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Abstract

Type 2 diabetes mellitus (DM) has reached pandemic proportions and effective prevention
strategies are wanted. Its onset is accompanied by cellular distress, the nuclear factor erythroid 2-
related factor 2 (Nrf2) is a transcription factor boosting cytoprotective responses, and many
phytochemicals activate Nrf2 signaling. Thus, Nrf2 activation by natural products could
presumably alleviate DM. We summarize function, regulation and exogenous activation of Nrf2,
as well as diabetes-linked and Nrf2-susceptible forms of cellular stress. The reported amelioration
of insulin resistance, p-cell dysfunction and diabetic complications by activated Nrf2 as well as the
status quo of Nrf2 in precision medicine for DM are reviewed.
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1 Introduction

Diabetes mellitus (DM) refers to several metabolic disorders with distinct etiology but one
common characteristic: hyperglycemia due to defects in insulin secretion, insulin action or
both which is associated with a high risk for severe long-term complications. A rough
classification discriminates between insulin-dependent or type 1, insulin-independent or type
2 DM and several other specific types such as gestational diabetes. Type 1 mainly affects
young patients, is caused by autoimmune destruction of insulin producing pancreatic p-cells
and consequent lack of insulin and accounts for 5-10 % of all DM patients (Katsarou et al.,
2017). Type 2 or non-insulin dependent DM develops in genetically predisposed individuals,
increases with age, obesity and lack of physical activity and makes up 90-95% of all diabetic
cases. It is mainly associated with insulin resistance and hyperinsulinemia, followed by
insulin deficiency due to p-cell failure (Chatterjee et al., 2017). With 425 million affected
people in 2015 and estimated over 590 million diabetic people by 2035 the disease cluster is
pandemic and ranked as one of the four main non-communicable diseases by the WHO
(2016). Managing hyperglycemia is regarded as key factor for lowering the risk of diabetic
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complications. There are distinct classes of drugs to lower blood glucose levels ranging from
metformin (inhibiting hepatic glucose production) over thiazolinediones (insulin-sensitizing
peroxisome proliferator activated receptor (PPAR) y agonists) to dipepti-dylpeptidase 4
inhibitors (gliptines, prolonging incretin action and boosting insulin secretion). Nonetheless,
many patients do not reach a glycated hemoglobin level below 7% (Inzucchi et al., 2012;
Inzucchi and Majumdar, 2016). The chronic hyperglycemia leads to a higher risk for micro-
and macrovascular complications including retinopathy, nephropathy, neuropathy, coronary
heart disease, peripheral vascular and cerebrovascular diseases (Astrup, 2011; Solomon et
al., 2017; Zimmermann and Nentwig, 1989). In addition, diabetic individuals carry a higher
cancer risk (Gregg et al., 2016). The disease and its complications put a massive strain on
ageing sedentary societies, both on patients and carers’ side. Ways to reduce onset and
complications of the chronic disease and hereby reduce the physical and psychological
distress of affected people are sought for. Nuclear factor erythroid 2-related factor 2 (Nrf2) is
a basic leucine zipper transcription factor that belongs to the Cap’n’Collar (CNC) family.
Upon activation by various stimuli (including oxidative, electrophilic or proteotoxic stress as
well as exogenous small (natural) molecules) it is one of the main players to protect and
restore cellular homeostasis. Reduced clearance of oxidative stress or misfolded and
aggregated proteins, indicative for an insufficient Nrf2 activity, is often associated with the
etiology of diabetes and its consequences. This work reviews the current knowledge on the
role of activated Nrf2 for insulin sensitivity, p-cell function and long-term complications of
diabetes. Moreover, natural products targeting the Nrf2 signaling pathway are critically
assessed for their potential to serve as supplements in preventive or adjuvant therapies.

2 The stress responsive transcription factor Nrf2 and its regulation

2.1 Structure and function of Nrf2

First mainly discussed as transcription factor fighting against oxidative stress, Nrf2 is now
recognized for alleviating many faces of stress including xenobiotics, excessive nutrient /
metabolite supply, inflammation or accumulation of misfolded proteins. Correspondingly,
the activity of Nrf2 is an integral of pleiotropic signals and subject to a fine-tuned regulation
on the transcriptional, posttranscriptional and posttranslational level. The Nrf2 protein
contains seven functional domains, the DNA binding domain Nrf2-ECH-homology (Neh)1,
the (Kelch-Like ECH-Associated Protein) Keapl binding domain (degron) NehZ2, the
transactivation domains NVe/3-5, the p-transducin repeats-containing protein (B-TrcP)
binding domain (redox-independent degron) Aeh6 and the retinoid X receptor a (RXRa)
binding domain Neh7. The arrangement of the mentioned domains of Nrf2 is shown in Fig.
1A (Baird and Dinkova-Kostova, 2011; Carmona-Aparicio et al., 2015; Dayalan Naidu et al.,
2015; Hayes and Dinkova-Kostova, 2014).

The abundance of Nrf2 is usually low, mainly due to a short half-life of the protein and
continuous degradation. Under stress Nrf2 escapes the proteasomal degradation machinery,
accumulates and translocates from the cytosol to the nucleus where it dimerizes with small
musculoaponeurotic fibrosarcoma (Maf) proteins at the NMehZ domain. The heterodimer
binds to antioxidant response element (ARE) sequences (TGCnnn(G/C)TCA(T/C) in the
promoter of target genes and triggers their expression. Nrf2 target genes include antioxidant
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enzymes such as heme oxygenase 1 (HMOX-1), y-glutamylcysteine synthetase (yGCS),
peroxiredoxin (PRDX) 1, glutathione reductase (GR), thioredoxinreductase (TXNRD)1 or
sulfiredoxin (SRXN), drug metabolizing and detoxification enzymes (NAD(P)H quinone
dehydrogenase 1 (NQOL1), glutathione-S-transferase (GST), UDP-glucuronosyltransferase
(UGT)) or metabolic enzymes and regulators (glucose-6-phosphate dehydrogenase
(G6PDH), transketolase, malic enzyme, RXRa, PPARy-coactivator 1 § (PGC1-p))
(Chorley et al., 2012; Hu et al., 2006b, 2006a; Jain et al., 2006; Kwak et al., 2003b;
Malhotra et al., 2010; Thimmulappa et al., 2002; Wu et al., 2012). Additionally, other gene
classes including those involved in protein transport, ubiquitination, phosphorylation, cell
cycle, growth and apoptosis have been identified as potentially Nrf2-dependent and are
altered in studies with known Nrf2 activators. Notably, Nrf2 also negatively influences the
expression of selected genes. It apparently leads to downregulation of fatty acid synthase,
acetyl-CoA carboxylase or ATP-citrate lyase, which are key enzymes in fatty acid
biosynthesis (Tanaka et al., 2008). So far it is not clear whether this is due to direct
repression, miRNA mediated mechanisms or other means. ChlP-Seq (Chromatin
Immunoprecipitation Sequencing) analyses, however, showed direct binding of Nrf2 in the
vicinity or promoters of the interleukins (IL)-1p and 6 which resulted in impaired
recruitment of RNA polymerase 2 and repression of the proinflammatory cytokines
(Kobayashi et al., 2016).

2.2 Regulation of Nrf2 activity

2.2.1 Keapl-dependent degradation (canonical pathway)—The canonical
activation pathway affects the stability of Nrf2. Under non-stressed conditions, two
molecules of Keap1l, also referred to as inhibitor of Nrf2 (INrf2), bind to one molecule Nrf2
at the Meh2domain of Nrf2 occupying the DLG and ETGE motif. Being an adaptor for
Cul3-Rbx1 E3 ubiquitin ligases, Keapl leads to Nrf2 ubiquitination and proteasomal
degradation. Like this, basal levels of Nrf2 are usually kept quite low. Upon an oxidative or
electrophilic insult multiple sensor cysteines in Keapl (Kobayashi et al., 2009) are oxidized
or covalently modified. The resulting conformational change of Keapl either interferes with
the Nrf2/Keapl interaction or with the alignment of Keapl with the E2 ubiquitin conjugating
enzyme, putting a break on sequestration, ubiquitination and degradation of Nrf2. This
results in Nrf2 accumulation, nuclear translocation and transcriptional activation of
respective target genes. After detoxification of the initial insult and restoration of the
homeostatic balance Keapl might translocate into and escort Nrf2 out of the nucleus, as
suggested by one study (Sun et al., 2007). The domain structure of Keapl including redox-
sensitive cysteine residues is shown in Fig. 1B (Baird and Dinkova-Kostova, 2011;
Bhakkiyalakshmi et al., 2015; Carmona-Aparicio et al., 2015).

2.2.2 Non-canonical regulation of Nrf2 abundance—Besides the canonical
pathway several other ways have been identified to influence the stability or degradation of
Nrf2. They act upon cues that are partly redox-independent and derive from cellular
metabolism, such as glycogen metabolism or autophagy (Hayes and Dinkova-Kostova,
2014). Glycogen synthase kinase (GSK) 3p phosphorylates Nrf2 at the Neh6 degron (after a
priming phosphorylation by a so far unknown kinase) and hereby mediates ubiquitin-
mediated proteasomal degradation via the ubiquitin E3 ligase pTrcP (Cuadrado, 2015; Rada
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et al., 2012). Another way of proteasomal depletion of Nrf2 is regulated by the endoplasmic
reticulum (ER)-resident E3 ubiquitin ligase Hrd1, a mechanism that so far was only found in
liver cirrhosis (T. Wu et al., 2014b). In addition, also autophagy influences Nrf2 abundance.
p62, also known as sequestosome-1, is one factor that targets specific cargoes for autophagy.
Phosphorylation of p62 at Ser 351 by several kinases (including the inflammatory kinase
TGF-p-activated kinase (TAK) or the nutrient/energy sensor kinases mammalian target of
rapamycin (MTOR) and AMP-activated kinase (AMPK)) leads to sequestration and
lysosomal degradation of Keapl and thus to accumulation of Nrf2 (Hashimoto et al., 2016;
Ichimura et al., 2013; Komatsu et al., 2010; Lee et al., 2016; Rhee and Bae, 2015). P62 can
also compete with Nrf2 for Keapl and thereby increase the number of Nrf2 molecules
escaping Keapl-mediated ubiquitination and degradation (Hast et al., 2013). Of note, p62 is
a Nrf2 target gene, creating a positive feed-forward activation loop (Jiang et al., 2015). A
similar mechanism of competition for Nrf2 or Keapl binding and hereby reducing the
number of Nrf2/Keapl complexes is reported for other proteins including the cell cycle
regulator p21 (Chen et al., 2009), the Ras GTPase-activating-like protein IQGAP1 (Kim et
al., 2013), Wilms tumor gene on the X chromosome (WTX), partner and localizer of
BRCA2 (PALB?2) or dipeptidyl-peptidase 3 (DPP3) (Hast et al., 2013). A general decrease in
the number of Keapl molecules can be achieved by downregulation of Keapl at the
transcriptional and translational level as well as by degradation (Cheng et al., 2017).

Nrf2 abundance can also be regulated via its synthesis. This includes regulation on the
transcriptional level, e.g. by AhR-mediated transcription, by modulation of Myc and Jun
binding to the Nrf2 promoter (DeNicola et al., 2011) or Notch signaling (Wakabayashi et al.,
2014), on the posttranscriptional level via mRNA stability or altered translational efficiency
(W. Li et al., 2010b; Perez-Leal et al., 2013) or on a epigenetic level. The latter comprise
DNA methylation, histone modification or microRNA (Guo et al., 2015). In this context it
has been reported that the Nrf2 promoter is methylated and silenced (Yu et al., 2010) in
certain cancer cells. Furthermore, several microRNAs have been identified to control Nrf2-
or Keapl levels including miR144, miR34a, miR28 or miR200a. (Eades et al., 2011;
Narasimhan et al., 2012; Sangokoya et al., 2010; Yang et al., 2011).

2.2.3 Posttranslational modifications—Nrf2 is furthermore subject to
posttranslational modifications including phosphorylation, acetylation and distinct
interaction partners which may fine-tune stability, nuclear translocation, nuclear residence or
transactivation capacity. Phosphorylation at Ser40 by protein kinase C (PKC) (Bloom and
Jaiswal, 2003), at Ser550 by AMPK (Joo et al., 2016b, 2016a) (both in murine Nrf2) or at
Thr395, Ser433 and Thr439 by cyclin dependent kinase 5 (Cdk5) (in human Nrf2; Jimenez-
Blasco et al., 2015) are thought to lead to enhanced stability and/or nuclear accumulation.
Phosphorylation by GSK3p increases a) nuclear export of Nrf2 (Salazar et al., 2006, p. 3)
and, as mentioned above, b) pTrcP-mediated degradation (Rada et al., 2011). The mitogen-
activated kinases (MAPK), like extracellular signal regulated kinase (ERK), Jun-N-terminal
kinase (JNK) and p38, phosphoinositide-3-kinase (PI13K)/Akt, casein kinase, double
stranded RNA activated protein kinase (PKR) like endoplasmic reticulum kinase (PERK)
and protein kinase A (PKA) have also been reported to positively regulate Nrf2 activation in
several studies (Cullinan et al., 2003; Kulkarni et al., 2014; Yu et al., 2000). Thus, Nrf2 can
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integrate signals from kinases downstream of membrane receptors, and translate them into
cell protective transcriptional responses. It needs to be noted, though, that direct interaction
between the respective kinase and endogenous Nrf2 in living cells has not been proven for
each kinase, and phosphorylation sites and their relevance for the entire Nrf2 transcriptome
also remain elusive in some cases. MAPK have been suggested to be responsible for
phosphorylation at Ser215, 408 and 577 of Nrf2. Serine to alanine mutations in Nrf2 at the
respective sites did, however, hardly alter the transcriptional activity of Nrf2 (Sun et al.,
2009). Therefore, although the kinases may influence Nrf2 signaling, indirect effects on e.g.
protein synthesis or phosphorylation of transcriptional cofactors/coactivators need to be
considered (Shen et al., 2004).

Acetylation of Nrf2 at several lysines within the MeAZ domain by p300 increases promoter
binding of Nrf2 (Sun et al., 2007), but acetylated CnC (the Nrf2 homologue in Drosophila)
shows reduced activity due to inhibitory interaction with the bromodomain-containing BET
protein Fs(1)h (Chatterjee et al., 2016). The histone deacetylase Sirt2 removes acetyl groups
from lysines 506 and 598 of Nrf2, leading to reduced total and nuclear Nrf2 levels (Yang et
al., 2017). Apparently, site and context of acetylation are decisive for the impact on Nrf2
activity.

Moreover, the process and extent of transactivation of target genes are open to modulation
by distinct Nrf2 interactomes at the respective promoters (Hussong et al., 2014). For
instance, RXRa binding to the AMes7domain of Nrf2 at ARE sites reduces transactivation of
Nrf2 target genes (Wang et al., 2013; J. Wu et al., 201443).

