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Role of intrinsic antioxidant enzymes in renal oxidant injury
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Role of intrinsic antioxidant enzymes in renal oxidant injury. To
investigate the functional role of renal intrinsic antioxidant enzymes
(AQOEs), the levels of AOE activities in isolated glomeruli and the
changes in renal function to oxidant insults were assessed in normal
control rats (NC, N = 23) and rats subjected to 30-minutes of complete
renal ischemia for three days (day-3, N = 20) or six days (day-6, N =
23) prior to study. When compared to NC, the activities of total and
manganese (cyanide-insensitive) superoxide dismutase, glutathione per-
oxidase, and catalase were increased more than twofold in day-6
animals, on average, from 36 * 4 U/mg protein, 9 = 1 U/mg protein, 129
+ 21 U/mg protein and 1.32 = 0.20 k/mg protein, respectively, to 80 %
5,27 £ 3,283 + 41 and 3.20 + 0.20, respectively (P < 0.05 for all).
There were no changes in AOE activities in day-3 animals. In day-6
animals, however, the activities of non-AOEs, LDH and fumarase were
found to be unaffected. Separate groups of NC (N = 12), day-3 (N = 5)
and day-6 (N = 12) rats were subjected to either 30 minutes of ischemia
plus 60 minutes of reperfusion (I/R) or unilateral i.a. infusion of
hydrogen peroxide (H,0,, 35 umoles in | hr). The degree of reduction
in inulin and para-amino hippurate clearance rates following I/R were
significantly less in day-6 (—21 + 3% and —12 *+ 2, respectively)
compared to NC (=69 = 9% and —59 = 11, respectively) or day-3 rats
(=73 = 7% and —62 %= 10, respectively). Likewise, whereas urine
protein excretion rate increased markedly following H,0, administra-
tion in NC (from 4 + 1 pg/min to 309 = 29), proteinuria did not develop
in day-6 (from 5 = 1 ug/min to 5 = 3). These findings suggest that renal
intrinsic AOE activities can be augmented by the insult of I/R, and the
enhanced AOE activities provide kidneys with an effective defense
system against ROS-mediated injuries. Thus, the prevailing AOE
activity levels within the kidney appear to be an important determinant
for renal dysfunction induced by ROS.

Studies in the past demonstrated the pathophysiological
importance of the metabolites of partially reduced oxygen
molecules, or reactive oxygen species (ROS) in various exper-
imental renal diseases [reviewed in 1], including several animal
models of primary glomerutopathy and acute renal failure, both
ischemic and nephrotoxic [2-7]. In addition, our recent studies
{2, 8] and those by others [3, 4, 7] have shown that ROS per se
can compromise renal function, depress glomerular filtration
and impair glomerular sieving function. Of note is the widely
accepted notion that the expression of injury is determined not
only by the nature of offending pathogens, but also by the
quality of the host’s defense system. Since cells are equipped
with various ROS scavenging systems, including antioxidant
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enzymes (AOEs) [9, 10], it is plausible to speculate that it is
when the amount of environmental ROS exceeds the capacity
of cell or organ antioxidant systems that normal cell/organ
function is disrupted and tissue damage develops [10, 11].
Indeed, it has been shown that experimental manipulation of
tissue antioxidant systems achieved by selenium intake restric-
tion (to reduce seleno-dependent glutathione peroxidase), sup-
plementation of AOEs or non-enzymatic antioxidants, resulted
in changes in the susceptibility of tissues or cells to injury
caused by ROS [2, 4-7, 11]. In addition to these manipulations,
several experimental maneuvers have been shown to trigger
alterations in tissue/cell AOE levels. In the lung, both in vivo
and in vitro experiments demonstrated that intrinsic AOE
activities are enhanced following exposure to high oxygen
tension or endotoxin and treatment with glococorticoid, as well
[12-14].

Given the experimental observations that some forms of
acute renal insult which involve ROS generation in kidneys
induce a resistance against a recurrent insult of a similar nature
[5, 6, 15], we were intrigned by the possibility that this
acquisition by the kidney of immunity against ROS may in-
volved enhancement of local levels of AOEs.

In the present study, therefore, we aimed at addressing the
following previously-untested issues: 1) Whether the antioxi-
dant enzymes within the kidneys can be modulated and, if so, 2)
whether the modulated levels of the AOE activities make a
crucial impact on the glomerular dysfunction when ROS insult
is imposed. In designing our study, we recognized the experi-
mental obstacle that, currently, there is no known agent or
maneuver which specifically manipulates AOEs within the
glomerulus or even in any renal cells. Therefore, we simulated
experimental protocols employed in other organ experiments,
and we found, through a series of pilot studies, that a 30-minute
complete renal ischemia results in a subsequent elevation in
glomerular AOEs in six days. Using this protocol, in the present
study, we focused on testing if the kidney becomes resistant to
ROS injury when, and only when, the enhancement of AOEs
are achieved, and if such a resistance is related to elevated
enzyme activities, specifically, of AOEs, and not to the general
well-being status of the tissue.

