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Abstract

Kidney tubular dysfunction contributes to acute kidney injury and to the transition to chronic
kidney disease. Although tubular mitochondria have been implicated in the pathophysiology of
kidney failure, the mechanisms are not yet clear. Here, we demonstrated that ischemia-reperfusion
injury induced acute translocation and activation of mitochondrial protein kinase B (also known as
AKT1) in the kidney tubules. We hypothesized that mitochondrial AKT1 signaling protects
against the development of acute kidney injury and subsequent chronic kidney disease. To test this
prediction, we generated two novel kidney tubule-specific transgenic mouse strains with inducible
expression of mitochondria-targeted dominant negative AKT1 or constitutively active AKT1,
using a Cre-Lox strategy. Inhibition of mitochondrial AKT1 in mitochondria-targeted dominant
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negative AKT1 mice aggravated azotemia, tubular injuries, kidney fibrosis, glomerulosclerosis,
and negatively impacted survival after ischemia-reperfusion injury. Conversely, enhancing tubular
mitochondrial AKT1 signaling in mitochondria-targeted constitutively active AKT1 mice
attenuated Kidney injuries, protected kidney function, and significantly improved survival after
ischemia-reperfusion injury (76.9% vs. 20.8%, respectively). Uncoupled mitochondrial respiration
and increased oxidative stress was found in the kidney tubules when mitochondria AKT1 was
inhibited, supporting the role of mitochondrial dysfunction in the pathophysiology of kidney
failure. Thus, our studies suggest tubular mitochondrial AKT1 signaling could be a novel target to
develop new strategies for better prevention and treatment of Kidney injury.

Graphical Abstract

Tubular mitochondrial AKT1 is activated during ischemia reperfusion injury

and has a critical role in predisposition to chronic kidney disease.
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INTERNATIONAL

Translational Statement

Acute kidney injury (AKI) and subsequent development of chronic kidney disease (CKD) are
significant health issues. We developed transgenic mouse models and defined the role of proximal
renal tubule mitochondria AKT activation in AKI and CKD. This rescue mechanism of renal
protection may represent a novel target to develop new strategies for better prevention and
treatment of AKI and CKD. Future studies should confirm the involvement of mitochondrial AKT
signaling in human kidney injury and explore druggable targets in the mitochondrial AKT1
pathway?.

Keywords
Mitochondrial Aktl; Ischemia Refusion Injury; Acute Kidney Injury; Chronic Kidney Disease

Introduction

Acute Kidney injury (AKI) and subsequent development of chronic kidney disease (CKD)
are significant health issues. Currently, specific medical therapies for these disease states are
limited, in part due to lack of understanding of the molecular mechanisms of renal damage.
The kidney is one of the most energy-demanding organs in human body being necessary to
facilitate active transport, maintain proper electrochemical gradient, and regulate fluid

Kidney Int. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linetal.

Results

Page 3

balance.2 Mitochondria are the main source of cellular ATP production through oxidative
phosphorylation. Perturbation of ATP production and mitochondrial dysfunction can lead to
increased reactive oxygen species (ROS) production which may, in turn, impair renal cell
function and induce cell death. Although mitochondrial damage and dysfunction have been
reported in humans with kidney disease and animal models of acute and chronic kidney
injury,34 knowledge of the pathophysiological roles of mitochondria in kidney injury
remains incomplete.

Enhancing mitochondrial function may protect against ischemia reperfusion injury (IR1).5:6
During the ischemic phase of IRI, depletion of oxygen inhibits electron transport in the
mitochondrial respiratory chain and decreases production of ATP. The subsequent influx of
sodium ions and efflux of protons helps restore normal pH and can promote cell survival by
restoring intracellular volume.” During reperfusion, restoration of blood flow is associated
with increased reactive oxygen species (ROS) production, Ca2* influx into mitochondria,
loss of mitochondrial cross-membrane electrochemical gradient, and activation of apoptotic
pathways.8 These intracellular changes could be detrimental to cells that survive the initial
ischemic insult.

AKI is common among hospitalized patients and may precipitate onset of new CKD, worsen
existing CKD, and lead to renal death.® The mechanisms underlying transition of AKI to
CKD are poorly understood. Recent animal studies suggest that renal tubular dysfunction
plays an important role in the progression of AKI to CKD, reflecting the AKI to CKD
transition in humans.1911 Understanding the signaling pathways modulating kidney injury
will allow us to identify new therapeutic targets that can mitigate renal damage and prevent
progression of AKI to CKD.

