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Review article

Combating oxidative stress in diabetic
complications with Nrf2 activators: How
much is too much?
Sih Min Tan, Judy B. de Haan

Oxidative Stress Laboratory, Diabetic Complications Division, Baker IDI Heart and Diabetes Institute,
Melbourne, Victoria, Australia

Diabetes is increasing at an alarming rate and, despite anti-hypertensive and insulin therapies, diabetic
patients are still at risk of developing complications such as chronic kidney disease, cardiovascular
disease, and retinopathy. There is therefore an urgent need for more effective therapies to prevent the
development and progression of diabetic complications. Oxidative stress is a major player in the aetiology
of diabetic complications. However, results from clinical trials thus far using general antioxidants have
been disappointing. Mechanism-based antioxidants have gained considerable attention due to their
more targeted approach at reducing oxidative stress and associated complications in diabetes. The
transcription factor, NFE2-related factor 2 (Nrf2), is a master regulator of redox homeostasis and the
cellular detoxification response. Instead of relying on a single antioxidant, activation of Nrf2 results in
the concerted upregulation of several antioxidant enzymes and cytoprotective genes, making it an
attractive therapeutic target for diabetic complications. Several Nrf2 activators have been discovered and
have proven effective at activating Nrf2 signalling through different mechanisms in both in vitro and in vivo
models of diabetes. This review will address some of the most promising and well-known Nrf2 activators
and their roles in preventing the development and progression of diabetic complications. Challenges
facing the advancement of this drug class into the clinic will be discussed, as will be the future of Nrf2
activation as a therapeutic strategy in preventing the development of diabetic complications.

Keywords: Nrf2 activators, Antioxidant defence, Oxidative stress, Diabetic complications, Diabetic nephropathy, Diabetes-associated atherosclerosis,
Mouse models

Introduction
Diabetes is one of the most common chronic diseases
worldwide. It is estimated that there are 366 million
people with diabetes globally and this figure is
expected to rise to 552 million people by 2030.1

Although intensive blood glucose and blood pressure
control have reduced the risk of diabetes-associated
microvascular (nephropathy, retinopathy, neuropathy)
and macrovascular complications (atherosclerosis, per-
ipheral vascular disease, cerebrovascular disease), dia-
betes remains a major risk factor for end-stage renal
disease, blindness, and cardiovascular complications.
There is therefore an urgent need to develop more
effective therapies to prevent and/or halt the pro-
gression of diabetic complications.
Accumulating evidence suggests that oxidative stress

plays a pivotal role in the aetiology of diabetic

complications.2,3 More than a decade ago, a unifying
hypothesis was proposed by which hyperglycaemia
together with excessive free fatty acids leads to
elevations in reactive oxygen species (ROS) produced
by the mitochondrial electron transport chain. These
ROS in turn activate stress-sensitive intracellular sig-
nalling pathways that then divert glycolytic intermedi-
ates into pathways of hyperglycaemic injury, such as
the polyol pathway, the advanced glycation endpro-
ducts and receptors (AGE/RAGE) pathway, the
protein kinase C (PKC) pathway and the hexosamine
pathway,2,4 ultimately leading to insulin resistance,
β-cell dysfunction and the development of diabetic
complications. Recent advances on the pathophysiol-
ogy of diabetic complications have revealed that the
role of ROS in diabetic complications may be more
complicated than initially thought. Schaffer et al.5

have recently revisited the unifying hypothesis of
diabetes and found that the original theory neglected
to acknowledge the potential influence of cytosolic
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ROS and the contribution by the protective antioxi-
dant defence system.
Indeed, emerging evidence suggests that glucose

may also alter antioxidant defences in endothelial
cells6 and in patients with diabetic complications
such as diabetic nephropathy.7,8 Fibroblasts derived
from type 1 diabetic patients susceptible to microvas-
cular complications were unable to upregulate their
protective antioxidant defences after exposure to
high glucose compared with skin fibroblasts from
normal subjects, suggesting a failure of antioxidant
defences in diabetic patients with nephropathy.6 A
decline in the levels of non-enzymatic antioxidants
such as vitamins C and E and glutathione (GSH),
together with a reduction in the activity of enzymatic
antioxidants such as superoxide dismutase (SOD),
catalase, glutathione peroxidase (GPx), glutathione
S-transferase (GST), and glutathione reductase
(GR), were also reported in the diabetic rat
kidney.9,10 The gene expression of SOD, GPx, and
catalase was also found to be significantly reduced in
patients with diabetic retinopathy when compared
with non-diabetic patients and diabetic patients
without retinopathy.11 These findings suggest that
increased ROS levels in diabetes are not only the
result of their increased production but also a conse-
quence of impaired antioxidant defences.
ROS have been viewed conventionally as the causal

factor of many human diseases. However, ROS also
have important regulatory roles in a range of biologi-
cal processes, including cell signalling and survival.12

