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ARTICLE

Effects of Bardoxolone Methyl on Hepatic Enzymes in 
Patients with Type 2 Diabetes Mellitus and Stage 4 CKD

James H. Lewis1,*, Michel Jadoul2, Geoffrey A. Block3, Melanie P. Chin3, Deborah A. Ferguson3, Angie Goldsberry3, Colin J. Meyer3, 
Megan O’Grady3, Pablo E. Pergola4, Scott A. Reisman3, W. Christian Wigley3 and Glenn M. Chertow5

In a multinational placebo-controlled phase III clinical trial in 2,185 patients with type 2 diabetes mellitus and stage 4 chronic 
kidney disease, treatment with the Nrf2 activator bardoxolone methyl increased estimated glomerular filtration rate, a meas-
ure of kidney function, but also resulted in increases in serum alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), and gamma glutamyl transferase. These increases in liver enzyme level(s) were maximal after 4 weeks of treatment 
and reversible, trending back toward baseline through week 48. Total bilirubin concentrations did not increase, and no cases 
met Hy’s Law criteria, although two subjects had ALT concentrations that exceeded 10 × the upper limit of the population 
reference range leading to discontinuation of treatment. Animal and cell culture experiments suggested that the increases 
in ALT and AST induced by bardoxolone methyl may be related to its pharmacological activity. Bardoxolone methyl signifi-
cantly induced the mRNA expression of ALT and AST isoforms in cultured cells. Expression of ALT and AST isoforms in liver 
and kidney also positively correlated with Nrf2 status in mice. Overall, these data suggest that the increases in ALT and AST 
observed clinically were, at least in part, related to the pharmacological induction of aminotransferases via Nrf2 activation, 
rather than to any intrinsic form of hepatotoxicity.

Bardoxolone methyl, an investigational drug, and related 
analogs are oleanolic acid-derived synthetic triterpenoid 
compounds that potently induce the Nrf2-KEAP1 path-
way.1,2 Through interaction with KEAP1, the Nrf2 repressor 
molecule, bardoxolone methyl, promotes translocation of 
Nrf2 to the nucleus, where Nrf2 binds to antioxidant re-
sponse elements in the promoter region of its target genes, 
leading to induction of antioxidant and cytoprotective 
enzymes and related proteins.3,4 Bardoxolone methyl is 
also a potent inhibitor of the NF-κB inflammatory pathway 

through both direct (i.e., inhibition of IKKβ kinase activity) 
and indirect (i.e., detoxification of reactive oxygen species) 
mechanisms.5 These dual processes of upregulation of the 
antioxidant response and suppression of pro-inflammatory 
signaling consistently result in protection from oxidative 
stress, inflammation, and mitochondrial dysfunction in pre-
clinical models.6,7

Improvements in kidney function, assessed using mea-
sured inulin clearance, creatinine clearance, and estimated 
glomerular filtration rate (eGFR), have been consistently 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔  The Bardoxolone Methyl Evaluation in Patients with 
Chronic Kidney Disease and Type 2 Diabetes (BEACON) 
trial was a multinational randomized placebo-controlled 
phase III clinical trial in 2185 patients with type 2 diabetes 
mellitus and stage 4 chronic kidney disease. Consistent 
with prior clinical studies, BEACON participants rand-
omized to bardoxolone methyl experienced significant in-
creases in estimated glomerular filtration rate, as well as 
increases in hepatic enzymes.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔  This study characterizes the changes in hepatic en-
zymes induced by bardoxolone methyl.

WHAT DOES THIS STUDY ADD TO OUR KNOW- 
LEDGE?
✔  The present analyses from BEACON support the con-
tention that bardoxolone methyl-induced elevations in 
serum aminotransferase concentrations may be due to, at 
least in part, a direct transcriptional effect on aminotrans-
ferase production rather than to intrinsic hepatotoxicity.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE?
✔  Our data support that the likelihood that elevations in 
serum aminotransferases, which are commonly consid-
ered to reflect liver injury, may also reflect on-target ef-
fects in the absence of liver injury.
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observed with bardoxolone methyl treatment in several clin-
ical trials.8–11 The largest of these trials was Bardoxolone 
Methyl Evaluation in Patients with Chronic Kidney Disease 
and Type 2 Diabetes (BEACON),10 a multinational, random-
ized, double-blind, placebo-controlled phase III event-driven 
trial, which enrolled 2,185 patients with type 2 diabetes mel-
litus (T2DM) and stage 4 chronic kidney disease (CKD).12 
The BEACON trial was terminated after preliminary analyses 
showed that patients randomized to bardoxolone methyl ex-
perienced a significantly higher rate of heart failure events 
(a secondary end point) relative to placebo during the first 
4 weeks of exposure. At the time of termination, there were 
70 coprimary end point events (end-stage kidney disease or 
cardiovascular death) reported in 69 patients in both groups. 
Post hoc analyses identified a history of heart failure and 
elevated serum concentrations of B-type natriuretic peptide 
as risk factors for heart failure events and subsequent clini-
cal trials in other disease states have excluded patients with 
these clinical characteristics.13,14 In concert with improved 
kidney function, patients in BEACON randomized to bardox-
olone methyl experienced increases in serum concentrations 
of alanine aminotransferase (ALT), aspartate aminotransfer-
ase (AST), and gamma-glutamyl transferase (GGT). Although 
increases in hepatic enzymes are commonly considered to 
reflect liver injury, increases in aminotransferases have been 
reported in the absence of apparent hepatotoxicity, such as 
a result of changes in diet in healthy volunteers and in pa-
tients with type 1 diabetes mellitus after the first dose of 
insulin.15 Moreover, ALT and AST are expressed in other tis-
sues in addition to the liver and play a role in intermediary 
metabolism and energy homeostasis by catalyzing the con-
version of α-ketoglutarate to glutamate.16 Preclinical studies 
have demonstrated that bardoxolone methyl and its analogs 
protect several animal species against hepatotoxicity in 
multiple models of hepatic injury (e.g., acetaminophen, con-
canavalin A, and aflatoxin).17–19 In this secondary analysis 
of data from BEACON, we aimed to characterize and deter-
mine the cause of changes in hepatic enzymes induced by 
bardoxolone methyl.

