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ABSTRACT. The effects of three commonly used antihypertensive agents (captopril, hydralazine, and
terazosin) on tissue antioxidant enzymes and lipid peroxidation in spontaneously hypertensive (SHR) and
normotensive Wistar-Kyoto (WKY rats) were studied by analysis of antioxidant enzyme specific activities and
lipid peroxidation levels in control and drug-treated animals. In the myocardium, changes in some of the enzyme
activities between normotensive WKY and hypertensive SHR rats were mitigated by treatment of the SHR rats
with an antihypertensive drug. Thus, all three drugs caused significant increases in myocardial Cu/Zn superoxide
dismutase (up to 133% of SHR control activity) and decreases in glutathione peroxidase (down to 59% of SHR
control activity) to values that were closer to those in untreated WKY rats. Captopril also increased Mn
superoxide dismutase activity, and hydralazine and terazosin decreased catalase activity towards untreated WKY
values. Hydralazine was the only drug to alter the lipid peroxidation level in the myocardium of SHR rats (a 28%
decrease), but in WKY rats all three drugs caused significant decreases in myocardial lipid peroxidation levels.
In WKY rats, none of the drugs affected myocardial Mn and Cu/Zn superoxide dismutase activities, although
glutathione peroxidase activity was decreased by hydralazine and terazosin treatment and catalase activity was
increased by captopril treatment. Enzyme activity changes in liver and skeletal muscle indicated that such
changes were often tissue specific. No pattern was found for coordinated changes in antioxidant enzyme
expression as a result of the drug treatments, and the changes in antioxidant enzyme specific activities did not
correlate generally with changes in lipid peroxidation levels. BIOCHEM PHARMACOL 54;1:133-141, 1997. © 1997
Elsevier Science Inc.
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Aerobic organisms employ a battery of defense mechanisms
to prevent or mitigate tissue oxidative damage caused by
the generation of reactive oxygen species, such as the
hydroxyl radical, which results primarily from the use of O,
as a terminal electron acceptor in metabolism [1]. A major
type of defense in living systems against oxidative damage is
the use of “antioxidant” enzymes (notably superoxide dis-
mutase, glutathione peroxidase, and catalase) to convert
reactive oxygen species into non-toxic compounds, and the
tissue activities of these enzymes have been reported to be
changed in response to stresses such as hyperbaric oxygen
and exercise [2, 3]. Such changes appear to be the result of
alterations in transcriptional rates of the structural genes of
the antioxidant enzymes [4] or the stabilization of the
mRNA for the antioxidant enzyme [5].

In addition to other types of stress, hypertension may also
compromise the antioxidant defense mechanisms of the
cardiovascular system and the myocardium in particular.
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Examples of such effects of hypertension include the ele-
vation of oxidative damage in the myocardium of hyper-
tensive animals [6, 7], the higher susceptibility of the
hypertensive myocardium to post-ischemic reperfusion in-
jury [8], and changes in the activities of tissue antioxidant
enzymes (catalase, glutathione peroxidase, and superoxide
dismutase) of hypertensive rats [9].

Control of hypertension by traditional antihypertensive
drugs such as diuretics, B-blockers, and direct-acting pe-
ripheral vasodilators sometimes has undesirable side-effects
[10, 11]. For this reason, other antihypertensive agents
including centrally acting agents, calcium-channel block-
ers, selective ay-adrenergic blockers, and ACET inhibitors
have been developed [12], which mitigate or do not have
some of these side-effects [13, 14]. The objective of this
study was to determine if commonly used antihypertensive
agents could induce changes in the tissue activities of
antioxidant enzymes that might mitigate the effects that

T Abbreviations: ACE, angiotensin-converting enzyme; SHR, spontane-
ously hypertensive rats; TBARS, thiobarbituric acid reactive substances;
and WKY, Wistar-Kyoto.
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hypertension has on antioxidant defense mechanisms. This
is a potentially important consideration given that a major
type of defense in living systems against oxidative damage is
the use of antioxidant enzymes to convert reactive oxygen
species into non-toxic compounds.

For these studies, we selected three antihypertensive
agents based on their different modes of action, their
frequency of current use, and, in two cases, on prior reports
of their effects on tissue antioxidant metabolism. The first
of the agents chosen for this study was the ACE inhibitor
captopril, which is a relatively modern antihypertensive
agent of widespread use that has cardioprotective effects
including reduction of left ventricular hypertrophy [15],
utility in the treatment of congestive heart failure [16],
mitigation of oxidative damage associated with post-isch-
emic reperfusion [17], and reduction of the levels of serum
lipid peroxidation products in survivors of acute myocardial
infarction [18]. Some of these advantages have been as-
cribed to the antioxidant properties of captopril [19], and
captopril has been shown to alter serum glutathione levels
and serum glutathione peroxidase activities in humans [20]
and to elevate glutathione peroxidase and superoxide dis-
mutase activities in mouse liver [21}. The second agent
chosen for this study was hydralazine, a direct-acting
peripheral vasodilator that has been a widely used antihy-
pertensive agent for over 30 years [11]. Its use, however, is,
not without some potentially serious side-effects in vivo [11,
22, 23], and it has also been reported to cause in witro
changes in antioxidant enzyme activities and to increase
the levels of lipid peroxidation in cultured fibroblasts [24].
The third antihypertensive agent selected for our studies
was terazosin [25], a recently introduced selective ;-
blocker that has been shown to alleviate left ventricular
hypertrophy and to decrease serum triglyceride, cholesterol,
and low density lipoprotein levels [26]. No previous reports
have appeared concerning its effects on antioxidant metab-
olite levels or enzyme activities.

