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1

2

2 Abstract

2 Aims: Defects in the activity of enzyme complexes of the mitochondrial respiratory
7

8 chain are thought to be responsible for several disorders including renal impairment.
9

10 Gene mutations which result in complex | deficiency are the most common OXPHOS
11

ig disorders in humans. To determine if an abnormality in mitochondrial complex | per
1; se is associated with development of renal disease, mice with a knockdown of the
16

17 complex | gene, Ndufs6 were studied.

18

19 Results: Ndufs6 mice had a partial renal cortical complex | deficiency; Ndufs69%",
20

g; 32% activity and Ndufs69"*, 83% activity compared to WT mice. Both Ndufs6%"* and
gi Ndufs69”" mice exhibited hallmarks of renal disease including albuminuria, urinary
25 . . . . . . .
26 excretion of kidney injury molecule-1 (Kim-1), renal fibrosis and changes in
27

28 glomerular volume, with decreased capacity to generate mitochondrial ATP and
29

30 superoxide from substrates oxidised via complex |. However, more advanced renal
31

gé defects in Ndufs69”%" mice were observed in the context of a disruption in the inner
gg mitochondrial electrochemical potential, 3-nitrotyrosine-modified mitochondrial
36

37 proteins, increased urinary excretion of 15-isoprostane Fy and upregulation of
38

39 antioxidant defence. Juvenile Ndufs69" mice also exhibited signs of early renal
40

j; impairment with increased urinary Kim-1 excretion and elevated circulating cystatin
43

a4 C.

45

46 Innovation: We have identified renal impairment in a mouse model of partial
47

48 complex | deficiency, suggesting that even modest deficits in mitochondrial
49

50 respiratory chain function may act as risk factors for chronic kidney disease.

51

gg Conclusion: These studies identify for the first time that complex | deficiency as the
gg result of interruption of Ndufs6 is an independent cause of renal impairment.

56

57

58

59
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Introduction
The incidence of chronic kidney disease is a growing health concern in developed
nations’, particularly in light of recent studies that have identified renal dysfunction
as a major predictor of all-cause mortality34. Chronic kidney disease is classically
defined as a decline in blood filtration by units termed the glomeruli within the kidney
cortex, in the presence of leakage of protein into the urine or structural abnormalities.
Complex | (NADH:ubiquinone oxidoreductase), the largest complex of the
mitochondrial respiratory chain, is comprised of at least 45 unique subunits including
NADH dehydrogenase (ubiquinone) iron-sulfur protein 6 (Ndufs6), which is a highly
conserved subunit’’. Complex | is an entry point for electrons into the respiratory
chain and mediates a large majority of cellular energy production by the transfer of
electrons in the process of oxidative phosphorylation (OXPHOS)?*. This highly
efficient process involves the generation of an electrochemical gradient as protons
are pumped across the inner mitochondrial membrane, supporting the synthesis of
ATP?*. Complex | is also a major contributor to reactive oxygen species (ROS)
production in the cell under certain conditions®’.

Abnormalities in OXPHOS are observed at an incidence of approximately 1 in
5000 births®*. Of these, mutations that result in deficiencies in complex | are the

2781 and these manifest with a broad range of

most commonly seen in humans
clinically relevant presentations including neurodegeneration, heart failure and
significant mortality in childhood and adolescence. A number of studies have shown
that renal disease can result from deficiencies in OXPHOS as a result of mutations in

Coenzyme Qqo biosynthesis monooxygenase 6%, Pdss2*®, cytochrome ¢ oxidase

105, p53-controlled ribonucleotide reductase* and cytochrome b'" in humans and

Coughlan 4
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animal models. However, there is no previous study directly linking mutations in
specific complex | subunits to chronic renal disease.

Previous reports have shown genetic mutations resulting in no expression of

©CoO~NOUTA,WNPE

10 NDUFS6, the second most conserved subunit of complex |, to be fatal in
12 humans®°¢. We generated a unique mouse model using gene-trap technology
14 which, to our surprise, was not embryonic lethal, but due to tissue specific splicing,
had a partial knockdown of Ndufs6 expression in various tissues including the kidney
19 (approximately 10% mRNA expression®). In this model, the kidney has 32%

21 deficiency in Complex | activity in homozygous Ndufs69""

mice. Since approximately
23 half of all patients with Complex | deficiency show substantial variation in Complex |
25 activity between tissues, this mouse provides a relevant model system for studying

renal dysfunction. We have identified that this loss of function via interruption of

30 Ndufs6 expression results in a renal disease phenotype.

60 Coughlan 5
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Results
Generation of Complex I deficient mice

Ndufs697%" mice were generated by knockdown of the Ndufs6 gene using gene-trap
embryonic stem cell lines as previously described®. Ndufs69* mice had a partial
knockdown of the Ndufs6 gene, with small amounts of wild-type (WT) mRNA
detected in all tissues studied?®. In the kidney, Ndufs6 mRNA expression, measured
by quantitative real time PCR, was 55+7% of WT mRNA in heterozygous Ndufs6%"*

mice (n=6 per group) and 11+1% of WT mRNA in homozygous Ndufs69/"

mice (n=8
per group; MeantSEM).

WT mice had 550+122 mU complex | activity per U citrate synthase (CS)
activity in renal cortices (mean+SD). There was less activity of complex | in renal
cortices from both heterozygous gene-trap mice (Ndufs6%”*, 456+135 mU/U; 83% of
WT; P<0.05 vs WT) and in homozygous gene-trap mice (Ndufs69%®, 175425 mU/U;
32% of WT, P<0.01 vs WT, P<0.05 vs Ndufs69”*). CS activity was greater in mice
with complex | deficiency compared to WT (WT, 250.2+94.1 nmol/min/mg; Ndufs69"*,
400.1£59.1 nmol/min/mg P<0.05; Ndufs6gt/gt, 471.4+£95.3 nmol/min/mg P<0.001;
MeanzSD).

Complex | deficiency did not alter body weight (WT, 38.6£8.4 g; Ndufs69”",
41.1£10.1 g; Ndufs69%", 38.7+8.0 g; MeantSD), kidney weight-to-body-weight ratio
(WT, 11.120.4x103; Ndufs6®”*, 12.0£2.3 x10% Ndufs69”®, 10.6+2.2 x103
Mean+SD), or heart weight-to-body-weight ratio (WT, 6.1+1.5x107>; Ndufs6?”*,

6.3+1.1x10°3; Ndufs69%, 12.5+8.3 x1073; MeanzSD).

