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Dietary soy protein induces hepatic lipogenic enzyme gene
expression while suppressing hepatosteatosis in obese female
Zucker rats bearing DMBA-initiated mammary tumors

Reza Hakkak • Ahmed Al-Dwairi • George J. Fuchs •

Soheila Korourian • Frank A. Simmen

Received: 16 January 2012 / Accepted: 31 March 2012 / Published online: 24 April 2012

� Springer-Verlag 2012

Abstract Fatty liver is associated with obesity and breast

cancer. We used an obese rat model of mammary cancer to

examine whether hepatosteatosis is modifiable by diet and

associated with altered expression of hepatic lipogenic

enzyme genes, thyroid hormone system genes and choles-

terol metabolism-related genes. Beginning at the age of

5 weeks, lean and obese female Zucker rats were fed

high-isoflavone soy protein- or casein (control protein)-

containing diets. Rats were euthanized at 200 days of age

[corresponding to 147 days after administration of

carcinogen to induce mammary tumors; (Hakkak et al. in,

Oncol Lett 2:29–36, 2011)]. Obese rats had a greater degree

of liver steatosis than lean rats. Obese casein-fed rats had

marked steatosis with small foci of mononuclear infiltra-

tion, whereas obese soy protein-fed rats had a significantly

lower steatosis index. Comparisons between lean and obese

casein-fed rats showed that obesity was associated with

significant reductions in hepatic mRNA abundance for

Glucose 6-Phosphate Dehydrogenase (G6PD), 6-Phospho-

gluconate Dehydrogenase (6PGD), Thyroid Receptor Alpha

1 (TRa1), Thyroid Receptor Beta 1 (TRb1) and Iodothyr-

onine Deiodinase 1 (DIO1). The soy protein diet was

associated with increased expression of Fatty Acid Synthase

(FASN), Malic Enzyme 1 (ME1), 6PGD, Sterol Regulatory

Element Binding Protein-1c (SREBP-1c) and SREBP-2

genes in the livers of obese but not lean rats. Western blot

analysis showed a significant induction of ME1 protein

expression in the livers of obese, soy protein-fed rats, which

paralleled the increased serum insulin level in this group.

Long-term soy protein consumption can counter hepatic

steatosis while coincidently promoting hepatic lipogenic

gene expression, the latter likely a consequence of elevated

serum insulin. We suggest that elevations in serum insulin,

hepatic lipogenesis and cholesterol synthesis all contributed

to the increased tumorigenesis previously observed for the

obese, soy protein-fed rats.
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Introduction

Obesity has been epidemic in the United States for more

than two decades with the proportion of overweight and
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obese adults in the population continuing to increase. Data

from the 1999–2000 National Health and Nutrition

Examination Survey (NHANES) showed that nearly 65 %

of adults in the United States were overweight, as defined

by a body mass index (BMI) greater than 25 kg/m2

(Mokdad et al. 2003). This was a significant increase from

56 % as reported in NHANES III (1988–1994) (Sinha et al.

1996). Results from the 2005–2006 NHANES, using

measured heights and weights, indicated that an estimated

32.7 % of US adults 20 years and older were overweight

(BMI 25.0–29.9 kg/m2), 34.3 % were obese (BMI 30.0–

39.9 kg/m2) and 5.9 % were extremely obese (BMI C

40 kg/m2) (National Center for Health Statistics. [http://

www.cdc.gov/nchs/nhanes.htm]). Many countries have

experienced similar dramatic increases in obesity (WHO

[http://www.who.int/nut/obs.htm]). Worldwide, more than

one billion adults are estimated to be overweight, and over

300 million to be obese. This trend has alarming health

implications, as obesity is associated with serious health

conditions, including type 2 diabetes, cardiovascular dis-

ease, some cancers including those of the breast, uterus and

colon, hyperlipidemia and nonalcoholic fatty liver disease

(Mokdad et al. 2003).

Fatty liver disease shows a range of morphological

features including fatty liver (liver steatosis) to fatty liver

associated with inflammation. These conditions can occur

with the use of alcohol (alcohol-related fatty liver) or in the

absence of alcohol (nonalcoholic fatty liver disease, NA-

FLD). NAFLD consists of various histological changes

from simple steatosis to steatosis with inflammation and

cellular injury (steatohepatitis), fibrosis and cirrhosis.

