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Abstract

Scope: Hydroxytyrosol (HT), a polyphenol from olives, is a potential anticancer agent. This 

study was designed to evaluate the anticancer activity of HT against prostate cancer cells, and the 

mechanism thereof.

Methods and Results: Treatment of LNCaP and C4–2 prostate cancer cells with HT resulted in 

a dose-dependent inhibition of proliferation. This was in contrast to HT’s ineffectiveness against 

normal prostate epithelial cells RWPE1 and PWLE2, suggesting cancer cells-specific effect. HT 

induced G1/S cell cycle arrest, with inhibition of cyclins D1/E and cdk2/4, and induction of 

inhibitory p21/p27. HT also induced apoptosis, as confirmed by flow cytometry, caspase 

activation, PARP cleavage and BAX/Bcl-2 ratio. It inhibited the phosphorylation of Akt / STAT3, 

and induced cytoplasmic retention of NF-κB, which may explain its observed effects. Finally, HT 

inhibited AR expression and the secretion of AR-responsive prostate-specific antigen.

Conclusion: Castration-resistant prostate cancers retain AR signaling and are often marked by 

activated Akt, NF-κB and STAT3 signaling. Our results establish a pleiotropic activity of HT 

against these oncogenic signaling pathways. Combined with its non-toxic effects against normal 

cells, our results support further testing of HT for prostate cancer therapy.
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Introduction

Prostate cancer is the most frequently diagnosed cancer in men in the United States, with a 

prediction of 180,890 new cases in 2016, accounting for 21% of all cancer diagnoses in the 

males (1). In recent years there has been a push towards exploring diet-derived factors for 

their anticancer potential (2). This is largely due to epidemiological studies connecting 

consumption of certain foods with reduced cancer incidence. In context of prostate cancer, 

dietary polyphenols have been proposed as promising candidates for future clinical 

management (3). These non-toxic, well-tolerated compounds are key modulators of several 

signaling pathways (4) and a renewed interest in them can be attributed to their activity 

against stem cells, microRNAs as well as the epigenetic changes (3; 5). Epidemiological 

studies have also suggested a decreased risk of cancer in populations with high olive intake 

(6) and there has been an interest in evaluating traditional Mediterranean diet, with 

abundance of olive oil consumption, for possible reduced prostate cancer risk (7). Olive oil 

has significantly high levels of phenolic acids, particularly the 3,4-dihydroxyphenyl ethanol 

(Figure 1A), also referred to as hydroxytyrosol (HT). In addition to olive oil, red wines are 

also a good source of HT (8). Additionally, HT is also produced endogenously as part of 

dopamine metabolism.

The antitumor activity of HT, mostly in vitro, against different human cancers such as breast 

(9–11), colon (9; 12–14), liver (15; 16), leukemia (14; 17), lung (18) etc. has been reported. 

However, our understanding of the activity and mechanism of action of HT against prostate 

cancer cells is rather limited. While an early report (19) suggested generation of reactive 

oxygen species (ROS) by HT in androgen receptor (AR)-negative prostate cancer cells PC3 

and DU145 leading to loss of viability, a more recent one (9) compared prostate cancer cells 

with breast and colon cancer cells in terms of their ability to scavenge H2O2 oxygen species 

with the resulting effects on cell proliferation.

Clinical management of prostate cancer involves surgery, radiation therapy, chemotherapy or 

a combination of these options. Although early stage prostate cancers can be treated with 

androgen depletion therapy by means of chemical or surgical castration; relapse is often 

observed in the resulting castration-resistant prostate cancers (CRPC). Since these advanced 

and aggressive prostate cancers attain an active androgen-independent AR signaling which is 

considered responsible for their relapse and aggressiveness, it is important to fully elucidate 

the mechanism of HT’s anticancer action in AR-expressing cancer cells. Towards achieving 

this goal, here we report an activity of HT against androgen dependent LNCaP and the 

androgen independent C4–2 prostate cancer cells, along with an analysis of several signaling 

factors that are modulated by HT, such as NF-κB (20), Akt (21) and STAT3 (22) that play an 

important role in progression to CRPC, resulting in efficient induction of apoptosis and cell 

cycle arrest.
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Materials and Methods

Reagents

Roswell park memorial institute (RPMI-1640) medium and Keratinocyte serum free medium 

were obtained from Thermo Scientific (Logan, UT) and Gelantis (San Diego, CA), 

respectively. Fetal-bovine serum (FBS) was from Atlanta Biologicals (Lawrenceville, GA). 

