
 

 

 

 

 

PREFACE 

 
This TFG has been done at the Department of Pharmacology in the School of Medicine and Dentistry 

of the University of Santiago de Compostela (USC), under the supervision of Prof. Manuel Freire-

Garabal Núñez and Prof. María Jesús Núñez Iglesias, members of the SNL group, Dr. Elena Cartea 

González, director of the Group of Genetics, Breeding and Biochemistry of Brassicas from the Misión 

Biológica de Galicia (CSIC). The SNL group of the USC has, as one of its main objectives, the screening 

of new compounds with potential efects on cancer development and metastases. These compounds 

include target-driven synthetic drugs as well as molecules from natural sources including vegetables 

and microalgae. 

 

The preclinical phase in the discovery of a new anti-cancer compound is a long and complex work and  

becomes very difficult for a couple of under-graduate students to complete the whole process during 

an academic year. Therefore, our directors committed us to analize the in vitro effects of different 

isothyocianates present in turnip tips on the viability and proliferative activity of PC-3 and DU-145 

prostate cancer cells, that is a significant part of the determinations that leads a researcher to further 

investigate in the anti-cancer effects of a natural compound. 

 

Our work at this group let us familiarize with basic laboratory abilities as well as know some advanced 

techniques that will let us engage in future research activities. We are proud to have contributed in a 

small, but significant piece, of a long term study focused to analyze the in vitro and in vivo effects of 

different natural compounds on different types of cancer, and expect to have the possibility to 

continue with these investigations with the same pleople in a near future. Many thanks to all 

laboratory members from the SNL and the Misión Biológica de Galicia (CSIC) for their help and 

guidance during this time. 
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SUMMARY 

 

Isothiocyanates (ITCs), natural compounds found in several vegetables, have demonstrated some 

chemopreventive and anti-cancer activities both under in vitro and in vivo conditions. In this study, we assayed 

the effects of 2 ITCs found in turnip tops grown in Galicia, PTC and 4PI, that were not previously tested on cancer 

models, on the survival and proliferation of cultured PC-3 and DU-145 prostate cancer (PCA) cells in the presence 

or in absence of anti-cancer drug docetaxel.  

 

Our results show that PTC inhibited in a significant manner the viability of PCA cells at different interval (24, 48 

and 72 h) in a dose-dependent manner. Furthermore, this compound potentiated the effects of docetaxel on 

both parameters in a significant manner. On the contrary, 4PI showed no effect. 

 

These results let us hypothesize that PTC may find use in the treatment of human prostate cancers, both as 

chemopreventive and anti-cancer drugs, and can result in nutritional recommendations for cancer patients.  

 

 

 

INTRODUCTION 

 

Prostate cancer (PCA) represents 15% of the cancers in men, 

being the second leading cause of death related to cancer in 

men [22] and the fourth most frequent cancer overall in 2012 

[9]. Developed regions account for 70% of the prostate 

cancers and changes in diet and lifestyle are causing an 

increase of PCA in other regions [13].  

 

Treatment selection depends on many factors like age, 

coexisting medical illnesses, symptoms and presence of 

distant metastases. Besides surgical and radiation therapies, 

hormonal treatments, including androgen-synthesis 

inhibitors, androgen-receptor antagonists and LHRH agonists, 

represent the mainstream selection for PCA. Other natural 

and synthetic compounds, like natural and semisynthetic 

taxanes (docetaxel, paclitaxel) have also shown cytotoxic 

activity and are commonlly used in advanced stages of this 

disease [17,28]. Nevertleless, even in cases of successful 

treatment, PCA treatment is associated with long-term and 

pervasive effects on patients.  

 

Natural compounds such as bioactive food components are 

increasingly being evaluated as potential prostate cancer 

chemopreventive agents because of their presumed safety 

and can result in nutritional recommendations for cancer 

patients, as an adjuvant to the main treatment [19,28].  

 

Isothiocyanates (ITCs) are naturally occurring compounds 

present in various cruciferous vegetables, such as broccoli, 

cauliflower, watercress, kale among others and are very 

effective as a protection against chemically induced cancers 

in animal models [28]. Increased consumption of cruciferous 

vegetables may be protective against PCA risk [40,41,45]. 

