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Effect of Enzymatically Generated
Reactive Oxygen Metabolites on the
Cyclic Nucleotide Content
in Isolated Rat Glomeruli
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As bstract. In the present study we examined the
effect of reactive oxygen metabolites (generated by the
xanthine-xanthine oxidase system), on adenosine-3',5'-
cyclic monophosphate (cyclic AMP) and guanosine-3',5'-
cyclic monophosphate (cyclic GMP)content in glomeruli
and tubules that were isolated from rat renal cortex. Xan-
thine (0.1 mM)-xanthine oxidase (0.025 U/ml) signifi-
cantly increased (P < 0.001) the cyclic AMPcontent in
glomeruli from 18±1 to 50±4 pmol/mg protein (n = 13).
The response was dose dependent and was markedly in-
hibited (A% -74±9, n = 3) by allopunnol (10-3), a specific
inhibitor of xanthine oxidase. Cyclic AMPcontent in the
tubules, and the cyclic GMPcontent in glomeruli and
tubules, were not altered by the xanthine-xanthine oxidase
system. This lack of response was not due to lack of
responsiveness of the tissues because parathyroid hormone
caused a marked increase in the cyclic AMPcontent in
tubules, and nitroprusside markedly increased the cyclic
GMPcontent in glomeruli.

The increase in cyclic AMPin glomeruli was due to
generation of reactive oxygen metabolites rather than of
other products (e.g. uric acid) of the xanthine-xanthine
oxidase reaction-addition of uric acid to incubations
had no effect; using another substrate for xanthine oxidase,
acetaldehyde significantly increased (A% 1 12±7, n = 4,
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P < 0.001) the cyclic AMPcontent; and catalase that
destroys hydrogen peroxide caused a marked inhibition
(A% -90±5, n = 4) of the response to xanthine-xanthine
oxidase.

The marked inhibition by catalase, and the lack of
effect of superoxide dismutase (in a concentration that
completely scavenged superoxide) suggested hydrogen
peroxide as the responsible oxygen metabolite for the
observed effect. Glucose-glucose oxidase (a system that
directly generates hydrogen peroxide), and direct addition
of hydrogen peroxide caused a dose-dependent increase
in the cyclic AMPcontent in glomeruli, which further
supports the role of hydrogen peroxide as the responsible
species for the observed effect. Additional experiments
that used prostaglandin synthesis inhibitors and antag-
onists of serotonin and histamine suggested that hydrogen
peroxide increases cyclic AMPcontent in glomeruli by
enhancing prostaglandin synthesis.

Introduction

The role of adenosine 3',5'-cyclic monophosphate (cyclic AMP)'
in regulating tubular function in the kidney is well established
(1). Recently there has been increasing evidence for the im-
portance of cyclic nucleotides in glomerular pathophysiology
(2, 3). For example, it has been shown that infusion of dibutryl
cyclic AMPor several hormones (3), all of which stimulate
cyclic AMPproduction in the glomeruli (2), caused a fall in
the glomerular ultrafiltration coefficient. In addition, recent
studies have shown remarkable differences between the cyclic
nucleotide systems in the glomeruli and tubules (1, 2), especially
with respect to hormone responsiveness. The cyclic nucleotide
content in the tubules is altered most strikingly by several ex-
trarenal hormones (e.g. parathormone, vasopressin) that affect

1. Abbreviations used in this paper: cyclic AMP, adenosine-3',5'-cyclic
monophosphate; cyclic GMP, guanosine-3',5'-cyclic monophosphate;
HBSS, Hank's balanced salt solution; MIX, I-methyl-3-isobutyl xanthine;
PG, prostaglandins.
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tubular transport (1). In contrast, the cyclic nucleotide content
in the glomeruli is altered most strikingly by several hormones
that are locally produced in the kidney (4-6). Thus histamine
(2), serotonin (2, 7), and prostaglandins (PG) (2, 8) all caused
a marked increase in cyclic AMPcontent in glomeruli. The
fact that these local hormones are well-known mediators of
inflammation and that several of their effects are mediated
through cyclic nucleotides (1, 2, 9, 10) suggests an important
role for cyclic nucleotides in modulating inflammatory responses
in glomerular disease. This view is supported by extensive ex-
perimental evidence that cyclic AMPand guanosine 3',5'-cyclic
monophosphate (cyclic GMP)modulate inflammatory and im-
mune responses, many of which are of particular relevance to
renal pathophysiology (1, 2, 9-1 1).