Penicillin, streptomycin and trypsin-EDTA were purchased from Invitrogen (Carlsbad, CA). 

3,4-dihydroxyphenyl ethanol (DHE/HT) was purchased from LKT Laboratories (St. Paul, 

MN). FuGENE transfection reagent, phosphatase/protease inhibitors cocktail and cell 

proliferation reagent WST-1 were procured from Roche Diagnostics (Mannheim, Germany). 

Propidium iodide/RNAse staining buffer and PE Annexin V apoptosis detection kit were 

purchased from BD Bioscience (San Diego, CA). Nuclear extract kit was procured from 

Active Motif, LLC (Carlsbad, CA). Antibodies against PARP1, caspase-7, pBAD, Bcl-2, and 

Bax (Ser32/36) (rabbit polyclonal), Bcl-xl and NF-κB/p65 (mouse monoclonal) were 

obtained from Cell Signaling Technology (Beverly, MA). Anti-caspase-3 antibody (rabbit 

polyclonal) was from GeneTex (Irvine, CA).. Antibodies (rabbit monoclonal) against Akt, p-

Akt, androgen-receptor, and PSA were from Epitomics (Burlingame, CA). Antibodies 

against p21, Cdk4 (mouse monoclonal), p27, cyclin D1, cyclin E, Cdk2 (rabbit polyclonal), 

and horseradish peroxidase-conjugated secondary antibodies were procured from Santa Cruz 

Biotechnology (Santa Cruz, CA). β-Actin (mouse monoclonal-HRP conjugated) antibody 

was purchased from Sigma-Aldrich (St. Louis, MO). ECL plus western blotting detection kit 

was procured from Thermo Scientific. pGL4.32 [luc2P/NF-κB -RE/Hygro] plasmid, pRL-

TK plasmid, Caspase-Glo 3/7 substrate and Dual Luciferase Assay System kit were from 

Promega (Madison, WI). Cignal™ AR Androgen Receptor Assay Kit was purchased from 

SA Biosciences (Frederick, MD).

Cell culture and treatments

The human prostate cancer cell lines LNCaP (ATCC, Rockville, MD) and C4–2 (UroCor 

Inc., Oklahoma City, OK) were maintained in culture as adherent monolayer in RPMI-1640 

supplemented with 5% (v/v) FBS, penicillin (100 units/mL) and streptomycin (100 μg/mL). 

The human normal prostate epithelial cell lines RWPE1 and RWPE2 (ATCC) were cultured 

in keratinocyte serum free medium containing 50 mg/ml gentamycin, 0.05 mg/ml bovine 

pituitary extract (BPE), and 5 ng/mL epidermal growth factor. Cells were maintained in 5% 

CO2 humidified incubator at 37oC. Short tandem repeats (STR) genotyping and intermittent 

testing for androgen-responsiveness (growth and androgen-receptor activity) was used as a 

way to authenticate the androgen dependent prostate cancer cell lines. For treatment, stock 

solution of HT (10 mM) was prepared in molecular grade water and stored at −20°C in 50μL 

aliquot, and diluted with fresh complete medium immediately before use. Cells were treated 

with various concentrations of HT (as specified in individual figure legends).

Cell growth assay

Cells were seeded overnight in 96 well plates (5000 cells/well). Cell viability in the treated 

cells was examined after 48 and 72 h by using WST-1 (4-[3-(4-iodophenyl)-2-(4-

nitrophenyl)-2H-5-tetrazolio]-1, 3-benzene di-sulfonate) assay kit as per manufacturer’s 

instructions with appropriate controls. This assay is based on the conversion of tetrazole to 
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water-soluble formazan in metabolically active cells. The absorbance of the formazan was 

measured at a wavelength of 450 nm, with background subtraction at 630, using a Bio-Rad 

Benchmark microplate reader (Bio-Rad Laboratories, Hercules, CA). Growth was calculated 

as percent viability = [(A/B) × 100], where A and B are the absorbance of treated and 

control cells, respectively.

