
A High Concentration of Genistein Induces Cell Death in Human 
Uterine Leiomyoma Cells by Autophagy

Lysandra Castro1, Xioahua Gao1, Alicia B Moore1, Linda Yu1, Xudong Di3, Grace E 
Kissling2, and Darlene Dixon1,*

1Molecular Pathogenesis Group, National Toxicology Program (NTP) Laboratory, National Institute 
of Environmental Health Sciences, National Institutes of Health (NIH), Department of Health and 
Human Services (DHHS), Research Triangle Park, North Carolina 27709, USA

2Biostatistics and Computational Biology Branch, Division of the Intramural Program (DIR) and 
NTP, National Institute of Environmental Health Sciences, National Institutes of Health (NIH), 
Department of Health and Human Services (DHHS), Research Triangle Park, North Carolina 
27709, USA

3School of Public Health, Nanjing Medical University, Nanjing, Jiangsu 210029, China

Abstract

Genistein, an estrogenic, soy-derived isoflavone, may play a protective role against hormone-

related cancers. We have reported that a high concentration of genistein inhibits cell proliferation 

and induces apoptosis in human uterine smooth muscle cells, but not in leiomyoma (fibroid) cells. 

To better understand the differential cell death responses of normal and tumor cells to a high 

concentration of genistein, we treated uterine smooth muscle cells and uterine leiomyoma cells 

with 50 μg/ml of genistein for 72 h and 168 h, and assessed for mediators of apoptosis, 

cytotoxicity and autophagy. We found that leiomyoma cells had increased protection from 

apoptosis by expressing an increased ratio of Bcl-2: bak at 72 h and 168 h; however, in smooth 

muscle cells, the Bcl-2: bak ratio was decreased at 72 h, but significantly rebounded by 168 h. The 

apoptosis extrinsic factors, Fas ligand and Fas receptor, were highly expressed in uterine smooth 

muscle cells following genistein treatment at both time points as evidenced by confocal 

microscopy. This was not seen in the uterine leiomyoma cells; however, cytotoxicity as indicated 

by elevated lactate dehydrogenase levels was significantly enhanced at 168 h. Increased 

immunoexpression of an autophagy/autophagosome marker was also observed in the leiomyoma 

cells, although minimally present in smooth muscle cells at 72 h. Ultrastructurally, there was 

evidence of autophagic vacuoles in the leiomyoma cells; whereas, the normal smooth muscle cells 

showed nuclear fragmentation indicative of apoptosis. In summary, our data show differential cell 

death pathways induced by genistein in tumor and normal uterine smooth muscle cells, and 
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suggest novel cell death pathways that can be targeted for preventive and intervention strategies 

for inhibiting fibroid tumor cell growth in vivo.
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Introduction

Uterine fibroids (leiomyomas or myomas) are benign tumors that arise from the smooth 

muscle cells of the uterus, and generally occur in women 30-50 years of age [1,2]. These 

tumors clinically affect approximately 25% of all women in the United States, with African 

American women having a higher risk of development of fibroids compared to Caucasian 

women [3]. Uterine fibroids are also prevalent worldwide affecting women in Europe [4], 

Africa [5], Asia [6] and South America [7]. Fibroids can be asymptomatic or symptomatic 

depending on the tumor size and location in the uterus, with common symptoms such as 

menorrhagia and pelvic pressure. Additionally, fibroids significantly impact fertility and 

pregnancy, and have been associated with obstetric complications, which cause a significant 

economic burden [8]. It is been estimated that uterine fibroids cost the United States 

$5.9-34.4 billion annually [8].

Although the etiology of fibroids is unknown, studies have shown that they are hormonally 

dependent similar to breast and ovarian cancer. Also, both estrogen and progesterone appear 

to promote the development and growth of fibroids [1]. Genistein, an isoflavone naturally 

found in soy products, is an estrogenic compound that has been studied extensively due to its 

possible protective role in tumor growth in cancer [9,10]. In the past decade or so, 

epidemiological evidence supports the association of the lower incidence of hormone-related 

cancers such as breast, prostate, and ovarian cancer in Asian countries with high 

consumption of soy products [9,11-15]. Furthermore, the emergence of genistein as a 

possible chemotherapeutic or anti-cancer agent is promising due its growth inhibitory or cell 

death effects in many cancer cell types [16-19] and its varied molecular mechanisms of cell 

death [20]. In vitro studies have shown that genistein, at concentrations >10 μM, inhibits cell 

proliferation [21], specific tyrosine-kinase proteins [22], and DNA topoisomerase II [23]; it 

