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Role of bardoxolone methyl, a nuclear factor erythroid
2-related factor 2 activator, in aldosterone- and
salt-induced renal injury

Mikako Hisamichi1, Atsuko Kamijo-Ikemori1,2, Takeshi Sugaya1, Seiko Hoshino2, Kenjiro Kimura3

and Yugo Shibagaki1

The aim of this study was to investigate the renoprotective effect of bardoxolone methyl (BM), a nuclear factor erythroid

2-related factor 2 (Nrf2) activator with an antioxidant effect, in a salt-sensitive hypertension model induced by aldosterone (Ald)

and salt. Tubulointerstitial damage with urinary liver-type fatty acid-binding protein (L-FABP) was evaluated using human

L-FABP chromosomal transgenic (L-FABP+/− ) male mice. The mice in the Ald group (n=7) received systemic Ald infusions via

an osmotic minipump and were given 1% NaCl water for 35 days. Those in the Ald-BM group (n=8) were administered BM

intraperitoneally in addition to an injection of Ald and salt. The dose of BM was gradually increased every 7 days up to

10 mg kg−1 per day, which was maintained for 14 days. The administration of BM significantly increased renal expression of the

Nrf2 target antioxidant gene. Tubulointerstitial damage was significantly ameliorated in the Ald-BM group compared to the Ald

group. The increase in reactive oxygen species (ROS) and upregulation of angiotensinogen expression in the kidneys of the Ald

group was significantly prevented in the Ald-BM group. The upregulation of human L-FABP expression induced in the kidneys

and increase in urinary L-FABP in the Ald group were significantly suppressed by BM administration. In conclusion, BM

ameliorated tubulointerstitial damage in the Ald- and salt-induced hypertension model through suppression of both ROS

production and intrarenal renin–angiotensin system activation. Urinary L-FABP may be a useful marker reflecting the therapeutic

efficacy of BM.
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INTRODUCTION

Salt-sensitive hypertension induces redundant activation of the renin–
angiotensin–aldosterone (Ald) system.1 Accumulating evidence shows
that Ald, an end product of that system, plays a key role in the
progression of chronic kidney disease (CKD) due to salt-sensitive
hypertension,2–4 and that mineralocorticoid receptor (MR) blockers,
which inhibit the injurious effect of Ald on the kidney, contribute to a
reduction in albuminuria and proteinuria in CKD patients.5,6 MR
blockers are therefore considered to play a crucial role in preventing
the progression of CKD with hypertension. However, treatment with
MR blockers can induce hyperkalemia, which is a concern in patients
with renal dysfunction and requires caution in prescribing MR
blockers for advanced CKD patients.
Ald is associated with cellular oxidative stress,7,8 inducing both

glomerular and tubulointerstitial injury in the salt-sensitive hyperten-
sion model.9–12 As tubulointerstitial damage is strongly associated with
the prognosis of CKD,13,14 a new strategy with antioxidant activity is

needed for preventing the progression of such damage due to
hypertension.
Liver-type fatty acid-binding protein (L-FABP), a small protein with

a molecular weight of 14 kDa, is expressed in proximal tubules of the
human kidneys and has an antioxidant activity through the inactiva-
tion of free radicals by its methionine and cysteine amino acids.15

As L-FABP is not expressed in mouse kidneys,16 we have generated
chromosomal transgenic mice in which human L-FABP was expressed
in the proximal tubules by microinjecting human L-FABP genomic
DNA, including its promoter region.17 Our previous study using these
mice showed that upregulated expression of human L-FABP in the
proximal tubules suppressed the progression of tubulointerstitial
injury through reducing oxidative stress in an Ald- and salt-induced
hypertension model,18 although this did not result in complete
renoprotection. On the other hand, levels of urinary human L-FABP,
one of the tubular markers, reflected the amelioration of tubulo-
interstitial damage by treatment with MR blockers in the model18
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and urinary L-FABP may be a useful marker for the evaluation of
tubulointerstital damage in the Ald- and salt-induced hypertension
model.
The activation of nuclear factor erythroid 2-related factor 2 (Nrf2)

