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Introduction

Acute kidney injury (AKI) is a frequent clinical event associated
with serious complications and an unacceptably high mortality
rate. Ischemia is a major cause of AKI in both native and trans-
planted kidneys (1, 2). One of the early hallmarks of kidney ische-
mia is loss of intracellular potassium and increases in intracellular
sodium, chloride, and calcium (3-5). The pathways responsible
for this loss of ion homeostasis are incompletely understood but
involve a reduction in sodium-potassium ATPase activity as well
as activation of poorly characterized leak pathways (6). Although
blockers of ion channels have shown some efficacy in certain mod-
els of kidney injury (6-11), the molecular identity of the specific
ion channels that mediate AKI in vivo remains unknown.

TRPM2 was the second member of the transient receptor
potential melastatin subfamily to be cloned and is expressed in
many cell types including hematopoietic, endothelial, and kidney
cells (12-14). TRPM2 has been shown to play an important role in
cell proliferation and oxidant-induced cell death in a variety of in
vitro settings (15-17). While several TRP channels are expressed
in the kidney and are involved in disease states such as polycystic
kidney disease and focal segmental glomerulosclerosis (18, 19), the
role of TRPM2 in kidney physiology or pathophysiology is unknown.

TRPM?2 is permeable to calcium, potassium, and sodium and
is activated by oxidant stress, ADP-ribose (ADPR), TNF-a, and
intracellular calcium (20-23). Each of these stimuli is increased
during kidney ischemia (24, 25). These observations prompted
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Ischemia is a leading cause of acute kidney injury. Kidney ischemia is associated with loss of cellular ion homeostasis;
however, the pathways that underlie ion homeostasis dysfunction are poorly understood. Here, we evaluated the nonselective
cation channel transient receptor potential melastatin 2 (TRPM2) in a murine model of kidney ischemia/reperfusion (I/R)
injury. TRPM2-deficient mice were resistant to ischemic injury, as reflected by improved kidney function, reduced histologic
damage, suppression of proapoptotic pathways, and reduced inflammation. Moreover, pharmacologic TRPM2 inhibition

was also protective against I/R injury. TRPM2 was localized mainly in kidney proximal tubule epithelial cells, and studies in
chimeric mice indicated that the effects of TRPM2 are due to expression in parenchymal cells rather than hematopoietic cells.
TRPM2-deficient mice had less oxidative stress and lower levels of NADPH oxidase activity after ischemia. While RAC1is a
component of the NADPH oxidase complex, its relation to TRPM2 and kidney ischemic injury is unknown. Following kidney
ischemia, TRPM2 promoted RAC1 activation, with active RAC1 physically interacting with TRPM2 and increasing TRPM2
expression at the cell membrane. Finally, inhibition of RAC1 reduced oxidant stress and ischemic injury in vivo. These results
demonstrate that TRPM2-dependent RAC1 activation increases oxidant stress and suggest that therapeutic approaches
targeting TRPM2 and/or RAC1 may be effective in reducing ischemic kidney injury.

us to hypothesize that TRPM2 channels are activated during kid-
ney ischemia and participate in organ damage. In this study, we
found that mice with a targeted deletion of TRPM2 are protected
from ischemic AKI. Likewise, pharmacologic inhibition of TRPM2
reduced kidney ischemic injury. Oxidant stress is a mediator of
kidney ischemia/reperfusion (I/R) injury (26). We found that dele-
tion of TRPM2 was associated with a reduction in oxidant stress,
NADPH oxidase activity, and apoptosis in the kidney. Active RAC1
translocates to the plasma membrane with NADPH oxidase and
increases the production of ROS (27). However, the role of RAC1
in AKI and the possible interactions between TRPM2 and RAC1
in AKI have never been examined. Our results indicate that RAC1
is activated in a TRPM2-dependent manner and leads to oxidant
production and kidney injury after ischemia. Finally, our results
show that the effects of TRPM2 on ischemic AKI are mediated by
TRPM2 expressed on parenchymal cells rather than hematopoi-
etic cells. Thus, these studies have identified important novel roles
for TRPM2 and RACI in ischemic kidney injury and indicate that
these pathways may be targeted to prevent AKI.

Results

TRPM?2 is expressed in kidney proximal tubules. Immunofluores-
cence demonstrated expression of TRPM2 in tubular epithelial
cells throughout the cortex and outer medulla (Figure 1). Double
labeling with Lotus tetragonolobus lectin (LTL), which binds to the
brush border of the proximal tubule (28), indicated that TRPM2
was expressed almost exclusively in the proximal tubule, although
not all proximal tubules had high levels of TRPM2. We detected
no signal in glomeruli (not shown) or in peritubular endothelial or
interstitial cells. Staining within the proximal tubule cells (PTCs)
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Figure 1. Localization of TRPM2 in the kid-
ney. Top row: Kidney sections were labeled
with a TRPM2 Ab (red), DAPI (blue), and LTL
(green), a marker of proximal tubules. Bot-
tom row: Confocal images of TRPM2 (red)
and DAPI-stained sections from kidneys
harvested after sham surgery or 6 and 24
hours after I/R. Sections from TRPM2-de-
ficient mice (top right) or sections stained
without incubation with the TRPM2 Ab
(bottom right) served as negative controls.
Scale bars: 50 um (top panels), 10 um
(bottom panels).

