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Abstract The major soy-derived isoflavones such as

genistein has been demonstrated to possess anticarcino-

genic activity in animal model systems. The present study

was designed to investigate the effects of isoflavone geni-

stein exposure at concentrations ranging from 0.01 to

50 lM on the LDL receptor and HMG-CoA reductase gene

expression in the estrogen receptor positive DLD-1 human

colon cancer cell line. LDL receptor and HMG-CoA

reductase gene expressions were evaluated by reverse

transcription followed by real-time PCR. Genistein induced

an increase of LDL receptor gene expression and later

decrease of HMG-CoA reductase mRNA expression in

DLD-1 cells. These findings provide direct evidence on the

role of genistein in regulating LDL receptor and HMG-

CoA reductase gene expression in colon cancer.
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Introduction

Soybeans contain about 40% protein, and depending on the

processing procedure, the protein content can reach over

90% as in soy protein isolate (SPI) that is usually used in

soy-based infant formulas [39]. Most of the attention in soy

studies has been focused on the proteins and their associ-

ated isoflavones (ISF). Epidemiological evidences suggest

that soy consumption is linked to a lower incidence of

chronic diseases including coronary heart disease, athero-

sclerosis, Type 2 diabetes, osteoporosis, and certain types

of cancer such as prostate and breast cancer [31, 39]. In

these connections, soy isoflavones have been reported to

have a variety of biological activities including estrogenic

[32], antioxidative [19], anti-osteoporotic [1] and anticar-

cinogenic [18] activities. Furthermore, recent clinical trials

[2] and animal studies [4, 21, 33] also showed that dietary

soy proteins or ISF reduce the risk factors for cardiovas-

cular diseases, lowering triglyceride, total and low density

lipoprotein (LDL) cholesterol levels and increasing the

ratio of HDL/LDL cholesterol. However, the reported

beneficial health effects were quite variable in different

studies and the lack of understanding in the molecular

mechanisms by which lipid metabolism is impacted, may

contribute a major part to the discrepancies.

Soy proteins and ISF regulate lipid metabolism via

multiple cellular pathways (fatty acid biosynthesis, cho-

lesterol synthesis, catabolism and uptake) and through

modulation of the key transcription factors including

SREBP, PPAR, TR, RAR, and LXR [39]. The same mul-

tiple cellular pathways are disregulated in colon cancer [10,

23, 34–36].

Cholesterol is an essential component of cell membrane

and the main pathway through which proliferating cells

gain cholesterol is de novo synthesis of endogenous cho-

lesterol regulated by the activity of 3-hydroxy-

methylglutaryl-coenzymeA (HMG-CoA) reductase. Alter-

natively, the cellular uptake of circulating LDL after

binding to its receptor represents another mechanism of

cholesterol acquisition. Several evidences have demon-

strated that LDL receptor have a role in cell growth and

tumorigenesis [8–10]. We, previously, showed that 63.3%

of colon cancer patients did not present LDL receptors and

M. Notarnicola � C. Messa � A. Orlando � B. D’Attoma �
V. Tutino � R. Rivizzigno � M. G. Caruso (&)

Laboratory of Biochemistry,

National Institute for Digestive Diseases,

Via della Resistenza, 70013 Castellana Grotte (Bari), Italy

e-mail: gabriella.caruso@libero.it

123

Genes Nutr (2008) 3:35–40

DOI 10.1007/s12263-008-0082-5



that the absence of LDL receptor predicted shorter survival

[8, 9]. Additionally, the absence of LDL receptor in can-

cers was associated with enhanced endogenous cholesterol

synthesis [10]. A loss of LDL receptor in tumors is

expected to remove feedback inhibition of HMG-CoA

reductase, stimulating endogenous mevalonate pathway

[10]. Increased synthesis mevalonate and mevalonate-

derived isoprenoids supports increased cell proliferation

through the activation of growth-regulatory proteins and

oncoproteins and by promoting DNA synthesis [16]. In

agreement with these observations the inhibition of mev-

alonate synthesis and the up-regulation of LDL receptor,

therefore may be an effective strategy to impair the growth

of colon malignant cells.

