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ABSTRACT OF THE DISSERTATION

Mechanistic Role of Mitochondrial AKT1 in Acute Kidney Injury
By
Hugo You-Hsien Lin
Doctor of Philosophy in Biomedical Sciences
University of California, Irvine, 2019

Professor Ping H. Wang, Chair

Acute kidney injury (AKI) is a significant public health issue with high morbidity and
mortality. Recent evidences suggest that renal tubular dysfunction may modulate glomerular
function; however, its mechanism remains unknown. We hypothesized that mitochondrial AKT1
signaling could play a protective role in the pathogenesis of AKI and subsequent kidney failure.
We have generated novel renal tubular cell-specific transgenic mice harboring an inducible
mitochondria-targeting dominant negative AKT1 (KMDAKT) or constitutively active AKT1
(KMCAKT) with Cre-lox strategy. AKI was induced by ischemia-reperfusion injury (IRI). IRI
induced greater renal injury with increased Jablonski score (p=0.018), an index of overall renal
tubular injuries, in the tamoxifen (TAM)-injected KMDAKT mice. Renal fibrosis areas (%) by
Masson’s trichrome stain was significantly larger in the KMDAKT mice as compared to the
control mice (p<0.001). Marker for renal tubule injury (kidney injury molecule-1, KIM-1) was
significantly increased in the KMDAKT mice (p=0.002). Grades of Periodic acid Schiff (PAS)
stain of glomerulosclerosis were significantly higher on day 45 post AKI in the TAM-KMDAKT
(p<0.001). Creatinine (Cr.) was significantly higher in the TAM-KMDAKT group 45 days post

AKI (p<0.001). Survival rate was significantly lower in the TAM-MDAKT mice 7 days post

Xi



ischemia (46.67%) as compared to the controls (85.71%) (p=0.0013). To study whether
enhancing tubule mitochondrial AKT1 signaling can further protect kidney injury, we used
KMCAKT mice as our experimental model. Histology analysis confirmed lesser renal injury
with decreased Jablonski score after AKI (p=0.038). Renal fibrosis areas (%) was significantly
smaller when compared to the control mice (p=0.002). KIM-1 were decreased in the KMCAKT
mice (p<0.001). PAS stain of glomerulosclerosis were significantly lower in the TAM injected
KMCAKT mice45 days post AKI (p<0.001). Survival rate in the TAM-KMCAKT mice after
AKI was improved (p<0.001). Mitochondria respiration was investigated and the results showed
increased basal respiration (p<0.001), spare respiration (p<0.001), adenosine triphosphate (ATP)
dependent respiration (p<0.001), and proton leak in the KMDAKT tubule cells. Activation of
mitochondrial AKT1 signaling protected kidney injury from glomerulosclerosis after IRI through
attenuating renal tubular damage, therefore, mitochondrial AKTL1 is a novel target for therapeutic

intervention to prevent AKI and subsequent development of CKD.
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CHAPTER 1

Introduction

I. PI3K/AKT Signaling and Cell Metabolism

Phosphoinositide 3-kinase (P13K) is an intracellular phosphatidyl inositol kinase, which has
serine/threonine (Ser/Thr) kinase activity. PI3K is composed of a catalytic subunit (p110) and a
regulatory subunit (p85) [1]. There are four classes of PI3K with different structures and
functions. Among these classes, the most widely studied is class | PI3K. PI3K can be activated
via various stimuli, such as receptor tyrosine kinases, cytokine receptors, B and T cell receptors,
and G-protein-coupled receptors [2]. PI3Ks bind to these receptors via p85 or adapter proteins
such as insulin receptor substrate (IRS) proteins. The activated receptors trigger the launch of
class I PI3K and lead to the production of phosphatidylinositol (3,4,5)-trisphosphate (PI1P3) from
phosphatidylinositol (3,4)-bisphosphate (PIP2). Protein Kinase B (AKT), which possess a
pleckstrin homology (PH) domain, is a downstream signal of PI3K. AKT is partial activated
through T308 phosphorylation by phosphoinositide dependent kinase 1 (PDK1) [2]. Further
phosphorylation of AKT at S473 in the carboxy-terminal hydrophobic domain, either by the
mammalian target of rapamycin (mMTOR) [3] or by DNA-dependent protein kinase (DNA-PK)
[4], leads to full activation of AKT.

There are three isoforms of AKT, which include AKT1, AKT2 and AKT3, each has
characteristic function. AKTL1 is the major isoform expressed in renal tubular epithelial (RTE)
cells [5]. AKT1 plays a major role in growth signaling [6], and the disruptions of AKT2 could

result in severe insulin resistance and diabetes, and AKT3 modulates neuronal function and



neuron cell size in the brain [7, 8].

Activation of AKT1 mediates numerous cellular functions including angiogenesis, cell
metabolism, growth/proliferation, cell survival/anti-apoptosis, protein synthesis, and gene
transcription [9]. AKT1 signaling may interact with a variety of downstream singling molecules.
AKT1 is not fixed in the cytoplasm. AKT1 signaling is a dynamic process, it can move around in
the cytosol and translocate into mitochondria and nucleus to exert specific biological actions.
Coa et al. reported that, when translocated into nucleus, AKT1 interacted with several nuclear
proteins, including heterogeneous nuclear ribonucleoprotein (hnRNP), cytoskeleton proteins -
actin, y-actin, B-actin-like 2 and vimentin [10]. In our previous studies, insulin stimulated AKT1
translocating into mitochondria and modulated oxidative phosphorylation complex V in cardiac
muscle [11]. Activation of mitochondrial AKT1 could improve bioenergetics and reduced

oxidative stress in cardiomyocytes [12].

Il. Mitochondria in Metabolism

Mitochondrion is an organelle encapsulated with outer and inner membranes, the core
constituents of the mitochondrial respiratory complexes |-V are embedded in the inner
membrane. Tricarboxylic acid (TCA) cycle is located in the matrix and the respiratory chain
creates an electrochemical gradient through the coupled transfer of electrons to oxygen and the
transport of protons from the matrix across the inner membrane into the intermembrane space.
Mitochondrion is the major site of energy production through oxidative phosphorylation [13]. It
is not only a powerhouse, but also a specialized organelle that regulates cellular metabolism,
reactive oxygen species (ROS), apoptosis, and calcium flux [14]. Mitochondrial malfunction has

been implicated in a wide variety of pathophysiological changes and human diseases. Since ATP



propels most biochemical reactions in the cells, defective mitochondrial bioenergetics may
disrupt important biological processes. Moreover, tipping the homeostasis of enzymatic
reactions within mitochondria could re-direct carbohydrates, amino-acids and lipids into cellular
pathways for macromolecule biosynthesis [15]. Altered mitochondrial enzymatic activities and
accumulation of mitochondrial metabolic intermediates may induce carcinogenic transformation
[16]. Certain mitochondrial metabolites, such as succinate, could serve as signaling molecule and

trigger hypoxia-responsive element (HIF-1 ) expression and lead to nuclear factor kappa-light-

chain-enhancer of activated B cells (NFKB) activation [17].

I11. Mitochondrial AKT1

The vast majority of mitochondrial proteins are synthesized and imported from cytosol.
Protein import into mitochondria had been recognized for more than twenty years, but its
mechanisms are not completely understood. Some mitochondria proteins contain a mitochondria
targeting presequence at the amino-terminus of the precursor protein and the presequences are
intimately involved in the protein transport process [18]. However, there is a significant fraction
of mitochondrial proteins (about 30%) that do not contain typical N-terminal presequences.
These proteins can be found at the outer membrane, intermembrane space and the inner
membrane. Their importing mechanisms are not quite understood, but could be associated with
an internal peptide segment rather than an amino-terminal presequence.

AKT1 had been found to be accumulated in the mitochondrial matrix upon stimulation [19]
and known AKT1 substrates are being reported in the mitochondrion, such as glycogen synthesis
kinase 3 [20, 21], hexokinase 11 [22], and B -subunit of complex V [23], pyruvate dehydrogenase

complex [24], suggesting that AKT1 plays a regulatory role in mitochondrion. Several studies



have investigated the physiological functions of mitochondrial AKT1. Impaired mitochondrial
AKT]1 translocation and activation had been implicated in the development of diabetic
cardiomyopathy [25]. Activation of mitochondrial AKT1 mediated anti-apoptosis effect in
cardiac muscle cells [26]. The activation of mitochondrial ATP-dependent K+ (mitoKatp)
channels elicited strong cardioprotection against Ca2* overload and ischemic injury and was
associated with phosphorylated AKT1 translocating into mitochondria [27]. AKTL1 intra-
mitochondrial-cycling was central for redox modulation of cell cycle progression [28]. Although
AKT1 was associated with heat shock protein 90 (HSP 90) and thus may partially explain AKT1
processing in mitochondria, the detailed mechanisms of AKT translocation into mitochondria

remain largely unknown [29].

IVV. Mitochondria and Kidney

The kidney is one of the most energy-demanding organs in the human body [30]. Nutrient-
sensing pathways can directly affect mitochondrial energy production in response to external
stimuli, such as oxidative stress, hypoxia, and energy depletion. Two signaling pathways have
been extensively explored in the kidney, including the mTOR and adenosine monophosphate
(AMP)-activated protein kinase (AMPK) signaling pathways [31, 32]. Both signaling pathways
have a role in regulating mitochondrial biogenesis to help maintain healthy mitochondria.

Besides nutrient-sensing pathways, perturbation in ATP generation and mitochondria
dysfunction can be associated with higher levels of ROS, leading to impairment of renal cell
homeostasis. In vitro study showed that mitochondrial electron transport inhibitor treatment in
renal cell could not compensate ATP deficit [33]. In podocyte model, ROS decreased expression

of nephrin and podocin, which are required to maintain glomerular filtration [34]. Renal



proximal and distal tubular cells activate glucogenesis during starvation, metabolic acidosis,
glucocorticoid treatment, and increased circulating catecholamines [35]. In animal models of
renal tubular injuries (diabetic nephropathy, sepsis, cisplatin induced AKI, and IRI),
mitochondrial biogenesis restored by peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC1la) could ameliorate the disease course [36-38]. These data suggest

renal mitochondria plays a critical role in the regulation of protection against AKI.

V. The Role of Mitochondria in Ischemia and Reperfusion Injury

Mitochondrion is a unique organelle that plays a critical protective role against IRI [39-41].
During ischemia, the depletion of oxygen inhibits the electron transport in the mitochondrial
respiratory chain and decreases the production of ATP. Anaerobic metabolism lowers pH and
activates Na+/H+ exchanger, leading to sodium ions influx to reduce the uptake of Ca2+ by
endoplasmic reticulum (ER).

Some cells may die in the ischemia stage, and those cells that survive from ischemia can be
further damaged during reperfusion. During reperfusion, reestablishment of blood flow is
associated with increased ROS and Ca2+. After IRI, mitochondrial respiration is disrupted,
accompanied by Na+/K+ pump failure and mitochondria membrane depolarization. This
respiratory perturbation is associated with concurrent lactic acidosis due to anaerobic
metabolism. Activation of proteases, phospholipases, lipases, and ATPase further precipitates
secondary cellular injuries [42]. With the intracellular influx of Ca2* into mitochondria, loss of
the membrane impermeability electrochemical gradient may trigger apoptotic pathways [43].
Concomitant inflammatory response can be activated, with increased tumor necrosis factor,

interleukins, and nitride oxide, which can contribute to the production of superoxide anion,



hydrogen peroxideand peroxynitrite [44].

Mitochondria are the major source of intracellular ROS; 3% to 5% of the O2 available for the
respiratory chain undergo incomplete reduction, and create oxidative stress [45]. Beclin-1/class
11 PI3BK,AMPK/(mTOR), and PISBK/AKT/mTOR pathways are known defense mechanisms
against tissue damage and cell death [46]. Our lab had demonstrated that the anti-apoptosis
action of AKT was mediated through translocation and activation of AKT in mitochondria
during IRI in cardiac muscle [12]. However, the role of mitochondria AKT signaling during AKI

has not yet been study in the past.



CHAPTER 2

Mitochondrial AKT1 Signaling in Acute Kidney Injury

Preliminary Study

I. Introduction

AKI is a major clinical problem. The prevalence of AKI is estimated to affect 2-3 people
per 1,000 individuals in the United States [47]. The total number of AKI hospitalizations has
been increasing and reached approximately 4 million per year. The mortality associated with
AKIl is alarmingly high, ranges from 35 to 45% of all patients with the diagnosis of AKI within
90 days after discharge from hospital. There is an upward trend in the incidences of AKI
worldwide over last decade [48-51]. Although some AKI might be reversible, current evidence
indicated that AKI may predispose the kidney to subsequent development of chronic kidney
disease (CKD), end-stage renal disease (ESRD) with renal replacement therapy (RRT),or even
mortality [50-52]. The risk factors for AKI include old age, sepsis, hypovolemia, preexisting
CKD, cardiovascular (CV) disease, hypertension, type 2 diabetes (DM), dementia and cancer
[48, 53]. Currently, other than supportive therapy, there is no specific treatment that can be used
to effectively prevent or reverse AKI [54]. Better understanding on the molecular mechanisms
of AKT will allow us to develop specific therapies to correct its mechanistic defects. IRl is a
major cause of AKI [55]. During IRI, RTE cells are the major site of renal damage and have
been implicated in renal injury and recovery [56]. In healthy kidney, appropriate oxygen (02)
supply is necessary for ATP production, nitiric oxide (NO) maintenance, and ROS homeostasis
[57]. Mitochondria dysfunction has been noted during IRI, accompanied by reduced ATP

7



production and increased oxidative stress [58]. Therefore, mitochondria and the signaling
pathways modulating mitochondria function may become potential target for therapeutic
intervention during IRI in AKI. The majority of kidney mitochondria reside in the proximal renal

tubules. We designed the experiments to characterize renal tubule mitochondrial AKT1 signaling

during IRI.

