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The effects of captopril and hydralazine, two com-
monly used antihypertensive drugs, on free radical
generation and the onset of apoptosis in neuron and
thymocyte preparations from 10-12 day old rats have
been studied. Apoptosis was induced in neurons by
kainate or N-methyl-D-aspartate and in thymocytes by
heat shock. Intracellular free radical production was
measured by 2’,7’-dichlorofluorescein fluorescence,
and apoptotic cells were detected by cell staining with
fluorescein-labelled annexin V. Captopril was found to
have no effect on intracellular free radical generation
and also had no significant effect on the early stages of
apoptosis in neurons and thymocytes. In contrast,
hydralazine was found to decrease free radical gen-
eration in both neurons and thymocytes, and it also
significantly decreased the numbers of apoptotic cells
when neurons and thymocytes were stimulated for
apoptosis. Hydralazine had a greater effect on decreas-
ing free radical generation in neurons than in thymo-
cytes, but it had a more pronounced effect on
decreasing apoptosis in thymocytes compared to
neurons, suggesting that apoptosis, under our experi-
mental conditions, may not solely be triggered by free
radical generation. These results contrast with earlier
reports that captopril is a free radical scavenger and

can decrease apoptosis in T-lymphocytes and cardio-
myocytes, and the results obtained with hydralazine
are in apparent disagreement with earlier reports that
this drug is a free radical generator and can cause
intracellular damage suggestive of enhanced free
radical formation.

Keywords: Captopril, hydralazine, DCF fluorescence,
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Abbreviations: DCF, 2’,7'-dichlorofluorescein; DCFH-DA,
2',7'-dichlorodihydrofluorescein diacetate; NMDA, N-
methyl-D-aspartate; PI, propidium iodide

INTRODUCTION

Captopril and hydralazine are two very com-
monly used antihypertensive drugs which are
known to have different mechanisms of action,
with captopril functioning as an angiotensin-
converting enzyme inhibitor!"?! and hydralazine
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acting as a peripheral vasodilator primarily
through its effect on calcium ion flux in smooth
muscle cells.”® In addition to their antihyper-
tensive properties, both compounds have been
reported to have effects on the free radical status
of organisms or isolated tissues. Thus, captopril
can protect isolated rat heart against free radical
injury,* ! and attenuates lipid peroxidation in
the erythrocytes of patients with type II dia-
betes,"”! whereas hydralazine has been shown to
stimulate production of free radicals and reactive
oxygen species in cultured fibroblasts®® and can
cause in vitro oxidative damage to DNA.”
Further indications that these antihypertensive
drugs can serve as free radical modulators in
organisms come from recent reports that admin-
istration of these drugs alters the expression of a
number of enzymes and proteins involved in
antioxidant metabolism.!">4

The compound 2’,7’-dichlorofluorescein (DCF)
hasbeen used as an intracellular reporter molecule
to measure the oxidative status of cells in terms of
intracellular reactive oxygen species or free radi-
cals,""® and the conditions for this purpose in the
presence of drugs which affect oxidative metabo-
lism have been optimized.”® In the present study,
we have used the DCF fluorescence procedure to
directly determine the effects of captopril and
hydralazine on intracellular free radical species
production in rat thymocytes and cerebellar
granule cells (neurons). As free radical generation
is a factor that can stimulate apoptotic transforma-
tion of cells,"”1®! we have compared the effects of
captopril and hydralazine on reactive oxygen
species formation and apoptosis under the same
conditions, using fluorescein-labelled annexin V
to detect the earliest step in apoptosis, namely the
reorganization of the plasma membrane bilayer
and the externalization of its phosphatidylser-
ine."?% In these experiments, a combination of
annexin V as a label for early apoptotic cells
and propidium iodide as a label for dead cells
was used®" in order to permit discrimination
between apoptotic and necrotic processes of cell
death.?2?]

