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Abstract: Vancomycin hydrochloride (VCM) is a glycopeptide antibiotic that is commonly used to eradicate methicillin-resistant
gram-positive cocci, despite its nephrotoxic side effects. Elderly people are particularly susceptible to developing VCM-induced neph-
rotoxicity. However, the precise mechanism by which VCM induces nephrotoxicity in elderly people is not completely understood.
Therefore, we investigated VCM-induced nephrotoxicity in mice of different ages. VCM was injected intraperitoneally into mice at 1,
3, 6, 12, and 24 months of age at a dosage of 400 mg/kg body weight for 3 and 14 days. Twenty-four hours after the last injection, we
examined plasma creatinine levels and histopathological alterations in the kidneys. VCM administration increased plasma creatinine
levels, and these values gradually increased to higher levels with aging. The histological examination revealed renal tubular degenera-
tion, such as brush-border atrophy, apoptosis/necrosis of the tubular epithelium, and epithelial desquamation, that gradually became
more severe with aging. Furthermore, immunohistochemical staining with anti-CD10 and anti-single-stranded DNA antibodies re-
vealed damaged renal proximal tubules with marked dilatation, as well as numerous apoptotic cells, and these features increased in
severity in 12- and 24-month-old mice receiving VCM. Based on these results, aged mice were highly susceptible to kidney damage
induced by VCM administration. In addition, proximal tubular epithelial cells likely underwent apoptosis after the administration of
VCM. This report is the first to document VCM-induced nephrotoxicity in mice of different ages. Thus, this mouse model could be
useful for understanding the mechanisms of VCM-induced nephrotoxicity in the elderly. (DOI: 10.1293/tox.2018-0036; J Toxicol Pathol
2019; 32: 57-66)
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Introduction

Vancomycin hydrochloride (VCM) is a routinely pre-
scribed antibiotic that is used to treat humans who are in-
fected with methicillin-resistant gram-positive cocci, such
as Staphylococcus aureus, S. epidermidis, and enterococ-
cil-2. Since the incidence of these infections has increased
substantially in recent years, the use of this medication has
widely increased’. VCM is mainly excreted via the kidney,
where its damaging side effects occur* 5. In fact, VCM-in-
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duced nephrotoxicity has been reported in 5-25% of recipi-
ent patientsS, constituting the major clinical cause of renal
failure.

Previously, we reported time-dependent alterations of
VCM-induced nephrotoxicity in mice, focusing on detailed
biochemical and histological analyses of the VCM-induced
nephrotoxicity process’. In our previous study, VCM was
intraperitoneally injected into 3-month-old mice at a dose
of 400 mg/kg body weight at 24-h intervals for 3, 5, 7, and
14 days, and VCM-induced renal damage and incipient re-
nal failure began soon after the first treatment and progres-
sively worsened. Furthermore, a histological examination of
VCM-treated mice revealed renal damage, such as dilated
proximal tubules with occasional casts and interstitial fibro-
sis. The severity of the symptoms progressed until day 15.
This mouse model is exceedingly useful for clarifying the
poorly understood mechanism of VCM-induced nephrotox-
icity.

VCM treatment is known to lead to progressive renal
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failure in the elderlys. 9. Therefore, patient age is a prominent
risk factor for VCM-induced renal failure!0. In fact, several
clinical studies have reported VCM-induced renal failure in
the elderly!!: 12. Sokol et al.!2 reported that renal failure be-
gan only 3 days after the initial VCM treatment in 71-year-
old females with MRSA bacteremia. Moreover, according
to Mizokami et al.ll; elderly patients with potentially poor
renal function are likely to have increased area under the
curve (AUC) values for VCM and a poor prognosis. Thus,
elderly people are susceptible to developing renal failure af-
ter treatment with VCM; however, the details of its mecha-
nism of onset remain unclear. Furthermore, no reports have
been published regarding the effects of aging on VCM-in-
duced renal failure in an aged mouse model. Therefore, we
used mice of different ages to investigate whether aging is a
factor that exacerbates VCM-induced renal failure.

Materials and Methods

Animals

Animal experiments were performed in accordance
with the animal care and use protocol approved by the Insti-
tutional Animal Care and Use Committee of Tokyo Metro-
politan Institute of Gerontology (TMIG) (Permit Number:
12001) and the TMIG Guidelines for the Care and Use of
Laboratory Animals. Male C57BL/6NCrSlc mice aged 1, 3,
6, 12, and 24 months of age were obtained from the animal
facility of TMIG, Tokyo, Japan. All mice were fed a com-
mercial chow diet (CRF-1, Oriental Yeast Co., Ltd., Tokyo,
Japan) and were maintained on a 12-h/12-h light/dark cycle
in a controlled environment. The number of animals used in
this study was kept to the minimum necessary for a mean-
ingful interpretation of the data, and animal discomfort was
minimized. Aged mice were divided into groups according
to the random comparison group method used in pharma-
cology. Mice were randomly assigned to the VCM treatment
and control groups prior to the start of the experiment.

