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ABSTRACT

Background: Chronic kidney disease (CKD) causes klotho deficiency, oxidative stress and
inflammation which are common features and major mediators of progression of renal disease.
Oxidative stress in CKD is, partly, due to impaired activation of Nrf2, the master regulator of genes
encoding antioxidant and cytoprotective molecules. Oxidative stress inhibits klotho expression in
the kidney. Given the role of Nrf2 dysfunction in the pathogenesis of oxidative stress in CKD, we
hypothesized that treatment with Nrf2 activator, dh404, may restore renal klotho expression and
attenuate oxidative stress and inflammation in CKD.

Methods: Male SD rats were subjected to 5/6 nephrectomy (CKD) or sham operation. The CKD
rats were randomized to receive dh404 (2mg/kg/day) or vehicle for 12 weeks. At the conclusion of
the observation period tail arterial pressure was measured and 24-hr urine was collected. Animals
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were then euthanized and blood and kidneys were harvested.

Results: Compared to the control group, untreated CKD rats exhibited marked reduction of klotho
abundance in the remnant kidney. This was associated with interstitial inflammation, local and
systemic oxidative stress, NF,B activation, impaired Nrf2 activity and reduced expression of the key
Nrf2 target gene products. Administration of dh404 reversed klotho deficiency, restored Nrf2 activity
and expression of its key target gene products and attenuated oxidative stress and inflammation

and NFKkB activity in the renal tissue.

Conclusion: Restoration of Nrf2 activity reversed klotho deficiency and attenuated oxidative stress

and inflammation in remnant kidneys of CKD rats.

Keywords: Aging;, CKD progression; Antioxidants; cytokines; chemokines.

1. INTRODUCTION

Klotho which is expressed predominantly in the
kidney was originally identified as an anti-aging
protein. However subsequent studies have
unraveled many other biological functions of
klotho [1-3]. Renal klotho expression is
depressed in rats with hypertension and diabetes
and in rats and humans with chronic kidney
disease (CKD) [4,5]. Studies in transgenic mice
have demonstrated the protective effect of over-
expression of klotho against ischemia-
reperfusion induced acute kidney injury, immune-
mediated glomerulonephritis and chronic kidney
disease [6-8]. These observations suggest that
impaired klotho expression may play a role in the
pathogenesis and progression of CKD.

CKD is invariably associated with oxidative
stress and inflammation which contribute to
progression of CKD and its cardiovascular and
numerous other complications [9-12]. In an
earlier study Mitobe and Yoshida [13] found
marked down-regulation of klotho expression in
the renal tubular epithelial cells exposed to
oxidative stress. They further found that over-
expression of klotho significantly attenuates
oxidative stress-induced injury and apoptosis in
these cells. In addition, in vivo studies have
demonstrated the association of klotho deficiency
with  oxidative stress and mitochondrial
dysfunction in the kidney and its restoration by
attenuation of oxidative stress using N-
acetylcystein or AT1 receptor blockade in
animals with cyclosporine nephropathy [14,15].
These findings clearly illustrate the causal
interconnection between oxidative stress and
klotho deficiency and their participation in a
vicious circuit in CKD. Accordingly the prevailing
CKD-associated oxidative stress suppresses
klotho expression and klotho deficiency amplifies
oxidative stress and inflammation, events that
promote progression of renal disease.