Complex I deficiency disrupts ATP production in the kidney

Coughlan 6
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Isolated renal cortical mitochondria from Ndufs6%’%' and Ndufs6%”* mice showed
decreased capacity to generate ATP from substrates oxidised via complex |

(glutamate and malate, Figure 1A), but not via complex Il (succinate in the presence

©CoO~NOUTA,WNPE

10 of the complex | inhibitor rotenone, Figure 1B). The mitochondrial transmembrane
12 potential (Aym) was decreased in isolated renal cortical mitochondria from Ndufs69"%"
14 mice (Figure 1C), similar to that observed with the chemical uncoupler
17 carbonylcyanide-m-chlorophenylhydrazone (CCCP). A tendency of Ay, to decrease
19 was observed in mitochondria from heterozygotes (Ndufs6%* mice), however this

21 failed to reach significance.

26 Mitochondrial reactive oxygen species and antioxidant defence

28 Mitochondria are a significant source of ROS, which are increasingly
30 considered to play a key role in renal pathology®'%'%2?8. In addition, complex | is a
32 site of electron leakage, with subsequent generation of superoxide and hydrogen
peroxide® . Thus, we measured ROS generation by mitochondria in renal cortices. In
37 the presence of complex I-linked substrates (glutamate plus malate), superoxide
39 production was decreased in both Ndufs6?”®" and Ndufs6°”* mice compared to WT
41 mice (Figure 2A representative flow cytometry histograms and Figure 2B
quantitation). A similar result was obtained in the presence of substrates for complex
46 Il (succinate and rotenone), in which superoxide production decreased in Ndufs6979!
48 and Ndufs69"*mice compared to WT mice (Figure 2C and D).

50 In the presence of complex | substrates (glutamate plus malate) hydrogen
52 peroxide generation was increased in isolated renal mitochondria from mice with
complex | deficiency (Figure 2E). When complex ll-linked substrates were provided,

57 hydrogen peroxide decreased (Figure 2F) in Ndufs6%"* and Ndufs69%' mice.
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MnSOD (SOD2) is essential for superoxide detoxification within
mitochondria’®. Upregulation in the activity of MnSOD activity was observed in
isolated mitochondria from mice homozygous for complex | gene deletion
(Ndufs69“?"; Figure 3A), which was not apparent in heterozygotes (Ndufs69’*) mice.
In addition, the mitochondrial content of 3-nitrotyrosine, a stable marker of
peroxynitrite production, was also increased in Ndufs69%' mice, indicative of more
pronounced ROS production with greater loss of complex | activity (Figure 3B).
Similarly, an increase in urinary 15-isoprostane Fy excretion, a marker of lipid
peroxidation, was apparent in complex | deficient mice, which was increased to a

greater extent in Ndufs69”% mice (Figure 3C).

Complex I deficient mice have abnormal renal function and morphology

Urinary albumin-to-creatinine ratio (ACR) was increased in both Ndufs6%*
and Ndufs69“ mice (Figure 4A), indicative of impaired renal function. Shedding of
kidney injury molecule-1 (Kim-1) into the urine, an early biomarker of renal tubular
dysfunction?"®®* was apparent in both Ndufs6®”* and Ndufs6%’%" mice (Figure 4B).
Renal structural changes were evident in mice with complex | deficiency, with
abnormal deposition of renal cortical collagen in the extracellular matrix, reminiscent
of progressive renal disease, observed in both Ndufs6%”* and Ndufs6?”% mice (Figure
4C). Representative photomicrographs of renal cortical collagen accumulation which
is indicated by light blue staining, are shown, in WT (Figure 4 top panel), Ndufs69"*
(Figure 4 middle panel) and Ndufs69?' (Figure 4 bottom panel). Tubulointerstitial
area remained unchanged (Figure 4D), whilst activation of the profibrotic cytokine
transforming growth factor (TGF)-B1 (Figure 4E), in the renal cortex was observed in

mice with complex | deficiency.

Coughlan 8
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Further histologic examination revealed some damaged glomerular
microvascular beds in both Ndufs6?”* and Ndufs69 mice, reflected by an increase

in glomerulosclerosis following staining using the Periodic Acid Schiff method

©CoO~NOUTA,WNPE

10 (Pictured in Figure 5, WT top panel, Ndufs6%”* middle panel and Ndufs6%¢" bottom
12 panel and quantified in Figure 5A). Notably, homozygous Ndufs6 mice had a greater
14 degree of glomerulosclerosis compared to heterozygotes.

Upon further investigation of renal cortical architecture, loss of function of
19 complex | led to glomerular hypertrophy demonstrated by increased glomerular
21 volume (Figure 5B). Moreover, there was an increase in hyperplasia present within
23 glomerular cross-sections (Figure 5C), which incrementally associated with the
25 decline in activity of complex I, with homozygous Ndufs697" mice having the greatest

number of glomerular cells present.

32 Mild renal impairment is present in Ndufs697%" mice early in life

34 Our previous study showed that Ndufs69“" mice developed cardiac abnormalities as
early as one month of life®®. In order to ascertain if renal impairment was likely to
39 precede cardiac abnormalities, WT, Ndufs6%"* and Ndufs6°”" mice were studied at
41 16 days of life (n=5 per group). There was no difference observed in ACR (Figure
43 6A) or plasma creatinine (Figure 6B). However, a more sensitive marker of
45 glomerular filtration, cystatin C, was increased in the circulation of Ndufs69““' mice, in
parallel with urinary excretion of Kim-1 (Figure 6D). Urinary 15-isoprostane Fy
50 excretion was unchanged (Figure 6E), and there was no evidence of

52 glomerulosclerosis (Figure 6F).
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Discussion

In this study we utilized a mouse model generated using gene-trap technology to
disrupt the gene expression of the complex | subunit Ndufs6, to investigate a direct
causative role of partial complex | deficiency in the development of renal disease. In
heterozygotes (Ndufs6”* mice), complex | activity in renal cortex was 83% of that in
WT mice. Homozygous mice (Ndufs6%’%" mice) had only 32% complex | activity
compared to WT. Data obtained in this study indicate that even a partial renal
deficiency in the activity of complex |, as observed in Ndufs6%* mice, was sufficient
to manifest significant renal disease, although there was some evidence of more
advanced glomerular injury in homozygous mice, which had the greatest impairment
of complex | activity. This is the first time that specific decline in the activity of
complex | of the mitochondrial respiratory chain has been shown to induce renal
impairment.

