Chapter 28
Mitochondrial Dysfunction in the Diabetic
Kidney

Kumar Sharma

The pathobiology of diabetic kidney disease has primarily focused on a variety of
metabolic pathways linked to glucose metabolism and inflammatory mediators [1].
However, many of the pathways implicated including the poly-ol pathway, hexos-
amine formation, glycosylation, protein kinase C have not translated to interven-
tions showing clinical utility [1-3]. Beginning with the work from Brownlee et al.,
the concept that mitochondrial superoxide production played an upstream role in
regulating a variety of pathways has held sway [4, 5]. Unfortunately, clinical
approaches to reduce superoxide production have not had promising results [6, 7].
However, recent work has not found evidence of an increase in mitochondrial super-
oxide production in the diabetic kidney [8, 9]. In contrast, an opposing theory stat-
ing that reduced mitochondrial function (or dysfunction) is a major upstream
consequence of hyperglycemia and diabetes has been gaining traction [10]. In sup-
port of this newer view, an approach to augment mitochondrial function may pro-
vide novel therapeutics to delay and arrest diabetic complications.
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Mitochondrial Function in the Kidney

Apart from the heart, the kidney is considered to contain the greatest density of
mitochondria per mass of tissue [11]. An explanation for this observation may be
that apart from the heart, the kidney is constantly required to be functioning to
maintain adequate homeostasis of water, electrolytes, minerals and many other
organic and inorganic ions within the organism. Therefore, a loss of mitochondrial
function or content could be the basis or consequence of reduced organ function.
The role of mitochondria in organ dysfunction may be best understood in the setting
of ischemia-reperfusion syndrome in the heart and kidney. The normal heart has to
continuously perform a coordinated function linking electrical activity to diastolic
and systolic activity of the right and left ventricles. The energy demands amount to
about 30 kg of ATP production on a daily basis and much of the ATP generation is
considered to be derived from ox-phos activity. However, it is exceedingly difficult
to quantitate the amount and function of mitochondria in an organ. One approach is
to quantify the supramolecular complexes or respirasomes [12]. Recently, respira-
somes were found to be reduced in heart failure [12] setting up a paradigm that
reduced mitochondrial energy output could contribute to the progressive failure of
heart function in CHF [13].

Similarly, the kidney tubular cells are considered to require ATP for the enor-
mous requirements of the proximal tubular cell to retain water, sodium and electro-
Iytes. The TAL cell also requires a large amount of ATP to pump sodium, potassium
and chloride into the interstitium and generate the counter-current gradient. In mod-
els of ischemia-reperfusion injury and septic kidney disease there appears to be a
marked depletion of mitochondrial function [11, 14], which may underlie the basis
of reduced renal function despite normal appearing glomeruli and restoration of
renal blood flow. Whether mitochondrial dysfunction plays a role in human diabetic
kidney disease was not comprehensively evaluated until quite recently.

Metabolomic Studies Implicating Mitochondrial Dysfunction
in Diabetes

Recently, several groups have applied both urine and serum metabolomics to char-
acterize biochemical disturbances in diabetic kidney disease. Blood studies revealed
a role for pseudouridine as a biomarker for diabetic kidney disease [15, 16], how-
ever the role of pseudouridine remains unclear. Other metabolites that have been
identified include indoxylsulfate [17] which may be a marker of renal dysfunction
and has been recognized as a uremic metabolite and partly controlled by gut bacte-
ria [16]. Kynurenine has also been found to be elevated in patients and may predis-
pose to kidney disease [18]. Additionally, plasma sphingomyelin has been found to
be elevated in patients with diabetes and may pre-date kidney disease [19].