Nrf2-dependent transcription is highly regulated, able to integrate pleiotropic cues from
different nodes in the cellular signal transduction network and can —based on approximately
200 target genes- also elicit evenly variable responses to cellular stressors. Figs. 2 and 3
illustrate the main points of Nrf2 regulation on the level of target gene transactivation and
Nrf2 abundance, respectively. The depicted endogenous control points are also susceptible to
pharmacological modulation, as seen in the next chapter.

3 Prominent modes of Nrf2 activation by phytochemicals

Rather than providing an exhaustive list of the steadily increasing number of natural
products that are reported to positively influence Nrf2 signaling, we will briefly summarize
the different main mechanisms of how Nrf2 activation can be achieved by natural products.
This is accompanied by Table 1, depicting selected examples for prominent mechanisms.
For a comprehensive collection of natural Nrf2 activators the reader is referred to previous
excellent reviews on that topic (Chun et al., 2014; Jadeja et al., 2016; Lu et al., 2016;
Magesh et al., 2012; Qin and Hou, 2016; Stefanson and Bakovic, 2014).

3.1 Covalent modification of Keapl

Keapl possesses 27 cysteine residues which function as sensors for oxidative or electrophilic
insults. Whenever such cysteines are oxidized or alkylated, Keapl changes conformation so
that Nrf2 can escape from the Keapl-mediated ubiquitination and is stabilized. Of note, a so-
called cysteine code has been suggested, i.e. (i) specific cysteines of Keapl are more prone
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to modification than others and (ii) different Nrf2 activating compounds show a bias for
certain cysteines (Kobayashi et al., 2009; Suzuki et al., 2013). Whether observable distinct
biological responses to different Nrf2 activators may be caused by modifications of specific
Keapl residues is still to be uncovered. Cysteines playing an essential part in the regulation
are cysteines 151, 273, and 288. Keapl-dependent Nrf2 inducers possess the ability to react
with sulfhydryl groups by oxido-reduction, alkylation or thiol disulfide interchange. They
show remarkable structural diversity and include Michael acceptors (olefins or acetylene
conjugated with electron withdrawing groups), oxidizable diphenols and diamines,
conjugated polyenes, hydroperoxides, trivalent arsenicals, heavy metals, isothiocyanates,
dithiocarbamates, dithiolthiones, or vicinal dimercaptans (Talalay et al., 1988). Examples of
natural products covalently modifying Keap1 are sulforaphane or curcumin (see Table 1).

3.2 Interruption of the Keap1/Nrf2 interaction

Next to direct modification of Keapl, compounds can weaken the Nrf2/Keapl protein-
protein interaction (PPI) by directly occupying the sites of mutual Nrf2/Keapl binding. Such
compounds interrupt the protein/protein interface, a feature which is optimally accomplished
by peptides mimicking one of the interaction partners. However, also non-peptidic small
molecules were identified to act as PPl modulators, including epigallocatechin-3-gallate
(EGCG) (Chiou et al., 2016; Wells, 2015; Yasuda et al., 2016). An indirect variation of this
theme is the upregulation of alternative binding partners of Nrf2 or Keap1, such as p21 or
p62 (e.g. by rapamycin (Hwa Ko et al., 2017)), which may then outcompete the respective
protein from the Nrf2/Keapl complex. Compounds selectively interfering with TrcPp /Nrf2
interface have not been reported up to now.

3.3 Epigenetic regulation

A way to further boost Nrf2 abundance is to increase de novo synthesis. This is of special
interest when the Nrf2 promoter is epigenetically silenced. In this case demethylation of the
promoter by inhibitors of DNA methyltransferases (DNMT) or activators of DNA
demethylases could lead to increased Nrf2 expression. Histone deacetylase inhibitors or
activators of histone acetyl transferases could boost Nrf2-dependent gene expression by
loosening up the chromatin or by (de)acetylation of Nrf2 itself. Additionally, compounds
affecting microRNAs that control the expression of Nrf2 or Keapl also fall into this category
of epigenetic regulators. Examples of such epigenetic Nrf2 modulators of natural origin
include curcumin or sulforaphane (see Table 1).

3.4 Modulation of kinase activities

Phosphorylation of Nrf2 influences its abundance and activity. Therefore, natural
compounds capable of modulating certain kinase activities can have a pronounced influence
on Nrf2 signaling. Direct or indirect inhibitors of GSK3p can activate Nrf2 signaling
(Gameiro et al., 2017; Rojo et al., 2012), as they are likely to blunt BTrcP-mediated
degradation and impede nuclear exclusion of Nrf2. Indirect inhibition can be obtained by
activators of AMPK or PI3K/AKT kinase. Activation of AMPK or PKC has also been
positively associated with direct Nrf2 phosphorylation and activity/abundance. Thus, direct
or indirect activators of these two kinases are thought to contribute to elevated Nrf2
signaling as well. The same applies for compounds activating MAPK (ERK, JNK and p38)
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signaling, although their detailed mode of interaction with Nrf2 is not completely resolved
yet. In addition, mTOR inhibition or AMPK activation is able to trigger autophagy and thus
presumably p62-mediated Keapl degradation and Nrf2 activation. Natural modulators of
kinase activities with an influence on Nrf2 signaling comprise chlorogenic acid,
xanthohumol, B-lapachone, or berberine (see also Table 1) (Han et al., 2017; Lv et al., 2017;
Mo et al., 2014; Park et al., 2016; Zimmermann et al., 2015).

3.5 Overcoming translational repression

Due to a specific codon composition in the 3’ portion of Nrf2 mRNA, basal translation of
the transcript is normally repressed. This repression can be overcome through the activation
of a still unknown factor, which might be a protein or nucleic acid that increases Nrf2
translation and is susceptible to modulation by natural products, as exemplified by apigenin
(Perez-Leal et al., 2017, 2013).

3.6 Other mechanisms

General inhibitors of the proteasome activity also lead to Nrf2 accumulation and activation,
as exemplified in several studies (Dreger et al., 2009; Fujie et al., 2016; Luo et al., 2011).
Natural products fitting in this category may comprise resveratrol or EGCG (see also Table
1). Moreover, as a highly interacting and integrative signaling hub Nrf2 may also be
influenced by modulation of cross-talking signaling pathways, such as the arylhydrocarbon
receptor, PPAR -y, RXR or the nuclear factor x B (NF-xB) pathway (Wakabayashi et al.,
2010).

3.7 Concluding considerations

It is notable that many natural compounds impinge on more than one point in the Nrf2
signaling network, such as xanthohumol which covalently modifies Keapl (Liu et al., 2005)
and activates AMPK (Lv et al., 2017; Zimmermann et al., 2015) or sulforaphane that
alkylates Keapl (Hong et al., 2005a) and acts as epigenetic regulator (Royston and
Tollefsbol, 2015). The same applies for the protein targets affected by the natural products.
For instance, activation of AMPK may lead to direct phosphorylation and stabilization of
Nrf2, to inhibition of GSK3p and BTrcP-triggered degradation as well as increased
autophagy of Keapl. This poly- and network- pharmacology may result in an additive,
synergistic but sometimes also antagonistic effect on the finally obtained Nrf2 response.
Moreover, the individual mechanisms leading to Nrf2 activation are per serarely specific for
Nrf2 but also affect other signal transducers in a cell. Likewise, molecules carrying a
Michael system, often also classified as pan-assay interference compounds, will modify
accessible cysteines of proteins other than those of Keapl (as in IKK B (Kwok et al., 2001),
p65 (Lyss et al., 1998), PTEN (Pitha-Rowe et al., 2009), STAT3 (Heiss et al., 2016)), or
compounds that inhibit DNMTSs will epigenetically also wake promoters of genes besides
Nrf2 or those under the control of Nrf2. The inherent polypharmacology of natural products
as well as the often rather unspecific mechanisms leading to Nrf2 activation complicate
predictions of the expected biological response elicited by a natural product and the
unambiguous identification of the underlying mechanisms as Nrf2 activation. The situation
gets even more complex when the investigated natural product exerts a concentration-
dependent biphasic response on Nrf2 signaling and related regulatory hubs (Calabrese et al.,
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2008). Bioavailability and metabolism of natural products are further crucial parameters to
be considered when Nrf2 activation is targeted orally in an /7 vivo setting and may vary
markedly between different compounds. For instance, whereas the bioavailability of
sulforaphane is generally high with a value of up to 82% when orally applied to Wistar
albino rats (Hanlon et al., 2008), curcumin and resveratrol only show low bioavailability
with values of 1% (Yang et al., 2007) and < 1% (Walle, 2011), respectively. Different
formulations have already been shown to improve bioavailability of few selected
polyphenolic compounds such as curcumin and to boost delivery to target tissues (Holder et
al., 1978; Sharma et al., 2001, Prasad et al., 2014). Further work needs to be invested in this
respect in order to increase the value of additional bioactive natural products for potential
human use. At this point it should not be forgotten, though, that by activation of Nrf2
exogenous small molecules accelerate metabolization, detoxification and thus termination of
their own bioactivity by inducing the Nrf2 target genes GST, UGT or NQOL.

4 Cellular distress in DM and Nrf2

4.1 Oxidative Stress

Concomitant hyperglycemia, hyperinsulinemia and inflammation characterize type 2 DM
and contribute to a pro-oxidative milieu. DM is a disease of increased redox-stress, e.g. the
imbalance between production of reactive oxygen species (ROS) and antioxidant defense
mechanisms with a tilt to the oxidants and disturbed redox signaling. Diabetic patients were
reported to display both an abnormally high production of ROS and a reduced expression of
antioxidant enzymes (Fath El-Bab et al., 2013; Fiorentino et al., 2013; Gorin and Block,
2013; Jha et al., 2016; Newsholme et al., 2016; Rochette et al., 2014; Schaffer et al., 2012).
Aberrantly high cellular glucose levels and subsequent redox stress appear as upstream
trigger for most of the tissue damage and severe long term complications associated with
DM (Brownlee, 2001; Sheetz and King, 2002). Glucose is usually funneled through
glycolysis and mitochondrial oxidative phosphorylation when exceeding the capacity of the
mitochondrial electron transport chain, electrons leak directly to O, and form superoxide
resulting in damage of DNA, lipids and proteins (Palmeira et al., 2007). Superoxide-
triggered DNA damage, poly-ADP-ribose-polymerase activation, and finally inhibition of
glycolytic enzyme glycerine-aldehyde-phosphate dehydrogenase lead to an accumulation of
glucose and glycolytic metabolites that are diverted into the polyol pathway and PKC
activation. Increased enzymatic conversion of glucose to the polyalcohol sorbitol is
accompanied by decreases in NADPH and glutathione and hereby aggravated redox stress.
Additionally, elevated levels of diacylglycerol boost PKC activity which in turn contributes
e.g. to insulin resistance (by serine phosphorylation of insulin receptor substrate (IRS)) and
activation of NADPH oxidases (NOX) producing more superoxide (Hoffman et al., 1991,
Idris et al., 2001; Rastogi et al., 2017). Interestingly, PKC also activates Nrf2 signaling,
likely as a counterbalance for the initiated ROS production. Moreover, glucose-induced
redox stress is one major culprit for uncoupling and dysfunction of endothelial NO synthase
(eNOS), the onset of endothelial dysfunction and subsequent micro-and macrovascular
complications (H. Li et al., 2014a). The biochemical pathways responsible for ROS
production under hyperglycemia are summarized in Fig. 4.
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Activation of Nrf2 can counteract the pro-oxidative situation by launching expression of
enzymes which (i) directly detoxify ROS, such as superoxide dismutase (SOD) and catalase
or (ii) elevate the cellular antioxidant defense by raising glutathione or NADPH levels, such
as yGCS, GR, malic enzyme, or G6PDH, (iii) by increasing mitochondrial biogenesis and
function and hereby reducing mitochondrial superoxide production, (iv) by inducing the
expression of enzymes of the pentose phosphate pathway and hereby drawing glucose off
the polyol pathway, (v) by preserving endothelial function and (vi) lowering blood glucose
levels (Aleksunes et al., 2010; Bhakkiyalakshmi et al., 2015; Heiss et al., 2009; Uruno et al.,
2015). Thus, Nrf2 activation appears as conceivable solution for the oxidative stress
associated with hyperglycemia. By increasing several enzymes of antioxidant response Nrf2
may furthermore deliver more promising results than the supplementation with a single
antioxidant that only stoichiometrically scavenges ROS and failed to provide significant
benefit for diabetic complications so far (Jung and Kwak, 2010).

4.2 Proteotoxic stress

One manifestation of redox stress in DM is the covalent modification of proteins including
oxidation of sulphur containing amino acids, glutathionylation or nitrosylation (Chaudhari et
al., 2014). In addition, high glucose levels in DM can lead to unwanted non-enzymatic
glycation or enzymatic glycosylation of proteins. Reducing sugars react with free amino
groups through a series of reactions resulting in Schiff bases being converted via Amadori
rearrangements to advanced glycation end products (AGE) (Nowotny et al., 2015; Singh et
al., 2001). Next to altered function of the macromolecule, extracellular AGE can bind to
receptors for AGE (RAGE) on the membrane of susceptible cells and lead to formation of
ROS, pro-inflammatory and pro-coagulant signaling, entangling hyperglycemia, redox
stress, inflammation and thrombosis (Singh et al., 2001). The hexosamine biosynthesis
pathway, also fueled by elevated sugar levels, provides UDP-N-acetyl glucosamine and
substrate for O-glycosyltransferases (OGT). This enzymatic O-glycosylation is to be
discerned from the complex N-or O-linked glycosylation pattern usually conferred to
transmembrane or secretory proteins at the ER or Golgi. All these mentioned
posttranslational modifications lead to changes in protein conformation, function, solubility
and stability and challenge the delicate and dynamic equilibrium among protein synthesis,
folding and degradation, also referred to as proteostasis. Not surprisingly, proteotoxic stress
has been correlated with DM in several studies (Grattagliano et al., 1998; Su and Dai, 2016;
Telci et al., 2000a, 2000b).

Cellular proteostasis is normally brought about by different molecular chaperones, the
unfolded protein stress response (UPR), the ubiquitin proteasome system (UPS), or
autophagic clearance (Hoéhn et al., 2017). To prevent an accumulation of oxidatively
damaged proteins in phases of (mild) oxidative stress, heat shock proteins are induced that
prevent accumulation of damaged proteins, as exemplified by Hsp70, which is also involved
in proper folding of nascent proteins. Several chaperones, including Hsp70, have been
reported to be under the control of Nrf2 and heat shock factor (HSF)-1. HSF-1 is one of the
master regulators of protein homeostasis (Dayalan Naidu et al., 2015; Ji et al., 2016). Of
note, Nrf2 and HSF-1 share overlapping target genes, suggesting a fine-tuned team work
between the two stress-responsive transcription factors (Dayalan Naidu et al., 2015).
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The ER is the major site of protein folding and posttranslational modifications. Disruption of
quality control mechanisms results in accumulation of misfolded or unfolded proteins and
increased ER stress. To counter such situations the cell launches the UPR, organized by
three sensor ER transmembrane proteins: IRE1 (inositol requiring kinase 1), PERK and
activating transcription factor 6 (ATF6). The net result of their activation is increased
expression of chaperones, a downsized de novo protein synthesis, and removal of aggregated
proteins by ER-stress associated proteasomal degradation (ERAD) or autophagy. If stress is
too severe and exceeds the capacity of the defense mechanism, cells undergo apoptosis
(Sozen and Ozer, 2017). Among the various transcription factors that are induced or
repressed by the UPR, Nrf2 plays a major role in regulating the non-antioxidant and
antioxidant response triggered by the UPR. Nrf2 activation is interrelated with the UPR
sensor PERK, controls genes involved in the ER redox control and disulphide formation and
directly activates ubiquitin/proteasome genes involved in ERAD (Cominacini et al., 2015;
Glover-Cutter et al., 2013).