VCM administration and group sizes

VCM (Lot No. AWMI1657, Wako Pure Chemical, Osa-
ka, Japan) was dissolved in saline and intraperitoneally in-
jected into each mouse at a dose of 400 mg/kg body weight
at 24-h intervals for 3 and 14 days, as shown in Fig. 1A. The
administration period and dose were consistent with a pre-
vious study that confirmed the occurrence of renal injury in
mice’”. VCM was administered to ten mice in each group at
1, 3, 6, 12, and 24 months of age, while the control groups
contained ten mice each at 1 and 3 months of age and nine
mice each at 6, 12, and 24 months of age.

Mortality and body weight measurement

Survival of mice of different ages was checked daily
during VCM treatment until the end of the experiment. The
body weight of the mice was measured on the Ist, 4th, and
15th days during the experimental period.

Biochemical analysis of plasma

Twenty-four hours after the last injection, mice were
sacrificed under anesthesia with pentobarbital, and blood
was collected from the inferior vena cava of each mouse
into an ethylenediaminetetraacetic acid (EDTA)-containing
syringe. Plasma was obtained by centrifuging the blood
samples at 880 x g for 10 min at 4°C, followed by storage
at —80°C until use. The plasma levels of creatinine (P-Cre)
were assessed biochemically (Oriental Yeast Co., Ltd., To-
kyo, Japan).

Kidney weight measurement, histological analysis,
and normalization

After blood samples were collected, the mice were
systemically perfused with ice-cold phosphate-buffered
saline through the left ventricle to remove the remaining
blood from the tissues. The kidneys were removed and then
weighed. Each kidney was divided longitudinally into two
sections of equal size, which were then fixed with 10% for-
malin for 48 h. Each formalin-fixed kidney was embedded
in paraffin and serially cut into 4-um-thick sections. After
deparaffinization, kidney sections were subjected to hema-
toxylin-eosin (HE), periodic acid-Schiff (PAS), and azan
staining. Digital images of all specimens were captured
using a NanoZoomer 2.0-RS virtual slide imaging system
(Hamamatsu Photonics, Hamamatsu, Japan). For estimation
of the renal tubular and glomerular sizes, twenty tubules
and glomeruli in HE-stained kidney sections were random-
ly selected, and the minor axis of each was measured using
NDP.view2 (Hamamatsu Photonics). The number of casts in
renal tubules was counted in a single randomly selected 1
mm? field from the HE-stained kidney sections. The per-
centages of interstitial fibrosis areas were measured using
the WinROOF Ver. 7.4.1 image analysis software (MITANI
Corporation, Fukui, Japan) in a single randomly selected 0.4
mm? field from the azan-stained kidney sections.

Immunohistochemistry and normalization

Kidney sections were stained with a rabbit polyclonal
anti-CD10 antibody (1:400 dilution, ab109275, Abcam plc,
Cambridge, UK) to verify that the damaged renal tubules
were proximal tubules!3, a rabbit polyclonal anti-single-
stranded DNA (ssDNA) antibody (1:400 dilution, A4506,
DAKO Japan Co., Ltd., Tokyo, Japan), which is a marker of
apoptosis'4, and a VECTASTAIN Elite ABC kit (VECTOR
Laboratories, Inc., Burlingame, CA, USA); 3,3’-diamino-
benzidine was the chromogenic substrate. The number of
CD10-positive dilated proximal tubules was counted in one
randomly selected 1 mm?2 field from the kidney sections
stained with the anti-CDI10 antibody. The percentage of pos-
itive ssDNA-stained areas (containing the tubules with the
affected nuclei) was measured in one randomly selected 0.4
mm? field from the kidney sections stained with the ssDNA
antibody.
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Fig. 1. Experimental design, survival, and body and kidney weights of VCM-treated mice of various ages. (A) Schematic representation of the

