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Diabetic nephropathy (DN) is the leading cause of end-stage renal disease worldwide. Chronic hyperglycemia and high blood
pressure are the main risk factors for the development of DN. In general, screening for microalbuminuria should be performed
annually, starting 5 years after diagnosis in type 1 diabetes and at diagnosis and annually thereafter in type 2 diabetes. Standard
therapy is blood glucose and blood pressure control using the renin-angiotensin system blockade, targeting Alc < 7%, and
<130/80 mmHg. Regression of albuminuria remains an important therapeutic goal. However, there are problems in diagnosis
and treatment of nonproteinuric DN (NP-DN), which does not follow the classic pattern of DN. In fact, the prevalence of DN
continues to increase, and additional therapy is needed to prevent or ameliorate the condition. In addition to conventional
therapies, vitamin D receptor activators, incretin-related drugs, and therapies that target inflammation may also be promising
for the prevention of DN progression. This review focuses on the role of inflammation and oxidative stress in the pathogenesis

of DN, approaches to diagnosis in classic and NP-DN, and current and emerging therapeutic interventions.

1. Introduction

Diabetic nephropathy (DN) is one of the most frequent
and severe complications of diabetes mellitus (DM) and
is associated with increased morbidity and mortality in
diabetic patients [1]. In the US, the number of diabetic
patients starting treatment for end-stage renal disease
(ESRD) significantly increased from more than 40,000 in
2000 to more than 50,000 in 2014 [2]. In China, the inci-
dence and prevalence of DN have also increased dramati-
cally over the past decade. The estimated number of
diabetic patients with chronic kidney disease (CKD) in
China reaches 24.3 million [3]. Overall, the prevalence of
diabetes globally is growing rapidly, especially in develop-
ing countries [4]. With the increasing prevalence of diabe-
tes, the prevalence of DN is also predicted to increase, if
there is no immediate improvement in the clinical strategy
of prevention of DN [5, 6].

DN develops after latency periods that may vary by sev-
eral years in approximately one-third of patients with diabe-
tes. It is still a matter of controversy whether individuals

should be screened to find microalbuminuria or screened to
predict DN, known as the personalized medicine approach,
so as to allocate resources with more intensive therapy and
early preventive measures only to the individuals most at risk
[7]. At the time of microalbuminuria, there has been
advanced glomerulopathy [8, 9]; on the other hand, a large
number of patients with microalbuminuria can regress to
normoalbuminuria [10]. Diagnosing DN also faces chal-
lenges associated with a number of patients with DN who
do not follow the classic pattern of DN [11], as well as the
problem of diagnosing DN without retinopathy [12], whose
prevalence reaches 40% [13]. Nonproteinuric DN and DN
without retinopathy are more common in type 2 DM
patients. Because renin-angiotensin system (RAS) blockade
therapy is usually initiated only after persistent albuminuria
[7], the absence of albuminuria can make it difficult to
determine the right time to initiate intensive therapeutic
interventions.

The pathogenesis of DN is very complex and is still not
fully understood, resulting in poor therapeutic outcomes.
Standard therapy, with strict blood sugar and blood pressure
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control, has been shown to be unable to stop DN progression
to ESRD [14] and DN-related mortality [15]. Improving
understanding and exploring the pathogenic mechanisms of
DN is important in developing new strategies for treating
DN. There are many pathways and mediators involved in
the development and progression of DN [16], including oxi-
dative stress, angiotensin II (Ang-II), and inflammatory pro-
cesses, which are recently considered to play an important
role [17]. Understanding the key features of the inflamma-
tory mechanisms involved in the development and progres-
sion of DN also allows identification of new potential
targets and facilitates the design of innovative anti-
inflammatory therapeutic strategies [17]. This review dis-
cusses the pathogenesis of DN, in particular, the role of
oxidative stress, Ang-II, and inflammation as well as current
and potential future therapeutic developments including
those targeted on inflammation.

2. Pathogenesis of Classic Diabetic Nephropathy

The pathogenesis of DN development and progression is
complex and multifactorial with the involvement of many
pathways and mediators [18]. Conventionally, the develop-
mental mechanism of DN is the result of abnormal
homeostasis, which includes hemodynamic abnormalities,
metabolic disorders, and hormone synthesis such as Ang-II
[16]. Renin-angiotensin-aldosterone system (RAAS),
advanced glycation end product (AGE) formation, activation
of transforming growth factor-f1 (TGF-f1), connective tis-
sue growth factor (CTGF), protein kinase C (PKC),
mitogen-activated protein kinase (MAPKs), and reactive
oxygen species (ROS) are important pathways to the devel-
opment and progression of DN. Each pathway causes dam-
age via multiple mediators or interacts with other pathways.
There is a great deal of overlap between pathways and medi-
ators; for example, Ang-II causes injury through oxidative
stress, and conversely, oxidative stress causes injury through
RAAS. Nicotinamide adenine phosphate dehydrogenase
(NADPH) oxidase increases TGF-p, and conversely, TGF- 8
increases ROS through activation of NADPH oxidase. This
is why the exact pathogenic mechanism and molecular inci-
dence of DN are still not fully understood and the contribu-
tion of each pathway in inducing DN is not certain [15].

2.1. Role of Oxidative Stress. The role of oxidative stress in
DN has been noted by the observation that inhibition of
oxidative stress improves a feature associated with
streptozotocin-induced DN [19]. Conventionally, oxidative
stress is a condition of oxidative damage to tissues due to
an imbalance between oxidants and antioxidants [20]. Oxi-
dative stress is a common product of many pathways that
are involved in the pathogenesis of DN [15], including hyper-
glycemia itself. Increased ROS due to hyperglycemia is cen-
tral to the pathogenesis of DN. In diabetes, the main
sources of ROS include the polyol chain, AGE, and NADPH
oxidase (Nox) [21]. Isoform Nox 4 is an enzyme that plays
the most important role in the production of ROS in the kid-
neys [22]. Besides, through NADPH oxidase, ROS is also
produced through lipoxygenase, uncoupled nitric oxide syn-

BioMed Research International

thase, xanthine oxidase, and mitochondrial respiratory chain
dysfunction [20]. Hyperglycemic-induced oxidative stress is
believed to increase levels of proinflammatory proteins by
infiltrating macrophages that secrete inflammatory cytokines
that cause local and systemic inflammation [23].

