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Abstract

Bax and Bak, two pro-apoptotic Bcl-2 family proteins, have been implicated in acute kidney
injury following renal ischemia/reperfusion; however, definitive evidence for a role of these genes
in the disease process is lacking. Here we first examined two Bax-deficient mouse models and
found that only conditional Bax-deletion specifically from proximal tubules could ameliorate
ischemic acute kidney injury. Global (whole mouse) knockout of Bax enhanced neutrophil
infiltration without significant effect on kidney injury. In contrast, global knockout of Bak
protected mice from ischemic acute kidney injury with improved renal function. Interestingly, in
these models, Bax or Bak knockout attenuated renal tubular cell apoptosis without significantly
affecting necrotic tubular damage. Cytochrome c release in ischemic acute kidney injury was also
suppressed in conditional Bax or global Bak-knockout mice. In addition, Bak deficiency prevented
mitochondrial fragmentation in ischemic acute kidney injury. Thus, our gene-knockout studies
support a critical role of Bax and Bak in tubular cell apoptosis in ischemic acute kidney.
Furthermore, necrosis and apoptosis have distinguishable regulatory functions.
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INTRODUCTION

Apoptosis is an important cell death mechanism that functions in various physiological and
pathological conditions. In mammalian cells, there are two major apoptotic pathways that
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are respectively centered around death-receptors and mitochondria. The mitochondrial
pathway of apoptosis is characterized by mitochondrial outer membrane permeabilization
(MOMP) and consequent release of apoptogenic factors such as cytochrome c. Bcl-2 family
proteins are important regulators of MOMP during apoptosis [1, 2]. In this regard, Bax and
Bak, two pro-apoptotic proteins with multiple Bcl-2 homology (BH) domains, are the key
gate-keeper molecules of MOMP. The anti-apoptotic Bcl-2 proteins, such as Bcl-2 and Bcl-
XL, can antagonize Bax and Bak to prevent MOMP. On the contrary, BH3-domain only
proteins like Bid, Bim and Puma can activate Bax and Bak to form oligomers in
mitochondrial outer membrane resulting in MOMP [1, 2]. Recent research indicates that Bak
has a unique role in the regulation of mitochondrial dynamics leading to mitochondrial
fragmentation. Importantly, fragmented mitochondria are sensitized to Bax insertion and
oligomerization in mitochondrial outer membrane. Thus, Bak and Bax provide the “two-
hits” on mitochondria resulting in MOMP and consequent release of apoptogenic factors.
Bax/Bak-mediated mitochondrial pathway of apoptosis has been suggested to play important
roles in a variety of diseases including acute kidney injury (AKI) [3-12].

Acute kidney injury (AKI) is a kidney disease characterized by rapid loss of kidney function
and wide-spread renal tubular cell death including both necrosis and apoptosis [13]. Severe
AKI is associated with high mortality and currently there are no effective therapies except
supportive care. Clinically, renal ischemia-reperfusion is one of the major causes of AKI
[14]. In in vitro models of ischemic AKI, i.e. hypoxia and ATP-depletion in renal proximal
tubular cells, Bax and Bak have been shown to play critical roles in apoptosis [10, 15-19].
In vivo, Bax/Bak are induced and activated in ischemic kidney tissues and human kidney
allografts after transplantation [6, 20]. Despite these studies, convincing evidence for a
pathogenic role of Bax and Bak in ischemic AKI has not been demonstrated by using gene
knockout models.

In the current study, we have examined ischemic AKI in several Bax or Bak knockout
models. We show that germline Bak -knockout or conditional Bax-knockout from proximal
tubules could ameliorate ischemic AKI. Interestingly, in these models tubular apoptosis, but
not necrosis, is mainly attenuated. Notably, mitochondrial fragmentation is blocked in Bak-
knockout kidney tissues, verifying a role of Bak in the regulation of mitochondrial dynamics
in pathological conditions in vivo.

