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Abstract

Oxidative phosphorylation drives ATP production by mitochondria, which are
dynamic organelles, constantly fusing and dividing to maintain kidney homeostasis.
In diabetic kidney disease, mitochondria appear dysfunctional, but the temporal
development of diabetes-induced adaptations in mitochondrial structure and
bioenergetics, have not been previously documented. Here, we map the changes in
mitochondrial dynamics and function in rat kidney mitochondria at 4, 8, 16 and 32
weeks of diabetes. Our data reveal that changes in mitochondrial bioenergetics and
dynamics precede the development of albuminuria and renal histological changes.
Specifically, in early diabetes (4 weeks) a decrease in ATP content and
mitochondrial fragmentation within proximal tubule epithelial cells of diabetic kidneys
were clearly apparent, but no change urinary albumin excretion or glomerular
morphology were evident at this time. By 8 weeks of diabetes, there was increased
capacity for mitochondrial permeability transition (mPT) by pore opening, which
persisted over time and correlated with mitochondrial hydrogen peroxide generation
and glomerular damage. Late in diabetes, by week 16, tubular damage was evident
with increased urinary Kidney injury molecule (Kim)-1 excretion, where an increase
in Complex I-linked oxygen consumption rate, in the context of a decrease in kidney
ATP, indicated mitochondrial uncoupling. Taken together, these data show that
changes in mitochondrial bioenergetics and dynamics may precede the development
of the renal lesion in diabetes, and this supports the hypothesis that mitochondrial
dysfunction is a primary cause of diabetic kidney disease.

Summary statement
We identified that dysfunction of cellular power stations, mitochondria, may precede
the development of kidney disease in diabetes. This suggests that mitochondrial

dysfunction is a primary cause of diabetic nephropathy, which could be targeted to
improve the burden of this disease.

Short title: Mitochondrial adaptations in diabetic nephropathy

Keywords: mitochondria, diabetic nephropathy, experimental diabetes.
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Introduction

Chronic kidney disease (CKD) is a major risk factor for cardiovascular events and all-
cause mortality [1], affecting more than 50 million individuals world-wide [2]. CKD
incidence is projected to dramatically increase over the next two decades,
particularly in developing nations, as a result of key risk factors including
hypertension, diabetes and associated cardiovascular disease [3]. Hence, preventing
the onset or progression of CKD is likely to significantly reduce all-cause mortality
across many populations. At least 30-40% of the burden of CKD is as a result of
diabetes [4], although not all diabetic individuals will develop kidney disease,
suggesting that there is an underlying genetic predisposition to this disorder [5]. Of
the minority of patients with CKD who do not eventually die from a cardiovascular
event, many will progress to end stage renal disease and require renal
transplantation or dialysis. Along with management of hyperglycemia and
hypertension, agents which target the renin angiotensin system are widely used in
clinical practice in patients with diabetic kidney disease (DKD). Despite this, renal
function still progressively declines in the majority of patients [6]. Clearly, there is a
critical need to identify the pathogenic factors that lead to the onset and progression
from DKD to cardiovascular and end stage renal disease in order to develop novel
therapeutic targets.

Mitochondria are fundamental to metabolic homeostasis by converting nutrient flux
into ATP via the process of oxidative phosphorylation (OXPHOS). Normal kidney
function is energetically demanding and the proximal tubule of the kidney generates
vast quantities of ATP via OXPHOS to facilitate active reabsorption of
macromolecules [7]. Many lines of evidence suggest that mitochondrial dysfunction
and bioenergetic defects play a central role in the development of DKD [8-15] with
mitochondrial ATP depletion and mitochondrial uncoupling features of disrupted
mitochondrial homeostasis. A clear link between DKD and a shift in mitochondrial
dynamics has also recently emerged from studies demonstrating mitochondrial
fragmentation in the diabetic kidney [16-18], however, whether these changes in
mitochondrial dynamics and bioenergetics are present prior to the development of
early renal structural and biochemical lesions remains unknown.

To address this issue, we used a streptozotocin-induced diabetic rat model, which
allowed us to study early changes in the kidney that are difficult to map in individuals
with diabetes. This well-established model of diabetes complications has most
hallmarks of progressive human DKD including hyperfiltration, albuminuria and renal
structural defects. Hence we could study temporal changes in renal function and
morphology and link these to adaptive mechanisms in mitochondria, in particular
mitochondrial function and structure.



