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Accumulation of oxidative DNA damage in the dialyzed kidney, particularly in acquired cystic disease of the
kidney (ACDK), was previously demonstrated. Here, we assessed expression in dialyzed and normally function-
ing kidneys of superoxide dismutases (SODs), which catalyze the dismutation of O.” to start the reactive oxygen
species chain reaction. We evaluated expression of SODs in renal tissue at the protein and mRNA levels using
enzyme-linked immunosorbent assay and RT-PCR, respectively, as well as its localization using immunohisto-
chemistry for 45 patients (maintenance hemodialysis, 29 and normal kidney function, 16). Levels of Cu- and Zn-
SOD, but not Mn-SOD mRNA expression, were significantly lower in dialyzed kidneys than in normally function-
ing kidneys. At the protein level, however, Mn-SOD expression was lower in dialyzed kidneys than in normally
functioning kidneys. Immunohistochemically, the majority of tubules in dialyzed kidneys were shown to have dis-
continuous or patchy staining patterns for both SODs, and the density of SOD-positive cells was lower compared
to normally functioning kidneys. Decreased expression of SODs in kidneys of dialysis patients suggests impair-
ment of O, scavenger reactions, which may induce oxidative DNA damage and subsequently increase the risk
of neoplastic lesions in these patients.
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Introduction

Patients with endstage renal disease (ESRD), es-
pecially those on maintenance dialysis therapy,
often develop multiple cysts in their remnant kid-
neys. The condition is known as acquired cystic dis-
ease of the kidney (ACDK). The most critical prob-
lem in ACDK is a high incidence of renal tumors in-
cluding adenocarcinoma”. Additionally, Gregoire's
detailed histopathological study revealed a high in-
cidence of proliferative lesions including hyperpla-
sia and adenoma in renal tissues of dialysis patients
with autosomal dominant polycystic disease
(ADPKD) as well as in patients with ACDK?. The
frequency of renal malignant neoplasm in dialysis
patients has been estimated to be 57 to 134 times
greater than in the general population”. The mecha-
nism underlying the development of neoplastic le-

sions in kidneys of dialysis patients remains un-
solved. Our previous studies, however, showed that
an accumulation of oxidative DNA damage may
contribute to kidney carcinogenesis in dialysis pa-
tients, especially in association with ACDK".

In general, oxidative damages including DNA
modifications are thought to develop when the gen-
eration of reactive oxygen species (ROS) over-
whelms the defense system against ROS. Patients
with ESRD are constantly exposed to an environ-
ment that favors ROS generation from uremic tox-
although
whether ROS generation is actually enhanced in

ins and extracorporeal circulation®,
these patients remains controversial®”. Even th-
ough this point is not clarified, most physiological
functions, including defense mechanisms against

ROS, are supposed to be deteriorated in kidneys of
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dialysis patients, who also show disorganized mor-
phological features in the kidney.

ROS production is normally regulated by anti-
oxidation enzymes including superoxide dismutases
(SODs) and endogenous antioxidants. SODs are
metalloenzymes that catalyze the dismutation of
0O, to dioxygen and H:O.. In mammals, they consist
of three forms: copper, zinc-SOD (Cu, Zn-SOD),
manganese-SOD ( Mn-SOD ), and extracellular
SOD?Y. Some investigators showed that in glomeru-
lonephritis, the activity and expression of Cu, Zn-
SOD are declined in proportion to disease severity
while Mn-SOD activity remains normal®. Depressed
SOD activity may result in accumulation of toxic
0O.". Additionally, O;~ accumulation may lead to ex-
cess formation of H:O; through disproportional O.~
reaction independent of SOD. On the other hand, in-
creased SOD activity may also directly generate ex-
cessive H0:'”. Therefore, either a deficiency or an
excess of SOD in dialyzed kidneys may induce im-
balance in the regulation of ROS generation and
contribute to oxidative DNA injury.

In this study, we sampled renal tissues of patients
on dialysis and evaluated the expression of Cu, Zn-
SOD and Mn-SOD at protein level using enzyme-
linked immunosorbent assay (ELISA) and at mRNA
level using semiquantitative RT-PCR, and also in-
vestigated their localization by immunohistochemis-
try.

