
Effects of Bardoxolone Methyl in Alport Syndrome

Bradley A. Warady ,1 Pablo E. Pergola,2 Rajiv Agarwal ,3 Sharon Andreoli,4 Gerald B. Appel,5 Sripal Bangalore,6

Geoffrey A. Block,7 Arlene B. Chapman,8 Melanie P. Chin,9 Keisha L. Gibson,10 Angie Goldsberry,9 Kazumoto Iijima,11

Lesley A. Inker,12 Clifford E. Kashtan,13 Bertrand Knebelmann,14 Laura H. Mariani,15 Colin J. Meyer,9 Kandai Nozu,11

Megan O’Grady,9 Michelle N. Rheault ,13 Arnold L. Silva,16 Peter Stenvinkel,17 Roser Torra ,18 and
Glenn M. Chertow 19

Abstract
Background and objectivesAlport syndrome is an inherited disease characterized by progressive loss of kidney
function. We aimed to evaluate the safety and efficacy of bardoxolone methyl in patients with Alport syndrome.

Design, setting, participants, & measurementsWe randomly assigned patients with Alport syndrome, ages
12–70 years and eGFR 30–90 ml/min per 1.73 m2, to bardoxolone methyl (n577) or placebo (n580). Primary
efficacy end points were change from baseline in eGFR at weeks 48 and 100. Key secondary efficacy end points
were change from baseline in eGFR at weeks 52 and 104, after an intended 4 weeks off treatment. Safety was
assessed by monitoring for adverse events and change from baseline in vital signs, 12-lead electrocardiograms,
laboratory measurements (including, but not limited to, aminotransferases, urinary albumin-creatinine ratio,
magnesium, and B-type natriuretic peptide), and body weight.

Results Patients randomized to bardoxolone methyl experienced preservation in eGFR relative to placebo
at 48 and 100 weeks (between-group differences: 9.2 [97.5% confidence interval, 5.1 to 13.4; P,0.001] and
7.4 [95% confidence interval, 3.1 to 11.7; P50.0008] ml/min per 1.73 m2, respectively). After a 4-week off-
treatment period, corresponding mean differences in eGFR were 5.4 (97.5% confidence interval, 1.8 to 9.1;
P,0.001) and 4.4 (95% confidence interval, 0.7 to 8.1; P50.02) ml/min per 1.73 m2 at 52 and 104 weeks,
respectively. In a post hoc analysis with no imputation of missing eGFR data, the difference at week 104 was not
statistically significant (1.5 [95% confidence interval,21.9 to 4.9] ml/min per 1.73 m2). Discontinuations from
treatment were more frequent among patients randomized to bardoxolone methyl; most discontinuations were
due to protocol-specified criteria being met for increases in serum transaminases. Serious adverse events were
more frequent among patients randomized to placebo. Three patients in each group developed kidney failure.

Conclusions In adolescent and adult patients with Alport syndrome receiving standard of care, treatment with
bardoxolone methyl resulted in preservation in eGFR relative to placebo after a 2-year study period; off-treatment
results using all available data were not significantly different.

Clinical Trial registry name and registration number: A Phase 2/3 Trial of the Efficacy and Safety of Bardoxolone
Methyl in Patients with Alport Syndrome - CARDINAL (CARDINAL), NCT03019185

CJASN 17: 1763–1774, 2022. doi: https://doi.org/10.2215/CJN.02400222

Introduction
Alport syndrome is an inherited kidney disease char-
acterized by abnormalities in type IV collagen. Muta-
tions in COL4A3, COL4A4, or COL4A5 genes result in
defective type IV collagen and splitting in the glomeru-
lar basement membrane, resulting in podocyte efface-
ment, glomerulosclerosis, and loss of kidney function
that often progresses to kidney failure (1). In untreated
male patients with X-linked Alport syndrome, the
median age at onset of kidney failure is 25 years, with
an incidence of 90% by 40 years, and nearly 100% by 60
years (2). The risk of kidney failure in patients with
autosomal dominant and female patients with X-linked
Alport syndrome can be as high as 20% and 25%,
respectively (3,4).

