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Abstract
The prevalence of diabetes mellitus and its
long-term vascular complications are increas-
ing worldwide. Diabetic nephropathy is one of
the main microvascular complications of dia-
betes and is characterized by the development
of persistent macroalbuminuria (i.e., a urinary
albumin excretion [UAE] >300 mg/24 h) or
proteinuria (i.e., a urinary protein excretion
>0.5 g/24 h).

Characteristic glomerular changes of dia-
betic nephropathy include thickening of the
glomerular basement membrane (GBM),
mesangial expansion, and podocyte injury.
Since type 1 and type 2 diabetic nephropathies
share similar histologic characteristics as well
as structural-functional relationships, one com-
mon classification is used to describe the path-
ologic classification of diabetic nephropathy
for both type 1 and 2 diabetes.

Although UAE should rather be considered
as a continuous variable rather than using
specific cutoff values, we describe the
clinical course of diabetic nephropathy based
on the classic approach using three
stages based on urinary albumin excretion
(i.e., normoalbuminuria, microalbuminuria,
and macroalbuminuria).

Diabetic nephropathy is a major indepen-
dent risk factor for diabetes-related morbidity
and mortality. However, a number of interven-
tions are available that can reduce the risk of
developing diabetic nephropathy and slow the
progression hereof. Key treatment strategies
that could reduce the incidence and progres-
sion of diabetic nephropathy include blood
glucose control, blood pressure control,
lipid-lowering therapy, and lifestyle
interventions.

Glossary of Terms
Albuminuria Condition wherein too much

albumin is present in urine.
Atherosclerosis A common form of arterio-

sclerosis in which fatty substances form a
deposit of plaque on the inner lining of
arterial walls.

Diabetes mellitus A metabolic disorder
that is clinically characterized by
hyperglycemia.

Diabetic nephropathy Diabetic kidney dis-
ease characterized by the presence of albu-
minuria or proteinuria.

Dyslipidemia A disorder of lipid
metabolism, including overproduction or
deficiency.

End-stage renal disease Late stage of kid-
ney disease in which renal replacement ther-
apy is needed.

Glomerular hyperfiltration An elevation in
the glomerular filtration rate that can occur
in various clinical conditions including dia-
betes mellitus.

Hypertension High blood pressure; systolic
blood pressure �140 mmHg or diastolic
blood pressure �90 mmHg.

Macroalbuminuria Presence of large
amounts of albumin in urine; urinary albu-
min excretion of >300 mg/day.

Microalbuminuria Presence of small
amounts of albumin in urine; urinary albu-
min excretion of 30–300 mg/day.

Normoalbuminuria Presence of normal
amounts of albumin in urine; urinary albu-
min excretion of <30 mg/day.

Proteinuria Condition wherein too much
protein is present in urine.

Epidemiology of Diabetes
and Its Complications

Diabetes and Its Complications

The incidence of diabetes mellitus, a metabolic
disorder that is clinically characterized by hyper-
glycemia, has increased by 50 % over the past
decade (Forbes and Cooper 2013; Danaei
et al. 2011). In 2011, there are 366 million people
with diabetes worldwide, and this number is
expected to rise to 552 million by 2030 (Whiting
et al. 2011).

Diabetes mellitus is associated with a number
of complications, ranging from acute metabolic to
long-term vascular complications. These
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vascular complications are, at least partly, a
consequence of chronic hyperglycemia,
which leads to damage of large blood vessels
(i.e., macrovascular complications) as well as
small blood vessels (i.e.,microvascular complica-
tions) (Table 1).

Macrovascular Complications

The main macrovascular complication of diabetes
is cardiovascular disease, predominantly caused
by atherosclerosis, resulting in coronary artery
disease often manifesting as myocardial infarction
and cerebrovascular disease often manifesting as
stroke (Forbes and Cooper 2013). Common con-
ditions coexisting with type 2 diabetes (i.e., hyper-
tension and dyslipidemia) are independent risk
factors for cardiovascular disease (American Dia-
betes Association 2012). Diabetes is indepen-
dently associated with a twofold to fourfold
increase in the risk of cardiovascular disease
(Stamler et al. 1993; Kannel and McGee 1979).
Furthermore, diabetes is considered to be a car-
diovascular disease risk equivalent; i.e., patients
with diabetes without a history of myocardial
infarction have a risk of myocardial infarction
that is similar to that among nondiabetic subjects
who have had a prior myocardial infarction
(Haffner et al. 1988).

Microvascular Complications

Microvascular complications of diabetes include
nephropathy, retinopathy, and neuropathy. Dia-
betic retinopathy is a highly specific

microvascular complication of diabetes mellitus,
and its prevalence is strongly related to the dura-
tion of diabetes (American Diabetes Association
2012). Diabetic nephropathy occurs in 20–40 %
of the patients with diabetes and is the leading
cause of end-stage renal disease (ESRD) world-
wide (American Diabetes Association 2012).
Although the risk of renal complications was ini-
tially thought to be lower in patients with type
2 diabetes than in those with type 1 diabetes
(Fabre et al. 1982), to date, there is evidence that
the risk of nephropathy is similar among patients
with type 1 and 2 diabetes (Hasslacher et al. 1989;
Ritz and Orth 1999).

Worldwide, the burden of diabetic nephropa-
thy is enormous. Diabetes is estimated to increase
the risk of ESRD by approximately 12-fold (Adler
et al. 2003; Brancati et al. 1997). A disproportion-
ately large percentage of patients with ESRD have
diabetes, and, at this moment, diabetic nephropa-
thy and hypertension, which often co-occur, are
the major causes for ESRD in the United States
(Fig. 1; Adler et al. 2003; Collins et al. 2014;
Reutens 2013).

Furthermore, patients with diabetic nephropa-
thy are at an increased risk for cardiovascular
morbidity and mortality. Using data from over
5,000 subjects with type 2 diabetes participating
in the United Kingdom Prospective Diabetes
Study (UKPDS), it was estimated that each year
2.3 % of the subjects with macroalbuminuria pro-
gress to either elevated plasma creatinine (�175
μmol/L) or renal replacement therapy (Adler
et al. 2003). In this latter study, it was also
shown that the risk of all-cause mortality (annual
death rate 4.6%) exceeded the risk for progression
to elevated plasma creatinine or renal replacement
therapy (Adler et al. 2003). Analogous to the fact
that, diabetes can be considered a cardiovascular
disease equivalent, Tonelli et al. demonstrated that
the incidence of myocardial infarction was similar
in subjects with diabetes without CKD and sub-
jects without diabetes but with CKD. This sug-
gests that CKD is also a cardiovascular disease
equivalent (Tonelli et al. 2012). In subjects with
both diabetes and CKD, the risk of myocardial
infarction and all-cause mortality was even higher
(Tonelli et al. 2012).

Table 1 Overview diabetes-related complications

Acute metabolic
complications

Long-term vascular complications

Macrovascular
complications

Microvascular
complications

Ketoacidosis Cardiovascular
disease

Retinopathy

Cerebrovascular
disease

Nephropathy

Stroke Neuropathy
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Histopathology of Diabetic
Nephropathy

Characteristic glomerular changes of diabetic
nephropathy include thickening of the glomerular
basement membrane (GBM), mesangial expan-
sion, and podocyte injury. These classic glomeru-
lar changes are shown in Fig. 2 (adapted from
Jefferson et al. (2008)).

In 2010, a pathologic classification of diabetic
nephropathy was proposed by the Research Com-
mittee of the Renal Pathology Society. This pub-
lication of Tervaert et al. (2010) forms the basis of
this chapter’s section on the histopathology of
diabetic nephropathy. Since type 1 and type 2 dia-
betic nephropathies share similar histologic char-
acteristics as well as structural-functional
relationships, one common classification is used
for both type 1 and 2 diabetes (Tervaert
et al. 2010; White and Bilous 2000). Figure 3,

adapted from Tervaert et al. (2010), depicts the
individual steps relevant for histopathological
staging of diabetic nephropathy.

Histologic Characteristics

Glomerular Lesions
As early as 1–2 years after the onset of diabetes,
glomerular basement membrane (GBM) thicken-
ing, the first hallmark of diabetic nephropathy,
occurs and increases with the duration of the dis-
ease (Tsilibary 2003; Perrin et al. 2006). GBM
thickening is the result of extracellular matrix
accumulation with increased deposition of normal
extracellular matrix components (collagen IV and
VI, laminin, and fibronectin), whereas the expres-
sion of heparan sulfate proteoglycans and the
extent of sulfation decrease (Raats et al. 2000).
Cutoff levels for GBM thickening by direct mea-
surement of membrane thickness with electron

Incident counts & adjusted rates
of ESRD, by primary diagnosis

Prevalent counts & adjusted rates
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Fig. 1 Incidence and prevalence of ESRD by primary diagnosis (Data adapted from the US Renal Data System 2013)
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microscopy (EM) are >430 nm in males of
9 years and older and >395 nm in females of the
same age group (Tervaert et al. 2010; Haas 2009).
Isolated GBM thickening has been described as a
prediabetic lesion in patients with proteinuria who
subsequently developed diabetes mellitus
(Mac-Moune et al. 2004).

The second hallmark of diabetic nephropathy
is expansion of cellular and matrix components
in the mesangium (Adler 1994). In the current
classification scheme (Tervaert et al. 2010),
no distinction is made between mesangial
hypercellularity, matrix expansion, and
“mesangiosclerosis.” Mesangial expansion is

Fig. 2 Characteristic glomerular changes of diabetic
nephropathy. (a) Normal glomerulus. Cells of the glomer-
ular tuft (mesangial cells, endothelial cells, and podocytes)
and extracapillary glomerulus (parietal epithelial cells) are
shown, along with the GBM. (b) Diabetic kidney. In the
diabetic kidney, characteristic glomerular changes include
thickening of GBM and mesangial expansion (due to

increased mesangial matrix and increased mesangial cell
size due to hypertrophy). The filtration surface is reduced
due to mesangial expansion, leading to reduced glomerular
filtration rate. Podocytes undergo several changes, includ-
ing a reduction in cell number as illustrated (Figure adapted
from Jefferson et al. (2008))

NO

YES

YES

YES

NO

NO

NO

YES

YES

Global glomerulosclerosis
in >50% of glomeruli with 

lesions from class I-III?

Mesangium
> capillary

lumen?

Advanced diabetic
nephropathy

Nodular sclerosis

Severe mesangial
expansion

Mild mesangial
expansion

Mesangial
expansion

>25%?

Nodular sclerosis
in glomeruli?

GBM thickening
GBM >395 nm in female and

>430 nm in male individuals of
9 years and older at EM?

IV

III

II B

II A

I

Fig. 3 Flow chart for classification of diabetic nephropathy (Figure adapted from Tervaert et al. (2010))
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defined as an increase in extracellular material
in the mesangium such that the width of the
interspace exceeds two mesangial cell
nuclei in at least two glomerular lobules and
>25 % of the observed mesangium is affected
(Tervaert et al. 2010). If the expanded mesangial
area is larger than the mean area of a capillary
lumen, the mesangial expansion is classified
as severe.

The presence of at least one Kimmelstiel-
Wilson lesion (nodular sclerosis) represents more
advanced diabetic nephropathy (Kimmelstiel and
Wilson 1936). A Kimmelstiel-Wilson lesion is a
focal, lobular, round to oval mesangial lesion with
an acellular, hyaline/matrix core, rounded periph-
erally by sparse, crescent-shaped mesangial
nuclei (Tervaert et al. 2010; Stout et al. 1993).
It is postulated that microvascular injury due to
mesangiolysis (i.e., lytic changes in the mesangial
area) and detachment of endothelial cells from the
GBM precedes the formation of Kimmelstiel-
Wilson lesions (Nishi et al. 2000). Clearly, a
Kimmelstiel-Wilson lesion destroys the normal
structure of the glomerulus. When more than
50 % of the glomeruli show global glomerulo-
sclerosis, advanced diabetic nephropathy is pre-
sent (Fig. 4, Table 2; both adapted from Tervaert
et al. (2010)).

Tubular and Vascular Lesions
Concomitant tubular basement membrane thick-
ening is present from the stage of mesangial
expansion onwards (Tervaert et al. 2010). Gener-
ally, interstitial fibrosis and tubular atrophy follow
glomerular changes. Also, inflammatory intersti-
tial infiltrates consisting of T lymphocytes and
macrophages are often observed (Tervaert
et al. 2010; Bohle et al. 1991).

“Insudative lesions,” if present, may help
diagnosing diabetic nephropathy. Insudative
lesions refer to material accumulated within
(therefore, insudative rather than exudative) the
walls of the capillaries or arterioles (Stout
et al. 1994). These lesions consist of accumula-
tions of plasma proteins and lipids. Hyalinosis of
the efferent arterioles is considered relatively
specific for diabetic nephropathy (Tervaert
et al. 2010; Stout et al. 1994). Arteriolar

hyalinosis of the afferent arteriole occurs,
apart from diabetes, in many other conditions,
e.g., hypertension, cyclosporine nephropathy,
and atherosclerosis. If insudative lesions
are present in Bowman’s capsule, these
lesions are called capsular drop lesions,
which are prevalent in more advanced diabetic
nephropathy (Tervaert et al. 2010; Blood-
worth 1978). Glomerular capillary hyalinosis is
a nonspecific lesion that can also be
found in other conditions, e.g., focal
glomerulosclerosis.

Structural-Functional Associations

In diabetic nephropathy, there appears to be a
close relationship between the clinical manifesta-
tions of diabetic nephropathy and structural renal
changes (White and Bilous 2000; Fioretto and
Mauer 2007).

For example, GBM thickening is related to
long-term blood glucose control and urinary albu-
min excretion (White and Bilous 2000; Fox
et al. 1977), and the loss of negatively charged
proteoglycans in the GBM correlates with the
degree of proteinuria (Roscioni et al. 2014b).
Yet, loss of negative charges has recently been
challenged as the main cause of albuminuria in
diabetic nephropathy. Podocytopathy (i.e.,
decreased number and/or density of podocytes as
a result of podocyte-apoptosis and detachment)
and loss of nephrin in the slit diaphragm are
suggested to be pivotal events, as is the role of
abnormal tubular handling of ultrafiltrated protein
(Ziyadeh and Wolf 2008).

