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Abstract: Animal models of podocytopathy and chronic kidney diseases (CKD) help elucidate these pathologies. 
Adriamycin (ADR)-induced nephropathy is a common rodent model of podocytopathy. BALB/c mice are sensitive 
to ADR, whereas C57BL/6 (B6) mice, the most commonly used strain, are resistant to ADR. Therefore, mouse 
strains with the B6 genetic background cannot be used as an ADR nephropathy model. We previously generated 
DNA-dependent protein kinase catalytic subunit (Prkdc) mutant B6 mice (B6-PrkdcR2140C) carrying the R2140C 
mutation that causes ADR nephropathy. However, whether ADR nephropathy in the novel strain progresses to 
CKD after ADR administration has not been evaluated. Therefore, we examined whether the B6-PrkdcR2140C mice 
develop CKD after ADR administration. We also evaluated whether differences existed in the genetic background 
in ADR nephropathy by comparing the B6-PrkdcR2140C mice with BALB/c mice. Our findings demonstrated that 
B6-PrkdcR2140C progresses to CKD and is resistant to nephropathy compared with the BALB/c mice. The B6-
PrkdcR2140C and BALB/c mice differed in the expression of genes related to inflammatory mediators, and further 
analysis is required to identify factors that contribute to resistance to nephropathy.
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Introduction

an increase in the number of patients with chronic 
kidney disease (CKD) and the number of patients requir-
ing dialysis worldwide burdens the healthcare budgets 
of many countries. More than 10% adults in developed 
countries have CKD, and many of these CKD patients 
have podocytopathy, which is attributable to a primary 
disease such as diabetes or hypertension [1]. Podocyto-
pathy may be the main driver of focal segmental glo-
merulosclerosis, a major glomerular disease that pro-
gresses to end-stage renal failure [2]. Podocyte damage 
and dysfunction lead to glomerulosclerosis, proteinuria, 
and renal dysfunction [3]. therefore, podocyte-associ-

ated molecules related to kidney disease have been ex-
tensively studied. adriamycin (aDr)-induced nephrop-
athy is a highly reproducible rodent model of 
podocytopathy; a single aDr injection induces podocyte 
reduction, persistent proteinuria, focal glomerulosclero-
sis, and renal fibrosis [4, 5]. among mouse inbred strains 
used as disease models, only baLb/c and 129/SvJ mice 
are susceptible to aDr nephropathy, while the C57bL/6J 
(b6J) strain, the gold standard in many studies, is resis-
tant [6, 7]. therefore, in our previous study [8], we gen-
erated a b6-PrkdcR2140C mouse strain containing the 
r2140C mutation in Dna-dependent protein kinase 
catalytic subunit (Prkdc). this mutation is believed to 
be responsible for aDr nephropathy susceptibility in 
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baLb/c. Prkdc encodes the catalytic subunit of the tri-
meric Dna-dependent protein kinase (Dna-PKcs) and 
plays vital roles in maintenance of the mitochondrial 
genome, Dna repair, signal transduction, and transcrip-
tional activation [9, 10]. aDr administration causes 
mitochondrial Dna damage in podocytes, and Prkdc 
mutation results in nephropathy susceptibility due to the 
inability to repair damaged mitochondrial Dna [10].

the mutant strain developed similar levels of aDr 
susceptibility and acute kidney injury (aKi) due to glo-
merular disorders as the baLb/c mice [11]. However, 
we had not tested whether the novel strain b6-PrkdcR2140C 
would progress to CKD after aDr administration. in 
addition, baLb/c and b6J mice have been reported to 
differ in various phenotypes, but no known genetic back-
ground-dependent diversity exists in renal disease, par-
ticularly aDr nephropathy. therefore, in the present 
study, we tested whether b6-PrkdcR2140C mice develop 
CKD after ADR administration and whether differences 
exist in diverse genetic backgrounds in aDr nephropathy 
by comparing the results with those of the baLb/c mice.

Materials and Methods

Ethics statement
all animal experiments complied with the arriVe 

guidelines and were conducted according to the act on 
Welfare and Management of animals in Japan. the re-
search was conducted according to the regulations for 
the Care and use of Laboratory animals of Kitasato 
university. the President of Kitasato university ap-
proved the animal experimentation protocol on the basis 
of the judgment made by the institutional animal Care 
and use Committee of Kitasato university (approval 
iD: 19-163). a humane endpoint was applied when the 
mice with severe anemia became moribund.

