. In addition, animal studies of chemical carcinogenesis have shown
protection against DMBA- and NMU-induced mammary tumors and against AOM-induced
colon tumors after consumption of SOY [11-13]. Cancer protective effects of SOY have
been ascribed to the presence of the isoflavone genistein in soy foods [14] working via
several pathways including inhibition of cellular proliferation; induction of apoptosis;
inhibition of angiogenesis and through anti-oxidant effects [14]. Genistein and SOY have
also been suggested to interfere with Wnt-p-catenin signaling in a rat model of AOM-
induced colon cancer coincident with significant decreases in formation of aberrant crypts
[15]. In addition, in cell culture studies, genistein has been shown to inhibit various
components of the Wnt-f-catenin signaling pathway [16-18] and has been shown to induce
apoptosis in hepatocellular carcinoma cell lines [19]. The present study was designed to
determine if feeding SOY or pure genistein at concentrations found in SOY diets are
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protective against EtOH-induced liver tumorigenesis in the mouse DEN-ETOH model and if
protection was observed, it was associated with inhibition of B-catenin activation.

Materials and Methods

In Vivo Mouse Model of DEN-EtOH Liver Tumor Promotion

DEN-treated and saline-treated male C57BI6 mice received EtOH-containing LieberDe
Carli diets for 16 wks as previously described [29]. Briefly, DEN-injected mice (PND 13)
were randomly assigned to four weight-matched diet groups: a chow diet (n=10, chow), an
EtOH-containing liquid diet (n=21, EtOH) and an EtOH-containing liquid diet containing
soy protein isolate (n=23, EtOH/SQY), and an EtOH-containing liquid diet containing
genistein, 250 mg/kg diet, a level comparable to the concentration of genistein in SOY
(n=24, EtOH/GEN). All groups had access to water ad /ibitum. Liquid diets were formulated
according to the LiebeDeCarli diet of 35% of energy from fat, 18% from protein, and 47%
from carbohydrates (Dyets, Inc., Bethlehem, PA). EtOH was added to the Lieber-DeCarli
liquid diet slowly by substituting EtOH for carbohydrate calories in a stepwise manner until
28% total calories were reached as previously described [4]. This dose constitutes a final
EtOH concentration of 5.0% (v/v). Additionally, saline-injected mice were randomized into
three liquid diet groups, a chow diet (n=5), an EtOH (n=10), an EtOH/SOY (n=10) for 16
wks [29].

Tumor Pathology

For each DEN-treated mouse, formalin fixed lobes were embedded in paraffin, sectioned at
4 pm, stained with H&E, and examined under a light microscope and scored in a blinded
manner by a veterinary pathologist (L.H). Within each lobe, lesions were counted at 40x
magnification. Tumors were defined as follows — adenomas, a compressive lesion of any size
without evidence of invasion or other criteria of malignancy; hepatocellular carcinoma, a
compressive and invasive lesion with criteria of malignancy [4].

Biochemical Analysis of Liver Injury and Inflammation

Liver necrosis was assessed by measurement of serum alanine amino transferase (ALT)
activity as described previously [4]. Kupffer cell activation (CD14 mRNA expression) and
inflammation (expression of cytokine TNFa and IL-6 mRNA and the chemokine CXCL2
mMRNA) were measured by real time RT-PCR analysis of expression of individual cDNA
samples prepared from each group using SYBR green and an ABI 7500 sequence detection
system (Applied Biosystems, Foster City, CA). Primer sequences are given in Table 1. Gene
expression was normalized against 18S rRNA. In addition, nuclear fraction and cytosolic
fractions were isolated from livers using NE-PER Nuclear and Cytoplsmic Extraction kit
(Thermo Fisher Scientific) as per manufacturer’s instructions. Nuclear proteins were
separated by SDS-PAGE and Western blotted with antibodies against the p65 subunit of
NF«xB (Cell Signaling, Danvers, MA). Protein loading was corrected for by staining for total
protein with 0.1% amido black.

Adv Exp Med Biol. Author manuscript; available in PMC 2019 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mercer et al.