The pathways linking cytosolic signaling to mitochondrial function during renal injuries are
largely unknown. Mitochondrial function is intimately connected with cytosolic signaling,
other organelles, and nuclear pathways.12 Our laboratory had identified activation and
translocation of AKT1 into mitochondria as a key step in protecting cardiomyocytes against
IR by modulating oxidative phosphorylation complexes, improving oxidative
phosphorylation efficiency, and reducing ROS.113 However, whether IRI can trigger
translocation of activated AKT1 from cytosol to mitochondria in renal tubules is not yet
known. If mitochondrial AKT1 can be activated in renal tubules upon kidney injury, it will
be important to assess the pathophysiological role of mitochondrial AKT1 in the
development of acute kidney injury (AKI) and chronic kidney disease (CKD). Herein, we
have used two inducible renal-tubule specific transgenic mouse models to modulate
mitochondrial AKT1 signaling /n vivo and demonstrate a protective role for the renal tubular
mitochondrial AKT1 activation during IRI against AKI and subsequent development of
CKD.

Activation of Mitochondrial AKT1 in Renal Tubules upon IRI

We first investigated whether IRI could activate AKT1 in renal mitochondria. To do so, we
established a renal IRI model by ligation of the left renal artery for 30 minutes, followed by
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contralateral nephrectomy (NXx). Ligation of the left renal artery was reversed to end the
ischemic phase for reperfusion and the left kidney was harvested at indicated time intervals.

The renal cortex, which is enriched with renal tubules, was isolated and the mitochondria
were prepared by sub-fractionation. Upon reperfusion, the abundance of mitochondrial
pAKT1 and AKT1 increased, suggesting translocation of activated AKT1 into mitochondria
(Fig 1A). This is similar to what we had observed in cardiac muscle.13 Significant increase
of mitochondrial AKT1 occurred 30-60 minutes after reperfusion (Fig 1A and B) as
compared to the sham-operated control group or nephrectomized control (n=11-15).
Mitochondrial pAKT1 was also increased. These results indicate IRI induced activation and
translocation of AKT1 to mitochondria in kidney. Phosphorylation of AKT1 in renal tubules
after IRI was confirmed with IHC staining (Fig 1C). There was minimal background pAKT1
staining in the renal tubule of the sham-operated control group, whereas pAKT1 was sharply
increased in the renal tubules after IRI (Fig 1C and 1D). No pAKT1 was visible in other
kidney regions than tubules. To confirm subcellular pAKT1 localization in renal tubules,
pAKT1 was co-stained with a mitochondria marker. Upon IR, distinct co-localization of p-
AKT1 and mitochondria was observed in the renal tubular cells (Figure 1E). These results
collectively indicated IRI translocation and activation of AKT1 to mitochondria.

Generation of transgenic mice with inducible renal tubule-specific expression of a
dominant negative AKT in mitochondria

To test the hypothesis that activation of tubular mitochondrial AKT1 during IRI protects the
kidney against AKI and subsequent development of CKD, we generated a transgenic mouse
model that enables Tamoxifen (TAM)-inducible renal tubule-specific expression of
mitochondrial-targeted dominant negative AKT1 (Fig 2A). A dominant negative AKT1
(mdnAKT) and a mitochondria-targeting sequence was added to the N terminus. Tamoxifen-
conditional expression of the AKT1 transgene was mediated using pCALNL (see Materials
and Methods).141° To preclude confounding effects that can be associated with random
integration of transgene arrays within the genome, A single copy of the transgene was
introduced using targeted transgenesis at the G{(ROSA)26Sor locus on chromosome 6 via
homologous recombination in ES cells. Bigenic mice (KMDAKT) were obtained by
crossing TAM-inducible mdnAKT mouse with hemizygous KSP-CreER T2 mice in which
TAM-inducible Cre activity is driven by a renal tubular cell specific cadherin 16 promoter.
The Cre activity was induced by TAM injections, and mitochondria were isolated and
mitochondrial proteins were resolved with SDS-PAGE for immunoblotting. The results
showed that TAM successfully induced expression of the mutant AKT1 (Fig 2B). The
mutant protein could not be detected in the vehicle (corn oil) injected KMDAKT mice, KSP-
CreERT2 mice or wildtype mice.

To verify renal-specific expression, mitochondrial proteins were extracted from various
tissues after TAM injection. His-tagged mutant AKT1 was expressed exclusively in the
kidney (Fig 2C). Renal sections were stained with an anti-His-tag antibody and
mitochondrial Mitotracker stain for immunofluorescence imaging (Fig 2D). The results
showed all mutant AKT1 stained with His-tag antibody localized to mitochondria. No
mutant AKT1 was detected in the glomerulus. Enzymatic activities of mitochondria AKT1
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were analyzed with recombinant GSK3a to confirm the dominant negative effect in the
mitochondria of TAM-treated KMDAKT tubules (Fig 2E). Since renal tubular mitochondrial
AKT1 was activated by IRI, we compared the enzymatic activities of AKT1 in the
mitochondria isolated from the TAM-treated and corn-oil-treated mice after IRI. The results
showed renal mitochondrial AKT1 activities were significantly suppressed in the TAM-
treated KMDAKT mice. Therefore this transgenic mouse line is a good model to study the
role of tubular mitochondria AKT1.