Research Design and Methods

Experimental Animal Model

All animal experiments were performed in accordance with guidelines from the Alfred
Medical Research and Education Precinct Animal Ethics Committee and the National
Health and Medical Research Council of Australia. Animals were housed in groups
of three rats per cage in a temperature-controlled environment, with a 12 h light/dark
cycle and ad libitum access to food and water. Experimental diabetes was induced in
six week old male Sprague Dawley rats (200-250g) by i.v. injection of streptozocin
(50mg/kg, sodium citrate buffer pH 4.5) following an overnight fast [19]. Animals with
plasma glucose concentrations in excess of 15 mmol/l, one-week post induction of
diabetes were included in the study. Diabetic and control animals were randomised
into groups (n=10 per group) and followed for either 4, 8 weeks, 16 or 32 weeks.
Two to three units of insulin (Humalog, Eli-Lilly, Indianapolis, USA) were
administered daily to diabetic animals to prevent ketoacidosis and improve survival.
Twenty four-hours before the study time-points, rats were placed individually into
metabolic cages (Iffa Credo, L’Arbresele, France). Blood glucose was measured
using a glucometer (Accutrend; Boehringer Manheim Biochemica, Manheim,
Germany). Glycated haemoglobin (GHb) was determined by a Cobas Integra 400
autoanalyzer (Roche Diagnostics Corporation, USA). At the specified time-points,
animals were euthanased and the kidneys were rapidly dissected, weighed, and
snap-frozen or placed in 10% neutral buffered formalin (v/v) for fixation before
paraffin embedding. In a subset of rats (n=5 per group), mitochondria were isolated
from fresh renal cortices as later described. Renal cortices from five rats per group
were processed for transmission electron microscopy as described below.

Renal Function and Morphometry

Rat-specific ELISAs were used to measure urinary albumin excretion (Bethyl
Laboratories, Montgomery, TX, USA), urinary Kidney Injury Molecule-1 (KIM-1,
USCN Life Sciences, Wuhan, China) and serum Cystatin C (BioVendor, Mordice,
Czech Republic) as per the manufacturer’s specifications. Glomerulosclerotic index
(GSI) was assessed in Periodic Acid Schiff (PAS)-stained sections as previously
described [20].

Transmission electron microscopy and analysis of mitochondrial morphology

Immediately following exsanguination, renal cortices were fixed in 2.5%
glutaraldehyde in PBS buffer for four hours at room temperature. The samples were
then rinsed three times in fresh buffer for 15 minutes each before post-fixing in 1%
osmium tetroxide in buffer for 2 hours at room temperature. Fixed tissue samples
were rinsed three times in fresh buffer for ten minutes each, before being dehydrated
in increasing concentrations of ethanol consisting of 10, 30, 50, 70, 90, 100 and 100
% anhydrous ethanol for 60 minutes each step. Following dehydration the cells were
infiltrated with increasing concentrations of LR White resin in ethanol consisting of
25, 50, 75 and 100 % resin for six hours each step. After a second change of 100 %
resin the samples were embedded in fresh resin in gelatine capsules and allowed to



sink to the bottom. The gelatine capsules were capped to exclude air and the resin
polymerised in an oven at 60°C for 24 hours. The embedded tissues in resin blocks
were sectioned with a diamond knife on a Leica Ultracut S microtome and ultra-thin
sections (90 nm) were collected onto formvar-coated 100 mesh hexagonal copper
grids. The sections on grids were sequentially stained with 1% uranyl acetate for 10
mins and Triple Lead Stain for 5 min [21] and viewed in a Phillips CM120 Biotwin
transmission electron microscope at 120 kV. Images were captured with a Gatan
Multiscan 600CW digital camera at a resolution of 1024 x 1024 pixels. Ten images of
proximal tubule epithelial cells per kidney section were randomly collected for each
rat (n= 5 rats per group) at x15,000 magnification. Mitochondrial length and width of
all mitochondria within a given image (from 10 images per rat) were measured using
Imaged (National Institutes of Health, Bethesda, MD, USA) and the aspect ratio
calculated (length/width) and expressed as mean aspect ratio per group. In addition,
mitochondrial roundness was evaluated using Imaged within each field per section
and expressed as mean mitochondrial roundness per group.

Mitochondrial isolation

Mitochondria from fresh rat kidneys were isolated from 100 mg of renal cortex by
differential centrifugation as previously described [22].