For the experiments described in this paper, spontane-
ously hypertensive (SHR) and normotensive (WKY) rats
were treated with the antihypertensive agents under con-
ditions that reduced blood pressure, and the levels of tissue
oxidative damage and antioxidant enzyme activities in the
treated animals were then compared with those levels and
activities in untreated animals. The direct effects of the
antihypertensive agents on the tissue enzymes were also
investigated to determine if tissue enzyme activity changes
could be the result of a direct interaction between the agent
and the enzyme [21]. Although the principal interest in our
studies was on drug-related changes in the myocardium, two
other tissues (a white anaerobic skeletal muscle and liver)
were also examined to determine if the drug-related
changes in myocardium were unique for this tissue. Our
results have shown that all three of the antihypertensive
agents tested caused significant changes in some of the
tissue antioxidant enzyme activities and also in some of the
tissue lipid peroxidation levels, and that the enzyme activ-
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ity changes were most likely caused by changes in the levels
of expression of these enzymes.

MATERIALS AND METHODS
Materials

Captopril (Capoten, Capozide) and terazosin (Hytrin) were
obtained from Bristol-Myers Squibb, Princeton, NJ, and
Abbott Laboratories, Abbott Park, IL, respectively. Hydral-
azine (Apresoline), reagents, and enzymes for antioxidant
enzyme assays were purchased from the Sigma Chemical
Co., St. Louis, MO.

Animals

WKY (normotensive) and SHR (spontaneously hyperten-
sive) male rats (Rattus norvegicus) were obtained from
Harlan Sprague Dawley, Indianapolis, IN, at an age of
11-12 weeks.

Drug Administration Protocols and Animal Care

The experiments involving rats, conducted in this study,
were approved by and were in conformity with the guide-
lines of the Ohio University [ACUC. Each drug was
administered to separate groups of six WKY and SHR rats
over a 12-week period via drinking water, and two groups of
six WKY and SHR rats were used as no-drug controls. Each
animal was housed in a separate cage and was fed a standard
rat diet and allowed access to water ad lib. The drugs were
given at the following approximate doses: captopril, 50
mg/kg body wt/day [27]; terazosin, 45 mg/kg/day [28];
hydralazine, 15 mg/kg/day [29]. Drug delivery was calcu-
lated based on measurements of daily consumption of
drinking water and weekly measurements of body weight.
At the end of the 12-week period, body weights were
measured, and systolic blood pressures were determined by
the tail-cuff technique.

Tissue Collection and Homogenate Preparation

The animals were euthanized by CO,-induced asphyxiation
24 hr after cessation of the last drug treatment, and selected
tissues (septum-free outer wall of the left ventricle, mixed
myocardium consisting of the right ventricle and the inner
wall of the left ventricle, superficial vastus lateralis muscle
of the quadriceps femoris, and liver) were removed and
prepared as described previously 19, 30]. The chilled exsan-
guinated tissues were then cut into approximately 50- to
100-mg portions on ice and stored separately at —70° in
plastic vials. Homogenates from these samples were pre-
pared after the addition of 1.0 mL phosphate buffer per 100
mg of tissue as described previously [9], with the exception
that homogenization was performed in a PowerGen 125
tissue homogenizer. Protein concentrations of the superna-
tant preparations were measured by the Bio-Rad Bradford
protein assay kit.
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Enzyme Activity Assays

Superoxide dismutase activity was measured by the cyto-
chrome ¢ reduction procedure [31] using 3- to 200-pL
aliquots of homogenate supernatant in a final assay volume
of 3.0 mL. Assays were performed on supernatant samples
preincubated in 1 mmol/L cyanide for 2 hr at 37° to
measure Mn superoxide dismutase activity and on superna-
tant samples preincubated without cyanide to measure both
CufZn and Mn superoxide dismutase activities {32]. The
unit of enzyme activity is the amount of enzyme that gave
50% inhibition of the control rate of cytochrome ¢ reduc-
tion. The assays for catalase and glutathione peroxidase
were performed by the respective methods of Aebi [33] and
Flohe and Gunzler {34]. Assays on a given sample were
performed in triplicate, and enzyme specific activities (us-
ing the standard definition of an enzyme activity unit from
the method for the assay) were expressed in units of activity
per milligram of protein in the tissue extracts as described
previously [9]. In muscle, possible hypertension-related
changes in extracellular non-myocytic protein content
have been reported to be primarily in Type I and Type 1II
collagens [35]. These proteins would not be solubilized in
our extraction procedure and, therefore, should not affect
the calculation of intracellular myocytic specific activities
of the antioxidant enzymes.

