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Despite recent advances in the management of chronic kidney disease (CKD), morbidity and mortality
rates in these patients remain high. Although pressure-mediated injury is a well-recognized mechanism of
disease progression in CKD, emerging data indicate that an intermediate phenotype involving chronic
inflammation, oxidative stress, hypoxia, senescence, and mitochondrial dysfunction plays a key role in the
etiology, progression, and pathophysiology of CKD. A variety of factors promote chronic inflammation in
CKD, including oxidative stress and the adoption of a proinflammatory phenotype by resident kidney cells.
Regulation of proinflammatory and anti-inflammatory factors through NF-kB- and nuclear factor, erythroid
2 like 2 (Nrf2)-mediated gene transcription, respectively, plays a critical role in the glomerular and tubular
cell response to kidney injury. Chronic inflammation contributes to the decline in glomerular filtration rate
(GFR) in CKD. Whereas the role of chronic inflammation in diabetic kidney disease (DKD) has been well-
elucidated, there is now substantial evidence indicating unresolved inflammatory processes lead to
fibrosis and eventual end-stage kidney disease (ESKD) in several other diseases, such as Alport syndrome,
autosomal-dominant polycystic kidney disease (ADPKD), IgA nephropathy (IgAN), and focal segmental
glomerulosclerosis (FSGS). In this review, we aim to clarify the mechanisms of chronic inflammation in the
pathophysiology and disease progression across the spectrum of kidney diseases, with a focus on Nrf2.
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P ressure-mediated injury is a well-recognized mech-

anism for structural damage in CKD.' ’ Therapies
that decrease intraglomerular pressure (angiotensin-
converting enzyme inhibitors or angiotensin-receptor
blockers) are frequently used for the treatment of
CKD and have consistent effects on pathogenic mecha-
nisms related to blood pressure and proteinuria. Never-
theless, the effects of angiotensin-converting enzyme
inhibitors and angiotensin-receptor blockers on clini-
cally meaningful outcomes, including slowing the pro-
gressive loss of kidney function and decreasing the
incidence of ESKD, are more modest.” ” To attenuate,
arrest, or reverse CKD progression, nephrologists will
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need to target pathogenetic mechanisms other than
altered glomerular hemodynamics. 1011

Chronic inflammation and mitochondrial dysfunc-
tion are increasingly recognized as contributing to
kidney fibrosis and ESKD.'*'” Regardless of CKD eti-
ology, chronic inflammation is likely to be present as
both a cause and a consequence of glomerular and
tubulointerstitial pathology.'*'*"” In many forms of
CKD, proteinuria is a well-recognized predictor of
disease progression'® and patients with asymptomatic
proteinuria exhibit low-grade inflammation linked to
endothelial dysfunction.'” Whereas proteinuria con-
tributes to the pathology of CKD by inducing adverse
changes in glomerular function, such as lack of selec-
tivity of the glomerular barrier, glomerular hypertro-
phy,”” and direct damage to tubule epithelial cells, it
also does so by promoting chronic inflammation.”'"**
Results from a comprehensive pathway map analysis

of gene sets linked to estimated GFR in 157 European
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Figure 1. Inflammation and metabolism in CKD progression.?® Inflammation and metabolism are 2 main pathways leading to CKD progression,
with Nrf2 serving as the hub. Reproduced with permission from the American Society of Nephrology, from: Integrative biology identifies shared
transcriptional networks in CKD, Martini S et al., Vol 25, Issue 11, copyright 2014; permission conveyed through Copyright Clearance Center, Inc.