METHODS
Clinical study design
Previous publications have described the BEACON trial 
design in detail.10,12 Patients with T2DM and CKD stage 4 
(eGFR 15 to <  30  mL/min/1.73 m2) were randomized 1:1 
to once-daily administration of oral bardoxolone methyl 
(20 mg) or placebo. The primary composite end point was 
end-stage kidney disease (defined as the provision of 
maintenance dialysis, kidney transplantation, or death due 
to kidney disease) and cardiovascular death. Secondary 
efficacy outcomes included the change in eGFR, hospital-
ization for heart failure or death due to heart failure, and 
a cardiovascular composite end point, including nonfatal 
myocardial infarction, nonfatal stroke, hospitalization for 
heart failure, or cardiovascular death.

The eGFR was calculated using serum creatinine and the 
four-variable Modification of Diet in Renal Disease study 
equation. The eGFR and clinical chemistries (including ALT, 
AST, GGT, and total bilirubin) were assessed every 4 weeks 
through week 12, followed by assessments every 8 weeks 

thereafter. Patients returned for a post-treatment visit 
4 weeks after the last dose of study drug. Protocol-specified 
criteria for management of liver enzyme abnormalities are 
provided in the Supplementary Methods.

The study protocol conformed to the ethical guide-
lines of the 1975 Declaration of Helsinki, was approved 
by Institutional Review Boards at participating study sites, 
and was registered at ClinicalTrials.gov (NCT01351675). 
Informed consent in writing was obtained from each patient.

Cell culture and treatment
Human HuH-7 hepatocellular carcinoma cells were pur-
chased from Health Science Research Resources Bank, 
Japan. All other cell lines were obtained from American 
Type Culture Collection, Manassas, VA. Cells were treated 
with vehicle (DMSO) or bardoxolone methyl for 16–18 hours. 
Following treatment, cells were lysed, homogenized using 
QIAShredder columns, and RNA was isolated using RNeasy 
Plus Mini kits (Qiagen).

Reverse transcription quantitative polymerase chain 
reaction 
For reverse transcription, total RNA was primed with oli-
go[dT]12-18. Reverse transcription was performed using 
Superscript II Reverse Transcriptase (Thermo Fisher 
Scientific) at 42°C for 1 hour. For quantitative polymerase 
chain reaction amplification, cDNA was undiluted (HepG2 
and mouse tissue samples) or diluted 1:10 in RNase-free 
water (all other cell lines) and combined with iQ SYBR 
Green Supermix (Bio-Rad) and quantitative polymerase 
chain reaction primers, which were previously validated for 
specificity and amplification efficiency. Primer sequences 
were as follows: mouse ribosomal protein L19 (Rpl19) for-
ward: 5′-TCAGGCTACAGAAGAGGCTTGC-3′, reverse: 
5′-ACAGTCACAGGCTTGCGGATG-3′; mouse glutamic- 
pyruvic transaminase 1 (Gpt/Alt1) forward: 5′-CACGGAGCA 
GGTCTTCAACG-3′, reverse: 5′-AGAATGGTCATCCGGAAA 
TG-3′; mouse glutamic-pyruvic transaminase 2 (Gpt/Alt1)  
forward: 5′-CGCGGTGCAGGTCAACTACT-3′, reverse: 5′- 
CCTCATCAGCCAGGAGAAAA-3′; mouse glutamic- 
oxaloacetic transaminase 1 (Got1/Ast1) forward: 5′-GGCTATT 
CGCTATTTTGTGT-3′, reverse: 5′-GACCAGGTGATTCGTA 
CAAT-3′; mouse glutamic-oxaloacetic transaminase 2 (Got2/
Ast2) forward: 5′-AGAGTCCTCTTCAGTCATTG-3′, reverse: 
5′-ATGATTAGAGCAGATGGTGG-3′; human ribosomal pro-
tein S9 (RPS9) forward: 5′-GATTACATCCTGGGCCTGAA-3′, 
reverse: 5′-GAGCGCAGAGAGAAGTCGAT-3′; human  
glutamic-pyruvic transaminase 1 (GPT/ALT1) forward:  
5′-GGTCTTGGCCCTCTGTGTTA-3′, reverse: 5′-CCTGTGG 
ACAGGAAGACGTT-3′; human glutamic-pyruvic transaminase  
2 (GPT2/ALT2) forward: 5′-CGCCATCCAGGTGAATTACT-3′, 
reverse: 5′-CCTCATCAGCCAGGAGAAAG-3′; human glu-
tamic-oxaloacetic transaminase 1 (GOT1/AST1) forward: 
5′-GGCCATTCGCTATTTTGTGT-3′, reverse: 5′-GACCAA 
GTAATCCGCACGAT-3′; and human glutamic-oxaloacetic  
transaminase 2 (GOT2/AST2) forward: 5′-CGTGAGAAA 
CAGCACACGTT-3′, reverse: 5′-GCATTATTTCCCTTGC 
TGGA-3′. RPL19 or RSP9 primers served as controls. The 
cDNA was amplified using the following cycling conditions: 
95°C for 3 minutes, 44 cycles of 95°C for 30 seconds, 60°C 
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for 15  seconds, and 72°C for 15  seconds. A melt curve 
analysis was performed after the last cycle.