Subjects and Methods

1. Patient

Forty-five patients who underwent nephrectomy
were enrolled in this study. They were divided into
three groups according to the underlying renal dis-
eases. Group I was composed of 15 dialysis patients
with renal cell carcinoma (RCC) associated with
ACDK, and their underlying renal diseases were
chronic glomerulonephritis in 7, nephrotic syn-
drome in 2 and unknown causes in 6. Group IT was
composed of 14 dialysis patients, including 11 with
ADPKD and 3 with renal diseases unrelated to
ACDK. Group III was composed of 15 patients with
RCC in normally functioning kidneys.

The mean ages of the subjects were 51.7 = 85,
496 £ 119 and 61.2 = 104 years in groups I, II and

II1, respectively (Kruskal-Wallis" test, p=0.017). All
the patients in groups I and II started maintenance
hemodialysis before surgery. The duration of hemo-
dialysis therapy until surgery was 199.9 = 81.8 and
63.9 = 95.7 months in groups I and II, respectively
(Mann-Whitney's U-test, p=0.002).

This study was carried out according to the regu-
lation of Tokyo Women's Medical University insti-
tutional review board and of institutional review
board regarding gene analysis study.

2. Preparation of specimen

Immediately after nephrectomy, blocks were cut
out of the extracted kidneys to distinguish between
cancerous from non-cancerous lesions. Each block
was taken from the part close to the renal capsule,
which was expected to be compatible to one part of
renal cortex. Some of the blocks were frozen in lig-
uid N; until use and some were fixed in 10%
phosphate-buffered formalin solution.

3. Semiquantitative RT-PCR

Total RNA was extracted from frozen non-
cancerous tissues by the standard AGPC method".
Complementary DNA was synthesized from 1 pg of
total RNA using a RNA PCR kitTM (TaKaRa,
Shiga, Japan) with 0.125 pM oligo dT-adaptor pri-
mer, according to the manufacturer’s protocol. The
cDNA targets were semiquantitated with Quantum
RNATM (Ambion Inc, Austin, USA) according to
the manufacturer’s instructions™.

First we determined the standard PCR protocol
as follows. The 20-ul PCR mixture was composed of
1x PCR buffer [50 mm Tris-HCl (pH 89), 1.5 mM
MgCl;, 50 mM KCl, 0.01% gelatin], 0.2 mM dNTPs,
0.5 unit of Ampli Taq polymerase TM (Roche, Fos-
ter City, USA), 0.25 uM primers for Cu, Zn-SOD or
Mn-SOD gene with and without primers TM and
competimer TM for 18S rRNA gene. The mixture
was overlaid with 20 pl of mineral oil. The primer
set specific to Cu, Zn-SOD gene was 5-GCCTTCTG
GACAATCTTTCC-3 (sense) and 5-GGTAGGTG
ACATCATCAAGC-3 (antisense), and that specific
to Mn-SOD gene was 5-GCCTTCTGGACAATCT
TTCC-3 (sense) and 5-GGTAGGTGACATCATC
AAGC-3" (antisense), which were expected to yield
fragments of 393 and 365 bp in length, respectively.
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Fig. 1 Optimal number of PCR cycles for SOD and
optimal ratio of primer to competimer in RT-PCR
analysis of SOD mRNA expression
(1) The optimal number of PCR cycles was 27+1
for Cu, Zn-SOD, which allowed gene amplification to
be terminated during the exponential phase.

(2) The optimal ratio of primer to competimer was
2.5:75 for both Cu, Zn-SOD and 18S rRNA, at which
the amount of PCR product was proportional to the
quantity of input cDNA under standard conditions.
*: Ratio = Amount of PCR product obtained from 1.0
ul of input cDNA/Amount of PCR product obtained
from 0.1 u! of input cDNA.

The 18S rRNA gene primer set was expected to
amplify a 488 bp fragment. The standard cycling
condition was 94 C for 1 min, 60 C for 2 min, and 72
C for 2 min, followed by a 5-min extension at 72 C
after the last cycle using a Zymoreactor I[I'TM ther-
mal cycler (Atto, Tokyo, Japan).

We first determined the optimal PCR conditions
(Fig. 1). Using our standard protocol, we found that
27 and 30 cycles were optimal for Cu, Zn- and Mn-
SOD gene amplification, respectively, for various
amounts of input cDNA. These conditions allowed
termination of PCR reaction during the exponential
phase of amplification. Subsequently, we deter-
mined that the optimal ratios of 18S rRNA gene
primers to competimers were 25:75 and 15:85

37

for Cu, Zn- and Mn-SOD gene, respectively, using
the standard protocol with 27 and 30 cycles. Under
these conditions, the amounts of PCR product were
proportional to the quantities of input cDNA for 18S
rRNA, Cu, Zn-SOD and Mn-SOD genes (Fig. 1).