Measurement of Tissue Lipid Peroxidation Levels

Estimates of tissue lipid peroxidation levels were performed
by the TBARS procedure {36] on 50- to 200-p.L aliquots of
homogenate supernatants in triplicate as previously de-
scribed, and values are expressed as femtomoles of malon-
aldehyde per milligram of protein in the tissue extract [9].
Although this method is an indirect measure of lipid
peroxidation which is susceptible to intetference by endog-
enous and exogenous substances, it was selected for use
because of its frequency of use in many other studies, and
because no single analytical method gives a completely
satisfactory measurement of tissue lipid peroxidation levels
[1]. For these reasons, the values of TBARS analyses should
be regarded as an index rather than as an absolute measure
of total tissue lipid peroxide levels [37].

Statistical Analysis

Initial assessment of TBARS and antioxidant enzyme
activity data was made on a group-by-drug basis using
two-way ANOVA (drug treatment df = 3,33; rat type df =
1,33; and drug-by-rat interaction df = 3,33). One-way
ANOVA was used to detect significant differences between
individual sets of the TBARS level and antioxidant enzyme
activity data, and also to analyze blood pressure and body
weight data. Correlations between changes in tissue
TBARS levels and antioxidant enzyme activities were
calculated as Pearson product-moments (r}, and the statis-
tical significance of the r value was evaluated from the P
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TABLE 1. Effects of antihypertensive drug administration on
blood pressure and body weight in SHR and WKY rats

Blood pressure Body weight

Drug Rat (torr) (g)
None
SHR 240 = 13 416 = 20
WKY 1826 383+ 25
Captopril
SHR 203 + 15% 400+ 9
WKY 159 + 4% 346 * 161
Hydralazine
SHR 118 = 10* 385 + 167
WKY 124 + 8= 365 = 24
Terazosin
SHR 136 =+ 8% 427 = 18
WKY 132 + 12% 413+ 21

Values are means = SD, N = 6 for each group.

* Significantly different from control group values (P < 0.005).

t Significantly different from no-drug control group values (P between 0.05 and
0.005).

value at df = 11. A matched-paits t-test was used to analyze
data in the experiments on the effects of antioxidant drugs
on the TBARS standard curve. In all of these analyses,
values for P > 0.05 were taken to indicate no significant
difference.

RESULTS
Effects of Drug Regimens on Rat Systolic Blood
Pressure and Body Weight

Table 1 summarizes the effects of drug administration on
systolic blood pressure and body weight of SHR and WKY
rats relative to control rat groups that were not drug treated,
All three drugs caused blood pressure to be lowered signif-
icantly, with hydralazine causing the most pronounced
effect in both SHR and WKY rats. With the exceptions of
captopril in WKY rats and hydralazine in SHR rats, no
significant differences were found between the body
weights of untreated and drug-treated rats at the end of the
drug treatment period, and all of the animals in each group
showed no obvious health abnormalities. These observa-
tions show that for each drug used, the dosage and duration
of the regimen were effective in obtaining a blood pressure
decrease without severely compromising the health of the
drug-treated animals.

Effects of Drug Administration on Antioxidant Enzymes
and TBARS Levels in Rat Tissues

Table 2 and 3, respectively, show the results from SHR and
WKY rats of the effects of antihypertensive drugs on tissue
antioxidant enzyme activities and TBARS levels following
the drug administration regimens. In addition to dara
shown in Tables 2 and 3 for the outer wall of the left
ventricle, determinations were also made on the mixed
myocardium from the inner wall of the left ventricle and
the complete right ventricle, but these data are not shown



136 K. S. Cabell et al.

TABLE 2. Effects of antihypertensive drug administration on tissue antioxidant enzyme specific activities and TBARS levels in
SHR rats

