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Bardoxolone Brings Nrf2-Based Therapies to Light
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Abstract

The targeted activation of nuclear factor erythroid-derived-2-like 2 (Nrf2) to alleviate symptoms of chronic
kidney disease has recently garnered much attention. Unfortunately, the greatest clinical success to date, bar-
doxolone, failed in phase III clinical trial for unspecified safety reasons. The present letter to the editor discusses
the clinical development of bardoxolone and explores potential reasons for the ultimate withdrawal from clinical
trials. In particular, was the correct clinical indication pursued and would improved specificity have mitigated
the safety concerns? Ultimately, it is concluded that the right clinical indication and heightened specificity will
lead to successful Nrf2-based therapies. Therefore, the bardoxolone clinical results do not dampen enthusiasm
for Nrf2-based therapies; rather it illuminates the clinical potential of the Nrf2 pathway as a drug target.
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Dear Editor:

The recent termination of the phase III clinical trial of
the triterpenoid bardoxolone methyl (CDDO-Me) is dis-

appointing. However, reaching this crucial drug development
milestone along the arduous path from bench to bedside
should be lauded as a success. Bardoxolone was rightly her-
alded as an exciting potential drug lead with a promise for
treating many different complex diseases, including diabetic
complications (4). In a randomized, placebo-controlled phase
II trial, bardoxolone improved the estimated glomerular fil-
tration rate in patients with advanced chronic kidney disease
(CKD) and type 2 diabetes at 24 weeks and persisted 52 weeks
(5). However, a follow-up randomized, double-blinded,
placebo-controlled phase III trial enrolling over 2000 patients
was terminated in November, 2012 due to undisclosed safety
concerns expressed by the Independent Data Monitoring Com-
mittee (IDMC) (ClinicalTrials.gov Identifier: NCT01351675).

Despite this unfortunate failure, examination of the critical
elements of this drug discovery effort is informative. One of
the documented modes of action of these CDDO variants is
to activate the transcription factor nuclear factor erythroid-
derived-2-like 2 (Nrf2), which is normally activated during
oxidative and xenobiotic stress, acting as the primary line of
defense against such insults. Under nonstress conditions, Nrf2
levels are kept low by association with the Cul3-Keap1 E3
ubiquitin ligase that continuously ubiquitinatesNrf2, leading
to Nrf2 degradation by the 26S proteasome. In response
to oxidative insults or xenobiotic challenge, the E3 ubiquitin

ligase is inactivated through modification of critical Keap1
cysteine residues, thereby allowing the accumulation of Nrf2.
Free, cytosolic Nrf2 then translocates into the nucleus and,
ultimately, coordinates enhanced expression of hundreds of
antioxidant response element-bearing genes, encoding cyto-
protective proteins, such as phase II detoxifying enzymes,
drug transporters, and antioxidant enzymes (2, 8). Targeting
Nrf2 activation with Nrf2 activators has been shown in ex-
perimental models to effectively prevent disease or inhibit the
progression of diseases related to oxidative stress, including
diabetes, cancer, cardiovascular diseases, neurodegenerative
diseases, and chronic obstructive pulmonary disease (COPD)
(Fig. 1). Numerous preclinical efforts have focused on devel-
oping Nrf2 activators for therapeutic use. In contrast, only a
limited number of clinical trials have been initiated to test
therapeutic or preventive performance of Nrf2 activators in
humans. In addition to bardoxolone, the sulforaphane-rich
broccoli sprout extract has been undergoing clinical evalua-
tion (detailed information available at ClinicalTrials.gov).

Why did bardoxolone fail and how can this inform future
Nrf2-related drug discovery? The initial discovery of the
electrophilic, triterpene class of molecules, like bardoxolone,
and early mechanistic studies did not indicate activation of
Nrf2 as the mode of action (1). It was not until 7 years later that
Nrf2 began to be explored as an additional mode of action (3).
Oral administration of bardoxolone potently induces the
Nrf2-dependent response in multiple tissues (6). However, a
proteomic analysis of the potential targets of CDDO-Im, a
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closely related variant of bardoxolone, revealed CDDO-Im
interacts with 577 different proteins, including many different
transcription factors (7). Although detailed studies of how
CDDO derivatives modulate all of the non-Nrf2 pathways are
lacking, it is likely that there are a large number of unintended
side effects from these off-pathway targets. Because bar-
doxolone modulation of Nrf2 was a serendipitous discovery,
future developmental efforts in the field of Nrf2 will bene-
fit from a more targeted approach. A structure-based and
targeted drug discovery has provided many clinical com-
pounds and although none of these drugs is without some
off-pathway interactions, these can be generally quite limited in
scope (e.g., kinase and G-protein-coupled receptor-targeted
therapies).

Additionally, is advanced CKD the most appropriate dis-
ease for Nrf2 activation therapeutics? Numerous studies us-
ing in vivo and in vitro disease models substantiate the
significant role of Nrf2 in preventing, for example, diabetic
complications, cancer, cardiovascular diseases, neurodegen-
erative diseases, and COPD (2, 8, 9). These findings led to the
proposal that therapeutic activation of Nrf2 may be an avenue
to prevent oxidation-related pathologies. It remains, however,
that activation of Nrf2 has not been shown to reverse ad-
vanced pathological conditions, but to suppress further
damage. It thus seems the indication under investigation in
the bardoxolone clinical trial, late stage CKD, was doomed to
fail from the onset. Not surprisingly, the phase II bardoxolone
trials in patients with early stage CKD showed some benefit,
as activation of Nrf2 would be predicted to alleviate further
onset of diabetic renal complications.

So, where do we go from here? The case of bardoxolone
provides an important framework for Nrf2-based therapy
development. First, future drug development efforts should
be geared to identify more specific Nrf2 activators to mini-
mize toxicity, using a targeted approach. Second, Nrf2 acti-
vators should be tested for disease prevention or in patients
with early stage diseases since activation of Nrf2 protects
against progressive tissue damage rather than reversing pre-
existing pathologies. Moving from bench to bedside remains
the ultimate goal of modern day drug discovery; the effort
with bardoxolone has moved Nrf2-based therapy discovery
much closer to this goal.
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Abbreviations Used

CKD¼ chronic kidney disease
COPD¼ chronic obstructive pulmonary disease

Nrf2¼nuclear factor erythroid-derived-2-like 2

FIG. 1. Activation of the
nuclear factor erythroid-
derived-2-like 2 (Nrf2)-Keap1
defense pathway by Nrf2
activators confers protection
against various diseases.
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