The mechanisms of damage induced by oxidative stress
can occur directly or indirectly. Oxidative stress can cause
direct damage to podocytes, mesangial cells, and endothelial
cells, resulting in proteinuria and tubulointerstitial fibrosis
[24, 25] This can occur because the glomerulus is a part of
the nephron that is more sensitive to oxidative injury than
the other parts of the nephron [21]. Hyperglycemia is known
to be responsible for deoxyribonucleic acid (DNA), lipid, and
protein damage, and the degree of damage has been associ-
ated with hyperglycemic-induced ROS production rates and
consequently oxidative stress [26]. Meanwhile, indirectly,
oxidative stress can activate other pathogenic pathways to
cause injury; on the other hand, other pathogenic pathways
can cause injury through oxidative stress [27]. Oxidative
stress is also associated with metabolic and hemodynamic
changes in the kidney, both of which have adverse synergistic
effects [28]. Oxidative stress induced by chronic hyperglyce-
mia can induce increased Ang-II levels, PKC activation, and
TGF-f expression, which, in turn, have also been implicated
as important prooxidative stress stimulants [22, 29]. An
increase in oxidative stress together with an increase in
Ang-II levels will activate TGF-, which in turn stimulates
the synthesis of the mesangial matrix. Increased Ang-II will
increase renal ROS production through activation of
NADPH oxidase. TGF-f is also involved in the production
of ROS mediated by NADPH oxidase in mesangial cells that
are exposed to high glucose levels. The continuous increase
and activation of TGF- due to increased production of
ROS cause excessive remodeling of the extracellular matrix
in the mesangium and promotes fibrotic processes in the
tubular interstitium [21].

2.2. Role of Renin-Angiotensin-Aldosterone System. The
renin-angiotensin-aldosterone system plays (RAAS) an
important role in the progression of renal disease, and it
has been shown that inhibition of RAAS can inhibit the pro-
gression of CKD which is characterized by decreased protein-
uria and well-maintained renal function [30]. In diabetes, the
role of RAAS has been widely studied in relation to changes
in intraglomerular hemodynamics as well as structural
changes in both the glomerulus and tubulointerstitium [31,
32]. Podocyte cells have been shown to produce many com-
ponents of RAAS and express RAAS receptors, including
Ang-II receptors (AIIR), mineralocorticoids, and prorenin.
It is an important function of podocytes, shown to be regu-
lated by Ang-1II type 1 receptors (AT1R) [30].

2.2.1. Role of Angiotensin II. Based on existing evidence, it
shows that Ang-II is a cytokine that has many effects on the
kidneys [33], through systemic effects and local activation
of the RAS in the kidneys [32]. This suggests that Ang-II
functions beyond its classical function as a hemodynamic
mediator. In addition, there is increasing evidence that oxida-
tive stress, inflammation, and fibrosis are the main links in
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the development and progression of disease. Oxidative stress
is the initial part of DN and activates various pathological
pathways in almost all cell types in the kidney (endothelial,
mesangial, epithelial, tubular cells, and podocytes) [33]. In
general, it can be concluded that Ang-II is a “master” mole-
cule which has a central role in kidney injury, whereas oxida-
tive stress is an integral part of cell damage. Nonetheless,
several studies with therapeutic approaches targeted at oxida-
tive stress and Ang-II have uncertain results [34-38].

2.2.2. Role of Renin-Angiotensin System Local Intrarenal. In
addition to circulating renin-angiotensin, many tissues such
as the uterus, placenta, blood vessels, heart, brain, and, espe-
cially the adrenal cortex and kidneys, have local RAS [31].
Renal cells are able to synthesize renin, renin receptors,
angiotensin receptors [39], and Ang-II locally independent
of systemic RAS [40], so that the kidneys are able to maintain
high intrarenal levels of Ang-II. Even the interstitial renal
Ang-II levels are 1000-fold higher than in the plasma [41],
so that intrarenal RAS is believed to play the major damaging
role. In fact, high glucose is known to stimulate renin and
Ang-II synthesis in mesangial cells (MCs) [42, 43]. Intrarenal
Ang-II has several effects that can contribute to the develop-
ment of kidney injury, such as increased glomerular capillary
pressure and permeability (causing proteinuria), stimulation
of renal cell proliferation and hypertrophy, synthesis of cyto-
kines and extracellular matrix (ECM), and promotion of
macrophage infiltration and inflammation [44, 45]. Evidence
from studies has shown that Ang-II blockade has benefits
beyond its blood pressure-lowering effect. At DN, although
systemic renin levels are low, it turns out that the blockade
effect on RAS can slow disease progression [32, 46].

2.3. Role of Inflammation. It has been shown that immune
and inflammatory responses play an important role in the
pathogenesis of DN [16], but traditionally, DN has not been
considered an inflammatory disease. However, recent evi-
dence shows that inflammation of the kidney is very impor-
tant in initiating the development and progression of DN.
Various reports support the role of interleukin- (IL-) 1, IL-
6, and IL-18 in the development of DN [47-49]. Leukocytes,
monocytes, and macrophages have been implicated in the
pathogenesis of DN, and inflammatory biomarkers have
been associated with a risk of developing DN [50].
Persistent inflammation of the circulatory system and
renal tissue is an important pathophysiological basis in the
development of DN. Inflammation may be activated by met-
abolic, biochemical, and hemodynamic disorders known to
be present in DN [51]. Inflammatory factors, such as IL-6,
tumor necrosis factor (TNF-a), TGF-f1, and IL-18 are ele-
vated in blood [52] and have been shown to be involved in
the development and progression of DN [53]. Other studies
have shown that the levels of this substance increase with
the development of nephropathy and are independently
associated with urinary albumin excretion [47]. The degree
of accumulation of inflammatory cells in the kidney is closely
related to DN [54]. On the other hand, in experimental DN,
inhibition of the mobilization of inflammatory cells into the
kidney has been shown to have a protective effect [55]. This

condition suggests that inflammation may be an important
pathogenic factor in the development and progression of
DN. Proinflammatory and fibrogenic cytokines that are syn-
thesized and secreted by these cells in the local microenviron-
ment can directly damage the renal architecture and then
trigger the epithelial-to-mesenchymal transition (EMT) pro-
cess [56], which in turn results in ECM accumulation. In
addition to the synthesis of proinflammatory cytokines, in
diabetic animals and kidney cells of diabetic patients, the
expression of chemoattractant cytokines and adhesion
molecules is also upregulated. These molecules are key medi-
ators of kidney injury due to their ability to attract circulat-
ing leukocytes and facilitate the transfer of these cells into
kidney tissue. These infiltrated cells are also a source of
cytokines and other mediators that contribute to the devel-
opment and progression of kidney injury, as well as to
strengthen and perpetuate inflammatory reactions that have
occurred [16].

