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Diabetes-related complications are a significant source of morbidity and mortality worldwide. Diabetic
kidney disease is a frequent microvascular complication and a primary cause of kidney failure in patients
with diabetes. The glomerular filtration barrier is composed of 3 layers: the endothelium, glomerular
basement membrane, and podocytes. Podocytes and the endothelium communicate through molecular
crosstalk to maintain filtration at the glomerular filtration barrier. Chronic hyperglycemia affects all 3 layers
of the glomerular filtration barrier, as well as the molecular crosstalk that occurs between the 2 cellular
layers. One of the earliest events following chronic hyperglycemia is endothelial cell dysfunction. Early
endothelial damage is associated with progression of diabetic kidney disease. However, current therapies
are based in controlling glycemia and arterial blood pressure without targeting endothelial dysfunction.
Disruption of the endothelial cell layer also alters the molecular crosstalk that occurs between the
endothelium and podocytes. This review discusses both the physiologic and pathologic communication
that occurs at the glomerular filtration barrier. It examines how these signaling components contribute to
podocyte foot effacement, podocyte detachment, and the progression of diabetic kidney disease.
© 2020 The Authors. Published by Elsevier Inc. on behalf of the National Kidney Foundation, Inc. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
A CHALLENGING CLINICAL PROBLEM divided into 3 segments: cell body, microtubule-rich
Diabetic kidney disease (DKD) is a frequent microvascular
complication of diabetes and is the cause of kidney failure
in w40% of people with diabetes.1 In 2015, it was esti-
mated that more than 415 million people had diabetes
worldwide, and it is expected that by 2040, the prevalence
may increase to 642 million, with disproportionate
growth in low- and middle-income countries.2 The recent
surge of epidemiologic studies linking microvascular
complications to diabetes highlights the urgent need to
develop therapeutic alternatives that target microvascular
complications to diminish these alarming figures.3,4 Few
therapies are targeting endothelial damage or pathologic
podocyte-endothelial crosstalk, both of which play a crit-
ical role in DKD progression.4,5
CELLULAR COMPONENTS OF THE

GLOMERULAR FILTRATION BARRIER

Glomeruli are composed of 3 distinct layers necessary for
the filtration of plasmatic molecules and electrolytes: the
endothelium, glomerular basement membrane (GBM),
and podocytes (Fig 1A). The endothelium constitutes the
first layer of the glomerular filtration barrier and is char-
acterized by the presence of fenestrations, measuring be-
tween 70 and 100 nm in diameter.6 It is coated on the
luminal surface by a gelatinous glycoprotein-rich structure
called the glycocalyx that separates and protects endothelial
cells from the flowing blood.7 Endothelial cells are sepa-
rated from podocytes by the GBM, a complex mesh of
extracellular matrix proteins, including type IV collagen,
laminins, fibronectins, and proteoglycans.8 The compo-
nents of the GBM are secreted from both podocytes and
endothelial cells to form a hybrid basement membrane.
The podocytes are an epithelial cell layer that can be
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major processes, and actin-based foot processes.9 The
molecular interactions that occur at the slit diaphragm, an
adhesive structure that joins individual foot processes,
allow podocytes to control filtration inside glomeruli.
Single-cell RNA sequencing experiments in mice revealed
that endothelial cells make up between 2% and 3% of total
kidney cells in wild-type mice, whereas podocytes make-
up w0.2% of the total cellular portion of the kidney.10

In contrast, kidney single-cell transcriptomic analysis of
human normal kidney biopsy specimens reveals a higher
percentage (w11.5%) of endothelial cells in the kidney.11

Inside the glomerulus, endothelial cells make up w12% of
cells inside the glomerulus, while podocytes and mesangial
cells are 80% and 2%, respectively.12

Both the endothelial and podocyte cellular layers
interact directly with the GBM and each other through
various secreted factors (Fig 1B). Recent studies also show
that several cellular populations in the kidney can
communicate through secreted exosomes.13 In particular,
in vitro models have demonstrated that exosomes can be
purified from glomerular endothelial cells and induce
biological effects in podocytes.14 Exosomes can contain
messenger RNA and microRNA and protein, allowing
signaling to occur. Intriguingly, the quantity and contents
of exosomes has been demonstrated to be altered in
various kidney diseases, including DKD.14,15
PODOCYTE-ENDOTHELIAL CELL CROSSTALK