However, the activity of ITCs against prostate cancer cells has 

not been systematically assessed.  

 

Some studies indicate that ITCs can inhibit proliferation of 

cultured cancer cells, induce apoptosis, cell cycle arrest, 

down regulate expression of androgen receptors and 

abrogate DHT induced activation [19,27,39,46].  

 

To further elucidate this latter interaction, in this assay we 

analyzed the in vitro effects of ITCs found in turnip tops, PTC 

and 4PI, on the viability and proliferation activity of PC-3 and 

DU-145 androgen-independient human prostate cancer cells. 

 

METHODS 

 

Cell culture 

Human prostate cancer cell lines PC-3 (PC-3 ATCC® CRL-

1435™) and DU-145 (DU-145 ATCC® HTB-81™) were obtained 

from the American Type Culture Collection (ATCC). 

Monolayer cultures of PC-3 and DU-145 cells were 

maintained in F-12K Nutrient Mixture (Kaighn's Modification) 

supplemented with 10%(v/v) non-heat inactivated fetal 

bovine serum, and 10 ml/l of penicillin-streptomycin 

Antibiotic Mixture (Gibco BRL). Cultures of all two cell lines 

were maintained at 37C in a humidified atmosphere of 95% 

air and 5% CO2. 

 



Cell survival assay 

The effect of ITCs on survival of PC-3 and DU-145 cells was 

determined by trypan blue dye exclusion assay. For trypan 

blue dye exclusion assay, 9x10
3
 cells were plated in 24-well 

plates, and allowed to attach overnight. The medium was 

replaced with fresh complete medium containing desired 

concentrations of isothiocyanates (4PI: 10, 25, 50, 100, 500 

μM and PTC: 1, 2, 4 μM), docetaxel (1, 2 nM) and control 

(DMSO, final concentration <1%), and the plates were 

incubated for 24, 48 or 72 h at 37C in a humidified 

atmosphere of 95% air and 5% CO2. Both floating and 

adherent cells were collected and pelleted by centrifugation 

at 1000g for 5 min. The cells were re-suspended in 25 ml 

phosphate buffered saline (PBS), mixed with 5 ml of 0.4% 

trypan blue solution and counted using a hemocytometer. 

 

Cell proliferation assay by MTT 

The effect of PTC and 4PI on the proliferation of PC-3 and DU-

145 cells was measured by MTT assay. Cells were plated at a 

density of 4.5 x 10
3
 cells/well into 96-well plates. After 24 

hours’ incubation, various concentrations of ITCs (4PI: 10, 25, 

50, 100, 500 μM and PTC: 1, 2, 4 μM), Docetaxel (1, 2nM) and 

blank control were added and incubated. After 48h, 10 μl of 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT, 5 mg/ml) were added into each well and then 

incubated for 4 h. After that, 100 μl of the solubilization 

solution were added to each well and plates were allowed to 

stand overnight in an incubator in a humidified atmosphere. 

The optical density (OD) for each well was measured by a 

microplate reader (Bio-Tek) at a wavelength of 570 nm.  

 

RESULTS 

Cell survival 

We determined the effect of two ITC (PTC and 4PI) on cell 

survival using a pair of well-characterized human prostate 

cancer cell lines (PC-3 and DU-145) as a model. The effect of 

ITCs on survival of PC-3 and DU-145 cells was determined by 

trypan blue dye exclusion assay, and the results are 

summarized in Figure 1.  

 
ITC inhibited survival of cultured human prostate cancer 

cells 

The survival of PC-3 and DU-145 cells was decreased 

significantly on an exposure to PTC in a concentration-

dependent manner, but not in a time-dependent manner.  

However, the DU-145 cell line was relatively less sensitive to 

growth inhibition by PTC compared with PC-3 (Figure 1). For 

instance, the survival of DU-145 cells was decreased by about 

34.27 % on a 24-hour exposure to 2 M PTC; however, the 

same treatment resulted in an 42.47 % inhibition of PC-3 cell 

viability. 