ATP

Mitochondrial ATP was measured using a bioluminescence ATP determination kit
(Molecular Probes, Life Technologies, Melbourne, Australia) as described previously
[23, 24] with the following modifications. A ten-point standard curve was prepared,
ranging from 50,000 nM to 125nM. Data were normalized to citrate synthase activity
and percentage control at the same time-point.

Citrate Synthase activity
Citrate synthase activity was assayed as previously described [22].

Oxygen consumption rate

Oxygen consumption rates in isolated mitochondria from control and diabetic rats
were measured using an Oxygraph-2 k high resolution respirometer (Oroboros
Instruments, Innsbruck Austria) [25].

Mitochondrial permeability transition

The induction of mitochondrial permeability transition (mPT) in rat kidney
mitochondria was monitored by absorbance changes at 540 nm based on a
microtiter plate procedure developed by Waldmeier et al [26], with the following
modifications. Rat kidney cortex obtained 10 min after euthanasia was homogenised
in 5 mM HEPES containing 1 mM EGTA, 210 mM mannitol, and 70 mM sucrose, pH
7.2. Mitochondria were isolated by differential centrifugation, washed twice and
resuspended in energised respiratory buffer (210 mM mannitol, 70 mM sucrose, 5
mM glutamate, 5 mM malate, 0.05 M Tris, 5 mM H3PO,, pH 7.4). Mitochondrial
protein, 1 mg, was added to each well along with 82 ul energised respiratory buffer



and 10 uM Cyclosporin A (CsA) where appropriate. Five min after the addition of
CsA, 200 uM CaCl,.2H,0O was added and the absorbance over 10 min was
determined using a Wallac 1420 Victor? V Multilabel Counter (Perkin Elmer,
Wellesley, MA, USA).

Mitochondrial hydrogen peroxide production

Hydrogen peroxide production was measured in isolated mitochondria using the
Amplex Red reagent as previously described [22].

Superoxide dismutase activity

The activity of superoxide dismutase in isolated mitochondria was assayed using the
Cayman Chemical Company assay kit (Ann Arbor, MI, USA) according to the
manufacturer’s instructions. Briefly, 10 ul of mitochondrial or cytosolic isolate, or
standard in duplicate was added to 200 ul of radical detector. The reaction was
initiated by 20 ul xanthine oxidase, incubated for 20 min at room temperature and
the SOD activity was measured at 450 nm. Enzymatic activity was expressed as mU
per mg of total protein.

15-isoprostane F: ELISA

Urinary isoprostane excretion (15-isoprostane Fy;) was measured by a competitive
ELISA specifically designed for urine (Oxford Biomedical Research, Oxford MlI),
according to the manufacturer’s instructions.

Western Immunoblotting

Renal cortices were homogenised using a Next Advance Bullet Blender 24 (Averill
Park, NY, USA) at 4°C, with 1.00 and 2.00 mm beads at speed 8 for 4 min in RIPA
extraction buffer (10 mM Tris-HCI pH 8.0, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS), containing Protease Inhibitor Cocktail (Roche, Castle Hill,
NSW, Australia) and Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich Pty Ltd,
Sydney, Australia). The supernatant was obtained following centrifugation (15,000 x
g, 15 min) at 4°C and protein content determined using a BCA Protein Assay Kit
(Pierce-Thermo Fisher Scientific, Melbourne, Australia). Immunoblotting was
performed using p-actin (AC-15; 1:10,000) (Abcam, Melbourne, Vic, Australia) and
rat monoclonal anti-OPA1 (1:1,000, BD Transduction Laboratories, North Ryde,
Australia).

Quantitative Reverse Transcription-Polymerase Chain Reaction (QRT-PCR)

RNA was isolated from kidney cortex (20-30 mg) using TRIzol Reagent (Life
Technologies). DNA-free RNA was reverse transcribed into cDNA using the
Superscript First Strand Synthesis System according to the manufacturer's
specifications (Life Technologies BRL, Grand Island, NY). Real-time PCR was
performed using SYBR green PCR mix (Applied Biosystems, primer concentration of



500 nM) using a 7500 Fast Real-time PCR System (Applied Biosystem, VIC,
Australia), and normalized relative to the 18S ribosomal RNA.