Methods

Figure 1 illustrates the experimental protocols employed in
the study.
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A
No ischemia Ischemia
Controls Day-3 Day-6
Determination of glomerular AOE activities
B
No ischemia Ischemia
Control Day-3 | Day-6
Measurements of C,, and Cpay before and after
ischemia (30 min)-reperfusion (60 min)
C
No ischemia Ischemia
Control Day-6
Measurements of Up,V, C;, and Cpay before
and after the intra-left renal artery injection of
H,0, (35 umol in 60 min)

Fig. 1. A. The protocol for the measurements of glomerular antioxi-
dant enzyme (AOE) activities in control and post-30 minute-ischemic
kidneys. Day-3 and Day-6 denote 3 and 6 days after the ischemia,
respectively. B. The protocols for assessment of susceptibility to
ischemia/reperfusion in control and post-ischemic kidneys. C,,, whole
kidney inulin clearance rate; Cp,y, whole kidney para-amino hippurate
clearance rate. C. The protocol for assessment of susceptibility to
hydrogen peroxide (H,0,)-induced glomerular dysfunction in control
and post-ischemic kidneys. U, V: urine protein excretion rate.

Induction of ischemialreperfusion injury

Ischemia/reperfusion injury was induced in the left kidney of
60 adult male Munich-Wistar rats (214 to 306 g). Rats were
anesthesized by intraperitoneal injection of pentobarbital (50
mg/kg). The abdominal region was shaved and prepped with a
10% providone-iodine solution (Betadine solution, Purdue Fred-
erick Co., Norwalk, Connecticut, USA). The surgical instru-
ments were sterilized by autoclave. A laparotomy was per-
formed using a vertical midline incision; the left renal artery
was exposed by a blunt dissection; a hemostatic clamp was
applied on the left renal artery for 30 minutes to create a
complete renal ischemia. The clamp was then removed, and the
abdominal incision closed in two layers using silk sutures. After
recovery from anesthesia, animals were returned to cages, and
food and water were given ad libitum for either three or six
days.
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Three or six days after the ischemia, rats were randomly
divided into two groups. One group (N = 20, and 23 in day-3 or
day-6 post-ischemia, respectively) underwent determination of
glomerular antioxidant enzyme activities (Fig. 1A), and the
other (N = 5 and 12 in 3- or 6-day post-ischemia, respectively)
to functional assessment (Fig. 1B and C).

As a control, 35 rats (203 to 292 g) underwent a surgical
procedure which was identical to that performed in the above
experimental rats, except that the induction of renal ischemia
was omitted. Like experimental rats, these control rats were
subjected to glomerular AOE determination (N = 23: Fig. 1A)
or functional assessment (N = 12: Fig. 1B and C).

Measurement of glomerular AOE activities

The measurements of glomerular superoxide dismutase
(SOD), glutathione peroxidase (GSH-Px) and catalase activities
(Fig. 1A) were performed as follows. Rats were anesthetized
with intraperitoneal pentobarbital (50 mg/kg), and kidneys were
harvested following renal perfusion with iced 0.9% NaCl solu-
tion. Under cold environment (4°C), glomeruli were isolated
using the method previously employed by us [16]. Briefly,
minced renal cortex was passed through three consecutive
sieves, then glomeruli were collected. Glomerular suspension
was washed with 10 mmM potassium phosphate, 0.1 mm EDTA,
pH 7.8, and centrifuged three minutes X 2000 rpm twice.
Preparations consisting of more than 95% with intact isolated
glomeruli by light microscopic examination were used. Since
glomeruli from one kidney were not sufficient in quantity to
perform the assays specified below, glomeruli from two or three
kidneys which underwent identical treatment in situ were
combined. The glomeruli were then sonicated, centrifuged
(1,000 g for 20 min) and supernatants were stored at —70°C until
assays of each enzyme activity were performed.

SOD activities were assayed based on the cytochrome ¢
autoxidation method by McCord and Fridovich [17, 18]). Ina 1.6
ml cuvette (with a 10 mm light path), 1.0 ml of air-saturated 50
mM potassium phosphate buffer, 0.1 mm EDTA, pH 7.8 was
equilibrated at 25°C with the sample (20 ul). The reaction
mixture containing 10 uM ferricytochrome ¢ (Sigma, St. Louis,
Missouri, USA), 50 uM xanthine (Sigma), 6 um xanthine
oxidase (Sigma), and either 10 uM or 1 mM potassium cyanide
was measured for the reduction of cytochrome ¢ at 550 nm
using a Hitachi U-600 spectrophotometer (Tokyo, Japan). Low
concentrations of potassium cyanide (10 um) was added to
avoid possible interference by cytochrome oxidase [18]. This
concentration has been shown not to inhibit Cu/Zn- or Mn-SOD
activity considerably, therefore, the activity obtained was con-
sidered as a total SOD activity. Mn- (or cyanide insensitive)
SOD activity was measured with 10 mM potassium cyanide [18].
The amount of SOD required to inhibit the rate of reduction of
cytochrome ¢ by 50% was defined as 1 unit of activity.