Inhibition of renal tubule mitochondrial AKT aggravated IRl in vivo

IRI was induced with unilateral renal ischemia as outlined (Fig 3A). In the last series of
experiments, phosphorylated AKT1 was nearly undetectable in the mitochondria of
proximal renal tubules (Fig 1). Renal histology, blood urea nitrogen (BUN), and serum
Creatinine (Cr) were indistinguishable in the corn oil-injected KMDAKT mice and the
TAM-injected KMDAKT mice (Supplemental Fig 1), suggesting that mitochondrial AKT1
signaling had no overt role in the kidney structure and function at baseline before induction
of IRI. To investigate whether mitochondrial AKT1 played a protective role during IRI, AKI
was induced with unilateral IRI in the corn oil- or TAM-KMDAKT mice. There was no
difference in BUN or Cr levels obtained immediately upon induction of IRI, however, both
BUN and Cr were significantly higher 45 days later in the TAM-KMDAKT mice (Fig 3B
and 3C). These results indicated that blocking activation of mitochondrial AKT1 in renal
tubules during IRI aggravated later development of renal dysfunction. Histological analysis
of H&E stained renal sections revealed aggravated renal injuries in the TAM-KMDAKT
mice (Fig 3D). Jablonski scores of renal tubular injury were higher with more tubular brush
border loss, tubular lysis, and debris in tubular lumen space (p=0.018). To exclude effect of
TAM or Cre recombinase, TAM-injected KSP/CreERT2 mice were also analyzed, Jablonski
scores were similar in the corn 0il-KMDAKT and the TAM-KSP/CreER T2 mice on day 7
after IRI (Fig 3D) (p=0.7613). These data indicate that our findings were not confounded by
the effect of TAM or Cre recombinase. Masson’s trichrome stain showed higher fibrosis area
(%) in the TAM-KMDAKT mice after IRI (p<0.001), accompanied by disorganized tubule
structure with intraluminal casts and debris (Fig 3E). The expression of Colla was
increased, corroborating the results Masson’s trichrome stain (Fig 3F). TGFp expression
was not increased, which suggested that mitochondrial AKT1 did not modulate
inflammatory response (Fig 3F). Renal tubule injury marker-KIM-1 expression was
increased in TAM-KMDAKT Kkidney after IRI, which corroborated exacerbation of kidney
injury in the TAM-KMDAKT group (p=0.002) (Fig 3G).

TUNEL staining was used to evaluate apoptosis of renal cells (Fig 3H). The number of
apoptotic cells was significantly increased in the renal tubules (p=0.0054) and in glomeruli
(p<0.001) of TAM-KMDAKT mice compared to the controls. This suggests that inhibiting
the tubular mitochondrial AKT1 during IRI could aggravate tubular cell death and escalate
glomerular injury. Consistent with this, activation of both caspase 9 (initiator) and caspase 3
(executioner) was substantially increased in the tubular epithelial cells of TAM-KMDAKT
kidneys (Fig 3I). To further explore chronic glomerular changes, renal sections were
analyzed with Periodic acid-Schiff (PAS) stain to quantitate glomerulosclerosis (Fig 3J).
Although no difference in glomerulosclerosis was seen 7 days after IRl (p=0.2634), more
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glomerulosclerosis was found 45 days after IRI in the TAM-KMDAKT mice (p<0.001). This
finding suggests that the renal tubular mitochondria AKT signaling could have modulated
glomerular scarring during the development of CKD. Kaplan-Meier survival analysis
demonstrated the impact of inhibiting tubular mitochondria AKT on the outcome of IRI (Fig
3K). Compared to the controls, TAM-KMDAKT mice showed reduced survival after IRI
(p=0.0013).

Survival of TAM-KMDAKT mice was significantly lower than the controls within 7 days
post IRI, but BUN/Cr levels were similar in the TAM- and corn 0il-KMDAKT mice during
this time period (Fig 3C, 3D and 3K). As BUN/Cr data could not be obtained from the
deceased mice, the reported changes of BUN/Cr may have been underestimated in TAM-
treated mice. Furthermore, the higher death rate in TAM-KMDAKT mice may have been
caused by distant organ dysfunction (lung, heart, brain) beyond changes of BUN/Cr.16

The effects of tubular mitochondrial AKT1 were also evaluated in female KMDAKT mice.
Serum BUN/Cr and renal histology were comparably higher in the TAM-KMDAKT female
mice 45 days post IRI (Supplementary Fig 2). No obvious gender effect was observed.