NAFLD is now the most common cause of liver pathology

with a prevalence of up to 34 % in the United States;

however, this increases to greater than 50 % in the obese

population (Browning et al. 2004; Ong and Younossi

2007). NAFLD is associated with insulin resistance, which,

in turn, is associated with metabolic syndrome and Type 2

diabetes (Browning et al. 2004). NAFLD can be asymp-

tomatic or can progress to steatohepatitis followed by

fibrosis and can eventually cause cryptogenic cirrhosis. The

prevalence of fatty liver disease is estimated at 10–20 % of

the population, and this condition affects both women and

men (Angulo 2002) and children (Roberts 2007). Popula-

tion-based studies have shown that approximately 5 % of

patients who initially present with fatty liver, eventually

develop steatohepatitis (Day 2005). Liver steatosis is found

at increased prevalence in women with breast cancer,

although the nature of this association and any cause and

consequence relationship(s) remain obscure (Bilici et al.

2007; Chu et al. 2003; Nguyen et al. 2001).

The Zucker rat (fa/fa) is perhaps the most widely used rat

model for obesity and diabetes research (Zucker and Zucker

1961, 1963). Obesity in the Zucker rat is inherited as an

autosomal recessive trait and is caused by a mutation in the

leptin receptor gene (Chua et al. 1996; Tartaglia et al. 1995).

Animals homozygous for the fa allele become noticeably

obese by age 3–5 weeks, and by age 14 weeks their body

composition is more than 40 % lipid (Zucker 1972). The

Zucker rat has been used as a model of human early-onset,

hyperplastic–hypertrophic obesity. Many investigators have

used this animal model to study the development, etiology,

associated pathologies, possible treatments and contributing

mechanisms of severe obesity (Bray et al. 1989). In addi-

tion, this animal model develops hepatic steatosis (Tovar

et al. 2005) due to dysregulated metabolic gene expression

in the liver (Buque et al. 2010); to the best of our knowl-

edge, this has not been previously studied within the context

of an imposed carcinogenic/cancer state.

Many studies have suggested health benefits from soy

consumption, including its roles in reducing risk of car-

diovascular disease and certain types of cancers (Hakkak

et al. 2000; Kris-Etherton et al. 2002; Simmen et al. 2005)

and its hypo-cholesterolemic and anti-inflammatory effects

(Anderson et al. 1995; Ascencio et al. 2004; Gudbrandsen

et al. 2005, 2006, 2009; Simmen et al. 2010; Tovar et al.

2002; Zhan and Ho 2005). Soybeans and soy protein

products are a major source of a class of phytoestrogens,

namely the isoflavones. Isoflavones are structurally similar

to estrogens, exhibit estrogenic and anti-estrogenic prop-

erties, and are potential anti-cancer molecules (Peeters

et al. 2003). We and others have reported effects of high-

isoflavone soy protein-containing diets on hepatic gene

expression and hepatic lipid contents in rat and mouse

models (Simmen et al. 2010). Here, we evaluated in female

Zucker rats bearing mammary tumors, the effects of

obesity status and soy protein-based diet on (a) the devel-

opment of liver steatosis, (b) liver expression of lipogenic

enzyme, thyroid hormone system and selected cholesterol

metabolism-related genes and (c) serum insulin levels, in

order to model potential dietary attenuation of hepatos-

teatosis in women with breast cancer. We hypothesized that

obesity would lead to elevations in hepatic lipogenic

enzyme gene expression, suppressions in hepatic thyroid

hormone system gene expression and increased circulating

insulin levels in this model of breast cancer. Further, we

hypothesized that long-term soy consumption (a high-

isoflavone scenario) would provide protection against liver

steatosis in obese tumor-bearing rats.