CKD, chronic kidney disease.

patients with 9 different types of CKD indicated that
inflammation and metabolism were the 2 main pathways
in the pathology leading to CKD progression (Figure 1).”’
Steady-state mRNA expression profiles across multiple
etiologies of CKD revealed up-regulation of proin-
flammatory genes, including human leukocyte antigen
isoforms, Toll-like receptors 1 and 3, and NF-kB1.”” This
analysis revealed gene and protein interactions and
defined known and novel mechanisms, which drive
biological impairment across several kidney diseases,
including thin basement membrane disease, FSGS,
membranous nephropathy, minimal change disease,
diabetic nephropathy, hypertensive nephropathy,
IgAN, and lupus nephritis.”’ Importantly, nuclear fac-
tor, erythroid 2 like 2 (Nrf2) anti-inflammatory pathway,
discussed in detail subsequently in this review, served
as a hub between 2 clusters of inflammatory and meta-
bolic pathways activated across multiple etiologies of
CKD, suggesting a common mechanism of inflammation
and metabolism regulation.”” The aim of this compre-
hensive review is to discuss the role of inflammation and
Nrf2 in the progression of CKD of different etiologies.

Chronic Inflammation in the Progression of CKD
Chronic Inflammation and Oxidative Stress

2

Persistent low-grade inflammation® and oxidative
stress (i.e., elevation of reactive oxygen species [ROS])*’
are partners in crime and common hallmarks of the
uremic phenotype that promotes premature aging”
and kidney fibrosis.””*® Inflammation and oxidative
stress participate in a positive feedback loop, in which
each amplifies the other.”” Oxidative stress induces
inflammation by activating NF-KB with the subsequent
production of cytokines (e.g., interleukin [IL]-1d,
IL-1PB, tumor necrosis factor [TNF], IL-6)"" * associated
with the progressive decline in estimated GFR.’’ Data
derived from the Chronic Renal Insufficiency Cohort
study revealed that circulating IL-6 and TNF receptor 2
are associated with incident CKD** and that TNF re-
ceptor 2 is independently associated with a more rapid
loss of kidney function in CKD.”

Resident Kidney Cells in Chronic Inflammation

CKD progression occurs mainly by kidney fibrosis, a
process in which activated myofibroblasts are the main
collagen-producing cells.”” *® Collagen, predominantly
fibrillar collagens I and III, is a major contributor to
fibrosis-induced cellular loss in CKD.” Among a
number of approaches that reduce experimental
fibrosis, such as targeting transcription factors,
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signaling and developmental pathways, and epigenetic
modulators, such as microRNAs, anti-inflammatory
approaches have received recent attention.'' As noted
previously, chronic inflammation is closely linked to
both CKD initiation and progression.”” *’ In contrast to
inflammation, which 1is a natural
response to kidney injury44'45 that plays a role in
kidney tissue repair after exposure to harmful stimuli,
chronic inflammation is a maladaptive response that
results from persistent stimulation of proinflammatory
signaling pathways.” 7%

Although acute inflammation is marked by infil-

acute immune

trating white blood cells,” chronic inflammation is
characterized by the activation of resident kidney cells
that exhibit a proinflammatory phenotype.”” " Acti-
vation of resident kidney cells, including mesangial
cells, endothelial cells, tubular epithelial cells, and
podocytes, results in the production of proin-
flammatory chemokines responsible for perpetuating
the cycle of chronic inflammation that eventually leads
to kidney fibrosis and loss of kidney function
(Figure 2).°%>>>*

Increased levels of inflammatory cytokines and
deposition of extracellular matrix (ECM) causes tubu-
lointerstitial fibrosis, mesangial expansion, and a sub-
sequent decline in GFR.”” On activation, mesangial cells
release chemokines and cytokines, which act locally on
mesangial cells, other resident glomerular cells, and
leukocytes. In the presence of chronic mesangial cell
activation, ECM expansion in the interstitial space
causes interstitial fibrosis, which leads to glomerulo-
sclerosis.”’ In the classic 5/6 nephrectomy CKD model,
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NF-KB is activated and transforming growth factor beta
(TGE-B) is up-regulated.”® NF-KB is a regulator of
proinflammatory genes that orchestrates and produces
hundreds of inflammatory cytokines and media-
tors.”*”"® Activation of TGE-P causes progressive
fibrosis.” Podocytes express TGE-P after the onset of
proteinuria,””  which subsequently promotes the
transformation of epithelial and mesangial cells into
fibroblasts and myoﬁbroblasts.2 TGF-B also causes
podocytes to produce ECM proteins that accumulate in
the tubulointerstitium.”” TGF-f is synthesized by
tubular epithelial cells and myofibroblasts at various
stages throughout the process of kidney fibrosis.”’