There are two main pathways of removing damaged, unfolded, or dysfunctional proteins,
namely the UPS and the autophagic machinery. The 26S proteasome is a large proteolytic
complex consisting of the core 20S proteasome and a 19S regulator. One of the most
important regulators of the proteasomal system is Nrf2 which is able to induce transcription
of 19 out of 36 tested subunits of the proteasomal system (Kwak et al., 2003a). Whereas the
UPS may be regarded as a major degradation system for short-lived proteins, autophagy is
mainly responsible for the degradation of long-lived proteins and other larger cellular
contents like organelles. Evolved as a recycling-response to starvation, autophagy is also
hampered in DM mainly due to reduced AMPK activation and increased mTOR activity
during hyperinsulinemia and hyperglycemia. There is a mutual crosstalk between Nrf2
signaling and autophagy: Activated Nrf2 can positively regulate the expression of p62, also
known as sequestosome-1 and targeting specific cargoes for autophagy. p62 in turn, boosts
cellular Nrf2 activity, since phosphorylation of p62 brings about autophagic degradation of
Keapl or disruption of the Keap1/Nrf2 complex (Glick et al., 2010; Lamark et al., 2009;
Xiao et al., 2017).

In addition, some Nrf2 target genes, including glyoxylase 1 and aldoketoreductase, are
involved in reducing carbonyl stress and the repair of modified proteins (Ellis, 2007; Xue et
al., 2012).

Taken together, during (pre-)DM several cell types may experience a disturbed proteostasis
by aberrant PTM of proteins, an overwhelmed folding capacity of the ER or accumulation of
dysfunctional proteins. The role of Nrf2 target genes in relieving proteotoxicity and
maintaining a healthy protein turnover comprises damage prevention and repair as well as
the removal of damaged proteins by the UPS and autophagy.

4.3 Inflammation

DM is closely linked with an uncontrolled immune response. Whereas in type 1 DM B-cells
are attacked by the own immune system, the onset of type 2 DM is accompanied by a
chronic inflammation, mainly caused by preceding and coinciding obesity in the affected
individual. The ongoing growth of adipose tissue causes hypoxia through inadequate
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vascularization. This attracts immune cells which release proinflammatory cytokines and
cause chronic low-grade inflammation in the fat tissue. The inflammatory signaling causes
elevated redox stress and decreased insulin sensitivity in adipocytes (e.g. serine
phosphorylation of IRS 1 by proinflammatory kinases) and other peripheral tissue (e.g. by
reduced secretion of adiponectin and increased secretion of resistin) (Goldfine et al., 2011;
Romeo et al., 2012; Shoelson, 2006; Shoelson et al., 2003; Wellen and Hotamisligil, 2005).
Moreover, in obesity the gut microbiome changes which may result in an elevated intestinal
permeability and an increased leakage of lipopolysaccharides (LPS) aggravating the
inflammatory condition (Dapito et al., 2012; Hua et al., 2016).

Activation of Nrf2 is generally thought to counter inflammation (Ahmed et al., 2017;
Cardozo et al., 2013; Kim et al., 2010). Besides a direct repression of cytokine promoters via
proximal binding (Kobayashi et al., 2016), Nrf2 also engages in a vivid functional crosstalk
with the pro-inflammatory transcription factor NF-xB (Wakabayashi et al., 2010; Wardyn et
al., 2015). Although several natural products (e.g. sulforaphane, curcumin or EGCG)
activate Nrf2 signaling with a concomitant repression of NF-xB and its target genes, the
assumable picture of a completely antagonistic effect of the two transcription factors is too
simple, also in light of the fact that both factors share inducing stimuli such as ROS, LPS,
flow shear stress, oxidized low-density lipoproteins, or cigarette smoke (Ahn, 2005; Anwar
et al., 2005; Carayol et al., 2006; Go et al., 2004; Hosoya et al., 2005; Knorrwittmann et al.,
2005; Rushworth et al., 2005). Rather, robust but fine-tuned NF-xB and Nrf2 activities
appear essential for a proper inflammatory response and its resolution. In situations of an
imbalance between Nrf2 and NF-xB pathways (as in chronic inflammation) exogenous
activation of Nrf2 may help to put a break on NF-kB signaling.

Nrf2 is also discussed to be involved in the activation of inflammasomes. Those are protein
complexes made up of a sensor and scaffold protein, an adaptor protein as well as caspase 1
with an important role in immunity and pathogenesis of diseases like atherosclerosis and
type 2 DM (Strowig et al., 2012). Upon stress inflammasomes assemble, caspase-1 is
activated and in turn processes immature (pro-)forms of cytokines (e.g. IL-1p and -18) for
secretion (Dinarello, 2009). Recently, Nrf2 expression has been reported to be required for
inflammasome activation in murine cells /in vitroand in vivo (Freigang et al., 2011; Zhao et
al., 2014), but this requirement was controversially discussed since high concentrations of
certain Nrf2 activators seem to inhibit inflammasome activation (Greaney et al., 2016; X.
Liu et al., 2016c; Maier et al., 2015; Miglio et al., 2015). A recent study may have solved
this discrepancy by showing that expression of Nrf2 indeed supports inflammasome
activation in murine and human cells. However, Nrf2 activating compounds block activation
of caspase-1 in different cell types and hereby dampen inflammasome-dependent
inflammation /in vivo. Both effects are not caused by changes in Nrf2 target gene expression,
but rather by an interaction of components of the Nrf2/Keap1/Cul3/Rbx1 complex with
caspase-1, demonstrating a physical link to inflammasomes (Garstkiewicz et al., 2017).

The increased pro-oxidative, proteotoxic and inflammatory conditions in DM (type 2) tend
to “stress out” the delicate redox- and protein homeostasis and endanger functionality and
viability of cells and tissues. Increased Nrf2 activity and expression of its target genes may
alleviate those insults (for summary see Fig. 5). Notably, Nrf2 is upregulated in the early
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phase of diabetes, suggesting that it acts as the body’s natural defense against
hyperglycemia-induced damage. However, the adaptive process seems to fail in later stages
in which the Nrf2 system is driven beyond its limits by chronic glucose stimulation.
Therefore, exogenous activation of the Nrf2 signaling pathway by natural products looks
like a plausible mean to support endogenous anti-stress systems and prevent the
development or progression of DM and its complications (Tan and de Haan, 2014). In the
following we will challenge this notion with the existing scientific evidence regarding the
benefits of Nrf2 activation and natural Nrf2 activators in the context of insulin resistance, -
cell dysfunction, and micro-and macrovascular problems.

5 Insulin sensitivity

The term insulin sensitivity refers to the ability of myocytes, hepatocytes, white adipocytes,
endothelial cells and others to respond to insulin and to mediate the metabolic effects of
insulin, such as increased glucose and fatty acid uptake and storage as glycogen and
triacylglycerol, respectively, as well as decreased gluconeogenesis. Those cells may become
insulin-resistant resulting in elevated plasma glucose levels despite the presence of high
insulin levels (hyperinsulinemia). This is a typical phenomenon in the pathogenesis of type 2
DM (Martin et al., 1992). Possible mechanisms for the decreased response to insulin could
be a reduced number or a defect of insulin receptors as well as impaired signaling from the
ligand-activated insulin receptor to the metabolic PI3K/Akt/mTOR signaling pathway. The
latter can be caused by factors like high levels of free fatty acids, low grade chronic
inflammation, or oxidative stress (Lucidi et al., 2010; Shoelson, 2006; Tangvarasittichai,
2015; Wang, 2010). Since oxidative and cellular distress in general seem to be main factors
in the development of insulin resistance (Tangvarasittichai, 2015; Wiernsperger, 2003),
keeping or restoring homeostasis by Nrf2 activation appears as a viable approach to prevent
or alleviate impaired insulin signaling.

5.1 Insulin sensitivity and Nrf2

Indeed, chemical (de Souza et al., 2016; Nagata et al., 2017; Saha et al., 2010) or genetic
(Uruno et al., 2013; J. Xu et al., 2013a) activation of Nrf2 increased insulin sensitivity in
mice. In line with these data Nrf2 deficiency resulted in increased ROS levels leading to
higher blood glucose levels and impaired insulin signaling in murine models (obese mice
compared to obese Nrf2 knockout mice) (Beyer et al., 2008; Xue et al., 2013). Moreover,
hepatic insulin resistance occurred as adverse effect in Nrf2 knockout mice upon exposure to
high fat diet (HFD). This might be traced down to increased oxidative stress and an elevated
pro-inflammatory status. Accordingly, increased activation of NF-xB and its downstream
effectors IL-6 and tumor necrosis factor (TNF)-a were detected in Nrf2 knockout mice (Z.
Liu et al., 2016b). In the context of hepatic insulin resistance, promising results have also
been obtained with bardoxolone-methyl (CDDO-Me), a derivative of the natural oleanolic
acid and a well-known potent Nrf2 activator. It was shown to prevent the induction of liver
steatosis and insulin resistance in mice on HFD. Alongside the impeded development of
insulin resistance, CDDO-Me overcame alterations in the expression of protein tyrosine
phosphatase 1B, IRS, or insulin receptor (all key players in the insulin signaling pathway) as
well as prevented hepatic macrophage infiltration and inflammation. However, if these
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beneficial effects are regulated only via Nrf2 activation remains to be elucidated (Camer et
al., 2015). The effects of Nrf2 activation have also been investigated in the murine skeletal
muscle (SkM), either upon SkM-specific Keapl knockout or administration of the
triterpenoid Nrf2 activator 1-[2-cyano-3,12-dioxooleane-1, 9(11)-dien-28-oyl] imidazole
(CDDO-Im). In both cases the blood glucose level was decreased and the expression of the
glycogen branching enzyme and a subunit of phosphorylase kinase (PhKa)was upregulated
by activated Nrf2. This was accompanied by a reduced muscle glycogen content, increased
glucose uptake and improved glucose tolerance. In consistence with this data an insulin
tolerance test indicated, that Nrf2 induction, via Keapl knockout or CDDO-Im
administration, enhanced insulin sensitivity in mice on HFD (Uruno et al., 2016, 2013).
Another study revealed fibroblast growth factor 21 (FGF21) as Nrf2-dependent gene.
Knockdown of Keapl led to an upregulation of FGF21 protein in the plasma and increased
hepatic mMRNA levels in a diabetic mouse model (db/db and high-calorie induced obesity
model, 8 weeks). FGF21 is known for ameliorating hyperglycemia and insulin resistance
(Coskun et al., 2008; Kharitonenkov et al., 2005; Xu et al., 2009). Furthermore, FGF21 was
also upregulated when activating Nrf2 with CDDO-1m in db/db, but not in db/db Nrf2
knockout mice (Furusawa et al., 2014). Similar results have been shown /n vitro where
FGF21 levels were decreased in Nrf2 knockdown 3T3-L1 cells (Kim et al., 2017). A more
recent work employed selenocystein-tRNA knockouts (TrspRIPKO mice). These mice
suffered from increased oxidative stress and severe insulin resistance due to the absence of
any seleno-proteins. When Nrf2 signaling was activated by crossing KeapZ-floxed with the
TrspPKO mice, oxidative stress was diminished and leptin and insulin sensitivity were
improved (Yagishita et al., 2017).

Besides these mainly “pro-Nrf2” findings, there are also several reports suggesting a
negative role of Nrf2 for insulin sensitivity: In a study with HFD-induced obese mice Nrf2
activation, via knockdown of Keap1, elicited an impaired glucose metabolism and an
increased insulin resistance in 6-week-old mice. However, this observation was transient as
8-week-old mice displayed no significant differences in glucose tolerance and insulin
sensitivity between the two groups (Xu et al., 2012). Also another study observed attenuated
insulin resistance, improved glucose tolerance and partial protection from HFD induced
obesity in Nrf2 knockout mice compared to their wild type fellows (180 days observation
period). This might due to increased mRNA expression and protein levels of FGF21 in the
knockout group. The negative influence of Nrf2 on FGF21 was confirmed by lowered levels
of FGF21 in ST-2 cells, which overexpressed Nrf2 (Chartoumpekis et al., 2011). An
ameliorated insulin sensitivity in case of Nrf2 deficiency was corroborated by other
investigators as well (Meakin et al., 2014; Meher et al., 2012): Meher et al. observed a
decreased insulin resistance and reduced expression of inflammatory genes in the stromal
vascular fraction in a myeloid Nrf2 knockout. Moreover, those knockout mice were
protected from HFD-induced inflammation of adipose tissue. Meakin et al. reported that
Nrf2 knockout mice on HFD showed increased insulin sensitivity compared to wild type
mice (168 days observation period). However, the knockout group showed a higher
incidence rate of nonalcoholic steatohepatitis and was not protected from obesity. This is of
special interest, since increased lipid accumulation is usually positively correlated with
insulin resistance. The role of Nrf2 for insulin sensitivity seems to depend on a substantial
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and context-dependent (transcriptional) influence on metabolic hubs and pathways,
including FGF21 or lipid ana-and catabolism. The influence of Nrf2 on metabolism is also
reflected by a significantly increased frequency of congenital intrahepatic shunts in Nrf2
knockout mice (shunts were formed in 2/3 of Nrf2 knockout mice). These shunts bypass the
portal blood flow from the liver, which results in increased hepatic oxygen and changes in
protein expression and function in Nrf2 knockout mice (Skoko et al., 2014).

Besides that metabolic facet, Nrf2 is mainly believed to boost on insulin sensitivity via
upregulation of antioxidant genes and reduction of redox stress. In contrast to this notion,
enhanced levels of antioxidants were found in obese and type 2 diabetic animals and patients
suffering from insulin resistance and type 2 DM (Costa et al., 2002; Jiménez-Osorio et al.,
2014). Another key finding was that insulin resistance, induced by hyperinsulinemia, is
connected to permanent Nrf2 activation (Wang et al., 2012; Xu et al., 2012). However, it is
not absolutely clear whether elevated antioxidant signaling is causally contributing to insulin
resistance, or a consequence of hyperinsulinemia, indicative for the cells’ attempt to restore
homeostasis and prevent deterioration. In contrast to increased Nrf2 expression in type 2
DM associated hyperinsulinemia, insulin negatively regulates Nrf2 expression in a type 1
DM mouse model (Ghosh et al., 2017).