Thus far, clinical trials of antioxidants (mainly vitamins
E and C) have been disappointing largely due to a lack
of mechanistic understanding of oxidant and antioxi-
dant actions to design the right interventions.13 More
recently, it is thought that mechanism-based antioxi-
dants may be more effective at preventing and/or treat-
ing diabetic complications, particularly since it is now
recognized that 2-electron oxidants, such as hydrogen
peroxide and peroxynitrite, may be more damaging
than 1-electron oxidants,14 the latter being the main
substrates of antioxidants such as vitamins E and
C.15–19 Indeed, this lack of mechanistic understanding
may offer an explanation as to why large scale human
trials have proven ineffective. One of the most promis-
ing classes of mechanism-based antioxidants is the
Nrf2 (NFE2-related factor) activators.20 This review
will discuss the therapeutic potential of Nrf2 activators
in the context of diabetic complications based on
available animal and clinical data and some of the
issues facing these antioxidants, mainly due to dose-
dependent side effects.

The Nrf2/Keap1 pathway
Nrf2 is a member of the cap ’n’ collar subfamily of the
bZIP transcription factor and a master regulator of the

cellular detoxification response and redox status.
Under normal physiological conditions, Nrf2 is consti-
tutively ubiquitinated and degraded by the proteasome
through its interaction with its inhibitor, kelch-like
ECH-associated protein 1 (Keap1) (Fig. 1).21

Oxidative stress or electrophilic compounds stabilize
Nrf2 by antagonizing the interaction of Keap1 with
Nrf2, leading to the rapid translocation of Nrf2 to
the nucleus where it binds to antioxidant-responsive
elements (ARE) within genes. This in turn leads to
an increase in the transcription of genes encoding anti-
oxidants and detoxification enzymes such as
NAD(P)H:quinine oxidoreductase 1 (NQO1), heme
oxygenase-1 (HO-1), γ-glutamylcysteine synthetase
(γ-GCS), and GST. One of the most attractive features
of targeting the Nrf2/Keap1 pathway is that instead of
relying on a single antioxidant enzyme, Nrf2 acti-
vation leads to a concerted upregulation of a range
of antioxidant enzymes. It is therefore not surprising
that attention has focussed on identifying a number
of small molecule activators of Nrf2 to fulfil the
unmet clinical need of reducing oxidative stress in dis-
eases such as diabetic complications.

Diabetes is known to induce oxidative stress either
through overproduction of superoxide by the mito-
chondrial electron transport chain,2,4 or activation of
angiotensin II-mediated upregulation of nicotinamide
adenine dinucleotide phosphate (NADPH)-oxidase
(NOX) activity resulting in cytosolic production of
ROS (Fig. 1). In agreement with the notion that oxi-
dative stress is elevated in diabetes, the protective
Nrf2 pathway is activated under hyperglycaemic con-
ditions in both in vitro22–25 and in vivo experimental
models of diabetes.23,26,27 Furthermore, Nrf2
expression and its downstream gene, NQO1, were sig-
nificantly upregulated in the glomeruli of diabetic
nephropathy patients when compared with patients
without diabetic nephropathy.23 However, a different
finding was observed in human diabetic failing
hearts where Nrf2 expression was significantly
reduced when compared with normal hearts.28

Interestingly, in patients with diabetic retinopathy,
retinal expression of Nrf2 was increased when com-
pared with retina from non-diabetic donors.27

However, retinal expression of the Nrf2 downstream
gene, catalytic subunit of glutamylcysteine ligase,
was significantly reduced, which is suggestive of defec-
tive Nrf2 signalling in diabetic retinopathy.27

Other animal studies have shown that the Nrf2
system is compromised in diabetes, which may con-
tribute to complications such as impaired wound
healing29 and diabetic nephropathy.9 More impor-
tantly, cardiac expression of Nrf2 was slightly
increased 2–3 months after the onset of diabetes in
streptozotocin (STZ)-induced diabetic mice, but sig-
nificantly decreased after 5–6 months of diabetes.28,30
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This initial upregulation of Nrf2 suggests that Nrf2 is
responding to the early increase in oxidative stress to
overcome injury at the early stages of diabetes. At
the later stages, however, this adaptive process fails
and cardiac antioxidant function is impaired. These
findings led the authors to speculate that without
this initial adaptive response by Nrf2, the cardiac
damage induced by diabetes would have been more
prominent.30 Several other studies have shown
similar findings in the aorta,31 kidney,32 and heart30

of diabetic mice, where Nrf2 and its downstream regu-
latory proteins (HO-1, NQO1, and SOD1) were sig-
nificantly increased after 3 months of diabetes, but
significantly reduced at 6 months. Collectively, these
findings suggest that the Nrf2 system plays an impor-
tant role as the body’s natural defence against hyper-
glycaemia-induced damage. However, this initial
adaptive response to counteract the diabetes-driven
oxidative stress appears to be short-lived, after which
the Nrf2 system becomes overwhelmed under chronic
glucose stimulation. Thus, activating the Nrf2 signal-
ling pathway with small molecule Nrf2 activators
may bolster endogenous antioxidant systems to
prevent the development or progression of diabetic
complications.