In patients with Alport syndrome and proteinuria,
current management recommendations include treat-
ment with angiotensin-converting enzyme (ACE) inhib-
itors or angiotensin receptor blockers (ARBs) (5,6).
Despite the use of these agents, which slow disease pro-
gression, patients with Alport syndrome may still expe-
rience rapid disease progression and endure a high
lifetime risk for kidney failure (7).
Bardoxolone methyl activates NF erythroid 2-like 2

(Nrf2), a transcription factor modulating the expres-
sion of genes involved in inflammation, oxidative
stress, and cellular energy metabolism (8–10). Bardox-
olone methyl analogues in animal models suppress
inflammation-mediated remodeling and fibrosis of the
kidney, suppressive effects attenuating GFR loss over
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time (11,12). In clinical trials that, in aggregate, have enrolled
3138 patients with CKD, bardoxolone methyl has preserved
kidney function, as assessed by either inulin clearance, creati-
nine clearance, or eGFR (13–16). The CARDINAL study eval-
uated the safety and efficacy of bardoxolone methyl in
adolescent and adult patients with Alport syndrome.

Materials and Methods
Study Design and Oversight
CARDINAL was an international, multicenter, phase 2/3

trial. The phase 2 trial was open label and the phase 3 trial
was double blind, randomized, and placebo controlled.
Results of the CARDINAL phase 3 trial are discussed
herein. Trial design and baseline characteristics of partici-
pants have been previously described (17).
An independent data monitoring committee reviewed

interim safety data approximately every 3 months or upon
request. An independent statistical group (Statistics Collab-
orative, Washington, DC) provided support to the indepen-
dent data monitoring committee. The trial was approved
by the institutional review boards at participating study
sites and conducted in accordance with the Declaration of
Helsinki.

Study Population
The study included patients aged 12–70 years with histo-

logic or genetic confirmation of Alport syndrome, eGFR of
30–90 ml/min per 1.73 m2, and urinary albumin-creatinine
ratio (UACR) of #3500 mg/g. Maximally tolerated labeled
doses of an ACE inhibitor or ARB were required unless
medically contraindicated. Patients with clinically significant
cardiovascular disease or B-type natriuretic peptide (BNP)
levels .200 pg/ml during screening were excluded from
trial participation. Additional eligibility criteria are listed in
Supplemental Table 1.

Randomization and Masking
Randomization was stratified by baseline UACR (#300

mg/g, .300 to #1000 mg/g, and .1000 to #3500 mg/g),
1:1 to bardoxolone methyl or placebo. The sponsor, investiga-
tors, and trial participants were unaware of group assignments.
A prespecified data access plan ensured that blinding

was maintained in the second year of the trial for all
patients and individuals involved with conduct of the trial
after analysis of outcomes at 48 and 52 weeks.

Intervention
Adult patients started once-daily dosing by receiving 5 mg

and increased the dose every 2 weeks to their target dose of
20 or 30 mg (the latter for patients with baseline UACR of
.300 mg/g). Patients ,18 years of age started dosing by
receiving 5 mg every other day during the first week, 5 mg
daily during the second week, and then increased the dose
every 2 weeks according to the dose-titration scheme noted
above for adults. Patients did not receive study drug during
a 4-week withdrawal period between week 48 and week 52,
after which treatment was restarted at the same dose
received at week 48 and continued through 100 weeks.
Patients were to be reassessed after a second 4-week with-
drawal period at 104 weeks to evaluate potential retained

off-treatment benefit of bardoxolone methyl measured as
eGFR. Supplemental Figure 1 depicts the dose-titration scheme
and schedule of assessments.

Outcomes
Primary efficacy end points were the change from base-

line eGFR by randomized group after 48 and 100 weeks of
treatment. We calculated eGFR using the Chronic Kidney
Disease Epidemiology Collaboration 2009 equation for adult
patients or the bedside Schwartz equation throughout the
entirety of the trial for patients ,18 years at the time of con-
sent. Key secondary efficacy end points were the change
from baseline eGFR by randomized group at 52 and 104
weeks, corresponding to 4 weeks after the last administration
of study drug. Exploratory end points are listed in
Supplemental Table 2. Safety was assessed through week 104.
Safety assessments included the frequency and intensity of
adverse events, and the investigator’s assessment of related-
ness to study drug, along with change from baseline in vital
signs, 12-lead electrocardiograms, laboratory measurements
(including, but not limited to, aminotransferases, UACR, mag-
nesium, and BNP), and body weight.

Statistical Analyses
Power Calculation. We calculated that enrollment of

150 patients would provide approximately 80% power to
test the primary hypotheses, assuming a between-group
difference at 48 and 100 weeks in change from baseline
eGFR of 3.1 ml/min per 1.73 m2. The estimate for the
between-group difference was derived from phase 2 study
results in 30 patients with Alport syndrome. Our calcula-
tion assumed a two-sided type 1 error rate of 0.05, and SD
of 8 ml/min per 1.73 m2. We split the total significance
level (0.05) between the end points assessed in the first and
second years of the trial as a strategy to reserve a to test
the year 2 results if the year 1 testing sequence was not sta-
tistically significant (18). If there was a significant treatment
effect for both year 1 end points, then the significance level
for year 1 (0.025) remained available to be carried forward
to the year 2 testing sequence. Thus, if both year 1 end
points were significant, the year 2 testing sequence was
tested using a significance level of 0.05.