AND REGULATION OF THE GLOMERULAR

FILTRATION BARRIER

Molecules secreted from both podocytes and endothelial
cells help stabilize the slit diaphragm and maintain the
structural integrity of both the endothelial and podocyte
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layers. One of the most well-established pathways involved
in podocyte-endothelial cell crosstalk is the vascular
endothelial growth factor (VEGF) signaling pathway. The
VEGF family consists of 5 ligands (VEGF-A-D and placental
growth factor) and 3 receptors (VEGFR1-3). In the kidney,
podocytes are a primary source of VEGF-A. Podocyte-
derived VEGF-A is necessary for the survival and function
of glomerular endothelial cells.16 In the kidney, both loss
and gain of podocyte-derived VEGF-A leads to endothelial
dysfunction, podocyte foot effacement, and thickening of
the GBM, demonstrating the importance of VEGF signaling
to the glomerulus.16-18 Reduced VEGF levels can result in
endothelial cell damage leading to podocyte loss and
thickening of the GBM, whereas excessive VEGF produc-
tion results in neovascularization leading to pathologic
microangiopathy.

The primary receptor for VEGF-A, VEGFR2 (FLK-1/
KDR), is expressed by both endothelial and podocyte cells,
indicating that both cell types may be responsive to local
changes in VEGF-A concentration. Genetic and pharma-
cologic removal of the VEGF-A ligand clearly disrupts both
podocyte and endothelial cell function. However,
podocyte-specific inhibition of VEGF-A signaling through
deletion of the VEGFR2 in podocytes does not impair
podocyte function or alter podocyte morphology.17 These
studies suggest that the disruption of podocyte function
after VEGF-A depletion arises from endothelial cell
dysfunction and a disruption of podocyte-endothelial
crosstalk, rather than impaired VEGF-A signaling in
podocytes.

In contrast to VEGF signaling, which is necessary for
maintenance of the glomerular filtration barrier, trans-
forming growth factor β (TGFβ) signaling is largely
detrimental to both podocytes and endothelial cells in the
glomerulus.19 TGFβ1 belongs to the TGFβ superfamily that
comprises several members, including TGFβ1-3, activins,
bone morphogenetic proteins (BMPs), and growth dif-
ferentiation factor ligands and their receptors.20 Upon
ligand binding to a complex of TGFβ receptors (TGFβRs),
the Smad proteins can be phosphorylated and translocate
to the nucleus to modify gene transcription.21 While
during kidney development, many BMP and TGFβ ligands
are expressed, in adult human glomeruli, ligands of the
TGFβ family have little to no expression.22-24 Multiple
studies indicate that activating TGFβ signals can lead to
podocyte apoptosis and foot effacement, decreasing VEGF
production and ultimately leading to endothelial cell
=
Figure 1 (previous page). Endothelial-podocyte crosstalk. (A) T
filtration barrier shows podocyte (P) foot process, glomerular bas
500 nm). (B) Under physiologic conditions (left), various secreted
to allow for maintenance of the glomerular filtration barrier. During
(ROS) production can lead to thinning of the glycocalyx of the en
and podocytes. Overactivation of several pathways leads to endoth
cyte detachment. Abbreviations: eNOS, endothelial nitric oxide syn
factor β; TRPC6, transient receptor potential canonical 6.
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death.19,25 In many cell types, TGFβ signaling has been
implicated in epithelial- (or endothelial)-to-mesenchymal
transitions.26 Both in vitro and in vivo studies indicate
that TGFβ1 treatment can dedifferentiate or induce
epithelial-to-mesenchymal transitions in podocytes.27

Endothelial cells may also be affected by the production
of TGFβ1. One in vivo study demonstrated that removal of
the TGFβR, TGFβRII, in endothelial cells was sufficient to
inhibit endothelial-to-mesenchymal transition from
occurring in 2 kidney disease models.28

Other soluble molecules have also been shown to
mediate the crosstalk between endothelial cells and
podocytes. Angiopoietin 1, which is produced by podo-
cytes, can promote microvascular growth through the Tie2
receptor expressed in glomerular endothelial cells.29