Table 2 gives an overview on the partly controversial results on Nrf2 activation and insulin
sensitivity.

5.2 Natural Nrf2 activators and insulin sensitivity

Several natural compounds, shown to activate Nrf2 signaling, are under investigation for
their ability to ameliorate insulin resistance, including stilbenes. As shown in Fig. 6A
stilbenes have an aromatic character and show complete conjugation of their double bonds.
Here we focus on three prominent examples of that group with the ability to induce Nrf2
activity. Despite their similar structure, different mechanisms of Nrf2 activation have been
proposed. Resveratrol is supposed to act via upstream kinases, mainly via the ERK pathway
(Cheng et al., 2012) and piceatannol was suggested as direct binding partner of the Nrf2
repressor Keapl (Lee et al., 2010). The mechanistic details for pterostilbene are not well
understood, but Nrf2-Keap1 dissociation and phosphorylation of Nrf2 were already linked to
that compound (Bhakkiyalakshmi et al., 2016a). Resveratrol is presumably the most
prominent representative of this group of Nrf2 activating substances. Its ability to activate
Nrf2 signaling and subsequently reduce oxidative stress has been shown in several studies
(Baur et al., 2006; Cheng et al., 2015, 2012; Fischer et al., 2017; Palsamy and Subramanian,
2011). Cheng et al. reported that resveratrol protects from insulin resistance, induced by
methylglyoxal (MG, a reactive dicarbonyl) in HepG2 cells and in murine models and
connected this at least partially to Nrf2 activation (Cheng et al., 2015, 2012). Furthermore,
increased insulin sensitivity and activation of AMPK by that stilbene has been reported /in
vivo (Baur et al., 2006). AMPK appears to be connected to the Nrf2 pathway (Joo et al.,
2016a; Zimmermann et al., 2015). Based on these promising results, resveratrol underwent
also clinical trials. In a recent one, including 43 patients with diabetes, orally administered
resveratrol managed to improve insulin sensitivity significantly within a time period of 1
month (Zare Javid et al., 2017). In this trial, no investigation regarding any causal
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relationship with Nrf2 or any other potential mechanisms was performed. Pterostilbene
showed anti-diabetic properties, which are at least partially Nrf2 driven, in several studies.
Activation of Nrf2 by pterostilbene has been shown /n vitro and /n vivo in pancreatic and
liver tissue leading to induction of downstream target genes, increased insulin secretion,
decreased blood glucose and ROS levels (Bhakkiyalakshmi et al., 2016a, 2016b; Chiou et
al., 2011; Fischer et al., 2017). Therefore, also an improvement of the insulin sensitivity by
pterostilbene is likely. This was already shown /n vivo more than a decade ago, although no
investigations into the correlation with Nrf2 were performed at that time (Grover et al.,
2005). The structural derivative piceatannol binds to Keapl and induces the Nrf2/HMOX-1
signaling axis (Lee et al., 2010). In the presence of piceatannol, impaired insulin signaling
was restored /n vitro via Nrf2 activation (Jeong et al., 2015).

The isothiocyanate sulforaphane (Fig. 6C) is another well-known natural Nrf2 activator
(Wu et al., 2013). In contrast to the previously discussed stilbenes it is a weak pro-oxidant
interacting with the critical cysteine thiols at position 151,489 and 583 of Keapl (Hong et
al., 2005a). Sulforaphane and also its precursor glucoraphanin have been identified to
alleviate insulin resistance and to increase glucose tolerance /n vivo (de Souza et al., 2016;
Nagata et al., 2017). This positive effect was abolished in Nrf2 knockout mice, indicating
that Nrf2 is a responsible target for the improvement of insulin sensitivity by sulforaphane
(Nagata et al., 2017). Compared to resveratrol or curcumin, sulforaphane shows a rather high
bioavailability due its lipophilic character, which enables passive diffusion through the cell
membrane (Hanlon et al., 2008). Moreover, sulforaphane obtained from broccoli sprouts, has
already been tested in clinical trials involving patients suffering from DM type 2. In addition
to a favorable impact on the lipid profile (Bahadoran et al., 2012a) and inflammatory
markers (Mirmiran et al., 2012), sulforaphane led to a significant improvement of insulin
sensitivity and lower fasting glucose levels (Bahadoran et al., 2012b) The authors suggested
that the ameliorated insulin resistance resulted from the antioxidant enzymes induced by
activated Nrf2. The flavonoids rutin and quercetin (Fig. 6B) also showed the ability to
lower plasma glucose levels and decrease oxidative stress by activating Nrf2 (Sun et al.,
2015; Tian et al., 2016). In addition, both compounds also acted as insulin sensitizer based
on /n vivo investigations in an obese mice model using an extract of Chrysobalanus icaco L.
containing the two flavonoids (White et al., 2016). However, no detailed and reliable
mechanistic studies were performed to prove a connection between these flavonoids, Nrf2
activation and increased insulin sensitivity. Curcumin (Fig. 6C), from Curcuma longa, was
identified as an activator of Nrf2 (Wu et al., 2013) and its downstream targets like HMOX-1
(Balogun et al., 2003). Different mechanisms were suggested for its positive effects on
insulin sensitivity in several studies. In fructose-fed rats curcumin activated Akt and
ERKZ1/2, which are upstream kinases of Nrf2, in the liver (J.-M. Li et al., 2010a).
Additionally, inhibition of inflammation and oxidative stress and/or a direct interaction with
the insulin receptor are possible mechanisms. Furthermore, AMPK was suggested as another
target of curcumin, influencing insulin signaling (Na et al., 2011). Despite uncertain
mechanistic details and inconclusive clinical trials so far, several studies reported increased
Nrf2 levels after curcumin administration, mostly in murine models, and linked it to an
improved insulin sensitivity (He, 2012; Weisberg et al., 2008; S.-G. Zhao et al., 2011a). The
French lilac contains galegine and is traditionally used to lower the blood glucose level
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(Perla and Jayanty, 2013). A derivative of galegine, metformin, is successfully used as
blockbuster antidiabetic drug for more than two decades. Metformin increases insulin
sensitivity and decreases glucose levels especially in the liver (Stumvoll et al., 1995).
Although the responsible mode of action of the drug is not fully understood and current
models range from inhibition of mitochondrial complex | and AMPK activation
(Andrzejewski et al., 2014) to inhibition of glycerol phosphate dehydrogenase and an altered
hepatic redox state (Madiraju et al., 2014), the insulin sensitization is thought to be driven
mainly by AMPK activation. However, AMPK and Nrf2 seem to engage in a crosstalk
(Habib et al., 2016; Joo et al., 2016b, Onken and Driscoll, 2010), and metformin was also
shown to lead to Nrf2 activation (Ashabi et al., 2015; Prasad et al., 2017). Therefore, a
participating role of Nrf2 for the insulin sensitizing properties of metformin cannot be
excluded and is even likely.

5.3 Bottom line

Despite some controversy on the role of Nrf2 for insulin signaling, the majority of in vitro
and /n vivo studies promote Nrf2 as promising potential target and natural Nrf2 activators as
promising adjuvant for the improvement of insulin sensitivity. However, studies relying on /n
vitro tests in human cancer cell lines (such as HepG2) may be considered with some caution
as those cells may have a decreased or altered dependency on growth factors and insulin
(Lazar and Birnbaum, 2012). Most of the /n vivo studies were performed in murine models
and extrapolation to the human situation remains to be assessed. Several clinical trials with
antioxidant supplements or vitamins (Fu et al., 2016; Pi et al., 2010; Wiernsperger, 2003), as
well as Nrf2 activators (de Zeeuw et al., 2013b) so far failed to show beneficial effects on
insulin sensitivity or prevention of type 2 DM, presumably due to some off-target and even
harmful effects (Bjelakovic et al., 2007; Jain, 2012). Moreover, a study from 2014 revealed
HMOX-1, a prominent Nrf2 target gene, as strong positive predictor of metabolic disease in
obese subjects. Conditional depletion of HMOX-1 in liver cells and macrophages in mice
protected from diet-triggered insulin resistance and inflammation, indicating a causative role
of HMOX-1 for “metaflammation” (Jais et al., 2014). Unfavorable effects of chronically
high antioxidant levels, e.g. brought about by activation of Nrf2, may be explained by
impaired signaling pathways that rely on ROS for signal relay. This applies also for insulin
that depends among others on an initial redox burst after receptor binding for transient
inhibition of redox sensitive protein tyrosine phosphatases (Pi et al., 2007; Rhee, 2006).
Therefore, further systematic investigations using several different models (high fat diet vs
genetic induction of diabetes, transient vs constitutive activation of Nrf2, systemic vs tissue
specific Nrf2 activation, etc.) and the hyperinsulinemic-euglycemic clamp method as a gold
standard for insulin sensitivity (Kim, 2009), are still needed to fully understand the detailed
role of Nrf2 for insulin signaling and to develop potential context-dependent Nrf2-based
treatment strategies for insulin resistance. Another obstacle encountered with the reported
natural Nrf2 activators is often the low bioavailability, the intensive metabolization and the
incompletely understood polypharmacology, complicating their application in humans and
reliable assignment of an observed effect to Nrf2 activation (see also chapter 3.8).
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6 Pancreatic B-cell function
6.1 pB-cell function and Nrf2

B-cells are one of five main cell types located in the glucose-sensing mammalian pancreas
assembled in the so-called Islands of Langerhans (Lacy, 1967; Pipeleers et al., 1994). They
are the only cells within the mammalian organism that can produce the hormone insulin,
which is secreted in response to elevated glucose levels in the body. In patients with type 2
DM the suggested biphasic secretion of insulin, most likely initiated by different p -cell
subsets, is either abolished or strongly reduced (Ashcroft and Rorsman, 2012; Hosker et al.,
1989). In 2016, a study could identify four different subsets of human g -cells that respond
differently to glucose and show differences in insulin release kinetics, suggesting different
susceptibilities to metabolic stress (Dorrell et al., 2016). Under normal circumstances f -
cells regulate plasma glucose levels very tightly, as they directly respond with increased
insulin gene transcription and according hormone/protein secretion (Henquin et al., 2006),
mainly in response to increased blood glucose levels, but also in reaction to specific
hormones or neurotransmitters (Ashcroft and Rorsman, 2012). However, an unhealthy
lifestyle, characterized by the intake of high caloric, sugar-rich food and insufficient exercise
and energy expenditure and consequent insulin resistance, exposes p -cells to aberrant gluco-
lipotoxic stress and can cause their exhaustion, dysfunction, and finally their death
(Brownlee, 2001; Ceriello, 2003; Hunter and Stein, 2017; Nishikawa et al., 2000; Sheetz and
King, 2002). Although hyperplasia of p-cells will compensate the loss for a while, this
coverage cannot be sustained on a permanent basis also because p-cells are inherently prone
to stress in conditions of metabolic derangements. They are among the metabolically most
active tissues within the human body and highly dependent on oxidative catabolism for ATP
synthesis (Pullen and Rutter, 2013). In fact, elevated oxygen consumption at high glucose
concentrations appears pivotal to the stimulation of insulin secretion (Rutter et al., 2015).
However, despite this high metabolic activity and the fact that ROS are an unavoidable by-
product of mitochondrial respiration during glucose stimulation (and may even be required
for normal glucose sensing) (Leloup et al., 2009), enzymes involved in antioxidant defense
are present at unusually low levels (Lenzen et al., 1996) or encoded by disallowed genes in
B-cells (Pullen and Rutter, 2013), which makes them hypersensitive to oxidative harm.
Molecular targets for oxidative stress in the p-cells are hereby likely to include duodenal
homeobox factor 1 (PDX1), playing an important role in pancreas development and
differentiation as well as in maintaining normal p-cell function (Ohlsson et al., 1993). Due
to low protein levels of antioxidant enzymes (Lenzen et al., 1996) and therefore little anti-
oxidant potential in p-cells/the pancreas (Grankvist et al., 1981), boosting antioxidant
signaling by Nrf2 activation seems to be a promising strategy to preserve their function in
the context of type 2 diabetes. Accordingly, diabetic Keapl-conditional knockout mice
showed improved insulin secretion and suppressed onset of diabetes, which corroborates a
key role of the Nrf2/Keapl-axis in disease development (Uruno et al., 2013).

Closely entwined with oxidative stress, proteotoxic stress endangers proper B-cell function
(Hasnain et al., 2016). As endocrine cells, they are particularly predisposed to ER stress. In
order to meet the insulin demand (especially in the insulin-resistant hyperinsulinemic state)
they sustain a high protein synthesis levels and need high folding capacities in the ER.
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Under these conditions, ER stress and UPR often exceed their repair capacities resulting in
B-cell dysfunction. (Ariyasu et al., 2017). Also for the autoimmune type 1 diabetes,
reduction of ER stress in pancreatic p-cells showed recently promising results (Morita et al.,
2017). The UPR in B-cells engages in a vivid crosstalk with pro-inflammatory signaling
cascades, e.g. by potentiating activation of NF-xB or INK (Eizirik et al., 2013; Liu et al.,
2015; Meyerovich et al., 2016; Urano et al., 2000). Recently, induction of misfolded
aggregates of the islet amyloid polypeptide (IAPP) appeared to be sufficient for induction of
clinical abnormalities typical of type 2 diabetes (Mukherjee et al., 2017).

Chronic inflammation has been identified as another critical factor associated with diabetic
B-cells (Donath et al., 2008; Novials et al., 2014). In different diabetic (e.g. db/db mice, GK
rats) and non-diabetic (C57BL/6J) rodent models, inflammatory factors like IL-6 or IL-8
were elevated in the pancreas of subjects being fed with HFD, which was associated with an
increased infiltration of immune cells like monocytes or neutrophils (Ehses et al., 2007).
Also, the histology of islets from patients with type 2 DM shows characteristics of
inflammation such as the presence of cytokines, apoptotic cells, infiltrated immune cells and
eventually fibrosis. This inflammatory process is likely to be the result of dyslipidemia,
hyperglycemia, and increased circulating adipokines (Donath et al., 2008). In studies with
LPS-treated rodents Choudhury et al. could demonstrate that inflammatory conditions in the
pancreas lead to an accumulation of ROS, which activates NF-xB signaling and thereby
leads to an induction of inflammatory cytokines. Conversely, nuclear levels of Nrf2 were
decreased together with the activity of its targets. If those conditions are sustained, this
might lead to p-cell death via the SAPK/Jun-N-terminal kinase (JNK) apoptotic pathway
(Choudhury et al., 2015).

