
SOD1 and MitoTEMPO partially prevent MPTP, necrosis and
mitochondrial apoptosis following ATP depletion-recovery

Huan Ling Liang1,2, Filip Sedlic3, Zeljko Bosnjak3, and Vani Nilakantan1,2

1Division of Transplant Surgery, Medical College of Wisconsin, Milwaukee, WI 53226
2Kidney Disease Center, Medical College of Wisconsin, Milwaukee, WI 53226
3Departments of Anesthesiology and Physiology, Medical College of Wisconsin, Milwaukee, WI
53226

Abstract
Generation of excessive reactive oxygen species (ROS) leads to mitochondrial dysfunction,
apoptosis and necrosis in renal ischemia-reperfusion (IR) injury. Previously we showed that
lentiviral vector mediated over-expression of superoxide dismutase-1 (SOD1) in proximal tubular
epithelial cells (LLC-PK1) reduced cytotoxicity in an in vitro model of IR injury. Here, we
examined the effects of SOD1 over-expression on mitochondrial signaling following ATP
depletion-recovery (ATP-DR). To examine the role of mitochondrial ROS, a subset of cells were
treated with the mitochondrial antioxidant, MitoTEMPO. ATP-DR-mediated increases in
mitochondrial calcium ([Ca2+]m), loss of mitochondrial membrane potential (ΔΨm) and increase in
mitochondrial permeability transition pore (MPTP) were attenuated by SOD1 and MitoTEMPO (P
< 0.01). SOD1 prevented ATP-DR induced mitochondrial Bax translocation, although the release
of pro-apoptotic proteins from mitochondria was not prevented by SOD1 alone and required the
presence of both SOD1 and MitoTEMPO. SOD1 suppressed the increase in c-jun phosphorylation
suggesting that JNK signaling regulates Bax translocation to mitochondria via ROS. ATP-DR-
mediated changes in MPTP and mitochondrial signaling increased necrosis and apoptosis, both of
which were partially attenuated by SOD1 and MitoTEMPO. These studies show that SOD1 and
MitoTEMPO preserve mitochondrial integrity and attenuate ATP-DR mediated necrosis and
apoptosis.
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Introduction
Renal ischemia reperfusion (IR) injury, one of the common causes of acute kidney injury
induces severe cytotoxicity in the outer medullary proximal tubules. IR substantially alters
the function of renal epithelial cells, which includes decrease in cellular ATP, increase in
calcium, oxidative stress, membrane lipid peroxidation, enzyme dysfunction and impairment
of intracellular antioxidant defenses, particularly superoxide dismutase-1 (SOD1) [1–4]
rendering the cell more susceptible to oxidative stress [5]. Oxidative stress and the
generation of reactive oxygen species (ROS) are believed to be one of the major mediators
of injury during renal IR [6–8]. Therefore, the survival or death of the renal epithelial cell

Corresponding author: Vani Nilakantan, Ph.D., Division of Transplant Surgery, Kidney Disease Center, H4135, Medical College of
Wisconsin, 8701 Watertown Plank Rd, Milwaukee, WI 53226., Tel: 414-456-4819, Fax: 414-456-6312, vnilakan@mcw.edu.

NIH Public Access
Author Manuscript
Free Radic Biol Med. Author manuscript; available in PMC 2013 December 14.

Published in final edited form as:
Free Radic Biol Med. 2010 November 30; 49(10): . doi:10.1016/j.freeradbiomed.2010.08.018.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



will in part, depend on the balance between the ROS generation and their removal by the
intracellular antioxidant systems, such as SOD, catalase and glutathione peroxidase. Of the
three isoforms of SOD, SOD1 is the most abundant in the kidney and thus serves as a major
antioxidant system in disproportionating O2

•− into oxygen and H2O2 which is further
detoxified by glutathione peroxidase or catalase [9]. Deficiency of SOD1 increases
susceptibility to IR-induced acute kidney injury in mice, and the adenoviral transfer of
SOD1 attenuates IR injury in the kidney [10]. SOD2 is located exclusively in mitochondrial
matrix, and over-expression of SOD2 has shown protective effects in various cardiac injury
models [11–13]. However, the exact molecular mechanism and signaling pathways of SODs
in renal proximal tubular cells are still not very clear.

Mitochondria play an important role in many cellular processes including production of
ATP, fatty acid oxidation, control of apoptosis and necrosis, and regulation of cytosolic
Ca2+ homeostasis [14–16]. Mitochondria are the primary site of ROS production and also a
target for oxidative stress. The mitochondrial permeability transition pore (MPTP) is a
nonspecific channel formed by components from the inner mitochondrial membrane and its
opening initiates cell death. The occurrence of a sudden change in the permeability of the
mitochondrial membranes due to MPTP opening is usually induced by oxidative stress and
mitochondrial calcium ([Ca2+]m) overload causing an arrest in mitochondrial respiration and
leading to necrotic or apoptotic cell death [17, 18]. Cell death can also occur after the
translocation of the pro-apoptotic protein Bax to the outer mitochondrial membrane, which
activates apoptosis via the release of mitochondrial proteins, such as cytochrome c or Smac/
Diablo.

