
Article https://doi.org/10.1038/s41467-024-54222-0

ATP dynamics as a predictor of future
podocyte structure and function after acute
ischemic kidney injury in female mice

Masahiro Takahashi 1, Shinya Yamamoto1, Shigenori Yamamoto 1,2,
AkihiroOkubo 1, YasuakiNakagawa3, KoichiroKuwahara 4, TaijiMatsusaka 5,
Shingo Fukuma 6,7, Masamichi Yamamoto1,8, Michiyuki Matsuda 9,10,11 &
Motoko Yanagita 1,2

Acute kidney injury (AKI), typically caused by ischemia, is a common clinical
complication with a poor prognosis. Although proteinuria is an important
prognostic indicator of AKI, the underlying causal mechanism remains
unclear. In vitro studies suggest that podocytes have high ATP demands to
maintain their structure and function, however, analyzing their ATP dynamics
in living kidneys has been technically challenging. Here, using intravital ima-
ging to visualize a FRET-based ATP biosensor expressed systemically in female
mice due to their suitability for glomerular imaging, we monitor the in vivo
ATP dynamics in podocytes during ischemia reperfusion injury. ATP levels
decrease during ischemia, but recover after reperfusion in podocytes, exhi-
biting better recovery than in glomerular endothelial cells. However, pro-
longed ischemia results in insufficient ATP recovery in podocytes, which is
inversely correlated with mitochondrial fragmentation and foot process effa-
cement during the chronic phase. Furthermore, preventing mitochondrial
fission via pharmacological inhibition ameliorates podocyte injury in vitro,
ex vivo, and in vivo. Thus, these findings provide several insights into howATP
depletion and mitochondrial fragmentation contribute to podocyte injury
after ischemic AKI and could potentially be therapeutic targets.

Acute kidney injury (AKI), frequently caused by ischemia1,2, is a com-
mon clinical condition associated with highmorbidity andmortality3,4.
Although excessive proteins in urine or proteinuria -due to defects in
the glomerularfiltration barrier- is known to be a consequenceof AKI5,6

and persisting proteinuria after AKI is associated with worse renal

prognosis7, whether glomerular injury contributes to the pathophy-
siology underlying ischemic AKI remains unclear.

The glomerular filtration barrier is composed of glomerular
endothelial cells, glomerular basement membrane, and highly differ-
entiated cells, called podocytes, with podocytes playing the most
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important role in its barrier function. Podocytes possess interdigitat-
ing footprocesses, that are supportedby anelaborate networkof actin
cytoskeleton8. As actin cytoskeletal networks require adenosine 5’ tri-
phosphate (ATP) for its polymerization, this suggests that differ-
entiated podocytes are likely to require a stable energy supply as well
as functional mitochondria to produce such energy, in order to
maintain structural and functional integrity in their foot processes9. In
support of this, cultured podocytes increase their ATP content by up
to 80% during differentiation by generating a robust mitochondrial
networks and by upregulating glycolytic enzymes to match the
increasing energy demand10. Furthermore, patients with mutations in
mitochondrial genes or in the coenzyme Q10 (CoQ10) synthetic path-
way have been shown to display signs of podocyte injury and
proteinuria11. Together, this suggests that mitochondrial injury and
changes in podocyte energymetabolismmay lead to glomerular injury
that results in proteinuria after ischemic AKI. However, direct evidence
has been lacking due to the technical difficulties of determining
intracellular ATP in glomeruli of kidneys in vivo.

Here, we used an intravital imaging technique and Förster reso-
nance energy transfer (FRET)-based ATP biosensor mice to assess the
energy dynamics in podocytes during ischemia reperfusion injury
(IRI). We show not only that ATP dynamics in acute phase can act as a
readout for long-term structural changes in podocytes but also
demonstrate that pharmacological inhibition of mitochondrial fission
in podocytes in vitro and in vivomay be a potential clinical strategy for
preventing proteinuria and glomerular injury during ischemic AKI.

Results
Prolonged ischemia induces podocyte injury and proteinuria
To determine the effects of ischemia on podocytes in vivo, we first
evaluated mice treated with either 30-min or 45-min of ischemia. We
observed prominent podocyte foot process effacement in mice trea-
ted with 45-min of ischemia on day 14, with 55.0% of glomeruli exhi-
biting an increased foot process width (Fig. 1A–C). However, these
effects on foot process effacement were not observed in mice treated
with 30-min of ischemia, and only 12.9% of glomeruli showed an
increase in foot process width (Fig. 1A–C). Furthermore, while the
numbers of podocytes in glomeruli were comparable between the
sham and 45-min ischemia groups (Fig. 1D, E), immunostaining
revealed reduced expression of podocin, nephrin, and nestin after
45min of ischemia (Fig. 1D, F). An increase in the urinary albumin-to-
creatinine ratio (ACR) from injured kidneys was observed in the urine
collected on day 7–8, day14–15, and day 28–29 after 45-min IRI
(Fig. 1G, H). We also observed sustained foot process effacement on
day 29 after 45-min IRI (Fig. 1I, J). Additionally, some glomeruli showed
shrinkage of capillary tufts and sclerotic changes on day 29 after IRI
(Supplementary Fig. 1), which resemble features of ischemic glomeruli
in chronic phase after kidney transplantation12. These results suggest
that prolonged exposure to ischemia leads to podocyte injury and
defects in glomerular filtration barrier function even up to four weeks
after IRI.

Intravital ATP imaging of mouse glomeruli during ischemia
Next, to visualize ATP levels in glomeruli, we used GO-ATeam2 mice
that systemically express a FRET-based ATP biosensor GO-ATeam213,
which uses variants of green fluorescent protein (GFP) and kusabira
orange fluorescent protein (OFP) to sandwich the ε-subunit of Bacillus
subtilis F0F1-ATP synthase14. As the ε-subunit binds specifically to ATP
but not to ADP, dATP, or GTP, it allows ATP levels to be quantitatively
determined using OFP/GFP ratios (ATPratio), which have a linear corre-
lation with cellular ATP concentrations at a high specificity14. Pre-
viously, we established an ATP imaging technique for living kidneys
using multi-photon microscopy to analyze ATP dynamics of proximal
and distal tubules during renal ischemia in male GO-ATeam2 mice15.
However, we were unable to monitor glomerular ATP dynamics, likely

due to the thickness of the kidney cortex. To overcome these diffi-
culties, we focused only on female mice that have a thinner kidney
cortex compared to males to observe glomeruli. Indeed, we were able
to observe from the surface of female GO-ATeam2mouse kidneys, the
proximal tubules, distal tubules, collecting ducts (16μmdeep; Fig. 2A)
and glomeruli (40μm deep; Fig. 2B). In Go-ATeam2 mice, the expres-
sion of the biosensor is under control of the CAG promoter inserted in
the ROSA26 locus16. The expression of CAG promoter has been pre-
viously reported to be heterogenous in several organs including the
kidney, as well as among different cell types17. The cells located at the
periphery of glomeruli showed strong fluorescence (Fig. 2C) and were
identified as podocytes by immunostaining (Fig. 2D). ATPratio of
podocytes was analyzed in single cell level by manual segmentation
(Supplementary Fig. 2A). The average ATPratio of podocytes was 2.36,
and the inter-glomerular variation of the podocyte ATPratio was rela-
tively small compared to those of other segments (Fig. 2E). By mea-
suring ATPratio in primary cultured MEFs expressing GO-ATeam2 with
arbitrary intracellular ATP concentrations, we estimated actual ATP
concentrations of kidney cells in vivo (Supplementary Fig. 2B, C).
Intracellular ATP concentrations of kidney cells ranged from 3mM to
4.2mM (Supplementary Fig. 2D).