On the other hand,  the survival of PC-3 and DU-145 cells was 

not modified on an exposure to 4PI for all the tested doses  

(data not shown) 

  

ITC sensitized PC-3 and DU-145 cells to growth suppression 

by docetaxel 

Docetaxel remains the treatment of choice for androgen-

independent human prostate cancer cells with both 

symptomatic and survival benefits in men with metastatic 

cancer. However, its side effects limit its usefulness, being 

highly desirable to increase its efficacy. In this way, we 

showed that the PTC and docetaxel combination was 

significantly more efficacious against viability of PC-3 and DU-

145 cells compared with PTC or docetaxel treatment alone, 

being this cell growth supression by docetaxel synergistically 

augmented in the presence of PTC. For example, viability of 

PC-3 cells was marginally affected in the presence of 1 nM 

Docetaxel alone, while exposure to 4 μM PTC resulted in 

about 52 % inhibition of cell survival compared with DMSO-

treated control. The viability of DU-145 cells was reduced by 

about 60% by a 48 h co-treatment with 4 μM PTC and 1 nM 

Docetaxel in comparison with vehicle-treated control cells 

with observed combination index of 1.2 indicating synergy 

between PTC and Docetaxel (Tables 1 and 2). 

 

 

 
Figure 1. PTC sensitized PC-3 and DU-145 cells to growth 

inhibition by docetaxel. Survival (trypan blue dye exclusion 

assay) of PC-3 cells following 24, 48 and 72 h treatment with 

DMSO (control) or the indicated concentrations of PTC 

and/or docetaxel. Results shown are mean ± SE (n= 3). 

Significantly different (P<0.05) compared with * control 

group; 
#
 docetaxel 2nM group;  docetaxel groups 
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24h 

Docetaxel PTC Combination treatment 

indexe dose MSR p dose MSRa pb expectedc observedd p 

1 0.99 > 0.05 1 0.86 <0.05 0.85 0.78 > 0.05 1.09 

1 0.99 > 0.05 2 0.53 <0.05 0.52 0.44 > 0.05 1.18 

1 0.99 > 0.05 4 0.51 <0.05 0.5 0.42 > 0.05 1.19 

2 0.75 <0.05 1 0.86 <0.05 0.65 0.47 < 0.05 1.38 

2 0.75 <0.05 2 0.53 <0.05 0.4 0.36 > 0.05 1.11 

2 0.75 <0.05 4 0.51 <0.05 0.38 0.34 > 0.05 1.12 

48h 

Docetaxel PTC Combination treatment  

index dose MSR P dose MSR P expected observed P 

1 0.95 > 0.05 1 0.84 <0.05 0.8 0.77 > 0.05 1.04 

1 0.95 > 0.05 2 0.58 <0.05 0.55 0.42 > 0.05 1.31 

1 0.95 > 0.05 4 0.56 <0.05 0.53 0.41 < 0.05 1.29 

2 0.76 <0.05 1 0.84 <0.05 0.64 0.51 < 0.05 1.25 

2 0.76 <0.05 2 0.58 <0.05 0.44 0.32 < 0.05 1.38 

2 0.76 <0.05 4 0.56 <0.05 0.43 0.31 < 0.05 1.39 

72h 

Docetaxel PTC Combination treatment  

index dose MSR P dose MSR P expected observed P 

1 0.95 > 0.05 1 0.81 <0.05 0.77 0.75 > 0.05 1.03 

1 0.95 > 0.05 2 0.52 <0.05 0.49 0.39 < 0.05 1.26 

1 0.95 > 0.05 4 0.51 <0.05 0.48 0.37 < 0.05 1.3 

2 0.66 <0.05 1 0.81 <0.05 0.53 0.47 < 0.05 1.13 

2 0.66 <0.05 2 0.52 <0.05 0.34 0.32 > 0.05 1.06 

2 0.66 <0.05 4 0.51 <0.05 0.34 0.29 > 0.05 1.17 

 

Table 1. Analysis of synergy between PTC and docetaxel 

combination against PC-3 cell proliferation. 
a
MSR: mean survival rate compared with DMSO-treated 

control group. 
b
p value was determined by one-way ANOVA 

followed by Tukey's test. 
c
Survival rate of docetaxel-treated 

group multiplied by that of the PTC-treated group. 
d
Survival 

rate of combination treatment group. 
e
Index was calculated 

by dividing the expected survival rate by the observed 
survival rate. An index of >1 indicates synergistic effect and 
an index <1 indicates less than additive effect. 
 