Enzyme activity/TBARS level
after treatment of SHR rats

Parameter Tissue Captopril Hydralazine Terazosin No drug
Mn-SOD OWLV 4,32 £ 048 3.48 + 0.60 2.88 = 0.56* 3.77 = 0.52%
QF 0.68 + 0.15 0.37 £ 0.12 0.38 = 0.04* 1.00 = 0.52
Liver 1.15 £ 0.14% 1.78 £ 0.17 1.52 £ 0.29* 1.98 = 0.27
Cu/Zn-SOD OWLV 129 £ 1.7* 129 £ 1.8* 13.4 + 1.8* 10.1 = 1.8%
QF 535 +1.2 552*1.2 523*x12 635%18
Liver 11.6 £ 1.7% 17.6 = 0.5% 16.1 = 0.6 153+ 1.1
GPX OWLV 187 = 20% 140 + 8% 163 = 9% 238 = 15%
QF 22.8 £33 247 1.7 25.0 £ 3.6 25.2 = 43%
Liver 288 = 6% 339 = 19* 460 + 34% 375 = 21%
CAT OWLV 280=*1.8 222+ 1.2% 21.2 = 3.0% 28.6 + 3.3§
QF 337042 2.98 + 041 3.98 + 0.32% 3.12 £ 047
Liver 362 + 18% 570 £ 70 534 + 42 501 = 46
TBARS OWLV 239 + 19 164 = 16% 196 * 38 229 + 36§
QF 350 £ 63 401 = 60 385 % 36 335 = 67
Liver 390 + 40 389 * 34 536 *+ 83* 400 + 508

Enzyme specific activities and TBARS levels in the outer wall of the left ventricle (OWLV), quadriceps femoris (QF), and liver are expressed as the means * SD in units per
mg of homogenate protein as defined in the assay procedure described in Materials and Methods. Values were obtained from assays on 6 different animals in each group. For clarity,
mean values are simplified to three and SD values to two, significant figures. The abbreviations used for enzymes in the parameters column are: SOD, superoxide dismutase; GPX,
glutathione peroxidase, and CAT, catalase. Values shown for CAT are actual X 10°.

* Statistically significant difference between a drug-treated data set and the corresponding no-drug control set, P between 0.05 and 0.005.

t Statistically significant difference between SHR no-drug control and WKY no-drug control (see Table 3) data set, P between 0.05 and 0.005.

I Statistically significant difference between a drug-treated data set and the corresponding no-drug control set, P < 0.005.

§ Statistically significant difference between SHR no-drug control and WKY no-drug control (see Table 3) data set, P < 0.005.

in Tables 2 and 3 as they closely paralleled the data
obtained for the outer wall of the left ventricle. The results
of two-way ANOVA on the data on a group-by-drug basis
are shown in Table 4, and this table shows that there were
significant drug-by-rat type interactive effects, particularly
in myocardium and liver. Because this analysis showed that

the drugs have specific effects on different rat types and in
different tissues, further analysis of the data was performed
by one-way ANOVA between individual data sets of
no-drug control and drug-treated groups, and the results of
these analyses are shown in Tables 2 and 3.

Table 2 shows that Mn-dependent superoxide dismutase

TABLE 3. Effects of antihypertensive drug administration on tissue antioxidant enzyme specific activities and TBARS levels in

WKY rats
Enzyme activity/TBARS level
after treatment of WKY rats
Parameter Tissue Captopril Hydralazine Terazosin No drug
Mn-SOD OWLV 443 £ 048 433 +0.29 4.08 + 0.45 4.52 +0.29
QF 0.73 £ 0.15 035 =*0.18 0.37 = 0.05 0.85 + 0.21
Liver 1.56 = 0.35 1.53 £ 0.26 1.61 = 0.19 1.63 = 0.33
Cu/Zn-SOD OWLV 121 *x2.1 13213 147 x 1.5 139 = 2.0
QF 5.60 = 0.56 5.85 £ 0.85 6.05 = 0.87 6.57 = 041
Liver 148 +2.6 143=+1.1 21.4 = 1.8% 15215
GPX OWLV 169 = 12 115 + 9% 143 = 11* 175 = 15
QF 209 + 2.7 163 2.4 213+ 38 19.2 = 4.1
Liver 485 + 32% 486 + 25% 592 + 24* 555 + 7
CAT OWLV 20.8 = 1.9% 159 +1.6 174 £ 2.6 18113
QF 2.35 + 0.46* 2.83 + 0.30t 2.50 = 0.39%* 3.32 +0.31
Liver 419 + 27* 477 = 40 557 + 47* 469 + 16
TBARS OWLV 272 + 317 183 = 24* 228 = 42% 337 £ 52
QF 322 =55 274 £ 65 370 = 86 354 + 76
Liver 218 * 28% 237 x 26 264 * 29 251 £ 16

Enzyme specific activities and TBARS levels in the outer wall of the left ventricle (OWLV), quadriceps femoris (QF), and liver are expressed as the means = SD in units per
mg of homogenate protein as defined in the assay procedure described in Materials and Methods. For clarity, mean values are simplified to three, and SD values to two, significant
figures. The abbreviations used for enzymes in the parameter column are: SOD, superoxide dismutase; GPX, glutathione peroxidase; and CAT, catalase. Values shown for CAT
are actual X 10%. Values were obtained from assays on 6 different animals in each group.