Interestingly, angiopoietin 2, a natural antagonist of
Tie2, has been found to be upregulated in DKD, and its
podocyte-specific overexpression can lead to endothelial
apoptosis and albuminuria.30,31 Stromal cell–derived factor
1, which is produced by podocytes, can elicit signaling in
neighboring endothelial cells through the CXCR4 recep-
tor.32 Endothelial-specific inactivation of CXCR4 has been
shown to adversely affect renal angiogenesis, and inacti-
vation of stromal cell–derived factor 1 diabetic mice has
been shown to prevent albuminuria.33 Finally, Sema3a, a
member of the semaphorin family, is produced by podo-
cytes and can bind to the receptor neuropilin 1 expressed
in glomerular endothelial cells, where it can modulate
VEGF/VEGFR2 signaling. Podocyte-specific overexpression
of Sema3a has been shown to result in endothelial
apoptosis, whereas its deletion is accompanied by endo-
thelial overgrowth.34,35

These examples demonstrate how secreted signals
exchanged between podocytes and endothelial cells regu-
late both the survival and maintenance of these 2 cellular
populations and the GBM.
EARLY GLOMERULAR ENDOTHELIAL CELL

ALTERATIONS IN DIABETES

Chronic hyperglycemia is the principal cause of kidney-
related diabetic microangiopathy.36 Metabolic dysregula-
tion, reactive oxygen species (ROS) production, polyol
pathway activation, and advanced glycation end product
(AGE) formation have all been reported to contribute to
the progression of microvascular complications in dia-
betes.37 The earliest event resulting from the activation of
ransmission electron micrograph of a normal mouse glomerular
ement membrane (GBM), and endothelial cells (EC; scale bar:
factors are exchanged between podocytes and endothelial cells
diabetic nephropathy (right), increased reactive oxygen species
dothelium, as well as cellular damage to both endothelial cells
elial dysfunction, podocyte foot effacement, and eventually podo-
thase; ETAR, endothelin A receptor; TGFβ, transforming growth
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Table 1. Factors Involved in Podocyte Foot Effacement and
Detachment During DKD

Molecule
Changes in
DKD Role Reference

Podocyte Effacement

Nephrin Downregulated Disruption of SD
proteins
Insulin resistance in
podocytes

61, 62, 70

TRPC6
and PLCγ1

Upregulated Increase of calcium
influx into podocytes
leading to reorganization
of actin filaments and
SD disruption

63-69

ZO-1 Upregulated Podocyte foot
reorganization

69

Sns Downregulated Actin rearrangement
Dysregulation of insulin
pathway in podocytes

70

Podocyte Detachment

Glycemia Increased Podocyte and
mesangial cell
hypertrophy resulting in
loss of adhesion to the
GBM

73-75

WT1 Downregulated Development of
proteinuria and kidney
disease progression

71, 72

ROS Increased Mitochondrial stress
leading to podocyte
apoptosis

77

α3β1
integrin

Downregulated Focal podocyte
detachment from the
GBM

76

p38MAPK
and
Smad7

Upregulated Induction of apoptosis
through caspase3
activation

25

Abbreviations: DKD, diabetic kidney disease; GBM, glomerular basement
membrane; p38MAPK, p38 mitogen-activated protein kinase; PLCγ1, phos-
pholipase Cγ1; ROS, reactive oxygen species; SD, slit diaphragm; TRPC6,
transient receptor potential canonical 6; WT1, Wilms tumor 1; ZO-1, zonula
occludens 1.
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these pathways is endothelial dysfunction. Importantly,
early endothelial damage is associated with the progression
of DKD.38,39

Under physiologic conditions, glucose is taken up by
endothelial cells through various glucose transporters.
Endothelial cells express primarily glucose transporter 1
(GLUT1), and the expression of GLUT1 in endothelial cells
has not been reported to change during hyperglycemic
conditions.40 Despite a low dependency on the mito-
chondria, endothelial cells, which rely primarily on
anaerobic glycolysis for energy production,41 demonstrate
mitochondrial defects under diabetic conditions that
contribute to microvascular dysfunction. Both mitochon-
drial fission and a switch to glycolysis have been reported
to lead to a loss of barrier function and a loss of podocytes
during hyperglycemic conditions.42,43 Endothelial cells
also experience higher ROS levels due to mitochondrial
dysfunction from hyperglycemia.42,43 Interestingly, in a
model of glomerulosclerosis, scavenging of mitochondrial
108
ROS produced by endothelial cells could prevent podo-
cytes loss,44 suggesting that ROS production in one cell
type may affect the function of the others.