Recently, reactive oxygen metabolites which result from
partial reduction of oxygen (12, 13) have been shown to be
important mediators of the inflammatory response (14-16) and
to cause cellular injury (17, 18). These reactive oxygen metab-
olites, including free radical species (e.g. superoxide and hydroxyl
radicals) and other metabolites (e.g. hydrogen peroxide) have
been shown to affect a variety of biological processes (14-16,
19-21) that are potentially important in renal disease. However,
their effect on cyclic nucleotide content in intact cells and tissues
has not been previously examined. In the present study we
examined the effect of enzymatically generated reactive oxygen
metabolites on cyclic AMPand cyclic GMPcontent in glomeruli
and tubules isolated from rat renal cortex.

Methods
Isolation of glomeruli. Glomeruli were isolated by a combination of
sieving and differential centrifugation as in our previous study (7) with
only minor modifications. Sprague-Dawley rats that weighed 200-250
g were anesthetized with pentobarbital (50 mg/kg) and a polyethylene
catheter (PE 100) was inserted into the lower abdominal aorta imme-
diately above the bifurcation. Subsequently, the aorta was clamped above
the renal arteries, the renal veins were cut, and the kidneys were perfused
with ice-cold Hank's balanced salt solution (HBSS). After the kidneys
were blanched, they were removed and decapsulated. Kidneys that did
not blanch well were discarded. All subsequent preparative steps were
carried out at 4°C. The cortex was carefully dissected, minced with a
blade, and gently squeezed through a stainless steel sieve (250-,uM open-
ing) using a metal spatula. The resulting suspension of cortical tissue
was washed four times in the buffer by repeated centrifugation at 200
g for 2 min to eliminate small fragments in the supernatant. The resultant
pellet was resuspended in buffer and passed sequentially through each
of the Nitex nylon sieves (Tetko Inc., Elmsford, NY) of 390-, 250-, and
213-MM pore openings. The particles retained on the 390- and 250-M
sieve consisted of tubular fragments and were collected as a tubular
fraction. This tubular fraction, referred to later in the text as "tubules",
was washed again on the 250-MM nylon screen with HBSS to reduce
glomerular contamination to a negligible level. To obtain glomeruli,
the suspension resulting after filtering through 21 3-MM sieve was passed
through a screen cloth (Nitex No. 25, "60-MM pore opening); this step
allowed debris and small fragments to pass through, with glomeruli
retained on the cloth. The retained glomeruli were recovered by gently
rinsing with buffer. Both glomerular and tubular preparations were
transferred to preweighed polyallomer tubes, and were centrifuged at

1,500 g for 5 min; the supematant was removed by aspiration, and the
tubes were weighed again to determine approximate wet weight of the
preparations. Glomeruli or tubules were suspended in fresh HBSSso
that -4-6 mg (wet weight) of glomeruli and 8-10 mgof tubules were
contained in 100 MI of HBSSsuspension. Glomeruli that were prepared
in this way were preserved well and without capsules. The purity of
each preparation was evaluated by counting glomeruli under light mi-
croscopy; only preparations with >90% purity were used. It must be
emphasized that whereas the glomerular preparation was relatively ho-
mogenous, the tubular fraction consisted of diverse tubular segments
from the renal cortex.

Incubations and assays. Incubations of tissue preparation and analyses
of cyclic nucleotides were conducted with only minor modifications to
the method used in our previous studies (7). Freshly prepared glomeruli
(4-6 mg, wet weight) and tubules (8-12 mg, wet weight) were distributed
randomly (in duplicate or triplicate for each experimental condition)
into 10-ml glass homogenizer tubes (size A, Thomas Scientific Products,
Philadelphia, PA), kept in crushed ice at 0°C, and aliquots for protein
determination were taken. Xanthine (final concentration 0.1 mM)and
in some experiments superoxide dismutase, catalase (heat inactivated
in control tubes), ibuprofen, meclofenamate, metiamide, or methysergide
were added before preincubation at 37°C for 20 min in a Dubnoff
shaking water bath. At the end of the 20-min preincubation period,
I-methyl-3-isobutyl xanthine (MIX) dissolved in HBSSwas added to
all tubes. At the same time, enzymes, and/or drugs, or hormones were
added to the experimental tubes; the control tubes received buffer in
equal volume. These additions were made within an interval of 6 s. The
final volume of each suspension was then 500 Ml, with 0.5 mMMIX,
and the final concentration of various test agents were as indicated in
Results. After the various test agents and MIX were added, the tubes
were incubated for an additional 2 min at 37°C in a metabolic shaking
water bath. The incubation was terminated by adding 500 Ml of ice-
cold 10% trichloroacetic acid and homogenizing immediately with a
Teflon pestle (10 strokes). After adding tracer amounts of tritiated cyclic
AMP, and in some experiments, tritiated cyclic GMPto aliquots for
monitoring recovery, the precipitated proteins were removed by cen-
trifugation. Trichloroacetic acid was removed from the supernatant by
repeated extraction (X4) with ethyl ether; the remaining ether was heat
evaporated, and the samples were used for determinations of cyclic
nucleotides by the radioimmunoassay (RIA) and for measurements of
recovery. Samples from each experiment were processed (extraction,
RIA, and protein determination) at the same time, using the same batch
of reagents.

