
CLINICAL RESEARCH
Corre

Endoc

Hongo

umin.

Recei

March

Kidney
Randomized Clinical Trial on the Effect

of Bardoxolone Methyl on GFR in Diabetic

Kidney Disease Patients (TSUBAKI Study)
Masaomi Nangaku1, Hironori Kanda2, Hirotaka Takama2, Tomohiro Ichikawa2, Hiroki Hase3

and Tadao Akizawa4

1Division of Nephrology and Endocrinology, University of Tokyo School of Medicine, Tokyo, Japan; 2Research & Development

Division, Kyowa Kirin Co., Ltd, Tokyo, Japan; 3Department of Nephrology, Toho University School of Medicine, Tokyo, Japan;

and 4Division of Nephrology, Showa University School of Medicine, Tokyo, Japan
Introduction: Bardoxolone methyl significantly increases estimated glomerular filtration rate (eGFR) in

patients with chronic kidney disease (CKD). However, the phase 3 study, Bardoxolone Methyl Evaluation in

Patients with Chronic Kidney Disease and Type 2 Diabetes Mellitus: the Occurrence of Renal Events

(BEACON), was terminated prematurely because bardoxolone methyl increased the risk for early-onset

fluid overload in patients with identifiable risk factors for heart failure (elevated baseline B-type natri-

uretic peptide levels >200 pg/ml and prior history of hospitalization for heart failure). The Phase 2 Study of

Bardoxolone Methyl in Patients with Chronic Kidney Disease and Type 2 Diabetes (TSUBAKI) study aimed

to determine if patients without risk factors can mitigate the risk for fluid overload and whether changes in

eGFR with bardoxolone methyl reflect true increases in GFR.

Methods: This phase 2, randomized, multicenter, double-blind, placebo-controlled study enrolled patients

with type 2 diabetes and stage 3–4 CKD. Patients were randomized 1:1 to bardoxolone methyl (n ¼ 41) or

placebo (n ¼ 41) (cohort G3), or 2:1 to bardoxolone methyl (n ¼ 24) or placebo (n ¼ 14) (cohort G4),

administered orally once daily for 16 weeks using a dose-titration scheme. The primary efficacy endpoint

was change from baseline in GFR measured by inulin clearance at week 16 in the cohort G3.

Results: A total of 40 patients were evaluated for the prespecified primary efficacy analysis. Mean change

(95% confidence interval [CI]) from baseline in GFR was 5.95 (2.29 to 9.60) and �0.69 (�3.83 to 2.45) ml/min

per 1.73 m2 for patients randomized to bardoxolone methyl and placebo, respectively, with a significant

intergroup difference of 6.64 ml/min per 1.73 m2 (P ¼ 0.008). Increases in the albumin/creatinine ratio were

observed in the bardoxolone methyl group vs the placebo group. The most common adverse events

($15% in either group) were viral upper respiratory tract infection, increased alanine aminotransferase,

increased aspartate aminotransferase, increased g-glutamyltransferase, and constipation. Peripheral

edema was reported by 4 patients receiving bardoxolone methyl and by 1 patient receiving placebo; all

events were mild and self-limiting. No patient died or experienced heart failure. The study discontinuation

rate was higher in the bardoxolone methyl group (cohort G3, n ¼ 8; cohort G4, n ¼ 7) than the placebo

group (cohort G3, n ¼ 1; cohort G4, n ¼ 0).

Conclusion: Bardoxolone methyl significantly increased measured GFR, and further investigation is

ongoing to evaluate whether it provides clinical benefit without major safety concerns in selected patients