Trom2-KO

No primary Ab

was diffuse, without definite plasma membrane localization. After
I/R, the distribution of TRPM2 became more punctate, but total
kidney levels of TRPM2 protein and mRNA did not change signifi-
cantly (Supplemental Figure 1, D and E; supplemental material
available online with this article; doi:10.1172/JCI76042DS1).
Trpm2-KO mice areresistant to ischemic kidney injury. To explore
the role of TRPM2 in I/R-induced AKI, Trpm2-KO mice and WT
control mice were subjected to 28 minutes of bilateral kidney
ischemia followed by reperfusion (29, 30). As shown in Figure 2A
and Supplemental Figure 1A, WT mice developed kidney failure, as
reflected by increases in blood urea nitrogen (BUN) and creatinine,
while Trpm2-KO mice had less kidney dysfunction. We found that
kidney function was not affected by sham surgery and that base-
line BUN and creatinine values did not differ between genotypes
(Supplemental Figure 1B). Trpm2-KO mice also had less severe
histologic kidney damage after I/R than did WT mice, as shown by
less cast formation, preservation of brush border membranes, less
sloughing of epithelial cells (Figure 2, C and E), and less induction
of lipocalin 2 (NGAL, Figure 2E), a marker of kidney injury (31).
Ischemic kidney injury results in inflammation and infiltration of
the kidney by neutrophils (32). We observed that I/R dramatically
increased neutrophil infiltration in WT kidneys as determined
by flow cytometry (Figure 2, D and E) and immu-
nohistochemistry (Supplemental Figure 2). In con-

potassium and an increase in tissue calcium in both WT and KO
mice (Table 1). Although Trpm2-KO mice had smaller changes in
tissue electrolyte content than did WT mice, these differences
were not statistically significant.

Pharmacologic inhibition of TRPM2 prevents ischemic kidney injury.
Treatment of WT mice with 2-aminoethoxydiphenyl borate (2-APB),
an inhibitor of TRPM2 (33), prior to I/R resulted in a dramatic reduc-
tion in kidney dysfunction (Figure 2B). Since 2-APB may affect other
calcium channels (34), we also treated the Trpm2-KO mice with
2-APB. 2-APB produced no additional improvement in kidney func-
tion in the absence of TRPM2. Administration of 2-APB either 1 or
6 hours after reperfusion also reduced ischemic injury, whereas pro-
tection was lost when the administration was delayed until 12 hours
after reperfusion (Supplemental Figure 3). Collectively, these results
demonstrate that deletion or inhibition of TRPM2 in mice results in
better preservation of kidney function and tissue morphology and
reduced neutrophil infiltration after kidney ischemia.

We also examined the role of TRPM2 in pigment- and drug-
induced AKI (Supplemental Figure 4). We found that TRPM2
deficiency was associated with less severe glycerol-induced AKI,
while the severity of cisplatin-induced AKI was not altered by the
absence of TRPM2.

trast, we observed significantly fewer neutrophils in
Trpm2-KO kidneys. Heterozygous deletion of TRPM2
did not afford any protection from ischemic AKI (Sup-
plemental Figure 1C), indicating that a partial pres-
ence of TRPM2 is sufficient to promote injury and that
the C-terminal truncation in the Trpm2-KO mouse
did not act as a dominant-negative (DN) inhibitor of

Sham (n = 8)
WTI/R (n=8)
Trpm2-KO I/R (n = 8)

Table 1. Elemental composition of kidney cortex

Calcium (mg/g wet weight)
0.015+£0.01
0.057 £ 0.02, P = 0.01vs. sham
0.037 £ 0.02, P = 0.02 vs. sham

Potassium (mg/g wet weight)
278 +0.1
2.25+0.3,P=0.01vs. sham
248 + 0.1, P=0.001vs. sham

4990

the WT TRPM2 channel.

Since TRPM2 is permeable to calcium and potas-
sium, we measured the tissue content of calcium
and potassium in kidneys harvested 6 hours after
surgery. Ischemia produced a significant decrease in

jci.org  Volume 124  Number

Kidneys were harvested 6 hours after 28 minutes of ischemia or sham surgery. The
content of potassium and calcium in the kidney cortex was determined by atomic
absorption spectroscopy. The electrolyte content of sham kidneys from WT and KO mice
was indistinguishable, and the results were combined in the table (n = 4 each for sham
WT and sham KO mice).
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Figure 2. Deletion or pharmacologic inhibition of TRPM2 reduces ischemic AKI. (A) Trpm2-KO and WT mice were subjected to 28 minutes of bilateral
kidney ischemia or sham surgery. Blood collected 24 hours after surgery was analyzed for BUN and serum creatinine as measures of kidney function.

(B) Serum creatinine in WT and Trpm2-KO mice were pretreated with 2-APB or vehicle and then subjected to bilateral kidney ischemia. (C) PAS-stained
kidney tissue sections from Trpm2-KO and WT mice subjected to kidney ischemia or sham surgery. Scale bars: 50 um. (D) FACS analysis of neutrophils in
kidneys from Trpm2-KO and WT mice subjected to kidney ischemia or sham surgery. Numbers denote the percentage of CD45 cells that were also Ly6G*.
(E) Quantification of tubular injury, NGAL expression, and neutrophil infiltration. *P < 0.05; **P < 0.01.

TRPM2 in parenchymal cells mediates ischemic injury. In addition
to PTCs (Figure 1), TRPM2is expressed in other cell types including
hematopoietic cells (13). TRPM2 has been reported to influence the
response of neutrophils, monocytes, and dendritic cells to inflam-
mation (13, 35, 36). Since inflammation is a mediator of I/R injury,
it was possible that TRPM2 expressed on hematopoietic cells might
account for the resistance of Trpm2-KO mice to kidney ischemia.
To define the location of the TRPM2 that mediates kidney ischemic
injury, bone marrow chimeric mice were created, in which TRPM2
was deleted in either hematopoietic cells or parenchymal cells. As
shown in Figure 3A, chimeric mice with parenchymal expression
of TRPM2, i.e., WT-WT or KO—>WT chimeric mice, developed
severe ischemic kidney injury, whereas mice that lacked TRPM2
expression in parenchymal cells, i.e., WT—KO and KO—KO chi-
meras, suffered relatively little kidney dysfunction. Histologic tis-