experimental design for VCM administration. VCM was intraperitoneally injected into mice at a dose of 400 mg/kg body weight at 24-h
intervals for 3 (n=10 mice in each age group) and 14 days (n=10 mice in each age group). Mice were sacrificed 24 h after the last injec-
tion. Control mice aged 1 and 3 months (n=10) and 6, 12, and 24 months (n=9) on the 1st day were sacrificed. (B) Survival rates of mice
of different ages after the VCM treatment. (C) Body and (D) kidney weights were measured on the indicated days. Statistical analyses
were performed using one-way analysis of variance (ANOVA) followed by post hoc unpaired t-tests with the Bonferroni correction.
Differences between age groups were considered significant at P<0.01. (C) *P<0.01 compared with 1- and 3-month-old mice on the Ist
day. 1P<0.01 compared with 1-month-old mice on the 4th day of VCM treatment. ¥7P<0.01 compared with 1- and 3-month-old mice on
the 4th day of VCM treatment. 71P<0.01 compared with 1-, 3-, 6-, and 24-month-old mice on the 4th day of VCM treatment. P<0.01
compared with 1-month-old mice on the 15th day of VCM treatment. 1P<0.01 compared with 1- and 3-month-old mice on the 15th day
of VCM treatment. (D)*P<0.01 compared with 1-month-old mice on the 1st day of VCM treatment. **P<0.01 compared with 1-, 3-, and
6-month-old mice on the 1st day of VCM treatment. ¥P<0.01 compared with 1-month-old mice on the 4th day of VCM treatment. 1P<0.01
compared with 1- and 3-month-old mice on the 4th day of VCM treatment. 171P<0.01 compared with 1-, 3-, and 6-month-old mice on the
4th day of VCM treatment. {P<0.01 compared with 1-month-old mice on the 15th day of VCM treatment. 11P<0.01 compared with 1-, 3-,

and 6-month-old mice on the 15th day of VCM treatment.

Data blinding and statistical analysis

Body and kidney weights, P-Cre levels, mean values
for the minor axes of renal tubules, mean values for the mi-
nor axes of renal glomeruli, numbers of casts, numbers of
tubules with epithelial desquamation, percentages of area
positive for interstitial fibrosis, numbers of CDI10-positive
tubules with renal proximal tubular degeneration, and per-
centages of ssDNA-positive areas were analyzed by two ob-
servers who were blinded to the animal group assignments.
Data files were labeled with the date and a sample identifier.
The data were analyzed in this file format and subsequently
assigned to the corresponding experimental conditions us-
ing laboratory records.

The results are presented as means = standard errors of
the means (SEM). The probability of significant differences
between experimental groups was determined using analy-
sis of variance (ANOVA) followed by post hoc unpaired t-
tests with the Bonferroni correction. All statistical analyses
were performed using GraphPad Prism 6 (GraphPad Soft-
ware, Inc., San Diego, CA USA). Differences were consid-
ered significant at P<0.01.

Results

Survival, body weight, and kidney weight of mice of
different ages during VCM treatment

Survival is shown in Fig. 1B. During the experimen-
tal period, the first 24-month-old mice died after 3 days of
VCM treatment, and 80% of mice in that age group died
in the first 11 days of VCM treatment. Moreover, the first
12-month-old mice died after 11 days of VCM treatment.
However, no mice in the 1-month, 3-month, or 6-month age
groups died until 15 days of VCM treatment. Since only a
small number of 24-month-old mice were alive on the 14th
day of VCM treatment, these mice were excluded from the
subsequent analysis.

The mean body weights are shown in Fig. 1C. The mean
body weights of 12-month-old mice on the 1st day were sig-
nificantly higher by 1.9- and 1.5-fold than those of 1- and
3-month-old mice, respectively. The 12-month-old mice dis-
played significantly greater mean body weights on the 4th
day of VCM treatment, with their mean body weights being
significantly higher by 2.2-, 1.5-, 1.2- and 1.2-fold than those
of 1-, 3-, 6-, and 24-month-old mice, respectively. The mean
body weights of 12-month-old mice on the 15th day of VCM
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treatment were significantly higher by 1.5- and 1.3-fold than
those of 1- and 3-month-old mice, respectively, and those of
3-, 6-, and 12-month-old mice on the 15th day of VCM treat-
ment were significantly decreased by 0.9-, 0.8-, and 0.7-fold,
respectively, compared with the same age groups on the 4th
day of VCM treatment. The mean body weights of 6- and
12-month-old mice on the 15th day of VCM treatment were
significantly decreased by 0.8- and 0.7-fold, respectively,
compared with the same age groups on the 1st day.

