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Abstract
Cisplatin (CP)-induced nephrotoxicity is widely accepted as a model for acute kidney injury (AKI). Although cisplatin-
induced chronic kidney disease (CKD) in rodent has been reported, the role of phosphate in the cisplatin-induced CKD
progression is not described. In this study, we gave a single peritoneal injection of CP followed by high (2%) phosphate diet
for 20 weeks. High dose CP (20 mg/Kg) led to high mortality; whereas a lower dose (10 mg/Kg) resulted in a full spectrum
of AKI with tubular necrosis, azotemia, and 0% mortality 7 days after CP injection. After consuming a high phosphate diet,
mice developed CKD characterized by low creatinine clearance, interstitial fibrosis, hyperphosphatemia, high plasma PTH
and FGF23, low plasma 1,25(OH)2 Vitamin D3 and αKlotho, and classic uremic cardiovasculopathy. The CP model was
robust in demonstrating the effect of aging, sexual dimorphism, and dietary phosphate on AKI and also AKI-to-CKD
progression. Finally, we used the CP-high phosphate model to examine previously validated methods of genetically
manipulated high αKlotho and therapy using exogenous soluble αKlotho protein supplementation. In this CP CKD model,
αKlotho mitigated CKD progression, improved mineral homeostasis, and ameliorated cardiovascular disease. Taken
together, CP and high phosphate nephrotoxicity is a reproducible and technically very simple model for the study of AKI,
AKI-to-CKD progression, extrarenal complications of CKD, and for evaluation of therapeutic efficacy.

Introduction

Acute kidney injury (AKI) is a serious public health pro-
blem. Using the Kidney Disease Improving Global Out-
comes (KDIGO) criteria and staging system, global
incidence of AKI in hospitalized patients is 22% in adults
and 34% in children [1–3]. In hospitalized patients, AKI-
associated mortality rates are 24% in adults and 14% in
children [2]. In intensive care unit, the incidence of AKI is

50–70% with greater than 50% mortality [4]. A population-
based study showed full renal recovery after AKI based on
serum creatinine to be ~68% [5]. Even when patients sur-
vive AKI, the long-term outcome is far from benign with
substantial risk of progression to chronic kidney disease
(CKD) and end-stage renal disease [6, 7]. Thus far, the
precise risk of AKI-to-CKD progression is not yet well
known [1], but the hazard ratio of developing CKD post-
AKI is estimated to be about two-fold [7]. Although there is
increasing evidence from both animal experiments and
clinical observations indicating that AKI is an independent
risk for CKD, effective retardation of AKI-to-CKD pro-
gression is not available, mainly due to lack of under-
standing of the pathogenic mechanism underlying AKI-to-
CKD progression. An animal model of AKI-to-CKD that
permits pre-clinical study is indispensable.

Some rodent models of AKI-to-CKD progression have
been generated by either kidney mass ablation surgery,
induction of ischemia-reperfusion, or exposure to nephro-
toxins. Ischemia-reperfusion by temporally clamping the
renal artery or pedicle is one model widely used for
studying the molecular and cellular mechanisms of AKI-to-
CKD progression. We recently reported that mice under-
going either bilateral IRI or unilateral nephrectomy plus
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contralateral IRI followed by high (2%) phosphate diet
develop CKD with azotemia, hyperphosphatemia, low
plasma, αKlotho and 1,25-(OH)2-vitamin D3, high plasma
PTH, phosphate and fibroblast growth factor (FGF)23, renal
fibrosis, vascular calcification, and uremic cardiomyopathy
[8–11]. However, preparation of IRI requires rather com-
plex animal surgery and this model cannot mimic nephro-
toxic injuries, which is the second most common cause of
AKI in both children and adults [1, 12].

Cisplatin (CP) nephrotoxicity is a severe renal compli-
cation in patients receiving CP-based chemotherapy, but the
incidence of AKI following CP chemotherapy is not well
defined in humans. Recent studies showed that AKI occurs
in 21–31.5% of patients receiving CP-containing che-
motherapy [13, 14]. Acute CP nephrotoxicity has been used
as an AKI model to study pathogenesis of AKI and to test
new therapeutic options [15]. In contrast, the description of
acute CP nephrotoxicity progression to CKD in rodent
models is relatively limited without consensus protocols
[16–21], and effect of high Pi on the CKD progression from
acute CP nephrotoxicity is not reported yet.

In this manuscript, we describe a technically simple
model for AKI followed by AKI-to-CKD transition in
rodents. Acute nephrotoxicity is induced by single bolus
injection of CP without the need for surgery, such as IRI,
partial nephrectomy, or unilateral ureteral obstruction. After
recovery from AKI, chronic high dietary phosphate pro-
motes CKD progression with extrarenal complications
with clinical relevance, such as mineral and bone disorder
(CKD-MBD) and uremic cardiovasculopathy.

Materials and methods

Rodent

All animal work was conducted strictly following the guide
for the care and use of laboratory animals by the National
Institutes of Health and was approved by the institutional
animal care and use committee at the University of
Texas Southwestern Medical Center. Wild type (WT) 129
S1/SVlmJ (129 SV) mice were purchased from Jackson
laboratory (Bar Harbor ME, USA) and Spraque-Dawley
(SD) rats from Charles River Laboratories (San Diego, CA).
Mice and rats were housed in a temperature-controlled
room with a 12:12 h light-dark cycle and were given
ad libitum access to tap water and standard rodent chow
prior to the experiment. Equal male and female animals
were used. Usually 3-months-old mice and 2-months-old
rats were used unless specifically indicated. The hetero-
zygous Klotho hypomorphic (kl/+) mice and transgenic
Klotho overexpressing (Tg-Kl) mice were cross-mated with
WT 129 SV mice for more than 10 generations and

genotyped with standard PCR protocol described previously
[8, 10, 11, 22].