Proinflammatory Mediators in CKD

Glomerular damage results from the failure to eradicate
harmful proinflammatory stimuli in glomerular cells or
genetic mutations leading to a proinflammatory
state.””*"” Factors that may contribute to a proin-
flammatory tubular cell response include release of
cytokines, leakage of albumin and complement pro-
teins, hypoxia resulting from endothelial dysfunction,
and direct injury owing to immunologic, infectious,
toxic, metabolic, or ischemic insults.'” Moreover,
senescence of tubular cells and podocytes promoting a
senescence-associated  secretory  phenotype with
increased local secretion of inflammatory proteins links
loss of kidney function to tissue inflammation.”’ Kid-
ney hypoxia/ischemia contributes to progression of
kidney disease by both inflaimmation and oxidative
stress.”” Since Nrf2 deficiency enhances susceptibility
to ischemia-reperfusion-induced kidney injury,”’ up-
regulation of Nrf2 may protect vulnerable kidneys
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Figure 2. Activation of resident kidney cells contributes to chronic inflammation in CKD.%® Resident kidney cells proliferate and produce
proinflammatory chemokines responsible for perpetuating the cycle of chronic inflammation leading to kidney fibrosis. Adapted by permission
from Springer Nature. Nat Rev Immunol. The immune system and kidney disease: basic concepts and clinical implications. Kurts C et al.
Copyright 2013. IFN-q, interferon alpha; IL-6, interleukin 6; TNF, tumor necrosis factor.
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against repeated episodes of ischemia during adverse
clinical events.

Tubular cell activation promotes further damage
through interstitial leukocyte recruitment and activa-
tion, secretion of profibrotic growth factors (e.g.,
platelet-derived growth factor, connective tissue
growth factor, and TGF-f}), and stimulation of myofi-
broblast accumulation and activation resulting in
interstitial collagen deposition and fibrosis.'”** The
multiple inflammatory mediators involved in the com-
plex processes of chronic inflaimmation, remodeling,
fibrosis, and loss of kidney function are summarized in
Figure 3.°° Genetic and epigenetic factors are strong
determinants of inflammation in CKD.*”*” One exten-
sive analysis indicated that genotype is correlated with
the presence of inflammation in patients with CKD, as
defined by circulating levels of high-sensitivity CRP,
whereas phenotypic features less effectively distin-
guish patients with inflammation from those without.”

Proinflammatory Role of NF-kB in CKD

In CKD, the activation of ROS-generating enzymes
(e.g., nicotinamide adenine dinucleotide phosphate
oxidase and xanthine oxidase) contributes to elevated
oxidative stress in the kidney.”” Oxidative stress trig-
gers activation of NF-KB, enhancing the inflammatory
response. NF-KB orchestrates and stimulates the pro-
duction of a variety of inflammatory cytokines and
mediators.” "’ Cytokines produced from many
resident kidney cells recruit macrophages to damaged
tissue, which results in increased production of
proinflammatory factors and progressive
glomerulosclerosis.”’

Anti-inflammatory Role of Nrf2 in CKD

Nrf2 represents a critical cellular factor that evolved as
a protection against oxidative stress when organisms
hundreds of millions of years ago began to explore the
world above the oceans and were exposed to oxy-
gen.68771 A member of the bZIP family of transcription
factors—specifically in the CNC subfamily—Nrf2 has 7
structural domains (Nehl to Neh7) with varying
functions. Nrf2 heterodimerizes with sMaf proteins K,
G, and F within the nucleus, which facilitates recog-
nition of an enhancer sequence known as an antioxi-
dant response element that is found in the regulatory
regions of more than 250 genes.”’"’* "