In contrast to expectations based on previous
studies, we have found that, whereas captopril
had no effect on intracellular free radical produc-
tion, hydralazine decreased free radical produc-
tion in both neurons and thymocytes. These
results were found to be paralleled by data from
measurements of stimulation of apoptosis in the
cell preparations, with captopril having no effect
on apoptosis but with hydralazine causing
decreases in the percentages of apoptotic neu-
rons and thymocytes.

MATERIALS AND METHODS

Materials

Sprague-Dawley inbred rat pups were bred in
the Department of Laboratory Animal Resources
at Ohio University. The Apoptosis Detection
Kit (#(KNX 50) was obtained from R & D Sys-
tems, Minneapolis, MN. and dispase (type II,
lyophilized) was purchased from Boehringer
Mannheim, Indianapolis, IN. Kainic acid and
NMDA were purchased from RBI, Natick, MA,
DCF was bought from ICN Biomedicals, Aurora,
OH, and DCFH-DA was obtained from Molecu-
lar Probes, Eugene, Oregon. Fetal bovine serum
(F 2442), captopril, hydralazine, PI and other
laboratory reagents were purchased from Sigma
Chemical Co., St. Louis, MO.

Cell Preparations

Neurons (cerebellar granule cells) were prepared
from cerebella of 10-12 day old rats (either sex)
according to the general principles previously
described.” Each cerebellum was gently ma-
cerated and the material was treated with 5ml of
a dispase solution (3.4mg/ml in Tyrode’s solu-
tion) for 1h at 33-35°C, and the tissue was then
washed twice with Tyrode’s solution contain-
ing fetal bovine serum at a concentration of
0.01 ml/ml. After gentle disruption in a Pasteur
pipet using 5ml Tyrode’s solution containing
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fetal bovine serum (0.0025ml/ml), cells were
separated from debris by filtration of the suspen-
sion through a 44 pm nylon mesh. Cells were
then incubated for restitution at 33-35°C for 1h
after dilution to an approximate concentration
range of 2-5x 10°cells/ml as determined by
hemacytometry. Experimental procedures on
these preparations were then performed imme-
diately and the percentage of dead cells in the
preparations was no larger than 20% as mea-
sured by flow cytometry using PI as a specific
label for dead cells.*"]

Thymocytes were prepared from the same
animals as neurons according to the exact proce-
dure previously published® and were then
diluted to 2 x 10° cells/ml for experimental pur-
poses. Cells were used immediately following
preparation and the percentage of dead cells
measured by flow cytometry was less than 1%.

Treatment of Cells Prior to Flow
Cytometry Measurements

Following cell suspension preparation, captopril
or hydralazine was added at final concentrations
of 100 uM (chosen to approximate the concentra-
tions of these drugs previously used in animal
feeding studies'"*) and the cells were incubated
for restitution at 33°C for 15 min before apoptotic
stimulation. Early apoptosis in thymocytes was
induced by heat shock at 43°C for 15min**
followed by incubation at 37°C for a further 3 h.
Neurons were stimulated for apoptosis by either
1mM NMDA or 100 pM kainic acid®® at 37°C
for periods of 30min for DCF fluorescence
measurement and 3h for apoptosis detection.
Appropriate control cell preparations in the
absence of antihypertensive drugs and/or with
no apoptotic stimulation conditions were used in
each experiment.

Procedures for Flow Cytometry

All cytometry data were collected using 0.5ml
samples containing approximately 10° cells, with

10* cells counted per analysis. Triplicate or dupli-
cate samples were counted, and each experiment
was performed at least twice.

In order to characterize intracellular free radical
formation and cell viability, two-color analysis by
flow cytometry was performed simultaneously
with DCF fluorescence as a specific indicator for
intracellular free radical formation!’ and Pl as a
specific marker for necrotic cells.”" In these
experiments, the final concentration of DCFH-
DA in the cellular suspensions was 100 uM for
neuronsand 50 uM for thymocytes (usinga 10 mM
stock solution of DCFH-DA in dimethylsulfoxide)
and the cells were loaded with DCFH-DA for 1h
for neurons and 30min for thymocytes, times
which were found to be optimal for loading. PI
was then added to DCF-loaded cell suspensions at
a final concentration of 10 pug/ml approximately
1 min before measurement in the flow cytometer
using a stock solution of 0.5 mg PI/ml H;O. In the
flow cytometer (Becton Dickinson FACSort), the
excitation wavelength for DCF and PI was 488 nm
and DCF emission was measured at 510-550 nm
and PI emission at 555-580 nm.!"®! Each peak was
gated by the FACSort software program to permit
calculation of the mean fluorescence intensity in
arbitrary units, and mean fluorescence intensities
from different experiments were compared after
normalizationby setting the fluorescenceintensity
of control samples to 100%.