mtDNA copy number

DNA was extracted from renal cortex using a Maxwell 16 Instrument (Promega).
DNA concentration was determined using a NanoDrop 1000 (Thermo Scientific).
Mitochondrial DNA (mtDNA) copy number was determined by comparing the ratio of
mtDNA to nuclear DNA (nDNA). Tagman primers and probes for POP5 (Processing
of Precursor 5 gene; Rn02108253_s1, VIC-MGB, Applied Biosystems) was used as
the nDNA reference gene. MT-CO3 (Mitochondrially Encoded Cytochrome C
Oxidase Ill; Rn03296820_s1, FAM-MGB, Applied Biosystems) was used as the
mtDNA reference gene. SDHA (Succinate Dehydrogenase Complex, Subunit A;
Custom Ref #CCRR90D, NED-MGB, Applied Biosystems) a mitochondrial, nuclear
coded gene (mt(nDNA)) was used as an internal control. The three Tagman probes
were multiplexed using a standard PCR run with TagMan Master Mix (Applied
Biosystems) and run on a 386-well QuantStudio 7 Flex System, Applied Biosystems.
The ratio of mtDNA/nDNA and mt(nDNA)/nDNA was determined by comparing CT
values for each gene. PCR settings were denaturation at 95°C for 10 mins, x40
cycles of annealing at 95°C for 15 secs and extension at 60°C for 1 min. Genomic

Statistics

All statistical computations were performed using GraphPad Prism version 6.0 for
Mac OS X (GraphPad Software, San Diego, California, USA). Values of
experimental groups are given as mean, with bars showing the SEM, unless
otherwise stated. Time and disease status (diabetes) effects were tested using Two-
way ANOVA with Bonferroni post-hoc analysis. A P < 0.05 was considered to be
statistically significant.

Results

Time-course of diabetic kidney disease.

Body weight was decreased in diabetic rats compared to control rats at each
timepoint (Table 1). Kidney to body weight ratio, blood glucose and glycated
hemoglobin (GHb) were each increased in diabetic animals compared to control
within each time-point. Serum cystatin C, as a marker for glomerular filtration rate
(Figure 1A) was decreased as early as 4 weeks after diabetes was established,
indicating renal hyperfiltration, consistent with individuals with diabetes. Albuminuria
had developed by 16 weeks of diabetes (Figure 1B) and this was preceded by
glomerular morphological changes, glomerulosclerosis, which was apparent by week
8 of diabetes (Figure 1C&D). Significant tubular damage was evident by late
diabetes (32 weeks) as reflected by an increase in urinary excretion of Kidney Injury
Molecule (Kim)-1 (Figure 1E).

Changes in mitochondrial bioenergetics precede development of renal
structural injury and albuminuria.



Mitochondrial bioenergetics were measured in freshly isolated mitochondria from
kidney tissue (renal cortices). At 4 weeks of diabetes, mitochondrial ATP content
was significantly decreased compared to control kidney, which persisted to 8 and 32
weeks of diabetes (Figure 2A). Although unchanged at weeks 4 and 8, mitochondrial
respiration, assessed by oxygen consumption rate (OCR) during both State Ill and
uncoupled respiration in the presence of Complex | substrates glutamate and malate
was increased at weeks 16 and 32 in diabetic kidneys (Figure 2&C).

Enhanced susceptibility to mitochondrial permeability transition pore opening
coincides with the development of renal morphological lesions.

Freshly isolated mitochondria from renal cortices were exposed to vehicle, calcium
(to induce pore opening) or calcium plus the mPT pore inhibitor, cyclosporin A, and
mPT pore opening (swelling) was assessed by light scattering at 450 nm. Four
weeks after the development of diabetes, there was no change in mPT pore opening
(Figure 3A). By 8 weeks of diabetes, there was an increased capacity for calcium-
induced mPT pore opening, which persisted over the diabetes time-course (Figure
3B-D). mPT pore opening was inhibited by CsA, an inhibitor of mPT (Figure 3D).

Both early and late diabetes are characterized by mitochondrial fragmentation.

Next we explored mitochondrial morphology within proximal tubule epithelial cells
(PTECs), which constitute ~90% of the kidney cortex. Transmission electron
microscopy showed mitochondria of a mixed population in PTECs in 4 and 32 week
control kidney sections (Figure 4A, left), that is, fragmented, intermediate and
elongated. However, mitochondria in PTECs of diabetic rats were more fragmented
(Figure 4A, right), both at 4 and 32 weeks of diabetes. This fragmented appearance
was confirmed by assessment of mitochondrial aspect ratio, which takes into
account both length and width, which was also decreased by diabetes at both time-
points (Figure 4B). Mitochondrial roundness was also increased in the context of
diabetes, further confirming a more fragmented phenotype in the diabetic kidney
sections (Figure 4C).