In addition, the pancreatic islet is furthermore highly vascularized. Besides the supply of
nutrients and oxygen and the off-transport of hormones, islet capillaries and primarily
endothelial cells provide pivotal signals that can enhance B-cell survival and function. In
diabetes, the islet endothelial cells express markers of activation and inflammation, and /n
vitro data suggest that a dysfunctional inflamed islet endothelium contributes to impaired
insulin release (Hogan and Hull, 2017).

Taken together, Nrf2 emerges as good target for a potential treatment/prevention of p-cell
dysfunction triggered by the viciously entangled triad of oxidative stress, ER stress and
inflammation. Accordingly, treatment of pancreatic B-cells with pharmacological Nrf2
activators, such as dh404, CDDO-Im or dimethylfumarate significantly increased expression
of the key anti-oxidants enzymes, decreased inflammatory mediators in islets and conferred
protection against oxidative stress in B-cells (Fu et al., 2015; W. Li et al., 2014b; Masuda et
al., 2015). Nrf2-deficient mice were also markedly more vulnerable to arsenic-induced -
cell damage (Yang et al., 2012), and based on B-cell-specific conditional Nrf2- and Keapl-
knockout mice Nrf2 could be proven to have a protective effect against reactive species in -
cells (agishita et al., 2014). Moreover, Nrf2 is a major regulator of enzymes involved in
mitochondrial metabolism, hence allowing improved handling of elevated glucose and fatty
acid levels (Hirotsu et al., 2012; Mitsuishi et al., 2012; Wu et al., 2011). Of particular note,
changes in the expression or activity of the Nrf2 heterodimerization partner Mafl, which is
involved in the insulin gene expression (Matsuoka et al., 2004), were also implicated in the
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deleterious effects of oxidative stress on p-cells (Harmon et al., 2009). Increasing MafA
abundance by overexpression or impeded degradation ameliorated B-cell function under
oxidative stress. However, it should not be forgotten that similar to insulin signaling, p- cells
also depend on ROS for proper insulin synthesis and secretion which may be hampered by a
persistent and inappropriately timed activation of the antioxidant defense (Pi et al., 2010,
2007).

6.2 Natural Nrf2 activators and B-cell function

In several different /n vivo and /n vitro studies, phytochemicals that have been shown to
activate Nrf2-dependent (antioxidant) signaling positively influenced p-cell mass and
function, including the “herbal blockbusters” sulforaphane, pterostilbene and curcumin.

Sulforaphane led to nuclear translocation of Nrf2 and expression of phase 2 enzymes in
RINmS5F insulinoma cells. Furthermore, it prevented the cytokine-mediated (IL-1f and IFN-
7v) decrease in proliferative potential by lowering NO and prostaglandin E2 (PGE2)
production and subsequent cytotoxicity (also seen in Nrf2 overexpression experiments). This
effect could be pinned down to suppression of inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2) gene expression and of IL-1p and IFN-y-induced NF-xB
activation. Overexpression experiments of Nrf2 in RIN cells resulted in decreased DNA
binding activity of NF-xB, which indicates a role of Nrf2 in inhibition of NF-xB signaling.
In experiments with pancreatic islets from Sprague—Dawley rats, pretreatment with
sulforaphane restored islet cell insulin secretion and corroborated the data generated in RIN
cells. Treatment of mice with sulforaphane prior to streptozotocin (STZ) also led to
decreased islet destruction as well as restored islet cell insulin secretion. In those
experiments, also NF-xB activation was inhibited upon sulforaphane administration (Song et
al., 2009). In a recent study, it was shown that sulforaphane prevented cholesterol-induced f-
cell dysfunction, improved mitochondrial function, attenuated the pro-inflammatory NF-xB
pathway and increased the expression of antioxidant enzymes downstream of the Nrf2
pathway in Min6-cells (Carrasco-Pozo et al., 2017).

Pter ostilbene has also been shown to positively influence p-cells. Pretreatment with this
compound led to a concentration-dependently increased viability and decreased apoptosis of
cytokine-treated insulin-secreting MING cells. Moreover, pterostilbene led to increased
phospho-Nrf2 levels in nuclear fractions as well as decreased levels of NO and iNOS. In
STZ-induced mice, pancreatic INOS mRNA levels were significantly increased in
comparison to the controls. However, those levels were significantly reduced upon
pterostilbene administration. Detailed analysis of Nrf2 and its downstream targets (e.g.
NQO1 or HMOX-1) revealed decreased mRNA expression levels in diabetic mice, which
were again elevated upon treatment with pterostilbene. Both, in vitro as well as /n vivo data
indicate a major protective role of the polyphenol against pancreatic p-cell destruction
(Sireesh et al., 2017). In the study of Bhakkiyalakshmi et al (2014) pterostilbene consistently
activated Nrf2 and its cytoprotective and antiapoptotic gene expression profile in STZ-
treated INSE1-1 cells. However, a stringent proof that the beneficial effects of the
polyphenol are Nrf2-dependent is missing.
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Rashid and Sil treated Wistar rats with STZ, which led to increased oxidative and
inflammatory markers, increased apoptosis and reduced levels of nuclear Nrf2 and Nrf2-
dependent defense genes in B-cells. Interestingly, all those deregulated markers could be
normalized to standard levels upon treatment with curcumin (Rashid and Sil, 2015).
However, to what extent Nrf2 activation, next to many other bioactivities of curcumin, is
exactly involved remains elusive. Additionally, Kanitka et al. demonstrated that curcumin
protects pancreatic islets against cytokine-induced redox stress, dysfunction and death /in
vitro and prevents STZ-induced DM /n vivo. However, the impact of Nrf2 remained also
unassessed (Kanitkar et al., 2009).

In addition, morin was found to activate Nrf2 and protect B-cells from genotoxic stress /in
vitro (Vanitha et al., 2017). 4-Dihydroxyphenylacetic acid, a microbiota-derived metabolite
of quercetin, activated Nrf2, launched an antioxidant stress response and prevented p- cell
dysfunction induced by high cholesterol (Carrasco-Pozo et al., 2015). Lithospermic acid B
protected B- cells from cytokine- induced dysfunction, and a plant extract obtained from
Magnolia officinalis, Pueraria lobata, Glycyrrhiza uralensis, and Euphorbia pekinensis
(KIOM-79), protected them from STZ-induced apoptosis. Both observations went along
with activation of Nrf2 signaling (Ah Kang et al., 2008; Lee et al., 2011). Phycocyanin
prevented INS-1 cells from MG-induced apoptosis, an effect which was blunted by
knockdown of Nrf2 (Gao et al., 2016).

6.3 Bottom line

In theory, the cytoprotective transcription factor Nrf2 appears as promising potential target
for the preservation of p-cell function, in particular under the stress experienced in type 2
DM by hyperglycemia, hyperlipidemia and chronic inflammation. In actual experiments,
natural activators of Nrf2 indeed afforded protection of B-cells from various insults, both /n
vitroand in vivo. However, although most studies did clearly show concomitant activation of
Nrf2 signaling and B-cell protection by the studied phytochemical, only few did prove
stringent causality. In light of the polypharmacology, the enthusiasm over Nrf2 activation by
natural products as mean to protect p-cells should therefore still remain somewhat cautious.
Moreover, it must be kept in mind, that a constant or untimely boosting of Nrf2 signaling
can also be detrimental, as a) proper insulin synthesis and secretion are dependent on ROS
and b) activation of endogenous Nrf2 was correlated with pancreatic cancer and increased
drug resistance (Hong et al., 2010) (see also Chapter 7.5).

7 Diabetes-associated complications

Glucotoxicity is the main culprit of the long term micro-and macrovascular pathologies
associated with diabetes as summarized in Fig. 7. Although every cell in the body of diabetic
patients is exposed to abnormally high glucose concentrations, vascular and nerve cells are
particularly prone to damage. That is because endothelial cells in the vasculature and retina,
mesangial cells in the renal glomerulus, and neurons and Schwann cells in peripheral nerves
cannot sufficiently reduce the transport of glucose into the cytoplasm under hyperglycemia.
They succumb the triggered cascade of oxidative and proteotoxic stress, inflammation and
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dysfunction, leading to the predominance of macro-and microvascular complications and
nephro- and neuropathies in diabetic patients.

7.1 Neuropathy

7.1.1 Diabetic Neuropathy and Nrf2—Neuropathy is a common devastating
complication of DM and affects about 8% of newly diagnosed patients and more than 50%
of patients with longstanding disease (Boulton et al., 2005; Edwards et al., 2008). It is
characterized by chronic pain or loss of sensation, recurrent foot ulcerations, and is the
leading cause for non-traumatic limb amputation, accounting for significant morbidity and
mortality (Gordois et al., 2003; Thomas, 1999). Diabetic neuropathy is thought to occur both
from hyperglycemia-induced damage to nerve cells per seand from neuronal ischemia
caused by hyperglycemia-induced decreases in neurovascular flow. The hyperglycemic
damage can be assigned to the already mentioned altered metabolic pathways, the
uncontrolled redox state and ER stress (Albers and Pop-Busui, 2014; Lupachyk et al., 2013a,
2013b; O’Brien et al., 2014; Obrosova et al., 2004; Shakeel, 2015; Stribling et al., 1989;
Sytze Van Dam et al., 2013; Zochodne, 2014). Besides hyperglycemia, concomitant
hyperlipidemia, obesity and hypertension often contribute to neuronal dysfunction in type 2
diabetics (Grisold et al., 2017).

As a transcription factor increasing the cellular resistance against redox- and ER stress, Nrf2
has been brought forward as promising target to prevent onset and progression of diabetic
neuropathy (Kumar and Mittal, 2017; Negi et al., 2011a; Sandireddy et al., 2014; X. Xu et
al., 2013b). Consistently, Nrf2 and its target gene HMOX-1 were activated concomitantly
with the protective effect of melatonin against STZ- induced DM and diabetic neuropathy
(Negi et al., 2011b), and epalrestat, currently used in the treatment of diabetic neuropathy,
led to upregulated HMOX-1, SOD, catalase or glutathione levels in a Nrf2-dependent
manner in rat Schwann, human SH-SY5Y or bovine aortic endothelial cells (Sato et al.,
2013; Yama et al., 2016, 2015). Moreover, Nrf2-mediated HMOX-1 expression reduced
formalin-induced inflammatory pain indicating a putative role in preventing sensorimotor
alteration at peripheral sites (Rosa et al., 2008). Activated Nrf2 also protected retinal
ganglions from redox stress by upregulation of HMOX-1 and the thioredoxin system
(Koriyama et al., 2010; Tanito et al., 2007) and dorsal root ganglions from hyperglycemic
damage (Vincent et al., 2009). Despite the promising premises and strong indications for
successful neuroprotection by Nrf2, unambiguous validation and exploitation of the
transcription factor as relevant drug target in diabetic neuropathy in several independent
studies is still awaited.

7.1.2 Natural Nrf2 activators and diabetic neuropathy—Prompted by the expected
stress relief and potential neuroprotection also phytochemical Nrf2 activators were subjected
to animal or cell-based models of diabetic neuropathy. In /n vivo models, using STZ-treated
diabetic rats, rutin (Fig. 6B) produced a significant inhibition of mechanical and thermal
hyperalgesia, cold allodynia, as well as partial restoration of nerve conduction velocities in
diabetic rats. Furthermore, it attenuated oxidative stress and neuroinflammation with
concomitant upregulated expression of Nrf2 and HMOX-1 in dorsal root ganglions (Tian et
al., 2016). L uteolin (Fig. 6B) also dose-dependently alleviated abnormal sensation,
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improved nerve conduction velocities and nerve blood flow in diabetic rats. In further
analyses, the compound successfully lowered ROS and malondialdehyde levels and
significantly upregulated the protein levels of Nrf2 and HMOX-1 in diabetic nerves (Li et
al., 2015). Fisetin (Fig. 6B) alleviated thermal and mechanical hyperalgesia and deficits in
motor nerve conduction velocity in diabetic rats. Expression analyses indicated activation of
Nrf2 and inhibition of NF-kB signaling in the treated animals (Sandireddy et al., 2016).
Tang Luo Ning recipe (TLN), a traditional Chinese herbal medicine based on Huangqi
Guizhi Wuwu decoction, which is used clinically to treat diabetic peripheral neuropathy in
China, markedly improved the neurological function including thermal perception threshold
and nerve conduction velocity in diabetic rats. Concomitantly, axon atrophy and
demyelination were attenuated, ROS levels and apoptosis markers were decreased and
protein levels of Nrf2 or yGCS were elevated (X. Yang et al., 2015a). Taurine also partially
alleviated neuroinflammation in brains of diabetic rats and enhanced expression of Nrf2 and
HMOX-1 (Agca et al., 2014). Sulfor aphane (Fig. 6C) improved motor nerve conduction
velocity, nerve blood flow, pain behavior and malondialdehyde levels in STZ- induced
diabetic rats and elicited increased expression of Nrf2 and downstream targets HMOX-1 and
NQO-1 in sciatic nerves (Negi et al., 2011c). The observed promising improvements in
diabetic neuronal dysfunction upon administration of the mentioned natural products
correlated well with an activation of the Nrf2- stress response signaling, however, causality
remained elusive.

From cell-based studies the causality between Nrf2 activation and neuroprotection appears
more evident. Likewise, the alcoholic extract of kiwi peel (Actinidia callosa, ACE) or
allylisothiocyanate (AITC) inhibited the generation of ROS and the elevation of caspase-3
and capase-9 levels induced by the dicarbonyl MG in Neuro-2A cells (C.-C. Lee et al.,
2014b). The transcriptional activity and nuclear translocation of Nrf2, as well as HMOX-1
and -yGCS expression, were elevated by ACE or AITC treatment in MG-stressed Neuro-2A
cells. The protective effects were attenuated when Nrf2 levels were reduced by knockdown
showing a pivotal role of Nrf2. Similarly, sSiRNA mediated knockdown of Nrf2 overcame the
berberine-induced HMOX-1 expression, neurite outgrowth and ROS decrease in H202- or
high glucose-stressed SH-SY5Y cells (Hsu et al., 2013). The green tea constituent EGCG
(Fig. 6B) protected immortalized rat neurons (H 19-7) from glucose-oxidase induced redox
stress and cell death. The EGCG-mediated upregulation of the Nrf2 target gene HMOX-1
appeared hereby responsible for this protection as an inhibitor of HMOX-1 activity
overcame the protection (Romeo et al., 2009).

7.2 Retinopathy

7.2.1 Diabetic retinopathy and Nrf2—Diabetic patients suffer from many ophthalmic
complications including retinopathy (Frank, 2004) which is the leading cause of new
blindness in the industrialized nations in persons aged 25-74 years. Approximately 10
million people worldwide have diabetic retinopathy, and these numbers are expected to
reach up to 14-15 million in 2050 (Saaddine et al., 2008). Diabetic retinopathy is
characterized by abnormal vessel development resulting in hemorrhages, ischemia and
infarctions. Being very rich in polyunsaturated fatty acids and directly exposed to damaging
UV radiations as well as having a high glucose oxidation rate, the retina is a “prime’ target
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for oxidative damage (Anderson et al., 1984; Catala, 2011; Nabavi et al., 2015; SanGiovanni
and Chew, 2005; van Kuijk and Buck, 1992).