has antioxidant and anti-inflammatory effects. Protective effects of
Nrf2 activators have been reported for organs such as the lung, liver,
gastrointestinal tract and nervous system.19 Their renoprotective
effects have been verified using Nrf2-deficient mice in, for instance,
diabetic nephropathy,20 lupus-like autoimmune nephritis21 and
ischemic reperfusion injury.22 Bardoxolone methyl (BM), one such
Nrf2 activator, has been reported in clinical practice to have a
beneficial effect on the renal function of patients with type 2 diabetic
nephropathy.23 In hypertension models, Nrf2 activators were reported
to be related to improvement of vascular function via antioxidant
property.24 Its effects might therefore be expected to extend to
tubulointerstitial injury due to salt-sensitive hypertension.
The aim of this study was to investigate the renoprotective effect of

BM through its antioxidative mechanism in an Ald- and salt-induced
hypertension model under the presence of human L-FABP expression
in the proximal tubules. In addition, we evaluated how the dynamics
of human L-FABP in the kidneys changed with the administration of
BM and the utility of urinary human L-FABP as an indicator of the
renoprotective effect of BM.

METHODS

Animals
The studies were conducted in accordance with the St Marianna University
School of Medicine’s Institutional Guide for Animal Experiments and the
Guide for the Care and Use of Laboratory Animals. Human L-FABP
chromosomal transgenic mice of C57/BL6 background (L-FABP+/−) (World
Intellectual Property Organization patent WO0073791) were generated by
microinjection of the genomic DNA of human L-FABP including its promoter
region as described previously.17 Therefore, it seems possible that the
transcription of the human L-FABP gene in the kidneys of the L-FABP+/−

mice may be regulated by the same mode in that of human. The experiment
used 8 to 10-week-old male L-FABP+/− mice (n= 25). Surgical procedure was
performed under appropriate anesthesia and animal suffering was avoided at
each stage of the experiments.

Experimental design
The L-FABP+/− mice were divided into four groups. The Ald group (n= 7)
received a systemic Ald infusion (0.125 μg kg− 1 min− 1, A9477; Sigma-Aldrich,
St Louis, MO, USA) using an osmotic minipump (Alzet 1004 for 28 days and
1007D for 7 days; Durect, Cupertino, CA, USA) and was given 1% NaCl water
for 35 days. The Ald was dissolved in polyethylene glycol (PEG 300; Sigma-
Aldrich Japan, Tokyo, Japan) and was infused via an implanted osmotic
minipump into the subcutaneous space, while the mice were anesthetized with
isoflurane. As the phase II clinical trial to determine the effect of BM (RTA402)
on glomerular filtration rate in patients with type 2 diabetes and CKD
(TUBAKI study) has been performed in Japan, the Ald-BM group (n= 8)
received BM (RTA 402) (AdooQ Bioscience, Irvine, CA, USA) intraperitoneally
in addition to an injection of both Ald and salt. As mice in our preliminary
study died when the daily dose of BM was 10 mg kg− 1 right from the start of
the study, in the present study we increased the daily dose from 1.25 to
10 mg kg− 1 in steps every 7 days as follows: 1.25 mg kg− 1 for 7 days,
2.5 mg kg− 1 for 7 days, 5 mg kg− 1 for 7 days and 10 mg kg− 1 for 14 days.
The control group (n= 5) was given only a vehicle and the control-BM group
(n= 5) was given the vehicle plus the BM in the same doses as the BM group.
On day 35, blood was drawn from the inferior vena cava of all mice and the

kidneys were removed while the mice were under intraperitoneal anesthesia
with pentobarbital at 75 mg kg− 1 body weight. Part of the kidney was snap-
frozen in liquid nitrogen for protein and mRNA analyses, and unfixed frozen
cross-sections were stained. The remainder was fixed in methyl Carnoy’s

solution or 10% buffered formalin (Wako Pure Chemical Industries,
Osaka, Japan).