Proteins involved in mitochondrial fission and fusion are altered throughout
the time-course of diabetes in the kidney.

Western immunoblotting of the protein guanosine triphosphatase (GTPase) optic
atrophy (OPA)-1 demonstrated that the Long isoform 1 and 2 (L1 and L2) and three
short isoforms (S1, S2 and S3) [27] were detected in both control and diabetic
kidneys (Figure 5A-F). The abundance of fusion-associated L1 and L2 were
increased at 4 weeks of diabetes (Figure 5A&B), whilst only L1 was decreased at 32
weeks of diabetes (Figure 5A). The short isoforms are thought to regulate
mitochondrial fission. There was no change in S1 (Figure 5C), but S2 was increased
at week 16 (Figure 5D) and S3 by at 32 weeks of diabetes (Figure 5E). The gene
expression of both Mitofusin-1 (Mfn1) and mitofusin-2 (Mfn2), which regulate outer
mitochondrial membrane fusion [28], were increased in the renal cortex of diabetic
rats at 4 weeks of diabetes (Figure 5G&H respectively). Mitochondrial fission factor
(Mff) expression was also up-regulated in early diabetes (Figure 5I).



The oxidative stress response is an early change in the diabetic kidney.

Mitochondrial hydrogen peroxide production was increased at weeks 8, 16 and 32 of
diabetes (Figure 6A). Manganese superoxide dismutase activity (MnSOD), a key
mitochondrial antioxidant enzyme was suppressed from week 4 after diabetes and
throughout diabetes duration (Figure 6B). Urinary excretion of 15-isoprostane Fz, a
marker of lipid peroxidation was also increased early in diabetes, indicating an
overall increase in oxidative stress status (Figure 6C).

Mitochondrial DNA copy number is increased in early diabetes.

The ratio of mitochondrial (mt)-DNA to nuclear (n)-DNA was increased in the diabetic
kidney at week 4 after diabetes (C, 0.75+0.02 vs D, 0.78+0.01; P=0.012), but this did
not persist to week 8, 16 or 32, with no affect over time on mtDNA copy number in
either control rats nor those with diabetes.
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Discussion

The present study has demonstrated that changes in mitochondrial bioenergetics
and structure occur precede the development of albuminuria and renal structural
defects in diabetes. As early as four weeks after diabetes induction, the ATP content
within kidney mitochondria had decreased, and this was accompanied by the
fragmentation of mitochondria, the increased expression of mitochondrial networking
regulators OPA-1 long isoforms, Mfn1/2 and Mff, and an increase in mtDNA copy
number and kidney hyperfiltration. Mitochondrial fragmentation was also associated
with an increase in reactive oxygen species (ROS) generation. These mitochondrial
defects persisted and by 16 weeks, when albuminuria and structural abnormalities
had developed, there was evidence of a compensatory shift in State Il and in
uncoupled ATP production and mitochondrial dynamics, which restored kidney ATP
content. However, by week 32 of diabetes, these compensatory mechanisms were
not adequate to maintain kidney ATP concentrations, which were significantly
decreased in line with the onset of tubular damage, marked by the increase in
urinary Kim-1. Taken together, these data allude to mitochondrial abnormalities
being primary initiators of diabetic kidney disease.

The kidneys are highly dependent on aerobic ATP production by OXPHOS in
mitochondria [7] and at rest consume 7% of the body’s molecular oxygen [29].
Consistent with the present study, there is previous evidence that sustained
hyperglycaemia results in increased kidney oxygen consumption, attributed to
mitochondrial dysfunction [30]. In general however, these studies show increased
kidney oxygen consumption later in the progression of diabetic nephropathy,
resulting in intra-renal tissue hypoxia, likely the result of an imbalance between
increased oxygen consumption and delivery, leading to kidney fibrosis [30].
Interestingly, early kidney hyperfiltration at week 4 of the study may have increased
oxygen delivery with diabetes and this was sustained for the duration of the study.
We have also previously shown that a genetic mutation in the respiratory chain
inducing mitochondrial dysfunction, results in a decrease in kidney ATP content in
the context of increased oxygen consumption and renal disease in adult mouse
kidneys [22].

