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Abstract

Rat proximal tubule (PT) cells that have recovered from severe acute kidney

injury induced by uranyl acetate (UA) develop cytoresistance to subsequent

UA treatments. We reported that enhanced G1 arrest might contribute to

cytoresistance. Herein, we examined these mechanisms by investigating Yes-

associated protein (YAP), a regulator of cell number, and survivin, a down-

stream mediator of YAP that inhibits apoptosis. Rats pretreated with saline

(vehicle group) or UA (AKI group) were injected with UA 2 weeks, 2 months,

or 6 months after treatment. Cytoresistance, evaluated by serum creatinine,

was observed at 2 weeks, was attenuated at 2 months, and was lost at

6 months in the AKI group. Based on immunohistochemistry, overexpressed

YAP/survivin in PT cells and an increased number of PT cells was found

before the second insult at 2 weeks, regressed gradually, and returned to a

normal value by 6 months in the AKI group. Cell cycle status, assessed by

flow cytometry, was equivalent in all groups before the second insult. How-

ever, early G1 phase (cyclin D1�) and p27+ PT cells increased in the AKI

group compared to those in the vehicle group until 2 months, but were com-

parable to those in the vehicle group at 6 months. p21+ PT cells increased at

2 weeks, but normalized by 2 months. Thus, PT cells that have recovered

from AKI transiently overexpress YAP/survivin, probably inhibiting apoptosis

and resulting in acquired cytoresistance. This effect occurs until PT remodel-

ing is complete, subceullular PT integrity is restored, and cell numbers are

normalized.

Introduction

Animals that have recovered from acute kidney injury

(AKI) can develop cytoresistance to subsequent nephro-

toxin insults, and this phenomenon is termed acquired

resistance to rechallenge injury (Honda et al. 1987). This

phenomenon of resistance to injury after prior exposure

and subsequent recovery has been shown by many inves-

tigators in diverse forms of injury, including ischemia/

reperfusion (Nowak et al. 2004; Kapitsinou and Haase

2015), oxidants (Nowak et al. 2012), and alkylating agents

(Vaidya et al. 2003; Korrapati et al. 2005, 2006). We have

examined the potential mechanisms of acquired resistance

in cisplatin- and uranyl acetate (UA)-induced AKI models

and identified a variety of associated factors (Furuya et al.

1997; Mizuno et al. 1997; Sano et al. 2000; Miyaji et al.

2001; Sun et al. 2010, 2011; Fujikura et al. 2013; Iwakura

et al. 2016). Recently, we demonstrated that acquired

resistance in UA-induced AKI in rats is associated with

enhanced G1 arrest in proximal tubule (PT) cells, which

facilitates DNA repair and evasion of apoptosis (Iwakura

et al. 2016), and is associated with the modulation of cell

cycle-mediated factors such as p21 and p27.

It is known that this acquired resistance to rechallenge

injury can last for limited periods, for example, for

6 months in a gentamicin-induced AKI model (Elliott

ª 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

This is an open access article under the terms of the Creative Commons Attribution License,

which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

2017 | Vol. 5 | Iss. 11 | e13310
Page 1

Physiological Reports ISSN 2051-817X

https://doi.org/10.14814/phy2.13310
http://creativecommons.org/licenses/by/4.0/


et al. 1982). In rats with UA-induced AKI, we found that

renal function, evaluated by serum creatinine (SCr),

returned to baseline levels and the dedifferentiated pheno-

type in the PT also returned to a differentiated phenotype

(i.e., re-expression of megalin and loss of dedifferentiation

markers such as vimentin and paired box gene-2 [Pax-2])

by day 14 after insult, when cytoresistance to rechallenge

injury was observed. However, PT hyperplasia and the

overexpression of p21 and p27 in PT cells were sustained

at that time. Subsequently, it was assumed that these

changes gradually normalize and that PT cells can regain

their subcellular integrity.

Accordingly, we hypothesized that cytoresistance in PT

cells would be lost with the normalization of tubule integ-

rity after injury, and that this might be associated with

Yes-associated protein (YAP), an effector protein of the

Hippo signaling pathway, and a regulator of organ cell

numbers (Yu and Guan 2013). In the present study, we

examined the relationship between PT cell cytoresistance

and the expression of YAP and survivin, a downstream

mediator of YAP and a member of the inhibitor of apop-

tosis family (Altieri 2010), in association with changes in

PT integrity over time after injury.

Materials and Methods

Rats

Male Sprague Dawley rats weighing 180–250 g (SLC Co.,

Shizuoka, Japan) were provided standard rat chow and

drinking water ad libitum. The experimental protocol was

approved by the Ethics Review Committee for Animal

Experimentation of Hamamatsu University School of

Medicine.

Reagents

Uranyl acetate (UA) dihydrate (purity >98.0%) was pur-

chased from Fluka (Buchs, Switzerland). Collagenase

type II was from Worthington Biochemical Corp. (Lake-

wood, NJ). Percoll was purchased from GE Healthcare

UK, Ltd. (Little Chalfont, Buckinghamshire, UK). Try-

pan blue solution, propidium iodide, Hoechst 33342,

and pyronin Y were purchased from Sigma-Aldrich Co.

(St. Louis, MO). Hank’s balanced salt solution (HBSS)

was from Invitrogen (Carlsbad, CA). Can Get Signal�

solution B was from Toyobo Life Science Department

(Osaka, Japan). Citrate buffer solution was from Mit-

subishi Chemical Medience (Tokyo, Japan). Histofine

Antigen Retrieval Solution pH9� and Histofine MAX

PO kit were from Nichirei Bioscience (Tokyo, Japan).

ApopTag� Plus In Situ Apoptosis Detection Kit was

from Chemicon-Millipore (Temecula, CA). Picrosirius

red stain kit was from Polysciences, Inc. (Warrington,

PA). The antibodies listed in Table 1 were used as pri-

mary antibodies. Alexa Fluor� 633-conjugated donkey

anti-goat IgG (Invitrogen), Alexa Fluor� 546-conjugated

goat anti-rabbit IgG (Invitrogen), Alexa Fluor 488-conju-

gated donkey anti-mouse IgG (Invitrogen), and Histofine

Simple Stain Max PO (Nichirei Bioscience) were used as

secondary antibodies.

Experimental protocol

As reported previously (Fujigaki et al. 2009; Sun et al.

2010), it was shown that in a UA-induced AKI model,

SCr increased and peaked at days 5–7, and returned to

normal levels by day 14. Histologically, PT injury, with

apoptotic and necrotic cells, peaked at day 5 and recovery

occurred by day 14. One hundred and forty-four rats

were treated intravenously with saline (vehicle group) or

1 mg/kg of UA dissolved in saline (AKI group) as the

Table 1. Primary antibodies, their dilutions and suppliers.