induces G2/M cell cycle arrest and apoptosis in human breast cancer cells [24], and 

autophagy in ovarian cancer cells [25]. Also, some studies attribute the induction of 

apoptosis to caspase-3 activation and increased Bax protein expression as a result of high 

concentrations of genistein [24,26]. We have found that in uterine leiomyoma (UtLM) cells a 

high concentration (50 μg/ml; 185 μM) of genistein downregulates activin A, Smad 3 and 

other TGF-beta genes, all thought to be important in fibroid growth [27]. Additionally, 

another of our previous studies has shown that 50 μg/ml of genistein inhibits cell 

proliferation in both UtLM cells and uterine smooth muscle cells (UtSMC), and induces 

apoptosis in UtSMC, but not in UtLM cells [28]. These data suggest that genistein may 

activate a non-apoptotic pathway as part of its inhibitory and death effects in UtLM cells. 

The ability of genistein to induce differential cell death in UtLM and UtSMC, and 

understanding the mechanisms whereby genistein elicits its inhibitory/death effects in tumor 
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versus normal cells is important in delineating novel pathways and identifying molecules 

that can be targeted for growth inhibition in clinical cases of fibroid tumors, and possibly 

other neoplasms.

Cell death can occur by different mechanisms [29]. One such mechanism is apoptosis which 

can be regulated by two pathways: (a) the intrinsic pathway, triggered by internal signals that 

affect mitochondrial outer membrane pro-apoptotic proteins such as bax, and bak or the anti-

apoptotic Bcl-2; or (b) the extrinsic pathway, triggered by external signals that activate 

regulators such as the Fas ligand (Fas-L) and its receptor, Fas. Initiation of either of these 

pathways leads to the activation or cleavage of caspases which, in turn, activate other 

caspases resulting in apoptosis and phagocytosis of the cell [30,31]. Another cell death 

pathway is autophagy, a lysosomal degradation pathway, that plays an important role in 

cellular responses to environmental stressors, such as nutrient starvation that can ultimately 

lead to cellular adaptation and survival, or cell death [32,33]. Lastly, necrosis involves early 

plasma membrane rupture, inflammation, dilatation of the cytoplasmic organelles, and 

internalization of cells by a macropinocytotic mechanism [34,35]. Therefore, by identifying 

specific molecular mechanisms by which genistein, a phytoestrogen, elicits its inhibitory/

death effects in UtLM cells, makes it possible to identify novel cell death pathways that can 

be targeted for preventive and intervention strategies for inhibiting tumor cell growth in vivo.

Materials and Methods

Culture of human uterine leiomyoma and myometrial cells

Human uterine leiomyoma (UtLM) cells (GM10964; Coriell Institute for Medical Research, 

Camden, NJ, USA) and uterine smooth muscle cells (UtSMC) (Clonetics Corporation, San 

Diego, CA, USA) were kept in a standard tissue culture incubator at 37°C, with 95% 

humidity and 5% carbon dioxide. The UtLM cells were routinely cultured in Minimum 

Essential Medium (MEM) Eagle (Sigma Chemical Company, St. Louis, MO, USA) as 

previously described [28]. The UtSMC were cultured in Smooth Muscle Cell Growth Media 

System (SmGM-2 BulletKit®) (Lonza, Basel, Switzerland) as previously reported [28]. The 

media were changed 24 h prior to genistein treatment to DMEM/F-12 (Sigma) phenol red 

free with charcoal/dextran treated fetal bovine serum (FBS) (Hyclone Laboratories, Logan, 

UT, USA) for both cell types. The cells were then treated with genistein (4’, 5, 7-

Trihydroxyisoflavone; ≥ 98% purity by HPLC) (Sigma) every two days until day seven. 

Genistein was reconstituted using DMSO (≥ 99.7 % purity by HPLC) (Sigma) before it was 

diluted into the media.

Western blot analysis

Determination of bak and Bcl-2 protein expression in UtLM cells and UtSMC after 

treatment with 0 μg/ml (control; DMSO) and 50 μg/ml genistein (genistein-treated cells) for 

72 h and 168 h was performed by Western blot analysis. Briefly, protein concentrations of 

cell lysates were determined by a BCA (bicinchoninic acid) protein assay kit (Pierce, 

Rockford, IL, USA). Cell lysates (40 μg) were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS PAGE) using a 4-12% NuPAGE Bis-Tris gel 

(Invitrogen, Carlsbad, CA, USA). The gels were run at 160 v for 1 h. Proteins were 
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transferred from the gel to a 0.45 um polyvinylidene fluoride membrane (Millipore Billerica, 