24h 

docetaxel PTC Combination treatment 

index dose MSR P dose MSR p expected observed p 

1 0.98 >0.05 1 0.9 <0.05 0.88 0.87 >0.05 1.01 

1 0.98 >0.05 2 0.72 <0.05 0.71 0.67 >0.05 1.06 

1 0.98 >0.05 4 0.45 <0.05 0.44 0.44 >0.05 1 

2 0.75 <0.05 1 0.9 <0.05 0.68 0.6 >0.05 1.13 

2 0.75 <0.05 2 0.72 <0.05 0.54 0.46 <0.05 1.17 

2 0.75 <0.05 4 0.45 <0.05 0.34 0.33 >0.05 1.03 

48h 

Docetaxel PTC Combination treatment 

index dose MSR P dose MSR p expected observed P 

1 1 >0.05 1 0.85 <0.05 0.85 0.84 >0.05 1.01 

1 1 >0.05 2 0.66 <0.05 0.66 0.61 >0.05 1.08 

1 1 >0.05 4 0.48 <0.05 0.48 0.4 >0.05 1.2 

2 0.77 <0.05 1 0.85 <0.05 0.65 0.61 >0.05 1.07 

2 0.77 <0.05 2 0.66 <0.05 0.51 0.48 >0.05 1.06 

2 0.77 <0.05 4 0.48 <0.05 0.37 0.35 >0.05 1.06 

72h 

Docetaxel PTC Combination treatment 

index dose MSR P dose MSR P expected observed P 

1 0.98 >0.05 1 0.82 <0.05 0.8 0.8 >0.05 1 

1 0.98 >0.05 2 0.67 <0.05 0.66 0.58 <0.05 1.14 

1 0.98 >0.05 4 0.45 <0.05 0.44 0.44 >0.05 1 

2 0.68 <0.05 1 0.82 <0.05 0.56 0.54 >0.05 1.04 

2 0.68 <0.05 2 0.67 <0.05 0.46 0.42 >0.05 1.1 

2 0.68 <0.05 4 0.45 <0.05 0.31 0.3 >0.05 1.03 

 

Table 2. Analysis of synergy between PTC and docetaxel 

combination against DU-145 cell proliferation. See the 

legend of Table 1 for further explanation. 

Effects of ITCs on proliferation of PC-3 and DU-145 cells. 

PC-3 and DU-145 cells were treated with different 

concentrations of PTC and 4PI for 48 h. The MTT assay results 

are shown in Table 3. 

PTC did not inhibit the proliferation of PC-3 and DU-145 cells 

(p>0.05), however the antiproliferative effect of the 

docetaxel was significantly potenziated by the PTC (Table 3). 

On the contrary, 4PI showed no effect (data not shown). 

 

 PC-3 DU-145 

 MEAN S.E. MEAN S.E. 

0(0) 1.25 0.3 0.94 0.6 

1(0) 2.47 0.7 1.72 0.6 

2(0) 5.82 0.7 2.83 0.7 

4(0) 8.81 0.9 3.91 1.7 

0(1) 35.01* 1.4 31.01* 5.3 

1(1) 37.54* 4 31.22* 6.1 

2(1) 39.42* 6.1 33.95* 5.9 

4(1) 51.2* 6 35.51* 7.3 

0(2) 49.11* 5 42.14* 5.2 

1(2) 53.01* 7 43.98* 7.8 

2(2) 55.17* 8 47.02* 6 

4(2) 54.82* 7.7 41.13* 6.9 

 

Table 3. Percentage inhibition of proliferation of PC-3 and 

DU-145 cells. The cells were treated with PCT for  48h. Final 

concentration of the compounds are shown: PTC μM 

(Docetaxel nM). Proliferative activity was determined by MTT 

assay. *p<0.05 vs control. 

 

 

DISCUSSION 

 

In our study, PTC inhibited the viability of cultured PC-3 and 

DU-145 human PCA cells in a significant and dose-dependent 

manner. Furthermore, it sensitized both cells to growth and 

proliferation suppression by docetaxel. 