Antibody Dilution Suppliers

Immunocytochemistry

Rabbit polyclonal

anti-Cdt1 (H-300)

1:100 Santa Cruz Biotechnology

Goat polyclonal

anti-megalin (P-20)

1:200 Santa Cruz Biotechnology

Immunohistochemistry

Rabbit polyclonal

anti-YAP (#4192)

1:200 Cell signaling

Rabbit monoclonal

anti-survivin (#2808)

1:200 Cell signaling

Rabbit monoclonal

anti-Ki67 (SP6)

1:200 Thermo Fisher Scientific

Rabbit monoclonal

anti-cyclin D1 (SP4)

1:200 Thermo Fisher Scientific

Mouse monoclonal

anti-p21 (F-5)

1:200 Santa Cruz Biotechnology

Rabbit polyclonal

anti-p27 (M-197)

1:200 Santa Cruz Biotechnology

Goat polyclonal

anti-megalin (P-20)

1:200 Santa Cruz Biotechnology

Mouse monoclonal

anti-vimentin (V9)

1:200 Sigma-Aldrich Co

Rabbit polyclonal

anti-Pax2 (71-6000)

1:100 Zymed

Mouse polyclonal

anti-Kim-1 (AF1817)

1:300 R&D Systems

Rabbit monoclonal

anti-phospho-histone

H3 at serine 10 (D2C8)

1:400 Cell Signaling

Mouse monoclonal

anti-aSMA (M0851)

1:100 Dako
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first treatment. Subsequently, 2 weeks, 2 months, or

6 months after the first treatment, rats in the vehicle

group (N = 36) or the AKI group (N = 36) were anes-

thetized via intraperitoneal injection with ketamine

(75 mg/kg) and xylazine (10 mg/kg), and euthanized for

the isolation of tubular cells and for histological examina-

tion and evaluation of renal function (N = 6 at each time

point for each procedure). Two weeks, 2 months, or

6 months after the first treatment, rats in the vehicle

group (N = 36) or the AKI group (N = 36) were injected

with 1 mg/kg of UA intravenously as the second treat-

ment. Animals were euthanized 5 and 14 days after the

second insult for histological examination and evaluation

of renal function (N = 6 at each time point). Blood sam-

ples were collected from the aorta at each time point and

SCr concentration was measured by enzymatic assays

(Falco SD, Kyoto, Japan).

Histological examination

After a brief flush with phosphate-buffered saline, both

kidneys were dissected, bisected along their longitudinal

axis, fixed with 4% paraformaldehyde, and embedded in

paraffin. Sections of 3 lm thickness were examined.

Immunohistochemical analysis was performed according

to standard protocols described in detail previously

(Iwakura et al. 2014). Sections were incubated with the

primary antibodies listed in Table 1 and were reacted

with Histofine Simple Stain MAX PO and visualized

using a peroxidase–diaminobenzidine system.

Apoptosis was assessed by the terminal uridine nick-

end labeling (TUNEL) technique using the ApopTag�

Plus In Situ Apoptosis Detection Kit (Sun et al. 2010).

Tubulointerstitial fibrosis was evaluated by Masson’s

trichrome staining and picrosirius red using a picrosirius

red stain kit that stains type I and III collagens.

Double immunofluorescent staining of phosphohistone

H3 at serine 10 (PhH3s10) and alpha smooth muscle

actin (aSMA) was performed. Sections fixed with 4%

paraformaldehyde were incubated with both antibodies

and subsequently with Alexa Fluor� 546-conjugated goat

anti-rabbit IgG and Alexa Fluor� 488-conjugated donkey

anti-mouse IgG.

Isolation of PT and distal tubule (DT) cells

Renal tubular cells were isolated by collagenase (type II)

perfusion and separated into PT and DT cell fractions by

Percoll density gradient centrifugation as described by

Lash et al. with slight modifications (Lash et al. 2001;

Iwakura et al. 2014). Trypan blue exclusion was used to

determine the percentage of viable cells present in the cell

suspensions.

Cell cycle analysis of isolated PT cells

As described previously (Iwakura et al. 2014), freshly iso-

lated PT cells were permeabilized with Triton X-100 and

incubated with propidium iodide solution. After incuba-

tion, the DNA content was measured using an Epics XL

flow cytometer (Beckman Coulter, Brea, CA). To separate

cells in G1 phase from cells in G0 phase, freshly isolated

PT cells, fixed with ice-cold 70% ethanol, were incubated

with Hoechst 33342/pyronin Y solution, and the DNA or

RNA content was measured using a FACSAria™ cell sor-

ter (Crissman et al. 1985) (BD Biosciences, San Jose,

CA).

Immunocytochemistry

To discriminate PT cells from DT cells, isolated PT and

DT cells were fixed with 2% paraformaldehyde on a glass

slide and incubated with goat anti-megalin IgG (a PT

brush border marker) with Can Get Signal� solution B

and then with Alexa Fluor� 633-conjugated donkey anti-

goat IgG. To discriminate G1 phase cells from G0 phase

cells, isolated PT cells, permeabilized with 0.5% Triton

X-100, were incubated with rabbit anti-Cdt1 IgG (G1

phase marker) and then with Alexa Fluor 546-conjugated

goat anti-rabbit IgG. For nuclear staining, cells were incu-

bated with 40,6-diamidino-2-phenylindole. The cells were

then observed with a confocal fluorescence microscope

(FV1000, Olympus, Tokyo, Japan).

Morphometric analysis

Assessment of the purity of isolated PT cells, the percent-

age of Cdt1+ cells among the PT cells, and morphometric

analysis of the renal sections were performed as described

previously (Iwakura et al. 2014). Necrotic tubules were

defined as described previously (Sun et al. 2010). The

mean number of PT cells per tubule was calculated in 100

cross-sections of the PT in the cortex and outer stripe of

outer medulla (OSOM) at a magnification of 4009

(Iwakura et al. 2014). The numbers of YAP+, survivin+,
cyclin D1+, Ki67+, p21+, p27+, megalin+, vimentin+,
Pax-2+, kidney injury molecule-1 (Kim-1)+, PhH3s10+,
and TUNEL+ cells in PTs and necrotic PTs were counted

in 20 randomly selected fields of the cortex and OSOM at

a magnification of 4009 (Iwakura et al. 2014, 2016). The

mean score in each rat represented the average number of

PT cells and PTs per field. The degree of tubulointerstitial

fibrosis, evaluated by Masson’s trichrome staining, was

assessed using a point-counting method with 10 randomly

selected fields of the cortex and OSOM at a magnification

of 1009. The percentage of tubulointerstitial fibrosis, eval-

uated using the picrosirius red stain kit, was quantitatively
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assessed using a semiautomatic image analysis system with

Image Pro Plus software (Media Cybernetics, GA) (Isobe

et al. 2016). The mean score in each rat represented the

average percent fibrotic area per field.

