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Vancomycin hydrochloride (VCM), a glycopeptide anti-
biotic, has a broad spectrum against methicillin-resistant
Staphylococcus aureus (MRSA). As it is known to induce
renal dysfunction, the dose and the duration of its
administration are limited. Moreover, the mechanism of
VCM-induced renal dysfunction remains to be unclear.
To evaluate the involvement of free radical on VCM-
induced renal dysfunction, we carried out analysis with a
hexamethylenediamine-conjugated superoxide dismutase
(AH-SOD) which rapidly accumulates in renal proximal
tubule cells and inhibits oxidative injury of the kidney.
Male Wistar rats (weighing 200-210g) were intraperito-
nealy administered with 200 mg/kg of VCM twice a day
for 7 days. AH-SOD 5 mg/kg/day was subcutaneously
injected 5min before every VCM injection. VCM induced
renal injury dose-dependently. Biochemical analyses
revealed that plasma levels of blood urea nitrogen and
creatinine significantly increased in the VCM-treated
group by an AH-SOD-inhibitable mechanism. VCM
simultaneously elicited an increase of 8-OHAG levels and
chemiluminescence intensity of free radical generation in
the kidney. Histological examination revealed that VCM
also elicited a marked destruction of glomeruli and
necrosis of proximal tubules. AH-SOD inhibited these
phenomena in the kidney. These results suggested that
oxidative stress might underlie the pathogenesis of VCM-
induced nephrotoxicity and targeting SOD and/or related
antioxidants to renal proximal tubules might permit the
administration of higher doses of VCM sufficient for
eradication of MRSA without causing renal injury.
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INTRODUCTION

Vancomycin hydrochloride (VCM), a glycopeptide
antibiotic, has been effective against methicillin-
resistant Staphylococcus aureus (MRSA).!! Unfortu-
nately it is also known that VCM has the potential to
cause nephrotoxicity.*=®1 As VCM may cause
nephrotoxicity in the patient population as an
adverse reaction, administration in large doses and
usage duration are limited. Thus, prevention of the
side effects of VCM is an important clinical problem
in treating patients with MRSA infection. The
molecular mechanism of VCM-induced nephrotoxi-
city and the methods for preventing the side effect of
this antibiotic remain unclear.

Reactive oxygen species (ROS) and related
metabolites have been postulated to underlie the
pathogenesis of renal dysfunction.®~®l ROS easily
react with various molecules including proteins,
lipids and DNA. For example, ROS have been found
to mediate cell injury after ischemia in the kidney,”)
and are considered to be important mediators of
gentamicin-mediated nephrotoxicity.®!

We therefore investigated whether VCM-induced
renal dysfunction is based on free radical injury. If
VCM directly or indirectly generates ROS, it is not
surprising that it exhibits cytotoxicity to renal cells
and tissues. Superoxide dismutase (SOD) and other
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scavengers often inhibited cell in%'ury by superoxide
and related metabolites in vitro.”! However, intra-
venously injected SOD often failed to inhibit
oxidative tissue injury in vivo presumably because
of its rapid excretion in urine. Intravenously injected
Cu/Zn-SOD disappears from the circulation with a
half-life of 5min predominantly via the renal
filtration mechanism and rapidly appears in the
urine in its intact form. Therefore, the effective
dismutation of superoxide radicals cannot be
achieved in vivo by simply administering the
enzyme. To scavenge superoxide radicals effectively
in and around renal tubule cells, we synthesized
hexamethylenediamine-conjugated SOD (AH-
SOD)," which could inhibit the renal dysfunction
caused by ROS.'°~12l AH-SOD rapidly undergoes
renal glomerular filtration, electrostatically binds to
the brush border membranes of renal proximal
tubule cells and localizes in kidney for a fairly long
time without being excreted in the urine. AH-SOD
disappears from the circulation with a half-life of
3min.'" On the other hand, more than 80% of AH-
SOD accumulates in the kidney and the half-life of
AH-SOD in the kidney is 3.5h.""!

To determine whether superoxide radicals are
involved in the pathogenesis of the VCM-induced
nephrotoxicity, the effects of AH-SOD and SOD were
tested in rats treated with VCM.