The Role of Nrf2 in Regulating Inflammation

Nrf2 protects kidney cells and other tissues by upre-
gulating an array of genes and consequently attenu-
ating the production of proinflammatory cytokines.'’
Molecules with levels that are increased by Nrf2
include catalase, superoxide dismutase, glutathione
peroxidase, heme oxygenase-1, reduced nicotinamide
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Figure 3. Mediators of chronic kidney disease.® Various inflammatory
mediators are involved in the complex processes leading to the loss of
kidney function. Adapted with permission from Elsevier. Originally
published in Eur J Pharmacol. Vol 820. Lv W et al. Inflammation and
renal fibrosis: recent developments on key signaling molecules as
potential therapeutic targets. Pages 65 to 76. Copyright 2018, Elsevier.
ECM, extracellular matrix, EMT, epithelial-mesenchymal trans-
differentiation; GFR, glomerular filtration rate; ROS, reactive oxygen
species; TNF, tumor necrosis factor; TGF-B, transforming growth factor
beta; TWEAK, TNF-like weak inducer of apoptosis.
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adenine dinucleotide phosphate quinone oxidoreduc-
tase, and glutamate-cysteine ligase.'” An equilibrium
between protein synthesis and proteasomal degradation
is required to maintain the intracellular concentration
of Nrf2 at a low level.”” The cytosolic inhibitor Keapl
binds to Nrf2 in the cytoplasm.®””""

Under normal conditions, Keapl targets Nrf2 for
degradation by the ubiquitin-proteasome system
(Supplementary Figure S1).””’® Under conditions of
oxidative stress, electrophiles and ROS alter the
conformation of Keapl by forming direct adducts with
specific sensor cysteine residues.””’® Such modifica-
tions alter the interaction between Keapl and Nrf2,
resulting in decreased Nrf2 degradation in cells
exposed to oxidative stress. Nrf2 then translocates into
the nucleus where it activates the transcription of its
target genes.

Nrf2 also directly suppresses the expression of
proinflammatory NF-KB target genes by binding to
their promoters and inhibiting transcription.”” The
substantial crosstalk between Nrf2 and NF-KB path-
ways controls the expression of multiple downstream
target genes.”” Thus, the Keapl-Nrf2 system plays a
key role in the resolution phase of inflammation by
opposing oxidative damage and through inhibition of
proinflammatory NF-KB signaling.”*”"*

Evidence from the animal kingdom suggests that
Nrf2-based antioxidant defense mechanisms have
evolved to protect species during extreme conditions.*®
Inhibition of Nrf2 activity promotes stress-induced
premature senescent phenotype®' and Nrf2 expression
decreases with aging in mice.*” Based on recent find-
ings showing that down-regulation of Nrf2 activity
promoted oxidative stress and accelerated cellular
senescence, it was suggested that drugs targeting Nrf2
signaling could suppress cellular senescence-associated
pathologies.®’ Since the activity of Nrf2 is reduced in
Hutchinson-Gilford progeria syndrome, a rare syn-
drome of premature aging,” and a study of Nrf2
knockout mice stressed by space travel showed
increased generation of age-associated metabolites,”’
Nrf2 may play a protective role in aging processes.
Indeed, persistent low-grade inflammation (i.e.,
“inflammaging”) and decreased Nrf2 expression are
prominent features of CKD and other burden-of-
lifestyle diseases associated with premature aging.’®
Kidney fibrosis and epithelial-mesenchymal transi-
tion—a process in which differentiated epithelial cells
undergo a phenotypic conversion that generates
matrix-producing fibroblasts and myofibroblasts—
contribute to aging in the kidney®® and may reflect a
premature aging process confined to the kidney tis-
sue.'' As other organs undergo premature aging pro-
cesses in the inflamed uremic milieu, progression of
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kidney disease due to fibrosis and inflammation often
associate with the parallel development of a uremic
phenotype characterized by vascular calcification, sar-
copenia, osteoporosis, etc (Supplementary Figure $2).%