Statistical analysis

All values were expressed as the mean � SD. Differences

between three or more groups were examined for statistical

significance by using ANOVA, followed by Tukey’s post

hoc test. Differences between AKI group and vehicle group

at the same time point were assessed using an unpaired

t-test (Prism 6; GraphPad Software, San Diego, CA). A

P < 0.05 was accepted as statistically significant.

Results

Limited period of acquired resistance to
rechallenge injury

Immediately before the second insult (on day 0), SCr

levels were equivalent in all groups (Fig. 1A). Following

the second insult at any time point, SCr increased signifi-

cantly at day 5 in the vehicle groups (Fig. 1A). However,

following a second insult 2 weeks after the first treatment

in the AKI group (2w-AKI group), SCr did not increase.

Following a second insult 2 months after the first treat-

ment in the AKI group (2m-AKI group), SCr increased

significantly at day 5, but this value was lower than that

in the vehicle group. Following a second insult 6 months

after the first treatment in the AKI group (6m-AKI

group), SCr levels were comparable to those in the 6 m

vehicle group. Fourteen days after the second insult, SCr

returned to baseline levels (at day 0) in all groups

(Fig. 1A).

Based on histological examinations, necrotic PTs were

not found at day 0 for all groups; however, TUNEL+ PT

cells were sparsely distributed (at day 0) in the 2w-AKI

group (data not shown). The number of necrotic PTs and

TUNEL+ PT cells at day 5 after the second insult was sig-

nificantly lower in the 2w- and 2m-AKI groups than in

the 2w- and 2m-vehicle groups, respectively; however,

after the second insult in the 6m-AKI group, these values

Figure 1. Changes in extent of acquired resistance after

rechallenge injury. Serial changes in serum creatinine (SCr) levels

(A). Morphometric analysis of the number of necrotic proximal

tubules (PTs) (B) or TUNEL+ PT cells (C) 5 days after the second

insult. Data represent the mean � SD of six rats. *P < 0.05,

#P < 0.05 versus rats 2 weeks after first treatment. NS, not

significant; SCr, serum creatinine.
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were comparable to those in the 6m-vehicle group

(Fig. 1B and C).

Regression of cell number and YAP/survivin
expression in PT cells after the induction of
AKI

The number of cells per cross-sectional PT at day 0 in the

2w- and 2m-AKI groups was higher than that in the 2w-

and 2m-vehicle groups, respectively. The number of PT

cells at day 0 in the AKI groups gradually decreased from

2 weeks to 6 months after treatment, and that in the 6m-

AKI group became comparable to that in the 6m-vehicle

group (Fig. 2A–F and S). This indicates that the hyper-

plastic state in the PT after recovery from the acute tubu-

lar injury returned to basal conditions by 6 months.

Next, the nuclear staining pattern of YAP and survivin

was determined immunohistochemically in tubular cells

(Fig. 2G–R). The number of YAP+ and survivin+ PT cells

at day 0 in the 2w- and 2m-AKI groups was higher than

that in the 2w- and 2m-vehicle groups, respectively. This

number gradually decreased in the AKI group and

became comparable to that in vehicle group at 6 months

(Fig. 2G–L and T, Fig. 2M–R and U). These results could

indicate that YAP/survivin overexpression in the PT is

closely associated with the increased number of PT cells.

Normalization of cell cycle status and CDKI
expression after AKI

More than 90% of the isolated PT and DT cells were

viable in all groups (Table 2) and the purity of isolated

A B C

D E F

G H I

J K L

M N O

P Q R

S

T

U

Figure 2. Changes in the expression of YAP/survivin in PT cells. Photomicrographs of periodic acid–Schiff-stained renal sections from rats

pretreated with vehicle (A–C) or with 1 mg/kg of uranyl acetate (UA) (D–F) for 2 weeks (A, D), 2 months (B, E), and 6 months (C, F) after

treatment. Photomicrographs of YAP-immunostained (arrows) renal sections from rats pretreated with vehicle (G–I) and with 1 mg/kg of UA

(J–L) for 2 weeks (G, J), 2 months (H, K), and 6 months (I, L) after treatment. Photomicrographs of survivin-immunostained (arrows) renal

sections from rats pretreated with vehicle (M–O) and with 1 mg/kg of UA (P–R) for 2 weeks (M, P), 2 months (N, Q), and 6 months (O, R) after

treatment. (S) Temporal changes in the number of cells per cross-sectional PT. (T) Temporal changes in the number of YAP+ PT cells per field.

(U) Temporal changes in the number of survivin+ PT cells per field. Original magnification, 4009. Data represent the mean � SD of six rats.

*P < 0.05, #P < 0.05 versus rats 2 weeks after first treatment. NS, not significant.
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PT cells was more than 87% for all groups (Table 3),

indicating effective separation of viable PT and DT cells

in this study. The percentage of G0, G1, and S phase in

isolated PT cells was equivalent in all groups (Fig. 3A–C).
The percentage of Cdt1+ cells (G1 phase cells) among iso-

lated PT cells was also equivalent in all groups (Fig. 3E).

The percentage of cells in G2/M phase was higher in PT

cells of the AKI group than in those of the vehicle group

at 2 weeks and 2 months (Fig. 3D); this proportion

became equivalent to that in the vehicle group at

6 months. Using flow cytometry and determining the

number of PhH3s10+ cells (Fig. 4), which indicates G2/M

phase, these results were confirmed for all groups, sug-

gesting that the percentage of G2/M phase cells increased

from 2 weeks to 2 months, and returned to basal levels

by 6 months after AKI induction.

We used cyclin D1 and Ki67 as cell cycle markers. A

simplified schematic diagram is provided showing the

relationship of cyclin D1, Ki67, and the CDKIs p21 and

p27 with cell cycle phase (Fig. 5). The number of cyclin

D1+ PT cells was significantly lower at day 0 in the 2w-

and 2m-AKI groups than in the 2w- and 2m-vehicle

groups, respectively. However, at day 0 in the 6m-AKI

group, this number was comparable to that in the 6m-

vehicle group (Fig. 6A–F and M). The number of Ki67+
PT cells was significantly lower at day 0 in the 2w-AKI

group than in the 2w-vehicle group. In contrast, this

number at day 0 in the 2m- and 6m-AKI groups was

comparable to that in 2m- and 6m-vehicle groups,

respectively (Fig. 6G–L and N). These results suggest that

both cyclin D1 and Ki67 expression normalized by

6 months after UA-induced AKI. There were significantly

more p21+ cells in the PT at day 0 in the 2w-AKI group

than in the 2w-vehicle group, but this difference was lost

at 2 and 6 months (Fig. 7A–F and M). In contrast, the

number of p27+ PT cells was significantly higher at day 0

in the 2w- and 2m-AKI groups than in the 2w- and 2m-

vehicle groups, respectively; however, this number in the

6m-AKI group became comparable to that in the 6m-

vehicle group (Fig. 7G–L and N), suggesting that the

expression of both p21 and p27 normalized by 6 months

after UA-induced AKI.