The mean kidney weights are shown in Fig. 1D. The
mean kidney weights of 24-month-old mice on the 1st day
were significantly higher by 1.8-, 1.4-, and 1.3-fold than
those of 1-, 3-, and 6-month-old mice, respectively, and
those of 12-month-old mice on the 1st day were significantly
higher by 1.7-, 1.3-, and 1.2-fold than those of 1-, 3-, and
6-month-old mice, respectively. The mean kidney weights
of 24-month-old mice on the 4th day of VCM treatment
were significantly increased by 2.1-, 1.5-, and 1.2-fold com-
pared with the 1-, 3-, and 6-month-old mice, respectively,
and those of 12-month-old mice on the 4th day of VCM
treatment were significantly higher by 2.1- and 1.5-fold
higher than those of 1- and 3-month-old mice, respectively.
The mean kidney weights of 12-month-old mice on the 15th
day of VCM treatment were significantly increased by 2.6-
, 2.0-, and 1.5-fold compared with 1-, 3-, and 6-month-old
mice, respectively, and those of 6-month-old mice on the
15th day of VCM treatment were significantly increased by
1.7-fold compared with 1-month-old mice. The mean kidney
weights of 3-, 6- and 24-month-old mice on the 4th day of
VCM treatment were significantly higher by 1.3-, 1.5- and
1.4-fold, respectively, than those of the same age groups on
the 1st day. Finally, the mean kidney weights were observed
in 6- and 12-month-old mice on the 15th day of VCM treat-
ment were significantly higher by 1.5- and 1.8-fold, respec-
tively, than those of the same age groups on the st day.

Biochemical analysis of P-Cre levels

The P-Cre levels are shown in Fig. 2. The P-Cre levels
of 24-month-old mice on the 1st day were significantly high-
er by 7.8-, 5.8-, 8.9-, and 5.4-fold than those of 1-, 3-, 6-, and
12-month-old mice, respectively, and those of 24-month-old
mice on the 4th day of VCM treatment were significantly
increased by 12.2-; 10.1-, and 7.6-fold compared with 1-,
3-, and 6-month-old mice, respectively. The P-Cre levels of
12-month-old mice on the 15th day of VCM treatment were
significantly higher by 10.9-fold than those of 1-month-old
mice, and those of 1-, 3-, and 12-month-old mice on the
15th day of VCM treatment were significantly increased by
3.4-, 3.6-, and 25.8-fold, respectively, compared with the
same age groups on the Ist day. The P-Cre levels in 1- and
3-month-old mice on the 15th day of VCM treatment were
significantly increased by 1.8- and 2.1-fold, respectively,
compared with the same age groups on the 4th day. Finally,
the P-Cre levels in 3-month-old mice on the 4th day of VCM
treatment were significantly increased by 1.7-fold compared
with the same age group on the 1st day.
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Fig. 2. Plasma Cre levels in VCM-treated mice. The plasma Cre lev-
els in mice were measured on the indicated days. First day, 1
and 3 months old (n=10 mice) and 6, 12, and 24 months old
(n=9 mice); 4th day, 1, 3, and 6 months old (n=10 mice), 12
months old (n=9 mice), and 24 months old (n=8 mice); 15th
day, 1, 3 and 6 months old (n=10 mice) and 12 months old (n=8
mice). Values are presented as means = SEM. Statistical analy-
ses were performed using one-way ANOVA followed by post
hoc unpaired t-tests with the Bonferroni correction. Differ-
ences between groups were considered significant at P<0.01.
*P<0.01 compared with 1-, 3-, 6-, and 12-month-old mice on
the 1st day. ¥P<0.01 compared with 1-, 3-, and 6-month-old
mice on the 4th day of VCM treatment. 1P<0.01 compared
with 1-month-old mice on the 15th day of VCM treatment. P-
Cre, plasma creatinine.

Histological analysis of kidneys from VCM-treated
mice during aging

Histological data are shown in Fig. 3. The histological
examination revealed renal tubular degeneration, such as
brush-border atrophy, apoptosis/necrosis of the tubular epi-
thelium, and epithelial desquamation (white arrowheads),
which appeared in 3-, 6-, 12-, and 24-month-old mice after 4
days of VCM treatment, and the damage gradually became
more severe with aging. However, marked damage was not
observed in 1-month-old mice after 4 days of VCM treat-
ment. On the 15th day of VCM treatment, renal tubular de-
generation was observed in mice aged 1, 3, 6, and 12 months,
and the damage gradually became more severe with aging.
On the Ist day, renal tubular degeneration was observed in
the 24-month-old group. However, marked damage was not
observed on the 1st day in mice aged 1, 3, 6, or 12 months.
PAS staining revealed tubular epithelial desquamation and
hyaline casts (black arrowheads) after 4 days of VCM treat-
ment in mice aged 1, 3, 6, 12, and 24 months, and these
features continuously increased in severity with aging. On
the 15th day of VCM treatment, tubular epithelial desqua-
mation was observed in 1-, 3-, 6-, and 12-month-old mice,
and the damage gradually became more severe with aging.
On the Ist day, tubular epithelial desquamation and hyaline
casts (black arrowheads) were observed in the 24-month-old
group. However, marked damage was not observed in mice
aged 1, 3, 6, or 12 months. Azan staining showed interstitial
fibrosis in the kidneys of mice aged 1, 3, 6, and 12 months
after 15 days of VCM treatment, and the fibrosis gradually
increased in severity with aging (white arrows). In contrast,
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Fig. 3. Histological analysis of kidneys from VCM-treated mice. Black arrows indicate glomeruli. White arrowheads indicate renal tubular
degeneration. Black arrowheads indicate tubular epithelial desquamation. White arrows indicate interstitial fibrosis. Bars, 25 um. HE,

hematoxylin-eosin staining. PAS, periodic acid-Schiff staining.

on the st day and the 4th day of VCM treatment, interstitial
fibrosis in kidneys was not observed in any of the age groups
-1, 3, 6, 12, or 24 months.