Urine metabolomics studies have been plagued by lack of quality control in col-
lecting timed samples of urine [3]. A well conducted study using both GC-MS and
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LC-MS based analysis of urine [20] identified that acyl-carnitines, acyl-glycines
and tryptophan metabolites discriminated patients with DKD. In our study of sub-
jects with diabetes and evidence of kidney disease, characterized by reduced eGFR
(<75 ml/min/1.73 m?) using 24 h urine collections, there was a consistent reduction
in a panel of 13 metabolites [21]. These 13 metabolites were found to be reduced in
subjects from many parts of the USA and Europe with diabetes and CKD. Using a
network analysis approach it was found that the 13 metabolites were all linked in a
large network and that 12/13 metabolites were controlled by enzymes localized to
mitochondria. As there was a significant reduction of the metabolites it was con-
cluded that overall mitochondrial function was reduced in patients with diabetic
kidney disease. Support from this conclusion came from studies of kidney biopsies
which indicated a reduction in mitochondrial protein (complex I'V) and reduction in
PGCla the master regulator of biogenesis.

A reduction in mitochondria in patients with diabetic kidney disease was also
demonstrated by a reduction of urine exosomal mtDNA [21] and a reduction in
blood levels of mtDNA [22]. These studies demonstrate from a variety of approaches
that diabetic kidney disease is marked by reduced mitochondrial content and func-
tion. Of major interest is that non-diabetic kidney disease is also marked by reduc-
tion of circulating mtDNA [23] and reduced PGCla in kidney tissues [24].

Mitochondrial Content and Function in Experimental DKD

Mitochondrial function has been considered to be at the heart of understanding dia-
betic complications as glucose oxidation fundamentally involves the mitochondrial
TCA cycle and oxidative phosphorylation. However, the response of mitochondria
to excess glucose in many cells and organs still remain unclear. Using a targeted
metabolomics approach, Mootha’s group studied the metabolic response to glucose
[25]. In healthy volunteers the ingestion of an oral glucose challenge resulted in a
remarkable increase in glycolytic intermediates and an increase in bile acids in the
blood. Surprisingly, there was a marked reduction in many amino acids, including
the branched chain amino acids, leucine, isoleucine and valine. There was also a
marked reduction in the ketone body, B-OH butyrate. The overall response was con-
sidered a switch from catabolism to anabolism. Once mitochondrial function analy-
sis was developed initial studies focused on the skeletal muscle response in patients
with diabetes. As skeletal muscle is considered to contain the greatest content of
mitochondria, it is logical to assess the skeletal muscle mitochondrial response in
the diabetic milieu. A series of studies found that mitochondrial content and func-
tion were reduced in the skeletal muscle [26, 27]. However, therapeutic approaches
to improve mitochondrial function in patients with diabetes have not been pursued
until very recently.

The kidney is considered to have the greatest amount of mitochondria per tissue
mass, and is only second to the heart [28]. With hyperglycemia from type 1 diabe-
tes, the kidney response was found to reduce the content of mitochondria per mass



556 K. Sharma

of tissue [8]. Electron chain complex activity was measured with classical methods
and found to be generally reduced across all of the complexes [8]. There may be a
reduction of pyruvate entry into the mitochondria as the pyruvate dehydrogenase
complex was phosphorylated [8]. Despite the reduction in mitochondrial electron
chain complex activity and PDH, several studies have found an increase in TCA
metabolites in the urine of mouse models of type 1 diabetes. Recent studies have
also addressed mitochondrial function and content with type 1 diabetic animal mod-
els. With STZ-induced diabetes in the rat, mitochondrial fragmentation was found
at 4 weeks of diabetes in association with reduced ATP content and these distur-
bances preceded albuminuria and elevation in urinary KIM1 levels [9]. Reduced
mitochondrial electron chain complex III activity was found in the diabetic rat kid-
ney by a separate group [29]. Mitochondrial DNA content was found to be increased
with diabetes in this model. Mitochondrial DNA was found to be elevated in mesan-
gial cells exposed to high glucose in the first 4 days before reduction was noted with
longer durations [22].

Several groups have also found marked differences in mitochondria with type 2
diabetes. In the db/db mouse model, there is a fragmentation and reduced function
of mitochondria in the podocytes [30]. There was an increase in mitochondrial fis-
sion which was mediated via Rho-associated coiled coil-containing protein kinase
1 (ROCK1) activation. The role of dynamin related protein (Drpl) was recently
implicated as mice with podocyte specific inducible reduction of Drp1 had improved
mitochondrial structure and function [31]. Rap1b, a small GTPase, was also found
to improve mitochondrial function in renal tubular cells treated with high glucose
and Rap1b was recently found to be reduced in tubular cells in biopsy tissue from
patients with diabetic nephropathy [32]. Using electron microscopy, there was evi-
dence of reduction of elongated mitochondria in tubular cells of diabetic nephropa-
thy specimens [32].