In addition to the damage caused by metabolic dysre-
gulation and ROS accumulation, chronic hyperglycemia
can induce vascular dysfunction by decreasing glycocalyx
thickness.45 This event has been associated with micro-
albuminuria in patients with DKD.46 Increased plasma
levels of both hyaluronan, a key glycosaminoglycan
abundantly present in the glycocalyx, and the enzyme that
degrades hyaluronan, hyaluronidase, have been observed
in patients with diabetes.47 Plasma levels of other glyco-
calyx components, such as hemagglutinin glycoprotein,
heparan sulfate, and syndecan, have also been observed to
increase during chronic hyperglycemia.48 The increased
levels of these factors in plasma is thought to be a conse-
quence of glycocalyx degradation.49 Hyperglycemic condi-
tions also produce ROS that can alter glycosaminoglycans,
in particular hyaluronan, ultimately disrupting its
polymerization.50,51

Finally, endothelial damage is also strongly involved in
promoting the expression of inflammatory molecules such
as cytokines and CP-1 that affect podocytes.52 The proin-
flammatory environment in the diabetic kidney also leads
to an increase of the adhesion molecules intercellular
adhesion molecule 1, vascular cell adhesion molecule 1,
P-selectin, and E-selectin on the surface of endothelial
cells.53-55 A recent study demonstrated that expression of
the adhesion marker vascular cell adhesion molecule 1 can
be directly regulated by secreted cytokines and chemokines
such as CCL2 coming from podocytes.56

Functionally, the mentioned studies are supported by
data demonstrating that increased expression of various
adhesion molecules is associated with increased infiltration
of distinct immune cell populations in a rat model of
diabetes.57 The increased expression of leukocyte adhesion
molecules on endothelial cells also correlated with
increased proteinuria in this model.57 Furthermore, single-
cell or single-nucleus transcriptomic studies in both
humans and mice demonstrated increased immune cell
infiltration in diabetic kidneys.58,59 In mice, M1 macro-
phages were found to be the predominant immune cell
type inside the glomerulus, whereas in human kidney
biopsy samples, T cells represented 49% of the infiltrating
leukocytes in the diabetic kidney.58,59 It is important to
note that the mouse model used was an endothelial nitric
oxide (NO) synthase (eNOS) knock-out streptozocin-
induced model of diabetes.58 Because eNOS is globally
reduced, this loss may itself affect the immune system
when compared with wild-type mice.
PODOCYTE ALTERATIONS IN DIABETES

Endothelial dysfunction is typically accompanied by
podocyte foot effacement or detachment and a progressive
decrease in estimated glomerular filtration rate when poor
glycemic control and inadequate blood pressure are
Kidney Med Vol 3 | Iss 1 | January/February 2021
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present.4,60 We discuss some of the mechanisms leading to
podocyte alterations associated with DKD, which are
summarized in Table 1.25,61-77

Podocyte Foot Effacement

Podocyte foot effacement in DKD is a major cause of
proteinuria. Disruption of the slit diaphragm (SD) is a
feature of most instances of podocyte foot effacement.
Disruption of glomerular SD proteins, such as nephrin in
DKD, has been experimentally demonstrated to play a role
in albuminuria.61,62 One study histologically compared
nephrin expression in 15 patients with type 2 diabetic
versus 12 nondiabetic control patients. The authors iden-
tified a statistically significant decrease in nephrin and
podocin expression in 100% of patients with DKD diag-
nosed and exhibiting either micro- or macroalbuminuria,
leading them to conclude that nephrin could be used as an
indicator of early kidney damage in DKD.78 Patients with
DKD also exhibit decreased messenger RNA and protein
expression of nephrin, which has been strongly correlated
to albuminuria in patients with DKD.61,62

