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Proteasome inhibitors prevent cisplatin-induced mitochondrial release of
apoptosis-inducing factor and markedly ameliorate cisplatin nephrotoxicity
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A B S T R A C T

We demonstrate the effect of proteasome inhibitors in mitochondrial release of apoptosis-inducing factor

(AIF) in cisplatin-exposed renal tubular epithelial cells (LLC-PK1 cells) and in a model of cisplatin

nephrotoxicity. Immunofluorescence and subcellular fractionation studies revealed cisplatin-induced

translocation of AIF from the mitochondria to nucleus. Mcl-1, a pro-survival member of the Bcl-2 family, is

rapidly eliminated on exposure of renal cells to cisplatin. Proteasome inhibitors PS-341 and MG-132

blocked cisplatin-induced Mcl-1 depletion and markedly prevented mitochondrial release of AIF. PS-341

and MG132 also blocked cisplatin-induced activation of executioner caspases and apoptosis. These studies

suggest that proteasome inhibitors prevent cisplatin-induced caspase-dependent and -independent

pathways. Overexpression of Mcl-1 was effective in blocking cisplatin-induced cytochrome c and AIF

release from the mitochondria. Downregulation of Mcl-1 by small interfering RNA promoted Bax activation

and cytochrome c and AIF release, suggesting that cisplatin-induced Mcl-1 depletion and associated Bax

activation are involved in the release of AIF. Expression of AIF protein in the mouse was highest in the

kidney compared to the heart, brain, intestine, liver, lung, muscle, and spleen. In an in vivo model of cisplatin

nephrotoxicity, proteasome inhibitor MG-132 prevented mitochondrial release of AIF and markedly

attenuated acute kidney injury as assessed by renal function and histology. These studies provide evidence

for the first time that the proteasome inhibitors prevent cisplatin-induced mitochondrial release of AIF,

provide cellular protection, and markedly ameliorate cisplatin-induced acute kidney injury. Thus, AIF is an

important therapeutic target in cisplatin nephrotoxicity and cisplatin-induced depletion of Mcl-1 is an

important pathway involved in AIF release.
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1. Introduction

Nephrotoxicity or toxic acute kidney injury (AKI) is one of the
major side effects of cisplatin chemotherapy used for several solid
tumors [1]. Cisplatin preferentially accumulates in the kidney and
is associated with damage to proximal tubular epithelial cells,
primarily in the S3 segment. Although mitochondrial dysfunction
is an important component of renal tubular epithelial cells (RTEC)
injury in cisplatin nephrotoxicity [2] the precise mechanism of
cisplatin-induced mitochondrial apoptotic pathway is not entirely
understood.

Apoptosis-inducing factor (AIF) is an evolutionarily-conserved
flavoprotein that resides exclusively in the intermembrane space
* Corresponding author at: Central Arkansas Veterans Healthcare System, 4300

West 7th St., Little Rock, AR 72205, United States. Tel.: +1 501 257 5834;

fax: +1 501 257 5827.

E-mail address: Kaushalgurp@uams.edu (G.P. Kaushal).

0006-2952/$ – see front matter . Published by Elsevier Inc.

doi:10.1016/j.bcp.2009.08.015
of the mitochondria [3,4]. In response to a specific apoptotic
stimulus, AIF is released from the mitochondria and is translocated
to the nucleus [3,5]. The presence of two nuclear localization
signals enables AIF to translocate to the nucleus [4,6]. When in the
nucleus, AIF associates with chromatin and the nuclear protein
cyclophilin A [7] and causes nuclear chromatin condensation, DNA
fragmentation, and cell death [3]. Following mitochondrial release
and translocation to the nucleus, AIF promotes DNA fragmentation
and apoptosis independently of caspases [3]. Recent evidence
suggests that AIF also plays a role in maintaining the mitochondrial
respiratory function in normal physiological conditions [8,9].
Mitochondrial AIF protects cells from oxidative stress by detox-
ification of reactive oxygen species that are normally released by
the respiratory chain. AIF is also involved in the complex I function
of the respiratory chain in the mitochondria [8–10] but is not a part
of complex I [9]. Therefore, it is conceivable that translocation of
AIF from the mitochondria to the nucleus not only can cause
nuclear chromatinolysis and DNA fragmentation, but also that the
subsequent lack of it in the mitochondria can simultaneously
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compromise oxidative phosphorylation. This implies that agents
that can block the mitochondrial release of AIF will protect cells
from the proapoptotic role of AIF.

We previously demonstrated that, along with the release of
cytochrome c, significant apoptosis-inducing factor (AIF) is also
released from the mitochondria upon exposure of RTEC to cisplatin
[11]. Cisplatin-induced apoptosis is contributed by both caspase-3-
dependent and caspase-3-independent mechanisms [12]. This is
consistent with our studies on cisplatin-induced activation of all
executioner caspases and the mitochondrial release of AIF [11] that
is translocated to the nucleus and promotes DNA fragmentation
independent of caspases. We have recently shown that proteasome
inhibitors MG-132 or lactacystin markedly prevented cisplatin-
induced apoptosis in cultured RTEC [13] suggesting that protea-
some inhibition is a potential target in cisplatin nephrotoxicity. In
fact in a related study, the proteasome inhibitor, lactacystin has
been shown to attenuate renal ischemia-reperfusion injury [14],
but the precise cellular mechanism in the protection by protea-
some inhibition is not known.