When the mesangium expands, glomerular
capillaries are distorted and compressed with
ensuing decrease in capillary filtration surface.
As a result, mesangial volume inversely relates
to glomerular filtration rate (GFR). Both
mesangial and interstitial expansion correlate
with decreased renal function (White and Bilous
2000). The occurrence of Kimmelstiel-Wilson
lesions heralds the transition to more advanced
diabetic nephropathy and is reflected by decreased
renal function and a poor prognosis (Tervaert
et al. 2010).

3744 I.J. Riphagen et al.



Fig. 4 Representative examples of morphologic lesions in
diabetic nephropathy. (a) Glomerulus showing only mild
ischemic changes, with splitting of Bowman’s capsule. No
clear mesangial alternation. (b) EM of this glomerulus: the
mean width of the GBM was 671 nm. EM provides the
evidence for classifying the biopsy with only mild light
microscopic changes into class I. (c, d) Class II glomeruli
with mild andmoderate mesangial expansion, respectively.
In panel c, the mesangial expansion does not exceed the

mean area of a capillary lumen (IIa), whereas in paned d it
does (IIb). (e, f) In panel f is a class III Kimmelstiel-Wilson
lesion. The lesion in panel e is not a convincing
Kimmelstiel-Wilson lesion; therefore (on the basis of find-
ings in this glomerulus), the finding is consistent with class
IIb. For the purpose of the classification, at least one
convincing Kimmelstiel-Wilson lesion (as in panel f)
needs to be present. In panel h, signs of class IV diabetic
nephropathy consist of hyalinosis of the glomerular

145 Diseases of Renal Microcirculation: Diabetic Nephropathy 3745



Clinical Course of Diabetic
Nephropathy

The clinical course of the development and pro-
gression of diabetic nephropathy is depicted in
Fig. 5. The clinical manifestations of diabetic
nephropathy are similar in both type 1 and type
2 diabetes (Fioretto and Mauer 2007). Based on
urinary albumin excretion (UAE), diabetic
nephropathy can be divided in three stages (i.e.,
normoalbuminuria, microalbuminuria, and
macroalbuminuria (Table 3)). The term
microalbuminuria is widely used to denote
low-grade albuminuria (i.e., a UAE of 30–300
mg/day) and identifies those at risk for diabetic
nephropathy and cardiovascular disease (Jeffer-
son et al. 2008). However, it is now well recog-
nized that even in the “submicroalbuminuric”
range (i.e., a UAE of 2–30 mg/day), the risk of
cardiovascular disease increases with the degree
of UAE (Jefferson et al. 2008). Therefore, UAE

should rather be considered as a continuous vari-
able than using specific cutoff values. Nonethe-
less, we use the three stages of diabetic
nephropathy according to UAE cutoff values to
describe the clinical course of diabetic
nephropathy.

Normoalbuminuria

Hemodynamic changes have been reported early
in diabetes and are characterized by an increase in
kidney size (i.e., hypertrophy) and glomerular
filtration rate (i.e., glomerular hyperfiltration).
The prevalence of glomerular hyperfiltration in
type 1 diabetes varies from 25 % to 75 % (Jerums
et al. 2010). In patients with type 2 diabetes, the
prevalence of glomerular hyperfiltration is lower
(i.e., ranging between 0 % and >40 %) (Jerums
et al. 2010; Vora et al. 1992). Glomerular
hyperfiltration was found to be closely related to
the degree of hyperglycemia and can be reversed

Table 2 Glomerular classification of diabetic nephropathy (Adapted from Tervaert et al. (2010))

Class Description Inclusion criteria

I Mild or nonspecific LM changes and
EM-proven GBM thickening

Biopsy does not meet any of the criteria mentioned below
for class II, III, or IV

GBM>395 nm in female and>430 nm in male individuals
9 years of age and oldera

IIa Mild mesangial expansion Biopsy does not meet criteria for class III or IV

Mild mesangial expansion in >25 % of the observed
mesangium

IIb Severe mesangial expansion Biopsy does not meet criteria for class III or IV

Severe mesangial expansion in >25 % of the observed
mesangium

III Nodular sclerosis (Kimmelstiel-Wilson lesion) Biopsy does not meet criteria for class IV

At least one convincing Kimmelstiel-Wilson lesion

IV Advanced diabetic glomerulosclerosis Global glomerular sclerosis in >50 % of glomeruli

Lesions from classes I through III

LM, light microscopy
aBased on direct measurement of GBM width by EM, these individual cutoff levels may be considered indicative when
other GBM measurements are used

��

Fig. 4 (continued) vascular pole and a remnant of a
Kimmelstiel-Wilson lesion on the opposite site of the
pole. Panel g is an example of glomerulosclerosis that
does not reveal its cause (glomerulus from the same biopsy
as panel h). For the purpose of the classification, signs of

diabetic nephropathy should be histopathologically or clin-
ically present to classify a biopsy with global glomerulo-
sclerosis in>50% of glomeruli as class IV (Figure adapted
from Tervaert et al. (2010))
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by intensified glycemic control in both type 1 and
type 2 diabetes (Jerums et al. 2010; Wiseman
et al. 1985).

The mechanisms mediating diabetes-induced
glomerular hyperfiltration have not yet been
fully elucidated, but potential glomerular and
tubular theories have been proposed. One of the
hypotheses for hyperfiltration in diabetes states
that increased glomerular capillary pressures and
flows are implicated in the development and pro-
gression of diabetic nephropathy (Hostetter
et al. 1982). In line with this hypothesis, a study
of Zatz et al. showed that hemodynamic rather
than metabolic factors mediate diabetic
glomerulopathy in rats with streptozotocin-
induced diabetes (Zatz et al. 1985). The most
commonly accepted hypothesis for diabetic
hyperfiltration, “the tubular hypothesis of glomer-
ular hyperfiltration,” however, states that the

increased glomerular filtration rate (GFR) is a
result of an increased proximal tubular
reabsorption of glucose and sodium by the
sodium-glucose cotransporters, which subse-
quently leads to a reduced load of sodium and
chloride to the macula densa and inactivation of
the tubuloglomerular feedback (TGF) mechanism
(Persson et al. 2010). Suppression of the TGF
mechanism results in a reduced afferent arteriolar
vasoconstriction and a subsequent increase in
GFR (Persson et al. 2010). However, diabetes-
induced hyperfiltration has also been shown to
occur in adenosine A1-receptor knockout mice
that lack the TGF mechanism (Jerums
et al. 2010; Sallstrom et al. 2007).

The presence of glomerular hyperfiltration has
been suggested to be a risk factor for development
of diabetic nephropathy (Mogensen et al. 1990).
Several longitudinal studies demonstrated an
association between glomerular hyperfiltration
and the risk of development and progression of
diabetic nephropathy (Mogensen 1986; Chiarelli
et al. 1995; Amin et al. 2005). However,
conflicting results have also been published
(Jerums et al. 2010; Thomas et al. 2012;
Chatzikyrkou and Haller 2012). The assessment
of the relationship of hyperfiltration with
progression of nephropathy is subject to
several methodological difficulties

Fig. 5 The clinical course
of the development and
progression of diabetic
nephropathy

Table 3 Stages of diabetic nephropathy based on urinary
albumin excretion

Urinary
albumin
excretion

Albumin to
creatinine ratio

Stage (mg/24 h) (mg/g)

Normoalbuminuria <30 <30

Microalbuminuria 30–300 30–300

Macroalbuminuria >300 >300
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(Jerums et al. 2010; Chatzikyrkou and Haller
2012). The first methodological difficulty relates
to the follow-up period of the studies (Jerums
et al. 2010). As diabetic nephropathy progresses
over more than 10–20 years, a long follow-up
period is required to study the consequences of
glomerular hyperfiltration on progression of dia-
betic nephropathy. An additional methodological
problem relates to the shortcomings of current
creatinine-based methods to estimate GFR at
higher levels of GFR at which the creatinine-
based methods underestimate the measured
GFR (Jerums et al. 2010; Chatzikyrkou and
Haller 2012). A study performed by Gaspari
et al. demonstrated that actual measured GFR
was underestimated by �20–50 mL/min/1.73 m2

when estimating equations were used to assess
GFR in hyperfiltering patients with type 2 diabetes
(Gaspari et al. 2013). In a large proportion of the
hyperfiltering patients with type 2 diabetes, glo-
merular hyperfiltration was missed by estimating
equations, irrespective of which equation was
used (Gaspari et al. 2013).

Microalbuminuria

In 1969, the presence of microalbuminuria (i.e., a
UAE of 30–300 mg/24 h) was first described in
subjects with diabetes (Keen et al. 1969; Parving
et al. 2006). The equivalent definition of
microalbuminuria based on urinary albumin to
creatinine ratio (ACR) is 2.5–25 mg/mmol
(25–250 mg/g) for men and 3.5–35 mg/mmol
(35–350 mg/g) for women (Jerums et al. 2009).

Although approximately 20 % (180 L) of renal
plasma flow is filtered at the glomerulus each day,
only small amounts of proteins and albumin
appear in urine of healthy individuals (Jefferson
et al. 2008). Proteins filtered at the glomerulus are
taken up by, and degraded in, proximal tubular
cells and are subsequently reabsorbed into
peritubular capillaries (Jefferson et al. 2008).
The relative impermeability of the glomerular
capillary membrane to macromolecules such as
albumin is due to the size-selective and charge-
selective properties of the glomerular capillary
membrane and hemodynamic forces operating

across the capillary wall (Jefferson et al. 2008;
Rennke and Denker 2010). It has been estimated
that the effective glomerular pore radius for spher-
ical molecules is about 42 angstroms (Å), whereas
albumin has a molecular radius of 36 Å (Rennke
and Denker 2010). Furthermore, the glomerular
capillary wall contains negatively charged moie-
ties, which restricts the filtration of anionic mac-
romolecules such as albumin (Rennke and Denker
2010). Anionic charges have been demonstrated
in all of the filtration barrier structures, i.e., the
endothelial cell glycocalyx, the glomerular base-
ment membrane, and the podocyte glycocalyx
(Jeansson and Haraldsson 2006). The glycocalyx
is a thin layer of proteoglycans with their associ-
ated glycosaminoglycans that covers the outer
endothelial layer and its fenestrae in a gel-like
diaphragm and excludes (charged) macromole-
cules from the ultrafiltrate (Roscioni et al. 2014b).

In diabetic nephropathy, albuminuria is a con-
sequence of defects in the glomerular filtration
barrier, but abnormalities in tubular reabsorption
of albumin may also contribute (Jefferson
et al. 2008). The exact mechanism of the increase
in glomerular permeability remains unclear.
Increased intra-glomerular pressure (Zatz
et al. 1985), damage to the endothelial glycocalyx
(Singh et al. 2011; Nieuwdorp et al. 2006), loss of
glomerular charge selectivity (Deckert et al. 1988;
Deckert et al. 1993), altered glomerular size selec-
tivity (Nakamura and Myers 1988), and injury to
podocytes (Jefferson et al. 2008; Wolf and
Ziyadeh 2007; Li et al. 2007) have been observed
in diabetic nephropathy and have been proposed
as potential mechanisms for increased glomerular
permeability (Fig. 6; adapted from Jefferson
et al. (2008)).

Epidemiological studies have indicated that
microalbuminuria is associated with clinical risk
factors such as hyperglycemia, systolic and dia-
stolic blood pressure, smoking, and estimated
GFR (Parving et al. 2006; Afghahi et al. 2011).
Moreover, the presence of microalbuminuria was
found to be an important independent risk factor
for the development of both diabetic nephropathy
and cardiovascular disease (CVD) (Satchell and
Tooke 2008; Rossing et al. 1996; Dinneen and
Gerstein 1997). The relationship between
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microalbuminuria and vascular disease suggests a
common causality, and unifying mechanisms
such as generalized endothelial dysfunction and
inflammation have been proposed (Satchell and
Tooke 2008; Stehouwer and Smulders 2006).
Indeed, several studies have reported associations
of microalbuminuria with endothelial dysfunction
and chronic low-grade inflammation in type 1 and
type 2 diabetes (Stehouwer et al. 2004; Persson
et al. 2008a; Schalkwijk et al. 1999). Furthermore,
Salmon et al. reported that loss of endothelial
glycocalyx links albuminuria to vascular dysfunc-
tion (Salmon and Satchell 2012), supporting the
notion that microalbuminuria is not only a marker
of renal damage but also a marker of generalized

endothelial dysfunction (Roscioni et al. 2014a;
Deckert et al. 1989).

Microalbuminuria was found to be closely
related to the development of diabetic nephropa-
thy. In the United Kingdom Prospective Diabetes
Study (UKPDS), it was reported that the annual
rate of patients with type 2 diabetes and persistent
microalbuminuria that progressed to diabetic
nephropathy was 2.8 % (Adler et al. 2003). How-
ever, increasing evidence demonstrated that
microalbuminuria also might revert to
normoalbuminuria in both type 1 and type 2 dia-
betes (Perkins et al. 2003; Gaede et al. 2004;
Araki et al. 2005). Factors associated with remis-
sion of microalbuminuria in diabetes included

Fig. 6 Proposed scheme unifying the mechanisms of pro-
teinuria and decrease in GFR in diabetic nephropathy. This
scheme summarizes events leading to albuminuria/protein-
uria (green arrows) and reduced GFR (purple arrows) in
patients with diabetic nephropathy. The diabetic milieu has
effects on all cell types within the kidney (represented by
the thick arrows), and these contribute either primarily or
secondarily to the development of albuminuria/proteinuria
and reduced GFR. At the level of the glomerulus, both
hemodynamic effects and injury to the individual compo-
nents of the glomerular filtration barrier (podocyte, GBM,

and glomerular endothelial cell) primarily lead to protein-
uria (green arrows). In addition, tubulointerstitial injury
may diminish tubular protein reuptake. Mesangial cell
injury likely contributes secondarily to proteinuria by
(i) mesangial expansion causing a loss of glomerular fil-
tration surface area leading to glomerular hyperfiltration
(dashed green arrows) or (ii) by mesangiolysis leading to
structural changes in the capillary loops. Proteinuria itself
may result in a decrease in GFR by causing tubuloin-
terstitial injury (Figure adapted from Jefferson
et al. (2008))
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initiation of antihypertensive therapy, a decrease
in systolic blood pressure, a decrease in levels of
cholesterol, triglycerides, and HbA1c (Perkins
et al. 2003; Gaede et al. 2004). Importantly, remis-
sion of microalbuminuria, whether spontaneous
or treatment-induced, has been associated with a
decreased rate of progression toward diabetic
nephropathy, a decreased rate of renal function
decline, and a decreased risk of cardiovascular
morbidity and mortality (Jerums et al. 2009;
Araki et al. 2007; Zandbergen et al. 2007).

