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Abstract

Background: Acute kidney injury (AKI) has grave short- and long-term consequences. Often the onset of AKI is predictable,
such as following surgery that compromises blood flow to the kidney. Even in such situations, present therapies cannot
prevent AKI. As apoptosis is a major form of cell death following AKI, we determined the efficacy and mechanisms of action
of tauroursodeoxycholic acid (TUDCA), a molecule with potent anti-apoptotic and pro-survival properties, in prevention of
AKI in rat and cell culture models. TUDCA is particularly attractive from a translational standpoint, as it has a proven safety
record in animals and humans.

Methodology/Principal Findings: We chose an ischemia-reperfusion model in rats to simulate AKI in native kidneys, and a
human kidney cell culture model to simulate AKI associated with cryopreservation in transplanted kidneys. TUDCA
significantly ameliorated AKI in the test models due to inhibition of the mitochondrial pathway of apoptosis and
upregulation of survival pathways.

Conclusions: This study sets the stage for testing TUDCA in future clinical trials for prevention of AKI, an area that needs
urgent attention due to lack of effective therapies.
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Introduction

Kidneys are acutely injured when deprived of nutrients and

exposed to nephrotoxins. Acute kidney injury (AKI) has reached

epidemic proportions and has grave short- and long-term

consequences on patient health and cost of care [1]. Even kidneys

that regain normal function following AKI have persistent

maladaptive alterations that may result in a higher incidence of

hypertension and chronic kidney disease [2–5]. Even in situations

where the onset of AKI is predictable, such as perioperative kidney

injury, none of the current therapies can prevent AKI. Thus, there

is a critical need to develop therapies for the prevention of AKI.

Following acute kidney injury, cells die either immediately by

necrosis or over hours to days by apoptosis, or programmed cell

death. Cells under stress resist death by upregulating survival

pathways. AKI can be prevented under experimental conditions

by upregulating survival pathways by pro-survival molecules such

as Survivin [6] or by ischemic preconditioning [7,8]. Similarly,

anti-apoptotic molecules have been shown to prevent AKI in

animal models [9,10]. However, these experimental approaches

are limited in their translational potential by toxicity. Therefore,

an ideal therapy for prevention of AKI should be nontoxic, pro-

survival, and anti-apoptotic.

The liver may provide clues for developing such a therapy for

AKI. Liver cells are exposed to toxic compounds and have well-

developed cytoprotective mechanisms. Of the known mechanisms,

protection by ursodeoxycholic acid (UDCA) and its taurine

conjugate, tauroursodeoxycholic acid (TUDCA), has been well

studied. U/TUDCA prevent cell death by stabilizing the cell

membranes, inhibiting apoptosis, and upregulating survival

pathways [11–15]. Furthermore, protection by U/TUDCA

extends beyond liver to other cells in the body [16–18]. For

example, hibernating animals such as black bears have high blood

levels of UDCA, which prevents cell death under low nutrient

conditions encountered during long periods of hibernation

[19,20]. In contrast, humans have very low blood levels of

UDCA. Black bear bile has been used in traditional Chinese

medicine for more than 3000 years; and western medicine is
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increasingly recognizing the therapeutic value of U/TUDCA. U/

TUDCA have been used effectively for treating human liver

diseases [21–26], usually at dosages up to 20 mg/kg/day orally for

long periods. In experimental models of acute injury such as

myocardial infarction [16], stroke [17,18], and spinal cord injury

[27–29], dosages as high as 500 mg/kg/day were administered

intraperitonially or intravenously as single or short period

injections. Furthermore, several studies have shown U/TUDCA

to be safe for animal [16,18,29,30] and human applications

[22,31], making them attractive molecules from a translational

standpoint.

AKI is often predictable in clinical situations such as following

surgery; exposure to nephrotoxic medications; and donor

nephrectomy during cryopreservation. However, none of the

current therapies can prevent AKI. Our vision in planning these

studies was to develop a therapy with high translational potential

that can be administered for prevention of AKI. Thus in this study

we tested our hypothesis that TUDCA can prevent AKI. We

chose TUDCA over UDCA because of its higher solubility at

physiological pH, a characteristic that permits rapid parenteral

administration in high doses and avoids precipitation during

cryopreservation of donor kidneys. Accordingly, in this study we

determined the efficacy and mechanisms of action of TUDCA in a

rat model of AKI and a human kidney cell culture model of

cryopreservation injury.

Results

In vivo Experiments
Functional protection. Rats were given 400 mg/kg/day of

TUDCA or equal volume of vehicle from three days before until

five days following the induction of AKI. Renal function was

determined by daily measurements of blood urea levels. Rats in

the TUDCA group had significantly less elevation in blood urea

levels on days 1 (p,0.001) and 2 (p,0.01) following AKI as

compared to those in the vehicle group (Figure 1). Although on

days 3–5 blood urea was lower in the TUDCA-treated rats, the

difference was not statistically significant. Interestingly, the blood

urea continued to decline in the TUDCA-treated group until the

day of euthanasia (day 5), while it stabilized above baseline in the

vehicle-treated group.