Lessons from Nrf2 knockout studies
Nrf2 knockout (Nrf2−/−) mice show a deficiency in
Nrf2-mediated gene responses and display a higher
susceptibility to oxidative injury and diabetes.33,34

The role of Nrf2 in diabetic nephropathy was first
investigated in a study by Yoh et al.35 In their study,
STZ-treated Nrf2−/− mice developed renal impair-
ment earlier than wild-type (WT) mice, with a signifi-
cant reduction in creatinine clearance rate as early as 6
weeks (compared with 10 weeks forWTmice) after the
onset of diabetes and without the hyperfiltration
observed in the WT mice.35 Furthermore, urinary
excretion of nitric oxide metabolites and the occur-
rence of 8-nitroguanosine (a biomarker for nitrosative
stress) in glomerular lesions were exacerbated in
Nrf2−/− mice after STZ treatment. However, in the
same study, urinary protein output and renal pathol-
ogy were not significantly different between knockout
and WT mice after 10 weeks of STZ treatment.35

In a longer study of 16 weeks duration, STZ-
induced diabetic Nrf2−/− mice exhibited more severe
glomerular injury, together with higher ROS pro-
duction and increased expression of the profibrotic
cytokine, transforming growth factor-β (TGF-β), as
well as increases in the profibrotic marker fibronectin,
when compared with diabetic WT mice.23 These
changes were accompanied by a significantly higher
urinary albumin to creatinine ratio (UACR), strongly
suggesting that Nrf2 plays a protective role in STZ-
induced diabetic nephropathy.23 In human renal
mesangial cells (HRMCs), high glucose induced an
increase in ROS production with concomitant
elevations in the expression of Nrf2 and its down-
stream genes including NQO1, HO-1, and γ-GCS

Figure 1 The role of Nrf2 signalling in diabetic complications. Hyperglycaemia is associated with the generation of reactive
oxygen species (ROS) by the mitochondria and angiotensin II (Ang II)-induced activation of NOX. Ang II and ROS can activate the
NFκB pathway leading to transcription of fibrotic and inflammatory genes such as TGF-β, MCP1 and TNF-α, resulting in diabetic
complications. Under normal conditions, Nrf2 is constitutively targeted by its negative regulator, Keap1, for ubiquitination and
degradation in the cytosol. On the other hand, hyperglycaemia-induced oxidative stress stabilizes Nrf2 by releasing Keap1
binding, allowing Nrf2 to translocate to the nucleus where it activates ARE-responsive genes, such as HO-1, NQO1, SOD, and
CAT. These antioxidant and cytoprotective genes reduce ROS levels, leading to an attenuation of diabetic complications.

Tan and de Haan Combating oxidative stress in diabetic complications with Nrf2 activators

Redox Report 2014 VOL. 19 NO. 3 109



and these responses were diminished when expression
of Nrf2 was reduced by siRNA.23 Furthermore, induc-
tion of endogenous Nrf2 with tert-butylhydroquinone
inhibited the promoter activity of TGF-β1 in a dose-
dependent manner, and knockdown of Nrf2 exacer-
bated high glucose-induced TGF-β and fibronectin
expression in HRMCs.23

Ungvari et al.24,36 were the first to characterize the
vasoprotective role of Nrf2 in diabetes using Nrf2−/−

mice. They showed that expression of Nrf2 down-
stream genes was significantly upregulated in diabetic
Nrf2+/+ mice, but not in diabetic Nrf2−/− mice, when
compared with appropriate non-diabetic mice in an
experimental model of type 2 diabetes (T2D).
Additionally, high fat diet (HFD)-induced increases
in vascular ROS levels were significantly greater in
Nrf2−/− than Nrf2+/+ mice, accompanied by a
more severe endothelial dysfunction as shown by the
significantly diminished acetylcholine (ACh)-induced
relaxation of aorta in these mice, which was
accompanied by increased inflammatory gene
expression, such as intercellular adhesion molecule-1
and tumour necrosis factor-α (TNF-α).24

Neonatal and adult cardiomyocytes isolated from
Nrf2−/− mice exhibited higher ROS under basal con-
ditions compared with WT controls and high glucose
further markedly increased ROS production,
accompanied by an increase in cardiomyocyte apopto-
sis.22 Furthermore, adult cardiomyocytes from dia-
betic Nrf2−/− mice exhibited dramatically increased
ROS levels and severely damaged contractility com-
pared with WT controls, demonstrating a critical in
vivo role for Nrf2 in the defence against high
glucose-mediated damage of cardiomyocytes.22 More
recently, it was found that diabetes further exacerbated
oxidative damage to DNA as measured by an increase
in 8-OHdG in the diabetic Nrf2−/− heart.37