Materials and methods

Experimental design

Animal protocols were approved by the Institutional Ani-

mal Care and Use Committee of the University of Arkansas
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for Medical Sciences. A total of 99 five-week-old female

Zucker rats (45 obese fa/fa and 54 lean) were obtained

from Harlan Industries (Indianapolis, IN). Harlan Indus-

tries performed genotyping to identify fa/fa and lean/lean

rats at the age of 24 days. After 1 week of acclimation (age

42 days), rats were randomly assigned to the following

groups: (1) lean, casein diet; (2) obese, casein diet; (3) lean,

soy protein diet; and (4) obese, soy protein diet. Rats were

housed 2 per cage with ad libitum access to water and

semi-purified diet. The semi-purified diet was similar to the

AIN-93G diet formulation (Harlan Teklad, Madison, WI)

and was prepared with equivalent amounts of dietary pro-

tein, either casein (control) or a partially hydrolyzed soy

protein isolate with high-isoflavone content [3.24 mg total

isoflavones/g protein (1.88 aglycone equivalents/g protein),

Lot#M330024462; Solae LLC, St. Louis, MO]. The com-

positions of both diets are described in Table 1 [and in

(Hakkak et al. 2011)]. At 50 days of age, all rats, as part of

an experiment examining the effects of high-isoflavone soy

protein diet and obesity on mammary tumor development

(Hakkak et al. 2011), received the carcinogen 7,12-dim-

ethylbenz(a)anthracene (DMBA, Sigma Chemical Co.,

St. Louis, MO), via gavage (65 mg DMBA/kg body weight

in sesame oil). Rats were euthanized at approximately

200 days of age. Livers were removed and weighed. Two

3-mm sections of each lobe of each liver were fixed in

10 % buffered formalin and processed for light micro-

scopic evaluation. From these, 5-lm liver sections were cut

and stained with hematoxylin and eosin. Tumor parameters

noted for this study have been recently described (Hakkak

et al. 2011).

Pathology

A board-certified anatomic pathologist (S.K.) evaluated

each liver section in blinded fashion. Livers were evaluated

for presence of micro- and macrosteatosis, inflammatory

infiltrates and fibrosis. The percentage of liver cells

showing fat accumulation was estimated. A score of 1–4

was given to each section, based on the relative degree

of steatosis in hepatocytes: 1 (\25 %), 2 (25–50 %), 3

(51–75 %) and 4 ([75 %).

RNA isolation and quantitative real-time polymerase

chain reaction (qRT-PCR)

RNA (n = 9 animals per group) was extracted using

TRIZol reagent (Invitrogen) and 1 ug of total RNA from

each animal was reverse transcribed to cDNA using iScript

cDNA synthesis reagents (Bio-Rad). Two independent sets

of cDNAs [n = 9 per group (Fig. 2) and a subset of n = 7

per group (Fig. 4)] were synthesized. Expression of target

genes was assayed by qRT-PCR, using Bio-Rad iTaq

SYBR Green Supermix. Two independent runs were per-

formed for each gene. PCR primers (Table 2) were

obtained from Integrated DNA Technologies. mRNA

abundance was normalized to the geometric means of 18S

rRNA or b-actin and Cyclophilin A and TATA box binding

protein (TBP) gene expression values and was calculated

using GeNorm software (Vandesompele et al. 2002).

Protein isolation and Western blot analysis

Liver tissue was homogenized in Radio-Immunoprecipita-

tion Assay (RIPA) buffer containing protease inhibitor

cocktail (Santa Cruz Biotechnology), and protein concen-

tration was determined using the BCA protein assay

(Pierce). Fifty lg of protein was separated by 8 % SDS-

PAGE gel electrophoresis and transferred to a nitrocellu-

lose membrane. An anti-human ME1 antibody (Abcam)

was diluted in 5 % nonfat dry milk in Tris-buffered saline

with Tween (TBST). Membranes were incubated with the

diluted antibody overnight at 4 �C, after blocking in 5 %

nonfat dry milk for 1 h. Membranes were then washed and

incubated with horseradish peroxidase-conjugated second-

ary antibody (Santa Cruz Biotechnology), and immunore-

active proteins were visualized by chemiluminescence

(Amersham Bioscience). Membranes were stripped,

blocked with 5 % nonfat dry milk for 1 h, washed and

incubated with antibody to b actin (loading control). ME1

and b actin bands were quantified with Quantity One

software (Bio-Rad).