Measurements of the mean minor axis of the renal tu-
bules are shown in Fig. 4A. The mean minor axes of the
renal tubules of 6-, 12-, and 24-month-old mice on the 1st
day were significantly larger than those of 1- or 3-month-
old mice. The mean minor axes of the renal tubules of
24-month-old mice on the 4th day of VCM treatment were

significantly larger than those of 1-, 3-, or 6-month-old mice,
and those of 6- and 12-month-old mice on the 4th day of
VCM treatment were significantly larger than those of 1- or
3-month-old mice. The mean minor axes of the renal tubules
of 12-month-old mice on the 15th day of VCM treatment
were significantly larger than those of 1-, 3-, or 6-month-old
mice, and those of 1-, 3-, 6-, and 12-month-old mice on the
15th day were significantly larger than those of the same
age groups on the 4th day of VCM treatment. Additionally,
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Fig. 4. Estimates of renal tubule and glomerulus sizes, numbers of casts in renal tubules, tubular epithelial desquamation, and percentages

of interstitial fibrosis areas in VCM-treated mice. The mean values for minor axes of renal tubules (A) and glomeruli (B), numbers of
casts in renal tubules (C), numbers of tubules exhibiting epithelial desquamation (D), and percentages of interstitial fibrosis areas (E) in
VCM-treated and control mice were evaluated as described in the Materials and Methods section. First day, 1 and 3 months old (n=10
mice) and 6, 12, and 24 months old (n=9 mice); 4th day, 1, 3, and 6 months old (n=10 mice), 12 months old (n=9 mice), and 24 months
old (n=8 mice); 15th day, 1, 3 and 6 months old (n=10 mice) and 12 months old (n=8 mice). Values are presented as the means + SEM of
eight to ten animals. Statistical analyses were performed using one-way ANOVA followed by post hoc unpaired t-tests with the Bonfer-
roni correction. Differences between age groups were considered significant at P<0.01. (A)*P<0.01 compared with 1-month-old mice on
the 1st day. ¥*P<0.01 compared with 1- and 3-month-old mice on the Ist day. ¥P<0.01 compared with 1-month-old mice on the 4th day
of VCM treatment. T1P<0.01 compared with 1- and 3-month-old mice on the 4th day of VCM treatment. ¥7P<0.01 compared with 1-, 3-
and 6-month-old mice on the 4th day of VCM treatment. 1P<0.01 compared with 1-month-old mice on the 15th day of VCM treatment.
11P<0.01 compared with 1-, 3-, and 6-month-old mice on the 15th day of VCM treatment. (B)*P<0.01 compared with 1-month-old mice
on the st day. **P<0.01 compared with 1- and 3-month-old mice on the 1st day. ***P<0.01 compared with 1-, 3-, 6-, and 12-month-old
mice on the 1st day of VCM treatment. fP<0.01 compared with 1-month-old mice on the 4th day of VCM treatment. ¥7P<0.01 compared
with 1- and 3-month-old mice on the 4th day of VCM treatment. f1P<0.01 compared with 1-, 3-, 6-, and 12-month-old mice on the 4th
day of VCM treatment. $P<0.01 compared with 1-month-old mice on the 15th day of VCM treatment. ¥{P<0.01 compared with 1- and
3-month-old mice on the 15th day of VCM treatment. i¥P<0.01 compared with 1-, 3-, and 6-month-old mice on the 15th day of VCM
treatment. (C) *P<0.01 compared with 1-month-old mice on the 4th day of VCM treatment. **P<0.01 compared with 1- and 3-month-old
mice on the 4th day of VCM treatment. $P<0.01 compared with 1- and 3-month-old mice on the 15th day of VCM treatment. (D) *P<0.01
compared with 1-month-old mice on the 4th day of VCM treatment. P<0.01 compared with 1-month-old mice on the 15th day of VCM
treatment.

the mean minor axes of the renal tubules of 1-, 3-, 6-, and
12-month-old mice on the 15th day were significantly larger
than those of the same age groups on the initial day of VCM
treatment. Finally, the mean minor axes of the renal tubules
of 3-, 6-, 12-, and 24-month-old mice on the 4th day were
significantly larger than the same age groups on the st day.