There is some precedent for abnormalities in OXPHOS as a result of genetic
mutations contributing to renal impairment in humans*. The most common
manifestation is de Toni-Debre-Fanconi syndrome*®®%. Genetic defects in complex lI

A*"%® and coenzyme Q10?® have been

assembly'!, complex IV®, mitochondrial DN
associated with a renal phenotype in the context of deficiency in the activity of other
electron transport chain complexes. In an experimental model of chronic kidney
disease, diabetic nephropathy, we have previously demonstrated a deficiency in
complex | activity'®, in addition to therapeutic benefits of coenzyme Q10°°.

In the present study, both Ndufs6%"* and Ndufs69”%" mice exhibited hallmarks
of chronic kidney disease. Urinary ACR and Kim-1 were increased compared to WT

mice, in parallel with renal cortical collagen deposition and fibrosis indicated by

active TGF-B1 and damaged microvascular beds of the glomeruli. These functional

Coughlan 10
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1

2

2 and structural changes occurred in the context of different activity levels of complex |
2 inherent to genotype. Homozygous Ndufs697%" mice post-500 days of age displayed
57; greater damage to the glomerulus when compared heterozygotes. Indeed, juvenile
20 homozygous mice studied at day 16 of age already had evidence of tubular damage,
g as indicated by accelerated Kim-1 excretion and changes in glomerular filtration as
E measured by cystatin C.

i? Mitochondrial respiratory chain defects that result in renal pathology in
ig humans show a variety of lesions within the kidney including tubular casts and
;2 atrophy, dilatation and tubulointerstititial fibrosis as previously reviewed*. Prior
% evidence indicates that tubular dysfunction is a prominent manifestation resulting
gg from mitochondrial abnormalities in the kidney, as shown by studies exploring
gg diseases such as de Toni-Debre-Fanconi syndrome®, drug related toxicity'® and
gg infection®. Indeed in the present study, early tubular dysfunction was demonstrated,
g% as reflected by an increase in shedding of Kim-1 into the urine®"®® from both
gz Ndufs69”* and Ndufs69”%" mice. Although fibrosis specific to the tubulointerstitium
2? was not assessed, total cortical fibrosis, as measured by an increase in cortical
23 collagen deposition in association with activation of TGF-1 was evident in mice with
22 complex | deficiency and was associated with renal functional defects.

% As is often observed in human mitochondriopathies, complex | deficiency in
22 Ndufs697 kidneys resulted in an impaired capacity to generate ATP from substrates
j; oxidised via complex |. This occurred in both homozygous and heterozygous mice
gg and was dependent on Complex | activity, as ATP production from complex-Il-linked
gé substrates was unchanged. These data indicate that even a nominal loss of
2‘51 biochemical function of Complex | (such as in heterozygotes, 83% of wild type)
g? within the kidney confers a significant defect, which disrupts oxidative
58

59
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phosphorylation. There are several explanations for comparable ATP synthesis in
heterozygotes and homozygotes. It is possible that the more severe renal damage in
homozygous mice resulted in alterations in cellular composition of the kidney, with
different cell types explaining the apparent differences in Complex | activity
thresholds. Indeed, the glomeruli from homozygous mice exhibited hyperplasia,
which is indicative of changes in cell type. Though this phenomenon was not
observed in the heterozygous mice. A more likely explanation is the sensitivity of the
kidney to changes in oxidative phosphorylation, in particular from glucose-derived
substrates due to a high proportion of proximal tubules (almost 90%) within the renal
cortex*?. Unlike the cells of the glomerulus, proximal tubule epithelial cells rely on
aerobic respiration for ATP synthesis, having a limited glycolytic capacityz’zz. The
high ATP requirement in proximal tubules is necessary for active transport across
concentration gradients that occur during the reabsorption of glucose, peptides and
other macromolecules from the glomerular filtrate to prevent urinary losses.

In keeping with the glomerular podocyte as a possible site of mitochondrial
dysfunction and subsequent renal injury, some patients with respiratory chain
disorders exhibit glomerular disease with nephrotic syndrome, characterised by

larger glomerular volume and cellular hyperplasia®®*

. Moreover, an eloquent study
that explored the renal phenotype of the Pdss2 mutant mouse model*"*, which
results in a biosynthetic defect in mitochondrial Coenzyme Q and subsequent
electron transport chain impairment, demonstrated that nephritis originated
specifically within the glomerular podocyte, as renal disease was apparent in
Podocin/cre,Pdss2°*”°*F knockout mice, but not in conditional knockouts targeted to

the renal tubular epithelium38. It is possible that both sites are equally important in

disease pathogenesis in the Ndufs6 mouse model, since glomerular fibrosis and

Coughlan 12
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1

% hypertrophy were also observed in Ndufs6%”* and Ndufs6%”®' mice. It is interesting
2 however, that more advanced glomerular injury was evident with lower complex |
; activity, which leads us to speculate that cells of the glomerulus are less susceptible
20 to injury unless there is substantial complex | deficiency, as was seen in
g homozygous mice within the present study. One limitation of our study is the lack of
E blood pressure monitoring. We cannot rule out haemodynamic changes within the
i? renal cortex as a contributor to the renal phenotype observed in Ndufs6 mutant mice.
ig Further studies are needed to elucidate the cellular localization of the primary defect.
3(1) Our data suggests that a specific decrease in Ndufs6 expression, resulting in
g% a partial deficiency in the activity of complex |, negatively impacts mitochondrial
gg respiratory chain function. Mitochondria obtained from kidney cortices of mice with
% knockdown of Ndufs6 expression resulting in complex | deficiency demonstrated
ég functional abnormalities. Mitochondrial changes associated with the more severe
g% renal phenotype observed in homozygous Ndufs6 mice included loss of
gz mitochondrial membrane potential and upregulation of the key mitochondrial
2? antioxidant MnSOD. Biomarkers of ROS-induced damage that were also apparent in
gg homozygous Ndufs6 mice included mitochondrial 3-nitrotyrosine, formed upon
22 nitration of protein tyrosine residues with the reactive nitrogen species peroxynitrite
% or nitrogen dioxide', and urinary excretion of 15-isoprostane Fa;, a chemically stable
jg end-product of lipid peroxidation derived from arachidonic acid*®. 15-isoprostane Fy
j; is considered a sensitive and specific indicator of oxidative stress status** and was
gg measured to ascertain if an increased oxidative stress status was secondary to the
g; decline in mitochondrial respiratory chain function.