Macroalbuminuria

Clinically, diabetic nephropathy is character-
ized by the development of persistent
macroalbuminuria (i.e., UAE >300 mg/24 h) or
proteinuria (i.e., urinary protein excretion >0.5
g/24 h), blood pressure elevation, and a decline
in glomerular filtration rate. Studies investigating
the progression of diabetic nephropathy have
demonstrated a continuous, often linear, but
highly variable, rate of decline in GFR in both
subjects with type 1 and type 2 diabetes and
nephropathy (Parving 2001; Gall et al. 1993;
Ritz and Stefanski 1996; Hovind et al. 2001).

Several risk factors for progression of diabetic
nephropathy have been identified. A close
inverse correlation of the degree of glomerular
and tubulointerstitial lesions with GFR and
decline in GFR was found in morphologic stud-
ies in both type 1 and type 2 diabetes (Najafian
and Mauer 2009, 2012; Christensen et al. 2001).
Blood pressure was found to be associated with
renal function decline in patients with type 1 and
type 2 diabetes (Hovind et al. 2001; Taft
et al. 1994; Yokoyama et al. 1997; Bakris
et al. 2003; Rossing et al. 1993), which suggests
that elevated blood pressure accelerates the pro-
gression of diabetic nephropathy. Furthermore,
it has been suggested that albuminuria itself
contributes to renal damage and, consequently,
progressive loss of renal function (Taft
et al. 1994; Yokoyama et al. 1997; Rossing
et al. 1993; Nelson et al. 1996; Remuzzi and
Bertani 1990). Once albumin is filtered at the
glomerulus, it is taken up by and degraded in

proximal tubular cells. However, an increased
albumin exposure in the tubular compartment
could trigger a number of toxic effects and
inflammatory responses (Fig. 7; Roscioni
et al. 2014a). In vitro studies have shown that
increased albumin exposure in tubular cells
exerts cytotoxic effects on proximal and distal
tubular cells by activating a range of intracellular
signaling pathways (Morigi et al. 2002; Lee
et al. 2003; Dixon and Brunskill 1999; Drumm
et al. 2002; Reich et al. 2005; Wang et al. 1999),
which induce the release of inflammatory (Wang
et al. 1999; Zoja et al. 1998; Wang et al. 1997),
vasoactive (Vlachojannis et al. 2002; Whaley-
Connell et al. 2007; Zoja et al. 1995), and fibrotic
substances (Diwakar et al. 2007; Goumenos
et al. 2002; Stephan et al. 2004; Wohlfarth
et al. 2003), causing interstitial damage and ulti-
mately leading to irreversible renal function loss
(Roscioni et al. 2014b). Moreover, increased albu-
min exposure in tubular cells may also cause cel-
lular apoptosis (Tejera et al. 2004; Koral and Erkan
2012), which results in decreased nephron func-
tionality (Roscioni et al. 2014b).

Patients with diabetic nephropathy are at an
increased risk for cardiovascular morbidity and
mortality (Forbes and Cooper 2013; Parving
2001). In addition, despite available treatment
strategies, the risk for progression to ESRD
remains very high.

Screening and Diagnosis

Screening

Annual screening for patients with diabetes is
widely recommended to detect the early onset of
diabetic nephropathy and to reduce the risk or
slow the progression of diabetic nephropathy
(American Diabetes Association 2012; Farmer
et al. 2014; KDOQI 2007). In patients with type
1 diabetes with a disease duration of�5 years and
in all patients with type 2 diabetes, it is
recommended to perform an annual test to assess
urine albumin excretion (American Diabetes
Association 2012; KDOQI 2007). Since the
intraindividual variability in urinary albumin
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excretion is high (i.e., 20–50 %), the staging of
albuminuria based on a single measurement of
UAE or ACR results in an inadequate assessment.
Therefore, it is recommended that the categoriza-
tion of persistent albuminuria is based on at least
three urine samples that are not taken in the pres-
ence of intercurrent illness or after strenuous exer-
cise (American Diabetes Association 2012;
Mogensen et al. 1995). In addition, it is
recommended to measure serum creatinine at
least annually in all adults with diabetes regardless
of the degree of urine albumin excretion. The
serum creatinine should be used to estimate GFR
and stage the level of CKD (Fig. 8), if present
(American Diabetes Association 2012).

Diagnosis

Attributing impaired renal function to diabetes typ-
ically requires either a renal biopsy (golden stan-
dard) or the presence of a constellation of clinical
findings (Van Buren and Toto 2013a). Classic fea-
tures of diabetic nephropathy are GBM thickening,
mesangial expansion, and Kimmelstiel-Wilson
lesions (nodular sclerosis) (Tervaert et al. 2010;
Schwartz et al. 1998; Van Buren and Toto 2013a;
Osterby et al. 1993). A renal biopsy may be
deferred with the assumed diagnosis of diabetic
nephropathy in case of macroalbuminuria in the
presence of diabetic retinopathy and
microalbuminuria in type 1 diabetes of at least

Fig. 7 Pathophysiological mechanisms of albumin-
induced progressive renal dysfunction. Once albumin has
passed the glomerular barrier, it undergoes reuptake by the
tubular cells because of the cubilin-megalin complex.
Albumin triggers a cascade of pathogenic mechanisms
leading to inflammation, fibrosis, mesangial expansion,
and hypertension, which ultimately cause progressive
renal dysfunction. These mechanisms encompass the acti-
vation of intracellular signaling pathways (e.g.,

extracellular signal-regulated kinase (ERK), nuclear
factorkB (NF-kB), protein kinase C (PKC)) and release of
inflammatory (monocyte chemotactic protein-1 (MCP-1),
regulated on activation normal T cell expressed and
secreted (RANTES)) vasoactive (reactive oxygen species
(ROS), endothelin, and fibrotic (tumor growth factor-b
(TGF-b), collagens) substances, leading to irreversible
renal damage (Figure adapted from Roscioni
et al. (2014b))
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10 years’ duration (KDOQI 2007). It is important
to note that the absence of diabetic retinopathy by
nomeans rules out diabetic nephropathy. However,
in such cases, when definite evidence for diabetic
nephropathy is obligatory, renal biopsy should be
considered. Other causes of kidney disease should
be considered in the absence of diabetic retinopa-
thy, low or rapidly decreasing GFR, rapidly
increasing proteinuria or nephritic syndrome,
refractory hypertension, presence of active urinary
sediment, signs or symptoms of other systemic
diseases, or >30 % reduction in GFR within 2–3
months after initiation of treatment with an ACE
inhibitor or ARB (KDOQI 2007).

Treatment Strategies

Several treatment strategies are available that have
been demonstrated to reduce the risk of develop-
ing nephropathy and to slow the progression
hereof. Early identification of patients at risk for
diabetic nephropathy may allow optimization of
preventive measures to reduce the incidence and
progression of diabetic nephropathy (Fig. 9). Key
treatment strategies include blood glucose con-
trol, blood pressure control, lipid-lowering ther-
apy, and lifestyle interventions.

Blood Glucose Control

Achieving optimal blood glucose control is essen-
tial to delay the onset and slow the progression of
renal complications in both type 1 and type 2 dia-
betes. Early in the clinical course of diabetes,
optimizing blood glucose control results in nor-
malization of hyperfiltration (Jerums et al. 2010;
Wiseman et al. 1985; Van Buren and Toto 2013a;
Mogensen 1971). Improved glycemic control also
reduces urinary albumin excretion (The Diabetes
Control and Complications Trial Research Group
1993; The Diabetes Control and Complications
(DCCT) Research Group 1995). Although inten-
sified blood glucose control decreases GFR in the
short term, it could preserve renal function over
time (Van Buren and Toto 2013a; Feldt-
Rasmussen et al. 1991).

In a meta-analysis performed by Wang et al., it
was shown that long-term intensive blood glucose
control significantly reduces the risk of progres-
sion of diabetic nephropathy (Wang et al. 1993).
Intensive blood glucose control also effectively
delayed the onset and progression of microvascu-
lar complications in subjects with type 1 diabetes
included in the Diabetes Control and Complica-
tions Trial (DCCT) (The Diabetes Control and
Complications Trial Research Group 1993) and

Fig. 8 Stages of chronic
kidney disease according to
the KDIGO 2012 guidelines
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in subjects with type 2 diabetes included in the
UKPDS trial (UK Prospective Diabetes Study
(UKPDS) Group 1998). Tight glycemic control
with a target HbA1c of<6.5 % (<47.5 mmol/mol)
has also been shown to reduce the incidence and
progression of nephropathy in the more recent
Action in Diabetes and Vascular Disease: Preterax
and Diamicron Modified Release Controlled
Evaluation (ADVANCE) trial that was conducted
in subjects with type 2 diabetes at cardiovascular
risk (ADVANCE Collaborative Group
et al. 2008).

The beneficial results of randomized con-
trolled trials on tight blood glucose control and
the consistent association of HbA1c with micro-
vascular complications in both type 1 and type
2 diabetes have initiated trials that investigated
whether targeting HbA1c levels <6 % would fur-
ther reduce the progression of diabetes-related
cardiovascular complications (Heerspink and de
Zeeuw 2011). The Action to Control Cardiovas-
cular Risk in Diabetes (ACCORD) trial studied
the effects of very intensive glycemic therapy
(targeted at a HbA1c <6 % [<42.1 mmol/mol])
compared to standard therapy (HbA1c 7–7.9 %
[53–62.8 mmol/mol]) in subjects with type 2 dia-
betes (Action to Control Cardiovascular Risk in
Diabetes Study Group et al. 2008). However,
after a mean follow-up of 3.5 years, intensive
treatment in the ACCORD trial was stopped

because of increased overall mortality in the
intensive therapy group (Action to Control Car-
diovascular Risk in Diabetes Study Group
et al. 2008). At time of discontinuation, the use
of very intensive glycemic control (targeted at an
HbA1c <6 % [<42.1 mmol/mol]) did not signif-
icantly reduce major cardiovascular events com-
pared with standard therapy (Action to Control
Cardiovascular Risk in Diabetes Study Group
et al. 2008). Although the incidence of micro-
and macroalbuminuria was lower on intensive
therapy, there was no significant effect of inten-
sive therapy on advanced measures of microvas-
cular complications (Ismail-Beigi et al. 2010).
Proposed explanations for the unexpected higher
mortality rates in the intensive treatment group of
the ACCORD trial include drug-induced
increases in body weight and fluid retention
(Heerspink and de Zeeuw 2011; Action to Con-
trol Cardiovascular Risk in Diabetes Study Group
et al. 2008). Furthermore, hypoglycemic episodes
occurred more frequently during very intensive
blood glucose control (Action to Control Cardio-
vascular Risk in Diabetes Study Group
et al. 2008). In both outpatient diabetes-related
cohorts and trials of intensive glycemic control,
severe hypoglycemia was found to be associated
with an increased risk for all-cause mortality
(Majumdar et al. 2013; Zhao et al. 2012; UK
Hypoglycaemia Study Group 2007).

Fig. 9 Effect of early and
late intervention on kidney
function decline
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In conclusion, achieving optimal glucose is
essential to delay the progression of renal compli-
cations in diabetes. Tight glycemic control was
found to reduce the risk of microvascular compli-
cations. Very tight glycemic control, however,
targeted to a HbA1c level <6 % increases the
risk of hypoglycemia which in turn increases
risk of cardiovascular events and mortality.

Blood Pressure Control

Hypertension and diabetes often co-occur, and the
pathogenesis of hypertension in patients with dia-
betes and diabetic nephropathy is complex (Van
Buren and Toto 2013a). Yet, it has been
established that lowering blood pressure is one
of the key aspects in the management of diabetic
nephropathy (Van Buren and Toto 2013a).

Conventional Antihypertensive Therapy
Several studies have shown that blood pressure
lowering with the use of conventional antihyper-
tensive agents (e.g., β-blockers, thiazide, and loop
diuretics) resulted in a reduction in albuminuria
and a decrease in the rate of renal function decline
in patients with type 1 diabetes and nephropathy
(Parving et al. 1983, 1985, 1987). Thus, there is
evidence that conventional blood pressure-
lowering therapy using conventional antihyper-
tensive agents decelerates both the development
of diabetic nephropathy and the progression of
diabetic nephropathy (Van Buren and Toto
2013b).

Interventions in the Renin-Angiotensin-
Aldosterone-System (RAAS)
Monotherapy with either an angiotensin-
converting enzyme inhibitor (ACEi) or angioten-
sin receptor blocker (ARB) is currently
recommended as first-line therapy for patients
with diabetic nephropathy (American Diabetes
Association 2012; Van Buren and Toto 2013a).
Diuretics, β-blockers, and calcium channel
blockers should be used as addition to therapy
with ACEi or ARBs to further lower blood pres-
sure, if necessary, or as alternate therapy when
RAAS inhibitors are not tolerated (American Dia-
betes Association 2012).

The effects of interventions in the RAAS at
different stages of diabetic nephropathy have
been investigated in various trials (Fig. 10;
adapted from Roscioni et al. (2014a)). First,
RAAS inhibition has been shown to delay the
risk of developing microalbuminuria in hyperten-
sive patients with diabetes (Roscioni et al. 2014a).
The use of ACE inhibitors decreased the inci-
dence of microalbuminuria in patients with type
2 diabetes and hypertension, but with
normoalbuminuria, participating in the Bergamo
Nephrologic Diabetes Complications Trial (BEN-
EDICT) (Ruggenenti et al. 2004). The use of
ARBs, however, did not prevent the development
of microalbuminuria in mainly normotensive
patients with diabetes included in analysis of the
Diabetic Retinopathy Candesartan Trials-Renal
Study (DIRECT-Renal) (Bilous et al. 2009). The
use of ACEi or ARBs did also not reduce the risk
of microalbuminuria in normotensive subjects

Fig. 10 Randomized controlled trials that have investigated the effects of interventions in the RAAS at various stages of
progression of diabetic nephropathy (Figure adapted from Roscioni et al. (2014a))
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with type 1 diabetes included in the renin-
angiotensin system study (RASS) (Mauer
et al. 2009). Results of the Randomized
Olmesartan and Diabetes Microalbuminuria Pre-
vention (ROADMAP) study showed that the use
of the ARB olmesartan delayed the onset of
microalbuminuria in normoalbuminuric patients
with type 2 diabetes (Haller et al. 2011). Mean
baseline systolic blood pressure in subjects partic-
ipating in the ROADMAP trial was higher (i.e.,
136 � 15 mmHg) than in the DIRECT-Renal and
RASS studies (i.e., 118 � 10 and 120 � 11
mmHg, respectively). The cumulative findings
of the BENEDICT, DIRECT-Renal, RASS, and
ROADMAP studies suggest that RAAS inhibi-
tion reduces the incidence of microalbuminuria
in hypertensive patients with type 2 diabetes, but
not in patients with diabetes without significant
other comorbidities (Van Buren and Toto 2013a).

