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Diabetic nephropathy (DN) is the leading cause of end-stage renal disease (ESRD) worldwide. DN typically manifests by glomerular
hyperfiltration and microalbuminuria; then, the disease progresses to impaired glomerular filtration rate, which leads to ESRD.
Treatment options for DN include the strict control of blood glucose levels and pressure (e.g., intraglomerular hypertension).
However, the search for novel therapeutic strategies is ongoing. These include seeking specific molecules that contribute to the
development and progression of DN to potentially interfere with these “molecular targets” as well as with the cellular targets
within the kidney such as podocytes, which play a major role in the pathogenesis of DN. Recently, podocyte membrane protein
urokinase receptor (uWPAR) and its circulating form (suPAR) are found to be significantly induced in glomeruli and sera of DN
patients, respectively, and elevated suPAR levels predicted diabetic kidney disease years before the occurrence of
microalbuminuria. The intent of this review is to summarize the emerging evidence of uPAR and suPAR in the clinical
manifestations of DN. The identification of specific pathways that govern DN will help us build a more comprehensive

molecular model for the pathogenesis of the disease that can inform new opportunities for treatment.

Diabetes mellitus (DM) is a disorder of glucose metabo-
lism that occurs due to either defect in insulin production
by the pancreatic beta cells (type 1 DM) or resistance to
insulin in the peripheral tissues (type 2 DM). With the
increasing prevalence in obesity and metabolic syndrome,
incidence of type 2 DM has been increasing worldwide,
including the United States, where approximately 29.1
million people or 9.3% of the population are affected [1].
It is estimated that more than 400 million people will be
affected with DM by 2030 [2]. Urinary albumin excretion
ranging between 30 and 300mg/24h (microalbuminuria)
is the earliest sign of diabetic kidney disease (DKD) [3].
Along with microalbuminuria, DN is also characterized
by the increased levels of plasma creatinine and the
decreased estimated glomerular filtration rate (eGFR) [4]
since almost one third of type 2 diabetes patients have
renal insufficiency without microalbuminuria [5]. This alone

questions the assumption that microalbuminuria could be
used as a marker rather than a predictor of DN [6]. Diabetic
nephropathy (DN) is the major microvascular complication
of diabetes and is one of the leading causes of end-stage renal
disease (ESRD) affecting one third of all diabetic individuals
in the United States [7]. Persistently high albumin excretion
(=300mg/24h), a condition known as macroalbuminuria,
increases the chances of progressing to ESRD by 10 times
compared to patients with normal urine albumin levels [8].
Many factors including diet, lifestyle, chronic blood glucose
levels (HbA1C), blood pressure (BP), smoking, serum cho-
lesterol, and genetic predisposition together play a crucial
role in the progression of DN to ESRD.

Since the renin-angiotensin system (RAS) plays an
important role in regulating systemic BP, blockade of its
activation by either angiotensin-converting enzyme inhibi-
tors (ACEIs) or angiotensin II type 1 receptor blockers


https://doi.org/10.1155/2017/3232848

(ARBs) are standard treatments for lowering the BP as well as
slowing the progression of DN [9] and chronic renal failure
[10]. Cumulative evidence has demonstrated that these
first-line agents have represented a significant benefit in
regard to partial renal protection in patients with diabetes
and proteinuria [11-13]. However, antihypertensive therapy
with RAS blockers contributes to the hyperkalemia (high
potassium level in the blood) [14] especially when the
patients treated with a combined therapy utilizing both
an ACE inhibitor and an ARB together [15]. Other con-
cerns of the RAS blockade include the potential long-
term adverse effects and the need for dose optimization
or individualization [16].

Recently, soluble urokinase receptor (suPAR) has been
associated with podocytopathy, FSGS, and systemic levels
of suPAR which are increased in patients with DM. Elevated
suPAR levels predict incident chronic kidney disease also in
patients with DM [17]. Furthermore, elevated suPAR in
healthy people with predisposition for DM predicts microal-
buminuria, an established early sign of DN by several years
[18]. Podocytes have a major role in the pathogenesis of
DN and its progression to ESRD [19, 20]. Podocytes are the
important components of the glomerular filtration barrier
that prevents the excretion of albumin into the urine [21].
These visceral epithelial cells of the glomerular tuft are a
highly specialized structure containing a cell body, major
processes that extend outward, and distal foot processes
(FPs) that surround the glomerular capillaries [22]. Podocyte
FPs are interconnected by a tiny multiprotein complex, slit
diaphragm (SD), which regulates this active contractile
structure ([23]). Podocytes sit on the glomerular basement
membrane (GBM) [24], face the urinary space of Bowman’s
capsule, and form a unique filtration apparatus by interdigi-
tating with the neighboring FPs. GBM separates podocytes
from the innermost component of the glomerular filtration,
endothelial cells, which are perforated by pores (“fenestrae”
or “fenestrations”) to enhance the permeability of water
and small solutes while still restricting the free passage of cel-
lular components of blood to Bowman’s (urinary) space [25].
Damage to the structural and functional components of
podocytes results in the effacement of FPs (also referred to
as “podocyte fusion” or “retraction”) and detachment of
podocytes from the GBM causing the leak of serum proteins
into the urine, a condition known as “proteinuria” [26, 27].
Proteinuria is a predictor of glomerular damage and hall-
mark of many renal disorders, including human and experi-
mental DN. In various diabetic animal studies, it has been
observed that there is podocyte hypertrophy (increase in
the mean podocyte volume) [28, 29], cytoskeleton abnor-
malities [30, 31], and aberrant decrease in the density of
podocytes [29, 32, 33]. Clinical studies were able to confirm
the correlation between the podocyte loss and the disease
progression in type 1 [34, 35] and type 2 diabetic patients
[36-39] or in obesity-related glomerulopathy [40], which
shares common pathophysiological factors relevant to glo-
merular damage with DN. Since podocytes have a limited
capacity to divide [41], detached podocytes cannot be
replaced by the adjacent podocytes; instead, surviving podo-
cytes demonstrate an adaptation process called hypertrophy,
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where FPs of these residual podocytes enlarge to cover the
surface of the glomerular capillary loops [22, 42]. Urinalysis
of diabetic patients has shown that podocytes were seen in
the urine of 53% and 80% of microalbuminuria and macroal-
buminuria patients, respectively [43]. It should also be noted
that podocytes remain viable after detachment and can be
recovered in the urine pellets [44, 45]. Therefore, it comes
as little surprise that podocytes are the key determinants of
outcome for DKD and draw increased attention in diabetes
research [46-51].