In the main step, 18S rRNA gene and each SOD
gene were amplified together in a single tube in a
standard reaction mixture containing 1.0 or 0.1 ul of
c¢cDNA, which corresponded to 10 or 1 ng of total
RNA, respectively.

PCR products were separated by 2% agarose gel
electrophoresis, stained with ethidium bromide,
visualized under ultraviolet light, and recorded on
instant B/W film FP-3000BTM (Fuji Film, Tokyo,
Japan). The photographs were converted to digital
images by a flat bed scanner GT6000TM (Epson,
Tokyo, Japan). The optical density of each band
was semiquantitated by densitometric method us-
ing the NIH Image 1.54 program. Since rRNA occu-
pies the majority of the RNA and its expression re-
mains essentially constant independent of tissue
and cell type, 18S rRNA expression adjusted by
competimersTM can be regarded as an internal
control for comparing the degree of SOD gene ex-
pression among renal tissues. Thus, we calculated
the ratio of the photodensity of SOD gene to that of
modulated 18S rRNA gene, which was expected to
represent the relative amount of SOD gene expres-
sion in each patient.

In the preliminary study, PCR products were ex-
tracted from the agarose gel and subsequently
cloned into pGEM-T vectorTM (Promega, Madison,
USA). Single strands were sequenced employing
the Taq Cycle Sequencing kitTM and automated
DNA sequencer 373TM (both from Applied Biosys-
tems, Foster City, USA). The resulting sequences
corresponded to published data for the gene prod-
ucts of Cu, Zn-SOD, Mn-SOD and 18S rRNA (data
not shown).

4. Enzyme-linked immunosorbent assay (ELISA)

ELISA was carried out using the Mn-SOD ELISA
System (Amersham Life Science, Buckinghamshire,
England) according to the manufacturer’ s manual.
In brief, whole tissue protein was extracted from
frozen non-cancerous tissues by standard methods
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as described previously

For the assay, 100 ul of serially diluted standard
Mn-SOD or sample was added to each well of the
microtiter plates precoated with anti-Mn-SOD poly-
clonal antibodies, and incubated for 1 hr at room
temperature. After washing three times with a
washing buffer, 100 pl of peroxidase-labeled anti-
Mn-SOD monoclonal antibody was added to each
well and incubated for 1 hr at room temperature.
After rinsing three times, enzyme reaction was car-
ried out at room temperature for 10 min with 100 ul
of a substrate solution containing 04 mg/ml of o-
phenylenediamine and 0.03% H:0:.. The reaction
was stopped by adding 50 ul of 2N H,SO.. Finally,
absorbance was measured at 492 nm using a Plato
1300 (Aloka, Tokyo, Japan), and the Mn-SOD con-
tent of each sample was estimated from the stan-
dard curves prepared using serially diluted Mn-
SOD standard.

5. Immunohistochemical analysis

The avidin-biotin-peroxidase complex (ABC) tech-
nique was used for immunohistochemical staining.
Briefly, 4-um paraffin sections on glass slides were
deparaffinized with xylene and rehydrated in
graded ethanol. After treating with 1% hydrogen
peroxide in methanol for 30 min to inhibit endoge-
nous peroxidase activity, the sections were incu-
bated in a 1:200 solution of sheep polyclonal anti-
bodies against human Mn-SOD or Cu, Zn-SOD
(Calbiochem-Novabiochem Corporation, San Diego,
USA) for 120 min at room temperature. After wash-
ing twice with 001 M pH 7.2 Tris-buffer (TBS) for
10 min, the sections were treated with biotinylated
anti-sheep antibody diluted 1: 2,000 (Chemicon, Te-
mecula, USA) and ABC reagent (Vector Laborato-
ries, Burlingame, USA). Color was developed with
diaminobendizine containing 0.02% hydrogen per-
oxide in 0.05 M Tris-HCI buffer at pH 7.2 for 2 to 5
min. The sections were finally counterstained with
hematoxylin. As control, non-immunized sheep se-
rum was used instead of the primary antibody.