Statistical methods
We analyzed data from the BEACON trial in accordance 
with the intention-to-treat principle. We used longitudi-
nal analyses of ALT, AST, GGT, alkaline phosphatase, and 
total bilirubin to compare the difference in mean changes 
for each parameter between the bardoxolone methyl and 
placebo groups. For each parameter analyzed, mixed-ef-
fects regression used the post-baseline parameter as the 
response variable; treatment group, time, the interaction 
of treatment group with time, interaction of the baseline 
parameter with time; and continuous covariates (baseline 
parameter, baseline eGFR, and log-transformed urinary al-
bumin-to-creatinine ratio).

In addition to analyses of mean changes over time, we 
used shift tables to compare baseline values of ALT and 
AST to the maximum post-baseline values while on study 
drug, and to compare maximum serum concentrations of 
ALT and AST during study drug administration as com-
pared with the post-treatment assessment, which occurred 
4 weeks after the last dose of study drug. We categorized 
shifts in ALT and AST using thresholds for lower and upper 
limits of the population reference range based on the 
central laboratory (ICON Central Laboratories) reference 
ranges: 0 and 47 units per liter (U/L) for ALT and 0 and 37 
U/L for AST.

Data from cell culture experiments were analyzed by a 
repeated-measures one-way analysis of variance (ANOVA) 
followed by Dunnett’s post hoc test with significance set at 
P < 0.05.

RESULTS
Patient population
A total of 2,185 patients were randomly assigned to re-
ceive bardoxolone methyl (n = 1,088) or placebo (n = 1,097). 
Previous publications have detailed the patient demograph-
ics and baseline characteristics of the intention-to-treat 
population in BEACON.12 Table 1 shows demographic fac-
tors and baseline serum levels of hepatic enzymes in both 
treatment arms.

Bardoxolone methyl transiently increased ALT, AST, 
GGT, and alkaline phosphatase
Mean baseline ALT and AST values were 18.7 ± 7.1 U/L and 
19.9 ± 5.7 U/L in patients randomized to oral bardoxolone 
methyl 20 mg per day and 18.4 ± 6.9 U/L and 19.5 ± 5.3 U/L 
in patients randomized to placebo (Table 1). Mean changes 
in ALT and AST were 14.6 U/L (95% confidence interval (CI): 
13.2 to 16 U/L) and 5.6 U/L (95% CI: 4.8 to 6.4) in patients 
randomized to bardoxolone methyl, and 0.3 U/L (95% CI: 
−0.1 to 1.6 U/L) and −0.1 U/L (95% CI: −0.8 to 0.7 U/L), 
respectively, in patients randomized to placebo (between 
group P values < 0.001 and < 0.001, respectively). Figure 1 
shows trends in mean ALT and AST over time in the bardox-
olone methyl and placebo groups; mean increases in ALT 
and AST induced by bardoxolone methyl were maximal at 
week 4 and trended back toward baseline values over time 
while therapy was continued.

As seen in Table 2, 38% of patients randomized to 
bardoxolone methyl and 5% of patients randomized to 
placebo had increases in ALT above the upper limit of the 
population reference range at any time during the trial. 
Similarly, 29% of patients randomized to bardoxolone 
methyl and 6% of patients randomized to placebo had in-
creases in AST at any time during the trial that resulted in 
values higher than the upper limit of the population ref-
erence range (Table 3). Increases in aminotransferases 
were generally mild, with only 31 of 1,088 patients (3%) 
randomized to bardoxolone methyl experiencing maximum 
ALT values ≥  3× the upper limit of the population refer-
ence range and 18 of 1,088 (2%) experiencing maximum 
AST values ≥ 3× the upper limit of the population reference 
range. A total of 6 of 1,088 patients (0.55%) randomized to 
bardoxolone methyl discontinued treatment due to amino-
transferase elevations.

Similar to the increases in ALT and AST, patients random-
ized to bardoxolone methyl had mean increases in serum 
GGT concentrations relative to placebo; the difference be-
tween the two groups was 39.2 U/L (95% CI: 30.3 to 48.1 
U/L; P  <  0.001). After elevations that peaked between 
weeks 4 through 12, serum GGT concentrations trended 
back down toward baseline values (Figure 1) in patients 
randomized to bardoxolone methyl. In patients randomized 
to placebo, GGT remained unchanged relative to baseline. 
Patients randomized to bardoxolone methyl also had mini-
mal increases in mean alkaline phosphatase concentrations 
(Figure 1) that remained below the upper limit of the popu-
lation reference range (135 U/L). In patients randomized to 

Table 1 Select demographics and baseline characteristics of 
BEACON patients

Intent-to-treat population

Placebo 
(n = 1,097)

Bardoxolone methyl 
(n = 1,088)

Age, year, mean ± SD 68.2 ± 9.4 68.9 ± 9.7

Female [n, %] 472 [43] 462 [42]

Race [n, %]

White 848 [77] 846 [78]

Black 176 [16] 185 [17]

Other 73 [7] 57 [5]

Serum creatinine, mg/dL, 
mean ± SD

2.7 ± 0.6 2.7 ± 0.6

eGFR, mL/min/1.73 m2, 
mean ± SD

22.5 ± 4.6 22.4 ± 4.3

UACR, mg/g, geometric 
mean

221 210

HbA1c, %, mean ± SD 7.10 ± 1.17 7.15 ± 1.27

ALT, U/L, mean ± SD 18.4 ± 6.9 18.7 ± 7.1

AST, U/L, mean ± SD 19.5 ± 5.3 19.9 ± 5.7

Total bilirubin, mg/dL, 
mean ± SD

0.32 ± 0.14 0.33 ± 0.14

Partially reproduced from: Bardoxolone methyl in type 2 diabetes and 
stage 4 chronic kidney disease. De Zeeuw et al. N Engl. J. Med. 369:2495, 
Copyright © 2013.10

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BEACON, 
Bardoxolone Methyl Evaluation in Patients with Chronic Kidney Disease and 
Type 2 Diabetes; eGFR, estimated glomerular filtration rate; UACR, urinary 
albumin creatinine ratio; U/L, units per liter.
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placebo, alkaline phosphatase values remained unchanged 
relative to baseline.