Owing to its complex architecture and dynamic move-
ments, podocyte function is dependent on its abundantly rich
actin cytoskeleton and ability to maintain diligently orches-
trated interactions with the other members of the filtration
barrier, that is, GBM and endothelial cells. The glomerular
filtration barrier is permanently exposed to hydrostatic
pressure gradient across the capillaries, and therefore, the
integrity of the interaction between the podocytes and the
GBM is essential for the filtration to occur. Podocytes, which
are the most vulnerable components of the glomerular
filtration, adhere to the underlying GBM via cell-matrix
adhesion receptors, including a-dystroglycan; syndecan-4;
type XVII collagen; integrins a31, a2f31, and avf33; and a
variety of other linker, scaffolding, and signaling proteins
[52]. Among those, integrin family of cell adhesion receptors
are of significant interest since they facilitate the interaction
of podocytes with the extracellular matrix (ECM) at focal
adhesions (FAs) and, as a separate regulatory function,
transduce signals to the inside of the podocytes (outside-in
signaling) to activate intracellular signaling events [53, 54].
The latter happens upon interaction of integrins with their
respective ligands such as fibronectin, vitronectin, collagen,
and laminin. This ligand binding process is not strictly recep-
tor-specific, that is, each of these cell adhesion proteins can
bind to more than one type of integrin. This receptor versa-
tility generates a venue for a wide variety of intracellular
signals required for development, growth, proliferation,
differentiation, motility, cellular metabolism, and survival.
In order to propagate intracellular signaling cascades, integ-
rins need to connect actin cytoskeleton by recruiting a small
repertoire of linker proteins such as paxillin, talin, vinculin,
and a-actinin [55, 56] as the short cytoplasmic tails of these
multi-subunit proteins lack actin-binding capacity [57], the
only exception being integrin 4, which has ~1000 amino
acids in its cytoplasmic tail (compared to that of a typical
integrin f subunit, which is less than 75 amino acids long)
and connects to the keratin cytoskeleton specifically [58].
The interaction with the adaptor proteins is mainly regulated
by B subunits, whereas « subunits usually mediate the
binding to ECM [59]. Given the emphasis on signaling,
it is anticipated that integrins undergo significant confor-
mational changes upon intracellular signaling leading to
“integrin activation” that alters its ligand binding activity
(inside-out signaling) [60, 61]. This mechanism highlights
the bidirectional control of integrins’ signaling [57, 62].

In humans, 24 af3 transmembrane heterodimers have
been identified, making the integrin superfamily one of the
most structurally diverse molecules of cell adhesion [63, 64].
a3f1 is the most highly expressed integrin in the kidney



Journal of Diabetes Research

and the major regulator of the cell-matrix adhesion in
podocytes [65, 66]. Mice deficient of «3f31 integrin failed to
have the normal network of FPs; instead, displayed flattened
podocyte processes that were still attached to GBM leading
to decreased capillary loop formation [67] suggesting that
a3f31 is needed for the proper rearrangement of podocyte
cytoskeleton. A recent study showed that integrin «3p1
expression was upregulated in podocytes of patients with
early DN [68] as opposed to the previous findings reporting
a decrease in a3f31 expression in podocytes cultured under
high-glucose conditions [69, 70] as well as in podocytes of
animal models of DN [71-73] and DN patients [72]. On the
other hand, expression of another member of integrin family,
av[33, increases in the setting of DN [74-76]. Taken together,
these papers present a panoramic picture suggestive of the
contribution of altered interaction of podocytes with GBM
proteins to diabetic renal pathology. Major gaps in our
understanding remain, particularly the molecular mecha-
nisms by which hyperglycemia suppresses or upregulates
the expression of these transmembrane receptors.

Our group recently reported that the 3 subunit of
integrin was essential for the action of podocyte membrane
protein urokinase plasminogen activator receptor (uPAR),
which eventually led to effacement of the FPs and proteinuria
[77]. uPAR lacks transmembrane and intracellular domains,
and it is associated with the external surface of the plasma
membrane by a glycosylphosphatidylinositol (GPI) anchor
[78]. uPAR regulates the plasminogen activation system by
binding urokinase (uPA) and its zymogen form, pro-UPA
[79]. The ECM protein vitronectin is another immediate
binding partner of uPAR and interacts with integrin corecep-
tors to activate integrin signaling and promote cell-ECM
interactions [80, 81]. The resulting changes in expression or
regulation of ECM receptors further instigate downstream
signaling events that facilitate cell migration through activa-
tion of Rho family small GTPase Racl [77, 82, 83]. Interest-
ingly, uPAR is not expressed in normal kidneys [84], and
both uPA and uPAR expression is significantly upregulated
in kidney cortex [85] and in all types of glomerular cells
including podocytes [86, 87] in the animal models of DN.

Cell surface uPAR can be shed by several proteases,
leaving it devoid of the GPI anchor, to generate a soluble
form of uPAR (suPAR) [88, 89]. suPAR is a stable three-
domain (D1, D2, and D3) protein that retains most of uPAR
activities; both uPAR and suPAR are involved in the cell
attachment, motility, and migration through their interac-
tion with the integrins [90, 91]. Further cleavage through
the linker connecting D1 and D2 domains generates a soluble
D1 fragment and the residual D2-D3 fragment, which may
remain membrane-bound or detach from the membrane
[92, 93]. suPAR circulates in blood and other body fluids
and has been identified in various pathological conditions:
elevated plasma suPAR levels are predictive of cancer
[94-96], cardiovascular disease (CVD) [94, 97-99], chronic
kidney disease (CKD) [17], and type 1 [100] and type 2 dia-
betes [94, 101, 102]. In patients with type 2 DM, suPAR levels
are increased with decreasing GFR, increasing proteinuria
and can be a potential biomarker for staging of DN in type
2 DM patients [103]. Serum suPAR levels are also elevated

in type 1 diabetic patients with DKD [104]. RAS blockade
is an established treatment shown to decrease the progression
of DN. Diabetic rats treated with ACEI resulted in inhibition
of expression of uPAR in the kidneys [86]. In a randomized
control study, RAS blockade in patients with DN showed
decreased urinary suPAR levels compared to the group
treated with placebo, but no difference is found in the plasma
suPAR levels between the two groups [105]. This indicates
that RAS blockade might decrease the renal suPAR produc-
tion in vivo and can be the reason for decreased urinary
suPAR levels in the treatment group compared to the pla-
cebo. With suPAR affecting the structure and functional
aspects of podocytes resulting in FP effacement and protein-
uria as well as decrease in the urinary level of suPAR by the
treatment of renoprotective drugs like RAS blockers, there
is a possibility that suPAR might have a major role in the
pathogenesis and progression of DN. It remains to be deter-
mined what is the mechanism by which suPAR exerts its
pathologic effects.