Nrf2 activators
To date, several small molecule activators of Nrf2 have
been identified. The most well known is sulforaphane,
derived from cruciferous vegetables such as broccoli.
Other natural Nrf2 activators that are widely used in
complementary medicine include cinnamic aldehyde
(main constituent of cassia and cinnamon bark oils),
resveratrol (found in the skin of grapes), curcumin
(from turmeric), and quercetin (from tea, berries,
apples, and onions).38 Less well known Nrf2 activators
include MG132, the specific, potent, reversible, and
cell-permeable proteasome inhibitor,39 and ebselen,
the synthetic mimetic of the antioxidant enzyme, glu-
tathione peroxidase-1 (GPx).40 Our group previously
has shown that ebselen reduced oxidative stress in
animal models of T1D and attenuated diabetes-associ-
ated atherosclerosis and diabetic nephropathy.41,42 In
addition, some of the most promising Nrf2 activators

are a series of triterpenoids derived from oleanic acid.
The first to be described was 2-cyano-3,12-dioxoo-
leana-1,9,-dien-28-oic acid (CDDO), and since then
other synthetic triterpenoids have been developed.43,44

This review will focus on Nrf2 activators that have
shown therapeutic benefits in animal models of dia-
betic complications and have the most potential for
translation into the clinic.

Sulforaphane
Sulforaphane acts by releasing Nrf2 from Keap1
through the modification of critical cysteine thiol resi-
dues on Keap1, thereby allowing Nrf2 to translocate
to the nucleus and activate ARE-responsive genes
(Fig. 2).45 An early study by Xue et al.25 investigated
the molecular mechanisms behind the protection
afforded by sulfurophane in preventing high glucose-
induced damage in human microvascular HMEC-1
endothelial cells. They not only showed that sulfora-
phane increased the translocation of Nrf2 to the
nucleus and increased ARE-responsive gene
expression, but that it also attenuated hyperglycae-
mia-mediated activation of the hexosamine and PKC
pathways as well as lowered ROS and methylglyoxal
levels.25 Of note, the authors discussed the potential
cytotoxic side effects of sulforaphane and related iso-
thiocyanates to endothelial cells and other cell types
at higher concentrations, possibly through their inter-
action with death receptors and apoptotic signalling
pathways, independent of the disruption of the
Keap1–Nrf2 complex.25

In HRMCs, sulforaphane has been shown to
prevent TGF-β-mediated signalling and hypertrophy
under hyperglycaemic conditions.26 Furthermore,
siRNA silencing of Nrf2 reversed the sulforaphane
and/or high glucose-induced Nrf2 and HO-1
expression in human kidney proximal tubular (HK
11)32 and cardiac H9c2 cells.30 In addition, silencing
of Nrf2 reversed sulforaphane-mediated protection
against high-glucose-induced connective tissue
growth factor expression.32 These studies strongly
suggest the requirement of functional Nrf2 for sulfor-
aphane-mediated protection against high glucose-
induced renal and cardiac fibrotic injury.

In preclinical studies in mice, pretreatment with
sulforaphane (at 40 μg/kg for 3 days) prevented
STZ-mediated islet destruction and restored insulin-
secreting islet cells to levels similar to control
mice, possibly through suppression of the redox-
sensitive NFκB pathway.46 More recently, sulforaphane
(125 mg/kg) and cinnamic aldehyde (25 and 50 mg/kg)
have been shown to improve kidney function, alleviate
the pathological alterations within the glomerulus and
reduce the upregulation of TGF-β and its downstream
effectors, fibronectin, collagen IV, and p21 in the
kidneys of diabetic mice.26 Importantly, these effects of
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sulforaphane and cinnamic aldehyde were not seen in
Nrf2−/− mice, thus providing further evidence that sul-
foraphane and cinnamic aldehyde function specifically
through activation of the Nrf2 pathway (Fig. 2).
Furthermore, 0.5 mg/kg of sulforaphane given sub-

cutaneously for 3 months was effective in preventing
diabetes-induced aortic fibrosis and remodelling in
STZ-treated mice, which was associated with an upre-
gulation of Nrf2 expression and its downstream genes
NQO1 and HO-1.31 Of interest, this aortic protection
by sulforaphane was not only observed at the end of
the 3-month period, but also 3 months after terminat-
ing the treatment, indicative of epigenetic modifi-
cations as a potential mechanism of sulforaphane.31

In addition, the cardioprotective effects of sulfora-
phane were examined in STZ-induced diabetic mice
with the same treatment regimen. In this instance,
0.5 mg/kg sulforaphane was found to attenuate
cardiac dysfunction and remodelling after 3 months
of treatment, which additionally persisted 3 months
after treatment.30 Even more intriguing was the obser-
vation that the cardioprotective effect of sulforaphane
was more evident 3 months after treatment. However,
this sustained effect was not seen in the kidney of STZ-
induced diabetic mice with the same treatment
regimen since the renoprotective effects of sulfora-
phane were lost 3 months after termination of the
treatment.32 These data suggest that treatment with
sulfophane may elicit differential responses in
various tissues.