Il. Materials and Methods
1. Experimental Animals

Eight-week-old male C57BL/6Jmice (Jackson Laboratory, Bar Harbor, ME) were used
for these studies. Mice were kept in humidity-controlled environment within a thermoneutral
zone. Mice were fed with standard laboratory chow (2020X, EnvigoTeklad, UK) and water until
the start of the experiment. All mice were kept under identical condition. The experimental
protocol was approved by the Institutional Animal Care and Use Committee at the University of

California at Irvine and complied with the National Institutes of Health guidelines.

2. Mice Model of IRl AKI

Mice were anesthetized with 2.5% tribromoethanol (avertin). Unilateral renal ischemia
was induced by ligating the left renal pedicles for 30 minutes under anesthesia with concurrent
contralateral total nephrectomy (Nx). During the surgery, the core body temperature was
maintained at 34°C-36°C. Reperfusion was induced by releasing the ligation. Mice were kept at
ambient temperature (30°C-32°C) after ischemia and reperfusion at indicated time intervals.
Control mice were subjected to the same procedure (sham), but the renal pedicles were not

ligated and no Nx was performed.



3. Serum BUN and Cr.

At the end of experiment, blood was collected from the retro-orbital plexus under
anesthesia with avertin. Serum was obtained by centrifugation at 10,000 relative centrifuge force
(RCF) for 30 min at room temperature. Serum BUN and Cr. was determined with a colorimetric
assay kit (BioAssay Systems, Hayward, CA), and analyzed with a Biotek Synergy HT plate

reader.

4. Renal Histology
a. Hematoxylin and Eosin (HE) Staining

Kidney samples were fixed in 10% formalin for 24 hours, dehydrated, and embedded in
paraffin. Paraffin-embedded kidney blocks were sectioned at 4pm thick.

HE staining was performed to evaluate renal structure injury. After deparaffinization, the
tissue sections were stained in Mayer’s hematoxylin solution (Sigma-Aldrich, MO) for 15
minutes, rinsed with running tap water for 2 minutes, and stained with bluing solution (0.1%
sodium bicarbonate) for 5 minutes. The slides were counterstained with eosin-phloxine solution
for 20 seconds, mounted and dehydrated with ethanol (70, 90, and 100%). Images were captured
with Keyence BZ-X810 Inverted Microscope (Keyence, Osaka, Japan) and analyzed with
Keyence BZ-X800 Analyzer software. Cross-sectional glomerular area (in um) was determined
from at least 20 randomly images from each sample. The investigators who analyzed the
histology were blinded to the samples. Renal damage in proximal tubules from cortex area, outer
stripe of outer medulla (OSOM), inner stripe of outer medulla (ISOM) and inner medulla (IM) of

the kidney were evaluated with a semi-quantitative analysis of histological damage areas as



previously described [59]. The Jablonski grading scale (0—4) was used for the assessment of IRI
induced necrosis of the overall proximal tubules [60]. In both analysis, about one hundred
tubules were scored in each section and the total scores divided by the number of tubules
analyzed, and according to the following criteria:0, normal; 1, areas of tubular epithelial cell
swelling, vacuolar degeneration, necrosis and desquamation involving<25% of the tubular
profile; 2, similar changes involving>25% but<50% of the tubular profile; 3, similar changes
involving>50% but<75% of the tubular profile; 4, similar changes involving>75% of the tubular

profile [59].

b. Masson’s Trichrome Staining

Paraffin-embedded tissues were de-paraffinized in xylene (2washes for 3 min each) and
hydrated in graded ethanol to distilled water. Masson’s trichrome staining was performed to
evaluate collagen fibrils in renal tissues by using the reagents from Sigma-Aldrich (MO, USA)
[61]. The slides were mordant in Bouin’s solution (picric acid, formaldehyde, and glacial acetic
acid) overnight. After washing with water, and the slides were stained with Weigert’s Iron
Hematoxyline Solution for 30 minutes, Biebrich Scarlet-Acid Fucshin for 15 minutes,
phosphomolybdic-phosphotungstic acid solution for 10 minutes, and then aniline blue for 20
minutes. After briefly submerged in 0.5% acetic acid solutions, the slides were dehydrated
through 95% alcohol, 100% alcohol, and xylene. Blue coloration, indicative of collagen in the
extracellular matrix (ECM), was digitally calculated with ImageJ [62], ECM content was

quantified as mean blue intensity per tissue area.

¢. Immunohistochemistry (IHC) Staining of Phospho-AKT1(Ser473)

10



Paraffin-embedded kidney sections were deparaffinized and incubated with 0.05%saponin at
room temperature for 30 minutes for antigen unmasking. Then the slides were sequentially
incubated with 4% bovine serum albumin (BSA) for background blocking, anti-phosphor-AKT
antibody at 4 °C overnight, and biotinylated a-rabbit secondary antibody (Vector Lab) for 45
minutes at room temperature. After several rinses in phosphate-buffered saline (PBS), they were
incubated with VECTASTAIN ABC kit (Vector Lab) to recognize biotinylated secondary
antibody and conjugate with horseradish Peroxidase (HRP).After several rinses in PBS, the
bound peroxidase was visualized by incubating the sections with a solution containing DAB (3,
3 —diaminobenzidine) (Sigma-Aldrich, MO) following the manufacturer’s instructions. Finally,
the slides were counterstained with 1% Methyl Green. 20 microscopic fields were randomly
selected from each tissue section and the percentage of positive staining tubules was evaluated

by ImageJ.

d. Immunofluorescence (IF) Staining

Paraffin-embedded kidney sections were deparaffinized and immersed with 0.1M Tris
(pH 10) antigen retrieval buffer and they were heated in an 1100 W GE microwave oven for
three sequential 5-min cycles at power levels 5, 4 and then 3 in microwave oven. After washing
with PBS, slides were incubated with specific primary antibodies overnight at 4°C, washed with
PBS, conjugated secondary antibodies with 3 minutes heating cycle and 2 minutes incubation,
counterstained with4',6-diamidino-2-phenylindole(DAPI, 1ug/ml) and Mitotracker (10nM), and

analyzed with Keyence BZ-X810 Inverted Microscope (Keyence, Osaka, Japan).

5. Mitochondria Preparation
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Renal cortical and outer medulla tissues were isolated from the kidney, minced, washed
with ice-cold PBS 3 times, and suspended in mitochondria isolation buffer (20 mM HEPES-
KOH, pH 7.2, 10mMKCI, 1.5 mM MgCl,, 1.0 mM sodium EDTA, 1.0 mM sodium EGTA, 1.0
mMdithiothreitol,2 mM phenylmethylsulfonyl fluoride, 20 mM NaF, 2 mM Na3V04, and
250mM sucrose). After centrifugation at 2500 revolutions per minute (RPM) for 10 min at 4°C,
the samples were incubated on ice for 30 min and homogenized with 20 strokes of loose pestle
and 50 strokes of tight pestle in a Dounce homogenizer. The nuclei and cell debris were removed
by centrifugation at 1,000g for 15 min at 4°C. The supernatants were centrifuged at 10,0009 for
30 min at 4°C, and the resulting mitochondrial fractions were re-suspended with mitochondria
isolation buffer. The supernatants were further centrifuged at 100,000qg for 1 hour at 4°C. The
supernatants and mitochondrial fractions were stored at -80°C if not immediately used for

biochemical analysis.

6. Western Blots

The mitochondrial frations were dissolved in 2% lauryl maltoside solution supplemented
with 10% SigmaFAST ™protease inhibitor (Sigma-Aldrich, S8820). Protein contents were
determined with an Eppendorf BioPhotometer by BCA method [63]. Equal amounts of proteins
from each sample were resolved with10% SDS-polyacrylamide gel and then transferred onto
polyvinylidene difluoride membranes. The membranes were blocked with 5% fat-free milk or 5%
bovine serum albumin (BSA) for one hour before incubation with primary antibodies overnight
at 4°C, washed three times with Tris-buffered saline (TBS-T, 20mM Trisered, pH7.5, 0.5 mM

NaCl, and 0.1% Tween 20), incubated with anti-rabbit 1gG, horseradish peroxidase -linked
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antibody (#7074) (1:2000 dilution in5% fat-free milk or 5% BSA), washed three times with
TBS-T, and then incubated with West Pico Chemiluminescent Substrate to visualize the proteins
(Thermo Scientific, Pittsburgh, PA). The images were acquired with a Syngene G:BOX and

analyzed with ImageJ.

7. Materials

Phospho-Akt (Ser473) Antibodies (# 9271) were purchased from Cell Signaling

Technology (Danvers, MA).AKT1 antibodies (E45) (ab32038) were purchased from Abcam
(Cambridge, UK). voltage-dependent anion-selective channel (VDAC) Antibodies were from
MiliporeSigma (Burlington, MA). MitoTracker®Green FM (M7514) was purchased from
Invitrogen (Carlsbad, CA).Secondary antibody Alexa Fluor® 555 (A31572) was purchased from
Thermo Fisher Scientific (Waltham, MA). The QuantiChrom™ Urea Assay Kit and
QuantiChrom™ Creatinine Assay Kit were purchased from BioAssay Systems (Hayward, CA).

Other chemicals and reagents were from Sigma Aldrich (St Louis, MO).

8. Statistical Analysis

Data are presented as mean + SD, unless noted otherwise. Statistical data were analyzed
with GraphPd Prism 5 software, with Student’s t test or ANOVA when indicated. The region of

interest (ROI) of western blot were quantified by ImageJ, normalized with the ROI value of
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loading control and analyzed with Student’s t test. The statistical significance level was set at p<

0.05.

I11. Results
1. Establish a Murine Model of AKI with Subsequent CKD

The first goal of my project was to establish a murine model of AKI that may turn into
CKD after the initial recovery from acute IRI. To this end, IRl was induced by temporary
ligation of left renal artery for 30 minutes, followed by contralateral Nx. The baseline
characteristics were identical in the shame control and IR1 groups (Fig 2.1). In the IRI-AKI
group, serum Cr. began to rise in 2 hours (p=0.005), and continued to increase 1 day post
procedure (p<0.001) and 1 week (p=0.0025). BUN also increased accordingly after the
procedure (1 hour, p=0.0019; 2 hours, p<0.001; 1 day, p<0.001; 2 days, p<0.001; 1 week,
p=0.001) (Fig 2.2). Significant renal injuries were found with severe tubular lysis, loss of tubular
brush border, and sloughed debris in tubular lumen space on the renal tissue sections with HE
stain (Figure 2.3). Jablonski Scores were used to assess tubular injuries, the scores were
significantly higher in the IRI-AKI mice in 1-2 days (p=0.0004) and 1 week (p=0.038) as
compared to the sham control (Figure 2.3). These results indicated that our IRI procedure

successful induced AKI with renal tubular injuries in this mice model.

2. IRl Induced Translocation of Phosphorylated AKT1 (pAKT1) into Mitochondria
Next | sought to characterize whether AKT could be activated and translocated into
mitochondria upon IRI. The kidney was quickly harvested after IRI, and we used two

complimentary approaches to characterize AKT translocation into mitochondria. First,
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mitochondria were isolated from the cortical region of kidney, which is enriched with renal
tubular cells, and the mitochondria preps were solubilized for immunoblotting. Fig 2.4A showed
translocation of pAKTL1 into mitochondria can be detected as early as 10 min after reperfusion.
The content of AKT protein also increased in the mitochondria after reperfusion (p=0.0468),
however it lagged behind phosphorylation of AKT1 in mitochondria, which suggests IRI
modulated mitochondrial AKT1 signaling by both phosphorylating mitochondria AKT1 and
translocating AKT1 proteins into mitochondria. Activation of AKT1 in renal tubules after IRI
was confirmed with IHC staining. There was minimal p-AKT1 staining in the sham control renal
tubule, whereas pAKT1 was clearly increased in the renal tubules after IRI (Fig 2.5). To confirm
pAKT1 localized to mitochondria in renal tubules after IR1, subcellular localization of pAKT1
was analyzed by IF. Upon IRI, there was distinct co-localization of p-AKT1 and mitochondria in
the renal tubular cells (Figure 2.6).These results indicated that IRI induced mitochondrial AKT1

signaling by phosphorylation and translocation of AKT1 into mitochondria in the renal tubules.

3. Development of CKD after IRI

To further determine whether IRI may induce permanent structural damage to the kidney,
we examined renal sections with Masson’s trichrome stain. The results showed prominent renal
damage and severe loss of structure, with necrotic cells, casts or intraluminal debris,
inflammatory infiltration and fibrosis in the kidneys from the IRI group, renal fibrosis area (%)
was significantly higher 7 days post IRI (Figure 2.7), which suggests AKI induced by IRI can

sustain permanent kidney damages and potentially lead to development of CKD.

V. Discussions
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Our results indicate that I have successfully established a mice model of AKI with unilateral
IRI and contralateral Nx. In this AKI model, serum BUN and Cr. became significantly elevated.
After the AKI episode, serum BUN and Cr. improved, but remained higher than baseline,
indicating the development of CKD, thus this model can be used to study the transition of AKI to
CKD. Histological studies showed tubular damages and development of fibrosis, which
corroborate the changes of serum BUN and Cr after IRl AKI. The majority of renal mitochondria
reside in the proximal tubules. IRI induced rapid accumulation of pAKT1 in the mitochondria by
phosphorylation and translocation of AKT1 into mitochondria.