The Role of Nrf2 in Kidney Disease

Results from multiple studies highlight the critical role
of Nrf2 in kidney disease.” ”' A recent systematic re-
view of 32 studies concludes that whereas Nrf2
expression was consistently downregulated in CKD,
NQO1, and HO-1 showed varying alterations related to
inflammation, comorbidities, and severity of kidney
damage.” Jiang et al.” showed that kidney biopsy
specimens from patients with DKD demonstrated high
levels of glucose-induced ROS in mesangial cells as well
as activation of Nrf2 and downstream genes. By
immunohistochemistry, it was demonstrated that
whereas Nrf2 was expressed at low levels in normal
glomeruli, it was up-regulated in glomeruli from pa-
tients with DKD.”” In contrast, an analysis of 20 pa-
tients on hemodialysis, 20 additional patients with
nondialysis-requiring CKD, and 11 healthy in-
dividuals that included evaluation of Nrf2 and NF-KB
expression with real-time polymerase chain reaction
showed that Nrf2 gene expression was reduced and
NF-KB expression increased in peripheral blood
mononuclear cells from patients on hemodialysis
compared with those from healthy individuals and
patients with nondialysis-requiring CKD.”’

Animal experiments also demonstrate a key role for
Nrf2 in controlling uremic inflammation. Nrf2-
knockout mice administered streptozotocin have
higher ROS production and more pronounced oxida-
tive DNA damage and kidney injury vs similarly
treated wild-type animals.®” Impaired Nrf2 activation
has also been associated with kidney fibrosis and dis-
ease progression in a mouse model of focal glomerulo-
sclerosis.” In accordance, impaired Nrf2 signaling and
NF-KB activation promote inflammation and oxidative
stress in a mouse remnant kidney model.' ™"’

Nrf2 activation also prevents or attenuates fibrosis.
Unilateral ureteral obstruction in mice results in the
down-regulation of Keapl, allowing for the rapid
accumulation of Nrf2 in the nucleus and induction of
Nrf2-dependent gene expression, which prevents
generation of ROS. However, longer-term obstruction
leads to a progressive reduction in nuclear Nrf2 as well
as reduced levels of antioxidants and increased oxida-
tive stress, inflammation, fibrosis, and tubular dam-
age.”® These studies reveal the potential variability of
Nrf2 expression in CKD based on disease progression
since Nrf2 may be up-regulated in early stages due to
ROS but can be downregulated as the disease worsens
and inflammation is exacerbated.
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Sodium-glucose cotransporter 2 inhibitors—a new
class of renoprotectors—have been found to promote a
substantial reduction in albuminuria and a reduced
risk of progression to ESKD in both type 2 diabetic and
nondiabetic CKD.”” As part of the renoprotective ef-
fects of sodium-glucose cotransporter 2 inhibitors
seems to be mediated by improvement of renal hyp-
oxia”® accompanied with reduced inflammation” and
improvement of antioxidant defense expression,'”’ it is
of interest that it was recently reported that dapagli-
flozin restrains apoptosis and activates autophagy in
part by activation of Nrf2/HO-1 pathways. "
Mitochondrial Dysfunction and Nrf2 in the
Progression of CKD
Accumulating evidence suggests that mitochondrial
dysfunction promotes the development and progres-
sion of CKD irrespective of the underlying cause.'’
Mitochondria are complex organelles with various
functions, including the generation of adenosine
triphosphate by oxidative phosphorylation.'"*

More recently, our understanding of the roles
mitochondria play has expanded beyond adenosine
triphosphate production to include an appreciation of
their function as organelles that regulate cellular pro-
cesses, such as proliferation, differentiation, and
death.'”” Mitochondria act as a central hub within the
cell, sensing changes in the cellular milieu and rapidly
redirecting metabolic intermediates to appropriately
meet the demands placed on the cell.'”
apparent that metabolic reprogramming plays a critical
role in the inflammatory response. ~ Encountering a
pathogen triggers a phenotypic switch in macrophages
that is characterized by a decrease in the rate of
oxidative phosphorylation and fatty acid oxidation and
a robust increase in the rate of glycolysis, lipid syn-
thesis, and ROS production.'””'”” Although ROS are
necessary to mount both an innate and an adaptive
immune response against a variety of invaders, such as
bacteria,'”” their overproduction leads to oxidative
stress resulting in tissue damage and dysfunction.™
This metabolic reprogramming is meant to be short-
lived and restricted to the locale of infection or dam-
age. Once the stress has been eliminated, it is critical
that cells return to homeostasis—a balanced state
where inflammatory processes are turned off, ROS are
neutralized, and mitochondrial metabolism reverts to a
normal state of oxidative phosphorylation.'”® In CKD,
however, this “off switch” fails and the damaging
processes are sustained, ultimately leading to tissue
damage and loss of kidney function.*"”’