Measurements of the mean minor axis of the glomer-
uli are shown in Fig. 4B. The mean minor axes of the renal
glomeruli of 24-month-old mice on the 1st day were signifi-
cantly larger than those of 1-, 3-, 6-, or 12-month-old mice,
and those of 6- and 12-month-old mice on the 1st day were
significantly larger than those of 1- or 3-month-old mice.
The mean minor axes of the glomeruli of 24-month-old mice
on the 4th day of VCM treatment were significantly larger

than those of 1-, 3-, 6-, and 12-month-old mice, and those
of 6- and 12-month-old mice on the 4th day of VCM treat-
ment were significantly larger than those of 1- or 3-month-
old mice. Moreover, the mean minor axes of the glomeruli
of 12-month-old mice on the 15th day of VCM treatment
were significantly larger than those of 1-, 3-, or 6-month-old
mice, and those of 1-, 3-, 6-, and 12-month-old mice on the
15th day were significantly smaller than those of the same
age groups on the initial day of treatment. Additionally, the
mean minor axes of the renal tubules of 3- and 6-month-old
mice on the 15th day were significantly smaller than those
of the same age groups on the 4th day of VCM treatment.
Finally, the mean minor axes of the glomeruli of 1-month-
old mice on the 4th day were significantly smaller than those
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of the same age group on the Ist day.

The numbers of casts in the renal tubules are shown
in Fig. 4C. Significantly greater numbers of casts were ob-
served in the renal tubules of 12- and 24-month-old mice
on the 4th day of VCM treatment than in 1- or 3-month-old
mice. The numbers of casts in the renal tubules of 6- and
12-month-old mice were significantly greater on the 15th
day of VCM treatment than in 1- or 3-month-old mice. Al-
though the renal tubules of control mice aged 1, 3, 6, or 12
months did not display detectable casts, renal casts were ob-
served in control mice at the age of 24 months. The numbers
of casts in the renal tubules of 1-, 3-, 6-, and 12-month-old
mice on the 15th day of VCM treatment were significant-
ly increased by 4.3-, 2.8-, 2.3-, and 2.2-fold, respectively,
compared with the same age groups on the 4th day of VCM
treatment. The numbers of casts in the renal tubules of
24-month-old mice on the 4th day of VCM treatment were
significantly increased by 6.5-fold compared with the same
age group on the Ist day.

The numbers of tubules exhibiting epithelial desqua-
mation are shown in Fig. 4D. Tubules manifesting epithe-
lial desquamation were observed in control mice at the age
of 24 months; however, control mice at the ages of 1, 3, 6,
and 12 months did not display detectable tubular epithelial
desquamation. The number of tubules exhibiting epithelial
desquamation in 24-month-old mice on the 4th day of VCM
treatment was significantly increased by 3.6-fold compared
with 1-month-old mice, and those in 3-, 6-, and 12-month-
old mice on the 15th day of VCM treatment were significant-
ly increased by 1.8-, 1.9-, and 2.3-fold, respectively, com-
pared with 1-month-old mice. Although the renal tubules of
control mice did not display detectable casts at 1, 3, 6, or 12
months, renal casts appeared in control mice at the age of 24
months. The numbers of tubules with epithelial desquama-
tion in 1-, 3-, 6-, and 12-month-old mice were significantly
increased by 2.9-, 1.9-, 2.1-, and 2.6-fold, respectively, on
the 15th day of VCM treatment compared with the 4th day
of VCM treatment, and that in 24-month-old mice was sig-
nificantly increased by 2.4-fold on the 4th day of VCM treat-
ment compared with the 1st day.

Azan staining showed interstitial fibrosis in the kid-
neys, and the percentage of interstitial fibrosis area in VCM-
treated mice on day 15 gradually increased with advanc-
ing age, but the change was not significant (Fig. 4E). The
percentage of interstitial fibrosis area in 6- and 12-month-
old mice was significantly increased by 3.5- and 3.6-fold,
respectively, on the 15th day of VCM treatment compared
with the Ist day, and that in 6-month-old mice was signifi-
cantly increased by 2.6-fold on the 15th day of VCM treat-
ment compared with the 4th day.