Patients in the lowest quartile of baseline serum ALT 
concentrations randomized to bardoxolone methyl (mean 
(±SE) baseline ALT: 11.4 ± 0.1 U/L) had serum ALT con-
centrations that followed a similar trajectory to that seen 
in Figure 1. Peak elevations were observed at week 4 but 
decreased to 20.9  ±  0.7 U/L at week 16 and remained 
nearly flat through week 48 of therapy. In contrast, pa-
tients randomized to placebo had unchanged serum ALT 
concentrations, with mean serum ALT concentrations re-
maining below 15 U/L throughout 48 weeks of treatment. 
Patients in the other three quartiles also had serum ALT 
concentrations that followed a similar pattern and the 
magnitude of serum ALT increases did not appear related 
to baseline serum ALT concentrations (Table S1). Similar 
trends were also observed with patients in the lowest 
quartiles of baseline AST and GGT (Figure S1).

Increases in ALT and AST with bardoxolone methyl 
were reversible
The initial increases in ALT and AST for patients random-
ized to bardoxolone methyl were not sustained and trended 
downward over 48 weeks of therapy. They were reversible 
with mean serum ALT and AST concentrations declining 
back to baseline values within 4 weeks following the end of 
treatment (Figure 1). As shown in Table 4, nearly all patients 
randomized to bardoxolone methyl who experienced max-
imum ALT elevations above the population reference range 

and below 3 × the upper limit of the population reference 
range (290/310 )94%)) had serum ALT concentrations return 
to below the former at the post-treatment visit. Twelve pa-
tients randomized to bardoxolone methyl experienced ALT 
values that exceeded 5 × the upper limit of the population 
reference range, including 2 patients with ALT values that 
exceeded 10 × the upper limit of the population reference 
range (whose individual ALT values and other related pa-
rameters are presented in Figure S2). Of these patients, 
10 of 12 (83%) had ALT values that decreased to below the 
upper limit of the population reference range post-treat-
ment, 1 patient had ALT values that decreased to ≤ 3 × the 
upper limit of the population reference range, and 1 patient 
did not have a post-treatment ALT value (Table 4). Similar 
trends were also observed for AST (Table S2).

Bardoxolone methyl was associated with decreases in 
serum bilirubin
Patients randomized to bardoxolone methyl experienced 
mean decreases in serum total bilirubin concentrations 
relative to baseline and relative to placebo; the difference 
between the two groups was −0.04 mg/dL (95% CI: −0.05 
to 0 mg/dL; P < 0.001). Figure 1 shows the mean changes 
in total bilirubin over time for patients randomized to bar-
doxolone methyl or placebo.

As shown in an evaluation of the drug-induced serious 
hepatotoxicity plot, one patient in the bardoxolone methyl 
group experienced an elevation of total bilirubin levels that 
exceeded 2  ×  the upper limit of the population reference 

Figure 1 Mean ALT, AST, GGT, alkaline phosphatase and total bilirubin values in Bardoxolone Methyl Evaluation in Patients with 
Chronic Kidney Disease and Type 2 Diabetes (BEACON). Mean (± SEM) ALT, AST, GGT, alkaline phosphatase, and total bilirubin values 
(U/L) for patients randomized to bardoxolone methyl (n = 1,088) or placebo (n = 1,097) through 48 weeks of treatment. Post-treatment 
values collected 4 weeks after the last dose of study drug was administered are also shown. ALP, alkaline phosphatase; ALT, alanine 
aminotransferase; AST, aspartate aminotransferase; GGT, gamma glutamyl transferase.

Table 2 Shift in ALT (U/L) from baseline to maximum post-baseline value while on study drug in BEACON

Treatment group/baseline 
ALT

Maximum post-baseline value while on treatment

≤ULN >ULN to < 3 × ULN
≥3 × ULN to 
< 5 × ULN

≥5 × ULN to 
< 8 × ULN ≥8 × ULN

No post-baseline 
value

Placebo [n = 1097]

ALT ≤ ULN [n = 1096; %] 1,023 [93] 50 [5] 2 [<1] 1 [<1] 0 20 [2]

>ULN to < 3 × ULN [n = 1] 0 1 [<1] 0 0 0 0

≥3 × ULN to < 5 × ULN [n = 0] 0 0 0 0 0 0

≥5 × ULN to < 8 × ULN [n = 0] 0 0 0 0 0 0

≥8 × ULN [n = 0] 0 0 0 0 0 0

Bardoxolone Methyl [n = 1,088]

ALT ≤ ULN [n = 1086; %] 610 [56] 380 [35] 18 [2] 9 [1] 2 [< 1] 67 [6]

>ULN to < 3 × ULN [n = 2] 0 0 1 [< 1] 1 [< 1] 0 0

≥3 × ULN to < 5 × ULN [n = 0] 0 0 0 0 0 0

≥5 × ULN to < 8 × ULN [n = 0] 0 0 0 0 0 0

≥8 × ULN [n = 0] 0 0 0 0 0 0

Post-baseline laboratory assessments include those collected on or before a patient’s last dose of study drug. The upper limit of the population reference 
range (ULN) for ALT is 47 (U/L). Categories listed in the tables are defined by ALT (U/L) values: ≤ 47; > 47 to < 142; ≥ 142 to < 236; ≥ 236 to < 376; and ≥ 376. 
Denominators include the number of patients within each baseline laboratory assessment category and treatment group with usable assessments at both 
time points. Highlighted cells indicate no change.
ALT, alanine aminotransferase; BEACON, Bardoxolone Methyl Evaluation in Patients with Chronic Kidney Disease and Type 2 Diabetes; U/L, units per liter; 
ULN, upper limit of normal.
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range and ALT levels that exceeded 3 × the upper limit of 
the population reference range, which was attributed by the 
investigator to symptomatic cholelithiasis and therefore did 
not invoke a true Hy’s Law case as an alternative etiology 
was felt to be responsible. No other patient randomized to 
bardoxolone methyl had maximum ALT or total bilirubin val-
ues that met potential Hy’s Law criteria (Figure 2).