AKT1 is a protein kinase, it can be phosphorylated and translocated into mitochondria in
response to growth factor stimulation or stress [64]. AKT family has three members AKT1,
AKT2 and AKT3, but only AKTL1 can be translocated into mitochondria [65]. AKT1 may
interact with different proteins at different subcellular localizations to exert different cellular
functions. Activated AKT1 translocation into mitochondria involved interaction with HSP 90
[66]. Our group and other laboratories have identified AKT1 translocation to mitochondria as a
key component of AKT1 signaling in cells [11, 64, 67, 68]. Mitochondrial AKT1 regulation of
oxidative phosphorylation, ROS, and cell survival were independent of cytosolic AKT1 and
nuclear AKT1 [69]. Activating mitochondrial AKTL1 signaling could protect cardiac muscle
against cell injuries and preserve mitochondrial function, which minimized myocardial injury
and improved myocardial function [19]. Our lab has shown that activation of AKT1 in
mitochondria suppressed apoptosis in cardiomyotes by stabilizing mitochondria cross-membrane
electrochemical gradient, inhibiting cytochrome c efflux, and suppressing caspase 3 activation

[68, 69].
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The role of mitochondrial AKT1 signaling in renal function has not yet been investigated in
the past. Based on the results of my preliminary study, it is possible that activation of
mitochondrial AKT1 during IRI may play an important role in the regulation of renal protection
and subsequent development of CKD. Understanding the mechanisms underlying the
mitochondrial signaling in renal tubular epithelial cell metabolism may help develop new

strategy to improve the outcome of IRI-AKI.

V. Hypothesis

Activation of mitochondrial AKT1during ischemia-reperfusion in renal tubules protects

kidney against AKI and subsequent development of CKD.

17



Figures
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Figure 2.1 Baseline Characteristics of Mice Model. There was no significant difference in
body weight (BW), kidney weight (KW) and KW to BW ratio in all three groups of mice: Nx
only mice, sham control mice and renal IRl mice. (A) BW of mice (one way ANOVA p=0.48).
(b) KW of mice (p=0.86). (c) KW to BW ratio (p=0.59) (Nx: nephrectomy; R: reperfusion))

(n=11-15).
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Figure 2.2
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Figure 2.2 Renal Function Analysis in Mice upon IRI. Both serum Cr. (A) and serum BUN
(B) were elevated in mice with IR injury. (A) Elevated serum Cr. after IRI. There was
significant elevation of serum Cr. 2 hours (p=0.005), 1 day (p<0.001), 2 days (p<0.001), and 1
week (p=0.0025) after IRI compared to the sham control group. (B) Elevated serum BUN after
IRI. There was significant elevation of serum BUN 1 hours (p=0.0019), 2 hours (p<0.001), 1 day

(p<0.001), 2 days (p<0.001), and 1 week (p=0.001) after IRl compared to the sham control

group. (Nx: nephrectomy) (n=11-13)
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Figure 2.3 Renal Tubular Injury after IRl AKI. (A) Representative histology images of renal
sections with HE staining from the sham control, IRI 1 hour, IRI 1 day and IRI 7 days. Scale bar:
50um. The examples of tubular cellular injury (arrow): renal tubular cell necrosis with dissolving
nuclei (1), tubular dilation (2), and cast formation (3). (B) Renal injury after AKI by IRI injury as
analyzed by Jablonski Score. There was significant renal injury in 1-2 days (p=0.0004) and 1
week (p=0.038) as compared to the sham control (n=11-13). Jablonski Score (grade 0: normal;
grade 1: necrosis of individual cell; grade 2: necrosis of proximal convoluted tubule with
survival of surrounding tubules; grade 3: necrosis of distal third of proximal convoluted tubule
with a band necrosis extending across the inner cortex; grade 4: necrosis of all three segments of

proximal convoluted tubule [70].
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Figure 2.4

(A)

wegs

ana ol

anz 09

Lo 11

o1

unm

weys

XN

. —

pPAKTI1

AKT

VDAC

Actinin

(©)

(B)

_ %
N % ; &
‘v
S
093.
|
(januoe 1A 0 sBivye $101)
OVAALLAY
ox&g
. &
|
s@
“,
%
6\&0
&9
1 “%
2 .
Qggo A go 3eu
D¥QA! TLNYE

22



Figure 2.4 AKT1 is Phosphorylated and Translocated into Mitochndria in Kidney upon
IRI. Mitochondrial fraction was isolated from kidneys with reperfusion time of 0, 10, 30, 60 or
120 minutes. Protein lysate were analyzed by Western Blotting with antibodies for total AKT1,
pAKT1, VDAC and actinin (A). The ratio between pAKT1 and VDAC was expressed as
histogram in (B). There were significant increases of mitochondrial pAKT1 after 30 minutes of
reperfusion (Mann-Whitney test, p=0.0303) and 60 minutes (Mann-Whitney test, p=0.0173) of
reperfusion compared to sham control group (n=11-15). The content of AKT1 protein in

mitochondria was also increased (Kruskall-Wallis test, p=0.0468) (C).
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Figure 2.5
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Figure 2.5. AKT1 Phosphorylation in Renal Tubule by Immunohistochemistry Analysis.
Renal sections were from sham control or 1 hour after AKI by IRI. (A) Representative pAKT1
IHC stain of renal sections. Scale bar: 50um. (B) Histogram of renal pAKT positive areas (%) in
sham and 1 hour after AKI by IRI. The area of pAKT1 positive area is significantly higher 1

hour after AKI by IRl compared to sham control group (p<0.001) (n=13).
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Figure 2.6
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Figure 2.6. Immunofluorescent Staining of Phosphorylation of AKT1 and its Translocation

into Mitochondria in Kidney after AKI by IRI. Renal sections were immunostained with
pAKT1 (S473) antibodies and with Mitotracker Green. Representative images were shown for
sham control (A) and 60 minutes after IRI (B). Scale bar: 50um. The Co-localization of pAKT1

and mitochondria in the renal sections 60 minutes after IRl were shown in (C). Scale bar: 20um.
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Figure 2.7 Renal Fibrosis after AKI by IRI. Renal fibrosis was analyzed by staining the renal
sections from sham control and 7 days after IRI. Representative Masson’s trichrome-stained
images of renal tissue sections (A). Scale bar: 50um. The fibrosis area was expressed as
histogram (B). There are significant renal fibrosis areas (%) in 7days after IRl injured mice

compared to sham control mice group (n=11, p<0.001).
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CHAPTER 3

Inhibition of Tubular Mitochondrial AKT1 Aggravated the Outcomes of AKI

I. Introduction

Mitochondrial AKT1 plays a key role in the regulation of mitochondria function. In the last
chapter, | have observed that IRI induced AKT1 phosphorylation and translocation into
mitochondria in renal tubules. However, the role of mitochondria AKT1 during IRI AKI has not
yet been investigated in the past. The experiments described in the chapter were designed to test
the hypothesis that activation of mitochondrial AKT1 during ischemia-reperfusion in renal
tubules protects kidney against AKI and subsequent development of CKD. To this end, we have
generated transgenic mice that can be used to specifically manipulate mitochondrial AKT

activities in the renal proximal tubules in vivo.

Il. Materials and Methods
1. Renal Tubule-specific Mitochondria-targeting Dominant Negative AKT1 Bi-transgenic
Mice
To study mitochondrial AKT1 signaling, mutant AKT constructs were used in this project.
We mutated K179 to M179 in murine AKT1 to generate a dominant negative murine AKT1
[71]. A constitutive active AKT1 was also constructed with similar strategy as we previously
reported [12]. To achieve mitochondria targeting, we inserted a mitochondrial targeting
sequence (MSVLTPLLLRGLTGSARRLPVPRAKIHSL) to the N terminus. A His-tagged
dominant-negative AKT (substitutions at K179->Methonine), kinase cannot bind ATP, can bind
substrate with mitochondria-targeting sequence at the N terminus in a Tet-on inducible lentiviral
vector with and without red fluorescent protein (RFP) was used (Figure 3.1). We had used the
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same strategy and successfully constructed dominant negative and constitutively active AKT
with viral vector to manipulate mitochondrial AKT signaling in cardiac muscle cells and in
embryonic stem cells [12, 72]. A transgenic mouse line was generated by knocking in a
tamoxifen (TAM)-inducible mdnAKT with CAG promoter into the Rosa26 locus. Bi-transgenic
mice (KMDAKT) were obtained by crossing the TAM-inducible mdnAKT mouse with a
KSP/CreER ™ mouse driven by renal tubular cell specific cadherin promoter (obtained from

O'Brien Kidney Research Core, UT Southwestern Medical School) (Figure 3.2) [73].

2. Experimental Animals

KMDAKT mice were kept in humidity-controlled environment within a thermoneutral zone.
Mice were fed with standard laboratory chow (2020X, EnvigoTeklad, UK) and water until the
start of the experiment. All mice were kept under identical condition. The experimental protocol
was approved by the Institutional Animal Care and Use Committee at the University of

California at Irvine and complied with the National Institutes of Health guidelines.

a. TAM Treatment

KMDAKT mice were injected with TAM (25 mg/ml, in corn oil) for Cre/loxP
recombination. TAM (100 mg/Kg body weight, i.p,) was administered daily for five consecutive
days. The control bi-transgenic mice received an equal volume of vehicle alone (corn oil).

Expression of transgene was verified 4 weeks after the first day of injection.

b. Western Blots
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The mitochondrial fractions were dissolved in 2% lauryl maltoside solution supplemented
with 10% SigmaFAST ™protease inhibitor (Sigma-Aldrich, S8820). Protein contents were
determined with an Eppendorf BioPhotometer by BCA method [63]. Equal amounts of proteins
from each sample were resolved with 10% SDS-polyacrylamide gel and then transferred onto
polyvinylidene difluoride membranes. The membranes were blocked with 5% fat-free milk or
5% BSA for one hour before incubation with primary antibodies overnight at 4°C, washed three
times with TBS-T (20mM Tris—HCI,pH7.5, 0.5 mM NacCl, and 0.1% Tween 20), incubated with
anti-rabbit 1gG, horseradish peroxidase -linked antibody (#7074) (1:2000 dilution in 5% fat-free
milk or 5% BSA), washed three times with TBS-T (define what this is), and then incubated
with West Pico Chemiluminescent Substrate to visualize the proteins (Thermo Scientific,

Pittsburgh, PA). The images were acquired with a Syngene G:BOX and analyzed with ImageJ.

c. Mice Model of IRl AKI

Mice were anesthetized with 2.5% tribromoethanol (avertin). Unilateral renal ischemia was
induced by ligating the left renal pedicles for 30 minutes under anesthesia with concurrent
contralateral total Nx. During the surgery, the core body temperature was maintained at 34°C—
36°C. Reperfusion was induced by releasing the ligation. Mice were kept at ambient
temperature (30°C-32°C) after ischemia and reperfusion at indicated time intervals. Control
mice were subjected to the same procedure (sham), but the renal pedicles were not ligated and
no Nx was performed. Due to low survival rate (mention later) and to observe the consequent
renal failure post IRl AKI, we executed unilateral IRI AKI only without contralateral total Nx in

KMDAKT mice.
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d. AKT Activity Assay

To confirm the activity of AKT after the transgene induction, AKT enzymatic activity was
analyzed with an AKT Assay Kit (#ab65786) (Abcam, Cambridge, UK) according to the
manufacturer’s instructions [74]. To analyze the mdnAKT effect on mitochondrial AKT activity,
IP-kinase assay was performed using GSK3alpha, downstream target of AKT, as substrate and

mitochondrial lysate as kinase source.

e. Serum BUN and Cr.

At the end of experiment, blood was collected from the retro-orbital plexus under anesthesia
with avertin. Serum was obtained by centrifugation at 10,000 relative centrifuge force (RCF) for
30 min at room temperature. Serum BUN and Cr. was determined with a colorimetric assay Kit

(BioAssay Systems, Hayward, CA), and analyzed with a Biotek Synergy HT plate reader.

f. Renal Histology
i. HE staining

Kidney samples were fixed in 10% formalin for 24 hours, dehydrated, and embedded in
paraffin. Paraffin-embedded kidney blocks were sectioned at 4pum thick.