*, T Statistically significant differences between a drug-treated data set and the corresponding no-drug controf set: * P < 0.005, and P between 0.05 and 0.005.
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TABLE 4. Results of two-way ANOVA on the effects of
antihypertensive drug administration on rat tissue antioxidant
enzyme specific activities and TBARS levels

P value from two-way ANOVA

Drug
Parameter Tissue  treatment* Rat typet Interactiont
Mn-SOD  OWLV <0.005 <0.005 NSD§
QF <0.005 NSD NSD
Liver <0.005 NSD 0.05-0.005
CufZn-SOD OWLV NSD 0.05-0.005 0.05-0.005
QF NSD NSD NSD
Liver <0.005 0.05-0.005  <0.005
GPX OWLV <0.005 <0.005 <0.005
QF NSD <0.005 NSD
Liver <0.005 <0.005  0.05-0.005
CAT OWLV <0.005 <0.005  0.05-0.005
QF NSD <0.005 <0.005
Liver <0.005 NSD <0.005
TBARS OWLV <0.005 <0.005  0.05-0.005
QF NSD NSD NSD
Liver <0.005 <0.005  0.05-0.005

The two-way ANOVA was performed on data sets shown in Tables 2 and 3. The
abbreviations used for enzymes in the parameter column are: SOD, superoxide
dismutase; GPX glutathione peroxidase; and CAT, catalase. The abbreviations for
tissues are: OWLV, outer wall of the left ventricle; and QF, quadriceps femoris.

* The drug main effect included three drug treatments (captopril, hydralazine, and
terazosin) and a no-drug control.

+ The rat type main effect consisted of the SHR and WKY rat types.

¥ Drug-by-rat type interaction.

§ NSD indicates no significant difference (P > 0.05).

activity was not affected by captopril or hydralazine treat-
ment in either myocardium or skeletal muscle, whereas
terazosin was found to decrease Mn-dependent superoxide
dismutase activity in the muscle tissues and liver. In
contrast, it was found that Cu/Zn-dependent superoxide
dismutase activity was elevated in the myocardium by all
three drugs (to between 128 and 133% of control activity),
whereas no changes occurred in the skeletal muscle and
different effects were found in liver for each drug. In the
case of glutathione peroxidase, all three drugs decreased
myocardial activities (down to between 59 and 68% of
control activity) but again had no effect on skeletal muscle
activity and mixed effects on liver activities, with either
decreases (with captopril and hydralazine) or an increase
(with terazosin) being observed. For catalase, both hydral-
azine and terazosin decreased myocardial activity (to 78 and
74%, respectively, of control activity), but captopril had no
significant effect. In the case of skeletal muscle catalase,
neither captopril nor hydralazine had an effect on activity,
whereas terazosin was found to increase the catalase activity
to 128% of control activity. Only captopril was found to
cause a change in liver catalase activity, where a decrease to
72% of the control activity occurred. With respect to the
effects of drug treatment on tissue TBARS levels, only
hydralazine caused a significant change in myocardial
TBARS levels (a decrease to 72% of the control level), and
the only other change in TBARS levels was found to be
caused in liver by terazosin, where an increase to 134% of
the control level occurred.
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Analysis of the no-drug control SHR data in Table 2 and
the no-drug control WKY data in Table 3 confirmed the
conclusions of our earlier studies [9] that hypertension per se
affects tissue antioxidant enzyme activities and TBARS
levels. Thus, Table 2 shows that significant differences were
found between the specific activity levels for all four
myocardial enzymes, for the glutathione peroxidase activi-
ties in liver and quadriceps femoris, and for the TBARS
levels in myocardium and liver.

To determine if the drug-related changes in antioxidant
enzyme activities and TBARS levels that were found in
SHR rats also occurred in normotensive rats, a parallel
series of studies was performed on WKY rats using the same
drug regimens. The results of these studies (Table 3)
demonstrated that the responses to drug administration in
the WKY normotensive rats were rather different from
those observed in the SHR rats, although similar changes in
glutathione peroxidase activities were seen in myocardium
and liver of both animal groups. Both groups showed no
drug-related changes in skeletal muscle glutathione perox-
idase activity, and captopril had no significant effect on this
enzyme activity in the myocardium of WKY rats.

With Mn-dependent superoxide dismutase, it was found
that tissue activities were unaffected by drug administration
in WKY rats, which contrasts with the effects that terazosin
and captopril were found to have in the SHR rats. For
Cu/Zn-dependent superoxide dismutase in WKY rats, in
contrast to the increases in myocardial activities observed
in SHR rats, all three drugs had no effects on myocardial
activity. Differences in the effects of all three drugs on liver
Cu/Zn-dependent superoxide dismutase activity were also
found with SHR and WKY rats, with terazosin causing an
increase in WKY rats, whereas captopril and hydralazine
had no effect on activity. Catalase activities also were
changed in different ways in the WKY rats, with none of
the drugs causing decreases in myocardial activities but
causing decreases in skeletal muscle activities (to between
71 and 81% of control activity) in contrast to the results
seen with SHR rats.