Structural protection. Kidneys were harvested five days

following the induction of ischemic AKI. Many proximal tubules

from the deep cortex (Figure 2A, a) had significant injury in

vehicle-treated rats; in contrast, TUDCA-treated rats had minimal

injury (Figure 2A, b). There was significantly less injury in the

superficial (p,0.05) and deep (p,0.001) cortex in TUDCA-treated

rats as compared to the vehicle-treated rats (Figure 2B). There

were no differences in the medulla or papilla (data not shown).

Protection against apoptosis. As TUDCA is a potent anti-

apoptotic molecule, we quantified cells undergoing apoptosis in

kidney sections by the transferase mediated deoxyuridine triphos-

phate (dUTP)-digoxigenin nick-end labeling (TUNEL) assay

(Figure 3A and B). There were significantly less TUNEL-positive

cells in the superficial and deep cortices (p,0.05) and outer strip of

the outer medulla (p,0.001) in the TUDCA-treated rats as

compared to the vehicle-treated rats (Figure 3B). The apoptotic

cells were exclusively limited to the proximal tubules, which were

identified by morphology in the periodic acid Schiff stain (PAS)

stained sections.

Apoptosis pathway analysis. We determined activation of

the mitochondrial, death-receptor, and endoplasmic reticulum

(ER)-stress pathways of apoptosis by Western blot analysis for

active caspase-9, caspase-8, and caspase-12, respectively. Activa-

tion of caspase-9 was significantly inhibited by TUDCA (p,0.01)

(Figure 4); and the results were confirmed by densitometry using b-

actin as the loading control. Interestingly, there was no significant

difference in the activation of caspase-8 and caspase-12 between

the TUDCA- and vehicle-treated rats.

Survival pathway analysis. Extracellular regulated kinase

1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), and p38, which

are the key components of mitogen-activated protein kinase

(MAPK) survival pathway, were analyzed by Western blot. There

was increased activation of ERK1/2 in the TUDCA group,

although without statistical significance, when compared with

controls (Figure 5). No difference was detected in the amount of p-

JNK and p-p38 between the two groups.

Cell Culture Experiments
Toxicity studies of TUDCA. We treated human renal

proximal tubular epithelial cells (RPTE) cells with different

concentrations of TUDCA, and performed cytotoxicity and

viability assays. TUDCA in concentrations from 15 to 600 mM

did not cause cytotoxicity; only 1200 mM of TUDCA was

cytotoxic (p,0.05) (Figure 6A). None of the tested concentrations

of TUDCA decreased cell viability (Figure 6B). We chose

concentrations up to 600 mM of TUDCA for subsequent

experiments.

Protection against apoptosis. We determined activation of

the final common pathway of apoptosis by caspase-3 activity assay.

Cryopreservation injury significantly activated caspase-3 in RPTE

cells (p,0.01), which was significantly inhibited by 150–600 mM of

TUDCA in a dose-dependent fashion (p,0.05) (Figure 7A).

Figure 1. Functional protection against AKI by TUDCA. Daily
administration of 400 mg/kg of TUDCA protected against ischemic AKI.
Renal function was determined by daily measurement of blood urea.
Rats that received TUDCA (squares) had significantly less elevation in
blood urea levels on day 1 and day 2 following ischemia-reperfusion
injury as compared to rats that received vehicle (circles) (p,0.01).
Similarly, on days 3–5, blood urea levels continued to remain lower in
the TUDCA-treated rats; however, the difference was not statistically
significant. Results are expressed as mean 6 standard deviation of a
least 3 different animals in each group. *p,0.001 and 1p,0.01 from day
0.
doi:10.1371/journal.pone.0048950.g001

Prevention of AKI by TUDCA
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Figure 2. Protection against AKI-induced histological damage
by TUDCA. A, Representative PAS stained images from deep cortex
from animals that received vehicle control (a) or TUDCA (b). B, Animals
that received TUDCA as compared to controls, showed significantly less
damage in the deep cortex where the S3 segment is located. Results are
expressed as mean 6 standard deviation of a least 3 different animals in
each group. *p,0.001 and {p,0.05 from vehicle-injected controls.
doi:10.1371/journal.pone.0048950.g002

Figure 3. Protection against AKI-induced apoptosis by TUDCA.
A, Representative images from cortico-medullary junction from vehicle
(a; control) and TUDCA-treated (b) groups. Brown staining and arrows
identify TUNEL-positive cells. B, There were significantly less TUNEL-
positive cells in the TUDCA-treated group as compared to the vehicle-
treated (control) group in the cortex (p,0.05) and outer strip of the
outer medulla (p,0.001). Results are expressed as mean 6 standard

Prevention of AKI by TUDCA
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Activation of the mitochondrial pathway of apoptosis was

determined via caspase-9 activity assay (Figure 7B). Cryopreser-

vation injury consistently activated caspase-9 in RPTE cells

(p,0.01), which was significantly inhibited by 100 and 150 mM

of TUDCA (p,0.05). Next, we determined the activation of death

receptor and ER-stress pathways of apoptosis by performing

Western blot analysis for caspase-8 and procaspase-12 (Figure 7C).