Page 4

Analysis of Ceramide-Sphingosine Signaling

Ceramide species were detected in the livers of saline-treated mice receiving an EtOH or
EtOH/SQY diet by MALDI-FTICR imaging mass spectrometry as previously described
[21,29]. MALDI-IMS analysis was performed using a Bruker Solarix 7T FTICR mass
spectrometer, equipped with a SmartBeam 11 laser operating at 1000 Hz, collecting spectra
across the entire tissue in positive ion mode between (/7/2200-2000). A laser spot size of
25um, and a raster width of 200 pm for general profiling or 75 um for high resolution
images was empolyed collecting 800 shots per pixel. Data was reduced to .98 ICR reduction
and loaded into Flexlmaging 4.0 software (Bruker Daltonics) for data analysis, and
generation of lipid images of interest. Within FlexImaging, all data was normalized using
root mean square and intensities were thresholded appropriately. Lipid species were
assigned by mass accuracy, both to an internal ceramide database and to an external database
Lipid Maps. mRNA expression of enzymes and receptors involved in ceramide-sphingosine
signaling were quantitated by real time RT-PCR analysis of expression of individual cDNA
samples prepared from each group using SYBR green and an ABI 7500 sequence detection
system (Applied Biosystems, Foster City, CA). Primer sequences are given in Table 1. Gene
expression was normalized against the housekeeping gene GAPDH mRNA. In addition, liver
microsomes were prepared as previously described [20] and used for Western blot analysis
with an antibody against sphingosine kinase H1 (Cell Signaling, Danvers, MA). Protein
loading was corrected for by staining total protein with 0.1% amido black.

Hepatocyte Proliferation and p-Catenin Signaling

Hepatocyte proliferation was measured by histochemical analysis of PCNA staining as
described previously [22]. Nuclear expression of p-Catenin protein was measured by
Western blot [4]. In addition, mRNA expression of known downstream p-Catenin target
genes cyclin D1, glutamine synthase (GIuS) and matrix metalloproteinase 7 (MMP7) were
measured by real time RT-PCR as described above and expressed relative to GAPDH
MRNA.

Data and Statistical Analysis

Data are presented as mean £ SEM. For ALT, gene and protein expression data multiple
group comparisons were made by One Way ANOVA or ANOVA of Ranks followed by
Student-Neuman-Keuls post-hoc analysis. Adenoma incidence was determined using
Fisher’s Exact Test. Multiplicity was determined One-Way ANOVA followed by Mann-
Whitney U rank-sum test for post hoc comparisons. Statistical analysis was performed using
Sigma Plot software package 11.0 (Systat Software, Inc. San Jose, CA) and Stata statistical
software 13.1 (Stata Corporation, College Station, TX). Statistical significance was set at
P<0.05.

Results and Discussion

There is strong epidemiological data that alcohol can act as a tumor promoter. Chronic
alcohol consumption increases the risk of HCC a further 2-fold when combined with factors
such as HCV/HBY infection or diabetes [2]. We have developed a mouse model which
replicates this phenomenon in which increased adenoma multiplicity occurs in mice where

Adv Exp Med Biol. Author manuscript; available in PMC 2019 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mercer et al.

Page 5

tumors are initiated with DEN on PND 13 and EtOH is administered chronically for 16
weeks in Lieber DeCarli liquid diets beginning in adulthood [4,7]. We have previously
shown that at a final concentration of 28% total calories, the blood alcohol concentrations
attained in this model average 75 mg/dL which is comparable to the human 80 mg/dL limit
for DWI [7]. Tumor promotion was accompanied by appearance of steatohepatitis, fibrosis
and stimulation of Wnt-B-cantenin-dependent hepatocyte proliferation coincident with loss
of hepatic retinoids [4,7]. In the current study, we examined the possible protective effects of
feeding soy protein isolate and of a major soy-associated phytochemical genistein in the
DEN-EtOH mouse tumor promotion model based on literature showing ant-tumorigenic
effects and inhibition of Wnt-B-catenin signaling in other cancer models. As expected,
chronic EtOH feeding of adult mice as part of Lieber DeCarli liquid diets resulted in
appearance of adenomas in 81% of DEN-treated mice with a multiplicity of 2 tumors/mouse
(Figure 1). When the protein source in the EtOH-Lieber DeCarli diet was switched from
casein to SOY, adenoma incidence was reduced to 26% and multiplicity was reduced by
75% (P<0.05) (Figure 1). Surprisingly, supplementation of the EtOH-Lieber DeCarli diet
with 250 mg/kg diet genistein, a level comparable to that found in SOY actually increased
adenoma incidence to 92% and multiplicity to 5 tumors/mouse (P<0.05). These data suggest
that SOY contains factors that inhibit EtOH-induced tumor promotion but that the bioactive
component may be either a phytochemical other than genistein or a protein/peptide. SOY
contains over 100 phytochemicals and peptides and the major soy storage protein -
conglycenin may also give rise to bioactive peptides after digestion [23 24]. Identification of
this cancer protective component of SOY remains the subject of future studies.