In patients with diabetic kidney disease our group initially found a reduction in
mitochondrial DNA content in urine exosomes [21]. As urine exosomes are largely
derived from podocytes and tubular epithelial cells, the reduction in urine exosomal
mtDNA was considered to reflect a reduction in renal epithelial mitochondrial con-
tent. Support for this hypothesis was found with reduction of mitochondrial com-
plex protein levels in kidney biopsies from patients with diabetic nephropathy. The
reduction of mitochondria is likely due in large part due to reduction of PGCla, the
master regulator of mitochondrial biogenesis.

Role of PGCla in CKD and DKD

The dependence of mitochondrial function for recovery of kidney function may be
exemplified by the role of PGCla. As the master regulator of mitochondrial biogen-
esis, PGCla has been recognized to be critically important in a variety of tissues
including muscle tissue [33]. With diabetes, it was recognized that PGCla was
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reduced in the skeletal muscle of patients with type 2 diabetes. However, the role of
PGCla in the muscle remains unclear as overexpression of PGCla leads to insulin
resistance (see Chap. 25). A recent study found that upregulation of PGCla was
associated with stimulation of a specific metabolite, 3-hydroxyisobutyrate (3-HIB),
a catabolic intermediate of valine [34]. 3-HIB mediated enhanced trans-endothelial
fatty acid transport and may play a role in the link with branched chain amino acids
and development of insulin resistance and type 2 diabetes [34]. Interestingly, one of
the 13 metabolites that were reduced in the urine of patients with DKD is 3-HIB and
we were the first to recognize that PGCla was reduced in kidney disease [21].

The role of PGCla was found to play a major role initially in acute kidney injury.
In studies by Parikh and colleagues, tubular reduction of PGC1a made mice suscep-
tible to ischemic and sepsis related injury [35] whereas over expression of PGCla
in tubular cells conferred protection [14]. The benefit of upregulating PGCla in
ischemic renal injury may partly be due to regulation of NAD. In a model of chronic
kidney disease and renal fibrosis with folic acid-induced nephropathy, tubular
upregulation of PGCla was found to be remarkably protective [24].

In animal models of diabetic kidney disease, PGCla has been found to be
reduced and with stimulation of AMPK, PGCla protein levels were restored along
with markers of mitochondrial content and electron transport chain activity [8].
Several groups have now demonstrated a similar relationship in diabetic kidney
disease [36, 37]. The regulation of PGCla and mitochondrial biogenesis in DKD
appears to be primarily be regulated by AMPK.