sue injury (Figure 3B) and the extent of kidney neutrophil infiltra-
tion (Supplemental Figure 5) followed a similar pattern, with less
injury and neutrophil influx in the chimeric mice, which lacked
TRPM2 in nonhematopoietic parenchymal cells. In contrast, the
presence or absence of TRPM2 in bone marrow-derived cells had
no impact onischemic kidney injury. These results suggest that kid-
ney parenchymal TRPM2 is critical for I/R-induced kidney injury.
To examine this issue further, we determined the susceptibility of
proximal tubule epithelial cells isolated from WT and Trpm2-KO
mice to hypoxic stress in vitro. We assessed cell viability using the
MTT assay (Figure 3C) and observed that Trpm2-KO and WT PTCs
exhibited similar proliferation and viability under normal culture
conditions. WT cells subjected to 24 hours of hypoxia followed by
6 hours of reoxygenation had a loss of viability, whereas hypoxia/
reoxygenation had no effect on Trpm2-KO PTCs. Trpm2-KO PTCs
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Figure 3. Parenchymal TRPM2 mediates ischemic AKI. (A) Chimeric mice were generated and subjected to kidney ischemia or sham surgery. Blood col-
lected 24 hours after I/R was analyzed for BUN and serum creatinine. *P < 0.001 versus WT-WT. (B) PAS-stained kidney tissue sections. Scale bars: 50 um.
(C) Cell viability of primary cultured PTCs from WT or KO mice subjected to hypoxia/reoxygenation in vitro. *P < 0.01versus normoxia.

were also more resistant than WT cells to oxidant-induced cell
death in vitro (Supplemental Figure 6). These results support the
view that TRPM2 expressed by kidney epithelial cells mediates
ischemic or hypoxic injury.

Trpm2-KO mice are resistant to I/R-induced kidney parenchymal
cell apoptosis. Kidney I/R is known to induce apoptosis of kidney
tubular epithelial cells (37). We have previously demonstrated
that TRPM2 is important in oxidant stress-induced apoptosis in
vitro (16), but its role in apoptosis in vivo is unknown. TUNEL
staining revealed no apoptotic cells in kidneys from sham WT or
Trpm2-KO mice (Figure 4, A and B). However, I/R induced sig-
nificant apoptosis in WT kidneys 24 hours after reperfusion. The
apoptotic cells were almost exclusively kidney tubular epithelial
cells. In contrast, we found that much less apoptosis was induced
by I/R in Trpm2-KO kidneys. Likewise, we found that cleavage
of poly(ADP-ribose) polymerase (PARP), activation of caspase 9,
and activation of caspase 3 by ischemia were all attenuated in
Trpm2-KO mice (Figure 4, C and D). In contrast, expression of the
antiapoptotic proteins BCL-2 and BCL-X, (Figure 4C) were higher
in TRPM2-deficient mice than in WT mice.

Trpm2-KO mice have less RACI-dependent oxidant stress after
I/R. Oxidant stress contributes to ischemic kidney injury (38).
To determine whether TRPM2 impacts kidney injury via oxidant
stress, we measured 4-hydroxynonenal (4-HNE) adducts of pro-
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teins in kidneys from WT and Trpm2-KO mice. As shown in Fig-
ure 5A, I/R resulted in a large increase in 4-HNE adducts in WT
mouse kidneys, but noticeably lower levels of 4-HNE signals in
Trpm2-KO mice. Similarly, NADPH oxidase activity was markedly
stimulated after I/R in WT mice, but was stimulated to a lesser
extent in Trpm2-KO mice (Figure 5B).

RACI is an important determinant of NAPDH oxidase acti-
vation (39), hence, we determined the activity of RAC1 in mouse
kidneys subjected to I/R injury. I/R led to a robust activation of
RACI, as reflected by GTP-bound RACI, in kidneys of WT mice
but resulted in less activity in Trpm2-KO kidneys (Figure 5C). To
confirm that TRPM2 contributes to RAC1 activation, we mea-
sured RAC1 activity in primary cultured PTCs. As shown in Figure
5D, treatment of WT cells with H,O, increased RACI activation.
However, H,0, treatment had little effect on RAC1 activity in
Trpm2-KO cells. These results suggest that TRPM2 is required for
oxidative stress-induced RACI activation.

Active RACI interacts with TRPM2 in an oxidant-dependent
manner to increase membrane localization. Since TRPM2 is required
for oxidative stress-induced RACI1 activation, we next deter-
mined whether TRPM?2 interacts with RACI1. IP studies were
performed in HEK293 cells transiently transfected with TRPM2
and RACI. As shown in Figure 6A, pull-down of TRPM2 yielded
RACLI in the complex. Conversely, pull-down of RACI yielded
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Figure 4. Reduction of epithelial cell apoptosis in Trpm2-KO mice. (A) TUNEL staining of kidney sections from Trpm2-KO and WT mice subjected to
bilateral kidney ischemia or sham surgery. (B) Quantitation of apoptotic cells. ***P < 0.001. Scale bars: 50 pm. (C) Western blot analysis of kidney lysates
from Trpm2-KO and WT mice subjected to bilateral kidney ischemia or sham surgery to detect pro- and antiapoptotic proteins. (D) Western blot analysis of

PARP cleavage as a measure of apoptosis.

TRPM2 in the complex. H,0, treatment enhanced this interac-
tion dramatically (Figure 6B). Since H,0, activates RAC1, we used
DN and constitutively active (CA) RAC1 mutants to determine
whether RACI1 activity is required for RACI-TRPM2 interactions.
Indeed, CA-RACI1 formed more complexes with TRPM2 than did
DN-RACI, even in the presence of H,0,, and the interaction of
WT-RACI, but not CA-RAC1, with TRPM2 was enhanced by H,O,
(Figure 6C). To determine whether TRPM2-RACI interactions
occur in vivo, we pulled down active RAC1 using either a RAC1 Ab
or PBD agarose and probed the complex for TRPM2 (Figure 6D).
Although TRPM2 did not associate with RAC1 in sham kidneys
(when RAC1 activity was low), there was interaction after I/R (Fig-
ure 6D), when the activity of RAC 1 was high (Figure 5C). Likewise,
immunofluorescence localization of RAC1 and TRPM2 showed no
overlap in proximal tubules from sham kidneys (Figure 6E). After
I/R, TRPM2 staining became more punctate (as seen in Figure 1)
and demonstrated colocalization with RAC1 (Figure 6E). RAC1
has been shown to regulate the trafficking of TRPC5 (40). We per-
formed surface biotinylation studies to determine whether RAC1
alters the membrane localization of TRPM2. We found that H,O,
increased the biotinylation of TRPM2, and this effect was abol-
ished by DN RACI1 (Figure 7). CA RAC1 increased TRPM2 surface
biotinylation even in the absence of H,O,. These results suggest
that RACI physically interacts with TRPM2 to increase its mem-
brane localization, and this interaction is increased in the setting
of oxidative stress through the activation of RAC1.