GSH-Px activity was measured by the method of Beutler et
al, which uses an oxidation reaction of reduced glutathione by
glutathione peroxidase coupled to the disappearance of
NADPH by glutathione reductase using tert-butyl hydroperox-
ide as the substrate [19]. The assay mixture contains 730 ul of
0.1 M Tris-HCI, 0.5 mm EDTA buffer, pH 7.6, 100 ul sonicated
sample suspension, 20 ul of 2 mM glutathione, 50 ul of 0.2 mMm
NADPH (Sigma) and 1 U of yeast glutathione reductase (Sig-
ma). After preincubation of the mixture for 15 minutes at room
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temperature, the reaction was started by adding 0.35 mm
tert-butyl hydroperoxide (Sigma) and was followed at 340 nm
for five minutes. The activity was calculated using extinction
coefficient of NADPH at 340 nm, 6.22 mM~' cm™.

Catalase activity was measured using the method of Aebi
{20]. Thus, in a 1.6 ml quartz cuvette, 25 ul of sample was added
to 725 pl of a mixture containing 7.7 mm H,0, in 10 mmM
phosphate buffer, pH 7.0. Change in absorbance at 240 nm was
measured. The rate constant of a first order reaction (k) was
used as a unit by the equation:

k = (I/At) X In(A1/A2)

where At is the measured interval (sec); Al and A2 are the
absorbances at initial and final measurement points, respec-
tively.

In some glomerular samples, activities of non-antioxidant
enzyme, namely, lactate dehydrogenase (LDH), representing
cytosolic enzymes, and fumarase, representing mitochondrial
enzymes, were determined to evaluate whether the changes in
enzyme activities are specific to AOEs. LDH activity was
measured by the method described by Wahlefeld, which mea-
sures the amount of L-lactate oxidized at 30°C per unit time by
observing a continuous increase in absorbance at 334 nm [21].
Fumarase activity was measured by the method described by
Hatch, which measures the formation of malate detected by
coupling its production with NADPH reduction by malic en-
zyme [22].

All enzyme activity values were corrected by the tissue
protein content measured by the method of Lowry et al [23].

In vivo assessment of susceptibility to ROS-mediated renal
injuries

To evaluate the susceptibility to ROS-mediated dysfunction
in post-ischemic kidneys, two forms of insult were imposed.
The first was ischemia/reperfusion (Fig. 1B). Based on the
previous findings that renal ischemia/reperfusion injury is, at
least in part, mediated by ROS [4, 6, 7], control (no previous
tschemic episode, N = 6), 3-day post-ischemic, (N = 4) and
6-day post-ischemic (N = 6) rats underwent ischemia/reperfu-
sion, and the degree of glomerular dysfunction induced by this
insult was compared. In this experiment, rats were anesthetized
with an intraperitoneal injection of Inactin (Byk, Constanze,
FRG; 100 mg/kg) and underwent preparatory surgery for whole
kidney clearance measurements as previously described [2, 24].
Thus, after tracheostomy, indwelling polyethylene catheters
(PE-50, Clay-Adams, Parsippany, New Jersey, USA) were
placed into the jugular vein for infusion of plasma, inulin and
p-aminohippurate (PAH). The left femoral artery was catheter-
ized to monitor mean systemic arterial pressure (MAP), using
an electronic transducer (model P23 ID, Gould, Cleveland,
Ohio, USA) which was connected to a recorder (model 22008S,
Gould). The left and right ureters were cannulated with PE-10
for the subsequent coilection of urine. Fluid loss due to surgical
preparation was replaced with rat plasma, infused in a volume
equal to 1% of body weight over 30 minutes, followed by a
maintenance infusion at the rate of 1.2 mi/hr [24]. After priming
dose (0.4 mi) of 0.9% NaCl containing 9% inulin and 19 PAH,
a maintenance infusion of this mixed solution was continued
throughout each experiment at a rate of 1.2 mi/hr.
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Following an equilibration period (30 min), rats underwent
baseline measurements of glomerular function. Urine was col-
lected from both ureters for determination of urine flow rate,
inulin and PAH concentrations. Arterial blood was collected
into capillary tubes (100 ul) for determinations of plasma inulin
and PAH concentrations at the mid-point of urine collection.
Two consecutive collections with each =10 minutes duration
were performed. At the completion of these initial measure-
ments and collections, the left renal artery was occluded for 30
minutes.! Sixty min after the release of occlusion, the above
measurements were repeated. The right kidney, which did not
undergo ischemia/reperfusion, served as a control.

To examine the susceptibility to another form of ROS-
mediated injury, direct injection of hydrogen peroxide into the
left renal artery was performed (Fig. 1C). This protocol has
been shown to induce transient massive proteinuria with im-
pairment of glomerular molecular size-selectivity [8]. For this
experiment, normal rats (without previous ischemic episode, N
= 6) and 6-day post-(left-renal)-ischemic rats (N = 6) under-
went preparatory surgery identical to the above. Following
equilibration period and baseline clearance measurements in
the left and right kidneys including determination of protein
excretion rate, 70 mM hydrogen peroxide in 50 mM phosphate
buffer, pH 7.0, was injected for one hour at the rate of 0.5 ml/hr,
using the micropipette infusion system previously described
[27]. This system consists of a micropipette with an internal
diameter =50 um connected to a microinfusion pump, and is
manipulated by De Fonbrune micromanipulator (Micro Instru-
ment Co., St. Louis, Missouri, USA). Immediately after the
completion of the infusion, the measurements were repeated.
The right kidney, which did not receive hydrogen peroxide,
served as the control. In our pilot studies, vehicle injection
alone was found not to affect any of the parameters measured.