AMPK, Mitochondrial Function and ROS in DKD

PGCla can be affected by numerous signaling pathways as well as potentially by
epigenetic regulation of the PGCla promoter. In the context of diabetes, a major
upstream pathway appears to be AMPK, the master energy sensor. 5'-adenosine
monophosphate (AMP)-activated protein kinase (AMPK) is an evolutionarily con-
served serine/threonine kinase that is a key player in maintaining cellular energy
homeostasis. AMPK is highly regulated by the AMP/ATP ratio and is activated
under conditions of low ATP levels. In this context activation of AMPK serves to
improve energy efficiency by reducing protein synthesis and enhancing glucose
entry into cells and stimulation of PGCla and mitochondrial biogenesis. AMPK is
also now recognized to have a variety of functional roles and is also regulated by a
variety of kinases such as liver kinase B1 (LKB1), calcium—/calmodulin-dependent
kinase kinase 2 (CAMKK?2), TGF-f activated kinase 1 (TAK1) as well as a variety
of phosphatases, such as protein phosphatase 2A (PP2A), protein phosphatase 2C
(PP2C) and Mg2+/Mn2+ dependent protein phosphatase 1E (PPMI1E) [38]. Several
groups have identified that AMPK is reduced in models of type 1 and type 2 diabetic
kidney disease as well as in the diet-induced obesity model of kidney disease [8,
39-41].
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The regulation of AMPK in diabetic kidney disease remains unclear. Studies by
Kasinath’s group identified that LKB1 activity was reduced by high glucose due to
acetylation of LKB1 and contributed to reduced AMPK activity [42]. Similar results
were found by Susztak’s group as deletion of LKB1 in tubular cells led to AMPK
reduction and apoptosis whereas stimulation of AMPK was able to rescue the phe-
notype [43]. Recently, our group evaluated the regulation of ATP, ADP and AMP in
the diabetic kidney using mass spec imaging [44]. As ATP is easily metabolized in
harvested tissue and AMP is of very low levels, accurate measurements are difficult
to perform. With the advent of mass spec imaging on frozen tissues, the aspect of
tissue processing is limited and the likelihood that ATP levels are similar to the
in vivo condition is higher. Using MALDI-TOF approach with targeted mass spec
imaging, we found that glomerular levels of ATP/AMP or ATP/ADP were elevated
in diabetic kidneys. Thus, it is likely that at the glomerular level, the reduction of
AMPK is at least in part due to an elevation in the ATP/AMP ratio.

Stimulation of AMPK in diabetic kidney disease was found to have a remarkable
effect to reduce albuminuria, mesangial matrix expansion and the stimulation of
matrix molecules and TGF-f. AMPK activation also reduced a key producer of
reactive oxygen species in the kidney, NADPH oxidase. The benefit of AMPK acti-
vation with AICAR was found to be dependent on AMPK, as mice deficient in
AMPKoa2 had increased albuminuria but no beneficial effect with AICAR. AMPK
activation also markedly reduced mTOR activation in the diabetic kidney and
restored PGCla levels in the diabetic kidney independent of lowering blood glucose
or changes in body weights in type 1 models of diabetic kidney disease.

A key insight was the effect of AMPK activation on markers of mitochondrial
biogenesis and electron chain activity. The diabetic kidney was found to have a
reduction of mitochondrial content and reduced activity of the electron chain com-
plexes. This was completely restored with AMPK activation, likely via stimulation
of PGCla. Therefore, this study provided compelling evidence that stimulation of
mitochondrial biogenesis and mitochondrial electron transport chain activity led to
beneficial outcomes in diabetic kidney disease. This study also provided new insight
into the role of mitochondrial ROS in the context of diabetic kidney disease.

It has been widely believed that overproduction of superoxide from mitochon-
dria played a key role in causing diabetic complications and diabetic kidney disease.
However, this theory had not been supported by direct in vivo measurement of mito-
chondrial superoxide. We developed a DHE-based in vivo assessment of superoxide
in mice and found that the normal kidney had a high level of superoxide production
[8]. Surprisingly, with type 1 diabetes there was a marked reduction of renal super-
oxide production in association with reduced mitochondrial electron transport chain
activity. Therefore, we concluded that the reduction of mitochondrial electron trans-
port chain activity was reflected by reduced production of superoxide. As the mito-
chondrial contribution of superoxide in the baseline state is widely believed to be
80% of basal superoxide production, our DHE-based studies support the idea that
mitochondrial superoxide is reduced in the diabetic kidney. Additional studies using
electron paramagnetic resonance with kidney extracts also found a reduced level of
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superoxide from the diabetic kidney. Finally, isolated mitochondria from the dia-
betic kidney also exhibited reduced levels of ROS production.

To further evaluate the role of mitochondrial superoxide, studies were also per-
formed in the SOD2*~ mouse. The reduced levels of mitochondrial SOD were asso-
ciated with a high level of DHE-based superoxide production in the kidney.
However, despite this high level of superoxide the SOD2*~ mouse has no evidence
of kidney disease [8]. Even with diabetes, this mouse does not develop any worsen-
ing of diabetic kidney disease. These results indicate that mitochondrial superoxide
are neither necessary nor sufficient for development of diabetic kidney disease. The
major detrimental source of ROS in the diabetic kidney is likely to be non-
mitochondrial and possibly arising from NADPH oxidase. Indeed, stimulation of
mitochondrial electron transport chain activity is associated with an enhancement of
superoxide production and amelioration of renal inflammation and fibrosis. This
concept is captured in the theory of mitochondrial hormesis in the context of dia-
betic complications. At present, several pharmaceutical companies are pursuing
strategies to improve mitochondrial function for many chronic conditions, including
diabetic nephropathy.