 

Our results using PCA cells are consistent with previous 

results of studies using isothiocyanates and its analogues. A 

review of the literature shows that some ITCs can inhibit 

proliferation, deregulated cell signaling, epithelial to 

mesenchymal transition (EMT), invasion, metastasis, tumor 

growth and angiogenesis, and induce apoptosis of PCA cells 

under in vitro conditions [22,27,36,40,41,45,46].  

 

Prostate cancer is becoming a leading cancer in men and its 

incidence is increasing, different types of strategies have 

been designed in order to reduce the impact on the 

population. Epidemiological studies suggest an interaction 

among several risk factors in the development and 

progression of PCA [7] including genetic risk, family history, 

socioeconomic status, inflammation, life style and diet 

[26,30]. Moreover, PCA incidence and mortality differ 

between countries and between men of different race or 

ethnicity [49], that may partly be explained by differences in 

dietary patterns [42] and dietary components [13].  

 



Both nutritional oncology and nutrigenomics should try to 

discover the behavior of cells towards a particular nutrient, 

discovering biomarkers for early diagnosis, personalized diets 

with health benefit and potential treatments [16,29]. 

Strategies should be targeted to multiple mechanisms, 

possibly being more effective, cost-effective and accessible 

for cancer patients than conventional therapies and may 

provide nutritional support guidelines for terminal stage 

cancer patients. 

 

Bioactive food components are increasingly being evaluated 

as potential PCA chemopreventive agents and adjuvant 

treatments in cancer patients [19]. Research in the field of 

nutrigenomics is required for the development of effective 

nutritional protocol and supplement formulas for specific 

stages and diseases. Nutritional compounds can play a 

significant role in cancer affecting inflammation, 

angiogenesis, and proliferation, and metastaticity through 

multiple mechanisms [26,42].  

 

Investigations performed in the 1960s and 1970s suggested 

that dietary constituents from vegetables might diminish the 

impact of exposures to chemical carcinogenesis. Using rodent 

models, Graham et al. [10]  observed that the risk for colon 

and rectum cancer was increased among individuals with low 

consumption of cabbage, Brussels sprouts, and broccoli and 

decreased among those with high consumption of these 

vegetables, pointing out that ‘the findings are consistent with 

the decreased number of tumors in animals challenged with 

carcinogens and fed compounds found in the same 

vegetables’.  

 

Glucosinolates and isothiocyanates are chemically related in 

plants. Glucosinolates are accompanied by, but physically 

separated from, β-thioglucosidase enzymes known as 

myrosinases. Upon tissue damage, enzyme and substrate 

come in contact, resulting in rapid hydrolysis. Glucose is 

liberated and unstable aglucones are formed that 

spontaneously rearrange to a number of reactive 

compounds, of which the isothiocyanates are important 

examples [5].  

 

When administered orally to rodents, ITCs can protect animal 

against carcinogenesis both in genetic and adquired models 

of cancer [6], including lung, esophagus, stomach, colon, 

mammary gland, bladder, pancreas, and skin cancers. ITCs 

also inhibit tumor growth in xenograft models using prostate 

PC-3 cancer cells [24], colorectal [4], Barrett esophageal [32], 

and breast [15] cancer cells. Moreover, cotreatment with 

sulforaphane enhances the antitumor effect of 17-allylamino 

17-demethoxygeldanamycin (17-AAG), an Hsp90 inhibitor, 

and inhibits tumor growth by more than 70% [21] in a 

pancreatic cancer xenograft model.  

 

Mechanisms of action of isothiocyanates are multiple and 

include alterations in the activities of drug-metabolizing 

enzymes that affect carcinogen metabolism [5,14,25,35,37] ; 

the  expression of cancer-related genes [6]; 

immunomodulatory activities [18], cell cycle arrest [20] and 

apoptosis induction [1]; changes in histone acetylation status 

[23]; inhibition of angiogenesis [34] and metastasis [15] 

pathways; and antioxidant [43] and anti-inflammatory effects 

[12]. 