Inhibition of RACI protects against kidney I/R injury in vivo.
Although we documented an increase in RAC1 activity in kid-
neys after I/R and an interaction between RAC1 and TRPM2,
the role of RACI in mediating I/R kidney injury has not been
reported. To determine the functional significance of such
RACI activation, we treated mice with NSC23766, a potent and
specific inhibitor of RAC1 activation (41, 42), prior to ischemic
injury. As shown in Figure 8A, the NSC23766-treated mice had
better preservation of kidney function than did vehicle-treated
mice. NSC23766 had no additive effects on kidney function in
Trpm2-KO mice. NSC23766 reduced PARP cleavage and cas-
pase 3 activation and increased BCL-2 in kidneys subjected
to I/R (Figure 8B). We found that oxidative stress measured
by 4-HNE adducts (Figure 8C) was reduced in the kidneys of
WT mice treated with the RAC1 inhibitor to the levels seen in
Trpm2-KO mice. Likewise, thiobarbiturate reactive substances
(TBARS), another measure of oxidative stress, were higher in
WT kidneys subjected to I/R than in Trpm2-KO kidneys (Figure
8D), and treatment of WT mice with the RAC1 inhibitor reduced
TBARS levels to those seen in Trpm2-KO mice. Finally, NADPH
oxidase activity was reduced in kidneys of NSC23766-treated
mice (Figure 8E). These results demonstrate that RAC1 plays
an important role in kidney I/R injury and in the generation of
oxidant stress during kidney ischemia. They also provide fur-
ther evidence that TRPM2 contributes to kidney I/R injury by
increasing activation of RACI.
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The present study examined the role of TRPM2, a transient recep-
tor potential (TRP) channel, as a mediator of ischemic AKI. A
number of previous studies have reported that TRPM2 is capable
of sensing and responding to oxidative stress and that it plays a
critical role in cell proliferation and oxidant-induced cell death in
vitro (16, 23). However, the role of TRPM2 in disease processes in
vivo is poorly understood due to the lack of specific inhibitors and
the only recent development of KO models (43-45). Nonetheless,
TRPM2 has several features that make it an attractive candidate to
mediate ischemic AKI. For example, TRPM2 is activated by oxi-
dant stress, intracellular calcium, ADPR, and TNF-o (20-23), all
of which are known to be increased in ischemic AKI (24, 25). Con-
versely, TRPM2 is inhibited by low temperature and acidosis, both
of which reduce ischemic AKI (46, 47). We explored the role of
TRPM2 in AKI in vivo using a newly developed Trpm2-KO mouse
(43). Our studies yielded several important findings.

First, although previous studies using a variety of ion channel
antagonists in mainly in vitro settings have implicated potassium
(6,11, 48), chloride (7-9), and calcium channels (10) in the patho-
genesis of ischemic or toxic kidney injury, the molecular identity
and in vivo relevance of any such channel has been undefined.
Here, we demonstrated, using both in vivo and in vitro models and
genetic and pharmacologic approaches, that TRPM2 is a critical
mediator of I/R-induced kidney dysfunction, histologic injury,
kidney epithelial cell apoptosis, oxidant stress, and kidney neu-
trophil infiltration. Moreover, inhibition of TRPM2 up to 6 hours
after the ischemic insult still afforded some protection from injury
(Supplemental Figure 3). This window of opportunity might allow
for greater translational potential, since ischemic insults are not
always predictable clinically.

Ischemic kidney injury is characterized by decreases in potas-
sium and increases in cellular sodium, calcium, and cell volume

jci.org  Volume124  Number1l  November 2014

in calcium after ischemia (Table 1). Although the changes in elec-
trolyte content were smaller in Trpm2-KO mice than in WT mice,
these differences were not statistically significant. Earlier work
indicated that the electrolyte content of kidney epithelial cells
is largely repaired within 2 hours after reperfusion (4). Thus, our
measurements at 6 hours may have underestimated the role of
TRPM2 in ischemia-induced electrolyte dysregulation. At pres-
ent, it is unclear whether TRPM2 is directly responsible for cal-
cium influx and potassium leak during ischemia. We did not see
localization of TRPM2 in the plasma membrane in kidney epithe-
lial cells. After ischemia, TRPM2 appeared to move to intracellular
organelles. TRPM2 expressed in lysosomes controls intracellular
calcium release in dendritic cells and pancreatic B cells (36, 49).
Thus, it is possible that TRPM2 affects injury in PTCs at intracel-
lular loci, such as mitochondria or lysosomes, rather than through
ion transport into the cell (50).

There are few studies of TRPM2 in ischemic injury involving
other tissues. Jia et al. showed protection from ischemic stroke
using another TRPM2 inhibitor, clotrimazole, or TRPM2 siRNA
in mice (51). 2-APB was also reported to decrease liver ischemic
injury, though the pathway involved was not defined (52). Stud-
ies of TRPM2 in myocardial ischemia have yielded conflicting
results. Using a different TRPM2-deficient mouse, Hiroi et al.
reported that TRPM2-deficient mice were protected against I/R
injury induced by occlusion of the left main coronary artery (44).
These effects, however, were attributed to TRPM2 expression
in neutrophils, whereas our studies using bone marrow chime-
ras (Figure 3) clearly show that the effects of TRPM?2 in kidney
ischemia are mediated by radioresistant cells rather than neu-
trophils. The conclusions in the Hiroi study were based on ex
vivo studies that did not specifically determine the role of neu-
trophils in vivo (44). In contrast, using the same mice as in the
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A B Figure 6. TRPM2 interacts with active RAC1. (A) HEK293 cells
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HO, + + — + + T Ak i - P i TRPM2 using anti-V5 and immunoblot of RAC1T using anti-Myc
Ab. Bottom panels: Equal expression of transfected Myc-RAC1
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present study, Miller et al. (43) found that an absence of TRPM2
exacerbated myocardial ischemic injury and increased oxidative
stress, whereas we found a reduction in both ischemic injury and
oxidative stress in the kidney. The reasons underlying the differ-
ential responses to coronary versus kidney ischemia in the same
Trpm2-KO mouse are not clear but may relate to different func-
tions for ion channels and intracellular calcium regulation in epi-
thelia and excitable tissues. In a similar vein, inhibitors of K,
channels are reported to have a beneficial impact on ischemic
kidney epithelial cells (6, 11) but exacerbate myocardial ischemic
injury (53). Certainly, differences in the expression of a variety of
proteins and the resulting dissimilar intracellular environments
may also contribute to the different responses.