Extracts were not routinely passed through Dowex- 1 columns before
cyclic AMPand cyclic GMPdeterminations by RIA because of the
small quantity of material; in our previous study we obtained similar
results with or without Dowex- 1 formate column separation (7). The
RIA for cyclic AMPand cyclic GMPwas carried out in triplicate in
acetylated samples, exactly as described in the New England Nuclear
(Boston, MA) RIA kits. The radioactivity of the samples was counted
in a Beckman gammacounter, model 8000 (Beckman Instruments Inc.,
Fullerton, CA).

The quantity of tritiated cyclic AMPand tritiated cyclic GMPtracers
for recovery measurements (liquid scintillation counter, model 9000,
Beckman Instruments Inc.) which contributed to the final concentration
of cyclic nucleotides was calculated and subtracted from each sample.
After correction for recovery and after subtraction of the added radioactive
tracer, the contents of cyclic AMPand cyclic GMPin samples were
expressed as picomoles per milligram of protein. The values from the
duplicate or triplicate incubation tubes for each condition were averaged
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to obtain a single value. An exception was in the results depicted in
dose-response curves where each value is based on determination in a
single incubation tube. The protein content was determined by the
method of Lowry et al. (22) in aliquots of glomeruli and tubules from
each incubation tube. Thus, the protein content was determined in the
same tissues as that used for measurements of cyclic nucleotide content.
Because glomeruli and tubules were homogenized together with the
incubation medium, the content of cyclic AMPand cyclic GMPrep-
resented a sum of the cyclic nucleotides contained within cells and in
the incubation medium. The content of cyclic nucleotide was expressed
in picomoles per milligram of protein in the incubation mixture.

Because the effect of xanthine-xanthine oxidase on cyclic AMPhas
not been previously described, we carried out the following experiments
to document the validity of the cyclic AMPmeasurements (data not
shown). (a) Whentissue extracts from glomeruli that had been incubated
with xanthine-xanthine oxidase were treated with phosphodiesterase, no
cyclic AMPwas detected. (b) Serial dilutions of the tissue extracts showed
linearity, and when each tube was spiked with a constant amount of
cyclic AMPstandard, the resultant curve was linear and parallel to the
original unspiked extract dilution curve (23). (c) Addition of extracts
that were obtained by incubating xanthine-xanthine oxidase without
glomeruli to several cyclic AMPstandards, gave similar values, which
indicated that the products of xanthine-xanthine oxidase did not affect
antigen-antibody binding in the cyclic AMPRIA. (d) Finally, the values
of cyclic AMPobtained by incubation of glomeruli with xanthine-xan-
thine oxidase were a linear function of the glomerular protein (data not
shown). Taken together, these observations confirmed the validity of
the cyclic AMPmeasurements.

Superoxide dismutase inhibitable reduction of ferricytochrome c
(0.3 mM) (24) was used to measure the superoxide that was produced
by incubating 0.1 mMxanthine with varying concentrations of xanthine
oxidase. These incubations were carried out at ambient temperature in
a double-beam spectrophotometer with reference cuvette that contained
an excess of superoxide dismutase (200 ,Ag/ml) in addition to the complete
reaction mixture. The change in absorbance at 550 nM was recorded,
and from the linear portion of the curve the rate of superoxide production
was calculated using an extinction coefficient of 21.1 mM-' cm-'. The
xanthine oxidase activity was measured by recording the increase in
absorbance at 290 nM and using the extinction coefficient of
1.22 X l0-4 M-' cm-' uric acid (25). The hydrogen peroxide produced
by glucose-glucose oxidase reaction was measured spectrophotometrically
by the peroxidase-catalyzed oxidation of O-dianisidene (26); 1 U of
glucose oxidase was defined as the amount of enzyme required to generate
I Amol of hydrogen peroxide per minute.

Materials. Xanthine, xanthine oxidase (grade I), glucose oxidase
(type V), thymol-free bovine catalase (17,000 U/mg), bovine heart phos-
phodiesterase, allopurinol, serotonin (5-hydroxytryptamine creatinine
sulfate), and uric acid were all obtained from Sigma Chemical Co., St.
Louis, MO. Bovine superoxide dismutase (3,000 U/mg protein) was
obtained from Diagnostic Data, Inc., Mountain View, CA. Synthetic 1,
34-N-terminal tetratriacontapeptide of parathyroid hormone (6,000 U/
mg) was purchased from Beckman Instruments Inc., Bioproducts, Spinco
Div., Palo Alto, CA, and MIX from Aldrich Chemical Co., Inc., Mil-
waukee, WI. Methysergide maleate was a gift from Sandoz Pharma-
ceuticals, Hanover, NJ; metaimide was a gift from Dr. Mendelson, Smith,
Kline & French Co., Philadelphia, PA; meclofenamate was from Parke-
Davis, Div. of Warner-Lambert Co., Morris Plains, NJ, and ibuprofen
(sodium ibuprofenate 0.09% w/o benzyl alcohol) was from Upjohn,
Kalamazoo, MI. Acetaldehyde and hydrogen peroxide were purchased
from J. T. Baker Chemical Co., Phillipsburg, NJ, and HBSS(450-120 1)