Chronic hyperglycemia can also lead to disruption of
nephrin and the SD through increased expression of the
transient receptor potential canonical 6 (TRPC6) calcium
channel.63 TRPC6 binds to phospholipase Cγ1 (PLCγ1) and
mediates the influx of calcium.64 Nephrin-mediated acti-
vation of PLCγ1, a known regulator of calcium signalling,
also leads to increased entry of calcium into podocytes.65

This increased calcium influx causes reorganization of
actin filaments that ends in SD disruption.66-68 Intrigu-
ingly, a recent study also demonstrates that zonula
occludens-1 (ZO-1) on the foot process of podocytes is
reorganized after calcium influx under hyperglycemic
conditions in a TRPC6-dependent manner, suggesting that
TRPC6 may directly contribute to foot-process
effacement.69

Nephrin also plays an important role regulating podo-
cyte insulin sensitivity.79 Knockdown of nephrin in
podocytes blocks the ability of these cells to respond to
insulin and impairs the ability of podocytes to uptake
glucose.79 The cytoplasmic domain of nephrin enables the
docking of glucose transporters GLUT1 and GLUT4 in the
plasma membrane of podocytes.79 Surprisingly, insulin
sensitivity effects of nephrin expression are conserved even
in an insect model of chronic hyperglycemia. Expression of
the nephrin-like protein Sns in Drosophila was reduced under
conditions of chronic hyperglycemia. Loss of Sns expres-
sion also led to actin rearrangement, loss of the nephrocyte
diaphragm function, and dysregulation of the insulin
signaling pathway. Using this fly model of chronic hy-
perglycemia, the authors identified a novel transcription
factor negatively regulating nephrin expression.70 Reduc-
tion of Drosophila Knot or mouse Ebf2 conferred resistance
to glucose and stabilization of Sns and nephrin at the slit
diaphragm in nephrocytes and podocytes, respectively.70

This and other studies suggest that loss of nephrin dur-
ing conditions of chronic hyperglycemia contributes to
Kidney Med Vol 3 | Iss 1 | January/February 2021
podocyte insulin resistance. However, some studies have
also reported elevations in nephrin expression and location
in patients with types 1 and 2 diabetes,61 which may be
related to the duration of diabetes and hypertension.

Podocyte Detachment

In addition to podocyte foot effacement, podocyte
detachment has been observed in histology samples of
patients with diabetes.71,72 Podocyte detachment or loss
can be measured by examining the number of Wilms tu-
mor 1 (WT-1)–expressing cells. A reduction in WT-
1–positive podocyte cell number and density per
glomerulus has been linked to the development of both
proteinuria and kidney disease progression.71,72

Various mechanisms have been described regarding the
way in which podocytes can detach from the GBM. One of
the earliest phenomena taking place in podocyte detach-
ment is podocyte hypertrophy.80 Under conditions of
chronic hyperglycemia, while endothelial and mesangial
cells proliferate, podocytes are unable to proliferate and
may increase in size to cover the glomerular tuft.73,74 In
some instances, chronic hyperglycemia can also induce
hypertrophy of both the podocyte and mesangial cells.75

Hypertrophic mesangial cells are not able to properly
synthesize the extracellular matrix, causing worsened hy-
pertrophy of podocytes.81 When the stress is removed,
podocytes fail to return to their normal size.82 This
adaptive response of podocytes leads to both molecular
and structural changes to the podocyte and eventually re-
sults in deterioration of their function and adhesion to the
GBM. Podocytes may increase the number of occludin-
based tight junctions to counteract the loss of their func-
tion during hypertrophy. Increasing the occludin-type
tight junctions temporarily prevents podocyte foot
effacement but is not sustainable over the long term.
Eventually, the loss of the SD and junctions leads to
detachment of the podocyte from the GBM.83,84 Moreover,
mechanical forces such as increased glomerular pressure
that are associated with hyperfiltration may also exacerbate
podocyte hypertrophy and disrupt the connection between
podocytes and GBM.73,82 Importantly, hyperfiltration is
frequently observed in diabetic patients.85,86