6. Statistical analysis

Statistical analysis was done with Statview 4.0
(Abacus Concepts, Inc, Berkeley, USA). The re-
sults are expressed as mean = SD. Since the data

input
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Fig. 2 Representative data of PCR products for Cu,

Zn-SOD and 18S rRNA in four patients in normally
functioning renal tissue (group II) and dialyzed kid-
ney with and without ACDK (group I and group I,
respectively)
The upper line represents the volume of input
c¢DNA in 20-ul PCR reaction. The photodensities of
PCR products for Cu, Zn-SOD and 18S rRNA in
each patient were proportional to the amounts of in-
put cDNA.

were not normally distributed, non-parametric sta-

tistics; Kruskal-Wallis’ test and Dunn's procedure

were used to compare the means of arbitrary ratios

of PCR products in the three groups. Results were

considered to be statistically significant at p <0.05.
Results

1. SOD expression determined by semiquantita-
tive RT-PCR

On each electrophoretic gel, 2 PCR products of
different sizes were visible in all patient (Fig. 2).
The larger product corresponded to the fragment
of 18S rRNA which is 488 bp in length, and the
other product to that of Mn-SOD which is 365 bp or
Cu, Zn-SOD which is 393 bp. In addition, the photo-
densities were proportional to the amounts of input
cDNA, thatis, 1.0 or 0.1 ul of cDNA.

We compared the ratios of the amounts of PCR
product of SODs to those of 18S rRNA among
groups (Fig. 3). The ratios for Cu, Zn-SOD were
0.35+0.11, 025 +0.09, 0.79 £ 0.24 in groups I, I and
IT1, respectively. A significant difference was found
between groups I and III, and between groups II
and ITI, but not between groups I and II, which indi-
cated that the level of Cu, Zn-SOD expression was
significantly lower in dialyzed kidneys than in nor-
mally functioning kidneys.

On the other hand, the ratios for Mn-SOD were
4.14+253,4.03 184, 403 +293 in groups I, II and
ITI, respectively, with no significant differences



NS.
0.01> ——
——— SOD/18S NS. NS
SOD/188 NS. 0.01> ' [ | B
. 10 :
1.0 f - . -
: -
: 5 H .
0.5 . < * H
i -
s T s 1
0 , he T 0 T T T
I 1I 111 I 11 1111
Cu, Zn-SOD Mn-SOD

Fig. 3 Comparison of arbitrary ratios of Cu, Zn- and

Mn-SOD mRNA expression among normally func-
tioning kidney (group IIl) and dialyzed kidney with
and without ACDK (group I and group II, respecti-
vely)
The arbitrary ratios(photodensity of SOD/photo-
density of 18S rRNA) for Cu, Zn-SOD mRNA ex-
pression were significantly higher in group III than
in other groups. On the contrary, those of Mn-SOD
showed no significant differences among the groups.
The horizontal bars represent the mean = SD.

among the three groups (Fig. 3). This meant that
Mn-SOD expression in dialyzed kidneys was similar
to that in normally functioning kidneys, unlike the
results for Cu, Zn-SOD expression.

2. Mn-SOD content determined by ELISA

We evaluated Mn-SOD expression at protein
level in renal tissues by ELISA. The mean Mn-SOD
content in group I was comparable to that in group
1T (0.36+0.09 vs 0.31 +0.16, p=0.197). On the con-
trary, the mean level of Mn-SOD in group III was
approximately 3-fold and significantly higher than
that in dialyzed kidneys including groups I and II
(1.09=0.32 vs 0.34£0.12, p <0.01).

3. Immunohistochemical study

Immunohistochemistry was used to examine the
localization of SOD proteins. In subjects with nor-
mally functioning kidneys (Group III), the cyto-
plasm of the epithelial cells lining the entire length
of the tubules is stained for both Cu, Zn- and Mn-
SOD without exception. Additionally, Mn-SOD is
also localized in epithelial cells of the glomerulus
and Bowmann's capsule. The majority of tubules in
dialyzed kidneys, including dilated tubules, were
stained for both Cu, Zn- and Mn-SOD, which indi-
cated that localization of SOD proteins in dialyzed
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kidneys was comparable to that in normal tissues.
However, a discontinuous or patchy staining pat-
tern was observed in the dialyzed kidneys (Fig. 4).
In addition, most glomeruli in dialyzed kidneys
were distorted and lost SOD staining.

In the present study, we could not compare the
intensity of staining for SOD among groups because
there were no components in the renal tissues
which could be used as an appropriate internal con-
trol for comparison.