Primary End Points. We used a mixed model repeated
measures approach to analyze the primary end points, with
eGFR through 48 or 100 weeks as the response, with base-
line eGFR, baseline UACR strata, and geographic location
(United States, yes/no; week 100 only) as covariates and the
following fixed factors: treatment group, time, interaction
between treatment group and time, and interaction between
baseline eGFR and time. The model included all measure-
ments collected through 48 or 100 weeks, irrespective of
study drug administration (i.e., intention-to-treat principle).
Missing data were not imputed, and off-treatment eGFR
determinations at 52 and 104 weeks were not included in
the mixed model repeated measures analyses.

Key Secondary End Points. For key secondary end
points, we compared changes from baseline in eGFR at 52
and 104 weeks (or 4 weeks after last dose for patients who
discontinued study drug) using analysis of covariance,
with baseline eGFR, randomized UACR strata, and geo-
graphic location (United States, yes/no; week 104 only) as
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covariates and treatment group as the fixed effect. We
imputed missing eGFR data at 52 or 104 weeks, including
data among patients who progressed to kidney failure, using
multiple imputation on the basis of the randomized treat-
ment group with adjustments for baseline eGFR and ran-
domized UACR. Analysis of week 52 results included eGFR
values that were 14–35 days after the last dose in the first
year of treatment. Analysis of week 104 results included
eGFR values that were $14 days and closest to 28 days after
the last dose in the second year of treatment. We conducted
an additional post hoc analysis using all available eGFR data.
Additional details of patients with off-treatment eGFR values
outside the specified visit windows are provided in
Supplemental Figure 2.
Tipping Point Sensitivity Analysis. We conducted a tip-

ping point analysis using treatment-based multiple imputa-
tion to determine the extent to which the eGFR of patients
with missing data would have to have changed to render
the primary end point nonsignificant.
Control-Based Sensitivity Analysis. We conducted sen-

sitivity analyses using control-based multiple imputation to
examine the robustness of the week 100 and week 104 end
point findings when missing data were assumed to be
missing not at random. We adjusted multiple imputation
for baseline eGFR and randomized UACR strata.
We conducted statistical analyses with SAS software,

version 9.3 (or higher). Additional details, including analy-
sis of exploratory outcomes and sensitivity analyses, are
provided in Supplemental Tables 2 and 3.

Results
Patients
Between July 2017 and November 2018, we screened 371

and randomized 157 patients at 48 sites in the United States,
Europe, Japan, and Australia. Supplemental Figure 2 and
Supplemental Table 4 detail the disposition of trial participants.
Baseline characteristics were well balanced between the

two treatment groups (Table 1). A total of 23 patients ,18
years of age were enrolled into the trial. Mean baseline eGFR
was 63 ml/min per 1.73 m2 for both groups. Geometric
mean baseline UACR was 148 and 134 mg/g for the bardox-
olone methyl and placebo groups, respectively. Most of the
patients (81% in the bardoxolone methyl group and 75% in
the placebo group) were receiving an ACE inhibitor or ARB;
all but one of these patients, in the bardoxolone methyl
group, received an ACE inhibitor or ARB at the maximum
tolerated dose as determined clinically by their provider.

Drug Exposure
A total of 51 (66%) patients randomized to bardoxolone

methyl and 67 (84%) patients randomized to placebo com-
pleted treatment through 100 weeks. The median (interquar-
tile range) duration of exposure was 671 (428–674) days (96
weeks) among patients randomized to bardoxolone methyl
and 672 (669–675) days (96 weeks) among patients random-
ized to placebo. Study drug was discontinued more fre-
quently in the bardoxolone methyl group due to protocol-
specified criteria (the majority of which were related to ami-
notransferases increases; Supplemental Table 5) or adverse

Table 1. Baseline characteristics of the patients in the intention-to-treat population

Characteristic Placebo (n580) Bardoxolone Methyl (n577)

Age (yr), mean (SD) 40 (16) 39 (15)
Age ,18 years, n (%) 12 (15) 11 (14)
Female, n (%) 48 (60) 43 (56)
Race, n (%)
American Indian or Alaska Native 1 (1) 0
Asian 12 (15) 14 (18)
Black or African American 2 (3) 3 (4)
White 63 (79) 55 (71)
Native Hawaiian or Other Pacific Islander 0 1 (1)
Other 2 (3) 4 (5)