2.3.1. Role of Transcription Factors and Protein Kinase
on Inflammation

(1) Role of NF-kB. One of the key elements involved in the
inflammatory process in DN is nuclear factor-«B (NF-xB),
which is a ubiquitous transcription factor that is activated
by many DN inflammatory mediators, such as AGEs, hyper-
glycemia, and mechanical stress. Furthermore, NF-«B
regulates inflammatory cytokines, chemokines, and cell
adhesion proteins, which contribute to kidney injury in DN
[57]. One of the reasons NF-«B is an important “first respon-
dent” to DN is that it is constantly present in cells even when
in an inactive state. Hence, the activation of the pathways
involved does not require protein synthesis from these tran-
scription factors, thus enabling them to activate more rap-
idly. One of the main pathways that respond to and
transduce inflammatory signals is the Janus kinase/signal
transducers and activators of transcription (JAK-STAT)
pathway. JAK-STAT is a signaling pathway associated with
intracellular cytokines that serve as the main mediator
between paracrine stimulation and nuclear receptors. Cyto-
kines and hyperglycemic conditions can activate important
mechanisms regulating cell activation, proliferation, recruit-
ment, migration, and differentiation [18]. There is increasing
evidence that JAK-STAT plays a central role in the pathogen-
esis of DN. Early DN patients have reported upregulation of
JAK-STAT in glomerular cells. Likewise, tubulointerstitial
expression of various JAK and STAT isoforms increases with
disease progression and 1is inversely correlated with
estimated-glomerular filtration rate (eGFR). NF-«B, which
is a key transcription factor in the inflammatory process in
DN, is activated via JAK-STAT. In resident kidney cells,
NEF-«B is activated rapidly by a variety of stimuli, including
hyperglycemia, AGE, mechanical stress, ROS, inflammatory
cytokines, Ang-II, and albuminuria. After being activated,
NF-«B will stimulate transcription of proinflammatory cyto-
kines, chemokines, and adhesion molecules [57].

(2) Role of Nrf2. The transcription factor erythroid nuclear
factor 2-related factor 2 (Nrf2) is one of the most important



regulators of oxidative stress. Nrf2 regulates the expression of
antioxidant cytoprotective genes that attenuate systemic oxi-
dative excess [16]. Under normal physiological conditions,
Nrf2 is constitutively ubiquitinated and degraded by protea-
somes through interaction with its inhibitor, namely, Kelch-
like ECH-associated protein 1 (Keapl). Oxidative stress or
electrophilic compounds stabilize Nrf2 by counteracting
Keapl interactions with Nrf2, which causes rapid transloca-
tion of Nrf2 into the nucleus to then bind to antioxidant-
responsive elements (ARE). This in turn leads to increased
transcription of genes coding for antioxidants and detoxi-
fying enzymes such as NAD(P)H:quinine oxidoreductase
1 (NQOL1), heme oxygenase-1 (HO-1), y-glutamyl cysteine
synthetase (y-GCS), and GST. One of the most attractive
features of targeting the Nrf2/Keapl pathway is that Nrf2
activation leads to upregulation of a wide variety of anti-
oxidant enzymes, rather than relying solely on a single
antioxidant enzyme [58]. The Nrf2-/- mice suffered signif-
icantly more severe kidney injury than the wild-type mice,
and this evidence supports a protective role for Nrf2 in
kidney disease [59].

(3) Role of Protein Kinase. PKC isoform activation is involved
in the pathogenesis of DN. This has been proven by Menne
et al. in 2004 in PKC-a-/- experimental animals with hyper-
glycemia conditions [60]. There was almost no albuminuria
in mice with PKC-a-/- diabetes, as well as decreased VEGF
and receptor expression, while TGF-B was not affected.
These findings indicate that glomerular hypertrophy and
albuminuria are regulated by a different mechanism. Albu-
minuria is mediated by PKC-« through downregulation of
proteoglycan on MBG and regulation of VEGF expression
[61]. The role of PKC-f isoform on DN pathogenesis was
investigated by Ohshiro et al. in 2006 using mice without
PKC-S (PKC-S-null mice) [62]. PKC-f activation can
induce renal dysfunction through increased expression of
p47phox, Nox-2, Nox-4, endothelin-1, VEGF, TGF-f,
CTGF, and oxidant production [60].

PKC-« activation was associated with the occurrence of
albuminuria in DN, but with PKC-« inhibition, renal and
glomerular hypertrophy persisted. This can occur because
the expression of TGF-f is not reduced [61]. In contrast,
PKC-f plays an important role in DN through tubular
hypertrophy, mesangial expansion, and glomerular enlarge-
ment by reducing TGF-B, CTGF, and matrix molecular
expression, but it does not prevent albuminuria [60]. A ran-
domized, double-blind, placebo-controlled study assessing
the effect of ruboxistaurin, a selective PKC-f inhibitor, for
1 year in type 2 diabetic patients with nephropathy found a
renoprotective effect through reducing albuminuria and
maintaining GFR for more than 1 year [62]. Activation of
PKC-a and PKC-f isoforms is associated with increased
NADPH activity and production of NADPH-dependent
superoxide, which represent a common pathway among
these PKC isoforms in inducing kidney damage [60, 63].
Overall, the mechanisms by which these PKC isoforms
induce the progression of DN are very complex [64]. It seems
that the selective selection of inhibition of complement con-
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trol protein (CCP) isoforms plays an important role in DN
management.

2.3.2. Relationship between Inflammation and Oxidative
Stress. Several studies have supported an interdependent rela-
tionship between inflammation and oxidative stress [65, 66].
Inflammation and oxidative stress are closely related to inter-
dependent pathophysiological processes. The interdepen-
dence of inflammation and oxidative stress is simply
illustrated with great interest by Biswas (Figure 1) [67]. How-
ever, in reality there are many other redox-sensitive signal
transduction pathways such as c-Jun N-terminal kinase
(JNK) and p38 MAP kinase and transcription factor activator
protein 1 (AP-1) which also participate to set up a vicious
cycle between inflammation and oxidative stress [68]. If oxi-
dative stress appears as a major abnormality in an organ,
inflammation will eventually develop and will further accen-
tuate the oxidative stress. Conversely, if inflammation is the
main event, oxidative stress will develop as a consequence
which will further exaggerate the inflammation [68]. There-
fore, the identification of the primary disorder can be of
great clinical importance, since treatment of the primary dis-
order will most likely ensure continued relief from the prob-
lem. Nonetheless, identification of the primary disorder is
not easy because oxidative stress and inflammation are
closely related and are interdependent pathophysiological
events [67].