RESULTS

Protection of mice from ischemic AKI by germline knockout of Bak, but not Bax

To investigate the role of Bax and Bak in ischemic AKI, we first started with Bax and Bak
germline knockout mice. The depletion of Bax and Bak was confirmed by Western blot of
whole kidney lysates (Fig. 1 C & F). Under control conditions, neither Bax knockout
[Bax(-/-)] nor Bak knockout [Bak(—/-)] mice showed obvious kidney defects. These mice
also had normal kidney function with 30-50 mg/dL blood urea nitrogen (BUN) and 0.3-0.5
mg/dL serum creatinine as wild-type animals [Bax(+/+) or Bak(+/+)] (Fig. 1A, B, D, E).
When the mice were challenged with 30 minutes of bilateral kidney ischemia followed by
48 hours of reperfusion, the Bax(—/-) mice showed similar severe renal injury as Bax(+/+)
mice, with a huge induction of BUN [ 219.8+60.8 mg/dL (n=5) for Bax(+/+) vs 238.7+39.7
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mg/dL (n=6) for Bax (/)] and serum creatinine level [2.47+0.86 mg/dL (n=5) for
Bax(+/+) vs 2.86+0.39 mg/dL (n=6) for Bax(-/-)] (Fig. 1A, B). In contrast, Bak(-/-) mice
were significantly protected from ischemic AKI, showing only mild kidney function loss
(BUN of 119.7£28.2 mg/dL, serum creatinine of 0.91+0.28 mg/dL, n=5) compared to
Bak(+/+) mice (BUN of 229.8+30.9 mg/dL, serum creatinine of 2.32+0.35 mg/dL, n=6)
(Fig. 1D, E).

We further examined kidney tissues by H & E staining. Regardless of their genotypes, all
the mice without renal ischemia/reperfusion showed normal, healthy kidney histology (Fig.
2A, B: Control). After renal ischemia/reperfusion, both Bax(+/+) and Bax(—/-) mice had
notable necrotic tubular damage, featured by severe tubular lysis mainly in the outer stripe
of the outer medulla, with some in the kidney cortex (Fig. 2A). Surprisingly, despite of
functional protection (Fig. 1) Bak knockout mice did not show obvious improvement of
tubular necrosis, shown by H & E staining compared to Bak (+/+) group (Fig. 2B). The
tubular damage score for the Bak (+/+) and Bak (=/-) tissues after ischemic AKI were
1.83+0.39 and 1.75+0.45 (n=12), respectively, and there was no statistical difference (Fig.
2C).

Generation of proximal tubular Bax knockout mouse model and another germline Bak
knockout model

The lack of effect of Bax knockout on ischemic AKI in mice (Fig. 1) was surprising,
because Bax plays a critical role in cell injury and death in in vitro models of ischemic AKI
kidney in cultured kidney tubular cells [10, 15-19]. One explanation was that global Bax
knockout affected not only the sensitivity of kidney tubules to ischemic injury but also other
participating mechanisms. To test this possibility, we generated a conditional knockout
model in which Bax was specifically deleted from kidney proximal tubules (Fig. 3A). For
this purpose, male mice with floxed Bax gene and germline Bak deletion were obtained
from Korsmeyer lab [21]and bred with females carrying Cre gene driven by the PEPCK
promoter (PEPCK-CRE) [22]. After two generations, we obtained offsprings of a variety of
Bax and Bak genotypes, of which 3 major categories were selected for our study: 1) Bax
knockout specifically in proximal tubular cells [PT-Bax(-/-)]; 2) germline Bak knockout
[Bak(=/-)]; and 3) wild type (WT). In addition to genotyping, Bax depletion in proximal
tubules in PT-Bax(—/-) mice was confirmed by Western blot analysis of lysates from renal
cortical tissues where the majority of cells are proximal tubular cells (Fig. 3B,
Supplementary Fig. 1B, C). Immunohistochemical staining of Bax also showed significantly
lower Bax expression in renal cortex and outer stripe of outer medulla in PT-Bax(-/-) mice
than inner medulla (Supplementary Fig. 1A). As a control, Bak expression was not changed
significantly in PT-Bax(—/-) tissues (Supplementary Fig. 1D). The trace signal of Bax in
PT-Bax(—/-) cortex was likely due to the existence of other types of renal cells. Similarly,
Bak deletion in Bak(—/-) mice was verified(Fig. 3B).