CP nephrotoxicity and high phosphate diet

CP (Sigma-Aldrich St. Louis, MO) was dissolved in ster-
ile 0.9% NaCl, and intraperitoneally injected once.
For evaluation of AKI and acute mortality, 30 mice
(15 female:15 male mice) were randomized into three
groups: vehicle (0.9% NaCl), low dose (10 mg/Kg),
and high dose (20 mg/Kg) CP. After injection, mice
were allowed free access to standard rodent chow (Teklad
2016, Harlan, Madison, WI) and tap water unless stated
otherwise.

For the study of AKI-to-CKD progression, CP was given
only with low dose (10 mg/Kg), as high-dose (20 mg/Kg)
CP-injected mice could not survive more than one month.
When started with 10 mice, we typically had ~8 mice at
20 weeks after CP 10 mg/Kg injection.

To promote AKI-to-CKD progression, two weeks after
vehicle or CP injection, mice were switched from normal
rodent chow to 2.0% (w:w) phosphate diet (Teklad 08020,
Harlan, Madison, WI) for another 18 weeks.

Recombinant αKlotho protein supplementation

Soluble αKlotho protein containing the ectodomain of
mouse αKlotho (amino acid number 31-982) with C-
terminal V5 and 6xHis tags was generated and purified in
our laboratory in mammalian cells as described previously
[11, 22, 23]. For the experiment of αKlotho administration
in CP-treated mice, CP nephrotoxicity was induced with
low dose (10 mg/kg) or vehicle [24] and high phosphate
(2%) diet was given 2 weeks after CP injection [8–10]. At
4 weeks after injection, recombinant αKlotho protein (0.3
mg/kg body weight/month) or vehicle (normal saline) was
given for 16 weeks via ALZET® 1004 osmotic minipumps
(DURECT Corporation, Cupertino, CA). The effective
lifespan for this type of minipump is 4 weeks and a new one
was implanted to replace every 4 weeks resulting in
4 minipumps per animal [11]. There were 10 mice (equal
male and female) at the beginning and ~8 mice at 20 weeks
after CP injection.

Blood, urine, and kidney samples collection

At predetermined times post-AKI, 24-h urine was collected
in individual metabolic cage. Mice were then anesthetized
with Isoflurane and blood were collected in heparinized
tubes, centrifuged at 3000×g for 5 min at 4 °C, and plasma
was separated and stored at −80 °C until analysis. At ter-
mination, mice were sacrificed under anesthesia, and the
kidneys were isolated and sliced. One slice was fixed with
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4% paraformaldehyde and embedded in paraffin block for
histological and immunohistological studies; the remaining
renal tissue were snap-frozen in liquid N2 and stored at −80
°C until RNA or protein extraction.

Plasma and urine chemistry were analyzed by a Vitros
Chemistry Analyzer (Ortho-Clinical Diagnosis, Rochester,
NY). Plasma and urine creatinine concentrations were
measured using a P/ACE MDQ Capillary Electrophoresis
System and photodiode detector (Beckman-Coulter, Full-
erton, CA) at 214 nm [10].

Measurement of plasma αKlotho, full-length FGF23,
PTH, and 1,25-dihydroxyvitamin D3

αKlotho was determined by immunoprecipitation–
immunoblot as described [9, 10, 25]. Intact PTH was quan-
tified by ELIZA (Alpco, Salem, NH); 1,25-(OH)2 vitamin D3

by EIA using (Immunodiagnostic Systems, Scottsdale, AZ);
and Intact FGF23 by ELIZA (Kainos, Japan) following
manufactures’ instructions.

Antibodies

The following antibodies were used for immunoblotting
and/or immunohistochemistry (IHC): rat monoclonal anti-
αKlotho antibody (KM2076) (TransGenics, Kobe, Japan),
mouse polyclonal antibody against connective tissue growth
factor (CTGF) (Abcam Inc., Cambridge, MA), mouse
monoclonal antibody against β-actin (Sigma-Aldrich,
St. Louis, MO), mouse monoclonal antibody against
α-smooth muscle actin (α-SMA) (Sigma-Aldrich, St. Louis,
MO), and goat polyclonal antibody against neutrophil
gelatinase-associated lipocalin-2 (NGAL) (R&D Systems
Inc., Minneapolis, MN). Secondary antibodies coupled to
horseradish peroxidase for immunoblotting, or to FITC,
Alexa Fluor, and Syto 61 infrared fluorescent nuclear
acid, as well as wheat germ agglutinin (WGA) conjugated
to Alexa Fluor 555 for IHC were purchased from
Molecular Probes/Invitrogen (Molecular Probes Inc.,
Eugene, OR).

Kidney histology and histopathology

Kidney tissues were fixed in 4% paraformaldehyde for 16 h
at 4 °C, and 4 μm sections of paraffin embedded kidney
tissues were stained with Hematoxylin and Eosin (HE),
Trichrome (TC), and Picrosirius red (PSR). Kidney
histology was examined and photographed by a histo-
pathologist blinded to the experimental protocols. We used
a semi-quantitative pathological score systems for the
evaluation of chronic kidney histologic damage based on
the literature with minor modification [1, 2, 22, 24, 26].
The images were reviewed for four types of changes:

glomeruli (sclerosis, dilated, or collapsing Bowman’s
space), tubulointerstitial fibrosis, chronic inflammatory cells
infiltration, and renal tubules (necrosis, casts, or atrophy)
at ×40 magnification on HE-stained kidney sections.
Each item was scored from 0 to 4 based on percentage
involvement (<25, 25–50, 50 > 75, or >75% respectively).
Therefore, there might be 16 at maximum in each field. We
randomly examined 10 fields at ×40, and the final score will
be from 0 to 160.

To evaluate renal fibrosis, 4 μm paraffin-embedded
kidney sections were stained with TC and PSR, exam-
ined, and photographed by a histopathologist blinded to
the experimental protocol. Renal fibrosis score is expressed
in arbitrary units, and reflects both fibrotic area and
severity of fibrosis in PSR-stained sections, which were
quantified with Image J software with published methods
[8, 10, 11, 27]. If the photo micrograph contains glomeruli,
we removed it manually with Image J software.
Tubulointerstitial fibrosis is, hereinafter, simply referred as
for renal fibrosis.