We conducted further analyses to examine the molecular mechanisms underlying the
promotional protection afforded by feeding SOY with EtOH. In saline-treated mice, the
EtOH/SOY group had significantly reduced necroinflammatory injury and Kupffer cell
activation with lower levels of serum ALT, hepatic mMRNA expression of CD14, TNFa, IL-6,
CXCL-2 and nuclear expression of the NFxB p65 subunit when compared to the EtOH
group (P<0.05) (Table 2). EtOH feeding increased hepatic concentrations of ceramide and
hepatic mRNA expression of enzymes involved in synthesis of ceramide, sphingosine and
sphingosine-1-phosphate (S1P); (ceramide synthase 1 — CERS1; acid ceramidase — ASAH1;
serine palmitoyl transferase and sphingosine kinase-1 —SPKH1); compared to chow controls
(P<0.05) and increased SPKH1 protein expression (Table 3, Figure 2). In addition mRNA
encoding S1P receptors SIPR2 and S1PR3 were increased in the EtOH group relative to
chow controls (Table 3). In contrast, feeding SOY with EtOH blocked the effects of EtOH
on CERS1 mRNA and reduced hepatic ceramide concentrations compared to the EtOH
group (P<0.05) (Figure 2). In addition, the EtOH/SQOY group had lower SPKH1 mRNA and
protein and reduced expression of SIPR2 and SIPR3 mRNA (Table 3). As previously
reported, coincident with its promotional effects, EtOH increased hepatocyte proliferation in
a p-catenin-dependent manner. EtOH increased expression of cyclin D1 mRNA and mRNA
expression of other downstream B-catenin targets MMP7 and glutamine synthase (P< 0.05)
(Figure 3). In saline-treated mice, feeding SOY with EtOH reversed these effects (P<0.05).
Relative the EtOH group, the EtOH/SOY group had lower nuclear B-catenin protein
(P<0.05) (Figure 3) and PCNA staining of proliferating hepatocytes was reduced from 2.5
+0.41t0 0.9 £ 0.1% (P<0.0.5). These data suggest that reduction in EtOH-dependent tumor
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promotional stimuli after SPI feeding are linked to lower necroinflammatory injury and
normalization of ceramide/sphingosine signaling. Proliferative and regenerative repair
responses are generally observed in the liver after injury [25]. It has been suggested that
hepatocyte proliferation is a Wnt-regulated process linked to reduced retinoid signaling [5].
Sphingosine 1-phosphate signaling has been shown to negatively cross talk with retinoids
and has been shown to activate hepatic stellate cells [26, 27]. Moreover, Wnt signals from
other hepatic cell types including Kuffper cells have been shown to regulate hepatocyte
proliferation under conditions of partial hepatectomy [28]. It remains to be seen if similar
signals from activated Kupffer or stellate cells regulate hepatocyte and hepatic tumor cell
proliferation after EtOH consumption and if the molecular mechanisms whereby SOY
prevents these mechanisms are related to its effects on ceramide/sphingosine signaling
pathways.
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Figure 1.

Adenoma incidence (a) and tumor multiplicity (b) in DEN-treated male mice receiving a
standard LieberDeCarli EtOH liquid diet using casein (EtOH) or soy protein isolate (EtOH/
SQY) as the sole protein source as previously published [, 29]; and with a third group
(EtOH/GEN) receiving the EtOH liquid diet supplemented with (250mg/kg diet) genistein
for 16 wks. Data expressed as mean + SEM. Adenoma incidence was determined using
Fisher’s Exact Test. Multiplicity was determined One-Way ANOVA followed by Mann-
Whitney U rank-sum test for post hoc comparisons, *p<0.05 EtOH vs. EtOH/SQY, **p<0.05
EtOH vs. EtOH/GEN.
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Figure 2.
Alcohol feeding increased de novo ceramide synthesis as demonstrated by increased mRNA

expression of (a) serine palmitoyltransferase; EtOH-specific increases in C18 ceramide
(d18:1/18:0) as observed by (b) high resolution MALDI-FTICR imaging mass spectrometry,
and (c) increased ceramide synthase 1 mRNA expression were prevented in EtOH/SOY-
treated mice [29]. Significance a<b<c, (p<0.05).
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Figure 3.