Blood pressure
Blood pressure was measured in conscious, restrained mice by using a tail-cuff
apparatus (Softron BP-98A; Softron, Tokyo, Japan).25 Systolic blood pressure
(SBP) values were derived from the mean of three measurements per animal on
days 0, 14 and 35.

Serum and urinary biochemistry
For urine collection on day 35, all of the mice were housed overnight
individually in metallic cages with free access to 1% NaCl water or water.
The sediment was removed from the urine samples by centrifugation at
15,000 r.p.m. for 5 min. Serum and urinary creatinine levels were measured by
an enzymatic method (Nescoat VL II CRE; Alfresa Pharma, Osaka, Japan).25

Serum and urinary sodium were measured using an electrode method provided
by the clinical laboratory testing services of SRL. Urinary parameters were
reported as ratios relative to the urinary creatinine levels. Albuminuria was
determined using the Albuwell assay (Exocell, Philadelphia, PA, USA). Urinary
L-FABP was measured by a two-step sandwich enzyme-linked immunosorbent
assay (L-FABP ELISA kit; CMIC, Tokyo, Japan).17

Renal histological and morphometric analyses
For light microscopic analysis, the kidneys were dehydrated and embedded in
paraffin. Serial sections 2 μm-thick were obtained for conventional histological
assessment, such as periodic acid–Schiff staining and Masson’s trichrome
staining, and for immunohistochemistry. In the tissue sections stained with
periodic acid–Schiff staining, tubular injury was categorized as tubular dilation
with epithelial atrophy, brush border loss and the presence of cast.
Tissue fibrosis was defined as accumulation of extracellular matrix shown in
blue in Masson’s trichrome staining assessed under × 100 magnification. Ten
non-overlapping fields from the cortical and outer medullary areas were
selected under × 100 magnification and the regions with tubular injury or
fibrosis, as well as the entire cortical and outer medullary areas, were measured
with WinROOF image analysis software version 6.1 (Mitani Co., Tokyo, Japan).
The degrees of tubular injury and fibrosis in each region were expressed as the
ratio of the area of injury or fibrosis relative to the entire area. These
histological evaluations were performed in a blinded manner by one observer.

Immunohistological analysis
Tissues fixed in methyl Carnoy’s solution were embedded in paraffin. An
indirect immunoperoxidase method was used to identify the antigens, as
described previously.26,27 Type I and type III collagens were identified using
rabbit polyclonal antibodies (Cedarlane Laboratories Ltd, Burlington, ON,
Canada). Macrophages were identified using a rat monoclonal antibody against
F4/80 (BMA Biomedicals, Augst, Switzerland). The primary antibodies were
diluted with DAKO Antibody Diluent with Background Reducing Components
(S3022, Dako Japan, Tokyo, Japan). Ten non-overlapping fields from the
cortical and outer medullary areas were selected under × 100 magnification and
areas positively stained for type I and type III collagens were measured with
WinROOF and expressed as ratios relative to the total cortical and outer
medullary areas. Similarly, the degree of macrophage infiltration in the cortical
and outer medullary areas was expressed as a ratio of the area positively stained
for F4/80 relative to the entire area.
Tissues fixed in formalin solution were also embedded in paraffin and Nrf2

was identified using a rabbit monoclonal antibody against Nrf2 (sc-13032X;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), according to the method
previously described.28 The primary antibody was diluted with DAKO Antibody
Diluent with Background Reducing Components (S3022, Dako Japan). For the
staining with anti-Nrf2 antibody, antigen retrieval was performed using a
microwave oven to heat the slide for 15 min in PH 6.0 citric acid buffer. The
degree of Nrf2 expression in the cortical and outer medullary areas was
expressed as the ratio of the area positively stained for Nrf2 relative to the entire
area, as for the other staining described earlier.
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In situ detection of ROS production
To assess the kidneys’ production of reactive oxygen species (ROS) in situ,
we stained unfixed frozen cross sections from the kidneys with 5 μM
dihydroethidium (DHE, Thermo Fisher Scientific, Inc., Waltham, MA, USA)
for 30 min in a dark, humidified chamber at 37℃. ROS generation was labeled
with red fluorescence and visualized by fluorescence microscopy.18,29,30 The
DHE fluorescence intensities (exposure time: 200 ms) of kidney cross-sections
were examined in ten nonoverlapping fields from the cortical areas and were
expressed as the ratio of the positively stained area of DHE relative to the entire
cortical area under × 200 magnification measured with WinROOF.