Relatively, the same thing happens in DN; it is difficult to
determine the primary abnormality. What is clear is that DN
has an increase in serum IL-6 and IL-18 levels [69, 70], and
this serum IL-6 level is parallel with the severity of albumin-
uria [69] and also correlates with morphological changes in
DN, such as thickening of glomerular basement membrane
(GBM) [71]. IL-18 can induce the release of interferon-y
(IFN-y) and the production of other inflammatory cytokines,
such as IL-1 and TNF-« [72]. In diabetic patients with micro-
albuminuria or albuminuria, the IL-6 and IL-18 levels were
increased compared to patients without albuminuria [70].
Other studies have also shown that IL-18 levels in urine
and serum as well as serum IL-6 levels are also significantly
increased in type 2 diabetes patients compared to controls.
Albuminuria was independently positively correlated with
serum and urine IL-18 levels [73]. In the DN model, there
was an increase in TNF-a expression in the epithelial cells
of the proximal tubule and glomerulus [74]. Through NF-
xB signaling, TNF-« can induce cytokine transcription that
affects cell survival, proliferation, adhesions, inflammatory
responses, and apoptosis [75]. In addition, as a pleiotropic
cytokine, TNF-a contributes to DN development through
several mechanisms, including decreased GFR, vasoconstric-
tion due to increased endothelin-1 (ET-1) production, and
impaired glomerular filtration barrier and proteinuria.
Increased TNF-a production can also result in oxidative
stress, via NADPH activation, in mesangial cells. TNF-« is
also thought to play a role in apoptosis and direct cytotoxic
effects on glomerular cells [57].

Based on the description above, it has been proven that
the inflammatory process plays an important role in the
pathogenesis of DN. Inflammation in DN is probably
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secondary secondary

F1GUrE 1: When oxidative stress appears as a primary disorder, inflammation develops as a secondary disorder and further increases oxidative
stress. On the other hand, inflammation as a primary disorder can cause oxidative stress as a secondary disorder, which can further increase

inflammation [67].

activated by metabolic, biochemical, and hemodynamic dis-
turbances that are known to be present in DN [51]. On the
other hand, as in the previous explanation, the increase in
ROS due to hyperglycemia is central to the pathogenesis of
DN [22, 29], and ROS plays an important role in the induc-
tion and progression of DN [29, 76]. It is clear that oxidative
stress and inflammation, as well as their interactions, have
important roles in the pathogenesis and development of
CKD [77]. Both increase kidney injury through damage to
molecular components [78]. The main pathological mecha-
nisms linking oxidative stress, inflammation, and progres-
sion of CKD include early kidney injury by intra- and
extracellular oxygen-derived radicals and the resulting
inflammation [78]. The kidney is the target organ as well as
the organ that is involved in increasing AGE [79, 80]. The
occurrence of inflammation in DN can also occur through
NF-«B activation induced by an increase in AGE, which will
then be followed by an increase in ROS production [81].
Excessive production of ROS corresponds to activation of
NF-«B and inflammatory cytokines, which are important in
the pathogenesis of DN [82].

3. Approaches to Diagnosis of Classic
Diabetic Nephropathy

3.1. Screening for Diabetic Nephropathy. Conventionally, the
natural history of DN consists of 5 stages, mainly based on
the proposal by Mogensen et al. [83], with microalbuminuria
being the first disorder to occur in individuals suffering from
this complication. This is followed by macroalbuminuria and
decreased kidney function. On this basis, screening and diag-
nosis of DN is still based on the albuminuria assessment.
Based on the (ADA) recommendations, screening is car-
ried out for everyone with type 2 diabetes by measuring renal
function and albuminuria at diagnosis and annually thereaf-
ter; whereas in type 1 DM, it starts after 5 years of diagnosis.
However, because the prevalence of microalbuminuria before
5 years in type 1 DM can reach 18% [84], it is advisable to do
screening since 1 year of diagnosis. In patients with type 2

diabetes, 7% of patients had microalbuminuria when diag-
nosed with diabetes [85]. If the screening test does not
reveal microalbuminuria, then the screening should be
repeated annually for both type 1 and type 2 diabetes
patients [86]. Albuminuria can be measured using spot
urine measuring albumin-creatinine ratio (ACR) or 24-
hour urine, while renal function is recommended using a
serum creatinine basis using (CKD-EPI) [87]. If an increase
in albuminuria is detected, this should be confirmed on
repeat testing over 3 to 6 months; a minimum of two ele-
vated ACR levels more than 3 months apart are required
before an individual is considered to have increased albu-
minuria [88]. Patients with micro- and macroalbuminuria
should undergo an evaluation regarding the presence of
comorbid associations, especially retinopathy and macro-
vascular disease.

3.2. Diagnosis of Classic Diabetic Nephropathy. The definition
of DN is based on current guidelines using four main criteria:
a decline in renal function, diabetic retinopathy, proteinuria,
and a reduction in GFR [89]. However, the hallmark of estab-
lished DN is persistent albuminuria, with coexisting retinop-
athy and no evidence of alternative kidney disease [87].
Practically, DN is a clinical syndrome in DM patients charac-
terized by persistent albuminuria (>300mg/day or >200
ug/min) at 2 out of 3 examinations within 3-6 months, a pro-
gressive decrease in GFR, and hypertension [90].

Basically, natural development of DN differs based on the
type of diabetes and the presence of albuminuria (30-300
mg/day). In type 1 diabetes mellitus, DN rarely manifests
within the first 10 years after diagnosis, but between 10 and
20 years, the incidence of DN is approximately 3% per year
[91]. After 20 years, the incidence rate declines so that people
with normal renal function and normal urinary albumin
excretion after 30 years of type 1 diabetes mellitus (T1DM)
are at lower risk of developing DN [92]. Therefore, the risk
of developing DN varies between individuals and is not only
dependent on duration of TIDM but is also influenced by
other factors [87].



4. Diabetic Nephropathy Nonproteinuric

Classically, DN is characterized by the appearance of protein-
uria followed by a progressive decline in renal function.
However, some diabetic patients develop decreased renal
function and vascular complications without proteinuria,
known as nonproteinuric DN (NP-DN) [15]. Even based
on a survey in the general population, most of patients with
diabetes and CKD have no albuminuria [93]. Based on the
most recent data, it was found that the opposite temporal
trend in the prevalence of albuminuria and a decrease in
eGFR in diabetic patients, i.e., despite regression of microal-
buminuria (decreased prevalence of albuminuria), the
decline in GFR continued [94, 95]. This increased divergence
between albuminuria and decreased eGFR differs from the
classic view, that albuminuria always precedes and leads to
a progressive decrease in GFR. This suggests that the initia-
tion and progression of decreased renal function may also
occur independently of the development of albuminuria.
This concept is supported by the emergence of two new phe-
notypes, i.e., nonalbuminuric/proteinuric kidney disorders
(NP-DN) and progressive renal decline [96]. Albuminuria
and decreased eGFR can occur and continue either together
or separately as complementary or “twin” manifestations of
DN [97]. So, there are two main pathways for the onset and
progression of DN, i.e., albuminuric and nonalbuminuric.
The prevalence of NP-DN in type 2 DM ranges from 45 to
70%, while based on the latest data, its prevalence in type 1
DM is from 50 to 60% [96].