HE staining was performed to evaluate renal structure injury. After deparaffinization, the
tissue sections were stained in Mayer’s hematoxylin solution (Sigma-Aldrich, MO) for 15
minutes, rinsed with running tap water for 2 minutes, and stained with bluing solution (0.1%
sodium bicarbonate) for 5 minutes. The slides were counterstained with eosin-phloxine solution
for 20 seconds, mounted and dehydrated with ethanol (70, 90, and 100%). Images were captured

with Keyence BZ-X810 Inverted Microscope (Keyence, Osaka, Japan) and analyzed with
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Keyence BZ-X800 Analyzer software. Cross-sectional glomerular area (in um) was determined
from at least 20 randomly images from each sample. The investigators who analyzed the
histology were blinded to the samples. Renal damage in proximal tubules from cortex area,
OSOM, ISOM, and IM of the kidney were evaluated with a semi-quantitative analysis of
histological damage areas as previously described [59]. The Jablonski grading scale (0—4) was
used for the assessment of IRI induced necrosis of the overall proximal tubules [60]. In both
analysis, about one hundred tubules were scored in each section and the total scores divided by
the number of tubules analyzed, and according to the following criteria: 0, normal; 1, areas of
tubular epithelial cell swelling, vacuolar degeneration, necrosis and desquamation involving<
25% of the tubular profile; 2, similar changes involving>25% but<50% of the tubular profile; 3,
similar changes involving>50% but<75% of the tubular profile; 4, similar changes

involving>75% of the tubular profile [59].

ii. Masson’s Trichrome Staining

Paraffin-embedded tissues were de-paraffinized in xylene (2 washes for 3 min each) and
hydrated in graded ethanol to distilled water. Masson’s trichrome staining was performed to
evaluate collagen fibrils in renal tissues by using the reagents from Sigma-Aldrich (MO, USA)
[61]. The slides were mordant in Bouin’s solution (picric acid, formaldehyde, and glacial acetic
acid) overnight. After washing with water, the slides were stained with Working Weigert’s Iron
Hematoxyline Solution for 30 minutes, Biebrich Scarlet-Acid Fucshin for 15 minutes,
phosphomolybdic-phosphotungstic acid solution for 10 minutes, and then aniline blue for 20
minutes. After briefly submerged in 0.5% acetic acid solutions, the slides were dehydrated

through 95% alcohol, 100% alcohol, and xylene. Blue coloration, indicative of collagen in the
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ECM, was digitally calculated with ImageJ [62], ECM content was quantified as mean blue

intensity per tissue area.

iii. KIM-1 Staining

Paraffin-embedded kidney sections were de-paraffinized and incubated with 0.05% saponin
at room temperature for 30 minutes for antigen unmasking. Then the slides were sequentially
incubated with 4% BSA for background blocking, anti-KIM-1 antibody at 4 °C overnight, and
biotinylated a-rabbit secondary antibody (Vector Lab) for 45 minutes at room temperature.
After washing with PBS, the slides were incubated with VECTASTAIN ABC kit (Vector Lab)
to interact with biotinylated secondary antibody conjugated with HRP. After washing with PBS,
the peroxidase was visualized by incubating the sections with a solution containing DAB
(Sigma-Aldrich, MO) following the manufacturer’s instructions. Finally, the slides were
counterstained with1% Methyl Green. 20 microscopic fields were randomly selected from each

tissue section and the percentage of positive staining tubules was evaluated by ImageJ.

iv. TUNEL Staining

To detect apoptosis of renal cells, renal sections were stained with the In Situ Cell Death
Detection Kit according to the manufacturer’s instructions (Roche, Basel, Switzerland) [75].
Paraffin-embedded kidney sections were de-paraffinized and incubated with 0.05% saponin at
room temperature for antigen unmasking. The slides were counterstained in 1% Methyl Green.
For quantitative analysis, 20 microscopic fields were randomly selected from each tissue section

and TUNEL-positive nuclei were analyzed with ImageJ.
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v. |F Staining

Paraffin-embedded kidney sections were deparaffinized and immersed with 0.1M Tris (pH
10) antigen retrieval buffer and they were heated in an 1100 W GE microwave oven for three
sequential 5-min cycles at power levels 5, 4 and then 3 in microwave oven. After washing with
PBS, slides were incubated with specific primary antibodies overnight at 4°C, washed with PBS,
conjugated secondary antibodies with 3 minutes heating cycle and 2 minutes incubation,
counterstained with4',6-diamidino-2-phenylindole(DAPI, 1ug/ml) and mitotracker (10nM), and

analyzed with Keyence BZ-X810 Inverted Microscope (Keyence, Osaka, Japan).

g. Mitochondria Preparation

Renal cortical and outer medulla tissues were isolated from the kidney, minced, washed
with ice-cold PBS 3 times, and suspended in mitochondria isolation buffer (20 mM HEPES-
KOH, pH 7.2, 10 mM KCI, 1.5 mM MgCl, 1.0 mM sodium EDTA, 1.0 mM sodium EGTA, 1.0
mMdithiothreitol, 2 mM phenylmethyl sulfonyl fluoride, 20 mM NaF, 2 mM Na3VO4, and 250
mM sucrose). After centrifugation at 2500 RPM for 10 min at 4°C, the samples were incubated
on ice for 30 min and homogenized with 20 strokes of loose pestle and 50 strokes of tight pestle
in a Dounce homogenizer. The nuclei and cell debris were removed by centrifugation at 1,000g
for 15 min at 4°C. The supernatants were centrifuged at 10,0009 for 30 min at 4°C, and the
resulting mitochondrial fractions were re-suspended with mitochondria isolation buffer. The
supernatants were further centrifuged at 100,000g for 1 hour at 4°C. The supernatants and

mitochondrial fractions were stored at -80°C if not immediately used for biochemical analysis.
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3. Primary Renal Tubular Epithelial Cell

| harvested the kidneys from KMDAKT. After removing renal capsules and medulla, 1
minced kidney into small pieces. | incubated kidney tissue in sterile PBS. After passed the
buffer through a 70-um filter (VWR® Cell Strainers, #10199-656), the primary RTE cells were
incubated in DMEM/F12 supplemented with 25mM HEPES, 0.1 mM nonessential amino acids,

2mM Glutamic acid, 0.1 mM 2-mercaptoethanol (Figure 3.5).

a. 4 Hydroxy-tamoxifen (4-OH TAM) Treatment

Primary RTE cells were administered 4-OH TAM to induce mitochondrial AKT1 expression
by Cre/loxP recombination. 4-OH TAM (Sigma), was dissolved in DMSO as 10 pg/ml stock.
The final concentration of successfully induction was 10 ng/ml. Control primary RTE received
an equal volume of DMSO alone. The transgene expression was confirmed on 24 hours after 4-

OH TAM addition.

b. IF Staining of Primary Renal Tubular Epithelial Cell

Cells were fixed with 3.7% formaldehyde in 1X PBS with 0.1% Triton X 100 for 30 minutes
at room temperature. After three wash with 1XPBS, cells were permeabilized with 0.05%
saponin in ddH20 for 20 minutes. After three washing with 1XPBS, cells were blocking with
10% goat serum in 1XPBS for 30 minutes before incubated with indicated primary antibodies
overnight at 4°C. Following three washes with 1X PBS wash, the cells were incubated with
Alexa Fluor®488conjugated secondary antibodies for 30 minutes before additional of DAPI or

DAPI withmitotracker (10nM). After extended wash with 1XPBS, the immunostained cells
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were mounted before imaged and analyzed with Keyence BZ-X810 Inverted Microscope

(Keyence, Osaka, Japan).

c. Analysis of Mitochondrial O2 Respiration by Extracellular Flux Measurement

To measure mitochondrial function in cells, we used a Seahorse Bioscience XF24
Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA) and followed the
manufacturer's protocol [76]. Briefly, cells were plated in a 24-well Seahorse XF-24 assay plate
with 10x10* cells/well, and grown for 16 hours before analysis. On the day of metabolic flux
analysis, cells were washed once with freshly prepared KHB buffer (111 mM NaCl, 4.7 mM
KCI, 2 mM MgS04, 1.2 mM Na2HPO4, 2.5 mM glucose and 0.5 mM carnitine; pH 7.4) and
incubated in KHB buffer at 37°C in a non-CO2 incubator for 1 hr. Three baseline measurements
of oxygen consumption rate (OCR) were taken before sequential injection of following
mitochondrial inhibitors and final concentration: oligomycin (1 pg/ml), carbonilcyanide p-
triflouromethoxyphenylhydrazone (FCCP) (3 uM) and rotenone (0.1 puM). Three measurements
were taken after addition of each inhibitor. OCR values were automatically calculated and
recorded by the Seahorse XF-24 software. The basal respiration was calculated by averaging the
three measurements of OCR before injection of inhibitors. The basal respiration was calculated
by averaging the 3 measurements of OCR before injecting the inhibitors. The spare respiration
capacity was calculated by using the OCR measurement after FCCP and subtracting the basal
respiration. The proton leak was calculated by using the OCR measurement after oligomycin

injection and subtracting the OCR measurement after rotenone injection (Figure 3.7).

d. ATP Assay
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To examine the production of ATP, | used ATP Detection Assay Kit (#700410) (Cayman
Chemical, Ann Arbor) following the protocol provided by the manufacturer [77]. Cells were
trypsinized and counted before use. For each assay, 1 X 10° cells were used. Cells were
homogenized 1X ATP Detection Buffer. The luminescence was measured after adding D-
Luciferin Solution and Luciferase by a Synergy HT multidetection microplate reader. The ATP
was compared between 4-Hydroxytaoxifen (40OH) treated primary RTE cells and vehicle

(DMSO) treated primary RTE cells of KMDAKT (Figure 3.7).

4. Materials

Primary antibody: His-Tag(D3110) XP® ( # 12698) antibodies were purchased from Cell
Signaling Technology (Danvers, MA). KIM-1 ( # AF1817) antibodies were purchased from

R&D Systems(Minneapolis, MN).VDAC was from MiliporeSigma (Burlington, MA).
MitoTracker®Green FM (M7514) was from Invitrogen (Carlsbad, CA, USA). Secondary
antibody Alexa Fluor® 555 (A31572) was purchased from Thermo Fisher Scientific (Waltham,
MA). The QuantiChrom™ Urea Assay Kit and QuantiChrom™ Creatinine Assay Kit were from
BioAssay Systems (Hayward, CA). Anti-Aquaporin 1(AB2219) antibodies were purchased from
Millipore Sigma (Burlington, MA). MitoTracker®Red 580 FM (M22425) was purchased from
Invitrogen (Carlsbad, CA, USA). Secondary antibody Alexa Fluor®488(A11013) was

purchased from Invitrogen (Carlsbad, CA).

5. Statistical Analysis
Data are presented as mean + SD, unless noted otherwise. Statistical data were analyzed

with GraphPd Prism 5 software, with Student’s t test or ANOV A when indicated. The analysis

36



of survival rate was executed with the Kaplan-Meier method. The region of interest (ROI) of
western blot was 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.

I11. Results
1. Renal Tubule-specific Expression of mdnAKT in TAM-treated KMDAKT mice

The first goal of this chapter was to establish a transgenic mice model with renal tubular
specific mitochondria-targeting dominant negative AKT1. To this end, | crossed the TAM-
inducible mdnAKT mouse with the KSP/CreER™ mice to produce a bi-transgenic KMDAKT
mouse. To confirm transgene expression, mitochondria prep was isolated by gradient
centrifugation and mitochondrial proteins were resolved with SDS-PAGE. Western blot showed
that TAM successfully induced the expression of mutant AKT1 in renal mitochondria. The
mutant protein could not be detected in the vehicle injected KMDAKT mice, KSP/CreER™
mice or wild type (WT) mice (Figure 3.3A). Therefore the transgene was successfully induced
as expected. To verify organ specific expression, mitochondrial proteins were extracted from
various organs of KMDAKT after TAM injection. The His-tagged mutant AKT could only be
found in the kidney (Figure 3.3B). To verify the mutant AKT was localized to the mitochondria
in renal tubule, renal sections were used to visualize co-localization of mutant AKT and
mitochondria with IF staining (Figure 3.3C). The results showed all mutant AKT stained with
His-tag localized to mitochondria. No mutant AKT was seen in the glomerulus. Enzymatic
activities of mitochondria AKT were also analyzed to confirm the dominant negative effect.
Since renal tubular mitochondrial AKT was activated after IRI, we compared the enzymatic

activities of AKT in the mitochondria isolated from the TAM-treated and corn-oil-treated mice
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after IR, the results showed renal mitochondrial AKT activities were significantly reduced in
the TAM-treated KMDAKT mice (Figure 3.4). These data indicated that this transgenic model

can be used to study the role of renal tubular mitochondria AKT.

2. Establish and Characterization of the Isolated Primary Renal Tubular Epithelial (RTE)
Cells
Since the KMDAKT mice will only express Cre-recombinase in RTE cells, in order to
characterize mdnAKT effect on mitochondria function, RTE cells were isolated and cultured for
mitochondria analysis. At the passage 3 or 4, RTE cells were immunostained with proximal
tubular epithelial cells marker, aquaporin 1 (AQP 1). As shown in Figure 3.5, more than 97% of
cells were positive for AQP 1 (Figure 3.5). Therefore these cells can be used for the following

studies.

3. Renal Tubule-specific Expression of mdnAKT after 4OH-TAM Treatment

After the RTE cells were established and characterized, the inducible expression of
mitochondrial dominant negative AKT1 were confirmed. At passage 3, isolated RTE cells were
treated with DMSO or 10 ng/ml of 4-OH TAM. 72 hours after 4-OH TAM or DMSO treatment,
cells were labeled with Mitotracker Red before fixed for immunostaining with anti-His-Tag
antibodies. As shown in figure 3.6, there was no His-Tag positive signal in the DMSO treated
cells, which suggests there was no leakage in the expression of mdnAKT. In contrast, His-Tag
antibodies (Green) was induced in 4-OH TAM treated cells and was colocalized with

Mitotracker Red.
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4. Dominant Negative Mitochondrial AKT1 Modulated Cellular Respiration in the

Primary RTE Cells

The cellular bioenergetics was evaluated with a XF extracellular analyzer (known as
Seahorse analyzer). The OCR represents measurements of oxidative respiration and
extracellular acidification rate (ECAR) represents magnitudes of glycolysis. Overall basal
respiration (OCR) of the 4-OH TAM treated KMDAKT RTE cells was significantly higher than
the control (p<0.001) (Figure 3.7A). The spare respiration profile of the 4-OH TAM incubated
KMDAKT RTE cells was also higher than the control (p=0.00076) (Figure 3.7B). The ATP
dependent respiration profile of the 4-OH TAM incubated KMDAKT RTE cells was
significantly higher than control (p<0.001) (Figure 3.7C). The higher proton leak in the 4-OH
TAM treated KMDAKT RTE cells was indicated uncoupled respiration with oxidative stress
(p<0.001) (Figure 3.7D). These findings suggest inhibition of mitochondrial AKT1 signaling
caused mitochondria dysfunction and loss of mitochondria electrochemical gradient and

corroborated with the increased renal apoptosis.