Real-time quantitative PCR analysis
Total RNA was extracted from frozen kidneys and reverse transcribed as
described previously.26,27 Real-time quantitative PCR analysis was performed
using a TaqMan StepOnePlus system (Thermo Fisher Scientific) to measure the
mRNA levels of Nrf2, NAD(P)H quinone oxidoreductase-1, glutathione S-
transferase μ1, glutathione S-transferase α4, monocyte chemoattractant protein-
1 (MCP-1), regulated on activation, normal T cell expressed and secreted
(RANTES), α-1 collagen type I and type III, human L-FABP and
glyceraldehyde-3-phosphate dehydrogenase. The expression levels of these
transcripts in each sample were normalized to the glyceraldehyde-3-
phosphate dehydrogenase expression levels.

Measurement of MCP-1 and human L-FABP by enzyme-linked
immunosorbent assay
Proteins were extracted from frozen kidneys and protein concentration was
measured as described previously.25 The inflammatory cytokine MCP-1 and
human L-FABP were measured using enzyme-linked immunosorbent assay

(R&D Systems, Minneapolis, MN, USA for MCP-1; CMIC for human

L-FABP).25 The concentrations of MCP-1 and human L-FABP were corrected

for total protein concentration.

Statistical analysis
Values are expressed as means± s.e. Statistical significance was set at Po0.05.

The Wilcoxon signed-rank test for paired data was used for comparisons. The

four groups were analyzed by Kruskal–Wallis one-way analysis of variance

followed by Mann–Whitney U-tests. To assess the correlation of two

parameters, Spearman’s rank correlation coefficient was used to evaluate

nonparametric data. Analyses were performed using JMP 11.2.1 (SAS Institute,

Cary, NC, USA).

RESULTS

Systolic blood pressure
SBP was similar among the four groups on day 0; by days 14 and 35,
it had increased significantly in the Ald and Ald-BM groups (both
Po0.05). In the Ald group, SBPs were significantly higher than in the
control and control-BM groups on days 14 and 35 (Po0.05)
(Figure 1). In the Ald-BM group, SBPs were significantly higher than
in the control and control-BM groups on day 14 (Po0.05) (Figure 1).
SBPs of the Ald-BM group were similar to those of the Ald group on
days 14 and 35 (Figure 1).

Body weight and renal weight
Body weight was similar between the four groups on day 0. By day 35,
body weights had significantly increased in the control and Ald groups
(Table 1). Renal weights on day 35 were significantly higher in the Ald
and Ald-BM groups than in the control and control-BM groups
(Table 1).

Serum and urinary biochemistry
The levels of serum creatinine were similar between the four groups
on day 35 (Table 1). Serum sodium level was significantly higher in
the Ald-BM group than in the other groups (Po0.05) (Table 1).
Although urinary sodium levels were significantly higher in the Ald
and Ald-BM groups than in the control and control-BM groups
(Po0.05) (Table 1), these levels were significantly higher in the
Ald-BM group than in the Ald group (Po0.05).
By day 35, the levels of urinary albumin were significantly higher in

the Ald and Ald-BM groups than in the control and control-BM
groups (Figure 2). The levels in the Ald-BM group were significantly
lower than those in the Ald group (Po0.05).

Figure 1 Time-related changes in SBP on days 0, 14 and 35. *Po0.05 vs
the control group on the same day; #Po0.05 vs the control-BM group on
the same day; †Po0.05 vs the same group on day 0. Abbreviations: Ald,
aldosterone; BM, bardoxolone methyl.

Table 1 Time-related changes in body weight, findings of renal weight, serum sodium concentration and urinary excretion of sodium on day 35.