gz Within the mitochondria, it is plausible that the decline in respiratory chain
g? function may have precipitated electron leakage at complex |, with subsequent
58

59
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superoxide radical formationsg, which, upon reaction with nitric oxide, mediated
formation of peroxynitrite, which is known to alter electron transport4°. Indeed, there
was a decrease in renal mitochondrial generation of superoxide and an excess
formation of hydrogen peroxide in the presence of complex I-linked substrates. Since
MnSOD activity was also upregulated or unchanged in Ndufs699' and Ndufs69"*
mice respectively, the decrease in superoxide may be interpreted as a result of rapid
conversion of superoxide anion to hydrogen peroxide by MnSOD, in addition to rapid
binding of superoxide to nitric oxide forming peroxynitrite, since the accumulation of
3-nitrotyrosine was observed.

Hydrogen peroxide, which was increased in both genotypes, can be rapidly
converted to damaging hydroxyl radicals, though this was not determined within the
current study. Perhaps as equally important, hydrogen peroxide can serve as a
second messenger, facilitating the induction of the redox-sensitive transcription
factor nuclear factor-kB>* with subsequent chemokine upregulation, triggering
infiltration of inflammatory cells within the peritubular and glomerular compartments.
The inflamed microenvironment can stimulate fibrogenic cytokine production that

30,67

drives cell dedifferentiation and epithelial-to-mesenchymal transition and tubular

atrophy. Not surprisingly, ROS have been suggested to exacerbate chronic kidney
disease'®™™.

A common manifestation of mitochondrial respiratory chain disorders in
patients is cardiomyopathy?>®. In a recent study, we have shown that homozygous
Ndufs6°/®' mice developed cardiomyopathy and in some instances cardiac failure
and death by approximately 300 days of life?®. This was associated with severe

impairment of complex | activity in the heart as a consequence of almost no wild type

RNA for Ndufs6 at this tissue site. It should be noted that in that study, Ndufs69Vst
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1

2

2 mice surviving beyond day 300 had some cardiac abnormalities, which were absent
2 in heterozygotes. This is in contrast to the current investigation in which renal
; impairment was observed in both Ndufs6%/%' and Ndufs6°/* mice, which each had an
20 impaired expression of wild type mRNA in the kidney25 leading to renal deficiency in
g the activity of complex I. Furthermore, we demonstrated that juvenile homozygous
E Ndufs69’®" mice, less than 16 days of life, already had some evidence of early renal
12 impairment which precedes cardiac defects which are evident from day 21 of life.
ig This may suggest that cardiomyopathy and renal disease each have a different
5(1) pathogenesis following complex | deficiency. Indeed, the heart and kidney differ in
g% fuel utilization for energy production, with the heart preferring free fatty acids and the
gg kidney consuming glucose-derived molecules. Since in the current study, mice were
% specifically selected that survived long term (post 500 days), it is likely that we have
ég excluded those mice that manifest more severe consequences of mitochondriopathy.
g% Indeed, no evidence of cardiac hypertrophy was observed in homozygous Ndufs6
gz mice which were followed in the present study. Therefore it is unlikely that cardiac
2? abnormalities were responsible for the renal disease apparent in the heterozygous
gg mice and in the 16 day old mice. Indeed, renal disease is known to be a major risk
22 factor for cardiovascular disease®’. In addition, the contribution of the tissue-specific
% splicing codes® may also be responsible for the phenotype exhibited in our mice,
jg suggesting that tissue specific manifestations of complex | deficiency may influence
j; the type of syndrome identified in patients with OXPHOS defects. It is unlikely that
gg tissue-specific splicing contributes to the phenotype in humans with NDUFS6
g; mutations since all patients described appear to have had knockout mutations
gz expressed in all tissues studied, resulting in a total loss of complex | activity and
g? early death?®*®. Rather, it may be that specific cellular insults, such as that seen in
58

59
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diabetes'®, which lower complex | activity, may impair renal function and result in
structural abnormalities. Indeed, this warrants further investigation in other models of
chronic kidney disease.

Male mice were selected for this study as there is gender dimorphism of
chronic renal disease progression with females significantly protected against renal
disease development®®®. Although not fully explained, it is considered that
functional and structural parameters of the kidney are influenced by interactions of
sex hormones with their cognate receptors in the kidney'®*3. The gender dimorphism
of CKD progression may consist of effects of the interaction of circulating androgens
and estrogens with specific kidney receptors®. Indeed, 17B-estradiol inhibits
inflammatory and pro-apoptotic processes and protects kidney function in aging
rats>?.

Complex | is composed of 45 different subunits’, which must be assembled
correctly for proper function. In the current mouse model, decreased amounts of the
Ndufsé subunit result in decreased amounts of assembled Complex 1%°. Other
Complex | subunits are typically unstable and degrade if not incorporated into a
stable complex®. Therefore we cannot rule out that changes in other complex |
proteins may have contributed to the renal phenotype observed within our study.

A caveat to our study is the limitations that exist using probes such as
MitoSox Red and hydroethidine to measure intracellular superoxide production with
detection by fluorescence (extensively reviewed in69). Albeit our study has assessed
substrate-induced superoxide production in isolated mitochondria, thus avoiding the
issues associated with intracellular uptake and distribution, kinetics and availability of
the probesg. Nevertheless, the superoxide data generated within the current study

should be interpreted with caution due to the possible confounding effects of the
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Page 16 of 42

Please destroy all records after use for peer review. Mary Ann Liebert Inc., 140 Huguenot Street, New Rochelle, NY 10801



Page 17 of 42 Antioxidants & Redox Signaling

nonspecific oxidation product(s) of MitoSox Red contributing to the total fluorescence
intensity. HPLC separation of hydroethidium oxidation products with electrochemical

detection provides selective detection of 2-hydroxyethidium, the product of the

©CoO~NOUTA,WNPE

10 reaction of MitoSox Red/hydroethidine and superoxide, and therefore is a more
12 specific method of analysing superoxide productioneg.

