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Abstract. The angiotensin-converting enzyme (ACE) inhibitor captopril inhibits mito- 
sis in several cell types that contain ACE and renin activity. In the present study, we 
evaluated the effect of the ACE inhibitors captopril and CGS 13945 (lo-* to lo-* M) on 
proliferation and gene expression in hamster pancreatic duct carcinoma cells in cul- 
ture. These cells lack renin and ACE activity. Both ACE inhibitors produced a dose- 
dependent reduction in tumor cell proliferation within 24 hr. Captopril at a concentra- 
tion of 0.36 mM and CGS 13945 at 150 pM decreased cellular growth rate to approx- 
imately half that of the control. Neither drug influenced the viability or the cell cycle 
distribution of the tumor cells. Slot blot analysis of mRNA for four genes, proliferation 
associated cell nuclear antigen (PCNA), K-ras, protein kinase C-p (PKC-p) and car- 
bonic anhydrase II (CA II) was performed. Both ACE inhibitors increased K-ras ex- 
pression by a factor of 2, and had no effect on CA II mRNA levels. Captopril also 
lowered PCNA by 40% and CGS 13945 lowered PKC-p gene expression to 30% of the 
control level. The data demonstrate that ACE inhibitors exhibit antimitotic activity and 
differential gene modulation in hamster pancreatic duct carcinoma cells. The absence 
of renin and ACE activity in these cells suggests that the antimitotic action of captopril 
and CGS 13945 is independent of renin-angiotensin regulation. The growth inhibition 
may occur through downregulation of growth-related gene expression. 
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ngiotensin-converting enzyme (ACE) inhibi- 
tors are used widely in the treatment of sys- A temic hypertension and congestive heart fail- 

ure (1) .  Captopril (D-3-mercapto-2-methylpropanoyl- 
L-proline) is, among them, the most extensively used 
compound. Like all other ACE inhibitors, captopril 
blocks conversion of angiotensin I (Ang I) to angioten- 
sin I1 (Ang 11) and inactivates simultaneously the 
bradykinins (2).  Captopril is a thiol-containing drug 
and prevents accumulation of collagen and extracellu- 
lar matrix in vivo and in vitro (3, 4). In addition, it has 
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other pharmacologic properties: it is recognized as a 
free radical scavenger (3, as an antioxidant (6), and as 
a protease inhibitor (7). Some of these properties may 
be related to the presence of reduced thiol groups in its 
structure and are independent of its effect on the renin 
angiotensin system (3 ,  8). 

More recently, it has been reported that captopril 
inhibits proliferation of human neuroblastoma cells 
(9), canine renal epithelial cells (lo), human mammary 
ductal carcinoma cells (ll), and human lung fibro- 
blasts (12). Neuroblastoma is a renin-secreting tumor, 
and therefore the antiproliferative effect of captopril 
was ascribed to a decreased synthesis of Ang I1 by 
these cells, with a consequent loss of the mitogenic 
function which Ang I1 exhibits. Renin or ACE activity 
was also found in the other cell types (10-12), suggest- 
ing that the drug's cytostatic effect could also be ex- 
plained by a possible reduction in Ang I1 synthesis. 

We report here the effect of captopril and of an- 
other ACE inhibitor, CGS 13945 (CIBA GEIGY, Sum- 
mit, NJ), on the growth and proliferation of hamster 
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pancreatic ductal carcinoma cells, the WDCA (13). 
CGS 13945 is a 1-[4-(ethoxycarbonyl)-2-4 dimethyl- 
2R, 4R but y lrr ill - 2,3 - d i h y d ro- 2 5 -in d ole - 2- car b oxi 1 i c 
acid which does not contain -SH groups in its struc- 
ture. Thus, it differs from captopril for some of its 
pharmacological effects. In addition, CGS 13945 has 
no evidence to indicate that it possesses antioxidant, 
proteolytic, or scavenging activities. WDCA tumor is 
a well-differentiated pancreatic adenocarcinoma in- 
duced in Syrian hamster by the administration of 
N-Nitrosobis-(2-oxypropylamine) (BOP) ( I  3). In the 
present study, in addition to the proliferative function, 
the expression of some genes involved in the control of 
the growth of WDCA cells was also evaluated with or 
without the addition of captopril or CGS 13935 to the 
cultures. 