was from Grand Island Biological Company, Grand Island, NY. Tritated
cyclic AMP, tritiated cyclic GMP, and the RIA kits for cyclic AMPand
cyclic GMPwere obtained from New England Nuclear, and the nylon
screens for sieving were from Tetko Inc.

Results

In the present study we utilized xanthine-xanthine oxidase as
a source for the reactive oxygen metabolites. This system has
previously been shown to produce superoxide anion, hydrogen
peroxide, and hydroxyl radicals (24, 27). In our initial experi-
ments, we measured the amount of superoxide anion that was
generated (superoxide dismutase inhibitable reduction of fer-
ricytochrome c) with 0.1 mMxanthine and with various con-
centrations of xanthine oxidase. Using xanthine oxidase over a
range of 0.01-0.08 U/ml, - 8-40 nmol/min of superoxide were
generated. Utilizing xanthine oxidase over the similar range of
concentrations, we examined the effect on cyclic AMPand cyclic
GMPcontent in glomeruli and tubules isolated from rat cortex.
As in our previous studies (2, 7), these incubations were carried
out in the presence of MIX, an inhibitor of cyclic AMP, and
cyclic GMPphosphodiesterase, in order to optimize conditions
for detecting increases in cyclic nucleotides. Xanthine oxidase
in concentration of 0.005 U/ml caused a significant increase in
cyclic AMPcontent; higher concentrations increased cyclic AMP
content, with the maximum response being observed with 0.05
U/ml (Fig. 1). In contrast to the effect on glomeruli, no effect
on cyclic AMPcontent in tubules was observed (Table I). In
the same experiments, parathyroid hormone (10 ug/ml) caused
a marked increase in cyclic AMPin tubules (control: 9.1 ± 1.0;
PTH: 31.4±5.1 pmol/mg protein; n = 4). Xanthine-xanthine
oxidase also had no effect on cyclic GMPcontent in either
glomeruli or tubules (Table I). Although the data with one con-
centration of xanthine oxidase (0.025 U/ml) are shown in the
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Figure 1. Effect of xanthine
(0.1 mM) and increasing
concentrations of xanthine
oxidase on cyclic AMP
content in glomeruli. Incu-
bations were carried out in
presence of 5 x 10'- M
MIX. Values are
mean±SEM. Additional ex-

perimental detail is de-
scribed under Methods.
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Table I. Effect of Xanthine-Xanthine Oxidase
on Cyclic Nucleotides in Glomeruli and Tubules*

Cyclic AMP Cyclic GMP

Additiont Glomeruli Tubules Glomeruli Tubules

pmol/mg pmol/mg pmol/mg pmol/mg
protein protein protein protein

None 17.1±1.8 (5) 8.4±1.1 (5) 1.8±0.4 (5) 0.7±0.2 (5)
Xanthine

+ xanthine
oxidase 38.7±4.1 (5)§ 7.0±0.6 (5) 1.8±0.3 (5) 0.4±0.2 (5)

* Incubation conditions described in detail under methods. Values shown are
mean±SEM. The numbers in parentheses indicate the number of experiments.
t All incubations were carried out in the presence of a phosphodiesterase inhib-
itor, MIX (5 X 10-4 M). Final concentrations of xanthine and xanthine oxidase
were 0.1 mMand 0.025 U/ml, respectively.
§ P < 0.01, compared with control values obtained without addition of xan-
thine-xanthine oxidase. Paired t test.

table, no increase in cyclic GMPwas observed over the same
range of concentrations as that shown in Fig. 1. In the same
experiments, nitroprusside (10-3 M), as in our previous studies,
(2, 7) caused a marked increase in cyclic GMPcontent in glo-
meruli (control: 3.0±0.8; nitroprusside: 71.1±21.1 pmol/mg
protein; n = 3).

