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ATP depletion plays a central role in the pathogenesis of
kidney diseases. Recently, we reported spatiotemporal
intracellular ATP dynamics during ischemia reperfusion (IR)
using GO-ATeam2 mice systemically expressing an ATP
biosensor. However, observation from the kidney surface
did not allow visualization of deeper nephrons or accurate
evaluation of ATP synthesis pathways. Here, we established
a novel ATP imaging system using slice culture of GO-
ATeam2 mouse kidneys, evaluated the ATP synthesis
pathway, and analyzed intracellular ATP dynamics using an
ex vivo IR-mimicking model and a cisplatin nephropathy
model. Proximal tubules (PTs) were found to be strongly
dependent on oxidative phosphorylation (OXPHOS) using
the inhibitor oligomycin A, whereas podocytes relied on
both OXPHOS and glycolysis using phloretin an active
transport inhibitor of glucose. We also confirmed that an
ex vivo IR-mimicking model could recapitulate ATP
dynamics in vivo; ATP recovery in PTs after reoxygenation
varied depending on anoxic time length, whereas ATP in
distal tubules (DTs) recovered well even after long-term
anoxia. After cisplatin administration, ATP levels in PTs
decreased first, followed by a decrease in DTs. An organic
cation transporter 2 inhibitor, cimetidine, suppressed
cisplatin uptake in kidney slices, leading to better ATP
recovery in PTs, but not in DTs. Finally, we confirmed that a
mitochondria protection reagent (Mitochonic Acid 5)
delayed the cisplatin-induced ATP decrease in PTs. Thus,
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our novel system may provide new insights into the energy
dynamics and pathogenesis of kidney disease.
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Translational Statement

Our novel system enabled visualization of intracellular
adenosine-5'-triphosphate dynamics in various kidney
cells, including deeper nephron segments. Kidney slices
retain a 3-dimensional structure and a high degree of
in vivo cellular functionality and can respond to disease
models as in vivo. This system is easy to use for
controlled intervention experiments. In addition, it al-
lows multiple slices to be cultured from a single kidney
and various experimental conditions to be tested, which
is appropriate from an animal welfare perspective. This
system could be a powerful tool for evaluating the
nephrotoxicity of new drugs and promoting drug dis-
covery that improves energy dynamics.

triphosphate (ATP). ATP is produced by glycolysis and

mitochondrial oxidative phosphorylation
(OXPHOS)." Mitochondrial damage not only causes energy
depletion but also results in renal fibrosis through an in-
flammatory response™’ and has been reported in common
diseases such as acute kidney injury and drug-induced kid-
ney injury.' Therefore, insights into kidney energy meta-
bolism are crucial for understanding the mechanism of
kidney disease.

T he kidney consumes a large amount of adenosine-5'-
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Recently, we revealed the difference in intracellular ATP
dynamics between proximal tubules (PTs) and distal tubules
(DTs) during ischemia reperfusion (IR) injury using 2-
photon microscopy and GO-ATeam2 mice, which enabled
the visualization of intracellular ATP dynamics at a single-cell
level.*

However, in vivo ATP imaging techniques have some
critical limitations. First, deeper kidney regions cannot be
observed from the kidney surface because the imaging depth
of 2-photon microscopy in the kidney is only 150 pm.

Second, ATP synthesis inhibitors cannot be used in in vivo
experiments because of their significant effects on circulation.
In this study, we established a novel ex vivo observation
system using a slice culture of GO-ATeam2 mouse kidneys,
which enabled visualization of intracellular ATP dynamics in
various kidney cells, including deeper nephron segments.

METHODS
The kidneys of GO-ATeam2 mice were immediately sliced at
300 pm using a tissue slicer in ice-cold buffer containing
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Figure 1| Establishment of the novel adenosine-5"-triphosphate (ATP) imaging system using a kidney slice culture. (a) Schematic