Previously, we have shown that the over-expression of SOD1 partially reduced cytotoxicity
and prevented caspase-3 activation in ischemic renal epithelial cells [19]. However, the role
of the SOD1 on mitochondrial signaling in ischemic injury and the importance of ROS
scavenging in cytosol vs. mitochondria is still unclear. The current study was thus
undertaken to determine the effects of SOD1 and MitoTEMPO, a mitochondria-targeted
antioxidant, on mitochondrial function and signaling pathways in an in vitro ATP depletion-
recovery (ATP-DR) injury model. Our findings indicate that the over-expression of SOD1
and MitoTEMPO treatment in proximal tubular epithelial cells prevent [Ca2+]m overload,
attenuate MPTP opening and partially block the mitochondrial translocation of the pro-
apoptotic protein Bax following ATP-DR thus attenuating both necrotic and apoptotic
pathways.

Material and methods
Cell culture

LLC-PK1 (a porcine proximal tubular epithelial cell line) was obtained from the American
Type Culture Collection (Rockville, MD) and grown in α-MEM containing 10% fetal
bovine serum (Invitrogen, Carlsbad, CA) at 37°C in a 5% CO2 with 95% air humidified
incubator. The SOD1 (LLC-SOD1) or EGFP (LLC-EGFP) over-expressing LLC-PK1 cells
have been produced using lentiviral vector mediated transduction and have been
characterized by our laboratory in a previous study [19]. Both LLC-EGFP and LLC-SOD1
cells were grown to confluence before initiation of the ATP-DR injury.

ATP-DR protocols
ATP-DR protocols were performed as previously reported [20, 21]. In brief, both LLC-
EGFP and LLC-SOD1 cells were grown in α-MEM containing 10% FBS before initiation of
the ATP-DR. Cells were washed with Dulbecco’s phosphate buffered saline (DPBS) and
incubated with prewarmed serum-free α-MEM 30 min prior to ATP depletion. ATP
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depletion was induced by substrate deprivation and the addition of 0.1 µM antimycin A, a
complex III inhibitor, for 0.5, 1, or 2 hours. Following the various ATP depletion time
points, the cells were recovered in serum-free α-MEM for periods ranging from 5 minutes to
1 hour (DR, 30 min-5 min, 1h-15 min, 1h-1h, 2h-30 min or 2h-1h). At the end of the
experiment, data was collected using laser-scanning confocal microscopy or harvested for
mitochondrial isolation and western blot analysis. Control cells (SF) were grown in parallel
and underwent equivalent washes and incubated in serum-free (SF) α-MEM throughout the
experiment.

MitoTEMPO treatment
A subset of wild type LLC-PK1, LLC-EGFP and LLC-SOD1 cells was treated with 1 nM of
the mitochondria-targeted antioxidant MitoTEMPO during the ATP-DR. At the end of the
experiment, cells were used for various analyses.

SOD activity assay
SOD activity was measured using a commercially available superoxide dismutase assay kit
(Cayman Chemical, Ann Arbor, MI). This kit relies on tetrazolium salt based detection of
superoxide radicals generated by xanthine oxidase. To assess for SOD2 activity, 2 mM
potassium cyanide was added to inhibit SOD1 and SOD3 activity. The absorbance was read
at 450 nm according to manufacturer’s instructions.

ATP measurement
ATP was measured in the cell extracts using a commercially available luminescence based
assay (Invitrogen, Carlsbad, CA) in a Modulus luminometer (Promega, Madison, WI).
Briefly, cells were grown to confluence in 6 well plates and underwent ATP depletion for 2
hours followed by recovery for 1 hour. The cells were lysed and ATP levels were measured
according to manufacturer’s instructions and presented as percent of control.

[Ca2+]m and mitoTracker staining in LLC-PK1 cells
[Ca2+]m was first tested in wide type LLC-PK1 cells and monitored using rhod-2 AM (4 µM;
Invitrogen) that was selectively loaded into mitochondria using modification of previously
described cold-warm loading protocol [22]. In brief, rhod-2 AM was loaded into LLC-PK1
cells (which were subject to ATP-DR) first at the lower, room temperature for 30 min, then
for additional 10 min at 37°C, followed by dye washout at 37°C for additional 1 h. This
protocol enables selective loading of rhod-2 AM into mitochondria and removal of residual
dye from the cytosol. To verify the mitochondrial localization of rhod-2 signal, MitoTracker
Green (1 µM, Invitrogen), a mitochondrial targeted probe was loaded during last 15 minutes
of incubation with the rhod-2 AM. The fluorescence signal of both dyes co-localized and
exhibited specific mitochondrial pattern, confirming mitochondrial localization of rhod-2
signal. Rhod-2 AM was excited using a green HeNe laser at 543 nm and emitted
fluorescence was collected at 590/40 nm. Measurements of [Ca2+]m uptake in LLC-EGFP
and LLC- SOD1 cells with or without MitoTEMPO were conducted following 1h-1h ATP-
DR protocol.