5. Renal histology, BUN, and Cr. was not Altered in the Unstressed KMDAKT Mice

To determine whether renal tubular structure is altered after inhibiting mitochondrial AKT1,
renal histology of KMDAKT mice was analyzed with HE stain. Microscopic structure of kidney
did not change in the TAM-treated KMDAKT mice, and was indistinguishable from the corn
oil-treated KMDAKT mice or TAM-treated KSP/CreERT2 mice (Figure 3.8A to D). To study
whether renal function was altered, serum BUN and Cr. were measured and the results again
showed that BUN and Cr. were not changed in the TAM-treated KMDAKT mice (Figure 3.8 E-

F).
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6. Unilateral IRI AKI with Contralateral Nx in KMDAKT

My preliminary data had shown acute activation and translocation of AKT to mitochondria
upon IRI in renal tubules. To investigate whether mitochondrial AKT played a protective role
during IRI AKI, I studied the effect of mdnAKT in AKI with KMDAKT mice. For this aim,
AKI was induced with the unilateral IRI and contralateral Nx as described in the last chapter.
Unfortunately, no TAM-KMDAKT mice survived after 3 day post surgery (Figure 3.9 B). |
concluded that this model of AKI is too harsh and not feasible for this aim. Therefore, I changed
the surgical protocol to unilateral IR1 without concurrent contralateral Nx for the KMDAKT
mice. The modified protocol yielded much better survival after surgery and thus was chosen for

the rest of this project in KMDAKT mice (Figure 3.9).

7. Aggravation of Renal Failure and Renal Fibrosis in KMDAKT Mice after IRl AKI

To study whether activation of tubular mitochondria AKT played a role in the outcome of
IRI AKT, I compared the changes of serum renal function of TAM-KMDAKT and control post
IRI AKI (Figure 3.10). There was no difference in BUN or Cr. immediately after AKI, however,
both BUN and Cr were significantly higher 45 days after AKI (p=0.021, p<0.001, respectively)
in TAM-KMDAKT mice. These results indicated that blocking activation of mitochondrial
AKT in renal tubules during IRI led to development of CKD. To gain insight into changes of
renal structure, kidney histology was analyzed. HE staining of renal sections from these mice
showed aggravated renal injuries in the TAM-KMDAKT mice. 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) (Figure 3.11A and B). A marker for renal tubule injury (KIM-1) was
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also significantly increased in the TAM-KMDAKT mice. These data indicated more kidney
injury in the TAM-KMDAKT group (p=0.002) (Figure 3.12A and B). Besides renal injuries, the
Masson’s trichrome stain showed higher fibrosis area (%) in the TAM-KMDAKT mice after IRI
(p<0.001), accompanied by intensified structure loss with casts and intraluminal debris (Figure
3.13A and B).

To evaluate apoptosis of renal cells, TUNEL staining was carried out in renal tissue
sections. Apoptosis were not only significantly increased in the renal tubules (p=0.0054), but
also in glomeruli (p<0.001) of TAM-KMDAKT mice when compared to the controls (Figure
3.14A and B). These results suggest that inhibiting the tubular mitochondrial AKT1 during IRI
could aggravate tubular cell death and amplify glomerular injury.

To further explore glomerular changes, renal sections were stained with PAS. The results
are rather interesting, although there was no significant of glomerulosclerosis 7 days after IRI
(p=0.2634) (Figure 3.15), more glomerulosclerosis was found 45 days after IR1 in the TAM-
KMDAKT mice (p<0.001). These data further demonstrated the impact of renal tubular
mitochondria AKT signaling on long-term health of renal glmeruli.

To study whether activation of tubular mitochondria AKT played a role in the outcome of
IRI AKT, | compared the survival rates of KMDAKT post IRl AKI and control. Compared to the
corn oil injected mice, TAM-KMDAKT mice showed significantly worse survival after IRI

(p=0.0013) (Figure 3.16) and negatively affected long-term survival.

8. Exclusion of Cre Recombinse Effect in KMDAKT Mice
To exclude the possibility that the experimental results in KMDAKT mice might have been

confounded by effect of TAM or Cre recombinase, | analyzed renal tissue sections (Figure 3.17).
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Tubular necrosis, tubular lysis, tubular dilation, and cast were found in kidney of KMDAKT
mice injected with TAM, but not in corn-oil injected group or TAM-injected KSP/Cre ERT2
group. There was significant higher Jablonski scores between TAM injected KMDAKT group
compared with TAM injected KMDAKT group on day 7 after IRl AKI (p=0.0072). But there
was no significant differences of Jablonski scores between corn oil injected KMDAKT group
compared with TAM injected KSP/Cre ERT2 group on day 7 after IRl AKI (Figure 3.17)
(p=0.7613). Therefore, my finding is the renal injury of KMDAKT was not confounded by

TAM or Cre recombinase.

IvV. Discussion

We demonstrated the inhibition of mitochondrial AKT1signaling aggravated renal injury
after IR1. Moreover, inhibition of the mitochondrial AKT1 in renal tubules exaggerated
subsequent renal fibrosis and glomerulosclerosis after IR1. We also demonstrated that inhibition
of mitochondrial AKT1 led to mitochondrial dysfunction with uncoupled respiration, higher
proton leak, and reduced ATP production. Mitochondria dysfunction likely contributed to the
development of AKI in this model.

Mitochondria provide energy to sustain the function of kidney. In the kidney, the proximal
tubule, the loop of Henle, the distal tubule and the collecting duct all require active transport to
reabsorb ions [78]. Proximal tubules require more active transport support than other renal cell
types because they reabsorb 80% of the filtrate passing through the glomerulus. Proximal tubules
contain more mitochondria than any other structure in the kidney. Mitochondrion serves as a
major cellular organelle to metabolize nutrients and metabolites for ATP production.

Mitochondrial AKT1 regulates cellular oxidative phosphorylation, ROS, and cell survival.
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Impaired mitochondrial AKT1 signaling caused uncoupled respiration and lowered ATP
production. The wasteful energy production or impaired metabolic flow may be the cause of
different diseases [79]. Our lab previously identified pyruvate dehydrogenase (PDH) as a target
of AKT1 signaling in mitochondria, which anchors the production of NADH and succinate.
NADH and succinate are respectively used as substrate by complex | and complex Il to pump
protons (H¥) into intermembrane space. The electron flow from complex | and 1l then transports
to complex 111 then complex IV and finally to oxygen molecules and leads to the production of
ROS. The process establishes a proton (H™) gradient across inner membrane space and allows
complex V to generate ATP.

The renal tubules are the major component of the kidney and are vulnerable to a variety of
injuries including ischemia, proteinuria, toxins, and metabolic disorders. Tubular injury is an
early and decisive step in many cases of AKI [55, 80]. Renal proximal tubules are especially
susceptible to ischemic and toxic injury, probably because of their lower capacity for anaerobic
respiration and a lack of antioxidants and anti-apoptotic protection [81, 82]. In addition, the
proximal tubule is associated with higher production of reactive oxygen species [83]. In
unilateral ureteral obstruction AKI model, proximal tubule mitochondria became swollen and
vacuolated, and renal ATP production was decreased by 50% [84]. Ischemic renal injury is
associated with reduced ATP production and increased tubular cell death, which ultimately led to
disintegration of tubule structure and function [85].

The results of our study provide novel insight into how mitochondria participated in the
defense against kidney injury upon IRI. The data in this chapter demonstrated a new mechanism
of renal protection against IRI by translocation and activation of AKTL1 in tubular mitochondria.

Inhibiting mitochondrial AKT during IRI eventually led to tubular cell death, retrograde
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glomerular apoptosis, glomerulosclerosis, and renal fibrosis. Activation of mitochondrial AKT1
also played an important role during the transition from AKI to CKD, and inhibiting
mitochondrial AKT1 during acute IRI significantly reduced long-term survival after transition
into CKD.

Little is still known about the sequence of events following AKI and the relationship
between glomerular filtration rate (GFR) and tubular alterations. In a clinical study, in patients
with severe renal artery stenosis, there were widespread formation of atubular glomeruli [86],
suggested chronic ischemia might have induced tubule damage and disintegration of renal tubule
structure. On the other hand, there are ample evidence indicated that renal tubular dysfunction
could led to loss of tubular cell polarity, loss of gap junction, tubular cell death, subsequent
tubular obstruction, and retrograde glomerular damage [87-89]. Our results indicated
mitochondrial AKT1 indirectly protected against the development of glomerulosclerosis by
maintaining the integrity of renal tubular structure and function. In molecular level, modulation
of mitochondrial AKT1 may regulate mitochondrial metabolism. And the interference of

mitochondrial AKT1 results in alteration of oxygen consumption.
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Figure

Figure 3.1

MSVLTPLLLRGLTGSARRLPVPRAKIHSL
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Figure 3.1 The Mitochondria-targeting Dominant Negative AKT1 Construct. Mitochondria
targeting sequence was in frame fused to AKT1 cDNA at the N terminus. A 6X His was in frame
fused to the C terminus of AKT1 cDNA. To generate the dominant negative AKT1, the ATP

binding site of AKTL1, lysine 179 was mutated into methionine.
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Figure3.2
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Figure 3.2 Design of Bi-transgenic Mice (KMDAKT) for Renal Tubular-specific
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Mitochondria-targeting Dominant Negative AKT1 (mdnAKT1) Expression. This is the
scheme of the strategy to generate renal-specific overexpression of mitochondria-targeting
dominant negative AKT1. A mitochondria-targeting sequence was inserted at the 5 end of the
AKT1 cDNA with K179 mutated into Methionine. A mouse with Cre recombinase expressed in
kidney renal tubular epithelial cells (KSP/CreERT™2) was used to cross with mdnAKT1 mice to

generate bi-transgenic mice which mdnAKT expression can be induced by tamoxifen [73].
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Figure 3.3 Inducible Mitochondria-targeting Dominant Negative AKT1 in Renal Tubular
Cells. Eight weeks old KMDAKT mice were injected with tamoxifen (TAM) or corn oil. The
mitochondrial fraction was isolated and expression of mdnAKT was analyzed by Western
Blotting using antibodies against His-tag. (A)Western blot with mitochondria proteins showed
mdnAKT only expressed in the renal mitochondria isolated from KMDAKT injected with TAM
but not in KMDAKT injected with corn oil injected. There was no mdnAKT expression in renal
mitochondria of TAM injected KSP/Cre ER™ mice or TAM injected WT mice. There was
mdnAKT expression in the heart mitochondria of TAM injected bi-transgenic cardio-specific
mdnAKT mice (HDN) as positive control. (B) Renal tubular specific expression of mdnAKT in
the KMDAKT mice. After TAM injection, mitochondrial fraction was isolated from different
organs. The expression of mdnAKT was analyzed with antibodies against His-tag. VDAC was
used as loading control was used. mdnAKT expression in the heart mitochondria of TAM-
injected HDN mice was as positive control. The expression of mdnAKT was only detected in the
mitochondria isolated from kidney. (C) Mitochondrial localization of mdnAKT1. Co-localization
of mdnAKT and mitochondria in the renal tubules was demonstrated with IF staining with anti-
His-Tag antibody (His-Tag (D3110)XP® and MitoTracker® Green FM (ThermoFisher

Scientific) WT: wild type mice, HDN: bi-transgenic heart-specific mdnAKT mice
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Figure 3.4
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Figure 3.4 Decreased Renal Mitochondrial AKT1 Activity in TAM-injected KMDAKT
kidney after IRI. To analyze the mdnAKT effect on mitochondrial AKT activity, IP-kinase
assay was performed using recombinant GSK3alpha, downstream target of AKT, as a substrate
and mitochondrial lysate as kinase source. Renal mitochondrial AKT1 activity decreased in
TAM injected KMDAKT mice when compared to corn oil injected KMDAKT mice after IRI
(one hour). Mitochondrial lysate from KMDAKT kidney without AKT antibody incubation was
used for IP-kinase assay (lane 3). P-GSK-3a: phosphorylated GSK-3-a. GSK-3a is the

downstream substrate of AKT.
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Figure 3.5

Figure 3.5 Isolation and Characterization of Primary RTE Cells. 3 weeks old KMDAKT
mice were used for primary renal epithelial cells isolation. After removing renal capsules and
medulla, the kidney was miniced into small pieces, plated onto culture dishes and cultured in
DMEM/F12 media. Cells were sub-cultured when the cells reach confluence. At passage 3 or 4,
the cells were plated onto 12mm circular coverglass and fixed for immunostaining with anti-
renal proximal cells marker (aquaporin 1, AQP1) antibody. Near 97% of culture cells isolated

using this technique are positive for AQP1 staining.
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Figure 3.6
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Figure 3.6 Mitochondrial Localization of mdnAKTL1 in the Renal Tubule Epithelial (RTE)
Cells from KMDAKT Mice. At passage 3, isolated RTE cells were treated with DMSO or
10ng/ml of 4-Hydroxy tamoxifen (4-OH TAM). 72 hours after 4-OH TAM or DMSO treatment,
cells were labeled with Mitotracker Red and immunostained with anti-His-Tag antibodies. There
was no His-positive signal in DMSQ treated cells. The positive signal of His-tag (Green) in 4-

OH TAM treated cells colocalized with mitotracker Red.