Immunohistochemical staining for CDI0 in the kid-
neys of VCM-treated mice

Immunochemistry revealed dilation of the renal prox-
imal tubules on the 4th and 15th days of VCM treatment
(Fig. 5A, white arrowhead). Although control mice aged 1,
3, 6, and 12 months did not exhibit any detectable CD10-

positive dilated proximal tubules, 24-month-old control
mice did exhibit this change (Fig. SA and B). The num-
bers of CD10-positive dilated proximal tubules recorded in
24-month-old mice on the 4th day of VCM treatment were
3.8-, 2.8-, and 3.7-fold greater than the numbers in 1-, 3-,
and 6-month-old mice, respectively (Fig. 5B), and those in
12-month-old mice on the 15th day of VCM treatment were
significantly increased by 3.0-, 2.0-, and 2.0-fold compared
with the numbers in 1-, 3-, and 6-month-old mice, respec-
tively (Fig. 5B). Finally, the number of CD10-positive dilat-
ed proximal tubules in 6-month-old mice was significantly
increased by 1.8-fold on the 15th day of VCM treatment
compared with the 4th day, and that in 24-month-old mice
was significantly increased by 15.8-fold on the 4th day of
VCM treatment compared with the 1st day.

Detection of apoptotic cells in the kidneys of VCM-
treated mice

Immunohistochemically, numerous ssDNA-positive
apoptotic cells or bodies were present in renal tubules on
the 4th and 15th days of VCM treatment, gradually wors-
ening with aging (Fig. 6A). Control mice aged 1, 3, 6, 12,
and 24 months did not display detectable ssDNA-positive
apoptotic cells or bodies (Fig. 6A and B). The percentages
of ssDNA-positive areas in 24-month-old mice recorded on
the 4th day of VCM treatment were significantly increased
by 4.9- and 3.3-fold compared with the percentages in 1-
and 3-month-old mice, respectively (Fig. 6B). Those in 3-,
6-, and 12-month-old mice were significantly increased by
1.9-,2.7-, and 2.4-fold, respectively, on the 15th day of VCM
treatment compared with the percentages in 1-month-old
mice (Fig. 6B). The percentages of ssDNA-positive areas
in 1-, 3-, 6-, and 12-month-old mice were significantly in-
creased by 3.2-, 4.0-, 4.7-, and 3.8-fold, respectively, on the
15th day of VCM treatment compared with the same age
groups on the 4th day of VCM treatment.

Discussion

In the present study, we observed indisputable evi-
dence of renal damage induced by the VCM treatment in
mice of different ages. Interestingly, this pathological and
biochemical deterioration was confirmed in young mice and
substantially progressed with aging. These results closely
resembled findings from clinical and pathological human
studies!.

Mortality among 12- and 24-month-old mice was 20%
and 80%, respectively, when VCM was administered for 14
days. On the other hand, mortality was 0% among 1-, 3-,
and 6-month-old mice. Since the median lifespan of male
C57BL/6J mice is approximately 27 months, according to
the Jackson Laboratory!¢, the cause of death in the 12- and
24-month-old mice was presumably the VCM treatment.
Thus, with aging, mice became more likely to die of VCM-
induced renal failure. This report is the first to investigate
the survival of aging mice during VCM treatment.

The administration of VCM to mice for 15 days de-
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number of CD10-positive dilated proximal tubules was evaluated as described in the Materials and Methods section. First day, 1 and 3
months old (n=10 mice) and 6, 12, and 24 months old (n=9 mice); 4th day, 1, 3, and 6 months old (n=10 mice), 12 months old (n=9 mice),
and 24 months old (n=8 mice); 15th day, 1, 3 and 6 months old (n=10 mice) and 12 months old (n=8 mice). Values are presented as the
means + SEM of eight to ten animals. Statistical analyses were performed using one-way ANOVA followed by post hoc unpaired t-tests
with the Bonferroni correction. Differences between age groups were considered significant at P<0.01. *P<0.01 compared with 1-, 3-,
and 6-month-old mice on the 4th day of VCM treatment. P<0.01 compared with 1-, 3-, and 6-month-old mice on the 15th day of VCM
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tibody. White arrowheads indicate apoptotic tubular epithelial cells. Bars, 25 pm. ssDNA, single-stranded DNA. (B) The percentage
of the ssDNA-positive area was evaluated as described in the Materials and Methods section. First day, 1 and 3 months old (n=10 mice)
and 6, 12, and 24 months old (n=9 mice); 4th day, 1, 3, and 6 months old (n=10 mice), 12 months old (n=9 mice), and 24 months old (n=8
mice); 15th day, 1, 3 and 6 months old (n=10 mice) and 12 months old (n=8 mice). Values are presented as the means = SEM of eight to
ten animals. Statistical analyses were performed using one-way ANOVA followed by post hoc unpaired t-tests with the Bonferroni cor-
rection. Differences between ages groups were considered significant at P<0.01. *P<0.01 compared with 1- and 3-month-old mice on the
4th day of VCM treatment. TP<0.01 compared with 1-month-old mice on the 15th day of VCM treatment.