Hispanic or Latino, n (%) 10 (13) 9 (12)
Baseline eGFR (ml/min per 1.73 m2), mean (SD); range (min–max) 63 (18); 28–91 63 (18); 30–97
eGFR category, n (%)
#60 ml/min per 1.73 m2 33 (41) 33 (43)
.60 ml/min per 1.73 m2 47 (59) 44 (57)

Baseline UACR (mg/g), geometric mean (SEM) 134 (33) 148 (34)
Baseline UACR #300 mg/g, n (%) 43 (54) 42 (55)
Baseline UACR .300 mg/g, n (%) 37 (46) 35 (46)
Baseline hematuria present, n (%) 68 (85) 67 (87)
Hearing loss (yes), n (%) 34 (43) 36 (47)
Visual impairment (yes), n (%) 19 (24) 18 (23)
Age at diagnosis (yr), mean (SD) 30 (19) 30 (17)
Histologic diagnosis (yes), n (%) 15 (19) 17 (22)
Genetic diagnosis, n (%)
X-linked AS subtype 51 (64) 47 (61)
Males with X-linked AS subtype 21 (26) 23 (30)
Females with X-linked AS subtype 30 (38) 24 (31)
Non–X-linked AS subtype 24 (30) 24 (31)

ACE inhibitor/ARB use (yes), n (%) 60 (75) 62 (81)
Body mass index (kg/m2), mean (SD) 26 (6) 27 (6)

min, minimum; max, maximum; UACR, urinary albumin-creatinine ratio; AS, Alport syndrome; ACE, angiotensin-converting
enzyme; ARB, angiotensin II receptor blocker.
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Figure 1. | Primary and key secondary efficacy results from CARDINAL (intention-to-treat population). (A) Mean difference between
treatment groups for the primary end point, changes from baseline in eGFR at 48 weeks (year 1) and 100 weeks (year 2), and for the key sec-
ondary end point, off-treatment changes from baseline in eGFR at 52 weeks (year 1) and 104 weeks (year 2). The primary end point was ana-
lyzed using mixed model repeated measures. The model included all available eGFR values collected through week 100 (excluding week 52)
for the intention-to-treat (ITT) population (n5157, with n580 for placebo and n577 for bardoxolone methyl). eGFR data were available for
71 patients randomized to placebo and 66 patients randomized to bardoxolone methyl (bard) at 48 weeks, and for 73 patients
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events (Supplemental Table 6), primarily during the first year
of the trial. Of the randomized patients, 98% completed safety
follow-up through 104 weeks, and 72 (94%) patients random-
ized to bardoxolone methyl and 78 (98%) patients random-
ized to placebo had eGFR values collected approximately
104 weeks after randomization (Supplemental Table 4).

Primary and Key Secondary End Points
Patients randomized to bardoxolone methyl experi-

enced preservation in mean eGFR relative to placebo at
48 weeks, 9.2 ml/min per 1.73 m2 (97.5% confidence inter-
val [CI], 5.1 to 13.4 ml/min per 1.73 m2; P,0.001), that
was retained at 100 weeks (7.4 ml/min per 1.73 m2; 95%
CI, 3.1 to 11.7 ml/min per 1.73 m2; P,0.001; Figure 1A).
Corresponding mean eGFR changes from baseline at 100
weeks were 21.0 ml/min per 1.73 m2 (95% CI, 24.1 to
2.1 ml/min per 1.73 m2) and 28.4 ml/min per 1.73 m2 (95%
CI, 211.3 to 25.5 ml/min per 1.73 m2) for patients random-
ized to bardoxolone methyl and placebo, respectively
(Figure 1B). Figure 1C shows the trajectory of changes in
eGFR over time (absolute eGFR values are shown in
Figure 1D). Three participants in each randomized group
developed kidney failure during the trial.

Key secondary analyses, which analyzed the 4-week
off-treatment change from baseline in eGFR, demon-
strated preservation in mean eGFR (off treatment) rela-
tive to placebo at 52 weeks, 5.4 ml/min per 1.73 m2

(97.5% CI, 1.8 to 9.1 ml/min per 1.73 m2; P,0.001), that
was largely retained at 104 weeks, 4.4 ml/min per 1.73 m2