In patients with microalbuminuria, the use of
RAAS inhibitors has been reported to delay the
progression from micro- to macroalbuminuria
(Laffel et al. 1995). The Irbesartan in Patients
with Type 2 Diabetes and Microalbuminuria
Trial (IRMA-2) (Parving et al. 2001) and Incipient
to Overt: Angiotensin II Blocker, Telmisartan,
Investigation on Type 2 Diabetic Nephropathy
(INNOVATION) (Makino et al. 2007) trials both
showed that the use of ARBs significantly
reduced the risk for progression of
microalbuminuria to overt diabetic nephropathy
(i.e., macroalbuminuria) (Parving et al. 2001;
Lewis et al. 2001). This effect appeared to be
independent of the blood pressure-lowering
capacity of these agents.

Finally, in patients with overt diabetic
nephropathy (i.e., macroalbuminuria), the use of
ACEi and ARBs has been shown to slow the
progression of diabetic nephropathy to ESRD.
This has been demonstrated in both patients with
type 1 and type 2 diabetes. In patients with type
1 diabetes and nephropathy, it has been shown that
captopril delayed the progression of diabetic
nephropathy to ESRD (Lewis et al. 1993). In
type 2 diabetes, ARBs have been shown to be
effective in delaying the progression from diabetic
nephropathy to ESRD in two multinational large-
scale prospective trials (i.e., the Reduction in

Endpoints in Non-insulin-Dependent Diabetes
Mellitus with the Angiotensin II Antagonist
Losartan [RENAAL] and the Irbesartan in Dia-
betic Nephropathy Trial [IDNT]) (Lewis
et al. 2001; Brenner et al. 2001). Post hoc analyses
of the RENAAL and IDNT trials showed that
most of the long-term renal and cardioprotective
effects of ARBs are explained by the
ARB-induced reduction in albuminuria (Atkins
et al. 2005; de Zeeuw et al. 2004).

Despite the promising results from interven-
tions in the RAAS system at various stages of
diabetic nephropathy, the absolute risk for ESRD
remains extremely high (Fig. 11; adapted from
Heerspink and de Zeeuw (2011)). When one com-
pares the risk of ESRD or death with the risk of
death of all treated cancers, it becomes clear that
patients with diabetic nephropathy carry an enor-
mous risk for mortality which exceeds the risk of
mortality in cancer (Fig. 11; Heerspink and de
Zeeuw 2011).

Dual RAAS Blockade: ACEi Plus ARB
As diabetic nephropathy still progresses in many
patients and the risk of ESRD remains extremely
high despite treatment with RAAS inhibitors,
there is a need for alternatives that might optimize
blockade of the RAAS system. Since ACEi and
ARBs have complementary effects on angiotensin
II inhibition, combination of an ACEi with an
ARB has been suggested to improve the
renoprotective effects of monotherapy with an
ACEi or ARB (Roscioni et al. 2014a).

Several studies have investigated the effects of
dual RAAS blockade with an ACEi and an ARB.
A meta-analysis of Kunz et al., investigating the
effects of the combination of ACEi and ARBs on
proteinuria in patients with nephropathy, reported
an additional reduction in albuminuria of concom-
itant therapy with an ACEi and ARB compared
with monotherapy (Kunz et al. 2008). Unfortu-
nately, safety and long-term outcomes were not
assessed in the included studies, which hinder the
applicability of the findings of this study to clini-
cal practice (Kunz et al. 2008). The large-scale
Ongoing Telmisartan Alone and in Combination
with Ramipril Global Endpoint Trial
(ONTARGET) was the first study that
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investigated the safety and long-term renal effects
of dual RAAS blockade with an ACEi and ARB
(Mann et al. 2008). Results of the ONTARGET
showed that combination therapy with an ACEi
and ARB had no beneficial effect on long-term
renal outcomes (i.e., DSCR, ESRD, or death)
(Mann et al. 2008). In contrast, long-term renal
outcomes occurred significantly more frequent
with dual RAAS blockade compared to
monotherapy with an ACEi even though protein-
uria was reduced (Mann et al. 2008).

In conclusion, although several studies have
reported beneficial short-term effects of dual
RAAS blockade with an ACEi and an ARB on
proteinuria and blood pressure, these effects
occurred at the expense of an increase in adverse
events including an increase in serum potassium

levels and hypotension (Roscioni et al. 2014a).
These unintended (or off-target) effects may have
blunted the beneficial effects of blood pressure and
albuminuria lowering and may have led to more
frequent occurrence of long-term renal outcomes.

Dual RAAS Blockade: ACEi/ARB Plus DRI
In 2007, the first effective oral direct renin inhib-
itor (DRI) became available for clinical use.
Direct renin inhibitors inhibit the conversion of
angiotensinogen to angiotensin I at the first rate-
limiting step in the RAAS cascade (Persson
et al. 2011). Renin inhibition with aliskiren was
associated with a decrease in albuminuria and a
reduction blood pressure similar to that of
monotherapy with ACEi or ARBs (Persson
et al. 2008b).

Fig. 11 Upper part:
comparison of death rates of
patients with diabetes at
early and advanced stages
of diabetic nephropathy.
Bottom part: comparison of
the effect of intervention in
the RAAS on ESRD at
different stages of diabetic
nephropathy. Early
intervention appears to be
most beneficial in reducing
the risk of ESRD
(Figure adapted from
Heerspink and de Zeeuw
(2011))
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Increased renin activity during long-term
treatment with either ACEi or ARBs, as a result
of non-ACE pathways that convert renin to
angiotensin II, could limit the efficacy of ACEi
and ARBs (Van Buren and Toto 2013a; Roscioni
et al. 2014a). Therefore, the potential additional
effects of concomitant therapy with either an
ACEi or ARB and a DRI were investigated in
randomized clinical trials. The Aliskiren in the
Evaluation of Proteinuria in Diabetes (AVOID)
trial showed that the combination of aliskiren
with an ARB reduced albuminuria compared to
aliskiren or ARB alone in patients with type
2 diabetes, hypertension, and proteinuria
(Persson et al. 2011; Parving et al. 2008). How-
ever, this potential beneficial effect of dual
RAAS blockade with either an ACEi or ARB in
combination with a DRI on proteinuria did not
result in a clinical, long-term beneficial effect.
The Aliskiren Trial in Type 2 Diabetes Using
Cardiorenal Endpoints (ALTITUDE) study
showed that aliskiren, compared to placebo, in
addition to treatment with an ACEi or ARB, did
not confer renal or cardiovascular protection
despite additional blood pressure and albumin-
uria lowering (Parving et al. 2012). In the
aliskiren arm of the ALTITUDE trial,
hyperkalemia, hypotension, and acute renal
impairment occurred more frequently than in
the control group, and these adverse effects may
have offset the renal and cardiovascular protec-
tive effects of blood pressure and albuminuria
lowering (Parving et al. 2012).

Lipid-Lowering Therapy

Although lipid-lowering therapy has been shown
to be effective in reducing cardiovascular morbid-
ity and mortality in diabetic patients with hyper-
lipidemia, the effect of lipid-lowering therapy on
diabetic nephropathy has been a subject of debate
for many years (Heerspink and de Zeeuw 2011;
Leiter 2005). Data regarding the potential
renoprotective effects of lipid-lowering therapy
are relatively scarce; consequently the effects of
lipid-lowering therapy on diabetic nephropathy
are uncertain.

Statins
Statins (HMG CoA reductase inhibitors) are com-
petitive inhibitors of HMG CoA reductase, the
rate-limiting enzyme in biosynthesis of choles-
terol. Several studies have reported that statins,
aside from their cholesterol-lowering effects, may
have other potential pleiotropic effects. Suggested
potential pleiotropic effects include a reduction of
urinary protein excretion, lowered inflammatory
response, and decreased interstitial fibrosis, which
all could potentially improve renal function
(Olyaei et al. 2011).

In a prospective, controlled study in patients
with CKD, proteinuria, and hypercholesterol-
emia, Bianchi et al. demonstrated that the use of
atorvastatin in addition to ACEi or ARBs signif-
icantly reduced urinary protein excretion and
resulted in a slower decline in GFR compared to
treatment with ACEi or ARBs alone (Bianchi
et al. 2003). A meta-analysis of 27 RCTs demon-
strated that statin therapy slightly reduced protein-
uria and the rate of eGFR decline, especially in
subjects with CVD (Sandhu et al. 2006). This
beneficial effect appeared to be larger for atorva-
statin than for other statins (Sandhu et al. 2006).
However, no significant effect on renal function
decline was observed in a subgroup of patients
with diabetic nephropathy (Sandhu et al. 2006). A
meta-analysis of Strippoli et al. reported a signif-
icant reduction in 24 h urinary protein excretion in
patients with CKD receiving statins based on a
subgroup analysis of 6 RCTs including
311 patients (Strippoli et al. 2008). However, in
this meta-analysis, statin therapy was not found to
improve GFR in subjects with CKD (Strippoli
et al. 2008).

In a post hoc analysis of the Collaborative
Atorvastatin Diabetes Study (CARDS), a modest
improvement in annual change of estimated GFR
was observed, particularly in patients with albu-
minuria (Colhoun et al. 2009). No effect of treat-
ment with atorvastatin on albuminuria was
detected, which could have been a result of the
low baseline prevalence and incidence rate of
albuminuria in the CARDS study (Colhoun
et al. 2009). The Prospective Evaluation of Pro-
teinuria and Renal Function in Diabetic Patients
with Progressive Renal Disease Trial (PLANET I)
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compared the effects of atorvastatin and
rosuvastatin on renal parameters in diabetic
patients with proteinuria that were treated with
either an ACEi or ARB. After 1 year of treatment,
the use of atorvastatin was associated with a sig-
nificant reduction in proteinuria, but did not con-
siderably change the rate of renal function decline
(Heerspink and de Zeeuw 2011; Olyaei
et al. 2011; de Zeeuw et al. 2010; ClinicalTrials.
gov 2011). The use of rosuvastatin, however, had
no significant effect on proteinuria, but was asso-
ciated with a decrease in estimated GFR
(Heerspink and de Zeeuw 2011; de Zeeuw
et al. 2010; ClinicalTrials.gov 2011). In the
Study of Heart and Renal Protection (SHARP)
including subjects with CKD, it was shown that
the use of simvastatin/ezetimibe significantly
reduced the risk of major vascular events com-
pared to placebo (Baigent et al. 2011). However,
the use of simvastatin plus ezetimibe did not result
in significant reductions in renal disease progres-
sion to ESRD (Baigent et al. 2011).

In conclusion, several studies have suggested
that statins may have pleiotropic effects besides a
cholesterol-lowering effect including a reduction
of urinary protein excretion. However, these
effects appeared to be very heterogeneous for
different statins (Heerspink and de Zeeuw 2011;
Sandhu et al. 2006; Strippoli et al. 2008). Atorva-
statin appears to have a larger beneficial effect on
the rate of renal function decline than other statins
(Sandhu et al. 2006). However, more studies are
needed to confirm the potential beneficial effects
of statins, and atorvastatin, on diabetic renal dis-
ease progression.

Fibrates
Fibrates (PPARα agonists) also intervene in
lipid metabolism and primarily reduce triglycer-
ide levels and raise HDL cholesterol levels.
Fibrates, besides their cardioprotective effects,
also appear to have renoprotective effects in
patients with diabetes. In the Fenofibrate Inter-
vention and Event Lowering in Diabetes
(FIELD) trial, patients with type 2 diabetes
were randomly assigned to treatment with
fenofibrate or placebo for 5 years (Davis
et al. 2011). Results of the FIELD trial indicated

that fenofibrate reduced progression of albumin-
uria and decline of estimated GFR over time,
despite an initial reversible decrease in estimated
GFR (Davis et al. 2011). Furthermore, a meta-
analysis of Jun et al. showed that the use of
fibrates reduced the risk of progression of albu-
minuria in subjects with diabetes (Jun
et al. 2012). Estimated GFR, however, was
slightly reduced in subjects using fibrates, but
the use of fibrates had no detectable effect on the
risk of ESRD (Jun et al. 2012).

Lifestyle Interventions

Several pharmacologic treatment strategies for
the management of diabetes and its complica-
tions are mentioned earlier. Medical nutrition
therapy, however, also plays a major role in
managing diabetes and preventing, or at least
slowing, the rate of development of diabetes
complications (American Diabetes Association
et al. 2008). Weight loss is recommended for all
overweight and obese subjects with diabetes
(American Diabetes Association 2012).
Furthermore, we will focus on the potential
beneficial effects of optimizing sodium and
protein intake.

Optimizing Body Weight
The prevalence of obesity (defined as a body mass
index [BMI] �30 kg/m2) is increasing worldwide
and has more than doubled over the past 25 years
(Malik et al. 2013). Obesity is an independent and
important risk factor for the development of type
2 diabetes, and the increasing prevalence of dia-
betes is considered to be predominantly caused by
the increasing prevalence of obesity (Stefan
et al. 2014).

Obesity and especially a central body fat dis-
tribution or visceral adiposity are associated with
an increased risk of hyperfiltration, albuminuria,
decline in GFR, as well as onset and progression
of CKD in the general population (Fox
et al. 2004; Kwakernaak et al. 2013; Pinto-
Sietsma et al. 2003). Whether obesity and a cen-
tral body fat distribution also is associated with
the development and progression of diabetic
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nephropathy is still unclear. BMI and central
obesity (measured as waist circumference) were
found to be associated with albuminuria in sub-
jects with diabetes (Wentworth et al. 2012;
Kramer et al. 2009; Rossi et al. 2010; Vergouwe
et al. 2010). However, data regarding the effect
of central obesity and BMI on progression of
diabetic nephropathy are relatively scarce.
Zoppini et al. reported that annual decline of
estimated GFR was higher in obese subjects
with type 2 diabetes (Zoppini et al. 2012).