Cell-cycle analysis

The effect of HT treatment on cell cycle progression was determined by flow cytometry 

following staining with propidium iodide (PI). In brief, cells (1 × 106 cells/well) were 

seeded in 6 well plates and synchronized by culturing them in serum free media. After 

synchronization, medium was replaced with complete medium containing desired 

concentrations of HT. Floating and attached cells were collected after 24h of treatment and 

fixed in 70% ethanol overnight at 4oC. The cells were then stained with PI, using PI/RNase 

staining buffer for 1 h at 37°C. Stained cells were analyzed by flow-cytometry on a BD-

FACS Canto™ II (Becton-Dickinson, San Jose, CA) to calculate the percentage of cell 

population in various phases of cell cycle using Mod Fit LT software.

Apoptosis assay

LNCaP and C4–2 cells (1 × 106 cells/well) were seeded in 6 well plates. At ~60–70% 

confluence, cells were treated with various concentrations of HT for 48h. Following 

treatment, cells were harvested, and stained with 7-Amino-Actinomycin (7-AAD) and PE 

Annexin V, using PE Annexin V Apoptosis Detection Kit I and analyzed by flow cytometry. 

Percentage of cell population in apoptosis was calculated using Mod Fit LT software (Verity 

Software House, Topsham, ME).

Caspase activity assay

Activation of caspase 3/7 after treatment of HT was measured using Caspase-Glo assay 

(Promega, Madison USA), according to the manufacturer’s protocol, with appropriate 

controls. Briefly, cells were grown in 96 well plates and treated with different concentrations 

of HT. After 48h of treatment, 100 μL of Caspase-Glo substrate was added to each well, 

mixed gently for 30 seconds and incubated for 2h at room temperature. The luminescence of 

each sample was measured in a plate-reading luminometer (Thermo Labsystems).

Nuclear and cytoplasmic fractionation

The preparation of cytoplasmic and nuclear extracts was performed using the Nuclear 

Extract Kit. In brief, cells were washed following treatment with 1 mL ice-cold PBS/

phosphatase inhibitors, lysed in 500 μL hypotonic buffer and then centrifuged at 14,000g for 

30 s at 4oC. After collecting supernatant (cytoplasmic fraction), pellets were resuspended in 

50 μL complete lysis buffer, and centrifuged at 14,000g for 10 min at 4oC, and supernatant 

(nuclear fraction) were stored at −80oC until further use.

Western blot analysis

Cells were processed for protein extraction and western blotting was done as described 

earlier (Bhardwaj et al., 2011). Immunodetection was carried out using specific antibodies: 
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Akt, pAkt, STAT3, p-STAT3, AR, Bcl-xl, Bax (1:1000), PSA (1:2500), p21, p27, cyclin A1, 

cyclin E (1: 200) and β-actin (1:20000). All secondary antibodies were used at 1:2500 

dilutions. Blots were processed with ECL plus Western Blotting detection kit and the signal 

detected using an LAS-3000 image analyzer (Fuji Photo Film Co., Tokyo, Japan). 

Densitometry was performed using an AlphaImager (Alpha Innotech Corp., San Leandro, 

CA).

Androgen receptor and NF-κB transcriptional activity assay

Prostate cancer cells were seeded (5 × 105 cells/well) in 12-well plate, at ~ 60% confluence 

level, the cells were transiently transfected with 1 μg AR reporter, negative-control and 

positive-control plasmids (for AR activity); 1μg of NF-κB-luciferase promoter-reporter 

construct (pGL4.32) and 0.5 μg of control reporter plasmid (pRL-TK), containing Renilla 
reniformis luciferase gene downstream of the TK promoter (for NF-κB activity) using 

FuGENE transfection reagent as per manufacturer’s instructions. After 24 h of transfection, 

cells were treated with HT as described in figure legend for next 48 h and total protein was 

isolated in passive lysis buffer. Firefly (for AR and NF-κB activity) and Renilla (for internal 

normalization) luciferase activities were measured using a Dual-Luciferase assay kit.

Statistical analysis

All the experiments were performed three times, independently. The data obtained were 

expressed as ‘mean ± standard deviation’. Wherever appropriate, the data were also 

subjected to unpaired two tailed Student’s t-test. A value of p < 0.05 was considered as 

significant.