Laser-scanning confocal microscopy
[Ca2+]m and mitochondrial membrane potential (ΔΨm) in LLC-EGFP and LLC-SOD1 cells
was monitored using laser-scanning confocal microscope (Eclipse TE2000-U; Nikon,
Tokyo, Japan) with a 60xA/1.40 oil-immersion objective (Nikon). MetaMorph 6.1 software
(Universal Imaging, West Chester, PA) was used for data analysis. Fluorescence intensities
are expressed as arbitrary units (a.u.).
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Measurements of ΔΨm by TMRE and JC-1
LLC-EGFP and LLC- SOD1 cells underwent 1h-1h ATP-DR and were loaded with 50 nM
tetra-methyl rhodamine ethyl ester (TMRE) during the last 15 min of ATP-DR, and
visualized using confocal microscopy. TMRE is a lipophilic, potentiometric dye that is
driven into mitochondria by ΔΨm. Green HeNe laser was used to excite TMRE at 543 nm,
followed by fluorescence collection at 590/40 nm.

JC-1 selectively enters mitochondria driven by ΔΨm and reversibly changes color from
green to red as the membrane potential increases. In healthy cells with high mitochondrial
ΔΨm, JC-1 spontaneously forms complexes known as J-aggregates with intense red
fluorescence. On the other hand, in unhealthy cells with low ΔΨm, JC-1 remains in the
monomeric form, which shows only green fluorescence. To avoid the signal interference
between EGFP and JC-1 we used LLC-PK1 instead of EGFP cells. LLC-PK1 and LLC-
SOD1 cells were grown in a 24-well culture plate at a density of 1×105 cells/ml. After 1h-1h
of the ATP-DR protocols, JC-1 (Cayman Chemical, Ann Arbor, MI) was loaded at a dilution
of 1:15 in α-MEM and incubated at 37°C for 20 minutes. After washing once with pre-
warmed JC-1 assay buffer, images were directly taken by using an Olympus IX50 inverted
microscope (Olympus America, Center Valley, PA) or microplate was read in a fluorometer
with excitation/emission settings at 560/595 nm and 485/535 nm. The intensity of green and
red fluorescence was also quantified using ImageJ software (NIH), and data are presented as
mean of red/green fluorescence ratio.

Mitochondrial isolation
After varying time points of ATP-DR, the cells were harvested in cold DPBS, centrifuged
for 3 minutes at 2000 rpm at 4°C, and cell pellet was re-suspended in ice-cold mitochondrial
isolation buffer (250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.0 mM EDTA, 1.5 mM
MgCl2) with protease inhibitors, and incubated for 30 minutes on ice. The cell membrane
was lysed by drawing the mixture in and out the insulin syringe for total 20 times on ice
followed by centrifugation for 15 minutes at 750 g at 4°C. The cytosolic and mitochondrial
fractions were separated by centrifuging supernatant at 12, 000 g for 15 minutes at 4°C. The
mitochondrial pellet was washed three times with mitochondrial isolation buffer and
mitochondrial pellet was re-suspended in RIPA buffer and stored at −80°C until assay.
Protein concentration was measured using a protein assay kit from Bio-Rad (Hercules, CA).
To test the purity of the mitochondria, western blots were used to determine the presence of
GAPDH and the absence of cytochrome c oxidase in the cytosolic fraction and the absence
of GAPDH and the presence of cytochrome c oxidase in the mitochondrial fraction.

Western blots
Twenty five micrograms of whole cell lysate, mitochondrial or cytosol fraction from LLC-
PK1, LLC-EGFP and LLC-SOD1 treated cells were run on 15% or 4–20% creatinine gel and
transferred to polyvinylidene fluoride (PVDF) membrane. These fractions were
electrophoresed on the same gel to avoid any gel to gel variations and stained with Ponceau
S to ensure equal protein loading. After blocking 1 hour at room temperature (RT), the blots
were incubated with one of the following primary antibodies: Bax (Santa Cruz
Biotechnology, Santa Cruz, CA, 1:200); Bcl-2 (Santa Cruz Biotechnology, Santa Cruz, CA,
1:1000); cytochrome c (BD biosciences, San Jose, CA, 1:1000); cytochrome c oxidase
subunit I (Invitrogen, Carlsbad, CA, 1:1000); GADPH (Chemicon, Temecula CA, 1:2000);
phosphoSAPK/JNK (Cell Signaling Technology, Inc. Danevers, MA, 1:1000); total SAPK/
JNK (Cell Signaling Technology, Inc. Danevers, MA, 1:1000); phospho-c-Jun (Cell
Signaling Technology, Inc. Danvers, MA, 1:1000) and Smac/Diablo (AbCam, Cambridge,
MA, 1:1000) overnight at 4°C. After washing, the membranes were probed with secondary
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goat-anti-rabbit, or goat-anti-mouse IgG conjugated to horseradish peroxidase (Bio-Rad) at
1:10,000 for 1 hour at RT. The blots were visualized with ECL.