Weight loss interventions, including bariatric
surgery and nonsurgical interventions, were
found to reduce body weight, blood pressure,
and urinary albumin excretion, normalize
hyperfiltration, and improve renal function in
patients with CKD (Neff et al. 2013; Navaneethan
et al. 2009). Furthermore, it was shown that bar-
iatric surgery, compared to nonsurgical therapy,
resulted in better glucose control and more weight
loss in obese patients with diabetes after a follow-
up period of 1 or 2 years (Buchwald et al. 2004;
Sjostrom et al. 1999; Maggard-Gibbons
et al. 2013). In the Swedish Obese Subjects
(SOS) study, bariatric surgery was associated
with a reduction in all-cause mortality, decreased
incidences of diabetes, myocardial infarction, and
stroke after 10 years of follow-up (Sjostrom
2013).

Although data on the effects of bariatric
surgery on diabetes-related microvascular
complications are relatively scarce, several
studies have reported a beneficial effect of bar-
iatric surgery on albuminuria and microvascular
complications in subjects with diabetes
(Navaneethan et al. 2010; Miras et al. 2012;
Amor et al. 2013). The beneficial effects of bar-
iatric surgery on microvascular complications
might, at least in part, be explained through
remission of diabetes and improved glycemic
control and blood pressure after bariatric surgery
(Neff et al. 2013). However, these results are
limited to short-term follow-up periods, and
consequently, no conclusions could be drawn
regarding the long-term renal outcomes of
bariatric surgery in obese subjects with
diabetes (Maggard-Gibbons et al. 2013; Gloy
et al. 2013).

Optimizing Sodium Intake
The World Health Organization (WHO) recom-
mends a dietary sodium intake of 2 g sodium
(Na) or 5 g salt (NaCl) per day for adults
(Table 4; World Health Organization (WHO)
2012). The current daily sodium intake, however,
exceeds these recommendations. In a systematic
analysis of 24 h sodium excretion and dietary
surveys, mean global dietary sodium intake was
found to be approximately 4 g per day (Powles
et al. 2013), which is twice the recommended
daily intake. This systematic analysis, however,
only included studies that were representative of a
(sub)national population; studies based exclu-
sively on individuals with, for example, hyperten-
sion, were excluded (Powles et al. 2013). In
subjects with type 2 diabetes and nephropathy in
Western Europe, mean sodium intake (measured
as 24 h sodium excretion) was found to be approx-
imately 4.6 g per day (Table 4; Kwakernaak
et al. 2014).

In healthy subjects, dietary sodium loading
suppresses the RAAS system, which results in
lower plasma renin, angiotensin I, angiotensin II,
and aldosterone levels (Fig. 12; adapted from
Charytan et al. (Charytan and Forman 2012)). In
hypertensive patients with diabetes, however, it
was reported that the RAAS system showed nor-
mal activation and that it was poorly suppressed
during high sodium loading (Charytan and
Forman 2012; Price et al. 1999).

Table 4 By the WHO recommended dietary sodium
(Na) and salt (NaCl) intake and observed sodium and salt
intake in subjects with diabetes and nephropathy

Recommended
dietary intake

Observed dietary
intake

g/day mmol/day g/day mmol/day

Sodium
(Na)a

2 87 4.6 �200c

Salt
(NaCl)b

5 85 11.5 195

aThe molecular weight of sodium is 23 g/mol; 1 g of Na is
equivalent to 43.5 mmol Na
bThe molecular weight of salt is 58 g/mol; 1 g NaCl is
equivalent to 17 mmol NaCl
cMean observed sodium intake in patients with type 2 dia-
betes and nephropathy in a Dutch cohort (Kwakernaak
et al. 2014)
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It has been established that a low sodium diet
potentiates the efficacy of ACEi and ARBs in
patients with hypertension (Navis et al. 1987a, b),
diabetes (Houlihan et al. 2002), and diabetic
nephropathy (Kwakerkaak et al. 2014). Dietary
sodium restriction during treatment with RAASi
was found to be equally effective in reducing
albuminuria as addition of hydrochlorothiazide
(HCT) to RAASi in subjects with nondiabetic
(Vogt et al. 2008) and diabetic nephropathy
(Kwakernaak et al. 2014). Albuminuria was
even further reduced when both HCT and a low
sodium diet were added to treatment with ACEi
(Vogt et al. 2008; Kwakernaak et al. 2014).
Slagman et al. demonstrated that dietary sodium
restriction to a level that is currently
recommended in guidelines was more effective
for reduction of proteinuria and blood pressure
than dual RAAS blockade in nondiabetic
nephropathy (Slagman et al. 2011). Furthermore,
it was demonstrated that moderation of sodium
intake also potentiates the effects of RAASi on
long-term cardiovascular and renal end points in

subjects with diabetic nephropathy included in the
RENAAL and IDNT trials (Lambers Heerspink
et al. 2012).

In conclusion, current evidence suggest that a
reduction of sodium intake to levels recommended
in guidelines of the WHO (i.e., 2 g sodium/day or
5 g salt/day) is sufficient to substantially enhance
the beneficial effects of RAAS inhibitors (Lambers
Heerspink et al. 2013).

Optimizing Protein Intake
The optimal amount of dietary protein intake for
subjects with diabetes and kidney disease has been
a subject for debate for many years. Current guide-
lines of the American Diabetes Association (ADA)
state that there is insufficient evidence to suggest
that usual protein intake (15–20 % of total energy
intake) should bemodified in patients with diabetes
and a normal renal function (American Diabetes
Association et al. 2008). In early and later stages of
diabetic kidney disease, reduction of protein intake
to 0.8–1.0 g/kg and to 0.8 g/kg body weight per
day, respectively, may help to slow the progression

Sodium loading
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Angiotensinogen
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Angiotensin
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Angiotensin receptor type 1

Aldosterone

Mineralocorticoid receptor

Vasoconstriction
Oxidative stress

Inflammation
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Sodium retention
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Angiotensin II

Angiotensin I
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– +

+

+

+
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Angiotensin-converting
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–

Fig. 12 In healthy
subjects, sodium loading
suppresses renin synthesis,
but this response may be
attenuated in diabetes
(Figure adapted from
Charytan and Forman
(2012))
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of albuminuria and renal function decline
(American Diabetes Association et al. 2008).

A meta-analysis of 10 studies investigating the
effect of dietary protein restriction on progression
of renal disease showed that protein restriction
reduced the risk of renal failure in nondiabetic
renal disease and slowed the increase in UAE
and the decline in GFR in type 1 diabetic renal
disease (Pedrini et al. 1996). These results were
confirmed in a meta-analysis of 13 RCTs (Kasiske
et al. 1998). However, the magnitude of the effect
of protein restriction on renal function decline was
found to be relatively small (Kasiske et al. 1998).
Pijls et al. investigated the effects of dietary pro-
tein restriction to 0.8 g/kg on albuminuria in sub-
jects with type 2 diabetes and, at least,
microalbuminuria (Pijls et al. 1999). This study
reported an association between protein intake
and albuminuria, indicating that reduction in pro-
tein intake has beneficial effects on albuminuria
(Pijls et al. 1999). However, the compliance that
was achieved in this study was disappointingly
low (i.e., protein intake, measured as 24 h urea
excretion, was 1.1 g/kg in the low-protein group)
(Pijls et al. 1999). Hansen et al. investigated the
effect of further protein restriction to 0.6 g/kg per
day on progression of diabetic nephropathy to
ESRD in subjects with type 1 diabetes (Hansen
et al. 2002). Although compliance was also not
optimal in this study (i.e., protein intake was 0.9
g/kg per day in the low-protein group), this study
showed beneficial effects of protein restriction on
progression of diabetic nephropathy toward
ESRD (Hansen et al. 2002).

In conclusion, evidence suggests that moderate
protein restriction in patients with diabetic
nephropathy might have beneficial effects on
albuminuria and progression of diabetic nephrop-
athy to ESRD. The magnitude of the effect,
however, was found to be relatively small. Fur-
thermore, compliance to the low-protein diet is
important, but difficult to achieve.

Cross-References

▶Anatomy, Physiology and Pathophysiology of
Renal Circulation

▶Diseases of Renal Macrocirculation:
Atherosclerosis and Renal Artery Stenosis

▶Epidemiology of Atherosclerotic Vascular
Diseases

▶ Physiology and Pathophysiology of
Microcirculation

References

Action to Control Cardiovascular Risk in Diabetes Study
Group, Gerstein HC, Miller ME, Byington RP, Goff
DC Jr, Bigger JT et al (2008) Effects of intensive
glucose lowering in type 2 diabetes. N Engl J Med
358(24):2545–2559

Adler S (1994) Structure-function relationships associated
with extracellular matrix alterations in diabetic
glomerulopathy. J Am Soc Nephrol 5(5):1165–1172

Adler AI, Stevens RJ, Manley SE, Bilous RW, Cull CA,
Holman RR et al (2003) Development and progression
of nephropathy in type 2 diabetes: the United Kingdom
Prospective Diabetes Study (UKPDS 64). Kidney Int
63(1):225–232

ADVANCE Collaborative Group, Patel A, MacMahon S,
Chalmers J, Neal B, Billot L et al (2008) Intensive
blood glucose control and vascular outcomes in
patients with type 2 diabetes. N Engl J Med 358(24):
2560–2572

Afghahi H, Cederholm J, Eliasson B, Zethelius B,
Gudbjornsdottir S, Hadimeri H et al (2011) Risk factors
for the development of albuminuria and renal impair-
ment in type 2 diabetes–the Swedish National Diabetes
Register (NDR). Nephrol Dial Transplant 26(4):
1236–1243

American Diabetes Association (2012) Standards of med-
ical care in diabetes–2012. Diabetes Care 35(Suppl 1):
S11–S63

American Diabetes Association, Bantle JP, Wylie-Rosett J,
Albright AL, Apovian CM, Clark NG et al (2008)
Nutrition recommendations and interventions for
diabetes: a position statement of the American
Diabetes Association. Diabetes Care 31(Suppl 1):
S61–S78

Amin R, Turner C, van Aken S, Bahu TK, Watts A,
Lindsell DR et al (2005) The relationship between
microalbuminuria and glomerular filtration rate in
young type 1 diabetic subjects: the Oxford Regional
Prospective Study. Kidney Int 68(4):1740–1749

Amor A, Jimenez A, Moize V, Ibarzabal A, Flores L, Lacy
AM et al (2013) Weight loss independently predicts
urinary albumin excretion normalization in morbidly
obese type 2 diabetic patients undergoing bariatric sur-
gery. Surg Endosc 27(6):2046–2051

Araki S, Haneda M, Sugimoto T, Isono M, Isshiki K,
Kashiwagi A et al (2005) Factors associated with fre-
quent remission of microalbuminuria in patients with
type 2 diabetes. Diabetes 54(10):2983–2987

145 Diseases of Renal Microcirculation: Diabetic Nephropathy 3761

http://dx.doi.org/10.1007/978-3-642-37078-6_146
http://dx.doi.org/10.1007/978-3-642-37078-6_146
http://dx.doi.org/10.1007/978-3-642-37078-6_147
http://dx.doi.org/10.1007/978-3-642-37078-6_147
http://dx.doi.org/10.1007/978-3-642-37078-6_46
http://dx.doi.org/10.1007/978-3-642-37078-6_46
http://dx.doi.org/10.1007/978-3-642-37078-6_24
http://dx.doi.org/10.1007/978-3-642-37078-6_24


Araki S, Haneda M, Koya D, Hidaka H, Sugimoto T, Isono
M et al (2007) Reduction in microalbuminuria as an
integrated indicator for renal and cardiovascular risk
reduction in patients with type 2 diabetes. Diabetes 56
(6):1727–1730

Atkins RC, Briganti EM, Lewis JB, Hunsicker LG,
Braden G, Champion de Crespigny PJ et al (2005)
Proteinuria reduction and progression to renal failure
in patients with type 2 diabetes mellitus and overt
nephropathy. Am J Kidney Dis 45(2):281–287

Baigent C, Landray MJ, Reith C, Emberson J, Wheeler
DC, Tomson C et al (2011) The effects of lowering
LDL cholesterol with simvastatin plus ezetimibe in
patients with chronic kidney disease (Study of Heart
and Renal Protection): a randomised placebo-
controlled trial. Lancet 377(9784):2181–2192

Bakris GL, Weir MR, Shanifar S, Zhang Z, Douglas J, van
Dijk DJ et al (2003) Effects of blood pressure level on
progression of diabetic nephropathy: results from the
RENAAL study. Arch Intern Med 163(13):1555–1565

Bianchi S, Bigazzi R, Caiazza A, Campese VM (2003) A
controlled, prospective study of the effects of atorva-
statin on proteinuria and progression of kidney disease.
Am J Kidney Dis 41(3):565–570

Bilous R, Chaturvedi N, Sjolie AK, Fuller J, Klein R,
Orchard T et al (2009) Effect of candesartan on
microalbuminuria and albumin excretion rate in diabe-
tes: three randomized trials. Ann Intern Med 151(1):
11–20, W3-4

Bloodworth JMB (1978) Re-evaluation of diabetic
glomerulosclerosis 50 years after discovery of insulin.
Hum Pathol 9:439–453

Bohle A, Wehrmann M, Bogenschutz O, Batz C, Muller
CA, Muller GA (1991) The pathogenesis of chronic
renal failure in diabetic nephropathy. Investigation of
488 cases of diabetic glomerulosclerosis. Pathol Res
Pract 187(2–3):251–259

Brancati FL, Whelton PK, Randall BL, Neaton JD,
Stamler J, Klag MJ (1997) Risk of end-stage renal
disease in diabetes mellitus: a prospective cohort
study of men screened for MRFIT. Multiple Risk Fac-
tor Intervention Trial. JAMA 278(23):2069–2074

Brenner BM, Cooper ME, de Zeeuw D, Keane WF, Mitch
WE, Parving HH et al (2001) Effects of losartan on
renal and cardiovascular outcomes in patients with type
2 diabetes and nephropathy. N Engl J Med
345(12):861–869