 

In our study we also demosntrated that ITC potentiated the 

inhibitory effects of Docetaxel in the viability and 

proliferative activity of PC-3 and DU-145 cells in a dose-

dependent manner. Patients with anti-androgen-resistant 

PCA are commonly used with taxanes like docetaxel. This 

drug binds to the β-subunit of tubulin, altering microtubule 

dynamics, and ultimately leads to mitotic arrest and 

apoptosis [3].  

 

Previous studies [44] have also demonstrated the efficacy of 

ITCs like phenethyl isothiocyanate (PEITC) on the 

sensitization of PC-3 and DU-145 cells to Docetaxel-induced 

apoptosis using cellular and xenograft models in association 

with changes in of apoptosis regulating proteins.  

 

Chemosensitivity to Docetaxel may be attributable to 

differential factors, like the differences in the expression of 

pro-survival factors induced by ITCs, like the activation the 

oncogenic transcription factor STAT3 (signal transducer and 

activator of transcription 3) that is involved in the 

development and progression of prostate and other types of  

cancer [1]. Nevertheless, STAT3 is constitutively active in DU-

145 cells, but not in PC-3 prostate cells [33]. The PC-3 cell line 

does not express the tumor suppressor PTEN, what results in 

constitutive activation of Akt [38]. Serine-threonine kinase 

Akt is not constitutively active in DU-145 cells due to robust 

expression of PTEN [38]. Therefore, difference in constitutive 

activation of Akt between PC-3 and DU-145 cells may also 

contribute to their differential sensitivity appeared in some 

studies to the combination of ITCs and Docetaxel. However, 

further studies are needed to systematically explore these 

mechanistically intriguing possibilities. 

Chemosensitivity to Docetaxel may also be influenced by 

other prosurvival molecules like Bcl-2 , Stat1, and PIM1 

kinase [31,48]. Apoptotic response to PEITC in prostate 

cancer cells seems to be influenced by a change in the ratio 

of proapoptotic-anti-apoptotic Bcl-2 family members [44]. 

PEITC-mediated sensitization of PCA cells to Docetaxel-

induced apoptosis was also found to have correlation with 

suppression of Bcl-2 and induction of Bax and Bak under in 

vitro and in vivo conditions. For example, the Docetaxel-

mediated suppression of Bcl-2 in cultured PC-3 cells is 

exacerbated in the presence of PEITC [44].  



The XIAP protein may be another biomarker to assess 

response to PEITC-Docetaxel combination treatment. The 

XIAP, a direct inhibitor of executioner caspase-3 and initiator 

caspase-7 [9] may be another biomarker to assess response 

to PEITC-Docetaxel combination treatment. XIAP inhibition 

has been shown to increase chemotherapy sensitivity in 

cancer cells [2]. Xiao et al. [44] demosntrated that the 

Docetaxel- PEITC combination treatment resulted in robust 

down-regulation of this protein. These authors also suggest 

that the PEITC-Docetaxel combination could also be related 

to inhibition of NF-κB because PEITC inhibits NF-κB-regulated 

gene expression in cultured PC-3 cells [47]. Nevertheless, 

further studies should be performed in order to verify these 

and other possibilities. 

In conclusion, the review of the literature and our data at 

present let us consider that cruciferous vegetables containing 

ITCs, as well as ITCs isolated from these plants could be 

included in PCA patients both as chemopreventive and anti-

cancer drugs, or/and could result in nutritional 

recommendations for cancer patients. Nevertheless, further 

investigation is necessary to understand the pathways, 

effects and implications of the preventional-adjuvant therapy 

with these ITCs.   

 

The research group is working with will follow up with the 

investigacions designed to elucidate the effect of the 

compounds here reported on other parameters such 

apoptosis and the expression of some genes involved in the 

process of local invasion and metastasis produced by these 

and other prostate cancer cells under in vivo and in vitro 

conditions. These drugs will also be tested in other cancer 

cells, most of them belonging to the NCI60 (sixty types of 

cells belonging to the nine most frequent types of cancer, 

recommended by the national Cancer Institute for the 

screening of new anti-cancer drugs). We would like to take 

part in these investigations, and maybe, in a near future, we 

can contribute to report these data in a scientific article or in 

a doctoral thesis. 
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