Translation of sulforaphane to the clinic has been in
the form of broccoli sprout powder which contains sul-
foraphane and the administration to patients with
T2D.47,48 In these studies, 5 or 10 g of broccoli
sprout powder was given to T2D patients.
Equivalent doses of corn starch containing chlorophyll
as placebo were administered to a separate group of
patients for 4 weeks. At each dose, 5 and 10 g broccoli
sprout powder translated into 112 and 225 mmol of
sulforaphane isothiocyanates, respectively.
Administration of broccoli powder at 10 g daily for 4
weeks decreased plasma malondialdehyde and oxi-
dized low-density lipoprotein (oxLDL), and signifi-
cantly increased the total antioxidant capacity.49

However, there was no change in the total oxidant
status. Cardiovascular risk factors such as serum tri-
glycerides (TG), oxLDL/LDL-C ratio and athero-
genic index of plasma (log of TG/HDL-C ratio)
were also significantly reduced in patients adminis-
tered 10 g of broccoli sprout powder when compared
with placebo and those receiving 5 g of powder.47

Furthermore, inflammatory markers which included
high-sensitive C reactive protein and interleukin-6
(IL-6) were significantly reduced in the 10 g group of
patients.48 Of note, only minor adverse events were
reported in these studies.47 However, limitations of
the study include the short treatment period and
limited doses and parameters examined. The effects
of sulforaphane in diabetic patients and their potential
to limit diabetic complications thus require further

Figure 2 The proposed mechanisms of Nrf2 activators. Bardoxolone methyl, dh404, and sulforaphane interact with cysteine
thiol residues on Keap1, the negative regulator of Nrf2. This interaction leads to the dissociation and stabilization of Nrf2,
allowing it to translocate to the nucleus and bind to the antioxidant response element (ARE) in the promoter region of antioxidant
and cytoprotective genes, leading to the transcription of these genes. On the other hand, MG132 inhibits proteasomal activity
thereby preventing the degradation of Nrf2 leading to the increased accumulation of Nrf2 in the nucleus and activation of ARE-
responsive genes. The mechanism of resveratrol is less well understood but it is proposed to increase expression and
translocation of Nrf2 to the nucleus, possibly by decreasing the expression of Keap1.
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studies with longer duration, various doses and more
clinically relevant cardiovascular or renal outcomes.

Resveratrol
Resveratrol is a polyphenol that protects plants against
fungal infection. It is found in the skin of grapes, red
wine, berries, and many other plants. Resveratrol
exerts its antioxidant properties through activation of
Nrf2 signalling,36 although the exact mechanism is
still unclear; downregulation of Keap1 expression50

and activation of the protein deacetylase, Sirtuin 1
(Sirt 1) leading to increased nuclear accumulation of
Nrf251 are two proposed mechanisms (Fig. 2).
In cultured human coronary arterial endothelial

cells (CAECs), resveratrol significantly increased the
transcriptional activity of Nrf2 in a dose-dependent
manner, with subsequent upregulation of Nrf2 genes
such as HO-1, NQO1, and γ-GCS.24,36 Resveratrol
treatment also significantly attenuated high glucose-
induced mitochondrial and cellular oxidative stress
and apoptosis in CAECS. These effects were prevented
by downregulation of Nrf2 expression either by
siRNA or overexpression of Keap1.36 In HFD-fed
Nrf2+/+ mice, resveratrol treatment attenuated oxi-
dative stress (assessed by the Amplex red assay),
improved ACh-induced vasodilatation, and inhibited
apoptosis (assessed by measuring caspase-3 activity
and DNA fragmentation) in branches of the femoral
artery.36 In contrast, the aforementioned endothelial
protective effects of resveratrol were diminished in
HFD-fed Nrf2−/− mice, further reinforcing the
notion that resveratrol exerts its vasoprotective
effects, at least partly, through Nrf2-dependent
pathways.36

In preclinical studies, in a model of type 1 diabetes
(T1D) using STZ-nicotinamide-induced diabetic rats,
resveratrol (5 mg/kg) given for 30 days, significantly
attenuated oxidative stress (superoxide, OH, NO,
lipid peroxide, hydroperoxide, protein carbonyl) in
the diabetic rat kidney and restored the activities of
antioxidants such as catalase, GPx, SOD, GST, and
GR, as well as that of non-enzymatic antioxidants
such as vitamins C, E and GSH.9 Additionally, Nrf2
and its downstream target proteins, HO-1 and γ-
GCS, were reduced in the diabetic rat kidney with con-
comitant elevations in Keap1, and all of these changes
were normalized by resveratrol. Importantly, resvera-
trol also attenuated glomerular, tubular, and intersti-
tial injury in these diabetic rats, with an
improvement in kidney function as assessed by an
increase in creatinine clearance.9 Although higher
doses of resveratrol (20 mg/kg/day for 8 weeks) have
been reported to attenuate albuminuria and glomeru-
lar mesangial expansion in the STZ-induced diabetic
rat kidney, the mechanism behind these improvements
may differ since the diabetes-induced upregulation of

the Nrf2 downstream gene, GST Mu (GSTM), was
attenuated.52 This effect of resveratrol was dose depen-
dent as demonstrated in rat mesangial cells treated
with high glucose, and higher doses of resveratrol
also were associated with higher rates of apoptosis in
these cells.52