Immunohistochemistry and immunoblotting in the
kidney

Four-micrometers sections of paraffin-embedded kidney
were subjected to IHC with established protocols [8, 10,
11, 27]. Total kidney lysate covering all kidney zones was
prepared as described [8, 10, 11, 27]. Thirty-micrograms
protein of kidney lysate was solubilized in Laemmli’s
sample buffer and subjected to SDS-PAGE. After trans-
ferring to PVDF membranes, proteins were immunoblotted
with different primary antibodies and β-actin for loading
control. Signal was visualized using the ECL kit (Perkin-
Elmer LAS, Inc., Boston, MA).

Assessment of cardiac fibrosis and hypertrophy

Paraffin-embedded heart sections were stained with TC to
assess fibrosis. Images were scanned with Zeiss laser con-
focal scanning microscope (Carl Zeiss Micro-Imaging, Inc.,
Thornwood, NY), and analyzed using the Image J program
[10, 11, 28]. Cardiac fibrosis score is also expressed in
arbitrary unit, which reflects both fibrotic area and severity
of fibrosis in TC-stained heart sections. To measure the
surface area of cardiomyocytes, cardiomycte membranes
in heart sections were labeled with Alexa Fluor 555-
conjugated to WGA (Invitrogen, Carlsbad, CA) as descri-
bed [10, 11]. Immunofluorescent images were taken on a
Zeiss laser confocal scanning microscope (Carl Zeiss
Micro-Imaging, Inc., Thornwood, NY). Image J software
was used to quantify cross-sectional cell surface area
along the mid-chamber free wall based on WGA-positive
staining [10, 11].
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Von Kossa staining and calcium concentration
measurement

The aorta was stained for calcification with Von Kossa [9].
Tissue sections were incubated with 1% silver nitrate
solution under ultraviolet light for 30 min followed by
incubation with 5% sodium thiosulfate for 10 min to remove

the unreacted silver. Aortic sections were counterstained
with nuclear fast red, photographed blindly by two inves-
tigators using Axioplan 2 Imaging (Carl Zeiss MicroIma-
ging, Inc., Thornwood, NY). The calcium content in
thoracic aortas was measured using the o-cresolphthalein
complexone method (Sigma-Aldrich, St. Louis, MO) [9],
which was quantified by normalized concentration to
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protein concentration (μg/mg protein) determined by
Bradford protein assay.

Real-time reverse transcription–polymerase chain
reaction (RT–PCR)

Total RNA was extracted by RNAeasy kit (Qiagen,
Germantown, MD) from mouse kidneys. Complimentary
DNA (cDNA) was generated with oligo-dT primers
using SuperScript III First Strand Synthesis System
(Invitrogen, Carlsbad, CA) according to manufacturer’s
protocol. Primers used for qPCR are shown in Supple-
mentary Table 1 with conditions described [8, 11, 22, 24].
The reaction was performed in triplicate for each
sample. Data are expressed at amplification number of
2−ΔΔCt by normalization of cyclophilin and comparison to
controls.

Statistical analyses

Data are expressed as means ± SD. Analysis was performed
with Sigma Stat software (Systat Software, Inc., San Jose,
CA). As appropriate, statistical analysis was performed
using unpaired Student-t-test, or one-way analysis of var-
iance (ANOVA) followed by Student–Newman–Keuls post
hoc test when applicable. A value of P ≤ 0.05 was con-
sidered statistically significant.

Results

Acute dose-dependent CP nephrotoxicity

As the severity of kidney injury is an important inde-
pendent contributor to AKI-to-CKD progression [29], we
tested the effect of CP dosage on kidney damage and
mortality. Mice given higher dose (20 mg/Kg) CP had
higher mortality compared to lower dose (10 mg/Kg)
(Fig. 1a). The higher dose CP also caused more sig-
nificant elevation of plasma creatinine (PCr) (Fig. 1b) and
plasma phosphate (Pi) (Fig. 1c) at early phase (2 weeks
after CP injection) compared to the lower dose. All of the
mice injected with high dose CP died ~3 weeks post-
injection, which may be useful for studying AKI and
mortality but renders the study of CKD progression
impossible.

Gender effect on AKI

To explore the effect of gender on severity of AKI,
we examined for differences of blood urea nitrogen (BUN)
and PCr between male and female mice at 7th day after CP
(10 mg/Kg) injection and found more severe kidney injury
in male mice compared to female mice (Table 1), which
is consistent with a previous study of CP nephrotoxicity in
rats [30].

Chronic kidney disease from CP

By 20 weeks after low dose of CP injection (10 mg/Kg),
mice developed moderate renal insufficiency as evident by
elevation of plasma Cr (Fig. 1b), Pi (Fig. 1c), urinary
albumin/creatinine ratio (ACR) (Fig. 1d), and alteration
of renal histology including dilated or collapsed Bowman’s
space, glomerular sclerosis, renal tubular degeneration,
vacuolation or necrosis, and interstitial infiltration and
fibrosis (Fig. 1e, and Supplementary Fig. 1). In addition,
CP-injected mice had lower renal αKlotho (Fig. 1f, g) at
1 week and sustained lower αKlotho and higher α-SMA in
the kidney (Fig. 1f, h) at 20 weeks, which are typical for
CKD [8–11, 31].

Fig. 1 Dose dependent cisplatin (CP)-induced kidney injury and
mortality in WT mice. 129 sv WT mice were intraperitoneally injected
once with 0, 10, 20 mg/Kg CP and followed for up to 20 weeks after
the injection. a Survival rate. b Plasma Cr. c Plasma Pi. d ACR. e
Kidney histology assessed by HE, TC, and PSR staining (scale bar=
500 μm); and semi-quantitative assessment (bottom panel including
chronic pathologic score based on HE stain and renal fibrosis score
based on PSR stain). f Representative immunoblots for αKlotho pro-
tein in total kidney lysates (upper panel). Summary of all immunoblots
(bottom panel). g αKlotho and NGAL mRNA expression in kidney
lysates at one week after CP injection. Transcripts in the kidneys were
analyzed with qPCR and results are expressed as 2−ΔΔCt (Ct= cycle
number) by normalization to cyclophilin and compared to the 0 mg/Kg
group. Data are expressed as means ± SD from each group and sta-
tistical significance was evaluated by one-way ANOVA followed by
Student–Newman–Keuls post hoc test, and significance was accepted
when *P < 0.05; **P < 0.01 vs. 0 mg/Kg, #P < 0.05 vs. 10 mg/Kg for
a–d, g; or when *P < 0.05; **P < 0.01 between two groups for f. h
αKlotho and α-SMA mRNA expression in kidney lysates at 20 weeks
after the injection. Data are expressed as means ± SD from each group
and statistical significance was evaluated by unpaired Student-t-test
and significance was accepted when *P < 0.05; **P < 0.01 between
two groups for e and h. BUN blood urea nitrogen; Cr creatinine; CP
cisplatin; HE Hematoxylin and Eosin stain; IP intraperitoneal injec-
tion; Pi plasma phosphate; TC Trichrome stain; PSR Picrosirius red
stain