Oxidative stress in CKD is caused by a
combination of increased production of reactive
oxygen species (ROS) and impaired antioxidant
capacity [16-20]. The CKD-associated defect in
the antioxidant defense system is due to
impaired activation of the nuclear factor-
erythroid-2-related factor 2 (Nrf2) [20-24). Nrf2
regulates constitutive expression and
coordinated induction of over 250 genes
encoding antioxidant and phase 2 detoxifying
enzymes and related proteins including
superoxide dismutase (SOD) isoforms, catalase,
UDP-glucuronosyltransferase, NAD(P)H
quinone oxidoreductase-1  (NOQ1), heme
oxygenase-1 (HO-1), glutamate cystein ligase,
glutathione peroxidase and thioredoxin, among
others [25]. Under physiologic condition, the
Nrf2-mediated regulation of cellular antioxidant
and anti-inflammatory machinery plays an
important role in the defense against oxidative
stress and inflammation [25,26]. In a series of
studies we have found marked reductions of Nrf2
activity (nuclear translocation) and expression of
its key target gene products in the kidney and
vascular tissues of animals with CKD of diverse
etiologies [20-22]. These findings have unraveled
the role of impaired Nrf2 activity as a common
mediator of oxidative stress and inflammation in
CKD and a major player in progression of CKD
and the associated complications. This
supposition is supported by the salutary effects
of natural and synthetic Nrf2 activators in animal
models of acute and chronic kidney disease [23,
27-36].

Given the central role of Nrf2 in host defense
against oxidative stress and inflammation and
their role in promoting klotho depletion, the
present study tested the hypothesis that
administration of an Nrf2 inducer may restore
renal klotho expression in rats with CKD. To this
end we compared the effect of long term
administration of dh404 (CDDO-dh TFEA), a
synthetic triterpenoid with potent Nrf2 inducing
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properties [37,38], with placebo in rats with CKD
induced by 5/6 nephrectomy.

2. METHODS
2.1 Animals

Eight week old male Sprague-Dawley rats were
purchased from Harlan Sprague Dawley Inc
(Indianapolis, IN), housed in a temperature- and
light-controlled vivarium and fed regular rat chew
(Purina Mills, Brentwood, MO) and water ad
libitum. The animals were randomly assigned to
sham-operated control (CTL, n=6), untreated
CKD (n=7) and dh404-treated CKD groups
(CKD-Rx, n=8). The CKD groups were subjected
to 5/6 nephrectomy by removing the upper and
lower thirds of the de-capsulated left kidney,
followed by right nephrectomy 7 days later. The
control group underwent sham operation. All
surgical procedures were performed under
general anesthesia using intra-peritoneal
injection of ketamine/xylazine. Strict hemostasis
and aseptic techniques were used.

The treated group received dh404, 2mg/kg/day,
dissolved in sesame oil by gastric gavage for 12
weeks. The untreated CKD and control groups
received drug free sesame oil instead. The given
dh404 dosage was selected after conducting a
series of preliminary dose response experiments
using daily doses ranging between 0.5-20 mg/kg.
We found significant weight loss, marked
increase in proteinuria and worsening of kidney
pathology in animals treated at doses between 5-
20mg/kg but significant improvements at 1-
2mg/kg. Arterial pressure was determined by tail
plethysmography (CODA2; Kent Scientific,
Torrington, CT). The rats were placed on a
heated pad in a climate-controlled room, their
tails were placed in the cuff and cuff was inflated
and released several times. This procedure was
repeated on several days to condition the
animals. Thereafter, 3 separate measurements
were performed and the mean of the values
obtained was used. At the conclusion of the
study period animals were placed in metabolic
cages for 24-hour urine collections. The rats
were then anesthetized with intra-peritoneal
administration  of  Ketamine/Xylazine and
euthanized by exsanguinations using cardiac
puncture. Kidneys were immediately removed
and sections were processed for histological,
immunohistological and Western blot analyses.
Plasma urea nitrogen and  creatinine
concentrations, and urinary protein excretion
were measured as described in previous studies
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[10]. Plasma malondialdehyde-thiobarbituric acid
(MDA-TBA) was measured, using HPLC, as
described earlier [11]. The experimental protocol
was approved by Institutional Committee for
Animal Care and Use of the University of
California, Irvine.

2.2 Histological Examination

Light microscopy was performed in the formalin-
fixed sections stained with periodic acid-Schiff
and hematoxylin and eosin. Glomerulosclerosis
and tubulointerstitial damage were graded
using the score index described in our previous
studies [39].