Materials and Method 
Pancreatic Cancer Cell Culture. WDCA cells 

were derived from pancreatic ductal carcinoma in- 
duced by BOP in hamsters as a transplantable ascitic 
tumor cell line (13). Fibroblast-free WDCA cells were 
grown in suspension culture in DME.Fl2 medium con- 
taining 10% NU-serum (Collaborative Research, Bed- 
ford, MA), supplemented with 2 mM L-glutamine, 
penicillin (100 U/ml), streptomycin (0.1 mg/ml), and 
amphotericin B (0.25 ug/ml) at 37.0 2 0.1"C in humid- 
ified 5% co2-95% air. 

Measurement of Growth. Ascitic cells in suspen- 
sion culture were centrifuged at 200g for 5 min and 
suspended in PBS. An aliquot of trypsinized cells were 
counted by suspending them in 0.1% crystal violet (w/ 
v) and 0.1% Triton X-100 (v/v) in 0.1 M citric acid 
solution. The nuclei were counted in a hemocytome- 
ter. The cell numbers were determined by incubating 
the cells in a 24-well chamber at the concentration of 2 
x lo4 cells per well, and by harvesting them at 24-, 48-, 
72-, and 96-hr intervals in triplicates. The cell viability 
was determined by the Trypan blue exclusion test (14). 

Cell Morphology. The cultures were examined 
and photographed using a Nikon inverted light micro- 
scope equipped with phase contrast optics at selected 
intervals of the cultures and during treatment. The 
cells were collected and fixed for 30 min in 1% para- 
formaldehyde-2.5% glutaraldehyde in 0.1 M cacodyl- 
ate buffer (pH 7.4) at 4"C, post-fixed in 1% osmium 
tetroxide, and further processed for electron micros- 
copy by embedding them in EMBED 812 (EM Sci- 
ences, Fort Washington, PA). Thin sections were 
stained with uranyl acetate and lead citrate and exam- 
ined in a Jeol 100 CK electron microscope at 60 kV. 
The cells in suspension were fixed in 1% paraformal- 
dehyde and processed for light microscopy by staining 
the sections with hematoxyline and eosine. 

Cell Cycle Analysis. The cell cycle populations 
were determined by analyzing the DNA after staining 
with propidium iodide (PI) by flow cytometry. The 
dissociated and pelleted cells were washed twice with 
Ca2+/Mg2+-free PBS, fixed in 70% ethanol, and 
stored at 4°C until the analysis (usually within 24 hr). A 
0.5-ml PI staining solution (50 kg/ml) containing 
RNAse (180 U/ml), Triton X-100 (0.1%) and polyeth- 
ylene glycol (30 mg/ml) in citrate buffer (4 mM) pH 7.8, 
was added to 1-2 x lo6 cells previously washed in 
Ca2'/Mg2+-free PBS and incubated at 37°C for 20 
min. An equal volume of salt solution containing PI (50 
&ml) Triton X-100 (0.1%) and polyethylene glycol 
(30 mg/ml) in 0.4 M NaCl solution was added. The 
suspensions were stored at 4°C for 6 hr before analysis 
in EPICS 752 cell sorter (Coulter Electronics, Hialeah, 
FL) (15). The data obtained by the counter were cal- 
culated by the MDADS computer. 

Gene Expression. RNA was isolated by RNA 
Zol extraction procedure (16). Quantitation of relative 
mRNA in RNA samples was performed by slot blot 
analysis (17). Gene expression was measured after 
treatment with respective inhibitors for 24 hr as well as 
in untreated cells. 