To investigate how ATP dynamics in glomeruli are affected during
ischemia, we performed time-lapse imaging. First, we focused on the
variation of overall ATP change between glomeruli before dissecting
cell-type specific ATP dynamics. Upon ischemia induction, the ATP
levels in the glomeruli gradually decreased (Fig. 3A). While the ATP
reduction rates in distal tubules and collecting ducts varied between
tubules15, those in glomeruli were relatively uniform. Magnified views
of podocytes showed a gradual decrease in ATPratio after ischemia
induction, reaching nadir levels in about 20min (Fig. 3B, C). GO-
ATeam2mice that underwent sham surgery did not show any decrease
in podocyte ATP, therefore suggesting negligible photo-toxicity or
photo-bleaching effects with our experimental set-up (Fig. 3B, C). We
also compared ATP dynamics during ischemia between podocytes and
other nephron segments. While the ATPratio in proximal tubules quickly
decreased within 2min after ischemia induction, that of distal tubules
and collecting ducts reduced only gradually and reached nadir levels in
about 25min and 45min, respectively (Fig. 3D, E). This indicates that
the ischemia-induced decrease in ATP in podocytes was much slower
than that in proximal tubules, similar to that in distal tubules, but
faster than that in collecting ducts.

ATP recovery in podocytes following reperfusion is insufficient
after prolonged ischemia
We then analyzed ATP dynamics in podocytes during reperfusion
after ischemia. Podocytes showed a slightly delayed ATP recovery
after prolonged ischemia (Fig. 4A–C, and Supplementary Fig. 3),
displaying similar effects to the proximal tubules, which we pre-
viously reported15. After initial recovery of ATP, the podocyte
ATPratio reached stable levels, which were lower than the pre-
ischemia levels, during 30min of reperfusion (Fig. 4A, B, and Sup-
plementary Fig. 3). ATP % recovery of podocytes after 30min of
reperfusion showed an ischemic time-dependent decrease (Fig. 4D).
This indicates that the ATP recovery in podocytes after prolonged
ischemia was insufficient.

Intra-glomerular heterogeneity of ATP dynamics during IRI
Interestingly, in our analysis, we observed heterogeneity in ATP
dynamics among glomerular cells. Compared to podocytes, cells
positioned inside the glomerular tufts showed slower reduction of
ATP during ischemia (Fig. 5A, B). Upon reperfusion, we found a
group of cells with lower ATP levels than the surrounding cells
(Fig. 5C). Based on their location in the glomerulus and the relatively
low biosensor expression (Fig. 2D), we reasoned that they were not
podocytes but potentially either endothelial cells ormesangial cells.
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Fig. 1 | Pathological changes in podocytes and albuminuria after ischemia
reperfusion injury (IRI). A Electronmicroscopy images of glomerular tufts 14 days
after 30-min IRI, 45-min IRI, and shamsurgery.B Podocyte footprocesswidths after
each condition. Each dot represents the average foot process width of at least five
glomeruli from each mouse. Exact p-values: Sham vs 45-min IRI: *p =0.0003; 30-
min IRI vs 45-minIRI: *p =0.0005.C Percentages of glomeruliwith an increased foot
processwidth. Eachdot represents the foot processwidth for each glomerulus. The
dashed red line indicates the threshold of the normal foot process width defined as
the largest foot process width in the sham surgery group. D Podocyte marker
protein immunostaining (WT1, podocin, nephrin, and nestin) 14 days after 45-min
IRI or sham surgery. E The number of WT1-positive cells per glomerulus after 45-
min IRI or sham surgery. Exact p-value: p =0.8623. F The mean fluorescence

intensity (MFI) of podocin, nephrin, and nestin 14 days after 45-min IRI or sham
surgery. Exact p-values: Podocin: #p =0.0477; Nephrin: #p =0.0100; Nestin:
**p =0.0027. G Graphical representation of the albumin-to-creatinine ratios (ACR)
measurement in the urine from injured kidneys.H ACR on day 7–8, day 14–15, and
day 28–29 after IRI or sham surgery. Exact p-value: day 7–8: #p =0.0336; day 14–15:
#p =0.0346; day 28–29: #p =0.0206. I Electron microscopy images of glomerular
tufts 29 days after 45-min IRI and sham surgery. J Podocyte foot process widths
29 days after 45-min IRI and sham surgery. Exact p-value: #p =0.0450. *p <0.001;
**p <0.01; #p <0.05. Scale bars: 1μm in (A and I) and 20μm in (D). EM, electron
microscopy; IRI, ischemia reperfusion injury; FPW, foot process width; MFI, mean
fluorescence intensity; n.s., not significant.
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To identify cell type-specific ATP dynamics among glomerular cells
during IRI, Nphs1-Cre mice and Tie2-Cre mice were bred with GO-
ATeam2flox/+ mice to generate mice expressing GO-ATeam2 specifi-
cally in podocytes or endothelial cells, respectively (Nphs1-ATeam
and Tie2-ATeam mice). Cell type-specific expression of the GO-
ATeam2 biosensor was validated by co-localization with cell type-
specific markers (Supplementary Fig. 4A–D), which enables cell-
type specific ATPratio measurement (Supplementary Fig. 4E, F). Using
Nphs1-ATeam and Tie2-ATeam mice, we visualized cell type-specific
ATP dynamics during ischemia reperfusion and found that the
decrease in ATP in endothelial cells occurred as fast as that in
podocytes during ischemia (Fig. 5D, E), suggesting that the cells
with slow ATP decline during ischemia in the systemic GO-ATeam2
mice (Fig. 5A, B) were unlikely to be endothelial cells. Upon reper-
fusion, Nphs1-ATeam mice and Tie2-ATeam mice showed different
ATP recovery patterns in podocytes and endothelial cells (Fig. 5F,G),
with ATP recovery in endothelial cells being worse than that in
podocytes (Fig. 5F, G, H).

Although a previous in vitro study showed that lamellipodia of
cultured podocytes aremore dependent on glycolytic ATP production
compared with mitochondria-rich perinuclear cytoplasm18, we
observed no such differences in ATP levels between the cell body, the
major processes, and the secondary processes of podocytes (Supple-
mentary Fig. 5).

Mitochondrial fragmentation in podocytes in the super-acute
phase of IRI
To analyze pathological changes in podocytes in the super-acute
phase (30min after reperfusion) of IRI, transmission electron
microscopy (TEM) was performed. Foot process effacement of
podocytes was not observed in the super-acute phase after IRI
(Fig. 6A, B). However, round and short mitochondria increased in
podocytes, especially after long ischemia, potentially indicating
mitochondrial fragmentation (Fig. 6A, C, and Supplementary
Fig. 6A). Three-dimensional analysis of podocyte microstructures
clearly showed fragmentation of mitochondria and disruption of
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their continuity after IRI (Fig. 6D and Supplementary Movies 1–6).
Immunostaining showed early increase in DRP1 protein, a key
component of mitochondrial fission machinery, in podocytes after
ischemia reperfusion (Supplementary Fig. 6B). These results sug-
gest that mitochondrial fragmentation is an early indicator of
podocyte injury in the super-acute phase of IRI.