Inulin concentrations in plasma and urine were determined
by the macroanthrone method [28]. PAH concentrations in
plasma and urine were assayed by the method of Bratton and
Marshall, modified by Smith et al [29). Glomerular filtration rate
(GFR) and renal plasma flow rate (RPF) were estimated by
inulin and PAH clearance rate, respectively. Urine protein
concentration was assessed by the Coomassie brilliant blue
method [30], and excretion rate (U,V) was expressed as
microgram per minute.

Statistics

All values are expressed as the means + sg. For comparisons
among groups, one-way analysis of variance (ANOVA) fol-
lowed by modified Tukey’s test was performed [31, 32]. For
comparison between paired data, a paired #-test was performed
[31]. P value less than 0.05 was considered to be statistically
significant.

On the basis of comparison between 20 to 60 minutes of complete
ischemia in the rat isolated perfused kidneys, others have suggested
that the major involvement of the ROS in the pathophysiology of renal
injury is less clear in a longer ischemic period (=45 min) [25, 26]). For
this reason, we have chosen the protocol of short term ischemia (that is,
30 min) in the present study.
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Fig. 2. A. Glomerular total (closed bars) and manganese (cyanide
insensitive, hatched bars) superoxide dismutase activities in control
and post-ischemic kidneys. Day-3 and Day-6 denote the activity mea-
sured 3 days or 6 days after the 30 minute ischemia. The numbers in
circle denote the number of determinations. B. Glomerular glutathione
peroxidase activities in control and post-ischemic kidneys. C. Glomer-
ular catalase activities in control and post-ischemic kidneys. Values are
expressed as mean * sg. * denotes P < 0.05.

Results
Effect of ischemialreperfusion on glomerular AOE activities

Glomerular AOE activities in control (ischemia/reperfusion
episode not imposed), 3-day post-ischemic and 6-day post-
ischemic kidneys are shown in Figure 2.

The top panel of Figure 2 depicts SOD activities measured in
isolated glomeruli. In control kidneys, the glomerular total and
Mn- (or cyanide insensitive-) SOD activities averaged 37 = 4
and 9 = | U/mg protein, respectively. The respective values in
3-day post-ischemic glomeruli (30 += 3 and 9 = 1 U/mg protein)
were not significantly different from that of control glomeruli.
By contrast, in 6-day post-ischemic kidneys, glomerular total
and Mn- SOD activities were significantly elevated, on average,
to 80 = 5 and 27 = 3 U/mg protein, respectively. The values of
total and Mn-SOD activity were increased by some 120 and
190% of the corresponding control values, indicating that the
elevation in total SOD activity was mainly attributed to Mn-
SOD activity. The levels of glomerular GSH-Px activity are
shown in the middle panel of Figure 2. In control glomeruli, the
activity averaged 129 + 21 U/mg protein, and in 3-day post-
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ischemic glomeruli, 77 = 11 U/mg protein, a value slightly but
significantly below the control. Like that of SOD, GSH-Px
activity was significantly elevated in 6-day post-ischemic glo-
meruli, averaging 283 * 41 U/mg protein. As shown in the
bottom panel of Figure 2, a similar trend was observed in
glomerular catalase activity. The control catalase activity aver-
aged 1.32 = 0.20 k/mg protein, and values in 3-day post-
ischemic glomeruli (1.11 %= 0.13 k/mg protein) were similar to
the control values. In 6-day post-ischemic glomeruli, catalase
activity was elevated more than twofold, on average, to 3.20 +
0.63 k/mg protein. The glomerular SOD, GSH-Px and catalase
activities in contralateral kidneys of experimental rats, that is,
kidneys which did not undergo ischemia/reperfusion, were not
different from those of control kidneys. Thus, the glomerular
total and Mn-SOD activities from contralateral kidneys of 3-day
post-ischemia averaged 33.8 + 5 and 10.6 = 2.2 U/mg protein
(number of determinations = 6), respectively. Those values in
the 6-day post-ischemia averaged 43.7 = 5.6 and 10.2 = 1.1
U/mg protein (N = 6), respectively. Glomerular GSH-Px activ-
ities of contralateral kidneys were 125 *+ 10 U/mg protein (N =
6) and 143 = 20 (N = 7) in 3- and 6-day post-ischemia,
respectively; the catalase activities were 1.05 = 0.12 k/mg
protein (N = 6) and 1.60 = 0.22 (N = 7) in 3- and 6-day
post-ischemia, respectively.

To evaluate whether the observed increases in AOE activities
are specific to antioxidant enzymes, the activity of non-antiox-
idant enzymes, specifically, LDH and fumarase, were mea-
sured in control and 6-day post-ischemic glomeruli. The activity
of LDH in control glomeruli (N = 6) averaged 399 = 103 mU/mg
protein, and that in 6-day post-ischemic glomeruli (N = 6) was
291 = 51 mU/mg protein (P > 0.10). Activity of fumarase in
control glomeruli averaged 108 = 17 mU/mg protein, and that in
6-day post-ischemic glomeruli 69 = 3 mU/mg protein (N = 7), a
value slightly but significantly below the control. Therefore,
increase in enzyme activities following exposure of the glomer-
uli to ischemia/reperfusion is somewhat specific to antioxidant
enzymes.