MATERIALS AND METHODS

Chemicals

VCM, hexamethylenediamine and L-012 were
obtained from Wako Pure Chemical Industries, Ltd
(Osaka, Japan). VCM was dissolved in distilled
water and administered to the dosage of 20—
400mg/kg. Cu/Zn-type recombinant human SOD
(3000 units/mg protein) was kindly received as a gift
from Nippon Kayaku Co. (Tokyo, Japan). AH-SOD
(2700 units/mg protein) was synthesized by con-
jugating the enzyme with hexamethylenediamine as
described previously.!'” All other chemicals used
were of analytical grade.

Animals and Treatments

Male Wistar rats (Japan SLC Inc., Shizuoka, Japan)
weighing 200-210g, were housed on a 12h
light/dark cycle and were provided rat chow and
water ad libitum. All animals used were cared for
according to the guidelines outlined in the Guide for
Care and Use of Laboratory Animals approved by
the authorities of the Osaka City University Medical
School on experimental animal research. Under light
ether anesthesia, these rats were intraperitonealy
injected with VCM or saline at the corresponding

dose twice a day for 7 days. Five minutes before each
200 mg/kg of VCM injection, 5 mg/kg of AH-SOD or
SOD or saline (control group) was administered
subcutaneously. Sham rats were treated with saline
alone. To examine the effect of single administration
of VCM, the same animals were injected with
200mg/kg of VCM and 24h later they were
sacrificed.

Measurement of Plasma Levels of Blood Urea
Nitrogen (BUN) and Creatinine

On day 8, animals were anesthetized by the
intraperitoneal administration of ethyl carbamate
(1g/kg). Blood samples were obtained from the
abdominal aorta and centrifuged at 11,000g for 5 min.
Plasma levels of BUN and creatinine were measured
by diacetylmonoxime and Jaffe’s methods,
respectively.

Chemiluminescence Intensity of Free Radical
Generation

Free radical generation from renal tissues 24 h after
200mg/kg of VCM injection was analyzed using a
chemiluminescence technique. The kidney obtained
from these rats was cut into eight pieces and
incubated at 37°C in 0.5ml of 0.9% NaCl solution
containing 10 mM phosphate buffer (pH 7.4), 6 mM
KCl and 6mM MgCl, in the 400puM L-012 as
chemiluminescence probe."® During incubation,
chemiluminescence intensity was continuously
recorded for 20—-40 min using Luminescence Reader
(BLR-201, Aloka Co., Ltd, Tokyo, Japan).['>!4

Analysis of DNA Oxidation

The DNA base-modified product 8-hydroxy-2'-
deoxyguanosine (8-OHdG) is one of the most
commonly used markers for the evaluation of
oxidative DNA damage in various tissues.!" The
obtained kidney was homogenized in 10 volumes of
ice-cold lysis buffer (10mM Tris—-HCl, pH 74,
containing 10mM EDTA and 0.5% Triton X-100) at
4°C. After incubation for 20min, 100wl of the
mixture was centrifuged at 10,000g for 20 min. The
supernatant fraction was incubated with RNase at
37°C for 1h and subsequently with 40 g proteinase
K for 1h. DNA was precipitated with isopropanol
and extracted from the nuclear fraction. 8-OHdG and
deoxyguanosine (dG) were determined by means of
a high performance liquid chromatography—electro-
chemical detector (HPLC-ECD, Coulochem II, ESA
Inc., MA, USA) and UV detector system, SPD-6D
(Shimadzu Co., Kyoto, Japan).'®! The levels of
8-OHdG in each DNA sample were determined as
the molar ratio of 8-OHdG to 10°dG.
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FIGURE 1 Effect of vancomycin on serum BUN and creatinine levels in rats. After intraperitoneal administration of 20-400 mg/kg VCM
for 7 days, blood sample were obtained from aorta. BUN and creatinine levels in serum samples increased dose-dependently. Values are

means = S.E. (n = 3-4). *P < 0.05 vs. VCM-nontreated rats.

Histological Examination

Tissue specimens were fixed in 10% formaldehyde
and then embedded in paraffin. The sections (4 pm)
were stained with hematoxylin—eosin.

Data Analysis

All data are expressed as means * S.E. Statistical
analyses were performed using the analysis of
variance (ANOVA) P value less than 0.05 was
considered statistically significant.