Several lines of evidence suggest that TRPM2 in kidney epi-
thelial cells is responsible for its effects during ischemic AKI. First,
we localized TRPM2 within the kidney to the proximal tubule epi-
thelial cell. Second, chimeric mice, which expressed TRPM2 in the
kidney but not in bone marrow-derived cells, were susceptible to
ischemic AKI, whereas mice expressing TRPM2 in bone marrow-
derived cells but not in the kidney were resistant to ischemic AKI.
Third, apoptosis of kidney tubular epithelial cells was reduced in
TRPM2-deficient mice in vivo. Fourth, cultured kidney epithe-
lial cells displayed TRPM2-dependent cell death in response to

response to oxidant stress (14, 55). Although we did not
see TRPM2 expression in kidney endothelial cells (Fig-
ure 1), it is possible that low levels of expression, which
are still functionally relevant, were not detected by our
immunofluorescence microscope studies. Accordingly,
our results do not exclude the possibility that TRPM2 in
endothelial cells, or at other sites, could mediate ische-
mic AKI in vivo. Further studies using tissue-specific
TRPM?2 deletion will be required to address this issue.
Oxidant stress is a known activator of TRPM2 (23).
Our finding that TRPM2 activation results in increased
oxidant stress provides a possible positive feedback
loop, wherein oxidant stress activates TRPM2, resulting in addi-
tional oxidant stress. ADPR is also a potent activator of TRPM2 by
binding to the nudix-like domain in the C terminus of TRPM2 (56).
PARP is activated by oxidant stress (57) and ischemia (58). Inhibi-
tion of PARP reduces oxidant-induced cell death in kidney epithe-
lial cells in vitro (57) and preserves kidney function after ischemic
insults in vivo (58, 59). Since the sequential activity of PARP and
poly(ADP-ribose) glycohydrolase (PARG) produces ADPR (56), it
is possible that ADPR is an important activator of TRPM2 during
ischemia. As a corollary, the salutary effects of PARP inhibitors in
ischemic AKI may be due to less ADPR production and a subse-
quent reduction in TRPM2 activation.

We provide clear evidence that TRPM2 contributes to ische-
mia-induced apoptosis in vivo. The reduced activity of caspase 9
in Trpm2-KO mice suggests that TRPM2 promotes mitochondrial
pathways of apoptosis. Likewise, the observed increase in BCL-2
and BCL-X| expression in the TRPM2-deficient mice may account
for suppression of mitochondrial apoptosis. In this regard, BCL-2
expression increases after kidney ischemia (60) and overexpres-
sion of BCL-2 reduces kidney ischemic injury (61, 62). Increases
in intracellular calcium (63) and oxidant stress (64) are triggers for
apoptosis. Accordingly, a reduction in TRPM2-dependent calcium
entry or release from intracellular stores (36, 49) or the reduction
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in oxidant stress we observed may also contribute to less apopto-
sis. This is supported by in vitro observations that overexpression
of TRPM2 sensitizes cells to apoptosis induced by oxidant stress
(16), while expression of a DN TRPM2 inhibits calcium entry and
apoptosis in HEK293 cells (15). Likewise, a recent study demon-
strated that oxidant stress alters the interactions between TRPM2
and the inhibitory splice variant TRPM2-S in endothelial cells,
resulting in TRPM2 activation, increased calcium entry, and sub-
sequent apoptosis (14). The role of TRPM2 splice variants in ische-
mic tissue injury warrants further investigation.

We also found that RAC1 is activated after kidney ischemia.
Previous work on RAC1 in kidney disease has focused on its role
in the podocyte, where unrestrained activation of RAC1 leads to
podocyte effacement and proteinuria (65-68) and kidney fibro-
sis, whereby RAC1 alters macrophage migration (69). In contrast,
the role of RACI in AKI has received little attention. Using an
inhibitor of RACI activation, we determined that RAC1 plays an
important role in ischemic kidney injury. A role for RAC1 has also
been reported in ischemic injury of the liver (70), heart (71), and
brain (72). RAC1 exerts a wide range of cellular effects, including
regulation of the production of ROS (27). RAC1 recruits subun-
its of the NADPH oxidase complex to increase ROS production
(39). Indeed, we found that inhibition of RAC1 results in reduced
NAPDH oxidase activity, less oxidant stress and apoptosis, and
better preservation of kidney function, supporting the view that
RACI contributes to ischemic AKI, at least in part, through an
increase in ROS production. Other mechanisms, such as altering
the actin cytoskeleton, may also be operative. Regardless of the
mechanism, our results indicate that RAC1 may be a novel target
for the prevention of ischemic AKI.

The observations that RACI activity is TRPM2 dependent,
that TRPM2-deficient mice exhibit less oxidant stress and lower
levels of NADPH oxidase activity in response to ischemia than do
WT mice, that RAC1 inhibition reduces oxidant stress to the levels
seen in TRPM2-deficient mice, and that the RAC1 inhibitor had
no added effect in TRPM2-deficient mice all suggest that TRPM2
increases oxidant stress through the activation of RAC1 and, sub-
sequently, NADPH oxidase. A different role for TRPM2 has been
proposed for oxidant production in neutrophils. Specifically, in
neutrophils, TRPM2 reduced LPS-induced oxidant production
by depolarizing the plasma membrane, thereby reducing NADPH
oxidase activity (45). It is possible that TRPM2 both stimulates
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Figure 7. H,0, increases membrane expression of TRPM2 by activation
of RAC1. HEK293 cells were transiently transfected with V5-TRPM2 and
either Myc-RAC1-WT, Myc-RAC1-CA, or Myc-RACT-DN and then treated
with H,0, or vehicle. After H,0, treatment, cell surface biotinylation was
performed. Biotinylated proteins were isolated using streptavidin beads
followed by Western blotting with anti-V5 Ab to identify biotinylated
TRPM2 (top panel). Total TRPM2 and RAC1 content in the cell lysate is
shown in the lower panels.