There was no activation of procaspase-8 and procaspase-12 in our

model of cryopreservation injury, and TUDCA had no effect on

the activation. Thus, TUDCA protected against cryopreservation

injury by inhibiting the mitochondrial pathway of apoptosis.

Survival pathway analysis. We performed Western blot

analysis for active forms of the MAPKs (ERK, JNK, and p38) to

determine activation of survival pathways. Treatment with 100

and 150 mM of TUDCA activated ERK1/2 (Figure 8; p,0.05

and p,0.01, respectively); however, there was no effect of

TUDCA on JNK or p38 (data not shown). Thus, upregulation

of ERK1/2 by TUDCA contributed to protection against

cryopreservation injury.

Discussion

This is the first study to determine the protective properties of

TUDCA against AKI and sets the stage for developing relevant

therapies for clinical use. We chose two models of AKI to simulate

commonly encountered clinical scenarios: 1) the warm ischemia

reperfusion model of AKI in rats recapitulates clinical AKI in the

native kidney due to poor perfusion; and 2) the cellular model of

cryopreservation injury recapitulates cryopreservation-associated

AKI in the donor kidney. We preferred a cellular model to in vivo

models of cryopreservation injury to prevent systemic and donor

factors such as immunity, inflammation, and donor age from

confounding the results.

deviation of a least 3 different animals in each group. *p,0.001 and
{p,0.05 from vehicle-injected controls.
doi:10.1371/journal.pone.0048950.g003

Figure 4. Apoptosis pathway analysis. TUDCA treatment significantly blocked activation of caspase-9 following AKI as compared to vehicle
treatment (rats 1, 2, and 3) (top panel). There was no difference in the activation of caspase-8 and caspase-12 between the TUDCA- and vehicle-
treated rats. Densitometry analysis of cleaved caspase-9 normalized for b-actin (lower panel). When densitometry results for caspase-9 were
compared between the TUDCA- and vehicle-treated groups, there was significantly less (p,0.01) activation of caspase-9 in the TUDCA group. Results
are expressed as mean 6 standard deviation of a least 3 different animals in each group. 1p,0.01 from vehicle-injected controls.
doi:10.1371/journal.pone.0048950.g004

Prevention of AKI by TUDCA
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Warm ischemia reperfusion injury for 45 minutes at 37uC
produced a very consistent injury in the rat model. The peak rise

in blood urea occurred 24 hours following bilateral renal artery

clamping in both the vehicle- and TUDCA-treated rats. As

compared to rats treated with vehicle, rats treated with TUDCA

had significantly less peak elevation in blood urea following AKI.

Blood urea values subsequently declined until day 4, when they

plateaued in the vehicle group, while continued to improve in the

TUDCA group until the day of euthanasia. Thus, TUDCA

reduced the severity of AKI without postponing its onset.

The functional protection against AKI by TUDCA was

supported by less severe histological injury seen in kidneys of

TUDCA-treated rats. The deep cortex, where the S3 segment of

the proximal tubule is located and which sustains maximum injury

following ischemia-reperfusion, was better preserved in the

TUDCA group. Furthermore, like several published studies in

other organs, TUDCA provided protection against apoptosis

following AKI. There were significantly less TUNEL-positive cells

in the superficial and deep cortices and in the outer strip of the

outer medulla in the TUDCA-treated rats as compared to the

vehicle-treated rats. Based on the morphological appearance, the

TUNEL-positive cells were present exclusively in the proximal

tubules. We did not find apoptotic cells in the distal tubules

following AKI as reported by other investigators [32,33]. Thus,

Figure 5. Survival pathway analysis. TUDCA treatment upregu-
lated ERK1/2 following ischemia-reperfusion injury to the kidney in rats
(top panel); however, there was no statistical significant difefrence as
compared to the vehicle-treated rats (top panel). There was no
difference in JNK and p38 proteins between the TUDCA and vehicle
groups. Densitometry analysis of ERK1/2 in each rat in the TUDCA group
were compared with those in the vehicle group (lower panel); the
difference was not significant (p = 0.29). Results are expressed as mean
6 standard deviation of a least 3 different animals in each group.
doi:10.1371/journal.pone.0048950.g005

