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1 |  DIABETES AND DIABETIC 
KIDNEY DISEASE

1.1 | Diabetes and its complications
Diabetes is a heterogeneous group of diseases characterized 
by chronic hyperglycemia. It has classically been divided 
into type 1 (T1D) and type 2 diabetes mellitus (T2D) and 
a few rare forms of the disease. T1D is characterized by lit-
tle or no production of insulin by the pancreatic beta‐cells, 
whereas T2D is characterized by both impaired insulin secre-
tion and insulin resistance, leading to the inability of insu-
lin‐sensitive muscle and adipose tissues to take up glucose. 
Chronic hyperglycemia leads to damage of blood vessels and 

consequently, diabetes is associated with both macrovascular 
and microvascular complications that are major causes for 
morbidity and mortality.1 The macrovascular complications 
include coronary artery disease, peripheral arterial disease 
and stroke, and the microvascular complications include dia-
betic kidney disease, neuropathy and retinopathy.1

1.2 | Diabetic kidney disease
This review concentrates on diabetic kidney disease (DKD), 
the potentially life‐threatening complication of diabetes and 
the most common cause of chronic kidney disease in the de-
veloped world. As the incidence of diabetes is escalating, also 
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Abstract
SHIP2 (Src homology 2 domain‐containing inositol 5′‐phosphatase 2) belongs to the 
family of 5′‐phosphatases. It regulates the phosphoinositide 3‐kinase (PI3K)‐medi-
ated insulin signalling cascade by dephosphorylating the 5′‐position of PtdIns(3,4,5)
P3 to generate PtdIns(3,4)P2, suppressing the activity of the pathway. SHIP2 mouse 
models and genetic studies in human propose that increased expression or activity of 
SHIP2 contributes to the pathogenesis of the metabolic syndrome, hypertension and 
type 2 diabetes. This has raised great interest to identify SHIP2 inhibitors that could 
be used to design new treatments for metabolic diseases. This review summarizes 
the central mechanisms associated with the development of diabetic kidney disease, 
including the role of insulin resistance, and then moves on to describe the function 
of SHIP2 as a regulator of metabolism in mouse models. Finally, the identification 
of SHIP2 inhibitors and their effects on metabolic processes in vitro and in vivo are 
outlined. One of the newly identified SHIP2 inhibitors is metformin, the first‐line 
medication prescribed to patients with type 2 diabetes, further boosting the attraction 
of SHIP2 as a treatment target to ameliorate metabolic disorders.
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the number of patients suffering from DKD is increasing.2 
DKD is characterized by gradual increase in albumin excretion 
into urine, a decrease in glomerular filtration rate, elevated ar-
terial blood pressure and development of glomerulosclerosis. 
It develops to 20%‐40% of patients with T1D and to even up to 
50% of patients with T2D.3 The development of DKD is mul-
tifactorial involving hyperglycemia‐induced metabolic and 
hemodynamic processes that are further influenced by genetic 
and environmental factors. The non‐modifiable risk factors 
include genetics, sex, age at onset and duration of diabetes.3 
Also a number of modifiable factors, including glycemic con-
trol, blood pressure, lipid abnormalities, smoking, chronic 
low‐grade inflammation, advanced glycation end products and 
lack of physical activity, affect the development of DKD.3

The pathophysiological changes in the kidney upon de-
velopment of DKD involve both the tubular and glomerular 
compartments as well as the vasculature. An early feature of 
DKD is kidney hypertrophy, occurring in both glomerular 
and tubular compartments.4 The greatest hypertrophic change 
is observed in the proximal tubules. The growth of the tubules 
and enhanced Na+‐glucose cotransport lead to increased prox-
imal tubule reabsorption and an increase in the glomerular 
filtration rate through tubuloglomerular feedback.4 Increased 
exposure to different diabetes‐associated metabolites may 
trigger various pathological pathways associated with tubu-
lointerstitial fibrosis, inflammation, hypoxia and apoptosis 
that may contribute to the progression of DKD.4