Animals
b6-PrkdcR2140C mice were generated as described 

previously [8]. Male 8-week-old mice were used for all 
experiments. baLb/c mice were purchased from CLea 
Japan (tokyo, Japan), acclimatized for 2 weeks, and then 
used in the experiments. the animal facility was air-
conditioned at 22 ± 2°C and maintained at 40–60% 
relative humidity. the mice were maintained under a 
12-h light/dark cycle. a standard laboratory diet, Ce-2 
(CLea Japan), and tap water were available ad libitum.

Blood sampling and blood test
ADR (doxorubicin hydrochloride, Fujifilm Wako Pure 

Chemical Corp., Osaka, Japan) was injected via the tail 
vein at a 13 mg/kg concentration according to the stan-

dard protocol [8]. the control group received the same 
volume of saline. at 28 days after aDr administration, 
the mice were anesthetized intraperitoneally by admin-
istering a triad of mixed anesthesia (0.5 mg/kg medeto-
midine, 30 mg/kg alphaxalone, and 5.0 mg/kg butor-
phanol) [11]. then, the abdomen was opened, and 
500–1,000 µl of blood was collected from the caudal 
vena cava using a syringe. the blood was centrifuged at 
1,700 × g for 15 min to obtain the supernatant. the su-
pernatant was centrifuged at 1,700 × g for 15 min. Serum 
blood urea nitrogen (bun) and creatinine (Cre) levels 
were measured using a Hitachi 7180 automatic analyzer 
(Hitachi, Yokohama, Japan).

Measurement of urinary albumin
urine samples were collected from the mice 28 days 

after administering 13 mg/kg aDr. albumin was mea-
sured in the urine samples diluted with sample buffer 
containing 2% sodium dodecyl sulfate (SDS), 5% 2-mer-
captoethanol, 10% glycerol, 60 mM tris-HCl (pH 6.8), 
and bromophenol blue and then heated at 95°C for 5 min. 
Samples containing 1 µl of urine were applied to 10% 
SDS-polyacrylamide gel electrophoresis. as a positive 
control, 10 µg of bovine serum albumin was loaded si-
multaneously. The gel was fixed and stained with Coo-
massie brilliant blue (Cbb, nacalai tesque, Kyoto, Ja-
pan) according to the manufacturer’s instructions and 
scanned using a standard commercial scanner. the Cbb-
stained band corresponding to urinary albumin was 
quantified using ImageJ software (https://imagej.nih.gov/
ij/, national institutes of Health, bethesda, MD, uSa). 
urinary Cre was measured using a Cre colorimetric as-
say kit (Cayman Chemical, ann arbor, Mi, uSa) ac-
cording to the manufacturer’s instructions. urinary al-
bumin excretion was normalized against urinary Cre 
excretion.

Histology
Kidneys were collected from the mice on day 28 after 

ADR administration and were fixed with 4% parafor-
maldehyde (PFa) at 4°C overnight. the 2-µm PFA-fixed 
paraffin sections were subjected to normal histological 
processes and stained with periodic acid-Schiff (PAS) 
solution. Glomerular injury (Gi) was scored by average 
score of randomly selected 50 glomeruli per individual 
according to the following criteria: 0, no disability; 1, 
mild disability; 2, segmental glomerulosclerosis; and 3, 
global glomerulosclerosis. tubular injury (ti) was 
scored by grading the percentage of affected proximal 
tubules per 10 randomly chosen, non-overlapping fields 
(magnification, 100×) according to the following criteria: 
tubular dilation, loss of brush border, tubular necrosis, 
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and cast formation. the tubular injury score was esti-
mated on a scale from 0 to 5: 0, none; 1, 0–10%; 2, 
11–25%; 3, 26–45%; 4, 46–75% and 5, 76–100% [12]. 
For Picrosirius red staining, slides were deparaffinized, 
stained 1 h with Picrosirius red in saturated aqueous 
picric acid, and washed with 0.5% acetic acid. to score 
fibrosis areas through Picrosirius red staining, the target 
areas were photographed randomly in eight views of 
renal cortex (100×), and the positive areas were quanti-
fied using ImageJ to calculate their occupancy rate with 
respect to the total area. Only areas in the tubulointer-
stitium that stained red with Picrosirius red were deter-
mined to be picrosirius-positive fibrosis areas.