14 Taken together, our study indicates a causative role for deficiency of complex
| of the mitochondrial respiratory chain in the development of kidney disease,
19 specifically via mutations of Ndufs6. The renal phenotype appeared to be
21 independent of cardiomyopathy, since (i) there was no evidence of cardiac
23 hypertrophy, (i) kidney disease was evident in Ndufs6%* which have not been
25 reported to have significant cardiac abnormalities®, and, (iii) an early decline in renal
function was exhibited by Ndufs6%/®' mice at 16 days of life, which was prior to the
30 onset of cardiomyopathy. These data suggest that mutations resulting in a partial
32 deficiency in the activity of complex | of the mitochondrial respiratory chain within the

34 kidney may be worth considering as an initiator of chronic renal disease.
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Innovation

Mitochondrial complex | deficiency is the most common mitochondrial enzyme defect
in humans. Several mitochondriopathies have been associated with renal
impairment, however the effects of complex | deficiency on the development of
chronic kidney disease per se is not known. In this study we have identified that
kidney disease is induced in a novel mouse model with gene-trap Ndufs6 knockdown
that exhibits a partial deficiency in complex | with concomitant disruption in renal
mitochondrial function. Our study suggests that even modest deficits in complex |

activity may act as a significant risk factor for chronic kidney disease.
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2 Materials and Methods

2 Ndufs6 Gene Trap Mouse model

; Mice with a knockdown of the Ndufs6 gene were generated using gene-trap
;2 embryonic stem cell lines, as described elsewhere?®. These mice have a vector
ig insertion in intron 2 of the Ndufs6 gene, that generates a fusion protein that cannot
1; be incorporated into the multi-subunit NADH:ubiquinone oxidoreductase (complex I)
12 of the electron transport chain within mitochondria”®>. However, some tissues retain
ig up to 35% of normal levels of wild-type Ndufs6 mRNA, due to tissue-specific splicing
gz over the vector, allowing some wild type mRNA and protein to be formed.

gi Male homozygous (Ndufs69"?"), heterozygous (Ndufs6%”*) and WT mice (WT;
gg 75% C57BL/6J/25% 129/01a background), n=8 mice per group, were selected that
% survived in excess of 500 days (509+57, 527+29 or 523131 days respectively) in
§§ order to explore the development of renal disease over lifespan. Mice that lost more
gé than 20% body weight were excluded from the study. Animals were housed in
gg groups of five mice per cage with a 12 h light/dark cycle and ad libitum access to
2? food and water. At the completion of the study, spot urine samples were collected,
%g mice were killed and kidneys were either snap frozen in liquid nitrogen and stored at
j; -80°C, formalin fixed, or used immediately for mitochondrial isolation and
ji subsequent functional assays as described below. All animal experiments were
32 performed in accordance with guidelines from the Murdoch Children’s Research
%é Institute Animal Ethics Committee and the National Health and Medical Research
22 Council of Australia.

gg Renal Functional Analysis

gg Urinary ACR was used as a marker of renal function. Urinary albumin was
g? determined by sandwich ELISA (Bethyl Laboratories, Montgomery, TX, USA) as
o5
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previously described. Creatinine in urine was determined by HPLC (Agilent
HP1100 system, Hewlett Packard, Boblingen, Germany) as previously described™.
All urinary parameters were standardized to urinary creatinine. Urinary content of
Kim-1 (USCN Life Sciences, Wuhan, China), considered a sensitive marker of
tubular injury62, was measured using a commercially available sandwich ELISA
according to the manufacturer’s instructions.
Histological assessment of renal injury

The extent of renal injury was assessed by morphometric analysis of the
glomerulus and tubular interstitium. Mouse renal cortices were fixed in 10% neutral
buffered formalin, embedded in paraffin, deparaffinized in xylene, then sections were
stained with hematoxylin and eosin, periodic acid Schiff (PAS), or Masson’s
trichrome. Glomerulosclerotic index (GSI) was assessed in 3-um paraffin embedded
Periodic Acid Schiff (PAS) stained sections by a semi-quantitative method as
previously described*. Briefly, sections were examined using an Olympus CH20
light microscope (Tokyo, Japan) at a magnification of x400. Thirty glomeruli within
each kidney were randomly selected and graded according to the severity of the
glomerular damage: 0, normal; 1, minimal glomerular damage, the mesangial matrix
and/or hyalinosis with focal adhesion, involving <25% of the glomerulus; 2, moderate
sclerosis of 26 to 50%; 3, moderate-severe sclerosis of 51 to 75%; 4, severe
sclerosis of >75% of the glomerulus. The GSI was calculated by using the following
formula:
GSI=(1Xn1)+(2Xn2)+(3Xn3)+ (4 Xna)/no+ ni+ n2+n3+ n4
where nx = number of glomeruli in each grade of glomerulosclerosis. This analysis

was performed with the observer blinded to the treatment groups.
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The volume of glomeruli in the outer cortex of each kidney was determined in
haemotoxylin and eosin stained sections (4 um) using the point-counting method

described by Weibel and Gomez®. Glomerular volume was measured in 20
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10 glomeruli per mouse using Image-Pro Plus software (Media Cybernetics, MD, USA).
12 In addition, the number of glomerular nuclei for 20 glomeruli randomly selected
14 across one histological section was counted.

Total cortical collagen was assessed in twenty fields (x100) of Masson’s
19 Trichrome stained kidney sections (4 um) using Image-Pro Plus.