In cisplatin injury to RTEC, we have demonstrated that
proteasome inhibitors blocked not only cisplatin-induced mito-
chondrial release of cytochrome c and subsequent caspase
activation and apoptosis, but also prevented cisplatin-induced
loss of the pro-survival Bcl-2 family member Mcl-1 [13]. We
showed that Mcl-1 was highly susceptible to cisplatin injury and
was rapidly depleted on exposure of RTEC to cisplatin. Cisplatin-
induced loss of Mcl-1 resulted from posttranslational degradation
by the ubiquitin-proteasome system rather than by transcriptional
inhibition [13]. Overexpression of Mcl-1 or prevention of cisplatin-
induced Mcl-1 depletion by the proteasome inhibitors provided
protection from cisplatin-induced apoptosis [13]. These studies
together suggest that proteasome-mediated Mcl-1 elimination is
crucial in cisplatin-induced apoptosis via the mitochondrial
apoptotic pathway. However, it is not known whether protea-
some-mediated Mcl-1 degradation controls AIF release from the
mitochondria.

Although proteasome inhibitor MG-132 prevented cisplatin-
induced caspase activation and apoptosis, it was of interest to
examine the role of proteasome inhibitors in preventing caspase-
independent apoptosis and providing protection from cisplatin
nephrotoxicity. The present study was therefore undertaken to
determine whether (i) proteasome inhibitors including recently
developed selective and potent inhibitor PS-341 (also called as
Bortezomib or Velcade) [15] play a role in preventing cisplatin-
induced mitochondrial release of AIF; (ii) proteasome-mediated
Mcl-1 depletion is involved in cisplatin-induced mitochondrial
release of AIF; and (iii) proteasome inhibition confers protection in
cisplatin nephrotoxicity in vivo.

2. Materials and methods

2.1. Cell culture and reagents

LLC-PK1 cells (porcine kidney proximal tubular epithelial cells)
are the RTEC used in the present study. These were purchased from
American Type Culture Collection (ATCC, Manassas, VA) and were
cultured as described in our previous studies [11]. Cultures were
maintained in a humidified incubator with 5% CO2–95% air at 37 8C
and were provided fresh medium at 48–72-h intervals. Cells were
plated at a density of 5 � 104 cells/cm2 in six-well plates. When
cells were�80% confluent, cisplatin was added to cultures to a final
concentration of 50 mM. Ovarian cancer cells A2780 were obtained
from Sigma and cultured according to the supplier’s instructions.
Antibodies to AIF (sc-13116), a-tubulin (sc-8035), and a-actinin
(sc-15335) were from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibody to active caspase-3 (catalog no. 9664) was obtained from
Cell Signaling Technology (Beverly, MA). Proteasome inhibitor MG-
132 was from Calbiochem (San Diego, CA) and PS-341 was from
Millennium Pharmaceuticals. Cell transfection reagents, primers,
and one-step RT-PCR kit were from Invitrogen (Carlsbad, CA).
Plasmid preparation kit, nucleotide purification kit, and RNeasy
RNA purification kit were from Qiagen (Valencia, CA). All other
chemicals were from Sigma (St. Louis, MO) or Fisher Scientific
(Hampton, NH).

2.2. Immunofluorescence localization of AIF and active caspase-3

Cells were grown on sterile glass coverslips and treated with
50 mM cisplatin for 16 h in the presence or absence of 5 mM MG-
132 and 1 mM PS-341. Following treatments, cells were washed in
PBS and fixed in 2% paraformaldehyde in PBS for 15 min. After
being washed twice in PBS, cells were permeabilized for 1 h in
blocking buffer containing 1% BSA, 1% goat serum, 0.1% saponin,
1 mM CaCl2, 1 mM MgCl2, and 2 mM NaV2O5 in PBS. The cells were
then incubated with mouse monoclonal anti-AIF antibody (1:200)
or rabbit anti-caspase-3 (cleaved) antibody (1:200) for 1 h in a
37 8C humidified incubator. After three washes in washing buffer
containing 1% bovine serum albumin and 0.1% saponin in PBS, the
cells were incubated at 37 8C in a humidified incubator for 1 h with
a 1:500 dilution of Alexa Fluor-conjugated secondary antibody
(goat anti-mouse Alexa Fluor 488 for AIF and goat anti-rabbit Alexa
Fluor 594 for cleaved caspase-3) in blocking solution and again
washed with washing buffer. The nuclei were stained with 0.5 mg/
ml of 40,60-diamidino-2-phenylindole (DAPI) for 5 min, and the
cells were washed twice in washing buffer. Coverslips were then
mounted on slides using antifade mounting medium (Molecular
Probes). Localization of AIF, active caspase-3, and morphological
changes of the nuclei were analyzed using a Zeiss deconvolution
microscope.

2.3. Subcellular fractionation

2.3.1. Isolation of mitochondria

Mitochondria were isolated by sucrose density gradient
centrifugation essentially as described [16] and used in our
previous studies [11] with minor modifications. Briefly, cells were
washed with PBS containing 1 mM EDTA and resuspended in
isotonic homogenization buffer supplemented with 1� protease
inhibitor mixture (Sigma). Cells were broken with 30–35 strokes of
a Dounce homogenizer (Wheaton), and the suspension was
centrifuged at 2000 � g in an Eppendorf centrifuge at 4 8C. The
supernatant was then centrifuged at 13,000 � g at 4 8C for 10 min.
The pellet was resuspended in 1 ml of homogenization buffer and
layered on top of a discontinuous sucrose gradient consisting of
20 ml of 1.2 M sucrose, 10 mM HEPES, pH 7.5, 1 mM EDTA, and
0.1% bovine serum albumin on top of 17 ml of 1.6 M sucrose,
10 mM HEPES, pH 7.5, 1 mM EDTA, and 0.1% bovine serum
albumin. The samples were centrifuged at 27,000 rpm for 2 h at
4 8C using a Beckman SW28 rotor. Mitochondria recovered at the
1.6–1.2 M sucrose interface were washed and resuspended in
homogenization buffer. This procedure results in the mitochon-
drial preparation with very little contamination of other orga-
nelles. Contamination of mitochondria in the nuclear fraction was
determined by immunoblotting for cytochrome oxidase subunit
IV, an integral membrane protein of the mitochondria.

