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Obesity in combination with diabetes and hypertension likely
is contributing to the increasing incidence of chronic kidney
disease (CKD) in the 21st century worldwide and requires
novel insights and strategies for treatment. There is an
increasing recognition that the kidney has an important role
in the complex inter-organ communication that occurs with
the development of inflammation and fibrosis with obesity.
Inhibition of the adiponectin-AMPK pathway has now
become established as a critical pathway regulating both
inflammation and pro-fibrotic pathways for both obesity-
related kidney disease and diabetic kidney disease. AMPK
regulates NFkB activation and is a potent regulator of NADPH
oxidases. Nox4 in particular has emerged as a key contribtor
to the early inflammation of diabetic kidney disease. AMPK
also regulates several transcription factors that contribute to
stimulation of the transforming growth factor-beta (TGF-f)
system. Another key aspect of AMPK regulation is its control
of mammalian target of rapamycin (mTOR) and
mitochondrial biogenesis. Inhibition of PGC-1g, the
transcriptional co-activator of mitochondrial biogenesis is
being recognized as a key pathway that is inhibited in
diabetic kidney disease and may be linked to inhibition of
mitochondrial function. Translation of this concept is
emerging via the field of urine metabolomics, as several
metabolites linked to mitochondria are consistently
downregulated in human diabetic kidney disease.

Further studies to explore the role of AMPK and related
energy-sensing pathways will likely lead to a more
comprehensive understanding of why the kidney is
affected early on and in a progressive manner with obesity
and diabetes.
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The worldwide increase in obesity likely contributes to
development and progression of kidney disease with both
diabetes and hypertension. The contribution of obesity has
been highlighted by a large epidemiologic study, where the
body mass index was found to be the second most important
contributor to relative risk for developing end-stage renal
disease, after proteinuria, among all subjects who were regi-
stered as patients and followed for 27-36 years.! With obesity
contributing to multi-organ disease, there is increasing
recognition that the kidney is affected at the very stages of
obesity and may contribute to systemic inflammation. In this
review, studies linking the adiponectin-5'-AMP activated
protein kinase (AMPK) pathway will be highlighted with
respect to development of inflammation and fibrosis with
obesity-related and diabetic kidney disease.

ADIPONECTIN IN OBESITY-RELATED KIDNEY DISEASE

Adiponectin is a 30-kDa (Acrp30) protein predominantly
produced in the adipose tissue and circulates in the plasma as
a trimer (low molecular weight), a hexamer generated from
two trimers, or as multimers consisting of 12-18 hexamers
(high molecular weight; HMW). Levels of adiponectin are
decreased in obesity, coronary artery disease, and type 2
diabetes mellitus.> In our prior studies, adiponectin levels
were found to be inversely correlated with low-grade albu-
minuria in obese African-American subjects.®> A similar
relationship was found in patients with hypertension from
Europe and in patients from Japan.*® Interestingly, this
relationship was primarily found in subjects with elevated
body mass index and with low-grade albuminuria. A large
study with 440 subjects recently found the same inverse
relationship between adiponectin levels and albuminuria in
subjects with obesity, even after adjusting for other risk
factors.® However, in patients with established diabetes or
chronic kidney disease (CKD), adiponectin is positively
correlated with albuminuria or proteinuria.”8 It remains
controversial whether serum adiponectin levels predict future
cardiovascular risk factors in CKD subjects.”'® A potential
role for adiponectin to act on podocytes has been identified
based on expression studies of the receptors for adiponectin.
Adiponectin receptor 1 and adiponectin receptor 2 are the
two major receptors for adiponectin and are described as a
new class of heptahelix receptors structurally and functionally
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distinct from G-protein-coupled receptors.!! Both receptors
signal via the AMPK pathway. Adiponectin receptor 1 gene
expression is expressed in the mouse kidney and podocytes
to a similar degree as in liver, whereas adiponectin receptor
2 gene expression of kidney and podocyte is much less
than liver.? Protein studies are difficult to interpret as the
commercially available antibodies may not be specific and
sensitive. Presently, based on the published epidemiologic
studies there is convincing evidence that in subjects who are
obese (without diabetes or CKD) there is a relationship
between circulating adiponectin levels and low-grade albu-
minuria, however, the role for adiponectin to mechanistically
contribute to albuminuria will be difficult to establish in
human studies.