Apoptosis and necrosis
Cells were evaluated for necrosis and apoptosis by Annexin V-FITC (5 µg/ml; BD
Bioscience Pharmingen) and propidium iodide (5 µg/ml; BD Pharmingen, Franklin Lakes,
NJ) staining, respectively, according to manufacturer’s instructions. Briefly, for microscopic
visualization, cells were grown on coverslips coated with poly-L-lysine (Sigma, St. Louis
MO). After 2h–1h ATP-DR with or without MitoTEMPO treatment, coverslips were
removed from the culture dish and washed with DPBS, then stained with propidium iodide
and Annexin V in 1x Binding buffer for 15 min at room temperature in the dark. After
washing with DPBS, the coverslips were mounted on glass slides using Gel/mount (Electron
Microscopy Science) and imaged under a Nikon fluorescence microscope. Annexin V
positive cells were classified as apoptotic, and propidium positive cells were considered as
necrotic. Fluorescence was analyzed using ImageJ software and the number of propidium
positive cells per field was counted in randomly selected areas.

Statistical analysis
Data are expressed as mean values ± SEM. The significance of differences in mean values
was evaluated by one-way ANOVA, followed by a Newman-Keuls multiple comparison
test. P < 0.05 was considered statistically significant.

Results
ATP levels

To determine whether SOD1 or MitoTEMPO had an effect on ATP levels, we measured
ATP in EGFP, SOD1 and MitoTEMPO treated cells following 2h-1h ATP-DR. ATP levels
were 39 ± 4.08 % higher in the SOD1 over-expressing cells compared to EGFP cells under
serum free conditions. Following ATP-DR, ATP levels were decreased to 77 ± 5.29 % and
80 ± 0.36 % of control in the EGFP and SOD1 cells respectively. MitoTEMPO treatment
did not restore ATP levels in the EGFP cells (76 ± 9.17 %) and had a slight tendency to
improve ATP levels in the SOD cells (86 ± 4.95 %).

SOD activity
SOD activity was measured in EGFP, SOD1 and MitoTEMPO treated cells under serum
free and ATP depleted conditions. MitoTEMPO did not affect total SOD activity in either
EGFP or SOD1 cells (data not shown). However, there was a significant decrease in SOD2
activity in the EGFP cells following 2h-1h ATP-DR and MitoTEMPO partially restored
SOD2 activity (Fig 1A). Surprisingly, in the SOD1 over-expressing cells, SOD2 activity was
higher compared to EGFP cells under serum free conditions (Fig 1A). Following ATP-DR,
the SOD2 activity was preserved in the SOD1 over-expressing cells and MitoTEMPO did
not have a significant effect (Fig 1A).

DHE fluorescent microscopic imaging was used to evaluate the superoxide levels in EGFP,
SOD1 and MitoTEMPO cells. Following ATP-DR, there was an increase in DHE staining in
EGFP cells (Fig 1B) and this was partially attenuated in the SOD1 cells. The addition of
MitoTEMPO to EGFP and SOD1 cells further decreased DHE fluorescent staining
following ATP-DR (Fig 1B).
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Co-localization of rhod-2 AM and MitoTracker
To verify selective loading of rhod-2 into mitochondria, LLC-PK1 cells were ATP depleted
and incubated with the Mitotracker Green along with rhod-2 AM. As shown in Fig 2A, the
rhod-2 fluorescence co-localized with Mitotracker Green and exhibited characteristic
mitochondrial pattern, indicating the preferential mitochondrial loading of rhod-2 AM.

ATP-DR induces [Ca2+]m overload
LLC-PK1 cells were used to test the time-dependant effects of the ATP depletion and-
recovery phases on the increase in [Ca2+]m. Initial experiments indicated that there was a
significant increase in [Ca2+]m within 1 hour of ATP depletion (data not shown). Following
1 h of ATP depletion, the rhod-2 fluorescence increased progressively during the recovery
period and reached a peak at about 90 minutes (P<0.05) , indicating time-dependant
accumulation of mitochondrial Ca2+ (Fig. 2B). Treatment with the calcium ionophore,
ionomycin increased the rhod-2 fluorescence intensity, which was blocked with the putative
inhibitor of mitochondrial Ca2+ uniporter, ruthenium red, corroborating that rhod-2
primarily reports changes in [Ca2+]m(P < 0.01–0.001) (Fig. 2B).

SOD1 over-expression and MitoTEMPO partially prevent [Ca2+]m accumulation following
ATP-DR

To assess the potential role of SOD1 in ATP-DR-induced [Ca2+]m overload, we compared
[Ca2+]m in LLC-SOD1 and LLC-EGFP cells following ATP-DR. In addition, we also tested
the effect of mitochondrial ROS scavenging using MitoTEMPO. ATP-DR induced a
significant increase in rhod-2 fluorescence intensity, an index of increase in [Ca2+]m,
indicating that [Ca2+]m overload was a consequence of increased ROS production induced
by ATP-DR (Fig 2C) (P < 0.05). Similarly, the treatment with the mitochondria targeted
antioxidant MitoTEMPO also partially blocked the increase in [Ca2+]m although to a lesser
extent than SOD1 (P < 0.05) (Fig. 1C). In combination, MitoTEMPO and SOD1 exhibited a
small additive effect and further attenuated ATP-DR mediated increase in [Ca2+]m (P< 0.05)
(Fig 2C).