MA, USA) for 1 h and 30 min at 88 v, and the membrane was blocked with 5% bovine 

serum albumin (BSA) (Sigma) for 2 h. Next, the membrane was probed with mouse 

monoclonal anti-Bcl-2 primary antibody (05-729, 1 μg/ml, Upstate, Lake Placid, NY, USA) 

in 5% BSA overnight. The membrane was subsequently stripped using western re-probe 

reagent (G-Biosciences, St. Louis, MO. USA) and re-probed separately with rabbit 

polyclonal anti-bak antibody (06-536, 0.5 μg/ml, Upstate) in 5% BSA overnight. At the end 

of each primary antibody incubation, the membrane was washed with Tris-Buffered Saline 

and Tween 20, and incubated with the appropriate secondary biotinylated horseradish 

peroxidase (HRP)-conjugated mouse IgG for Bcl-2 (NA931V, 1:5000, Amersham 

Bioscience, Arlington, IL, USA) or HRP-conjugated rabbit IgG for bak (NA934V, 1:5000, 

Amersham) for 1 h. The target proteins were visualized using an ECL detection kit 

(Amersham) and the densities of the bands were measured using a densitometer (Fluor 224 

ChemTM8900, Alpha Innotech, San Leandro, CA, USA).

Immunofluorescence analysis

UtLM cells and UtSMC were grown in glass bottom microwell dishes (Mat-Tek Corporation 

Ashland, Massachusetts, USA) at a density of 5×104 cells/dish and incubated with genistein 

for 72 h and 168 h. The cells were then fixed with 4% paraformaldehyde (Electron 

Microscopy Sciences, Hatfield, PA, USA) for 30 min, permeabilized with 0.1% Triton 

X-100 (Sigma) for 10 min, and blocked with 5% BSA (Sigma) for 1 h. The cells were 

incubated overnight with a primary antibody, rabbit monoclonal anti-Fas Antibody (5709-1, 

1:1000, Epitomics, Burlingame, CA, USA) or mouse monoclonal IgG1 anti-Fas-L 

(sc-73974, 1:50, Santa Cruz Biotechnology, Santa Cruz, CA, USA). This was followed by 

incubation with the secondary antibody Alexa Fluor 488 goat anti-rabbit (A11008, 1:4000, 

Molecular Probes, Eugene, Oregon, USA) or Alexa Fluor 594 donkey anti-mouse (A21203, 

1:4000, Molecular Probes) for 1 h. Confocal images were taken on a Zeiss LSM510-UV 

meta (Carl Zeiss Inc, Oberkochen, Germany) using a Plan-Apochromat 40×/1.3 Oil DIC 

objective. The 488 nm laser line from a Krypton/Argon laser was used for excitation of the 

Alexa 488. A 505 nm-550 nm band pass emission filter was used to collect this image with a 

pinhole setting of 1.09 airy units. For the second channel, the 543 nm laser line from a 

Helium Neon laser was used for excitation of the Alexa 594. A 560 nm long pass emission 

filter was used to collect the images with a pinhole setting of 1 airy unit. All images were 

taken with a zoom of 1.0, a 2.51-μs pixel dwell time, a 0.44 μm pixel size, and with the line 

averaging set to 8. Quantitative measurements of green and red fluorescence intensity were 

done by using a MetaMorph Imaging System (v7.7.5.0; Molecular Devices, Center Valley, 

PA, USA). The average pixel intensity was corrected by subtracting the average pixel 

intensity of the background.

Lactase Dehydrogenase (LDH) Fluor metric Assay

UtLM cells and UtSMC were seeded at 5×103 cells/well and 4×103 cells/well, respectively, 

in 96-well culturing plates (Corning, Corning, NY, USA). The cells were incubated with 

genistein for 72 h and 168 h. After treatment, cytotoxicity of the cells was measured using 

CytoTox-ONE™ Homogeneous Membrane Integrity Assay (Promega, Madison, WI, USA). 

CytoTox-ONE is a fluorometric assay that measures the release of lactate dehydrogenase 
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(LDH) in the media of cultured cells that have a damaged membrane. The cells were 

incubated with 100 μl of CytoTox-ONE reagent at room temperature for 5 min. Followed by 

the addition of 50 μl of Stop Solution to each well. Using a plate reader (Molecular Devices 

Corporation, Sunnyvale, CA, USA), the fluorescence was recorded at an excitation and 

emission wavelength of 560 nm and 590 nm, respectively.