Body weight Serum

Day 0 g Day 35 g Renal weight, g Creatinine, mg dl−1 Sodium, mEq l−1 Urinary sodium, mEq per mg Cr

Control 25.7±0.4 27.5±0.3† 0.17±0.01 0.30±0.13 149.4±1.6 0.33±0.03

Control-BM 25.8±0.6 26.6±0.5 0.18±0.01 0.19±0.04 151.6±1.4 0.38±0.05

Ald 25.8±0.3 29.0±0.7† 0.24±0.01*,# 0.22±0.03 154.4±1.7 2.84±0.45*,#

Ald-BM 24.8±0.4 26.3±1.2 0.23±0.01*,# 0.20±0.07 161.9±2.1*,#,a 1.37±0.29*,#,a

Abbreviations: Ald, aldosterone; BM, bardoxolone methyl; Cr, creatinine.
Values are means± s.e.
*Po0.05 vs the control group on the same day; #Po0.05 vs the control-BM group on the same day; †Po0.05 vs the same group on day 0; ¶Po0.05 vs the Ald-BM group on the same day.
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Gene expressions of Nrf2 and Nrf2 target antioxidant genes, and the
immunohistological analysis for Nrf2
The mRNA levels of Nrf2 were significantly lower in the control-BM
and Ald-BM groups than in the control and Ald groups (Figure 3a).
The levels in the Ald and control groups were similar.

The mRNA expressions of the Nrf2 target antioxidant genes
(NAD(P)H quinone oxidoreductase-1, glutathione S-transferase μ1 and
glutathione S-transferase α4) were significantly higher in the control-BM
and Ald-BM groups than in the control and Ald groups (Figures 3b–d).
The levels in the Ald-BM and control-BM groups were similar.
The expression of Nrf2 was observed in the nucleus and cytoplasm

of the tubular cells (Figure 3e). The degree of Nrf2 positive area
tended to be higher in the Ald-BM group than in the Ald group
(P= 0.15, Figure 3f) and in the control-BM group than in the control
group (P= 0.06).

Renal expression of MCP-1 and immunohistological analysis for
macrophage infiltration
The gene (Figure 4a) and protein (Figure 4b) expression levels of
MCP-1 in the kidneys were significantly higher in the Ald and Ald-BM
groups than in the control and control-BM groups. The renal
expressions of MCP-1 were significantly lower in the Ald group than
in the Ald-BM group (Figures 4a and b).
The levels of macrophage infiltration were significantly higher in

the Ald group than in the control and control-BM groups, and
significantly higher in the Ald-BM group than in the control-BM group
(Figures 4c and d). The levels in the Ald-BM group were significantly
lower compared with those in the Ald group (Figures 4c and d).

Figure 2 Urinary albumin excretion on day 35. Values are mean± s.e.
*Po0.05 vs the control group; #Po0.05 vs the control-BM group; ¶Po0.05
vs the Ald group. Abbreviations: Ald, aldosterone; BM, Bardoxolone methyl.

Figure 3 mRNA transcript expression of Nrf2 (a) and the Nrf2 target antioxidant genes NQO-1 (b), Gstm1 (c) and Gsta4 (d). Immunohistological staining
for Nrf2 (e) and positively stained areas were assessed quantitatively (f). Original magnification, ×100. *Po0.05 vs the control group; #Po0.05 vs the
control-BM group; ¶Po0.05 vs the Ald group. Abbreviations: Ald, aldosterone; BM, bardoxolone methyl; Gsta4, glutathione S-transferase α4; Gstm1,
glutathione S-transferase μ1; Nrf2, nuclear factor erythroid 2-related factor 2; NQO-1, NAD(P)H quinone oxidoreductase-1.
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Figure 4 mRNA transcript expression of MCP-1 (a) and the protein expression of MCP-1 (b). Immunohistological staining for macrophages using an antibody
against F4/80 (c) and the positively stained areas were assessed quantitatively (d). Original magnification, ×100. *Po0.05 vs the control group; #Po0.05 vs
the control-BM group; ¶Po0.05 vs the Ald group. Abbreviations: Ald, aldosterone; BM, bardoxolone methyl; MCP-1, monocyte chemoattractant protein-1.