Table 1 Comparison of differences of the manifestations of acute
kidney injury between male and female mice injected with cisplatin at
3 months of age

Male Female P-value

Animal number 4 5

BUN (mg/dl) 91.5 ± 5.4 80.4 ± 4.6 0.0125

Cr (mg/dl) 0.71 ± 0.05 0.64 ± 0.04 0.05

CrCl (ml/min/100 g BW) 0.22 ± 0.01 0.26 ± 0.02 <0.05

Data were presented as means ± SD at 7 days after cisplatin injection
(10 mg/Kg). The statistical significance was analyzed by unpaired
Student t-test

Cisplatin nephrotoxicity as a model of chronic kidney disease 1109



Fig. 2 Aged mice are more
vulnerable to acute cisplatin
(CP) nephrotoxicity and at
higher risk for CKD. WT mice at
3, 6, and 12 months old were
injected with CP (10 mg/Kg) or
normal saline as vehicle (veh)
and sacrificed at 20 weeks.
a Creatinine clearance (ClCr).
b Blood urea nitrogen (BUN).
c Plasma phosphate (Pi). d
Albumin-to-creatinine ratio
(ACR). e Kidney histology
assessed by HE, TC, and PSR
stain (scale bar= 500 μm); and
semi-quantitative assessment
(right panel including chronic
pathologic score based on HE
stain and renal fibrosis score
based on PSR stain). f αKlotho
and fibrotic markers in the
kidney. Left panel:
representative immunoblot for
αKlotho, α-SMA, and CTGF in
total kidney lysates. Right panel:
summary of all immunoblots.
Data are expressed as means ±
SD from each group and
statistical significance was
evaluated by one-way ANOVA
followed by
Student–Newman–Keuls post
hoc test, and significance was
accepted when *P < 0.05; **P <
0.01 between two groups. HE
Hematoxylin and Eosin stain;
TC Trichrome stain; PSR
Picrosirius red stain
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Effect of age on AKI and AKI-to-CKD transition

Older rats had more severe acute kidney damage after CP
injection [32], which differs from human study [33]. To
further define the age effect on the severity of CP
nephrotoxicity in mice, we injected CP into three groups

of mice at ages: 3, 6, and 12 months old. Clearly, after
CP injection, 12-months-old mice had more severe
decline in ClCr (Fig. 2a) and significantly higher BUN
(Fig. 2b), plasma Pi (Fig. 2c), and ACR (Fig. 2d) than 3-
months-old mice. There was more kidney morphologic
changes and renal fibrosis in 12-months-old mice

Fig. 3 High phosphate (Pi) diet
exacerbates renal fibrosis and
renal αKlotho reduction in CKD
mice. WT mice at 3 months old
were injected with CP (10 mg/
Kg) or normal saline as vehicle
(veh) followed by normal (NP)
or high Pi (HP) diet (2.0% Pi),
respectively, for 18 weeks
starting 2 weeks after CP
injection. a Creatinine clearance
(ClCr). b Plasma phosphate (Pi).
c Kidney histology assessed by
HE, TC, and PSR stain (scale
bar= 500 μm); and semi-
quantitative assessment (bottom
panel including chronic
pathologic score based on HE
stain and renal fibrosis score
based on PSR stain). d αKlotho
and fibrotic markers in the
kidney. Left panel:
representative immunoblot for
αKlotho, α-SMA, and CTGF
protein in total kidney lysates.
Right panel: summary of all
immunoblots. Data are
expressed as means ± SD from
each group and statistical
significance was evaluated by
one-way ANOVA followed by
Student–Newman–Keuls post
hoc test and significance was
accepted when *P < 0.05; **P <
0.01 between two groups. HE
Hematoxylin and Eosin stain;
TC Trichrome stain; PSR
Picrosirius red stain

Cisplatin nephrotoxicity as a model of chronic kidney disease 1111



injected with CP compared to 3 months old (Fig. 2e).
There was more reduction of αKlotho and increase in
fibrotic markers in the kidneys in 12-months-old mice
compared to those in 3-months-old mice (Fig. 2f). The
CP-induced changes in 6-months-old mice were inter-
mediate between the 3 and 12-months-old-mice (Fig. 2),
indicating older age is associated with more severe CKD

with less αKlotho expression, and more renal fibrosis. To
explore whether the age dependence is generalized in
rodents, we also injected 10 mg/Kg CP into 2 and 12-
months-old SD rats respectively. Similarly, more severe
kidney injury was found in older compared to younger
rats (Supplementary Fig. 2) supporting that this is an
universal finding.