Functional significance of elevated glomerular AOE activities

To investigate whether the observed changes in glomerular
AOE activities are functionally important, kidneys with ele-
vated glomerular AOE activities were challenged with two
forms of ROS insult.

In the first set of experiments, control rats (with no previous
ischemia/reperfusion episode), 3-day and 6-day post-ischemic
rats underwent 30-minute left renal ischemia followed by 60-
minute reperfusion. Values for mean systemic arterial pressure,
MAP, were not different among study groups, and did not
change throughout the experiment. (Values for average MAP
during baseline and post-ischemia/reperfusion periods of con-
trol, 3-day and 6-day post-ischemic rats were 107 = 4 mm Hg
and 107 = 3; 104 £ 5 and 102 = 7; 104 = 2 and 108 = 1,
respectively). In control rats, both whole kidney inulin and
PAH clearances of ipsilateral (left) kidneys were depressed
substantially following ischemia/reperfusion, while these values
were unaffected in contralateral (right) kidneys (Fig. 3). In
3-day post-ischemic kidneys, baseline values of inulin and PAH
clearances were significantly below those in the control kid-
neys, thus representing incomplete recovery from the initial
ischemia/réperfusion episode (Fig. 3). When the second isch-
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Fig. 3. Whole kidney inulin clearance rate (A) and PAH clearance rate
(B) during baseline (before) and following left renal 30 minute ischemia
+ 60 minute reperfusion (after) in control (no previous ischemic
episode, N = 6), 3-day (N = 5), and 6-day (N = 6) left renal
post-ischemic rats. Values from the left and right kidneys are given as
closed and open circles, respectively. Values are expressed as mean +
SE. * denotes P < 0.05.

emia/reperfusion was induced in the left kidneys, in which
glomerular AOE activities were not elevated, a profound reduc-
tion in inulin and PAH clearances was observed (Fig. 3). Again,
no significant changes were noted in the parameters of contra-
lateral kidneys of the same rats. A markedly different pattern
was observed in 6-day post-ischemic rats in which significant
elevations of glomerular AOE activities were observed in the
ipsilateral kidneys. In their left kidneys, baseline inulin and
PAH clearance values were similar to those in control rats,
representing a functional recovery from the initial insult (Fig.
3). When the left kidney of these rats was exposed to a second
episode of ischemia/reperfusion, the degree of reduction in
inulin and PAH clearances was much less than that in control or
3-day post-ischemic kidneys. Thus, as shown in Figure 3, the
decrease in inulin and PAH clearances in 6-day post-ischemic
kidneys were significantly and substantially less than those
achieved by either the other two groups. The degrees of
reduction in inulin and PAH clearances, expressed by percent
reduction from the baseline values of each group, were —69 =
3% and —-59 = 11; =73 + and —62 * 10; =21 £ 3 and —12 =
2, in control, 3-day and 6-day post-ischemic rats, respectively
(both values of 6-day post-ischemia are significantly less than
those in control or 3-day post-ischemic rats). Therefore, these
6-day post-ischemic kidneys, which had elevated AOE activi-
ties, were found to be clearly more resistant to dysfunction
caused by ischemia/reperfusion.

In some studies, Kidneys were harvested at the end of
experiments, immersion fixed in 10% buffered formalin, and 3
sections were stained with periodic acid Schiff. The light
microscopic examination (N = 2 for each group) did not reveal
appreciable changes in glomerular structures. On the other
hand, mild tubular changes including dilatation and desquama-
tion were found in most of 60 tubular profiles per kidney
examined in control rats which underwent 30-minute ischemia
and 60-minute reperfusion. Day-3 and 6-day post-ischemic
kidneys showed moderate tubular regenerative change, dilata-
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Fig. 4. Urine protein excretion rate during baseline (before) and fol-
lowing left renal arterial hydrogen peroxide (35 mm in 60 min) infusion
(after) in control (A, no previous ischemia, N = 6) and 6-day (B, N =
6) left renal post-ischemic rats. Values from the left and right Kidneys
are given as closed and open circles, respectively. Values are expressed
as mean * SE. * denotes P < 0.0005.

tion, and loss of brush borders. The effects of the first versus
the second ischemia/reperfusion could not be differentiated.

In the second set of experiments, a direct perfusion of
kidneys with ROS was performed. Based on our preliminary
studies [8] which demonstrated a profound, transient protein-
uria following intrarenal injection of hydrogen peroxide (35
pmol in 1 hr), an identical protocol was used to evaluate
whether kidneys with elevated AOE activities are protected
from ROS-induced injuries. As shown in Figure 4, in control
rats, intrarenal injection of hydrogen peroxide resulted in some
80-fold increase in urine protein excretion rate (on average from
4.1 = 1.0 pg/min to 308.7 = 29.3 pg/min), without any appre-
ciable effects on the contralateral (right) kidneys (from 5.9 = 1.2
pg/min to 4.9 = 0.8 pg/min). Although not shown, GFR and
RPF measured in the same rats were unaffected. In the 6-day
post ischemic kidneys, the massive proteinuria observed with
the hydrogen peroxide infusion in control rats was completely
absent (left: from 5.9 %= 1.2 ug/min to 4.9 = 0.8; right: from 5.1
+ 0.4 ug/min to 5.4 + 1.2). Thus, only the kidneys with elevated
glomerular AOEs were also protected from hydrogen peroxide-
induced glomerular permselectivity defect [8].