Immunocytochemistry for autophagy

To determine if cells were undergoing autophagy, expression of MAP1LC3A, one of the 

proteins involved in the formation of autophagosomes, was determined [36,37]. The cells 

were grown on chamber slides (Lab-tek; Nalge Nunc International, Naperville, IL, USA) at 

a density of 10×104 cells/slide. At 24 h prior to genistein treatment the media were changed 

to DMEM/F-12 (Sigma) phenol red free with charcoal/dextran treated FBS (Hyclone) for 

both cell types. At 72 h, genistein-treated and control cells were used for immunostaining. 

The cells were washed with 1X automation buffer (Biomeda Corporation, Foster City, CA, 

USA), then fixed in 4% paraformaldehyde (Electron Microscopy Sciences), permeabilized 

with 0.2% triton X-100 (Sigma) and quenched with 0.3% hydrogen peroxide (Sigma), for 20 

min each. Both cell types were blocked with 10% normal donkey serum (Jackson 

ImmunoResearch Laboratories, West Grove, PA, USA) in 5% BSA (Sigma) and an Avidin/

Biotin blocking kit (Vector Laboratories, Burlingame, CA, USA) for 30 min. The cells were 

incubated overnight in the primary antibody, Authopagy APG8a (MAP1LC3A) rabbit 

polyclonal antibody (AP1801a, 1:200, Abgent, San Diego, CA, USA), in 5% BSA (Sigma), 

followed by a 30 min incubation with the secondary antibody, a biotinylated donkey anti-

rabbit (711-065-152, 1:500, Jackson) that was subsequently labeled with the Vectastain 

Standard Elite ABC kit (Vector) for 30 min. Cells were incubated with 3,3’-

diaminobenzidine (DAB) chromogen (DAKO, Carpinteria, CA, USA) for 6 min and 

counterstained for 30 sec using Mayer's hematoxylin (Poly Scientific, Bayshore, NY, USA). 

During the staining procedure, nonimmune rabbit serum (Jackson), at the same 

concentration as the primary antibody, served as the negative control. Lastly, the slides were 

scanned and images were captured at 40X using an [38] Aperio ScanScopeXT and the 

Aperio ImageScope software (v11.0.2.716; Aperio Technologies, Vista, CA, USA).

Electron microscopy

UtLM cells and UtSMC were treated with genistein for 72 h and 168 h in 75 cm2 cell culture 

flask. After treatment, the cells were washed once with PBS, dissociated from cell culture 

flask with 3 ml of 0.25% Trypsin-EDTA (1X) for 3 min, and then transferred with 4 ml of 

media into a 10 ml centrifuge tube. The cells were centrifuged at 1,000 rpm (or 120×g) for 5 

min to form a pellet. The supernatant was removed from the pellet and the cells were 

resuspended by adding 1 ml of a Modified Karnovsky's solution (2% paraformaldehyde and 

2.5% glutaraldehyde in 0.1 M phosphate buffer) and fixed for 5 min. The cells were then 

transferred to a 1.5 ml microcentrifuge tube and re-spun into a pellet. The cells remained in 

the fixative at 4°C until processing. A 4% agar was added to solidify the cell pellets, and 

pellets were cut into cubes ≤ 1 mm3. The pieces of agar-containing cell pellets were loaded 

into a Leica® Automatic Tissue Processor that began with 4 washes of 0.1M sodium 

phosphate buffer, followed by postfixation in 1% osmium tetroxide, dehydration through a 

series of graded alcohols, followed by 100% acetone, and finally embedded in 100% 
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polybed 812® resin and placed in a 60°C-70°C oven for 24 h to 72 h for polymerization. 

Plastic embedded samples were thick sectioned (700 nm), stained with 1% Toluidine blue, 

and examined with a light microscope. UtLM and UtSMC were thin sectioned (≤ 90 nm), 

placed on 100 mesh copper grids, and then stained with uranyl acetate and lead citrate. The 

grids were then examined on a FEI Tecnai 120KV Transmission electron microscope 

(Hillsboro, Oregon).

Statistical analysis

The LDH data were not normally distributed, so Mann-Whitney tests were used to compare 

genistein treated cells to respective controls. For the Western blot data, normality could not 

be rejected for ratios of Bcl-2: bak, but sample sizes were small. Therefore, randomization t-

tests were used to compare genistein treated cells to respective controls. The randomization 

t-test is a nonparametric test that evaluates the observed t-statistic relative to all possible 

allocations of the data to two groups [38]. P-values are one-sided and were considered 

significant at the 0.05 level.