It has remained unclear, however, as to why in diabetes, the mitochondria are
dysfunctional before oxygen consumption increases in the kidney. Indeed, in the
present study, a decrease in kidney cortical ATP content was already evident by 4
weeks of diabetes, in the absence of increased mitochondrial oxygen consumption.
Mitochondrial structure was also changed early in the development of diabetic kidney
disease in our model, whereby mitochondria were fragmented and rounded at four
weeks of diabetes. Fragmentation of mitochondria is a hallmark of ATP deficiency
[31], in agreement with the decline in mitochondrial ATP content at the 4 week time-
point of diabetes in the present study. There are other disorders where mitochondrial
fragmentation and ATP loss are seen, such as in Huntington’s disease where the
early administration of agents that inhibit mitochondrial fission prevent tissue
damage [32]. Similarly, inhibition of mitochondrial fission by overexpressing a fission
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mutant (DLP1-K38A) protects against diabetes-induced mitochondrial fission in
proximal tubule cells and improves renal function [17].

The expression of key proteins involved in mitochondrial networking were also
altered by 4 weeks of diabetes in the kidney. This included molecules associated
with fission, Mff, as well as fusion, OPA1 long isoforms, Mff1 and 2. However, given
that EM analysis clearly revealed that mitochondrial fragmentation was present,
mitochondrial fission was the predominating mitochondrial structural phenotype in
early diabetes. It is puzzling as to why the fission phenotype has persisted in the
kidney throughout the duration of the disease, despite, in general, a variation of
mitochondrial networking molecules. This suggests that the drive for restoration of
ATP content may be a more important signal for mitochondrial fission, rather than
the fission of mitochondria driving ATP deficit per se. It should be noted that mDNA
copy number was increased in early diabetes, suggesting induction of mitochondrial
biogenesis at this time-point, but this was not sustained throughout diabetes
duration. In our study, the reasons for sustained mitochondrial fragmentation in the
kidney remain unclear. However, it is possible that there is regulation of fission by
other proteins which regulate mitochondrial dynamics such as Parkin [33], and this
may be driven by the search for alternative fuel sources [34]. Certainly, this is an
area of great interest currently and warrants further investigation in diabetic kidney
disease.

There was also a sustained increase in the generation of renal cortical
hydrogen peroxide from mitochondria from rats with diabetes, which could have
been responsible for the mitochondrial fragmentation observed in the PTECs.
Indeed, imbalances in mitochondrial ROS production are a recognized stimulus for
mitochondrial fragmentation [33]. It is also conceivable that the increases in ROS
leading to mitochondrial fragmentation, are the result of increases in NADPH oxidase
activity which are characteristic of the diabetic kidney (9), although this was not
assessed in the present study. Diabetes-induced increases in the generation of
hydrogen peroxide have also been shown to lead to mPT opening [8] as seen in the
present study. It is likely that the increase in mPT i.e., opening of the mPT pore,
could also contribute to the decrease in ATP content observed in the diabetic
kidneys, since it is a trafficking site for ADP and ATP between the cytosol and
mitochondria. Further, the mPT opening was induced in the presence of calcium
which is a stimulus known to be altered in the diabetic milieu (33) by processes such
as endoplasmic reticulum stress.

Overall, this group of studies postulates that defects in mitochondrial function
are primary initiators of kidney disease in diabetes. Mitochondrial fragmentation and
ATP loss were seen with diabetes before evidence of renal injury was present.
Further, the evidence indicates that excess ROS generation and increased
susceptibility to mPT were more tightly linked to the changes in mitochondrial
morphology and function, rather than sustained changes in typical mitochondrial
networking proteins. Hence, kidney function in diabetes may be improved by
strategies to prevent mitochondrial dysfunction and this should be an area of
prioritized research effort in the future for this disease.
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Clinical perspectives

* Mitochondrial dysfunction is seen at sites of diabetes complications including
in the kidneys.

* We hypothesized that mitochondrial dysfunction is an early event in the
pathogenesis of diabetic kidney disease.