At the molecular level, the physical disruption of
podocyte-GBM attachment is often observed as a disrup-
tion of integrin signaling. Numerous studies in cultured
podocytes have shown that exposure to high glucose levels
reduces α3β1 integrin expression.87,88 This reduction in
α3β1 integrin has also been reported in both human pa-
tients with DKD and streptozotocin-induced diabetic
rats.87 Loss or reduction of α3β1 integrin can lead to focal
detachment of podocytes from the GBM and ultimately
separation of the podocyte from the GBM.76 Another
common cause for a decrease in podocyte number is
cellular apoptosis. Podocytes exposed to high glucose
levels increase ROS production and activate p38 mitogen-
activated protein kinase (p38MAPK) signaling, a mediator
of mitochondrial stress. Both these signaling events can
109



Table 2. Molecules Involved in Pathologic Crosstalk Between Podocytes and Endothelial Cells During Diabetic Nephropathy

Molecules Pathologic Processes Potential Clinical Therapy References
VEGF-A, VEGF-B, VEGF-
C

VEGF-A: angiogenesis of
microvessels, decrease in glycocalyx,
modified GBM
VEGF-B: fatty acid transport (lipid
accumulation)
VEGF-C: reduces VEGF-A–induced
albumin permeability

Anti-VEGF antibodies, small molecule
inhibitors (SU5416), angiostatin,
endostatin

89, 90, 93-96

TGFβ1, TGFβ3, BMP7,
LTBP1

TGFβ1: endothelial cell apoptosis,
renal microangiopathy, epithelial-
mesenchymal transition of podocytes,
endothelial-mesenchymal transition
TGFβ3: podocyte-mesangial cell
crosstalk
BMP7: exogenous BMP7 improves
GFR
LTBP1: regulates targeting of TGFβ
complexes

Neutralizing antibodies, antisense
oligonucleotides, small molecule
inhibitors (SISI3)

14, 58, 59, 62, 72, 91,
99-101

ET-1 Mitochondrial oxidative stress,
endothelial cell dysfunction, loss of slit
diaphragm organization

Endothelin receptor antagonists
(Sitaxentan, Atrasentan)

44, 92, 97, 98

Note: All molecules are upregulated.
Abbreviations: BMP7, bone morphogenetic protein 7; ET-1, endothelin 1; GBM, glomerular basement membrane; GFR, glomerular filtration rate; LTBP1, latent-
transforming growth factor β-binding protein 1; TGFβ, transforming growth factor β; VEGF, vascular endothelial growth factor.
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lead to the initiation of podocyte apoptosis in situ.77

During DKD, TGFβ, a potent inducer of podocyte
apoptosis, is upregulated and may also activate p38MAK
signaling. Both Smad7 and p38MAPK may act downstream
of TGFβ to induce apoptosis through caspase3 activation.25
PATHOLOGIC PODOCYTE–ENDOTHELIAL CELL

CROSSTALK IN DKD

Multiple secreted factors that facilitate the physiologic
crosstalk between podocytes and endothelial cells are
affected in hyperglycemic conditions (Fig 1B and
Table 214,44,58,59,62,72,89-101).

Clinical data have demonstrated a significant increase in
circulating VEGF levels in diabetic patients.102 It has been
demonstrated by multiple groups that persistent high
glucose levels stimulate podocytes to produce VEGF-
A.103,104 Multiple factors can lead to altered VEGF-A
secretion and availability from the podocytes. WT-1, a
podocyte-specific transcription factor, can regulate the
gene expression of various genes involved in the patho-
genesis of DKD including VEGF-A.105 Furthermore, VEGF
in the diabetic kidney can also be increased by the accu-
mulation of AGEs during chronic hyperglycemia.106,107

AGE accumulation in all tissues has been shown to lead
to VEGF overproduction in vivo and in vitro.75 Addition-
ally, modifications of the extracellular matrix components,
such as the reduction of heparan sulfate proteoglycans
(HSPGs) in DKD, also affect the availability and affinity of
growth factor ligands such as VEGF-A. HSPGs situated on
the cell surface or in the extracellular matrix can mediate
receptor-ligand interactions of VEGF-A, basic fibroblast
growth factor, and heparin-binding epidermal growth
factor.108 Increased expression and activity of heparanases
110
in DKD decreases HSPG levels, ultimately reducing growth
factor signaling in the cell populations that express these
receptors.108

The excessive levels of VEGF-A produced by podocytes
induce the endothelium to undergo angiogenesis, leading
to the formation of immature microvessels in the
glomerulus.89,109,110 Increased circulating VEGF also leads
to alterations of the GBM and a decrease in the glycocalyx,
which further promotes leaky permeable vessels in DKD.90