New Concepts Linking Reduced Mitochondrial Function
to Diabetic Kidney Disease

A major impediment to advancing novel treatments for diabetic kidney disease is
the lack of insightful biomarkers. Recently an inhibitor of Nox4 was found to ben-
efit diabetic kidney disease by several groups, however the downstream target of
Nox4 activity has not been identified. Using urine metabolomics, we found that
inhibition of Nox4 was found to dose-dependently reduce levels of urine fumarate
in type 1 diabetic micei [45]. Tissue levels of fumarate were also increased in the
diabetic kidney and reduced with the Nox4 inhibitor.

Fumarate is a key metabolite within the TCA cycle and arises from conversion of
succinate to fumarate by succinate dehydrogenase (SDH). Fumarate itself is con-
verted to malate by fumarate hydratase. As fumarate was increased in the diabetic
tissue, we hypothesized that FH activity would be reduced in the diabetic kidney.
Indeed there was a marked reduction of FH activity and FH protein in the diabetic
kidney. FH appears to be a key target of Nox4, as overexpression of Nox4 led to
marked reduction of FH levels and Nox4 inhibition restored FH levels. Importantly,
FH was also found to be reduced in the human diabetic kidney.

Thus, there is now supportive data that a key mitochondrial enzyme, FH, is
affected in diabetic kidney disease and likely contributes to an upregulation of tissue
and urine fumarate levels. A recent study using patients with diabetes found that urine
levels of fumarate were increased in patients with diabetes who had progressive renal
disease. Further studies are ongoing with larger prospective cohorts to determine the
role of urine fumarate as a biomarker of progressive diabetic kidney disease.
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Fumarate itself has been identified as a “fibrogenic metabolite”. Addition of
fumarate to renal cells leads to stimulation of TGF-f and gene expression of extra-
cellular matrix molecules. Fumarate is also a potent stimulator of HIF1a accumula-
tion by inhibiting prolyl-hydroxylase activity. The combination of increased HIF o
and TGF-$ may work in concert to suppress mitochondrial ox-phos activity, sup-
press mitochondrial biogenesis and promote matrix accumulation and fibrosis.

Another major insight has been the recognition that reduced fatty acid oxidation
and impaired cholesterol export could contribute to progressive kidney disease,
including diabetic kidney disease. With reduced mitochondrial biogenesis, there
could be reduced fatty acid oxidation leading to accumulation of fatty acids. In addi-
tion, reduced mitochondrial biogenesis may contribute to reduced cholesterol export
pathways and lipotoxicity. Stimulation of fatty acid oxidation, possibly via PPARa
stimulation is an attractive target for future therapeutics.

Concluding Remarks

In the past 5 years there has been a remarkable resurgence of interest in the role of
mitochondrial function in diabetic kidney disease. In contrast to the prevailing
theory, accumulating evidence suggests that mitochondrial dysfunction and sup-
pression are consequence of diabetes and not causative for disease progression. By
restoring mitochondrial biogenesis, reducing mitochondrial fragmentation and
improving mitochondrial activity there is marked improvement in disease param-
eters. Future studies to specifically target pathways of mitochondrial biogenesis
via ROCK1 inhibitors, AMPK activation and PGCla stimulation would provide
novel approaches. Newer targets such as fumarate hydratase activators and path-
ways to enhance fatty acid oxidation may also provide potent therapeutic
approaches. With the parallel improvements in metabolomics, a coordinated com-
panion diagnostic approach would be of added value to provide informative bio-
markers to assure that disease pathways are being engaged by the therapeutic and
efficacy will hopefully be predicted.
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