* This study showed that mitochondrial dysfunction precedes kidney
dysfunction in diabetes and hence may be a primary cause of diabetic
nephropathy able to be therapeutically targeted to prevent this disease.
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Tables

Table 1. Phenotypic and metabolic characteristics of rats

Kidney

Body . Blood Glucose o

weight (g) ‘(’;’(‘:'Og.l‘)t'BW (mmol/l) GHb (%)
Control 4 weeks  454+17 6.9+0.3 8.9+1.1 4.4+0.9
Diabetic 4 weeks  319+47 10.6£0.6  29.4+4.4 7614
Control 8 weeks  451x42 6.1+0.3 8.6+1.0 4.1+1.1
Diabetic 8 weeks 295+54 10.5+1.1"  30.5+5.1 7.8:1.0
Control 16 weeks 517+56 6.0+1.0 7.6=0.4 4.5+0.2
Diabetic 16 weeks 374+41 10.5+1.2°  26.6+3.5 6.6+0.9
Control 32 weeks 572+30 5.8+0.6 6.9+0.8 4.2+0.9
Diabetic 32 weeks 449+21 9.9+1.3 28.2+2.9 7.8+0.7

Data are mean+SD, n=10 per group. BW, body weight; GHb, glycated haemoglobin.

"P<0.0001 vs Control at the same timepoint.
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Figure 1. Tracking development of the renal lesion in diabetic kidney
disease. (A) Serum cystatin C; (B) Urinary albumin excretion; (C)
Glomerulosclerotic index (GSl); (D) Photomicrographs of PAS-stained renal
cortex, x400 magnification; (E) Urinary excretion of kidney injury molecule-1
(KIM-1). Data are mean+SEM, n=10 rats per group. *p<0.05 compared to WT
control at the same timepoint.
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Figure 2. Changes in mitochondrial bioenergetics precede development
of renal structural injury and albuminuria. Mitochondrial bioenergetics was
measured in freshly isolated mitochondria from renal cortex. (A) Renal
mitochondrial ATP; (B) State Ill Complex I-driven oxygen consumption rate
(OCR); (C) Uncoupled Complex I-driven OCR. Data are mean+SEM, n=5 rats
per group. *p<0.05 compared to WT control at the same timepoint.
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Figure 3. Increased susceptibility to mitochondrial permeability
transition pore opening coincides with the development of renal
morphological injury. Freshly isolated mitochondria from the renal cortex
was exposed to vehicle, calcium (to induce pore opening) or calcium plus the
mPT pore inhibitor, cyclosporin A, and mPT pore opening (swelling) was
assessed by light scattering at 450 nm. Data are expressed as % initial
absorbance. Mitochondrial swelling in control vs diabetic at (A) 4 weeks, (B) 8
weeks (C) 16 weeks and (D) 32 weeks. Data are mean+SEM, n=5 rats per
group. *p<0.05 compared to WT control at the same timepoint.
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Figure 4. Proximal tubular cells show mitochondrial fragmentation early
in diabetes which persists. (A) Electron micrographs of renal proximal
tubule epithelial cells (PTECs) showing mitochondrial morphology in Control
(left) and Diabetic (right) rats at 4 and 32 weeks. x15,000 magnification. Scale
bar=2um. (B) Mitochondrial length and width were measured using ImageJ
and aspect ratio was calculated (length/width). (C) Mitochondrial roundness
was measured using Imaged. Data are mean+SEM, n=10 images per rat (with
between 40 to 200 mitochondria scored in each image), n=5 rats per group.
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Figure 5. Proteins involved in mitochondrial fission and fusion are
altered throughout the time-course of diabetes. Quantitation of OPA1
western blot, n=6 rats per group. (A) OPA1 Long isoform 1; (B) OPA1 Long
isoform 2; (C) OPA1 Short isoform 1; (D) OPA1 Short isoform 2; (E) OPA1
Short isoform 2. (F) Representative western blot (gradient gel) of OPA1 in
showing the five isoforms: long isoforms 1 and 2 (L1 and L2) and short
isoforms 1-3 (S1, S2 and S3) (spanning 80-100kDa). Beta actin loading
control (42 kDa, bottom). (G-J) Quantitative PCR analysis of genes involved
in mitochondrial dynamics in renal cortex (G) Mitofusin (Mfn)-1; (H) Mfn2; (I)
Mitochondrial fission factor (Mff), n=10 rats per group.
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Figure 6. Oxidative stress response is upregulated in diabetic
nephropathy. (A) Mitochondrial hydrogen peroxide production; (B)
Manganese superoxide dismutase activity (MnSOD); (C) Urinary excretion of
15-isoprostane Fy. Data are mean+SEM, n=5-10 rats per group. *p<0.05
compared to WT control at the same timepoint.
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