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ABSTRACT. Metastatic prostate adenocarcinoma is unresponsive to alkylator chemotherapy with virtually no 
prolonged reml.ssions. Glutathione (GSH) and glutathione S-transferase (GST) have been reported to play a role 
in tumor resis:ance to alkylator therapy; however, there are no baseline studies that have investigated and 
compared GSH and GST in human prostate cell lines and tissues. Thus, we determined the GSH content and 
GST activity in benign prostate, in primary and metastatic prostate adenocarcinoma tissues, in immortal 
adenocarcinoma cell lines, and in primary cell cultures derived from both benign prostate and primary prostatic 
carcinoma tissue. The GSH content was higher in the immortal cell lines than in the fresh tissues and primary 

cultures. Conversely, the GST activity was significantly higher in the tissues and primary cultures than in the 
cell lines. The GSH content and GST activity of the primary cultured prostatic cells were similar to those of the 

prostate tissues. The differences between the immortal prostate cancer cell lines and prostate tissue are of 
sufficient magnitude to suggest that in vitro results with cell lines may not extrapolate to prostate cancer in oioo. 

The GSH content and GST activity in a prostate specific antigen-secreting human prostate tumor xenograft, 
LuCaP23, maintained in nude mice were similar to those of human prostate tissue and primary cultures. Both 
the xenograft and primary cultures from patients with prostate cancer may be more appropriate models than 
established cell lines for investigating techniques to increase the effectiveness of alkylators in prostate cancer. 
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The failure of conventional chemotherapy and the develop- 

ment of resistance in tumors have led to a number of tech- 
niques to improve the effectiveness of current agents as well as 
to circumvent de novo and acquired resistance. An approach 
for alkylator resistance is the depletion of tumor GSH** con- 
tent by BSO [l]. This is based on studies that reported a direct 
relationship between GSH content and drug resistance [2--4]. 

The role of GSH in modulating resistance to alkylating 
agents results from the GST-mediated conjugation of the elec- 
trophile to GSH, yielding the glutathionyl conjugate. Thus, 
both GSH depletion by BSO and GST inhibition have in- 
creased the tumoricidal activity of melphalan, a prototypic 
alkylating drug [5, 61. H ow-ver, there are no baseline data on I_ 
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the GSH content and total GST activity profiles of fresh 
prostate tissues as compared with those of established cell lines 
that would establish or suggest appropriate model systems for 
the study of GSH and GST modulation. Thus, we sought to 
identify the most appropriate model system that approximates 
the GSH content and total GST activity in fresh prostatic 
tissue. 

MATERIALS AND METHODS 

The androgen-insensitive prostate cancer cells l-LN, DU145, 
and PC3 [7-91 were studied during exponential growth in 
RMPI 1640 with 5% fetal bovine serum. LNCaP, an androgen- 
sensitive prostate cancer line [lo], was maintained in the same 
medium with 1% ITS+ (Collaborative Research, Bedford, 
MA). 

Primary cultures of human prostate epithelial cells were 
grown from pathologically confirmed benign or malignant pri- 
mary cancers. Specimens were placed in tissue culture within 
0.5 hr of temoval from patients as previously described [ll]. 
Immunohistochemical characterization of these cells as pros- 



tate-derived was performed using a panel of monoclonal anti- 

bodies to cytokeratins, PSA, and prostatic acid phosphatase. 

Tissue culture conditions were maximized to inhibit fibroblast 

proliferation and allow epithelial prostatic cell growth. The 

primary prostate cell cultures were tested for GSH content and 

total GST activity within 2-3 weeks of establishment in cell 

culture from the time they were removed surgically from pa- 

tients. 

Pathologically confirmed prostate tissue from patients with 

BPH, or primary or metastatic prostatic carcinoma was sec- 

tioned and snap-frozen in liquid nitrogen within 0.5 hr from 

surgical removal. Metastatic tissues from nine patients con- 

sisted of 4 samples from regional lymph nodes, 2 from bone 

metastases, 1 each from a pelvic mass, a subcutaneous nodule, 

and a lung metastasis. These samples were provided from tissue 

banks at Duke University Medical Center, Memorial Sloan- 

Kettering Institute, University of Vermont Comprehensive 

Cancer Center, and the NC1 Repository Tissue Bank, Mid- 

western Division, Ohio State University. 