2.3.2. Isolation of nuclear fraction

The nuclei were prepared by a previously described procedure
[11]. Briefly, LLC-PK1 cells were gently scraped using the rubber
policeman, harvested by centrifugation, and washed twice with
PBS. The cells were resuspended in homogenization buffer
containing 210 mM mannitol, 70 mM sucrose, 1 mM EDTA,
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10 mM HEPES, pH 7.5; supplemented with 1� protease inhibitor
mixture (Sigma); and homogenized with 30–35 strokes of a
Dounce homogenizer (Wheaton). To establish the number of
stokes for cell permeabilization, the trypan blue exclusion
method (0.4% trypan blue solution in PBS diluted 1:10 with
cell suspension), which discriminates between permeabilized
(stained) cells and intact cells (unstained), was used. The
suspension was then transferred to Eppendorf centrifuge tubes
and centrifuged at 500 � g for 10 min to pellet nuclei and unbroken
cells. The nuclear fraction was adjusted to the final concentration
of 0.25 M sucrose and 0.35% Triton X-100 and layered on top of a
discontinuous sucrose density gradient prepared with 0.32, 0.8,
and 1.2 M sucrose in a Beckman centrifuge. The tubes were
centrifuged at 40,000 � g for 2 h. The nuclei were recovered at the
interface of 0.8 and 1.2 M sucrose. Samples were stored at �70 8C
before being used for Western blot analysis.

2.4. Immunoprecipitation and Western blots

Immunoprecipitation was carried out to determine activation
of Bax. Cells were harvested, washed once in cold phosphate-
buffered saline, and lysed in a buffer P (10 mM HEPES pH 7.4,
150 mM NaCl, 1% CHAPS supplemented with complete protease
inhibitors (Roche Applied Science)) for 30 min on ice. Thereafter,
400 ml cleared lysates were incubated with Bax 6A7 monoclonal
antibody (556467, BD PharMingen, San Diego, CA) and 50 ml (50%
slurry) protein G-sepharose beads (17-0618-01, GE Healthcare,
Piscataway, NJ) in an overhead rotator at 4 8C overnight. After
extensive washing with buffer P the immunoprecipitated complex
were resolved on 12% NuPAGE Bis–Tris Gel (Invitrogen, Carlsbad,
CA). Western blot was performed by using Bax (B-9) antibody (sc-
7480, Santa Cruz Biotechnology, Santa Cruz, CA). For Western blot
analysis in general, proteins were subjected to SDS–PAGE,
transferred to a Transblot membrane, and blotted with specific
antibodies. Blots were developed and detected by enhanced
chemiluminescence.

2.5. Overexpression of Mcl-1

Transfection was carried out with Lipofectamine 2000 (Invitro-
gen) as per manufacturer’s recommendation with plasmid DNA
(3xFLAGCMV/Mcl-1, kindly provided by Dr. X. Wang). Plasmid DNA
without the insert was used as a control. LLC-PK1 cells growing at
70–80% confluence were transfected with Mcl-1 plasmid DNA or
empty vector for 36 h and then treated with 50 mM cisplatin.

2.6. RNA interference

RTECs were plated in a six-well plate with complete medium.
When the cells were 70% confluent, old medium was replaced with
fresh medium without serum and antibiotics. Cells were trans-
fected with Mcl-1 siRNA (sc-35877, Santa Cruz Biotechnology,
Santa Cruz, CA) according to manufactures protocol and as
described in our studies [17]. Briefly, cells were transfected with
480 pmols Mcl-1 or control scrambled siRNA-A (sc-37007, Santa
Cruz Biotechnology, Santa Cruz, CA) in 10 cm culture dishes for
24 h.

2.7. Animals and induction of cisplatin-induced AKI

Ten-week-old C57BL/6 male mice weighing 20–25 g were
obtained from the Jackson Laboratories (Bar Harbor, ME, USA) and
maintained on a standard diet with free access to water. Animal
protocol to develop a mice model of cisplatin-induced AKI
complied with the standards for care and use of animal subjects,
and was approved by the Institutional Animal Care and Use
Committee and Institutional Safety Committee. Mice (n = 6) were
given a single intraperitoneal injection of cisplatin (20 mg/kg b.w.)
or MG-132 (2 mg/kg b.w.) 1 h before the injection of cisplatin
(20 mg/kg b.w.). Control animals (n = 6, in each group) were
administered either 5% DMSO in saline (50 ml/mice) or MG-132
(2 mg/kg b.w.) in 5% DMSO in saline. Kidneys were harvested at 1,
2, 3, 4, and 5 days for renal function and histology. Blood was
collected for BUN and serum creatinine level determinations. BUN
and creatinine were determined using a diagnostic kit from
International Bio-Analytical Industries Inc. (Boca Raton, FL, USA).

2.8. Kidney histology

Kidney tissue was fixed in phosphate-buffered 4% formalin (pH
7.4) for 24 h and then embedded in paraffin. Sections were cut into
5 mm-thick slices and used for staining with periodic acid-Schiff
stain (PAS). Tubular injury including brush-border loss, tubule
dilatation, tubule necrosis, and tubule cast formation after
cisplatin injection was evaluated in PAS-stained sections using a
semiquantitative scale ranging from 0 to 4 in which no injury (0),
mild (1), moderate (2), severe (3), and to very severe (4) were
assigned. The slides were evaluated and scored in a blinded fashion
to the treatment by a renal pathologist.