Phenotypic recovery after injury in PT cells

Almost all PT cells expressed megalin (a marker of PT cell

differentiation) just before the second treatment (day 0)

in all AKI groups, whereas no PT cells expressed vimentin

or Pax-2 (markers of PT cell dedifferentiation) at day 0

in all AKI groups (data not shown). This indicates that

cells recovering from AKI returned to a mature PT state

as early as 2 weeks postchallenge. The number of mega-

lin�, vimentin+, or Pax-2+ PT cells (dedifferentiated

cells) increased significantly at day 14 in all groups,

except for the 2w-vehicle group, after the second insult.

The number of megalin�, vimentin+, or Pax-2+ PT cells

at day 14 in the 2m-vehicle and 6m-vehicle groups was

higher than that in the 2w-vehicle group, respectively

Table 2. Viability of isolated tubular cells.

Group
PT (%) DT (%)

Time after

first treatment 2 weeks 2 months 6 months 2 weeks 2 months 6 months

V 90.3 � 3.8 95.7 � 2.9 94.5 � 1.9 94.6 � 4.2 99.3 � 0.2 98.6 � 1.4

AKI 91.1 � 3.4 93.6 � 2.3 94.4 � 3.3 94.1 � 4.0 97.4 � 1.0 97.4 � 2.7

Data represent the mean � SD. There were no differences in the viability among all groups. PT, proximal tubule; DT, distal tubule; AKI,

pretreated with 1 mg/kg of uranyl acetate; V, rats pretreated with vehicle.

Table 3. Purity (megalin positivity) of isolated tubular cells.

Group
PT (%) DT (%)

Time after first

treatment 2 weeks 2 months 6 months 2 weeks 2 months 6 months

V 91.7 � 2.5 92.2 � 4.2 89.1 � 2.8 7.9 � 3.7 9.9 � 3.8 10.5 � 3.0

AKI 91.3 � 2.7 91.8 � 2.2 87.0 � 5.9 10.5 � 4.5 10.3 � 3.6 10.0 � 3.9

Data represent the mean � SD. There were no differences in the megalin positivity among all PT groups or DT groups. PT, proximal tubule;

DT, distal tubule; AKI, pretreated with 1 mg/kg of uranyl acetate; V, rats pretreated with vehicle.
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(Fig. 8), suggesting that redifferentiation of PT cells was

delayed in older rats in the 2m- and 6m-vehicle groups

after UA insult, when compared to that in younger rats

in the 2w-vehicle group.

Vimentin+ or Pax-2+ PT cells were sparsely distributed

at day 14 in the 2w-AKI group, suggesting that a certain

number of PT cells did not accomplish redifferentiation

after the second insult. The number of megalin�, vimen-

tin+, or Pax-2+ PT cells increased significantly at day 14

in the 2m-AKI group, but this value was lower than that

in the 2m- and 6m-vehicle groups. The number of mega-

lin�, vimentin+, or Pax-2+ PT cells at day 14 in the 6m-

AKI group was not different from that in the 6m-vehicle

group (Fig. 8), suggesting that PT cells in the 6m-AKI

group were comparable to those in the 6m-vehicle group

in terms of the kinetics of phenotypic change after UA

insult.

Some PT cells still expressed Kim-1, a marker of PT

injury, at day 0 in the 2w-AKI group. However, Kim-1+
PT cells were not found at day 0 in the 2m- and 6m-AKI

groups (Fig. 9A–F and M), indicating that cells had

recovered from UA-induced PT injury by 2 months.

The number of Kim-1+ PT cells at day 14 in the 2m-

and 6m-vehicle groups was lower than that in the 2w-

vehicle group. The number of Kim-1+ PT cells was

lower at day 14 in the 2w- and 2m-AKI groups than in

the 2w- and 2m-vehicle groups, respectively. However,

this number at day 14 in the 6m-AKI group became

comparable to that in the 6m-vehicle group (Fig. 9G–L
and N), suggesting that the degree of PT injury after

UA insult might be similar between the 6m-AKI and

6m-vehicle groups.

Transient accumulation of interstitial
collagen with AKI

Tubulointerstitial fibrosis, evaluated by Masson’s tri-

chrome staining and picrosirius red staining, was mainly

found around the PTs. The percent area that stained posi-

tive for both agents in the cortex and OSOM at day 0 in

the 2w- and 2m-AKI groups was higher than that in the

2w- and 2m-vehicle groups, respectively. However, this

value at day 0 in the 6m-AKI group was comparable to

that in the 6m-vehicle group (Fig. 10). These findings

Figure 3. Evaluation of cell cycle status in proximal tubule (PT) cells recovering from acute kidney injury (AKI) before readministration of uranyl

acetate (UA). The percentages of G0 (A), G1 (B), S (C), and G2/M phase (D) cells and Cdt1+ cells (E) in the PT of rats pretreated with vehicle

and those pretreated with 1 mg/kg of UA are shown at each time point. Data represent the mean � SD of six rats. *P < 0.05, #P < 0.05

versus rats 2 weeks after first treatment. NS, not significant.
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indicate that UA-induced AKI resulted in the transient

accumulation of interstitial collagen surrounding the PTs.

aSMA+ cells surrounding the PT appeared transiently

at day 0 in the 2w- and 2m-AKI groups and virtually dis-

appeared at day 0 in the 6m-AKI group (data not

shown). Double immunostaining of PhH3s10 and aSMA

showed that the aSMA+ areas were found in the vicinity

of PhH3s10+ PT cells (Fig. 4H), suggesting that G2/M

phase PT cells are associated with aSMA+ myofibroblasts,

which might produce interstitial collagen.

Discussion

In this study, we found that acquired cytoresistance in PT

cells is limited to the period before normalization of cell

number and subcellular molecular integrity, from a

hyperplastic state to baseline levels after UA-induced AKI.