Nrf2 has become an attractive subject of investigation on the basic mechanisms of retinal
disease (Nabavi et al., 2016). Nrf2 knockout mice develop age-dependent degeneration in
the retinal pigment epithelium, indicating that Nrf2- deficiency favors retinal disease (Z.
Zhao et al., 2011b), and further emphasized the negative impact of oxidative stress on retinal
ganglion cells. Diabetic animals gradually lose these neurons (Barber, 2003; Barber et al.,
1998; Gastinger et al., 2006; Kern and Barber, 2008), which is aggravated in Nrf2- knockout
subjects (Shanab et al., 2012). Loss of the protection by Nrf2 resulted in exacerbation of the
reduced vessel integrity and neural function in the retina during DM (Akimov and Renteria,
2012; Aung et al., 2014, 2013; Barber et al., 2005; C. A. Lee et al., 2014a). A study
examining STZ- diabetic rats and human post mortem retina samples further corroborated
the involvement of Nrf2 dysregulation (high Nrf2 levels, but low target gene expression) as a
likely component of diabetic retinopathy in humans and animals (Zhong et al., 2013).
Furthermore, an altered epigenetic regulation of Nrf2, Keapl or Nrf2 target gene expression
due to diabetic metabolic derangements was also suggested for the diabetic retina (Kowluru
and Mishra, 2017; Mishra et al., 2014a, 2014b). Overexpression of the Nrf2 target gene
HMOX-1 protected retinal ganglion cells in diabetic retinopathy through anti-inflammatory,
anti-apoptotic, and anti-proliferative effects (Fan et al., 2012).

Overall, current scientific evidence is in line with the notion that redox stress is causally
involved in retinopathy, and that activated Nrf2 may provide relief for the retina. Deletion or
reduced effectiveness of Nrf2 tends to exacerbate the functional retinal deficits associated
with diabetes. The exploitability of Nrf2 as potential target in the treatment of diabetic
retinopathy is underlined by a patent application from 2010: Landers and Bingaman
invented an Nrf2- stimulating compound that detoxifies and eliminates cytotoxic metabolites
and is to be used for treatment of diabetic retinopathy as well as drusen formation in age-
related macular degeneration (Landers and Bingaman, 2010).

7.2.2 Natural Nrf2 activators and diabetic retinopathy—Alleviation of diabetic
retinopathy by natural Nrf2 activators has been investigated both in cell models and /n vivo.
Curcumin was found to reduce retinal oxidative stress, inflammatory markers, vascular
endothelial growth factor expression, as well as endothelial and retinal Mdiller cell
dysfunction in /in vivo rodent models for diabetes. (Gupta et al., 2011; Kowluru and Kanwar,
2007; Mrudula et al., 2007; Steigerwalt et al., 2012; Zuo et al., 2013). However, none of the
studies examined Nrf2 activation in their system or aimed at causally linking the observed
bioactivity of curcumin with its potential to activate Nrf2 signaling. The same applies to
green tea extractsor its main bioactive ingredient EGCG, which knowingly activate Nrf2
(Na and Surh, 2008). They were able to reduce ocular angiogenesis and vascular
permeability as well oxidative stress marker in diabetic retinal cells (H. S. Lee et al., 2014c;
Silva et al., 2013). Similarly, lutein and zeaxanthin activate Nrf2 signaling (Wu et al., 2015;
Zou et al., 2014) and appear protective in diabetic retinopathy (Neelam et al., 2017).
However, their bioactivity was not linked to Nrf2 activation so far either. Grape seed
proanthocyanidin extract was also tested for its protective effect on diabetic retinal
function in Wistar rats (Sun et al., 2016). Compared to the control diabetic rats, the extract-
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treated group showed improved retinal structure, increased activity of antioxidant enzymes,
reduced malondialdehyde levels, and reduced apoptosis. Song et al (2016) investigated the
effect of blueberry anthocyanins on diabetes- induced oxidative stress and inflammation in
rat retinas. The anthocyanins increased the antioxidant capacity of the retina and protected
from diabetes-induced inflammation. The employed polyphenol mixtures successfully
activated Nrf2 signaling in both studies as evident by increased levels of (nuclear) Nrf2 and
HMOX-1 expression. However, although the observed beneficial antioxidant effects may be
likely regulated through Nrf2/HMOX-1 signaling, the final proof of causality (e.g. by a
blunted effect in Nrf2- knockout animals or upon Nrf2/HMOX-1 inhibition) is missing.

In cell-based studies flavonoids have been shown to protect retinal ganglion cells from
oxidative stress-induced death (Maher and Hanneken, 2005), however, without taking into
account their potential to activate Nrf2. Vitamin E was found to activate Nrf2 signaling
(nuclear translocation of Nrf2, induction of HMOX-1, NQO1 and y-GCS) and prevented
stress- induced ROS levels and protein carbonylation in retinal epithelial cells (Feng et al.,
2010). EGCG from green tea, phloretin from apple, and [6]-shogaol and [6]-gingerol from
ginger prevented MG- induced cytotoxicity in retinal epithelial cells. The investigated
compounds restored MG-diminished nuclear translocation of Nrf2 and HMOX-1 expression
(Sampath et al., 2016). Furthermore, lignans of Eucommia ulmoides protected retinal
endothelial cell against AGE-induced injury /n vitro and diabetes- induced vascular
dysfunction /n vivo (B. Liu et al., 2016a). The Nrf2 activator carnosol increased wound
healing capacity in retinal epithelial cells (Foresti et al., 2015). The two latter studies linked
the beneficial effects of the investigated compounds to the Nrf2/HMOX-1 axis, as they were
overcome by inhibition of HMOX-1.

7.3 Nephropathy

7.3.1 Diabetic Nephropathy and Nrf2—Diabetic nephropathy is the prime cause of
chronic kidney disease accounting for nearly half of all end-stage renal diseases and affects
20-30% of DM patients (Dronavalli et al., 2008; Kanwar et al., 2011). It is characterized by
renal hypertrophy and basement membrane thickening in the early stage, extracellular matrix
(ECM) accumulation, glomerulosclerosis, and interstitial fibrosis in the late stage, which
eventually results in the loss of renal function (Cooper, 1998). The pathogenesis of diabetic
nephropathy is far from being completely resolved, but once more, hyperglycemia and redox
stress appear as primary underlying factors (Debnam and Unwin, 1996). Several in vitro
studies showed that high glucose- induced renal damage goes along with excessive
production of ROS. In line, many renal cell types including mesangial cells, endothelial
cells, and tubular epithelial cells produce high levels of ROS under hyperglycemic
conditions (Fridlyand and Philipson, 2005; Kiritoshi et al., 2003; Koya et al., 2003; Lee et
al., 2005; Thallas-Bonke et al., 2008). The pro-oxidative facet of diabetic nephropathy
advocates Nrf2 activation as a promising strategy for prevention. During the later stages of
diabetic nephropathy, transforming growth factor-B1 (TGF-B1) is pivotal in the progression
of diabetic nephropathy and glomerulosclerosis by controlling production of many ECM
proteins (Border and Ruoslahti, 1990; Yamamoto et al., 1993). Interestingly, there is also
interplay between the TGF-B1 and Nrf2 pathways. On the one hand, activation of the TGF-
B1 pathway inhibits Nrf2-dependent expression of the yGCS, resulting in elevated ROS
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levels, which, in turn, further activated the TGF-p1 pathway and excessive production of
ECM (Bakin et al., 2005). On the other hand, activation of Nrf2 inhibits the function of
TGF-B1 in a liver fibrosis mouse model (Choi et al., 2009). Thus, activation of Nrf2
signaling may be beneficial for preventing or slowing down the progression of diabetic
nephropathy by reducing ROS and TGF-pl-mediated ECM production. Indeed, Nrf2-
knockout mice suffered greater STZ-induced renal damage, and Nrf2 negatively controlled
the promoter activity of TGF-p1 and ECM in human mesangial cells (Jiang et al., 2010). By
influencing the UPS, Nrf2 may further boost renoprotection (Goru et al., 2017). Clinical
trials with bardoxolone-methyl (CDDO-Me), a potent triterpenoid Nrf2 activator, strongly
underlined the potential benefits of Nrf2 for diabetic chronic kidney disease. An exploratory
multi-center study included 20 patients with moderate to severe chronic kidney disease and
type 2 DM and assessed clinical activity and safety of CDDO-Me (Pergola et al., 2011a).
The obtained results showed an improved estimated glomerular filtration rate in 90% of the
patients with a paralleled reduction in serum creatinine and blood urea nitrogen, along with
an increase in creatinine clearance. Markers of vascular injury and inflammation were also
improved by treatment with CDDO-Me without any life-threatening or other drug related
adverse events. The following BEAM study (BEAM ClinicalTrials.gov number,
NCT00811889) was a phase 2, double-blind, randomized, placebo- controlled trial with >
200 adults suffering from chronic kidney disease. Patients receiving CDDO-Me had
significantly increased glomerular filtration rates, as compared with placebo (Pergola et al.,
2011b). The subsequent phase 3 BEACON study with a larger cohort of patients with stage
4 chronic kidney disease and type 2 DM (de Zeeuw et al., 2013a) had to be prematurely
terminated as adverse cardiovascular events and mortality were noticed in the CDDO-Me
arm. A recent study has meanwhile shown that these events were linked to fluid overload in
individuals at higher risk for cardiovascular events (de Zeeuw et al., 2013b). Whether the
side effects are linked to Nrf2 activation or other off- targets of the highly electrophilic
CDDO-Me remains to be elucidated.

7.3.2 Diabetic nephropathy and natural Nrf2 activators—In line with the
presumable beneficial impact of Nrf2 activation on diabetic nephropathy, natural Nrf2
activators were heavily investigated in this respect (Al-Waili et al., 2017). Sulforaphane,
cinnamic aldehyde or digitoflavone were administered to STZ-induced diabetic wild-type
(WT) and Nrf2 knockout mice. The authors could show that Nrf2 activators both improved
renal performance and minimized pathological alterations in the glomerulus of STZ-treated
wild-type mice, but not in Nrf2 knockout mice (Y. Yang et al., 2015b; Zheng et al., 2011).
Nrf2 activation reduced oxidative damage and suppressed the expression of TGF-p1, ECM
proteins and p21 both /n vivo and in human renal mesangial cells. In addition, Nrf2
activation reverted p21- mediated growth inhibition and hypertrophy of human renal
mesangial cells under hyperglycemic conditions (Zheng et al., 2011). A role for the Nrf2
target gene metallothioneine for kidney protection by sulforaphane was also suggested. The
antibiotic minocycline stabilized endogenous Nrf2 and protected against inflammasome-
mediated diabetic nephrotoxicity in WT, but not in Nrf2 knockout mice (Shahzad et al.,
2016). Curcumin was also brought forward as promising renoprotective agent by several
studies, which has already been reviewed elsewhere (Soetikno et al., 2013; Trujillo et al.,
2013). In patients with overt type 2 diabetic nephropathy, curcumin supplementation

Biotechnol Adv. Author manuscript; available in PMC 2018 November 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Matzinger et al.

Page 26

attenuated proteinuria, TGF-p and IL-8 levels (Khajehdehi et al., 2011). Although Nrf2
activation and subsequent reduction of oxidative stress and inflammation may contribute to
the good outcomes, additional bioactivities of curcumin are likely to be involved, such as
inhibition of activator protein 1 and NF-kB signaling (Huang et al., 2013; Pan et al., 2012;
Soetikno et al., 2011). Zerumbone from ginger alleviated diabetic nephropathy in STZ-
induced rats, markedly improved histological architecture in the diabetic kidney and
reversed hyperglycemia- induced p38 MAPK activation and inflammatory cytokines. It
further decreased the expression of intercellular adhesion molecule-1, monocyte
chemoattractant protein-1 (MCP-1), TGF-B1 and fibronectin in the diabetic kidneys.
However, these properties were not clearly assigned to Nrf2 activation. Coenzyme Q10
(ubiquinone) is the lipophilic soluble electron carrier of the mitochondrial electron transport
chain. It led to nuclear translocation of Nrf2 (Li et al., 2016) and alleviated redox stress,
leukocyte infiltration and glomerulosclerosis in diabetic rats (Ahmadvand et al., 2012;
Maheshwari et al., 2014). In another study, it prevented altered mitochondrial function and
morphology, glomerular hyperfiltration, and proteinuria in db/db diabetic mice (Persson et
al., 2012). Green tea extracts, as well as the main constituent EGCG, also activated Nrf2
signaling and protected kidney function in /n vivo DM models (Chennasamudram et al.,
2012; Kang et al., 2012; Renno et al., 2008; Yokozawa et al., 2005; Yoon et al., 2014). The
same duality of Nrf2 activation and renoprotection under diabetic conditions applies for
extracts or individual constituents of garlic (allylcystein, allicin), Nigella sativa
(thymoquinone), grape seed (proanthocyanidines), milk thistle (silibinin, silimarin),
Sanziguben Granule, or Panax Ginseng (ginsenoside Rg3, panaxytryol) (Al-Trad et al.,
2016; Bao et al., 2015; Fallahzadeh et al., 2012; Kang et al., 2013; Liu et al., 2006; Thomson
etal., 2016; Chenxue Zhang et al., 2017b). The extent to which Nrf2 activation really
contributes to the renoprotective activity of those natural products is not unambiguously
clear, though.