For measurement of cell sub-populations which
were viable, necrotic, pre-apoptoticand apoptotic,
the Apoptosis Detection Kit was used in which
fluorescein-labelled annexin V detects pre-apop-
totic and apoptotic cells and Pl detects dead cells.
The flow cytometer was calibrated according to
the instructions in the Detection Kit in order to
discriminate between viable, necrotic, pre-apop-
totic and apoptotic cell sub-populations.

Measurement of DCF Fluorescence
Quenching

For measurement of the quenching of DCF
fluorescence by hydralazine, the fluorescence of
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20nM DCF in Tyrode’s solution in the presence
of hydralazine within a concentration range of
10-500 uM was measured in a Perkin-Elmer LS-5
Fluorescence Spectrophotometer.

Statistical Methods

Data on DCF mean fluorescence intensities and
the percentages of cell sub-types in comparison
to control samples were analyzed by one-way
ANOVA using the Minitab computer program.
Results were calculated as mean £ SD and
P<0.05 was used to indicate a statistically
significant difference between data sets.

RESULTS

Effects of Antihypertensive Drugs on
DCF Fluorescence in Activated Cells

Curve 1 in Figure 1A shows a representa-
tive analysis of the DCF fluorescence of non-

Number of cells

Fluorescence Intensity

apoptotically stimulated neurons which reflects
DCFH oxidation in these cells, curve 2 shows
that the level of DCF fluorescence in kainate-
stimulated neurons was elevated above the
control value, and curve 3 shows that when
hydralazine was present in the kainate-stimu-
lated cell preparations, a dramatic left-shift of the
DCF fluorescence curve occurred.

Table I shows the mean values of the mean
fluorescence intensities of the DCF peaks from
these experiments and these data show that, in
comparison to the control value, kainate stimula-
tion caused a statistically significant increase of
13% in the mean fluorescence intensity whereas
the presence of hydralazine in the kainate-
stimulated cells caused the mean fluorescence
intensity to decrease to 25% of the control value.

This effect of hydralazine was observed both
when hydralazine was added to the cells 1h
before the addition of DCFH-DA and when both
compounds were added simultaneously (results
not shown), demonstrating that the effect was

Number of cells

Fluorescence Intensity

FIGURE 1 The effect of hydralazine on the DCF fluorescence of rat neurons and thymocytes. In graph A, curve 1 shows
the DCF fluorescence peak of neurons not stimulated by kainate and curve 2 shows the DCF fluorescence of neurons
stimulated by 100 uM kainate for 30 min at 37°C. Curve 3 shows the DCF fluorescence of kainate-stimulated neurons in the
presence of 100pM hydralazine. In graph B, curve 1 shows the DCF fluorescence peak of thymocytes not subjected to heat
shock and curve 2 shows the DCF fluorescence of heat-shocked thymocytes. Curve 3 shows the DCF fluorescence of heat-
shocked thymocytes in the presence of 100uM hydralazine. Fluorescence intensity in arbitrary units (horizontal axis) is
plotted on a logarithmic scale against cell numbers on a linear scale (vertical axis).
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TABLE I The effects of apoptotic stimulation and hydralazine on intracellular DCF fluorescence inten-
sity in neurons and thymocytes

Cell type Treatment Mean DCF fluorescence intensity
(control = 100%)

Neurons Control 100+4.53

Kainate 113 £4.80*

Kainate plus hydralazine 24.7 £4.57%
Thymocytes Control 100+ 5.93
Heat shock 106 £5.32