Fig. 4 αKlotho-deficient mice progress more rapidly to CKD after
cisplatin (CP) injection. Mice with three different levels of αKlotho
(low kl/+; normal WT; and high Tg-Kl) at 3 months old were intra-
peritoneally injected with normal saline as vehicle or CP (10 mg/Kg),
and fed high phosphate (Pi) rodent chow 2 weeks after the injection for
18 weeks. a Creatinine clearance (ClCr). b Plasma phosphate (Pi). c
Albumin-to-creatinine ratio (ACR). d Kidney histology assessed by
HE, TC, and PSR stain (scale bar= 500 μm); and semi-quantitative
assessment (right panel including chronic pathologic score based on
HE stain and renal fibrosis score based on PSR stain). e αKlotho and

fibrotic markers in the kidney. Left panel: representative immuno-
blotting for αKlotho, α-SMA, and CTGF protein in total kidney
lysates. Right panel: summary of immunoblots in arbitrary units from
all immunoblots. Data are expressed as means ± SD from each group
and statistical significance was evaluated by one-way ANOVA fol-
lowed by Student–Newman–Keuls post hoc test, and significance was
accepted when *P < 0.05; **P < 0.01 between two groups. HE
Hematoxylin and Eosin stain; TC Trichrome stain; PSR Picrosirius red
stain
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High phosphate promotes AKI-to-CKD progression
after CP-induced AKI

Human observational studies showed a relationship between
excessive phosphate and abnormal phosphate metabolism
and cardiovascular disease (CVD) in the general population

and CKD population [34–40]. However, evidence for direct
pathogenic effects of phosphate on cardiovascular events
and kidney disease progression were strictly derived from
rodent experimental data [10, 11, 41–43]. High dietary
phosphate modestly, but significantly reduced ClCr and
increased plasma Pi in vehicle-injected mice, but remarkably

Fig. 5 High phosphate (Pi) diet promotes cardiovascular disease in
CKD mice. WT mice at 3 months old were injected with CP (10 mg/
Kg) or normal saline as vehicle (veh) followed by normal (NP) or high
phosphate diet (HP, 2.0% Pi) for 18 weeks starting 2 weeks after CP
injection. At 20 weeks after the injection, mice were sacrificed and the
hearts and aorta were collected for morphology and molecular studies.
a Heart weight/body weight. b Wheat germ agglutinin (WGA) stain:
Left panel: representative microscopic images with WGA in heart
section, scale bar= 50 μm. Right panel: sizes of cardiomyocytes were
obtained from WGA-stained section with Image J program. c Cardiac
fibrosis. Left panel: representative Trichrome staining in a heart

sections, scale bar= 2 mm. Right panel: cardiac fibrosis score. d Von
Kossa stain: there were 0/10 positive stain in Veh-NP, 2/6 positive
stain in CP-NP, 2/10 positive stain in Veh-HP, and 5/8 positive stain in
CP-HP group. Representative micrographs of positive stain in the
aortic roots. Scale bar= 50 μm. e Calcium content in the thoracic aorta
with o-cresolphthalein complexone (OCPC) assay. Data are expressed
as means ± SD from each group and statistical significance was eval-
uated by one-way ANOVA followed by Student–Newman–Keuls post
hoc test, and significance was accepted when *P < 0.05; **P < 0.01
between two groups
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exacerbated these changes in CP-injected mice compared to
CP-injected mice fed a normal phosphate diet (Fig. 3a, b).
Furthermore, the levels of BUN, and plasma Cr and Pi was
much higher in CP-injected and high Pi-fed mice compared
to other three groups starting at 10 weeks after CP injection
(Supplementary Fig. 3), indicating that high dietary phos-
phate accelerated AKI-to-CKD progression. Kidney histol-
ogy study showed more changes in kidney structure and
more visible renal fibrosis in high phosphate fed mice in
both vehicle and CP-injected mice (Fig. 3c, and Supple-
mentary Fig. 4). The highest level of fibrotic markers were in
the kidneys of CP-injected mice fed a high phosphate diet,
and moderate elevations of those markers in either high
phosphate fed mice alone or CP-injected mice alone, com-
pared to vehicle-injected mice fed a normal phosphate diet
(Fig. 3d). High phosphate diet did not only decrease renal
αKlotho protein expression in vehicle-injected mice, but also
exacerbated the decline in renal αKlotho protein levels in
CP-injected mice (Fig. 3d).

Effect of αKlotho levels on the severity of AKI and
CKD after CP injection

We have shown that αKlotho levels prior to renal insults
influence renal outcome and the speed of progression to
CKD after IRI-induced AKI [8]. As expected, heterozygous
αKlotho-deficient (Kl/+) mice had lower ClCr (Fig. 4a),
higher plasma Pi levels (Fig. 4b), and ACR (Fig. 4c)
compared to WT mice. Transgenic mice with Klotho over-
expression (Tg-Kl) had the opposite changes, supporting
our previous findings in IRI model [8]. Kidney histology
showed more alterations of kidney structure and severe
fibrosis in Kl/+ and milder changes in Tg-Kl mice com-
pared to WT mice at 20 weeks after CP injection (Fig. 4d,

and Supplementary Fig. 4). The higher levels of α-SMA and
CTGF protein expression in Kl/+ mice and lower levels in
Tg-Kl mice compared to WT mice (Fig. 4e), are in line with
the changes in TC and PSR stain. As anticipated, αKlotho
levels were higher in Tg-Kl mice and lower in Kl/+ mice
compared to WT mice in both vehicle and CP-treated con-
ditions (Fig. 4e). Because Tg-Kl mice have milder kidney
damage at acute stage [24], the better renal outcome at
chronic stage (Fig. 4) could not be solely interpreted as
retardation of CKD progression. Moreover, after CP injec-
tion, Tg-Kl mice had lower renal Klotho protein than prior
to injection, but still maintained higher Klotho compared to
WT mice received CP, thus less kidney damage and mild
renal fibrosis in Tg-Kl mice receiving CP is likely attribu-
table to higher renal and circulating Klotho.

Cardiovascular disease in CP-induced CKD

As CVD is the major cause of mortality in CKD; a relevant
experimental AKI-to-CKD transition model should exhibit
CVD. CP-injected mice had heavier hearts (Fig. 5a) and
larger cardiomyocytes (Fig. 5b) than vehicle-injected mice
after high dietary phosphate intake. We also found that 18-
week high Pi diet alone was sufficient to initiate cardiac
hypertrophy in WT mice with normal kidney function
(Fig. 5a, b). Furthermore, high phosphate diet-induced
cardiac fibrosis were more appreciable in CP-injected mice
than vehicle-injected mice (Fig. 5c).