Our studies have demonstrated that, in LPS-treated mice,
suPAR activates integrin avf33 present on podocyte cell
membrane in a similar manner to uPAR [77] and results in
the podocyte FP effacement and podocyte migration leading
to glomerular focal segmental glomerulosclerosis (FSGS) and
proteinuria [106]. We recently reported that suPAR also
activates integrin avf33 when added to cultured human
podocytes either in the form of suPAR-rich FSGS patient
sera [106] or as a recombinant protein [104]. Of note,
the pathological suPAR is originating from the bone marrow
(BM) Gr-1° immature myeloid cells [107]. The suPAR-
mediated podocyte injury can be prevented if suPAR activity
is blocked by an uPAR-specific monoclonal antibody or by a
small molecule that blocks 33 integrin activity, cycloRGDfV.
It has been reported that efforts to inhibit uPA-uPAR protein
interaction with a small molecule promotes conformational
states of uPAR and weakens or even inhibits its interaction
with vitronectin, a ligand of 33 integrin [108]. The functional
relationship between avf33 and uPAR/suPAR can also be
interfered by acid sphingomyelinase-like phosphodiesterase
3b (SMPDL-3b) in the setting of DKD, where av33 integrin
is not activated in the presence of high suPAR and increased
SMPDL-3b, but the differential expression of these pro-
teins rather causes podocyte motility and apoptosis [104].
Recently, blocking avf3 integrin ligand occupancy by a
monoclonal antibody that binds to 3 subunit of avf3
integrin has been offered as a potential solution to prevent
and reverse proteinuria associated with hyperglycemia in
back-to-back studies [109, 110]. In these studies, it has
been shown that targeting avf33 with the monoclonal
antibody alleviated several histological changes associated
with DN in hyperglycemic pigs [109] and resulted in the
reversal of proteinuria and inhibition of the synthesis of
DN-related proteins in diabetic rat kidneys [110]. In the
earlier related in vitro studies, the same group found out
that the inhibition of ligand occupancy of avf33 inhibited
pathophysiologic (i.e., proliferative or migratory) responses
of retinal endothelial [111], vascular endothelial, and smooth
muscle cells [112] through a series of signaling pathways
stimulated by insulin-like growth factor 1 (IGF-1) when
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FIGURE 1: Schematic depiction of uPAR/suPAR-avf33 integrin signaling at the glomerular filtration level in health and diabetic disease. In
resting podocytes, uPAR interacts with uPA and anchored to the outer plasma membrane with GPI. This complex is connected to avf33
integrin through vitronectin, a 83 integrin ligand. This leads to the initiation of “outside-in” signaling events, which requires the
recruitment of linker proteins (paxillin, talin, and vinculin) by integrins for actin involvement. This signaling pathway is responsible for
proper actin cytoskeleton assembly, lamellipodia formation, growth, proliferation, differentiation, and cell survival. ECM proteins such as
fibronectin, collagen, and laminin are also involved in many cellular activities including ECM organization, cell adhesion and migration.
Three homologous domains of uPAR are denoted by D1, D2, and D3, respectively (left panel). In the hyperglycemic state, avf33 integrin
activity increases causing altered adhesion, migration, and proliferation. These intracellular changes might initiate an “inside-out”
signaling affecting integrin’s binding affinity. Soluble uPAR also increases in circulation and probably contributes to the pathology of the
diabetic kidney disease, which can be characterized as impaired cytoskeletal organization and podocyte FP effacement. The pathogenic
suPAR is mainly generated by bone marrow-immature myeloid cells. Podocyte-specific expression of SMPDL-3b, which is elevated during
the course of diabetic kidney disease, prevents avf33 integrin activation by interacting with suPAR. This eventually increases RhoA activity
and podocyte susceptibility to apoptosis. avf33 integrin receptors are also expressed in glomerular endothelium and exposure of
endothelial cells to hyperglycemia leads to pathologic outcomes in these cells such as endothelial permeability, migration, and proliferation
in response to the ligand occupancy of avf33 and concomitant stimulation of IGF-1 (middle panel). Targeting uPAR and suPAR with an
uPAR-specific monoclonal antibody can attenuate the adverse effects of uPAR/suPAR-dependent integrin signaling. Using antibodies that
bind preferentially to the activated and/or ligand-occupied forms of 83 integrin and 33 integrin small molecule inhibitor, cycloRGDfV,
offer alternative ways to disentangle its interactions with uPAR/suPAR. Blocking the ligand occupancy of avf33 inhibits the pathogenic
mechanisms stimulated by IGF-1 (right panel).

the cells are exposed to the high glucose. Knowing that
avf33 integrin receptors are expressed in glomerular endo-
thelium [75], similar events might occur in the glomeruli
leading to endothelial permeability and proteinuria, which
can be reversed by blocking avf3 integrin.

In a recent prospective long-term cohort study of
patients at risk for type 2 diabetes, it has been observed
that higher baseline suPAR is independently associated
with an increased risk of new-onset microalbuminuria and

prediabetes [18]. The association of suPAR with incident
microalbuminuria was reported to be independent from
baseline eGFR. Importantly, the onset of microalbuminuria
preceded the decline in GFR in this cohort. Moreover, suPAR
predicted microalbuminuria irrespective of the baseline
blood pressure and glycemia (e.g., baseline HbA1lc). By these
results, it can be hypothesized that suPAR can be an
upstream biomarker for type 2 diabetes and also for DN even
before the microalbuminuria. In another cross sectional
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FIGURE 2: Schematic depiction of suPAR as a predictor for future
diabetic kidney disease.

study of patients with manifest type 2 diabetes, higher suPAR
level is associated with high urinary albumin indicating that
suPAR might be involved in the pathogenesis and progres-
sion of DN [18].