Table 1 Composition of study diets (Hakkak et al. 2011)

Ingredients Casein (g/kg)a Soy protein (g/kg)

Casein 200 –

Isolated soy protein – 202

L-Cystine 3.0 1.3

L-Methionine – 2.5

L-Tryptophan – 0.4

L-Threonine – 0.3

Corn starch 397.50 409.00

Maltodextrin 132.0 132.0

Sucrose 100.0 108.0

Corn oilb 70.0 63.0

Cellulose 50.0 50.0

AIN-93 G Mineral mix 35.0 35.0

AIN-93 G Vitamin mix 10.0 10.0

Choline bitartrate 2.5 2.5

TBHQ, antioxidant 0.014 0.014

a Gram of ingredient/kg of diet
b The amount of corn oil was adjusted in the soy protein diet to

account for the fat contribution from soy protein
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Serum insulin measurements

Serum insulin was measured using a rat/mouse insulin

ELISA (Millipore). Samples were run in duplicate (8–10

animals/group). Serum samples from the obese animal

groups were diluted 1:5 with assay buffer prior to assay to

ensure that the values fell within the corresponding stan-

dard curve.

Statistical analysis

A Kruskal–Wallis test was used to analyze for differences

between treatment groups followed by between-group

comparisons using the Mann–Whitney U test, due to

unequal variances in the groups. Statistical significance

was set at P \ 0.05, and P values were not adjusted for

multiple comparisons. Data analyses were performed using

SPSS� version 17.0 for Windows (SPSS Inc., Chicago,

IL). Two-way ANOVA was used to compare abundance of

mRNAs and protein bands between groups.

Results

Liver weights

We previously reported the growth curves, body weights

and mammary tumor data for the animals studied here

(Hakkak et al. 2011). Obese rats gained significantly more

weight than lean rats and at termination of the study, the

obese soy-fed rats were significantly heavier than the obese

casein-fed rats. The lean soy-fed rats had higher body

weight than lean casein-fed rats. Moreover, obese casein-

fed rats had a significantly higher liver weight (when

expressed as absolute weight or as percent of body weight)

than the lean casein-fed rats (Table 3). Obese rats fed the

soy diet had significantly lower liver weight (expressed as

absolute liver weight or percent of the body weight)

compared to obese casein-fed rats (Table 3). In the lean

groups, soy-fed rats had significantly lower liver weight

only as percent of the body weight when compared to

casein-fed rats. Also, lean soy-fed rats had significantly

lower liver weight both as absolute weight and as percent

of the body weight compared to the obese soy-fed group.

Thus, obesity caused a significant increase in liver weight

and the soy diet lowered liver weights in both the lean and

obese groups. However, the soy diet enhanced overall body

weight for both lean and obese Zucker rats.

Liver histopathology

Figure 1 shows representative hepatic parenchyma. The

obese casein-fed rats had a significantly higher steatosis

score when compared to the lean casein-fed rats (Table 3).

However, obese soy-fed rats had a significantly lower

steatosis score than the obese casein-fed rats. Also, the lean

Table 2 Primers used in qRT-PCR

Gene Forward primer (50–30) Reverse primer (50–30)

b actin; ActB CAGCCTTCCTTCCTGGGTATG TAGAGCCACCAATCCACACAG

Cholesterol 7a-hydroxylase; Cyp7a1 ACACGCTCTCCACCTTTG GCTTTCATTGCTTCAGGACTC

Deiodinase, iodothyronine, type I; Dio1 GTGATACAGGAAGGCAGGATC CCTAGAACTGAGGCATGTGTC

Deiodinase, iodothyronine, type II; Dio2 CTCCTAGACGCCTACAAACAG TGCTTCAGGATTGGACAC G

Fatty acid synthase; Fasn AATTGCCCGAGTCAGAGAAC ACAGATCCTTCAGCTTTCCAG

Glucose-6-phosphate dehydrogenase; G6pd AGAGGTGGAAACTGACAACG GCAAAGGTAGCAGTGGTAGAC

3-hydroxy-3-methyl-glutaryl-CoA reductase; Hmgcr GCCTCGACCTAATGAAGAGTG AGTTTGTAGGCTGGGATGTG

Liver X receptor alpha; Nr1h3 AGTGCCTGATGTTTCTCCTG AACCCTATCCTTAAAGCACCC

Malic enzyme 1, NADP(?)-dependent, cytosolic; Me1 CAACTCCTATGTGTTCCCTGG TGACACTTGCTGGGATATGAC