Figure 6. Cytotoxicity studies of TUDCA in primary human
RPTE cells. Cells were treated with either vehicle (control) or 15 to
1200 mM of TUDCA for 24 hours. A, TUDCA was not cytotoxic in
concentrations from 15 to 600 mM. Significant cytotoxicity was seen
only with 1200 mM of TUDCA, as compared to the vehicle (p,0.05). B,
TUDCA did not decrease cell viability in all the tested concentrations
from 15 mM to 1200 mM. Results are expressed as mean 6 standard
deviation. All experiments were performed in triplicate. {p,0.05 from
vehicle-treated control.
doi:10.1371/journal.pone.0048950.g006

Prevention of AKI by TUDCA
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these results were consistent with the published studies on the

protection by TUDCA against acute injury in animal models of

stroke and spinal cord injury [18,29]. It would also be interesting

to test the protective effect of TUDCA in non-hemodynamic

injury-mediated AKI.

Activation of caspase-9, which represents the mitochondrial

pathway of apoptosis, was significantly inhibited by TUDCA

following AKI. TUDCA has been shown to inhibit the mitochon-

drial pathway of apoptosis in primary hepatocytes, neurons, and in

animal models of ischemic injury such as stroke [15,17,18,34].

Similar to the mitochondrial pathway of apoptosis, the ER-stress

pathway of apoptosis plays an important role in the pathogenesis

of glomerular, tubular, and interstitial kidney diseases [35]. In

particular, following ischemic kidney injury, investigators have

shown activation of the ER-stress pathway of apoptosis and

Figure 7. Caspase activation following cryoinjury and treat-
ment with TUDCA in primary human RPTE cells. A, Caspase-3
activity following cryoinjury in RPTE cells treated with either vehicle or
different concentrations of TUDCA. Caspase-3 activity in cryoinjured
RPTE cells was compared with that in uninjured RPTE cells. There was

signficant activation of caspase-3 following cryoinjury (p,0.05), which
was significantly inhibited by 150–600 mM of TUDCA in a dose-
dependent fashion. 15 mM of TUDCA did not inhibit activation of
caspase-3 following cryoinjury. B, Caspase-9 activity following cryoinjury
in RPTE cells treated with either vehicle or different concentrations of
TUDCA. There was statistically significant increased caspase-9 activity in
cryoinjured cells as compared to uninjured cells (p,0.05). Both 100 and
150 mM of TUDCA significantly decreased caspase-9 activity. C, Caspase-
8 and caspase-12 analysis following cryoinjury in RPTE cells treated with
either vehicle or different concentrations of TUDCA. There was no
difference in the amount of caspase-8 and procaspase-12 between the
uninjured and cryoinjured cells treated with vehicle or TUDCA. Results
are expressed as mean 6 standard deviation. All experiments were
performed in triplicate. {p,0.05 from vehicle-treated control. Cryo,
cryoinjury.
doi:10.1371/journal.pone.0048950.g007

Figure 8. Survival pathway analysis following cryoinjury and
treatment with TUDCA in primary human RPTE cells. Phosphor-
ylated ERK1/2 protein in cryoinjured cells that were treated with either
vehicle (control) or 100 mM or 150 mM TUDCA as compared to
uninjured cells (top panel). There was no difference in the amount of
phosphorylated ERK1/2 between uninjured and cryoinjured cells
treated with vehicle. Densitometry analysis of phosphorylated ERK1/2
(lower panel). Results are expressed as mean 6 standard deviation. All
experiments were performed in triplicate. 1p,0.01 and {p,0.05 from
vehicle-treated control. Cryo, cryoinjury.
doi:10.1371/journal.pone.0048950.g008

Prevention of AKI by TUDCA
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protection by its inhibitors [36,37]. In contrast to the mitochon-

drial pathway, in our model, TUDCA did not have any effect on

the ER-stress and death receptor pathways of apoptosis. This is

somewhat surprising in light of recent studies demonstrating the

ability of TUDCA to reduce ER-stress induced caspase-12

activation [13,38–41].

MAPKs constitute important survival pathways in response to

several stimuli in mammals, which include JNK, p38, and ERK.

Activation of JNK and p38 has been shown to facilitate cell death,

while that of ERK1/2 to promote cell survival following acute

injury [42]. Furthermore, ischemic preconditioning of kidneys,

which is protective against AKI, acts through activation of ERK1/

2 [43]. TUDCA has been shown to inhibit apoptosis in

hepatocytes and following acute stroke in rats by activating

survival pathways [15,17]. In our model of AKI, TUDCA

increased ERK1/2 levels in two out of three rats. TUDCA had

no effect on JNK and p38 pathways. Although this finding is

encouraging, it needs further confirmation before one can

conclude that activation of ERK1/2 by TUDCA following AKI

plays a protective role.