The xenograft tumor was obtained from a patient with stage 

D2 adenocarcinoma of the prostate, who had not been treated 

with hormones, chemotherapy, or radiation therapy. A num- 

ber of retroperitoneal lymph nodes and liver foci were im- 

planted in male athymic (BALB/c nu/nu) mice. Three of 

twelve sublines producing high levels of PSA became the focus 

of additional studies [12]. Fluorescence in situ hybridization 

(FISH) analysis confirmed the fact that the tumors were hu- 

man in origin. One of these sublines, LuCaP23, was passaged 

in nude mice; it was androgen sensitive and secreted PSA into 

the serum. When LuCaP23 was passed in uitro, it gradually 

became androgen insensitive and displayed decreased ability to 

secrete PSA. The xenograft tissue tested in this study was 

directly from the nude mice in viuo passage and displayed an- 

drogen sensitivity.* 

For GSH and GST, cell pellets or tissues were suspended in 

0.1 M phosphate buffer, pH 7.5, and disrupted by sonication or 

homogenization. The cell lysate or tissue homogenate was cen- 

trifuged, and the supernatant was used for GST, GSH, and 

protein. All determinations were performed in duplicate. GSH 

was assayed by HPLC using the monobromobimane derivati- 

zation method described by Anderson (121. GST was deter- 

mined by the change in absorbance at 340 nm of chlorodini- 

trobenzene incubated in the presence of GSH [13]. Protein 

concentrations were measured according to the method of 

Lowry et a2. [14]. 

Statistical significance was determined by analysis of vari- 

ance. The finding of significance, P s 0.05, resulted in deter- 

mination of the source of the significance using the Fischer 

PLSD test. Data are reported as means f SEM. 

RESULTS 

SSH 

As shown in Table 1, the GSH content of the DU145 cell line 

was significantly greater than that of any of the other cell lines 

* Ellis WJ, Vessella RL, Buhler KR, Bugler SD, Curris DK, Bladau F and Lange The failure of conventional chemotherapy has led to recom- 

PH, Manuscript submitted for publicarion. mendations that therapy for metastatic prostate cancer should 

TABLE 1. Comparison of GSH and GST in lmmortal Prostate 
Cancer Cell Lines, Primary Cultures, the PSA&ecreting Xe- 
nograft, and Prostate Tissues 

Cell or tissue 

Cell lines 
PC3 

DU145 

l-LN 

LNCaP 

Primary cultures 

A. Benign 

B. Cancer 

PSA xenograft 

(LuCaP23) 

Tissue 

Normal prostate 

Primary cancer 

Metastatic 

GSH 
(nmol/mg protein) 

30 + 3” (8) 

66 f 5t (6) 

20+2 (7) 

20+ 3 (8) 

18 & 6 (4) 

22 f 3 (5) 

16 k 2 (4) 

12f2 (7) 

16 f 3 (9) 

llk4(7) 

GST 
(mU/mg protein) 

4.5 f 0.7 (8) 

5.7 f 1.0 (5) 

4.7 + 0.9 (7) 

1.7 k 0.4$ (7) 

15 + 39 (8) 

22 k 83 (5) 

10 + 2” (4) 

20 It: 49 (9) 
23 f 54 (8) 

12 f 2d (9) 

Values are means + SEM of the “umber of experiments gwen m parentheses. 

* Signkcanrly greater than hemgn (I’ = 0.002) and metasfatlc prosrate (P = 5 005) 

t~ssuc, anJ the xenograft (I’ = 0.005). 

t Signikantly grexer than the other Immortal cell ll”es (P = 0 0002-O Cl 1, thr 

xenugraft (P = O.OOOl), the primary culturea (normal P = 0.0004, cancer I’ = L1.003), xv.l 

the prostate tissues (P = 0.0001 for iill). 

I: Significantly leas than the orher nnmortal cell lmes (P = 0.008-0.03). 

ij S@hcantly greater than the immortal cell Ire (P = 0.002-0.02). 