Myocardial TBARS levels were found to be decreased by
all three drugs in WKY rats (to between 54 and 81% of
control levels), whereas only hydralazine was found to cause
a decrease in SHR rats. Differences between SHR and
WKY rats were also noted in the effects of captopril and
terazosin on liver TBARS levels, although no changes in
skeletal muscle TBARS levels were found to be caused by
any of the drugs in either animal group.

Effects of Drugs on Antioxidant Enzyme Assays and
TBARS Determinations

Experiments were conducted to determine if the changes in
tissue antioxidant enzyme activities and TBARS levels
were the results of direct effects of the drugs on the enzymes
or interference with the TBARS assay. The concentration
of drugs in the assays for these experiments was between 50
and 100 pmol/L to approximate possible in situ concentra-
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TABLE 5. Effects of antihypertensive drugs on the in wvitro activities of antioxidant enzymes

Enzyme activity in the absence or presence of
an antihypertensive drug

Enzyme No drug

Captopril

Hydralazine Terazosin

Mn SOD
0.648 = 0.021
0.496 = 0.012
0.490 = 0.027
CufZn SOD
0.837 = 0.051
0.818 £ 0.048
0.805 = 0.112
GPX

CAT
231x0.12
2.10 £ 0.06
1.52 = 0.07

0.645 £ 0.030

0.500 = 0.134
0.503 £ 0.029

0.832 £ 0.022

0.812 = 0.030
0.759 £ 0.050

6.20 = 0.51%*

3.58 = 0.21
5.37 £0.08

242 =0.10

2.05 = 0.07
1.54 + 0.056

Mean enzyme activities (+ SD) from triplicate assays are expressed as activity units as defined in Materials and Methods for
each enzyme assay procedure. Separate no-drug controls were used for each drug in each enzyme assay, and the control activities
for each enzyme set are not identical because different tissue preparations were used in each experiment. Captopril and
hydralazine were used at 100 pwmol/L in each assay, and terazosin was used at 100 pmol/L for the superoxide dismutase (SOD)
and glutathione peroxidase (GPX) assays, and at 50 pmol/L for the catalase (CAT) assay.

* Significantly lower value (P = 0.002) than the corresponding control value, whereas all other values were not significantly

different from their respective control values.

tions in experimental animals based on daily drug admin-
istration in relation to body weight and on the quoted
half-lives of these drugs in human and animal tissues [38].

To study the direct effect of the drugs on the antioxidant
enzymes, assays of each antioxidant enzyme were performed
on myocardial preparations from animals that had not been
treated with drugs, and the enzyme activities measured in
the presence of added drug were compared with control (no
drug addition) activities. For the studies on catalase activ-
ity, a concentration of 50 wmol/L was used because the high
absorbance of terazosin at 100 wmol/L prevented accurate
measurement of catalase activity.

The results shown in Table 5 indicate that none of the
drugs had a significant effect on Mn superoxide dismutase,
CufZn superoxide dismutase and catalase activities. In the
case of glutathione peroxidase, hydralazine and terazosin
also had no significant effect on activity, whereas captopril
had a statistically significant inhibitory effect (activity in
the presence of the drug was 87% of control activity, P =
0.002). However, it appears unlikely that observed de-
creases in tissue glutathione peroxidase activities could
have been caused by an inhibitory effect of captopril on the
enzyme in situ as a 24-hr period was allowed to elapse
between final drug administration and tissue collection,
during which time it has been reported that 95% of
ingested captopril is excreted [38]. Furthermore, in certain
cases (myocardium of WKY rats and in the quadriceps
femoris of SHR and WKY rats), no decrease in glutathione
peroxidase activity was caused by captopril administration,
indicating that the drug must have been cleared from the
tissue by the time of tissue collection.

To determine if the drugs interfered with the TBARS
determinations, standard curves for the TBARS determi-
nation using 1,1,3,3-tetraethoxypropane were determined
in the presence of each drug (100 pmol/L) and compared
with the standard curve obtained in the absence of each
drug. The results shown in Fig. 1 indicate that under the
conditions of the TBARS assay, none of the drugs signifi-
cantly affected the assay results within the range of the
standard curve (matched-pairs t-test P values for captopril,
hydralazine and terazosin compared with no-drug control
were 0.94, 0.082, and 0.64, respectively). These results
indicated that TBARS measurements on tissue prepara-
tions from drug-treated animals were not directly affected
by the possible presence of a drug in the tissue preparation.