4.1. Pathogenesis of Nonproteinuric Diabetic Nephropathy. In
general, NP-DN is caused by abnormalities in the vascular or
predominantly tubulointerstitial abnormalities [98, 99],
although it can also be a typical disorder [100, 101]. NP-
DN pathophysiological investigations should provide addi-
tional insight into cardiovascular factors affecting kidney
function and disease and provide new treatments for the vas-
cular complications seen in diabetic patients [17]. There are
several possibilities for this NP-DN, including the accompa-
nying vascular disease (there is an increase in interlobar
artery vascular resistance) [102] which causes damage to glo-
merular and tubular structures and interstitial fibrosis [103]:
the result of previous episodes of acute kidney injury (AKI),
which is related to the inherent susceptibility of diabetic
patients [104]; the existence of a well-preserved tubule that
leads to a significant reabsorption of albumin from the glo-
merular filtrate, thus resulting in a diminished albumin
excretion into normoalbuminuric levels [102]; and an
increase in intrarenal arteriosclerosis as opposed to classical
glomerulosclerosis changes present in albuminuric subjects
[104]. The main contributing factors to progression to ESRD
are AKI, as has been proven by Thakar et al. in 2011. In 2019,
Sykes et al. found that AKI events were associated with pro-
gression to renal replacement rate and also with a greater
severity of subsequent AKI [105, 106]. This may explain
why some DN patients have an early decline of GFR with a
minimal amount of albuminuria.

In addition, there are other factors that also play a role:
(1) Increased levels of uric acid, which can damage vascular
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elements and cause endothelial dysfunction through various
mechanisms, including activation of the Toll-like receptor
pathway [107, 108]. Uric acid can also induce renal inflam-
mation, proliferation of vascular smooth muscle cells, and
activation of the RAS [109-112]. (2) Increased concentration
of serum TNF-a [113]. TNF-« is a major mediator of inflam-
mation and is involved in AKI, regulation of blood pressure,
blood flow, inflammation in the renal blood vessels [114-
116], and apoptosis [113]. Thus, elevated levels of TNF-«
can alter renal blood vessels and damage the kidneys. Others
that may play a role are increased levels of osteoprotegerin
and vascular endothelial growth factor (VEGF), which func-
tion in inflammation and angiogenesis, respectively [117].

With regard to prognosis, NP-DN has a better progno-
sis than DN with significant proteinuria. This is in accor-
dance with the understanding so far, that the degree of
proteinuria is a strong predictor of the risk of progression
[101]. However, compared with no kidney disease, NP-
DN was a significant risk factor for death and major cardio-
vascular disease [118].

4.2. Diagnosis of Nonproteinuric Diabetic Nephropathy. The
diagnosis of NP-DN is based on an increase in the Renal
Resistive Index (RRI), which measures renal vascular resis-
tance. RRI measurements have been shown to be reliable
for detecting and monitoring the development of DN and
NP-DN [119-121]. A study in diabetic patients showed an
increased RRI value in diabetic patients without proteinuria
or renal atherosclerosis [122]. Therefore, ultrasound sonog-
raphy provides an effective method to screen, identify, and
monitor hemodynamic and morphological changes in DN
patients [122]. Furthermore, diabetic patients who are identi-
fied as being at high risk for developing DN may qualify for
pharmacological treatment, which may prevent the onset of
DN before the onset of proteinuria [123].

5. Risk Factors of Progressivity of
Diabetic Nephropathy

Hyperglycemia, hypertension, obesity, smoking, race, men,
dyslipidemia, age, and genetic factors are the main risk fac-
tors for the development and progression of DN [124-126].
The incidence of DN is higher for African Americans, Asians,
and Native Americans than for Caucasians [86]. Siblings of
diabetic patients with nephropathy have a 3 times greater risk
of suffering from the same disease than siblings of diabetic
patients without nephropathy [127]. The development of
DN is generally divided into five stages. It is called microal-
buminuria, if the albumin excretion rate is persistent between
30 and 300mg/day (20-200 mg/min). It is called overt
nephropathy if the albumin excretion rate is above 300
mg/day. The presence of albuminuria is associated with an
increased risk of cardiovascular disease and progressive kid-
ney disease. Since DN occurred, the rate of reduction in
GFR and the adverse effects of hypertension began to appear
in patients with type 1 and 2 diabetes. There was a linear
decrease in GFR of 2-20 mL/min/year with the progression
of DN. In the absence of aggressive intervention, DN will
develop into ESRD in 6-7 years on average. The rate of
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decline in renal function after DN varies between patients
and is influenced by additional factors, including blood pres-
sure and glycemic control [128]. Faster development can
occur at heavier degrees of albuminuria and hypertension
[90]. The presence of retinopathy is also a predictor of faster
DN progression [13].

6. Indications of Renal Biopsy in
Diabetic Patients

Currently, renal biopsy for diagnostic purposes is indicated
in cases of atypical presentations that suggest the presence
of other renal disorders that may benefit from specific treat-
ment [96]. Although the true prevalence of nondiabetic kid-
ney disease in diabetic individuals may be <10% [129], this
possibility should always be considered and a kidney biopsy
must be performed in the presence of certain clinical criteria:
(1) short-duration type 1 diabetes, (2) diagnosis of autoim-
mune disease, (3) mild or absent retinopathy, (4) red cell
casts in urine (active urinary sediment), (5) significant and
persistent proteinuria [130, 131], and (6) family history of
nondiabetic forms of kidney disease [87].

7. Approaches to Management of
Diabetic Nephropathy

In classic DN patients, standard therapy still focuses on glu-
cose and blood pressure control, with the target of halting
DN progression and regression of albuminuria. This albu-
minuria regression target is based on the assumption that
decreased albuminuria in diabetic individual results in better
renal and CVD outcomes [132]. However, this approach has
been shown to only be able to slow down the rate of develop-
ment but not to stop or reverse the disease [14], so that the
prevalence of DN is still increasing. Based on a series of
cross-sectional studies conducted in a Japanese diabetic pop-
ulation, it has been demonstrated that the prevalence of DN
has increased from 18.5% in 1996 to 25.6% in 2014 [95].
However, albuminuria remains a strong predictor of eGFR
decline and a main target of renoprotective therapy, espe-
cially in the setting of moderate-to-severe impairment of
renal function [96]. One of the most important risk factors
for the development of kidney disease in diabetic patients is
the onset and persistence of proteinuria [132]. In addition
to the above approaches, other nonspecific measures must
still be implemented, including weight loss, protein restric-
tion, lipid lowering and smoking cessation [133]. Overweight
and obesity increase hyperfiltration and specific hormonal
dysregulation associated with adipokines that play a role in
DN [134]. Weight loss in obese diabetic patients has been
shown to reduce albuminuria [135].