1.3 | Changes in the glomerular filtration 
barrier in DKD
Glomerulus is the central site of kidney injury in diabetes. 
Podocytes, the highly specialized epithelial cells, form to-
gether with the fenestrated endothelial cells and the glomer-
ular basement membrane (GBM) the glomerular filtration 
barrier that prevents the passage of proteins of the size of 
albumin and larger from the capillary lumen to the urinary 
space while allowing water and small molecules to freely pass 
(Figure 1A). Podocytes wrap around the capillaries, with their 
large cell bodies extending to the urinary space, and their foot 
processes attaching to the underlying GBM. The neighbour-
ing podocyte foot processes are interconnected by special 
cell adhesion structures called slit diaphragms (Figure 1B,C), 
composed of a set of transmembrane proteins and cytosolic 
adapter molecules linking the slit diaphragm to the underly-
ing actin cytoskeleton and signalling networks.5 One of the 
central molecules of the slit diaphragm is the immunoglobu-
lin superfamily member nephrin, shown to be essential for an 
intact glomerular filtration barrier as mutations in it lead to 
the congenital nephrotic syndrome of the Finnish type.6 The 
compartmentalization of the apical and basolateral domains of 
the podocytes by the slit diaphragm allows the expression of 
distinct sets of proteins in a polarized manner. As an example, 

podocalyxin is expressed in the apical domain of podocytes 
and with its negative charge, created by a glycocalyx, appar-
ently maintains the glomerular filtration barrier open.7 More 
detailed molecular characterizations of podocytes and the slit 
diaphragm are provided in recent reviews.5,8

The diabetic milieu, exposing glomerular cells to high 
glucose, fatty acids, growth factors, cytokines and hormones, 
leads to glomerular hypertrophy and distinct changes in the 
structure and function of the glomerular filtration apparatus 
(Figure 1A,B). Histologically, DKD is characterized by me-
sangial matrix expansion and eventually glomerulosclerosis. 
At the electron microscopic level, the first sign of DKD is the 
thickening of the GBM. This is followed by effacement of 
the podocyte foot processes, loss of slit diaphragms and loss 
of podocytes by detachment or apoptosis, and progressive al-
buminuria (Figure 1B‐D).9 Podocytes, endothelial cells and 
mesangial cells are engaged in multidirectional crosstalk (il-
lustrated in Figure 1A), and this has been shown to affect the 
development and progression of DKD, involving a number of 
pathways, as summarized below.

1.4 | Podocyte‐mesangial cell axis in DKD
A central contributor to glomerular damage is hyperglycemia‐
induced activation of the intrarenal renin‐angiotensin‐aldos-
terone system (RAAS) and production of excess angiotensin 
II.10 Angiotensin II can damage podocytes, endothelial cells 
and mesangial cells by activating pathways associated with 
extracellular matrix accumulation, fibrosis, inflammation 
and generation of reactive oxygen species (ROS).10 Increased 
generation of intracellular ROS leads to podocyte apopto-
sis.11 Podocyte loss is deleterious as podocytes are terminally 
differentiated cells and they lack the capacity to proliferate. 
The absolute number of podocytes can predict the progres-
sive decline in renal function and proteinuria12; when po-
docyte loss exceeds 40%, sustained high‐grade proteinuria 
ensues and renal function declines.13

A central regulator of the synthesis of extracellular ma-
trix proteins is transforming growth factor beta (TGF‐β), 
produced by mesangial cells.14 TGF‐β‐induced stimuli 
contribute to glomerular basement membrane thickening, 
mesangial matrix production and loss of podocytes.14 TGF‐β‐ 
induced podocyte loss may occur via apoptosis15 caused by 
activation of the mammalian target of rapamycin (mTOR) 
pathway, stimulation of mitochondrial oxidative phosphory-
lation and generation of ROS.16 TGF‐β may also induce de-
tachment of viable podocytes via epithelium‐to‐mesenchyme 
transition (EMT),17 that is, by inducing downregulation of 
epithelial and upregulation of mesenchymal proteins, which 
may lead to podocyte detachment.17 Podocyte apoptosis may 
also be caused by hyperglycemia‐induced generation of ad-
vanced glycation end products (AGEs), which induce gen-
eration of intracellular ROS.18 Also reduction of autophagy, 
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F I G U R E  1  Glomerular filtration barrier and changes observed in diabetic milieu. A, A schematic cartoon of the glomerulus in health 
and in diabetic milieu. The cartoon also depicts the crosstalk (black, curved arrows in diabetic milieu) between podocytes and endothelium (1), 
endothelium and podocytes (2) and mesangial cells and podocytes (3). Ang‐1/2, angiopoietin‐1/2; ET‐1, endothelin‐1; GBM, glomerular basement 
membrane; TGF‐beta, transforming growth factor beta; VEGF, vascular endothelial growth factor. The black arrows indicate size‐ and charge‐
selective filtration of plasma through the glomerular filtration barrier in health. Red arrows indicate leakage of albumin (albuminuria) through the 
damaged glomerular filtration barrier in diabetic milieu. B, A schematic cartoon of the glomerular filtration barrier and factors associated with 
the indicated changes in diabetic kidney disease. The glomerular filtration barrier consists of three layers, the endothelial cells with glycocalyx, 
the glomerular basement membrane (GBM) and the podocytes, with their foot processes interconnected with slit diaphragms. In diabetic milieu, 
the glomerular filtration barrier shows distinct changes associated with the development of albuminuria. These changes include glomerular 
basement membrane thickening, podocyte foot process and endothelial cell effacement, loss of slit diaphragms and endothelial glycocalyx, and 
detachment or apoptosis of podocytes. Examples of the factors involved in these changes are indicated. AGEs, advanced glycation end‐products; 
ROS, reactive oxygen species. C‐D, Electron microscopic images visualizing the glomerular filtration barrier in health and in diabetic kidney 
disease. C, An electron micrograph of the glomerular filtration barrier in a healthy mouse. The inset shows a higher magnification of the filtration 
barrier. Arrowheads indicate slit diaphragms. D, An electron micrograph of the glomerular filtration barrier in a mouse model of diabetes (E1‐DN 
mouse; the image is similar to fig. 6b,c in21), showing irregular thickening and bulging of the GBM and foot process effacement. cl, capillary loop; 
E, endothelial cell; FP, foot process; GBM, glomerular basement membrane; us; urinary space; asterisk, GBM thickening and bulging; arrow, 
podocyte foot process effacement; arrowhead, slit diaphragm. Scale bar in C and D, 2 µM
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the lysosomal degradation pathway that maintains cellular 
homoeostasis, leads to podocyte apoptosis.19,20 Of the slit 
diaphragm proteins, nephrin, for example, has been shown 
to be either downregulated21,22 or mislocalized23,24 in animal 
models of DKD, and the apical domain protein podocalyxin 
has been shown to be downregulated in the kidneys of dia-
betic rats.25 These changes contribute to podocyte foot pro-
cess effacement and loss of slit diaphragms. As visualized by 
the above examples, a multitude of mechanisms contribute to 
podocyte injury and dysfunction (summarized in Figure 1B), 
as described in more detail in recent reviews.26,27