At the molecular level, the overproduction of VEGF in DKD
also leads to oxidative stress in both endothelial cells and
podocytes.111 VEGF signaling in endothelial cells increases
eNOS activity.91 Although in physiologic conditions,
activation of VEGFR2 will activate PI3K and Akt, which
phosphorylate and activate eNOS and increase NO pro-
duction,91 in chronic hyperglycemia, VEGFR2 over-
activation increases ROS production, in particular
superoxide (O2

-), worsening endothelial damage.72,112

ROS molecules can also decrease the bioavailability of
NO by forming the damaging reactive nitrogen species,
nitrate (NO3

−).72 ROS and reactive nitrogen species pro-
duction have also been associated with podocyte damage
and foot effacement.113 In agreement with these data,
increased eNOS activity can promote podocyte detachment
and is also associated with increased microalbuminuria
levels in diabetic patients.62

VEGF-A is not the only ligand of the VEGF family that is
increased in models of diabetes. A recent study demon-
strated that VEGF-B is also increased in 3 separate rodent
models of diabetes. VEGF-B upregulation in diabetic mice
increased fatty acid transport across the endothelium,
ultimately resulting in lipid accumulation within the
podocyte. Removal of VEGF-B could restore the function
of the glomerular filtration barrier.114 Furthermore,
Kidney Med Vol 3 | Iss 1 | January/February 2021
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increasing expression of VEGF-C, secreted by podocytes,
could also reduce VEGF-A–induced albumin permeability.
This effect was dependent on the presence of the glyco-
calyx on endothelial cells and was mediated by VEGFR2
and VEGFR3.115

In addition to the striking effects on the VEGF ligands,
hyperglycemic conditions also increase expression of the
TGFβ family of ligands.14,58 TGFβ1, TGFβ3, and BMP7 are
all reported to be increased in models of DKD.14,58

Expression of LTBP1 (latent-transforming growth factor
beta-binding protein 1), a regulator of TGFβ signaling, has
also been reported to be altered in human DKD.59 Exo-
somes isolated from glomerular endothelial cells treated
with high glucose were found to induce an increase in
TGFβ1, both locally and in podocytes exposed to the pu-
rified exosomes.14 Autocrine TGFβ signaling by endothe-
lial cells promotes endothelial cell apoptosis and ultimately
worsens kidney microangiopathy in DKD.72,116 Increased
TGFβ production can also be detrimental to podocytes.
When treated with endothelial exosomes, podocytes also
went through an epithelial to mesenchymal transition that
was associated with a loss of barrier function.14 Other
studies have also indicated that activation of the TGFβ re-
ceptor, TGFβR1, in podocytes was associated with
increased release of endothelin 1 (ET-1) from podocytes,
podocyte apoptosis, and endothelial dysfunction.44 Endo-
thelin A receptor (ETAR) activation in the endothelium by
podocyte-derived ET-1 caused mitochondrial oxidative
stress and endothelial cell dysfunction, ultimately leading
to podocyte drop out and apoptosis. These effects could be
prevented by both ROS scavenging and inhibition of
ETAR.

44 In agreement with these data, increased ET-1 levels
have also been found in plasma of patients with diabetes
type 2.117 Podocytes detect the increased ET-1 levels
through the ETBR receptor. Activation of ETBR allows rapid
entry of calcium into the podocytes, which leads to rear-
rangement and loss of the organization of the actin fila-
ments in the SD.92 Activation of the ETAR in podocytes also
regulates the glomerular filtration barrier through indirect
modifications of the components of the SD in response to
endothelial-derived ET-1.118 These perturbations to the actin
cytoskeleton and the SD have a direct impact on the
glomerular filtration barrier.118 Intriguingly, a recent study
indicates that ETAR expression can be induced on cultured
murine glomerular endothelial cells in response to podocyte-
derived ET-1 induced by TGFβR1 activation.119 Activation of
ETAR, by decreasing the thickness of the endothelial glyco-
calyx and promoting mitochondrial ROS production in
endothelial cells, leads to endothelial damage, which can in
turn result in albuminuria in patients with diabetes.119