Discussion

Among various antioxidant systems equipped within aerobic
cells, three antioxidant enzymes, superoxide dismutase, SOD,
glutathione peroxidase, GSH-Px, and catalase are major mech-
anisms to reduce local levels of ROS [9, 10]. Thus, these
enzymes distributed in cytosol and/or mitochondria can abase
primary ROS, such as superoxide anion (by SOD), and hydro-
gen peroxide (by GSH-Px and catalase) before they can interact
to form more reactive cytotoxic metabolites (hydroxyl radical,
hypochlorous acid) [9, 10]. Our measurements of the activities
of these enzymes showed that the particular protocol of 30-
minute complete ischemia/reperfusion leads to increases in
AOE activities in six days. Since the activities of other cyto-
solic and mitochondrial marker enzymes [13, 21, 22], specifi-
cally LDH and fumarase, respectively, were unaffected, the
effect of ischemia/reperfusion on enzymes appears to be some-
what specific to these antioxidant enzymes.

While these observations, for the first time, establish an



Yoshioka et al: Glomerular antioxidant enzymes and oxidant injuries

experimental protocol which induces enhancement of intrinsic
AOE activities in renal tissues, the results from our functional
studies are indicative that, like those in other organ systems [12,
33], enhanced AOE activities make a crucial impact on the
expression of renal dysfunction during ROS stress. In the first
set of our functional tests, we subjected the kidneys with
elevated AOE activities to ischemia/reperfusion. In this regard,
by assessing the glutathione redox ratio or by observing the
protective effect of antioxidants given exogenously, others have
demonstrated that our protocol of ischemia/reperfusion, in-
deed, involves ROS stress [4, 6, 7]. In the current first set of in
vivo experiments it was shown that when AOE activities are
significantly elevated, the hypoperfusion and hypofiltration
characteristics of kidneys exposed to post-ischemia/reperfusion
are largely prevented.

Our recent study demonstrated that the ROS released from
infiltrating polymorphonuclear leukocytes can similarly cause
an increase in arteriolar resistances and reduction in ultrafiltra-
tion coefficient, which, likewise, can be prevented by exoge-
nous catalase administration [2]. Moreover, recent biochemical
and morphometric studies by us [34] and others [35] have
shown that ROS are potent inducers of constriction in mesan-
gial cells in culture. Although the reduced inulin and PAH
clearances following ischemia/reperfusion may not be attrib-
uted solely to the alteration in glomerular hemodynamics,
previous controlled studies demonstrated reduced single neph-
ron GFR [4], reduced ultrafiltration coefficient [36], and glomer-
ular ultrastructure changes [37]. Furthermore, other models of
renal injuries which involve ROS production in their pathogen-
esis have been characterized by renal hypofiltration and/or
proteinuria [1]. The latter has been also tested in the current
study.

The notion that the protection of the 6-day post-ischemic
kidney from the subsequent ROS-mediated injury is owed
largely to the elevated AOE activities, is supported not only by
the above-discussed absence of changes in non-AOE activities
in the same glomeruli, but also by two other separate sets of
observations. First, in 3-day post-ischemic glomeruli, no eleva-
tion in AOE activities was detected, nor was there a develop-
ment of resistance against glomerular hypoperfusion and
hypofiltration following ischemia/reperfusion. The second sup-
porting evidence comes from the experiment using hydrogen
peroxide. The origin of ROS is obviously different between
ischemia/reperfusion versus hydrogen peroxide, that is, intrin-
sic versus extra-renal, respectively. Therefore, the site (such
as, types of cells) and the nature of injury are different, although
the precise reason for the well-recognized difference in the
expression of renal dysfunction between the two models,
namely, depressed glomerular perfusion and filtration versus
impaired glomerular sieving function, is currently unknown [1].
Nevertheless, our experimental findings that 6-day post-isch-
emic kidneys demonstrated virtually perfect resistance against
hydrogen peroxide-induced proteinuria further support the no-
tion that, overall, the kidney with elevated AOE activities has
developed a highly efficient immunity against ROS-induced
renal dysfunction.

The mechanism underlying this increase in AOE activities
remains uncertain. In the enteric bacteria, induction of AOEs
by stimulating genes specific to these enzymes has been shown
to occur when oxygen-resistant mutants are exposed to oxida-
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tive stress, some heat-shock proteins [39], NO,; ™, or paraquat in
an anaerobic condition [38]. As mentioned earlier, the induction
of AOEs takes place also in mammalian cells [12-14, 39].
Studies in rats demonstrated that, depending on host’s age and
the nature of stimulus, the rate at which regulation of enzyme
induction takes place differs at both transcriptional and post-
transcriptional (translational) levels [39]. The enzyme induction
commonly takes place within hours to a few days after specific
stimuli [12, 13, 39], seemingly contrasting to our results that the
post-ischemic increase in enzyme activities did not occur for at
least three days after the insult. It is conceivable, then, that not
only ischemia but also complete reperfusion (that is, normal-
ization of blood flow, which was achieved between three and
six days after the ischemic episode) are required for triggering
AOE induction.? Another possibility is that although the en-
zyme induction may already have occurred at the transcrip-
tional level, the balance between production and degradation of
AOEs is negative in these hypoperfused kidneys due to a large
ongoing demand of AOE by the reactive oxygen species.