1.5 | Endothelial cell‐podocyte axis in DKD
Abnormal angiogenesis and endothelial cell damage in glo-
meruli are also central contributors to the development of 
DKD. New blood vessel formation has been observed in 
both T1D and T2D, and this contributes to glomerular hy-
pertrophy in the early stages of diabetic kidney injury.28,29 
Morphological studies have revealed a reduction in glomer-
ular capillary endothelial fenestrations and damage of the 
endothelial glycocalyx (Figure 1B).30-32 The proangiogenic 
factor vascular endothelial growth factor (VEGF) plays a key 
role in abnormal angiogenesis in the glomeruli in diabetes, 
and its expression correlates with new blood vessel forma-
tion in glomeruli.33 VEGF isoforms VEGFA and VEGFC are 
both produced by podocytes and their receptors are expressed 
in endothelial cells.34,35 The expression of both VEGFA and 
its receptor, VEGF receptor 2, is increased in experimental 
diabetes.36 VEGFA is associated with glomerular endothe-
lial cell damage and vascular dysfunction but interestingly, 
various VEGFA isoforms confer differing effects on the kid-
ney.37 In line with this, a recent study revealed that upregu-
lation of VEGFA165b isoform in mouse podocytes in vivo 
protects against diabetic kidney injury and albuminuria by 
phosphorylating VEGF receptor 2 in endothelial cells and 
restoring the endothelial glycocalyx damaged by diabetes.37 
In experimental diabetes, VEGFC enhances the synthesis of 
endothelial glycocalyx and reduces albumin permeability in 
glomeruli, and thereby reduces the development of diabetic 
kidney injury.38 While animal experiments have suggested 
promise for antiangiogenic therapies, and especially for 
anti‐VEGF antibodies for treating DKD, findings in human, 
demonstrating development of renal injury and proteinuria as 
summarized in a recent review,39 have raised a concern about 
blocking VEGF signalling. Concomitantly, it appears that ei-
ther too much or too little of VEGFA can lead to pathological 
changes in the kidney.39 Interestingly, inhibition of VEGFB 
signalling in experimental DKD models appears to protect 
against DKD—via non‐angiogenic mechanisms—by ame-
liorating renal lipotoxicity and thereby reducing pathological 
changes in the kidney, sensitizing podocytes to insulin and 
preventing renal dysfunction.40

The actions of VEGF are modulated by angiopoietin‐1, 
which is expressed in podocytes, while its receptor Tie2 is found 
in glomerular endothelium.41 In experimental diabetes, angio-
poietin‐1 level is decreased concomitant to increased VEGFA 
and signs of diabetic kidney injury, including aberrant angio-
genesis.42 Some of these changes, including proliferation of en-
dothelial cells and albuminuria, could be reverted by targeted 
overexpression of angiopoietin‐1 in podocytes.42 Furthermore, 






