(95% CI, 0.7 to 8.1 ml/min per 1.73 m2; P50.02; Figure 1, A
and B).
We conducted a post hoc analysis using all available eGFR

data collected approximately 104 weeks after randomization.
The average (6SD) time off treatment for the patients ran-
domized to bardoxolone methyl (n572) at the time the off-
treatment eGFR was collected was 23 (637) weeks. This
included 14 patients randomized to bardoxolone methyl
who discontinued study drug administration before 48 weeks
of treatment; the average (6SD) time off treatment for these
patients was 90 (627) weeks. Results of this analysis did not
achieve statistical significance (1.5 ml/min per 1.73 m2; 95%
CI, 21.9 to 4.9 ml/min per 1.73 m2; Table 2). Table 2 shows
additional post hoc analyses.
The effects of bardoxolone methyl on eGFR were similar

across most prespecified subgroups. Noteworthy were the
differences in eGFR between treatment groups in the

Figure 1. | Continued. randomized to placebo and 65 patients randomized to bardoxolone methyl at 100 weeks, and missing data were
not imputed. We assessed key secondary end points 4 weeks after last dose in year 1 at 52 weeks and in year 2 at 104 weeks and ana-
lyzed using analysis of covariance for the ITT population (n5157, with n580 for placebo and n577 for bardoxolone methyl). Off-
treatment eGFR data (collected 4 weeks after last dose) were available for 68 patients randomized to placebo and 66 patients randomized
to bardoxolone methyl at 52 weeks, and for 69 patients randomized to placebo and 56 patients randomized to bardoxolone methyl at
104 weeks. For the key secondary end points, we imputed missing data using multiple imputation on the basis of the randomized treat-
ment group. (B) Mean changes from baseline in patients randomized to bardoxolone methyl (n577) and placebo (n580) contributing to
primary (at 48 and 100 weeks) and key secondary (at 52 and 104 weeks) efficacy analyses. (C) Observed mean (6SEM) change from year
1 baseline (i.e., before starting intervention) in eGFR for the ITT population and the modified ITT population (mITT) through the 104 weeks
of the study. The mITT analysis assesses the effect of receiving study drug in the ITT population and excludes any eGFR values collected
after final dose (detailed in Supplemental Table 3). Off-treatment periods are represented by the dash and only include eGFR data col-
lected 4 weeks after last dose. Additional eGFR values, collected approximately 104 weeks after randomization, irrespective of time off
study drug, were available for a total of 78 patients randomized to placebo and 72 patients randomized to bardoxolone methyl (Table 2).
(D) Observed mean (6SEM) eGFR values for the ITT population and the mITT population through the 104 weeks of the study. The mITT
analysis assesses the effect of receiving study drug in the ITT population and excludes any eGFR values collected after final dose. Off-
treatment periods are represented by the dash.

Table 2. Sensitivity analysis for primary and key secondary end points

Sensitivity Analysis
Mean6SEM eGFR Change (ml/min per 1.73 m2) (95% Confidence Interval)

P Value
Placebo (n580) Bardoxolone Methyl

(n577)
Difference between
Treatment Groups

Year 2 primary end point (week 100 eGFR change)
Control-based multiple

imputation
28.561.5 (211.4 to 25.6) 21.461.6 (24.5 to 1.7) 7.162.1 (2.9 to 11.3) 0.001

Tipping point analysis:
bardoxolone week 100
shift5–22 ml/min per 1.73 m2

28.561.7 (211.7 to 25.3) 23.861.7 (27.2 to 20.4) 4.762.4 (0.0 to 9.4) 0.05

Year 2 key secondary end point (week 104 eGFR change)
Control-based multiple

imputation
210.861.3 (213.4 to 28.2) 27.861.4 (210.6 to 25.0) 3.061.8 (20.5 to 6.4) 0.09

Post hoc analysis using all
available eGFR values collected
approximately 104 weeks after
randomization

210.461.3 (213.0 to 27.9) 28.961.3 (211.6 to 26.3) 1.561.7 (21.9 to 4.9) 0.38

Post hoc imputation for patients progressing to kidney failure
Week 104 eGFR55 ml/min per

1.73 m2
211.561.3 (214.2 to 28.9) 27.161.5 (210.1 to 24.1) 4.461.9 (0.7 to 8.2) 0.02

Week 104 eGFR50 ml/min per
1.73 m2

211.861.4 (214.5 to 29.1) 27.461.6 (210.5 to 24.3) 4.462.0 (0.5 to 8.3) 0.03
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adolescent subpopulation, who are often at highest risk for
progression to kidney failure (17): 13.9 ml/min per 1.73 m2