In addition to cardiac remodeling, severe vascular cal-
cification was found in CP-injected mice after high dietary
phosphate intake. Much less vascular calcification was seen
in CP-injected mice without high phosphate diet (Fig. 5d).
Quantitative determination of calcium content in aorta
showed the highest levels of calcium in CP-treated mice

Table 2 Association of cisplatin
doses with the changes in
mineral metabolism and renal
function in WT mice at 20 weeks
after cisplatin or vehicle
injection at 3 months of age

Cisplatin-0 mg/kg Cisplatin-10 mg/kg

NP HP NP HP

Animal number 10 10 9 8

BUN (mg/dl) 19.3 ± 0.8 28.6 ± 1.3* 31.7 ± 1.5** 43.9 ± 2.2**, #, $

Cr (mg/dl) 0.08 ± 0.01 0.19 ± 0.07* 0.31 ± 0.18**,# 0.52 ± 0.23**, ##, $

CrCl (ml/min/100 g BW) 1.11 ± 0.06 0.90 ± 0.07 0.73 ± 0.05 0.58 ± 0.03**, ##, $

Plasma Pi (mg/dl) 6.38 ± 0.21 7.03 ± 0.85 7.91 ± 0.28 8.47 ± 0.69**, ##, $

Plasma Ca (mg/dl) 9.25 ± 0.05 9.09 ± 0.08 9.15 ± 0.07 9.01 ± 0.05*

Plasma PTH (pg/ml) 103 ± 31 219 ± 19* 305 ± 47**,# 439 ± 54**, ##, $$

Plasma 1,25-(OH)2D3 (pg/ml) 109.2 ± 4.8 78.7 ± 4.5* 67.9 ± 5.8* 49.2 ± 3.6**,#

Plasma FGF23 (pg/ml) 163 ± 39 647 ± 358** 1832 ± 237**,## 2390 ± 494**,##,$

NP normal Pi diet, HP high Pi diet

Data are expressed as means ± SD from each group and statistical significance was evaluated by one-way
ANOVA followed by Student–Newman–Keuls post hoc test, and significance was accepted when *P < 0.05;
**P < 0.01 vs. NP at 0 mg/Kg; #P < 0.05; ##P < 0.01 vs. HP at 0 mg/Kg; $P < 0.05; $$P < 0.01 vs. NP at
10 mg/Kg
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with high phosphate diet, moderate levels in either CP-
injected mice with normal phosphate diet or vehicle-
injected mice with high phosphate diet (Fig. 5e).

Therefore, CP-injected mice developed AKI in acute stage
and progressed to CKD with the full range of disturbed
mineral homeostasis (Table 2), renal fibrosis, cardiac
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remodeling, and vascular calcification after chronic high
dietary phosphate loading (Fig. 5).

Effect of αKlotho administration on AKI-to-CKD
progression

To examine the αKlotho effect on AKI-to-CKD transition
after acute CP nephrotoxicity, we administered αKlotho
intraperitoneally to mice after exposure to CP and high
phosphate diet (Fig. 6a). We found better renal function
(Fig. 6b), better phosphate homeostasis (Fig. 6c), and less
renal fibrosis (Fig. 6d, e, and Supplementary Fig. 6) com-
pared to CP-injected mice without αKlotho administration.
In addition, we further confirmed the efficacy of recombi-
nant αKlotho protein in retardation of AKI-to-CKD pro-
gression [8]. αKlotho-treated mice had lesser kidney injury
and fibrosis, and higher native αKlotho protein in the kid-
ney compared to vehicle-treated mice (Fig. 6e). Higher
levels of renal αKlotho might result from better preservation
of renal function and lower plasma Pi (Fig. 6f). Further-
more, αKlotho treatment significantly alleviated uremic
cardiomyopathy (Fig. 6g). Obviously, this study design
cannot discern whether better cardiac histology results from
αKlotho’s direct cardioprotective effect, secondary effects
due to renoprotection and better renal function, or both.

Gender effect on CKD progression

We compared the difference in severity of CKD and cardiac
hypertrophy between male and female mice given CP fol-
lowed by normal or high Pi diet. Male mice had faster
decline in renal function and rise in plasma Pi (Fig. 7a, b,

and Table 3) in WT mice after CP-induced AKI, and were
more sensitive to high Pi challenge with more severe loss of
renal function and higher plasma Pi (Table 4 and Fig. 7c, d),
more disturbed mineral metabolism and more cardiac
hypertrophy than female mice (Table 4). These results are
similar to clinical observations and some animal studies
[44–48]. Similar to WT mice, male Kl/+ mice had worse
renal function and higher plasma Pi than female mice,
indicating that gender influences AKI progression to CKD
(Fig. 7e, f). Furthermore, on the comparison of ClCr and
plasma Pi between WT CKD mice (Fig. 7c, d, and Table 3)
and αKlotho-treated WT CKD mice (Fig. 7g, h, and
Table 5), exogenous αKlotho administration was more
effective in improvement of kidney function and Pi meta-
bolism in male CKD mice, because male mice had 33.0%
elevation of ClCr from vehicle-treated CKD mice and 13.0%
reduction of plasma Pi from vehicle-treated CKD mice
(Tables 3, 5), while female mice only had 23% elevation of
ClCr and 8.9% reduction of plasma Pi. Similarly, cardiac
hypertrophy was attenuated by 26.4% in male CKD mice
vs. 11.1% in female CKD mice when αKlotho was given.
Therefore, male CKD mice benefit more from αKlotho
protein administration compared to females, although male
CKD mice still had worse renal function, Pi metabolism,
and cardiomyopathy than female CKD mice.

Discussion

Most of the present knowledge on renal physiology and
pathophysiology comes from the experimental study in
laboratory animals. Discovery of novel therapeutic or
diagnostic approaches primarily begins in animal models.
Therefore, having a technically easy, reproducible, and
stable experimental models of CKD is an essential step. We
present a rodent model of a single bolus intraperitoneal
injection of CP followed by high dietary phosphate intake
that produces CKD in both mice and rats. The rodents
develop AKI, as previously noted [24, 49–56], but impor-
tantly, one does not lose animals from AKI, and acute CP
nephrotoxicity progresses to CKD with CVD and disturbed
mineral metabolism relevant to human CKD. Therefore, this
rodent model is suitable for the study of AKI, or AKI-to-
CKD progression or chronic complication, such as cardio-
vascular disease in CKD.