21 Tubulointerstitial area was evaluated in PAS-stained sections by point
counting technique using a 1 cm? eyepiece graticule with 9 equidistant grid lines.
26 Ten randomly selected corticomedullary areas per mouse were evaluated and 81
28 grid intersection points per field were counted at 200x magnification. The percentage
30 fractional area was calculated as follows:

32 %FA= (number of tubulointerstitial grid intersections/total number of grid
intersections) x 100

37 TGF-p1 ELISA

39 TGF-B1 is a profibrotic cytokine, known to play an important role in fibrosis in
chronic kidney disease®. Renal cortices were fractionated as previously described™.
44 Biologically active TGF-B1 was measured in plasma membrane fractions using the
46 TGF-1 Emax ImmunoAssay System (Promega, Madison, WI) according to the
manufacturer’s instructions. Prior to measurement, samples were diluted 1 in 5 with
51 PBS, then acid activated with 5-10 ul 1 M HCI to a pH of approximately 3.0. After a
53 15 min incubation at room temperature, samples were neutralized with
55 approximately 5.0 ul 1 M NaOH to achieve a pH of approximately 7.6. Samples were

58 then used within the immunoassay without further dilution. Values were expressed
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as pg/mg of protein as determined by the bicinchoninic acid method (Pierce,
Rockford, IL, USA).
Mitochondrial isolation

Mitochondria were isolated by differential centrifugation. Freshly harvested
renal cortex (100 mg) was finely minced and gently homogenized with glass teflon
tissue grinders in 4 ml ice-cold isolation medium, pH 7.4 (250 mM sucrose, 10 mM
Tris-HCI, 1 mM EGTA). The homogenate was centrifuged at 720 g for 5 min at 4°C
and the resulting supernatant was centrifuged at 15,300 g for 10 min at 4°C. After
washing, the mitochondrial pellet was resuspended in 300 ul ice-cold respiration
medium (225 mM Mannitol, 75 mM Sucrose, 10 mM Tris-HCI, 10 mM KH;PO,4, 10
mM KCI, 0.1 mM EDTA, 0.8 mM MgCl,). Total protein was determined by the
Bicinchoninic acid method according to the manufacturer’'s instructions (Pierce,
Rockford, IL, USA).
Citrate Synthase activity

Mitochondrial CS activity was performed according to the method of Srere et
al.,>” which employs the measurement of CS activity by linking the release of
Coenzyme A to the colorimetric agent DTNB 5,5-dithiobis-2-nitrobenzoate (Ellman’s
reagent). Mitochondria (15 mg/ml), permeabilized by three freeze-thaw cycles, were
diluted 1 in 20 (5 pl mitochondria in 95 pl of 100 mM TRIS buffer pH 8.3). Ten pl of
diluted mitochondria, or blank (Tris Buffer pH 8.3) was added to a 96-well microtiter
plate (Sarstedt, Nimbrecht, Germany) in duplicate. A reaction mixture was prepared
containing 1 mM DTNB, 3 mM Acetyl CoA, and 10% Triton-X in Tris Buffer pH 8.3.
Twenty ul of a 7.5 mM oxaloacetate solution was added to 225 pl reaction mixture
and the absorbance was measured at 412 nm each minute for 5 min with a BioRad

Benchmark Microtitre plate reader. The change in absorbance per minute was
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1

% calculated within the linear range of the plot. After correction for the blank, CS
2 activity was calculated using the molar extinction coefficient of TNB at 412 nm of
; 13.6 mM"' cm” and a path length of 0.552 cm, and was standardised per renal
20 cortical wet weight.

g Mitochondrial superoxide production by flow cytometry

E Superoxide production in freshly isolated mitochondria was measured using
i? the MitoSOX Red probe (Molecular Probes, Invitrogen, Eugene, OR, USA) and
ig fluorescence was detected by flow cytometry as previously described®® but with
32 modifications as described below. MitoSOX Red is hydroethidine coupled to a
% mitochondrial targeting lipophilic cation triphenylphosphine45. With one unpaired
gg electron, the O, radical selectively oxidizes the nonfluorescent hydroethidine moiety
% to form the fluorescent product 2-hydroxyethidium. This increase in fluorescence is
ég used as an index of relative mitochondrial O, production. MitoSOX Red is readily
g% oxidized by superoxide but not by other ROS- or reactive nitrogen species (RNS)—
gz generating systems. Briefly, 5 uM MitoSOX red was added to 15 pg of mitochondrial
g? protein in 500 ul Hanks Balanced Salt Solution (HBSS, with sodium bicarbonate,
gg calcium and magnesium, without phenol red, pH 7.3) in the presence of either,
%2 complex | substrates 10 mM glutamate/10 mM malate, or the complex Il substrate 10
ji mM succinate plus 2.5 uM rotenone. For signal specificity, a positive control
jg containing 0.5 mM hypoxanthine (HX) + 100 mU/ml xanthine oxidase (XO) and a
jf; negative control containing 0.5 mM HX + 100 mU/ml XO + 100 U/ml superoxide
§§ dismutase was included. HX+XO resulted in an increase in fluorescence intensity
gg compared to PBS control, which was dampened with addition of SOD, indicating
gg specificity of superoxide detection via this method (data not shown). Samples were
g? incubated for 30 min at 37°C in the dark, washed with PBS and analysed on a FACS
o5
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Calibur (BD, USA) flow cytometer, using excitation at 400 nm with detection at 590
nm in the FL2 channel. A minimum of 15,000 events per sample were acquired. The
data were presented by histograms representing the mean intensity of MitoSOX

fluorescence.

Hydrogen peroxide production

Hydrogen peroxide production in renal cortical mitochondrial preparations was
measured by fluorescence using the Amplex Red reagent (Molecular Probes,
Invitrogen, Melbourne, Australia) as previously described’’. In addition, hydrogen
peroxide production was assessed in the presence of 10 mM glutamate and 10 mM
malate or 10 mM succinate plus 2.5 uM rotenone.
ATP production

Mitochondria were isolated by differential centrifugation as described above.
ATP production was measured in triplicate using a bioluminescence ATP
determination Kit (Molecular Probes, Invitrogen, Melbourne, Australia) as described
previously’ with the following modifications. The complex | substrates, 10 mM
glutamate plus 10 mM malate or the Complex Il substrate 10 mM succinate plus 2.5
uM rotenone were added to the mitochondrial suspensions (15 png/well).
Luminescence was recorded every 5 seconds for a total analysis time of 30 seconds,
with the steady state rate used to determine the rate of ATP production. The ATP
production (nmol/min/mg protein) was normalized to CS activity to minimize the
effects of variability from altered mitochondrial numbers*’.
Mitochondrial membrane potential

Mitochondrial membrane potential was assessed using the MitoProbe JC-1

assay kit (Molecular Probes) by flow cytometry. Briefly, freshly isolated mitochondria
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(50 ng protein) were incubated with 2 uM JC-1 at 37°C for 15 min. A negative (in the
absence of JC-1) and positive control (25 uM CCCP) was also added. Suspensions

were washed, pelleted, and resuspended in PBS before analysis by flow cytometry
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10 (minimum 10,000 events/sample; FACSCalibur; BD Biosciences, San Jose, CA).
12 The ratio of red to green fluorescence intensity was determined.