NADPH oxidase via RAC1 and inhibits NADPH oxidase through
its effects on membrane voltage, with the net effect determined by
a cell- and stimulus-dependent balance. In neutrophils, since LPS
activates NADPH oxidase via RAC1 (73), the inhibitory effect of
TRPM2 via depolarization may predominate. In kidney cells, the
stimulatory effect of TRPM2 through RACI1 activation may pre-
dominate. We did not directly examine the role of NADPH oxidase
in kidney I/R, though apocynin, an NADPH oxidase inhibitor, is
reported to decrease kidney ischemic injury (74). Further studies
will be needed to define the isoforms and location of NADPH oxi-
dase relevant to ischemic kidney injury.

Our results also uncovered a bidirectional interaction between
TRPM2 and RAC1. We determined that TRPM2 is required for
RACI1 activation in response to either ischemia in vivo or oxidant
stress in vitro. Co-IP studies indicated that TRPM2 and RAC1
form a complex and that this complex formation is enhanced by
the activation of RAC1 both in vitro and in vivo. The presence of
active RAC1 also increased the plasma membrane localization of
TRPM?2 in vitro. We did not observe plasma membrane localiza-
tion in vivo, but speculate that RAC1 facilitates TRPM?2 traffick-
ing to intracellular membranes. This scenario, wherein TRPM2
activates RAC1 and active RAC1 increases membrane delivery of
TRPM2, is highly analogous to the interactions between another
TRP channel, TRPC5, and RAC1 in podocytes. Studies by Greka
et al. have shown that TRPC5-mediated calcium influx is required
for RAC1 activation in response to angiotensin II in podocytes (75)
and that RAC1 increases trafficking of TRPC5 to the plasma mem-
brane (40). Moreover, just as inhibition of TRPM2 reduces kidney
injury in response to ischemia, inhibition of TRPC5 reduces pro-
teinuria in response to protamine sulfate or LPS (76).

In summary, we demonstrate that TRPM2 is a critical media-
tor of ischemic AKI. The mechanism whereby TRPM2 promotes
AKT, though not fully defined, involves the activation of RAC1 and
subsequent oxidative stress and the activation of mitochondrial
apoptotic pathways. RACI1 physically interacts with TRPM2 and
increases its membrane localization. The TRPM2-RAC1 interac-
tions are favored by active RAC1. RAC1 also increases NADPH
oxidase activity in the ischemic kidney. Since oxidative stress acti-
vates TRPM2, a positive feedback loop may be initiated, in which
oxidant stress activates TRPM2 and subsequent RACI activation,
leading to greater membrane TRPM2 levels and greater oxidant
injury. Pharmacologic inhibition of either TRPM2 or RAC1 was
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Figure 8. Pharmacological blockade of RAC1 protects against ischemic AKI. (A) WT (circles) or MDA (squares) mice were pretreated with RAC1 inhibitor
NSC23766 (NSC) (black symbols) or vehicle (Veh) (white symbols) and subjected to bilateral kidney ischemia. BUN and serum creatinine levels prior to (BL) and
24 hours after I/R.(B) Western blot analysis of kidney lysates from WT and Trpm2-KO mice 24 hours after I/R using Abs against cleaved PARP, BCL-2, caspase 3,
and GAPDH. (C) Densitometric analysis of Western blotting of kidney lysates using anti-4-HNE. (D) TBARs (MDA) in kidney tissues from Trpm2-KO and WT
mice. (E) NADPH oxidase activity in WT mice subjected to sham or I/R in the presence or absence of NSC23766. *P < 0.05; **P < 0.01; ***P < 0.001.

also shown to greatly reduce the severity of ischemic AKI in vivo.
Therefore, targeting either TRPM2 or RAC1 may be effective strat-
egies to prevent or reduce ischemic kidney injury.

Methods

Reagents. 2-APB and NSC23766 were purchased from Sigma-Aldrich
and Tocris, respectively. Plasmid pRK5-Myc-RAC1-T17N (Addgene
plasmid 12984, deposited by the late Gary Bokoch, The Scripps
Research Institute, La Jolla, California, USA) was obtained from
Addgene.org. Other Myc-RAC1 plasmids were provided by Lor-
raine Santy (The Pennsylvania State University, University Park,
Pennsylvania, USA), and V5-TRPM2 in pcDNA3.1 was described
previously (15). The following Abs were used: TRPM2 (Aviva Sys-
tems Biology); BCL-2 and BCL-XL (Santa Cruz Biotechnology Inc.);
GAPDH, PARP (cleaved), COX IV, B-tubulin, caspase 3, caspase 9,
HRP-conjugated goat anti-mouse, and goat anti-rabbit (Cell Signal-
ing Technology); anti-V5, anti-Myc, Alexa Fluor 594-conjugated
goat anti-rabbit Ab, and Alexa Fluor 488-conjugated goat anti-
mouse Ab (Invitrogen); total RAC1 (EMD Millipore); RAC1-GTP
(NewEast Biosciences); and 4-HNE (Abcam). The RACI activity
assay kit was purchased from EMD Millipore.

TRPM2-deficient mice. Trpm2-KO mice were generated on a
C57BL/6 background (43). WT C57BL/6 littermates were used as con-
trol mice in the initial experiments, but C57BL/6 mice purchased from
The Jackson Laboratory were used in the majority of experiments.
Experiments were performed on 7- to 8-week-old mice, except chime-
ric mice, which were 14 weeks of age.