with CKD.
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globally, and prevention of disease progression is an
important concern.1,2 Inflammation and oxidative
stress contribute to the pathogenesis of CKD.3 Bar-
doxolone methyl activates a master regulator of redox
homeostasis, the Kelch-like ECH-associated protein 1/
nuclear factor erythroid 2-related factor 2 (Nrf2) signal
transduction pathway, and may target the inflamma-
tory pathways that contribute to kidney function
decline in CKD.4–7 In multiple clinical studies that
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enrolled more than 2600 patients with CKD, bardox-
olone methyl increased the eGFR in a significant and
sustained manner.8–10 The largest of these studies was
the phase 3 trial, Bardoxolone Methyl Evaluation in
Patients with Chronic Kidney Disease and Type 2
Diabetes Mellitus: the Occurrence of Renal Events
(BEACON), which assessed the efficacy and safety of
bardoxolone methyl in patients with stage 4 CKD.
BEACON was prematurely terminated in 2012 due to an
increased risk for heart failure (HF) events with bar-
doxolone methyl treatment. Post hoc analyses of BEA-
CON showed that the increase in HF events was most
likely caused by fluid overload, which occurred in the
first 4 weeks after randomization.11 An additional
analysis identified elevated baseline B-type natriuretic
peptide (BNP) levels >200 pg/ml and history of hos-
pitalization for HF as risk factors for HF; for patients
without these baseline characteristics, the risk for HF
among bardoxolone methyl�treated and placebo-
treated patients was similar (2%).12 Accordingly, a
phase 2 study was conducted to determine whether
prospective enrollment of patients without these
clinical characteristics could mitigate the risk for
fluid overload with bardoxolone methyl in patients
with DKD. In addition, the study was designed to
determine whether the observed increases in eGFR
with bardoxolone methyl reflected a true increase in
GFR.
METHODS

Study Design and Participants

TSUBAKI (The Phase 2 Study of Bardoxolone Methyl in
Patients with Chronic Kidney Disease and Type 2
Diabetes, ClinicalTrials.gov: NCT02316821) was a ran-
domized, multicenter, double-blind, placebo-controlled
trial conducted at 36 hospitals in Japan. The trial
enrolled patients 20 to 79 years of age with type 2
diabetes and stage 3 CKD (eGFR$30 to <60 ml/min per
1.73 m2) and albumin to creatinine ratio (ACR) <300
mg/g (cohort G3). After a protocol amendment, a sub-
sequent cohort included patients with type 2 diabetes
and stage 4 CKD (eGFR$15 to <30 ml/min per 1.73 m2)
and ACR <2000 mg/g (cohort G4). Concomitant
administration of angiotensin-converting enzyme
Cin ðml =minper1:73 m2Þ ¼ urine inulin concentration
serum

� 1:73
body surface area ðm2Þ
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inhibitors and/or angiotensin II receptor blockers was
required. Patients with baseline BNP >200 pg/ml or
significant cardiovascular histories were excluded from
the study. Additional inclusion/exclusion criteria are
presented in Supplementary Table S1. The study pro-
tocol and its amendments were approved by the
institutional review board at each study site. Written
informed consent was obtained from all patients.
Procedures

Eligible patients were randomized 1:1 (cohort G3) or 2:1
(cohort G4) to receive bardoxolone methyl or placebo,
with stratification by ACR (cohorts G3 and G4) and
CKD stage (cohort G3 only). Patients, investigators, site
medical staff, and the sponsor were masked to the
treatment assignment and to parameters that could
potentially be affected by bardoxolone methyl treat-
ment (Supplementary Table S1). Patients received
bardoxolone methyl or placebo orally once daily for 16
weeks. The starting dose was 5 mg/d, followed by dose
escalation, as tolerated, to 10 mg/d at week 4 and 15
mg/d at week 8. Patients were assessed weekly at the
study site during the treatment period.

The primary efficacy endpoint parameter, GFR
(inulin clearance, Cin), was measured twice at baseline
and week 16 of treatment. To curtail variations in Cin
measurements, patients were hospitalized 1 to 2 days
prior to control for diet, water intake, and physical
conditions. Patients fasted for at least 6 hours before
INULEAD INJECTION (inulin solution for injection;
Fujiyakuhin Co., Ltd., Saitama, Japan) was i.v. infused
for the first 30 minutes at a rate of 300 ml/h, followed
by 100 ml/h for 90 minutes.13 This continuous infusion
method was performed under adequate water intake
(other beverages were prohibited); patients drank 500
ml of water 30 minutes before inulin infusion, and 60
ml of water was given at 30, 60, and 90 minutes after
the start of infusion. Patients were asked to void
completely 30 minutes after inulin infusion and then
underwent blood collection every 30 minutes (45, 75,
and 105 minutes after inulin infusion) and urine
collection every 30 minutes (60, 90, and 120 minutes
after inulin infusion). GFR was calculated as the mean
of 3 Cin measurements. Cin was calculated as follows13:
ðmg=dlÞ � urine volume per unit time ðml=minÞ
inulin concentration ðmg=dlÞ

Kidney International Reports (2020) 5, 879–890
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Body surface area of each patient was calculated from
the body height at baseline and the body weight at GFR
measurement using the Dubois equation; 24-hour urine
samples were collected during hospitalization. The
inulin assay was performed using an enzymatic method
at the central laboratory (SRL Inc., Tokyo, Japan).