Suppression of ischemic AKI, but not tubular necrosis, in PT-Bax(-/-) mice and Bak(-/-)

mice

Under control conditions, the mice of different Bax and Bak genotypes showed normal renal
function (BUN level in the range of 20-40 mg/dL and serum creatinine level in the range of
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0.3-0.5 mg/dL) (Fig. 4A, B). After 30 minutes of bilateral renal ischemia and 48 hours
reperfusion, wild-type mice (WT, n=8) had severe renal injury with BUN increased to
249.1485.0 mg/dL and serum creatinine increased to 1.82+0.64 mg/dL. In contrast, both PT-
Bax(-/-) and Bak(—/-) mice showed only mild kidney injury after the same treatment of
renal ischemia/reperfusion. As shown in Fig. 4, the BUN level of PT-Bax(—/-) group (n=8)
was 119.4+48.5 mg/dL and serum creatinine was 0.80+0.34 mg/dL. Similarly, Bak(-/-)
mice (n=8) only showed a smaller increase in BUN and serum creatinine after renal
ischemia-reperfusion than wild-type mice.

Although both PT-Bax(—/-) and Bak(—/-) mice were protected from renal ischemia-
reperfusion-induced renal functional loss or failure, these mice showed similar necrotic
tubular damage as WT tissues (Fig. 5). As shown in Fig. 5A, the sham-operated control
kidneys had normal tubular morphology. After renal ischemia/reperfusion, there was severe
tubular necrosis in all genotypes of mice with the majority of the tubules lysed in the outer
stripe of the outer medulla and some tubules lysed in the cortex. The histology scores did not
show significant differences in tubular necrosis in PT-Bax(-/-), Bak(~/-), or WT mice (Fig.
5B).

Less renal tubular apoptosis in PT-Bax (-/=) mice and Bak(-/-) mice after ischemic AKI

In addition to necrosis, apoptosis is another major mechanism of tubular cell death in
ischemic AKI [23-25]. We performed TUNEL assay to examine renal apoptosis, a relatively
reliable method for detecting apoptosis in kidney tissues [26]. All the kidney tissues with 30
minutes of ischemia followed by 48 hours of reperfusion showed positive TUNEL staining,
while very few TUNEL-positive cells were identified in the sham-operated renal tissue (Fig.
6A). Compared to their WT littermates, PT-Bax(-/-) and Bak(-/-) mice had much less
renal apoptosis (Fig. 6A) with statistically significant differences [60+21 cells/mm?2 for WT,
13+11 cells/mm? for PT-Bax(-/-) and 19+11cells/mm? for Bak(-/-)] (Fig. 6B).

The Bax/Bak- mediated apoptotic pathway is featured by cytochrome c release from
mitochondria. In the tubular cells of normal control kidneys, cytochrome ¢ was contained in
mitochondria, which showed a pattern of granulated staining (Fig. 7A upper panels). After
ischemic injury, some tubular cells showed evenly distributed cytochrome c signals in the
cytosol and the signal was strengthened due to the shrinkage of apoptotic cells (Fig. 7A,
lower panels). The cells with cytochrome c release were identified in kidneys with 30
minutes of bilateral renal ischemia and 12 hours of reperfusion. Notably, the numbers of cell
with cytochrome c release were significantly decreased in PT-Bax(-/-) kidneys (13.4+18.5
cellssmm?) and Bak(—/-) kidneys (20.0+18.5 cells/mm?), compared to WT kidneys
(47.4+36.6 cellssmm?) (Fig. 7B).

Neutrophil infiltration increase in germline Bax knockout mice after ischemic AKI

It is intriguing that proximal tubule-specific Bax knockout mice, but not germline Bax
knockout mice, were protected from ischemic AKI (Figs. 1-7). Global Bax knockout in
mice was reported to induce hyperplasia in immune cells [27]. We hypothesized that that
renal ischemia-reperfusion may induce a heightened inflammatory response in global Bax
knockout mice, which neutralizes the tubular protective effect of Bax deletion in these
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animals. To test this possibility, we examined neutrophil and macrophage infiltration in
kidneys after ischemic AKI in germline Bax knockout mice and PT-Bax (/=) mice and
their wild type littermates. As shown in Fig. 8, ischemic AKI induced marked neutrophil
infiltrations in kidney tissues in all genotype mice (Fig. 8). Notably, neutrophil infiltration
was significantly higher in germline Bax knockout tissues than that of wild type littermate
kidneys (Fig. 8A), while neutrophil infiltration in PT-Bax(-/-) mice was comparable to their
wild type (Fig. 8B). Macrophage infiltration was also significantly induced after ischemic
AKI, but there were no significant differences between Bax knockout mice and their wild
type littermates (data not shown).