SOD1 over-expression and MitoTEMPO partially prevent the loss of ΔΨm due to MPTP
opening following ATP-DR

Excessive ROS production together with the [Ca2+]m can cause the sustained opening of the
MPTP leading to apoptosis and/or necrosis [23–26]. Since MPTP causes the collapse of the
ΔΨm, we assessed the changes in the ΔΨm following 1h-1h ATP-DR. In LLC-EGFP cells
ATP-DR induced the collapse of the ΔΨm, observed as a substantial decrease in TMRE
fluorescence (Fig 3). In the presence of MPTP blockers cyclosporine A (CsA) and
bongkrekic acid (BA) the loss TMRE fluorescence was attenuated, indicating that MPTP
opening was in part responsible for the observed collapse of ΔΨm (Fig 3, P< 0.001). In LLC-
SOD1 cells or cells treated with MitoTEMPO, the ΔΨm collapse was also prevented,
suggested that cytosolic or mitochondrial ROS scavenging inhibited MPTP and attenuated
ATP-DR induced mitochondrial depolarization (Fig 3, P< 0.001). In combination, SOD1
over-expression and MitoTEMPO exhibited small, but not significant additive effect (Fig 3).

We also used JC-1, another indicator of ΔΨm to verify the results obtained using TMRE. In
agreement with the results above, ATP-DR caused mitochondrial depolarization, which was
attenuated by SOD1 (Fig. 4, P< 0.05). MitoTEMPO treatment also showed tendency to
attenuate the loss of ΔΨm, but this did not reach statistical significance.
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Effects of SOD1 over-expression and MitoTEMPO on Bax mitochondrial translocation
Bax translocation to the mitochondria is a key event regulating the release of proteins such
as cytochrome c and Smac/Diablo from the mitochondria leading to downstream apoptotic
events [27]. To determine whether SOD1 also had an effect on the translocation of pro- and
antiapoptotic genes, Bax and Bcl-2 to the mitochondria, mitochondrial fractions were
isolated from both LLC-EGFP and LLC-SOD1 after 1h-1h ATP-DR, and levels of Bax and
Bcl-2 were determined. Over-expression of SOD1 partially prevented Bax translocation to
mitochondria compared to LLC-EGFP cells (P < 0.05) (Fig. 5A and B), but did not alter
Bcl-2 expression after 1h-1h ATP-DR (data not shown). Addition of MitoTEMPO alone in
the LLC-EGFP cells had a tendency to decrease Bax translocation to the mitochondria but
when used in conjunction with SOD1, it slightly increased mitochondrial Bax translocation
(Fig. 5A–D).

Effect of SOD1 on cytochrome c release from mitochondria following ATP-DR
To evaluate the effect of SOD1 on the release of pro-apoptotic proteins from mitochondria
such as cytochrome c in ATP-DR, the levels of cytochrome c were determined by western
blotting in mitochondrial and cytosolic fractions. Cytochrome c release from mitochondria is
presented as ratio of cytochrome c levels in cytosol and mitochondria in both LLC-EGFP
and LLC-SOD1 cells after 1h-1h or 2h-1h ATP-DR (Fig. 6A and B). In the early phase of
ATP depletion-recovery injury (1h-1h), SOD1 over-expression or MitoTEMPO treatment
had no effect on cytochrome c release (Fig. 6A). At the later time point (2h-1h), SOD1 by
itself did not prevent cytochrome c release, however, in conjunction with MitoTEMPO, the
release of cytochrome c from mitochondria was partially prevented (Fig. 6B).

Effect of SOD1 and MitoTEMPO on Smac/Diablo release from mitochondria following ATP-
DR

We next examined the effects of SOD1 on the release of other mitochondrial proteins such
as Smac/Diablo following ATP-DR. Smac/Diablo from mitochondrial and cytosol fraction
was further evaluated by western blots following 1h-1h and 2h-1h ATP-DR. Changes in
Smac/Diablo are presented as ratio of cytosol to mitochondrial protein levels in both LLC-
EGFP and LLC-SOD1 cells (Fig. 6C and D). SOD1 over-expression alone tended to
increase Smac/Diablo release at the early time point and did not affect the release of Smac/
Diablo at the late time point (Fig 6C and D). However the addition of MitoTEMPO
prevented the release of Smac/Diablo into the cytosol at both time points (Fig 6C and D).