2.9. Statistical analyses

Results are mean � SEM. Comparison between values was
determined by the Student’s t test. A P value of less than 0.05 was
considered significant.

3. Results

3.1. Proteasome inhibitors block AIF translocation to nucleus

Immunofluorescence analysis of control and cisplatin-treated
LLC-PK1 cells revealed translocation of AIF from the mitochondria
into the nucleus of many cells (Fig. 1A). As shown, control cells
reveal exclusively mitochondrial punctate staining for AIF with
absolutely no nuclear staining. Cisplatin-treated cells show nuclear
staining of AIF indicating translocation of AIF from the mitochon-
dria. Staining with DAPI revealed many cisplatin-induced con-
densed and fragmented nuclei that co-stained with AIF. When cells
were treated for 30 min with proteasome inhibitors PS-341 or MG-
132 prior to the cisplatin exposure and immunostained with anti-
AIF antibody no nuclear staining for AIF was observed (Fig. 1A)
suggesting that PS-341 or MG-132 blocked translocation of AIF to
the nucleus. PS-341, a selective and potent proteasome inhibitor
(also known as Bortezomib or Velcade) is a dipeptide boronate
(pyrazylcarbonyl-phenylalanyl-leucyl-boronate) originally devel-
oped at ProScript and now distributed by Millennium Pharma-
ceuticals [15]. MG-132 (z-Leu-Leu-Leu-CHO) is a potent and cell
permeable proteasome inhibitor. We have used structurally
different proteasome inhibitors to ensure that the effect is not
specific to only one kind of inhibitor. To examine whether PS-341
blocks cisplatin-induced caspase-3 activation we performed
immunostaining with antibody to the active caspase-3. Most of
the cisplatin-induced apoptotic nuclei displayed localization for
active caspase-3 which was prevented by PS-341 (Fig. 1B).
Activation of other executioner caspases (caspase-6 and cas-
pase-7) was also blocked by PS-341 or MG-132 (not shown).
Western blot analysis of cytosolic and nuclear fractions from
control and cisplatin-treated LLC-PK1 cells also revealed active
caspase-3 in the nucleus and this nuclear localization was
markedly prevented by treatment with PS-341 or MG-132
(Fig. 1C). These studies demonstrate that the proteasome
inhibitors prevent cisplatin-induced AIF translocation as well as



Fig. 1. (A) PS-341 and MG-132 block cisplatin-induced AIF translocation. Cells were

untreated or treated with 50 mM cisplatin in the presence and absence of 1 mM PS-

341 or 5 mM MG-132 or for 16 h. MG-132 was added 30 min prior to the treatment

with cisplatin. Cells were stained with anti-AIF (green) followed by DAPI (blue) for

nuclei, and images were overlaid as shown. Control cells show clear staining with

DAPI for intact nuclei (blue) and clear punctate staining for AIF (green) exclusively

in the mitochondria without nuclear staining. Cisplatin-treated cells show

fragmented and condensed nuclear staining with DAPI (blue) and prominent
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caspase activation. Western blot analysis of the subcellular
fractions also revealed translocation of AIF from mitochondria to
the nuclei (Fig. 1D). In control cells, AIF was primarily present in
the mitochondrial fraction, and a very small amount was detected
in the nuclear fraction. In cisplatin-treated cells, mitochondrial AIF
was considerably reduced and was predominantly detected in the
nuclei. In the presence of proteasome inhibitor MG-132 or PS-341,
AIF was primarily in the mitochondria and very little was detected
in the nuclei (Fig. 1D). Blots for cytochrome c oxidase subunit IV
and histone H1A were included to confirm equivalent loading for
the mitochondrial and nuclear fractions, respectively. There was
some cross-contamination that became evident when mitochon-
drial marker cytochrome c oxidase subunit IV was assessed in the
nuclear fractions, and nuclear marker histone H1A was assessed in
mitochondrial fractions by immunoblotting (not shown).

3.2. Proteasome inhibitors prevent cisplatin-induced activation of

caspases in renal epithelial cells but enhance caspase activation in

cancer cells

We have previously shown that proteasome inhibitor MG-132
blocked cisplatin-induced caspase-3 activation in renal tubular
epithelial cells [13]. In this study, the effect of proteasome
inhibitors PS-341 and lactacystin was also examined on caspase-3
activation in a time-course manner. Proteasome inhibitors alone
did not alter basal caspase-3 activity (data not shown). Cisplatin-
induced caspase-3 activation was blocked by the proteasome
inhibitors in a time-dependent manner (Fig. 2A). Nuclear staining
with propidium iodide revealed that proteasome inhibitors PS-341
or lactacystin provided protection to cells from cisplatin-induced
nuclear fragmentation and condensation (Fig. 2B) as we have
previously observed with MG-132 in RTEC [13]. PS-341 or MG-132
also inhibited activation of other executioner caspases (not
shown). In contrast to the effect in renal tubular epithelial cells,
the proteasome inhibitors enhanced cisplatin-induced caspase-3
activation in an ovarian cancer cell line A2780. MG-132 alone has
no effect on LLC-PK1 cells whereas it caused enhanced activation of
caspase-3 in ovarian cancer cells (Fig. 2C, A and B). A recent study
showed that the proteasome inhibitor PS-341 enhanced cisplatin
uptake and cell killing in a synergistic manner in 2008 ovarian
cancer cells [55].