A cause and effect role for adiponectin in the development
of kidney disease has been supported by several independent
studies using different mouse models of manipulating
adiponectin. Studies in one strain of adiponectin knockout
(KO) mice by our group identified that the KO mice have
elevated levels of albuminuria but only two- to threefold
greater than controls on a C57Bl6 background.>»'? With
addition of hyperglycemia, there was a progressive increase in
albuminuria in the KO mice, but not in the wild-type
diabetic mice. Treatment with exogenous adiponectin was
found to attenuate albuminuria and restore podocyte foot
process effacement. In a similar vein, 5/6 nephrectomy was
found to lead to an accelerated disease in a different
adiponectin KO mouse.!® In a recent study,!* mice with a
genetically engineered inducible podocyte injury have worse
disease when lacking adiponectin, and have protection when
overexpressing adiponectin. Thus, the available studies are in
agreement that, in models of glomerular injury adiponectin
has a protective role. However, in contrast there is conflicting
data with acute kidney injury. In one study, adiponectin-
deficient mice were protected from ischemia-reperfusion
injury,lswhereas an independent study found the reverse, i.e.,
that adiponectin deficiency exacerbated acute kidney injury
after ischemia reperfusion.!® The role of the specific
adiponectin receptors in chronic or acute kidney injury
remains to be established.

AMPK PATHWAY, INFLAMMATION, AND CKD
The major signaling pathways by which adiponectin appears
to confer its effects is via stimulation of AMPK, Akt, Rab5,
and phospholipase C.!” AMPK is a stress-activated kinase
that is activated in response to depleting ATP or a relative
increase in the intracellular AMP/ATP ratio to preserve cell
survival under a low-caloric environment.!® AMPK was
established to have a central role in the effects of adiponectin
based on studies in the adiponectin receptor KO mice.? As
obesity is associated with a reduction in adiponectin and an
excess of calories will lead to a reduced AMP/ATP ratio, it
would follow that AMPK would be reduced with obesity-
related kidney disease.

We first reported that renal AMPK was reduced in a
mouse model of high-fat-induced obesity (diet-induced
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obesity) within 1 week of the onset of the high-fat diet.!”
Surprisingly, there was evidence of renal inflammation
(elevated urine hydrogen peroxide, urine, and glomerular
monocyte chemoattractant protein-1 induction) by 1 week of
the high-fat diet, and the inflammation preceded any increase
in albuminuria. Stimulation of AMPK by 5-aminoimidazole-
4-carbox-amide-1-beta-D-ribofuranoside (AICAR) was able
to completely suppress the inflammatory markers and reduced
mesangial cell production of monocyte chemoattractant
protein-1 in response to palmitate. More recently, chronic
stimulation of AMPK by AICAR (for 12 weeks) was also
successful to reduce renal inflammation, albuminuria, and
matrix accumulation with the high-fat diet (Decleves, Kidney
Int 2014; 85: 611-623). Furthermore, AMPK activation was
able to completely reduce lipid vacuolization in proximal
tubular cells as well. Part of the basis for the latter finding may
be due to reduction of HMGCoA reductase activity with
AMPK activation and reduced cholesterol production.

AMPK also seems to have a prominent role in regulating
macrophage infiltration and activation. The overall numbers
of macrophages infiltrating the kidney with a high-fat diet
was completely normalized with AMPK activation. Further-
more, AMPK activation lowered the CD11¢/CD11b ratio
indicating a reduction in M1 macrophages (Decleves,
Kidney Int 2014; 85: 611-623). A role for AMPK in regulating
macrophage activation has been highlighted recently'® and
will be an active area of research in future studies.