Augmentation of renal tubule mitochondrial AKT1 protected against AKI and subsequent

CKD

Because inhibiting AKT1 in renal epithelial cells aggravated post-IRI kidney function and
animal survival, we next investigated whether enhancing tubular mitochondrial AKT1
signaling could protect the kidney against IRI. To do so, we generated a bigenic mouse line
with TAM-inducible tubular cell-specific expression of a mitochondrial-targeted
constitutively active AKT1 (mcaAKT) (KMCAKT mice) via the same strategy we
developed for KMDAKT mice (Supplemental Fig 3A). Western blots showed kidney-
specific expression of constitutively active AKT1 in the mitochondria from TAM-KMCAKT
mice, but not the control animals (Supplemental Fig 3B), and was kidney specific
(Supplemental Fig 3C). As before, to verify that mutant AKT1 was localized to the
mitochondria in tubules, immunofluorescence staining showed co-localization of mutant
AKT1 and mitochondria (Supplemental Fig 3D). No mutant AKT1 was detected outside of
tubules. To evaluate the activity of mcaAKT, we compared AKT1 enzymatic activities in the
mitochondria isolated from the TAM- and corn-oil-treated mice. As expected, renal
mitochondrial AKT1 activity were significantly increased in the TAM-KMCAKT mice
(Supplemental Fig 3E).

To study whether enhancing tubular mitochondria AKT1 could improve the outcome of IR,
AKI was induced by unilateral IRI with concurrent contralateral Nx in the TAM-KMCAKT
and corn-oil-KMCAKT mice (Fig 4A). Corn 0il-KMCAKT mice developed higher serum
BUN on day 7 and day 45 after IRI compared to TAM-KMCAKT mice (p=0.03) (Fig 4B).
Cr was significantly lower in the TAM-KMCAKT mice on days 2, 7, and 45 after IRI (Fig
4C). These results indicated that enhancing mitochondrial AKT in renal tubules attenuated
IRI-induced AKI and ameliorated deterioration of renal function and subsequent
development of CKD. Histology from these mice showed more severe renal injuries in the
corn oil-injected mice (Fig 4D). Jablonski scores for renal tubular injury were higher with
more tubular brush border loss, tubular lysis, and debris in tubular lumen than the TAM-
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KMCAKT kidney (p=0.038). Masson’s trichrome stain showed reduced fibrosis area (%) in
the TAM-KMCAKT mice after IRI (p<0.001), (Fig 4E). TAM-KMCAKT kidneys showed
less tubular injury and lower KIM-1 expression (Fig 4F). TUNEL assay showed more
apoptotic cells in the corn 0il-KMCAKT kidney after IRI (Fig 4G). Apoptosis was reduced
by 52% in tubules and by 46% in glomeruli in the TAM-KMCAKT kidney (p=0.0064 and
p=0.0021). Activation of Caspase 3 and 9 was accordingly suppressed by activation of
mitochondrial AKT1 in the tubules (Fig 4H). The severity of glomerulosclerosis was
assessed by PAS staining and was reduced by 38% 45 days after IRI in the TAM-KMCAKT
mice compared to the corn oil-KMCAKT mice (p=0.001) (Fig 41). Therefore, enhancing
tubular mitochondrial AKT1 protected the kidney against IRI-induced tubular cell apoptosis,
prevented accumulation of debris in the renal tubules, and attenuated subsequent glomerular
damages that followed tubular injury.

Kaplan-Meier survival analysis was used to evaluate whether the above histological and
functional changes in kidney can be extrapolated into survival (Fig 4J). Indeed, TAM-
KMCAKT mice had much better survival than the corn-oil KMCAKT mice after IRI (76.9%
vs. 20.8%, p<0.001). This suggests that manipulating tubular mitochondria AKT1 signaling
can be considered as a potential target to develop new treatments to improve outcomes.

Mitochondrial AKT1 modulated mitochondria respiration and ATP production in renal

tubules

To investigate the direct effect of mitochondrial AKT1 in renal tubule epithelial cells, we
isolated primary renal tubular epithelial (RTE) cells from the KMDAKT mice. Analysis of
the cell preparations with antibodies to aquaporinl, a proximal tubule epithelial cell marker,
showed 97% of the RTE cells expressed this marker (by direct cell count under microscope)
(Fig 5A). Seventy-two hours after 4-OH TAM or vehicle treatment, RTE cells were stained
with Mitotracker Red before immunostaining with anti-His-Tag antibodies (Green). As
shown in Fig 5B, there was no His-Tag signal in the vehicle treated cells, consistent with the
expected absence of mdnAKT expression. In contrast, His-Tag was detected in the 4-OH
TAM treated cells and was co-localized with Mitotracker Red.