In summary, the current studies underscore the findings that
glomerular antioxidant enzymes levels are modulated. The
results also demonstrate that the elevated glomerular antioxi-
dant enzymes protect renal functions against reactive oxygen
species-induced injuries. Thus, the glomerular antioxidant en-
zymes are suggested to play an important role in the functional
derangements induced by the reactive oxygen species. The
modaulation of local antioxidant levels may constitute one of the
mechanisms of acquired resistance in acute renal injuries.

Acknowledgments

Portions of these studies were presented at the Annual Meeting of the
American Society of Nephrology, San Antonio, TX, December 12,
1988, and were published in abstract form (Kidney Int 35:410, 1989).
These studies were supported by the National Institutes of Diabetes and
Digestive and Kidney Diseases Grants DK40527 and 26657.

Reprint requests to Toshimasa Yoshioka, M.D., Division of Pediatric
Nephrology, Vanderbilt University Medical Center, C-4204 M.C.N.,
1161 Twenty-first Avenue South, Nashville, Tennessee 37232-2584,
USA.

References

1. SHaH SV: Role of reactive oxygen metabolites in experimental
glomerular disease. Kidney Int 35:1093-1106, 1989

2. YosHioka T, IcHikawa I: Glomerular dysfunction induced by
polymorphonuclear leukocyte-derived reactive oxygen species. Am
J Physiol 257 (Renal Fluid Electrol Physiol 26):F53-F59, 1989

3. JounsoN RJ, Couser WG, CH1 EY, ADLER S, KLEBANOFF Sl:
New mechanism for glomerular injury. Myeloperoxidase-hydrogen
peroxide-halide system. J Clin Invest 79:1379-1387, 1987

4. Birp JE, MiLHOAN K, WiLsoN CB, YounG SG, Munpy CA,
PARTHASARATHY S, BLANTZ RC: Ischemic acute renal failure and
antioxidant therapy in the rat. The relation between glomerular and
tubular dysfunction. J Clin Invest 81:1630-1638, 1988

S. WALKER P, SHAH SV: Evidence suggesting a role for hydroxyl

2 In keeping with these possibilities, in two models of ROS-mediated
renal injuries, namely, puromycin aminonucleoside (100 mg/kg, i.p.)
and gentamicin (50 mg/kg, i.p., X 6 days) were found in our pilot studies
to lead to depression of glomerular SOD, GSH-Px and catalase mea-
sured seven days and one day after the completion of administration,
respectively, in association with profound renal hypoperfusion [40].



288

10.

11.

12.

13.

14,

15.

16.

17.

19.

20.

21,

radical in gentamicin-induced acute renal failure in rats. J Clin
Invest 81:334-341, 1988

. McCoy RN, HiLL KE, Avyon MA, STeiN JH, Burk RF: Oxidant

stress following renal ischemia: Changes in the glutathione redox
ratio. Kidney Int 33:812-817, 1988

. PaLLER MS: Renal work, glutathione and susceptibility to free

radical-mediated postischemic injury. Kidney Int 33:843-849, 1988

. YosHIOKA T, MOORE-JARRETT T, ICHIKAWA I, YARED A: Reactive

oxygen species of extra-renal origin can induce massive *‘function-
al’’ proteinuria. (abstract) Kidney Int 37:497, 1990

. FANTONE JC, WARD PA: Role of oxygen-derived free radicals and

metabolites in leukocyte-dependent inflammatory reactions. Am J
Pathol 107:397-418, 1982

GRrisHAM MB, McCorp JM: Chemistry and cytotoxicity of reac-
tive oxygen metabolites, in Physiology of Oxygen Radicals, edited
by TavyLor AE, MATALON S, WaARD P, Bethesda, American
Physiological Society, 1986, pp. 1-18

BeckMaN JS, FREEMAN BA: Antioxidant enzymes as mechanistic
probes of oxygen-dependent toxicity, in Physiology of Oxygen
Radicals, edited by TAYLOR AE, MATALON S, WaRD P, Bethesda,
American Physiological Society, 1986, pp. 39-53

Frank L, BucHER JR, ROBERTS RJ: Oxygen toxicity in neonatal
and adult animals of various species. J Appl Physiol 45:699-704,
1978

SHIKI Y, MEYrick BO, BrigiaM KL, Burr IM: Endotoxin
increases superoxide dismutase in cultured bovine pulmonary
endothelial cells. Am J Physiol 252 (Cell Physiol 21):C436-C440,
1987

RANDHAWA PS, Hass MA, FRaNK L, Massaro D: PO,-dexameth-
asone interactions in fibroblast growth and antioxidant enzyme
activity. Am J Physiol 252 (Cell Physiol 21):C396-C400, 1987
Honpa N, HisHiDA A, IkuMA K, YONEMURA K: Acquired resis-
tance to acute renal failure. Kidney Int 31:1233-1238, 1987
YARED A, Mivazawa H, PURKERSON ML, KLAHR S, SALANT DJ,
IcHikawA I: Effect of diet, age and sex on the renal response to
immune injury in the rat. Kidney Int 33:561-570, 1988