(95% CI, 2.5 to 25.3 ml/min per 1.73 m2; P50.02) and
14.5 ml/min per 1.73 m2 (95% CI, 4.7 to 24.3 ml/min per
1.73 m2; P50.004) at 100 and 104 weeks, respectively (Fig-
ure 2). Similar results were observed at week 48
(Supplemental Figure 3). As shown in Figure 2, at week 100,
the difference between treatment groups in eGFR change
from baseline for patients receiving ACE inhibitor or ARB
therapy was 8.6 ml/min per 1.73 m2 (95% CI, 3.8 to 13.4
ml/min per 1.73 m2; P,0.001), which was larger than the dif-
ference between treatment groups for patients not receiving
an ACE inhibitor or ARB (3.6 ml/min per 1.73 m2; 95% CI,
25.4 to 12.6 ml/min per 1.73 m2; P50.43). In addition, at
week 100, the difference between treatment groups in eGFR

change from baseline for patients with baseline eGFR .60
ml/min per 1.73 m2 was 10.9 ml/min per 1.73 m2 (95% CI,
5.4 to 16.5 ml/min per 1.73 m2; P,0.001), which was larger
than the difference between treatment groups for patients
with baseline eGFR#60 ml/min per 1.73 m2 (2.5 ml/min per
1.73 m2; 95% CI, 24.0 to 9.0 ml/min per 1.73 m2; P50.45).
Similar results were observed at week 48 as it relates to ACE
inhibitor or ARB use but, in subpopulations with baseline
eGFR .60 ml/min per 1.73 m2 and baseline eGFR
#60 ml/min per 1.73 m2, similar improvements in eGFR
were observed at week 48 (Supplemental Figure 3).

Sensitivity Analysis
Sensitivity analyses for the efficacy end points are pre-

sented in Table 2. Tipping point analyses showed that

Use of ACE Inhibitor or ARB
Y (n=122)
N (n=35)

–20 –10 0 10 20

Week 100 Difference (Bardoxolone Methyl – Placebo)

Favors Placebo Favors Bard

13.9 (2.5, 25.3)
6.4 (1.8, 10.9)

Age Group
Age < 18 (n=23)

Age � 18 (n=134)

Gender
Female (n=91)

Male (n=66)
8.8 (3.5, 14.1)
6.2 (–0.2, 12.7)

Geographic Location
US (n=105)

Non-US (n=52)
6.2 (0.9, 11.5)
9.7 (2.4, 17.1)

Ethnicity
Hispanic Or Latino (n=19)

Not Hispanic Or Latino (n=138)
11.7 (–1, 24.4)
6.9 (2.3, 11.4)

Race
White (n=118)

Non-White (n=39)
5.1 (0.2, 10)

14.9 (6.7, 23.1)

Body Mass Index
< 30 kg/m2 (n=115)
� 30 kg/m2 (n=42)

7.5 (2.5, 12.6)
6.9 (–1.4, 15.2)

Albumin to Creatinine Ratio
� 300 mg/g (n=85)
> 300 mg/g (n=72)

8 (2.7, 13.3)
6.3 (0.3, 12.2)

8.6 (3.8, 13.4) 
3.6 (–5.4, 12.6)

Baseline eGFR
� 60 mL/min/1.73m2 (n=66)
> 60 mL/min/1.73m2 (n=91)

2.5 (–4.0, 9.0)
10.9 (5.4, 16.5)

Genetic Subtype
XLAS (n=98)

Non-XLAS (n=48)
5.9 (0.6, 11.2)

12.3 (4.8, 19.7)

p=0.23

p=0.55

p=0.44

p=0.48

p=0.04

p=0.89

p=0.66

p=0.34

p=0.05

p=0.17

Figure 2. | Forest plot of eGFR change from baseline to week 100 by subgroups. Forest plot summarizing mean695% confidence interval
difference between bardoxolone methyl (bard) and placebo groups in the change from baseline in eGFR at 100 weeks for subgroups on
the basis of baseline characteristics at randomization. Mean difference between treatment groups at 100 weeks was analyzed for each sub-
group using mixed model repeated measures and included all available eGFR values collected through week 100 for the intention-to-treat
(ITT) population, with the number of patients contributing to the analysis for each subgroup noted in the figure and the P value indicating
the difference between subgroups. ACE, angiotensin-converting enzyme; N, no; US, United States; XLAS, X-linked Alport syndrome; Y, yes.
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missing eGFR values in the bardoxolone methyl group
would have to be 22 ml/min per 1.73 m2 lower than
observed values for the trial to lose statistical significance
at 100 weeks (4.7 ml/min per 1.73 m2; 95% CI, 0.0 to
9.4 ml/min per 1.73 m2; Table 2).
A control-based multiple imputation analysis indicated

that, when missing week 104 eGFR values for patients ran-
domized to bardoxolone methyl were imputed on the basis
of observed placebo week 104 eGFR results, the 4-week off-
treatment effect favored bardoxolone methyl but was not
statistically significant (3.0 ml/min per 1.73 m2; 95% CI,
20.5 to 6.4 ml/min per 1.73 m2; Table 2).