Results

Analysis of protein expression of Bcl-2 and bak in genistein-treated UtLM cells and UtSMC

Western blot analysis of genistein-treated UtLM cells at 72 h and 168 h, showed an increase 

in Bcl-2 protein expression (Figure 1a). There were no significant changes in bak protein 

expression at both 72 h and 168 h, although levels were minimally increased at both time 

points. When Bcl-2: bak ratios were determined, we found that at 72 h the Bcl-2: bak ratio 

was significantly (p<0.05) increased in genistein-treated UtLM cells (Figure 1b). At 168 h, 

there was an increase in the Bcl-2: bak ratio; however, this increase was not statistically 

significant (Figure 1b). Hypoxanthine phosphoribosyl-transferase (HPRT) served as a 

loading control.

Western blot analysis of genistein-treated UtSMC showed no significant changes in Bcl-2 

protein expression at 72 h; however, at 168 h the expression was increased (Figure 2a). Also, 

there was a minimal increase in bak protein expression at 72 h, but expression increased 

considerably by 168 h (Figure 2a). Evaluation of Bcl-2: bak ratios at 72 h showed a slight 

decrease; whereas, at 168 h the ratio was significantly (p<0.05) increased in genistein-

treated UtSMC (Figure 2b). HPRT served as a loading control.

Expression and colocalization of the Fas receptor and its ligand, Fas-L in genistein-treated 
UtLM cells and UtSMC at 72 h and 168 h

To assess involvement of the extrinsic apoptotic pathway in genistein induced cell death, 

colocalization and expression of the regulators Fas and Fas ligand (Fas-L) were determined. 

Control UtLM cells and UtSMC expressed both the Fas receptor and its ligand, Fas-L. The 

Fas receptor (green fluorescence) was expressed primarily in the cytoplasm with varying 

intensities in both control cell lines at 72 h and/or 168 h (Figures 3a, 3c, 3g and 3i). Fas-L 

(red fluorescence) was expressed in the plasma membrane, cytoplasm, and perinuclear 

regions of control UtSMC more so at 168 h versus 72 h, although, minimal expression was 

observed in the perinuclear regions of control UtLM cells at 72 h. Genistein-treated UtSMC 
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(Figures 3d and 3j) showed upregulation and colocalization of Fas and Fas-L in the plasma 

membrane and cytoplasm at 72 h (Figure 3d), which was increased by 168 h (Figure 3j). In 

contrast, genistein-treated UtLM cells showed less expression and colocalization of Fas and 

FasL (Figures 3b and 3h) that did not differ significantly from the UtLM controls at 72 h and 

168 h (Figures 3a and 3g). Quantitative measurements of fluorescence intensity at 72 h Fas 

(Figure 3e) and Fas-L (Figure 3f) were both expressed in genistein-treated and non-treated 

UtLM cells with no apparent difference in expression; however, there was a statistically 

significant increase in the fluorescence intensity of Fas (Figure 3e) and Fas-L (Figure 3f) in 

genistein-treated UtSMC compared to control UtSMC. Also, at 168 h the expression 

intensity patterns of Fas (Figure 3k) and Fas-L (Figure 3l) in non-treated and treated UtLM 

cells and UtSMC were similar to those observed in the respective cell types at 72 h (Figures 

3e and 3f).

Release of lactase dehydrogenase (LDH) measurements in non-treated and genistein-
treated UtLM cells and UtSMC at 72 h and 168 h

To test for cytotoxicity, media concentrations of LDH were determined in control and treated 

UtSMC and UtLM cells. At 72 h, genistein-treated UtLM cells showed a minimal, increase 

of LDH in media; however, by 168 h there was a significant (p<0.05) increase in LDH 

release (Figure 4). An initial decrease and then subsequent increase of LDH was observed in 

the media of genistein-treated UtSMC at 72 h and 168 h, respectively, although these 

changes were not significant (Figure 4). The increase of LDH observed in the media of 

genistein-treated UtLM cells was nearly doubled that of genistein-treated UtSMC at 168 h 

(Figure 4).

Expression of autophagy marker in genistein-treated UtLM cells and UtSMC at 72 h

The expression of the autophagy/autophagosome marker, MAP1LC3A, was minimally 

expressed in control UtLM cells (Figure 5a), but increased in the cytoplasm of genistein-

treated UtLM cells (Figure 5c). However, control (Figure 5b) and genistein-treated UtSMC 

(Figure 5d) showed a minimal difference in the expression of MAP1LC3A, and expression 

was overall far less in both treated and non-treated UtSMC when compared to genistein–

treated UtLM cells.