ATP recovery in the super-acute phase predicts morphological
changes of podocytes in the chronic phase of IRI
TEM images of GO-ATeam2 mice 14 days after IRI revealed prominent
foot process effacement and mitochondrial fragmentation in podo-
cytes after 45- and 60-min of ischemia, whereas these changes were
not obvious in podocytes after short ischemia (Fig. 7A–C, and
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Supplementary Fig. 7A). Experiments using wild-type mice also con-
firmed the increase in ACR after long ischemia 14 days after IRI
(Fig. 7D). Despite significant ATP insufficiency in the super-acute
phase (Fig. 5F, G,H), endothelial cells appearedgenerally normal. Signs
of endothelial injury, such as loss of fenestration and splitting of glo-
merular basement membrane, were observed in only a few glomeruli
in the 60-min ischemia group (Supplementary Fig. 7B), and capillary-
thrombosis was not present. Interestingly, mitochondrial roundness
in podocytes showed a strong correlation with their foot process
width (Fig. 7D), suggesting that structural stability of podocytes is

strongly associated with mitochondrial morphology. Finally, we
analyzed the correlation between ATP recovery in the super-acute
phase and microstructural changes of podocytes in the
chronic phase of IRI. Strikingly, the ATP % recovery in podocytes in
the super-acute phase showed a significant inverse correlation with
the foot process width and mitochondrial roundness of podocytes
in the chronic phase, respectively (Fig. 7E). These results potentially-
suggest that IRI-induced foot process effacement may
occur through mitochondrial damage and breakdown of ATP
homeostasis.
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Suppression of mitochondrial fission ameliorates actin disar-
rangement in cultured podocytes
To determine the pathophysiological significance of ATP decrease and
mitochondrial fragmentation in podocytes, we mimicked these con-
ditions in cultured podocytes using oligomycin A and 2-deoxy-D-glu-
cose, which inhibit mitochondrial ATP synthesis and the glycolytic
pathway, respectively (Fig. 8A). Administration of these agents effec-
tively induced mitochondrial fission and reduced the mitochondrial
membrane potential in cultured podocyte cell line (Fig. 8B–D).We also
employed primary cultured podocytes derived from wild type mice,
and found similar results; mitochondrial fragmentation and reduced
mitochondrial membrane potential after ATP depletion (Fig. 8E–G).
One hour after discontinuing these reagents, cultured podocytes
showed mitochondrial fragmentation, accompanied by the reduction
in stress fiber formation and synaptopodin expression (Fig. 8H–J). To
investigate the role of mitochondrial fragmentation in podocytes, we
treated podocytes with Mdivi-1, a GTPase inhibitor that specifically
inhibits the mitochondrial fission protein DRP1. Interestingly, the
administration ofMdivi-1 attenuatedmitochondrial fragmentation and
restored the number of stress fiber-positive cells (Fig. 8H–J). Primary
cultured podocytes showed the similar signs of injury after ATP
depletion, which was attenuated by Mdivi-1 treatment (Fig. 8K–M).

To further demonstrate the participation of podocyte DRP1 in the
pathological conditions, we knocked down Drp1 in cultured podo-
cytes. Knockdown mediated by siRNA targeting Drp1 indeed reduced
DRP1 protein levels in cultured podocytes (Fig. 9A, B). Importantly,
Drp1 knockdown ameliorated mitochondrial fragmentation as well as
stress fiber loss in cultured podocytes after ATP depletion (Fig. 9C–E),
suggesting that DRP1 plays a pivotal role in mitochondrial fragmen-
tation and cytoskeletal disarrangement in podocytes after ATP
depletion stress.

Pharmacological inhibition of DRP1 reduces mitochondrial
fragmentation and foot process effacement of podocytes in vivo
and in slice cultured kidney
Since cultured podocytes are inherently different from podocytes
in vivo19, we confirmed the beneficial effects of suppressing mito-
chondrial fragmentation after ATP-depletion stress in vivo. We
induced 45-min ischemia in female wild-type mice and treated them
with daily intraperitoneal injection of Mdivi-1 (50mg/kg) or control
vehicle after ischemia reperfusion (Fig. 10A), and assessed podocyte
microstructures in chronic phase (day14) of injury by electron micro-
scopy. Mice treated with Mdivi-1 showed significantly reduced mito-
chondrial roundness and foot process width than vehicle-treatedmice
(Fig. 10B, C).

We also employed a newly established ex vivo IRI model20 to
minimize the potential influenceofMdivi-1 on adjacent injured tubules
and hemodynamic changes after IRI (Fig. 10D). After 45min depriva-
tion of oxygen and energy resource and 4 h of recovery phase, podo-
cytes in cultured kidney slices showed significantmitochondrialfission
and foot process effacement (Fig. 10E, F). In contrast, glomeruli treated
by Mdivi-1 showed mitigation of mitochondrial fission and foot pro-
cess effacement in podocytes, strongly supporting the likelihood that

Mdivi-1 exerts a direct protective effect on podocytes (Fig. 10E, F).
These results suggest that alleviating mitochondrial fragmentation is
protective for the podocyte cytoskeleton after ATP-depletion stress
in vitro, in ex vivo model, and in vivo.

Discussion
Previous work has implicated mitochondrial dysfunction in the prox-
imal tubules in the pathophysiology underlying ischemic AKI15,21,22,
though the cause of proteinuria after ischemic AKI remained unclear.
Mitochondrial dysfunction is also an important pathological feature in
podocyte injury23–25, however, investigations focusing on mitochon-
drial dysfunction of podocytes after AKI, especially in the IRI model,
have not existed to date. Importantly, our study reveals podocyte ATP
dynamics during ischemia reperfusion at a single cell resolution,
demonstrating the link between podocyte ATP dynamics in the acute
phase and podocyte structure and function in the chronic phase.　
Here, we have shed light on the pathophysiology of podocyte injury
after IRI by showing that ATP depletion and mitochondrial injury in
podocytes contribute to foot process effacement in the chronic phase
of ischemic AKI.

ATP metabolism in podocytes has received much attention
recently26, however, assessing intracellular ATP in glomeruli has been
technically challenging due to limitations in spatial-temporal resolu-
tion of conventional methods such as a luciferase assay, 31P nuclear
magnetic resonance, andmass spectrometry imaging. Therefore most
studies to-date have focusedon culturedpodocytes that are inherently
different from podocytes in vivo19.

Multiphotonmicroscopy has served as a powerful tool to dissect
pathophysiology in the living kidneys owing to its characteristic high
spatial-temporal resolution and low invasiveness27–29. Using these
technical advantages, combined with GO-ATeam2 mice, here we
provided several insights into ATP metabolism in podocytes during
IRI. Firstly, we succeeded in visualizing the ATP dynamics in podo-
cytes during ischemia and comparing them with those of other renal
epithelia in the living kidneys. ATP decline in podocytes after ische-
mia was significantly slower than that in the proximal tubules, similar
to that in the distal tubules, and faster than that in the collecting
ducts. These differences in ATP dynamics might be at least partially
due to different dependence on the glycolytic capacity and mito-
chondrial oxidative phosphorylation in each segment. The glycolytic
capacity may work protectively in ischemia, however, mitochondria
could paradoxically accelerate the decrease in ATP during ischemia.
F0/F1 ATP synthase in the mitochondrial inner membrane produces
large amount of ATP under the normal condition, but under condi-
tions that collapse the mitochondrial membrane potential, it is sug-
gested to take up and hydrolyze cytosolic ATP to maintain the
membrane potential30–32. While mitochondria-rich proximal tubules,
which have limited ability of glycolysis33,34, showed a rapid decrease
in ATP during ischemia, a slower decrease in ATP in podocytes may
reflect their substantial glycolytic capacity, which was shown in cul-
tured podocytes10,18,35. In the same way, potentially greater influence
of mitochondrial ATP degradation in podocytes and distal tubules
may explain the relatively faster ATP decline in these cell types