RESULTS

Effect of SOD and AH-SOD on Vancomycin-
induced Renal Dysfunction

The plasma levels of BUN increased dose-depen-
dently in VCM-treated rats (Fig. 1). The plasma
levels of creatinine increased in correlation with the
changes in BUN. In 400 mg/kg of VCM-treated rats,
the plasma levels of creatinine significantly increased
up to 6.25 = 0.76 mg/dL

AH-SOD or SOD treatment did not affect kidney
weight (Fig. 2). In 400 mg/kg, but not 200 mg/kg, of
VCM-treated rats, kidney weights significantly
increased two-folds. AH-SOD significantly inhibited
the increase in kidney weight.

On day 8, the plasma levels of BUN and
creatinine were significantly increased in VCM-
treated rats (P < 0.05) (Fig. 3). Administration of
AH-SOD significantly decreased the plasma levels
of BUN and creatinine in VCM-treated rats.

However, SOD failed to inhibit the VCM-induced
increase of these levels. Administration of AH-SOD
or SOD alone had no appreciable effect on
plasma levels of BUN and creatinine (data not
shown).
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FIGURE 2 Changes in kidney weights after vancomycin
injection. Animals were treated as described in Fig. 1. Each
SOD/AH-SOD sample (5mg/kg) was subcutaneously
administered to rats twice a day for 7 days. Open column,
control rats; closed column, AH-SOD-treated rats; oblique column,
SOD-treated rats. Values are means = S.E. (n = 5-6). *P < 0.05 vs.
VCM-nontreated rats, respectively. 'P < 0.05.
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FIGURE 3 Effect of AH-SOD and SOD on the plasma levels of blood urea nitrogen and creatinine in vancomycin-treated rats. VCM
(200mg/kg) was intraperitonealy administered to rats twice a day for 7 days. Other experiments were performed as described in Fig. 2.
The plasma levels of BUN and creatinine were measured. Open column, control rats; closed column, AH-SOD-treated rats; oblique
column, SOD-treated rats. Values are means + S.E. (1 = 5-6). *P < 0.05 vs. sham rats. 'P < 0.05.

FIGURE 4  Effect of AH-SOD and SOD on vancomycin-induced renal injury. No damage was found in sham-treated rats (A). In VCM-
treated rats, most of the proximal tubular cells became swollen and focal epithelial cells turned necrotic (B). Inserted figure is a same
section at higher magnification X 1000. In AH-SOD-treated rats these renal tissue damages were inhibited (C). SOD could not reverse these
damages (D). Sections were observed at original magnification X 200.
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Effect of AH-SOD and SOD on Vancomycin-
induced Renal Injury

Histological findings revealed that most of the
proximal tubular cells in VCM-treated kidney became
swollen and focal epithelial cells turned necrotic
(Fig. 4). VCM elicited a marked destruction of
glomeruli, the infiltration of polymorphonuclear
leukocytes (PMN) and necrosis of proximal tubule
cells (Inserted figure). AH-SOD inhibited these renal
tissue damages. However, SOD did not change these
damages.

Effect of AH-SOD and SOD on Vancomycin-
induced Free Radical Generation

Chemiluminescence intensity of renal tissue in VCM-
treated group was markedly higher than that in sham
operated rats (Fig. 5). AH-SOD, but not SOD,
significantly inhibited the intensity of chemilumi-
nescence.

Effect of AH-SOD and SOD on Renal Levels of
8-OHdG

VCM significantly increased the 8-OHAG levels of
renal tissues (Fig. 6). AH-SOD inhibited the increase
of 8-OHdG levels.

Effect of Single Administration of VCM

Twenty four hours after a single administration of
VCM did not affect plasma levels of BUN, creatinine,
formation of renal 8-OHdG levels and histological
findings (data not shown).

DISCUSSION

The present work demonstrates that AH-SOD,
targeting SOD to renal proximal tubule cells,
effectively inhibited VCM-induced renal injury.
Most free radicals rapidly impair biological functions
of cellular constituents at or near the sites of their
generation; hence antioxidants and related enzymes
should be targeted to subcellular sites of their
generation for preventing free radical injury.

As VCM did not directly generate free radicals
when renal tissue homogenate was incubated with
VCM (data not shown), VCM-induced nephrotoxi-
city might be caused by indirectly generating
reactive oxygen species associated with inflamma-
tory events in vivo. In fact, VCM increased the
infiltration of PMN in the histological study.
Furthermore, VCM increased 8-OHdG levels as
well as chemiluminescence intensity in the kidney.
These results might indicate that the reactive oxygen
species were produced in and around the kidney of
VCM-treated rats.