Superoxide dismutase activity

17 The activity of superoxide dismutase in isolated mitochondria was measured
19 using a commercially available kit (Cayman Chemical Company, Ann Arbor, MI,
21 USA\) as previously described®.

23 Complex I activity

26 Respiratory chain complex | and the mitochondrial marker enzyme CS were
28 assayed in glomerular post-600 g supernatants and in hypotonically treated
30 mesangial cell mitochondrial preparations as previously described for other tissues*,
32 except that the assay temperature was 25°C. To account for variations in
35 mitochondrial number between samples, complex | activity was expressed relative to
37 CS in mU/U. CS is much more resistant to oxidative inactivation than the respiratory
39 chain complexes®.

4l 15-isoprostane Fy ELISA

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

50 3-Nitrotyrosine ELISA

The mitochondrial content of 3-Nitrotyrosine was measured using the
55 Bioxytech Nitrotyrosine EIA kit (Oxis Research, Portland, OR, USA), as specified by

57 the manufacturer.
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RNA Isolation and Quantitative PCR Analysis.

RNA isolation and quantitative PCR was performed as previously described®.
Briefly, total RNA, isolated from kidney using lllustra RNA Spin mini kit (GE
Healthcare), was treated with DNasel using an Ambion Turbo DNA freeTM kit. cDNA
was synthesized using TagMan reverse transcription reagents (Applied Biosystems)
and real-time PCR was performed using TagMan assays. The signal was detected
by Biorad iQ 5 Multicolor real-time PCR detection system. Primers and probes for
Ndufs6 were designed with Primerexpress software (Applied Biosystems) with the
probe spanning across the exon 2/3 boundary. Primers and probes for Gapdh were
purchased from Applied Biosystems. Samples were run in triplicate for both Ndufs6
and Gapdh as the internal control.

Statistics

All statistical computations were performed using GraphPad Prism version
4.0a 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. One-way ANOVA with Tukey’s post-test analysis was used to
determine statistical significance. Where appropriate, a two-tailed t-test was

performed. A p < 0.05 was considered to be statistically significant.
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Manganese superoxide dismutase (MnSOD)

NADH dehydrogenase (ubiquinone) iron-sulfur protein 6 (Ndufs6)
Oxidative phosphorylation (OXPHOS)

Reactive oxygen species (ROS)

Transforming growth factor (TGF)
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Figure Legends

Figure 1: Renal mitochondrial functional parameters. ATP production in renal
cortical mitochondria isolated from WT, Ndufs6%’"mice and Ndufs6°”®' mice and
incubated with (A) complex I-linked substrates 10 mM glutamate and 10 mM malate,
or (B) complex ll-linked substrates 10 mM succinate and the complex | inhibitor
rotenone (2.5 pM). (C) Mitochondrial membrane potential (Ay) using the
potentiometric dye JC-1 with analysis by flow cytometry. WT wild type, +/-
Ndufs69*mice, -/- Ndufs69"% mice. *p <0.05 vs WT mice; #p <0.05 vs Ndufs6™" mice;

n=5-8 per group.

Figure 2: Renal mitochondrial reactive oxygen species generation. Renal
cortical mitochondria from WT, Ndufs6%’ mice and Ndufs69%* mice were assayed for
superoxide production using the MitoSox Red dye in the presence of A-B 10 mM
glutamate and 10 mM malate, or C-D 10 mM succinate and 2.5 uM rotenone.
Samples were analysed by flow cytometry using excitation at 400 nm with detection
at 590 nm in the FL2 channel. Representative histograms showing mean intensity of
MitoSOX fluorescence are shown for glutamate/malate (A), and succinate/rotenone
(C), with corresponding quantitation shown in B and D respectively. Renal cortical
mitochondria were incubated with (E) glutamate/malate or (F) succinate and
rotenone and H,O, production was assessed using the Amplex red assay probe with

*

fluorescence detection. WT wild type, +/- Ndufs6%"*mice, -I- Ndufs6°’® mice. *p

<0.05 vs WT mice, n=6-8 per group; n=5 per group.
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1

2

3 Figure 3: Manganese Superoxide Dismutase (MnSOD) activity and biomarkers
4

2 of peroxynitrite damage and lipid peroxidation. Renal mitochondrial (A) MnSOD
; activity as measured by spectrophotometry, and (B) 3-nitrotyrosine content
9

10 measured by enzyme-linked immunosorbent assay (ELISA). (C) Urinary 15-
11

12 isoprostane Fy; excretion as measured by ELISA. WT wild type, +/- Ndufs69"* mice, -
13

14 /- Ndufs6979" mice. *p <0.05 vs WT mice; #p <0.05 vs Ndufs6*" mice; n=8 per group.
15

16

17

18 ,

19 Figure 4: Renal phenotype.

20

21 (A) Urinary albumin to creatinine ratio (ACR) (data are geomean plus tolerance
22

23 factor), (B) Urinary excretion of Kim-1, (C) Quantitation of total cortical collagen
24

gg determined using Image ProPlus and representative photomicrographs of Masson’s
% trichrome-stained sections of renal cortex from WT mice (top panel), Ndufs6"" mice
29

30 (middle panel) and Ndufs6”" (bottom panel) mice showing collagen deposition in blue
31

32 (x400 magnification, scale bar is equal to 25 um). (D) Tubulointerstitial area
33

gg evaluated by point counting technique. (E) Active TGF-B1 in renal cortical plasma
36 . .