A summary of the sequence of changes in terms of the

A B C

D

G H

E F

Figure 4. Expression of phosphohistone H3 at serine 10 (PhH3s10) in proximal tubule (PT) cells recovering from acute kidney injury (AKI) before

readministration of uranyl acetate (UA). Photomicrographs of PhH3s10-immunostained (arrows) renal sections from rats pretreated with vehicle

(A–C) and with 1 mg/kg of UA (D–F) for 2 weeks (A, D), 2 months (B, E), and 6 months (C, F) after treatment. (G) Temporal changes in the number

of PhH3s10+ PT cells in rats pretreated with vehicle or with UA per field. (H) Photomicrograph of double immunostaining with aSMA (green color)

and PhH3s10 (arrows, red color) at 2 months after administration of 1 mg/kg of UA. Original magnification, 4009. Data represent the mean � SD

of six rats. *P < 0.05, #P < 0.05 versus rats 2 weeks after first treatment. NS, not significant. PhH3s10, phosphohistone H3 at serine 10.

Figure 5. Schematic drawing of the cell cycle phases with

respective cyclin-dependent kinase inhibitors and cell cycle markers.

Cdt1 is a marker of the entire G1 phase. Cyclin D1 is a mid–late

G1 phase marker. Ki67 is a late G1 to G2/M phase marker.

Phosphorylated histone H3 at serine 10 is a G2/M phase marker.

p21 associates with G1–S and G2/M phase transition. p27

associates with G0–G1, G1–S, and G2/M phase transition.

PhH3s10, phosphohistone H3 at serine 10.
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Figure 6. Expression of cyclin D1 and Ki67 in proximal tubule (PT) cells recovering from acute kidney injury (AKI) before readministration of

uranyl acetate (UA). Photomicrographs of cyclin D1-immunostained (arrows) renal sections from rats pretreated with vehicle (A–C) or with

1 mg/kg of UA (D–F) for 2 weeks (A, D), 2 months (B, E), and 6 months (C, F) after treatment. Photomicrographs of Ki67-immunostained

(arrows) renal sections from rats pretreated with vehicle (G–I) and with 1 mg/kg of UA (J–L) for 2 weeks (G, J), 2 months (H, K), and 6 months

(I, L). Temporal changes in the number of cyclin D1+ (M) or Ki67+ (N) PT cells per field in rats pretreated with vehicle or with UA. Original

magnification, 4009. Data represent the mean � SD of six rats. *P < 0.05, #P < 0.05 versus rats 2 weeks after first treatment. NS, not

significant.

A B C

D E F

G H I

J K L

M

N

Figure 7. Expression of p21 and p27 in proximal tubule (PT) cells recovering from acute kidney injury (AKI) before readministration of uranyl

acetate (UA). Photomicrographs of p21-immunostained (arrow) renal sections from rats pretreated with vehicle (A–C) or with 1 mg/kg of UA

(D–F) for 2 weeks (A, D), 2 months (B, E), and 6 months (C, F) after treatment. Photomicrographs of p27-immunostained (arrows) renal

sections from rats pretreated with vehicle (G–I) and with 1 mg/kg of UA (J–L) for 2 weeks (G, J), 2 months (H, K), and 6 months (I, L) after

treatment. Temporal changes in the number of p21+ (M) or p27+ (N) PT cells per field in rats pretreated with vehicle with UA. Original

magnification, 4009. Data represent the mean � SD of six rats. *P < 0.05. NS, not significant.
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degree of cytoresistance and the associated factors, found

in this study, is shown in Table 4.

In accordance with our previous report (Sano et al.

2000), in the present study, the number of PT cells

increased over that of the baseline at 2 weeks, then gradu-

ally returned to normal by 6 months after the induction

of AKI. YAP, an effector of the Hippo signaling pathway,

is known to control organ size by modulating cell growth

(Dong et al. 2007; Yu and Guan 2013). Overexpression of

YAP can induce hyperplasia, and its cancellation regresses

organ size (Dong et al. 2007). It has been reported that

YAP is activated during tissue regeneration after hepatec-

tomy, and that nuclear YAP was transiently activated even

after the liver reached prehepatectomy size (Grijalva et al.

2014); this was shown to result in liver hyperplasia fol-

lowing hepatectomy (Islami et al. 1959). In the present

study, transient overexpression of nuclear YAP was also

found in PT cells that had recovered from AKI. The

increased number of YAP+ PT cells was associated with

an increased number of cells in cross-sectional PT, sug-

gesting that the overexpression of YAP contributes to

hyperplasia in the PT, similar to that observed after hepa-

tectomy. The transient increase in YAP in PT cells that

had recovered from AKI might be explained by the fact

that YAP functions to increase and/or control the number

of PT cells during recovery to compensate for injury after

insult.

Interestingly, the overexpression of YAP in PT cells was

associated with acquired cytoresistance after the second

UA insult. Because survivin, a member of the inhibitor of

apoptosis family, was reported to be a downstream medi-

ator of YAP (Dong et al. 2007), the overexpression of

A B C

D E F

G H I

J K L

M N O

P Q R

S

T

U

Figure 8. Dedifferentiation of proximal tubule (PT) cells recovering from acute kidney injury (AKI) after readministration of uranyl acetate (UA).

Photomicrographs of megalin-immunostained renal sections from rats pretreated with vehicle (A–C) or with 1 mg/kg of UA (D–F) for 2 weeks

(A, C), 2 months (B, D), and 6 months (C, E), 14 days after readministration of UA. Photomicrographs of vimentin-immunostained (arrows)

renal sections from rats pretreated with vehicle (G–I) or with 1 mg/kg of UA (J–L) for 2 weeks (G, J), 2 months (H, K), and 6 months (I, L),

14 days after readministration of UA. Photomicrographs of Pax2-immunostained (arrows) renal sections from rats pretreated with vehicle (M–O)

or rats pretreated with 1 mg/kg of UA (P–R) for 2 weeks (M, P), 2 months (N, Q), and 6 months (O, R), 14 days after readministration of UA.

Temporal changes in the number of megalin� (S), vimentin+ (T), or Pax2+ (U) PT cells per field 14 days after readministration of UA. Original

magnification, 4009. Data represent the mean � SD of six rats. *P < 0.05, #P < 0.05 versus rats 2 weeks after first treatment. NS, not

significant.
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Figure 9. Histological changes in proximal tubules (PTs) recovering from acute kidney injury (AKI) before and after readministration of uranyl

acetate (UA). Photomicrographs of Kim-1-immunostained (arrows) renal sections from rats pretreated with vehicle (A–C) or with 1 mg/kg of UA

(D–F) for 2 weeks (A, C), 2 months (B, D), and 6 months (C, E) after treatment. Photomicrographs of Kim-1-immunostained (arrows) renal

sections from rats pretreated with vehicle (G–I) or with 1 mg/kg of UA (J–L) 14 days after readministration of UA in rats for 2 weeks (G, J),