Nrf2 is known to reduce ROS levels and suppress
inflammation; however, recent studies have found that
this transcription factor also regulates cellular and

It is now
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mitochondrial metabolism.’”'%? ''? Nrf2 directs meta-

bolic reprogramming by regulating glucose and lipid
metabolism, increasing efficient adenosine triphosphate
production, promoting mitophagy, and increasing
mitochondrial biogenesis.'''"> By suppressing inflam-
mation, reducing ROS levels, and supporting the
structural and functional integrity of mitochondria, Nrf2
improves the ability of the cell to recover from cellular
stress and restores cellular homeostasis.'*”"'*'"’

The kidneys are highly metabolic organs that
require large amounts of adenosine triphosphate to
function normally.'”” Owing to their high oxygen
consumption, the kidneys are susceptible to damage
caused by ROS, which can accelerate kidney disease
progression.'''* Overproduction of ROS and defective
mitophagy, along with activation of apoptotic path-
ways, which are regulated by mitochondria, are
interconnected drivers of CKD progression.'’ Mito-
chondrial dysfunction in kidney cells seems to be
implicated in the risk of kidney disease. Higher mito-
chondrial DNA copy number, a surrogate marker of
mitochondrial function improvement, has been associ-
ated with a lower risk of CKD, independent of tradi-
tional risk factors and inflammation.'"” In contrast,
reduced expression of mitochondrial-derived peptides
has been associated with inflammation and reduced
expression of Nrf2 in CKD.''® Furthermore, mitochon-
drial dysfunction is believed to play a role in kidney
fibrosis''” and the progression of kidney disease.'*®
Taken together, these findings suggest that these
metabolic powerhouses may be a therapeutic target to
attenuate progression of kidney disease.''
study revealed that an analog of bardoxolone methyl, a
potent activator of Nrf2, confers protection from
proteinuria-induced mitochondrial damage to tubules
both in vitro and in an animal model by improved
mitochondrial redox balance and mitochondrial
function.”’

8
A recent

Chronic Inflammation Across the Spectrum of
Kidney Disease

Alport Syndrome

Chronic inflammation in Alport syndrome, similar to
other conditions resulting in CKD, is a result of
persistent activation of proinflammatory signaling
pathways.” ' "**"*7 Activated macrophages have been
found to contribute to disease progression in Alport
syndrome.” COL4A3 knockout mice develop protein-
uria as early as 5.5 weeks of age.''” Excessive protein in
the glomerular filtrate (“pathological proteinuria”) ac-
tivates proinflammatory and profibrotic signaling
pathways in proximal tubular epithelial cells® and leads
to the expression of genes encoding chemotactic mol-
ecules. These molecules promote infiltration of immune
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cells, leading to tubular atrophy and tubulointerstitial
fibrosis.” TGE- is also involved in the processes of
glomerulopathy and fibrosis.”””'*'*! As patients with
Alport syndrome experience a loss of kidney function
despite the use of angiotensin-converting enzyme in-
hibitors and angiotensin-receptor blockers and there is
a documented inflammatory component, the effects of
Nrf2 stimulation with bardoxolone methyl are
currently investigated in a randomized controlled trial
(CARDINAL).'**

Autosomal-Dominant Polycystic Kidney Disease
Inflammation is evident early during the course of
ADPKD when patients have normal or near-normal
kidney function. Results from several studies support
a role for inflammation in ADPKD cyst development
and disease progression. Cyst formation has been found
to precede interstitial macrophage accumulation sug-
gesting these cells are migrating to sites of inflamma-
tion.'””'*" Regulation of cyst growth by macrophage
migration inhibitory factor provides further support
for inflammation as a stimulating factor in cyst devel-
opment and for the involvement of macrophages in
ADPKD.'”” Animal studies also support a significant
role for inflammation in the development and pro-
gression of ADPKD. For example, macrophage deple-
tion in polycystin 1, a transient receptor potential
channel interacting (Pkd) 1-targeted PKD mouse,
resulted in a less severe cystic phenotype and better
kidney function.'”® NF-KB has been detected in the
nuclei of cyst-lining cells in a mouse PKD model,**’
elevated levels of proinflammatory cytokines,
including IL—IB, TNF, and IL-2, have been reported in
ADPKD. ' **'*’ These observations indicate that chronic
inflammation may not only promote the initiation of
disease and cystogenesis through its cellular effectors
but also play a role in cyst expansion and disease
progression.lzg’lzr’ Indeed, it was recently reported that
activation of Nrf2 ameliorates oxidative stress and
cystogenesis in a mouse model of ADPKD.”'