SOD did not appreciably inhibit the renal
dysfunction induced by VCM. SOD derivative by
conjugating with polystyrene(co-maleic acid)butyl
ester (SM-SOD), which binds to albumin in the
circulation and remains circulating for a long
time,'” 1! failed to inhibit VCM-induced nephro-
toxicity (data not shown). These observations
suggest that it is of critical importance to target
SOD at the site of superoxide generation before
achieving inhibition of oxygen toxicity induced by
VCM.

Our work clearly demonstrates that AH-SOD
inhibited the VCM-induced renal nephrotoxicity and
supports the hypothesis that superoxide radicals are
involved in its pathogenesis. It has been reported
that because AH-SOD rapidly accumulated in and
around proximal tubule cells,"'”! it effectively
inhibited other tubular injuries induced by agents
such as cisplatin.!"""'?! These results indicate that the
major site of VCM-induced nephrotoxicity may be in
and around the proximal tubule cells rather than in
the glomeruli or other sites. Previous articles have
shown that VCM accumulates in proximal tubular
cells.202!]

Therefore, VCM might at the beginning cause
inflammation in and around proximal tubule cells
and cause the infiltration of PMN and the generation
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FIGURE 5 Effect of AH-SOD and SOD on vancomycin-induced
free radical generation in the kidney. VCM (200mg/kg) was
intraperitonealy administered to rats. AH-SOD or SOD was
subcutaneously injected before VCM injection. Twenty four hours
after VCM injection renal tissues were incubated in reaction
mixtures as described in the “Methods” section. The indicated
values are the peak of chemiluminescence intensity. Open column,
control rats; closed column, AH-SOD-treated rats; oblique column,
SOD-treated rats. Values are means = S.E. (n = 4-9). *P < 0.05 vs.
sham rats. 'P < 0.05.
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FIGURE 6 Effect of AH-SOD and SOD on renal levels of
8-OHdG. Animals were treated as described in Fig. 3. DNA was
extracted from kidney samples. The levels of 8-OHdAG/ 10°dG
were determined by HPLC-ECD method. Values are means + S.E.
(1 = 4—6). *P < 0.05 vs. sham rats. 'P < 0.05.

of ROS, and consequently result in glomerulus
injury. Consistent with this notion is the fact that AH-
SOD rapidly accumulated and was maintained
within the endosomes of renal proximal tubule
cells for a fairly long time,!"”! and dismutated the
superoxide generated by PMN. Moreover, proximal
and distal tubular cells showed significant staining
for catalase (Fig. 7). Therefore, AH-SOD may be
concerted with the co-localized peroxidases (catalase
and others)!”?! and then totally inhibit the VCM-
induced renal dysfunction.

Although the morphological changes in rats
administered 200mg/kg of VCM was apparently
less severe, this dose of VCM markedly induced
oxidative damage in the kidney. These results
suggest that because VCM-induced oxidative
damage starts prior to morphological damage,
various indices related to free radical generation
may be effective in the renal handling of VCM-
treated patients. Furthermore, VCM is used for
MRSA infection and MRSA-infected patients under
severe inflammatory status such as endotoxemia,
surgical stress, and shock, and the incidence of renal
complications is high in these patients. Therefore, the
magnitude of VCM-induced renal impairment in
pathological status might be greater than that noted
for the dose of VCM in normal condition. The effects
of VCM treatment in pathological conditions there-
fore demands further study as well as possible
involvement of superoxide radicals in the patho-
genesis of VCM-induced renal injury in human
subjects.

FIGURE 7 Immunohistochemistry of the effect of catalase on the
kidney. Samples fixed with formalin were embedded in paraffin.
The 4 um thin sections were deparaffinized with xylol and ethanol
and were treated with 0.3% H,0O, in methanol, and normal rabbit
serum. The sections were treated overnight at 4°C with polyclonal
antibody for catalase ( X 200). The specimens were stained by the
bridged immunoperoxidase method.

In conclusion, we have demonstrated that
oxidative stress underlies the pathogenesis of
VCM-induced nephrotoxicity and this involves
AH-SOD-inhibitable mechanisms. Therefore, related
antioxidants assembled to renal proximal tubule
cells could enable the administration of higher doses
and longer duration of VCM sufficient for eradica-
tion of MRSA without causing severe renal injury.
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