Phenotypes of CP-model of AKI, AKI-to-CKD
transition, and CKD-associated CVD

Up to thirty-two percent of the patients after CP treatment
develop AKI constituting the major limiting factor to human
use of CP [13, 14, 57]. Animal studies have shown that
CP-induced AKI can progress to CKD in certain scenarios

Fig. 6 αKlotho administration post-cisplatin (CP) injection retards
AKI-to-CKD progression. a WT mice at 3 months old were intraper-
itoneally injected with CP (10 mg/Kg) or normal saline as vehicle
(veh) followed by feeding with high Pi diet in 2 weeks after the
injection for 18 weeks. At 4 weeks after the injection, αKlotho protein
or control buffer (normal saline) was given through osmotic mini-
pumps for 16 weeks. At 20 weeks after the injection, mice were
sacrificed and the kidneys, and urine and plasma samples were col-
lected for further studies. b Creatinine clearance (ClCr). c Plasma
phosphate (Pi). d Kidney histology assessed by HE, TC, and PSR stain
(scale bar= 500 μm); and semi-quantitative assessment (right panel
including chronic pathologic score based on HE stain and renal fibrosis
score based on PSR stain). e αKlotho protein and fibrotic markers in
the kidney. Left panel: representative immunoblot for αKlotho, α-
SMA, and CTGF protein in total kidney lysates. Right panel: summary
of all immunoblots. f αKlotho mRNA expression in the kidney lysate.
g Cardiac fibrosis at 20 weeks after the injection. Left panel: repre-
sentative Trichrome staining in heart sections, scale bar= 2 mm. Right
panel: cardiac fibrosis score. Data are expressed as means ± SD from
each group and statistical significance was evaluated by one-way
ANOVA followed by Student–Newman–Keuls post hoc test, and
significance was accepted when *P < 0.05; **P < 0.01 between two
groups. HE Hematoxylin and Eosin stain; TC Trichrome stain; PSR
Picrosirius red stain
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Fig. 7 Sexual dimorphism in CP-induced CKD progression and in the
response to αKlotho treatment. WT mice at 3 months old were injected
with CP (10 mg/Kg) or normal saline as vehicle (veh) followed by
normal (NP) or high phosphate diet (HP, 2.0% Pi) for 18 weeks
starting 2 weeks after CP injection. At 20 weeks after the injection,
mice were sacrificed. a Creatinine clearance (ClCr) and b plasma
phosphate (Pi) in male and female mice fed with normal Pi diet. c
Creatinine clearance (ClCr) and d plasma phosphate (Pi) in male and
female mice fed with high Pi diet. Mice with low levels of αKlotho (kl/
+) at 3 months old were intraperitoneally injected with CP (10 mg/
Kg), and fed high phosphate (Pi) rodent chow 2 weeks after the
injection for 18 weeks. e Creatinine clearance (ClCr) and f plasma

phosphate (Pi) in male and female Kl/+mice. WT mice at 3 months old
were intraperitoneally injected with CP (10 mg/Kg) followed by
feeding with high Pi diet in 2 weeks after the injection for 18 weeks.
At 4 weeks after the injection, αKlotho protein was given through
osmotic minipumps for 16 weeks. g Creatinine clearance (ClCr) and h
plasma phosphate (Pi) in male and female WT mice. Data are
expressed as means ± SD from each group and statistical significance
was evaluated by one-way ANOVA followed by
Student–Newman–Keuls post hoc test, and significance was accepted
when *P < 0.05; **P < 0.01 between two groups at same time point.
The number in brackets is male:female number in each group at dif-
ferent time point
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[16–20, 58, 59]. Basically, there are two strategies to induce
CKD with CP (referred to [21] for detailed information).
One is multiple injections. Decades ago, Marcussen repor-
ted that repeated low dose CP injection (2 mg/Kg/week for
10 weeks followed by 3 times/week for two weeks) induced
chronic renal failure with atubular glomeruli, massive tub-
ular dilation, and interstitial fibrosis in rats [60]. Sharp and
colleagues showed that repeatedly weekly injection of
moderate dose of CP (7–9 mg/Kg body weight) con-
secutively for 4 weeks induced CKD [20]. Interestingly,
repeated low doses of CP (1 mg/Kg, twice weekly) for
10 weeks still effectively induced an increase in serum Cr,

interstitial fibrosis, tubular dilation, and atrophy in rats [18].
Torres and colleagues reported two injections of high dose
CP (15 mg/Kg body weight) 2 weeks apart induced CKD
around 9 weeks, and CKD progression by 25 weeks [19].
Okada showed that 5 mg/Kg CP injection followed by
repeating injection twice in 21-day interval dramatically
decrease ClCr by 50% in rats [61]. When CP was repeatedly
given weekly at 10 mg/Kg, all mice died within 4 weeks
[17]. So, if one elects repeated injection, the dose should be
low enough or interval of injection should be longer to
prevent animal death. The advantage of repeating low dose
is that there is low cell injury or death, but high level of
renal fibrosis [20, 21]. Second method is high dose of CP
injection (≥20 mg/Kg), which induces serious kidney injury
and inevitably ends with high mortality that prevents
chronic studies (Fig. 1a) [20]. The CP-induced CKD is
characterized by tubular atrophy and dilation, massive
interstitial fibrosis and collagen deposition in the kidney, as
well as peritubular capillary rarefaction [19]. But most, if
not all, of these studies primarily focused on the changes in
the kidney and none of them examined extra-renal com-
plications in mineral metabolism and cardiovascular
pathology [19, 20]. In addition, none of those experiments
tested the role of high Pi in acceleration of CKD progres-
sion from acute CP nephrotoxicity. The current study
clearly showed that mice do not only develop CKD with
renal fibrosis, uremia, and CKD-MBD, but also uremic
cardiomyopathy and vascular calcification after a single
injection of moderate dose of CP (10 mg/Kg) followed by
high Pi diet. No surgical skills are required to generate this
model.