Transmission Electron Microscopy (TEM) of genistein-treated UtLM cells and UtSMC for 72 
h and 168 h

Control UtLM Cells (Figure 6a) and UtSMC (Figure 6b) appear healthy with intact 

cytoplasmic membranes, organellar components, nuclei and nuclear membranes. At 72 h, 

genistein-treated UtLM cells began to accumulate various-sized membrane-bound 

cytoplasmic vacuoles, some of which contained cytoplasmic components and/or degenerated 

organelles and electron dense debris (Figure 6c). Genistein-treated UtSMC, at 72 h had 

convolution of the cell surface and nucleus, with peripheralized and focal areas of highly 

condensed chromatin in the nucleus (Figure 6d). At 168 h, surviving UtLM cells were 

severely vacuolated, with double (suggestive of autophagolysosomes) and single membraned 

vacuoles containing degenerated cellular organelles and other cytoplasmic debris (Figure 

6e). The UtSMC at 168 h, showed nuclear fragmentation and membrane blebbing (Figure 

6f).
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Discussion

Fibroids (uterine leiomyomas; myomas) are responsible for over 200,000 hysterectomies 

annually in reproductive-aged women in the United States [39], and are prevalent in women 

in Western Europe (including France, Germany, Italy, Spain, and the United Kingdom) [4], 

Africa [5], Asia [6] and South America [7]. Hysterectomy is the most common treatment 

modality for symptoms of bleeding and pelvic discomfort associated with these tumors. 

Other treatments for fibroids such as uterine artery embolization (UAE), magnetic resonance 

imaging-guided focused ultrasound surgery (MRgFUS) and GnRH are innovative, but their 

success in preclinical trials has been tenuous [40]. Consequently, the push for the 

development of drugs to treat uterine leiomyomas has increased over the past few years. 

Genistein is an estrogenic compound found in soy products that has been associated with 

beneficial health outcomes in humans, with hopeful prospects for breast cancer prevention 

and/or possible treatment [9,14]. In our previous studies, we found that 50 μg/ml genistein 

induced apoptosis and early and sustained caspase-3 activity in UtSMC [28]. However, in 

UtLM cells apoptosis was minimal and a late event, which suggested that apoptosis was not 

the major cause of cell death in these cells, and that a non-apoptotic pathway may be 

involved in the early inhibitory and/or death effects observed in UtLM cells following 

genistein treatment, although apoptosis was a major finding in UtSMC [28].

Apoptosis is regulated by many proteins including major proteins such as Bcl-2 [41], bax 

[41], bak [41], Fas [42] and Fas-L [43]. In this study we analyzed the effects of 50 μg/ml 

genistein on the expression of major pro-apoptotic (bak, Fas and Fas-L) and anti-apoptotic 

(Bcl-2) regulators in genistein-treated and non-treated UtLM cells and UtSMC. It has been 

reported that over expression of Bcl-2 functions as a suppressor of apoptosis and induces 

cell survival [44]; whereas, over expression of bax in relation to Bcl-2 determines the 

response of the cell to apoptotic stimuli [44,45]. Western blot analyses showed a decrease in 

bax protein expression after genistein treatment in both of our cells lines (data not shown) 

suggesting that bax may not play a major role in apoptosis for both cell lines in response to 

genistein; however, bak protein expression was increased in genistein-treated UtSMC 

compared to controls. In order to determine which of these proteins was predominant, a 

Bcl-2: bak protein ratio was measured. We found that the Bcl-2:bak ratio was increased in 

genistein-treated UtLM cells compared to controls at 72 h and 168 h, which suggests that 

Bcl-2 may play a role in the inhibition of apoptosis [28]. Our results for the UtLM cells are 

different from the inhibitory and/or death effects of 30 μM of genistein in MDA-MB-231 

breast cancer cells in that genistein induced apoptosis by an upregulation of bax and a 

downregulation of Bcl-2 [45]. In contrast, Wang et al., demonstrated that treatment of 

MCF-7 cells with 17β-estradiol resulted in an increase of Bcl-2 mRNA levels and no 

changes in bax mRNA levels [46]. Our results are similar to Wang et al., in that treatment of 

UtLM cells with a weak estrogen, genistein, increased Bcl-2 expression and protected the 

cells from undergoing apoptosis. Conversely, the Bcl-2: bak ratios in genistein-treated 

