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Abstract
Insufficient insulin secretion and insulin resistance are hallmarks of diabetes. Recent studies
indicate that insulin plays an important role in maintaining the glomerular filtration barrier. Mima
et al. report that glomeruli of diabetic and obese rats suffer from insulin resistance and altered
insulin signaling. Protein kinase C inhibitors are able to overcome insulin resistance, offering new
hopes for the treatment of the condition.

In 2007, diabetes had affected 23.6 million people in the United States, and the number was
expected to increase significantly. The disease is characterized by hyperglycemia in the
setting of either inadequate insulin secretion or insulin resistance. Obesity is one of the
major risk factors for type 2 diabetes. Diabetic nephropathy is the number one cause of
kidney failure in the United States.1 Histologically, diabetic nephropathy is characterized by
glomerular basement membrane thickening and mesangial expansion followed by nodular
sclerosis (Figure 1c and d). Clinically, micro- and, later, macroalbuminuria is observed,
followed by a decline in renal function. In diabetes, all three layers of the glomerular
filtration barrier are affected: glomerular endothelial cells, mesangial cells, and glomerular
epithelial cells (or podocytes). Endothelial-cell dysfunction is a common theme in all
diabetic complications; at the same time, decreased podocyte numbers have been shown to
be a strong predictor of albuminuria and decline in renal function.2, 3 Since podocytes are
the major source of vascular endothelial growth factor (VEGF) in glomeruli, and endothelial
cells express the VEGF receptor, the cross-talk between podocytes and endothelial cells is
likely to be abnormal in diabetes and might contribute to development of diabetic
nephropathy.4, 5 Podocytes are particularly vulnerable to apoptosis in the setting of
hyperglycemia, which could set up a vicious cycle causing both podocyte depletion and
endothelial dysfunction.3

Insulin is a hormone that binds to its receptor, a tyrosine kinase, which then phosphorylates
insulin receptor substrates (IRSs), the most well studied of which is IRS1.6 IRSs then bind
to phosphatidylinositol-3′-kinase (PI3K) or growth factor receptor-bound (GRB) proteins,
which recruit many other downstream targets, such as Akt, glycogen synthase kinase 3
(GSK3), endothelial nitric oxide synthase (eNOS), Ras, extracellular signal-regulated kinase
(ERK), and protein kinase C (PKC) to elicit wide-ranging effects including but not limited
to glucose uptake, glycogenesis and lipogenesis, and cellular proliferation7 (Figure 1a). PKC
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represents a group of serine/threonine kinases that are activated by a variety of chemical
signals besides insulin, including calcium, diacylglycerol, phosphatidylserine, and phorbol
esters; the downstream effects are again wide-ranging. Some isoforms of PKC appear to
have downregulatory effects on insulin signaling, such as PKC-β, which suppresses the
insulin-induced activation of Akt and eNOS via direct phosphorylation of IRS1.8 Recent
genetic studies indicate an association between PKC polymorphisms and the development of
diabetic end-stage kidney disease.9 Additionally, certain isoforms of PKC, including PKC-β,
are persistently activated by hyperglycemia, suggesting that there is perhaps overstimulation
of PKC in diabetes. Therefore it has been suggested that PKC plays a critical role in the
development of diabetic complications, and inhibitors of the PKC pathway are currently
being investigated as potential cures for diabetic complications.

Interestingly, insulin also seems to play a role in regulating the glomerular filtration barrier.
Welsh and colleagues recently reported that podocyte-specific deletion of the insulin
receptor leads to the rapid development of albuminuria and glomerulosclerosis even in the
setting of normoglycemia.10, 11 Since insulin is a major prosurvival factor for cells, the
absence of insulin signaling probably resulted in podocyte death, contributing to the
phenotype. While these studies highlight the key role of insulin signaling in diabetic
nephropathy, yet, in most rodent models with type 1 diabetes (when insulin levels are almost
undetectable), we do not observe rapid development of albuminuria and glomerulosclerosis.
In addition, although insulin resistance is almost universally observed in patients with type 2
diabetes, there is never a complete loss of insulin signaling in patients.