DISCUSSION

We have found that, under conditions where captopril,
hydralazine, and terazosin lowered blood pressures in SHR
and WKY rats, there were significant changes in the
specific activities of antioxidant enzymes and in the levels
of lipid peroxidation that were both tissue and rat-strain
specific. The aerobic tissues (myocardium and liver) gen-
erally showed more pronounced changes than the anaero-
bic skeletal muscle, which suggests that the aerobic tissues
may have more flexible control mechanisms for regulating
the expression of antioxidant enzymes than does an anae-
robic tissue. For SHR rats, the antihypertensive drugs
caused more changes in antioxidant enzyme activities than
in WKY rats, with 21 out of 36 measured enzyme activities
significantly altered (Table 2) in comparison to 16 out of 36
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FIG. 1. Effects of antihypertensive drugs on the TBARS assay
standard curve. Standard curves using tetraethoxypropane were
generated in the absence (“untreated”) and presence of antihy-
pertensive drugs by the procedure of Yagi [36]. Each drug was
present in the assay at a concentration of 100 pmol/L, and the
amount of tetraethoxypropane per assay was varied between O
and 1.1 nmol. All determinations were performed in triplicate,
and the graph shows mean values of the triplicate assays. The
excitation and emission wavelengths used were 515 and 553 nm,
respectively, and results are expressed as percent relative fluo-
rescence compared with samples containing no tetraethoxypro-
pane.

measured activities that were changed in WKY rats (Table
3). It therefore appears that, in SHR rats, the mechanisms
that control expression of the antioxidant enzymes are
more sensitive to modulation by antihypertensive drugs. It
is possible that this increased sensitivity may be related to
the altered levels of antioxidant enzyme expression in SHR
and WKY rats which we had described in an earlier study
[9], and which are again seen in the “no drug” control data
in Tables 2 and 3, where significant differences were found
for all four myocardial enzyme activities and for glutathione
peroxidase activity in liver and skeletal muscle activities
between SHR and WKY rats.

The changes in rat tissue enzyme activities caused by
drug administration ranged from an increase to 141% of
control activity (Table 3, terazosin effect on liver CufZn
superoxide dismutase) to a decrease to 38% of control
activity {Table 2, terazosin effect on quadriceps femoris Mn
superoxide dismutase). These changes are quantitatively
similar to those observed in earlier studies on the effects of
exercise and aging on antioxidant enzyme activities [e.g.
Refs. 9 and 39—-41]. Although relatively small, such activity
changes could be critical in antioxidant defense mecha-
nisms, given previous evidence indicating that these en-
zyme activities may be present in tissues such as muscle at
rate-limiting levels [42].

Previous studies have shown that changes in tissue
antioxidant enzyme activities in response to internal or
external stimuli do not always parallel each other. Thus, in
response to a 90-min exercise regimen [40], total superoxide
dismutase activity in rat soleus muscle was increased by
41%, whereas glutathione peroxidase activity was increased
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only by 8% and catalase activity was decreased to 71% of
control activity. In hyperoxia over a 5-day period [43], rat
lung mRNA levels for Mn and CufZn superoxide dismuta-
ses were increased to quite different extents (to 267 and
122%, respectively, of control levels), and glutathione
peroxidase activity was decreased only marginally (to 92%
of control levels}, whereas catalase was decreased to a much
greater extent {to 63% of control levels). Studies on the 1-
to 5-day post-natal development of rat lung [44] also
showed a lack of coordinated changes in these enzyme
activities with only catalase activity being changed signif-
icantly (increased). Qur studies provide further evidence
that antioxidant enzyme expression is not coordinately
regulated as has been suggested previously [43, 44], as
antihypertensive drugs often caused both increases and
decreases in different antioxidant enzyme activities in the
same tissue. Examples of a lack of coordinated changes in
the present study were seen in both SHR and WKY rat
tissues, but in SHR rats, there was a higher incidence of
multiple activity changes within a tissue in response to drug
treatment (see Tables 2 and 3). Thus, in SHR rats,
treatment with each of the three antihypertensive drugs
gave different non-coordinated patterns of activity changes
for all four myocardial antioxidant enzymes, and other
examples of non-coordinated changes were seen in skeletal
muscle in response to treatment with terazosin and in liver
following treatment with hydralazine or terazosin. The only
case of a statistically significant coordinated change in
more than two tissue enzyme activities was in liver of
captopril-treated SHR rats, in which case there were
positive correlations between the decreases in all four
antioxidant enzyme activities (all r values > 0.71, all P
values <C 0.01). These results suggest that each antioxidant
enzyme has its tissue activity regulated by unique mecha-
nisms that are responsive to a wide variety of stimuli. The
complexity of this situation is further emphasized as the
regulation of expression of an antioxidant enzyme in
different tissues can be affected differently by the same
antihypertensive drug. Examples of such differences were
seen with the effects of captopril on tissue CufZn superox-
ide dismutases in SHR rats, with captopril on catalase in
WKY rats, and with terazosin on glutathione peroxidases
and catalase in both SHR and WXY rats.