Statistical Studies. Data were analyzed by two- 
way analysis of variance (ANOVA), where appropri- 
ate. The collection of data per each point was carried 
out on triplicate samples and the averages of three 
different experiments were presented. Dose-response 
curves were generated by linear regression analysis 
and ICSO for each inhibition was determined from this 
data, which showed 50% reduction in cell numbers. 

Additional Measurements. The cellular activity 
of renin was evaluated by a radioimmunoassay (Gam- 
macoat [ 1251] Plasma Renin Activity Radioimmunoas- 
say Kit; INCSTAR Corp., Stillwater, MN), which 
measured the amount of Ang I generated during incu- 
bation of the cells. Angiotensin-converting enzyme ac- 
tivity was assayed by a spectrophotometric procedure 
(18). The -SH group content of the medium was mea- 
sured by Ellman's procedure (19). 

Results 
Morphology of Cells. Chemically transformed 

pancreatic ductal cancer (WDCA) cells are used in this 
study. Morphologically, these cells resemble human 
ductal cancer in nature and consists of columnar epi- 
thelial cells with hyperchromatic nuclei. This basic 
morphological appearance remained unchanged when 
passaged in inbred Syrian hamsters (13) and also in 
tissue culture throughout this investigation. These 
cells grew as clusters in suspension culture (Fig. IA). 
Treatment with 1 mM captopril or CGS 13945 for 24 hr 
appeared to reduce the size of the clusters (Fig. 1, B 
and C) compared with untreated controls (Fig. IA). It 
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Figure 1. Photomicrograph of WDCA cells. x63. (A) Untreated 
control cells, 24 hr (B) Captopril (1 mM), 24 hr. (C) CGS 13945 (1 
mM) 24 hr. 

is possible that the growth of WDCA cells by ACE 
inhibitors is mediated by inhibition of cluster forma- 
tion. All the cells remained viable (95?6-100%) as 
judged by Trypan blue exclusion test. 

The electron photomicrograph of WDCA cells in 
culture showed pleomorphic appearance exhibiting at 
least three different cell types. Neither captopril nor 
CGS 13945 influenced the WDCA cell morphology of 
either the most common form of these cells or the 
other two cell types observed in these cultures (pic- 
tures not shown). 

Cell Growth and Proliferation. The extent of 
WDCA cell proliferation as a function of time in rela- 
tion to untreated (control) cells and the ones exposed 
to equimolar concentration of 1 mM captopril or CGS 
13945 is shown in Figure 2. The cells treated with both 
ACE inhibitors displayed normal cell viability, and a 
time-dependent decrease in proliferation rate was ob- 
served with increase of time up to 96 hr of treatment 
(not shown here). However, the results from two-way 
ANOVA test for both time effect and group effect are 
significant (P  values are 0.0001 and 0.002, respec- 
tively). Further, the comparisons of control with cap- 
topril- or CGS 13945-treated cells are significantly dif- 
ferent, with P values of 0.001 and 0.003, respectively. 
In addition, a dose-dependent decrease in cell num- 
bers was also noticed (Fig. 3). The antimitotic activity 
of the two drugs was shown by the decreasing num- 
bers of WDCA cells after 24 hr of treatment, with a 
reduction up to 50% of the control cells (IC5J with a 
0.36 mM captopril concentration. A much lower IC5, 
of 150 p M  was required for CGS 13945 to exert its 
antiproliferative activity. 

The cell cycle phase distribution of untreated cells 
or of the cells treated with ACE inhibitors by flow 
cytometry, revealed no significant changes in the dis- 
tribution of cell cycle populations after 24 hr of expo- 
sure. WDCA cells did not possess either ACE activity 
or renin activity (Table I). However, they still exhib- 
ited antimitotic activity similar to that of the cells con- 
taining different levels of ACE and renin activities 
(Fig. 4). Both human lung fibroblasts and endothelial 
cells from bovine aorta showed measurable renin and 
ACE activities in culture. The activity in endothelial 
cells was five times higher for renin activity and 10 
times higher for ACE activity compared with activities 
found in lung fibroblasts (Table I). 