To date, there are only limited data available on the
pharmacological activities of resveratrol in humans.
Supplementary resveratrol at relatively low doses has
been shown to be well tolerated in healthy subjects
and was able to suppress high-fat, high-cholesterol
meal-induced elevations of plasma endotoxins and
the expression of pro-oxidants and inflammatory
markers such as p47phox, Keap1, IL-1β, and TNF-α
with concomitant elevations of Nrf2-binding activity
and the expression of NQO1 and GST.53 In T2D
patients, insulin sensitivity was improved after 4
weeks of resveratrol treatment (given twice daily in
gelatine capsule containing 5 mg resveratrol), possibly
due to resveratrol-induced decreases in oxidative stress
that leads to more efficient insulin signalling via the
Akt pathway.54 However, the effects of resveratrol in
diabetic complications have not been reported thus
far in humans.

Beside Nrf2 signalling, resveratrol has been known
to exert its effect through modulations of other
signal transduction pathways such as the cAMP/
cGMP pathway, the MAP kinase signalling PI3K/
AKT pathway and cell cycle and cell death signalling
(reviewed by Pervaiz and Holme55). Furthermore,
resveratrol is also involved in autophagy and precondi-
tioning, anti-fibrotic and anti-inflammatory effects,
and activation of estrogen receptors having similar
chemical properties to estrogen in the diabetic heart
(reviewed by Turan et al.56). Although many pre-clini-
cal studies have shown the benefits of resveratrol in
combating diabetic complications as discussed
earlier, resveratrol is also being investigated as a poten-
tial anti-cancer drug due to its pro-oxidant activity
leading to oxidative breakage of cellular DNA.57,58

The fine balance between the anti-oxidant and cyto-
toxic properties of resveratrol is largely depended on
the concentration, the redox environment of the cell
and the presence of transition metals such as
copper.59 Based on the published data thus far, there
is not enough evidence to strongly justify a recommen-
dation for the administration of resveratrol to humans
beyond the dose which can be obtained from dietary
sources.60 However, encouraging data from animal
models of diabetic complications using resveratrol
warrant further investigations with the potential for
translation to clinical settings.

MG132
Under physiological conditions, Nrf2 is targeted for
ubiquitination and subsequent proteasomal
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degradation via a mechanism that includes redox-sen-
sitive Keap1 in the cytosol (Fig. 1). Diabetes is associ-
ated with an increase in proteasomal activity.61–63

Importantly, increased proteasomal activity is linked
to a reduction in the expression and activation of
Nrf2 in diabetes.10,64 Thus, it has been hypothesized
that proteasomal inhibition will be beneficial in pre-
venting and/or treating diabetic complications by pre-
venting the degradation of Nrf2, thereby leading to
increased Nrf2 accumulation in the nucleus and sub-
sequent activation of Nrf2 target gene transcription.
Several animal studies have shown that MG132, a
cell-permeable proteasome inhibitor39, attenuates dia-
betes-associated renal10,65, cardiac,64 and aortic dis-
eases66 through the upregulation of Nrf2 expression,
as well as transcription of downstream genes. Indeed,
MG132-mediated upregulation of antioxidant
enzymes and the protection against H2O2-mediated
oxidative stress is completely lost in neonatal cardio-
myocytes isolated from Nrf2−/− mice.39

Furthermore, silencing of Nrf2 abolishes MG132-
mediated protection against high glucose-induced pro-
fibrotic responses in HK 11 cells.65 These findings
provide further proof that MG132 mediates its ben-
eficial effects in diabetic complications, at least
partly, through the activation of Nrf2 signalling.
Furthermore, NFκB, a nuclear transcription factor

that regulates proinflammatory cytokine expression,
is usually inhibited by IκB via formation of a
complex with NFκB. However, IκB is degraded by
proteasome ubiquitination resulting in the release of
NFκB and nuclear translocation to mediate the
inflammatory response. In the diabetic heart, inhi-
bition of proteasome activity by MG132 also inhibited
the degradation of IκB, thus allowing IκB to bind to
NFκB, thereby inhibiting its transcriptional activity
and reducing the inflammatory response.64

However, one concern for the use of MG132 in pre-
venting and/or treating diabetic complications is
related to the hormetic effect often associated with
antioxidants. The partial inhibition of proteasomal
activity by MG132 at low doses may be therapeuti-
cally beneficial in diabetic complications; however, at
higher doses it could exacerbate oxidative stress in
the cell67 and thereby induce apoptotic cell death.65

Bardoxolone methyl and its analogues
Bardoxolone methyl (methyl 2-cyno-3,12-dioxoolea-
na1,9(11)dien-28-oate, CDDO-Me, or RTA 402) is a
synthetic triterpenoid derived from the natural
product oleanolic acid and is a member of a class of
antioxidant inflammation modulators (AIMs) that
are the most potent activators of Nrf2 available.68,69