Creation of chimeric mice. Chimeric mice were created using
Trpm2-KO mice and WT mice as either bone marrow donors or
recipients, as described previously (77). Four sets of chimeric mice
were created: WT—-WT (WT donor and recipient); WT—KO (WT
donor and TRPM2 KO recipient); KO—WT (Trpm2-KO donor and
WT recipient); and KO—KO (Trpm2-KO donor and recipient). PCR
of genomic DNA isolated from peripheral blood confirmed that
over 95% of the circulating leukocytes in the chimeras were of
donor origin (Supplemental Figure 7).

Induction of ischemic AKI. Trpm2-KO mice or control WT mice
(7-8 weeks of age) and chimeric mice (8 weeks after bone marrow
transfer), were anesthetized with sodium pentobarbital (50 mg/kg
BW) i.p. and were placed on a heating pad to maintain core tempera-
ture at 37°C, as previously performed in our laboratory (29, 30). Both
kidney pedicles were identified through dorsal incisions and clamped
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for 28 minutes. Control animals were subjected to the same surgical
procedure but did not have their kidney pedicles clamped. 2-APB
(16 mg/kg BW in 10% DMSO and 90% saline) and NSC23766 (10
mg/kg BW in saline) were injected i.p. 1 hour before surgery, when
needed. At the time of sacrifice, kidneys were cut in half longitudi-
nally, half of 1 kidney from each mouse was fixed in buffered 10% for-
malin for histologic analysis. The remaining kidney tissues were snap-
frozen in liquid nitrogen and stored at-80°C.

Kidney function. BUN (VITROS DT60II Analyzer; Ortho Clinical
Diagnostics) and serum creatinine (DZ072B; Diazyme Laboratories)
were measured as described previously (29, 30). Key serum creatinine
results were confirmed using a liquid chromatography tandem-mass
spectrometry (LC-MS/MS) method (Supplemental Figure 8).

Histological analyses. Kidney tissue was fixed in buffered 10%
formalin for 12 hours and then embedded in paraffin wax. For assess-
ment of injury, 5-um sections were stained with periodic acid Schiff
(PAS). Acute tubular injury was assessed in the outer stripe of the outer
medulla and inner cortex using a semiquantitative scale (78, 79). To
quantitate neutrophil infiltration, sections were stained with rat anti-
mouse neutrophil Ab (1:200 dilution; Serotech). Apoptotic cells were
detected by terminal deoxynucleotidyl transferase-mediated (TdT-
mediated) TUNEL using an In Situ Apoptosis Detection Kit (R&D Sys-
tems) according to the manufacturer’s instructions. The individuals
examining the slides for histology, neutrophil infiltration, and apoptotic
cell quantity were blinded to the genotypes and treatment of the mice.

Immunofluorescence microscopy. TRPM2 and RAC1 were localized
by immunofluorescence of paraformaldehyde-fixed frozen sections
as described before (80), with modification. Sections (6-pum-thick)
were permeabilized with 0.3% Triton X-100 in PBS, washed, and
blocked with 10% goat serum containing 2% BSA. The sections
were incubated overnight with a rabbit TRPM2 polyclonal Ab (1:200
dilution, catalog ARP44380_P050; Aviva Systems Biology) that rec-
ognizes both the full-length and short isoform of TRPM2 and/or a
mouse RAC1 mAD (1:200 dilution, catalog 610652; BD Transduction
Laboratories). Primary Abs were detected using Alexa Fluor 594- and
Alexa Fluor 488-conjugated goat anti-rabbit and anti-mouse Abs,
respectively. Brush borders of proximal tubules were visualized with
FITC-labeled LTL (1:400; Vector Laboratories). Slides were mounted
in aqueous mounting medium containing DAPI. Images were col-
lected with a Leica TCS SP8 confocal microscope, and Imaris Image
Analysis software was used. Sections stained without incubation with
the TRPM2 Ab and sections from TRPM2-deficient mice served as
negative controls for the immunostaining.

Flow cytometry. Kidneys were digested with collagenase D (2 mg/
ml) and DNase I (15 U/ml) for 30 minutes as described previously (81,
82). The digested kidney suspension was passed through 100-um mesh
and then 40-um mesh. Kidney cells were stained for leukocytes and
neutrophils using anti-CD45 (30-F11) and Ly6G (1A8) Abs, respec-
tively. Flow cytometry was performed on a FACSCalibur cytometer
(BD Biosciences) and analyzed using Flow]Jo software (Tree Star Inc.).

Calcium and potassium content of kidney. Kidneys were harvested
6 hours after a 28-minute period of ischemia and immediately frozen
inliquid nitrogen. Portions of kidney cortex were weighed and digested
in HPLC-grade nitric acid (10:1 volume/weight ratio) at 80°C for 1 hour
with frequent vortexing. The digest was centrifuged at 10,000 g for
5 minutes. The supernatant was diluted in deionized water (1:100 for
potassium and 1:20 for calcium) and analyzed by atomic absorption
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spectroscopy (AAnalyst 800; PerkinElmer) at the Water Quality Labo-
ratory of the Penn State Institutes of Energy and the Environment.

Western blot analysis. The frozen kidney tissues were homogenized
in lysis buffer (20 mM Tris [pH 7.5], 1% Triton X-100, 10% glycerol,
137 mM NaCl, 2 mM EDTA, 25 mM glycerophosphate, 1 mM Na,VO,,
and protease inhibitor cocktail) (Roche Applied Science). The lysates
were centrifuged at 14,000 g for 15 minutes at 4°C, and the superna-
tants were transferred to new tubes. Samples (30-pg) of total protein
were separated on 4% to 12% NuPAGE (Invitrogen), transferred to a
polyvinylidene fluoride membrane, and blotted with primary (over-
night) then secondary (1 hour) Abs. Proteins were detected using ECL
reagents (Thermo Scientific).