3.3. Mcl-1 overexpression blocks AIF translocation to nucleus

The mechanism of cisplatin-induced mitochondrial release of
AIF is not known. Mcl-1 is an antiapoptotic member of the Bcl-2
family that plays an important role in cell survival. We previously
showed that among the antiapoptotic members of the Bcl-2 family,
staining for nuclear AIF (green) that co-localizes with nuclei (blue). (B) PS-341 blocks

cisplatin-induced activation of caspase-3. Cells were untreated or treated with

50 mM cisplatin in the presence and absence of 1 mM PS-341 for 12 h. Cells were

stained with anti-active caspase-3 (red) antibody followed by DAPI (blue) for nuclei,

and images were overlaid as shown. (C) Active caspase-3 in nuclear fraction and

effect of PS-341 and MG-132. Cells were untreated or treated with 5 mM MG-132 or

1 mM PS-341 for 30 min prior to the treatment with 50 mM cisplatin for 16 h.

Cytosolic and nuclear fractions were isolated as described under Section 2 and we

loaded 10 mg protein in each lane for the nuclear fractions and 50 mg protein in each

lane for the cytosolic fractions. Western blot was done using antibody to active

caspase-3. Control lanes are untreated cells. (D) Analysis of the AIF translocation by

subcellular fractionation. Cells were treated with MG-132 or PS-341 for 30 min

prior to the treatment with 50 mM cisplatin. Mitochondrial and nuclear fractions

were isolated as described under Section 2 and 10 mg of mitochondrial proteins,

10 mg of nuclear proteins, and 50 mg of cytosolic proteins were electrophoresed

and immunoblotted for AIF. Blots for cytochrome c oxidase subunit IV, and histone

H1A confirm equivalent loading for the mitochondrial and nuclear fractions,

respectively. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of the article.)



Fig. 2. (A) Time-course of inhibition of cisplatin-induced caspase-3 activation by

PS-341 (Velcade) and lactacystin in RTEC. LLC-PK1 cells were treated with 50 mM

cisplatin (CP) at various times, as indicated, in the presence and absence of

proteasome inhibitors PS-341 (1 mM) or lactacystin (5 mM). Cell lysates (100 mg

protein) were analyzed for caspase-3 activity with DEVD-AMC as the

substrate [13]. The liberated AMC moiety was determined with a fluorescent

spectrofluorometer with an excitation wavelength of 380 nm and an emission

wavelength of 460 nm as we described previously [6]. Results are means � SE

(n = 5; *P < 0.002 compared with CP-treated cells). (B) Time-course of inhibition of

cisplatin-induced cell apoptosis by the proteasome inhibitors Velcade and

lactacystin in RTEC. LLC-PK1 cells were treated with 50 mM cisplatin (CP) for

varying periods of time in the presence and absence of proteasome inhibitor 1 mM PS-

341 (Velcade) or 5 mM lactacystin as indicated. Following incubations, cell apoptosis

was determined by DAPI staining. Results are mean � SE, n = 4; *P < 0.001 compared

with CP-treated cells. (C) Effect of MG132 on LLC-PK1 and A2780 ovarian cancer cells.

(A) LLC-PK1 cells were grown to 70% confluency and untreated or treated with either

5 mM MG-132, 50 mM cisplatin or both MG-132 and cisplatin and harvested after

12 h. Caspase-3 activity was determined using the fluorogenic substrate DVED-AMC

and changes in fluorescence were recorded in a Spectramax M5 microplate reader at

Ex 380 nm/Em 460 nm. Bars represent mean � SE (n = 3), P is 0.00018 for cisplatin

versus control (*) and 0.0002 for cisplatin versus sample treated with both MG132

and cisplatin (**) as shown. (B) A2780 ovarian cancer cells were grown to 70%

confluency and untreated or treated with either 5 mM MG-132, 50 mM cisplatin or

both MG-132 and cisplatin and harvested after 12 h. Caspase-3 activity was

determined using the fluorogenic substrate DVED-AMC and changes in fluorescence

were recorded in a Spectramax M5 microplate reader at Ex 380 nm/Em 460 nm. Bars
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Mcl-1 expression is rapidly declined in RTEC in response to
cisplatin and proteasome inhibitors MG-132 or lactacystin
prevented cisplatin-induced rapid loss of Mcl-1 resulting in its
accumulation in cells [13]. Thus we tested whether Mcl-1 is
capable of preventing the mitochondrial release of AIF. We
overexpressed full-length Mcl-1 by transient transfection of LLC-
PK1 cells and examined cisplatin-induced mitochondrial release
of AIF. Transient transfection with Mcl1 expression plasmid
(p3xFLAGCMV/MCl-1) resulted in high expression levels of Mcl-
1 in LLC-PK1 cells (Fig. 3A). Cells carrying the control plasmid
without the Mcl-1 insert showed Mcl-1 expression at the same
level as untransfected cells. Overexpression of Mcl-1 markedly
blocked cisplatin-induced release of AIF from the mitochondria
(Fig. 3B) suggesting that cisplatin-induced Mcl-1 depletion is
involved in the AIF release. As shown in Fig. 3B, cisplatin-induced
cytochrome c release was also blocked by the proteasome
inhibitors. Moreover, following cisplatin-induced depletion of
Mcl-1, both MG-132 and PS-341 accumulate Mcl-1 (Fig. 3C). These
studies suggest that Mcl-1 controls AIF release.

3.4. Mcl-1 depletion promotes Bax activation and AIF release

Recent studies provide evidence that Bax activation plays an
important role in mitochondrial release of AIF [18–20]. Therefore,
we first tested whether Mcl-1 depletion results in Bax activation in
RTEC. Specific depletion of Mcl-1 in RTEC was achieved by using
Mcl-1 specific siRNA. Mcl-1 siRNA effectively down-regulated Mcl-
1 expression as scrambled siRNA did not change the expression of
Mcl-1 (Fig. 4A). Upon activation Bax undergoes N-terminal
conformational change, which can be monitored by immunopre-
cipitation using conformation-specific antibody, anti-Bax 6A7 and
subsequently detection of Bax in the immunoprecipitates by
Western blots using normal Bax antibody. Mcl-1 depletion by its
siRNA treatment or cisplatin exposure markedly resulted in the
Bax activation (Fig. 4B). Also, the proteasome inhibitor MG-132
was quite effective in preventing Bax activation (Fig. 4B). In
addition, downregulation of Mcl-1 resulted in release of both AIF
and cytochrome c (Fig. 4A). Taken together, these studies
demonstrate that Mcl-1 depletion promotes Bax activation and
release of mitochondrial AIF and the proteasome inhibitor MG132
prevents Bax activation.