Phosphogluconate dehydrogenase; PGD TTGCTCGGTGCTTGTCTTCTCTGA TGGAAGCATAAAGGGCCTTACGGA

Cyclophilin A; Ppia AAGCATACAGGTCCTGGCATCT TGCCATCCAGCCACTCAGT

Sterol regulatory element binding transcription factor 1;

Srebf1 (Srebp-1c)
CACAGCAACCAGAAACTCAAG AGCGTTTCTACCACTTCAGG

Sterol regulatory element binding protein-2; Srebf2
(Srebp2)

CTCTCCTTTAACCCCTTGACTTC TCAAACCAGCCTCCAGAAC

Thyroid hormone receptor a; Thra CAAGGTGGAGTGTGGGTCAGA CCCTGACATGCTGCTTTTCAG

Thyroid hormone receptor beta; Thrb GAGTGGTGGATTTCGCCAAA GAGGGACATGATCTCCATGCA

TATA box binding protein; Tbp CACCAATGACTCCTATGACCC CAAGTTTACAGCCAAGATTCACG

18S Ribosomal RNA ATTCGAACGTCTGCCCTATCAA CGGGAGTGGGTAATTTGC

552 Genes Nutr (2012) 7:549–558
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soy-fed rats had a lower steatosis score compared to

lean casein-fed rats (Table 3). Data demonstrate that

obesity increased liver steatosis, whereas the soy diet sig-

nificantly reduced steatosis in both the lean and obese

animal groups.

Liver gene expression

Figure 2 depicts effects of obesity and dietary protein type

on relative abundance of mRNAs encoding: (a) the lipo-

genic enzyme pathway members Fatty Acid Synthase

Table 3 Liver weights and pathology scores (mean ± SE)

Lean casein (n = 26)* Lean soy (n = 28) Obese casein (n = 20) Obese soy (n = 25)

Liver weight

Absolute weight (g) 8.25 ± 0.22a 8.09 ± 0.15a 35.32 ± 0.73b 30.36 ± 1.67c

% Body weight 2.91 ± 0.05a 2.70 ± 0.40b 7.33 ± 0.17c 5.68 ± 0.36d

Steatosis score 1.53 ± 0.11a 1.00 ± 0.00b 4.90 ± 0.06c 3.16 ± 0.27d

Lower-case letters (a, b, c, d) indicate statistically significant differences between groups, P \ 0.01

* Number of animals

Fig. 1 Upper left liver from a casein-fed lean rat showing minimal

steatosis, original magnification 1009, insert 2009; Lower left liver

from a lean soy-fed rat showing normal hepatic parenchyma with no

steatosis, original magnification 1009, insert 2009; Upper right liver

from an obese casein-fed rat showing marked steatosis ([75 % of

hepatocytes exhibited microvesicular and macrovesicular steatosis),

original magnification 1009, insert 2009; Lower right: liver from an

obese soy-fed rat showing less steatosis (*25 % of hepatocytes

exhibited microvesicular and macrovesicular steatosis), original

magnification 1009, insert 2009

Genes Nutr (2012) 7:549–558 553
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(FASN), Malic Enzyme 1 (ME1), Glucose 6-Phosphate

Dehydrogenase (G6PD), 6-Phosphogluconate Dehydroge-

nase (6PGD), and Sterol Regulatory Element Binding

Protein-1c (SREBP-1c), and (b) thyroid hormone system

proteins Thyroid Receptor Alpha 1 (TRa1), Thyroid

Receptor Beta 1 (TRb1), Iodothyronine Deiodinase 1

(DIO1) and Iodothyronine Deoidinase 2 (DIO2). When

comparing between lean casein-fed and obese casein-fed

rats, obesity was found to be associated with significant

reductions in hepatic transcript abundance for G6PD,

6PGD, TRa1, TRb1 and DIO1 (Fig. 2). Obesity had no

effect on hepatic mRNA levels for FASN, ME1, SREBP-1c

and DIO2 when comparing between casein-fed lean and

casein-fed obese animals. The soy protein diet was asso-

ciated with increased expression of FASN, ME1, 6PGD

and SREBP-1c genes in livers of obese (but not lean) rats

and with decreased expression of the 6PGD gene in lean

rats. Western blots showed a significant induction of ME1

protein expression in the obese soy protein-fed rats

(Fig. 3), paralleling the induction of ME1 mRNA abun-

dance (Fig. 2).