Immunohistochemistry for α-SMA
Kidney sections (5 µm) were deparaffinized and sub-

jected to antigen retrieval in citrate buffer at 121°C for 
15 min. After washing with Tris-buffered saline (TBS), 
the sections were immersed in 0.3% hydrogen peroxide/
methanol for 20 min and then incubated overnight at 4°C 
with anti-α-SMA antibody (ab5694, Abcam, Cambridge, 
uK). the sections were washed with tbS and incubated 
with horseradish peroxidase (HrP)-conjugated second-
ary antibody (Histofine SimpleStain MAX PO rabbit, 
nichirei biosciences, tokyo, Japan) for 30 min at room 
temperature. after washing the sections with tbS, they 
were incubated with 3,3′-diaminobenzidine (Fujifilm 
Wako Pure Chemical Corp., Osaka, Japan). Counter 
staining was then performed through hematoxylin stain-
ing.

Western blot analysis
Western blot analysis was performed as previously 

described [13]. the primary antibodies used were anti-
α-SMA and anti-glyceraldehyde 3-phosphate dehydro-
genase (GaPDH) (HrP-60004, Proteintech, rosemont, 
iL, uSa). the secondary antibody used was HrP-con-
jugated anti-rabbit igG (Cell signaling technology, 
Danvers, Ma, uSa). after incubation with eCL Prime 
detection reagent (Ge Healthcare Chicago, iL, uSa), 
the blots were imaged using an Omega Lum C imaging 
system (Gel Co., San Francisco, Ca, uSa). the band 
intensity of western blot was measured using imageJ 
software.

Quantitative reverse transcription-PCR (qRT-PCR)
total rna was extracted from whole kidney tissue by 

using tri reagent (Molecular research Center, OH, 
uSa) according to the manufacturer’s instructions. 
cDna was synthesized from the rna using revertra 
ace (toyobo, Osaka, Japan). qrt-PCr was performed 
using thunderbird SYbr qPCr Mix (toyobo) according 

to the manufacturer’s instructions. the reaction was 
analyzed using CFX Maestro (Bio-Rad Laboratories Inc., 
Hercules, Ca, uSa). Primer sequences used were as 
follows: Nuclear factor κB (Nfkb1) forward, 
5′-CCAGAAGAGGGTGTCAGAGC-3′and Nfkb1 re-
verse, 5′-ACATTTGCCCAGTTCCGTAG-3′, Trans-
forming growth factor-β1 (Tgfb1)  forward, 
5′-TGCTTCAGCTCCACAGAGAA-3′ and Tgfb1 re-
verse, 5′-TGGTTGTAGAGGGCAAGGAC-3′ and 
Gapdh forward, 5′-CGACTTCAACAGCAACTC-3′ and 
Gapdh reverse, 5′-GCCGTATTCATTGTCATAC-
CAG-3′. To measure gene expression, the Gapdh gene 
was chosen as a reference, and the delta-delta Ct (ΔΔCT) 
method was applied for relative quantification.

Statistics
all statistical analyses were performed using software 

eZr [14]. Student’s t-test was used to determine statis-
tically significant differences between the two groups, 
and the Mann-Whitney U-test, a nonparametric test, was 
used for comparing histological scoring data. One-way 
anOVa was used for multiple group comparisons, fol-
lowed by the tukey-Kramer post hoc test. Survival 
curves were generated using the Kaplan-Meier method, 
and the log-rank test was used for testing. results with 
a P value of <0.05 were considered significantly differ-
ent. error bars indicate SD.

Results

Survival rate and clinical symptoms
to compare the levels of aDr susceptibility, the num-

ber of survivors on post-aDr administration day 28 was 
compared between the b6-PrkdcR2140C and baLb/c 
mice. all 14 b6-PrkdcR2140C mice survived, whereas 6 
of the 11 baLb/c mice died (Fig. 1a). renal function 
was evaluated by measuring urinary albumin levels on 
post-aDr administration day 28. Severe albuminuria 
was observed in the two strains. the urinary albumin 
level was significantly lower in the B6-PrkdcR2140C mice 
than in the baLb/c mice (Figs. 1b and C). blood tests 
performed on post-aDr administration day 28 indi-
cated that the renal impairment markers, bun and Cre 
levels in the blood, were significantly increased in the 
baLb/c mice, whereas remarkable increases were not 
observed in the b6-PrkdcR2140C mice (Figs. 1D–F).

Histological examination of podocytopathy and 
tubular injury

as noted in many human nephropathy cases, tubular 
injury is often observed following podocytopathy [15]. 
Here, the severity of podocytopathy and tubular injury 



M. WATANABE, ET AL.

50 | doi: 10.1538/expanim.22-0057

was compared between the two strains. renal histo-
pathological analysis performed on post-aDr adminis-
tration day 28 showed expansion of the mesangial region, 
reduced podocytes, rupture of glomerular capillaries, 
and segmental to global glomerulosclerosis (Fig. 2a). 
the results of podocytopathy severity scoring indicated 
that the proportion of impaired glomeruli was signifi-
cantly increased in the baLb/c mice (Fig. 2b). the 
severity of tubular injury was also scored; a significant-
ly high severity was noted in the baLb/c mice (Fig. 2C).