creased the body weight and, conversely, increased the
kidney weight. The mean body weights of 1-, 3-, 6-, and
12-month-old mice were 8, 10, 20, and 26% lower, re-
spectively, after 15 days of VCM treatment than on the 1st
day. Moreover, the mean kidney weights of 1-, 3-, 6-, and
12-month-old mice were 1.2-, 1.2-, 1.5- and 1.8-fold higher,
respectively, after 15 days of VCM treatment than on the
Ist day. The body weight losses of 1- and 3-month-old mice
were small, but as age increased, the losses became notice-
able. Additionally, slight increases in the kidney weights
were observed 1- and 3-month-old mice, but as the animals
aged, the increase in the kidney weight became noticeable.
The cause of body weight loss was considered renal fail-
ure, and the increase in the kidney weight evidently resulted

from renal damage and interstitial fibrosis. Moreover, the P-
Cre level was increased by the VCM treatment, and this ef-
fect was remarkably exacerbated with aging. Previously, we
examined the time-dependent alterations in kidney damage
due to VCM administration and confirmed that body weight
decreases and kidney lesions worsened as kidney damage
progressed’. Therefore, aged mice were considered highly
susceptible to renal damage caused by the VCM treatment,
resulting in body weight loss and kidney lesions.

In the present study, significantly higher P-Cre levels
were observed in 24-month-old mice on the Ist day than
in 1-, 3-, 6-, or 12-month-old mice. Moreover, casts and tu-
bular epithelial desquamation were observed in the kidneys
of 24-month-old mice on the 1st day, although these signs
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were not detectable in mice aged 1, 3, 6, or 12 months. Thus,
24-month-old mice may have an underlying renal impair-
ment because of aging. In fact, mice develop renal damage
with age, and spontaneous renal damage is the main cause
of death in mice!” 18, In the present study, 24-month-old
mice showed severe kidney damage due to the VCM treat-
ment, as described above, and these changes were distinct
from age-related renal damage. Therefore, 24-month-old
mice had worse kidney damage following the VCM treat-
ment than 1-, 3-, 6-, or 12-month-old mice, which may have
led to the high mortality rate.

Histologically, renal tubular degeneration gradually
increased in severity with aging. In humans, many reports
have described similar episodes of renal failure after VCM
treatment in the elderly!2 15. Therefore, our results in mice
were analogous to renal failure in humans. Moreover, im-
munohistochemical staining using an anti-CD10 antibody,
which is known to be a specific indicator of proximal tu-
bules in humans!3, revealed that the renal proximal tubules
were markedly dilated and that this condition was exacer-
bated with aging. Based on these results, the brush-border
exhibited atrophy in response to the VCM treatment. Fur-
thermore, immunohistochemical staining for ssDNA re-
vealed apoptotic cells that were presumably derived from
epithelial cells in dilated proximal tubules, and the number
of apoptotic cells gradually increased with aging. Thus,
proximal tubular epithelial cells likely undergo apoptosis in
response to VCM administration.

In aged mice, the nephrotoxic effects of VCM may be-
come more severe the longer the drug is administered. For
instance, the P-Cre levels in 1-month-old mice were 1.9- and
3.4-fold higher after 4 and 15 days of VCM treatment, re-
spectively, than on the 1st day. On the other hand, the P-Cre
levels in 12-month-old mice were 6.2- and 25.8-fold higher
after 4 and 15 days of VCM treatment, respectively, than on
the 1st day. Additionally, similar trends were observed for
the body weight, kidney weight, and histological features.

Elderly patients with impaired renal function have
been reported to be at risk for VCM-induced nephrotoxic-
ity!0. Although the precise mechanism of VCM-induced
nephrotoxicity remains unclear, an elevation of oxidative
stress induced by VCM administration may be one of the
triggers of renal damage. According to Arimura et al.!9,
VCM increases intracellular reactive oxygen species (ROS)
production by inactivating mitochondrial complex I in cul-
tured LLC-PK1 cells. Additionally, as shown in the study by
Sakamoto et al.20, cardiolipin peroxidation mediates VCM-
induced intracellular ROS production and initiates apopto-
sis in proximal epithelial cells. Therefore, we postulate that
the proximal renal tubular epithelial cells of aged mice must
be particularly susceptible to increased oxidative stress, but
further studies are needed to confirm this hypothesis.

One limitation of the present study is that we were un-
able to evaluate the VCM concentration in the blood of the
mice. Therefore, we were not able to exclude the possibil-
ity that the blood concentration varied with aging. Further
studies are needed to clarify this point.

In conclusion, aged mice are likely highly susceptible
to kidney damage induced by VCM treatment. Moreover,
VCM treatment is likely to induce the apoptosis of proximal
tubular epithelial cells. This report is the first to document
VCM-induced renal failure in mice of different ages ranging
from 1 to 24 months. This mouse model could be useful for
understanding the mechanisms of VCM-induced nephrotox-
icity in the elderly.
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