In NP-DN patients, the main underlying abnormality is
vascular, the principle of targeted therapy as well as cardio-
vascular risk factors that is seen in diabetic patients. In recent
years, pharmacological alternatives for DN, such as heparin
or heparin derivatives (Sulodexide) and antibody therapy,
have been proposed for treating glomerular vascular syn-
drome [17].

7.1. Blood Glucose Control

7.1.1. Target of Hemoglobin Alc (HbAlc). Adequate glucose
control is a standard foundation in preventing the develop-
ment and progression of DN. The United Kingdom Prospec-
tive Diabetes Study (UKPDS) and the Action in Diabetes and
Vascular disease: Preterax and Diamicron-MR Controlled
Evaluation (ADVANCE) studies have shown that intensive
therapy reduces the risk of diabetic microvascular complica-
tions, including DN. The UKPDS study identified a direct
association between the risk of diabetes-related complica-
tions and glycemic levels, without specifying a “safe” thresh-
old for glycemia [136]. Meanwhile, the ADVANCE study
found a nonlinear relationship between HbAlc levels and
the risk of microvascular complications. For HbAlclevels
< 6.5%, there was no evidence of reduced risk of microvascu-
lar complications; whereas, HbAlc > 6.5% was associated
with microvascular complications. Each 1% increase in
HbA 1c was associated with a 40% greater risk of microvascu-
lar complications [137]. Based on this research, the recom-
mended target for HbAlc based on ADA is 7.0% [138].
Kidney Disease Outcomes Quality Initiative (KDOQI) rec-
ommends individualization in treatment intensity according
to patient characteristics to avoid the risk of severe hypogly-
cemia [139].

7.1.2. Antidiabetic Drug Options. The management of hyper-
glycemia in CKD, especially those accompanied by a decrease
in GFR is a challenge, which requires a more specific under-
standing, especially in relation to drug choice [96]. DN
patients are usually older, with a longer duration of diabetes,
more often with comorbidities, so there is a potential for
interactions with antihyperglycemic drugs [140]. Drug
options are also more limited, although they have increased
substantially over the past few decades. Detailed knowledge
is required of the choice of drugs that can be used safely
and the effect of kidney disease on the metabolism of these
drugs. In general, it is recommended to use insulin. However,
some oral antidiabetic drugs can still be used with attention
adjusted to the patient’s GFR. Second generation sulfonyl-
urea groups, such as glipizide and gliclazide, are not contra-
indicated in patients with renal dysfunction, since they are
metabolized by the liver and excreted in the urine as inactive
metabolites [141, 142]. More caution is needed when using
glipizide if the GFR is <30 cc/minute; be careful of glimepir-
ide at a GFR < 60 cc/minute and avoid it when the GFR is
<30 cc/minute, whereas gliclazide can be used without dose
adjustment [143, 144]. Repaglinide can be given without dose
adjustment (more caution is needed if the GFR is <30 cc/mi-
nute) [145]. Incretin-based treatment, dipeptidyl peptidase-4
(DPP-4) inhibitors, and glucagon-like peptide (GLP-1) ago-
nists in general can be used with some drugs requiring dose
adjustment, whereas sodium-glucose cotransporter (SGLT2)
inhibitors are generally not recommended in patients with
GFR < 45 cc/minute [144, 146].

The insulin sensitizers, biguanides and thiazolidine-
diones, and the inhibitors of a-glycosidase are associated
with low risk of hypoglycemia [96]. Because metformin is
not metabolized by the liver and is excreted unchanged by



the kidneys [147], the plasma concentration in patients with
renal impairment will increase so that metformin is contrain-
dicated in these individuals. Avoid using metformin at GFR
< 30 cc/minute, and it is not recommended as a new therapy
for GFR between 30 and 44 cc/minute. Meanwhile, pioglita-
zone is completely metabolized by the liver, so there is no
need to adjust the dose for impaired renal function. Acarbose
is metabolized by intestinal bacteria, with the production of
several metabolites, and only a small amount of the drug is
absorbed. But because the evidence in patients with severe
renal insufficiency is still limited, acarbose should be avoided
in individuals with very low eGFR [143, 144].

(1) DPP-4 Inhibitors. DPP-4 inhibitors are inhibiting the
DPP-4 enzyme, increasing levels of endogenous glucagon-
like peptide- (GLP-) 1, which promotes insulin secretion
but inhibits glucagon secretion, so that blood glucose levels
decrease [148]. DPP-4 inhibitors can be used in patients with
impaired renal function, although at reduced doses (except
for linagliptin, which does not require dose adjustment), they
are weight neutral and have a very good safety profile [96].
Recent data suggest that DPP-4 inhibition is associated with
a pleiotropic effect on cardiorenal protection. Apart from the
glucose-lowering effect, this drug has a renoprotective effect
through antioxidant and anti-inflammatory mechanisms,
and it is antifibrotic through suppression of TGF- -mediated
signaling [149-151]. DPP-4 is expressed in most of the spe-
cific organs and cells, with relatively high concentrations
and activities found in the kidney, especially in the brush bor-
ders of proximal tubular cells [152, 153].

(2) SGLT2 Inhibitors. SGLT2 inhibitors are oral hypoglyce-
mic drugs that reduce renal glucose uptake, thereby increas-
ing urinary glucose excretion and reducing hyperglycemia
[154]. Based on the EMPA-REG outcome study (Empagliflo-
zin Cardiovascular Outcome Event Trial in Type 2 Diabetes
Mellitus Patients), empagliflozin also inhibits the progression
of kidney disease, which is characterized by a 39% reduction
in worsening nephropathy or cardiovascular death [155].
Renoprotective mechanisms of SGLT2 inhibitors that do
not depend on glycemic control include blood pressure con-
trol through decreased vascular resistance, weight loss,
reduction in intraglomerular pressure so as to prevent the
development of glomerular hyperfiltration, and decreased
proximal tubular injury biomarkers [156-158]. Hyperten-
sion and obesity alone are also risk factors for DN [154].
The CANVAS study (Canagliflozin Cardiovascular Assess-
ment Study) has also shown decreased nephropathy through
decreased progression of albuminuria, decreased worsening
of GFR, and reduced need for renal replacement therapy or
death from kidney causes [159].