To better understand insulin signaling in the glomerulus, Mimaet al.12 (this issue) used two
genetically distinct rat models of diabetes and obesity. Their initial experiments showed that
insulin induces IRS1, Akt, eNOS, and GSK3a phosphorylation both in glomeruli and in
tubules; however, the relative degree of IRS1, Akt, and GSK3 phosphorylation was
decreased only in diabetic and obese glomeruli, not in the tubules. This suggests that insulin
resistance specifically affects the IRS PI3 K signaling pathwayin glomeruli. Perhaps just as
importantly, Mimaet al.12 also showed that eNOS phosphorylation follows a similar
glomerulus-specific trend of depressed stimulation after insulin, which could implicate the
glomerulus as the initial target of dysfunction in diabetic nephropathy. Ruboxistaurin, a
specific inhibitor of PKC-β, however, can increase active Akt, eNOS, and GSK3 in diabetic
and obese rats to almost normal levels after insulin, suggesting that PKC-β may be
responsible for the abnormal molecular signaling in insulin resistance.

Mima et al.12 also found a significant decrease in protein levels of IRS1, but not in mRNA
levels of IRS1, in diabetic glomeruli of rats compared with their controls. They also found
that diabetic rats have increased levels of ubiquitin-associated IRS1, suggesting that diabetes
leads to abnormal signaling that steers IRS1 toward degradation. It seems that IRS1 and
PKC may be the culprits behind insulin resistance in diabetes, as both IRS1 overexpression
and PKC inhibitor treatment were individually capable of partially overcoming the elevated-
glucose-induced suppression of Akt and eNOS in glomerular endothelial cells in vitro.

Putting all this together, in diabetes and perhaps in metabolic syndrome, blunted effects of
insulin can be observed in the glomerulus. The precise mechanism by which insulin
resistance ultimately results in proteinuria and fibrosis is being elucidated, as are the players
necessary to mediate these changes. The research from Mima et al.12 suggests that
glomerular endothelial cells exhibit changes in downstream insulin signaling that occur via a
decrease in the availability of IRS1; the effects of this particular change are unknown, and
whether or not this is necessary for the development of diabetic nephropathy is unclear.
Future studies should evaluate the consequences of IRS1 depletion specifically within
glomerular endothelial and other cells in vivo. Also, although insulin-related second
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messengers showed decreased phosphorylation in diabetic and obese rats, these results paint
an unclear picture regarding in precisely which cell types these changes occur. Lastly, given
the effect of PKC inhibitors on levels of other second messengers, there is still much to be
said about what happens upstream of IRS and whether there are other unidentified players.

The studies performed by Mimaet al.12 nevertheless represent an important step forward in
understanding the development of insulin resistance in the kidney and perhaps ultimately the
pathway to end-stage kidney fibrosis. Diabetes and hyperglycemia probably have multiple
effects on cell signaling and, when combined with other genetic factors, result in varying
degrees of abnormal kidney function. At least on the basis of what we know currently, PKC
inhibitors have shown promise as therapeutic tools to combat the effects of diabetes.
Although there are still many questions regarding the steps that lead to diabetic nephropathy,
we now have several new places to begin our search for answers.
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Figure 1.
Diabetes-induced changes to insulin signaling within the glomerulus and their downstream
consequences. (a) Schematic representation of insulin-mediated intracellular signaling
cascade under normal physiological conditions. (b) Changes to insulin-mediated signaling
due to protein kinase C and other second messengers in the setting of hyperglycemia, with
increased ubiquitination of insulin receptor substrate and subsequent development of insulin
resistance. (c) Representative light microscopic (Periodic–acid Schiff-stained) image of a
human diabetic sample, showing nodular sclerosis and mesangial expansion. (d) Electron
microscopic image of diabetic nephropathy showing foot process effacement and thickening
of the glomerular basement membrane. IRS, insulin receptor substrate; pIRS,
phosphorylated IRS; PI3K, phosphatidylinositol-3-kinase; PKC, protein kinase C.
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