3.5. Effect of the proteasome inhibitor MG-132 on cisplatin-induced

mitochondrial release of AIF and morphological and functional renal

damage in a mouse model of cisplatin nephrotoxicity

Expression of AIF protein in various organs in a C57BL/6 mouse
strain revealed that AIF in the kidney is highest among the heart,
brain, intestine, liver, lung, muscle, and spleen (Fig. 5A). Protea-
some inhibitor MG-132 markedly prevented cisplatin-induced
mitochondrial release of AIF in the kidney cortices (Fig. 5B). We
then assessed the role of proteasome inhibition in the pathogenesis
of cisplatin nephrotoxicity by measuring renal function and kidney
histology. We administered MG-132 intraperitoneally 1 h before
the cisplatin injection. The effect of MG-132 on cisplatin-induced
impairment of renal function was determined by blood urea
nitrogen (BUN) and creatinine values at 1, 2, and 3 days. At 3 days
after cisplatin treatment, the mice showed marked deterioration in
renal function as reflected in increased levels of BUN and serum
creatinine. Intraperitoneal administration of 2 mg/kg body weight
(b.w.) MG-132 significantly reduced cisplatin-induced elevated
levels of both BUN and serum creatinine (Fig. 5C). As shown,
represent mean � SE (n = 3), P is 0.02 for MG132 versus control (*), 0.026 for cisplatin

versus control (**), and 0.015 for sample treated with both MG132 and cisplatin

versus control (***) as shown.



Fig. 3. (A) Overexpression of Mcl-1. LLC-PK1 cells growing at 70–80% confluence

were transfected transiently with Mcl-1 expression plasmid p3xFLAGCMV10/

MCL-1 or the plasmid without the insert as described in the Materials and

Methods section. Cell lysates (50 mg protein) were subjected to Western blot and

filters were probed with an antibody to Mcl-1. As shown, a-tubulin was used

as a loading control. (B) Overexpression of Mcl-1 blocks cisplatin-induced

mitochondrial release of AIF. Cells were transfected with Mcl-1 expression

plasmid p3xFLAGCMV10/Mcl-1 or the plasmid without the insert. After 36 h of

transfection cells were treated with 50 mM cisplatin for 12 h. Cell lysates (50 mg

protein) were subjected to Western blot and filters were probed with specific

antibodies to AIF, cytochrome c and a-tubulin. Control is LLC-PK1 cells without

Mcl-1 vector and cisplatin. (C) Proteasome inhibitors MG-132 or PS-341 prevent

cisplatin-induced depletion of Mcl-1. LLC-PK1 cells were treated with 50 mM

cisplatin for varying lengths of time in the presence and absence of 5 mM MG-132

or 1 mM PS-341. Cell lysates (50 mg protein in each lane) were analyzed by

Western blot analysis with specific antibodies to Mcl-1 and a-tubulin. a-Tubulin

was used as a control.
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MG-132 alone did not effect either BUN or creatinine values. We
also examined the effect of MG-132 on cisplatin-induced
histological damage by staining kidney sections with periodic
acid-Schiff stain (PAS). Histological assessment following cisplatin
treatment revealed severe tubular damage characterized by
extensive loss of tubular epithelial cells, loss of brush-border
membranes, tubular dilation, cellular desquamation, and protei-
naceous casts of the tubular cells (Fig. 5D, part C). Extensive loss of
tubular epithelial cells in the proximal tubules is generally
attributed to both necrosis and apoptosis. Proteasome inhibitor
MG-132 ameliorated most of the cisplatin-induced tubular injury.
The glomeruli maintained their normal structure upon cisplatin
treatment. Animals treated with cisplatin and MG-132 resulted in
considerable improvement in histology as reflected in significant
protection from the severe tubular injury (Fig. 5D, part D). MG-132
alone had no effect on tubular injury (Fig. 5D, part B) and the
kidney histology is similar to that of normal kidneys of mice
administered with 5% DMSO in saline (Fig. 5D, part A).
Semiquantitative evaluation of kidney sections showed a tubular
necrosis score of 0.06 � 0.02 in kidneys from mice treated with 5%
DMSO in saline alone, 0.05 � 0.04 in kidneys from mice treated with
MG-132 alone, 3.9 � 0.6 in kidneys of 3 days cisplatin-treated mice,
and 0.5 � 0.07 in mice treated with 3 days cisplatin and MG-132. The
statistical differences were significant between kidneys of cisplatin-
treated mice and either 5% DMSO in saline or cisplatin plus MG-132
treated mice (n = 6, P < 0.005). These studies thus demonstrate that
proteasome inhibitor MG-132 provides significant protection from
cisplatin-induced AKI.