Heat shock plus hydralazine 53.3+1.03*

Mean fluorescence intensities obtained as arbitrary units in the experiments were normalized to percentage
values based on the control value set to 100%. The data are the mean values from three experiments and the
symbol * indicates that the experimental mean value is significantly different from the mean value of the
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respective control value.

not caused by a direct effect of hydralazine on
DCFH-DA. Control experiments with DCF and
hydralazine (varied between 10 and 500 uM) in
Tyrode’s solution also demonstrated that very
little quenching of DCF fluorescence by hydral-
azine occurred with only a 4% quenching
effect even at 500 uM hydralazine. The results
obtained by flow cytometry therefore indi-
cate that the decrease in cellular DCF fluores-
cence was primarily the result of an inhibition of
free radical production by hydralazine in the
cells.

In contrast to the left-shift caused by hydral-
azine, the same concentration of captopril
(100 uM) had no effect on the position of the DCF
fluorescence curve (results not shown), indicating
that free radical formation induced by activation/
overloading of the glutamate receptors under our
conditions was unaffected by captopril. Similar
results (not shown) for the effects of hydralazine
and captopril on DCF fluorescence in neurons
were also obtained when apoptosis was stimu-
lated by NMDA.

Figure 1B shows representative analyses of
the DCF fluorescence of thymocytes not sub-
jected to heat shock (curve 1), of heat shocked
thymocytes (curve 2), and of thymocytes sub-
jected to heat shock in the presence of hydral-
azine (curve 3). These curves and the statistical
data in Table I of the mean fluorescence inten-

sities of the DCF peaks show that there was no
significant increase in DCF fluorescence caused
by heat shock, but that hydralazine treatment
caused a large and statistically significant de-
crease in DCF fluorescence. In agreement with
the results obtained with neurons, captopril was
found to have no effect on DCF fluorescence
intensity (results not shown).

Effects of Antihypertensive Drugs on
Apoptotic Cell Percentages

The percentages of apoptotic and pre-apoptotic
cells in rat neuron and thymocyte preparations
were determined using the Apoptosis Detec-
tion Kit and flow cytometry. Figure 2 shows
representative dot plot data obtained for this
procedure, with plot A showing an unstimulated
neuron preparation and plot B showing a
thymocyte preparation which had not been
subjected to heat shock. In these plots, the types
of cells found in each quadrant are based on their
staining with annexin V and/or propidium
iodide and are as follows: lower left, viable cells;
lower right, pre-apoptotic cells; upper right,
early apoptotic cells; upper left, necrotic cells.
As shown in Table II, statistically significant
increases in the percentages of early apoptotic
cells were found as a result of kainate or NMDA
(results not shown) stimulation of neurons and

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/17/11

For personal use only.

398 P. JOHNSON et al.

10* A 10! B
E 3 - E 3 -
=10 . £ 107
o -]
o : ©
T 10y T 103 -
N ~N )
- .
z 10Y, z 10 !
= o [ T
~ 10° 8 AR ~ 10° et "

' -l

e 10° 10’ 10°  10* 2 10" 10" 10* 10° 10*

FL1 - H\FL1 - Heightesssescan FL1 - H\FL1 - Heightreesssa

" FIGURE 2 Measurement of apoptosis of rat neurons and thymocytes using the Apoptosis Detection Kit. The data are

presented as dot plots in which the vertical FL2-H\FL2 axis detects Pl-positive cells, and the horizontal FL1-H\FL1 axis
detects annexin V-positive cells. The upper left quadrant region contains necrotic (Pl-stained) cells, the upper right region
contains apoptotic (PI- and annexin-V-stained) cells, the lower left region contains viable (PI- and annexin-V-unstained) cells,
and the lower right region contains pre-apoptotic (Pl-unstained and annexin-V-stained) cells. Plot A is for neurons not
stimulated by kainate: and plot B is for thymocytes without heat shock treatment.