Outcomes

The primary efficacy endpoint was the change from
baseline in GFR at week 16 in patients randomized to
bardoxolone methyl relative to placebo. A prespecified
interim analysis was performed by an independent data
monitoring committee when 50% of the target sample
size was reached. Because GFR measurements are time
consuming and burdensome, once the primary
endpoint was met, enrollment continued but no addi-
tional GFR measurements were collected. The second-
ary endpoint was the change from baseline in eGFR at
week 16. The eGFR was calculated using an equation
best tailored to the Japanese population13: eGFR (ml/
min per 1.73 m2) ¼ 194 � serum creatinine�1.094 �
age�0.287 (� 0.739 in female patients). The primary and
secondary efficacy endpoints were analyzed using a
per-protocol set (PPS) of cohort G3. The reason that PPS
was used was to evaluate more precisely the efficacy
with which bardoxolone methyl would increase GFR.
In addition, 24-hour urine parameters (creatinine
clearance, urine creatinine, urine volume, and urine
sodium) were assessed as exploratory endpoints in PPS
of cohort G3. Exploratory endpoints evaluated in the
full analysis set of cohorts G3 and G4 included changes
in eGFR and ACR over time during the study period.

Statistical Analysis

A target sample size of 72 patients (36 patients in each
treatment group) provided the trial with approximately
80% statistical power to detect a 7 ml/min per 1.73 m2

difference in change from baseline in GFR between the
bardoxolone methyl and placebo groups, which was
expected based on eGFR values observed in a previous
study (H. Takama, personal communication, 2,
October, 2014). The calculations assumed an SD of 10
ml/min per 1.73 m2 and used a z test (incorporating
data from 1 interim analysis) with a significance level of
.025 for a 1-sided test. The 1-sided test was chosen to
demonstrate bardoxolone methyl increases GFR
compared to placebo to be considered effective,
because previous studies have shown that bardoxolone
methyl increases eGFR from baseline.

We analyzed the primary efficacy endpoint using
an analysis of covariance model with baseline GFR and
log-transformed baseline ACR as covariates. The PPS
excluded untreated patients and those with unavai-
lable GFR data at week 16. The adjusted least-squares
Kidney International Reports (2020) 5, 879–890
mean (LSM) and its 95% CI were calculated for each
group. The t statistics of the difference between
treatment groups were calculated with respect to LSM,
and a group sequential test was performed. To correct
for a type 1 error, the critical value obtained from a
normal distribution was corrected for t distribution
using the Lan and DeMets a-spending function
(Pocock type), which allows flexible timing of interim
analysis.14

Exploratory analyses of other kidney function pa-
rameters (eGFR and ACR) were performed using a
mixed-effects model with repeated measures, with
factors (fixed effects) for treatment, visit, treatment-
by-visit interaction, and relevant baseline value. All
other continuous measures were analyzed using an
analysis of covariance model with treatment as a fixed
effect and relevant baseline value as a covariate. All
analyses were performed using SAS 9.4 (SAS Institute,
Cary, NC).
RESULTS

Between 15 December 2015 and 28 July 2016, a total of
155 patients provided written informed consent, 85 of
whom met the eligibility criteria and were randomized
1:1 to either bardoxolone methyl or placebo in cohort
G3 (Figure 1a). At the time of the interim analysis of the
primary efficacy endpoint, 40 patients (bardoxolone
methyl, n ¼ 17; placebo, n ¼ 23) had GFR data through
week 16 and were included in the interim PPS. The
final PPS population comprised all patients whose GFR
was measured prior to the date that the primary
endpoint was met and included 44 patients (bardox-
olone methyl, n ¼ 19; placebo, n ¼ 25). The full
analysis set for cohort G3 included a total of 82 patients
(bardoxolone methyl and placebo, n ¼ 41 each).
Overall, 3 patients discontinued the study before
treatment initiation, 9 patients (bardoxolone methyl,
n ¼ 8; placebo, n ¼ 1) discontinued treatment prior to
the end of the study, and 73 patients completed the
study.