Factors that up-regulate LDL receptor gene include

estrogen and phytoestrogen in HepG2 cells and in rat liver

[7, 13, 15]. Moreover the inhibition of mevalonate syn-

thesis may be exerted by plant isoprenoid and genistein on

experimental breast cancer [16]. Genistein has been also

shown to decrease cholesterol synthesis in cultured HepG2

[7] and inhibits HMG-CoA reductase activity in MCF-7

human breast cancer cells [17]. It has been suggested that

the soy proteins enhance the expression of the LDL

receptor in cultured human hepatoma cells [26], animals,

and hypercholesterolemic Type 2 diabetic patients [24, 25].

A similar effect has been observed with a soy protein

polypeptide in cultured HepG2 cells [27].

Previously, we have demonstrated an estrogenic regu-

lation of cholesterol biosynthesis and cell growth in DLD-1

colon cancer cells. Estrogens induced an early increase of

LDL receptor at both mRNA and protein level and later

decrease of HMG-CoA reductase activity and protein

expression [30].

Then, in the present study, we aimed to investigate

whether genistein might affect gene expression of LDL

receptor and HMG-CoA reductase in DLD-1 cells, a

human colon cancer cell line expressing estrogen receptor

b, but lacked estrogen receptor a [3]. If genistein regulation

of LDL receptor and HMG-CoA reductase gene expression

via estrogen receptor b exists, the use of genistein might be

a new approach for colon cancer management.

Methods

Cell culture condition

Human colon adenocarcinoma-derived DLD-1 cells were

obtained from the Interlab Cell Line Collection (IST,

Genoa, Italy). Cells were routinely cultured in RPMI 1640

without phenol red supplemented with 10% fetal bovine

serum (FBS), 1% nonessential amino acids, 2 mM gluta-

mine, 100 U/ml penicillin, 100 lg/ml streptomycin, in

monolayer culture, and incubated at 37�C in a humidified

atmosphere containing 5% CO2 in air. At confluence, the

grown cells were harvested by means of trypsinization and

serially subcultured with a 1:4 split ratio. All cell culture

components were purchased from Sigma-Aldrich (Milan,

Italy).

Genistein treatment

In the experiments investigating the effect of genistein

under estrogen-depleted culture conditions, DLD-1 cells

were seeded at a density of 2 9 105 cells/5 ml of phenol

red-free RPMI 1640 containing 10% FBS in 60 mm tissue

culture dishes (Corning Costar Co., Milan, Italy). After

24 h, to allow for attachment, the medium was removed,

and RPMI 1640 containing 5% dextran-coated charcoal-

treated FBS was added to cell line.

The cells were incubated for further 24 h, and then the

medium was replaced by fresh culture medium containing

5% charcoal-stripped FBS with genistein at increasing

concentrations (0.01, 1, 10 and 50 lM) dissolved in

dimethyl sulfoxide (DMSO). The cells were allowed to

grow for established time and then trypsinized. The cell

pellet obtained after low-speed centrifugation was used for

subsequent analyses.

Before proceeding with the experiments, estrogen levels

were evaluated in the estrogen stripped medium in which

DLD-1 cells were seeded by using a specific radioimmu-

noassay; estrogen levels were found below the detection

limit.

Each experiment included an untreated control and a

control with the equivalent concentration of DMSO as had

been used for adding phytoestrogen. The solvent reached a

concentration not higher than 0.3% in all experiments.

Triplicate cultures were set up for each phytoestrogen

concentration and for control, and each experiment was

repeated four times.

Cell viability, determined using the trypan blue exclu-

sion test, always exceeded 90%.

LDL receptor and HMG-CoA reductase gene

expression

DLD-1 cells were cultured with 0.01, 1, 10 and 50 lM of

genistein for 30 min, 1, 2, 5 and 24 h in order to evaluate

LDL receptor mRNA expression and for 24 and 48 h to

analyze mRNA expression of HMG-CoA reductase. Very

precocious times of exposure to genistein were tested

because LDL-R gene is considered an early gene [5, 30],

on the contrary longer times of exposure to genistein are

required in order to detect an effect in HMG-CoAR gene

expression [13, 30]. In parallel experiments, LDL-R

mRNA levels were analysed in DLD-1 cells exposed for
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5 h to genistein (0.01 lM) alone and genistein (0.01 lM)

plus ICI 182,780 (0.1 lM).