AMPK also appears to have a key role in regulating the
NADPH oxidase (Nox) system. Of the major Nox isoforms
that have been identified, it appears that Noxl1, 2, and 4 may
have a role in mediating the oxidative stress involved in CKD.
We have previously identified that Nox4 was prominent in
podocytes and that high glucose-induced upregulation of
Nox4 can be blocked with adiponectin or activation of
AMPK.? In separate studies, AMPK was found to inhibit
Nox2 subunits via upregulating IxB and blocking NF-xB-
induced stimulation of Nox subunits (p67, p47) in endo-
thelial cells.?”

A role for AMPK regulation of Nox4 was demonstrated in
diabetic kidney disease by several groups and there is a
growing consensus that Nox4 may be the most critical Nox
linked to progression of diabetic kidney disease.?*?> Our
group found that mice with Nox2 deficiency have the same
degree of hyperglycemia and weight loss with streptozotocin-
induced diabetes, however, the degree of diabetic kidney
disease was not affected in the Nox2 KO diabetic group.?
The degree of albuminuria, glomerular matrix expansion,
and urine hydrogen peroxide was essentially the same in the
wild-type and Nox2 KO diabetic groups. As there was a
marked increase in Nox4 in the Nox2 KO diabetic kidney, it is
possible that Nox4 may compensate for Nox2 and be
sufficient to promote diabetic kidney disease. There are
ongoing studies with a combined Nox1/Nox4 inhibitor. In
other studies, inhibition of Nox1/Nox4 was found to be
protective with liver disease and cardiac disease.?*?> These
studies have taken on added importance, as new phase II
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Figure 1.| Excess glucose and fatty-acid exposure linked to reduction of AMPK and consequent inflammation and fibrosis. Increased
caloric exposure may lead to a reduction in AMP/ATP ratio and reduced 5'-AMP activated protein kinase (AMPK) activity. Reduced AMPK has
been linked to increased activity of NFkB and nuclear translocation of USF1. NFkB can stimulate the NAPDH oxidase system, whereas USF1
mediates transforming growth factor-beta 1 (TGF-f1) gene transcription under high-glucose conditions. Stimulation of AMPK via adiponectin/
LKB1 or various agonists (aminoimidazole-4-carbox-amide-1-beta-D-ribofuranoside (AICAR)) or modulators of AMPK (metformin, weight loss,
exercise) can block NFkB activation and USF1 nuclear translocation. In addition, the role of the AMPK-PGC-1a-mitochondrial biogenesis
pathway is likely further regulating inflammation and fibrosis via unclear pathways.

studies are underway to evaluate the role of Nox inhibition
for diabetic kidney disease.

AMPK, FIBROSIS, AND CKD
In addition to inflammation, AMPK has also been closely
linked to fibrosis promoting pathways. In the high-fat diet
model, chronic AMPK activation with AICAR was able to
reduce mesangial matrix expansion and reduce urinary levels
of TGF-B1 (Decleves, Kidney Int 2014; 85: 611-623). Recently,
we found that AMPK activation also markedly reduced
glomerular TGF-f, collagen, and fibronectin accumulation in
several mouse models of diabetic kidney disease (Dugan, J Clin
Invest 2013; 123: 4888-4899). Similar findings were also found
with the OVE 26 mouse.?? The mechanistic basis for how
AMPK activation inhibits TGF-f is unclear at present. A prior
study found that adiponectin and AMPK reduced TGF-B-
induced matrix and myofibroblast transformation,?® however,
Smad2/3 phosphorylation was not affected. Recently, we found
that a key transcription factor USF1 was translocated to the
nucleus with high glucose exposure and completely blocked by
AMPK activation.?” As USF1 has been found to mediate
glucose-induced stimulation of the TGF-B1 gene transcription,
there could be an important effect of AMPX to regulate USF1-
induced TGF-B1 synthesis.?8

In addition to downstream effects by AMPK to regulate
Nox and TGEF-f, there is a well-established pathway by which
AMPK inhibits mTOR activity. Several groups have identi-
fied that mTOR is activated in diabetic kidney disease.?”
Inhibition of mTOR is protective against diabetic kidney
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disease.”? However, deletion of mTOR in podocytes also
contributes to disease,’® and treatment with rapamycin has
been found to enhance proteinuria in some patients,?! thus
limiting its utility as a therapeutic for diabetic kidney disease.
A recent study found that mTOR inhibition also led to
reduced Nox4 levels in podocytes, suggesting that mTOR
may have a direct effect to regulate Nox4 independent of
AMPK.#