Figure 3.7
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Figure 3.7 Dominant Negative Mitochondrial AKT1 Modulated Cellular Respiration in the
Primary RTE Cells. At passage 3, isolated RTE cells were treated with DMSO or 10ng/ml of 4
hydroxy tamoxifen (4-OH TAM). 60 hours after 4-OH TAM or DMSO treatment, cells were
plated onto the Seahorse culture plates at density of 10%/well. XF extracellular respiration rate
was measured at 72 hours after 1% treatment of 4-OH TAM or DMSO. (A) Mitochondrial
respiration was measured as oxygen consumption rate. After basal respiration measurements,
different inhibitors were injected sequentially to measure different stages of respiration (complex
V inhibitor: oligomycin (OLIGO), Uncoupler: FCCP (carbonyl cyanide 4-(trifluoromethoxy)
Phenylhydrazone) and complex I inhibitor: Rotenone). The basal respiration (B, (p<0.001), spare
respiration (C, p=0.00076), ATP dependent respiration (D, p<0.001 ) and proton leak (E,
p<0.001) were all significantly higher in 4-OH treated cells than in DMSO treated cells.
However, the ATP production was significantly lower in 4-OH treated cells than in DMSO

treated cells (F, p=0.0381).
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Figure 3.8
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Figure 3.8 Renal Histology and Serum Renal Function of KMDAKT Mice after TAM
Injection. One month after TAM injection, kidney was harvested, fixed, and embedded in
paraffin block. After sectioning, the kidney pathology was examined after HE staining. There
was no significant morphological difference among kidney samples from TAM injected
KMDAKT mice (A), corn oil injected KMDAKT mice (B) and TAM injected KSP/Cre ER™
mice (C). As shown by the Jablonski Score (D), there was no difference among 3 groups of
animals. To examine the renal function, sera were collected at the time of euthanization and
serum creatinine and BUN were measured. There was no significant difference of serum
creatinine (E) or BUN (F) among TAM injected KMDAKT mice, corn oil injected KMDAKT

mice and TAM injected KSP/Cre ER™ mice (n=10-11).
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Figure 3.9
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Figure 3.9 Survival Analysis after Unilateral IRI AKI with/without Contralateral Nx in

KMDAKT Mice. One month after TAM induction, KMDAKT mice were subjected to unilateral

IRI AKI and contralateral Nx or unilateral IRI. Survival rates were recorded after surgery. The

survival rate was significantly lower with zero survival on day 3 in the group with unilateral IRI

AKI and contralateral Nx (A&B). The survival rate was significant higher in the unilateral IRI

group (p<0.001).
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Figure 3.10

(A) (B)
4 *p<0.001 250- *p=0.0021
— .. L)
=z - 200- . . a -
27 N z < -
£ .. 2
s AR 2w ek 2
c :. a > .:. i ; - oe® o
% % :A o : -a- a 100 o % % * ': -*
e 1_ 2 % o r a . i ™
5 g =8 ’ e .
JEE . oL
3 > ES > E > > >
© © L) L) 1] o [ ©
o — o o o ﬁ o o o
“ «~ ~ wn o~ ~ wn
< <
Mice groups Mice groups

® Tamoxifen

A Cornoil

Figure 3.10 Decreased Renal Function in TAM Treated KMDAKT Mice after IRI. One
month after TAM or corn oil injection, KMDNAKT mice were subjected to IRl AKI. Blood
were collected at indicated time after surgery. Serum Cr. (A) and BUN (B) were measured. On
day 45 day after IRI, both serum BUN (p=0.021) and Cr. (p<0.001) are significantly higher in

TAM injected KMDAKT mice as compared to control (corn oil injected) KMDAKT mice.
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Figure 3.11
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Figure 3.11 Aggravated Renal Injury in the AKT induced KMDAKT Mice after IRI. One
month after TAM or corn oil injection, unilateral IRl was performed in the mice. Kidney was
harvested and fixed for histopathology analysis 7 days after IRI. Tubular necrosis, tubular lysis,
tubular dilation, and cast were found in renal cortex, OSOM, ISOM, and IM in KMDAKT mice
injected with TAM. The representative images are shown in (A). The tubular injury was scored
by Jablonski score and shown in (B). There was significant higher Jablonski score in the TAM
injected KMDAKT group when compared with corn oil injected KMDAKT group on day 7 after

IRI (p=0.018) (n=12-14).
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Figure 3.12
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Figure 3.12 Increased KIM-1 Expression in the KMDAKT Mice after IRI. One month after
TAM or corn oil injection, unilateral IRl was performed in the mice. Kidney was harvested and
fixed for histopathology analysis 7 days after IRl. KIM-1 expression was examined by
immunohistochemistry to study the tubular injury. The KIM-1 protein (brown staining) was
found in cortex, OSOM, ISOM, and IM in KMDAKT mice injected with TAM, but rarely in
corn-oil injected group. The representative images were shown in (A). The KIM-1 protein
expression was measured by imageJ and shown in (B). There was higher KIM-1 expression (%)
in TAM injected KMDAKT group when compared with corn oil injected KMDAKT group on

day 7 after IRl (p=0.002) (n=12-14).
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Figure 3.13
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Figure 3.13 Increased Renal Fibrosis in the KMDAKT Mice after IR1. One month after TAM
or corn oil injection, unilateral IRl was performed in the mice. Kidney was harvested and fixed
for histopathology analysis 7 days after IRI. Masson’s trichrome staining was performed to
examine the fibrosis. The fibrosis (blue staining) was found in kidney of KMDAKT mice
injected with TAM, but rarely in corn-oil injected group. The representative images were shown
in (A). The fibrosis area was measured by imageJ and shown in (B). There was significant larger
fibrosis area (%) in TAM injected KMDAKT group compared with corn oil injected KMDAKT

group on day 7 after IRl AKI (p<0.001) (n=12-14).
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Figure 3.14
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Figure 3.14 Increased Kidney Apoptosis in the KMDAKT Mice after IRI. One month after
TAM or corn oil injection, unilateral IRl was performed in the mice. Kidney was harvested and
fixed for histopathology analysis 7 days after IRI. Tunnel assay was performed to examine the
cellular apoptosis. The apoptotic cells (brown staining) were found in both renal tubular cells and
glomeruli. The representative images were shown in (A). The apoptotic area was measured by
imageJ and shown in (B). There was larger apoptotic area (%) in both renal tubules (p=0.0054)
and glomeruli (p<0.001) in TAM injected KMDAKT group when compared with corn oil

injected KMDAKT group on day 7 after IRl (n=12-14).
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Figure 3.15
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Figure 3.15 Increased Glomerulosclerosis in the KMDAKT Mice on Day 45 after IRI. One
month after TAM or corn oil injection, unilateral IRl was induced in the mice. Kidney was
harvested and fixed for histopathology analysis 7 or 45 days after IRI1. Glomerulosclerosis was
examined by Periodic acid-Schiff (PAS) staining. The PAS result is 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 (A) for Day 7 results and (D)
for Day 45 results. The glomerulosclerosis was scored accordingly and shown in (B) and (E) and
plotted as histograghic in (C) and (F). At least 50 glumeri were scored for each mouse and at
least 10 mice were scored for each group. Glomerular sclerosis score was higher in Day 45 after
IRl in TAM injected KMDAKT group as compared with corn oil injected KMDAKT group
(p<0.001). However, there is no difference in glomerulosclerosis 7 days after IRl AKI

(p=0.2634).
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Figure 3.16
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Figure 3.16 Decreased Survival after Unilateral IRl AKI in TAM treated KMDAKT Group.

One month after injection with TAM or corn oil, KMDAKT mice were subjected to unilateral

IRI AKI injury. Survival rate was recorded after surgery (A&B). The 7 day survival rate after

unilateral IR1 was significantly lower in group with TAM injected KMDAKT (46.67%) as

compared to groups with corn oil injected KMDAKT (85.71%) (p=0.0013).
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Figure 3.17
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Figure 3.17 No Cre Recombinase-associated Toxicity or Tamoxifen-associated Toxicity in
AKI. One month after TAM or corn oil injection, unilateral IRl was induced in the mice. Kidney
was harvested and fixed for histopathology analysis 7 days after IRI. Tubular necrosis, tubular
lysis, tubular dilation, and cast were found in cortex, OSOM, ISOM, IM in KMDAKT mice
injected with TAM, but not in corn-oil injected group or tamoxifen-injected KSP/Cre ERT2
group. The representative images were shown in (A). The tubular injury was scored by Jablonski
score and shown in (B). There was significant higher Jablonski scores between TAM injected
KMDAKT group compared with TAM injected KSP/Cre ERT2 group on day 7 after IRl AKI
(p=0.0072). But there was no significant differences of Jablonski scores between corn oil
injected KMDAKT group compared with TAM injected KSP/Cre ERT2 group on day 7 after IRI

AKI (p=0.7613).
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CHAPTER 4

Activation of Tubule Mitochondrial AKT1 Improved the Outcomes of AKI

I.  Introduction
Our laboratory has been investigating the role mitochondrial AKT1 signaling and the

development of cardiomyopathy. Our data suggested that activation mitochondrial AKT1 could
protect cardiomyocytes from IRI by reducing oxidative stress, preventing cross-membrane
electrochemical gradient loss and inhibiting cardiomyocyte deaths [12]. In the last chapter, my
data showed that inhibition of tubular mitochondrial AKT1 signaling aggravating renal injuries
upon IRI and increased progression from AKI to CKD. This raised the possibility that we may be
able to improve the outcomes of AKI by enhancing mitochondrial AKT1 signaling in the renal
tubules. The following experiments are designed to test a new hypothesis that enhancing tubular
mitochondrial AKT1 signaling can protect kidney against AKI and subsequent development of
CKD after IRI. To test this hypothesis, we have developed a novel transgenic mouse harboring
an inducible tubular cell-specific, mitochondria-targeting constitutively active AKT1 with Cre-

lox strategy (KMCAKT mice).

Il. Materials and Methods

1. Bi-transgenic Mice for Renal Tubule-specific Mitochondria-targeting Constitutively
Active AKT1
The murine AKT1 was mutated T308 to D308 and S473 to E473 to construct a
constitutively active AKT1 [71]. To target AKT1 to mitochondria, we fused a mitochondrial
targeting sequence (MSVLTPLLLRGLTGSARRLPVPRAKIHSL) at the amino terminus of
constitutively active AKT1 (Figure 4.1). In addition, we attached a His-tag at the carboxyl
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terminus of constitutively active AKT1.We have generated a transgenic mouse line by knocking
in a TAM-inducible mitochondria-targeting constitutively active AKT (mcaAKT) with CAG
promoter into the Rosa26 locus. We crossed the TAM-inducible mcaAKT mice with the
KSP/CreER ™ mice (courtesy of Dr. Peter Igarashi from UT Southwestern Medical School)
driven by renal tubular cell specific cadherin promoter to produce a new bi-transgenic mouse
line, KMCAKT, for renal tubule-specific expression of mcaAKT [73]. The renal tubule-

specificity was achieved with Cre-Lox strategy (Figure 4.2).

a. TAM Treatment

KMCAKT were administered TAM to induce Cre/loxP recombination. TAM (Sigma), was
dissolved in corn oil to a final concentration of 25 mg/ml. Mice were administered TAM (100
mg/Kg body weight) daily by intraperitoneal injection for five consecutive days. Control
animals received an equal volume of vehicle alone (corn oil). The transgene expression was
confirmed 4 weeks after the first day of injection. Animal were arranged IRl AKI 4 weeks after

the first day of injection.

b. Experimental Animals

KMCAKT mice were kept in humidity-controlled environment within a thermoneutral zone.
Mice were fed with standard laboratory chow (2020X, EnvigoTeklad, UK) and water until the
start of the experiment. All mice were kept under identical condition. The experimental protocol
was approved by the Institutional Animal Care and Use Committee at the University of

California at Irvine and complied with the National Institutes of Health guidelines.
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c. Mice Model of IRl AKI

Mice were anesthetized with 2.5% tribromoethanol (avertin). Unilateral renal ischemia was
induced by ligating the left renal pedicles for 30 minutes under anesthesia with concurrent
contralateral total Nx. During the surgery, the core body temperature was maintained at 34°C—
36°C. Reperfusion was induced by releasing the ligation. Mice were kept at ambient
temperature (30°C-32°C) after ischemia and reperfusion at indicated time intervals. Control
mice were subjected to the same procedure (sham), but the renal pedicles were not ligated and

no Nx was performed.

d. Mitochondrial AKT1 Activity in TAM treated KMCAKT

To analyze the mcaAKT effect on mitochondrial AKT activity, IP-kinase assay was
performed using GSK3alpha, downstream target of AKT, as substrate and mitochondrial lysate
as kinase source. Renal mitochondrial AKT1 activity decreased in TAM injected KMCAKT
compared to corn oil injected KMCAKT. As control, mitochondrial lysate from KMCAKT mice
without AKT specific antibody incubation was used for IP-kinase assay (lane 3). P-GSK-3a.:

phosphorylated GSK-3-a. GSK-3a is the downstream substrate of AKT.

e. Serum BUN and Cr.

At the end of experiment, blood was collected from the retro-orbital plexus under anesthesia
with avertin. Serum was obtained by centrifugation at 10,000 RCF for 30 min at room
temperature. Serum BUN and Cr. was determined with a colorimetric assay kit (BioAssay

Systems, Hayward, CA), and analyzed with a Biotek Synergy HT plate reader.
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f. Renal Histology
i. HE Staining

Kidney samples were fixed in 10% formalin for 24 hours, dehydrated, and embedded in
paraffin. Paraffin-embedded kidney blocks were sectioned at 4pm thick.