Similar to native kidneys, AKI in the donor kidney is a

significant clinical problem. Cessation of blood supply following

harvesting results in AKI. To minimize this risk, donor kidneys are

currently cryopreserved in specialized solutions such as University

of Wisconsin solution. Although a major advancement in the field,

the current cryopreservation techniques still results in significant

graft injury [44]. Cryopreservation injury to the donor kidney

leads to increased incidence of delayed graft function, acute and

chronic rejection, and poor short- and long-term graft outcome

[45–49]. Furthermore, the current cryopreservation time in the

USA has remained long at approximately 21 hours. Therefore,

there is a pressing need to improve the current cryopreservation

techniques. The current studies were performed to set the stage for

developing improved cryopreservation solutions for clinical use.

Kidney cells die by necrosis during cryopreservation and by

apoptosis during warm reperfusion following transplantation [50].

There is activation of apoptosis pathways during cryopreservation

[51], and survival pathways play an important role in resisting cell

death [52–54]. Furthermore, TUDCA has been shown to reduce

structural injury to human livers following cryopreservation;

however, in this study, the mechanism of protection was not

studied [22].

In the current study, we investigated the efficacy and

mechanisms of action of TUDCA against cryopreservation injury.

TUDCA was not cytotoxic to RPTE cells in concentrations up to

600 mM and it did not decrease cell viability in all the tested

concentrations. Although TUDCA has been shown to be safe in

concentrations ranging from 100 nM up to 5 mM in cell culture

experiments, most studies have studied 100 to 500 mM of TUDCA

[34,38–40,55]. Our chosen concentrations of 100 and 150 mM of

TUDCA were similar to those used by other investigators.

Caspase-3 is activated following cryopreservation of cells and

caspase inhibitor provides protection [56]. Similar to the published

literature, caspase-3 was consistently activated following cryopres-

ervation injury to the RPTE cells, and was inhibited by TUDCA

in a dose-dependent fashion. Similarly, there was activation of

mitochondrial pathway of apoptosis in our model of cryopreser-

vation injury, and 100 and 150 mM of TUDCA provided

protection [57–60]. This is an advancement of the previously

known anti-apoptotic properties of TUDCA in models of warm

ischemia-reperfusion injury [16,61]. Unlike the mitochondrial

pathway of apoptosis, there was no activation of the ER-stress and

death receptor pathway of apoptosis following cryopreservation

injury. Further, ERK1/2 survival pathways were activated by both

100 and 150 mM of TUDCA following cryopreservation injury to

the RPTE cells, similarly to upregulation of ERK1/2 seen in two

of three rats in the in vivo model of AKI. This is the first report of

activation of ERK1/2 pathways by TUDCA following cryopres-

ervation injury. Much like in the in vivo model, there was no effect

of TUDCA on JNK and p38 pathways following cryopreservation

injury.

In conclusion, TUDCA was protective in the rat model of

ischemia-reperfusion induced AKI and cellular model of cryo-

preservation injury. It provided protection in the tested models of

AKI by inhibiting the mitochondrial pathway of apoptosis and

upregulating ERK1/2 survival pathways. Results of this study and

a proven safety profile of TUDCA in humans will open the door

for conducting human feasibility studies in patients with AKI, an

important area of investigation that currently lacks effective

therapy. We anticipate administration of TUDCA prior to

precipitating events will prevent AKI in humans.

Materials and Methods

Ethics Statement
All animal work was approved by the Institutional Animal Care

and Use Committee at the University of Minnesota (Minneapolis,

MN) and received humane care according to the criteria outlined

in the ‘‘Guide for the Care and Use of Laboratory Animals’’

prepared by the National Academy of Sciences and published by

the National Institutes of Health (NIH publication 86-23; revised

1985).

Materials
Normal human RPTE cells were purchased from Lonza Inc.

(Walkersville, MD). The University of Wisconsin solution was

obtained from BTL solutions LLC (Columbia, SC). TUDCA and

Cell Lytic MT Mammalian Tissue Lysis/Extraction Reagent were

purchased from Sigma (St Louis, MO). Protease Inhibitor Cocktail

and Bicinchoninic Acid Protein Assay kits were purchased from

Pierce Biotechnology Inc (Rockford, IL). 12% Tris-HCl sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

pre-cast gel was obtained from Bio-Rad Laboratories Inc

(Hercules, CA). Amersham Hybond ECL nitrocellulose mem-

brane, Amersham hyperfilm and peroxidase-labeled anti-mouse/

rabbit IgG were purchased from GE Healthcare (Waukesha, WI).

Anti-phospho-ERK1/2 antibody was purchased from New

England BioLabs (Boston, MA); anti-phospho-p38 and anti-

phospho-JNK from Santa Cruz Biotechnology Inc. (Santa Cruz,

CA); anti-caspase-8 and anti-caspase-12 from BioVision Inc.