AMPK AND MITOCHONDRIAL FUNCTION

A key pathway by which AMPK stimulation protects cells in a
calorie-deprived state is to stimulate the master regulator of
mitochondrial biogenesis, PGC-1a. This transcriptional co-
activator is a potent stimulator of many mitochondrial
proteins and increases mitochondrial content.?? In states of
reduced AMPK activation, it would be expected that PGC-1a
is also reduced. Indeed, PGC-1a was found to be markedly
reduced in the muscle of patients with diabetes** and may be
due partly to epigenetic modification of the PGC-1a. pro-
moter. Recently, we found that the diabetic kidney also had
reduced PGC-1a levels in association with reduced AMPK,
reduced mitochondrial content, and reduced mitochondrial
complex activity (Dugan, J Clin Invest 2013; 123: 4888-4899).
This led to the question that, if there is reduced
mitochondrial complex activity in the electron transport
chain would there be a concomitant change in mitochondrial
superoxide production? Indeed, we found that there was
reduced superoxide production in the diabetic kidney using a
real-time imaging protocol and further verified by ex vivo
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studies with electron paramagnetic resonance measurements.
Thus, we found that the diabetic kidney is actually in a state
of reduced mitochondrial activity and reduced mitochondrial
superoxide production. This is in direct contrast to the
prevailing notion that diabetic complications are due to an
excess of mitochondrial superoxide!

We further sought to ask this question in patients with
established diabetic kidney disease. To get an index of
mitochondrial activity, we performed quantitative measure-
ments of a variety of metabolites linked to various biochemical
pathways linked to human disorders (Sharma, J Am Soc
Nephrol 2013; 24: 1901-1912). The predominant signature that
was identified was a reduction of metabolites produced by
mitochondrial enzymes. Semi-quantitative analysis of mito-
chondrial complex IV revealed reduction in kidney biopsies
from patients with diabetic nephropathy. Furthermore, there
was a reduction of gene expression for PGC-1a in diabetic
kidney tissues, but not in minimal change disease. These set of
studies help to establish a new paradigm for understanding
diabetic kidney disease. An early and progressive reduction in
mitochondrial content, potentially driven by reduced AMPK/
PGC-1a, is linked to early renal inflammation and pro-fibrotic
pathways (see Figure 1). Chronic exposure of cells to caloric
excess, from excess glucose and/or high fat, is linked to
reduction of AMPK, possibly due to transient or sustained
reduction in the AMP/ATP ratio. Persistent reduction of
AMPK activity allows for stimulation of inflammatory path-
ways mediated by NFkB and pro-fibrotic pathways mediated
by USF1. Downstream of the transcription factors, Nox and
TGEF-f are stimulated and directly contributing to inflamma-
tion and fibrosis in the kidney and heart. Pathways that
mitigate AMPK reduction are the adiponectin-LKB1 pathway
as well as direct and indirect activators of AMPK, including
AICAR, metformin, weight loss, and exercise. On the basis of
several animal studies, stimulation of AMPK may mediate
many of the beneficial effects to reduce inflammation and
fibrosis.!®3>3¢ Stimulation of AMPK via pharmacologic and
non-pharmacologic interventions may well be beneficial in
human kidney disease as well. Of note, non-pharmacologic
means of increasing AMPK has been identified by exercise and
food restriction, and exercise?’ has been shown to reduce
diabetic kidney disease independently of weight loss and
glucose lowering.*8

In conclusion, recent studies in the past 2-3 years on the
basis of inflammation and fibrosis via the AMPK pathway has
led to new insights and paradigms in our understanding of
diabetic kidney disease. Additional investigation to under-
stand the mechanistic underpinnings as to how reduced
mitochondrial function is linked to inflammation and
fibrosis will likely be an exciting and rewarding path to
identify new biomarkers and therapeutics for obesity-related
and diabetic CKD.
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