Effect of SOD on SAPK/JNK phosphorylation following ATP-DR
JNK has been shown to promote Bax translocation to mitochondria by phosphorylation of
14-3-3 proteins [28] which in turn induce release of pro-apoptotic proteins such as Smac/
Diablo from the mitochondria. To further determine whether the effects of SOD1 on Bax
translocation are dependant on SAPK/JNK, the phosphorylation of JNK was tested in total
cell lysates from LLC-EGFP and LLC-SOD1 cells following the different time points of
ATP-DR. There was no phosphorylation of SAPK/JNK following the very early phases of
ATP depletion (30 minutes) (Fig. 7A). However, SAPK/JNK phosphorylation was initiated
at 1h ATP depletion and within 15 minutes of the recovery period, and this was sustained
until 2 hours of ATP depletion (Fig. 7B and C). SOD1 over-expression had a tendency to
prevent SAPK/JNK phosphorylation at both the 1 hour and 2 hour time points of ischemia
(Fig. 7B and C). Interestingly, MitoTEMPO did not prevent SAPK/JNK phosphorylation in
any of the time points tested (Fig. 7A–C).
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SOD1 decreases c-Jun phosphorylation following ATP-DR
To test whether SOD1 or MitoTEMPO have effects on nuclear protein expression
downstream of SAPK/JNK, the level of phospho-c-Jun was measured by western blot from
total cell lysates following 1h-15 min ATP-DR. To test the interaction between SOD1 and
JNK in the activation of c-Jun, a specific JNK inhibitor, JNK-1, was included. We did not
observe c-Jun phosphorylation under control conditions, but SOD1 attenuated c-Jun
phosphorylation following ATP-DR injury with or without MitoTEMPO compared to LLC-
EGFP cells (Fig. 7D). JNK-1 partially prevented c-Jun phosphorylation in both LLC-EGFP
and LLC-SOD1 cells (Fig. 7D).

SOD1 and MitoTEMPO decreased necrosis and apoptosis following ATP-DR
To test the effects of SOD1 on apoptosis and necrosis, the percentage of Annexin V positive
and propidium positive cells was measured in control and cell subject to ATP-DR cells.
SOD1 and MitoTEMPO significantly reduced both Annexin V fluorescence and the number
of propidium positive cells following 2h-1h ATP-DR compared to control (P < 0.05–0.001)
(Fig. 8).

Discussion
The present study documents the effects of SOD1 over-expression and MitoTEMPO
treatment on preservation of mitochondrial integrity in an in vitro model of ATP-DR. The
main findings of this study were the following: 1) [Ca2+]m increases progressively with the
recovery time which is accompanied by a loss of ΔΨm , in part mediated by MPTP opening;
2) SOD1 over-expression partially prevents [Ca2+]m overload and attenuates MPTP
opening; 3) SOD1 inhibits Bax translocation to mitochondria and partially attenuates c-Jun
phosphorylation following ATP-DR; 4) the mitochondria targeted antioxidant, MitoTEMPO
is also effective in attenuating [Ca2+]m overload, loss of ΔΨm and MPTP opening and
prevents Smac/Diablo release without affecting SAPK/JNK phosphorylation.

[Ca2+]m overload combined with other factors is one of the primary triggers leading to the
release of pro-apoptotic proteins from the mitochondria [15, 25, 29]. Our result indicating an
increase in [Ca2+]m in the early stages of ATP-DR is consistent with a previous report
demonstrating that there is a significant increase in [Ca2+]m within 1 hour of reperfusion
which is elevated up to 24 hours post reperfusion and correlates with decreased
mitochondrial respiration and renal function in a model of renal IR injury [30]. To our
knowledge, our study is the first to show that over-expression of SOD1 and MitoTEMPO
treatment can prevent ATP-DR-induced increases in [Ca2+]m, although other investigators
have shown an increase in intracellular Ca2+ signaling and mitochondrial depolarization in
mutant SOD1 mouse models of amyotrophic lateral sclerosis[31, 32]. Our result is further
supported by the phenomenon of ROS-induced Ca2+ release [33] where ROS/oxidative
stress stimulate Ca2+ release from the endoplasmic reticulum, and also inhibit intracellular
Ca2+ pumps, thereby inhibiting its clearance from the cytosol.

The maintenance of the ΔΨm is important for normal mitochondrial function, and its loss via
opening of the MPTP leads to initiation of necrotic and apoptotic pathways [26, 34]. In our
study, ATP depletion-recovery injury induced a dramatic loss of the ΔΨm evaluated by both
TMRE and JC-1 in LLC-EGFP or LLC- PK1 cells. The collapse of ΔΨm was attenuated by
MPTP inhibition, indicating that in part MPTP is responsible for the observed mitochondrial
depolarization. The collapse of ΔΨm was also prevented by SOD1 over-expression and
MitoTEMPO treatment suggesting that ROS scavenging blocked MPTP. This effect was
caused either directly by decreasing ROS, a major MPTP trigger [35], and/or indirectly by
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attenuating ROS-induced Ca2+ release [33] and [Ca2+]m accumulation, another MPTP
trigger.