CDDO-Me interacts with specific cysteine residues
on Keap1, allowing Nrf2 to accumulate and translocate
to the nucleus leading to upregulation of ARE-

responsive genes (Fig. 2).68 There are limited pub-
lished preclinical studies on CDDO-Me due to
rodent-specific metabolism of CDDO-Me to toxic
metabolites, making studies in rodents requiring
longer-term progression, like diabetic complications,
difficult. However, the emergence of closely related
analogues of CDDO-Me without such limitations
such as CDDO-ethyl amide (RTA-450) and dihydro-
CDDO-trifluoroethyl amide (dh404) has opened up
new opportunities to further explore AIMs in preclini-
cal models of diabetes. Similar to its parent com-
pound, dh404 interacts with specific cysteine residues
on Keap1, allowing Nrf2 to translocate to the
nucleus to activate Nrf2-driven gene transcription.70

Indeed, treatment of STZ-induced diabetic mice
with dh404 for 2 weeks at 10 mg/kg every alternate
day significantly increased the expression of cardiac
Nrf2 expression and prevented 3-nitrotyrosine (NT)
accumulation (a marker for peroxynitrite-induced
tissue damage) and ERK1/2 phosphorylation, and
preserved normal insulin signalling in the diabetic
heart.28 However, in another study, Zoja et al. found
that treatment with RTA 405 resulted in significant
weight loss, reduced food intake, increases in blood
pressure and dyslipidaemia in an animal model of
T2D, the Zucker diabetic fatty (ZDF) rats.71

Treatment of ZDF rats with RTA 405 for 3 months
at 50 and 100 mg/kg/day also resulted in a worsening
of proteinuria, glomerulosclerosis and tubular
damage, with early elevations in the levels of alanine
aminotransferase (ALT) and aspartate aminotransfer-
ase, followed by morphologically visible liver damage.
As the formation of toxic metabolites is a known
problem in rodents given CDDO-Me, it was suspected
that these detrimental effects of RTA 405 could be due
to toxic impurities of the compound. Thus, these
studies were repeated with dh404 with the added
advantage that the fluorine substituent on dh404 pro-
vides protection against the possible formation of
rodent-specific toxic metabolites.71 Similar to RTA
405, dh404 treatment was associated with body
weight reduction at 25 mg/kg/day but not at 5 mg/
kg/day. Unlike RTA 405, dh404 had no effects on
blood pressure or lipids. After 3 months of treatment
the authors observed no beneficial effects on renal
disease of ZDF rats by dh404, but rather a trend
towards increased proteinuria, glomerulosclerosis,
tubular casts, and interstitial inflammation especially
at the higher dose; although these changes were not
significantly different to ZDF rats treated with
vehicle alone.71 Lesions reminiscent of a renal cell
pseudotumour also were observed in three out of 20
rats (15%) treated with dh404.
Contrary to the findings of Zoja et al.,71 treatment

with RTA 405 or dh404 for 6 weeks was not associated
with any adverse impact on survival, body weight, or
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liver enzymes and morphology in ZDF rats at 3, 10,
20, or 50 mg/kg/day in a subsequent study.72 RTA
405 and dh404 did not exacerbate kidney pathology
beyond that typically observed in ZDF rats. RTA
405 also was well tolerated, with no adverse findings
in two additional animal models, the STZ-induced
diabetic rat and HFD-induced obese mice.72

Importantly, RTA 405 improved renal function and
glucose control and reduced adiposity in these
animals. The reasons for the discrepancy between the
two studies remain unclear, however several factors
that may have contributed include drug product impu-
rities or degradation products that differed between the
two studies, the duration of treatments, inherent differ-
ences in the ZDF rat colonies used and the appropri-
ateness of the ZDF rat for renal studies.72 These
studies further emphasize the importance of preclinical
testing in animals for drug efficacy and safety before
translation to humans.
Of note, in the study of Zoja et al., dh404 at 5 mg/

kg, but not 25 mg/kg, increased the estimated glomer-
ular filtration rate (eGFR) in ZDF rats,71 as seen in
patients who received CDDO-Me.73 While CDDO-
Me and its analogues may improve renal filtration
through the amelioration of inflammation-induced
fibrosis in the glomeruli as initially proposed, it is
possible that they also may have a hemodynamic
effect by causing afferent arteriolar dilatation and
increased intraglomerular pressure as recently pro-
posed.74,75 This hemodynamic effect may result in
short-term improvements yet long-term accelerated
decline in the GFR. However, a recent study by
Ding et al. concluded that RTA 405 and CDDO-Me
most likely increase GFR by inhibiting angiotensin
II-induced mesangial cell contraction, thereby increas-
ing the glomerular capillary surface area for fil-
tration.76 They also demonstrated that RTA 405 is
unlikely to exert its effects via hemodynamic changes
as no significant change in blood pressure or renal
plasma flow was observed in rats given RTA 405 by
oral gavage at a dose of 100 mg/kg body weight for
three consecutive days.76 Results from this latter
study may alleviate some of the concerns related to
the hemodynamic effects of these compounds;
however, the jury is still out regarding their use in
the treatment of diabetic nephropathy. In particular,
any adverse dose-related events need careful evalu-
ation, and it needs to be determined at what stage of
disease progression the compounds are most effective
with minimal side effects.77 These questions need to
be answered with rigorous preclinical testing and
appropriate testing in humans to ensure safety and
efficacy.
CDDO-Me first entered clinical trials as an antican-