2.3 Western Blot Analysis

100mg of kidney cortex was homogenized on ice
in lysis buffer containing 10 mM HEPES, pH7.9,
1.5mM MgCl,, 10mM KCL, 1mM DTT and
Protease Inhibitor Cocktail (Sigma—Aldrich, St.
Louis, MO). Cellytic TM NuCLEAR™ Extraction
Kit (Sigma—Aldrich, St. Louis, MO) was used for
isolation  of nuclear  proteins. Protein
concentration in the tissue homogenates was
determined by DC protein assay kit (Bio-Rad,
U.S.A) and 100 pg of protein per sample was
fractionated on 4-12% Novex ®Tris-Glycine gel
(Invitrogen, Carlsbad, CA) at 120V for 2h and
transferred to nitrocellulose membrane
(Invitrogen, Carlsbad, CA). The membrane was
incubated for 1h in blocking buffer (1X TBS, 0.05%
Tween-20 and 5% nonfat dry milk) and then
overnight in the same buffer containing the given
primary antibody. Antibodies against Nrf2,
nuclear factor-kappa B (NF-B), catalase,
glutathione peroxidase (GPX) and Heme
Oxygenase-1 (HO-1) were purchased from
Sigma-Aldrich Inc (Saint Louis, MO). Mouse

monoclonal  anti-cyclooxygenase-1, (COX-1)
antibody (Millipore, Temecula, CA), mouse
polyclonal anti-cyclooxygenase 2 (COX-2)

antibody (Cayman Chemical, Ann Arbor, MI),
Klotho, nitrotyrosine (Abcam Inc. Cambridge, MA)
and sheep polyclonal anti-Cu/Zn superoxide
dismutase antibody (Cu/Zn-SOD; Calbiochem
Inc. San Diego, CA) were purchased from the
cited sources. Antibodies against Histone H1
(Sigma, St. Louis MO) and GAPDH (Sigma, St.
Louis MO) were used for measurement of the
house keeping nuclear and cytosolic target
proteins, respectively. The membrane was
washed three times for 10 min in 1X TBST
before a 2-h incubation in a buffer (1X TBST)
containing horseradish peroxidase-conjugated
anti-rabbit  (1:3,000) (Abcam), anti-mouse
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(1:2000) (GE Healthcare) and anti-sheep (1:5000)

IgG (EMD Millipore) secondary antibodies. The
membrane was washed three times, then
visualized with ECL™ prime western blotting
detection reagent (GE Healthcare) and
developed by autoluminography. Band densities
were quantified using the free Image J software
(version 10.2) from the National Institutes of
Health (www.imagej.nih.gov/ij/).

2.4 Immunohistochemical Staining

Formalin fixed tissues were paraffin embedded
and 7um sections were placed on glass slides.
Following deparaffinization and rehydration in
xylene and graded alcohol series, sample were
subjected to heat induced antigen retrieval
procedure as follows. The slides were placed in
citrate buffer (pH 6) and heated in a microwave
oven for 2 minutes at high power to reach boiling
point, the container was then transferred to a
heater to maintain boiling for additional 10
minutes. The samples were then allowed to cool
down at room temperature for 30 minutes. After 5
minutes washing in distilled water and 5 minutes
in TBS, non-specific binding sites were blocked
with protein block solution (BioGenex, Fremont,
CA) for 1 hour. Tissue sections were then
incubated overnight at 4°C with primary antibody
(Rabbit anti-Nrf2, 1/100, Sigma Aldrich and
Rabbit anti-klotho, 1/250, Abcam). The sections
were then washed for 3-5 minutes with tris-
buffered solution and endogenous peroxidase
activity blocked by 3% H,0O,, followed by a 30-
minutes incubation with polymerized anti-rabbit
IgG (ImmPRESS, Burlingame, CA). Slides were
then rewashed in tris-buffered solution and
incubated with peroxidase substrate (DAB
ImMmPACT, Burlingame, CA) for 2-3 minutes.
Sections were counter-stained with Meyer’s
haematoxylin for 60 seconds, rinsed with tap
water, dehydrated in graded alcohol series,
cleared in clearing solution and then covered
with permount cover slips. Sections were
photographed using a Nikon (CLIPSE 80i) light
microscope.