MPTP can lead to both necrosis and apoptosis depending on whether the injury is transient
or sustained. In our study, the ATP depletion mediated increase in necrosis (propidium
iodide) and apoptosis (annexin V) was attenuated by both SOD1 and MitoTEMPO. This was
consistent with our previous finding that over-expression of SOD1 partially reduces
apoptosis by preventing caspase 3 activation [19] and with previous reports showing that
over-expression of the mitochondrial SOD2 protects against injury mediated cell death [12,
13, 36]. Similar to the effects of MitoTEMPO on our model of injury, another mitochondria-
targeted antioxidant, MitoQ also prevents cardiac dysfunction by attenuating mitochondrial
oxidative damage or mitochondrial ROS generation in astrocytes [37–40].

During the apoptotic process, several key events occur in mitochondria, including the
release of caspase activators such as cytochrome c, Smac/Diablo and HtrA2, which is
accompanied by changes in electron transport chain, and loss of ΔΨm [41]. Bax translocation
to the mitochondria is a major trigger that compromises the mitochondrial membrane and
allows for the release of pro-apoptotic proteins and initiation of apoptosis [42]. It has also
been suggested that Bax can elicit pro-apoptotic signaling from the mitochondria
independent of MPTP [43, 44]. In our study, SOD1 was able to partially prevent Bax
translocation to the mitochondria although it was not able to attenuate cytochrome c or
Smac/Diablo release by itself. Nevertheless, when used in conjunction with MitoTEMPO,
SOD1 prevented the release of cytochrome c and Smac/Diablo. Previous studies using a
model of neuronal ischemia have shown that SOD1 over-expression in transgenic mice can
prevent early cytochrome c and Smac/Diablo release and prevent DNA fragmentation after
transient ischemia [45–47]. In contrast to these studies, our results indicate that scavenging
of cytosolic ROS by SOD1 alone was insufficient to prevent the release of cytochrome c and
Smac/Diablo and additional scavenging of mitochondrial ROS (by MitoTEMPO) was
required to prevent the release of pro-apoptotic proteins from the mitochondria following
ATP-DR.

JNK signaling has been shown to be involved in ROS-mediated apoptosis [48–51]
facilitating the mitochondrial translocation of Bax. Increased phosphorylation of JNK within
one hour of ATP depletion (and within 15 minutes of recovery) was observed in the current
study, and SOD1 over-expression but not MitoTEMPO treatment tended to decrease JNK
phosphorylation in both serum free and ATP-DR conditions. SOD1 over-expression also
prevented c-Jun phosphorylation, the downstream effector of JNK demonstrated that the c-
Jun pathways is likely modified by cytosolic ROS and plays an active role in the
downstream activation of apoptosis. This finding corroborates with previously published
reports that over-expression of c-Jun leads to cell death in PC12 cells, which can be
inhibited by expression of dominant negative c-Jun [52] and suppression of the JNK-c-Jun
signaling cascade protects the kidney against IR-induced apoptosis [53]. It was not entirely
surprising that MitoTEMPO failed to prevent either phosphorylation of JNK or c-Jun as
these are cytosolic signals, most likely activated by cytosolic ROS and the scavenging of
mitochondrial ROS may not have a direct effect on these pathways.