(Mountainview, CA); anti-caspase-9 antibody from Enzo Life

Sciences (Plymouth Meeting, PA); and anti-mouse b-actin from

Calbiochem (Spring Valley,CA). SuperSignal West Femto Max-

imum Sensitivity Substrate Kit was from Thermo Fisher Scientific

(Waltham, MA). MultiTox-Glo Multiplex Cytotoxicity Assay and

Caspase-9 Glo Assay kits were purchased from Promega Corp.

(Madison, WI). Apo-OneH Homogeneous Caspase-3/7 Assay kit

and Caspase-9 Assay kit were purchased from Promega (Madison,

WI). Male Sprague Dawley rats were purchased from Harlan

Laboratories (Indianapolis, IN). QuantiChromTM Urea Assay kit

was purchased from BioAssay Systems (Hayward, CA), APO-

DIRECTTM kit was purchased from BD Pharmingen (San

Diego,CA). Reflex Clips Applier and Reflex 9 mm Clips were

obtained from World Precision Instruments, Inc (Sarasota, FL). 4-

0 absorbable sutures were purchased from Ethicon, Johnson and

Johnson (Somerville, NJ).

Prevention of AKI by TUDCA
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In vivo Experiments
Rat model of AKI. All experiments were performed in

accordance with the Institutional Animal Care and Use Committee.

Six to eight week old Sprague-Dawley rats were anaesthetized by

isoflurane gas, a midline abdominal incision was made, and bilateral

renal pedicles were clamped for 45 minutes maintaining body

temperature at 37uC. After removing the clamps, abdomen was closed

in two layers by using 4-0 absorbable sutures and Reflex 9 mm clips.

Blood samples were obtained daily by tail vein puncture. Blood urea

levels were measured by the improved Jung method using the

QuantiChromTM Urea Assay Kit as per manufacturer’s protocol.

Kidneys were harvested five days following surgery.

Administration of TUDCA. 200 mg/ml of TUDCA (Sigma)

was dissolved in phosphate buffered saline at pH 7.5. 400 mg/kg of

TUDCA or equal volume of vehicle was administered to rats by daily

intraperitoneal injection from three days prior to surgery (day 3) to five

days (day 5) following surgery. The TUDCA dose was based on

previous studies [17,18] and its solubility at physiological pH.

Histology and TUNEL assay. 4% paraformaldehyde-fixed,

paraffin-embedded 5 mm kidney sections were stained with PAS

stain using standard methods. Histological examination was

performed by a renal pathologist in a blinded fashion. Histological

injury was scored based on the percentage of tubular cell necrosis,

dilation, and cell detachment as per published protocol [62]. In

brief, the following criteria were used: 0, no abnormality; 1+,

changes affecting less than 25% of sample; 2+, changes affecting

25%–50%; 3+, changes affecting 50%–75%; and 4+, changes

affecting .75% of the sample. Apoptotic cells were detected by

TUNEL assay using APO-DIRECTTM kit as per manufacturer’s

protocol. The average injury score and percentage of TUNEL-

positive cells from the renal cortex (superficial and deep), medulla

(outer and inner), and papilla were counted and calculated

separately and averaged to obtain the total score. At least 10 fields

(under X 200 magnification) were reviewed at each location.

Cell Culture Experiments
Cell culture. RPTE cells were grown in Renal Epithelial Cell

Basal Medium (REBM) with full supplements at 37uC in 5% CO2

incubator as per supplier’s instructions. RPTE cells were able to

proliferate for 6–8 passages under the culture conditions.

Cryopreservation injury. We have utilized a published cell

culture model of cryopreservation injury [51,63]. In brief, RPTE

cells were grown to 80% confluence in the complete medium

containing TUDCA or vehicle. The complete medium was then

replaced with UW solution containing TUDCA or vehicle. The

culture plates were subsequently incubated in a temperature-

regulated refrigerator at 4uC for 48 hours. To simulate warm

reperfusion phase of kidney transplantation, UW solution was

replaced with complete medium containing TUDCA or vehicle,

and cells were cultured for an additional 24 hours at 37uC. We

used 100 or 150 mM TUDCA for these experiments.

Viability and cytotoxicity assays. Cytotoxicity and viability

were determined using MultiTox-Glo Multiplex Cytotoxicity

Assay kit as per manufacturer’s protocols. RPTE cells were seeded

in 96-well culture plates at a density of 1.26104 cells per well.

Subsequently, TUDCA was added to the wells to achieve final

concentrations of 15, 150, 300, 450, 600, and 1200 mM. Following

24 hours of culture, to determine viability, 50 mL of GF-AFC

Reagent was added to each well. The plates were gently shaken

and incubated at 37uC for 30 minutes in the dark. The cell

viability was determined by measuring fluorescence at 400 nmEx/

505 nmEm. Subsequently, to determine cytotoxicity, 50 mL of

AAF-Glo Reagent was added to each well. The plates were shaken

gently and incubated at room temperature for 15 minutes in the

dark. Cytotoxicity was determined by measuring luminescence as

per manufacturer’s protocol.