Opverall, the transmembrane partnership between uPAR/
suPAR and avf33 integrin (as summarized in Figure 1) is an
attractive target for the treatment of DKD. There are numer-
ous studies dedicated to identify novel therapies efficiently
targeting this delicate interaction with the use of antibodies,
peptides, and small molecules. These efforts improve our
understanding of the mechanism behind DN and our ability
to predict the incidence of diabetic kidney disease (Figure 2),
which will eventually advance the use of these agents toward
clinical practice.

Conflicts of Interest

Ranadheer R. Dande, Vasil Peev, and Mehmet M. Altintas
declare that they have no conflict of interest. Jochen Reiser
is the cofounder of TRISAQ, a biotech company dedicated
to develop novel therapies for renal disease. He stands to gain
royalties for commercialization of these products.

Acknowledgments

The work in Jochen Reiser’s laboratory is supported by the
National Institute of Diabetes and Digestive and Kidney
Diseases (NIDDK) Grants RO1IDK101350 and RO1DK106051.

References

[1] B. Satirapojand S. G. Adler, “Prevalence and management of
diabetic nephropathy in Western countries,” Kidney Disease
(Basel), vol. 1, no. 1, pp. 61-70, 2015.

[2] L. Chen, D. J. Magliano, and P. Z. Zimmet, “The worldwide
epidemiology of type 2 diabetes mellitus - present and future

(10]

(11]

(12]

(13]

(14]

(15]

(16]

perspectives,” Nature Reviews. Endocrinology, vol. 8, no. 4,
pp. 228-236, 2012.

C. E. Mogensen, “Microalbuminuria as a predictor of clinical
diabetic nephropathy,” Kidney International, vol. 31, no. 2,
pp. 673-689, 1987.

G. Eknoyan, T. Hostetter, G. L. Bakris et al., “Proteinuria and
other markers of chronic kidney disease: a position statement
of the national kidney foundation (NKF) and the national
institute of diabetes and digestive and kidney diseases
(NIDDK),” American Journal of Kidney Diseases, vol. 42,
no. 4, pp. 617-622, 2003.

H. J. Kramer, Q. D. Nguyen, G. Curhan, and C. Y. Hsu,
“Renal insufficiency in the absence of albuminuria and
retinopathy among adults with type 2 diabetes mellitus,”
JAMA, vol. 289, no. 24, pp. 3273-3277, 2003.

M. L. Caramori, P. Fioretto, and M. Mauer, “The need for
early predictors of diabetic nephropathy risk: is albumin
excretion rate sufficient?” Diabetes, vol. 49, no. 9, pp. 1399-
1408, 2000.

I. H. de Boer, T. C. Rue, Y. N. Hall, P. J. Heagerty, N. S.
Weiss, and J. Himmelfarb, “Temporal trends in the preva-
lence of diabetic kidney disease in the United States,” JAMA,
vol. 305, no. 24, pp. 2532-2539, 2011.

H. C. Gerstein, J. F. Mann, Q. Yi et al.,, “Albuminuria and
risk of cardiovascular events, death, and heart failure in dia-
betic and nondiabetic individuals,” Journal of the American
Medical Association, vol. 286, no. 4, pp. 421-426, 2001.
American Diabetes Association, “Standards of medical care
in diabetes—2012,” Diabetes Care, vol. 35, Supplement 1,
pp. S11-S63, 2012.

S.J. Taler, R. Agarwal, G. L. Bakris et al., “KDOQI US com-
mentary on the 2012 KDIGO clinical practice guideline for
management of blood pressure in CKD,” American Journal
of Kidney Diseases, vol. 62, no. 2, pp. 201-213, 2013.

E. J. Lewis, L. G. Hunsicker, R. P. Bain, and R. D. Rohde,
“The effect of angiotensin-converting-enzyme inhibition on
diabetic nephropathy. The Collaborative Study Group,”
The New England Journal of Medicine, vol. 329, no. 20,
pp. 1456-1462, 1993.

E.J. Lewis, L. G. Hunsicker, W. R. Clarke et al., “Renoprotec-
tive effect of the angiotensin-receptor antagonist irbesartan
in patients with nephropathy due to type 2 diabetes,” The
New England Journal of Medicine, vol. 345, no. 12,
pp. 851-860, 2001.

B. M. Brenner, M. E. Cooper, D. de Zeeuw et al., “Effects
of losartan on renal and cardiovascular outcomes in
patients with type 2 diabetes and nephropathy,” The New
England Journal of Medicine, vol. 345, no. 12, pp. 861-
869, 2001.

B. F. Palmer, “Managing hyperkalemia caused by inhibi-
tors of the renin-angiotensin-aldosterone system,” The
New England Journal of Medicine, vol. 351, no. 6, pp. 585-
592, 2004.

H. Yamout, I. Lazich, and G. L. Bakris, “Blood pressure,
hypertension, RAAS blockade, and drug therapy in diabetic
kidney disease,” Advances in Chronic Kidney Disease,
vol. 21, no. 3, pp. 281-286, 2014.

C. Majewski and G. L. Bakris, “Has RAAS blockade reached
its limits in the treatment of diabetic nephropathy?” Current
Diabetes Reports, vol. 16, no. 4, p. 24, 2016.



(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

(25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

S. S. Hayek, S. Sever, Y. A. Ko et al., “Soluble urokinase
receptor and chronic kidney disease,” The New England
Journal of Medicine, vol. 373, no. 20, pp. 1916-1925, 2015.

M. Guthoff, R. Wagner, E. Randrianarisoa et al., “Soluble
urokinase receptor (suPAR) predicts microalbuminuria in
patients at risk for type 2 diabetes mellitus,” Scientific
Reports, vol. 7, p. 40627, 2017.

R. O. Estacio and R. W. Schrier, “Diabetic nephropathy:
pathogenesis, diagnosis, and prevention of progression,”
Advances in Internal Medicine, vol. 46, pp. 359-408, 2001.