” Signlftcantly greater than the mmortahzed cell Ime, (P = 0.001-0.05). 

and tissues measured. The GSH contents of DU145 and PC3 

were significantly higher than that found in the fresh surgical 

specimens. Interestingly, the GSH content of the PSA-secret- 

ing xenografts did not differ from that of freshly isolated pros- 

tate tissue or primary cultures. There was no statistically sig- 

nificant difference between the GSH contents of the xenograft 

tissues, primary cultures and the fresh tissue when compared 

with each other. However, these three groups were quite dif- 

ferent statistically from the PC3 and DU145 cell lines (I’ s 

0.01). There was a great deal of variability in GSH content 

both within and among samples from patient with BPH (N = 

7), primary (N = 9), or metastatic carcinoma of the prostate 

(N = 7) (Fig. 1, top panel). However, there was no significant 

difference in mean GSH content between any of the benign, 

malignant, or metastatic tissues removed from patients. 

SST 
Table 1 also shows that the GST activity of all of the immor- 

talized cell lines was significantly less than that of the primary 

cultures, prostate tissues, or the xenograft tissues (I’ c 0.01). 

Despite the apparent difference between the metastatic tumors 

(N = 9), and the benign (N = 9) and primary prostate cancer 

tissue (N = 8) (Fig. 1, bottom panel), the large standard errors 

prevented statistical significance (P = 0.14). Similar to the 

results found for GSH, the GST activities in the primary cul- 

tures, fresh surgical tissues, and xenograft tissues were not sta- 

tistically different from each other. 

DISCUSSION 
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FIG. 1. GSH (top panel) and GST (bottom panel) in individual 
samples from prostate tissue determined to be either benign, 
malignant limited to the prostate, or from metastases derived 
from a primary prostate adenocarcinoma. The number of data 
points differs from the N stated in the text due to a number of 
values that were either identical or too close in value to be 
shown in the figure. 

be limited to novel agents or old agents used in novel ways [ 15, 

161. One of these approaches was to deplete GSH to resensitize 

tumors that had become resistant to melphalan [l, 5,6]. Thus, 

it is important to identify appropriate model systems that 

mimic fresh prostatic tissues in their GSH and total GST 

activity profiles. 

We found that the GSH content of two androgen-insensi- 

tive cell lines (PC3 and DU145) growing at mid-log was sig- 

nificantly higher than that of fresh prostate and xenograft 

tissues. This may be because GSH content appears to be di- 

rectly related to the state of proliferation of cells in culture 

[17]. Because the proportion of cells in mitosis in prostate 

tissue is small [ 181, prostate jrissue would be equivalent to con- 

fluent cells in culture, which contain less GSH than during 

mid-log growth. In our study, the PSA-secreting prostate can- 

cer xenograft and primary prmtate cancer cultures, whose GSH 

content and GST activity were similar to those of fresh prostate 

tissue, may offer more potential for in viva and in witro studies, 

respectively, than the immortalized prostate cancer cell lines. 

Modulation of GST activity also has been shown to affect 

the sensitivity of tumor cell lines to alkylating agents. Inhibi- 

tion of GST by either ethactynic acid or piriprost enhanced 

alkylator cytotoxicity to both rat and human cancer cell lines 

[19, 201. In contrast to the GSH data, the GST activity of the 

immortal cell lines grown at mid-log was lower than either the 

fresh prostate tissues, the primary cell cultures, or the PSA- 

secreting xenograft tumor. Though this study did not examine 

GST isoenzyme patterns, the similar total GST activities of 

fresh tissues, primary cultures, and xenograft tissues may sug- 

gest that these two latter model systems may be more appro- 

priate for study of the effects of GST modulation. This obser- 

vation, as well as that for GSH content, suggests that the 

immortal prostate cancer lines are not an appropriate model to 

reflect the in viva state. 

Of additional importance to the in vitro-in viva translation 

is the report that as much as a 5-fold difference in GSH con- 

tent can exist in various cells comprising a single tumor [21]. 

This, in turn, would be reflected in the lack of a homogenous 

response to GSH depletion and to the ultimate success of 

subsequent alkylator therapy. The PSA-secreting xenograft 

maintained in the nude mouse or primary prostate cancer cul- 

tures, both with GSH content and GST activity similar to 

fresh prostatic adenocarcinoma tissue, may be a more useful 

model than immortalized prostate cancer cells for future stud- 

ies evaluating the role of GSH and GST modulation in the 

treatment of human prostate cancer. 
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