UtSMC were decreased at 72 h, but increased at 168 h. These results suggest that the 

intrinsic pathway may be playing a dual role in these cells, in that at 72 h bak may be 

involved in inducing apoptosis, but at 168 h this effect is blocked by the increased 

expression of Bcl-2 and possibly a late attempt at induction of cell survival in genistein-
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treated UtSMC. Moore et al.,2007 reported that high concentrations of genistein inevitably 

induce apoptosis in UtSMC at 168 h as evidenced by cell cycle analysis/flow cytometry and 

increased caspase-3 activity [28]. These earlier findings and our current results, suggest that 

the apoptosis observed in genistein-treated UtSMC may be, in part, through the intrinsic 

pathway as an immediate and early response, but mainly by the extrinsic apoptotic pathway 

at later time points. Fas-L and its receptor Fas play an important role in inducing apoptosis 

via the extrinsic pathway [43]. Fas (APO-1, CD95) is a type I membrane protein and Fas 

ligand (Fas-L) is a type II membrane protein that belongs to the tumor necrosis factor (TNF) 

family [23]. In this study, treatmen of UtLM cells with genistein resulted in minimal change 

in Fas or Fas-L expression, whereas, genistein-treated UtSMC showed an increase in both of 

these proteins at both time points. Our results confirm that 50 μg/ml genistein induces 

apoptosis in UtSMC through both the intrinsic and extrinsic pathways.

Studies have also shown that genistein can induce cytotoxicity, inhibit glucose uptake and 

produce autophagy in ovarian cancer cells [25,47]. Cytotoxicity with loss of plasma 

membrane integrity in genistein-treated UtLM cells and UtSMC was measured by the 

release of lactase dehydrogenase (LDH) into the cell culture medium. LDH release was 

significantly increased in genistein-treated UtLM cells only, suggesting that cytotoxicity was 

a major feature of cell death in genistein-treated UtLM cells, and not in UtSMC. Our results 

are similar to Choi et al., in that 5 μM-100 μM genistein induced significant LDH release in 

the ovarian cancer cells, SK-OV-3 [47]. Additionally, we assessed autophagy which is a 

massive degradation pathway resulting in the uptake of proteins and organelles in the cells 

by autophagosomes, with localization of microtubules-associated light chain 3 (LC3) protein 

into autophagosomal membranes [36,37]. Increased autophagy is typically observed during 

nutrient deprivation and starvation, which plays an important role in cellular responses to 

environmental stressors that lead to cellular adaptation and survival, or cell death [32,33,48]. 

Also, autophagy can induce caspase activation and/or DNA fragmentation; however, this is 

usually a late event [36,49]. Using a marker for autophagy APG8a (MAP1LC3A), we 

demonstrated that 50 μg/ml genistein increased expression of the autophagy/autophagosome 

marker in the cytoplasm of the UtLM cells, but not to any great extent in the UtSMC. 

Gossner et al. demonstrated that genistein at 50 μM-100 μM induced apoptosis and cleavage 

of caspase-3 and caspase-9 in ovarian cancer cells, but it also induced a nonapoptotic cell 

death mechanism identified as autophagy. UtLM cells after treatment with genistein at both 

time points showed an increase and the presence of double membrane autophagic vacuoles 

or autophagosomes [50,51] in the cytoplasm. However, genistein treated UtSMC showed 

blebbing of the cell membranes; peripheral chromatin condensation in nuclei, nuclear 

fragmentation and cell shrinkage compared to the non-treated UtSMC, which are 

characteristic ultrastructural features of apoptosis [51,52].

In conclusion, the inhibitory and/or cell death effects of genistein occurred in both UtLM 

cells and UtSMC, but the mechanisms of cell death appear to be different as shown in Figure 

7. In UtSMC, genistein induced apoptosis by stimulating the extrinsic apoptotic pathway, via 

Fas-L and its receptor Fas and through activation of caspase-3, and possibly other caspases 

that resulted in the stimulation of the apoptotic extrinsic pathway. In contrast, in UtLM 

tumor cells, genistein's inhibitory and/or death effects were mostly through autophagy, 

initially. It could be speculated that in the UtLM cells genistein's effects on the intrinsic 
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apoptotic pathway may have been blocked by inducing increased Bcl-2 expression, in an 

attempt towards cell survival leading to conservation of energy by self-digestion (autophagy) 

to provide an alternative energy source. On the other hand autophagy, apoptosis and necrosis 

are different forms of cell death, but as a late event autophagy can cause caspase activation 

and therefore also induce DNA fragmentation (apoptosis). Additionally, inhibition of 

specific proteins involved in autophagy or a depletion of external resources (nutrients or 

organelles) of the cells can cause a switch from autophagy to necrosis, leading to 

cytotoxicity and the release of LDH, similar to what was observed at 168 h in the UtLM 

cells in this study. These findings help to underscore the differential effects of exogenous 

estrogens on normal and tumor cells and help to delineate cell death regulatory proteins and 

pathways that may be strategically manipulated for the nonsurgical treatment of clinical 

cases of fibroids.
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Figure 1. 
Western blot analyses and ratio of Bcl-2 and bak in genistein-treated (50 μg/ml) UtLM cells 

and controls (0 μg/ml) at 72 h and/or 168 h. (a) Protein expression of bcl-2 and bak; (b) 