After a prespecified interim analysis showed that the
trial had met its primary efficacy endpoint, the protocol
was amended to include cohort G4. Between 25 August
2016 and 26 February 2017, a total of 61 patients pro-
vided written informed consent, 39 of whom met the
eligibility criteria and were randomized 2:1 to receive
bardoxolone methyl or placebo (Figure 1b) in cohort G4.
A total of 38 patients received bardoxolone methyl (n ¼
24) or placebo (n ¼ 14) treatment and were included in
the full analysis set for cohort G4. One patient dis-
continued the study before treatment initiation, and 7
patients, all in the bardoxolone methyl group, dis-
continued treatment prior to week 16. Specific reasons
881



Figure 1. Patient disposition in (a) cohort G3 and (b) cohort G4. FAS, full (safety) analysis set; PPS, per-protocol set.

CLINICAL RESEARCH M Nangaku et al.: TSUBAKI Study: True Increase in GFR
for discontinuation in both cohorts are summarized in
Supplementary Table S2.

In both cohorts, baseline characteristics of patients
were generally comparable between the bardoxolone
methyl and placebo groups (Table 1). The baseline
characteristics of patients in the interim and final PPS
populations (Supplementary Tables S3 and S4,
882
respectively) were also similar to those of the rest of the
cohort G3.

Primary Endpoint

After 16 weeks of treatment, the LSM change (95%
CI) from baseline in GFR for patients randomized to
bardoxolone methyl was 5.95 (2.29 to 9.60) ml/min
Kidney International Reports (2020) 5, 879–890



Table 1. Baseline characteristics
Cohort G3 Cohort G4

Bardoxolone methyl Placebo Bardoxolone methyl Placebo

(n [ 41) (n [ 41) (n [ 24) (n [ 14)

Sex, n (%)

Female 15 (36.6) 11 (26.8) 7 (29.2) 5 (35.7)

Male 26 (63.4) 30 (73.2) 17 (70.8) 9 (64.3)

Age, yr, mean (SD) 67.9 (6.6) 70.9 (6.8) 68.0 (8.9) 66.0 (6.8)

Weight, kg, mean (SD) 66.71 (10.76) 66.57 (11.05) 64.65 (8.87) 77.94 (19.03)

BMI, kg/m2, mean (SD) 25.77 (3.69) 25.17 (3.08) 24.45 (2.01) 28.44 (5.59)

eGFR, ml/min per 1.73 m2, mean (SD) 46.82 (7.87) 46.79 (6.85) 25.55 (3.68) 23.37 (3.16)

Serum creatinine, mg/dl, mean (SD) 1.135 (0.235) 1.148 (0.226) 2.001 (0.356) 2.151 (0.448)

ACR, mg/g, mean (SD) 75.78 (104.47) 51.55 (80.51) 1082.70 (774.22) 765.64 (669.58)

BNP, pg/ml, mean (SD) 25.60 (28.32) 30.44 (27.86) 52.52 (40.56) 39.55 (27.79)

Blood pressure, mm Hg, mean (SD)

Systolic 128.0 (17.3) 125.1 (17.7) 136.0 (12.6) 134.8 (14.8)

Diastolic 73.9 (10.6) 70.2 (10.6) 74.0 (8.9) 71.3 (9.1)

HbA1c, %, mean (SD) 6.99 (0.85) 7.11 (0.73) 6.78 (0.88) 7.47 (1.15)