As mentioned above, the incubations were carried out in
presence of MIX to optimize the conditions for detecting in-
creases in cyclic nucleotides. In a few experiments we examined
the effect of xanthine-xanthine oxidase in the absence of MIX.
As expected, the basal (unstimulated) values of cyclic AMPwere
much lower (Table II) than in the presence of MIX. Addition
of xanthine-xanthine oxidase increased the cyclic AMPcontent
in glomeruli from 4.2±0.6 to 7.9±0.9 pmol/mg protein
(n = 5), P < 0.01 representing a A% increase of 96±20 (P
< 0.01). Thus, even in the absence of phosphodiesterase inhib-

Table II. Effect of Xanthine-Xanthine Oxidase on Cyclic AMP
Content in the Absence of a Phosphodiesterase Inhibitor

Xanthine-
Experiment Control xanthine oxidase Change*

Cyclic AMP, pmol/mg protein %

1 3.7 10.0 170
2 6.4 9.5 48
3 4.0 7.9 98
4 3.7 7.0 92
5 2.9 5.0 71
Mean 4.2 7.9t 96t
SEM ±0.6 ±0.9 ±20

* A%change equals (Experiment value - control value)/(control
value) x 100.
t P < 0.01, compared with control using paired t test.

itor, the effect of xanthine-xanthine oxidase on the cyclic AMP
content in glomeruli could be demonstrated. No effect on cyclic
GMPcontent of glomeruli was observed in the absence of MIX
(control: 0.7±0.06; xanthine oxidase: 0.8±0.05 pmol/mg protein;
n = 3). In additional experiments, we examined the time course
of the changes in cyclic AMPin glomeruli. As shown in Fig.
2, an increase in cyclic AMPwas first noted at 30 s, the earliest
time point examined, and reached a peak at 5 min, and declined
thereafter. In subsequent experiments, the standard incubation
included xanthine (0.1 mM), xanthine oxidase (0.025 U/ml),
MIX (0.5 mM), and the incubation time of 2 min.

Weexamined the requirement of a complete reactive oxygen-
generating system for the observed effect on cyclic AMP. Xan-
thine or xanthine oxidase by itself had no effect on cyclic AMP
content in glomeruli, whereas a marked increase was noted
when both xanthine and xanthine oxidase were included in the
incubations (Table III). Because xanthine oxidase is often con-
taminated with proteases, the lack of direct effect of xanthine
oxidase by itself indicates that the observed effects were due to
xanthine oxidase acting on xanthine as a substrate rather than
being due to some direct effect of contaminating proteases (28,
29). This was further confirmed by utilizing allopurinol, which
is a specific inhibitor of xanthine oxidase (30). In control vials,
addition of xanthine-xanthine oxidase increased the glomerular
cyclic AMPcontent to 37.7±2.9 (n = 3), an increase of 21.4±0.7
pmol/mg protein (Fig. 3) over the basal values (16.3±2.9 pmol/
mg protein). In contrast, in the presence of allopurinol (10-3
M), addition of xanthine-xanthine oxidase resulted in the total
cyclic AMPcontent of 18.1±2.4 (P < 0.05, compared with
values without allopurinol), which was an increase of 5.6±2.2
pmol/mg protein (P < 0.05) over the basal value (12.5±1.2
pmol/mg protein). Thus, allopurinol caused a 74±9% (P < 0.05)
inhibition of the respose to xanthine-xanthine oxidase (Fig. 3)
without having a significant effect on the basal values of cyclic
AMP. Similarly, allopurinol (10-4 M) caused a significant al-
though smaller degree of inhibition of the cyclic AMPresponse
to xanthine-xanthine oxidase (Fig. 3) while having no significant
effect on the basal values (without allopurinol, 15.8±2.1; with
allopurinol, 12.4±1.7 pmol/mg protein, n = 3).

To examine the possibility that the increase in cyclic AMP

5
2S0)
E

E
a

E

>1

0 2 4 6 8 10

Time (min)

Figure 2. Time course of
the effect of xanthine (0.1
mM)-xanthine oxidase
(0.025 U/ml) on cyclic
AMPcontent in glomeruli.
Glomeruli were incubated
with (closed circles) or
without (open circles) xan-
thine-xanthine oxidase for
various times as shown in
the figure. Each point rep-
resents the mean of three
samples.
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Table III. Effect of Xanthine-Xanthine Oxidase
on Cyclic AMPContent in Glomeruli

Addition* Cyclic AMP

pmol/mg protein

None 17.9±1.4 (13)
Xanthine (0.1 mM) 14.6±0.9 (3)
Xanthine oxidase (0.025 U/ml) 21.8±4.5 (3)
Xanthine + heat-inactivated xanthine oxidase 19.0±3.7 (3)
Xanthine + xanthine oxidase 49.6±4.1 (13)t

* All incubation carried out in presence of MIX (5 X 10' M). Val-
ues are mean±SEM. Number of experiments in parentheses.
t P < 0.001, compared with values obtained without addition of xan-
thine-xanthine oxidase. Paired t test.

content was due to some other products of xanthine-xanthine
oxidase reaction rather than to reactive oxygen metabolites, we
utilized another substrate for xanthine oxidase. With acetal-
dehyde as a substrate for xanthine oxidase, we observed a
1 12±7% (n = 4, P < 0.001) increase in the cyclic AMPcontent
in glomeruli (Table IV). In addition, substituting uric acid for
xanthine-xanthine oxidase in the incubations had no effect on
the cyclic AMPcontent in the glomeruli (data not shown).