J. S. Lin and K. Susztak, “Podocytes: the weakest link in
diabetic kidney disease?” Current Diabetes Reports, vol. 16,
no. 5, p. 45, 2016.

J. Reiser and M. M. Altintas, “Podocytes,” F1000Research,
vol. 5, p. 114, 2016, (F1000 Faculty Rev).

H. Pavenstadt, W. Kriz, and M. Kretzler, “Cell biology of the
glomerular podocyte,” Physiological Reviews, vol. 83, no. 1,
pp. 253-307, 2003.

J. Reiser, W. Kriz, M. Kretzler, and P. Mundel, “The glo-
merular slit diaphragm is a modified adherens junction,”
Journal of the American Society of Nephrology, vol. 11, no. 1,
pp. 1-8, 2000.

M. G. Farquhar, “The glomerular basement membrane: not
gone, just forgotten,” The Journal of Clinical Investigation,
vol. 116, no. 8, pp. 2090-2093, 2006.

M. Obeidat, M. Obeidat, and B. J. Ballermann, “Glomerular
endothelium: a porous sieve and formidable barrier,” Experi-
mental Cell Research, vol. 318, no. 9, pp. 964-972, 2012.

P. Mundel and S. J. Shankland, “Podocyte biology and
response to injury,” Journal of the American Society of
Nephrology, vol. 13, no. 12, pp. 3005-3015, 2002.

P. Mundel and J. Reiser, “Proteinuria: an enzymatic disease
of the podocyte?” Kidney International, vol. 77, no. 7,
pp. 571-580, 2010.

N. H. Kim, “Podocyte hypertrophy in diabetic nephropathy,”
Nephrology (Carlton), vol. 10, Supplement 2, pp. 14-16, 2005.

N. Herbach, I. Schairer, A. Blutke et al., “Diabetic kidney
lesions of GIPRdn transgenic mice: podocyte hypertrophy
and thickening of the GBM precede glomerular hypertrophy
and glomerulosclerosis,” American Journal of Physiology.
Renal Physiology, vol. 296, no. 4, pp. F819-F829, 2009.

X. Zhou, R. D. Hurst, D. Templeton, and C. I. Whiteside,
“High glucose alters actin assembly in glomerular mesangial
and epithelial cells,” Laboratory Investigation, vol. 73, no. 3,
pp. 372-383, 1995.

P. Fiorina, A. Vergani, R. Bassi et al., “Role of podocyte B7-1
in diabetic nephropathy,” Journal of the American Society of
Nephrology, vol. 25, no. 7, pp. 1415-1429, 2014.

K. Susztak, A. C. Raff, M. Schiffer, and E. P. Bottinger,
“Glucose-induced reactive oxygen species cause apoptosis of
podocytes and podocyte depletion at the onset of diabetic
nephropathy,” Diabetes, vol. 55, no. 1, pp. 225-233, 2006.

M. Godel, B. Hartleben, N. Herbach et al., “Role of mTOR in
podocyte function and diabetic nephropathy in humans and
mice,” The Journal of Clinical Investigation, vol. 121, no. 6,
pp. 2197-2209, 2011.

M. W. Steffes, D. Schmidt, R. McCrery, and J. M. Basgen,
“Glomerular cell number in normal subjects and in type 1

diabetic patients,” Kidney International, vol. 59, no. 6,
pp. 2104-2113, 2001.

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]

[45]

[46]

(47]

(48]

(49]

Journal of Diabetes Research

M. Toyoda, B. Najafian, Y. Kim, M. L. Caramori, and M.
Mauer, “Podocyte detachment and reduced glomerular
capillary endothelial fenestration in human type 1 diabetic
nephropathy,” Diabetes, vol. 56, no. 8, pp. 2155-2160, 2007.

M. E. Pagtalunan, P. L. Miller, S. Jumping-Eagle et al.,
“Podocyte loss and progressive glomerular injury in type
II diabetes,” The Journal of Clinical Investigation, vol. 99,
no. 2, pp. 342-348, 1997.

T. W. Meyer, P. H. Bennett, and R. G. Nelson, “Podocyte
number predicts long-term urinary albumin excretion in
Pima Indians with type II diabetes and microalbuminuria,”
Diabetologia, vol. 42, no. 11, pp. 1341-1344, 1999.

K. E. White, R. W. Bilous, and Diabetes Study Group,
“Structural alterations to the podocyte are related to
proteinuria in type 2 diabetic patients,” Nephrology, Dialysis,
Transplantation, vol. 19, no. 6, pp. 1437-1440, 2004.

E. J. Weil, K. V. Lemley, C. C. Mason et al., “Podocyte
detachment and reduced glomerular capillary endothelial
fenestration promote kidney disease in type 2 diabetic
nephropathy,” Kidney International, vol. 82, no. 9,
pp. 1010-1017, 2012.

H. M. Chen, Z. H. Liu, C. H. Zeng, S. J. Li, Q. W. Wang,
and L. S. Li, “Podocyte lesions in patients with obesity-related
glomerulopathy,” American Journal of Kidney Diseases,
vol. 48, no. 5, pp- 772-779, 2006.

L. Lasagni, E. Lazzeri, S. J. Shankland, H. J. Anders, and
P. Romagnani, “Podocyte mitosis - a catastrophe,” Current
Molecular Medicine, vol. 13, no. 1, pp. 13-23, 2013.

H. Liapis, P. Romagnani, and H. J. Anders, “New insights
into the pathology of podocyte loss: mitotic catastrophe,”
The American Journal of Pathology, vol. 183, no. 5,
pp. 1364-1374, 2013.

T. Nakamura, C. Ushiyama, S. Suzuki et al, “Urinary
excretion of podocytes in patients with diabetic nephropa-
thy,” Nephrology, Dialysis, Transplantation, vol. 15, no. 9,
pp. 1379-1383, 2000.

S. U. Vogelmann, W. J. Nelson, B. D. Myers, and K. V.
Lemley, “Urinary excretion of viable podocytes in health
and renal disease,” American Journal of Physiology. Renal
Physiology, vol. 285, no. 1, pp. F40-F48, 2003.

A. T. Petermann, J. Pippin, R. Kroftt et al., “Viable podo-
cytes detach in experimental diabetic nephropathy: potential
mechanism underlying glomerulosclerosis,” Nephron. Exper-
imental Nephrology, vol. 98, no. 4, pp. el14-e123, 2004.