Analysis of gene expression was performed by reverse

transcription followed by real-time PCR. Total cell RNA

was isolated with TRI-Reagent (Mol. Res. Centre Inc.

Cincinnati, O, USA), following the manufacturer’s

instruction. Briefly, DLD-1 cells, after exposure to differ-

ent genistein concentrations, were washed twice in

phosphate buffered saline (PBS), scraped in PBS, and

vigorously shaken in 0.3 ml of pure distilled water; then,

0.75 ml of TRI-Reagent and 0.2 ml of chloroform were

added to cell lysate. The samples were vigorously shaken

and centrifuged and the RNA present in the aqueous phase

was precipitated with 0.5 ml of isopropanol. The RNA

pellet was washed once with 1 ml of 75% ethanol, dried,

resuspended in sterile water and quantified by UV absor-

bance. A sum of 2 lg of total RNA were used for the

reverse transcription reaction performed in 20 ll of final

volume at 41�C for 60 min, using 30 pmol of antisense

primer (Table 1) for analyses of the HMG-CoA reductase,

the LDL receptor and the b-actin gene. b-actin gene was

utilized as an internal control and it was chosen as a ref-

erence gene because it is a housekeeping gene. Real-time

PCRs were performed in 25 ll of final volume containing

2 ll of cDNA, master mix with SYBR Green (iQ SYBR

Green Supermix Bio-Rad, Milan, Italy) and sense and

antisense primers for each target gene. The expression of

each gene analysed was detected in separated tubes.

Real-time PCR was carried out in iCycler Thermal

Cycler System apparatus (Bio-Rad) using the following

parameters: one cycle of 95�C for 1 min and 30 s, followed

by 45 cycles at 94�C for 10 s, 55�C for 10 s and 72�C for

30 s and a further melting curve step at 55–95�C with a

heating rate of 0.5�C per cycle for 80 cycles. The PCR

products were quantified by external calibration curves,

one for each tested gene, obtained with serial dilutions of

known copy number of molecules (102–107 molecules). All

expression data were normalized by dividing the amount of

target by the amount of b-actin used as internal control for

each sample. The specificity of the PCR product of each

tested gene was confirmed by gel electrophoresis.

Assessment of cell proliferation

After DLD-1 cells had been cultured for 24 h with different

concentrations of genistein (0.01, 1, 10 and 50 lM), pro-

liferative response was estimated by [3H]-thymidine

incorporation and colorimetric MTT-test (Sigma-Aldrich)

as previously reported [28, 29].

Statistical analysis

The significance of the differences between the control

group and each experimental group was evaluated with

one-way analysis of variance and the Dunnett’ post test.

Differences were considered significant at a 5% probability

level.

Results

The exposure of DLD-1 to different concentrations of

genistein, under estrogen-depleted culture conditions,

determined an induction of LDL receptor gene expression.

In fact, compared to control cells, a good time-dependency

of the gene induction was at 1 lM of genistein concen-

tration, while a good dose-dependency was present after

2 h of hormone exposure (Table 2).

Genistein exerted a weak, but not significant, decrease in

HMG-CoA reductase gene expression after 24 h of treat-

ment. On the contrary, after 48 h of exposure to increasing

concentrations of genistein, DLD-1 cells showed a signif-

icant decrease in HMG-CoA reductase mRNA expression

starting to 1 lM which was maintained for up 50 lM

(Table 3).

To evaluate whether the effect of genistein on LDL

receptor mRNA expression in DLD-1 cells was mediated

through the estrogen receptor, cells were also exposed to

0.01 lM genistein for 5 h in the presence or absence of

0.1 lM ICI 182,780 (a pure estrogen receptor antagonist).

ICI 182,780 completely abolished the stimulation of LDL

receptor gene induced after 5 h of exposure (Fig. 1).