Changes in mRNA expression of (a) B-catenin targets, cyclin D1, GluS, and MMP7, and (b)
nuclear expression of B-catenin in saline-treated mice receiving the EtOH or EtOH/SOY diet
for 16 wks. Significance a<b<c, (p<0.05), Student T-test, *p<0.05 [29].
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Real-Time RT-PCR primer sequences

Table 1.

Gene

Forward Sequence (5'-3")

Reverse Sequence (5'-3")

TNFa
IL-6
CXCL-2
CD14
CyclinDI
Glus
MMP-7
SPTLC2
CerS1
SPKH1
ASAH1
S1PR1
S1PR2
S1PR3

GACGTGGAACTGGCAGAAGAG
CTT CACAAGT CGGAGGCTTAAT
TAAGCACCGAGGAGAGTAGAA
CTAAGTATTGCCCAAGCACACTCA
TGCTGCAAATGCAACTGCTTCTTG
TATTCCTCGTGCCCAGTTAATC
GACTTGCCTCGGTTCTTAGTAG3
CAGGAGCGTTCTGATCTTACAG
GCCTGACATTCCGTACTACTTC
GGTACGAGCAGGTGACTAATG
GTCCTCAACAAGCTGACTGTAT
TTCACTCTGCTCCTGCTTTC
CAACGGAGGCACTGACTAAT
GGGAGGCGTGATGTAGTTATTT

Adv Exp Med Biol. Author manuscript; available in PMC 2019 February 22.

GCCACAAGCAGGAATGAGAAG
GCAAGTGCATCATCGTTGTTC
GTCCAAGGGTTACTCACAACA

CCCAACTCAGGGTTGTCAGACA
AAGGTCTGTGCATGTTTGCGGATG
AAGAAAGGGTTGGTGTGTAGAG
CCC TTGCGAAGCCAATTATG
CCGGACACGATGTTGTAGTT
GTCTTCCAGTTCACGCATCT
GGACAGACTGAGCACAGAATAG
CTATACAAGGGTCTGGGCAATC
CTGGCCTTGGAGATGTTCTT
TGGCAAATGTCTAGCCCTAAG
CAGAGGTGTCTTCTACGCATTT
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Table 2

Biochemical analysis of liver injury and inflammatory response in saline-treated male mice receiving EtOH or
EtOH/SQY diets for 16 wks [29].

ALT TNFa mRNA expression  IL6 mRNA expression CD 14 CXCL2 mRNA expression  NFkB nuclear expression
expresion
Chow 8.63+0.89% 0.15+0.032 0.05+0.122 1.31+0.272 0.09+0.012 -
EtOH 37.65£3.62" 2.36+0.51° 2.26+0.34° 43.37+0.37° 0.91+0.15° 1.07+0.16
EtOH/SOY  8.67+1.582 1.23+0.212 0.72+0.132 2.71+0.292 0.460.1120 0.55+0.08*

Data is expressed as mean + St.Err; Groups: chow (n=5), EtOH (n=10), EtOH/SOY (n=10).
Liver injury was assessed by measuring serum alanine transferase (ALT), in S.F. units/ml (Ronis et at, 2011).

Gene expression was determined by real-time RT-PCR as previously described (Mercer et al., 2016), Significance, a<b<c, (p<0.05).

Adv Exp Med Biol. Author manuscript; available in PMC 2019 February 22.
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Changes in hepatic sphingosine signaling mediators in response to EtOH and EtOH/SQY diets in saline-

treated male mice [29].

mMRNA expression (fold change)

SPKH1 membrane expression

SPKH1 ASAH1 S1PR1 S1PR2 S1PR3
Chow - 1.0040.058  1.00£0.042  1.00£0.16° 1.00£0.10° 1.00+0.14
EtOH 1.60+0.15 23454567 1.70+0.29°® 0.96+0.222 3.59+0.93°  2.64+0.54°
EtOH/SOY 0.70+0.08* 91242208  0.79+0.178  0.54+0.09% 1.31+0.28%  1.36+0.30°

Data is expressed as mean + St.Err; Groups: chow (n=5), EtOH (n=10), EtOH/SOY (n=10). Gene expression and protein determination were
determined as previously described (Mercer et al., 2016), Significance, a<b<c, (p<0.05), Student’s T-Test

*
p<0.05.
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