Hepatobiliary adverse events
Hepatobiliary adverse events (Table S3) were reported in 31 of 
1,088 patients (3%) randomized to bardoxolone methyl and in 
16 of 1,097 patients (1%) randomized to placebo. Notably, se-
rious adverse events due to hepatobiliary disorders occurred 
less frequently in patients randomized to bardoxolone methyl 
(4/1,088 (0.4%) compared with placebo (8/1,097 (0.7%)).

Table 3 Shift in AST (U/L) from baseline to maximum post-baseline value while on study drug in BEACON

Treatment group/baseline 
AST

Maximum post-baseline value while on treatment

≤ULN >ULN to < 3 × ULN
≥ 3 × ULN to 

< 5 × ULN
≥ 5 × ULN to 

< 8 × ULN ≥ 8 × ULN
No post-baseline 

value

Placebo [n = 1,097]

AST ≤ ULN [n = 1096; %] 1,009 [92] 65 [6] 1 [< 1] 0 0 21 [2]

>ULN to < 3 × ULN [n = 1] 1 [< 1] 0 0 0 0 0

≥3 × ULN to < 5 × ULN [n = 0] 0 0 0 0 0 0

≥5 × ULN to < 8 × ULN [n = 0] 0 0 0 0 0 0

≥8 × ULN [n = 0] 0 0 0 0 0 0

Bardoxolone Methyl [n = 1088]

AST ≤ ULN [n = 1084; %] 709 [65] 292 [27] 11 [1] 3 [< 1] 2 [< 1] 67 [6]

>ULN to < 3 × ULN [n = 4] 0 2 [< 1] 1 [< 1] 1 [< 1] 0 0

≥3 × ULN to < 5 × ULN [n = 0] 0 0 0 0 0 0

≥5 × ULN to < 8 × ULN [n = 0] 0 0 0 0 0 0

≥8 × ULN [n = 0] 0 0 0 0 0 0

Post-baseline laboratory assessments include those collected on or before a patient’s last dose of study drug. The upper limit for the population reference 
range (ULN) for AST is 37 (U/L). Categories listed in the tables are defined by AST (U/L) values: ≤ 37; > 37 to < 112; ≥ 112 to < 186; ≥ 186 to < 296; and ≥ 296. 
Denominators include the number of patients within each baseline laboratory assessment category and treatment group with usable assessments at both 
time points. Highlighted cells indicate no change.

Table 4 Shift in ALT from maximum post-baseline value while on study drug to post-treatment visit assessment

Treatment group/Maximum post-
baseline ALT

Post-treatment visit value

≤ ULN >ULN to < 3 × ULN
≥3 × ULN 

to < 5 × ULN
≥5 × ULN 

to < 8 × ULN ≥8 × ULN
No Post-Treatment 

Value

Placebo [n = 1097]

No Post-Baseline Value [n = 20] 0 0 0 0 0 20 [2]

ALT ≤ ULN [n = 1023] 841 [77] 6 0 1 [<1] 0 175 [16]

>ULN to < 3 × ULN [n = 51] 34 [3] 4 [<1] 0 0 0 13 [1]

≥3 × ULN to < 5 × ULN [n = 2] 2 [<1] 0 0 0 0 0

≥5 × ULN to < 8 × ULN [n = 1] 0 0 0 0 0 1 [<1]

≥8 × ULN [n = 0] 0 0 0 0 0 0

Bardoxolone Methyl [n = 1088]

No Post-Baseline Value [n = 67] 0 0 0 0 0 67 [6]

ALT ≤ ULN [n = 610] 483 [44] 5 [<1] 0 0 0 122 [11]

>ULN to < 3 × ULN [n = 380] 290 [27] 20 [2] 0 0 0 70 [6]

≥3 × ULN to < 5 × ULN [n = 19] 12 [1] 1 [<1] 0 0 0 6 [1]

≥5 × ULN to < 8 × ULN [n = 10] 8 [<1] 1 [<1] 0 0 0 1 [<1]

≥8 × ULN [n = 2] 2 [<1] 0 0 0 0 0

Includes only patients randomized to bardoxolone methyl or placebo with post-baseline and post-treatment ALT values. Post treatment values are defined 
as ALT assessments collected closest to 28 days [but ≥ 14 days and ≤ 84 days] after a patient’s last dose of study drug. The upper limit of the population 
reference range [ULN] for ALT is 47 [U/L]. Categories listed in the tables are defined by ALT [U/L] values: ≤47; >47 to < 142; ≥142 to < 236; ≥236 to < 376; ≥376. 
Denominators include the number of patients within each worst post-baseline laboratory assessment category and treatment group with usable assess-
ments at both time points. Highlighted cells indicate no change.
ALT, alanine aminotransferase; BEACON, Bardoxolone Methyl Evaluation in Patients with Chronic Kidney Disease and Type 2 Diabetes; U/L, units per liter; 
ULN, upper limit of normal.
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Studies investigating potential mechanisms 
underlying serum aminotransferase increases
Although ALT and AST are expressed at high levels in the 
liver, these aminotransferases are not liver-specific en-
zymes and have been reported in several tissues, such as 
the heart, skeletal muscle, and kidneys.20,21 Furthermore, 
ALT and AST each have two isoforms encoded by discrete 
genes and exhibit distinct subcellular localization.22,23 To 
confirm and expand these results, we assessed the pro-
tein levels of the ALT and AST isoforms in human tissues. 
Several tissues in addition to the liver, such as adipose, kid-
neys, skeletal muscle, heart, and brain, express high levels 
of the aminotransferase proteins (Figure S3).