Figure 5 mRNA transcript expression of RANTES (a), α-1 collagen type a (b) and α-1 collagen type b (c). *Po0.05 vs the control group; #Po0.05 vs the
control-BM group; ¶Po0.05 vs the Ald group. Abbreviations: Ald, aldosterone; BM, bardoxolone methyl; RANTES, regulated on activation, normal T cell
expressed and secreted.
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Gene expressions of RANTES and type I and III collagens in the
kidney
The mRNA level of RANTES was measured to evaluate the
inflammatory response. The level was significantly higher in the Ald
group than in the control and control-BM groups (Figure 5a), and in
the Ald-BM than in the control-BM group. The increase in RANTES
level in the Ald group was significantly ameliorated in the Ald-BM
group. The gene expression of RANTES was significantly lower in the
control-BM group than in the control group.
The levels of α-1 collagen type I and type III were measured to

evaluate interstitium fibrosis. In the Ald group, the mRNA expressions of
α-1 collagen type I (Figure 5b) and type III (Figure 5c) were significantly
higher than in the control and control-BM groups. Their expressions
were significantly lower in the Ald-BM group than in the Ald group and
the mRNA level of α-1 collagen type III was significantly lower in the
control-BM group than in the control group.

Renal histological and morphometric analyses
Although tubular damage as assessed by periodic acid–Schiff staining
staining was significantly more severe in the Ald and Ald-BM groups
than in the control and control-BM groups, it was significantly
attenuated in the Ald-BM group compared with the Ald group
(Po0.05, Figures 6a and b). The tubulointerstitial fibrosis as
assessed by Masson’s trichrome staining was significantly more
severe in the Ald group than in the control and control-BM groups,
and was significantly attenuated in the Ald-BM group (Po0.05,
Figures 6c and d).

Immunohistological analysis for type I and III collagens
Areas of type I and III collagen deposition were observed in the
interstitium (Figures 6e and g). The areas positively stained for type I
(Figure 6f) and type III (Figure 6h) collagens were significantly higher
(Po0.05) in the Ald group than in the control and control-BM

Figure 6 Histological analyses for tubular damage stained with periodic acid–Schiff (PAS) (a). Tubular damage was assessed quantitatively in PAS-stained
sections (b). Tubulointerstitial fibrosis was stained with Masson Trichrome stain (c) and assessed quantitatively (d). Immunohistological staining for type a
collagen (e) and type b collagen (g); the positively stained areas were assessed quantitatively (f and h). Original magnification, ×100. Values are mean± s.e.
*Po0.05 vs the control group; #Po0.05 vs the control-BM group; ¶Po0.05 vs the Ald group. Abbreviations: Ald, aldosterone; BM, bardoxolone methyl.
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groups. Their deposition areas were significantly lower in the Ald-BM
group compared with the Ald group, although the type III collagen
deposition area was significantly higher in the Ald-BM group than in
the control and control-BM groups.

Evaluation of oxidative stress
DHE staining was applied to the kidney sections to evaluate ROS
production. DHE fluorescence tended to be greater in the Ald group
than in the control group and was significantly lower in the Ald-BM
group (Po0.05, Figures 7a and b).

Gene and protein expressions in the kidneys and urinary excretion
of human L-FABP
The mRNA levels of human L-FABP in the kidneys were significantly
higher in the Ald group than in the control and control-BM groups
and significantly lower in the Ald-BM group than in the Ald group.
Furthermore, the levels in the Ald-BM group were significantly lower
than in the control and control-BM groups (Figure 8a). The protein
expressions of human L-FABP in the kidneys were significantly higher
in the Ald group than in the control group, and significantly lower in
the Ald-BM group (Figure 8b). Urinary human L-FABP levels on day
35 were significantly higher in the Ald group than in the control and
control-BM groups and significantly higher in the Ald-BM group than
in the control group (Figure 8c). The levels were significantly lower in
the Ald-BM group than in the Ald group (Po0.05).