HE staining was performed to evaluate renal structure injury. After deparaffinization, the
tissue sections were stained in Mayer’s hematoxylin solution (Sigma-Aldrich, MO) for 15
minutes, rinsed with running tap water for 2 minutes, and stained with bluing solution (0.1%
sodium bicarbonate) for 5 minutes. The slides were counterstained with eosin-phloxine solution
for 20 seconds, mounted and dehydrated with ethanol (70, 90, and 100%). Images were captured
with Keyence BZ-X810 Inverted Microscope (Keyence, Osaka, Japan) and analyzed with
Keyence BZ-X800 Analyzer software. Cross-sectional glomerular area (in um) were determined
from at least 20 randomly images from each sample. The investigators who analyzed the
histology were blinded to the samples. Renal damage in proximal tubules from cortex area,
OSOM, ISOM, and IM of the kidney were evaluated with a semi-quantitative analysis of
histological damage areas as previously described [59]. The Jablonski grading scale (0—4) was
used for the assessment of IRI induced necrosis of the overall proximal tubules[60]. In both
analysis, about one hundred tubules were scored in each section and the total scores divided by
the number of tubules analyzed, and according to the following criteria: 0, normal; 1, areas of
tubular epithelial cell swelling, vacuolar degeneration, necrosis and desquamation involving<
25% of the tubular profile; 2, similar changes involving> 25% but< 50% of the tubular profile;
3, similar changes involving> 50% but< 75% of the tubular profile; 4, similar changes

involving> 75% of the tubular profile [59].
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ii. Masson’s Trichrome Staining

Paraffin-embedded tissues were de-paraffinized in xylene (2 washes for 3 min each) and
hydrated in graded ethanol to distilled water. Masson’s trichrome staining was performed to
evaluate collagen fibrils in renal tissues by using the reagents from Sigma-Aldrich (MO, USA)
[61]. The slides were mordant in Bouin’s solution (picric acid, formaldehyde, and glacial acetic
acid) overnight. After washing with water, and the slides were stained with Weigert’s Iron
Hematoxyline Solution for 30 minutes, Biebrich Scarlet-Acid Fucshin for 15 minutes,
phosphomolybdic-phosphotungstic acid solution for 10 minutes, and then aniline blue for 20
minutes. After briefly submerged in 0.5% acetic acid solutions, the slides were dehydrated
through 95% alcohol, 100% alcohol, and xylene. Blue coloration, indicative of collagen in the
extracellular matrix (ECM), was digitally calculated with ImageJ [62], ECM content was

quantified as mean blue intensity per tissue area.

iii. IHC Staining of KIM-1

Paraffin-embedded kidney sections were deparaffinized and incubated with 0.05% saponin
at room temperature for 30 minutes for antigen unmasking. Then the slides were sequentially
incubated with 4% BSA for background blocking, anti-KIM-1 antibody at 4 °C overnight, and
biotinylated a-rabbit secondary antibody (Vector Lab) for 45 minutes at room temperature.
After several rinses in PBS, they were incubated with VECTASTAIN ABC kit (Vector Lab) to
recognize biotinylated secondary antibody and conjugate with horseradish HRP. After several
rinses in PBS, the bound peroxidase was visualized by incubating the sections with a solution
containing DAB (Sigma-Aldrich, MO) following the manufacturer’s instructions. Finally, the

slides were counterstained with1% Methyl Green. 20 microscopic fields were randomly selected
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from each tissue section and the percentage of positive staining tubules was evaluated by

ImageJ.

iv. TUNEL Staining

To detect the apoptosis of renal tissues, | used the In Situ Cell Death Detection Kit (Roche,
Basel, Switzerland). Paraffin-embedded kidney sections were deparaffinized and incubated with
0.05% saponin at room temperature for antigen unmasking. It was performed to evaluate
apoptosis following the protocol provided by the manufacturer [75]. Then the slides were
counterstained in 1% Methyl Green. For quantification, 20 fields were randomly selected from
each tissue section and the positive staining nuclei were evaluated by the manual in ImageJ. And
positive cells were compared between TAM injected mice and control with two-tailed Student’s

t-test.

v. |IF Staining

Paraffin-embedded kidney sections were deparaffinized and immersed with 0.1M Tris (pH
10) antigen retrieval buffer and they were heated in an 1100 W GE microwave oven for three
sequential 5-min cycles at power levels 5, 4 and then 3 in microwave oven. After washing with
PBS, slides were incubated with specific primary antibodies overnight at 4°C, washed with PBS,
conjugated secondary antibodies with 3 minutes heating cycle and 2 minutes incubation,
counterstained with4',6-diamidino-2-phenylindole (DAPI, 1ug/ml) and mitotracker (10nM), and

analyzed with Keyence BZ-X810 Inverted Microscope (Keyence, Osaka, Japan).

2. Mitochondria Preparation
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Renal cortical and outer medulla tissues were isolated from the kidney, minced, washed
with ice-cold PBS 3 times, and suspended in mitochondria isolation buffer (20 mM HEPES-
KOH, pH 7.2, 10 mM KCI, 1.5 mM MgCly, 1.0 mM sodium EDTA, 1.0 mM sodium EGTA, 1.0
mM dithiothreitol, 2 mM phenylmethylsulfonyl fluoride, 20 mM NaF, 2 mM Na3V 04, and 250
mM sucrose). After centrifugation at 2500 RPM for 10 min at 4°C, the samples were incubated
on ice for 30 min and homogenized with 20 strokes of loose pestle and 50 strokes of tight pestle
in a Dounce homogenizer. The nuclei and cell debris were removed by centrifugation at 1,000g
for 15 min at 4°C. The supernatants were centrifuged at 10,0009 for 30 min at 4°C, and the
resulting mitochondrial fractions were re-suspended with mitochondria isolation buffer. The
supernatants were further centrifuged at 100,0009 for 1 hour at 4°C. The supernatants and

mitochondrial fractions were stored at -80°C if not immediately used for biochemical analysis.

3. Western Blots

The mitochondrial fractions were dissolved in 2% lauryl maltoside solution supplemented
with 10% Sigma FAST ™protease inhibitor (Sigma-Aldrich, S8820). Protein contents were
determined with an EppendorfBioPhotometer by BCA method [63]. Equal amounts of proteins
from each sample were resolved with 10% SDS-polyacrylamide gel and then transferred onto
polyvinylidene difluoride membranes. The membranes were blocked with 5% fat-free milk or 5%
BSA for one hour before incubation with primary antibodies overnight at 4°C, washed three times
with TBS-T (20mM Tris—HCI, pH7.5, 0.5 mM NaCl, and 0.1% Tween 20), incubated with anti-
rabbit 1gG, horseradish peroxidase -linked antibody (#7074) (1:2000 dilution in 5% fat-free milk

or 5% BSA), washed three times with TBS-T, and then incubated with West Pico
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Chemiluminescent Substrate (Thermo Scientific, Pittsburgh, PA) to visualize the proteins. The

images were acquired with a Syngene G:BOX and analyzed with ImageJ.

4. Materials

Primary antibody: His-Tag(D3110) XP® ( # 12698) antibodies were purchased from Cell
Signaling Technology (Danvers, MA). KIM-1 (# AF1817) antibodies were purchased from

R&D Systems (Minneapolis, MN).VDAC was purchased from MiliporeSigma

(Burlington, MA). MitoTracker®Green FM (M7514) were purchased from Invitrogen (Carlsbad,
CA, USA).Secondary antibody Alexa Fluor® 555 (A31572) was purchased from Thermo Fisher
Scientific (Waltham, MA). The QuantiChrom™ Urea Assay Kit and QuantiChrom™ Creatinine

Assay Kit were purchased from BioAssay Systems (Hayward, CA).

5. Statistical Analysis

Data are presented as mean = SD, unless noted otherwise. Statistical data were analyzed
with GraphPd Prism 5 software, with Student’s t test or ANOVA when indicated. The ROI of
western blot was 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.

V. Results
1. Renal Tubule-Specific Expression of mcaAKT after Tamoxifen Injection

The first goal of this chapter was to establish a transgenic mice model with renal tubular
specific mitochondria-targeting constitutive active AKT1. To this end, I crossed the TAM-

inducible mcaAKT mouse with the KSP/CreER™ mice to produce a bi-transgenic KMCAKT
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mouse (Figure 4.1). The transgene was induced by TAM injections. To confirm transgene
expression, mitochondria prep was isolated by gradient centrifugation and mitochondrial
proteins were resolved with SDS-PAGE (Figure 4.3). Western blot showed that TAM
successfully induced the expression of mutant AKT1 in renal mitochondria. The mutant protein
could not be detected in the vehicle injected KMCAKT mice, KSP/CreER™ mice, or wild type
(WT) mice (Figure 4.3A). Therefore, the transgene was successfully induced as expected. To
verify organ specific expression, mitochondrial proteins were extracted from various organs of
KMCAKT after TAM injection. The His-tagged mutant AKT could only be found in the kidney
(Figure 4.3B). To verify the mutant AKT was localized to the mitochondria in renal tubule,
renal sections were used to visualize co-localization of mutant AKT and mitochondria with IF
staining (Figure 4.3C). The results showed all mutant AKT stained with His-tag localized to
mitochondria. No mutant AKT was seen in other parts of kidney. To evaluate the activity of
mcaAKT, we compared the enzymatic activities of AKT in the mitochondria isolated from the
TAM-treated and corn-oil-treated mice, the results showed renal mitochondrial AKT activities
were significantly increased in the TAM-treated KMCAKT mice (Figure 4.4). These results are
similar to the results of KMDAKT mice, further verified the specificity of mitochondria-
targeting strategy. This transgenic model provides a good in vivo model to study the role of

renal tubular mitochondria AKT.

2. Improvement of Renal Failure and Renal Fibrosis in KMCAKT Mice after IRI
The effect of mcaAKT in AKI was investigated with KMCAKT mice, by unilateral IRI
protocol with concurrent contralateral Nx as described earlier in this thesis. To study whether

activation of tubular mitochondria AKT played a role in the outcome of IRl AKT, | compared
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the changes of serum renal function of TAM-KMCAKT and control post IRl AKI (Figure 4.5).
There was significantly higher serum Cr. on day 2 and day 7 after AKI in corn oil injected
KMCAKT (p=0.0003, p=0.0092, respectively). There was significantly higher serum BUN on
day 7 after AKI in corn oil injected KMCAKT (p=0.03) in BUN or Cr. Both Cr. and BUN were
significantly higher 45 days after AKI (p=0.0055, p=0.0313, respectively) in corn oil injected
KMCAKT mice. These results indicated that activation of mitochondrial AKT in renal tubules
during IRI led to improvement of consequent CKD. To gain insight into the changes of renal
structure, kidney histology was analyzed. HE staining of renal sections from these mice showed
severe renal injuries in the corn oil-injected mice. Jablonski scores of renal tubular injury were
higher with more tubular brush border loss, tubular lysis, and debris in tubular lumen space in the
controls (p=0.038) (Figure 4.6A and B). Marker for renal tubule injury KIM-1 was also
significantly lower in the TAM-KMCAKT mice (p<0.001) (Figure 4.7). Masson’s trichrome
stain showed smaller fibrosis area (%) in the TAM-KMCAKT mice after IRI (p=0.002) (Figure
4.8). TUNEL staining showed more apoptotic cells in the corn 0il-KMCAKT after IRI. Renal
tubule apoptosis and glomerular apoptosis were significantly less in the TAM-KMCAKT mice
(p=0.0064 and p=0.0021) (Figure 4.9A and B). Glomerulosclerosis was accordingly reduced 7
days and 45 days after IRI in the TAM-KMCAKT mice (p=0.001) (Figure 4.10). Therefore,
activating tubular mitochondrial AKT1 during IRI protected against tubular cell injuries,
prevented debris accumulation in the renal tubules, and attenuated the glomerular damages that

followed tubular injury.

3. Activation of Renal Tubule Mitochondrial AKT1 Improved Long-term Survival after

AKI
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To examine the long-term outcome post AKI, | analyzed the survival rate of TAM-
KMCAKT mice and control mice after induction of IRI. The survival rate on day 7 after IRI
AKI of TAM-injected KMCAKT mice was significantly higher when compared to the corn-oil

injected KMCAKT mice (p<0.001) (Figure 4.11).

VI. Discussion

The data presented in this chapter provide strong evidence to support our hypothesis that
enhancing tubular mitochondrial AKT1 activation can protect kidney against AKI and
subsequent development of CKD after IRI, and confirmed the critical role of mitochondrial AKT
signaling in modulating the outcome of kidney injury and AKI transition to CKD. Survival after
AKI was significantly increased in the TAM-KMCAKT mice, accompanied by lesser renal

tubular damage, glomerulosclerosis, renal fibrosis, and better overall renal function.

It is well known that AKI may precipitate development of CKD. Although the exact
mechanisms underlying the transition of AKI to CKD are not fully understood, recent studies
suggest proximal tubule injury might trigger transition to CKD [87, 90, 91]. Administration of
diphtheria to a transgenic model expressing proximal tubule-specific expression of diphtheria
toxin receptor led to renal fibrosis and glomerulosclerosis, and the severity and frequency of
proximal tubule injury determined the progression to CKD [91]. Identification of
tubulointerstitial histopathology in the pathogenesis of chronic kidney disease has shifted the
glomerulocentric paradigm of kidney injury to new attention on the pathophysiological role of
proximal tubule in kidney injury and transition to CKD [92, 93]. It has been proposed that

proximal tubular injury could lead to loss of tubular cell polarity, loss of cell-cell junction, cell
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shedding into tubule, obstruction of tubule, loss of tubule function, and retrograde damage to

glomerulus and glomerular filtration [94, 95].