2 months (H, K), and 6 months (I, L) after the first treatment. (M, N) Temporal changes in the number of Kim-1+ PT cells per field before (M)

and 14 days after (N) readministration of UA. Data represent the mean � SD of six rats. *P < 0.05, #P < 0.05 versus rats 2 weeks after first

treatment. NS, not significant.
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D E F
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J K L
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Figure 10. Fibrosis and collagen deposition in the interstitium recovering from acute kidney injury (AKI). Photomicrographs of Masson’s

trichrome-stained renal sections from rats pretreated with vehicle (A–C) or with 1 mg/kg of uranyl acetate (UA) (D–F) for 2 weeks (A, D),

2 months (B, E), and 6 months (C, F) after treatment. Photomicrographs of picrosirius red-stained renal sections from rats pretreated with

vehicle (G–I) and with 1 mg/kg of UA (J–L) for 2 weeks (G, J), 2 months (H, K), and 6 months (I, L) after treatment. (M) Temporal changes in

the area of tubulointerstitial fibrosis evaluated as Masson’s trichrome+ areas per field. (N) Temporal changes in the picrosirius red+ area. A–F,

Original magnification 1009. G–L, Original magnification 4009. Data represent the mean � SD of 6 rats. *P < 0.05, #P < 0.05 versus rats

2 weeks after first treatment. NS, not significant, MT, Masson’s trichrome, PSR, picrosirius red.
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YAP is thought to result in the evasion of apoptosis

(Dong et al. 2007; Campbell et al. 2013). Indeed, since

the number of YAP+ cells in PT was positively correlated

with the number of survivin+ cells, it is conceivable that

YAP mediates survivin upregulation, contributing to cyto-

protection. We and Mehendale et al. (Korrapati et al.

2005, 2006; Sun et al. 2010, 2011; Fujikura et al. 2013)

have demonstrated that former exposure of low dose of

nephrotoxicant induced the facilitation of proliferation in

response to subsequent nephrotoxic dose of nephrotoxi-

cant, resulting in attenuation of AKI. These reports sug-

gest that the facilitation of tubular cell proliferation may

be linked to cytoprotection. It has been reported that the

overexpression of survivin induced acceleration of prolif-

eration in cancer cells (Singh et al. 2015), and that sur-

vivin had a crucial role for the functional and structural

recovery of the kidney from ischemia–reperfusion AKI

model and of a mouse renal proximal tubular cell line

(Chen et al. 2013). The protective role of survivin in cis-

platin- and folic acid-induced AKI has been reported pre-

viously (Kindt et al. 2008). Therefore, it might be

possible that there is a universal relationship between

cytoresistance of tubular cells and cellular recovery with

YAP/survivin expression after AKI.

As previously reported (Iwakura et al. 2016), in the

present study, the PT phenotype returned to a redifferen-

tiated mature state (megalin+/vimentin�/pax2�) as early

as 2 weeks after the first UA insult. Meanwhile, recovery

from tubular cell injury, evaluated by Kim-1 expression,

occurred as early as 2 months after the first UA insult.

Based on these results, it appeared as if PT cells were nor-

malized as early as 2 months after UA insult. However,

the expression of cell cycle-mediating factors did not

return to normal at that point. Recently, we reported that

acquired cytoresistance was associated with enhanced G1

arrest via the modulation of cell cycle-regulating factors

including cyclin D1, p21, and p27 (Iwakura et al. 2016).

In accordance with our previous report, the percentage of

cells exhibiting early G1 arrest (cyclin D1�), among all

G1 phase cells, and the number of p27+ cells in the PT

were higher in the AKI groups than in the vehicle groups

with cytoresistance, and this normalized when cytoresis-

tance was lost. An increase in p21 occurred at day 0 in

the 2w-AKI group, but not in the 2m- and 6m-AKI

groups. It has been reported that p21 overexpression is

renoprotective (Megyesi et al. 2002). Thus, the partial

attenuation of acquired resistance in the 2m-AKI group

might be associated with the normalization of p21 levels.

As YAP expression and PT cell numbers were normalized,

cell cycle-mediating factors such as cyclin D1, p21, and

p27 were also normalized. However, it has been reported

that YAP overexpression induces an increase in cyclin D1

and a reduction in p21/p27, accelerating the proliferation

in human corneal endothelial cells (Hsueh et al. 2015).

In the present in vivo AKI model, it is hypothesized that

there is a mixture of p21/p27+ G1 arrested cells and YAP+
proliferating cells, which depends on the degree and/or

phase of injury after the induction of AKI. Therefore, mak-

ing interpretations based on only the number of cells

expressing cell cycle-regulating factors or YAP positivity is

associated with limitations. Cell cycle-mediating factors are

also controlled by several factors other than YAP (G�erard

and Goldbeter 2014). Moreover, PT cell fate regulated by

YAP expression might be influenced by kidney size relative

to body weight in rats of different ages (Melk et al. 2003).

It has been reported that PT cells that have arrested at

the G2/M phase after the induction of AKI actively release

profibrotic cytokines beyond the tubular basement mem-

brane, which stimulates proliferation and collagen produc-

tion in interstitial fibroblasts (Yang et al. 2010). In the

present study, the percent of G2/M phase cells in PTs in

the 2w- and 2m-AKI groups was higher than that in the

2w- and 2m-vehicle groups, respectively, without an

increased proportion of S phase cells, suggesting that G2/

M arrest was sustained until 2 months after the induction

of AKI. aSMA+ cells were transiently observed around the

PT and were in close proximity to G2/M phase PT cells,

suggesting that G2/M-arrested PT cells can induce collagen

production in aSMA+ myofibroblasts in the UA-induced

AKI model. We found that fibrosis, evaluated by Masson’s

trichrome staining, or interstitial collagen deposition,

assessed by picrosirius red staining, after UA-induced AKI

was reversible and was associated with the transient

Table 4. Summary of serial changes in the degree of cytoresis-

tance in PT cells, the cell number of PT, YAP/survivin expression,

cell cycle status, expression of G1 phase-mediated factors in PT

cells and interstitial fibrosis after UA administration.

Time after primary

UA administration 2 weeks 2 months 6 months

Cytoresistance ↑↑ ↑ ?
Cell number ↑↑ ↑ ?
YAP expression ↑↑ ↑ ?
Survivin expression ↑↑ ↑ ?
G0 phase ? ? ?
G1 phase ? ? ?
S phase ? ? ?
G2/M phase ↑ ↑↑ ?
Cyclin D1 ↓ ↓ ?
Ki67 ↓ ? ?
p21 ↑ ? ?
p27 ↑ ↑ ?
Interstitial fibrosis ↑↑ ↑ ?