Correlation between urinary L-FABP and the degree of
tubulointerstitial damage on day 35
Urinary L-FABP levels significantly correlated with the degree of
tubulointerstitial damage as assessed by periodic acid–Schiff staining
staining, infiltration of macrophage as evaluated using an antibody
against F4/80 and tubulointerstitial fibrosis as indicated using
antibodies against both type I and type III collagens (Figure 9).

DISCUSSION

This study revealed that administration of the Nrf2 activator BM
attenuated the renal oxidative stress, excessive activation of the
intrarenal RAS, inflammation and tubulointerstitial damage induced
by both Ald and salt. Furthermore, the dynamics of human L-FABP
changed with the administration of BM, with urinary human L-FABP
levels reflecting the other changes caused by the BM.
Administering BM reduced the renal gene expression of Nrf2 in the

present study. The BM bound to cysteine residues of Keap1 and leaded
to conformational changes in Keap1 disrupting the interaction
between Nrf2 and Keap1, resulting in inhibiting the degradation of
the Nrf2 by polyubiquitination.31,32 We considered that because the
renal Nrf2 protein expression was maintained at a higher level by BM,
the mRNA expression of Nrf2 was suppressed. Therefore, the BM
enhanced the renal expressions of the Nrf2 target antioxidant genes,
which led to the suppression of ROS production as evaluated by DHE
fluorescence and subsequently to significant attenuation of the
tubulointerstitial damage induced by both Ald and salt (Figure 10).
We have previously reported a study of human L-FABP chromo-

somal transgenic mice in an Ald- and salt-induced hypertension
model, which showed human L-FABP was upregulated in the
proximal tubules and attenuated tubulointerstitial damage via anti-
oxidative action, as compared to the wild-type mice without L-FABP
expression in their proximal tubules.18 Although the duration of
Ald-injection was longer in the present study (5 weeks) than in the
previous study (4 weeks),18 the present study also demonstrated the
upregulation of renal human L-FABP with Ald and salt, and that
administration of BM suppressed this upregulation in the FABP+/−

mice. These results suggest that BM exhibited antioxidative action in
human proximal tubules with L-FABP expression and may retard the
progression of tubulointerstitial damage in clinical practice.
The present study demonstrated that systemic Nrf2 activation due

to a chemical inducer of Nrf2 ameliorated tubulointerstitial damage in

Figure 7 Immunofluorescent staining for DHE (a). The positively stained areas of DHE were assessed quantitatively (b). Values are mean± s.e. *Po0.05 vs
the control group; #Po0.05 vs the control-BM group; ¶Po0.05 vs the Ald group. Abbreviations: Ald, aldosterone; BM, bardoxolone methyl; DHE,
dihydroethidium.
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the Ald- and salt-induced hypertension model. The kidney is
composed of various types of cells and pharmacological Nrf2
activation has been reported to work on glomerular mesangial
cells33 in addition to the tubules. Although significant glomerular
damage was not induced in the Ald- and salt-induced hypertension
mouse model18 and this study did not show an increase in the Nrf2
protein expression in the glomeruli (data not shown), it is possible
that the increase in Nrf2 target antioxidant in these cells due to the
BM influenced the improvement to the tubulointerstitial damage
observed in the Ald-BM mice. To clarify this point requires a genetic
approach with cell-specific Nrf2 deletion mice.
In the present study, SBP on day 35 tended to be lower in the

Ald-BM mice than in the Ald mice, suggesting the possibility that BM
influenced SBP. Some studies have reported that Nrf2 activators
attenuate blood pressure elevation in hypertension models34,35

via regulation of myogenic tone due to increased expression of
Nrf2-regulated antioxidant genes in vascular smooth muscle.24 As
vascular Nrf2-antioxidant system may exert vasoprotective effects
in hypertension-associated vascular changes induced by increased
vascular oxidative stress, the effects of the BM may be related to the
decrease in SBP by BM in the Ald- and salt-induced model. Although
decrease in blood pressure is reported not to lead to attenuation
of renal injury and reduction of oxidative stress in the Ald- and
salt- induced renal injury model,18,36 such vasoprotective actions of
BM may be useful for the improvement of vascular function in
hypertension.
In contrast to the renoprotective effect of BM, a pathogenic role of