Inhibition of mitochondrial fragmentation by Bak knockout

Recent research has established a critical role of mitochondrial fragmentation in
mitochondrial outer membrane permeabilization and consequent release of cytochrome c.
Using gene knockout cells, we further suggested Bak as a key regulator of mitochondrial
fragmentation during cell injury and stress [17-19]. Despite these observations, in vivo
evidence for the role of Bak in mitochondrial fragmentation under apoptotic conditions was
lacking. Therefore, we compared mitochondrial fragmentation in Bak(-/-) and Bak(+/+)
mice (Fig. 9). Under control conditions, most of the kidney tubular cells had long and
filamentous mitochondria and only a small number of tubular cells showed fragmented
mitochondria in both Bak(+/+) (8.7% cells) and Bak(—/-) (14.0% cells) kidneys. The
number of cells with mitochondrial fragmentation increased significantly to 41.4% in
Bak(+/+) kidneys after 30 minutes ischemia and 15 minutes reperfusion. However, in
Bak(—/-) mice, the induction of mitochondrial fragmentation by ischemia/reperfusion in
kidney tissues was blocked and only 15.9% of cells showed fragmented mitochondria.

DISCUSSION

Bax and Bak have been proposed to function in ischemic AKI for a long time. However,
definitive in vivo evidence for the pathological roles of Bax and Bak in this disease
condition has been lacking, except for some initial studies showing Bax and Bak activation
in ischemically injured kidney tissues [6, 16, 20]. In this study, we dissected the roles of Bax
and Bak during ischemic AKI using several gene knockout mouse models. Three major
conclusions can be drawn from these knockout experiments: 1) while global knockout of
Bax does not protect against ischemic AKI, conditional knockout of Bax from proximal
tubules is renoprotective; 2) global knockout of Bak protect against ischemic AKI and one
of the underlying mechanisms may involve the maintenance of mitochondrial dynamics and
integrity; 3) Bax and Bak knockout blocks kidney tubular apoptosis during ischemic AKI
without affecting tubular necrosis, supporting the existence of distinct mechanisms for these
two forms of cell death.

The initial experiments with the germline Bax knockout mouse model were surprising
because global deletion of Bax did not show any renoprotective effects and as a matter of
fact, after ischemic injury both BUN and serum creatinine levels in these mice were
marginally higher than wild type animals (Fig. 1). This result was not consistent with the
role of Bax in ischemic AKI as suggested by earlier studies. In addition, the observation was
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in contrast to our previous work demonstrating kidney protection by germline Bax knockout
in the AKI model of cisplatin nephrotoxicity [28]. To address this puzzling, negative effect,
we established a conditional knockout model in which Bax was specifically deleted from
kidney proximal tubules. In these PT-Bax knockout mice, we demonstrated that ischemic
AKI was markedly ameliorated (Figs. 4-7). Based on these results, we conclude that Bax in
proximal tubular cells indeed plays an important role in tubular cell injury and death and
ischemic AKI. Then, why global deletion of Bax is not effective? One plausible explanation
is that, global deletion of Bax from all tissues and cells affects not only kidney proximal
tubules but also other injury-related factors. As a multifactorial process, ischemic AKI
involves a complex pathogenesis [29, 30]. In addition to intrinsic kidney tubular damage,
other injury mechanisms such as inflammation and vascular dysfunction may also be
affected by the deletion of Bax. In this regard, mice with global Bax knockout were reported
to have hyperplasia in the immune system including thymocytes and B cells [27].
Considering the involvement of immune cells and associated inflammation in ischemic AKI
[31-34], we speculate that renal ischemia-reperfusion may induce a heightened
inflammatory response in global Bax knockout mice, which neutralizes the tubular
protective effect of Bax deletion in these animals. On the contrary, in the conditional Bax
knockout model, Bax is only ablated from kidney proximal tubules resulting in protection,
while other pathogenic mechanisms are not altered. In line with this possibility, significantly
higher neutrophil infiltration is induced during ischemic AKI in global Bax knockout mice
that wild type or PT-Bax knockout mice (Fig. 8). The fact that global Bax knockout
protected against cisplatin-induced AKI [28], but not ischemic AKI (present study, Fig.1),
suggests that some pathogenic mechanisms in these two AKI models are distinguishable.