Exposure of the DLD-1 cell line to increasing concen-

trations of genistein (from 0.01 to 50 lM) under estrogen-

depleted culture conditions showed an evident antiprolif-

erative action, measured by 3H-thymidine incorporation

and the colorimetric MTT method.

Figure 2 shows the effect of increasing concentrations

of genistein on the incorporation of 3H-thymidine in DNA

Table 1 Sequences of amplification primers

Gene Primer

LDL receptor

Sense 50-CAATGTCTCACCAAGCTCTG-30

Antisense 50-TCTGTCTCGAGGGGTAGCTG-30

HMG-CoA reductase

Sense 50-TACCATGTCAGGGGTACGTC-30

Antisense 50-CAAGCCTAGAGACATAATCATC

b-actin

Sense 50-AAAGACCTGTACGCCAACACAGTG

CTGTCTGG-30

Antisense 50-CGTCATACTCCTGCTTGCT GATCC

ACATCTGC-30
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of DLD-1 cells after 24 h. Concentrations equal to or

higher than 10 lM of the isoflavone caused a significant

reduction of cell proliferation.

As with 3H-thymidine incorporation, the formazan-

generated MTT decreased in dose-dependent manner, from

0.01 to 50 lM of genistein concentrations after 24 h of

exposure (data not shown).

Discussion

Factors that up-regulate LDL receptor expression in normal

and neoplastic cells include multiple growth factors, many

hormones (such as insulin, glucagons, growth hormone)

and steroid hormones, such as estrogens. Some authors

have demonstrated, both in vivo and in vitro, a stimulation

of LDL receptor mRNA and protein expression in hepa-

toma cell line HepG2 and in rat liver by a natural estrogen,

17b-estradiol, suggesting an estrogen regulation of hepatic

LDL receptor expression [13, 15]. Recently, it has been

showed that diets containing soy protein enhance the

clearance of apoB-containing lipoproteins via LDL recep-

tors expressed on the hepatocyte plasma membrane [7].

Dietary factors may regulate HMG-CoA reductase

activity with implications for breast cancer development

[16]. Kojima et al. have demonstrated that genistein itself

and/or its metabolites may suppress hepatic lipid synthesis

[20].

In this report, we show that LDL receptor and HMG-

CoA reductase gene expression are affected by genistein in

DLD-1 cell line. The phytoestrogen genistein is present in

relatively high amounts in soybeans and it is able to induce

LDL receptor gene expression and down-regulate HMG-

Table 2 Genistein effects on LDL receptor gene expression in DLD-1 cells

Genistein 30 min 1 h 2 h 5 h 24 h

Control 0.6 ± 0.03 0.62 ± 0.01 0.65 ± 0.02 0.63 ± 0.05 0.5 ± 0.04

0.01 lM 0.5 ± 0.02 0.6 ± 0.05 0.6 ± 0.05 1.2 ± 0.01* 0.9 ± 0.02*

1 lM 0.4 ± 0.02 0.5 ± 0.04 0.9 ± 0.03 1.1 ± 0.02* 1.1 ± 0.02*

10 lM 1.1 ± 0.06* 0.9 ± 0.02* 1.3 ± 0.07* 1.0 ± 0.02* 1.2 ± 0.06*

50 lM 1.5 ± 0.08* 1.2 ± 0.06* 1.4 ± 0.06* 1.2 ± 0.05* 1.0 ± 0.08*

Data displayed as mean ± SE of number molecules mRNA LDL receptor/number molecules mRNA b-actin. P value was determined by one-

way analysis with Dunnett’s post-test. *P \ 0.05 versus control. Results derived from triplicate cultures set up for each phytoestrogen con-

centration and for control, and each experiment was repeated four times

Table 3 Genistein effects on HMG-CoA reductase gene expression

in DLD-1 cells

Genistein 24 h 48 h

Control 1.04 ± 0.03 1.02 ± 0.01

0.01 lM 1.03 ± 0.01 0.8 ± 0.01

1 lM 1.02 ± 0.01 0.6 ± 0.02*

10 lM 0.92 ± 0.04 0.5 ± 0.01*

50 lM 0.8 ± 0.02 0.6 ± 0.05*

Data displayed as mean ± SE of number molecules mRNA HMG-

CoA reductase/number molecules mRNA b-actin. P value was

determined by one-way analysis with Dunnett’s post-test. *P \ 0.05

versus control. Results derived from triplicate cultures set up for each

phytoestrogen concentration and for control, and each experiment was

repeated four times
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Fig. 1 LDL-R mRNA levels in DLD-1 cells exposed for 5 h to