ACR, albumin/creatinine ratio; BMI, body mass index; BNP, B-type natriuretic peptide; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin.
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per 1.73 m2. In contrast, patients randomized to
placebo had a mean decline in GFR of �0.69 (�3.83
to 2.45), resulting in a significant intergroup differ-
ence of 6.64 ml/min per 1.73 m2 (P ¼ 0.008)
(Figure 2).
Figure 2. Change from baseline in glomerular filtration rate (GFR)
assessed by inulin clearance (interim per-protocol set). Data are
least-squares mean (LSM) (95% confidence interval). P value in-
dicates the difference between the LSM using the analysis of
covariance model with treatment as a factor, and baseline values of
GFR and log-transformed albumin/creatinine ratio as covariates,
Secondary Endpoint

Consistent with the measured GFR results, patients
randomized to bardoxolone methyl had significant in-
creases from baseline in eGFR relative to patients ran-
domized to placebo. The LSM change (95% CI) from
baseline in eGFR at week 16 was 12.30 (10.10 to 14.49)
Kidney International Reports (2020) 5, 879–890
and 0.22 (�1.69 to 2.13) ml/min to 1.73 m2 in the
bardoxolone methyl and placebo groups, respectively
(P < 0.0001).

Exploratory Endpoints

Results of the 24-hour urine collection parameters at
week 16 are presented in Figure 3a to d. Bardoxolone
methyl treatment significantly increased creatinine
clearance relative to placebo (P ¼ 0.0003) (Figure 3a).
Urinary creatinine excretion, urine volume, and uri-
nary sodium excretion were not significantly different
between the 2 groups (Figure 3b�d).

Changes in eGFR over time for cohort G3 or cohort
G4 are presented in Figure 4a and b, respectively. In
both cohorts, bardoxolone methyl treatment signifi-
cantly increased eGFR relative to placebo. The magni-
tude of increases in eGFR with bardoxolone methyl
treatment appeared to be greater in cohort G3, but the
relative changes in eGFR, presented as percentages,
were comparable between the 2 cohorts
(Supplementary Figure S1).

The LSM change (95% CI) from baseline in eGFR
(ml/min per 1.73 m2) 4 weeks after treatment with-
drawal (week 20) in the bardoxolone methyl versus
placebo group was 3.65 (2.15 to 5.15) versus �0.76
(�2.23 to 0.70) for cohort G3 and 1.26 (�1.45 to 3.97)
versus �0.04 (�2.49 to 2.41) for cohort G4.

Changes in the ACR over time in both cohorts,
including individual-level data, are presented in
Figure 4c and d, and Supplementary Figures S2 and S3.
Increases in ACR were observed with bardoxolone
methyl treatment relative to placebo. However, when
indexed to eGFR values at each time point, bardoxolone
methyl did not increase ACR/eGFR ratios (Figure 4e
and f).
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Figure 3. Twenty-four-hour urine collection parameters (final per-protocol set) at week 16 in cohort G3: (a) creatinine clearance (CCr), (b) urine
creatinine (Cr), (c) urine volume, and (d) urine sodium. Data for (a–d) are mean (95% confidence interval). P value is based on non�multiplicity-
adjusted P value by t test and post hoc analyses.
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Safety

Peripheral edema was reported as an adverse event
(AE) in 4 patients treated with bardoxolone methyl and
in 1 patient treated with placebo. All reports of pe-
ripheral edema were mild in severity and resolved
during the study. The most commonly reported AEs
($15% in either group) were viral upper respiratory
tract infection, increased alanine aminotransferase,
increased aspartate aminotransferase increased g-
glutamyltransferase, and constipation (Table 2), which
were mild in severity and occurred more frequently in
patients treated with bardoxolone methyl than in those
treated with placebo. The reports of increases in
aminotransferase were not accompanied by increases in
total bilirubin, and no patient met Hy’s law criteria.15