7.4 Atherosclerosis

7.4.1 Atherosclerosis and Nrf2—Atherosclerosis is a chronic disease of the arterial
wall and refers to the condition in which an arterial plaque mainly made up of fat,
cholesterol and calcium hardens and narrows the vessel lumen, limiting the flow of oxygen-
rich blood. It is the prime cause for myocardial infarction, stroke and perivascular artery
disease and is accelerated by diabetes. Indeed, DM increases risk for cardiovascular disease
three- to eightfold. The first critical event and trigger of the development of atherosclerosis
is the chronic injury and activation of endothelial cells through different insults including
hyperglycemia, hypertension, hyperlipidemia as well as redox-/ER-stress and inflammation.
All those features are characteristic for (type 2) DM and may be counteracted by Nrf2
activation (Dong et al., 2017; Giacco and Brownlege, 2010; Gupte et al., 2013; Shah and
Brownlee, 2016; Cheng Zhang et al., 2017a). In particular, the Nrf2 target genes HMOX-1,
NQO-1 or metallothioneine have gained interest with regard to potential protection from
atherosclerosis or restenosis (Ayer et al., 2016; Calay and Mason, 2014; Chapple et al.,
2012; Cominacini et al., 2015; He et al., 2015; Mason, 2016; Miao et al., 2013; Mylroie et
al., 2015; Oh et al., 2014).
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Nonetheless, the picture of Nrf2 activity in cardiovascular function and atherosclerosis
appears complex and is dependent on the used model system, the cell type in which Nrf2 is
activated and the nature (genetic vs pharmacological; transient vs chronic) of Nrf2 activation
(Gupte et al., 2013; Jakobs et al., 2017; Li and Fukagawa, 2010). Nrf2 seems to confer
endothelial protection under diabetic conditions as hyperglycemia- or AGE-mediated
oxidative stress induces Nrf2 and its target genes in coronary arterial endothelial cells. HFD-
induced vascular ROS and endothelial dysfunction are furthermore more severe in Nrf2
knockout mice (Cheng et al., 2011; He et al., 2011; Ungvari et al., 2011), and Nrf2
activation overcomes endothelial activation and dysfunction under hyperglycemia (Heiss et
al., 2009; Zakkar et al., 2009). Aged low density lipoprotein receptor (LdIr) knockout mice
on a high-fat and high- cholesterol Western diet develop more complex atherosclerotic
lesions containing fibrous caps and fail to mount Nrf2- mediated antioxidant responses in
their vasculature (Collins et al., 2009) indicating a compromised Nrf2 function during the
onset of atherosclerosis. Macrophages are central actors in the development and progression
of atherosclerosis. Atherosclerosis- prone Ldlr knockout mice receiving bone marrow
transplants from Nrf2 knockout mice developed larger and more complex atherosclerotic
lesions than mice receiving transplants from wild-type mice, which developed only fatty
streaks. The Nrf2 knockout macrophages showed increases in MCP-1- induced migration,
LPS- stimulated expression of chemoattractant and proinflammatory genes, and in H,O,-
induced apoptosis (Collins et al., 2012). In contrast to the LdIr knockout mice, ApoE
knockout mice (another popular model of atherosclerosis not associated with obesity) rather
profit from Nrf2- deficiency, as lack of Nrf2 here attenuated atherosclerotic plaque
formation and progression. This may be attributed to decreased macrophage expression of
the scavenger receptor CD36 in Nrf2 knockout ApoE knockout mice, which resulted in a
decreased uptake of modified low density lipoprotein by macrophages, decreased foam cell
formation (Meher et al., 2012; Pedrosa et al., 2010), reduced plasma cholesterol levels
(Barajas et al., 2011), or decreased cholesterol crystal- induced inflammasome activity
(Freigang et al., 2011). These studies suggest opposing effects of Nrf2 on cholesterol uptake
and inflammation and thus pro-or anti-atherosclerotic activity, depending upon the genetic
and environmental context of the test model. However, it needs to be noted that rodent
models of diabetic atherosclerosis do not fully recapitulate major aspects of human diabetic
complications. Large animal models (pigs or non-human primates) in which diabetic
cardiovascular disease more closely resembles that in humans, are available (Clarkson et al.,
1985; McDonald et al., 2007) and should be employed in future studies in order to fully
appreciate the role of Nrf2 in diabetes- associated vascular disease.

7.4.2 Natural Nrf2 activators and diabetes- associated atherosclerosis—
Several natural Nrf2 activators have been examined in rodent and /n vitro models related to
diabetes- associated cardiovascular complications. Sulforaphane and broccoli sprout
extract prevented diabetes-induced cardiac dysfunction as well as diabetes-associated
cardiac oxidative damage, inflammation, fibrosis, and hypertrophy in STZ-treated mice and
db/db knockout diabetic mice, respectively (Bai et al., 2013; Gu et al., 2017; Miao et al.,
2012; Z. Xu et al., 2016b; Zhang et al., 2014). The treatment with sulforaphane was
associated with an increased Nrf2 signaling as well as an increase in antioxidant defense
markers. In one study, the authors also employed Nrf2 knockout counterparts in which the
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protective influence of sulforaphane was blunted. Thus, the beneficial effect of sulforaphane
could be pinned down to Nrf2 activation (Gu et al., 2017). Moreover, sulforaphane protected
from type 2 DM- induced aortic pathogenic changes in C57BL/6J mice which were fed with
HFD for 3 months, followed by a treatment with STZ. Diabetic and non-diabetic mice were
randomly divided into groups with and without 4-month sulforaphane treatment. The aorta
of type 2 DM mice exhibited significant increases in the wall thickness and structural
derangement, along with increased markers for fibrosis, inflammation, oxidative/nitrative
stress, apoptosis, and cell proliferation. These pathological changes were attenuated by
sulforaphane treatment which was associated with an upregulation of Nrf2 expression and
function (Wang et al., 2014). In cell-based studies, sulforaphane protected endothelial cells
from hyperglycemia- triggered dysfunction with an important role for upregulated
transketolase (Xue et al., 2008). The studies focusing on the protective effects of
sulforaphane against cardiovascular disease are nicely summarized by Bai et al. (2015).

The stilbene resveratrol significantly increased transcriptional activity of Nrf2 in cultured
coronary arterial endothelial cells as evident in the upregulated expression of the Nrf2 target
genes NQO1, yGCS, and HMOX-1. Resveratrol treatment also attenuated high glucose-
induced mitochondrial and cellular oxidative stress. Those effects of resveratrol were
mitigated by siRNA- mediated downregulation of Nrf2 or the overexpression of Keapl,
establishing a causal link between Nrf2 activation and cytoprotection by resveratrol. /n vivo,
Nrf2(+/+) mice fed a HFD showed attenuated oxidative stress, improved acetylcholine-
induced vasodilation, and inhibited apoptosis in branches of the femoral artery upon
resveratrol treatment. Those effects that were blunted in HFD-fed Nrf2 knockout mice,
strongly suggesting that resveratrol confers endothelial protection via the activation of Nrf2
in vitro and /n vivo (Ungvari et al., 2010).

Magnesium lithosper mate B, present e.qg. in Salvia miltiorrhiza, inhibited glucose- induced
proliferation and migration of aortic vascular smooth muscle cells and prevented neointimal
hyperplasia after catheter- induced arterial injury in diabetic rats. SIRNA-mediated
knockdown of Nrf2 or the Nrf2- regulated antioxidant gene NQO1 blunted the protective
effects of magnesium lithospermate B, in cultured aortic smooth muscle cells, strongly
indicating a direct role for Nrf2 and its target gene NQO1 expression in the vasoprotective
properties of lithospermate (Hur et al., 2010).

In the genetic type 1 diabetic OVE26 mouse model zinc supplementation for 3 months
prevented the diabetes- induced increases in aortic oxidative damage, inflammation, and
remodeling. Zinc treatment concomitantly upregulated the expression and function of Nrf2
and the expression of metallothioneine, a potent antioxidant (Miao et al., 2013). However, a
causal link of Nrf2 activation and vasoprotection was not provided.

DM is also linked with an increased cancer risk (Harding et al., 2015; Steenland et al., 1995;
Tsilidis et al., 2015). In 2010, the American Cancer Society and the ADA published a
consensus report on DM and cancer recommending a regular cancer screening for DM
patients (Giovannucci et al., 2010). The correlation is not surprising as type 2 DM and
cancer share common risk factors. Non-modifiable risk factors include age, sex, race and
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ethnicity, while amendable risk factors are overweight or obesity, smoking, alcohol abuse
and physical inactivity. Furthermore, DM might directly or indirectly affect cancer initiation,
promotion and/or progression. While the underlying pathways and mechanisms are not fully
and unambiguously identified yet, it can be assumed that redox stress, protein stress and
inflammation, as met in diabetes, may favor cancer initiation and promotion. The constant
promitogenic signals provided by hyperinsulinemia and the facilitated supply of glucose for
highly glycolytic cancer cells may further pamper the growth and survival of malignant cells
(Grindel et al., 2017; Gristina et al., 2015; Hua et al., 2016; Joshi et al., 2015; Reuter et al.,
2010). Of note, metformin, one of the first line medications in type 2 DM has been reported
to possess anti-cancer properties (Whitburn et al., 2017; Yu et al., 2017; Zhou et al., 2017)
supporting common targets and deregulations in cancer and diabetes.

The role of Nrf2 activation for cancer prevention and therapy has been intensively
investigated for years and appears to be far from being solely beneficial or detrimental and is
dependent on several parameters, including the duration and strength of Nrf2 activation as
well as the type, stage and genetic background of the cancer (Taguchi and Yamamoto, 2017).
From the currently available knowledge it may be concluded (not excluding exceptions) that
Nrf2 activation and a consequent boost of the cellular detoxification response may provide
protection against harmful carcinogenic insults and the onset of cancer. However, activated
Nrf2 may deteriorate prognosis and progression as soon as cancer (stem) cells have hijacked
Nrf2 signaling for their own advantage in order to optimize fuel supply or drug resistance.
The role of activated Nrf2 particularly for diabetic cancer patients is hardly addressed until
now and deserves future attention. For a more general insight into Nrf2 and cancer as well as
cancer chemoprevention by natural products which is beyond this review, the reader is
referred to excellent original studies and reviews (Dinkova-Kostova, 2013; Eggler et al.,
2008; Jeong et al., 2006; Karin and Dhar, 2016; Le Marchand et al., 1989; Leinonen et al.,
2014; Milkovic et al., 2017; Ryoo et al., 2016; Zhao et al., 2010; Zhu et al., 2016).

7.6 Bottom line

Diabetic neuro-, retino- and nephropathy as well as atherosclerosis possess a clear redox-
and stress- dependent etiology and are aggravated by Nrf2 deficiency in respective animal
and cell-based studies. For atherosclerosis, the picture is a bit blurred, since different murine
models delivered contradicting results for the role of Nrf2, and none of the used animal
models actually reflects the situation in humans. For cancer, Nrf2 activation shows a Janus
face with a presumable positive effect in prevention, but unwanted protection from therapy
with concomitant bad prognosis, when certain cancers have already developed. Diabetic
animals or hyperglycemia- stressed cells significantly profited from exogenous activation of
Nrf2 in several studies, maybe most convincingly in the context of diabetic nephro- and
retinopathy. However, the direct proof that activated Nrf2 accounts for all the beneficial
effects observed with the studied multi-target phytochemicals is not always given.

Biotechnol Adv. Author manuscript; available in PMC 2018 November 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Matzinger et al.

Page 30

8 Translational outlook: Nrf2 as target in precision medicine and

combinatorial therapy for diabetes

8.1 Precision medicine in diabetes

The goal of precision medicine is to customize an individual’s medical treatment according
to the specific -omic profile. This implies the collection of phenotypic data and
characterization of (epi)genome, transcriptome, proteome, metabolome and microbiome.
Such systems biology approach allows accurate deduction of the patients’ disease status at
the molecular level and selection of appropriate treatments. The patients’ response is to be
closely monitored via validated relevant biomarkers and sensors, and the treatments are
adapted accordingly (Lu et al., 2014; Mirnezami et al., 2012; National Research Council
(US) Committee on A Framework for Developing a New Taxonomy of Disease, 2011). The
ultimate goal is an optimal disease prevention and therapy for each patient.

The model of precision medicine is currently much more advanced in the field of cancer
than for diabetes, with monogenic forms of DM clearly leading in front of multifactorial
type 2 DM (Hiraizumi et al., 1991; Klonoff, 2015; Pearson, 2014). The current classification
of DM into two main forms falls short of the true complexity of the disease and hampers the
implementation of individualized care from diagnosis to optimized treatment (Hattersley and
Patel, 2017; Pearson, 2014). Type 2 DM mostly results from a mixture of genetic
predisposition, environmental cues and life-style habits, complicating the precise definition
of discrete clinical subtypes. Such definition would need comprehensive information on
individual variations in the different ome-levels and biomarkers. Together with information
on outcome, disease progression and treatment from patient records we could then better
understand disease etiology and possibly explain or predict the individual bias towards
complications or better treatment responses (Adamski, 2016; Mayer, 2016). As a first step
into this direction, genome-wide association studies (GWAS) have identified > 100 loci
independently contributing to type 2 DM risk (Scott et al., 2017). However, translational
implications remained scarce, due to poor knowledge of how these loci influence the
pathophysiology of type 2 diabetes. A recent post-GWAS functional analysis has identified
new genes and pathways (namely Prcl, Srr, Zfand6, and Zfand3) which are clearly involved
in human pancreatic B-cell function and in type 2 DM pathophysiology. (Ndiaye et al.,
2017). Staying on this track will step-by step provide a systematic picture of type || DM.
Linking it to individual patient data may end up in a precision medicine for diabetes with
improved health and quality of life for patients and valuable guidelines to develop and
recommend personalized preventive and therapeutic regimens.

8.2 Nrf2 and precision medicine in diabetes

The etiology of DM involves cellular stress which is usually not sufficiently countered by a
cellular detoxification program. Therefore, polymorphisms in Nrf2 itself, its target genes or
regulators may contribute their share to disease in general (Cho et al., 2015), to
susceptibility (Bitarafan et al., 2017) or responsiveness to prevention or treatment strategies
(Boettler et al., 2012; Ishikawa, 2014). Knowledge of the genetic status of Nrf2 or other
relevant biomarkers for an improper cellular stress response may allow individualized
prediction of DM and complications as well as a rational decision for adjuvant therapy with
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activators of Nrf2. As precision medicine in type 2 DM is still in its infancy, the number of
studies addressing single nucleotide polymorphisms (SNPs) of Nrf2 and diabetes/associated
complications is relatively low (for summary see table 3).

Figarska et al. examined the relation between Nrf2 and all-cause, cardiovascular, and chronic
obstructive pulmonary disease mortality and its associations with triglyceride and
cholesterol levels (Figarska et al., 2014). Five single nucleotide polymorphisms (rs4243387,
rs2364723, rs13001694, rs1806649, and rs6726395) in Nrf2 were examined in 1,390
subjects from a Dutch cohort. Minor allele carriers of rs13001694, rs2364723, rs1806649
showed a significantly reduced risk of all-cause mortality, of cardiovascular mortality and
COPD mortality, respectively. Rs35652124 was positively associated with cardiovascular
mortality in a Japanese cohort (Shimoyama et al., 2014). In a Finnish cohort rs6721961,
rs1962142, rs2706110 of Nrf2 were associated with cerebrovascular disease (Kunnas et al.,
2016). The rs35652124 SNP was associated with lower forearm blood flow and higher
vascular resistance in African Americans, and the rs6721961 polymorphism with higher
forearm vascular resistance in white Americans (Marczak et al., 2012). Similarly, rs6721961
T allele carriers in the ESTHER study who were given oral estrogen suffered from an
increased risk of venous thromboembolism (Bouligand et al., 2011). The rs110857735
polymorphism of Keapl was associated with an increased incident of cardiovascular events
in chronic kidney disease patients (Testa et al., 2016).