To further substantiate that the observed effects were due
to production of reactive oxygen metabolites by xanthine-xan-
thine oxidase and to delineate the oxygen metabolite responsible
for the increase in the glomerular cyclic AMPcontent, we ex-

40-.

0C1 30 *

30
E 20-

=

-55 ±7*

Lie/X X/XO X/O

XlXOAllopurlnol Allopurinol
10~4M 10-3 M

Figre . Efec ofallopurinol on the xanthine-xanthine oxidase-in-
duced increase in the cyclic AMPcontent in glomeruli. The basal
value (without xanthine-xanthine oxidase) was subtracted to obtain
the response to xanthine-xanthine oxidase in the presence of allopuri-
nol (experimental value) and in the absence of allopurinol (control
value). Allopurinol 10-3 or 10-4 Mhad no significant effect on the
basal values (see text). A%change was calculated as follows: Av%
equals (experimental value-control value)/(control value) x 100. *,
P < 0.05, paired t test.

Table IV. Effect of Acetaldehyde-Xanthine Oxidase
on Cyclic AMPContent in Glomeruli*

Acetaldehyde
Experiment Acetaldehyde + xanthine oxidase Increase

Cyclic AMP, pmol/mg protein %

1 21.7 43.2 99
2 11.7 26.5 126
3 9.8 21.9 123
4 11.9 23.8 99
Mean 13.8 28.8t 112§
SEM ±2.7 ±4.9 ±7

* Incubation conditions as described in methods. Acetaldehyde 5
mM, xanthine oxidase 0.025 U/ml.
t P < 0.01, paired t test.
§ P < 0.001, paired t test.

amined the effect of superoxide dismutase and catalase. Su-
peroxide dismutase (200 ,g/ml), a scavenger of superoxide anion,
had no significant effect (A% 5±18, n = 4) on the xanthine-
xanthine oxidase-induced increase in the cyclic AMPcontent
in glomeruli. It must be emphasized that in separate experiments
using the ferricytochrome c assay, we confirmed that the 200
,gg/ml superoxide dismutase completely scavenged the super-
oxide anion that was produced by the xanthine-xanthine oxidase
reaction. In contrast, catalase (200 Ag/ml), which destroys hy-
drogen peroxide, caused a marked inhibition (A% -90+5,
n = 4, P < 0.001) of the cyclic AMPaccumulation in response
to xanthine-xanthine oxidase. As shown in Fig. 4, the inhibitory
effect of catalase was dose dependent.

These results suggested that hydrogen peroxide is the oxygen
species responsible for the observed effects with xanthine-xan-
thine oxidase. Therefore, we examined the effect of glucose-
glucose oxidase on the cyclic AMPcontent in glomeruli. This

100_ Figure 4. Effect of catalase
on the xanthine-xanthine

80. T oxidase-induced increase in
cyclic AMPcontent in glo-

c . ,/ meruli. For details, see
° 60- Methods and legend to Ta-

ble I. Each value represents
40 the mean±SEMof three

separate experiments (ex-

20- cept 25 ,ug/ml, only one ex-
periment), and each experi-
ment was carried out in

0 100 200 300 400 triplicate. The basal values
Catalase(2g/ml) (without xanthine-xanthine

oxidase) were subtracted to
obtain the response to xanthine-xanthine oxidase in the presence of
the active enzyme (experimental value) and in the presence of heat-
inactivated enzyme (control value). A%change was calculated as de-
scribed in the legend to Fig. 3.
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system, which directly produces hydrogen peroxide (31) without
superoxide as an intermediate, increased the cyclic AMPcontent
in glomeruli in a dose-dependent manner, the response being
first noted with 0.01 U/ml and the maximum response being
observed with 0.25 U/ml of glucose oxidase (Fig. 5). Catalase
(400 ,g/ml) completely inhibited the response to glucose-glucose
oxidase (data not shown), which confirmed the role of hydrogen
peroxide in increasing the cyclic AMPcontent in glomeruli.
Finally, addition of exogenous hydrogen peroxide to incubations
caused a dose-dependent increase in the cyclic AMPcontent
in glomeruli, with significant effect being first observed with 5
nmol/ml of hydrogen peroxide (Fig. 6). In the same experiments
using the same concentrations of hydrogen peroxide, no effect
on cyclic AMPcontent in tubules or cyclic GMPcontent in
glomeruli and tubules was observed (data not shown).