Overall Safety
Serious adverse events occurred less frequently in the bar-

doxolone methyl group than in the placebo group (12 events
in eight patients versus 19 events in 15 patients; Supplemental
Table 7). Table 3 shows the most commonly reported adverse
events; most were mild to moderate in severity. Supplemental
Table 8 shows all reported adverse events by system organ
class. Ten (13%) patients randomized to bardoxolone methyl
and four (5%) randomized to placebo discontinued treatment
early because of an adverse event.
There were no significant changes in mean systolic and

diastolic BP in patients treated with bardoxolone methyl rel-
ative to baseline and relative to patients receiving placebo
(Figure 3, A and B). Patients randomized to bardoxolone
methyl experienced weight loss relative to baseline and rela-
tive to patients receiving placebo at 100 weeks (Figure 3C),
which was generally more pronounced in patients with base-
line body mass index .30 kg/m2 (Supplemental Figure 4A).
UACR initially increased with bardoxolone methyl, but
decreased after stopping study drug (Figure 3D). When
indexed to eGFR, UACR was generally lower in patients

randomized to bardoxolone methyl relative to placebo
(Supplemental Figure 5A).
There were transient, reversible increases in mean serum

alanine aminotransferase (ALT) and aspartate aminotransfer-
ase concentrations in patients treated with bardoxolone
methyl (Supplemental Figure 6). Although nearly all (70 of 77)
patients treated with bardoxolone methyl had ALT increases
above the upper limit of the population reference range dur-
ing the trial, mean ALT concentrations returned to baseline at
week 52 and again at week 104, after study drug had been
stopped for 4 weeks. Increases in aminotransferases were not
associated with increases in total bilirubin and no Hy law
cases were reported. Other physiologic and laboratory varia-
bles are summarized in Supplemental Table 9 and
Supplemental Figure 8.

Safety in Adolescents
A generally favorable safety profile was observed in ado-

lescent patients randomized to bardoxolone methyl; no seri-
ous adverse events or adverse events leading to permanent
treatment discontinuation occurred in the bardoxolone
methyl group. Mean changes in body weight were modest
(Supplemental Figure 4B); adolescent patients treated with
bardoxolone methyl generally continued along their growth
curves for height and weight (Supplemental Figure 7). Geo-
metric mean UACR did not change significantly over time
in adolescent patients randomized to bardoxolone methyl
(Supplemental Figure 5B).

Discussion
Results from this phase 3, placebo-controlled trial in

patients with Alport syndrome show that treatment with bar-
doxolone methyl for 48 and 100 weeks was safe and

Table 3. Summary of treatment-emergent adverse events

Adverse Event Placebo (n580) Bardoxolone Methyl (n577)

Patients with SAE, n (%) 15 (19) 8 (10)
Patients with AE, n (%) 77 (96) 75 (97)
Discontinuations due to AE, n (%) 4 (5) 10 (13)
AEs reported in >10% of patients in either treatment group, n (%)
Muscle spasms 27 (34) 38 (49)
Alanine aminotransferase increased 2 (3) 36 (47)
Aspartate aminotransferase increased 1 (1) 19 (25)
Nasopharyngitis 24 (30) 18 (23)
Headache 16 (20) 16 (21)
Fatigue 12 (15) 14 (18)
Nausea 11 (14) 13 (17)
Peripheral edema 11 (14) 12 (16)
Diarrhea 6 (8) 12 (16)
Upper respiratory tract infection 8 (10) 12 (16)
Hyperkalemia 5 (6) 11 (14)
B-type natriuretic peptide increased 3 (4) 11 (14)
Weight decreased 1 (1) 10 (13)
Back pain 13 (16) 9 (12)
Abdominal pain 13 (16) 8 (10)
Proteinuria 7 (9) 8 (10)
Urine albumin-creatinine ratio increased 7 (9) 8 (10)
Cough 3 (4) 8 (10)
Blood creatine phosphokinase increased 9 (11) 5 (7)
Dizziness 12 (15) 3 (4)