?, no significant change; ↑, increase or upregulation; ↓, decrease
or downregulation from steady-state conditions.
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appearance of aSMA+ cells. The reversibility of fibrosis

was previously described in the liver (Liu et al. 2013) and

in a unilateral ureteral obstruction model, based on the

reversal of disease etiology (Cochrane et al. 2005). In the

present AKI model, we confirmed that interstitial fibrosis

is spatiotemporally associated with G2/M phase PT cells

after the induction of AKI. In addition, it was reported

that nuclear YAP expression was associated with produc-

tion of profibrogenic cytokines in the human HK-2 proxi-

mal tubular cell line (Xu et al. 2016), thus regression of

YAP might also contribute to the reversal of fibrosis.

Moreover, other cell types such as infiltrating macrophage

as a profibrogenic cytokine producing cell and pericyte as

a collagen producing cell have been reported as associated

factors of interstitial fibrosis after AKI (Chen et al. 2011;

Khairoun et al. 2013; Kim et al. 2015). Regression of renal

interstitial fibrosis is also an important issue to prevent the

progression of AKI to chronic kidney disease in clinical

settings. Therefore, further studies on the mechanisms

underlying the reversal of fibrosis after AKI are necessary

in relation to the above factors.

In conclusion, upregulation of the Hippo-YAP signaling

pathway in PT cells and its downstream mediator survivin

were associated with cytoresistance in PTs, probably due

to the antiapoptotic effect of survivin, over the course of

tubular recovery after AKI. Overexpression of YAP

induced hyperplasia in PTs, and when this subsided, the

number of PT cells with enhanced cell cycle arrest was

gradually diminished. The current study demonstrates that

PT cytoresistance occurs until the completion of remodel-

ing, in terms of cell number and subcellular integrity.

Since this study is observational, we may caution to draw

any mechanistic conclusion from these experiments.

Acknowledgments

The authors express their gratitude to Kiyoshi Shibata

(Equipment Center, Hamamatsu University School of

Medicine, Hamamatsu, Japan) for his valuable assistance

with technical support.

Conflict of Interest

None declared.

References

Altieri, D. C. 2010. Survivin and IAP proteins in cell-death

mechanisms. Biochem. J. 430:199–205.
Campbell, K. N., J. S. Wong, R. Gupta, K. Asanuma,

M. Sudol, J. C. He, et al. 2013. Yes-associated protein (YAP)

promotes cell survival by inhibiting proapoptotic dendrin

signaling. J. Biol. Chem. 288:17057–17062.

Chen, Y. T., F. C. Chang, C. F. Wu, Y. H. Chou, H. L. Hsu,

W. C. Chiang, et al. 2011. Platelet-derived growth factor

receptor signaling activates pericyte-myofibroblast transition

in obstructive and post-ischemic kidney fibrosis. Kidney Int.

80:1170–1181.
Chen, J., J. K. Chen, E. M. Conway, and R. C. Harris. 2013.

Survivin mediates renal proximal tubule recovery from AKI.

J. Am. Soc. Nephrol. 24:2023–2033.
Cochrane, A. L., M. M. Kett, C. S. Samuel, N. V. Campanale,

W. P. Anderson, D. A. Hume, et al. 2005. Renal structural

and functional repair in a mouse model of reversal of

ureteral obstruction. J. Am. Soc. Nephrol. 16:3623–3630.
Crissman, H. A., Z. Darzynkiewicz, R. A. Tobey, and J. A.

Steinkamp. 1985. Correlated measurements of DNA, RNA,

and protein in individual cells by flow cytometry. Science

228:1321–1324.
Dong, J., G. Feldmann, J. Huang, S. Wu, N. Zhang, S. A.

Comerford, et al. 2007. Elucidation of a universal size-control

mechanism in Drosophila and mammals. Cell 130:1120–1133.

Elliott, W. C., D. C. Houghton, D. N. Gilbert, and J. Baines-

Hunter. 1982. Bennett Gentamicin nephrotoxicity WM. I.

Degree and permanence of acquired insensitivity. J. Lab.

Clin. Med. 100:501–512.

Fujigaki, Y., M. Sakakima, Y. Sun, T. Fujikura, T. Tsuji,

H. Yasuda, et al. 2009. Cell division and phenotypic regression

of proximal tubular cells in response to uranyl acetate insult in

rats. Nephrol. Dial. Transplant. 24:2686–2692.

Fujikura, T., A. Togawa, Y. Sun, T. Iwakura, H. Yasuda, and

Y. Fujigaki. 2013. Dephosphorylated Ser985 of c-Met is

associated with acquired resistance to rechallenge injury in

rats that had recovered from uranyl acetate induced

subclinical renal damage. Clin. Exp. Nephrol. 17:504–514.
Furuya, R., H. Kumagai, and A. Hishida. 1997. Acquired

resistance to rechallenge injury with uranyl acetate in LLC-

PK1 cells. J. Lab. Clin. Med. 129:347–355.

G�erard, C., and A. Goldbeter. 2014. The balance between cell

cycle arrest and cell proliferation: control by the

extracellular matrix and by contact inhibition. Interface

Focus 4:20130075.

Grijalva, J. L., M. Huizenga, K. Mueller, S. Rodriguez,

J. Brazzo, F. Camargo, et al. 2014. Dynamic alterations in

Hippo signaling pathway and YAP activation during liver

regeneration. Am. J. Physiol. Gastrointest. Liver Physiol.

307:G196–G204.

Honda, N., A. Hishida, K. Ikuma, and K. Yonemura. 1987.

Acquired resistance to acute renal failure. Kidney Int.

31:1233–1238.
Hsueh, Y. J., H. C. Chen, S. E. Wu, T. K. Wang, J. K. Chen,

and D. H. Ma. 2015. Lysophosphatidic acid induces YAP-

promoted proliferation of human corneal endothelial cells

via PI3K and ROCK pathways. Mol. Ther. Methods Clin.

Dev. 2:15014.

Islami, A. H., G. T. Pack, M. K. Schwartzartz, and E. R. Smith.

1959. Regenerative hyperplasia of the liver following major

ª 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.

2017 | Vol. 5 | Iss. 11 | e13310
Page 13

T. Iwakura et al. Hippo-YAP Pathway and Acquired Cytoresistance in AKI



hepatectomy; chemical analysis of the regenerated liver and

comparative nuclear counts. Ann. Surg. 150:85–89.

Isobe, S., N. Ohashi, S. Ishigaki, T. Tsuji, Y. Sakao, A. Kato,

et al. 2016. Augmented circadian rhythm of the intrarenal

renin-angiotensin systems in anti-thymocyte serum nephritis

rats. Hypertens. Res. 39:312–320.
Iwakura, T., Y. Fujigaki, T. Fujikura, N. Ohashi, A. Kato, and

H. Yasuda. 2014. A high ratio of G1 to G0 phase cells and

an accumulation of G1 phase cells before S phase

progression after injurious stimuli in the proximal tubule.