Currently there is no effective therapy that can be used to reduce the risk of CKD in human
AKI. The results of experiments presented in this chapter suggest that proximal tubule
mitochondria AKT1 could be a novel therapeutic target for the prevention of AKI progression
into CKD. New strategies to enhance proximal tubule mitochondrial AKT1 activities should be

further explored for better prevention and treatment of AKI and CKD.
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Figures

Figure 4.1

MSVLTPLLLRGLTGSARRLPVPRAKIHSL
Mitochondrial targeting sequence

T3089 E308 54739 E473

NH2 I PH Domain l Kinase Domain COOH
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Figure 4.1 The Mitochondria-targeting Constitutive Active AKT1 Construct. Mitochondria
targeting sequence was in frame fused to AKT1 cDNA at the N terminus. A 6X His was in frame
fused to the C terminus of AKT1 cDNA. To generate the constitutive active AKT1, the AKT1
phosphorylation sites, threonine (T) 308 and serine (S) 473 were mutated to glutamic acid (E) to

mimick phosphorylation.
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Figure 4.2
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Figure 4.2 Design of Bi-transgenic Mice (KMCAKT) for Renal Tubule Specific
Mitochondria-targeting Constitutive Active AKT1 (mcaAKT1) Expression. This scheme
outlines the strategy for renal-specific overexpression of mitochondria-targeting constitutive
active AKT1. A mitochondria-targeting sequence was inserted at the 5’ end of the AKT1 cDNA
with T308 and S473 mutated into Glutamic acid. A mouse with Cre recombinase driven by renal
tubular epithelial cell promoter (KSP/CreER™) was used to cross with mcaAKT1 mice, TAM

injection induces mcaAKT in the tubules [73].
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Figure 4.3
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Figure 4.3.Renal Tubule-specific Expression of mcaAKT. KMCAKT mice with inducible
mitochondrial-targeting constitutive active AKTL in renal tubular cells. KMCAKT mice were
used for this study. Eight weeks old KMCAKT mice were injected with tamoxifen (TAM) or
corn oil. The mitochondria fraction was isolated and expression of mcaAKT was examined by
Western Blotting analysis using antibodies against His-tag. (A)Western blot with mitochondria
proteins showed mcaAKT only expressed in the renal mitochondria isolated from KMCAKT
after TAM injection but not in KMCAKT with corn oil injection. mcaAKT was not detected in
renal mitochondria of TAM-injected KSP/CreER™ mice or TAM-injected WT mice. mcaAKT
expression from the cardiac mitochondria of TAM-injected HCA mice seemed as positive
control. (B) Renal specific expression of mcaAKT in TAM-injected KMCAKT mice. After
TAM injection, mitochondria fraction was isolated from various organs. mcaAKT expression
was detected by antibodies against His-tag. VDAC was used as loading control and mitochondria
marker. The expression of mcaAKT was only detected in mitochondria isolated from kidney. (C)
Mitochondrial localization of mcaAKT. Co-localization of mcaAKT and mitochondria in the
renal tubules was studied by IF staining with anti-His-Tag antibody (His-Tag (D3110)XP® and
MitoTracker® Green FM (ThermoFisher Scientific) WT: wild type mice, HCA: bi-transgenic

heart-specific mcaAKT mice.
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Figure 4.4
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Figure 4.4 Mitochondrial AKT1 Activity in TAM-injected KMCAKT after IRI. To analyze
the mcaAKT effect on mitochondrial AKT activity, IP-kinase assay was performed using
GSK3alpha, a downstream target of AKT, as substrate and mitochondrial lysate as kinase source.
Renal mitochondrial AKT1 activity decreased in TAM-injected KMCAKT as compared to corn
oil-injected KMCAKT one hour after IRI AKI. Mitochondrial lysate from KMCAKT mice
without AKT pull-down was used as negative control. P-GSK-3a: phosphorylated GSK-3-a.

GSK-3q.
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Figure 4.5
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Figure 4.5. Renal Function of KMCAKT Miice after IRI. One month after TAM or corn oil
injection, KMCAKT mice were subjected to IRl AKI. Serum Cr. (A) and BUN (B) were
measured. On day 2 after IRI, serum Cr. (p=0.003) were significantly lower in TAM-injected
KMCAKT mice as compared to the control (corn oil injected) KMCAKT mice. On day 7 after
IRI, both serum BUN (p=0.03) and Cr. (p=0.092) were significantly lower in TAM-injected
KMCAKT mice when compared to the control (corn oil injected) KMCAKT mice. 45 days after
IRI, both serum BUN (p=0.0313) and Cr. (p=0.055) were significantly lower in TAM-injected

KMCAKT mice when compared to the control (corn oil injected) KMCAKT mice (n=10-11).
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Figure 4.6
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Figure 4.6. Renal Mitochondrial Constitutive Active AKTAttenuated Kidney Injury after
IRI. One month after TAM or corn oil injection, unilateral IR1 was induced with contrlateral Nx
in the KMCAKT mice. Kidney was harvested and fixed for histopathology analysis 7 days after
IRI. Tubular necrosis, tubular lysis, tubular dilation, and cast were found in cortex, OSOM,
ISOM, and IM in KMCAKT mice injected with corn oil, but not in TAM-injected group. The
representative images were shown in (A). The tubular injury was scored by Jablonski score and
shown in (B). Higher Jablonski score was found in corn oil-injected KMCAKT group when

compared with TAM-injected KMCAKT mice (p=0.038) (n=10-11).
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Figure 4.7
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Figure 4.7 Decreased KIM-1 expression in the TAM-injected KMCAKT Mice after IRI.
One month after TAM or corn oil injection, IRl was induced in the KMCAKT mice. Kidney was
harvested and fixed for histopathology analysis 7 days after IRI. KIM-1 was analyzed by
immunohistochemistry. KIM-1 protein (brown staining) was found in cortex, OSOM, ISOM, and
IM in KMCAKT mice injected with corn-oil, but rarely seen in TAM injected group. The
representative images were shown in (A). KIM-1 positive area was measured by imageJ and
shown in (B). There was significantly less KIM-1 positive area (%) in TAM injected KMCAKT

mice as compared to the corn oil injected mice after IRI (p<0.001)(n=10-11).
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Figure 4.8
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Figure 4.8 Decreased Renal Fibrosis Areas in Mitochondrial Constitutively Active AKT
induced KMCAKT Mice after IRI. One month after TAM or corn oil injection, IRl was
induced in the KMCAKT mice. Kidney was harvested and fixed for histopathology analysis 7
days after IRI. Masson’s trichrome staining was performed to define fibrosis. Fibrosis (blue
staining) was found in cortex, OSOM, ISOM, and IM in the KMCAKT mice injected with corn-
oil, but rare in the TAM-injected group. Representative images were shown in (A). The fibrosis

area was measured by imageJ and shown in (B) (p=0.002) (n=10-11).
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Figure 4.9
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Figure 4.9 Decreased Apoptosis in the KMCAKT Mice after IRI. One month after TAM or
corn oil injection, IRl was induced. Kidney was harvested and fixed for histopathology analysis
7 days after IRl. TUNEL assay was performed to study apoptosis. Apoptotic cells (brown
staining) were found in both renal tubular cells and glomeruli in the corn-oil group. The
representative images were shown in (A). Area for apoptosis was measured by imageJ and
shown in (B). There was less apoptotic area (%) in renal tubules (p=0.0064) and glomeruli
(p=0.0021) in TAM-injected KMCAKT group as compared to corn oil-injected KMCAKT group

on day 7 after IRl (n=10-11).
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Figure 4.10
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Figure 4.10 Decreased Glomerulosclerosis in TAM-induced KMCAKT Mice 45 Days after
IRI. One month after TAM or corn oil injection, IRl with contralateral Nx was performed in the
mice. Kidney was harvested and fixed for histopathology analysis 7 or 45 days after IRI.
Glomerulosclerosis was analyzed by Periodic acid-Schiff (PAS) staining. The severity of PAS
staining is 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). Representative images were shown
in (A) Day 7 and (D) Day 45. Glomerulosclerosis was scored and summarized (B, C, E, and F).
At least 50 glumeri were scored from each mouse and at least 10 mice were scored in each group.
Less glomerulosclerosis was found in Day 7 (p=0.001) and Day 45 (p<0.001) after IRI in the

TAM-injected KMCAKT group.
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Figure 4.11
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Figure 4.11 Survival Analysis of KMCAKT Mice after IRI. One month after TAM or corn oil
induction, KMCAKT mice were subjected to IRI to induce AKI. Survival rates were recorded
after surgery. The survival rate was significant higher in the TAM-injected group (76.92%) with

when compared to the corn oil group (20.83%) (p<0.001).
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CHAPTER S

CONCLUSION

In the last four chapters, we demonstrated that 1] IRI induced acute translocation of
activated AKT1 to mitochondria in proximal tubules, 2] inhibition of tubule mitochondria AKT
aggravated AKI and subsequent development of CKD after IRI, and 3] enhancing tubule
mitochondria AKT signaling protected kidney against IRI and attenuated development of CKD.
AKI and enhancing mitochondrial AKTZ1could protect kidney from renal IRI and subsequent
renal failure.

Mitochondria is not just the powerhouse of cells, it may regulate cell metabolism,
oxidative stress, and cell death. The studies in this dissertation highlight a novel role for
mitochondrial AKT1 in the proximal tubules in IRI-induced AKI and subsequent development of
CKD. These findings verified my hypothesis that activation of mitochondrial AKT1 during
ischemia-reperfusion in renal tubules protects kidney against AKI and subsequent development
of CKD.

Acute translocation and activation of AKT1 in proximal renal tubule in response to IRI
appears to be a self-protective mechanism to reduce kidney injury. Inhibition of tubular
mitochondrial AKT1 signaling aggravated tubule injuries and precipitated glomerular apoptosis
and development of glomerulosclerosis, the combination of glomerular and tubular dysfunction

ultimately led chronic renal failure (Figure 5.1).

. The Role of Mitochondria in Renal Tubule AKI
AKI is characterized by renal tubular damage, inflammation, and vascular dysfunction.
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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 AKI[96-99].Although sub-lethal injury may be reversible, the death of tubular cells Leads
to inevitable loss of tubular function [100].Renal IRI leads to induction of apoptosis genes and
activation of caspases and endonucleases, which contribute to induction of apoptosis [101].
Although renal tubular apoptosis is a common finding in various models of AKI, the signaling
pathways upstream from mitochondria are not entirely clear [101].

Activation of the intrinsic pathways of apoptosis in AKI has been characterized in both in
vitro and in vivo models, including Bcl-2 protein family and mitochondrial apoptosis machinery
[102].The critical roles of Bax and Bak in AKI have been shown recently using global and
proximal tubule—specific knock out models [103]. In human, kidney mitochondrial damage
associated with Bax and Bak had been observed in ischemia injury [104]. Upregulation of Bcl-2
could preserve mitochondrial integrity and renal tubule cell viability in AKI [105].Mitochondria
dysfunction underpinned initiation of apoptosis triggered by ER stress and caspases [106, 107].
Loss of mitochondrial cross-membrane electrochemical gradient is considered a pivotal control
point that triggers apoptosis [108].Mitochondrial leakage probably represents a point of no return

in the life and death decision during apoptosis [109, 110].

1. The Crosstalk between Renal Tubules and Glomerulus

Anatomically, tubulointerstitial injury could cause stenosis of the glomerulotubular
junction and finally result in atubular glomerus, glomeruli without patent connection to the renal
tubule. 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
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mechanisms of ATG. Proximal RTE, especially at S1 region, are sensitive to ischemic
injury[111]. In response to injury, RTE may undergo incomplete repair, resulting in tubular
atrophy and interstitial fibrosis[112].

Tubular injury may affect glomerular filtration function through tubuloglomerular
feedback. Tubuloglomerular feedback is a well-known physiologic cross talk mechanism
between tubules and glomeruli, inversely regulating GFR according to intratubular salt
concentration and flow [113]. Proximal tubular injury with impaired absorptive capacity is a
common feature in various forms of intrarenal AKI [113]. In septic AKI, pro-inflammatory
cytokines downregulated tubular transport proteins such as CLCK-1, CLCK-2, Barttin, NHES3,
Na/K-ATPase, ROMK, NKCC2, and NCC, thus increased distal tubular delivery of sodium and
chloride and reduced GFR through tubuloglomerular feedback [114]. Tubuloglomerular
feedback can also activate local paracrine mediators of glomerular disease. In a model of
hypertension, upregulation of nNOS and COX-2 in macula densa cells and rennin in

juxtaglomerular cells contributed to the development of glomerulosclerosis [115].

IIl.  Transition of 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 [116]. It has been
known for years that tubulointerstitial pathology is a cardinal feature of all types of CKD [117].
Perturbation of intracellular signaling in renal tubular cells are believed to play a key role during
the initiation and progression of CKD and may contribute to the susceptibility of AKI to CKD.
In CKD, the transforming growth factor (TGF)-B signaling pathway is activated and may

induce fibrotic extracellular matrix proteins and contribute to glomerulosclerosis and
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tubulointerstitial fibrosis [118].However, the role of TGF-p signaling in AKI is inconsistent in
different experimental models of AKI [90].Hypoxia activates hypoxia-inducible factors(HIF) to
modulate gene transcription [119]. In AKI, HIF activation in renal proximal tubules does not
have a major protective role as global renal expression of HIF exhibited renal protective effects
in various experimental systems [120]. Nethertheless, other studies failed to confirm the renal
protective actions of HIF-1 [121].

Current evidence suggests mitochondrion is a key modulator during the transition of AKI
to CKD. Ablation of the proapoptotic Bax and Bak resulted in the amelioration of ischemic and
cisplatin-induced AKI [122].1n ischemic and nephrotoxic models of AKI, inhibition of
mitochondrial fragmentation attenuated kidney injuries [123].The severity of ischemic AKI in
diabetic mice was associated with heightened activation of the mitochondrial apoptosis [124].
CKD-associated suppression of mitochondrial function and biogenesis could sensitize kidney
cells and tissues to AKI and prevent recovery from AKI [125-127].In CKD, renal mitochondrial
dysfunction also occurred during the development and progression of CKD [128].High glucose
and albumin overload can induce mitochondria apoptosis signaling in kidney cells in CKD [129].
Mitochondrial fragmentation, as a result of pathologic alterations in mitochondrial fusion and
fission, was detected in experimental diabetic kidney disease [130].

The data presented in thesis fill a critical knowledge gap on the role of proximal renal
tubule mitochondria in AKI and subsequent transition from AKI to CKD, by activation of AKT1
in mitochondria and by translocation of activated AKT1 from cytosol to mitochondria. This new
mechanism of renal protection may represent a novel target to develop new strategies for better

prevention and treatment for acute and chronic kidney injury.
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Figure 5.1
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Figure 5.1 How Mitochondrial AKT1 in Renal Proximal Tubules Protected the Kidney

from IRI
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