drawing of the ATP fluorescence resonance energy transfer (FRET) biosensor. The ATP FRET biosensor changes its structure depending on the
intracellular ATP concentrations. (b) ATP distribution shown by the ratio image of FRET/green fluorescent protein (GFP) emission in kidney
slices using fluorescence stereomicroscopy. The arrowheads indicate glomeruli, and the arrows indicate slice anchor strings. (c) Schematic
drawing of the ATP imaging system using a kidney slice culture and 2-photon microscopy. Briefly, 300-um-thick kidney slices from GO-ATeam2
mice were placed into a chamber and secured with a slice anchor. (d) Visualization of intracellular ATP levels in proximal tubules (PTs*), distal
tubules (DTs#), glomeruli¥, collecting ducts (CDs; arrowheads), and thick ascending limbs (TALs; arrows). (e) FRET ratios (FRET/GFP) in PTs, DTs,
podocytes, principal cells (PCs) and TALs (n = 10 slices). Statistical significance among nephron segments was assessed using 1-way analysis of
variance with Tukey-Kramer post hoc tests for comparisons. ***P < 0.001. Bar = (b) 500 um and (d) 100 um. To optimize viewing of this image,
please see the online version of this article at www.kidney-international.org.
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Figure 2| Intracellular adenosine-5'-triphosphate (ATP) levels in various nephron segment after the administration of ATP synthesis
inhibitors. (a-d) Fluorescence resonance energy transfer (FRET) ratio images in various nephron segments after the administration of

oligomycin and 2-deoxy-p-glucose (2DG; upper rows), oligomycin alone (middle rows), and phloretin alone (lower rows). Trends of FRET ratios
are shown in graphs for each nephron segment after the administration of oligomycin and 2DG (red; n = 5 slices), oligomycin (continued)
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glucose and sodium pyruvate, gassed with 95% O, and 5%
CO;. Kidney slices were placed in our original chamber, in the
same buffer, and secured using a slice anchor. To confirm the
viability of the kidney cells, we performed the ATP imaging and
the morphological evaluation at longer time points after the
kidney slice preparation (Supplementary Figure S1). We
identified each nephron segment by immunostaining analysis
(Supplementary Figure S2). Full methods, including mouse
treatment, histologic analysis, and the sequences of primers for
real-time polymerase chain reaction (Supplementary Table S1),
are available in the Supplementary Methods.

RESULTS

Establishment of the novel ATP imaging system with kidney
slice culture

We prepared kidney slices from GO-Ateam?2 mice, which
expressed ATP biosensor systemically (Figure la), and
established an ex vivo ATP imaging system that allowed us to
simultaneously observe various nephron segments using
fluorescence stereomicroscopy (Figure 1b). Detailed images
were obtained using 2-photon microscopy (Figure 1c and d).
Warm colors indicate high fluorescence resonance energy
transfer (FRET) ratios (high ATP levels) and cool colors
indicate low FRET ratios (low ATP levels; Figure 1b and d).
The FRET ratios in various segments (Figure le) were similar
to those in vivo," suggesting that the energy metabolism
similar to that in vivo might be maintained in this system.

Intracellular ATP dynamics after ATP synthesis inhibitor
administration

To inhibit ATP synthesis, we applied oligomycin A (oligo-
mycin), an OXPHOS inhibitor; 2-deoxy-p-glucose (2DG), a
glycolytic inhibitor; and phloretin, a glucose transporter in-
hibitor to kidney slices. Although there was no apparent ATP
change in vehicle-treated controls for 60 minutes
(Supplementary Figure S3), simultaneous administration of
oligomycin (20 uM) and 2DG (20 mM) decreased ATP levels
in all segments to basal levels within approximately 10 mi-
nutes (Figure 2a—d). After administering oligomycin (20 M)
alone, the ATP decline rate and plateau levels in PTs were
similar to those observed after the simultaneous adminis-
tration of oligomycin and 2DG (Figure 2a and e), indicating
a high dependence of PTs on OXPHOS. Conversely, ATP
levels in DTs and principal cells decreased slowly and
moderately (Figure 2b, d, and e). In podocytes, oligomycin
administration reduced ATP levels to some extent (Figure 2c
and e), suggesting that podocytes require moderate OXPHOS
for ATP synthesis. However, 2DG (20 mM) administration

A

alone did not cause any marked changes in any segment.
Even at a concentration of 100 mM, ATP levels in podocytes
decreased slightly (Supplementary Figure S4). Instead, we
administered phloretin (100 M) and found that podocytes,
but not the other segments, showed a significant reduction in
ATP levels (Figure 2c¢ and f). This finding indicates that
podocytes actively take up glucose via glucose transporters
and use both OXPHOS and glycolysis for ATP synthesis.