M. Dalla Vestra, A. Masiero, A. M. Roiter, A. Saller, G.
Crepaldi, and P. Fioretto, “Is podocyte injury relevant in
diabetic nephropathy? Studies in patients with type 2 diabe-
tes,” Diabetes, vol. 52, no. 4, pp. 1031-1035, 2003.

G. Wolf, S. Chen, and F. N. Ziyadeh, “From the periphery
of the glomerular capillary wall toward the center of disease:
podocyte injury comes of age in diabetic nephropathy,”
Diabetes, vol. 54, no. 6, pp. 1626-1634, 2005.

G. R. Reddy, K. Kotlyarevska, R. F. Ransom, and R. K.
Menon, “The podocyte and diabetes mellitus: is the podocyte
the key to the origins of diabetic nephropathy?” Current
Opinion in Nephrology and Hypertension, vol. 17, no. 1,
pp. 32-36, 2008.

F. C. Brosius and R. J. Coward, “Podocytes, signaling
pathways, and vascular factors in diabetic kidney disease,”
Advances in Chronic Kidney Disease, vol. 21, no. 3, pp. 304-
310, 2014.



Journal of Diabetes Research

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

[60]

[61]

(62]

(63]

(64]

[65]

[66]

[67]

[68]

R. Coward and A. Fornoni, “Insulin signaling: implications
for podocyte biology in diabetic kidney disease,” Current
Opinion in Nephrology and Hypertension, vol. 24, no. 1,
pp. 104-110, 2015.

S. Majumder and A. Advani, “The epigenetic regulation of
podocyte function in diabetes,” Journal of Diabetes and Its
Complications, vol. 29, no. 8, pp. 1337-1344, 2015.

N. Sachs and A. Sonnenberg, “Cell-matrix adhesion of podo-
cytes in physiology and disease,” Nature Reviews. Nephrology,
vol. 9, no. 4, pp. 200-210, 2013.

D. A. Hamerski and S. A. Santoro, “Integrins and the kidney:
biology and pathobiology,” Current Opinion in Nephrology
and Hypertension, vol. 8, no. 1, pp. 9-14, 1999.

S. Mathew, X. Chen, A. Pozzi, and R. Zent, “Integrins in
renal development,” Pediatric Nephrology, vol. 27, no. 6,
pp. 891-900, 2012.

I. Delon and N. H. Brown, “Integrins and the actin cyto-
skeleton,” Current Opinion in Cell Biology, vol. 19, no. 1,
pp. 43-50, 2007.

H. Wolfenson, I. Lavelin, and B. Geiger, “Dynamic regulation
of the structure and functions of integrin adhesions,” Devel-
opmental Cell, vol. 24, no. 5, pp. 447-458, 2013.

R. O. Hynes, “Integrins: bidirectional, allosteric signaling
machines,” Cell, vol. 110, no. 6, pp. 673-687, 2002.

J. M. de Pereda, G. Wiche, and R. C. Liddington, “Crystal
structure of a tandem pair of fibronectin type III domains
from the cytoplasmic tail of integrin «a634,” The EMBO
Journal, vol. 18, no. 15, pp. 4087-4095, 1999.

M. Vicente-Manzanares, C. K. Choi, and A. R. Horwitz,
“Integrins in cell migration - the actin connection,” Journal
of Cell Science, vol. 122, Part 2, pp. 199-206, 2009.

M. H. Ginsberg, A. Partridge, and S. J. Shattil, “Integrin
regulation,” Current Opinion in Cell Biology, vol. 17, no. 5,
pp. 509-516, 2005.

B.H. Luo, C. V. Carman, and T. A. Springer, “Structural basis
of integrin regulation and signaling,” Annual Review of
Immunology, vol. 25, pp. 619-647, 2007.

M. Kim, C. V. Carman, and T. A. Springer, “Bidirectional
transmembrane signaling by cytoplasmic domain separation
in integrins,” Science, vol. 301, no. 5640, pp. 1720-1725, 2003.
M. Shimaoka, J. Takagi, and T. A. Springer, “Conforma-
tional regulation of integrin structure and function,” Annual
Review of Biophysics and Biomolecular Structure, vol. 31,
pp. 485-516, 2002.

Y. Takada, X. Ye, and S. Simon, “The integrins,” Genome
Biology, vol. 8, no. 5, p. 215, 2007.

M. Korhonen, J. Ylanne, L. Laitinen, and I. Virtanen, “The
al-a6 subunits of integrins are characteristically expressed
in distinct segments of developing and adult human neph-
ron,” The Journal of Cell Biology, vol. 111, no. 3, pp. 1245-
1254, 1990.

L. M. Sterk, A. A. de Melker, D. Kramer et al., “Glomerular
extracellular matrix components and integrins,” Cell Adhe-
sion and Communication, vol. 5, no. 3, pp. 177-192, 1998.

J. A. Kreidberg, M. J. Donovan, S. L. Goldstein et al., “Alpha 3
beta 1 integrin has a crucial role in kidney and lung organo-
genesis,” Development, vol. 122, no. 11, pp. 3537-3547, 1996.
K. Sawada, M. Toyoda, N. Kaneyama et al, “Upregula-
tion of a3fB1-integrin in podocytes in early-stage diabetic
nephropathy,” Journal of Diabetes Research, vol. 2016,
p. 9265074, 2016.

(69]

(70]

(71]

(72]

(73]

(74]

[75]

[76]

(77]

(78]

(79]

(80]

(81]

(82]

(83]

P. V. Kitsiou, A. K. Tzinia, W. G. Stetler-Stevenson et al.,
“Glucose-induced changes in integrins and matrix-related
functions in cultured human glomerular epithelial cells,”
American Journal of Physiology. Renal Physiology, vol. 284,
no. 4, pp. F671-F679, 2003.

J. Chen, D. Gui, Y. Chen, L. Mou, Y. Liu, and J. Huang,
“Astragaloside IV improves high glucose-induced podocyte
adhesion dysfunction via alpha3betal integrin upregulation
and integrin-linked kinase inhibition,” Biochemical Pharma-
cology, vol. 76, no. 6, pp. 796-804, 2008.