Other Methods
Protein extraction. Frozen kidney tissue was ground in

liquid nitrogen using a pestle and mortar. One ml of Tissue

Protein Extraction Reagent with 16 protease and phosphatase

inhibitor was added to the ground kidney tissue (per 30 mg of

tissue) or RPTE cells (per 1.26106 cells). The lysate was incubated

at 4uC for 10 minutes with vigorous shaking and subsequently

centrifuged at 4uC for 10 minutes at 13,000 g. The resultant

supernatant was immediately frozen in liquid nitrogen and stored

at 280uC until further analysis. The amount of protein present in

the solution was quantified by the Bicinchoninic Acid Protein

Assay kit as per manufacturer’s protocol.
Western blot analysis. 20 mg of protein was mixed with

SDS-PAGE sample buffer, boiled for 5 minutes, electrophoresed

on a 12% Tris-HCl SDS-PAGE gel for 1 hour at 200 V, and

electroblotted onto nitrocellulose membrane. The membrane was

blocked for 1 hour at room temperature in 16Tris-buffered saline

with 0.1% Tween-20 at pH 7.4 containing 5% dry milk powder.

To detect p-ERK1/2, p-JNK, p-p38, caspase-8, caspase-9, and

caspase-12, the membranes were incubated overnight with

respective primary antibodies at 4uC and appropriate secondary

antibodies at room temperature for one hour. The immunoblot

was detected using SuperSignal West Femto Maximum Sensitivity

Substrate Kit. To verify equal loading of proteins, the membrane

was stripped at room temperature with 16Tris-buffered saline at

pH 2.5 for 30 minutes and re-probed with the mouse anti-b-actin

antibody and corresponding secondary antibody.
Caspase-3 activity assay. The caspase-3 activity in kidney

and RPTE extracts was quantified using Apo-OneH Homoge-

neous Caspase-3/7 Assay kit as per the manufacturer’s protocol.

In brief, 100 mg of protein in 100 mL of lysis buffer was added to

100 mL of the assay buffer containing non-fluorescent caspase-3

substrate, bis-N-CBZL-aspartyl-L-glutamyl-L-valyl-L-aspartic acid

amide (Z-DEVD-R110). The mixture was then incubated for 1

hour at 30uC during which Z-DEVD-R110 was converted into a

fluorescent substrate by the active caspase-3 enzyme. Fluorescence

was measured by Spectramax M12 fluorescent plate reader

(Molecular Devices) using wavelengths of 485 nmEx/520 nmEm.

The fluorescent signal was expressed in relative fluorescent units.
Caspase-9 assay. The caspase-9 activity was measured in

RPTE cells using Caspase-9 Assay kit. RPTE cells were suspended

in 50 mL of chilled Cell Lysis Buffer and incubated on ice for 10

minutes. Subsequently, 50 mL of 26Reaction Buffer and 5 mL of

1 mM LEHD-AFC substrate was added to each samples and the

mixture was incubated at 37uC for 2 hours. The caspase-9 activity

was quantified by measuring luminescence.

Statistical Analysis
Data were expressed as mean and standard deviation unless

otherwise stated. The differences between normally distributed

data were analyzed by independent Student’s T-test. Nonpara-

metric unpaired Mann-Whitney test was used if the data was not

normally distributed. Multiple group comparisons were performed

using ANOVA with post-test according to Bonferroni. A p value of

less than 0.05 was considered statistically significant.
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41. Malo A, Krüger B, Seyhun E, Schäfer C, Hoffmann RT, et al. (2010)
Tauroursodeoxycholic acid reduces endoplasmic reticulum stress, trypsin

activation, and acinar cell apoptosis while increasing secretion in rat pancreatic
acini. Am J Physiol Gastrointest Liver Physiol 299: G877–886.

42. Xia Z, Dickens M, Raingeaud J, Davis RJ, Greenberg ME (1995) Opposing

effects of ERK and JNK-p38 MAP kinases on apoptosis. Science 270: 1326–1331.

43. Park KM, Chen A, Bonventre JV (2001) Prevention of kidney ischemia/
reperfusion-induced functional injury and JNK, p38, and MAPK kinase

activation by remote ischemic pretreatment. J Biol Chem 276: 11870–11876.

44. Quiroga I, McShane P, Koo DD, Gray D, Friend PJ, et al. ( 2006) Major
effects of delayed graft function and cold ischaemia time on renal
allograft survival. Nephrol Dial Transplant 21: 1689––1696.

45. Bronzatto EJ, da Silva Quadros KR, Santos RL, Alves-Filho G, Mazzali M

(2009) Delayed graft function in renal transplant recipients: Risk factors and
impact on 1-year graft function: A single center analysis. Transplant Proc 41:

849–851.