Results

HT selectively decreases the viability of prostate cancer cells

We first examined the dose-dependent effect of HT on cell viability of LNCaP and C4–2 and 

compared it to its effect on normal human prostate epithelial cells RWPE1 and RWPE2, by 

WST-1 assay. It was observed that both the prostate cancer cell lines were sensitive to HT 

treatment, as compared to the normal prostate epithelial cells (Figure 1B). The IC50 values 

of HT against LNCaP (190 and 86.9 μM after 48 and 72h, respectively) and C4–2 (176 and 

76.5 μM after 48 and 72h, respectively) were significantly lower than the IC50 values against 

RWPE1 and RWPE2 at both the tested time points. It was observed that the exposure of cells 

to HT for 48 hours resulted in significant morphological changes, compared to their 

respective untreated controls when viewed under a light microscope (Figure 1C). With the 

increasing concentrations of HT, cells became round, shrunken and subsequently detached. 

Since at 48 hours of HT exposure, the cells exhibited significant reduction in growth at the 

doses tested, further experiments were carried out at this dose. Thus, our data suggests that 

HT can selectively inhibit prostate cancer cell lines and has minimal effect of normal 

prostate epithelial cells.
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HT arrests prostate cancer cells in G1/S phase and induces apoptosis

Decrease in viability of a cell population could be due to cell growth inhibition or apoptosis 

induction. Therefore, we determined the effects of HT on cell cycle progression and 

apoptosis in prostate cancer cells LNCaP and C4–2. Cell cycle analysis at 48 hours after 

treatment with increasing concentrations of HT demonstrated an increase in the percentage 

of cells in the G1 phase with a concomitant decrease in cells in S-phase in both the cell lines 

tested, as compared to the untreated cells (Figure 2). The observed maximum fold change 

was ~2.1 and ~2.3 in LNCaP and C4–2, respectively, suggesting an inhibition of transition 

of cells from G1 to S phase.

Since the observed morphological changes in HT-treated cells were similar to cells 

undergoing apoptosis, we also examined the induction of apoptosis by HT in these prostate 

cancer cells. A significant increase in apoptosis of HT-treated prostate cancer cells was 

observed with the increasing concentrations of HT (Figure 3A), as determined by flow 

cytometry. We then proceeded to examine the molecular events associated with apoptosis. 

We analyzed the activity of caspase 3/7 and cleavage of PARP1 using luminescence and 

immunoblot assays, respectively. A dose dependent increase in the activity of caspase 3/7 

(Figure 3B), cleavage of caspase 3/7 (Supplementary Figure 1) and PARP1 (Figure 3C) was 

observed in both cell lines.

HT alters the survival- and cell cycle-associated proteins

As evident from the above observations, HT affects cell proliferation, cell cycle as well as 

apoptosis. Therefore, we next investigated the various factors that play an important role in 

these cellular phenomena. Looking first at the apoptotic factors, we observed HT-induced 

down-regulation of expression of anti-apoptotic proteins, Bcl-2 and Bcl-xL in a dose-

dependent manner with simultaneous induction of Bax, a pro-apoptotic protein (Figure 4A), 

thereby leading to an increase in the ratio of Bax/Bcl-2 as well as Bax/Bcl-xL (Figure 4B) in 

both the cancer cell lines tested. The Bcl-2 family is just upstream of irreversible cellular 

damage and, therefore, a critical checkpoint for apoptotic cell death. As HT inhibits the 

expression of pro-survival Bcl-2, with concomitant induction of apoptosis-inducing BAX, 

this tilts the balance in favor of BAX in the cancer cells, marked by increased BAX/Bcl-2 

ratio. In the absence of an apoptotic signal, Bcl-2 is relatively in excess and Bcl-2 

homodimers or the Bcl-2-BAX heterodimers are present in the cytosol, both of which 

support survival and proliferation of cells. HT-induced inhibition of Bcl-2 expression / 

induction of BAX lead to disruption of these associations, resulting in predominantly BAX 

homodimers, leading to apoptosis. A dose-dependent effect of HT on various cell cycle 

associated proteins was also observed (Figure 4C). Expression of cyclins (D1 and E) and 

cyclin-dependent kinases (Cdk2 and Cdk4) decreased while that of cyclin-dependent kinase 

inhibitors (p21 and p27) increased after HT treatment, in both LNCaP and C4–2 prostate 

cancer cells. These findings demonstrate that HT can alter expression of proteins involved in 

the regulation of apoptosis as well as cell cycle to confer its growth inhibitory effect.