4. Discussion

Our studies demonstrate that AIF is released from the
mitochondria upon exposure of RTEC to cisplatin and this release
is effectively blocked by the proteasome inhibitors. We provided
evidence that cisplatin-induced rapid depletion of Mcl-1, an
antiapoptotic member of the Bcl-2 family, was involved in
mitochondrial release of AIF. Increased accumulation of Mcl-1
by proteasome inhibitors or overexpression of Mcl-1 prevented
cisplatin-induced mitochondrial release of AIF. Knockdown of Mcl-
1 levels by RNA interference resulted in the release of AIF and
induction of apoptosis. These studies suggest that AIF release is
regulated by Mcl-1 in the mitochondria. We previously reported
that the proteasome-ubiquitin pathway of protein degradation is
involved in the cisplatin-induced Mcl-1 depletion in RTEC [13].
These studies showed that the MG-132 blocked cisplatin-induced
decline in Mcl-1, resulting in the recovery and accumulation of
Mcl-1. Mcl-1 overexpression or accumulation of Mcl-1 by MG-132
prevented cisplatin-induced caspase activation and apoptosis [13].
Many previous studies have demonstrated cisplatin-induced
production of reactive oxygen species (ROS). Therefore, protea-
some is a likely candidate which can be affected by ROS.

Previous studies using non-renal cells have documented that
rapid depletion of Mcl-1 in response to cytotoxic signals is a critical
step that promotes cell death [21–28,13]. We have shown that, in
cisplatin injury to RTEC, Mcl-1 is a target of the ubiquitin-
proteasome system [13]. In non-renal cells, Mcl-1 is targeted for
ubiquitin-proteasome-mediated degradation following DNA
damage [27,29,30], anoxia [21] and growth factor withdrawal
[24]. In these studies, proteasome inhibitors or overexpression of
Mcl-1 provided significant protection from cell death.

Although Mcl-1 is a bonafide antiapoptotic member of the Bcl-2
family of proteins its specific role in regulating the mitochondrial
pathway of apoptosis has recently emerged [31,32]. The survival
function of Mcl-1 is conferred upon its interaction and binding to
proapoptotic proteins including Bid, Bim, Noxa, Puma, and Bak
[31–33]. In addition, Mcl-1 is able to block Bax function at the
mitochondria downstream of Bax activation and translocation
[34,35]. Loss of Mcl-1 contributes to activation of the mitochon-
drial death pathway [36] while increased Mcl-1 level contributes
to suppression of the mitochondrial apoptosis pathway [37].
Ultraviolet irradiation-induced depletion of Mcl-1 in HeLa cells
resulted in mitochondrial-dependent induction of apoptosis [27].



Fig. 4. Downregulation of Mcl-1 activates Bax and promotes mitochondrial AIF and cytochrome c release. (A) Downregulation of Mcl-1 by siRNA promotes AIF and

cytochrome c release. Left panel: Cells were transfected with 480 pmols Mcl-1 or control scrambled siRNA (sc-37007, Santa Cruz Biotechnology, Santa Cruz, CA) in 10 cm

culture dishes for 24 h. Cell lysates (50 mg protein in each lane) were analyzed by Western blot analysis with specific antibodies to Mcl-1, AIF, cytochrome c, and a-actinin

using specific antibodies. Right panels: Quantitative analysis by densitometry of the protein levels of Mcl-1, AIF, and cytochrome c from the Western blot shown in the left

panel. (B) Downregulation of Mcl-1 activates Bax and MG-132 prevent Bax activation. Cells were transfected with Mcl-1 siRNA or treated with 50 mM cisplatin or 50 mM

cisplatin and 5 mM MG132 for 12 h. Cell lysates were immunoprecipitated with Bax 6A7 monoclonal antibody (Bax conformation-specific antibody), as described in the

‘‘Materials and Methods’’ sections. After washing the immunoprecipitated complex was resolved on 12% NuPAGE Bis–Tris Gel and blotted with Bax antibody as shown. In this

experiment, scrambled siRNA (sc-37007, Santa Cruz Biotechnology, Santa Cruz, CA) was used as a control to show the specific effect of Mcl-1 siRNA.
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Depletion of Mcl-1 can therefore free the proapoptotic BH3-only
proteins that can directly activate Bax and Bak which promote
mitochondrial membrane permeabilization. In a model of cyclo-
heximide-induced apoptosis, depletion of Mcl-1 was crucial in
activation of Bim, Bax and Bak [38].

Bax plays a crucial role in the mitochondrial release of AIF [18–
20]. Our study and that of others have shown that Bax is activated
in cisplatin injury to RTEC [2,39,40] it is likely that cisplatin-
mediated Mcl-1 depletion may contribute to Bax activation and
subsequent release of AIF. The mechanism underlying the release
of AIF from the mitochondrial intermembrane space is not yet fully
understood. A recent study has suggested that this process requires
the cooperative upstream action of calpains and Bax [18]. Calpain
may be involved in the cleavage of the mitochondrial membrane-
associated AIF [41] while Bax facilitates the mitochondrial
membrane permeabilization that is necessary for AIF release. In
Bax (�/�) cells AIF is not released from mitochondria to the cytosol
in response to alkylating DNA damage-mediated cell death
induced by N-methyl-N0-nitro-N0-nitrosoguanidine [18]. A recent
study has also shown that overexpression of hsp70 inhibited Bax
activation and reduced mitochondrial release of AIF [42].