46. Jushinskis J, Trushkov S, Bicans J, Suhorukov V, Shevelev V, et al. (2009) Risk
factors for the development of delayed graft function in deceased donor renal

transplants. Transplant Proc 41: 746–748.

47. Mikhalski D, Wissing KM, Ghisdal L, Broeders N, Touly M, et al. (2008) Cold
ischemia is a major determinant of acute rejection and renal graft survival in the

modern era of immunosuppression. Transplantation 85: S3–9.

48. Ojo AO, Wolfe RA, Held PJ, Port FK, Schmouder RL (1997) Delayed graft
function: Risk factors and implications for renal allograft survival. Transplan-

tation 63: 968–974.

49. Salahudeen AK, Haider N, May W (2004) Cold ischemia and the reduced long-

term survival of cadaveric renal allografts. Kidney Int 65: 713–718.

50. Burns AT, Davies DR, McLaren AJ, Cerundolo L, Morris PJ, et al. (1998)
Apoptosis in ischemia/reperfusion injury of human renal allografts. Transplan-

tation 66: 872–876.

51. Salahudeen AK, Huang H, Joshi M, Moore NA, Jenkins JK (2003) Involvement
of the mitochondrial pathway in cold storage and rewarming-associated

apoptosis of human renal proximal tubular cells. Am J Transplant 3: 273–280.

52. Omori K, Valiente L, Orr C, Rawson J, Ferreri K, et al. (2007) Improvement of
human islet cryopreservation by a p38 MAPK inhibitor. Am J Transplant 7:

1224–1232.

53. Omori K, Valiente L, Orr C, Rawson J, Ferreri K, et al. (2005) Inhibition of p38
mitogen-activated protein kinase protects human islets from cryoinjury and

improves the yield, viability, and quality of frozen-thawed islets. Transplant Proc

37: 3422–3423.

Prevention of AKI by TUDCA

PLOS ONE | www.plosone.org 9 November 2012 | Volume 7 | Issue 11 | e48950



54. Yoshinari D, Takeyoshi I, Kobayashi M, Koyama T, Iijima K, et al. (2001)

Effects of a p38 mitogen-activated protein kinase inhibitor as an additive to
University of Wisconsin solution on reperfusion injury in liver transplantation.

Transplantation 72: 22–27.

55. Malo A, Kruger B, Seyhun E, Schafer C, Hoffmann RT, et al. (2010)
Tauroursodeoxycholic acid reduces endoplasmic reticulum stress, trypsin

activation, and acinar cell apoptosis while increasing secretion in rat pancreatic
acini. Am J Physiol 299: G877–886.

56. Stroh C, Cassens U, Samraj AK, Sibrowski W, Schulze-Osthoff K, et al. (2002)

The role of caspases in cryoinjury: Caspase inhibition strongly improves the
recovery of cryopreserved hematopoietic and other cells. FASEB J 16: 1651–

1653.
57. Anderson CD, Belous A, Pierce J, Nicoud IB, Knox C, et al. (2004)

Mitochondrial calcium uptake regulates cold preservation-induced Bax trans-
location and early reperfusion apoptosis. Am J Transplant 4: 352–362.

58. Huang J, Nakamura K, Ito Y, Uzuka T, Morikawa M, et al. (2005) Bcl-xL gene

transfer inhibits Bax translocation and prolongs cardiac cold preservation time in
rats. Circulation 112: 76–83.

59. Kuznetsov AV, Schneeberger S, Seiler R, Brandacher G, Mark W, et al. (2004)

Mitochondrial defects and heterogeneous cytochrome c release after cardiac cold

ischemia and reperfusion. Am J Physiol Heart Circ Physiol 286: H1633–1641.

60. Yagi T, Hardin JA, Valenzuela YM, Miyoshi H, Gores GJ, et al. (2001) Caspase

inhibition reduces apoptotic death of cryopreserved porcine hepatocytes.

Hepatology 33: 1432–1440.

61. Ramalho RM, Viana RJ, Castro RE, Steer CJ, Low WC, et al. (2008) Apoptosis

in transgenic mice expressing the p301l mutated form of human tau. Mol Med

14: 309–317.

62. Gupta S, Li S, Abedin MJ, Wang L, Schneider E, et al. (2010) Effect of notch

activation on the regenerative response to acute renal failure. Am J Physiol

Renal Physiol 298: F209–215.

63. Salahudeen AK, Joshi M, Jenkins JK (2001) Apoptosis versus necrosis during

cold storage and rewarming of human renal proximal tubular cells.

Transplantation 72: 798–804.

Prevention of AKI by TUDCA

PLOS ONE | www.plosone.org 10 November 2012 | Volume 7 | Issue 11 | e48950