In the present study, we also carried out studies utilizing
PG synthesis inhibitors (ibuprofen and meclofenamate), his-
tamine antagonist (metiamide), and serotonin antagonist
(methysergide) as an initial approach to understanding the
mechanisms by which reactive oxygen metabolites increase the
cyclic AMPcontent in glomeruli. Metiamide (l0-4) had no
significant effect either on the basal value or the response to
xanthine-xanthine oxidase (Table V). In the same concentration,
metiamide caused a marked inhibition of the response to his-
tamine. Similarly, methysergide (10-4) had no significant effect
on either the basal values or the response of the glomeruli to
xanthine-xanthine oxidase. Weconfirmed that the same con-
centrations of methysergide markedly inhibited the response to
serotonin (10-4). (Serotonin: 169±16.5; serotonin plus meth-
ysergide: 47.7±0.19 pmol/mg protein, n = 3). In contrast, ibu-
profen and meclofenamate, in concentrations that have been
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Figure 6. Effect of direct addition of hydrogen peroxide on the cyclic
AMPcontent in glomeruli. Incubation conditions are the same as in
experiments depicted in Fig. 1. Each point represents the
mean±SEM.

shown to inhibit PG synthesis (5, 32), significantly inhibited
the response to xanthine-xanthine oxidase (Table V). This was
not a nonspecific inhibition of the response because neither
ibuprofen nor meclofenamate inhibited the response to hista-
mine (Table V). Also, the values of cyclic AMPthat were ob-
tained by addition of 3. 10-5 PGE2 (8) to incubation with xan-
thine-xanthine oxidase and PGsynthesis inhibitors, were similar
to values obtained by addition of PGE2alone (Table V). Taken
together, these data suggest that the ability of reactive oxygen
metabolites to increase cyclic AMPcontent in glomeruli is due
to enhanced PG synthesis.

Discussion

-(6) Our data show that the xanthine-xanthine oxidase system in-
(9) creases cyclic AMPcontent in glomeruli but has no effect on

cyclic GMPcontent. It must be noted, however, that in broken
cell preparations, the role of hydrogen peroxide and free radical
mechanisms in the activation of guanate cyclase has been sug-

,,, ,A..., ,gested (33, 34).
0 0.1 0.2 0.3 0.4 0.5 5.0 Because proteases have been shown to increase cyclic AMP

content in other tissues (28, 29) it was important to be certain
Glucose Oxidase (U/ml) that observed effect on cyclic AMPcontent in glomeruli was

e 5. Effect of glucose-glucose oxidase on cyclic AMPcontent in not due to proteases that are often present in the xanthine
5ruli. Incubation conditions are the same as in experiments de- oxidase preparation. The lack of effect on xanthine oxidase by
: in Fig. 2. Each point represents the mean±SEM. itself, along with the marked inhibition (A% 74±9) of the re-
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Table V. Effect of PGSynthesis Inhibitors, Histamine, and Serotonin Antagonists
on Xanthine-Xanthine Oxidase-induced Increase in Cyclic AMPin Glomeruli*

Cyclic AMPpmol/mg protein

Xanthine-xanthine oxidaset

Addiiion§

None
Ibuprofen (1o-4 M)
Meclofenamate (10-4 M)
Metiamide (10-4 M)
Methysergide (10-4 M)

Histamine (10-4 M)
Histamine + metiamide
Histamine + ibuprofen
Histamine + meclofenamate

Prostaglandin E2 3 X 10-5 M
Prostaglandin E2 + ibuprofen
Prostaglandin E2 + meclofenamate

+

15.8±3.0
15.3±4.3
12.2±2.7
14.5±4.3
17.1±3.9

% Inhibitionl

38.1±0.9
22.3±4.1"
17.0±2.8"
30.3±5.9
33.8±3.3

22.3±3.6
7.1 ±0.6"
4.8±1.7"

16.4±3.2
16.7± 1.3

67±6"
79±411
28±13
21±13

159.9±14.7
20.7±3.3

177.6±7.5
163.0±9.0

55.7±8.0
58.5±9.7
51.7±2.9

* Incubation conditions as described in detail under methods. All incubations were carried out in presence of a phosphodiesterase inhibitor MIX
(5 X 10-4 M). All values shown are mean±SEMof three separate experiments carried out in triplicate. t Final concentrations of xanthine and
xanthine oxidase were 0.1 mMand 0.025 U/ml, respectively. § Ibuprofen, meclofenamate, metiamide, and methysergide were included in the
incubation mixture during the preincubation period. 1" P < 0.05 or greater level of significance. Percentage of inhibition equals (experimen-
tal values - control value)/(control value) X 100, where experimental value is the response (basal value subtracted) in the presence of ibuprofen,
meclofenamate, metiamide, or methysergide, and control value is the response in their absence.