No significant increases in systolic or diastolic blood
pressure were observed with bardoxolone methyl
treatment during the study (Figure 5a and b). Slight,
but statistically significant, increases in BNP were
observed with bardoxolone methyl treatment relative
to placebo (Figure 5c and d; Supplementary Figures S4
884
and S5). An observable increase in BNP levels was re-
ported as an AE in 2 patients in the bardoxolone
methyl group versus 1 in the placebo group. The in-
crease in BNP levels was not associated with treatment
withdrawal (data not shown). Troponin T levels were
unchanged from baseline and relative to placebo with
bardoxolone methyl treatment (Figure 5e and f). There
were no clinically significant changes in electrocardi-
ography, echocardiography, or chest X-ray findings; no
changes were noted in left ventricular fractional
shortening or cardiothoracic ratio (Supplementary
Figures S6 and S7). A significant decrease in body
weight was observed with bardoxolone methyl treat-
ment, which was not associated with creatine kinase
(CK) elevations (Figure 6a�d). Other AEs commonly
observed in prior studies with the drug,8�10 such as
mild muscle spasms (bardoxolone methyl, 6 vs. pla-
cebo, 1), weight loss (bardoxolone methyl, 1 vs. pla-
cebo, 0), increased amount of protein in the urine
(bardoxolone methyl, 4 vs. placebo, 0), and increase in
ACR (bardoxolone methyl, 4 vs. placebo, 0), were
Kidney International Reports (2020) 5, 879–890



Figure 4. Estimated glomerular filtration rate (eGFR) (full analysis set [FAS]) in (a) cohort G3 and (b) cohort G4; urinary albumin/creatinine ratio
(ACR) (FAS) in (c) cohort G3 and (d) cohort G4; and baseline-adjusted ACR/eGFR in (e) cohort G3 and (f) cohort G4. Data are mean (95%
confidence interval). P value is based on non�multiplicity-adjusted P value by t test and post hoc analyses. P value indicates the difference
between the treatment groups at 16 weeks using the mixed-effects model with repeated measures with treatment and time as factors,
treatment-by-visit interaction, and relevant baseline value as covariate.
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observed in more patients treated with bardoxolone
methyl than in those given placebo (Supplementary
Table S5). No deaths or hospitalizations due to HF
were reported in the study.
DISCUSSION

The trial met its primary efficacy endpoint and, using
the inulin clearance (Cin) method, demonstrated that
treatment with bardoxolone methyl significantly
increased measured GFR. Furthermore, consistent with
Kidney International Reports (2020) 5, 879–890
prior studies, patients treated with bardoxolone methyl
in TSUBAKI had significant increases in eGFR. Bar-
doxolone methyl treatment also significantly increased
creatinine clearance, and these increases were not
associated with changes in total 24-hour excretion of
creatinine. Collectively, these data establish that the
increases in eGFR with bardoxolone methyl are not due
to changes in creatinine metabolism but reflect true
increases in GFR.

Two potential mechanisms by which bardoxolone
methyl may increase GFR include dynamic increases in
885



Table 2. Most common adverse events ($15% in either group) and serious adverse events
Cohort G3 Cohort G4

Bardoxolone methyl Placebo Bardoxolone methyl Placebo

(n [ 41) (n [ 41) (n [ 24) (n [ 14)

Any adverse event, n (%)

Viral upper respiratory tract infection 8 (19.5) 6 (14.6) 12 (50.0) 5 (35.7)

Alanine aminotransferase increased 16 (39.0) 1 (2.4) 6 (25.0) 0 (0)

Aspartate aminotransferase increased 10 (24.4) 1 (2.4) 6 (25.0) 0 (0)

g-Glutamyltransferase increased 10 (24.4) 0 (0) 2 (8.3) 0 (0)

Constipation 8 (19.5) 4 (9.8) 1 (4.2) 0 (0)

Serious adverse event, n (%)

Myocardial infarction 1 (2.4) 0 (0) 0 (0) 0 (0)

Tibia fracture 1 (2.4) 0 (0) 0 (0) 0 (0)

Spinal osteoarthritis 1 (2.4) 0 (0) 0 (0) 0 (0)

Pyelonephritis, acute 0 (0) 0 (0) 1 (4.2) 0 (0)

Chronic kidney disease 0 (0) 0 (0) 1 (4.2) 0 (0)

Diabetic gangrene 0 (0) 0 (0) 1 (4.2) 0 (0)

Influenza 0 (0) 0 (0) 1 (4.2) 0 (0)

Pneumonia pneumococcal 0 (0) 0 (0) 1 (4.2) 0 (0)