Physiol Rep 2:e12173.

Iwakura, T., Y. Fujigaki, T. Fujikura, N. Ohashi, A. Kato, and

H. Yasuda. 2016. Acquired resistance to rechallenge injury

after acute kidney injury in rats is associated with cell cycle

arrest in proximal tubule cells. Am. J. Physiol. Renal

Physiol. 310:F872–F884.
Kapitsinou, P. P., and V. H. Haase. 2015. Molecular

mechanisms of ischemic preconditioning in the kidney. Am.

J. Physiol. Renal Physiol. 309:F821–F834.

Khairoun, M., P. van der Pol, D. K. de Vries, E. Lievers,

N. Schlagwein, H. C. de Boer, et al. 2013. Renal ischemia-

reperfusion induces a dysbalance of angiopoietins,

accompanied by proliferation of pericytes and fibrosis. Am.

J. Physiol. Renal Physiol. 305:F901–F910.
Kim, M. G., S. C. Kim, Y. S. Ko, H. Y. Lee, S. K. Jo, and W.

Cho. 2015. The Role of M2 Macrophages in the Progression

of Chronic Kidney Disease following Acute Kidney Injury.

PLoS ONE 10:e0143961.

Kindt, N., A. Menzebach, M. Van de Wouwer, I. Betz, A. De

Vriese, and E. M. Conway. 2008. Protective role of the

inhibitor of apoptosis protein, survivin, in toxin-induced

acute renal failure. FASEB J. 22:510–521.
Korrapati, M. C., E. A. Lock, and H. M. Mehendale. 2005.

Molecular mechanisms of enhanced renal cell division in

protection against S-1,2-dichlorovinyl-L-cysteine-induced

acute renal failure and death. Am. J. Physiol. Renal Physiol.

289:F175–F185.

Korrapati, M. C., J. Chilakapati, E. A. Lock, J. R. Latendresse,

A. Warbritton, and H. M. Mehendale. 2006. Preplaced cell

division: a critical mechanism of autoprotection against S-

1,2-dichlorovinyl-L-cysteine-induced acute renal failure and

death in mice. Am. J. Physiol. Renal Physiol. 291:F439–

F455.

Lash, L. H., D. A. Putt, and R. K. Zalups. 2001. Biochemical

and functional characteristicsofculturedrenalep

ithelialcellsfromuninephrectomizedrats:factors influencing

nephrotoxicity. J. Pharmacol. Exp. Ther. 296:243–251.
Liu, X., J. Xu, D. A. Brenner, and T. Kisseleva. 2013.

Reversibility of liver fibrosis and inactivation of fibrogenic

myofibroblasts. Curr. Pathobiol. Rep. 1:209–214.

Megyesi, J., L. Andrade, J. M. Jr. Vieira, R. L. Safirstein, P. M.

Price. 2002. Coordination of the cell cycle is an important

determinant of the syndrome of acute renal failure. Am. J.

Physiol. Renal Physiol. 283:F810–F816.

Melk, A., W. Kittikowit, I. Sandhu, K. M. Halloran, P. Grimm,

B. M. Schmidt, et al. 2003. Cell senescence in rat kidneys

in vivo increases with growth and age despite lack of

telomere shortening. Kidney Int. 63:2134–2143.
Miyaji, T., A. Kato, H. Yasuda, Y. Fujigaki, and A. Hishida.

2001. Role of the increase in p21 in cisplatin-induced acute

renal failure in rats. J. Am. Soc. Nephrol. 12:900–908.

Mizuno, S., K. Fujita, R. Furuy, A. Hishid, H. Ito, Y. Tashim,

et al. 1997. Association of HSP73 with the acquired

resistance to uranyl acetate induced acute renal failure.

Toxicology 117:183–191.

Nowak, G., D. F. Grant, and J. H. Moran. 2004. Linoleic acid

epoxide promotes the maintenance of mitochondrial

function and active Na+ transport following hypoxia.

Toxicol. Lett. 147:161–175.

Nowak, G., D. Bakajsova, C. Hayes, M. Hauer-Jensen, and

C. M. Compadre. 2012. c-Tocotrienol protects against

mitochondrial dysfunction and renal cell death.

J. Pharmacol. Exp. Ther. 340:330–338.

Sano, K., Y. Fujigaki, T. Miyaji, N. Ikegaya, K. Ohishi,

K. Yonemura, et al. 2000. Role of apoptosis in uranyl

acetate-induced acute renal failure and acquired resistance

to uranyl acetate. Kidney Int. 57:1560–1570.

Singh, N., S. Krishnakumar, R. K. Kanwar, C. H. Cheung, and

J. R. Kanwar. 2015. Clinical aspects for survivin: a crucial

molecule for targeting drug-resistant cancers. Drug Discov.

Today 20:578–587.

Sun, Y., Y. Fujigaki, M. Sakakima, and A. Hishida. 2010.

Acquired resistance to rechallenge injury in rats recovered

from subclinical renal damage with uranyl acetate—

importance of proliferative activity of tubular cells. Toxicol.

Appl. Pharmacol. 243:104–110.
Sun, Y., Y. Fujigaki, M. Sakakima, T. Fujikura, A. Togawa,

Y. Huang, et al. 2011. Acquired resistance to rechallenge

injury in rats that recovered from mild renal damage induced

by uranyl acetate: accelerated proliferation and hepatocyte

growth factor/c-Met axis. Clin. Exp. Nephrol. 15:666–675.
Vaidya, V. S., K. Shankar, E. A. Lock, T. J. Bucci, and H. M.

Mehendale. 2003. Role of tissue repair in survival from

S-(1,2-dichlorovinyl)-L-cysteine-induced acute renal tubular

necrosis in the mouse. Toxicol. Sci. 74:215–227.
Xu, J., P. X. Li, J. Wu, Y. J. Gao, M. X. Yin, Y. Lin, et al.

2016. Involvement of the Hippo pathway in regeneration

and fibrogenesis after ischaemic acute kidney injury: YAP is

the key effector. Clin. Sci. (Lond.) 130:349–363.
Yang, L., T. Y. Besschetnova, C. R. Brooks, J. V. Shah, and

J. V. Bonventre. 2010. Epithelial cell cycle arrest in G2/M

mediates kidney fibrosis after injury. Nat. Med. 16:535–543.

Yu, F. X., and K. L. Guan. 2013. The Hippo pathway:

regulators and regulations. Genes Dev. 27:355–371.

2017 | Vol. 5 | Iss. 11 | e13310
Page 14

ª 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Hippo-YAP Pathway and Acquired Cytoresistance in AKI T. Iwakura et al.