Inhibition of Akt, STAT3 and NF-κB pathways by HT in prostate cancer cell lines

Activation of PI3K/Akt and STAT3 signaling pathways is known to be important for survival 

and proliferation of prostate cancer cells, and these pathways serve as hubs for many 
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different signaling cascades. As such, their modulation by a potential anticancer agent is 

therapeutically relevant. Therefore, we examined the effects of HT on these signaling 

molecules, by immunoblot analysis. We observed a dose-dependent inhibition of Akt and 

STAT3 activation by HT, as suggested by the decrease in their respective phosphorylations 

(Figure 5A). No effect, however, was observed on total Akt and STAT3 proteins. NF-κB is 

another key factor which facilitates tumor growth by targeting genes involved in the 

apoptosis and cell cycle. Therefore, we examined the effect of HT on transcriptional activity 

of NF-κB -responsive promoter in a luciferase reporter assay. We detected that the 

transcriptional activity of NF-κB was considerably decreased, dose-dependently, by HT in 

both the cell lines (Figure 5B). Since transcriptional activity of NF-κB is directly correlated 

with its nuclear localization, we examined the cellular distribution of NF-κB after HT-

treatment, in cytoplasmic and nuclear fractions, by immunoblot assay. The levels of NF-κB 

in the nuclear fraction of HT-treated cells decreased, as compared to untreated cells, with a 

simultaneous increase in the cytoplasmic fraction (Figure 5C).

HT downregulates AR expression

Lastly, we studied an effect of HT on AR signaling because of its importance in prostate 

cancer. NF-κB expression in prostate cancer cells has been shown to significantly increase 

AR mRNA and protein levels (23). Since HT was found capable of inactivating NF-κB, and 

NF-κB inhibition decreases AR expression levels, prostate-specific antigen (PSA) secretion, 

and proliferation of prostate cancer cells, we were interested in investigating the 

transactivation activity of AR and the levels of PSA after HT treatment. Using the luciferase 

assay system, we found a significant inhibition of AR activity by increasing HT 

concentrations in both the prostate cancer cells (Figure 6A). This correlated with the dose-

dependent decrease in total AR as well as PSA expression levels (Figure 6B).

Discussion

HT, an active polyphenolic constituent of olive oil, is known for its potent antioxidative, 

antibacterial and antiinflammatory properties (24). In addition, it affects multiple signaling 

pathways resulting in an efficient anticancer action (25). The several reported targets of HT 

include peroxisome proliferator-activated receptor gamma (PPARγ) (26), G-protein-coupled 

receptor GPER/GPR30 (11), epidermal growth factor receptor (EGFR) (12), Chemokine C-

C motif ligand 5 (CCL5) (10), interleukin-6 (IL-6) (16) and Vascular endothelial growth 

factor receptor-2 (VEGFR-2) (27). Here, we report an activity of HT against prostate cancer 

through regulation of Akt, STAT-3, NF-κB signaling and down-regulation of AR (Figure 7). 

We established such activity of HT using androgen-sensitive LNCaP as well as castration-

resistant C4–2 prostate cancer cells.

Akt and STAT3 signaling pathways have long been recognized to mediate cancer cells’ 

proliferation, invasion and metastasis. Our results establish a significant inhibition of not 

only Akt and STAT3, but also that of NF-κB signaling. Normally, in cancer cells, there is a 

basal Akt activity resulting in NF-κB activation and translocation. Akt dependent activation 

of IκB kinase (IKK) leads to the phosphorylation (and subsequent degradation) of IκBα, a 

protein that keeps NF-κB sequestered in the cytoplasm. The released NF-κB translocates to 
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the nucleus, resulting in induced transcription of pro-survival and oncogenic genes. Both 

STAT3 and NF-κB are known to enhance proliferation of cancer cells and control apoptosis. 

It is possible that the inhibition of one of these pathways can be compensated by routing the 

pro-survival mechanisms in cancer cells through the alternate pathway. In this context, a 

simultaneous modulatory effect of HT against several potential targets is a highly desirable 

attribute. Our results also suggest a cell cycle modulatory effect of HT with dose-dependent 

inhibition of cell cycle regulatory molecules cyclin D1 and cyclin E. Inhibition of cyclin D1 

seems to be an important part of HT and there are reports of cyclin D1 down-regulation by 

HT in few other cancer models as well, such as colon cancer Caco-2 (28), breast cancer 

MCF-7 (29)/MDA-MB-231 (10) and thyroid cancer cells (30). Similarly, there is evidence 

for HT-mediated up-regulation of p21 and p27 (17), confirming our current findings. We 

also report inhibition of Akt by HT, a mechanism that has been validated in hepatocellular 

carcinoma cells (15).