Fig. 7 | ATP recovery in the acute phase is inversely correlated with podocyte
injury in the chronic phase after IRI. A Electronmicroscopic images of podocytes
14 days after various IRI severity levels. Upper and lower panels focus on podocyte
foot processes andmitochondria, respectively. Red and yellow arrows indicate foot
process effacement and fragmented mitochondria, respectively. Wider views of
electron microscopic images are shown in Supplementary Fig. 6A. B Foot process
widths 14 days after various IRI severity levels. Exact p-value: 15-min IRI vs 45-min
IRI: #p =0.0163; 15-min IRI vs 60-min IRI: **p =0.0014; 30-min IRI vs 45-min IRI:
#p =0.0104; 30-min IRI vs 60-min IRI: *p =0.0009; 37-min IRI vs 60-min IRI:
**p =0.0046.p =0.0006 for the trend test.CMitochondrial roundness 14days after
various IRI severity levels. Exact p-value: 15-min IRI vs 45-min IRI: *p =0.0002; 15-

min IRI vs 60-min IRI: *p <0.0001; 30-min IRI vs 45-min IRI: *p =0.0004; 30-min IRI
vs 60-min IRI: *p =0.0001; 37-min IRI vs 60-min IRI: #p =0.0108. p <0.0001 for the
trend test.D Albumin-to-creatinine ratio on day 14–15 after 15-min, 30-min, 37-min,
45-min, and 60-min IRI. Data of 45-min IRI group in Fig. 1H was shown again for
comparison. Exact p-value: p <0.0001. E Correlation between the foot process
width and mitochondrial roundness 14 days after IRI. Exact p-value: p <0.0001.
F Correlation between the foot process width or mitochondrial roundness 14 days
after IRI and ATP % recovery in podocytes in the super-acute phase of IRI. Exact p-
value: Foot process width-ATP % recovery: p =0.0016; Mitochondrial roundness-
ATP % recovery: p <0.0001. *p <0.001; **p <0.01; #p <0.05. Scale bars: 1μm in A.
IRI, ischemia reperfusion injury; EM, electron microscopy.
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Fig. 8 | Suppression of mitochondrial fission ameliorates podocyte cytoskele-
ton disarrangement in cultured podocytes. A Graphical representation of the
experimental design for in vitro IRI. B Confocal images of MitoTracker and TMRM
staining in podocyte cell line after the injury phase. Bottom panels showmagnified
images of dashed boxes in merged images. C Aspect ratios of mitochondria of
podocyte cell line after injury phase. D TMRM intensity of mitochondria of podo-
cyte cell line after injury phase. E Confocal images of MitoTracker and TMRM
staining in primary cultured podocytes after the injury phase. Bottom panels show
magnified images of dashed boxes in merged images. F Aspect ratios of mito-
chondria of primary cultured podocytes after injury phase. G TMRM intensity of
mitochondria of primary cultured podocytes after injury phase. H TEM and con-
focal images of podocyte cell line after the recovery phase: a–c, MitoTracker

staining; d–f, TEM images focusing on mitochondria (asterisks); g–i, actin cytos-
keleton visualized by phalloidin labelling; j–l, synaptopodin immunostaining.
I Aspect ratios of mitochondria of podocyte cell line after recovery phase.
J Percentages of stress fiber-positive cells in podocyte cell line after the recovery
phase.K Confocal images of primary cultured podocytes after the recovery phase:
a–c, MitoTracker staining;d–f, actin cytoskeleton visualized by phalloidin labelling.
L Aspect ratios of mitochondria of primary cultured podocytes after recovery
phase. M Percentages of stress fiber-positive cells in primary cultured podocytes
after the recovery phase. Exact p values for (C), (D), (F), (G), (I), (J), (L), and (M) are
shown inSupplementary Table 1, 2. *p <0.001; **p <0.01; #p <0.05. Scale bars: 1μm
in d–f for H; 10μm in (B, E, a–c and g–l for H, and K). EM, electron microscopy;
Oligo, oligomycin A; 2-Dg, 2-deoxy-D-glucose; IRI, ischemia reperfusion injury.
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during ischemia than collecting ducts, which have robust glycolytic
capacity36.

Second, we visualized the dynamic ATP recovery in podocytes
after reperfusion. Initial ATP recovery immediately after reperfusion
was faster than that of proximal tubules, which have limited ability of
glycolysis, suggesting that relatively swift ATP recovery in podocytes
might be caused by parallel re-activation of oxidative phosphorylation
and anaerobic glycolysis in the beginning of the reperfusion phase.
Prolonged ischemia resulted in delayed and insufficient ATP recovery
andmitochondrial fragmentation shortly after reperfusion, suggesting
that mitochondrial dysfunction could contribute to the ATP shortage,
which exceeded the glycolytic reserve for ATP production. Although
several reports have suggested that the contribution of mitochondria
to energy homeostasis could be less significant in podocytes under
physiological conditions because of their high glycolytic capacity18,35,
our results suggest that sufficient oxidative phosphorylation is
required to maintain podocyte ATP levels, especially under post-
ischemic conditions.

We also discovered intraglomerular heterogeneity in ATP
dynamics during IRI. Endothelial cells, which have been reported to
be largely dependent on glycolytic ATP production37, showed a
similar decrease in ATP as podocytes during ischemia, but they
exhibited less sufficient recovery after reperfusion than podocytes.
Despite insufficient ATP recovery after reperfusion, electron micro-
scopy in the chronic phase of IRI showed only modest pathological
changes in endothelial cells. Considering the close interactions
between podocytes and endothelial cells38–42, it remains unclear
whether ischemia-induced ATP insufficiency in endothelial cells
could hamper podocyte-endothelial cross-talk.

Finally, we showed that mitochondrial fragmentation was closely
associated with podocyte foot process effacement. Mitochondrial
fragmentation was the earliest ultrastructural change in podocytes in