An ex vivo IR-mimicking model recapitulates intracellular ATP
dynamics for in vivo IR injury

To confirm whether this novel ex vivo system could recapitulate
intracellular ATP dynamics in kidney diseases, we first induced
culture conditions that mimicked IR injury™® (Figure 3a). The
ATP levels in both PTs and DTs decreased rapidly to basal levels
after 30 minutes of anoxia but recovered differently after
reoxygenation (Figure 3b, ¢, and e). ATP in PTs after reox-
ygenation recovered insufficiently, whereas ATP in DTs recov-
ered almost completely, indicating the resistance of DTs to IR
injury. We also found that a longer anoxic time resulted in
poorer ATP recovery (Figure 3b, d, and e) and severer histo-
logic damage in PTs (Figure 4), and induced gene expression
changes reflecting inflammatory response and metabolic
changes (Supplementary Figure S5). Taken together, this sys-
tem could recapitulate intracellular ATP dynamics during IR
injury in vivo." We also evaluated intracellular ATP dynamics of
PTs in the corticomedullary region in this model, which could
not be observed in vivo observation from the kidney surface.
Whereas the FRET ratio in PTs in the corticomedullary region
was slightly lower than that in PTs in the cortex, intracellular
ATP dynamics and the % ATP recovery were comparable be-
tween the groups (Supplementary Figure S6).

ATP levels decrease both in PTs and DTs in a cisplatin
nephropathy model

In a cisplatin nephropathy model in vivo, we found ATP-
depleted degenerated tubules and mitochondrial damages
using electron microscopy and tetramethyl rhodamine methyl
ester analysis (Figure 5). However, it was still unclear which
nephron segments were damaged due to severe injury. To
answer this question, we evaluated the sensitivity of various
nephron segments to cisplatin using this system. After
cisplatin administration, ATP levels decreased mainly in PTs
and DTs but not in podocytes or principal cells (Figure 6).

Cisplatin nephrotoxicity is mediated via OCT2 in PTs but not
in DTs in an ex vivo system

Cisplatin accumulates within the tubules via organic cation
transporter 2 (OCT2), which is specifically expressed in

|

Figure 2 | (continued) alone (green; n = 5 slices), phloretin alone (orange; n = 6 slices), and vehicle control (blue; n = 4 slices). The ATP level in
all segments reached the basal level after the administration of oligomycin and 2DG. The maximum FRET ratio range in each segment is defined
as follows: (pre-FRET ratio) — (basal FRET ratio after the administration of oligomycin and 2DG). (e,f) The % ATP depletion after the
administration of oligomycin alone and phloretin alone in each nephron segment was shown. The % ATP depletion was defined as follows:
[(pre-FRET ratio) — (FRET ratio after the administration of each inhibitor for 60 min)] x 100 (%) / (maximum FRET ratio range). Statistical
significance among nephron segments was assessed using 1-way analysis of variance with Tukey-Kramer post hoc tests for comparisons.
*P < 0.05; **P < 0.01; ***P < 0.001. Bar = 50 pum. DT, distal tubule; PC, principal cell; PT, proximal tubule. To optimize viewing of this image,
please see the online version of this article at www.kidney-international.org.
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Figure 3| Adenosine-5-triphosphate (ATP) recovery in proximal tubules (PTs) varies depending on the length of anoxia in an ex vivo IR-
mimicking model. (a) Schematic drawing of the ex vivo ischemia reperfusion—-mimicking model. (b) Fluorescence resonance energy transfer (FRET) ratio
images of PTs during reoxygenation after 15-, 30-, and 60-minute anoxia and those of distal tubules (DTs) after 30-minute anoxia. (c) FRET ratio graph of
PTs (green) and DTs (yellow) during reoxygenation after 30-minute anoxia (n = 6 slices). (d) FRET ratio graph of PTs during reoxygenation after 15-, 30-,
and 60-minute anoxia (blue, green, and red, respectively; n = 6 kidney slices per groups). FRET ratio graph of PTs after 30-minute anoxia in (c) is presented
here again. (e) The % ATP recovery is defined as follows: [(FRET ratio 60 min after reoxygenation) — (FRET ratio just before reoxygenation)] x 100 (%) /
{(pre-FRET ratio) — (FRET ratio just before reoxygenation)}. Statistical significance was assessed using a trend test across 15-, 30-, and 60-minute anoxia
groups. Differences between the 2 groups (30-minute anoxia PT vs. 30-minute anoxia DT) were compared using an unpaired, 2-tailed t test. #P for trend
< 0.001; ***P < 0.001. Bar = 50 um. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 4| Histologic changes in an ex vivo ischemia reperfusion-mimicking model. (a) At 1 hour after reoxygenation, electron microscopy
analysis showed that a longer anoxic time resulted in more pronounced changes in the mitochondrial structures in proximal tubules (PTs). *Brush
borders. (b) Quantitative evaluation was performed using the mitochondrial length/width ratio (n = 3 slices, 9 tubules, 450 mitochondria). (c)
Periodic acid-Schiff staining of the kidney slices 1 hour and 6 hours after reoxygenation. At 1 hour after reoxygenation, no apparent histologic
injury or only a minor change was observed, even in the slices that underwent 60-minute anoxia. At 6 hours after reoxygenation, tubular injuries,
such as tubular epithelial shedding (arrowheads), debris*, and brush border loss (arrows), were observed in the slices that underwent a longer
anoxia. Representative images are shown. (d) Immunostaining of the slices 6 hours after 15-, 30-, and 60-minute anoxia. Positive phalloidin
staining indicates brush borders in PTs. A healthy tall brush border was maintained in kidney slices that underwent 15-minute anoxia, whereas a
shedding or shortened brush border was observed in the slices that underwent 60-minute anoxia. Representative images are shown. Statistical
significance was assessed using a trend test across 15-, 30-, and 60-minute anoxia groups (b). #P for trend < 0.001. Bar = (a) 2 um, (c) 50 um, and
(d) 25 um. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 5| Mitochondrial dysfunction and adenosine-5'-triphosphate (ATP) depletion in cisplatin nephropathy in vivo. (a) Fluorescence
resonance energy transfer (FRET) ratio images in living kidneys of mice that were administered cisplatin. Mice were administered 15 mg/kg of
cisplatin or vehicle i.p. 3 days before the observation. In the cisplatin group, ATP-depleted cells (arrowheads) were detected in damaged
tubules and debris was confirmed in the lumens. Identification of the segments was technically challenging because of the morphological
changes. (b) Mitochondrial damage was detected in proximal tubules (PTs) of the cisplatin group. Quantitative evaluation was performed using
the mitochondrial length/width ratio (n = 3 mice, 9 tubules, 450 mitochondria). *Brush borders. (c) Mitochondrial membrane potential shown
by the administration of tetramethyl rhodamine methyl ester (TMRM) was reduced in the kidneys of cisplatin-treated mice (n = 3 mice, total of
10 views in each group). Statistical significance was assessed using an unpaired 2-tailed t test. **P < 0.01; ***P < 0.001. Bar = (a,c) 100 um and
(b) 2 um. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.