Modulation of Gene Expression. ACE inhibi- 
tors modulated the expression levels of growth-related 
genes: PCNA, PKC-p and two other genes: K-ras, and 
carbonic anhydrase I1 (CA 11). Both inhibitors showed 
a 2-fold increase in K-ras gene expression and a de- 
crease in PCNA gene expression by captopril and 
PKC-p gene by CGS 13945. Both inhibitors retained 
the normal levels of carbonic anhydrase gene expres- 
sion similar to untreated cells (Table I1 and Fig. 5) .  

It appears that the inhibition observed by ACE 
inhibitors was not influenced by the presence of cys- 
teine even though the medium had measurable amount 
of -SH groups (data not shown). This suggests that the 
antimitotic activity observed is not due to complete 
utilization of -SH groups in the cultures. 

Discussion 
Pancreatic cancer is the most fatal cancer in the 

United States, with a total 5-year survival rate of less 
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Figure 2. WDCA cell proliferation as a function of time in untreated control cells, and in cells exposed to 1 mM captopril or CGS 
13945. 
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Figure 3. Dose-response relationship of captopril and CGS-13945 as antimitotic agents of WDCA cells after 24 hr of treatment. 

Table 1. Concentration of Renin and ACE in 
Different Cell Cultures 

ACE activity 
Renin activity (% substrate 

(ng/106 cells/hr) hydrolyzed/106 Cell line 

ceIIs/min x 

Bovine aorta 0.78 ? 0.12" 70.4 2 15.3' 
endothelial 
cells 

fibroblasts 

(WDCA) 

Human lung 0.16 2 0.5" 6.8 ? 8.5b 

Pancreatic cancer Oa 0" 

Note. x ,  activity in human fibroblasts; 0, ???. 
a Present work. No measurable activity in pancreatic cancer 
cells. 

From Rubin et a/ .  1982 (27). 

than I%, and its incidence has increased steadily for 
the past two decades (20). Treatment is palliative and 
new therapeutic approaches are essential. 

The data presented here demonstrate that capto- 
pril and CGS 13945 delay the growth of cultured cells 

of a pancreatic ductal cancer that displays strong sim- 
ilarities to human pancreatic ductal cancers. This de- 
lay occurs without interference with either cell viabil- 
ity or cell morphology. However, the size of the clus- 
ters, in suspension culture, was shown to decrease. 
This is probably due to the inhibition of growth, re- 
flecting in lesser number of cells as a result of inhibi- 
tion of cell cluster formation, or due to the interference 
with cell-cell interaction or to the modification of cell 
surface antigens. This suggests that the antimitotic ac- 
tivity is not due to cytotoxicity of these chemicals and 
is not accompanied by changes in cell morphology. 

The maximum inhibition of cell growth at a con- 
centration of 0.36 mM captopril was 50% of control 
cells. At 1 mM concentration, both captopril and CGS 
13945 showed time-dependent decrease in cell growth 
and appear to be cytostatic rather than cytotoxic. Al- 
though captopril is more potent than CGS 13945 as an 
ACE inhibitor, this trend does not reflect in its ability 
for cytostatic action. Similar results were reported on 
human lung fibroblast proliferation (10) and on endo- 
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Figure 4. Relative cell number as a function of time in control, captopril- or CGS 13945-treated cells (1 mM/24 hr) (A) WDCA cells, 
hamster pancreas. (B) Human lung fibroblasts. (C) Endothelial cells from bovine aorta. 

Table II. Modulation of Gene Expression in WDCA 
Cells by ACE Inhibitorsa 

Group PCNA PKC-p K-EIS CA II 

Control 1 .oo 1 .oo 1 .oo 1 .oo 
Captopril 0.27’ 1.03 2.04 1.34 

(1 mM) 

(1 mM) 
CGS 13945 0.87 0.32* 2.13 0.83 

Slot blot analysis of total mRNA normalized to poly A content. 
* Different from control P < 0.05. 