TABLE II The effects of apoptotic stimulation on the percentages of apoptotic, pre-apoptotic, viable and necrotic cells in
neuron and thymocyte preparations

Cell type Treatment Relative percentage of cells counted
Apoptotic Pre-apoptotic Viable Necrotic
Neurons Control 0.68 £0.05 1.96£0.30 82.3+296 15.07 £2.60
Kainate 1.32+0.01* 1.93+£0386 81.9+4.16 14.83+3.76
Thymocytes Control 3.14£0.08 17.11£0.66 79.43+0.86 0.19+£0.05
Heat shock 403 +0.22* 14.61+2.18 81.36@2.28 0.224+0.05

The cell percentages in the preparations were determined by counting cells in each of the four quadrants of the flow cytometer
dot plot obtained by use of the Apoptosis Detection Kit. The data are the mean values from two experiments with neurons and
three experiments with thymocytes. The symbol * indicates that the experimental mean value is significantly different from the
mean value of the respective control value.

by heat shock treatment of thymocytes. The thymocyte preparations, in agreement with pre-
early apoptotic population was increased about  vious results.*?!

two-fold for neurons after kainate stimulation When this procedure was used to analyze
and slightly less than this (1.4-fold) for heat the effects of treatment of rat neurons with

shock treatment of thymocytes, and in both
cases, the increases appeared to be generated
by a transformation of pre-apoptotic cells (lower
right quadrant) to the early apoptotic state
(upper right quadrant). In our experiments, the
percentages of necrotic cells (upper left quad-
rant) were much higher in the neuron than in the

antihypertensive drugs (Figure 3), it was found
that captopril treatment had no significant effect
on the percentage increase in apoptotic cells
caused by kainate stimulation. In contrast,
hydralazine treatment significantly reduced the
percentage of apoptotic cells in comparison to
the kainate-treated control value, although the
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FIGURE 3 The effects of captopril and hydralazine on
apoptosis in rat neurons subjected to stimulation by 100 uM
kainate. The bar chart shows data for the amounts of apop-
totic cells expressed as mean percentages of total cells
(£5D) normalized to the no drug, no kainate control per-
centage which was 0.86%. Each bar represents the mean
of three experiments. The symbol * indicates a significant
difference compared to the no kainate control and the sym-
bol ** indicates a significant difference compared to the no
drug, kainate-treated control.

value for the hydralazine-treated cells was still
significantly above the no kainate, no drug
control value.

For rat thymocytes, similar measurements
were performed and in this case comparisons
were made between heat shock-treated cells and
cells not subjected to heat shock (Figure 4). It was
found that neither captopril nor hydralazine had
a significant effect on the percentage of apoptotic
cells in preparations which were not subjected to
heat shock. With heat-shocked thymocytes, cap-
topril had no significant effect on the percentage
increase in apoptotic cells, but the presence of
hydralazine decreased this percentage to the no
heat shock, no drug control value.

200 A

No drug

180 - control

* Captopril
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Relative Percentage of Cells
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0 - I
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FIGURE 4 The effects of captopril and hydralazine on
apoptosis in rat thymocytes subjected to heat shock. The
bar chart shows data for the amounts of apoptotic cells
expressed as mean percentages of total cells (5D) normal-
ized to the no drug, no heat shock control percentage
which was 2.82%. The dark-colored bars (A) correspond to
no heat shock controls in the absence or presence of anti-
hypertensive drugs (100pM), and the light bars (B) show
data for heat shock-treated cells. Each bar represents the
mean of three experiments. The symbol * indicates a signif-
icant difference from the no heat shock control and the
symbol ** indicates a significant difference compared to the
no drug, heat shock control value.

DISCUSSION

Captopril has previously been shown to have
in vivo antioxidant properties'*”*"! which may
be a consequence of its direct antioxidant
activity,”?* and it can act as a scavenger of free
radicals in various tissues and cells at micro-
molar concentrations.'*”) Our studies, which
show that captopril at a pharmacological con-
centration of 100 uM in the medium does not
affect intracellular hydrogen peroxide produc-
tion, therefore contrast with these earlier results
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despite the use of similar concentrations in the
studies. A possible reason for this difference is
that in our studies, the exposure time of the cells
to captopril was relatively short (no more than a
few hours), whereas in the in vivo studies, the
animals were treated chronically with captopril
for periods up to three months. This difference in
exposure time could affect the modulation of
the expression of antioxidant enzymes by capto-
pril,“o'l‘” and therefore the antioxidant status
and free radical content of the cell.