One major reported mechanism of HT action is via modulation of ROS production. In one of 

the earliest reports on the subject, HT was shown to protect against peroxynitrite-dependent 

nitration of tyrosine and DNA damage (31). More recently (9), HT has been shown to 

protect peripheral blood mononuclear cells from H2O2-induced oxidative DNA damage, and 

hepatocellular carcinoma Hep G2 against ER-stress (32). In colon cancer cells, HT has been 

shown to generate ROS leading to apoptotic cell death and mitochondrial dysfunction (33). 

Even in prostate cancer PC3 cells, there is evidence for ROS generation by HT, leading to 

induction of apoptosis (19). Interestingly, Odiatou et al. (34) determined that sodium 

bicarbonate, a component of cell culture media, mediates the production of cytotoxic ROS 

by HT which can result in decreased viability of not only cancer cells such as breast MDA-

MB-231 cells, but also the ‘normal’ breast epithelium MCF-10A cells. While this cautions 

against misinterpretation of cytotoxic and anticancer activity of polyphenols such as HT, and 

emphasizes a more critical evaluation of assay components, the cancer cells-specific-

cytotoxic activity has been demonstrated by several independent groups. The generation of 

ROS may actually represent another interesting anticancer mechanism of polyphenolic 

compounds of natural origin that involves their prooxidant action (35; 36).

There is growing realization for the involvement of epigenetic events in tumor progression. 

The delicate balance between oncogenes and tumor suppressors is fine-tuned through 

epigenetic regulations. A number of dietary agents have been shown to regulate such 

epigenetic events (37). A recent work (13) reported on such activity of HT. While the study 

focused on epigenetic regulation by extra virgin olive oil, the phenolic constituents of olive 

oil were also investigated. It was shown that CNR1 gene, which codes for type 1 

cannabinoid receptor CB(1) and is down-regulated in colon cancer Caco-2 cells, can be 

epigenetically up-regulated by HT through reduced promoter methylation. This represents a 

newly realized activity of HT that has never been reported before. It is conceivable that the 

differential regulation of several signaling factors by HT, as observed in the present study, as 

well as reported by others, involves epigenetic changes.

Despite the promising anticancer activity of HT, there have been concerns about its poor 

bioavailability owing to its extensive metabolism (38). It has been suggested that the 

conjugated forms of HT should also be included in the cytotoxic assays, along with free HT, 
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because this alone would be truly reflective for the HT in biological systems (38). On a 

positive note, it was noted that HT is a ‘safe’ compound and can be administered at higher 

doses without signs of any genotoxic or mutagenic effects (38; 39). Recently, there has been 

an interest in synthesis of HT-derivatives with a focus on improving the overall efficacy (40). 

A novel ester of hydroxytyrosol and alpha-lipoic acid was reported to enhance potency in 

colorectal cancer cells (41) through the induction of cell cycle arrest. The dodecyl ether 

derivative of HT was shown to be relatively more cytotoxic than the parent compound as 

well as more selective for the malignant cells, relative to ‘normal’ non-malignant cells, in 

both lung and breast cancer model systems (18). A study performed in leukemia HL60 cells 

suggested enhanced efficacy of thio derivatives of HT (42). While the derivatives of HT have 

shown promise in vitro with reduced IC50s, it would be interesting to evaluate their 

bioavailabilities.

In conclusion, HT from olive oil is a promising anticancer agent that has shown potential in 
vitro against clinically relevant models representing benign as well as aggressive prostate 

cancers. Its ability to modulate multiple signaling pathways, combined with no associated 

toxicity, makes it an ideal candidate for further testing in pre-clinical prostate cancer models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Hydroxytyrosol (HT) specifically inhibits the growth of prostate cancer cells.
(A) Chemical structure of HT/3,4-dihydroxyphenylethanol (HT). (B) Normal prostate 

epithelium cells, RWPE1 and RWPE2, and prostate cancer cells, C4–2 and LNCaP, grown in 