CLINICAL RESEARCH M Nangaku et al.: TSUBAKI Study: True Increase in GFR
glomerular filtration surface area16–19 and chronic
antifibrotic effects.20 Dynamic increases in GFR may be
attributed to maintenance of intracellular redox ho-
meostasis in mesangial cells16 and/or endothelial
cells17–19; preclinical studies show that bardoxolone
methyl reduces endothelial dysfunction and angio-
tensin II�induced mesangial cell contraction to in-
crease the filtration coefficient and GFR. Interventions
that cause pressure-mediated injury would be expected
to accelerate the rate of decline in kidney function
relative to placebo after 1 year or more of treatment.21

In contrast, patients treated with bardoxolone methyl
experience increases in eGFR that are sustained for at
least 1 year, and a sizeable fraction of that increase is
retained 4 weeks after the drug has been withdrawn,
long after active concentrations of the drug are
evident.9 Therefore, the mechanism by which bar-
doxolone methyl increases GFR and eGFR appears to
be distinct from that of agents associated with
increased intraglomerular pressure. Thus, there is no
evidence that the GFR changes produced by bardox-
olone methyl are due to pressure-mediated hyper-
filtration. Importantly, a recent study in mice has
found that Nrf2 activation increases GFR without
affecting the afferent/efferent arteriole ratio.22 More-
over, we found no evidence of an increased risk of
kidney toxicity, as assessed by serious AEs involving
the kidneys, end-stage kidney disease events, and
proportion of patients with clinically meaningful loss
of eGFR. Finally, partially sustained benefit after
cessation of bardoxolone methyl in other studies with
longer treatment durations may be indicative of the
antifibrotic effects observed with bardoxolone methyl
in preclinical studies.20 It should be noted, however,
886
that long-term observation is required to clarify the
true biological significance of increased GFR.

As part of a broader risk mitigation strategy to
reduce the risk for HF with bardoxolone methyl
treatment, patients with risk factors for fluid overload
were excluded from TSUBAKI. In addition, a dose-
titration scheme was used; patients received 5 mg/d of
bardoxolone methyl (a quarter of the dose used in
BEACON [20 mg/d]) during the first 4 weeks and were
dose escalated to a maximum dose of 15 mg/d.
Furthermore, body weight and blood pressure were
monitored daily throughout the treatment period to
assess for signs and symptoms of fluid overload.
Notably, no hospitalizations due to HF or fluid overload
were reported in the trial. Although a slight increase in
BNP and a higher incidence of peripheral edema were
observed with bardoxolone methyl, there were no in-
creases in blood pressure, body weight, or troponin T
levels and no changes in electrocardiography, echo-
cardiography, or chest X-ray findings, supporting the
absence of clinically significant fluid retention. The
relationship between fluid retention and increases in
BNP caused by bardoxolone methyl is not clear at this
moment; however, BNP measurement during the
treatment may help prediction of future HF risk.
Moreover, unlike BEACON, there were no signs of
overt volume changes, and 24-hour urine collections
showed no changes in urinary volume or sodium
excretion with bardoxolone methyl treatment. The
absence of overt fluid overload or subclinical measures
of fluid retention supports that TSUBAKI used an
effective risk mitigation strategy to allow safe admin-
istration of bardoxolone methyl to patients with
moderate-to-advanced CKD.
Kidney International Reports (2020) 5, 879–890



Figure 5. Systolic and diastolic blood pressure (safety analysis set) in (a) cohort G3 and (b) cohort G4; B-type natriuretic peptide (BNP) levels
(safety analysis set) in (c) cohort G3 and (d) cohort G4; and troponin T levels in (e) cohort G3 and (f) cohort G4. Data are mean (95% confidence
interval). P value is based on non�multiplicity-adjusted P value by t test and post hoc analyses. P value indicates the difference between the
treatment groups at 16 weeks using the mixed-effects model with repeated measures with treatment and time as factors, treatment-by-visit
interaction, and relevant baseline value as covariate.
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In concert with the increases in eGFR, treatment
with bardoxolone methyl also increased ACR. The
result is consistent with the finding of post hoc ana-
lyses of BEACON showing that changes in albumin-
uria are directly related to changes in eGFR.23

Besides, the increases in urinary albumin excretion
with bardoxolone methyl treatment are not associated
with signs of disease progression or kidney injury,
but likely are the results of a pharmacological effect
of increased GFR and decreased albumin reabsorption
Kidney International Reports (2020) 5, 879–890
that are distinct from alterations to glomerular
selectivity. This implication is supported by the
fact that glomerular permeability of albumin was not
changed by bardoxolone methyl analogue treatment
in mice.22