2.5 Statistical Analysis

Data are presented as means * SDs. The non-
parametric Mann-Whitney U test was used. P
values of less than 0.05 were considered
significant. All statistical calculations were
performed using SPSS, version 16.0 (SPSS Inc,
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Chicago, IL).
3. RESULTS

3.1 General Data

Data are summarized in Table 1. Plasma
creatinine, urea nitrogen and MDA
concentrations, urine protein excretion and

arterial pressure were significantly elevated
whereas creatinine clearance and hematocrit
were significantly reduced in the untreated CKD
rats when compared with the control group. Long
term administration of dh404 significantly
attenuated hypertension and anemia and
lowered plasma MDA level. This was associated
with partial reductions of plasma creatinine and
urea nitrogen concentrations and partial
improvement in creatinine clearance.

Table 1. General data in sham-operated
control (CTL, n=6), untreated CKD (n=7) and
dh404 treated CKD (CKD-Rx, n=8)) groups

CTL CKD CKD-Rx
Body weight (g) 412+4.6 383+14.8 388+12.5
Mean blood 111455 144+1.6* 117+2.6"
pressure (mmHg)
at 6 weeks
Hematocrit (%) 43.2+0.8 39.9+0.9* 42.8+0.5"
Plasma 0.45+0.1 1.35+0.18* 0.81x0.07*"
creatinine (mg/dl)
Plasma urea 20.4+1.5 82.0+15.2* 38.4%3.1*"
(mg/dl)
CCr(ml/min/kg) 5.5£3.0  1.85+0.2* 2.7+0.3*
Urine volume 1010.7 20.0+5.5* 21.04+9.0*
(ml/day)
Urine protein 9+5.3 73+8.0* 71.2+4.6*
(mg/day)
Plasma 0.70+0.13 1.33+0.05* 0.87+0.08"
malondialdehyde
(umol/l)

Data are mean + SD: *p<0.05 compared to CTL, *p<0.05
compared to CKD.

3.2 Renal Histology

The untreated CKD group exhibited significant
glomerulosclerosis, tubule-interstitial fibrosis and
mononuclear cell infilirations in the remnant
kidney. Administration of Nrf2 activator resulted
in partial attenuation  glomerulosclerosis,
tubulointerstitial fibrosis and inflammation (Fig. 1).
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Fig. 1. Representative photomicrographs of the PAS-stained kidney sections depicting
glomeruli (Upper panel) and tubulointerstitial (lower panel) region of a normal control (CTL), an
untreated CKD and an hd404-treated CKD (CKD-RXx) rat. #p<0.05 compared to CKD

3.3 Nrf2 and Klotho Data

Nuclear Nrf2 content in the untreated CKD group
was significantly less than that found in the
control group. Administration of dh404 restored

nuclear Nrf2 level in the treated CKD rats (Fig. 2).

Likewise klotho abundance in the kidney tissue
was significantly reduced in the untreated CKD
animals and was restored by long-term Nrf2
activator therapy (Fig. 2). The depletion of klotho
and defective Nrf2 activity in the untreated CKD
group and their restoration in Nrf2 activator-
treated group found by Western blot analysis

was
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confirmed by  immunohistochemical

examinations (Fig.3).
3.4 Oxidative and Inflammatory Pathways

Data are shown in Figs. 4, 5 and 6. Compared
with the control group, the untreated CKD group
showed significant down-regulation of catalase,
Cu/Zn-SOD, GPX and HO-1, activation of NF-kB,
up-regulation of COX-1 and COX-2 and
accumulation of nitrotyrosine in the remnant
kidney. These abnormalities were partially
attenuated by Nrf2 activator treatment.
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Fig. 2. Representative western blots and bar graphs depicting nuclear Nrf2 content and tissue
Klotho expression in the kidneys of the normal control (CTL), untreated CKD and hd404-
treated CKD (CKD-Rx) groups **p<0.01 compared to CTL, ***p<0.001 compared to CTL, #p<0.05

compared to CKD,

p<0.01 compared to CKD

Fig. 3. Representative photomicrography of immunohistochemical staining for klotho (upper)
and Nrf2 (lower) of the kidney of a normal control (CTL), an untreated CKD and an hd404-
treated CKD (CKD-Rx) rat