SAE, serious adverse event; AE, adverse event.
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preserved kidney function over 2 years. The time course of
mean eGFR showed that increases were apparent by 4 weeks.
Patients randomized to placebo experienced a decrease

from baseline in eGFR during the trial. The decline in kidney
function observed in the placebo arm was more rapid than
that reported in other forms of CKD, including diabetic kid-
ney disease, hypertensive CKD, and autosomal dominant
polycystic kidney disease (19–21) and consistent with histori-
cal eGFR data collected before starting the trial (17).
A statistically significant difference between treatment

groups was also observed at 52 and 104 weeks after a 4-week
off-treatment period. Because.99% of drug is cleared within
14 days, the 4-week off-treatment period allowed for resolu-
tion of acute pharmacodynamic effects and was appropriate
for characterizing bardoxolone methyl’s effects on disease
progression, in accordance with the National Kidney Founda-
tion (NKF)–Food and Drug Administration (FDA)–European
Medicines Agency Scientific Working group recommendations
(22). However, a post hoc analysis of the difference between
treatment groups at week 104, using all available eGFR data,
did not achieve statistical significance.
The safety profile of bardoxolone methyl was generally

consistent with that observed in prior trials (13,14). Several
common adverse events are hypothesized to be related to
the pharmacologic effects of bardoxolone methyl.

Aminotransferase elevations observed with bardoxolone
methyl are believed to be associated with Nrf2 activation
and resulting increases in glutathione biosynthesis and mito-
chondrial energy metabolism (23). Nevertheless, additional
data are needed to determine longer-term hepatic safety with
bardoxolone methyl. The observed decreases in body weight
may be explained by Nrf2-dependent changes in lipid
metabolism, fatty acid oxidation, and glycemic control that
have been observed in animal studies with bardoxolone
methyl and analogues (24–26). Increased glomerular filtration
and an associated decreased tubular reabsorption of albumin
(due to an increased rate of tubular transit), accompanied by
downregulation of megalin, may explain the reversible
increases in UACR observed in patients treated with bardox-
olone methyl in this trial and in prior studies (14,15,27,28).

CARDINAL excluded patients with a history of heart fail-
ure or a baseline BNP .200 ng/ml. Despite a small numeric
increase in mean BNP observed with bardoxolone methyl
treatment in CARDINAL, no patients treated with bardoxo-
lone methyl developed major cardiac events, and the num-
ber of cardiac adverse events reported by investigators was
lower in patients randomized to bardoxolone methyl com-
pared with those randomized to placebo.

Although CARDINAL is the largest, global, phase 3, ran-
domized, placebo-controlled trial of a therapeutic agent in
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Figure 3. | Safety parameters over time. (A and B) Mean (6SEM) systolic and diastolic BP for patients randomized to bardoxolone methyl
(bard; n577) or placebo (n580) through the 104 weeks of the study. Data collected during the on-treatment period are represented by the
solid line, and off-treatment data are represented by the dashed line. Mean values at 52 and 104 weeks include data collected 28 days
after last dose for patients that discontinued early in the first or second year of treatment, respectively. (C) Mean (6SEM) change from base-
line in weight for patients randomized to bardoxolone methyl (n577) and patients randomized placebo (n580) through 104 weeks. Data
collected during the on-treatment period are represented by the solid line, and off-treatment data are represented by the dashed line.
Mean values at 52 and 104 weeks include data collected 28 days after last dose for patients that discontinued early in the first or second
year of treatment, respectively. (D) Geometric mean (6SEM) urinary albumin-creatinine ratio (UACR) for patients randomized to bardoxo-
lone methyl (n577) and patients randomized to placebo (n580) through 104 weeks. Data collected during the on-treatment period are
represented by the solid line, and off-treatment data are represented by the interrupted line. Mean values at 52 and 104 weeks include
data collected 28 days after last dose for patients that discontinued early in the first or second year of treatment, respectively.
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patients with CKD due to Alport syndrome, it has several
limitations. The overall sample size of the trial was modest
and had limited power to detect clinically meaningful inter-
actions using conventional levels of statistical significance
due to smaller patient numbers in certain subgroups. Dis-
continuations from study treatment were more frequent
among patients who received bardoxolone methyl; increases
in aminotransferases that were not associated with clinical
evidence of liver injury constituted the bulk of the differ-
ence. Although the discontinuation rate contributed to miss-
ing data in the trial, several sensitivity analyses, including
alternate imputation methods and a tipping point analysis,
demonstrated missing data were unlikely to have influenced
the qualitative results of the trial. Consistent with the unani-
mous recommendation of its advisory committee, the FDA
concluded that, on the basis of currently available informa-
tion, bardoxolone methyl does not have a favorable risk-
benefit profile when evaluated for the treatment of patients
with Alport syndrome. Nevertheless, results of the CARDI-
NAL trial will inform the design of future studies of poten-
tial therapeutic agents for this rare disorder.
In conclusion, among adolescent and adult patients with

Alport syndrome receiving standard of care, treatment
with bardoxolone methyl resulted in significant preserva-
tion in eGFR relative to placebo after a 2-year study period.
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