Figure 4 shows effects of obesity and dietary protein

type on abundance of hepatic mRNAs encoding four key

proteins of cholesterol metabolism. Obesity was associated

with inductions in LXRa and CYP7A1 transcripts, whereas

diet had no effect on expression of these two genes. The

soy protein diet lowered expression of HMGCR in lean but

not obese animals. Interestingly, SREBP-2 mRNA abun-

dance was greatest for the soy protein-fed obese rats, with

that for casein-fed obese rats falling in between that for the

lean rats (Fig. 4).

Serum insulin concentrations

Figure 5 depicts effects of obesity and type of dietary

protein on serum insulin concentration. The obese state was

characterized by marked hyperinsulinemia, which was

further exacerbated by the soy protein isolate-based diet.
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(n = 9 animals per group). Liver transcripts were normalized using a
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TBP, calculated with GeNorm software. Lower-case letters indicate

significant differences between treatment groups, P \ 0.05
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Discussion

The present study was designed to elucidate molecular

mechanism(s) for the dietary soy protein-promotion of

mammary tumor incidence and tumor outcome in obese

Zucker rats, given previous studies in other rodent models

documenting mammary tumor-preventive effects of soy

consumption (Hakkak et al. 2000; Simmen et al. 2005). In

addition, to the best of our knowledge, the current work

was a first attempt to model dietary prevention of hepatic

steatosis in the obese state during breast cancer, patholo-

gies that often occur together in women (Bilici et al. 2007;

Chu et al. 2003; Nguyen et al. 2001). Previously, we

reported that the soy protein diet caused an increase in

mammary tumor incidence and shortened mammary

tumor latency specifically in obese Zucker rats that were

subjected to DMBA-induced mammary tumorigenesis

(Hakkak et al. 2011). In addition, the obese soy-fed rats had

the greatest frequency of more pathologically advanced

mammary tumors, among all groups examined (Hakkak

et al. 2011). Results presented herein for these same

animals indicate striking dietary influences on hepatic

molecular biology that likely impacted lipogenesis and

cholesterogenesis, which we speculate enhanced mammary

tumor outcome in the obese rats.

Our findings underscore obesity and its attendant

hypothyroidism as major risk factors for NAFLD during

mammary carcinogenesis. Results suggest that the lipolytic

and thermogenic actions of thyroid hormone signaling in

liver cells are suppressed (due to decreased expression of

TR and DIO1 genes) in obese Zucker rats, which would

favor lipid accumulation, body weight gain and fatty liver

formation. The decreased steady-state expression of the

two pentose phosphate pathway enzyme genes (G6PD and

6PGD) observed with obesity further supports the concept

of a generally hypothyroid state of the obese Zucker rat, as

these genes are thyroid hormone-induced. Increased body

weight during obesity is not the sole basis for NAFLD in

this animal model, since we observed that diet could affect

its manifestation. Obese soy-fed rats gained significantly

more weight than did obese casein-fed rats. However,

despite the increased body weight gain with soy protein

diet, liver weights and liver steatosis were decreased

compared to the casein-fed obese group.

Multiple studies have reported that soy protein-based

diets lower serum cholesterol and triglycerides and reduce

liver synthesis/accumulation of cholesterol and triglycer-

ides, thereby leading to less liver steatosis (Anderson et al.

1995; Ascencio et al. 2004; Gudbrandsen et al. 2005, 2006,

2009; Tovar et al. 2002, 2005; Wergedahl et al. 2004; Zhan

and Ho 2005). Severity of hepatosteatosis typically is

correlated with the relative activity of lipogenic genes

(Buque et al. 2010), and in some cases, soy protein con-

sumption protected against hepatosteatosis via suppression

of these genes (Torre-Villalvazo et al. 2008; Tovar et al.

2005). However, in the obese/mammary cancer model used

here, expression analysis of the lipogenic pathway genes

FASN, ME1, 6PGD, SREBP-1c and of the cholesterol

synthesis-associated transcription factor SREBP-2 revealed

significant inductions for each in livers from obese soy-fed

rats. These results indicate that the fatty acid biosynthetic

pathway was up-regulated by soy protein diet, perhaps as a

consequence of elevated insulin levels, in livers of obese

(but not lean) rats previously administered mammary car-

cinogen. Similarly, the elevations in hepatic SREBP-2

expression suggest increased cholesterol synthesis in the

soy protein-fed obese rats.