Discussion

Kashem et al reported that in human glomeru-
lonephritis which did not result in hemodialysis, Cu,
Zn-SOD activity decreased depending on the de-
gree of tissue damage at both protein and mRNA
levels whereas both protein and mRNA levels of
Mn-SOD did not differ in intact and damaged tis-
sues”. In the present study, Mn-SOD mRNA ex-
pression in dialyzed kidneys (groups I and II),
which included the terminal stage of glomeru-
lonephritis, was at the same level as in normally
functioning kidneys (Group III). However, Mn-SOD
expression at protein level was lower in dialyzed
kidneys. In addition, immunohistochemical study
also demonstrated that tubular epithelial cells had a
discontinuous or patchy staining pattern for Mn-
SOD in dialyzed kidneys whereas uniform staining
was observed in normally functioning renal tissues.
The plausible reasons for this discrepancy between
protein and mRNA expression of Mn-SOD are as
follows: O there were no significant differences in
intensity of gene expression of Mn-SOD because
there is wide variation in each group, @ even
though the mean mRNA expression of SOD per cell
is not changed, protein expression per unit tissue
may be decreased due to a decrease in density of
S()D-pbsitive cells per unit tissue as a result of tis-
sue distortion, and @) protein expression may be im-
paired at the post-transcriptional level even if
mRNA was synthesized without any hindrance.
Berkovich et al reported that the efficiency of Mn-
SOD translation is decreased by certain substance

14)

such as pertussis toxin'. This supports the latter
possibility although it is still unknown whether in-

hibitors of Mn-SOD expression exist in the uremic
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Fig. 4 Immunohistochemical staining for Cu, Zn-SOD and Mn-SOD in normally functioning
renal tissue (group I) and dialyzed kidney with ACDK (group I) and ADPKD (group

I (x100)

In normally functioning kidney, proximal and distal tubules were positive for both Cu, Zn-
and Mn-SODs. In dialyzed kidney, most tubules including dilated ones were also positive
for both SODs, but they showed a discontinuous or patchy staining pattern. Additionally,
in dialyzed kidneys, SOD-positive cells apparently decreased in number with distortion of

renal tissues.

state.

In the present study, we did not perform ELISA
for Cu, Zn-SOD or measure the total SOD activity
because we did not remove erythrocytes, which
contain a lot of Cu, Zn-SOD protein, from the speci-
mens. However, our results of RT-PCR and immu-
nohistochemical study for Cu, Zn-SOD, and those of
ELISA and immunohistochemistry for Mn-SOD
demonstrated that their expression at protein level
was suppressed in dialyzed kidneys, which sug-
gested that the total activity of SODs was lowered
in dialyzed kidneys compared with intact tissues.

Decreased SOD activities may induce impair-
ment in the scavenger reaction of toxic O:, which
subsequently may result in excessive O;~ accumula-
tion. In general, excess O;” reacts with H,O,, which
is also formed through disproportional reaction of
O.", and subsequently gives rise to hydroxyl radical
(-OH), a potent toxic radical, in the presence of
transition metal ions such as ferric and copper ion'®.
This highly reactive radical may promote peroxida-
tive damage in cellular components including DNA,
as represented by the generation of 8-hydroxy-
deoxyguanosine (8OHdG)' that is generally ob-
served to accumulate in the renal tissues of patients

under maintenance hemodialysis, especially in
ACDK tissues”. Additionally, O, itself has been re-
ported to directly induce DNA strand scission and
DNA nicking'”"¥,

Moreover, O;~ reacts with nitric oxide (NO) to
form a strong oxidant, perioxynitrite (ONOO™),
which also causes cellular injury including DNA
damages, generating 8-OHdG, nitrotyrosine and
other products. In a previous study, we demon-
strated using immunohistochemistry that expres-
sion of inducible nitric oxide was enhanced in cystic
epithelial cells as well as in macrophages and other
stromal cells more frequently in ACDK than in
other renal cystic diseases. These findings imply
that nitric oxide (NO) is generated ectopically in the
locality of dialyzed kidney, especially in ACDK, and
reacts with Oz".

Excess O, accumulation, therefore, may give rise
to various oxidative DNA damages directly and in-
directly, and cause mutations and subsequently a
high incidence of neoplastic lesions in ACDK and
ADPKD patients under dialysis"?.

Conclusion

In conclusion, our results showed decreased ex-

pression of SODs in kidneys of dialysis patients in-



cluding those with ACDK and ADPKD, and sug-

gest that this may result in impairment of the O."

scavenger reaction. It is possible that subsequent

0. excess may induce oxidative DNA damage and

mutation, which is a possible cause of the high inci-

dence of neoplastic lesions in dialyzed kidneys.
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