cer agent, however, in addition to the observed antitu-
mour activity, significant improvements were noted in

the eGFR suggesting that CDDO-Me might be ben-
eficial in chronic kidney disease (CKD).78 Indeed,
CDDO-Me showed promise in initial trials in patients
with T2D and CKD. In the first of two phase 2 clinical
trials, this compound showed a dose-dependent
increase in eGFR, initially after 56 days of treat-
ment.79 In the second phase 2 clinical trial (BEAM
trial),73 227 adults with T2D and CKD were given
CDDO-Me at a target dose of 25, 75, and 150 mg
once daily.80 Although the primary outcome of the
trial was as predicted, with significant increases in
the mean eGFR at 24 and 56 weeks, several minor
adverse events were reported in patients treated with
CDDO-Me. The most common adverse event was
muscle spasm, while others included hypomagnesae-
mia and increases in ALT and gastrointestinal
effects. Other concerns included the rate of compliance
with the assigned dose, particularly at higher doses,
which presumably was due to the increased incidence
of these adverse events, such that many patients did
not reach their target dose. The therapeutic potential
and problems facing CDDO-Me in the clinical
setting is further discussed by McCullough and
Ali.74 In addition, the much anticipated phase 3
BEACON study with a larger cohort of patients with
stage 4 CKD and T2D was terminated prematurely
due to safety concerns as a consequence of adverse car-
diovascular events and mortality in the CDDO-Me
arm. Importantly, a recent study investigating the
outcome of the BEACON trial,81 has shown that
these events are linked to fluid overload in patients
at higher risk of cardiovascular events. Identification
of at risk patient populations would be an important
first step for future studies with this drug class.

Concluding remarks
The recently terminated phase 3 clinical trial using the
Nrf2 activator CDDO-Me in T2D patients with stage
4 CKD has highlighted the need for further in-depth
analysis of the regulation of Nrf2 in human diseases.
A better understanding of both the protective and
deleterious effects of Nrf2 activation is equally impor-
tant for its successful translation into clinically rel-
evant therapies. The pre-clinical evidence so far
seems to point to a window within which these activa-
tors offer effective protection. Indeed, too much acti-
vation of Nrf2 signalling appears to be detrimental.
For instance, Keap1−/− mice mostly die within 3
weeks after birth, indicating that constitutive acti-
vation of Nrf2 signalling results in serious adverse
effects.82 Furthermore, disruption in Nrf2/Keap1 sig-
nalling has been associated with carcinogenesis and a
further worrying aspect is the development of resist-
ance by cancer cells to chemotherapy, which has
been attributed to increased Nrf2 activation.83
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In the diabetes context, the overexpression of Nrf2
as a result of genetic knockdown of Keap1, has been
shown to aggravate insulin resistance, impair lipid
accumulation in adipose tissue and increase hepatic
steatosis in a mouse model of obesity.84 Indeed, ROS
are known to promote the conversion of preadipocytes
to mature adipocytes and to facilitate insulin action.
These ROS-mediated physiological signalling path-
ways could be adversely affected by enhanced Nrf2
activation, resulting in reduced adipogenesis and
insulin resistance.85 Furthermore, if exposed to
increased oxidative stress, beta cells adapt by activat-
ing cellular adaptive responses such as the Nrf2
system, thereby keeping oxidative damage/cell death-
related impairment of glucose-stimulated insulin
secretion (GSIS) at a minimum. However, persistent
induction of endogenous antioxidants (for example,
with Nrf2 activators) could attenuate glucose-depen-
dent ROS signalling leading to reduced GSIS.86

Based on these findings, it is clear that additional
studies are required to further elucidate the role of
Nrf2 activators in the prevention and/or treatment
of diabetes and its associated complications.
In addition, clinical findings of the use of antioxi-

dants showing increased incidence of all-cause death
is especially worrying.87 In light of this, questions
facing researchers should not only focus on which anti-
oxidants are best, but also how much of a good thing
can actually be bad, not only in the context of diabetes
and its complications but also in relation to other dis-
eases. As outlined in this review, several Nrf2 activa-
tors that showed promising results in preventing the
development of diabetic complications in animal
studies, presented with potential side effects which
appeared to be dose dependent but, as revealed by
the in-depth analysis of the BEACON trial, may also
depend on the patient cohorts themselves. Thus,
future preclinical and clinical studies on the thera-
peutic potential of Nrf2 activators should focus on
dosing and patient cohorts as much as on the mechan-
ism of action of these agents.
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