7.2. Blood Pressure Control. Based on the UKPDS study, a 10
mmHg reduction in systolic blood pressure was associated
with a reduction in diabetic microvascular complications,
including nephropathy. ADA recommends a blood pressure
reduction target of <140/90 mmHg [160], and KDOQI rec-
ommends a BP of <140/90 mmHg for diabetes without albu-
minuria, whereas for diabetes with albuminuria it is <130/80
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mmHg [161]. The 2012 KDIGO guidelines maintain strict
blood pressure recommendations for proteinuric patients,
regardless of etiology [162]. To control blood pressure, it is
recommended to use RAAS inhibitors, i.e., Ang-II receptor
blockers (ARBs) or angiotensin converting enzyme (ACE)
inhibitors [159]. This recommendation is based on the pres-
ence of a lot of research evidence, that inhibition of RAAS is
the single most effective therapy to slow the progression of
DN to ESRD [159, 163]. Several studies such as IDNT (Irbe-
sartan Diabetic Nephropathy Trial), RENAAL (Reduction in
End-Points in Noninsulin-Dependent Diabetes Mellitus with
the Ang-II Antagonist Losartan), IRMA-2 (Effect of Irbesar-
tan in the Development of Diabetic Nephropathy in Patients
with T2DM), ROADMAP (Randomized Olmesartan and
Diabetes Microalbuminuria Prevention), and the Captopril
study all demonstrated inhibition of DN progression [163].
However, the combination of ARBs with ACE inhibitors is
not recommended, because there is less evidence of a benefit
from this combination on cardiovascular disease or DN com-
pared to monotherapy, in addition to the increased incidence
of side effects such as hyperkalemia [154]. Based on experi-
mental studies and small-scale clinical studies, nondihydro-
pyridine calcium channel blockers, diltiazem has also been
shown to slow the rate of progression of DN, whereas dihy-
dropyridines have varied effects on albumin excretion [163].

8. New Potential Therapeutic Strategies

It has been shown that the standard management strategy for
DN, which is strict glucose control and blood pressure with
RAAS blockade as described above, is only able to slow down
the rate of progression but not stop or reverse the disease.
Therefore, new drugs targeting DN pathomechanisms, such
as oxidative stress and inflammation, have become a major
focus for the development of new therapies [164].

8.1. Mineralocorticoid Receptor Antagonists. Besides the
function of regulating sodium balance through mineralocor-
ticoid receptor activation, aldosterone also has the effect of
increasing inflammation and fibrosis [165]. The addition of
aldosterone blockers to standard therapy has provided addi-
tional benefits in several clinical trials [166, 167]. This drug
has shown a slight renoprotective advantage over ACE-
inhibitor or ARB therapy [168]. However, the use of mineral-
ocorticoid receptor antagonists (MRA), spironolactone and
eplerenone, should be closely monitored as they increase
the risk of hyperkalemia, especially in patients with diabetes
and CKD.

8.2. Endothelin Receptor Antagonists. Endothelin 1 (ET-1) is
a strong vasoconstrictor and mitogenic factor that exhibits
vasoactive, inflammatory, and profibrogenic properties and
has implications for cardiovascular disease and CKD. ET-1
contributes to renal fibrosis through various mechanisms,
promotes the accumulation of extracellular matrix compo-
nents and endothelial cell proliferation, stimulates the
epithelial-mesenchymal transition, and increases the produc-
tion of cytokines and growth factors [169]. In phase III clin-
ical trials, the ET receptor antagonist, avocentan, decreased



BioMed Research International

albuminuria; however, the trial was terminated prematurely
due to the drug’s effect on significantly increasing fluid over-
load and the incidence of congestive heart failure. Such side
effects may be due to the natriuretic effect of endothelin-B
receptor inhibition [170].

8.3. Vitamin D Receptor Activators (VDRA). 1,25-Dihydrox-
yvitamin D3 (1,25(OH)2D3) is a hormonal form of vitamin
D, which is an endocrine hormone with various physiological
functions [171]. It has been shown that 1,25(0OH)2D3 func-
tions as a negative endocrine regulator of RAS [172]. Activa-
tion of vitamin D receptors has anti-inflammatory,
immunological, and nephroprotective action [173]. On that
basis, therapy with VDRA (paricalcitol or calcitriol) may
have some protection in DN. Based on findings from the
Third National Health and Nutrition Examination Survey
(NHANES III) in the population, a decrease in 25(OH)D2
concentrations is associated with an increased prevalence of
albuminuria and there is an independent relationship
between VD and DN deficiency. With progressive DN, the
VD insufficiency becomes more severe [174]. Based on the
subanalysis of PRONEDT’s research, it shows that lower 25-
OH-vitamin D levels have been independently linked to
DN progression [175].

A systematic review including clinical trials of the effects
of active vitamin D (both paricalcitol and calcitriol) on the
control of proteinuria in CKD patients concluded that these
drugs provide a significant reduction in proteinuria in addi-
tion to blockade of the renin-angiotensin system [176]. An
important mechanism underlying the renoprotective effect
of VDR activator (VDRA) is related to protection against
podocyte injury and inhibition of podocyte apoptosis [177].
This is evidenced by the growing evidence of the last few
years which showed that podocytes express VDR, and the
VD/VDR signaling pathway has potent renal protective
activity against DN [178]. Another study also reported that
1,25(0OH)2D3 can reduce hypercorrection levels of fibroblast
growth factor 23 (FGF23) which is also a risk factor for DN
development and can damage podocytes [179]. Based on
the above studies, this strongly supports the recommenda-
tion of vitamin D supplementation for the prevention and
management of DN.