In conclusion, this study shows for the first time that SOD1 over-expression and
MitoTEMPO treatment partially preserve mitochondrial membrane integrity and attenuate
ATP-DR mediated necrosis and apoptosis by preventing mitochondrial permeability
transition and decreasing Bax translocation to mitochondria. Although the exact signaling
intermediates that form a link between the cytosolic ROS and mitochondrial membrane
permeability are not exactly clear yet, it is possible that either mitochondrial K+ channels
and/or the sodium/calcium exchanger (NCX) play a role in activating these signals [54, 55].
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Future studies examining the role of these ion channels and the use of genetic techniques to
scavenge mitochondrial ROS in renal IRI are warranted.
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Fig. 1.
A: SOD2 activity in EGFP, SOD1 and MitoTEMPO treated cells under serum free and
2h-1h ATP-DR conditions. Results are means ± SEM. N=3 per group. * P<0.05 vs. EGFP-
SF; # P<0.01 vs. EGFP-MitoTEMPO. B: Light and DHE fluorescent images in EGFP,
SOD1 and MitoTEMPO treated cells under serum free and 2h-1h ATP-DR conditions. Scale
bar = 60 µm.
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Fig. 2.
A: Co-localization of rhod-2 and MitoTracker fluorescence in LLC-PK1 cells. B: Time
course of rhod-2 fluorescence following 1 h ATP depletion and varying recovery times
indicates progressive accumulation of mitochondrial Ca2+. Ca2+ ionophore, ionomycin
increases mitochondrial Ca2+, which is blocked by inhibiting mitochondrial Ca2+ uptake
with ruthenium red. ¶, P < 0.01 Ruthenium vs. serum free (SF); ‡, P < 0.001 Ionomycin vs.
SF. C: Representative images (top panel) and summary histograms of rhod-2 fluorescence
intensity (bottom bar graph) in LLC-EGEP and LLC-SOD1 cells following 1h-1h ATP
depletion- recovery. Results are means ± SEM, with N=80–100 cells from 4 different dishes.
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*, P < 0.05 vs. SF; #, P < 0.05 vs. EGFP-DR. Scale bar = 25 µm for 1A, 40 µm for 1B and
1C.
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Fig. 3.
SOD1 over-expression and MitoTEMPO attenuate the loss of ΔΨm due to MPTP opening.
ΔΨm was assayed by TMRE fluorescence in LLC-SOD1 and LLC-EGFP cells with or
without MitoTEMPO after 1h-1h ATP-DR. A: Representative images. B: Summary
histograms of TMRE fluorescence intensity. ATP depletion recovery causes complete
dissipation of ΔΨm (DR, EGFP) which is prevented by MPTP inhibition with cyclosporine
A (CsA) or bongkrekic acid (BA). ROS scavenging by SOD1 or MitoTEMPO also
attenuated the loss of ΔΨm. Results are means ± SEM, with N=80–100 cells from 4 different
dishes. * P < 0.01 vs. SF; #, P < 0.05 vs. SF. ¶ P<0.001 EGFP-DR vs. all other groups. Scale
bar = 50 µm.
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Fig. 4.
SOD1 over-expression and MitoTEMPO prevent the loss of loss of ΔΨm as measured by
JC-1. As in Fig 2, cells were exposed to 1h-1h ATP-DR A: Representative JC-1 images of
LLC-PK1 (top panel) and LLC-SOD1 (low panel) cells. B: Quantitation of JC-1
fluorescence. Results are ratios of red to green JC-1 fluorescence and presented as means ±
SEM (N=9 for all groups). * P < 0.05 vs. SOD1-DR; #, P < 0.01 vs. SF. Scale bar = 40 µm.
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Fig. 5.
Densitometry of Bax western blots in mitochondrial fraction from LLC-SOD1and LLC-
EGFP cells following 1h-1h ATP-DR (DR) with or without MitoTEMPO (MitoTEMPO).
Serum free (SF) cells were used as control. A: western blot of Bax in EGFP cells with
Ponceau S as loading control; C: western blot of Bax in SOD1 cells with Ponceau S as
loading control. B and D: Densitometry ratio of Bax to Ponceau S staining. Over-expression
of SOD1 prevents Bax translocation to mitochondria. Results are means ± SEM. N=3; * P <
0.05 EGFP-DR vs. SF and MitoTEMPO; ¶, P < 0.01, SOD1-MitoTEMPO vs. SF and
SOD1-DR.
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Fig. 6.
Western blots of cytochrome c (A and B) and Smac/Diablo (C and D) in mitochondrial and
cytosol fraction in both EGFP and SOD1 cells with or without MitoTEMPO following
1h-1h or 2h-1h ATP-DR. A: Western blot from 1h-1h: cytochrome c in cytosol fraction (left
panel), cytochrome c in mitochondrial fraction (right panel). B: Western blot from 2h-1h
protocol: cytochrome c in cytosol fraction (left panel), cytochrome c in mitochondrial
fraction (right panel).C: Western Blot of 1h-1h ATP-DR: Smac/Diablo in cytosolic fraction
(left panel), Smac/Diablo in mitochondrial fraction (right panel). B: Western Blot of 2h-1h
ATP-DR: Smac/Diablo in cytosol fraction (left panel), Smac/Diablo in mitochondrial
fraction (right panel).
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Fig. 7.
Densitometry of pJNK and phospho-c-Jun western blots in whole cell lysate from LLC-
SOD1and LLC-EGFP cells following different time points of ATP-DR with or without
MitoTEMPO. A-C: Densitometry ratio of pJNK to total JNK in 30 min-5 min, 1h-15 min,
and 2h-30 min. Over-expression of SOD1 prevents JNK phosphorylation in 1h or 2h ATP-
DR but no effect at the 30 min ischemic time point. Results are means ± SEM. N=3; ‡, P <
0.001 vs. SF. D: Densitometry ratio of phospho-c-Jun to GAPDH. SOD1 also prevents c-Jun
phosphorylation following 1h-15 min of ATP-DR. MitoTEMPO did not show any changes
in either JNK or c-Jun phosphorylation. ‡, P<0.01 vs. SF; *, P < 0.05 vs. EGFP-DR.
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Fig. 8.
Annexin V and propidium staining in LLC-SOD1 and LLC-PK1 cells with or without
MitoTEMPO following 2h-1h ATP-DR. A: Annexin V and propidium staining in LLC-PK1
(top panel) and LLC-SOD1 (lower panel). B: Quantitation of Annexin V fluorescence. C:
The number of propidium iodide positive cells per field. SOD1 and MitoTEMPO
significantly reduced Annexin V green fluorescence and the percentage of propidium
positive cells. N=5–12; *, P < 0.05, LLC-DR vs. SOD-DR, SF, SOD-MitoTEMPO; ¶, P <
0.01, LLC-DR vs. SOD-MitoTEMPO; ‡, P < 0.001vs. SF. Scale bar = 60 µm.
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