sponse by allopurinol, which is a specific inhibitor of xanthine
oxidase, indicate that the observed effect was due to xanthine
oxidase acting on its substrate, xanthine, rather than due to
contaiminating proteases. Our data also show that the increase
in the cyclic AMPcontent was due to reactive oxygen metabolites
rather than to some other products (e.g. uric acid) ofthe xanthine-
xanthine oxidase reaction-no effect on cyclic AMPcontent of
glomeruli was noted when uric acid was substituted for xanthine-
xanthine oxidase in the incubations (data not shown); a sig-
nificant increase in cyclic AMP(122±7%, n = 4) was observed
when another substrate (acetaldehyde) for xanthine oxidase was

used; and catalase, which destroys hydrogen peroxide, caused
marked inhibition of the response to xanthine-xanthine oxidase.

The marked inhibition of the response by catalase and the
lack of effect of superoxide dismutase (in a concentration that
completely scavenged superoxide) suggested that hydrogen per-
oxide was the responsible oxygen metabolite for the observed
effect. Glucose-glucose oxidase, a system that directly generates
hydrogen peroxide without superoxide as an intermediate (31),
and direct addition of hydrogen peroxide caused a dose-depen-
dent increase in cyclic AMPcontent in glomeruli, which provides
further evidence for the role of hydrogen peroxide in the observed
effect.

In the present study, we did not examine in detail the mech-
anisms by which hydrogen peroxide increases the cyclic AMP
content. However, hydrogen peroxide has been shown to release

histamine (35, 36) and to enhance PGsynthesis (19). Both these
local hormones are produced in the glomeruli (4, 5), and both
have been shown to increase cyclic AMPcontent in glomeruli
(2, 8, 37). In addition, kidney has been shown to synthesize
serotonin (6) and serotonin has been shown to cause a marked
increase in the cyclic AMPcontent in glomeruli (7). As an initial
approach, we therefore utilized PG synthesis inhibitors, hista-
mine antagonist, and serotonin antagonist to examine the
mechanisms by which reactive oxygen metabolites increase cyclic
AMPcontent in glomeruli (Table V). Our results suggest that
reactive oxygen metabolites increase cyclic AMPcontent in
glomeruli by enhancing PG synthesis.

In attempting to relate the significance of our observations
to in vivo situations, two obvious questions follow. What would
be the source of reactive oxygen metabolites in vivo that could
alter glomerular cyclic AMP?And, what is the potential sig-
nificance of the increase in cyclic AMP?It is now well established
that in response to a variety of soluble and particulate stimuli,
including immunoglobins, immune complexes, and complement
components (18, 38), neutrophils and macrophages produce
several reactive oxygen metabolites ( 12). Evidence that neutro-
phils (39) and monocytes (40) play an important role in pro-
liferative glomerulonephritis suggests that leukocytes activated
by complement components or immune complexes may be a

potential source of reactive oxygen metabolites in these glomer-
ulonephritides. Baud et al. (19) have estimated that, in vivo,
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infiltrating leukocytes may generate sufficient amounts of hy-
drogen peroxide to affect glomerular PGsynthesis. In addition,
in a recent preliminary report (41), it was shown that phorbol
myristate acetate injected in the renal artery caused proteinuria
that was neutrophil dependent and was prevented by catalase.
This observation suggests that leukocytes may generate sufficient
reactive oxygen metabolites in vivo to exert their effect on glo-
meruli. In two other reports (42, 43) it was shown that superoxide
dismutase was protective in proliferative glomerulonephritis,
which again suggests that reactive oxygen metabolites may be
generated in sufficient amounts in vivo to have an effect on
glomeruli. In a previous study, we demonstrated that isolated
glomeruli produce reactive oxygen metabolites in response to
plasma membrane perturbation (44). Thus, reactive oxygen me-
tabolites produced by either infiltrating leukocytes and/or glo-
meruli may alter the level of cyclic AMP in the glomeruli.
Extensive experimental evidence from other systems that cyclic
AMPmodulates inflammatory and immune responses (1, 2, 9,
10) suggests a similar role in glomerular disease. In the glomeruli,
the increase in cyclic AMPmay potentially exert a beneficial
effect by, for example, inhibiting generation of reactive oxygen
metabolites (45, 46, 47) or by inhibiting lysosomal enzyme release
(10). On the other hand, potentially detrimental effects include
enhanced vascular permeability (48, 49) and a reduction in the
glomerular ultrafiltration coefficient (3) (which is probably sec-
ondary to stimulation of angiotensin formation). Further studies
are needed to understand the role of reactive oxygen metabolites
and cyclic AMPin glomerular disease.
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