8.4. Therapies Targeting Inflammation. Pentoxifylline (PTF)
is a methylxanthine-derived phosphodiesterase inhibitor
which is used primarily to treat peripheral vascular disease,
as it has beneficial effects on microcirculatory blood flow
[18]. A meta-analysis reported a substantial antiproteinuric
effect of PTF in patients with DN, whose effect was thought
to be due to a decrease in proinflammatory cytokines [180].
A randomized controlled trial reported that adding a low
dose of pentoxifylline (400 mg daily) in 50 patients with
T2DM who received multiple RAS blockade therapy (losar-
tan and enalapril) resulted in a decrease in urinary protein
excretion from 616 mg/day at baseline to 192 mg/days at 6
months (p <0.001) [181]. Whereas in the Pentoxifylline for
Renoprotection in Diabetic Nephropathy study (PREDIAN
trial) which also evaluated the effect of PTF in type 2 DM
patients with CKD stages 3-4 with residual albuminuria

despite maximized RAS inhibitor treatment, it shows that
after 24 months of therapy, eGFR decreased by 2.1+ 0.4mL
/minute/1.73 m? in the treatment group, and there was a sig-
nificant difference (p < 0.001) compared to a decrease of 6.5
+0.4 mL/minute/1.73 m? in the control group. The differ-
ence between groups in the change in albuminuria between
groups was also significant (5.7 vs. -14.9%; p = 0.001) [182].
High glucose causes a proinflammatory response in tubu-
lar cells and podocytes which is characterized by chemokine
secretion that triggers renal inflammation [183]. Emapticap
Pegol is a monocyte chemoattractant protein-1/chemokine
(C-C motif) ligand 2 (MCP-1/CC2) antagonist evaluated in
a phase 2, placebo-controlled trial in DN patients with resid-
ual macroalbuminuria while on RAS inhibitor therapy. After
12 weeks, the urinary albumin-to-creatinine ratio (UACR)
was 29% lower compared to baseline, but there was no signif-
icant difference with the placebo group. A difference of 26%
(p =0.06) between emapticap and placebo was seen 8 weeks
after discontinuation of treatment [60]. Whereas CCX140-
B is a selective CCR2 inhibitor. In a double-blind, placebo-
controlled trial in DN patients with proteinuria, eGFR 25
mL/minute/1.72 m” or higher, and who received RAS inhib-
itors, CCX140-B therapy was administered at a dose of 5
mg or 10 mg. Treatment with a 5mg dose resulted in a signif-
icant 18% reduction in albuminuria compared with the pla-
cebo group. This effect lasted for 52 weeks of study [184].

8.5. Therapies Targeting Free Radicals. The human body has
antioxidants as a defense mechanism that counterbalances
the effects of oxidants. Antioxidants are divided into enzy-
matic and nonenzymatic antioxidants. The main enzymatic
antioxidants are superoxide dismutase (SOD), catalase, glu-
tathione peroxidase (GSH-Px), haem oxygenase-1 (HO-1),
and thioredoxin. The main nonenzymatic antioxidants are
glutathione (GSH), vitamins (vitamins C and E), and f-car-
otene [185, 186]. They are low molecular weight compounds
and are found in plasma, extracellular fluid, intracellular
fluid, lipoproteins, and membranes [187]. The principle in
radical-based therapy is an intervention that can reduce or
control the production of ROS and increase endogenous
antioxidant activity and/or exogenous antioxidant therapy.
Because hyperglycemia is the primary controller of oxidative
stress, tight glycemia control remains the cornerstone of cur-
rent standard therapeutic approaches. Therapy with RAAS
blockers has been shown to have therapeutic potential in
the treatment of DN. Telmisartan ARB, in addition to reduc-
ing albuminuria [188], also has antioxidant properties by
increasing the activity of a superoxide-scavenging enzyme,
ie, SOD, by reducing NOX, an enzyme responsible for
superoxide production [189, 190].

8.5.1. Resveratrol. Resveratrol is a natural polyphenol com-
pound that has been reported to have beneficial effects on
cardiovascular disease, including kidney disease [191, 192].
Resveratrol is a natural antioxidant, which is known to be a
strong scavenger of superoxide, hydroxyl radicals, and perox-
ynitrite [193]. Apart from scavenging ROS, resveratrol also
has many protective effects against age-related disorders,
including kidney disease, through activation of Sirtuin 1
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(SIRT1). Resveratrol is expected to be a useful complemen-
tary therapy for preventing kidney injury [191].

8.5.2. Nrf2 Activators. Activation of Nrf2 reduces renal
inflammation by suppressing macrophage inflammatory
response by blocking the transcription of proinflammatory
cytokines including IL-1 and IL-6 [194]. The transcription
factor, Nrf2, is a major regulator of redox homeostasis and
cellular detoxification responses. Activation of Nrf2 results
in a combined upregulation of several antioxidant enzymes
and cytoprotective genes, making it an attractive therapeutic
target against diabetic complications. In the future, Nrf2 acti-
vation is expected to be an important therapeutic strategy in
preventing the development of diabetic complications [58].
Bardoxolone methyl is a synthetic triterpenoid activator of
the transcription factor Nrf2 and an inhibitor of NF-xB
[195]. The BEAM (52-week bardoxolone methyl treatment:
renal function in CKD/type 2 diabetes) shows that bardoxo-
lone methyl was associated with improvement in the esti-
mated GFR in patients with advanced CKD and type 2
diabetes at 24 weeks [196]. The improvement persisted at
52 weeks, suggesting that bardoxolone methyl may have
promise for the treatment of CKD. The BEACON study also
demonstrated the results of bardoxolone methyl inducing an
increase in GFR, but this study was discontinued, for safety
reasons related to heart failure due to fluid retention [196,
197]. On the other hand, other Nrf2 activators such as
dimethyl fumarate are currently used to treat multiple sclero-
sis [198], as well as research exploring the safety and tolera-
bility of the bardoxolone methyl formulation RTA 402.
Thus, the Nrf2 drive for DN cannot be completely dismissed.
The successful and safe use of other indications or the obser-
vation of better renal outcomes in multiple sclerosis patients
may trigger second-round interest in bardoxolone methyl or
other Nrf2 activators for DN [199].

9. Conclusions

The development and progression of DN are associated with
numerous risk factors. In addition, DN patients are usually
older, with longer duration of diabetes, and more often with
comorbidities, so the therapeutic regimen of DN is usually
multifactorial, which includes tight glycemic control, blood
pressure control using RAAS inhibitors, lipid-lowering
agents, weight loss, protein restriction, and smoking cessa-
tion. Although blood glucose and blood pressure levels are
well controlled, and nonspecific measures are also imple-
mented, the progression of DN cannot be stopped. Many
diabetic patients develop ESRD, and disproportionate
spending on health care becomes a tremendous socioeco-
nomic burden on society. Therefore, there is an urgent need
to improve the mechanistic understanding of DN and then
develop new and effective therapeutic approaches to delay
the development of DN. Also, to assess the success of the
therapy, the reliable markers used in the progression of
DN and ESRD should be identified. The use of this reliable
marker is also important because many patients have DN
without albuminuria (NP-DN).
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In the future, it appears that vitamin D receptor activa-
tors (VDRA) and incretin-related drugs for glycemic control
(DDP4 inhibitors and GLP-1 agonists) are promising thera-
pies for stopping the progression of DN. Likewise, new drugs
targeting DN pathomechanisms, such as oxidative stress, and
inflammation have been a major focus for the development
of new therapies.
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