Genetic alteration of Nrf2 activity, either by deleting Nrf2 or 
by knocking down Keap1 to increase Nrf2 activity, in animal 
models has been shown to affect serum aminotransferase 
activity and the expression of aminotransferase genes.17,24 
In these studies, ALT and AST serum activities were lower 
in mice that lacked Nrf2 than in mice that had wild-type or 
genetically activated Nrf2. To confirm these observations, 
we assessed ALT serum activity in Nrf2-null, wild-type, and 
Keap1-knockdown mice. Consistent with these published 
observations, we found ALT serum activity to trend lower in 
Nrf2-null mice and higher in Keap1-knockdown mice (Figure 
S4). Furthermore, hepatic ALT1 and renal ALT2 mRNA lev-
els were significantly higher in Keap1-knockdown mice, and 
hepatic ALT2 and renal ALT1 mRNA levels were significantly 
lower in Nrf2-null mice. Taken together, these data suggest 
that Nrf2 may modulate serum ALT and AST activity by reg-
ulating aminotransferase gene expression in hepatic and 
extrahepatic tissue.

Certain drugs with mechanisms of action that are distinct 
from that of bardoxolone methyl have also been reported to 
increase aminotransferase gene expression.25,26 For exam-
ple, fenofibrate has been reported to selectively increase the 
expression of ALT1 in cultured hepatocyte cell lines.25 As 
a positive control, we assessed the mRNA levels of ALT1, 
ALT2, AST1, and AST2 in HepG2 hepatocellular carcinoma 
cells treated with 250 µM fenofibrate. Consistent with pre-
viously reported results,25 only ALT1 was expressed at 

a higher level (1.4  ±  0.3-fold vs. vehicle control) in fenofi-
brate-treated cells.

We next assessed whether bardoxolone methyl affects 
the transcription of aminotransferase genes in eight cell lines 
derived from tissues that abundantly express aminotransfer-
ase proteins and/or are targets of bardoxolone methyl (i.e., 
liver, skeletal muscle, kidney, intestine, and macrophages). 
Treatment with bardoxolone methyl significantly and dose-de-
pendently increased aminotransferase gene expression in all 
cell lines tested (Figure 3). The pattern of gene expression dif-
fered among the cell lines. For example, ALT1 expression was 
increased by bardoxolone methyl in HepG2, AML-12, HT-29, 
C2C12, and RAW 264.7 cells, whereas ALT2 expression was 
increased in SK-HEP-1, HuH-7, HT-29, C2C12, RAW 264.7, 
and NRK-52E cells. Distinct patterns of Nrf2 target gene ex-
pression across tissue types has been observed with other 
Nrf2 activators.27,28 However, expression of the “classical” 
Nrf2 target gene, NAD(P)H Quinone Dehydrogenase 1 (NQO1), 
is consistently increased in all tissue types in these studies. 
Consistent with these observations, bardoxolone methyl 
increased NQO1 expression in all cell lines under the same 
conditions that we assessed aminotransferase expression, 
demonstrating target engagement by the drug (Figure S5). 
Taken together, these results demonstrate that bardoxolone 
methyl increases the expression of aminotransferase genes in 
cultured cell lines derived from several tissues, including non-
hepatic tissues, at doses that activate Nrf2.

DISCUSSION

In this secondary analysis of data from BEACON, we 
found that an appreciable percentage of patients treated 
with bardoxolone methyl experienced increases in 
serum ALT (38% of patients) and AST (29% of patients) 
that exceeded the upper limit of the population refer-
ence range. Aminotransferase levels peaked following 
4  weeks of treatment and trended downward between 
weeks 4 and 48, while patients remained on the study 
drug. At the post-treatment visit (4 weeks after stopping 
study drug) aminotransferase levels decreased further. 

Figure 2 Evaluation of drug-induced serious hepatotoxicity plot for bardoxolone methyl and placebo patients in BEACON. Maximum 
post-baseline total bilirubin and alanine aminotransferase (ALT) values for patients randomized to bardoxolone methyl or placebo in 
Bardoxolone Methyl Evaluation in Patients with Chronic Kidney Disease and Type 2 Diabetes (BEACON). The upper limit of normal 
(ULN) for total bilirubin is 1.1 mg/dL and the ULN for ALT is 47 (U/L).
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Pharmacokinetic studies demonstrate that concentrations 
of bardoxolone methyl in plasma decrease to subpharma-
cological levels within 3 to 4 days after stopping treatment. 
Thus, the observed reversal of these pharmacological ef-
fects within 4 weeks of stopping study drug is consistent 
with not only complete washout of the drug but should also 
reflect reversal of the induction process, which should be 
governed by the half-life of the induced enzymes. A similar 
pattern in serum GGT levels was also observed. For most 
patients (≥ 93%) with serum aminotransferase elevations, 
ALT and AST levels were less than 3 × the upper limit of 
the population reference range. Although the profile of 
ALT levels over time, and their apparent reversibility, could 
potentially be confounded by premature discontinuations, 
only 6 of 1,088 (0.55%) of patients randomized to bardox-
olone methyl discontinued study drug prematurely due 

to protocol-specified criteria related to aminotransferase 
elevations.