M. Regoli and M. Bendayan, “Alterations in the expression
of the alpha 3 beta 1 integrin in certain membrane domains
of the glomerular epithelial cells (podocytes) in diabetes
mellitus,” Diabetologia, vol. 40, no. 1, pp. 15-22, 1997.

H. C. Chen, C. A. Chen, J. Y. Guh, J. M. Chang, S.]. Shin, and
Y. H. Lai, “Altering expression of «31 integrin on podocytes
of human and rats with diabetes,” Life Sciences, vol. 67, no. 19,
pp. 2345-2353, 2000.

S. Lin, D. 1i, J. Jia, Z. Zheng, Z. Jia, and W. Shang, “Spirono-
lactone ameliorates podocytic adhesive capacity via restoring
integrin a3 expression in streptozotocin-induced diabetic
rats,” Journal of the Renin-Angiotensin-Aldosterone System,
vol. 11, no. 3, pp. 149-157, 2010.

D. Boettiger, M. Enomoto-Iwamoto, H. Y. Yoon, U. Hofer,
A. S. Menko, and R. Chiquet-Ehrismann, “Regulation of
integrin «5B1 affinity during myogenic differentiation,”
Developmental Biology, vol. 169, no. 1, pp. 261-272, 1995.
D. K. Jin, A. J. Fish, E. A. Wayner et al., “Distribution of
integrin subunits in human diabetic kidneys,” Journal of the
American Society of Nephrology, vol. 7, no. 12, pp. 2636-
2645, 1996.

S. Yoon, D. Gingras, and M. Bendayan, “Alterations of
vitronectin and its receptor «(v) integrin in the rat renal
glomerular wall during diabetes,” American Journal of Kidney
Diseases, vol. 38, no. 6, pp. 1298-1306, 2001.

C. Wei, C. C. Moller, M. M. Altintas et al., “Modification of
kidney barrier function by the urokinase receptor,” Nature
Medicine, vol. 14, no. 1, pp. 55-63, 2008.

M. Ploug, E. Ronne, N. Behrendt, A. L. Jensen, F. Blasi, and K.
Dano, “Cellular receptor for urokinase plasminogen activa-
tor. Carboxyl-terminal processing and membrane anchoring
by glycosyl-phosphatidylinositol,” The Journal of Biological
Chemistry, vol. 266, no. 3, pp. 1926-1933, 1991.

V. Ellis, N. Behrendt, and K. Dano, “Plasminogen activa-
tion by receptor-bound urokinase. A kinetic study with
both cell-associated and isolated receptor,” The Journal
of Biological Chemistry, vol. 266, no. 19, pp. 12752-
12758, 1991.

Y. Wei, M. Lukashev, D. I. Simon et al., “Regulation of integ-
rin function by the urokinase receptor,” Science, vol. 273,
no. 5281, pp. 1551-1555, 1996.

C.D. Madsen, G. M. S. Ferraris, A. Andolfo, O. Cunningham,
and N. Sidenius, “uPAR-induced cell adhesion and migra-
tion: vitronectin provides the key,” The Journal of Cell Biol-
ogy, vol. 177, no. 5, pp. 927-939, 2007.

L. Kjoller and A. Hall, “Rac mediates cytoskeletal rearrange-
ments and increased cell motility induced by urokinase-type
plasminogen activator receptor binding to vitronectin,” The
Journal of Cell Biology, vol. 152, no. 6, pp. 1145-1158, 2001.

H. W. Smith, P. Marra, and C. J. Marshall, “uPAR promotes
formation of the p130Cas-CRK complex to activate Rac



(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

through DOCK180,” The Journal of Cell Biology, vol. 182,
no. 4, pp. 777-790, 2008.

Y. Xu, J. Hagege, B. Mougenot, J. D. Sraer, E. Ronne, and
E. Rondeau, “Different expression of the plasminogen acti-
vation system in renal thrombotic microangiopathy and
the normal human kidney,” Kidney International, vol. 50,
no. 6, pp. 2011-2019, 1996.

B. Vasir, P. Reitz, G. Xu, A. Sharma, S. Bonner-Weir, and
G. C. Weir, “Effects of diabetes and hypoxia on gene
markers of angiogenesis (HGF, cMET, uPA and uPAR,
TGF-alpha, TGF-beta, bFGF and vimentin) in cultured
and transplanted rat islets,” Diabetologia, vol. 43, no. 6,
pp. 763-772, 2000.

M. Kenichi, M. Masanobu, K. Takehiko et al., “Renal synthe-
sis of urokinase type-plasminogen activator, its receptor, and
plasminogen activator inhibitor-1 in diabetic nephropathy in
rats: modulation by angiotensin-converting-enzyme inhibi-
tor,” The Journal of Laboratory and Clinical Medicine,
vol. 144, no. 2, pp. 69-77, 2004.

L. Zhang, R. Li, W. Shi et al., “NFAT2 inhibitor ameliorates
diabetic nephropathy and podocyte injury in db/db mice,”
British Journal of Pharmacology, vol. 170, no. 2, pp. 426-
439, 2013.

N. Sidenius, C. F. Sier, and F. Blasi, “Shedding and cleav-
age of the urokinase receptor (uPAR): identification and
characterisation of uPAR fragments in vitro and in vivo,”
FEBS Letters, vol. 475, no. 1, pp. 52-56, 2000.

N. Montuori, M. V. Carriero, S. Salzano, G. Rossi, and
P. Ragno, “The cleavage of the urokinase receptor regulates
its multiple functions,” The Journal of Biological Chemistry,
vol. 277, no. 49, pp. 46932-46939, 2002.

Q. Huai, A. P. Mazar, A. Kuo et al., “Structure of human uro-
kinase plasminogen activator in complex with its receptor,”
Science, vol. 311, no. 5761, pp. 656-659, 2006.

M. Thuno, B. Macho, and ]. Eugen-Olsen, “suPAR: the
molecular crystal ball,” Disease Markers, vol. 27, no. 3,
pp. 157-172, 2009.

G. Hoyer-Hansen, E. Ronne, H. Solberg et al., “Urokinase
plasminogen activator cleaves its cell surface receptor releas-
ing the ligand-binding domain,” The Journal of Biological
Chemistry, vol. 267, no. 25, pp. 18224-18229, 1992.