To analyze how mitochondrial AKT1 signaling modulated RTE cellular bioenergetics, we
used a Seahorse extracellular analyzer to assess mitochondrial function. The OCR represents
measurements of oxidative respiration (Fig 5C). Overall basal respiration of the 4-OH TAM
treated KMDAKT RTE cells was significantly higher than the control (p<0.001) (Fig 5D).
The spare respiration profile of the 4-OH TAM incubated KMDAKT RTE cells was also
higher than the control (p=0.00076) (Fig 5E). The ATP dependent respiration profile of the
4-OH TAM incubated KMDAKT RTE cells was significantly higher than control (p<0.001)
(Fig 5F). The higher proton leak in the 4-OH TAM treated KMDAKT RTE cells indicated
uncoupled respiration (p<0.001) (Fig 5G). ATP production was reduced in the RTE cells
derived from KMDAKT after 4-OH TAM induction (Fig 5H). Lipid peroxidation was
significantly increased in the TAM-induced cells, indicating increased ROS (Fig 51). The
changes of oxidative phosphorylation were not caused by a change in the content of
mitochondria in these cells (Fig 5J). However, in the TAM-KMDAKT kidneys we observed
higher level of Drpl, a marker for mitochondria fission (Fig 5K), which suggested
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modulation of mitochondria dynamics. These findings suggest inhibition of mitochondrial
AKT1 signaling caused mitochondrial dysfunction with uncoupled respiration, which,
combined with reduced ATP production, aggravated renal apoptosis in the KMDAKT kidney
under IRI.

We also investigated how activation of mitochondrial AKT1 modulated oxidative
phosphorylation in the RTE cells isolated from KMCAKT (Supplemental Fig 4). The results
showed opposite effect as compared to the KMDAKT RTE cells. Basal respiration, spare
respiration, ATP-dependent respiration, proton leak, and glycolytic potential were lower in
the 40H-TAM incubated cells (Supplemental Fig 4B—4F). These findings indicate the effect
of mitochondrial AKT1 activation on improving the efficiency of oxidative phosphorylation
and reducing respiration uncoupling. Drp1 analysis showed lower Drpl staining in the
TAM-KMCAKT kidneys (Supplemental Fig 4G), further corroborated the higher Drpl in
the TAM-KMDAKT kidneys and confirmed that mitochondrial AKT1 is involved in the
regulation of mitochondria dynamics.

Discussion

This study shows that IRI induced acute activation and translocation of AKT1 in
mitochondria in proximal tubular epithelial cells. Activation of mitochondrial AKT1 in renal
proximal tubules in response to IRI appears to represent a self-protective mechanism during
ischemia reperfusion. This is because inhibition of tubular mitochondria AKT1 aggravated
AKI and promoted subsequent development of CKD after IRI. Conversely, enhancing
tubular mitochondrial AKT1 signaling protected the kidney against IRI and attenuated
development of CKD. These data identify a novel role for tubular mitochondrial AKT1
signaling during evolving kidney failure after IRI.

The Role of Mitochondria in Renal Tubule AKI

The majority of renal mitochondria reside in the proximal tubules. Mitochondria serve as the
major cellular organelle to metabolize nutrients for ATP production. Mitochondrial AKT1
regulates cellular oxidative phosphorylation, ROS production, and cell survival.1” As
demonstrated in this study, impaired mitochondrial AKT1 signaling produced uncoupled
respiration and lowered ATP production. Although renal tubular apoptosis is a common
finding in various models of AKI, the signaling pathways upstream from mitochondria
remain incompletely understood.® Renal IRI leads to induction of apoptosis genes and
activation of caspases and endonucleases, which contribute to induction of apoptosis.1?
Injury and death of tubular cells had been recognized as key factors in the development of
AKI. Furthermore, tubule repair and regeneration has been proposed as a major event in the
recovery from AK1.20-23 Although sub-lethal injury may be reversible, the death of tubular
cells leads to inevitable loss of tubular function.1® Activation of the intrinsic apoptotic
pathways in AKI have been characterized in both /n vitroand in vivo models, including
Bcl-2 protein family and mitochondrial apoptosis machinery.24-27 Loss of mitochondrial
cross-membrane electrochemical gradient is considered a pivotal control point that triggers
apoptosis.28 Mitochondrial proton leakage, which is modulated by mitochondrial AKT1,
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combined with reduced ATP synthesis in this energy-demanding organ are likely to
contribute to an overall balance in signaling that favors apoptosis.2%-31

The Crosstalk between Renal Tubules and Glomerulus

Anatomically, tubulointerstitial injury could cause stenosis of the glomerulo-tubular junction
and finally result in atubular glomeruli, i.e. glomeruli without patent connection to the renal
tubule.32 Tubular epithelial cell dysfunction, compression and obstruction of adjacent
tubules by interstitial matrix, and transition of parietal epithelial cells to fibroblast-like cells
are potential mechanisms of atubular glomerulus formation. Proximal RTE, especially at S1
region, are sensitive to ischemic injury.32 In response to renal injury, RTE may undergo
incomplete repair, resulting in tubular atrophy and interstitial fibrosis.32

Tubular injury may affect glomerular filtration function through tubulo-glomerular feedback.
Tubulo-glomerular feedback is a physiologic cross talk mechanism between tubules and
glomeruli.33-35 Little is known about the sequence of events following AKI and the
relationship between glomerular filtration rate and tubular alterations. In a clinical study, in
patients with severe renal artery stenosis, there were widespread formation of atubular
glomeruli, 36 suggesting that chronic ischemia might have induced tubular damage and
disintegration of renal tubular structure. On the other hand, there is ample evidence
indicating that renal tubular dysfunction could lead to loss of tubular cell polarity, loss of
gap junction, tubular cell death, subsequent tubular obstruction, and retrograde glomerular
damage.37-41