Another interesting observation from this study is that, while both conditional knockout of
Bax and global deletion of Bak markedly suppressed tubular cell apoptosis in ischemic AKI,
necrotic tubular damage was not affected in either of the models. Functionally, the mice
from these models were significantly protected from ischemic AKI (Fig. 4). These results
support for a role of tubular apoptosis in the pathogenesis of ischemic AKI. It is however
noteworthy that the renoprotection in these knockout models was incomplete, suggesting the
existence of pathogenic mechanisms other than tubular apoptosis. Such non-apoptotic
mechanism apparently includes tubular necrosis. The observation that only tubular
apoptosis, and not necrosis, was attenuated in the knockout model is particularly interesting,
because in most of previous studies, tubular apoptosis and necrosis were ameliorated
simultaneously by renoprotective approaches [17, 18, 35-39]. The correlated changes in
necrosis and apoptosis in these previous studies may be caused by the close relationship
between necrosis and apoptosis during AKI. For example, necrosis and apoptosis are often
induced in the same injured kidney tissues. While their induction may depend on the
severity of the injury, necrosis can be secondary to apoptosis; in other words, during
prolonged injury, apoptotic cells may breakdown their plasma membrane at late stage
showing a necrotic morphology. On the other hand, necrosis and apoptosis also have their
own distinct features and regulatory mechanisms. In this aspect, an earlier study by Kelly,
Dagher and colleagues showed that Guanosine supplementation reduced apoptosis and
protected kidneys against ischemic AKI without affecting necrotic tissue damage[40]. Our
current results further support the notion that in spite of their connections, necrosis and
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apoptosis have their own specific regulatory mechanisms that can be used to dissect and
distinguish them from each other under disease conditions. Bax was recently suggested to
regulate necrosis by promoting mitochondria fusion [41]. However, in our current study
necrotic tubular damage was not affected by either global or proximal tubule specific Bax
knockout. Consistently, Bax did not have a critical role in the regulation of mitochondrial
dynamics during cell injury [19]. The cause of the discrepancy between the studies is not
clear, but it may be related to the differences in the experimental models examined.

Finally, the present study demonstrates the first in vivo evidence for the regulation of
mitochondrial dynamics by Bak (Fig. 9). Mitochondria were traditionally described in a
static status with mixed morphologies of “threads” and “beads”. However, the research in
recent years has revealed a highly dynamic nature of mitochondria, which constantly
undergo fission and fusion[42]. Importantly, mitochondrial dynamics changes in response to
the cellular condition. In normal, unstressed cells, mitochondrial fission and fusion are
maintained to preserve a filamentous mitochondrial morphology. When cells are stressed or
injured, mitochondrial dynamics is rapidly switched to fission resulting in mitochondrial
fragmentation, which contributes to mitochondrial outer membrane permeabilization and
release of apoptotic factors. In previous studies, we and others found that Bak has a unique
role in promoting mitochondrial fragmentation by interacting with mitochondrial fusion
proteins called mitofusins [19, 43]. Moreover, the fragmented mitochondria are sensitized to
Bax insert, leading to enhanced mitochondrial outer membrane permeabiliztion and
apoptosis [17]. In the present study, we showed that mitochondrial fragmentation during
ischemic AKI was blocked in Bak-knockout mouse kidney, demonstrating clear-cut in vivo
evidence for a role of Bak in mitochondrial fragmentation in the cells under pathological
conditions (Fig 9). Notably, the blockade of mitochondrial fragmentation in Bak(-/-) tissues
was accompanied by the suppression of mitochondrial leakage of cytochrome ¢ and lower
tubular apoptosis(Figs. 7 and 9), further supporting the pathogenic role of mitochondrial
fragmentation.

In conclusion, this study has demonstrated the roles of Bax and Bak in tubular cell apoptosis
during ischemic AKI by using several gene knockout mouse models. This study has also
revealed that necrosis and apoptosis have distinguishable regulatory niches. In addition,
using gene knockout models this study has demonstrated the first in vivo evidence for a role
of Bak in mitochondrial fragmentation under pathological conditions.