Bcl-2:bak ratios. The results are represented as mean ± SEM of three independent 

experiments. *P<0.05.
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Figure 2. 
Western blot analyses and ratio of Bcl-2 and bak in genistein-treated (50 μg/ml) UtLM cells 

and control (0 μ/ml) at 72 h and/or 168 h. (a) Protein expression of bcl-2 and bak (b) 

Bcl-2:bak ratios. The results are represented as mean ± SEM of three independent 

experiments. *P<0.05.
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Figure 3. 
Expression of the receptor, Fas and its ligand, Fas-L in genistein-treated (50 μg/ml) UtLM 

cells and UtSMC at 72 h (left panel) and 168 h (right panel). Control (0 μg/ml) cells (a, c, g, 

i) and genistein-treated cells (b, d, h, j). Fas=green fluorescence (inset 1); Fas-L=red 

fluorescence (inset 2); Fas and Fas-L=merged (a-j). Quantitative measurements of 

fluorescence intensity of Fas (e and k) and Fas-L (f and l). Nuclei shown as blue 

fluorescence by DAPI. The results are represented as mean±SEM of three independent 

experiments *P<0.05 versus control.
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Figure 4. 
Fluorometric measurements of the cytotoxicity in genistein-treated (50 μg/ml) and control (0 

μg/ml) UtLM cells and UtSMC at 72 h and 168 h. Left panel UtLM cells and right panel 

UtSMC. The results are represented as mean±SEM of three or more independent 

experiments. *P<0.05.
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Figure 5. 
Immunoexpression of an autophagy/autophagosome marker (MAP1LC3A) in genistein-

treated (50 μg/ml) UtLM cells and UtSMC at 72 h. (a) Control UtLM cells (b) Control 

UtSMC. (c) Genistein-treated UtLM cells. (d) Genistein-treated UtSMC. Insets: Negative 

control (nc) for genistein-treated UtLM cells and UtSMC, respectively.
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Figure 6. 
Transmission electron microscopy images of genistein-treated (50 μg/ml) UtLM cells and 

UtSMC at 72 h and 168 h. (a) Control UtLM cells (b) Control UtSMC. (c) Genistein-treated 

UtLM cells at 72 h. Inset: Higher magnification of double and single membraned vacuoles 

with cytoplasmic debris. (d) Genistein-treated UtSMC at 72 h. (e) Genistein-treated UtLM 

cells at 168 h. (f) Genistein-treated UtSMC at 168 h. Note: UtSMC have fragmented nucleus 

(N) and cellular blebbing (arrows). Image, scale bar=1 μm; Inset, scale bar=500 nm.
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Figure 7. 
Summary of gensitein-induced cell death. (a) In UtLM cells, genistein's inhibitory and/or 

death effects were mostly through autophagy. It could be speculated that genistein may have 

blocked the intrinsic apoptotic pathway in UtLM cells by inducing increased expression of 

Bcl-2 leading to starvation and self-digestion (autophagy) and cell survival. As a late event, 

autophagy can cause caspase activation and DNA fragmentation (apoptosis). Alternatively, 

inhibition of proteins involved in autophagy or a depletion of resources (nutrients or 

organelles) of the cell can cause a switch from autophagy to necrosis, leading to cytotoxicity 

and the release of lactate dehydrogenase (LDH). (b) In UtSMC, genistein induced apoptosis 

by primarily stimulating the extrinsic apoptotic pathway, via Fas-L and its receptor Fas with 

activation of caspases and induction of apoptosis. Also, initially the Bcl-2: bak ratios in 

genistein-treated UtSMC were decreased at 72 h (early event) due to elevated expression of 

the proapoptotic mediator, bak; however, the Bcl-2: bak ratio was increased at 168 h (late 

event) by incremental expression of Bcl-2. These findings suggest that the intrinsic pathway 

may be playing a dual role in UtSMC after genistein treatment; in that, bak may be involved 

in inducing apoptosis as an early event, whereas, this effect is abrogated by increased 

expression of Bcl-2 as a late event, which may be a last attempt at induction of cell survival 

in genistein-treated UtSMC.
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