The results of our study provide novel insight into how mitochondria participated in the
defense against IRI-induced kidney injury. Inhibiting mitochondrial AKT1 during IRI led to
activation of caspases and tubular cell death, which might have triggered retrograde
glomerular apoptosis, glomerulosclerosis, and renal fibrosis. Activation of mitochondrial
AKT1 likely played an important role during the transition from AKI to CKD, as inhibiting
mitochondrial AKT1 during IRI significantly affected BUN/Cr 45 days after the initial IRI.

Transition from AKI| to CKD

The exact mechanisms underlying transition of AKI to CKD remain to be defined.
Histologically, both AKI and CKD are associated with renal tubule injuries.*? It has been
known for years that tubulointerstitial pathology is feature of many types of CKD.43
Perturbation of intracellular signaling in renal tubular cells is believed to play a role during
the initiation and progression of AKI to CKD.

In CKD, the transforming growth factor (TGF)-p signaling pathway is activated and
contributes to glomerulosclerosis and tubulointerstitial fibrosis by inducing production of
profibrotic extracellular matrix proteins.*4 However, the role of TGF-B signaling in AKI is
inconsistent in different experimental models.*® Our data did not show increased TGF-B
expression (Fig 3F). Hypoxia activates hypoxia-inducible factors (HIF) to modulate gene
transcription.*® In AKI, global renal expression of HIF exerted renal protective effects in
various experimental systems.4 But other studies have failed to confirm the renal protective
actions of HIF-1.48
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Current evidence suggests the mitochondrion could be a key modulator during the transition
of AKI to CKD. Ablation of the proapoptotic BAK and BAX resulted in amelioration of
ischemic and cisplatin-induced AKI.49 In ischemic and nephrotoxic models of AKI,
inhibition of mitochondrial fragmentation has been shown to attenuate kidney injuries.>°
The severity of ischemic AKI in diabetic mice was associated with heightened activation of
the mitochondrial apoptosis.51 CKD-associated suppression of mitochondrial function and
biogenesis could sensitize kidney cells and tissues to AKI and prevent recovery from AKI.
52-54 |n CKD, renal mitochondrial dysfunction also occurred during the development and
progression of CKD.5% High glucose and albumin overload can induce mitochondria
apoptosis signaling in kidney cells in CKD.56 Mitochondrial fragmentation, as a result of
pathologic alterations in mitochondrial fusion and fission, was detected in experimental
CKD induced by diabetes.>’

Identification of the tubulointerstitial histopathology in the pathogenesis of CKD has shifted
the glomerulocentric paradigm of kidney injury to the new attention on the
pathophysiological role of proximal tubule in AKI and its transition to CKD37-41.58_ Qur
results suggest that mitochondrial AKT1 indirectly protects against the development of
glomerulosclerosis, possibly by maintaining the integrity of renal tubular structure and
function. The data presented this study help fill an important knowledge gap concerning the
role of proximal renal tubule mitochondria in AKI and its subsequent transition to CKD, via
activation and translocation of AKT1 into mitochondria. Future studies should be carried out
to confirm the role of mitochondrial AKT1 in human kidney injury and explore potential
targets in the mitochondrial AKT1 signaling pathway that can be used to improve the
outcomes of kidney failure.

Experimental Animal Model

Constructs to express mitochondrial-targeted dominant negative or constitutively active AKT
were generated using strategies similar to those described previously.1317 inducible
overexpression of the mitochondria-targeted dominant-negative mdnAKT or constitutive
active mcaAKT in the renal tubule epithelial cells was obtained by crossing ROSA26-CAG-
LNL-mdnAKT or ROSA26-CAG-LNL-mcaAKT mice with a well-studied Cre transgenic
mouse strain, KSP-CreERT2 mice®. The details of the transgenic mice engineering were
presented in the supplementary materials.

Ischemia Reperfusion

Eight-week-old C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) and transgenic mice
were used to study the effect of ischemia reperfusion injury. The mice were anesthetized by
injecting 2.5% Avertin (Tribromoethanol), 0.01 ml per gram of body weight. Unilateral renal
ischemia was induced by ligating the left renal pedicles for 30 minutes under anesthesia and,
when indicated, concurrent contralateral nephrectomy. Reperfusion was induced by
releasing the ligation. The mice were euthanized at indicated time intervals and kidneys
were harvested for further analysis.

Kidney Int. Author manuscript; available in PMC 2022 April 01.
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Statistics
Data are presented as mean + SD, unless noted otherwise. Statistical data were analyzed
with GraphPad Prism 5 software, with ANOVA when indicated. The region of interest (ROI)
of western blot were quantified by ImageJ, normalized with the ROI value of loading control
and analyzed with Student’s T-test. The statistical significance level was set at p< 0.05.
Survival analysis was calculated with the Kaplan-Meier estimator.