As mentioned above, the protective effect of soy protein

diet on steatosis ran counter to the observed increase in

lipogenic gene expression. Multiple other mechanisms may

therefore underlie soy protein protection against liver ste-

atosis observed here. One apparent possibility relates to the

inverse association between insulin resistance and NAFLD

(Browning et al. 2004), as soy protein isolates are known to

enhance insulin sensitivity in rodent models. However, it is

not obvious how the soy protein diet may have enhanced
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insulin sensitivity, while at the same time resulting in an

elevation in circulating insulin levels as observed here.

Dietary soy protein increased hepatic fatty acid oxidation

via induction of peroxisome proliferator-activated recep-

tor-a (PPAR-a) (Mezei et al. 2003), perhaps a similar

pathway effect is operative here. Obese Zucker diabetic

rats fed soy-based diet had more, but smaller sized, adi-

pocytes than did casein-fed rats; thus, soy protein diet

may suppress hypertrophy and stimulate hyperplasia of

adipocytes, thereby affecting adipocytokine secretion and

signaling to hepatocytes (Mezei et al. 2003). In the lean rats

of the current study, soy protein diet lowered expression of

HMGCR, which may have contributed to less cholesterol

synthesis and steatosis in these animals. However, such an

effect was not observed in the obese animals. In fact, our

data for SREBP-2 are suggestive of increased cholesterol

synthesis in soy protein-fed obese rats. CYP7A1 levels

were greater in obese rats, presumably leading to increased

bile acid production; however, diet had no effect on this

gene’s expression. Enhanced expression of LXRa in obese

rats undoubtedly contributed to their increased adiposity.

It is reasonable to speculate that the enhanced hepatic

lipogenic enzyme gene expression profile observed with

the soy protein diet contributed to the increases in weight

gain, adiposity and mammary tumorigenesis of obese

Zucker rats fed this diet. Obese Zucker rats are hypothyroid

and hyperinsulinemic (Spydevold et al. 1978). As demon-

strated here, the soy protein-based diet further enhanced the

circulating levels of insulin and this, coupled with the high

steady-state levels of circulating IGF-I (Hakkak et al.

2011), in all likelihood led to the observed inductions of

the insulin- and IGF-responsive hepatic FASN, ME1,

6PGD and SREBP-1c genes. In this regard, ME1 is a

central regulator of adiposity in humans and rodents (Yang

et al. 2009) and the induction in its hepatic expression at

both mRNA and protein levels is consistent with the effect
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Fig. 5 Soy protein diet resulted in elevated serum insulin levels in

female obese Zucker rats exposed to DMBA. Data are means ± SEM

for 8–10 animals/group. Lower-case letters indicate statistically

significant differences between groups (two-way ANOVA, P for a
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of soy protein on body weight of obese Zucker rats. Future

studies should address functional linkages of diet and

obesity with hepatic lipogenesis, triglyceride and choles-

terol outputs, and mammary tumorigenesis.

In summary, long-term soy protein consumption sup-

pressed hepatic steatosis in obese female rats bearing

mammary tumors, while enhancing mammary tumorigen-

esis. The effects of soy protein isolate to further induce

already elevated circulating insulin levels is likely to have

caused secondary inductions of hepatic fatty acid synthesis

and triglyceride secretion via the pathways involving the

SREBP-1c, ME1 and FASN proteins. It is likely that the

elevated circulating insulin levels exerted direct growth

promoting and anti-apoptotic actions on initiated mammary

tumor cells. Further, increased serum triglycerides and

cholesterol with soy protein feeding may have augmented

mammary tumorigenesis in the obese state. Since human

obesity leads to hypothyroid and hyperinsulinemic states,

data presented here may have implications for dietary reg-

imens for obese women with breast cancer. The further

understanding of how dietary constituents such as soy

proteins and isoflavones, which affect hepatic lipogenic

gene expression, insulin resistance, hepatosteatosis, and

thyroid system actions, mediate tumorigenesis in obese

individuals is requisite for improved breast cancer outcome.
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