the super-acute phase of IRI (30min after reperfusion), when foot
process effacement was not obvious. Three-dimensional reconstruc-
tion effectively showed the disruption of mitochondrial networks and
mitochondrial fragmentation shortly after IR. Mitochondrial frag-
mentation was also observed in the chronic phase of IRI in mice that
had undergone prolonged ischemia, and it was associated with foot
process effacement of podocytes. Furthermore, ATP recovery in the
super-acute phase was inversely correlated with the severity of foot
process effacement and mitochondrial fragmentation in the chronic
phase. These results are consistent with our previous report, which
showed that delayed ATP recovery in the proximal tubules in the
super-acute phase predicted interstitial fibrosis in the chronic phase15.
The pathophysiological involvement of mitochondrial fragmentation
in foot process effacement was confirmed by the experiments using
Mdivi-1, a specific inhibitor of the mitochondrial fission protein DRP1,
whereby mitochondrial fragmentation was ameliorated and this
restored podocyte structures in cultured podocytes under ATP-
depletion stress, slice culture mimicking IRI, and in mice that were
subjected to IRI. Taken together, mitochondrial fragmentation and
impairedATPsynthesis after ischemia appear tobe strongly associated
with foot process effacement in the chronic phase of IRI. Nonetheless,
we cannot exclude the potential beneficial off-target effects caused by
Mdivi-1, as was recently reported by Bordt and colleagues, whereby
Mdivi-1 reversibly inhibits mitochondrial complex I and reduces reac-
tive oxygen species production only at higher concentrations43. How-
ever, as similar protective effects were also induced by Drp1
knockdown in cultured podocytes, this suggests that DRP1 and mito-
chondrial fragmentation in podocytes likely plays pivotal roles in
podocyte injury after ischemia. Similar protective effects have also
been observed in podocytes deficient for Drp1 under diabetic
stress23,25, though the exact underlying mechanisms remain unclear.
Considering that the conditional knockout of Drp1 alone seems to
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Fig. 10 | Suppression of mitochondrial fission ameliorates podocyte cytoske-
leton disarrangement in mice and slice cultured kidney. A Graphical repre-
sentation of the experimental design for (B and C). B TEM images of glomerular
tufts 14 days after 45-min IRI with Mdivi-1 or vehicle treatment. Upper panels focus
on foot processes (red arrows indicating foot process effacement), and lower
panels on mitochondria (yellow arrows indicating fragmented mitochondria).
C Mitochondrial roundness and foot process width of podocytes 14 days after 45-
min IRI with Mdivi-1 or vehicle treatment, or sham surgery. Data of sham surgery
group in Fig. 6B and C were shown again for comparison. Exact p-value: Sham vs
Vehicle: *p =0.0006; Sham vs Mdivi-1: #p =0.0254; Vehicle vs Mdivi-1: #p =0.0277
for the left graph and Shamvs Vehicle: **p =0.0042; Vehicle vsMdivi-1: #p =0.0308
for the right graph. D Graphical representation of the experimental design for

(E and F). E TEM images of glomerular tufts after ex vivo IRI with Mdivi-1 or vehicle
treatment. Upper panels focus on foot processes (red arrows indicating foot pro-
cess effacement), and lower panels on mitochondria (yellow arrows indicating
fragmented mitochondria). F Mitochondrial roundness and foot process width of
podocytes after 4-h recovery phase with Mdivi-1 or vehicle treatment or non-injury
control. Each dot in the graphs represents the value of each glomerulus. Exact
p-value: Control vs Vehicle: *p <0.0001; Control vs Mdivi-1: **p =0.0044; Vehicle vs
Mdivi-1: #p =0.0263 for the left graph and Control vs Vehicle: *p <0.0001; Control
vs Mdivi-1: #p =0.0125; Vehicle vs Mdivi-1: #p =0.0252 for the right graph.
*p <0.001; **p <0.01; #p <0.05. Scale bars: 1μm in B and E. EM, electron micro-
scopy; IRI, ischemia reperfusion injury.
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show no significant phenotype during a 12-month observation
window35, this suggests that the pathophysiological role of DRP1 in
podocytes may only become apparent upon stress-induced condi-
tions. Our results indicate that DRP1 may be a potential therapeutic
target to prevent podocyte injury after IRI, though further direct vali-
dation will be necessary (see below for details).

Ex vivo slice culture is a classic method that can exclude con-
founding effects such as changes of hydrostatic pressure and neuro-
hormonal mediators, while preserving 3-D tissue organization44.
Although increased hydrostatic pressure has been suggested as one of
the causes of secondary glomerular injury after tubular injury45, our
ex vivo model has the advantage of being able to exclude this, sug-
gesting that IRI could directly induce chronic podocyte injury through
ATP depletion and mitochondrial fragmentation.

Because the degree of proteinuria in ourmodel wasmoderate, we
cannot exclude the contribution of decreased protein absorption in
injured tubules. However, given that our data also directly demon-
strated podocyte injury, and given that clinical evidence shows pro-
teinuria and glomerulosclerosis after AKI and kidney
transplantation5,7,12,46–49, it is highly likely that changes in podocyte ATP
levels during ischemia reperfusion is strongly linked to podocyte
injury in the chronic phase.

A remaining question is how mitochondrial fragmentation indu-
ces foot process effacement in ischemic injury. We did not observe
significant podocyte loss despite the signs of severe mitochondrial
fragmentation, a well-known trigger of cell death50. However, podo-
cyte injury that we observed on day 14 of IRI could progress over time.
A previous study showed that glomerulosclerosis, a consequence of
significant podocyte loss, increases 8 months after IRI in rats, com-
pared to 1 month after IRI, and is significantly reduced by SS-31 treat-
ment, which enhances mitochondrial ATP production in podocytes51.
Therefore, it remains unclear how mitochondrial dysfunction after
ischemic injury influences the long-term viability of podocytes. Frag-
mentedmitochondria are suggested to have reduced capacity for ATP
production52, and a stable ATP supply is considered essential for
maintaining podocyte foot processes. In cultured Purkinje cells, the
disruption of mitochondrial trafficking into dendrites was shown to
perturb actin dynamics likely via an energy shortage, resulting in
malformation of dendrites53. Podocytes and neurons are highly dif-
ferentiated cells possessing complicated cytoplastic processes and
express common tissue-specific proteins, including synaptopodin and
nephrin54. Considering these similarities, disruption of mitochondrial
network and reduction in ATP in podocyte foot processes after
ischemia reperfusion could hamper the actin dynamics and lead to
morphological abnormality of foot processes effacement as shown in
Purkinje cells.

The extent to which ischemic podocyte injury affects long term
renal prognosis is unknown; however, mitochondrial fragmentation
and foot process effacement in podocytes in the chronic phase may
have an impact on renal prognosis. Previous clinical studies showed
that persistent proteinuria is a risk factor for kidney disease progres-
sion after kidney transplantation or AKI7,48. In the current study, albu-
minuria in the chronic phase after IRI increased with ischemia time
prolonged (i.e. severity of injury). Thus, glomerular injury after IRI
could be an important prognostic factor.

Our study has several technical limitations. Firstly, deep glomeruli
in long-loop nephrons cannot be observed by ourmethod. However, a
paper analyzing nephrectomized samples showed that age-related
glomerulosclerosis, which may be related to ischemia caused by
arteriosclerosis, are more pronounced in surface glomeruli than in
deep glomeruli55, suggesting that the observations from the kidney
surface may provide useful information. Secondly, although GO-
ATeam2 biosensor is less susceptible to pH change than other ATP
probes14, there is a possibility that the extent of ATP decrease in
podocytes after IRI may be underestimated due to intracellular

acidosis, which was observed in cultured podocytes under stress
conditions56. Intracellular acidosis could increase the OFP-to-GFP
ratio14, thus, ATP decline in podocytes could be even more dynamic
than we observed. Thirdly, our ATP imaging method cannot distin-
guish between ATP production and consumption. Although the
insufficient ATP recovery after ischemia reperfusion is most likely due
to impaired oxidative phosphorylation, we cannot rule out the possi-
bility of increased ATP consumption. Finally, to conclusively deter-
mine the role of DRP1 in podocyte injury after IRI, our findings need to
be further validated using Drp1 conditional knockout mice, which
warrants future investigation.

In sum, our findings showing that ATP depletion and mitochon-
drial injury in podocytes might contribute to podocyte injury in the
chronic phase of IRI provides several insights and potential treatment
options for IRI and its transition to chronic disease.

Methods
Ethical statement
All animal studies were approved by the Animal Research Committee,
Graduate School of Medicine, Kyoto University (No. MedKyo22183),
and were performed in accordance with the National Institute of
Health Guide for the Care and Use of Laboratory Animals.