Although the rate of study discontinuation was
higher in the bardoxolone methyl group for both
cohorts, only 5 discontinuations were associated with
AEs. The most commonly reported AEs ($15% in either
group) were viral upper respiratory tract infection,
887



Figure 6. Change in body weight (safety analysis set) in (a) cohort G3 and (b) cohort G4 and change in creatine kinase (CK) in (c) cohort G3 and
(d) cohort G4. Data are mean (95% confidence interval). P value is based on non�multiplicity-adjusted P value by t test and post hoc analyses.
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increased alanine aminotransferase, increased aspartate
aminotransferase, increased g-glutamyltransferase, and
constipation. Viral upper airway inflammation appeared
to be seasonal. Increases in aminotransferases were tran-
sient and followed a pattern similar to those observed in
other clinical studies with bardoxolone methyl. Impor-
tantly, aminotransferase increases were not associated
with elevations in total bilirubin, and no patient met Hy’s
law criteria. Genetic manipulation of Nrf2, the target of
bardoxolone methyl, has been shown to regulate the in-
duction of aminotransferase genes and the serum activity
of alanine aminotransferase and aspartate aminotrans-
ferase.24 Similar to increases in alanine aminotransferase
and aspartate aminotransferase, elevations in serum g-
glutamyltransferase, a protein involved in glutathione
synthesis and also controlled by Nrf2, were also reported.
The mechanism by which bardoxolone methyl elevates
aminotransferases and g-glutamyltransferase appears to
relate to its pharmacologic actions and not intrinsic liver
toxicity.

Also consistent with previous studies, bardoxolone
methyl treatment reduced body weight in TSUBAKI.
The absence of creatine kinase elevations and the lack
of changes in urinary creatinine excretion support that
888
the observed weight loss was not associated with
muscle injury or muscle wasting. As observed in prior
studies, weight loss was more pronounced in patients
with higher body mass index at baseline in this
study.25 In BEACON, reductions in body weight
coincided with significant decreases in waist circum-
ference, a surrogate measure of adiposity, as well as
reductions in glycated hemoglobin.25 Thus, improve-
ments in glycemic control and lipid metabolism
observed in preclinical studies with bardoxolone
methyl may explain the reductions in body weight
observed in humans.26–30

Strengths of this trial include a randomized, placebo-
controlled design and the measurement of GFR using
the gold standard Cin method in an interventional
study. In addition, through strict handling procedures,
we were able to control for diet, water intake, and
physical conditions to minimize variability. Limitations
include the sample size; measuring Cin involved over-
night hospitalizations and complex and invasive mea-
surements that precluded assessment of Cin in a larger
sample size and broader patient population. The
magnitude of increases in GFR observed with bardox-
olone methyl was less than the increases in eGFR, and
Kidney International Reports (2020) 5, 879–890
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likely reflects the technical challenges associated with
Cin measurements that may have resulted in under-
estimating GFR because of incomplete voiding.
Another limitation is that only a limited number of
patients with cohort G4 were added to ensure that
selected patients with stage G4 DKD could be safely
treated with bardoxolone methyl. This was the first
study to be conducted after the premature termination
of the BEACON study in patients with stage G4 DKD;
therefore, the eligibility criteria for the TSUBAKI study
were limited to patients with stage G3 DKD at the
beginning of the study. However, cohort G4 was added
to assess the safety of the drug in patients with later-
stage CKD in the discussion with the Japanese regula-
tory agency (Pharmaceuticals and Medical Devices
Agency [PMDA]) after the primary efficacy endpoint
was achieved in the interim analysis. In addition,
because of the small numbers of patients in this study,
additional information about safety is definitely needed
to evaluate the overall risk�benefit relationship of the
drug, especially in advanced CKD. Although the 16-
week study duration and small sample size in TSU-
BAKI could not comprehensively profile the safety and
efficacy of bardoxolone methyl, the ongoing phase 3
AYAME study will provide longer-term safety and
efficacy data, and will evaluate how increases in GFR
can affect kidney failure outcomes in patients with
DKD.
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