Nrf2 in inflammasome activation has been reported.37,38 Freigang
et al.37 reported that an Nrf2 activator was a positive regulator of
the inflammasome and enhanced interleukin-1-mediated vascular

inflammation. Zhao et al.38 also reported that Nrf2 mediated
inflammasome activation, leading to an increase in inflammatory
response. Administration of an initial daily dose of BM of 10 mg kg− 1

induced high mouse mortality in our preliminary study. A clinical
study of treatment with BM for stage 4 CKD patients with diabetes
mellitus showed that it significantly increased the risk of heart failure
and of a composite cardiovascular outcome (nonfatal myocardial
infarction, nonfatal stroke, hospitalization for heart failure or death
from cardiovascular causes).39 Zoja et al.40 demonstrated the divergent
result of Nrf2 activator RTA405, a synthetic triterpenoid analog of BM,
against renoprotective effect using Zucker diabetic fatty rats.40

Furthermore, they also showed acute liver toxicity of RTA405 in the
diabetic rats. As the roles of Nrf2 and Nrf2 activators differ between
various pathophysiological conditions, further studies are needed to
examine the utility of BM for each disease and severity of disease to
establish when it can be applied in clinical practice.
Urinary human L-FABP is a tubular marker that accurately reflects

the degree of tubulointerstitial damage and has the potential to predict
prognosis in CKD.17,41 In a clinical study of BM, urinary albumin did
not change in line with the treatment effect of BM;23 it was speculated
that BM reduced the expression of megalin in the proximal tubules,
and that this was related to reabsorbing the albumin filtered through
glomeruli.42 In the present study, urinary L-FABP levels significantly
correlated with the degree of tubulointerstitial damage. Although
urinary albumin levels decreased in response to the administration of
BM and this study did not demonstrate the superiority of urinary
human L-FABP over urinary albumin for evaluating the renoprotec-
tive effect of BM, urinary L-FABP may be useful for determining the
effect of BM in clinical practice.

Figure 8 mRNA transcript expression (a) and protein expression (b) of human L-FABP. Urinary excretion of human L-FABP on day 35 (c). Values are
mean± s.e. *Po0.05 vs the control group; #Po0.05 vs the control-BM group; ¶Po0.05 vs the Ald group. Abbreviations: Ald, aldosterone; BM, bardoxolone
methyl; L-FABP, liver-type fatty acid-binding protein.
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There is a critical limitation in this study. As urinary sodium levels
were significantly lower in the Ald-BM group than in the Ald group,
there is a possibility that 1% NaCl water intake in the Ald-BM group
significantly decreased compared with that in the Ald group, which
may be related to renoprotection in the Ald-BM group. Zoja et al.40

also reported that BM analog RTA405 caused decreases in food intake
and diuresis in rats with diabetic nephropathy. However, because
severe tubulointerstitial damage causes a decrease in the reabsorption
of urinary sodium, suppression of tubulointerstitial damage in the
Ald-BM group may lead to the decrease in urinary excretion of
sodium. In fact, serum sodium concentration in the Ald-BM group

was higher than that in the Ald group. Further studies are needed to
clarify this point.
In conclusion, this study showed that treatment with BM

suppressed the progression of tubulointerstitial damage in Ald- and
salt-induced hypertension under the expression of human L-FABP in
the proximal tubules. Recent clinical studies in hypertensive CKD have
reported RAS inhibitors to have only a limited effect on the
suppression of renal dysfunction43 and BM may be expected to be
part of a new strategy for preventing tubulointerstitial damage due to
salt-sensitive hypertension. Furthermore, urinary L-FABP is a useful
tubular marker that reflects the renoprotective effect of BM.
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