The expression AIF in the mouse kidney is highest compared to
other various organs. Because of the role of AIF in the mitochondria
for oxidative phosphorylation, the release of AIF from the
mitochondria in cisplatin nephrotoxicity will not only compromise
oxidative phosphorylation in the kidney but also will result in
nuclear chromatinolysis and DNA fragmentation. Thus AIF is an
important therapeutic target in cisplatin nephrotoxicity and
perhaps for other diseases of the kidney. Therefore, an agent that
can block the mitochondrial release of AIF will protect kidneys
from the proapoptotic role of AIF. Some tissues such as lung,
spleen, and intestine have relatively less abundance of AIF than
kidney, heart, and liver. At present we do not know why muscle has
relatively less abundance of AIF than in the heart and kidney. It is
not known whether different homologs are present in muscle or in
organs with less-abundant AIF. Our study demonstrated that
proteasome inhibitor MG-132 markedly attenuated cisplatin
nephrotoxicity. The protective effects of proteasome inhibitors
have been demonstrated in many experimental models of cellular
injury. In the kidney, the proteasome inhibitor lactacystin
attenuated the development of ischemic acute renal failure in
rats [14,43]. Lactacystin markedly suppressed ischemia/reperfu-
sion-induced severe lesions, such as tubular necrosis, proteinac-
eous casts in tubuli, and medullary congestion [14]. The
proteasome inhibitors ameliorated myocardial ischemia-reperfu-
sion injury and preserved regional myocardial contractile function,
significantly reduced the size of myocardial infarction, and
prevented acute toxicity [44,45]. The proteasome inhibitor ablated



Fig. 5. (A) Expression AIF protein in the mouse organs. Organs from a 10 weeks old mouse (strain c57Bl/6) were isolated and the tissues were homogenized in a lysis buffer

containing protease inhibitor cocktail. The tissue homogenates (100 mg protein) from various organs as shown were subjected to Western blot using specific AIF antibody. As

shown, b-actin was used as a loading control. (B) Effect of proteasome inhibitor MG-132 on the mitochondrial release of AIF in a mouse model of cisplatin nephrotoxicity. A

mouse model of cisplatin nephrotoxicity was developed as described in Section 2. Mice were injected intraperitoneally with 20 mg/kg body weight cisplatin in saline.

Proteasome inhibitor MG-132 (2 mg/kg body weight in 5% DMSO in saline) was administered 30 min prior to the administration of cisplatin (3d + MG132). Control mice were

administered 5% DMSO in saline. Kidneys from mice were removed at 0 day (control, c), one day (1d), two days (2d), and three days (3d). Cytosolic fractions from kidney

cortices were prepared and 100 mg protein samples were subjected to Western blot analysis using AIF antibody. (C) Effect of proteasome inhibitor MG-132 on blood urea

nitrogen (BUN) and serum creatinine in cisplatin-induced acute renal failure. Mice were injected intraperitoneally with either, 20 mg/kg body wt. cisplatin or cisplatin with

MG-132 for 2d, 3d, 4d and 5d period. At the indicated times, (A) blood was urea nitrogen, n = 6, *P < 0.01 and (B) serum creatinine n = 5, *P < 0.02 were determined using a

diagnostic kit from International Bio-Analytical Industries Inc. (Boca Raton, FL, USA). D. Effect of proteasome inhibitor MG-132 on cisplatin-induced histological damage in a

mouse model of cisplatin nephrotoxicity. Kidneys from mice were removed three days after intraperitoneal administration of 5% DMSO in saline (A), 2 mg/kg body weight
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liver injury induced by intestinal ischemia-reperfusion [46].
Another study showed that the proteasome inhibitor blocked
ischemia-induced cell death, provided neuroprotection in focal
ischemic brain injury [47], and significantly reduced infarct
volume in a focal model of cerebral ischemia [10]. In a rat model
of embolic focal cerebral ischemia, co-administration of the
proteasome inhibitor with recombinant human tissue plasmino-
gen activator significantly reduced infarct volume and improved
neurologic recovery [48]. The precise mechanisms underlying the
protective effects of proteasome inhibitors in these experimental
models of cellular injury are yet to be determined.

Cisplatin is a chemotherapeutic drug for solid tumors and one of
the major side effects of this drug is nephrotoxicity [1,2]. Thus, it is
important that any agent that prevents its nephrotoxicity does not
inhibit its tumoricidal effect. At present it is not known whether
protection from cisplatin nephrotoxicity affects the tumor response
to cisplatin in patients with tumors or in experimental models of
animals with tumors. However, accumulative evidence shows that
proteasome inhibitors are effective in killing cancer cells while
sparing normal cells [49–51]. A proteasome inhibitor has been
shown to sensitize tumor cells to cisplatin in ovarian cancer cells
[52] and synergize with cisplatin in the killing of head and neck
squamous cell carcinoma cells [53] and pancreatic cancer cells [54].
A recent study demonstrated that the proteasome inhibitor PS-341
enhanced cisplatin uptake and cell killing in a synergistic manner in
2008 ovarian cancer cells [55]. Our study showed that the
proteasome inhibitor MG-132 enhanced cisplatin-induced cas-
pase-3 activation in an ovarian cancer cell line A2780. Thus a unique
opportunity exists that the proteasome inhibitors may not only
enhance cisplatin-induced tumoricidal activity but may also prevent
the side effects of nephrotoxicity. Future studies will therefore,
evaluate whether proteasome inhibitor synergizes cisplatin-
induced tumoricidal activity while providing a therapeutic effect
by protecting cisplatin-induced nephrotoxicity in a tumor bearing
animal model of ovarian cancer or other solid tumors.

In summary, the present study demonstrated that the protea-
some inhibitors MG-132 and PS-341 prevented cisplatin-induced
mitochondrial release of AIF, caspase activation, and apoptosis.
Cisplatin-induced mitochondrial release of AIF was mediated by
Mcl-1 which is highly susceptible to proteasome-ubiquitin-
mediated degradation in cisplatin injury to renal epithelial cells.
The mechanism of cisplatin-induced mitochondrial release of AIF
further revealed that rapid depletion of Mcl-1 in cisplatin injury
resulted in Bax activation and subsequent AIF release. The ability of
proteasome inhibitors to upregulate Mcl-1 in renal cells prevented
Bax activation and associated mitochondrial release of AIF. Our
studies further demonstrated that the mouse kidneys expressed
highest amounts of AIF among various organs and the proteasome
inhibitors markedly prevented AIF release and decline in renal
function in a mouse model of cisplatin nephrotoxicity.
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