PTs,”* explaining its nephrotoxicity in PTs. In our analysis,
however, ATP levels in DTs were also reduced. Indeed, we
confirmed that DTs were also injured in the cisplatin ne-
phropathy model in vivo (Supplementary Figure S7). There-
fore, we examined the mechanisms of ATP depletion in PTs
and DTs using this system. First, the expression levels of

476

OCT?2 protein and mRNA in kidney slices were comparable to
those in whole kidneys (Figure 7a and b). Next, the induc-
tively coupled plasma—mass spectrometry method confirmed
that cisplatin was taken up by the slices, which was attenuated
by 1.0 mM cimetidine, an OCT?2 inhibitor™'’ (Figure 7c). The
mitochondrial length/width ratio of PTs was reduced by the
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Figure 6| Sensitivity to cisplatin differs among the nephron segments. (a) Fluorescence resonance energy transfer (FRET) ratio images
after the administration of 1.0 mM cisplatin. During 120 minutes of observation, adenosine-5'-triphosphate levels in proximal tubules (PTs) and
distal tubules (DTs), but not those in podocytes and principal cells (PCs), decreased significantly. (b) FRET ratio images after the administration
of different concentrations of cisplatin. (c) FRET ratio graphs after the administration of different concentrations of cisplatin (n = 5 slices in 0.2
mM, 0.4 mM, 1.0 mM groups and n = 6 slices in control and 2.0 mM groups). Bar = (a) 25 im and (b) 50 um. To optimize viewing of this image,
please see the online version of this article at www.kidney-international.org.
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Figure 7| Cisplatin nephrotoxicity in proximal tubules (PTs), but not that in distal tubules (DTs), is organic cation transporter 2
(OCT2)-mediated. (a,b) OCT2 mRNA and OCT2 protein expression levels in kidney slices. Both levels were similar between kidney slices and
whole kidneys (n = 4 per group in a). Mouse liver and brain samples were used as negative controls. (c) The amount of cisplatin uptake in
kidney slices was determined using the inductively coupled plasma-mass spectrometry method with or without cimetidine (an (continued)
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Fluorescence resonance energy transfer (FRET) ratio images after the administration of cisplatin and MA-5 or vehicle. (b,c) FRET ratio graphs in
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of reagents (c) (n = 5 slices per group). Statistical significance was assessed using an unpaired 2-tailed t test. *P < 0.05; ***P < 0.001; NS, not
significant. Bar = 50 pm. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.