Mice
GO-ATeam2 and GO-ATeam2 flox/+ mice were generated in our
laboratory and are described in separate papers13,16. Nphs1-Cre mice
were generated as previously described57. Tie2-Cre mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME, USA)58. Female
C57BL/6 J mice were purchased from SLC (Shizuoka, Japan). Female
mice between 9 and 13 weeks of age, which were housed in a specific
pathogen-free facility at 50± 10 % humidity and 24 ± 2 °C under 14 h/
10 h light and dark cycle with access to water and regular diet ad
libitum, were used for the experiments.

Mouse treatment
Mice were anaesthetized using isoflurane inhalation (induction: 2–3%;
maintenance: 1.5%). The left kidney was exteriorized through a small
incision. Kidney ischemia was induced by clamping the left renal
pedicle by a microclip for each length of time59. The core body tem-
perature and kidney surface temperature were maintained at 36.5 °C
during ischemia and reperfusion. The heart rate and breathing rate
were maintained at over 450 bpm and over 100 breaths per minute,
respectively. Mdivi-1, a GTPase inhibitor that specifically inhibits DRP1,
was chosen for pharmacological suppression of mitochondrial fission.
Mdivi-1 (50mg/kg, Selleck Chemicals, Houston, TX, USA) or vehicle
(DMSO) was administered intraperitoneally 30min after reperfusion
and then daily for 14 days before euthanasia for analysis (n = 4mice per
group; Fig. 10A–C). Regimen of Mdivi-1 treatment was determined
based on previous studies and the estimated half-life (12 h)24,25,60.

Cell culture and treatment
A conditionally immortalized mouse podocyte cell line was kindly
provided by Professor Peter Mundel (Harvard Medical School, Bos-
ton, MA, USA). The cells were maintained in RPMI 1640 medium
containing 10% heat-inactivated fetal bovine serum, 1mM sodium
pyruvate, and 0.01mM HEPES in a 5% CO2 atmosphere. To sustain
proliferation, murine interferon (INF)-γ (10 U/mL; R&D Systems,
Minneapolis, MN, USA) was added to the medium, and the cells were
maintained at 33 °C. To induce differentiation, cells were seeded in a
dish coated with rat collagen type 1 (0.12mg/mL; Corning, NY, USA)
and maintained in medium without INF-γ at 37 °C for 10 days before
the experiments. For podocyte primary culture, kidneys were har-
vested from 8–12-week-old wild-type mice after perfusion of 20ml
PBS containing 1% Dynabeads M450 tosylactivated (Invitrogen,
Waltham, MA, USA) under anesthesia using isoflurane inhalation.
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Kidney samples were roughly minced and processed under two
cycles of incubation (37 °C, 15min) and dissociation using gentle-
MACS Dissociator (Miltenyi Biotech, Bergisch Gladbach, Germany)
in RPMI1640 medium containing 0.01 mM HEPES and Liberase TH
(0.25 mg/ml; Roche, Mannheim, Germany) and Dnase I (1 mg/ml;
Roche) before purification by a magnet stand and dissociation
tubes. Purified glomeruli were seeded in collagen-coated dishes
and maintained in RPMI 1640 medium containing 10% heat-
inactivated fetal bovine serum at 37 °C for 5 days before the out-
growth, which consists mostly of podocytes, were collected and
filtered through 40 μm mesh. Collected podocytes were main-
tained in RPMI 1640 medium containing 10% heat-inactivated fetal
bovine serum at 37 °C for 4 weeks for induction of differentiation
before experiments61,62. To assess the effect of ATP depletion on the
podocyte cytoskeleton, oligomycin A (10 μM; LKT Laboratories, St.
Paul, MN, USA) and 2-deoxy-D-glucose (20mM; FUJIFILM Wako
Chemicals, Osaka, Japan) or vehicle (DMSO and PBS) were added to
the medium, and cells were incubated for 1 h at 37 °C in 5% CO2

(injury phase). We used Oligomycin A and 2-deoxy-D-glucose to
inhibit ATP production. Oligomycin A directly inhibits ATP syn-
thase, and 2-deoxy-D-glucose inhibits the glycolytic pathway
because its metabolite is not a substrate for glucose-6-phsophate
dehydrogenase or phosphohexose isomerase. Dosing of oligomy-
cin A and 2-deoxy-D-glucose were determined based on reported
IC50 (oligomycin A: 0.21–3.8 μM63; 2-deoxy-D-glucose: 1–10 mM64)
and other previous studies18,35. After injury phase, the dishes were
thoroughly washed with PBS, and cells were incubated in fresh
medium for 1 h at 37 °C in 5% CO2 (recovery phase). To assess the
protective effect of inhibiting mitochondrial fission in podocytes,
Mdivi-1 (50 μM; Selleck Chemicals) or vehicle (DMSO) was added to
the medium in both the injury and recovery phases. Dosing of
Mdivi-1 supplementation for in vitro and ex vivo experiments was
determined based on IC50 indicated on its datasheet (1–10 uM,
Selleck Chemicals) and a pilot study. To assess the mitochondrial
membrane potential and morphology, TMRM (100 nM; Thermo
Fisher Scientific, Waltham, MA, USA) and MitoTracker Green
(200 nM; Thermo Fisher Scientific) were added to the medium
30min before observation. Mitochondrial membrane potential and
aspect ratio of mitochondria were assessed with ImageJ (National
Institutes of Health, Bethesda, MD, USA). To determine TMRM
intensity and aspect ratio of mitochondria, five cells per group were
assessed in Fig. 8C, D, F, G, I, and L, and eight cells per group were
assessed in Fig. 9D. Values of each cell are indicated by dots in
Fig. 8C, D, F, G, I, L, and Fig. 9D.

Knockdown by siRNA
Nontargeting control oligonucleotide (D-001810-10-05) and
siRNA against mouse Drp1 (L-054815-01-005) were purchased from
Horizon Discovery (Cambridge, UK). Transfection of siRNA oligo-
nucleotide was performed using DharmaFECT-2 siRNA
transfection reagent (Horizon Discovery) per manufacturer’s
instructions on day 8 of differentiation which is 48 h before
experiments.

Estimation of intracellular ATP concentrations
Murine embryonic fibroblasts (MEFs) were freshly isolated fromGO-
ATeam2 mouse embryos at E13.5 and were maintained in DMEM
high glucose medium containing 10% heat-inactivated fetal bovine
serum at 37 °C for 5 days for expansion before experiments. For
estimation of intracellular ATP concentration, MEFs that were
treated by Seahorse XF Plasma membrane permeabilizer (1 nM;
Agilent Technologies, Santa Clara, CA, USA) for 10min were
observed in calculation buffer containing arbitrary concentrations
of ATP (Thermo Fisher Scientific). The plot was fitted with a

regression equation.

½ATP�mM=
ATP ratio� 0:553

0:449
ð1Þ

Urinary albumin-to-creatinine ratio measurement
Theurinary albumin-to-creatinine ratioswere compared betweenmice
that received sham procedures and 45-min IRI (n = 5 mice per group,
one mouse excluded due to failed procedure of ischemia reperfusion
fromday 14–15 data). To avoid contaminationof urineproducedby the
contralateral kidney, the contralateral ureter was ligated under anes-
thetization. Ligation of the contralateral ureters was performed under
inhalation anesthesia 6 days, 13 days, or 27 days after IRI or sham
surgery. To minimize the influence of post-surgical inflammation and
dehydration, 24 h of recovery phase was set before 24-h urine collec-
tion (Fig. 1G). The urinary albumin concentrations were determined by
ELISA kit (Albuwell M, Ethos Biosciences, Logan Township, NJ, USA),
and urinary creatinine levels were determined by Jaffe’s method
(LabAssay creatinine, FUJIFILM Wako Chemicals, Osaka, Japan). Urin-
ary albumin concentrations were normalized to urinary creatinine
concentrations.