METHODS

Animals

The animal experiments were conducted in accordance with the animal use protocols
approved by the Institutional Animal Care and User Committees of Charlie Norwood VA
Medical Center and Georgia Health Sciences University. All animals (mice) were
maintained in Charlie Norwood VA Medical Center animal facility with a 12/12-hour light/
dark cycle and free access to food and water.

Bax germline knockout mice, Bak germline knockout mice (C57BL/6 background) and
C57BL/6 mice were originally purchased from Jackson Laboratory (Bar Harbor, ME, USA).
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Heterozygous males and females [Bax (+/-)] were mated to produce wild-type [Bax(+/+)
and Bax homozygous knockout mice [Bax (—=/-)]. The genotypes of the mice were
determined by PCR to identify male littermates for experiments as described previously
[28]. Bak knockout mice were maintained as homozygous to compare with wild-type
C57BL/6 mice.

The mouse line with floxed Bax gene in germ-line Bak knockout background was originally
obtained from the laboratory of Dr. Stanley Korsmeyer at Dana-Farber Cancer Institute
(Boston, MA) [21] with a mixed genetic background of 129X1/SvJ and C57BL/6. The
PEPCK-CRE mouse line was originally provided by Dr. Volker Haase at VVanderbilt
University School of Medicine (Nashville, TN) [22] with a mixed genetic background of
Balb/C, 129Sv/J, and C57BL/6. These two mouse lines were crossed as depicted in Results
(Fig. 3A) to produce proximal tubule-Bax knockout mice, Bak knockout mice, and wild-
type littermates. The genotypes of all the mice were determined by PCR, and male
littermates were used for the study.

Ischemic acute kidney injury

To induce ischemic AKI, 8 to10 week-old-male mice were subjected to bilateral renal
pedicle clamping as described in our previous studies [35, 39, 44]. Briefly, mice were
anesthetized with 50-60 mg/kg pentobarbital by intraperitoneal injection. Renal pedicles
were exposed by flank incisions and were clamped for 30 min before release. Kidneys were
collected at different reperfusion times as indicated in the article. Sham-operated mice
experienced a similar procedure except for the renal pedicle clamping. The body
temperature of the mice was maintained at 37 °C by a homoeothermic blanket system
(Harvard Apparatus, Holliston, MA) during the whole procedure.

Measurement of renal function

Blood samples were collected when mice were sacrificed. Serum samples were obtained
after blood clotting and centrifugation. Renal function was measured with analytical kits
from Biotron Diagnostics (Hemet, CA) for blood urea nitrogen (BUN) and from Stanbio
Laboratory (Boerne, TX) for serum creatinine, respectively.

Immunoblot analysis

Histology

Kidney cortical lysate samples were subjected to electrophoresis with Mini-gel system from

Bio-Rad (Hercules, CA) and then transferred to PVDF membrane. The blot was blocked by

5% milk and then incubated with specific primary antibody. Finally, the blots were exposed

to the horseradish peroxidase-conjugated secondary antibody, and antigens on the blots were
revealed using an enhanced chemiluminescence kit (Pierce, Rockford, IL)

Fresh kidney samples were fixed in 4% paraformaldehyde overnight at 4°C, followed by
paraffin-embedding. 4-mm thick sections were subjected to hematoxylin-eosin staining.
Slides were checked in a blind manner, and representative images were recorded. The lysed
tubules as indicated in supplement Fig. 4 were considered as necrotic. The histological
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tubular necrosis was also scored as follows: 0, no damage; 1, 0-25% damage; 2, 26-50%
damage; 3, 50-75% damage; 4, >75% damage.

TUNEL assay

Paraffin-embedded renal sections were rehydrated, permeabilized in 0.1M sodium citrate for
2hrs at 60°C, and incubated with a TUNEL reaction mixture from in situ Cell Death
Detection Kit (Roche Applied Science, Indianapolis, IN) for 1hr at 37°C. The slides were
mounted with ProLong® Gold Antifade Reagent and examined with fluorescence
microscopy. To count TUNEL-positive cells, 10 images were randomly taken in the outer
medulla and kidney cortex and the number of apoptotic cells was counted in a blind way.