4. DISCUSSION

Animals with CKD induced by 5/6 nephrectomy
exhibit oxidative stress and inflammation which is
due to activation/upregulation of inflammatory
cascade, upregulation of ROS producing

enzymes and impairment of the endogenous
antioxidant defense system [10,18,20-23]. In
confirmation of earlier studies [20-22] kidney
tissue in our untreated CKD rats exhibited
marked reduction of nuclear Nrf2 content which
was restored with long-term treatment with
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dh404 [29]. These findings confirm the
impairment of Nrf2 activity in the diseased kidney
and its improvement with dh404. The reduction
of Nrf2 activity was accompanied by a parallel
reduction in klotho expression in the remnant
kidneys of the untreated CKD rats.
Administration of dh404 resulted in restoration of
renal tissue klotho abundance in the treated CKD
group. By limiting the constitutive expression of
the antioxidant enzymes and related proteins,
impairment of Nrf2 activation in CKD plays a
central role in the pathogenesis of the associated
oxidative stress and inflammation [24]. This
supposition was confirmed by earlier studies
which demonstrated the restoration of the key
antioxidant enzymes and attenuation of oxidative
stress and inflammation in response to long-term
treatment with dh404 at the dosage employed in
the present study [23]. In confirmation of the
latter studies dh404 therapy restored expression
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of the measured antioxidant enzymes,
attenuated NF-kB activity, reversed upregulation
of COX-1 and COX-2 expression and lowered
interstitial immune cell infiltration.

Attenuation of oxidative stress and inflammation
with restoration of Nrf2 activity in our dh404-
treated CKD animals was accompanied by
reversal of klotho deficiency. Recent studies
have demonstrated the association of klotho
deficiency with oxidative stress and mitochondrial
dysfunction in the kidney and its restoration by
attenuation of oxidative stress using N-
acetylcystein or AT 1 receptor blockade in
animals with cyclosporine nephropathy [14,15).
In addition in vitro studies have demonstrated
suppression of klotho expression by oxidative
stress and its restoration by antioxidants in
cultured renal tubular epithelial cells [13].
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Fig. 4. Representative Western blot and group data depicting relative abundance of catalase,
Cu Zn SOD, glutathione peroxidase (GPX) and heme oxigenase-1 (HO-1) in the kidneys of the
normal control (CTL), untreated CKD and hd404-treated CKD (CKD-Rx) groups. *p<0.05
compared to CTL, **p<0.01 compared to CTL, ##p<0.01 compared to CKD
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Fig. 5. Representative Western blots and group data depicting nuclear content of P65 subunit
of NFkB and tissue abundance of cycloxygenase (COX)-1, cycloxygenase (COX)-2 and MCP-1
in the kidneys of the normal control (CTL), untreated CKD, and hd404-treated CKD (CKD-Rx)
groups. *p < 0.05 compared to CTL, ***p < 0.001 compared to CTL, #p < 0.05 compared to CKD,
##p < 0.01 compared to CKD

Together these observations support the causal
role of oxidative stress in promoting klotho
deficiency. This relationship is confirmed by
association of klotho deficiency with oxidative
stress and its correction with attenuation of
oxidative stress in our dh404- treated CKD rats.
However a direct effect of the treatment on klotho
expression cannot be ruled out and requires
further exploration.