Microscopy
Formultiphotonmicroscopy, we used an FV1200MPE-BX61W1 upright
microscope equipped with a 25×/1.05NA water-immersion objective
lens (XLPLN25XW-MP; Olympus, Tokyo, Japan), an Insight DeepSee
Ultrafast Laser (Spectra Physics, Mountain View, CA, USA), an IR-cut
filter, BA750RXD, two dichroic mirrors, DM505 and DM690, and two
emission filters, BA495-540 (Olympus) for green fluorescent protein
(GFP) and BA562-596 (Olympus) for kusabira orange fluorescent pro-
tein (OFP), with the excitation wavelength of 930 nm. Immuno-
fluorescence staining was analyzed using confocal microscopes
(FV1000D; Olympus and LSM900; ZEIS, Jena, Germany).

In vivo multiphoton imaging
After anesthetization and flank incision, the mouse kidney was
attached to a vacuum-stabilized cup65. The core body temperature and
kidney surface temperature were controlled using a heating system.
We took images 16μm and 40μm from the kidney surface to assess
ATP in tubules and glomeruli, respectively. Distal tubules and col-
lecting ducts were identified according to the criteria in our previous
work14. Briefly, we identified these segments by co-staining of the GO-
ATeam2biosensor and cell typemarkers aswell as by live imaging after
injection of fluorescence-labelled dextran15. Images were analyzed
using MetaMorph software (Universal Imaging, West Che-
ster, PA, USA).

Analysis of OFP/GFP ratio changes
Quantification of the OFP/GFP ratio (ATPratio) was performed using
MetaMorph software. The ATPratio in podocytes was determined by
dividing the mean fluorescent intensity (MFI) of OFP in each podocyte
by that of GFP (Supplementary Fig. 2A). The ATPratio in tubular sections
was calculated bydividing theMFI ofOFP in each continuous tubule by
that of GFP15. Averages of the ATPratio in at least four podocytes were
used as the mean podocyte ratio in each glomerulus in healthy non-
treated kidneys. To analyze the inter-glomerular variation of ATPratio of
podocytes under the normal condition, the mean podocyte ATPratio in
each glomerulus was determined in 49 glomeruli from five mice and
was indicated as a dot in Fig. 2E. The tubular ATPratios in normal con-
dition were measured in 20 proximal tubules, 17 distal tubules, and 10
collecting ducts from 4 mice and were indicated as dots in Fig. 2E. In
time-lapse imaging of the kidneys, the average ATPratio in at least four
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cells in one glomerulus for each time point was used as the ATPratio for
each mouse, and the mean ATPratio in each group is shown as a dot at
each timepoint (n = 4 mice per group; Figs. 3C, 4B, Nphs1-ATeam and
Tie2-ATeam in Fig. 5, E and G, and Supplementary Fig. 3, n = 8mice per
group; Fig. 5B and ‘Cells with slow ATP decline’ in Fig. 5E). For tubular
ATP, the average ATPratio from five proximal tubules (S1 segment), two
to six distal tubules, and two to three collecting ducts in one image for
each time point were used as the ATPratio for each mouse (n = 4 mice;
Fig. 3E). The mean ATPratio in each group was shown as a dot in each
timepoint (Fig. 3C, E, Figs. 4B, 5B, E, G). ATP % recovery after 30min of
reperfusion was determined as shown below.

ATP% recovery =
ATPratio after 30�min reperfusion� bottom ATPratio

ATPratio before ischemia� bottomATPratio × 100

ð2Þ

Data from Figs. 4B, 5G were used to determine ATP % recovery in
Figs. 4D, 5H, respectively (n = 4 mice per group).

The change of ATPratio after one minute of reperfusion (ΔATPratio)
was determined using the equation below.

ΔATPratio =ATPratioafter 1min reperfusion� ATPratio before reperfusion ð3Þ

To determine ΔATPratio, data from Fig. 4B were used (n = 4 mice
per group; Fig. 4C).

Immunohistochemistry
Harvested kidney samples were fixed in 4% paraformaldehyde, incu-
bated in 20% sucrose in PBS at 4 °C overnight and incubated in 30%
sucrose at 4 °C overnight. OCT-embedded kidneys were cryo-
sectioned into 6.0μm sections. The following primary antibodies
were used for immunostaining: anti-nephrin (R&D Systems, Minnea-
polis, MN, USA), anti-WT1 (abcam, Cambridge, UK), anti-GFP (abcam),
anti-nestin (Immuno-Biological Laboratories, Gunma, Japan), anti-
CD31 (BD, Franklin lakes, NJ, USA), anti-podocin (Sigma-Aldrich, St.
Louis, MO, USA), anti-megalin (Santa Cruz Biotechnology, Dallas, TX,
USA), and anti-DRP1 (abcam) antibodies. WT1-possitive cells were
manually analyzed in 20 glomeruli for eachmouse. Mean fluorescence
intensity of podocytemarkerswas assessedwithMetaMorph software.
Samples for the analysis of WT1 positive cells and podocyte marker
expression (Fig. 1D–F) were obtained from the same mice that were
used for Fig. 1A–C (45-min IRI: 4 mice; sham: 4 mice).

Immunocytochemistry
After 10min of fixation in 4% paraformaldehyde, the cells were stained
with anti-synaptopodin antibody (PROGEN, Heidelberg, Germany),
and Alexa 647-conjugated phalloidin (Thermo Fisher Scientific, Wal-
tham,MA, USA). Stress fiber quantificationwas performedmanually in
each individual cell in independent images, where a stress fiber was
defined as a phalloidin-positive structure spanning the length of the
cell. Broken or arc-shaped structures were not counted as a stress
fiber66. Three dishes per group were assessed to compare percentages
of stress fiber positive cells. In each dish, eight confocal images were
obtained, and all cells in the images (at least 30 cells per dish) were
assessed to determine the percentages of stress fiber positive cells.

Periodic acid-Schiff (PAS) staining
Kidney samples were fixed in Carnoy solution, embedded in paraffin,
sectioned into 2.0μm sections, and stained with PAS. All of PAS-
stained samples were analyzed with BZ-X710 microscope (Keyence,
Osaka, Japan) using BZ-X Viewer 01.03.00.05 software (Keyence).

Electron microscopy
The samples were fixed in 2% glutaraldehyde/4% paraformaldehyde.
The ultrathin sections were stained with lead citrate and uranyl

acetate. Images at ×3000 and ×5000magnitudewere obtained using a
H7650 transmission electron microscope (Hitachi High-tech, Tokyo,
Japan). Quantification of morphological changes in the foot processes
and mitochondria was assessed using MetaMorph software. Foot
process widths (FPW) were determined using the equation below67,68.

FPW=
π

4
×
P

GBM length
P

slits
ð4Þ

ΣGBM length and Σslits indicate the total glomerular basement
membrane measured and the total number of slits counted in one
glomerulus.

The average foot process width from at least five glomeruli was
used to determine the foot process width of each mouse. The average
foot process width in eachmouse is indicated as a dot in Figs. 1B, J, 6B,
7B, E, F, 10C. Determining the average foot process widths included 14
wild typemice (30-min IRI: 6 mice; 45-min IRI: 4mice; sham: 4mice) in
Fig. 1A–C, 10 wild type mice (5 mice per group) in Fig. 1J, 6 wild type
mice (3 mice per group) in Fig. 6B, 20 GO-ATeam2 mice (4 mice per
group) in Fig. 7A, B, E, F, 8 wild type mice (4 mice per group with 3
sham-treated mice from Fig. 6A, B) in Fig. 10B, C. Mitochondrial
roundness (MR) was determined using the equation below69.