K. Wahlberg, G. Hoyer-Hansen, and B. Casslen, “Soluble
receptor for urokinase plasminogen activator in both full-
length and a cleaved form is present in high concentration
in cystic fluid from ovarian cancer,” Cancer Research,
vol. 58, no. 15, pp. 3294-3298, 1998.

J. Eugen-Olsen, O. Andersen, A. Linneberg et al., “Circulating
soluble urokinase plasminogen activator receptor predicts
cancer, cardiovascular disease, diabetes and mortality in the
general population,” Journal of Internal Medicine, vol. 268,
no. 3, pp. 296-308, 2010.

A. Langkilde, T. W. Hansen, S. Ladelund et al., “Increased
plasma soluble uPAR level is a risk marker of respiratory can-
cer in initially cancer-free individuals,” Cancer Epidemiology,
Biomarkers ¢ Prevention, vol. 20, no. 4, pp. 609-618, 2011.
K. Donadello, S. Scolletta, F. S. Taccone et al, “Soluble
urokinase-type plasminogen activator receptor as a prognostic
biomarker in critically ill patients,” Journal of Critical Care,
vol. 29, no. 1, pp. 144-149, 2014.

M. Persson, G. Engstrom, H. Bjorkbacka, and B. Hedblad,
“Soluble urokinase plasminogen activator receptor in plasma

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Journal of Diabetes Research

is associated with incidence of CVD. Results from the Malmo
Diet and Cancer Study,” Atherosclerosis, vol. 220, no. 2,
pp. 502-505, 2012.

S. Lyngbaek, J. L. Marott, T. Sehestedt et al., “Cardiovascular
risk prediction in the general population with use of suPAR,
CRP, and Framingham risk score,” International Journal of
Cardiology, vol. 167, no. 6, pp. 2904-2911, 2013.

Y. Borne, M. Persson, O. Melander, J. G. Smith, and G.
Engstrom, “Increased plasma level of soluble urokinase
plasminogen activator receptor is associated with incidence
of heart failure but not atrial fibrillation,” European Journal of
Heart Failure, vol. 16, no. 4, pp. 377-383, 2014.

S. Theilade, S. Lyngbaek, T. W. Hansen et al., “Soluble
urokinase plasminogen activator receptor levels are ele-
vated and associated with complications in patients with
type 1 diabetes,” Journal of Internal Medicine, vol. 277,
no. 3, pp. 362-371, 2015.

S. B. Haugaard, O. Andersen, T. W. Hansen et al., “The
immune marker soluble urokinase plasminogen activator
receptor is associated with new-onset diabetes in non-
smoking women and men,” Diabetic Medicine, vol. 29,
no. 4, pp. 479-487, 2012.

A. Heraclides, T. M. Jensen, S. S. Rasmussen et al., “The
pro-inflammatory biomarker soluble urokinase plasmino-
gen activator receptor (suPAR) is associated with incident
type 2 diabetes among overweight but not obese individuals
with impaired glucose regulation: effect modification by
smoking and body weight status,” Diabetologia, vol. 56,
no. 7, pp. 1542-1546, 2013.

C.Z. Wu, L. C. Chang, Y. F. Lin et al., “Urokinase plasmino-
gen activator receptor and its soluble form in common
biopsy-proven kidney diseases and in staging of diabetic
nephropathy,” Clinical Biochemistry, vol. 48, no. 18,
pp. 1324-1329, 2015.

T. H. Yoo, C. E. Pedigo, J. Guzman et al., “Sphingomyeli-
nase-like phosphodiesterase 3b expression levels determine
podocyte injury phenotypes in glomerular disease,” Journal
of the American Society of Nephrology, vol. 26, no. 1,
pp. 133-147, 2015.

F. Persson, S. Theilade, J. Eugen-Olsen, P. Rossing, and H. H.
Parving, “Renin angiotensin system blockade reduces urinary
levels of soluble urokinase plasminogen activator receptor
(suPAR) in patients with type 2 diabetes,” Journal of Diabetes
and Its Complications, vol. 30, no. 8, pp. 1440-1442, 2016.
C. Wei, S. El Hindji, J. Li et al., “Circulating urokinase receptor
as a cause of focal segmental glomerulosclerosis,” Nature
Medicine, vol. 17, no. 18, pp. 952-960, 2011.

E. Hahm, C. Wei, L. Fernandez et al., “Bone marrow-derived
immature myeloid cells are a main source of circulating
suPAR contributing to proteinuric kidney disease,” Nature
Medicine, vol. 23, no. 1, pp. 100-106, 2017.

D. Liu, D. Zhou, B. Wang, W. E. Knabe, and S. O. Meroueh,
“A new class of orthosteric uPAR-uPA small-molecule antag-
onists are allosteric inhibitors of the uPAR-vitronectin inter-
action,” ACS Chemical Biology, vol. 10, no. 6, pp. 1521-
1534, 2015.

L. A. Maile, W. H. Busby, K. A. Gollahon et al., “Blocking
ligand occupancy of the aV3 integrin inhibits the devel-
opment of nephropathy in diabetic pigs,” Endocrinology,
vol. 155, no. 12, pp. 4665-4675, 2014.

L. A. Maile, K. Gollahon, C. Wai, P. Dunbar, W. Busby, and
D. Clemmons, “Blocking aV33 integrin ligand occupancy



Journal of Diabetes Research

[111]

[112]

inhibits the progression of albuminuria in diabetic rats,” Jour-
nal of Diabetes Research, vol. 2014, p. 421827, 2014.

E. C. Miller, B. E. Capps, R. R. Sanghani, D. R. Clemmons,
and L. A. Maile, “Regulation of IGF-I signaling in retinal
endothelial cells by hyperglycemia,” Investigative Ophthal-
mology & Visual Science, vol. 48, no. 8, pp. 3878-3887, 2007.
L. A. Maile, B. E. Capps, Y. Ling, G. Xi, and D. R. Clemmons,
“Hyperglycemia alters the responsiveness of smooth muscle
cells to insulin-like growth factor-1,” Endocrinology, vol. 148,
no. 5, pp. 2435-2443, 2007.



	Soluble Urokinase Receptor and the Kidney Response in Diabetes Mellitus
	Conflicts of Interest
	Acknowledgments