As can be seen from data in Tables Z and 3, treatment of
SHR rats with an antihypertensive drug significantly al-
tered myocardial antioxidant enzyme specific activities, in
some cases to values that were not significantly different
from those observed in untreated normotensive WKY rats.
Examples of such specific activity changes in drug-treated
SHR rats were seen as a result of captopril treatment for
both superoxide dismutases and glutathione peroxidase,
and with terazosin treatment for Cu/Zn superoxide dis-
mutase and glutathione peroxidase. In the case of hydral-
azine treatment, Cu/Zn superoxide dismutase activity was
elevated to the untreated WKY rat value, whereas the
glutathione peroxidase activity was decreased to a level
below the untreated WKY rat activity. Although none of
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the drug treatments caused the myocardial catalase activi-
ties to decrease to the untreated WKY rat activities, both
hydralazine and terazosin did cause significant decreases in
myocardial catalase activities (P = 0.0012 and 0.0023,
respectively), which brought these values closer to the
untreated WKY rat value than to the untreated SHR rat
value. The significance of these changes is not yet clear, but
they may be beneficial in the myocardium and could be
related to the lower levels of lipid peroxidation that are
found in the myocardium of drug-treated SHR rats com-
pared with those in untreated WKY rats (Tables 2 and 3).
However, in the liver of SHR rats (Table 2), the level of
lipid peroxidation was elevated significantly by terazosin
treatment and was about twice that observed in untreated
WKY rats, despite a decrease in Mn superoxide dismutase
and an increase in glutathione peroxidase activities to
values that were closer to those in untreated WKY rats.
These results show that the response to antihypertensive
drug treatment is tissue specific, and comparison of our
results of the effects of captopril on liver antioxidant
enzymes with those of a previous study [21] on mouse liver
enzymes shows that the effects of antihypertensive drugs on
antioxidant enzymes are also species specific.

Analysis of the data for myocardium in Tables 2 and 3
demonstrates that a simple inverse relationship between
lipid peroxidation levels and antioxidant enzyme activities
did not always occur. Thus, although the decrease in the
TBARS level observed between non-drug-treated WKY
and SHR rats was found to correlate negatively with
increases in glutathione peroxidase (r = —0.72, P <
0.01) and catalase (r = —0.71, P < 0.01) activities,
there was a positive correlation between the TBARS level
decrease and the decrease in Mn superoxide dismutase
activity (r = 0.56, P < 0.05). In hydralazine-treated SHR
rats, this pattern of correlations was reversed, with the
decrease in TBARS levels in the drug-treated rats showing
a negative correlation with the increase in Cu/Zn superox-
ide dismutase activity (r = —0.67, P < 0.02), but having
positive correlations with decreases in glutathione peroxi-
dase (r = 0.89, P < 0.001) and catalase (r = 0.71, P <
0.01) activities. Hydralazine-treated SHR rats also showed
a positive correlation (r = 0.83, P < 0.001) between the
decreases in TBARS level and glutathione peroxidase
activity. In addition to such positive correlations in myo-
cardium, positive correlations were also seen in liver be-
tween TBARS levels and glutathione peroxidase activity
(r = 0.74, P < 0.01) in terazosin-treated SHR rats, and
between TBARS levels and glutathione peroxidase (r =
0.69, P < 0.01) and catalase (r = 0.58, P < 0.05)
activities in captopril-treated WKY rats. The reasons why
there is not a simple inverse relationship between tissue
lipid peroxidation levels and the antioxidant enzyme activ-
ities measured in these studies are unclear, but may be
related to changes in tissue concentrations of antioxidant
metabolites {e.g. ascorbic acid) and in the specific activities
of other enzymes involved in antioxidant metabolism,
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which could be caused by hypertension or treatment with
antihypertensive drugs.

In summary, these studies demonstrated that the three
antihypertensive drugs can affect the activities of rat tissue
antioxidant enzymes, and, in myocardium, the changes in
some of the enzyme activities observed between normoten-
sive WKY and hypertensive SHR rats were mitigated by
treatment of the SHR rats with an antihypertensive drug.
Data obtained from myocardium, skeletal muscle, and liver
indicated that drug effects on tissue antioxidant enzyme
activities are tissue specific and more pronounced in SHR
rats than in WKY rats. The results indicate that the
changes are caused by drug effects on transcriptional,
translational, or post-translational control mechanisms,
and add to the list of proteins whose expression can be
altered by hydralazine [29, 45] and captopril {29, 46]. These
studies do not provide evidence for drug-related coordinate
regulation of different enzymes in the same tissue or of the
same enzyme in different tissues. Experiments in our labo-
ratory are in progress to investigate the precise mechanisms
for changes in antioxidant enzyme expression as a result of
hypertension and for these drug-related effects. Of particu-
lar interest will be the question of whether these drugs
operate by affecting the same or different regulatory mech-
anisms for the expression of an antioxidant enzyme gene.
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