genistein (0.01 lM) alone and genistein (0.01 lM) plus ICI 182,780

(0.1 lM). Data displayed as mean ± SE of number molecules mRNA

LDL receptor/number molecules mRNA b-actin. P value was

determined by one-way analysis with Dunnett’ post-test. *P \ 0.05

versus control (CTR)
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Fig. 2 Effects of increasing genistein concentrations on 3H-thymi-

dine incorporation in DNA of DLD-1 cells after 24 h of hormonal

treatment. Data displayed as mean ± SE. *P \ 0.05 Dunnett’s

multiple comparisons test versus control (CTR)
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CoA reductase gene in DLD-1 cells via estrogen receptor

b. The effect of genistein treatment on LDL receptor gene

expression was dose-dependent after 2 h. A good time-

dependency was present at 1 lM of genistein.

In addition, genistein, exerted an evident antiprolifera-

tive action on DLD-1 cells in a dose-dependent manner.

These findings provide direct evidence of the relation-

ship between phytoestrogens and cholesterol pathway,

representing a promising basis for the comprehension of

the mechanism of estrogen and phytoestrogens action in

gastrointestinal tract. We have already showed that estro-

gens modulate the colon cancer proliferation by the up

regulation of LDL receptor and the down regulation of

HMG-CoA reductase activity [30], suggesting that the

cholesterol metabolism could be considered an additional

target for the estrogenic antiproliferative properties in

colon cancer.

The estrogen-gene regulated transcription utilizes dif-

ferent pathways depending on the cellular contex. It is

known that at hepatic level the induction of LDL receptor

gene by estrogen is mediated by non transcriptional factors,

but if a similar mechanism exists in colon cells is not

currently known. Moreover, genistein is also a tirosyne

kinase inhibitor and therefore can affect the cell signal

transduction pathway through this way. Further studies are

required to identify this molecular mechanism.

HMG-CoA reductase is the key enzyme of mevalonate

biosynthesis [37]. A reduction of the HMG-CoA reductase

expression by genistein may decrease the mevalonate pool,

thus limiting protein isoprenylation, which involves the

post-translational covalent attachment of a lipophilic far-

nesyl or geranylgeranyl isoprenoid group to several

proteins [11]. Many prenylated proteins, like Ras, lamin B,

and Rho regulate cell growth and/or transformation. The

up-regulation of LDL receptor by genistein make to an

increased cholesterol intracellular content, modulating

HMG-CoA reductase gene expression and consequently

controlling cell proliferation and transformation.

Our findings support a variety of studies that have linked

the soy-derived isoflavones, such as genistein, with anti-

tumorigenic activity [6, 12]. Genistein has been demon-

strated to reduce proliferation and induce G2/M phase

arrest and apoptotic death in colon cancer HT-29 cells [40].

Genistein increased expression of Bax and p21WAF1 and

slightly decreased Bcl-2 level and resulted to inhibit the

viability of human colon cancer HT-29 cells via induction

of apoptosis. In a previous study, we showed that genistein

can affect growth of DLD-1 cells by both decreasing

polyamine biosynthesis and inducing apoptosis [22]. It is

known that high polyamine levels are associated with fast

proliferating cells [38] and that polyamine levels in colon

cancer are significantly increased compared to normal and

preneoplastic tissue [14]. Therefore, the reduction of

polyamine levels represents an antiproliferative mecha-

nism, offered by genistein, against colon cancer growth.

Genistein produces suggestive effects for estrogenicity

given that it can induce estrogen-responsive gene products,

as LDL receptor. This estrogen agonistic activity of geni-

stein may account for the beneficial effects of this

compound against colon cancer development. A central

role of genistein in prevention of colon tumor and in

reduction of colon tumor growth might be considered.
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