Evaluation of interstitial fibrosis
immunohistochemical staining and western blot 

analysis using anti-α-SMA antibody revealed no sig-
nificant differences in the number of α-SMA-positive 
interstitial cells on post-aDr administration day 28 
between the two strains (Figs. 3a–C). although Picro-
sirius red staining indicated an increase in the collagen 
fiber-positive region in the renal interstitium after ADR 
administration in both strains, no significant difference 
was observed (Figs. 4a and b).

Evaluation of inflammation through qRT-PCR
On post-aDr administration day 28, expression lev-

els of the two inflammatory mediators, Tgfb1 and Nfkb1, 
significantly increased in the BALB/c strain, compared 
with the b6-PrkdcR2140C strain (Figs. 5a and b).

Discussion

the severity of aDr administration-induced nephrop-
athy was compared between two mouse strains: one was 
the b6-PrkdcR2140C strain with r2140C mutation in 
Prkdc that is responsible for aDr susceptibility, and the 
other was the baLb/c strain, a traditional aDr suscep-
tible model. Histopathological features similar to CKD 
in humans were observed (i.e., the onset of glomerulo-
sclerosis and tubulointerstitial fibrosis) in the B6-Prkd-
cR2140C mice on post-aDr administration day 28, thus 
confirming the validity of the B6-PrkdcR2140C mouse 
model as a human CKD model. the severity of nephrop-
athy was compared between the b6-PrkdcR2140C and 
baLb/c mice. all b6-PrkdcR2140C mice survived, where-
as 6 of the 11 baLb/c mice died. aDr directly induces 
glomerular and renal tubular toxicity, causing inflamma-

Fig. 1. Survivors and clinical symptoms in adriamycin (aDr)-treated mice. (a) Log-rank survival analysis of 
b6-PrkdcR2140C and baLb/c mice. aDr-treated baLb/c (n=11) and b6-PrkdcR2140C (n=14) mice were 
analyzed. (B and C) Urinary albumin quantified by Coomassie brilliant blue (CBB) staining was corrected 
for creatinine (Cre). aDr-treated baLb/c (n=6) and b6-PrkdcR2140C (n=10) mice, and non-treated baLb/c 
(n=4) and b6-PrkdcR2140C (n=4) mice were analyzed. (D and e) Serum from the collected blood was sepa-
rated and subjected to biochemical tests; blood urea nitrogen (bun) and Cre levels in the blood were 
evaluated. aDr-treated baLb/c (n=6) and b6-PrkdcR2140C (n=10) mice, and non-treated baLb/c (n=4) 
and b6-PrkdcR2140C (n=4) mice were analyzed. Data are expressed as mean ± SD. *P<0.05.
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Fig. 2. Histological analyses of kidney tissue samples from adriamycin (aDr)-treated mice. (a) 
Representative periodic acid-Schiff-stained renal sections from ADR-treated mice. Inserts 
are magnified images of a typical glomerulus. Scale bar, 50 µm. (b) Gi scores. aDr-
treated baLb/c (n=5) and b6-PrkdcR2140C (n=5) mice were analyzed. (C) tubular injury 
(ti) scores. aDr-treated baLb/c (n=5) and b6-PrkdcR2140C (n=5) mice were analyzed. 
Data are expressed as mean ± SD. *P<0.05.

Fig. 3. Expression of α-smooth muscle actin (SMA) protein. (A) Representative immunohistochemical staining of 
α-SMA in kidney tissue samples from adriamycin (ADR)-treated mice. α-SMA-positive interstitial cells (ar-
rows). Scale bar, 50 µm. (B, C) Western blot analysis of α-SMA from ADR-treated BALB/c (n=5) and B6-
PrkdcR2140C (n=5) mice, and non-treated baLb/c (n=4) and b6-PrkdcR2140C (n=4) mice were analyzed. Data 
are expressed as mean ± SD. *P<0.05.
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tion and fibrosis in the tubulointerstitium [16]. thus, 
aDr administration increases bun and Cre levels and 
decreases serum albumin, urea, and Cre clearance in the 
kidney, ultimately resulting in severe proteinuria [17, 
18]. Podocytopathy severity, tubular disorder frequency, 
and serum BUN and Cre levels were significantly high-
er in the baLb/c mice than in the b6-PrkdcR2140C mice, 
which led to a high mortality rate of the baLb/c mice. 
in other words, nephropathy was more severe in the 
baLb/c mice than in the b6-PrkdcR2140C mice, indicat-
ing that the genetic background of b6 was resistant to 
aDr nephropathy.