As DKD progresses, podocytes respond to signals from
the endothelium as described and eventually detach and
drop out.120 When this occurs, endothelial cells are
deprived of essential growth factors such as VEGF-A.
Without these essential growth factors, endothelial cells
will also fail to survive exacerbating the vicious cycle of
pathologic endothelial-podocyte crosstalk.
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PRECLINICAL OR CLINICAL USE OF

MOLECULES TARGETING ENDOTHELIAL

DYSFUNCTION OR PODOCYTE-ENDOTHELIAL

CROSSTALK IN DKD

The identification of clinically relevant biomarkers of the
crosstalk between endothelial cells and podocytes is
hampered by issues that need to be addressed. To date,
there is no single test that can identify endothelial cell
dysfunction in patients. Endothelial dysfunction is typically
characterized by a reduction in endothelium-dependent
vasodilation, primarily due to a decline in endothelial-
derived NO. Forearm reactive hyperemia, a measure of
microvascular vasodilation that is mediated in part by NO,
is impaired in patients with chronic kidney disease and
kidney failure and is associated with albuminuria, although
it cannot be necessarily associated with podocyte
dysfunction. However, dysfunctional endothelial cells will
release factor(s) that mediate damage and depletion of
adjacent podocytes in response to stress. As such, a com-
bination of functional measurements of vascular function
combined with systemic or local evaluation of such stress-
induced factors, including TGFβ or ET-1, in patients with
diabetes at risk for developing chronic kidney disease
could provide strategies to assess crosstalk events that un-
derlie observed increases in glomerular permeability to
albumin in kidney disease.

Although intensive control of glucose and blood pres-
sure remain the clinical gold standards to deter the pro-
gression of DKD, new treatments that aim to prevent
endothelial damage or restore endothelial function could
be an effective strategy for preventing or even reversing
DKD. Several drugs have been evaluated for their potential
to alleviate vascular dysfunction in the glomerular endo-
thelium. Administration of neutralizing monoclonal anti-
VEGF antibodies to type 1 and type 2 diabetic animals
decreases albuminuria and glomerular hypertrophy, indi-
cating the efficacy of anti-VEGF therapy against DKD.93,121

Furthermore, SU5416, a pan-VEGFR tyrosine kinase in-
hibitor, has also been reported to reduce albuminuria in
type 2 diabetic mice.94 Other molecules targeting VEGF
signaling in the glomerular endothelium are also being
evaluated in preclinical studies, including angiostatin, a
proteolytic fragment of plasminogen,95 and endostatin,
which interacts with α5β1 integrin, leading to the inhi-
bition of focal adhesion kinase and subsequent inhibition
of VEGF-induced MAPKs.96

Preclinical and clinical studies have shown that several
endothelin receptor antagonists, including sitaxentan97 and
atrasentan,98 can prevent proteinuria and have neph-
roprotective potential in experimental models of DKD.
Several strategies targeting TGFβ signaling, including
neutralizing antibodies, antisense oligonucleotides, or in-
hibitors such as SISI3 can also prevent endothelial-
mesenchymal transition and renal fibrosis in experimental
models of nephropathy.99-101 Gliquidone can ameliorate the
diabetic symptoms of DKD through inhibiting Notch
signaling in the endothelium, improving antioxidative
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response and delaying renal interstitial fibrosis.122 Finally,
COMP-Ang1, a potent and selective angiopoietin agonist,
has been shown to reduce albuminuria, mesangial expan-
sion, thickening of the GBM, and podocyte foot-process
broadening and effacement in a mouse model of DKD.123
CONCLUSIONS

Numerous cross-sectional studies have shown that albu-
minuria in DKD is linked to endothelial and podocyte
dysfunction and loss. There is still much to explore
considering the numerous signaling pathways involved in
endothelial-podocyte interactions, which makes this chal-
lenging clinical problem much more complex. To date, the
crosstalk between endothelial cells and podocytes can only
be assessed indirectly through the expression of mediators.
Improved methods to identify signaling pathways and
regulators have greatly improved our understanding of
glomerular cross-communication in vivo and should lead to
the identification of new targets for the prevention and
treatment of glomerular diseases to help reduce the growing
number of patients with diabetes who may require dialysis.
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