The aminotransferase increases were not associated 
with hepatitis-like symptoms, increases in total bilirubin, 
or an increased incidence of other hepatobiliary adverse 
events. In contrast, total bilirubin actually declined relative 
to baseline and to placebo, and few patients (< 3%) ran-
domized to bardoxolone methyl experienced hepatobiliary 
adverse events. The incidence of serious hepatobiliary ad-
verse events was numerically lower in patients receiving 
bardoxolone methyl than in patients receiving placebo. 
Moreover, no cases of Hy’s Law, which is considered to be 
a stronger predictor of significant liver injury risk than ALT 
elevations alone and is recognized as the most important 
biomarker for acute drug-induced liver injury,29 were re-
ported in BEACON or in any of the other clinical studies 

Figure 3 Bardoxolone methyl increases ALT and AST gene expression in several cell types. The indicated cell lines were treated 
with bardoxolone methyl for 16 to 18 hours. ALT1, ALT2, AST1, and AST2 expression levels were measured by reverse transcription 
quantitative polymerase chain reaction. Values are expressed as fold-change relative to vehicle (DMSO) treatment and are the average 
and standard deviation of at least two independent experiments, with the exception of AST2 expression data in HepG2 and HT-29 
cells, which are from single experiments. Statistical significance vs. vehicle control was determined using repeated measures one-way 
analysis of variance and Dunnett’s multiple comparison test. *P < 0.05; **P < 0.01; ***P < 0.001. ALT, alanine aminotransferase; AST, 
aspartate aminotransferase.
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involving bardoxolone methyl, which together have en-
rolled over 2,600 patients.9,10,30

Although insufficient pharmacokinetic data from BEACON 
are available to assess the relationship between exposure to 
bardoxolone methyl and aminotransferase elevations in this 
patient population, similar to the observed dose-dependent 
increases in eGFR,9 a prior open-label, dose-ranging study 
of bardoxolone methyl showed that the magnitude of ALT 
and AST elevations were also dose-dependent.31,32

A small number of patients randomized to bardoxolone 
methyl (n  =  12) experienced ALT values that exceeded 
5 × the upper limit of the population reference range, meet-
ing one of the Drug Induced Liver Injury [DILI] Expert Working 
Group’s consensus criteria that can be used for identifying 
potential DILI.30 However, these ALT increases also were not 
associated with any hepatitis-like symptoms or increases in 
serum bilirubin, and behaved similarly to the mild elevations 
in terms of their time to occurrence and time to resolu-
tion. Although additional data (e.g., liver biopsy) are not 
available for a full causality assessment for these patients, 
their ALT levels declined over time in those who continued 
treatment and, for most patients, fell within the population 
reference range at the post-treatment visit. Together, these 
observations suggest that even these more pronounced ALT 
increases may also relate to the on-target transcriptional 
effects of Nrf2 on aminotransferases rather than being an 
indication of significant DILI.29,33

Preclinical studies conducted under good laboratory prac-
tice conditions in naïve nondiseased cynomolgus monkeys 
showed that bardoxolone methyl treatment for 28 days or 
12 months did not cause adverse histological findings in the 
liver and resulted in total and direct bilirubin concentrations 
that were either similar to or lower than those in control an-
imals. We acknowledge, however, that such high elevations 
were not observed in the animal models or in cell culture ex-
periments, although the correlation to the human condition 
may not be exact. Likewise, no adverse histopathological 
findings have been observed in the livers of naïve minipigs 
treated with bardoxolone methyl for 3 months (unpublished 
data). Importantly, both monkeys and minipigs obtained 
systemic exposures to bardoxolone methyl that were higher 
than those observed clinically in patients. Additionally, bar-
doxolone methyl and its related analogs have been shown 
to be protective against hepatotoxicity in multiple models of 
drug-induced or chemical-induced hepatic injury, including 
acetaminophen, aflatoxin, concanavalin A, or carbon tetra-
chloride administration.17–19,34 For example, a bardoxolone 
methyl analog decreased hepatic fibrosis, serum bilirubin, 
ascites, and hepatocellular carcinoma formation, and in-
creased overall survival in mice with liver injury induced by 
chronic carbon tetrachloride administration.34

Although increases in serum ALT and AST were not ob-
served in monkeys or minipigs, this may have been due to 
the study design, as samples for clinical chemistry were col-
lected only at the start and the end of each study. Therefore, 
it is possible that the temporal window in which the transient 
elevations in aminotransferase levels occur in the clinic was 
not fully captured in the animal studies. Alternatively, tran-
scriptional regulation of aminotransferases in vivo may be 
influenced by disease status, and all animals used for good 

laboratory practice toxicity studies were naïve and healthy. 
Supporting this hypothesis, analogs of bardoxolone methyl 
mildly increased serum aminotransferase activity while also 
significantly improving liver histology in an animal model of 
nonalcoholic steatohepatitis.35

The profile of transient and reversible increases in amino-
transferases with bardoxolone methyl might suggest that a 
form of possible drug tolerance or adaptation develops, as 
is often seen with several other classes of drugs, notably the 
statins.36–38 It is well-known that such drug tolerance is seen 
in a relative minority of patients, typically ranging from 5% 
to 25%.36,37 Therefore, we speculate that the mechanism by 
which bardoxolone methyl elevates aminotransferases is re-
lated to its pharmacologic actions. In support of this theory, 
increases in aminotransferases have been observed in clin-
ical studies conducted with other agents that activate Nrf2, 
including unrelated molecules (dimethyl fumarate) as well as 
related analogs (omaveloxolone).39,40 In addition, data from 
our group and others have shown that genetic manipulation 
of Nrf2, which is activated by bardoxolone methyl, affects 
the expression of aminotransferase genes and the serum 
activity of ALT and AST.17,24 Nrf2 is a transcription factor that 
regulates the expression of genes involved in cellular protec-
tion, metabolism, inflammation, and redox status. We have 
shown that treatment of cultured cell lines derived from sev-
eral different tissues, including liver, colon, skeletal muscle, 
kidneys, and macrophages with bardoxolone methyl re-
sulted in dose-dependent increases in ALT and AST mRNA 
at doses that increase expression of the “classical” Nrf2 
target gene, NQO1. Although bardoxolone methyl increased 
aminotransferase expression in all cell lines examined, the 
specific pattern of gene expression varied among them. The 
phenomenon of tissue-specific regulation of target genes 
has been observed with other Nrf2 activators, and suggests 
that the response to Nrf2 activation is influenced by the 
function of the particular type of cell, its metabolic profile, 
and its redox status.27,28