In previously published work on the effect of
captopril on apoptosis,?>*"! it was found that
captopril decreased apoptosis in T-lymphocytes
and cardiomyocytes, which contrasts with our
results which show that captopril does not
significantly decrease early apoptosis in neurons
and thymocytes. The results obtained in the
lymphocyte and cardiomyocyte studies might
be explained by the longer periods of exposure to
captopril and the fact that early apoptosis was
not being measured in these studies. Our results
also suggest that captopril does not have a direct
antioxidant effect as it does not decrease DCF
fluorescence and that its protection of cells and
tissues over longer periods of time may be
explained by its indirect effects on antioxidant
systems such as modulation of antioxidant
enzyme levels.!"*'4

In contrast to captopril, hydralazine has pre-
viously been shown to elevate free radical
levels in cultured cells®!! which could be
related to its modulation of antioxidant en-
zymes'>'¥ or to direct radical effects.’®>?! These
results, and the reports that much higher con-
centrations of hydralazine can promote oxidative
damage to DNA,”! contrast with the data
obtained from the present studies which show
that a pharmacological concentration of 100 uM
hydralazine decreases free radical production in
neurons and thymocytes. A possible explanation
for this difference is that, in the previous studies,
a much longer period of exposure to hydralazine
was used, such as daily feeding of hydralazine to
rats for three weeks™ and incubation of fibro-
blasts in vitro for up to 120h in the presence of

hydralazine.®! The latter studies found that
lipid peroxidation in the presence of hydralazine
was time-dependent, and further experiments
will be required to determine if this time-
dependent effect is related to the metabolism of
hydralazine over longer periods of time to
other compounds with pro-oxidant properties
which can cause oxidative damage to cellular
components.

Our results have shown that decreases in both
free radical levels and apoptosis are caused by
hydralazine treatment of stimulated neurons
and thymocytes, but also show that the decrease
in apoptosis is less affected by a decrease in
intracellular free radicals in neurons than in
thymocytes. This lack of a correlation between
the extent of the decrease in DCF fluorescence
and the decrease in apoptosis suggests that
processes stimulating apoptosis in neurons may
be much less dependent on free radical forma-
tion than in thymocytes or even that there is no
direct connection between these two effects.
Further evidence that, at least in thymocytes,
apoptosis may not be caused by an increase in
free radicals is also seen from the studies
performed on these cells in the absence of
hydralazine, which show that heat shock does
not increase intracellular free radical levels but
does induce apoptosis. These results therefore
support previous conclusions from different
laboratories that, in addition to free radical
stimulation of apoptosis, other processes which
do not involve free radical formation may also
stimulate apoptosis.[29’34]

An earlier study™’ concluded that hydral-
azine had no effect on apoptosis in aortic smooth
muscle cells from SHR rats as measured by DNA
content and fragmentation analysis, whereas our
studies with thymocytes and cerebellar neurons
have shown that hydralazine significantly re-
duced the proportion of cells undergoing early
apoptosis. Although both of these studies indi-
cate that hydralazine did not promote apoptosis
in the cell types studied, hydralazine has been
reported to elevate the expression of the c-fos
proto-oncogene in non-cerebellar regions of
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the brain,'™"! and as c-fos induction has been

associated with the initiation of apoptosis in
some cells,***! it may therefore be possible
that, under certain circumstances, hydralazine
could favor apoptosis. In this context, a study of
the effects of hydralazine on mature cardio-
myocytes would be of considerable interest in
view of its widespread use as an antihyper-
tensive drug and recent observations that,
although cardiomyocyte apoptosis is associated
with heart failure in hypertensive animals,®®!
apoptosis (as opposed to necrosis) may play a
beneficial role in myocardial infarction and viral
infection.!”!
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