Continuous albuminuria due to podocytopathy gener-
ally causes tubular disorders and interstitial fibrosis, 

thereby decreasing renal function. Renal fibrosis is 
caused when fibroblasts are transformed into α-SMA-
positive myofibroblasts, and extracellular matrices such 
as collagen are excessively produced and accumulated 
proportional to the increase in the number of α-SMA-
positive cells [19]. Contrary to expectations, the expres-
sion of α-SMA in the renal cortex and the severity of 
tubulointerstitial fibrosis were not significantly different 
between b6-PrkdcR2140C and baLb/c mice. a possible 
explanation for this result is that the severity of fibrosis 
may have reached a plateau or the severity in the tested 
baLb/c mice was relatively low because they were post-
aDr administration survivors. However, the reason for 
such a similar result between the two strains is not com-

Fig. 4. Evaluation of interstitial fibrosis with Sirius red staining. (A) Representative Picrosirius 
red-stained images of kidney sections from adriamycin (aDr)-treated mice. Scale bar, 50 
µm. (B) Graph comparing the fibrosis area vs. total area. ADR-treated BALB/c (n=6) and 
b6-PrkdcR2140C (n=6) mice were analyzed. Data are expressed as mean ± SD. n.s: not 
significant.

Fig. 5. Expression of inflammatory mediators after adriamycin (ADR) administration. (A) Tgfb1 
and Nfkb1 expression in kidney tissue samples from aDr-treated and non-treated mice was 
measured through quantitative reverse transcription-PCr (qrt-PCr). aDr-treated baLb/c 
(n=4) and b6-PrkdcR2140C (n=4) mice, and non-treated baLb/c (n=3) and b6-PrkdcR2140C 
(n=3) mice were analyzed. Data are expressed as mean ± SD. *P<0.05.
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pletely clear; a further study is thus warranted.
aDr administration causes podocytopathy and tubu-

lar disorders. Studies evaluating aDr-induced nephro-
toxicity are fewer than those examining the adverse ef-
fects of anthracyclines. aDr induces nephropathy 
through a complicated mechanism. Key mediators of 
nephropathy include free radicals, lipid peroxidation, 
and decreased activity of antioxidant enzymes [20, 21]. 
A drug with anti-inflammatory and antioxidative effects 
can attenuate the effects of ADR. Such findings suggest 
that ADR nephropathy is caused by inflammation (i.e., 
local cytokines and effects of other cytotoxic factors) 
[4]. TGF-β1, synthesized by several cells such as mac-
rophages, T and B cells, fibroblasts, lymphocytes, and 
renal resident cells, is the main inflammatory mediator 
in kidney diseases. its renal expression causes struc-
tural damage and fibrosis in the glomeruli, leading to the 
onset of several types of podocytopathy; therefore, 
TGF-β1 is considered a common target [22]. nF-kb is 
a transcription factor regulating several genes respon-
sible for kidney disease onset and is involved in inflam-
matory responses by mediating TNF-α, IL-1β, and IL-6 
expression [23, 24]. expression levels of Tgfb1 and 
Nfkb1 were increased in the baLb/c mice, suggesting 
that the baLb/c strain is highly susceptible to develop-
ing nephropathy. Since no pathological differences were 
observed in the tubulointerstitium and Tgfb1 and Nfkb1 
are also expressed by mesangial cells [25, 26], these 
differences in inflammatory cytokines may reflect dif-
ferences in glomerular pathology.

a study that conducted linkage analysis between the 
baLb/c and b6 strains suggested that an aDr nephrop-
athy-resistant gene exists in b6, and the causative locus 
is mapped to D9Mit182-D9Mit229 [7]. Furthermore, this 
region overlaps with a resistance region (Renf1) of the 
b6 strain with alport syndrome [27]. the present study 
showed that an inflammation-associated gene may be a 
candidate because a difference was observed in the lev-
els of inflammatory mediators. Moreover, this study 
indicated that the b6-PrkdcR2140C mice had an aDr-
resistant gene; however, whether the inflammatory-re-
lated gene is this aDr-resistant gene is unknown and 
requires further evaluation. the relevant gene is ex-
pected to be used as a nephropathy biomarker and in 
facilitating drug development for CKD treatment.
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