MR=4π×
S

L2
ð5Þ

S and L indicate surface area and perimeter of mitochondria,
respectively.

For in vivo analysis, the meanmitochondrial roundness in at least
15 images (three images in each glomerulus, and at least five glomeruli
in each mouse) were averaged to determine the mean value for each
mouse. Determining the mean mitochondrial roundness included 15
wild type mice (3 mice per group) in Fig. 6C, 20 GO-ATeam2 mice (4
mice per group) in Fig. 7C, and 8wild typemice (4mice per groupwith
3 sham-treated mice from Fig. 6C) in Fig. 10B, C.

To determine the average foot process widths and mitochondrial
roundness in slice cultured kidneys (mean values in each glomerulus),
3 slices per group were assessed by electron microscopy, and all of
assessable glomeruli in obtained images were included in analysis.
Foot process widths andmitochondrial roundness from three slices of
each group were compared collectively between three experimental
groups (control vs vehicle-treated IRI vs Mdivi-1-treated IRI).

In Figs. 1C, 10F, values of foot process width or mitochondrial
roundness in each glomerulus are indicated as dots (numbers of glo-
meruli; sham: 38; 30-min IRI: 62; 45-min IRI: 40 in Fig. 1C; control: 14;
IRI-vehicle: 14; IRI-Mdivi-1: 15 in Fig. 10F). For focused-ion beam/scan-
ning electron microscopy (FIB/SEM), kidney tissues, which were har-
vested 30min after sham surgery or 45-min IRI, were fixed and
embedded in epoxy resin, and serial FIB/SEM images were obtained at
50-nm increments using a Crossbeam540 (Carl Zeiss, Stuttgart,
Germany)70. Three female wild-type mice from each group were used
for the analysis. One podocyte that was applicable to the whole-cell
analysis was chosen for each serial image. Mitochondria and nucleus
segmentation was performed using the Microscopy Image Browser71,
and a three-dimensional image was reconstituted using Imaris soft-
ware (Oxford Instruments, Oxford, UK) for each mouse.

Ex vivo IRI model
We established an ex vivo IRI model20. After adequate anesthesia using
isoflurane, kidneys of 10-week-old male wild-type mice were harvested
and decapsulated. They were immediately sliced at 300μm with a
vibratome (VT1000S; Leica Microsystems, Wetzlar, Germany) in ice-
cold buffer that was with 95% O2 and 5% CO2 and contained 97.5mM
NaCl, 5mM KCl, 0.24mM NaH2PO4, 0.96mM Na2HPO4, 10mM
CH3COONa, 25mM NaHCO3, 10mM glucose, 5mM Na pyruvate,

Article https://doi.org/10.1038/s41467-024-54222-0

Nature Communications |         (2024) 15:9977 16

www.nature.com/naturecommunications


0.6mM MgSO4, and 1mM CaCl2, as previously reported with a few
modifications72. To induce ischemia-like conditions, the normal buffer
was replaced by the ischemia buffer, which contained no energy sour-
ces andwas saturatedwith nitrogen, as previously reported in the heart
and cell culture73,74. To induce reperfusion-like conditions, ischemia
buffer was replaced by normal buffer, and oxygenation was resumed.
To assess the protective effect of inhibiting mitochondrial fission in
podocytes, Mdivi-1 (50μM; Selleck Chemicals) or vehicle (DMSO) was
added to themedium inboth the injury and recoveryphases.Non-injury
control was maintained in the same conditions to the injury groups
except energy deprivation and drug supplementation.

Western blot analysis
Cell lysates were prepared from cultured podocytes by sonicating in
RIPA lysis buffer containing 1% phosphatase inhibitor cocktail 2 (Sigma-
Aldrich), 1% phosphatase inhibitor cocktail 3 (Sigma-Aldrich), and 1%
Halt protease inhibitor cocktail (Thermo Fisher Scientific). Homo-
genates were centrifuged (15,000 rpm, 20min, 4 °C) and the protein
concentration of the supernatant was measured by using the TaKaRa
BCA protein assay kit (Takara Bio, Kusatsu, Japan). Equal volumes of
remaining cell lysate supernatants were boiled with β-mercaptoethanol
(95 °C, 5min). Proteins were separated using 9% SDS-PAGE and trans-
ferred to a nitrocellulose membrane (Bio-Rad Laboratories, Hercules,
CA, USA). Themembranes were blocked with 5% skimmilk/PBST for 1 h
at roomtemperature and incubatedwithprimary antibodydiluted in 5%
skimmilk/PBST at 4 °Covernight. Themembraneswerewashed in PBST
and were incubated with the relevant secondary antibody (1:3000) for
1 h at room temperature. After thoroughly washed, the bands were
detected using Amersham ECL Prime Chemiluminescent Western
blotting kit (Cytiva, Amersham, UK) with ImageQuant LAS 500 (Cytiva).
Protein expression was assessed with ImageJ software (National Insti-
tutes of Health, Bethesda,MD,USA) andwas compared between siDRP1
podocytes and siNC podocytes (3 dishes per group)75. The following
primary antibodies were used: rabbit anti-DRP1 antibody (1:1000;
ab184274, abcam, Cambridge, UK) and rabbit anti-β-actin antibody
(1:1000; CST4967, Cell Signaling Technology, Danvers, MA, USA).

Statistics and reproducibility
Results are presented as mean ± standard deviation (SD). Statistical
analysis was performed using JMP Pro ver.15.2.0 (SAS Institute, Cary,
NC, USA) and EZR ver.1.5576. A two tailed Student’s t-test was used for a
comparisonbetween twogroups (Figs. 1E, F,H, J, 5H, 6B, 8C,D, F, G, 9B,
D, E). Comparisons between more than three groups were assessed
using analysis of variance (ANOVA) with a Tukey–Kramer post hoc test
(Figs. 1B, 4D, 6C, 7B, C, 8I, J, L,M, 10C, F). Correlationswere determined
using Pearson’s correlation analysis (Fig. 7E, F and Supplementary
Fig. 2C). Trend analysis was performed using the two-sided
Jonckheere–Terpstra test (Figs. 4C, D, 6C, 7B–D). Statistical sig-
nificance was defined as p <0.05. Data are represented as means ±
standard deviation (Figs. 1B, E, F, H, J, 3C, E, 4D, 5, B, E, G, H, 6B, C,
7B–D, 8C, D, F, G, I, J, L, M, 9B, D, E, 10C, F, and Supplementary Fig. 3).
Exact p values in Fig. 8 are shown in Supplementary Tables 1, 2, and
exact p values in other Figures are shown in legends.

ATP images of glomeruli and tubules before and after ischemia and
findings on ATP dynamics that are mentioned in our study (Figs. 2A–C,
3A, B, D, 4A, 5A, C, D, F, and Supplementary Fig. 5), and morphological
and pathological analysis in glomerulus after ischemia that are men-
tioned in our study (Figs. 1A, D, I, 2D, 6A, 7A, Supplementary Figs. 1,
4A–D, 6A, B, 7A, B) were reproduced repeatedly in our experiments.
Pathological changes after ATP depletion in cultured podocytes were
consistent in three biological replicates (Figs. 8, 9C, D, E).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are provided in Supple-
mentary Information and Source Data file. Source Data file is provided
with this paper. Source data are provided with this paper.
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