Immunofluorescence staining

For immunofluorescence of cytochrome c, kidneys were perfused with M-Zamboni fixative
(paraformaldehyde/picric acid), followed by M-Zamboni fixation overnight at 4°C. The
tissue was balanced in 30% sucrose in PBS at 4°C and then embedded in O.C.T. compound
for cryo-section. The cryo-section was immediately kept in PBS for the following staining
steps. After blocking in a buffer containing 2% bovine serum albumin, 0.2% non-fat milk,
2% normal goat serum and 0.8% Triton-X100 in PBS, the slides were incubated with
specific primary antibody followed by Cy3-labelled secondary antibody. After mounting
with ProLong® Gold Antifade Reagent (Invitrogen, Carlsbad, CA), representative images
were obtained by confocal microscopy. To count the cells with cytochrome c release, 15
t019 images were randomly taken in the renal cortex and outer medulla and the number of
cells with cytochrome c release were counted in a blind way.

Examination of mitochondrial morphologyby electron microscopy—Kidneys
were perfused with 10 ml of 10 U/ml heparin and 50 ml fixative (100 mM sodium
cacodylate, 2 mM CaCl,, 4 mM MgSQy, 4% paraformaldehyde, and 2.5% glutaraldehyde).
After overnight post-fixation in the same fixative at 4°C, a ~1mm? tissue block containing
both cortical and outer medulla part was cut from each kidney. The blocks were processed
for standard sample preparation in the Electron Microscopy facility of Georgia Health
Sciences University. Pictures with a scale bar were randomly taken from each sample and
the length of mitochondria in the cells was measured by NIH ImageJ software. The cells
with less than 1% long filamentous mitochondria (>2 um in length) were considered as cells
with mitochondrial fragmentation [18].

Immunohistochemical staining

Paraffin-embedded renal sections were rehydrated and steamed for 1 hr in 20mM sodium
citrate with 0.05% Tween 20 for antigen retrieval. The sections were blocked with 3% H,0-,
in PBS for 10 min, followed by 1hr exposure to blocking buffer of 2% BSA, 0.2% non-fat
milk, 2% normal goat serum, 0.8% Triton X-100 in PBS and overnight incubation with
primary antibodies diluted in blocking buffer in 4°C. After Avidin/Biotin blocking kits
treatment (Vector Laboratories, Burlingame, CA), the sections were incubated with biotin
labeled secondary antibody. The signals were amplified with TSA™ Biotin System
(PerkinElmer, Waltham, MA) and developed with Vecstatin Elite ABC kit and ImmPACT
DAB Peroxidase Substrate (Vector Laboratories, Burlingame, CA). The slides were
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counterstained with hematoxylin and mounted after dehydration. The antibodies used were
anti-Neutrophil and anti-Macrophage (Abcam, Cambridge, MA). To count neutrophils, 10
images were randomly taken in the outer medulla and kidney cortex and the humber of
neutrophils was counted in a blind way.

Data were expressed as meansx SD. Statistical differences between two groups were
determined by Student's t-test with Microsoft Excel 2003. P<0.05 was considered to be
significantly different.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Germline knockout of Bak, but not Bax, protects kidney function during ischemia/
reperfusion injury

Wild-type, germline Bax knockout, and germline Bak knockout mice were subjected to
sham operation or 30 minutes of bilateral renal ischemia followed by 48 hours reperfusion.
Blood samples were collected to measure blood urea nitrogen (BUN) and serum creatinine
to indicate kidney function. (A) BUN of wild-type and Bax knockout mice. (B) Serum
creatinine of wild-type and Bax knockout mice. (C) Immunoblot analysis confirming Bax

expression in kidney lysate of wild type mice, but not in Bax knockout tissues. (D) BUN of
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wild-type and Bak knockout mice. (E) Serum creatinine of wild-type and Bak knockout
mice. *, significantly different from treated Bak(+/+) group (P<0.05). (F) Immunoblot
analysis confirming Bak expression in kidney lysate of wild type mice, but not in Bak
knockout tissue lysate.
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Fig. 2. Germline knockout of Bax or Bak does not affect tubular necrotic damage during renal
ischemia/reperfusion
Kidney tissues were collected for H & E staining after sham operation or 30 minutes