administration of cisplatin, which was reversed by cimetidine =~ DISCUSSION

(Figure 7d and e). Furthermore, cimetidine ameliorated  Using this novel system, we directly demonstrated ATP syn-
cisplatin-induced ATP depletion in PTs but not in DTs thesis pathways in various nephron segments. The lack of an
(Figure 7f-h). These results indicate that the mechanism of  effect of 2DG was surprising. We speculate that the reasons
DT injury in cisplatin nephropathy may be OCT2 indepen-  for this are as follows: (i) previous studies have shown that
dent. Finally, we examined whether this system could be when one ATP synthesis pathway is inhibited, ATP synthesis is
useful for testing candidate drugs for mitochondrial protec- compensated by other pathways, and it is possible that
tion. Mitochonic acid 5 (100 UM), a mitochondria protection ~ compensation by OXPHOS is observed. (ii) Only hexokinase
reagent,' *'* ameliorated ATP depletion induced by cisplatin ~ 1-3, but not glucokinase (hexokinase 4), are inhibited by
compared with the vehicle group for as long as 120 minutes  2DG. The reason why phloretin was effective but not 2DG in
(Figure 8). podocytes may be the relatively high expression of

A
|

Figure 7 | (continued) OCT2 inhibitor; n = 3 slices in the control group and n = 4 slices in the cisplatin [1.0 mM] and the cisplatin [1.0 mM] +
cimetidine [1.0 mM] groups). (d) Mitochondrial morphological changes were obvious in PTs in the cisplatin group, which was attenuated in PTs
in the cisplatin + cimetidine group. (e) Quantitative evaluation of mitochondria morphology using the mitochondrial length/width ratio (n = 3
slices, 9 tubules, 450 mitochondria per each group). (f) Fluorescence resonance energy transfer (FRET) ratio images after the administration of
cisplatin and cimetidine. (g,h) FRET ratio graphs in PTs and DTs during 120 minutes of observation (h) and the % adenosine-5'-triphosphate
(ATP) depletion in PTs and DTs 120 minutes after the administration of reagents (g). FRET ratio graphs in the control and 1.0 mM cisplatin
groups in Figure 6¢ are presented again for comparison (n = 5 slices per group). Statistical significance was assessed using 1-way analysis
of variance with Tukey-Kramer post hoc tests (c,e,h) or an unpaired 2-tailed t test (a) for comparisons. ***P < 0.001; NS, not significant.
Bar = (d) 2 um and (f) 50 um. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. To optimize viewing of this image, please see the
online version of this article at www.kidney-international.org.
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glucokinase in podocytes, according to the KIT (Kidney
Interactive Transcriptomics) database.'” (iii) Most previous
studies on kidney metabolism have been conducted in vitro,
and the baseline metabolic state could be considerably shifted
toward the glycolytic system. On the other hand, our novel
ex vivo system appears to recapitulate the metabolic state
in vivo, which may make 2DG less effective than in in vitro
experiments.

Using an ex vivo IR-mimicking model, we confirmed that
intracellular ATP dynamics of PTs in the corticomedullary re-
gion were similar to those of PTs in the cortex, whereas in a
mouse IR model, PTs in the corticomedullary region were re-
ported to be the most susceptible.'*'” This discrepancy might
be due to alack of blood flow'®'® in this ex vivo system, and the
reported vulnerability of PTs in the corticomedullary region
could be due, at least partly, to hemodynamic alterations rather
than in segment-specific metabolic properties.

Furthermore, we, for the first time, found ATP decline in
both PTs and DTs in a cisplatin nephropathy model. We also
demonstrated that an OCT?2 inhibitor canceled ATP decline
in PTs but not in DTs. These findings make it plausible to
assume that ATP decline in DTs is not a secondary impair-
ment after PT injury.

Our present study has several technical limitations as fol-
lows: (i) it is challenging to avoid cellular damage completely
during the preparation of kidney slices. At a very low fre-
quency of 2% or less, there were the slices that showed
apparently reduced ratios (<1.0) in many segments, and
therefore, those slices were excluded from the analysis. (ii)
Although the kidney, especially the medullary region, is
hypoxic in vivo,'”*’ aeration is required in this system
(Supplementary Figure S8). However, even under aeration,
ATP dynamics in each segment were very similar to those
in vivo. (iii) This system lacks blood and urine flow, influ-
encing disease progression in vivo. Despite these limitations,
analysis using this novel ATP imaging system provides
valuable information leading to a new understanding of
kidney disease mechanisms.
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