and

IgA Nephropathy

Inflammation in IgAN results from immune complex
formation of galactose-deficient IgAl in the glomerular
mesangium.' "’ Immune complex formation arises sub-
sequent to multiple sequential immunopathogenic
“hits,”"*" 1P including induction of local inflammatory
responses, IgA deposition in glomeruli, and activation
of—and damage to—mesangial cells. Activated
mesangial cells secrete components of ECM and release
multiple mediators that contribute to kidney injury,
including proinflammatory and profibrotic cyto-
kines,'”* which stimulate mesangial cell proliferation
and recruitment of inflammatory cells into the
glomerulus.'”” Inflammatory mediators also modify
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gene expression in podocytes, resulting in podocyte
injury (“glomerulopodocytic crosstalk”) and filtration
of IgA immune complexes, including segmental glo-
merulosclerosis."*'”** An animal study has sug-
gested that stimulation of the Nrf2 pathway has the
potential to modulate inflammation in IgAN. In mice
with induced accelerated and progressive IgAN, stim-
ulation of the Nrf2 pathway with antroquinonol
inhibited T cell activation and prevented activation of
the NLR family pyrin domain containing 3 inflamma-
some. It also significantly improved proteinuria, kid-
ney function, and histopathology in accelerated and
progressive-IgAN mice with established disease.'*

Diabetic CKD

Proinflammatory signaling pathways and their down-
stream products are emerging as new biomarkers in
DKD and may be promising therapeutic targets in pa-
tients with this disease.'*’ DKD involves activation of
chronic inflammatory pathways that contribute to
disease progression'’' and is associated with multiple
inflammatory cell types, molecules, and pathways,
including macrophages, mast cells, and NF-KB—medi-
ated transcription of inflammatory cytokines, including
IL-1, IL-6, IL-18, and TNE.'""' A signature of
circulating inflammatory proteins enriched in the TNF
receptor superfamily members predicted the 10-year
risk of ESKD in diabetes,'"® suggesting drugs target-
ing inflammation could help arrest progression of DKD.
Ultrastructural changes in the glomerular basement
membrane result from the presence of acute-phase
markers of inflammation, such as IL-6."* NE-kB—
induced molecules and pathways result in structural
alterations and functional abnormalities characteristic
of DKD, and ultimately, kidney failure in these pa-
tients."*" A role for Nrf2 in DKD was found in a study
of diabetic rats revealing impaired kidney function was
correlated with oxidative stress and reduced trans-
location of Nrf2 into the nucleus.'"® Results from a
study of streptozotocin-treated, Nrf2-knockout mice
revealed reduced protection against inflammation,
impaired kidney function, fibrosis, and oxidative
damage.'"’