Oxidative stress is well known to play a major
role in the pathogenesis of hypertension of
diverse etiologies [40,41] including CKD-
associated hypertension [42]. In fact
interventions aimed at attenuating oxidative
stress have been shown to improve hypertension
in experimental animals [43,44,45]. In
confirmation of earlier studies [42], plasma MDA
and kidney tissue nitrotyrosine were elevated

denoting presence of systemic and local
oxidative stress in the untreated CKD group.
Restoration of Nrf2 activity and expression of the
antioxidant enzymes with dh404 resulted in
attenuation of oxidative stress and reduction of
ROS-mediated inactivation of NO (as evidenced
by reduction of tissue nitrotyrosine abundance),
events that can contribute to attenuation of
hypertension. Since oxidative stress is well
known to promote klotho deficiency, it is
reasonable to assume that amelioration of
oxidative stress with restoration of Nrf2 activity in
the treated CKD group was at least, in part,
responsible for the reversal of Klotho deficiency
in the study animals. Thus the attenuation of
HTN and restoration of Klotho expression in the
treated animals were most likely mediated by
amelioration of oxidative stress.
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Fig. 6. Representative Western blots and group data depicting NOX4, gp91phox, p47 phox and
Nitrotyrosine in the kidneys of the normal control (CTL), untreated CKD and hd404-treated
CKD (CKD-Rx) groups. *p<0.05 compared to CTL, **p<0.01 compared to CTL, #p<0.05
compared to CKD, ##p<0.01 compared to CKD

The compound employed in the present study,
dh404, belongs to the bardoxolone methyl
(CDDO-Methyl ester, BARD) family of synthetic
triterpenoid products which have potent Nrf2
activating properties [46,47]. These compounds
directly interact with the Nrf2 repressor molecule,
keap1, allowing Nrf2 to translocate to the nucleus
and enhance expression of its antioxidant and
cytoprotective target genes [48]. The phase Il-b
clinical trial of bardoxolone methyl in patients
with advanced CKD and Type 2 diabetes
revealed improvement in the estimated
glomerular filtration rate. However, this was
associated with increased proteinuria, elevated
serum transaminase level and higher incidence
of adverse events [49]. Moreover due to
increased mortality from congestive heart failure
the multi-center, randomized, placebo-controlled,
Phase 3 trial of bardoxolone methyl in type 2
diabetic patients with stage 4 CKD (BEACON
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trial) was prematurely terminated [50]. Finally in a
recent study Zoja et al [51] found significant
weight loss, severe reduction in food intake,
elevation in serum transaminase, liver injury and
worsening of proteinuria, dyslipidemia,
glomerulosclerosis and tubular damage with long
term  administration of the bardoxolone
analogues, RTA 405 (50 and 100 mg/kg/day) and
dh404 (5 and 25mg/kg/day) in Zucker rats with
type-2 diabetes and nephropathy. Based on
these observations the authors questioned the
usefulness of the bardoxolone methyl analogs in
the management of Type 2 diabetic nephropathy.
The reason for the counterintuitive adverse
effects of these compounds is presently unknown
and awaits further investigation. In an attempt to
explore the effect of the drug overdose as a
possible cause of the reported adverse effects
and to determine the optimal dose of dh404, we
conducted a series of preliminary experiments



using a wide range of dh404 dosage between
0.5-20mg/kg/day in male Sprague Dawley rats.
We found significant reduction in food intake,
heavy weight loss, intense proteinuria and
deterioration renal lesions and the gross
anatomy of the liver in animals treated with
dh404 at doses between 5-20mg/kg. In contrast
animals treated with 1-2mg/kg dh404 showed
favorable response. Therefore we selected
2mg/kg dosage in the present investigation and
two of our other recent studies [23,27].

5. CONCLUSION

In conclusion, administration of Nrf2 activator,
dh404, at 2mg/kg/day restored Nrf2 activity,
attenuated inflammation, and reversed klotho
deficiency in rats with CKD induced by 5/6
nephrectomy. It is unclear whether the favourable
effect of therapy with a low dose of this
bardoxolone methyl analogue in CKD rats
observed here and in earlier studies can be
replicated in humans with CKD. Future studies
are needed to determine the efficacy of low
doses of these compounds in humans with CKD.
Future studies are needed to determine the
efficacy of low doses of these compounds in
humans with CKD.
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