Buchwald H, Avidor Y, Braunwald E, Jensen MD,
Pories W, Fahrbach K et al (2004) Bariatric surgery: a
systematic review and meta-analysis. JAMA 292(14):
1724–1737

Charytan DM, Forman JP (2012) You are what you eat:
dietary salt intake and renin-angiotensin blockade in
diabetic nephropathy. Kidney Int 82(3):257–259

Chatzikyrkou C, Haller H (2012) Diabetes: hyperfiltration-
a risk factor for nephropathy in T1DM? Nat Rev
Endocrinol 8(7):385–386

Chiarelli F, Verrotti A, Morgese G (1995) Glomerular
hyperfiltration increases the risk of developing

microalbuminuria in diabetic children. Pediatr Nephrol
9(2):154–158

Christensen PK, Larsen S, Horn T, Olsen S, Parving HH
(2001) Renal function and structure in albuminuric type
2 diabetic patients without retinopathy. Nephrol Dial
Transplant 16(12):2337–2347

ClinicalTrials.gov (2011) Prospective evaluation of pro-
teinuria and renal function in diabetic patients with
progressive renal disease trial (PLANET I). http://
www.clinicaltrials.gov/ct2/show/NCT00296374?term
=NCT00296374&rank=1. Accessed 29 Apr 2014

Colhoun HM, Betteridge DJ, Durrington PN, Hitman GA,
Neil HA, Livingstone SJ et al (2009) Effects of atorva-
statin on kidney outcomes and cardiovascular disease
in patients with diabetes: an analysis from the Collab-
orative Atorvastatin Diabetes Study (CARDS). Am J
Kidney Dis 54(5):810–819

Collins AJ, Foley RN, Chavers B, Gilbertson D, Herzog C,
Ishani A et al (2014) US renal data system 2013 annual
data report. Am J Kidney Dis 63(1 Suppl):A7

Danaei G, Finucane MM, Lu Y, Singh GM, Cowan MJ,
Paciorek CJ et al (2011) National, regional, and global
trends in fasting plasma glucose and diabetes preva-
lence since 1980: systematic analysis of health exami-
nation surveys and epidemiological studies with
370 country-years and 2.7 million participants. Lancet
378(9785):31–40

Davis TM, Ting R, Best JD, Donoghoe MW, Drury PL,
Sullivan DR et al (2011) Effects of fenofibrate on renal
function in patients with type 2 diabetes mellitus: the
Fenofibrate Intervention and Event Lowering in Diabe-
tes (FIELD) Study. Diabetologia 54(2):280–290

de Zeeuw D, Remuzzi G, Parving HH, Keane WF,
Zhang Z, Shahinfar S et al (2004) Proteinuria, a target
for renoprotection in patients with type 2 diabetic
nephropathy: lessons from RENAAL. Kidney Int
65(6):2309–2320

de Zeeuw D, Anzalone D, Cain V, Cressman M,
Molitoris B, Monyak J, et al (2010) Different renal
protective effects of atorvastatin and rosuvastatin in
patients with proteinuric diabetic and non-diabetic
renal disease; results from the PLANET Trials.
Presented at the ERA-EDTA meeting, Munich, June
2010

Deckert T, Feldt-Rasmussen B, Djurup R, Deckert M
(1988) Glomerular size and charge selectivity in
insulin-dependent diabetes mellitus. Kidney Int
33(1):100–106

Deckert T, Feldt-Rasmussen B, Borch-Johnsen K,
Jensen T, Kofoed-Enevoldsen A (1989) Albuminuria
reflects widespread vascular damage. The Steno
hypothesis. Diabetologia 32(4):219–226

Deckert T, Kofoed-Enevoldsen A, Vidal P, Norgaard K,
Andreasen HB, Feldt-Rasmussen B (1993) Size- and
charge selectivity of glomerular filtration in type
1 (insulin-dependent) diabetic patients with and with-
out albuminuria. Diabetologia 36(3):244–251

Dinneen SF, Gerstein HC (1997) The association of
microalbuminuria and mortality in non-insulin-

3762 I.J. Riphagen et al.

http://www.clinicaltrials.gov/ct2/show/NCT00296374?term=NCT00296374&rank=1
http://www.clinicaltrials.gov/ct2/show/NCT00296374?term=NCT00296374&rank=1
http://www.clinicaltrials.gov/ct2/show/NCT00296374?term=NCT00296374&rank=1


dependent diabetes mellitus. A systematic overview of
the literature. Arch Intern Med 157(13):1413–1418

Diwakar R, Pearson AL, Colville-Nash P, Brunskill NJ,
Dockrell ME (2007) The role played by endocytosis in
albumin-induced secretion of TGF-beta1 by proximal
tubular epithelial cells. Am J Physiol Renal Physiol 292
(5):F1464–F1470

Dixon R, Brunskill NJ (1999) Activation of mitogenic
pathways by albumin in kidney proximal tubule
epithelial cells: implications for the pathophysiology
of proteinuric states. J Am Soc Nephrol 10(7):
1487–1497

Drumm K, Bauer B, Freudinger R, Gekle M (2002) Albu-
min induces NF-kappaB expression in human proximal
tubule-derived cells (IHKE-1). Cell Physiol Biochem
12(4):187–196

Fabre J, Balant LP, Dayer PG, Fox HM, Vernet AT (1982)
The kidney in maturity onset diabetes mellitus: a clin-
ical study of 510 patients. Kidney Int 21(5):730–738

Farmer AJ, Stevens R, Hirst J, Lung T, Oke J, Clarke P
et al (2014) Optimal strategies for identifying kidney
disease in diabetes: properties of screening tests, pro-
gression of renal dysfunction and impact of treatment –
systematic review and modelling of progression and
cost-effectiveness. Health Technol Assess 18(14):
1–128

Feldt-Rasmussen B, Mathiesen ER, Jensen T, Lauritzen T,
Deckert T (1991) Effect of improved metabolic control
on loss of kidney function in type 1 (insulin-dependent)
diabetic patients: an update of the Steno studies.
Diabetologia 34(3):164–170

Fioretto P, Mauer M (2007) Histopathology of diabetic
nephropathy. Semin Nephrol 27(2):195–207

Forbes JM, Cooper ME (2013) Mechanisms of diabetic
complications. Physiol Rev 93(1):137–188

Fox CJ, Darby SC, Ireland JT, Sönksen PH (1977) Blood
glucose control and glomerular capillary basement
membrane thickening in experimental diabetes. BMJ
2(6087):605–607

Fox CS, Larson MG, Leip EP, Culleton B, Wilson PW,
Levy D (2004) Predictors of new-onset kidney disease
in a community-based population. JAMA 291(7):
844–850

Gaede P, Tarnow L, Vedel P, Parving HH, Pedersen O
(2004) Remission to normoalbuminuria during multi-
factorial treatment preserves kidney function in patients
with type 2 diabetes and microalbuminuria. Nephrol
Dial Transplant 19(11):2784–2788

Gall MA, Nielsen FS, Smidt UM, Parving HH (1993) The
course of kidney function in type 2 (non-insulin-depen-
dent) diabetic patients with diabetic nephropathy.
Diabetologia 36(10):1071–1078

Gaspari F, Ruggenenti P, Porrini E, Motterlini N,
Cannata A, Carrara F et al (2013) The GFR and GFR
decline cannot be accurately estimated in type 2 dia-
betics. Kidney Int 84(1):164–173

Gloy VL, Briel M, Bhatt DL, Kashyap SR, Schauer PR,
Mingrone G et al (2013) Bariatric surgery versus
non-surgical treatment for obesity: a systematic review

and meta-analysis of randomised controlled trials. BMJ
347:f5934

Goumenos DS, Tsakas S, El Nahas AM, Alexandri S,
Oldroyd S, Kalliakmani P et al (2002) Transforming
growth factor-beta(1) in the kidney and urine of
patients with glomerular disease and proteinuria.
Nephrol Dial Transplant 17(12):2145–2152

Haas M (2009) Alport syndrome and thin glomerular
basement membrane nephropathy: a practical
approach to diagnosis. Arch Pathol Lab Med 133(2):
224–232

Haffner SM, Stern MP, Hazuda HP, Mitchell BD, Patterson
JK (1988) Increased insulin concentrations in
nondiabetic offspring of diabetic parents. N Engl J
Med 319(20):1297–1301

Haller H, Ito S, Izzo JL Jr, Januszewicz A, Katayama S,
Menne J et al (2011) Olmesartan for the delay or pre-
vention of microalbuminuria in type 2 diabetes. N Engl
J Med 364(10):907–917

Hansen HP, Tauber-Lassen E, Jensen BR, Parving HH
(2002) Effect of dietary protein restriction on prognosis
in patients with diabetic nephropathy. Kidney Int
62(1):220–228

Hasslacher C, Ritz E, Wahl P, Michael C (1989) Similar
risks of nephropathy in patients with type I or type II
diabetes mellitus. Nephrol Dial Transplant 4(10):
859–863

Heerspink HJ, de Zeeuw D (2011) The kidney in type
2 diabetes therapy. Rev Diabetic Stud 8(3):392–402

Hostetter TH, Rennke HG, Brenner BM (1982) The case
for intrarenal hypertension in the initiation and progres-
sion of diabetic and other glomerulopathies. Am J Med
72(3):375–380

Houlihan CA, Allen TJ, Baxter AL, Panangiotopoulos S,
Casley DJ, Cooper ME et al (2002) A low-sodium diet
potentiates the effects of losartan in type 2 diabetes.
Diabetes Care 25(4):663–671

Hovind P, Rossing P, Tarnow L, Smidt UM, Parving HH
(2001) Progression of diabetic nephropathy. Kidney Int
59(2):702–709

Ismail-Beigi F, Craven T, Banerji MA, Basile J, Calles J,
Cohen RM et al (2010) Effect of intensive treatment of
hyperglycaemia on microvascular outcomes in type
2 diabetes: an analysis of the ACCORD randomised
trial. Lancet 376(9739):419–430

Jeansson M, Haraldsson B (2006) Morphological and
functional evidence for an important role of the endo-
thelial cell glycocalyx in the glomerular barrier. Am J
Physiol Renal Physiol 290(1):F111–F116

Jefferson JA, Shankland SJ, Pichler RH (2008) Proteinuria
in diabetic kidney disease: a mechanistic viewpoint.
Kidney Int 74(1):22–36

Jerums G, Panagiotopoulos S, Premaratne E, MacIsaac RJ
(2009) Integrating albuminuria and GFR in the assess-
ment of diabetic nephropathy. Nat Rev Nephrol
5(7):397–406

Jerums G, Premaratne E, Panagiotopoulos S, MacIsaac RJ
(2010) The clinical significance of hyperfiltration in
diabetes. Diabetologia 53(10):2093–2104

145 Diseases of Renal Microcirculation: Diabetic Nephropathy 3763



Jun M, Zhu B, Tonelli M, Jardine MJ, Patel A, Neal B
et al (2012) Effects of fibrates in kidney disease: a
systematic review and meta-analysis. J Am Coll
Cardiol 60(20):2061–2071

Kannel WB, McGee DL (1979) Diabetes and glucose
tolerance as risk factors for cardiovascular disease: the
Framingham study. Diabetes Care 2(2):120–126

Kasiske BL, Lakatua JD, Ma JZ, Louis TA (1998) A meta-
analysis of the effects of dietary protein restriction on
the rate of decline in renal function. Am J Kidney Dis
31(6):954–961

KDOQI (2007) KDOQI clinical practice guidelines and
clinical practice recommendations for diabetes and
chronic kidney disease. Am J Kidney Dis 49(Suppl
2):S12–S154

Keen H, Chlouverakis C, Fuller J, Jarrett RJ (1969) The
concomitants of raised blood sugar: studies in newly-
detected hyperglycaemics. II. Urinary albumin excre-
tion, blood pressure and their relation to blood sugar
levels. Guys Hosp Rep 118(2):247–254

Kimmelstiel P, Wilson C (1936) Intercapillary lesions in
the glomeruli of the kidney. Am J Pathol 12(1):83–98.7

Koral K, Erkan E (2012) PKB/Akt partners with Dab2 in
albumin endocytosis. Am J Physiol Renal Physiol 302
(8):F1013–F1024

Kramer H, Reboussin D, Bertoni AG, Marcovina S,
Lipkin E, Greenway FL 3rd et al (2009) Obesity and
albuminuria among adults with type 2 diabetes: the
Look AHEAD (Action for Health in Diabetes) Study.
Diabetes Care 32(5):851–853

Kunz R, Friedrich C, Wolbers M, Mann JF (2008) Meta-
analysis: effect of monotherapy and combination ther-
apy with inhibitors of the renin angiotensin system on
proteinuria in renal disease. Ann Intern Med 148(1):
30–48

Kwakernaak AJ, Krikken JA, Binnenmars SH, Visser FW,
Hemmelder MH,Woittiez AJ, Groen H, Laverman GD,
Navis G; Holland Nephrology Study (HONEST)
Group (2014) Effects of sodium restriction and hydro-
chlorothiazide on RAAS blockade efficacy in diabetic
nephropathy: a randomised clinical trial. Lancet Diabe-
tes Endocrinol 2(5):385–395

Kwakernaak AJ, Zelle DM, Bakker SJ, Navis G (2013)
Central body fat distribution associates with unfavor-
able renal hemodynamics independent of body mass
index. J Am Soc Nephrol 24(6):987–994

Laffel LM, McGill JB, Gans DJ (1995) The beneficial
effect of angiotensin-converting enzyme inhibition
with captopril on diabetic nephropathy in normotensive
IDDM patients with microalbuminuria. North Ameri-
can Microalbuminuria Study Group. Am J Med 99(5):
497–504

Lambers Heerspink HJ, Holtkamp FA, Parving HH, Navis
GJ, Lewis JB, Ritz E et al (2012) Moderation of dietary
sodium potentiates the renal and cardiovascular protec-
tive effects of angiotensin receptor blockers. Kidney Int
82(3):330–337

Lambers Heerspink HJ, de Borst MH, Bakker SJ, Navis GJ
(2013) Improving the efficacy of RAAS blockade in

patients with chronic kidney disease. Nat Rev Nephrol
9(2):112–121

Lee EM, Pollock CA, Drumm K, Barden JA, Poronnik P
(2003) Effects of pathophysiological concentrations of
albumin on NHE3 activity and cell proliferation in
primary cultures of human proximal tubule cells. Am
J Physiol Renal Physiol 285(4):F748–F757