Quantitation of mRNA by real-time RT-PCR. Real-time RT-PCR
was performed in a CFX96 Touch real-time PCR detection system
(Bio-Rad). RNA was isolated from kidneys using TRIzol reagent (Invit-
rogen). Total RNA (2.0 pg) was reverse transcribed in a reaction vol-
ume of 20 pl using an Omniscript RT Kit (QIAGEN) and random prim-
ers. The product was diluted to a volume of 110-pl and 1-pl aliquots,
which were used as templates for amplification using SYBR Green
PCR amplification reagent (QIAGEN) and the following gene-specific
primers: TRPM2, forward: 5-GACATTGTCCGGAGGCGGCA-3,
reverse: 5-GCGATGTCCACGCGGTTCCA-3; NGAL, forward:
5'-AATGTCACCTCCATCCTGGTC-3/, reverse: 5-GCCACTTGCA-
CATTGTAGCTC-3'; and GAPDH, forward: 5-TCCCAGACCCCAT-
AACAACAG-3, reverse: 5-TGAGGGTGCAGCGAACTTTA-3'.

RACI activity assay. Snap-frozen kidney tissues were homoge-
nized on ice in Mg? lysis buffer containing 25 mM HEPES (pH 7.5),
150 mM NaCl, 1% igepal CA-630, 10 mM MgCl,, 1 mM EDTA, and
10% glycerol, with 1 mM Na,VO,, protease inhibitor cocktail, and
phosphatase inhibitors (Sigma-Aldrich). Cultured cells were washed
with prewarmed PBS and incubated in PBS for 1 hour followed by
1mM H,0, treatment for 5 minutes. The cells were then immediately
washed with ice-cold PBS and lysed in Mg** lysis buffer. Lysates were
centrifuged at 14,000 g at 4°C for 15 minutes, and the protein concen-
tration was determined by BCA protein assay. Samples (1,000-pg)
of lysate protein were mixed with either an Ab that only detected
active, GTP-bound RAC1 or PAK-1 PBD agarose beads (Millipore) to
bind active RAC1. Bound proteins were washed 3 times in lysis buf-
fer. After the final wash, the pellets were subjected to Western blot
analysis using a RAC1 Ab.

Co-IP and cell surface biotinylation. HEK293 cells were main-
tained in DMEM supplemented with 10% FBS at 37°C and 95% air-
5% CO, in a standard humidified incubator. HEK293 cells were tran-
siently transfected with empty plasmids (EV) or plasmids encoding
V5-tagged TRPM2, Myc-RACI, or V5-TRPM2 plus Myc-RACI using
X-tremeGENE HP DNA transfection reagent (Roche). Twenty-four
hours later, the transfected cells were washed with warm PBS followed
by 1 mM H,0, treatment for 5 minutes. The cells were then placed on
ice, washed with ice-cold PBS, then lysed in Mg** lysis buffer. Protein
lysate samples (1,000-pg) were mixed with 1 pg V5 or Myc Ab at 4°C on
a rocking platform for 2 hours, followed by protein A/G-Plus agarose
beads (Santa Cruz Biotechnology Inc.) for 1 hour, then 3 washes with
500 l lysis buffer. After the final wash, all supernatant was carefully
removed, and pellets were kept at -20°C until ready for electrophore-
sis. Pull-down of RAC1 from kidney was performed by mixing 1,000 ug
of kidney homogenate with either PBD agarose or RACI-GTP Ab
(2 ug) on a rocking platform at 4°C for 2 hours followed, for RAC1 Ab
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samples, by protein A/G-Plus beads. Biotinylation of cell surface pro-
teins was examined as described by Yu et al. (83).

Primary cell culture. PTCs were prepared under sterile conditions
from collagenase-digested cortical fragments of kidneys isolated from
8-week-old Trpm2-KO and WT mice as described by Terryn et al.
(84). The PTCs were cultured in DMEM/F12 (supplemented with 1%
heat-inactivated FCS, 50 nmol/l hydrocortisone, insulin-transferrin-
selenium solution [1:100], nonessential amino acids [1:100], and pen-
icillin-streptomycin solution [1:100] buffered to pH 7.4) at 37°C in a
95% air-5% CO, humidified incubator, and medium was replaced every
2 days. After 7 days, cells were subjected to hypoxia generated using the
BD Bioscience GasPak EZ Anaerobe Pouch System (85). Cultured cells
were placed inside the pouches and incubated at 37°C for 24 hours. Fol-
lowing hypoxia, the medium was changed to fresh, prewarmed DMEM/
F12 primary culture medium, and cells were reoxygenated for 6 hours.
Normoxic controls were subjected to 24 hours of normoxia, followed by
a change of media and 6 hours of additional normoxia.

MTT assay. Primary cultured kidney PTCs were seeded in 96-well
plates at a concentration of 1 x 10° cells per well in a 200-ul volume
of growth medium. After the indicated treatment period, the super-
natant was removed, and cells were washed 3 times with 1X PBS. Two
hundred microliters of MTT reagent (0.5 mg/ml; Sigma-Aldrich) in
medium was added to each well, and the plates were incubated for
4 hours at 37°C in a humidified incubator. The MTT reagent solution
was removed from each well, and acidified methanol was added to dis-
solve the formazan salt. The absorbance at 570 nm was determined to
quantify the formazan product present in each well. All assays were
run at least in triplicate and repeated 3 times.

NADPH oxidase assay. NADPH oxidase activity was measured by the
lucigenin-ECL method (86). Photon emission was measured in a lumi-
nometer. Photon emission in the absence of NADPH was subtracted to
yield NADPH oxidase activity. The NADPH oxidase activity was normal-
ized by the protein content and expressed in RLU/mg of protein.

RESEARCH ARTICLE

Measurement of TBARs. The measurement of TBARS in the
kidney was based on the formation of malondialdehyde (MDA) as
described by Liu et al. (87).

Statistics. All assays were performed in duplicate or triplicate. Data
are reported as the means + SEM. Statistical significance was assessed
by an unpaired, 2-tailed Student’s ¢ test for single comparison or by
ANOVA for multiple comparisons. P < 0.05 was considered statisti-
cally significant. GraphPad Prism (GraphPad Software) was used for
statistical analyses and graphs.

Study approval. All experiments involving mice were approved by
the IACUC of the Penn State College of Medicine.
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