37 membrane. WT wild type, +/- Ndufs6?*mice, -/- Ndufs6%”*" mice. *p <0.05 vs WT
38

39 mice; #p <0.05 vs Ndufs6™ mice; n=8 per group.

40

41

42

ji Figure 5: Glomerular injury. Representative photomicrographs of Periodic Acid
45

46 Schiff (PAS) stained renal sections (x400 magnification, scale bar is equal to 25 um)
47

48 from WT mice (top panel), Ndufs6" mice (middle panel) and Ndufs6” mice (bottom
49

50 panel), with (A) corresponding semiquantitative analysis of glomerulosclerosis. (B)
51

gg Glomerular volume and (C) Cells/per glomerulus were assessed histologically as
gg described in materials and methods. WT wild type, +/- Ndufs6%*mice, -/- Ndufs6/%
56

57 mice. *p <0.05 vs WT mice; #p <0.05 vs Ndufs6*" mice; n=8 per group.

58

59
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Figure 6: Renal phenotype of juvenile mice.

Urine, plasma and renal cortices were collected from 16 day old wild type, Ndufs69*
and Ndufs6°”%" mice and renal phenotype was determined. (A) Urinary albumin to
creatinine ratio (ACR) (data are geomean plus tolerance factor), (B) Plasma
creatinine as measured by high performance liquid chromatography, (C) Plasma
cystatin C as measured by enzyme-linked immunosorbent assay (ELISA), (D)
Urinary excretion of Kim-1 as determined by ELISA, (E) Urinary 15-isoprostane F
excretion as measured by ELISA and (F) Semiquantitative analysis of
glomerulosclerosis. WT wild type, +/- Ndufs6%“mice, -/- Ndufs69"%" mice. *p <0.05 vs

WT mice; #p <0.05 vs Ndufs6*" mice; n=3-5 mice per group.
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47 Figure 1: Renal mitochondrial functional parameters. ATP production in renal cortical mitochondria isolated
from WT, Ndufs6gt/+mice and Ndufs6gt/gt mice and incubated with (A) complex I-linked substrates 10mM
glutamate and 10mM malate, or (B) complex II-linked substrates 10mM succinate and the complex I
49 inhibitor rotenone (2.5uM). (C) Mitochondrial membrane potential (Aw) using the potentiometric dye JC-1
50 with analysis by flow cytometry. WT wild type, +/- Ndufs6gt/+mice, -/- Ndufs6gt/gt mice. *p<0.05 vs WT
51 mice; #p<0.05 vs Ndufs6+/- mice; n=5-8 per group.
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Figure 2

Renal mitochondrial reactive oxygen species generation. Renal cortical mitochondria from WT,
Ndufségt/+mice and Ndufs6gt/gt mice were assayed for superoxide production using the MitoSox Red dye in
the presence of A-B 10 mM glutamate and 10 mM malate, or C-D 10 mM succinate and 2.5 uM rotenone.
Samples were analysed by flow cytometry using excitation at 400 nm with detection at 590 nm in the FL2
channel. Representative histograms showing mean intensity of MitoSOX fluorescence are shown for
glutamate/malate (A), and succinate/rotenone (C), with corresponding quantitation shown in B and D
respectively. Renal cortical mitochondria were incubated with (E) glutamate/malate or (F) succinate and
rotenone and H202 production was assessed using the Amplex red assay probe with fluorescence detection.
WT wild type, +/- Ndufs6gt/+mice, -/- Ndufségt/gt mice. *p <0.05 vs WT mice, n=6-8 per group; n=5 per
group.
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nitrotyrosine content measured by enzyme-linked immunosorbent assay (ELISA). (C) Urinary 15-isoprostane
49 F2t excretion as measured by ELISA. WT wild type, +/- Ndufségt/+mice, -/- Ndufs6gt/gt mice. *p<0.05 vs
50 WT mice; #p<0.05 vs Ndufs6+/- mice; n=8 per group.
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Figure 4

Renal phenotype.

(A) Urinary albumin to creatinine ratio (ACR) (data are geomean plus tolerance factor), (B) Urinary excretion
of Kim-1, (C) Quantitation of total cortical collagen determined using Image ProPlus and representative
photomicrographs of Masson’s trichrome-stained sections of renal cortex from WT mice (top panel),
Ndufs6+/- mice (middle panel) and Ndufs6-/- (bottom panel) mice showing collagen deposition in blue
(x400 magnification, scale bar is equal to 25 um). (D) Tubulointerstitial area evaluated by point counting
technique. (E) Active TGF-B1 in renal cortical plasma membrane. WT wild type, +/- Ndufségt/+mice, -/-
Ndufségt/gt mice. *p <0.05 vs WT mice; #p <0.05 vs Ndufs6+/- mice; n=8 per group.
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38 Glomerular injury. Representative photomicrographs of Periodic Acid Schiff (PAS) stained renal sections
39 (x400 magnification, scale bar is equal to 25 um) from WT mice (top panel), Ndufs6+/- mice (middle panel)
40 and Ndufs6-/- mice (bottom panel), with (A) corresponding semiquantitative analysis of glomerulosclerosis.
41 (B) Glomerular volume and (C) Cells/per glomerulus were assessed histologically as described in materials
42 and methods. WT wild type, +/- Ndufségt/+mice, -/- Ndufs6gt/gt mice. *p <0.05 vs WT mice; #p <0.05 vs
43 Ndufs6+/- mice; n=8 per group.
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Figure 6

Figure 6: Renal phenotype of juvenile mice.

Urine, plasma and renal cortices were collected from 16 day old wild type, Ndufs6gt/+ and Ndufségt/gt mice
and renal phenotype was determined. (A) Urinary albumin to creatinine ratio (ACR) (data are geomean plus
tolerance factor), (B) Plasma creatinine as measured by high performance liquid chromatography, (C)
Plasma cystatin C as measured by enzyme-linked immunosorbent assay (ELISA), (D) Urinary excretion of
Kim-1 as determined by ELISA, (E) Urinary 15-isoprostane F2t excretion as measured by ELISA and (F)
Semiquantitative analysis of glomerulosclerosis. WT wild type, +/- Ndufségt/+mice, -/- Ndufs6gt/gt mice.
*p<0.05 vs WT mice; #p<0.05 vs Ndufs6+/- mice; n=3-5 mice per group.
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