Focal Segmental Glomerulosclerosis

Although podocyte injury and loss may be the primary
drivers of FSGS,"” inflammation is also thought to play
a key role in disease progression.'”""'’? Involvement of
inflammation in the etiology of FSGS was suggested by
the finding of higher interstitial cluster of differentia-
tion 3-positive T cells and macrophages in kidney bi-
opsies from patients with FSGS.'”” Oxidative stress also
contributes to the pathogenesis of FSGS.'”* Damage to
podocytes leads to further injury mediated by cytokine
release (e.g., TGF-P3), which results in the recruitment
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of monocytes, macrophages, and T cells and enhanced
expression and secretion of other cytokines (e.g., IL-1
and TNF) and chemokines.'”” Baseline kidney func-
tion in patients with FSGS is inversely correlated with
the extent of global sclerosis and tubulointerstitial
fibrosis, including urinary excretion of IL-12, inter-
feron-y, IL-4, IL-5, and I1-13.">° The infiltration of
inflammatory cells in FSGS results in the accumulation
of mesangial ECM, which can cause glomerular collapse
(“collapsing variant”).'”” Damage to tubular epithelial
cells leads to a transformation to mesenchymal cells,
resulting in collagen matrix deposition and tubu-
lointerstitial fibrosis."”*"*® This proinflammatory and
profibrotic milieu has been involved in the progression
of FSGS and may cause glomerular scarring and even-
tual ESKD."”’ A role for Nrf2 in the progression of FSGS
was found in the Imai rat model, in which impaired
Nrf2 signaling in conjunction with NF-KB activation
promoted inflammation and oxidative stress, both of
which ~ were  associated ~ with  progressive
glomerulosclerosis.'

Conclusion

Mounting evidence suggests a significant role of
inflammation and metabolic pathways in the progres-
sion of CKD of multiple etiologies.”’ Pathway-crosstalk
analysis of gene sets linked to estimated GFR reveals
that most CKD signaling pathways aggregate in either
an inflammation- or a metabolism-related cluster.”
Steady-state mRNA expression patterns across the
spectrum of CKD are consistent with up-regulation of
inflammatory genes.”” The Nrf2 pathway serves as a
hub linking metabolic and inflammatory pathways in
CKD.”’ Repressed expression of this cytoprotective
factor is linked to several pathogenic mechanisms
known to promote fibrosis and progression of kidney
disease, such as senescence, inflammation, mitochon-
drial dysfunction, and tissue hypoxia; therefore, Nrf2
activation is an attractive target for arresting progres-
sion of CKD.'*'*¢!6? Augmenting the action of Nrf2
and its downstream mediators in CKD has the potential
to attenuate, arrest, or even reverse the decline in
kidney function.
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Figure S1. Molecular mechanism of the Keap1-Nrf2 system
during the oxidative stress response.”® Under normal
conditions, Nrf2 is degraded and inactivated after being
captured by Keap1l homodimers. Under conditions of
oxidative stress, the interaction between Keap1 and Nrf2 is
inactivated, resulting in decreased Nrf2 degradation. Nu-
clear translocation of stabilized Nrf2 allows for transcrip-
tional activation of Nrf2 target genes. Cys, cysteine
residues; Keap1, kelch-like ECH-associated protein 1; Nrf2,
nuclear factor, erythroid 2 like 2; Ub, ubiquitin-protea-
some-dependent degradation. Reproduced with permis-
sion from Nezu M et al. Targeting the KEAP1-NRF2 system
to prevent kidney disease progression. Am J Nephrol.
2017;45(6):473-483. Copyright © 2017 Karger Publishers,
Basel, Switzerland.

Figure S2. Progression of kidney disease as part of
premature aging processes in CKD.®” The toxic uremic
milieu promotes inflammation and repressed expression
of Nrf2, a phenomenon linked to oxidative stress,
mitochondrial  dysfunction, tissue hypoxia, and
senescence. Evidence suggests that these features are
major drivers of a prematurely aged phenotype in CKD,
including early vascular aging (vascular calcification),
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sarcopenia, osteoporosis, heart failure, depression, and
cognitive dysfunction. In addition, the same features may
drive early aging in the kidney-by-kidney fibrosis and
inflammation. In addition to hemodynamic and metabolic
factors, inflammation and fibrosis may drive progression
of kidney disease, creating a vicious circle. Nephrologists
may intervene in this scenario by using established,
novel, and putative future treatment strategies, such as
ACEi/ARB, SGLT2i, Nrf2 agonist, and MR inhibitors.
Angiotensin-converting enzyme inhibitor/angiotensin-
receptor blocker (ACEi/ARB); CKD, chronic kidney
disease; MR, mineralocorticoid receptor; Nrf2, nuclear
factor, erythroid 2 like 2; sodium-glucose transport
protein 2 inhibitor (SGLT2i).
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