ALT and AST catalyze the reversible transfer of amino 
groups between alanine or aspartate, respectively, and 
α-ketoglutarate to form pyruvate or oxaloacetate and 
glutamate15,16 and play key roles in several metabolic 
processes, including amino acid metabolism, glycolysis, 
glucogenesis, and the tricarboxylic acid cycle. In addition, 
these enzymes influence redox balance and mitochondrial 
metabolism by contributing to glutathione production39 
and regulating the NAD+/NADH ratio via the malate-aspar-
tate shuttle.40 Nrf2 is known to play critical roles in both 
glutathione production and mitochondrial metabolism.41,42 
Accordingly, changes in aminotransferase levels may 
reflect metabolic adaptations that take place due to in-
creased Nrf2 activity.43 Nrf2 also influences the expression 
of GGT, another enzyme involved in glutathione homeosta-
sis.44 Oral administration of a bardoxolone methyl analog 
to rats has been shown to dose-dependently increase 
biliary glutathione excretion and increase mRNA expres-
sion of GGT without any changes in liver histology.45 
Collectively, the GGT, ALT, and AST increases observed in 
BEACON are consistent with Nrf2-mediated increases in 
glutathione production and changes in cellular and mito-
chondrial metabolism.
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Consistent with these observations, acute increases in 
serum aminotransferase concentrations have been associ-
ated with several conditions that affect cellular metabolism 
and energy production. For example, increases in amino-
transferase activity have been observed following dietary 
changes in healthy volunteers and in patients with T2DM.46 
Similarly, aminotransferase expression has been shown 
to increase in the absence of liver injury in rodents fed a 
methionine choline deficient diet. Transient increases in ami-
notransferase enzymatic activity have also been observed 
in severely hyperglycemic patients with type 1 diabetes 
following their initial administration of insulin therapy.15 
Furthermore, treatment with certain drugs that affect cel-
lular metabolism, including the PPARα agonist fenofibrate 
and the microsomal triglyceride transfer protein inhibitor 
(MTPi) BMS-212122, increase aminotransferase expression 
at the transcriptional level.25,26 Notably, treatment with BMS-
212122 also increased the release of ALT and AST from the 
cell in the absence of any cellular toxicity.26 These data sup-
port the notion that an increase in ALT and AST transcription 
could translate to an increase in ALT and AST serum levels 
in the absence of hepatic damage. Taken together, these 
observations are consistent with dynamic regulation of ami-
notransferase gene expression by factors that influence 
cellular metabolism and redox status. This underscores the 
importance of developing more specific markers of hepa-
tocellular damage and suggests that the changes in serum 
aminotransferase levels in patients treated with drugs 
that may influence these processes should be carefully 
interpreted.40

Patients in the lowest quartile of ALT values at baseline 
(≤ 13.7 U/L) randomized to bardoxolone methyl had mean 
increases in ALT that plateaued at 20 U/L between weeks 
16 and 48. In contrast, patients in the lowest quartile of ALT 
randomized to placebo had minimal to unchanged mean 
ALT values that remained ≤  15 U/L through 48  weeks of 
treatment. In the general population, serum concentrations 
of ALT <  17 U/L are associated with increased all-cause 
mortality.47,48 Therefore, increases in ALT induced by bar-
doxolone methyl, particularly in the subset of patients with 
the lowest serum ALT concentrations, may reflect restoration 
of Nrf2 and ALT activity to normal levels and are therefore 
associated with the improved metabolic and anti-inflamma-
tory effects of bardoxolone methyl treatment.

In summary, increases in ALT and AST induced by bar-
doxolone methyl in BEACON were asymptomatic and 
generally mild, and may be associated with the transcrip-
tional effects of the drug on Nrf2. The reversibility (or 
failure of progression) of the mild aminotransferases eleva-
tions while on treatment suggests a form of drug tolerance 
or adaptation due to the pharmacologic mechanism of 
bardoxolone methyl on Nrf2 rather than the induction of 
any intrinsic hepatotoxicity of the compound that fails to 
progress. Bardoxolone methyl is currently being studied 
in a global phase II/III study in patients with CKD due to 
Alport syndrome (CARDINAL; NCT03019185), in a phase II 
study in US patients with other rare forms of CKD, includ-
ing autosomal dominant polycystic kidney disease, type 1 
diabetes, IgA nephropathy, and focal segmental glomeru-
losclerosis (PHOENIX, NCT03366337), and in a phase III 

study in Japanese patients with T2DM and CKD (AYAME, 
NCT03550443) in the absence of heart failure risk factors. 
Liver biochemical tests are being monitored in each of 
these studies to determine if the presumed adaptive re-
sponse seen with in patients with T2DM and stage 4 CKD 
is also seen in association with other kidney diseases. 
These findings suggest that the role of Nrf2 and other tran-
scriptional factors may have an important impact on future 
drug development in terms of the risk of hepatotoxicity. As 
serum aminotransferases serve as nonspecific biomarkers 
of DILI, the mechanisms by which ALT and AST values may 
become elevated in clinical trials without apparent liver 
injury should be fully explored to identify other potential 
alternative explanations, as appears to be the case here.

Supporting Information. Supplementary information accompa-
nies this paper on the Clinical and Translational Science website (www.
cts-journal.com).
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