Leiter LA (2005) The prevention of diabetic microvascular
complications of diabetes: is there a role for lipid low-
ering? Diabetes Res Clin Pract 68(Suppl 2):S3–S14

Lewis EJ, Hunsicker LG, Bain RP, Rohde RD (1993) The
effect of angiotensin-converting-enzyme inhibition on
diabetic nephropathy. The Collaborative Study Group.
N Engl J Med 329(20):1456–1462

Lewis EJ, Hunsicker LG, Clarke WR, Berl T, Pohl MA,
Lewis JB et al (2001) Renoprotective effect of the
angiotensin-receptor antagonist irbesartan in patients
with nephropathy due to type 2 diabetes. N Engl J
Med 345(12):851–860

Li JJ, Kwak SJ, Jung DS, Kim JJ, Yoo TH, Ryu DR
et al (2007) Podocyte biology in diabetic nephropathy.
Kidney Int Suppl 106:S36–S42

Mac-Moune LF, Szeto CC, Choi PC, Ho KK, Tang NL,
Chow KM, Li PK, To KF (2004) Isolate diffuse thick-
ening of glomerular capillary basement membrane: A
renal lesion in prediabetes? Mod Pathol 17:1506–1512

Maggard-Gibbons M, Maglione M, Livhits M, Ewing B,
Maher AR, Hu J et al (2013) Bariatric surgery for
weight loss and glycemic control in nonmorbidly
obese adults with diabetes: a systematic review.
JAMA 309(21):2250–2261

Majumdar SR, Hemmelgarn BR, Lin M, McBrien K,
Manns BJ, Tonelli M (2013) Hypoglycemia associated
with hospitalization and adverse events in older people:
population-based cohort study. Diabetes Care 36(11):
3585–3590

Makino H, Haneda M, Babazono T, Moriya T, Ito S,
Iwamoto Y et al (2007) Prevention of transition from
incipient to overt nephropathy with telmisartan in
patients with type 2 diabetes. Diabetes Care 30
(6):1577–1578

Malik VS, Willett WC, Hu FB (2013) Global obesity:
trends, risk factors and policy implications. Nat Rev
Endocrinol 9(1):13–27

Mann JF, Schmieder RE, McQueen M, Dyal L,
Schumacher H, Pogue J et al (2008) Renal outcomes
with telmisartan, ramipril, or both, in people at high
vascular risk (the ONTARGET study): a multicentre,
randomised, double-blind, controlled trial. Lancet
372(9638):547–553

Mauer M, Zinman B, Gardiner R, Suissa S, Sinaiko A,
Strand T et al (2009) Renal and retinal effects of enal-
april and losartan in type 1 diabetes. N Engl J Med
361(1):40–51

Miras AD, Chuah LL, Lascaratos G, Faruq S, Mohite AA,
Shah PR et al (2012) Bariatric surgery does not exac-
erbate and may be beneficial for the microvascular
complications of type 2 diabetes. Diabetes Care
35(12):e81–e2353

3764 I.J. Riphagen et al.



Mogensen CE (1971) Glomerular filtration rate and renal
plasma flow in short-term and long-term juvenile dia-
betes mellitus. Scand J Clin Lab Invest 28(1):91–100

Mogensen CE (1986) Early glomerular hyperfiltration in
insulin-dependent diabetics and late nephropathy.
Scand J Clin Lab Invest 46(3):201–206

Mogensen CE, Christensen CK, Pedersen MM, Alberti
KG, Boye N, Christensen T et al (1990) Renal and
glycemic determinants of glomerular hyperfiltration in
normoalbuminuric diabetics. J Diabet Complicat 4(4):
159–165

Mogensen CE, Vestbo E, Poulsen PL, Christiansen C,
Damsgaard EM, Eiskjaer H et al (1995)
Microalbuminuria and potential confounders. A review
and some observations on variability of urinary albu-
min excretion. Diabetes Care 18(4):572–581

Morigi M, Macconi D, Zoja C, Donadelli R, Buelli S,
Zanchi C et al (2002) Protein overload-induced
NF-kappaB activation in proximal tubular cells
requires H(2)O(2) through a PKC-dependent pathway.
J Am Soc Nephrol 13(5):1179–1189

Najafian B, Mauer M (2009) Progression of diabetic
nephropathy in type 1 diabetic patients. Diabetes Res
Clin Pract 83(1):1–8

Najafian B, Mauer M (2012) Morphologic features of
declining renal function in type 1 diabetes. Semin
Nephrol 32(5):415–422

Nakamura Y, Myers BD (1988) Charge selectivity of pro-
teinuria in diabetic glomerulopathy. Diabetes 37(9):
1202–1211

Navaneethan SD, Yehnert H, Moustarah F, Schreiber MJ,
Schauer PR, Beddhu S (2009) Weight loss interven-
tions in chronic kidney disease: a systematic review and
meta-analysis. Clin J Am Soc Nephrol 4(10):
1565–1574

Navaneethan SD, Kelly KR, Sabbagh F, Schauer PR, Kir-
wan JP, Kashyap SR (2010) Urinary albumin excretion,
HMWadiponectin, and insulin sensitivity in type 2 dia-
betic patients undergoing bariatric surgery. Obes Surg
20(3):308–315

Navis G, de Jong P, Donker AJ, van der Hem GK, de
Zeeuw D (1987a) Diuretic effects of angiotensin-
converting enzyme inhibition: comparison of low and
liberal sodium diet in hypertensive patients.
J Cardiovasc Pharmacol 9(6):743–748

Navis G, de Jong PE, Donker AJ, van der Hem GK, de
Zeeuw D (1987b) Moderate sodium restriction in
hypertensive subjects: renal effects of ACE-inhibition.
Kidney Int 31(3):815–819

Neff KJ, Frankel AH, Tam FW, Sadlier DM, Godson C, le
Roux CW (2013) The effect of bariatric surgery on
renal function and disease: a focus on outcomes and
inflammation. Nephrol Dial Transplant 28(Suppl 4):
iv73–iv82

Nelson RG, Bennett PH, Beck GJ, Tan M, Knowler WC,
MitchWE et al (1996) Development and progression of
renal disease in Pima Indians with non-insulin-depen-
dent diabetes mellitus. Diabetic Renal Disease Study
Group. N Engl J Med 335(22):1636–1642

Nieuwdorp M, Mooij HL, Kroon J, Atasever B, Spaan JA,
Ince C et al (2006) Endothelial glycocalyx damage
coincides with microalbuminuria in type 1 diabetes.
Diabetes 55(4):1127–1132

Nishi S, Ueno M, Hisaki S, Iino N, Iguchi S, Oyama Y,
Imai N, Arakawa M, Gejyo F (2000) Ultrastructural
characteristics of diabetic nephropathy. Med Electron
Microsc 33:65–73

Olyaei A, Greer E, Delos Santos R, Rueda J (2011) The
efficacy and safety of the 3-hydroxy-3-methylglutaryl-
CoA reductase inhibitors in chronic kidney disease,
dialysis, and transplant patients. Clin J Am Soc
Nephrol 6(3):664–678

Osterby R, Gall MA, Schmitz A, Nielsen FS, Nyberg G,
Parving HH (1993) Glomerular structure and function
in proteinuric type 2 (non-insulin-dependent) diabetic
patients. Diabetologia 36(10):1064–1070

Parving HH (2001) Diabetic nephropathy: prevention and
treatment. Kidney Int 60(5):2041–2055

Parving HH, Andersen AR, Smidt UM, Svendsen PA
(1983) Early aggressive antihypertensive treatment
reduces rate of decline in kidney function in diabetic
nephropathy. Lancet 1(8335):1175–1179

Parving HH, Andersen AR, Hommel E, Smidt U (1985)
Effects of long-term antihypertensive treatment on kid-
ney function in diabetic nephropathy. Hypertension
7(6 Pt 2):II114–II117

Parving HH, Andersen AR, Smidt UM, Hommel E,
Mathiesen ER, Svendsen PA (1987) Effect of antihy-
pertensive treatment on kidney function in diabetic
nephropathy. Br Med J (Clin Res Ed) 294(6585):
1443–1447

Parving HH, Lehnert H, Brochner-Mortensen J, Gomis R,
Andersen S, Arner P et al (2001) The effect of
irbesartan on the development of diabetic nephropathy
in patients with type 2 diabetes. N Engl J Med
345(12):870–878

Parving HH, Lewis JB, Ravid M, Remuzzi G, Hunsicker
LG (2006) DEMAND investigators. Prevalence and
risk factors for microalbuminuria in a referred cohort
of type II diabetic patients: a global perspective. Kidney
Int 69(11):2057–2063

Parving HH, Persson F, Lewis JB, Lewis EJ, Hollenberg
NK, AVOID Study Investigators (2008) Aliskiren com-
bined with losartan in type 2 diabetes and nephropathy.
N Engl J Med 358(23):2433–2446

Parving HH, Brenner BM, McMurray JJ, de Zeeuw D,
Haffner SM, Solomon SD et al (2012) Cardiorenal
end points in a trial of aliskiren for type 2 diabetes. N
Engl J Med 367(23):2204–2213

Pedrini MT, Levey AS, Lau J, Chalmers TC, Wang
PH (1996) The effect of dietary protein restriction
on the progression of diabetic and nondiabetic renal
diseases: a meta-analysis. Ann Intern Med 124(7):
627–632

Perkins BA, Ficociello LH, Silva KH, Finkelstein DM,
Warram JH, Krolewski AS (2003) Regression of
microalbuminuria in type 1 diabetes. N Engl J Med
348(23):2285–2293

145 Diseases of Renal Microcirculation: Diabetic Nephropathy 3765



Perkovic V, Heerspink HL, Chalmers J, Woodward M,
Jun M, Li Q et al (2013) Intensive glucose control
improves kidney outcomes in patients with type 2 dia-
betes. Kidney Int 83(3):517–523

Perrin NE, Torbjornsdotter TB, Jaremko GA, Berg UB
(2006) The course of diabetic glomerularulopathy in
patients with type 1 diabetes: A 6-year follow-up with
serial biopsies. Kidney Int 69:699–705

Persson F, Rossing P, Hovind P, Stehouwer CD,
Schalkwijk CG, Tarnow L et al (2008a) Endothelial
dysfunction and inflammation predict development of
diabetic nephropathy in the Irbesartan in Patients with
Type 2 Diabetes and Microalbuminuria (IRMA 2)
study. Scand J Clin Lab Invest 68(8):731–738

Persson F, Rossing P, Schjoedt KJ, Juhl T, Tarnow L,
Stehouwer CD et al (2008b) Time course of the
antiproteinuric and antihypertensive effects of direct
renin inhibition in type 2 diabetes. Kidney Int 73(12):
1419–1425

Persson P, Hansell P, Palm F (2010) Tubular reabsorption
and diabetes-induced glomerular hyperfiltration. Acta
Physiol (Oxf) 200(1):3–10

Persson F, Lewis JB, Lewis EJ, Rossing P, Hollenberg NK,
Parving HH (2011) Aliskiren in combination with
losartan reduces albuminuria independent of baseline
blood pressure in patients with type 2 diabetes and
nephropathy. Clin J Am Soc Nephrol 6(5):1025–1031

Pijls LT, de Vries H, Donker AJ, van Eijk JT (1999) The
effect of protein restriction on albuminuria in patients
with type 2 diabetes mellitus: a randomized trial.
Nephrol Dial Transplant 14(6):1445–1453

Pinto-Sietsma SJ, Navis G, Janssen WM, de Zeeuw D,
Gans RO, de Jong PE et al (2003) A central body fat
distribution is related to renal function impairment,
even in lean subjects. Am J Kidney Dis 41(4):733–741

Powles J, Fahimi S, Micha R, Khatibzadeh S, Shi P, Ezzati
M et al (2013) Global, regional and national sodium
intakes in 1990 and 2010: a systematic analysis of 24 h
urinary sodium excretion and dietary surveys world-
wide. BMJ Open 3(12):e003733. doi:10.1136/
bmjopen-2013-003733

Price DA, De’Oliveira JM, Fisher ND, Williams GH,
Hollenberg NK (1999) The state and responsiveness
of the renin-angiotensin-aldosterone system in patients
with type II diabetes mellitus. Am J Hypertens 12(4 Pt
1):348–355

Raats CJ, Van Den Born J, Berden JH (2000) Glomerular
heparan sulfate alterations: mechanisms and relevance
for proteinuria. Kidney Int 57(2):385–400

Reich H, Tritchler D, Herzenberg AM, Kassiri Z, Zhou X,
Gao W et al (2005) Albumin activates ERK via EGF
receptor in human renal epithelial cells. J Am Soc
Nephrol 16(5):1266–1278

Remuzzi G, Bertani T (1990) Is glomerulosclerosis a con-
sequence of altered glomerular permeability to macro-
molecules? Kidney Int 38(3):384–394

Rennke HG, Denker BM (2010) Renal pathophysiology:
the essentials, 3rd edn. Lippincott Williams &Wilkins,
Philadelphia

Reutens AT (2013) Epidemiology of diabetic kidney dis-
ease. Med Clin N Am 97(1):1–18

Ritz E, Orth SR (1999) Nephropathy in patients with type
2 diabetes mellitus. N Engl J Med 341(15):1127–1133

Ritz E, Stefanski A (1996) Diabetic nephropathy in type II
diabetes. Am J Kidney Dis 27(2):167–194

Roscioni SS, Heerspink HJ, de Zeeuw D (2014a) The
effect of RAAS blockade on the progression of diabetic
nephropathy. Nat Rev Nephrol 10(2):77–87

Roscioni SS, Lambers Heerspink HJ, de Zeeuw D (2014b)
Microalbuminuria: target for renoprotective therapy
PRO. Kidney Int 86(1):40–49

Rossi MC, Nicolucci A, Pellegrini F, Comaschi M,
Ceriello A, Cucinotta D et al (2010) Obesity and
changes in urine albumin/creatinine ratio in patients
with type 2 diabetes: the DEMAND study. Nutr
Metab Cardiovasc Dis 20(2):110–116

Rossing P, Hommel E, Smidt UM, Parving HH (1993)
Impact of arterial blood pressure and albuminuria on
the progression of diabetic nephropathy in IDDM
patients. Diabetes 42(5):715–719