Study Approval

The experimental protocol was approved by the Institutional Animal Care and Use
Committee at the University of California at Irvine (AUP-18-113) and the experiments were
performed in accordance of federal and local guidelines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ischemia reperfusion induced acute translocation and activation of AKT1 in renal
mitochondria.
After ischemia, kidneys were harvested at various time points during reperfusion. (A)

Increase in AKT1 and pAKT1 in mitochondria following reperfusion. Mitochondrial
fractions were isolated and protein lysates were analyzed by western blotting with antibodies
for total pAKT1, AKT1, mitochondria marker VDAC and cytosol marker actinin. (B)
Mitochondrial AKTL1 is increased following reperfusion graph (Kruskall-Wallis test,
p<0.05). (C) Renal sections from the sham control or 1 hour after IRl was used to visualize
AKT1 phosphorylation in tubules with immunohistochemistry staining. (D) Increased pAKT
positive areas (%) 1 hour after IRI (p<0.001, n=13 in each group). (E) Co-localization of
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pAKT1 with renal tubule mitochondria 60 min post-ischemia. Renal sections were stained
with pAKT1 (S473) antibodies and Mitotracker Green.
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Figure 2. Bigenic mice (KMDAKT) for renal tubule-specific mitochondria-targeting of a
dominant negative AKTL.

(A) Mitochondrial-targeting dominant negative AKT1 (mdnAKT) was engineered as
described in Materials and Methods. A 6X His tag was added to the C terminus of AKT1
cDNA. mdnAKT transgenic mice were crossed with KSP-CreERT2 mice (Cre recombinase
in renal tubular epithelial cells) to generate bi-genic mice (KMDAKT) for this series of
experiments. (B) Expression of mdnAKT. Eight-week-old KMDAKT mice were injected
with tamoxifen (TAM) or corn oil. The mitochondrial fraction was isolated and expression
of mdnAKT proteins was analyzed by western blotting. The mdnAKT protein was expressed
in the renal mitochondria isolated from Tam-treated KMDAKT mice but not in corn oil-
treated KMDAKT mice, TAM-treated KSP-CreERT2 mice or TAM-treated wildtype (WT)
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mice. No mdnAKT was present in the renal cytosol fraction (last lane). VDAC was used as
loading control and mitochondria marker, while tubulin is a cytosolic marker. (C) After
TAM injection, the mitochondrial fraction was isolated from different organs and mutant
AKT was only expressed in the kidney. The mdnAKT in the cardiac mitochondria of TAM-
injected heart-specific mdnAKT mice (CAMDAKT) served as a positive control. (D) Mutant
AKT1 co-localized to mitochondria in the renal tubules, immunofluorescence with anti-His-
Tag antibody and MitoTracker® Green FM. (E) AKT activity in the mitochondrial protein
preps were analyzed by an in vitro kinase assay using recombinant GSK3a as substrate.
Tubular mitochondrial AKT was activated by IRI (corn oil injected), but AKT activity was
inhibited in the Tam-treated KMDAKT mitochondria after IRI. The supernatant of
KMDAKT mitochondria proteins after clearing immunoprecipitation with AKT antibodies
served as negative control (lane 3).
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Figure 3. Inhibition of tubule mitochondria AKT aggravated kidney failure induced by ischemia
reperfusion.

(A) The experimental protocol of ischemia reperfusion injury for this series of study. (B, C)
Serial measurements showed rise of BUN and Creatinine (Cr) after IRI. Significantly higher
BUN and Cr was observed in the male Tam-treated KMDAKT mice on day 45 (*p<0.002,
**p<0.001). (D) Renal tissue histology (7 days after IRI) stained with HE to estimate
Jablonski scores. OSOM - outer stripe outer medulla. ISOM - inner stripe outer medulla. IM
- inner medulla. Tamoxifen injected KSP-CreERT2 mice served as another control for
Tamoxifen-KMDAKT mice. The Jablonski scores were summarized in the bar graph. *p <
0.01. (E) Renal fibrosis was analyzed by Masson’s trichrome staining (7 days after IRI). The
bar graph compared the extent of renal fibrosis in the two groups. #p < 0.02. (F) Expression
of TGFp and Col1A in kidney (7 days after IRI). The levels of TGFp and Col1A mRNA
were analyzed and expressed as ratios to GAPDH mRNA. # p < 0.01. (G) KIM-1 expression
was examined by immunohistochemistry (7 days after IRI). The bar graph summarized the
results of KIM-1 staining in these mice. #p < 0.02. (H) Renal apoptosis was analyzed by
TUNEL staining (7 days after IRI). Upper panels show representative microscopic images,
while lower panels summarized results of quantification of apoptotic cells from the two
groups of mice. (1) Activation of caspase 3 and 9 in kidneys (7 days after IRI). Activated
caspase 3 and 9 were analyzed by immunohistochemistry. The bar graph summarized the
results of staining in these mice. #p < 0.01. (J) Glomerulosclerosis was analyzed by Periodic
acid-Schiff (PAS) staining. The PAS results were graded as follows: 0 (no lesions), 1
(lesions in up to 25% of glomeruli), 2 (lesions in 25 to 50% of glomeruli) or 3 (lesions in >
50% of glomeruli). The representative images were shown in the upper panel. At least 50
glomeruli were scored for each mouse, the results were summarized in the graph (lower
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panel). **p<0.001. NS - not significant. (K) Survival analysis after IRl was compared in the
two groups (TAM n=30, Corn oil n=28, all male). 46.7% TAM-treated KMDAKT mice
survived by day 45, as compared to 85.7% control mice. Log rank test, p=0.0013.
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Figure 4. Augmentation of mitochondria AKT in tubules reversed kidney failure induced by
ischemia reperfusion.