96-well plates, were treated with increasing dose of HT. Percent viability of these cells was 

measured using the WST-1 assay after 48 or 72 h of HT treatment. (C) Dose dependent HT 

treatment of LNCaP and C4–2 cell lines significantly altered cell morphology and the cells 

became round and shrunken in a dose-dependent manner, as examined under phase-contrast 

microscope. Representative images are shown.
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Figure 2: HT treatment of prostate cancer cell lines induces G1-S phase arrest.
LNCaP and C4–2 cells were treated with increasing concentration of HT for 24 h and cell 

cycle phases were analyzed by propidium iodide (PI) staining using flow cytometry. An 

enhanced dose-dependent accumulation of cells in the G1 phase of the cell cycle upon HT 

treatment was observed.
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Figure 3: HT treatment induces apoptosis of prostate cancer cells.
(A) Prostate cancer cell lines grown in 6-well plates were treated with increasing 

concentration of HT. After 48 h, cells were collected and subsequently stained with 7-AAD 

and PE Annexin V followed by flow cytometry analysis. A dose-dependent increase in the 

number of apoptotic cells after HT treatment indicates the apoptosis induction potential of 

HT. (B) A dose-dependent increase in caspase-3/7 activity was also observed in prostate 

cancer cells treated with HT as evidenced by the increase in luminescence with increase in 

dose. (C) Whole cell lysate of cells treated with increasing dose of HT were collected and 

immunoblotted for cleaved PARP1, a marker of apoptosis. HT treatment increased cleaved 

PARP1 levels in a dose-dependent manner. β-actin was used as loading control.

Zubair et al. Page 14

Nutr Cancer. Author manuscript; available in PMC 2018 September 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: HT treatment modulates the level of apoptosis-related and cell cycle-associated protein.
(A) Total protein of prostate cancer cells treated with increasing dose of HT for 48 h was 

subjected to immunoblot and subsequent densitometric analysis for apoptosis markers 

(BAX, Bcl-2, Bcl-xL). (B) Bar diagram indicates an increase in the ratio of BAX/Bcl-2 and 

BAX/Bcl-xL based on the densitrometric analysis of immunoblots in a dose-dependent 

manner upon HT-treatment. (C) The whole cell lysates of HT-treated cells were also probed 

for cell cycle-associated proteins. β-actin was used as loading control.
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Figure 5: HT-treatment attenuates activity of multiple oncogenic pathways.
(A) Total protein of LNCaP and C4–2 prostate cancer cells treated with increasing doses of 

HT for 48 h was collected and probed for phosphorylated and total levels of Akt and STAT3 

by immunoblot analysis. (B) LNCaP and C4–2 cells seeded in 12-well plate at 60% 

confluence were co-transfected with NF-κB luciferase reporter and TK-Renilla luciferase 

(control) plasmids and 24 h post-transfection treated with increasing doses of HT for 24 h. 

Luciferase (Fire-fly; test and Renilla, transfection efficiency control) activity in protein 

lysates was assessed using a dual-luciferase assay system. Relative luciferase unit (RLU) 
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with respect to control has been plotted. (C) To assess the change in cellular distribution of 

NF-κB/p65 upon HT-treatment, total, nuclear and cytoplasmic extracts were prepared from 

HT-treated cells treated and expression of NF-κB/p65 determined by Western blot analysis. 

β-actin was used as a loading control for whole cell lysates; HDAC and α-tubulin served as 

loading control of nuclear and cytoplasmic fractions, respectively.
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Figure 6: HT-treatment reduces activity and expression of AR.
(A) LNCaP and C4–2 cells seeded in 12-well plate at 60% confluence were transfected with 

AR-responsive plasmid according to the manufacturer’s protocol and treated with increasing 

concentration of HT after 24 h. Luciferase activity in protein lysates collected post 24 h HT 

treatment was assessed using a dual-luciferase assay system. (B) Expression of AR and an 

AR-responsive protein, PSA, was also tested in whole cell lysates of HT-treated cells by 

immunoblot assay. β-actin was used as the loading control.
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Figure 7: Schematic representation for mechanism of action of HT in prostate cancer cells.
HT inhibits activation of Akt and reduces NF-κB level in the nuclear fractions. Inhibition of 

NF-κB modulates the expression of cell survival and proliferation related molecules in the 

HT treated prostate cancer cells. HT prevents constitutive STAT3 activation which may be 

further be involved in the inhibition of growth and survival of prostate cancer cells. HT also 

inhibits endogenously expressed androgen receptor (AR) and its target, prostate specific 

antigen (PSA) in prostate cancer cells.
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