McCorp JM, FripovicH I: Superoxide dismutase. An enzymic
function for erythrocuprein (hemocuprein). J Biol Chem 244:6049—
6055, 1969

. Craro ID, McCorp JM, FripovicH I: Preparation and assay of

superoxide dismutases, in Methods of Enzymology (vol. LIII),
edited by FLEISCHER S, PAcKER L, New York, Academic Press,
1978, pp. 126-133

BeuTLER E, BLUME KG, KapLan JC, LoHR GW, RamoT B,
VALENTINE WN: Interpational committee for standardization in
haematology: Recommended methods for red-cell enzyme analysis.
Br J Haematol 35:331-340, 1977

AEeB1 HE: Catalase, in Methods of Enzymatic Analysis, edited by
BERGMEYER HU, (3rd ed, vol. III), Weinheim, Verlag Chemie,
1982, pp. 273-282

WAHLEFELD AW: Lactic dehydrogenase, UV-method with L-
lactate and NAD, in Methods of Enzymatic Analysis, edited by
BERGMEYER HU, (3rd ed, vol. III), Weinheim, Verlag Chemie,
1982, pp. 126-133

22.
23,

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

3s.

36.

37.

38.

39.

40.

Yoshioka et al: Glomerular antioxidant enzymes and oxidant injuries

HacH MD: A simple spectrophotometric assay for fumarate hy-
dratase in crude tissue extracts. Anal Biochem 85:271-275, 1978
Lowry OM, RoseBROUGH NJ, FARR AL, RANDALL RJ: Protein
measurement with the Folin phenol reagent. J Biol Chem 193:
265-275, 1951

IcHikawA I, MADDOX DA, CoGaN MG, BRENNER BM: Dynamics
of glomerular ultrafiltration in euvolemic Munich-Wistar rats. Re-
nal Physiol 1:121-131, 1978

LiNnas SL, WHITTENBURG D, REPINE JE: O, metabolites cause
reperfusion injury after short but not prolonged renal ischemia. Am
J Physiol 253 (Renal Fluid Electrol Physiol 22):F685-F691, 1987
GaMELIN LM, ZAGeEr RA: Evidence against oxidant injury as a
critical mediator of postischemic acute renal failure. Am J Physiol
255 (Renal Fluid Electrol Physiol 24):F450-F460, 1988

KonN V, YosHioka T, FoGo A, IcHIKAWA I: Glomerular actions of
endothelin in vivo. J Clin Invest 83:1762-1767, 1989

FUHR J, KazmaRrczYK J, KRUTTGEN CD: Ein einfache colorime-
trische Methode zur Inulinbestimmung fiir Nierenclearanceunter-
suchungen bei Stoffwechselgesunden und Diabetikern. Klin
Wochenschr 33:729-730, 1955

SMITH HW, FINKELSTEIN N, ALIMINOSA L, CRAWFORD B: The
renal clearance of substituted hippuric acid derivatives and other
aromatic acids in dog and man. J Clin Invest 24:388-404, 1978
BrADFORD MM: A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-
dye binding. Anal Biochem 72:248-254, 1976

DaNieL WW: Biostatistics: A Foundation for Analysis in the
Health Science (4th ed). New York, Wiley, 1987

WALLENSTEIN S, ZuckeR CL, FLEISs J: Some statistical methods
useful in circulation research. Circ Res 47:1-9, 1980

BEckMAN JS, MiNOR RL Jr, WHITE CW, REPINE JE, ROSEN GM,
FrReEEMAN BA: Superoxide dismutase and catalase conjugated to
polyethylene glycol increases endothelial enzyme activity and
oxidant resistance. J Biol Chem 263:6884-6892, 1988

YosHiMoTO M, MoTtonMa M, IchHikawa I, Hoover RL: Effect of
reactive oxygen species on myosin light chain phosphorylation in
cultured mesangial cells. (abstract) Kidney Int 37:230, 1990
RobriGuEzZ-PuyoL D, DuQuE I, OBREGON L., MoLiz MA, HEr-
NANDoO L: Reactive oxygen species contract isolated glomeruli and
cultured rat mesangial cells. (abstract) Kidney Int 35:319, 1989
SAVIN V], PaTAK RV, MARR G, HERMRECK AS, RIDGE SM, LAKE
K: Glomerular ultrafiltration coefficient after ischemic renal injury
in dogs. Circ Res 53:439-447, 1983

SoLez K, Racusen LC, WHELTON A: Glomerular epithelial cell
changes in early post-ischemic acute renal failure in rabbit and man.
Am J Pathol 103:163-173, 1981

PrRIvALLE CT, BEYER WF JR, FRIDOVICH I: Anaerobic induction of
proMn-superoxide dismutase in Escherichia coli. J. Biol Chem
264:2758-2763, 1989

Hass MA, 1gBaL J, CLERCH LB, Frank L, Massaro D: Rat lung
Cu, Zn superoxide dismutase. Isolation and sequence of a full-
length ¢cDNA and studies of enzyme induction. J Clin Invest
83:1241-1246, 1989

YosHIOKA T: Post-ischemic glomeruli acquire immunity against the
toxic effects of reactive oxygen species through enhanced local
level of antioxidant enzyme. (abstract) Clin Res 36:782A, 1988