(A) The experimental protocol of ischemia reperfusion injury for this series of study. (B, C)
Acute kidney injury was induced by IR in male KMCAKT mice. BUN and Cr were
measured after IRI in the TAM-treated KMCAKT and corn oil-treated KMCAKT mice.
Tam-KMCAKT mice showed lower BUN and Cr after day 2 (*p<0.032, **p<0.001). (D)
Renal histology (7 days after IRI) was HE stained to estimate Jablonski scores. OSOM -
outer stripe outer medulla. ISOM - inner stripe outer medulla. IM - inner medulla. Jablonski
scores are summarized in the bar graph (*p < 0.001). (E) Renal fibrosis was analyzed by
Masson’s trichrome staining (7 days after IRI). The bar graph compared the extent of renal
fibrosis in the two groups (p=0.002). (F) KIM-1 expression immunohistochemistry (7 days
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after IRI). The bar graph summarized the results of KIM-1 staining in these mice
(*p<0.002). (G) Renal apoptosis was analyzed by TUNEL staining (7 days after IRI). The
upper panel showed representative microscopic images, the lower panel summarized
quantification of apoptotic nuclei from the two groups of mice (*p<0.003). (H) Activation of
caspase 3 and 9 in kidneys (7 days after IRI). Activated caspase 3 and 9 were analyzed by
immunohistochemistry. The bar graph summarized the results of staining in these mice. *p <
0.001. (1) Glomerulosclerosis was analyzed by Periodic acid-Schiff (PAS) staining. The PAS
results were graded as follows: 0 (no lesions), 1 (lesions in up to 25% of glomeruli), 2
(lesions in 25 to 50% of glomeruli) or 3 (lesions in > 50% of glomeruli). The representative
images were shown in the upper panel. 50 glomeruli were scored for each mouse (15 mice in
each group), the results were summarized in the graphs (lower panel, *p<0.003). (J) Survival
analysis after IRl was compared in the two groups (TAM n=26, Corn oil n=24) (H). 76.9%
of TAM-treated KMCAKT mice survived by day 7, as compared to 20.83% in control mice.
Log rank test, p<0.0001.
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Figure 5. Inhibition of mitochondria AKT uncoupled mitochondria respiration and decreased
cellular ATP in renal tubular epithelial cells.

(A) Primary renal tubule epithelial cells (RTE) were isolated from 3-week-old KMDAKT
mice and enrichment was quantified using the renal epithelial cell marker AQP1. (B)
Primary RTE cells were treated with DMSO or 10ng/ml of tamoxifen (4-OH TAM) for
transgene induction. (C) RTE cells were plated for Seahorse XF Analyzer. After basal
extracellular respiration rates (OCR) analysis, different inhibitors were injected sequentially
to measure different stages of respiration (complex V inhibitor: oligomycin, uncoupler:
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone, and complex I inhibitor: Rotenone)
as shown in D-G. The basal respiration, (p<0.001), spare respiration (p=0.00076), ATP
dependent respiration (p<0.001) and proton leak (p<0.001) were all significantly higher in
the 4-OH TAM treated cells than DMSO treated cells. (H) Sixty hours after 4-OH TAM or
DMSO treatment, ATP levels were reduced in KMDAKT cells expressing dnAKT1
(*p<0.04). (1) Lipid peroxidation in KMDAKT kidneys. Lipid peroxidation was measured
and the results showed higher lipid peroxidation in the Tam-KMDAKT kidneys. *p < 0.01.
(J) Abundance of mitochondria in KMDAKT kidneys. The content of mitochondria DNA
was analyzed by real-time PCR and presented as a ratio of mitochondria DNA to nuclear
DNA. NS: p value not significant. (K) DRP1 staining in KMDAKT kidneys. Mitochondria
fission marker DRP1 was analyzed with immunofluorescence. The bar graph summarized
the results from each mice. *p< 0.001.
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