Gender effect

Epidemiologic observations showed more dramatic kidney
damage in male AKI patients and higher risk of progression
to CKD in male than female patients [44, 47, 62–64]. There
are limited animal experiments to address the gender dif-
ference in AKI and CKD. We showed higher plasma Cr and
BUN, and lower ClCr in male mice than female mice after
one time CP injection even after normalization of animal
body weights. We also observed more renal function loss,
higher cardiac hypertrophy, and worse mineral metabolism
in male mice than female mice after CP injection and high
Pi diet challenge. But we cannot conclude that gender
accounts for faster progression to CKD in male than female
since male mice had more severe acute kidney damage at
the onset. Further experiment is required to reduce acute
kidney damage in male by lower CP dose and compare
decline rate of renal function between male and female mice
when both have same trough ClCr at acute phase, which may
allow us to examine if gender makes the difference in CKD
progression.

Table 3 Comparison of differences in manifestations of CKD and
cardiac hypertrophy between male and female mice fed with a normal
Pi diet

Male Female P-value

Animal number 4 5

BUN (mg/dl) 36.3 ± 1.3 31.7 ± 1.9 <0.01

Cr (mg/dl) 0.34 ± 0.09 0.31 ± 0.07 <0.05

CrCl (ml/min/100 g BW) 0.69 ± 0.04 0.77 ± 0.06 <0.05

Plasma Pi (mg/dl) 8.21 ± 0.32 7.62 ± 0.24 <0.05

Plasma Ca (mg/dl) 9.21 ± 0.10 9.11 ± 0.07 >0.05

Plasma PTH (pg/ml) 321 ± 52 291 ± 42 >0.05

Plasma 1,25-(OH)2D3 (pg/ml) 70.4 ± 6.2 65.5 ± 5.3 >0.05

Plasma FGF23 (pg/ml) 2016 ± 330 1757 ± 139 >0.05

Heart weight/body weight (mg/g) 5.69 ± 0.32 5.28 ± 0.31 0.08

Data presented in Table 3 are derived from mice injected cisplatin and
treated with normal Pi diet presented in Table 2 and were shown as
means ± SD at 20 weeks. The statistical significance between male and
female mice was analyzed by unpaired Student t-test

Table 4 Comparison of differences in manifestations of CKD and
cardiac hypertrophy between male and female mice fed with a high Pi
diet

Male Female P-value

Animal number 4 4

BUN (mg/dl) 48.4 ± 3.4 39.5 ± 2.4 <0.05

Cr (mg/dl) 0.61 ± 0.04 0.43 ± 0.03 <0.01

CrCl (ml/min/100 g BW) 0.51 ± 0.04 0.64 ± 0.05 <0.05

Plasma Pi (mg/dl) 9.04 ± 0.71 7.78 ± 0.65 0.058

Plasma Ca (mg/dl) 8.97 ± 0.75 9.06 ± 0.79 >0.05

Plasma PTH (pg/ml) 516 ± 49 390 ± 23 <0.01

Plasma 1,25-(OH)2D3 (pg/ml) 43.1 ± 3.8 56.4 ± 4.9 <0.05

Plasma FGF23 (pg/ml) 2700 ± 325 2081 ± 196 <0.05

Heart weight/body weight (mg/g) 6.61 ± 0.42 5.68 ± 0.29 <0.05

Data presented in Table 4 are derived from mice injected cisplatin and
treated with high Pi diet presented in Table 2 and were shown as
means ± SD at 20 weeks. The statistical significance was analyzed by
unpaired Student t-test
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αKlotho treatment prevents CKD progression, improves
Pi metabolism, and cardiac hypertrophy in CKD more
efficiently in male mice than female mice, suggesting that
CKD male benefits more from Klotho treatment than CKD
females. These findings are consistent with previous reports
of transgenic male mice with overexpressing Klotho having
prolonged lifespan compared to WT male mice, but trans-
genic female mice do not [65]. These results provide
exciting evidence to support that Klotho protein might be
highly promising strategy for CKD subjects.

Age effect

We showed that old mice had more severe kidney injury
and cardiomyopathy after exposure to IRI followed by 2.0%
Pi diet than young mice [10]. The current study further
confirmed that the aging renders mice more susceptible to
CP nephrotoxicity, which is in agreement with clinical
observation [14]. Furthermore, older mice develop worse
CVD in the CP nephrotoxicity model compared to young
mice. The molecular mechanisms of how aging affects
kidney and CVD remain to be established and are likely
complicated. Factors such as low renal and circulating
αKlotho [10], oxidative stress [66], endothelial dysfunction
[67, 68], and low autophagy [69] may particulate in con-
tributing to poor renal and cardiovascular outcome in aged
mice.

αKlotho effect on the severity of CP-induced
nephrotoxicity

αKlotho deficiency is a feature of CKD and is a critical
pathogenic intermediate for CKD progression and CVD
development in CKD [8–11, 35, 41, 70, 71]. Low αKlotho
levels in the kidney and the circulation were not only pre-
sent at acute period of CP nephrotoxicity, but persisted way

beyond the apparent “recovery” of plasma Cr. CKD mice
had high plasma Pi, PTH, and FGF23, as well as low 1,25-
(OH)2 vitamin D3, all of them might be contributors to
Klotho deficiency. As we previously showed the effect of
αKlotho on the IRI model [8, 11], αKlotho supplementation
post-CP injection was effective in the retardation of CKD
progression, as well as attenuation of uremic cardiomyo-
pathy and vascular calcification, confirming the efficacy of
αKlotho treatment in the CP-induced CKD model fed with
high Pi diet.

In conclusion, CP leads to not only acute nephrotoxicity-
AKI, and it causes AKI-to-CKD transition when coupled
with high dietary phosphate. CKD rodents have disturbed
mineral metabolism and uremic cardiovasculopathy. It is a
technically easy and reproducible model that can be utilized
for the study of AKI-to-CKD transition and CKD-
associated complications, and test therapeutic maneuvers.
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