Figure 5. Slot blots showing pancreatic gene expression levels 
in total RNA using respective probes. (A) poly T probe to mea- 
sure poly A content. (B) PCNA. (C) PKC-P. (D) K-ras. (E) Carbonic 
anhydrase II (CAII). Concentrations of 1 m M  of captopril and 
CGS 13945 were used on WDCA cells for 24 hr. Twenty micro- 
grams of total RNA of each sample was loaded in respective 
slots. 

thelial cell proliferation (4), the two cell lines that are 
associated with varying amounts of renin and an- 
giotensin activities (Table I and Fig. 4). Pancreatic 
ductal cancer cells should therefore be added to the list 
of normal or other neoplastic cells, including human 
mammary carcinomas, human lung fibroblasts, and 
bovine aortic endothelial cells, where captopril shows 
significant growth inhibition (10-12, 21). They require 

a relatively higher dose of the inhibitors than that used 
for therapeutic purpose. In vivo, captopril treatment 
reduces the incidence and growth of radiation-induced 
cutaneous squamous cell carcinomas and sarcomas as 
well as the growth of hepatomas (22, 23). 

The gene expression analysis of cell cycle-related 
genes showed that PCNA and PKC-P are downregu- 
lated both by captopril and CGS 13945. CGS 13945 
exposure in particular specifically decreased PKC-P 
expression to a greater extent than captopril, and its 
cytostatic activity required relatively lesser concentra- 
tions (150 pM) than that of captopril(O.36 mM). All the 
data point to the modulation of cell cycle gene expres- 
sion as the possible cause of the drugs’ antimitotic 
property. However, CA I1 expression is not effected 
by either ACE inhibitors, thus suggesting that the non- 
specific nature of this inhibition. The 2-fold increase in 
K-ras expression also seems to be a nonspecific inter- 
action in these cells. 

The distribution of different phases of cell cycle 
did not reveal any changes by these chemicals after a 
24-hr exposure period, suggesting that these inhibitors 
imparted no blocks in cell cycle parameters. Several 
anticancer drugs are shown to interfere with cell pro- 
gression (cell division and growth) at discreet points in 
the cell cycle (22). 

The mechanism(s) by which either captopril or 
CGS 13945 inhibits WDCA cell growth itself is not 
clear at present. Several modes of action are possible. 
It appears that inhibition of cell proliferation by these 
compounds is not related to cell toxicity because 
treated cells exhibited 9%6-100% cell viability. Antim- 
itotic activity cannot be attributed to ACE inhibition 
since none of the pancreatic cell types (acinar, cen- 
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troacinar, ductal, etc.) or  the pancreas per  se have 
been shown to contain renin-angiotensin activities. 
The depletion of thiol groups in the cultures may not 
be the reason for this cell inhibition, because addition 
of -SH groups containing compounds such as cysteine 
to the medium does not influence the cell numbers in 
presence of ACE inhibitors. 

It is well known that the growth of cancer cells is 
arrested by compounds that turn on or off specific 
genes that control these processes by (i) binding to 
DNA or (ii) binding to messenger RNA, or (iii) com- 
peting for nuclear binding factor(s), as seen in the case 
of double-stranded oligonucleotides which competi- 
tively bind with them (24-27). Which one of the above 
mechanisms is operative with this growth inhibition by 
ACE inhibitors needs to be evaluated. However, it 
appears that the interference with the expression of 
growth-related genes PCNA and PKC-p could be the 
pathway of inhibition in pancreatic cancer cells. Fur- 
ther research to delineate the mechanism(s) associated 
with growth inhibition by these compounds is needed 
to understand this process. The anticarcinogenic prop- 
erties of these compounds are not evaluated in these 
cells at present. It will be interesting to test if the 
treated cells will display either delayed growth of tu- 
mors in nude mice or lose the characteristics of an- 
chorage independency in culture, or both. 

Whatever the mechanisms of delayed cellular 
growth may be, the set of experiments presented here 
adds another cancer cell line to the list of normal and 
cancer cells, and of experimental tumors in which 
ACE inhibitors delay their cellular growth. 
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