bilateral renal ischemia and 48 hours reperfusion in mice of the indicated genotypes. (A)
Representative H & E images of kidney cortical tissues from wild type and germline Bax
knockout mice. The lower panels are the magnified images of the boxed areas in the upper
panels. (B) Representative H & E images of kidney cortical tissues from wild type and
germline Bak knockout mice. The lower panels are the magnified images of the boxed areas
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in the upper panels. (C) Histology score of tubular necrotic damage in Bak (+/+) and Bak
(=/-) mice after ischemia/reperfusion.
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Fig. 3. Establisnment of proximal tubule-specific Bax-knockout (PT-Bax-K O) mouse model
(A) Schematics showing the establishment of the PT-Bax(-/-) mouse model by crossing

Bax-floxed Bak-knockout mice with Bax/Bak-proficient PEPCK-Cre mice. Please note, the
schematics only lists the three major genotypes that were compared in this study: PT-Bax-
KO, wild type, and Bak-KO. (B) Immunoblot analysis of renal cortical lysate confirming
Bax deletion in PT-Bax(-/-) mice and Bak deletion in Bak(—/-) mice.
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Fig. 4. Kidney function during ischemia/reperfusion injury is protected in PT-Bax-KO and
germline Bak-KO mice
Blood samples were collected after 30 minutes of bilateral renal ischemia and 48 hours of

reperfusion or sham operation to measure BUN and creatinine. (A) BUN. (B) Serum
creatinine. *, statistically significant difference compared to WT group (P<0.05).
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Fig. 5. Tubular necrotic damage during renal ischemia/r eperfusion isnot suppressed in PT-Bax-
KO and germline Bak-K O mice

Kidney tissues with or without 30 minutes of ischemia and 48 hours of reperfusion were
collected and processed for H & E staining. (A) Representative H & E staining of cortical
tissues. The lower panels are magnified images from the boxed areas in the upper panels.
(B) Histology score of necrotic tubular damage in kidney cortical tissues collected after
renal ischemia/reperfusion in the mice of indicated genotypes.
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Fig. 6. Renal tubular apoptosis during ischemia/reperfusion is attenuated in PT-Bax-KO and
germline Bak-K O mice

Mice of indicated genotypes were subjected to sham control treatment or 30 minutes of renal
ischemia with 48 hours of reperfusion to collect kidney tissues for TUNEL assay. (A)
Representative TUNEL images. Arrows point to TUNEL-positive cells. (B) Quantification
of apoptotic cells. *, statistically significant difference compared to WT group.
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Fig. 7. Cytochrome c release during ischemia/r eper fusion is suppressed in PT-Bax-KO and
germline Bak-K O mice
Kidney tissues were collected after 30 minutes of renal ischemia and 12 hours of reperfusion

for immunofluorescence analysis of cytochrome ¢. (A) Representative images showing
cytochrome c released after 12 hours reperfusion. Insert images are magnified from boxed
areas. (B) Counting of cells with cytochrome c release. Fifteen to nineteen images were
randomly taken for each group and the number of cells with cytochrome c release was
counted. *, statistically significant difference compared to WT group (P<0.05).
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Fig. 8. Significantly more neutrophilsinfiltrate into kidney in germline Bax knockout mice after

ischemia/reperfusion injury

Mice were subjected to sham operation of 30 minutes of renal ischemia followed by 48
hours of reperfusion. Kidney tissues were stained for counting of neutrophils. (A)
Neutrophil infiltration counting in germline Bax knockout mice and the wild type
littermates. *, statistically significant difference compared to Bax(+/+) group (P<0.05). (B)
Neutrophil infiltration counting in PT-Bax-KO mice and the wild type littermates.
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Fig. 9. Inhibition of mitochondrial fragmentation during ischemia/reperfusion in ger mline Bak-

KO mice

Kidney tissues were collected after 30 minutes of ischemia and 15 minutes of reperfusion

and then processed for electron microscopy. (A) Representative images showing the

morphology of mitochondria. Arrows point to the cells with fragmented mitochondria. (B)
Quantification of the cells with mitochondrial fragmentation. The cells with filamentous and

fragmented mitochondria were counted to determine the percentage of cells with

mitochondrial fragmentation.
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