Rossing P, Hougaard P, Borch-Johnsen K, Parving HH
(1996) Predictors of mortality in insulin dependent
diabetes: 10 year observational follow up study. BMJ
313(7060):779–784

Ruggenenti P, Fassi A, Ilieva AP, Bruno S, Iliev IP,
Brusegan V et al (2004) Preventing microalbuminuria
in type 2 diabetes. N Engl J Med 351(19):1941–1951

Sallstrom J, Carlsson PO, Fredholm BB, Larsson E,
Persson AE, Palm F (2007) Diabetes-induced
hyperfiltration in adenosine A(1)-receptor deficient
mice lacking the tubuloglomerular feedback mecha-
nism. Acta Physiol (Oxf) 190(3):253–259

Salmon AH, Satchell SC (2012) Endothelial glycocalyx
dysfunction in disease: albuminuria and increased
microvascular permeability. J Pathol 226(4):562–574

Sandhu S, Wiebe N, Fried LF, Tonelli M (2006) Statins for
improving renal outcomes: a meta-analysis. J Am Soc
Nephrol 17(7):2006–2016

Satchell SC, Tooke JE (2008) What is the mechanism of
microalbuminuria in diabetes: a role for the glomerular
endothelium? Diabetologia 51(5):714–725

Schalkwijk CG, Poland DC, van Dijk W, Kok A, Emeis JJ,
Drager AM et al (1999) Plasma concentration of
C-reactive protein is increased in type I diabetic
patients without clinical macroangiopathy and corre-
lates with markers of endothelial dysfunction: evidence
for chronic inflammation. Diabetologia 42(3):351–357

Schwartz MM, Lewis EJ, Leonard-Martin T, Lewis JB,
Batlle D (1998) Renal pathology patterns in type II
diabetes mellitus: relationship with retinopathy. The
Collaborative Study Group. Nephrol Dial Transplant
13(10):2547–2552

Singh A, Friden V, Dasgupta I, Foster RR, Welsh GI,
Tooke JE et al (2011) High glucose causes dysfunction
of the human glomerular endothelial glycocalyx. Am J
Physiol Renal Physiol 300(1):F40–F48

Sjostrom L (2013) Review of the key results from the
Swedish Obese Subjects (SOS) trial – a prospective

3766 I.J. Riphagen et al.



controlled intervention study of bariatric surgery.
J Intern Med 273(3):219–234

Sjostrom CD, Lissner L, Wedel H, Sjostrom L (1999)
Reduction in incidence of diabetes, hypertension and
lipid disturbances after intentional weight loss induced
by bariatric surgery: the SOS Intervention Study. Obes
Res 7(5):477–484

Slagman MC, Waanders F, Hemmelder MH, Woittiez AJ,
Janssen WM, Lambers Heerspink HJ et al (2011) Mod-
erate dietary sodium restriction added to angiotensin
converting enzyme inhibition compared with dual
blockade in lowering proteinuria and blood pressure:
randomised controlled trial. BMJ 343:d4366

Stamler J, Vaccaro O, Neaton JD, Wentworth D (1993)
Diabetes, other risk factors, and 12-yr cardiovascular
mortality for men screened in the Multiple Risk Factor
Intervention Trial. Diabetes Care 16(2):434–444

Stefan N, Artunc F, Heyne N, Machann J, Schleicher ED,
Haring HU (2014) Obesity and renal disease: not all fat
is created equal and not all obesity is harmful to the
kidneys. Nephrol Dial Transplant

Stehouwer CD, Smulders YM (2006) Microalbuminuria
and risk for cardiovascular disease: analysis of potential
mechanisms. J Am Soc Nephrol 17(8):2106–2111

Stehouwer CD, Henry RM, Dekker JM, Nijpels G, Heine
RJ, Bouter LM (2004) Microalbuminuria is associated
with impaired brachial artery, flow-mediated vasodila-
tion in elderly individuals without and with diabetes:
further evidence for a link between microalbuminuria
and endothelial dysfunction–the Hoorn Stud. Kidney
Int Suppl 92:S42–S44

Stephan JP, Mao W, Filvaroff E, Cai L, Rabkin R, Pan G
(2004) Albumin stimulates the accumulation of extra-
cellular matrix in renal tubular epithelial cells. Am J
Nephrol 24(1):14–19

Stout LC, Kumar S, Whorton EB (1993) Focal
mesangiolysis and the pathogenesis of the
Kimmelstiel-Wilson nodule. Hum Pathol 24(1):77–89

Stout LC, Kumar S, Whorton EB (1994) Insudative
lesions–their pathogenesis and association with glo-
merular obsolescence in diabetes: a dynamic hypothe-
sis based on single views of advancing human diabetic
nephropathy. Hum Pathol 25(11):1213–1227

Strippoli GF, Navaneethan SD, Johnson DW, Perkovic V,
Pellegrini F, Nicolucci A et al (2008) Effects of statins
in patients with chronic kidney disease: meta-analysis
and meta-regression of randomised controlled trials.
BMJ 336(7645):645–651

Taft JL, Nolan CJ, Yeung SP, Hewitson TD, Martin FI
(1994) Clinical and histological correlations of decline
in renal function in diabetic patients with proteinuria.
Diabetes 43(8):1046–1051

Tejera N, Gomez-Garre D, Lazaro A, Gallego-Delgado J,
Alonso C, Blanco J et al (2004) Persistent proteinuria
up-regulates angiotensin II type 2 receptor and induces
apoptosis in proximal tubular cells. Am J Pathol 164
(5):1817–1826

Tervaert TW, Mooyaart AL, Amann K, Cohen AH, Cook
HT, Drachenberg CB et al (2010) Pathologic

classification of diabetic nephropathy. J Am Soc
Nephrol 21(4):556–563

The Diabetes Control and Complications (DCCT)
Research Group (1995) Effect of intensive therapy on
the development and progression of diabetic nephrop-
athy in the Diabetes Control and Complications Trial.
Kidney Int 47(6):1703–1720

The Diabetes Control and Complications Trial Research
Group (1993) The effect of intensive treatment of dia-
betes on the development and progression of long-term
complications in insulin-dependent diabetes mellitus.
N Engl J Med 329(14):977–986

Thomas MC, Moran JL, Harjutsalo V, Thorn L, Waden J,
Saraheimo M et al (2012) Hyperfiltration in type 1 dia-
betes: does it exist and does it matter for nephropathy?
Diabetologia 55(5):1505–1513

Tonelli M, Muntner P, Lloyd A, Manns BJ, Klarenbach S,
Pannu N et al (2012) Risk of coronary events in people
with chronic kidney disease compared with those with
diabetes: a population-level cohort study. Lancet 380
(9844):807–814

Tsilibary EC (2003) Microvascular basement membranes
in diabetes mellitus. J Pathol 200(4):537–546

UK Hypoglycaemia Study Group (2007) Risk of
hypoglycaemia in types 1 and 2 diabetes: effects of
treatment modalities and their duration. Diabetologia
50(6):1140–1147

UK Prospective Diabetes Study (UKPDS) Group (1998)
Intensive blood-glucose control with sulphonylureas or
insulin compared with conventional treatment and risk
of complications in patients with type 2 diabetes
(UKPDS 33). Lancet 352(9131):837–853

Van Buren PN, Toto R (2013a) Current update in the
management of diabetic nephropathy. Curr Diabetes
Rev 9(1):62–77

Van Buren PN, Toto RD (2013b) The pathogenesis and
management of hypertension in diabetic kidney dis-
ease. Med Clin N Am 97(1):31–51

Vergouwe Y, Soedamah-Muthu SS, Zgibor J,
Chaturvedi N, Forsblom C, Snell-Bergeon JK
et al (2010) Progression to microalbuminuria in type
1 diabetes: development and validation of a prediction
rule. Diabetologia 53(2):254–262

Vlachojannis JG, Tsakas S, Petropoulou C, Goumenos DS,
Alexandri S (2002) Endothelin-1 in the kidney and
urine of patients with glomerular disease and protein-
uria. Clin Nephrol 58(5):337–343

Vogt L, Waanders F, Boomsma F, de Zeeuw D, Navis G
(2008) Effects of dietary sodium and hydrochlorothia-
zide on the antiproteinuric efficacy of losartan. J Am
Soc Nephrol 19(5):999–1007

Vora JP, Dolben J, Dean JD, Thomas D, Williams JD,
Owens DR et al (1992) Renal hemodynamics in
newly presenting non-insulin dependent diabetes
mellitus. Kidney Int 41(4):829–835

Wang PH, Lau J, Chalmers TC (1993) Meta-analysis of
effects of intensive blood-glucose control on late com-
plications of type I diabetes. Lancet 341
(8856):1306–1309

145 Diseases of Renal Microcirculation: Diabetic Nephropathy 3767



Wang Y, Chen J, Chen L, Tay YC, Rangan GK, Harris DC
(1997) Induction of monocyte chemoattractant protein-
1 in proximal tubule cells by urinary protein. J Am Soc
Nephrol 8(10):1537–1545

Wang Y, Rangan GK, Tay YC, Wang Y, Harris DC (1999)
Induction of monocyte chemoattractant protein-1 by
albumin is mediated by nuclear factor kappaB in prox-
imal tubule cells. J Am Soc Nephrol 10(6):1204–1213

Wentworth JM, Fourlanos S, Colman PG (2012) Body
mass index correlates with ischemic heart disease and
albuminuria in long-standing type 2 diabetes. Diabetes
Res Clin Pract 97(1):57–62

Whaley-Connell AT, Morris EM, Rehmer N, Yaghoubian
JC, Wei Y, Hayden MR et al (2007) Albumin activation
of NAD(P)H oxidase activity is mediated via Rac1 in
proximal tubule cells. Am J Nephrol 27(1):15–23

White KE, Bilous RW (2000) Type 2 diabetic patients with
nephropathy show structural-functional relationships
that are similar to type 1 disease. J Am Soc Nephrol
11(9):1667–1673

Whiting DR, Guariguata L, Weil C, Shaw J (2011) IDF
diabetes atlas: global estimates of the prevalence of
diabetes for 2011 and 2030. Diabetes Res Clin Pract
94(3):311–321

Wiseman MJ, Saunders AJ, Keen H, Viberti G (1985)
Effect of blood glucose control on increased glomerular
filtration rate and kidney size in insulin-dependent dia-
betes. N Engl J Med 312(10):617–621

Wohlfarth V, Drumm K, Mildenberger S, Freudinger R,
Gekle M (2003) Protein uptake disturbs collagen
homeostasis in proximal tubule-derived cells. Kidney
Int Suppl 84:S103–S109

Wolf G, Ziyadeh FN (2007) Cellular and molecular mech-
anisms of proteinuria in diabetic nephropathy. Nephron
Physiol 106(2):26–31

World Health Organization (WHO) (2012) Guideline:
sodium intake for adults and children.

http://www.who.int/nutrition/publications/guidelines/
sodium_intake/en/. Accessed 24 Apr 2014

Yokoyama H, Tomonaga O, Hirayama M, Ishii A,
Takeda M, Babazono T et al (1997) Predictors of the
progression of diabetic nephropathy and the beneficial
effect of angiotensin-converting enzyme inhibitors in
NIDDM patients. Diabetologia 40(4):405–411

Zandbergen AA, Vogt L, de Zeeuw D, Lamberts SW,
Ouwendijk RJ, Baggen MG et al (2007) Change in
albuminuria is predictive of cardiovascular outcome
in normotensive patients with type 2 diabetes and
microalbuminuria. Diabetes Care 30(12):3119–3121

Zatz R, Meyer TW, Rennke HG, Brenner BM (1985)
Predominance of hemodynamic rather than metabolic
factors in the pathogenesis of diabetic glomerulopathy.
Proc Natl Acad Sci U S A 82(17):5963–5967

Zhao Y, Campbell CR, Fonseca V, Shi L (2012) Impact of
hypoglycemia associated with antihyperglycemic med-
ications on vascular risks in veterans with type 2 diabe-
tes. Diabetes Care 35(5):1126–1132

Ziyadeh FN, Wolf G (2008) Pathogenesis of the
podocytopathy and proteinuria in diabetic
glomerulopathy. Curr Diabetes Rev 4(1):39–45

Zoja C, Morigi M, Figliuzzi M, Bruzzi I, Oldroyd S,
Benigni A et al (1995) Proximal tubular cell synthesis
and secretion of endothelin-1 on challenge with albu-
min and other proteins. Am J Kidney Dis
26(6):934–941

Zoja C, Donadelli R, Colleoni S, Figliuzzi M, Bonazzola S,
Morigi M et al (1998) Protein overload stimulates
RANTES production by proximal tubular cells
depending on NF-kappa B activation. Kidney Int
53(6):1608–1615

Zoppini G, Targher G, Chonchol M, Ortalda V, Negri C,
Stoico V et al (2012) Predictors of estimated GFR
decline in patients with type 2 diabetes and preserved
kidney function. Clin J Am Soc Nephrol 7(3):401–408

3768 I.J. Riphagen et al.

http://www.who.int/nutrition/publications/guidelines/sodium_intake/en/
http://www.who.int/nutrition/publications/guidelines/sodium_intake/en/

	145: Diseases of Renal Microcirculation: Diabetic Nephropathy
	Epidemiology of Diabetes and Its Complications
	Diabetes and Its Complications
	Macrovascular Complications
	Microvascular Complications

	Histopathology of Diabetic Nephropathy
	Histologic Characteristics
	Glomerular Lesions
	Tubular and Vascular Lesions

	Structural-Functional Associations

	Clinical Course of Diabetic Nephropathy
	Normoalbuminuria
	Microalbuminuria
	Macroalbuminuria

	Screening and Diagnosis
	Screening
	Diagnosis

	Treatment Strategies
	Blood Glucose Control
	Blood Pressure Control
	Conventional Antihypertensive Therapy
	Interventions in the Renin-Angiotensin-Aldosterone-System (RAAS)
	Dual RAAS Blockade: ACEi Plus ARB
	Dual RAAS Blockade: ACEi/ARB Plus DRI

	Lipid-Lowering Therapy
	Statins
	Fibrates

	Lifestyle Interventions
	Optimizing Body Weight
	Optimizing Sodium Intake
	Optimizing Protein Intake


	Cross-References
	References