With particular reference to diabetes risk, Xu et al. found an association of the Nrf2 SNPs
rs2364723, rs10497511, rs1962142 and rs6726395 with complications of type 2 DM, but not
with type 2 DM risk in Han Chinese volunteers (X. Xu et al., 2016a). Also in a Chinese
population, the Nrf2 rs6721961 polymorphism was significantly associated with oxidative
stress, anti-oxidative status, and risk of newly diagnosed type 2 DM. This polymorphism
may also contribute to impaired insulin secretory capacity and increased insulin resistance
(Xia Wang et al., 2015a). In a Mexican population, the rs6721961 polymorphism was
negatively associated with DM in men (Jiménez-Osorio et al., 2016). Concerning
polymorphisms in Nrf2 target genes and their association to DM risk, only few should be
mentioned here: the rs2071746 SNP in the HMOX-1 promoter is significantly associated
with albuminuria development in type 2 DM patients, especially with longer duration and
poor glycemic control (Lee et al., 2015). The rs1800566 polymorphism in NQO-1 seems to
correlate with increased susceptibility to diabetic nephropathy, as seen in North Indian
subjects with type 2 DM (Sharma et al., 2016). Polymorphisms in metallothioneine are also
associated with DM and complications: the rs28366003 polymorphism in metallothioneine
2A correlated with diabetic chronic kidney disease in a Japanese population (Hattori et al.,
2016), and the rs8052394 of metallothioneine 1A gene was significantly associated with the
incidence of type 2 diabetes, while rs10636 and rs11076161 positively related with diabetic
neuropathy (Yang et al., 2008). SNPs in SOD and GST were also correlated with altered
risks for diabetic complications (Bitarafan et al., 2017). To what extent those observed
associations can be translated into causality and generalized from one ethnic group to the
entire population needs to be further investigated, though.
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8.3 Combination of natural Nrf2 modulators with standard diabetes therapy

Despite many studies in the context of a single Nrf2 activator and T2D, only few studies
examined combinations of Nrf2 activators with standard antidiabetic drugs like metformin.
The combination of oleanolic acid and metformin, both known to activate Nrf2 (Ashabi et
al., 2015; Lu et al., 2015), indicated beneficial additive or synergistic effects of the two
drugs. Blood glucose as well as insulin levels had been significantly decreased in db/db mice
treated with oleanolic acid or metformin alone. Those levels were even more strongly down-
regulated when the mice were treated with both compounds. Also, insulin sensitivity was
highly increased and immunoreactivity for gluconeogenetic enzymes in the liver was
significantly decreased in the combination group compared to the vehicle group (Xue Wang
et al., 2015b). In another study the combination of glyburide (glibenclamide) with curcumin
was tested. Also here improved glucose levels together with lower lipid levels in the blood of
treated patients could be observed (Neerati et al., 2014). Similarly, a combination of
resveratrol with metformin and hydroxymethylbutyrate resulted in potentiated positive effect
of metformin in db/db mice (Bruckbauer and Zemel, 2013). Although those studies support
combination therapy, there are still a lot of issues which need to be thoroughly addressed
before safe recommendations can be given. This includes the questions on the true impact on
Nrf2 activation on the observed combinatorial effect or on the long-term outcome of the
combination therapy, especially in the context of the cancer risk for diabetics due to the
ambiguous role of Nrf2 in cancer onset and treatment (Bai et al., 2016).

9 Final Conclusion

The onset of DM (type 2) and its complications is accompanied by the gradual failure of
cells to cope with affluent redox, ER and inflammatory stress. With Nrf2 being a major
transcription factor in the cellular stress resistance, it appears as logical target to hit on with
exogenous activators in order to counter the chronic metabolic disorder which has
meanwhile reached pandemic dimensions. This notion is supported by the facts that Nrf2 is
activated in early phases of DM and found less active at later stages, that Nrf2 deficient
animals show deteriorated diabetic symptoms and complications in many /7 vivo models and
that the Nrf2 activator CDDO-Me showed very promising renoprotection in clinical trials
with patients suffering from diabetic chronic kidney disease. Nonetheless and despite
multiple promising correlations, unambiguous causal evidence that Nrf2 activation by
exogenous phytochemicals can prevent diabetes and associated complications is still limited.
Moreover, depending on cellular context and question of interest, Nrf2 activation can be
beneficial or detrimental, which has already been reviewed elsewhere (Chu et al., 2017).
Targeting transcription factors generally bears the risk of triggering also the expression of
unwanted genes among the respective targets and undesired outcomes. The Nrf2-dependent
antioxidant and proteolytic enzymes may be of benefit in the course of diabetes. However,
induction of enzymes which quickly detoxify and inactivate a patient’s medication or
repression of enzymes for fatty acid synthesis (needed e.g. for p-cell proliferation) may be
counterproductive. Continuous bolstering of the antioxidant defense can be detrimental, as
insulin requires a transient ROS burst for successful signal transduction and ROS are
necessary prerequisites for p-cells to synthesize and secrete insulin, as also indicated by the
lacking success of antioxidant supplementation in intervention trials. Once hijacked from
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malignant cells, activated Nrf2 may do more harm than good. Thus, activation of Nrf2 may
hold grand potential to alleviate DM and related complications. However, its activation must
be achieved in a timely and highly specific and coordinated manner (based on target genes to
be induced, cell types to be affected, history and biomarkers met in the individual patient).
The validity of Nrf2 as drug target may be supported by the successful clinical use of
dimethylfumarate in multiple sclerosis patients (Bomprezzi, 2015). Moreover, design of
novel non-electrophilic selective Nrf2 activators, such as PPI inhibitors, is expected to
significantly reduce unwanted side effects.

A plethora of phytochemicals activate Nrf2 signaling and proved beneficial for the relief of
insulin resistance, B-cell dysfunction or hyperglycemia- caused complications. Most of the
compounds mentioned in this review affect multiple cellular targets and pathways and their
investigation often occurred in descriptive and correlative studies, which complicates the
clear assignment of their effect to Nrf2 activation. Moreover, some of the compounds would
be classified as pan-assay interference substances (PAINS) (Aldrich et al., 2017; Baell and
Walters, 2014). If mechanistic detailed investigations were performed, they would occur in
in vitro or animal models, which may imperfectly reflect human physiology. Moreover,
when taken orally, those compounds are often hardly bioavailable and subject to intense
metabolism by oxidation, sulfation, glucuronidation by the cell or microbial conversion in
the intestine. Therefore, the concentration of the parent compound at the site of presumable
action (B-cell, fat, liver, muscle) may in many cases not exceed pico- to nanomolar
concentrations. Low potency, low bioavailability, and low target selectivity do not strongly
advocate natural products as the Nrf2 activating principles of choice for adjuvant application
against diabetes. However, exactly these features could also be of benefit as they may lead to
a repeatedly pulsed low-level activation of Nrf2 which is sufficient to restore cellular
homeostasis but not to cause harm in the long run. In addition, by affecting also other
synergistic hubs in cellular signaling network (e.g. activation of AMPK or nuclear receptors,
inhibition of NF-kB etc.) they may mildly shift the cell to an overall healthier phenotype, as
suggested for resveratrol (Plauth et al., 2016). Therefore, it may be hard to pin down the
observed bioactivity of a phytochemical to a single molecule-protein interaction. Its action
may rather result from a complex interaction of targets in an additive, synergistic or
antagonistic manner. Besides experimental and epidemiological data, omics- based
technologies (massive parallel sequencing of transcriptomes, mass spectroscopy-based
analysis of proteomes and metabolomes) together with fruitful bioinformatics and
mathematical concepts, that even allow differentiation between correlation and causality
(Sugihara et al., 2012), may be the future to comprehensively grasp the bioactivity of
phytochemicals systemically. A recent study connected the hepatic gene expression profile
of type Il diabetics to elicited signatures of 3800 drugs. The Nrf2 activating sulforaphane
was identified as compound to reverse the disease signature and to lower hepatic glucose
production and glycated hemoglobin (Axelsson et al., 2017). Such approaches could go hand
in hand with the concept of precision medicine and will provide a deep insight into the
influence of natural Nrf2 activators on the molecular network of type 2 DM.

Last but not least, the authors would like to mention that in view of the wealth of published
studies but limited space and capacity, they were not able to provide an exhaustive review of
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ALL existing publications on the given topic, and sincerely apologize to those authors
whose valuable and substantial contribution to the field may not have been cited.
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AGE
AhR
AMPK
ARE
BTrcP
CDDO-Im
CDDO-Me
Cul
db/db
DM
DNMT
ECM
EGCG
eNOS
ER
ERK
FGF21
G6PDH
YGCS
GR
GSK
GST

GWAS

advanced glycation end products
arylhydrocarbon receptor
AMP-activated kinase

antioxidant response element
beta-transducin repeats-containing protein
2-Cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid imidazolide
Bardoxolone methyl

cullin 3

homozygous diabetic

diabetes mellitus

DNA methyltransferase
extracellular matrix
epigallocatechin-3-gallate
endothelial nitric oxide synthase
endoplasmic reticulum

extracellular signal regulated kinase
fibroblast growth factor 21
glucose-6-phosphate dehydrogenase
gamma- glutamyl cysteinyl synthase
glutathione reductase

glycogen synthase kinase
glutathione-S-transferase

genome-wide association studies
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HFD

HMOX-1

iNOS
IRS
INK
Keapl
KO
Ldlir
LPS

M af
MAPK
MG
mTOR
Neh
NF-xB
NQO1
Nrf2
PERK
PI3K
PK
PPAR
PPI
PTM
ROS
RXR

SNP

high fat diet

heme oxygenase 1

interleukine

inducible nitric oxide synthase

insulin receptor substrate

jun-N-terminal kinase

Kelch-like ECH-associated protein 1

knockout

low density lipoprotein receptor

lipopolysaccharide

musculoaponeurotic fibrosarcoma oncogene homolog
mitogen-activated kinase

methylglyoxal

mammalian target of rapamycin
Nrf2-ECH-homology

nuclear factor 'kappa-light-chain-enhancer' of activated B-cells
NAD(P)H quinone dehydrogenase 1

nuclear factor (erythroid-derived 2)-like 2

protein kinase RNA-like endoplasmic reticulum kinase
phosphoinositide-3-kinase

protein kinase

peroxisome proliferator-activated receptor
protein-protein interaction

posttranslational modification

reactive oxygen species

retinoid X receptor

single nucleotide polymorphism

superoxide dismutase

streptozotocin
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TGF transforming growth factor
TNF tumor necrosis factor
UGT UDP-glucuronosyltransferase
UPR unfolded protein stress response
UPS ubiquitin proteasome system
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Fig. 1.

Domain structure of Nrf2 and Keapl. (A) The different functional domains Nehl -7 of Nrf2,
involved in DNA-, Keap 1-, coactivator-, TrcP and RXRa-binding, are depicted. (B) The
functional domains of Keap 1: The Broad complex, Tramtrack and Bric-a-Brac (BTB)
domain and the double-glycine repeat (DGR) domain are responsible for protein — protein
interactions. The intervening region (I\VVR) separates those domains and the N terminal part
is, together with the BTB domain, responsible for dimerization to Cul3. In the region of the
Kelch domain it can interact with Nrf2 (NMe/2 domain).
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Fig. 2.

antrol of transcription and transactivation of Nrf2 target genes. Possible mechanisms
impinging on Nrf2 target gene expression are depicted. They include (i) altered chromatin
structure via histone (de)acetylation, (ii) altered nuclear abundance of Nrf2 (via PTM of
Nrf2) (iii) an altered transactivation activity based on interaction partners and PTM of Nrf2
or (iv) promoter silencing of Nrf2 target genes.
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Fig. 3.

antrol of Nrf2 abundance. Possible mechanisms impinging on cellular Nrf2 levels are
depicted. They include (i) altered transcription of Nrf2 mRNA (ii) altered translation of Nrf2
MRNA via miRNA or translational repression and (iii) altered degradation of Nrf2 protein
via direct interference with Keapl, BTrcP1, Hrd1-mediated proteasomal degradation as well
as reduction of the Nrf2/Keapl complexes via p62-mediated autophagic degradation of
Keapl or competitive binding of Nrf2.
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Fig. 4.

Bi%chemical routes of ROS production under hyperglycemia. High cellular glucose levels
lead to an overwhelmed electron transport chain in the mitochondrial membrane, resulting in
superoxide production and finally in activation of alternative metabolic pathways which
further aggravate the cellular redox load.
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Fig. 5.

Po%ential cellular stress relief by Nrf2 activation in diabetes. Hyperglycemia and obesity as
encountered in (type 2) DM disturb the cellular redox balance and proteostasis as well as
elevate the inflammatory status. Nrf2 and its various target genes may counteract these
insults and successfully increase the cellular detoxification, repair and survival capacities.
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Structure of prominent natural activators of Nrf2 signaling (with particular relevance for this
review). (A) Stilbenes (B) flavonoids (e.g. apigenin, luteolin, rutin,) and catechins (EGCG)
(C) other relevant natural compounds (e.g. cinnamic aldehyde, curcumin, sulforaphane).
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Diabetes-associated vascular complications. Chronic hyperglycemia is especially harmful
for endothelial and nerve cells. Their dysfunction mainly accounts for the increased risk for
the depicted micro-and macrovascular complications experienced by diabetic patients.
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Possible modes of Nrf2 activation by natural compounds and selected examples.

Site of action

Exemplary natural products

Model

References

Abundance of Nrf2

Modification of cysteines in Keapl

GSK3B/TrcP inhibition

General proteasome inhibition

Upregulation of p62/autophagy

Epigenetic regulation

Overcoming translational repression

PPI disruption

Sulforaphane

Curcumin

Quercetin

Xanthohumol
Sulforaphane
Salidroside
Esculentoside A

Lactacystin

Clasto-lactacystin p-lactone

EGCG

Resveratrol

Hydroxytyrosol

Didydromyricetin
Rapamycin

Curcumin

Sulforaphane

Z-ligustilide and Radix angelica
sinensis)

Apigenin

EGCG

Nuclear localization and transactivation potential of Nrf2 (via PTM)

Phosphorylation by PKC

Phosphorylation by p38

Phosphorylation by ERK

Curcumin (via PKC delta)

Quercetin

Curcumin

Red ginseng oil
Quercetin
Curcumin

Sulforaphane

EGCG

in vitro, HepG2 and HEK293 cells

NRK-52E and LLCPK1 cells
HepG2 cells

Murine Hepalclc?7 cells

Male Sprague—Dawley
Rats
“HepG2 cells

Murine neuroblastomas

Cos7 cells, Human Jurkat T and
prostate cancer (LNCaP, PC-3) cells

Human Jurkat T and prostate cancer
(LNCaP, PC-3) cells

mouse macrophages,

human retinal pigment epithelial cells

C57BL/6 mice
THP-1 derived macrophages

TRAMP-C1 cells and in TRAMP
mouse model

TRAMP-CL1 cells
TRAMP-C1 cells

ARE-HepG2 cells, HEK-293T cells

RAW264.7 cells

human monocytes, Caco-2-cells

Human hepatocytes

NRK-52E cells, LLC-PK:i cells
VSMC cells

HepG2 cells

Human hepatocytes

NRK-52E and LLCPK1 cells

Caco-2 cells

Bovine aortic endothelial cells
(BAECs)
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(Eggler et al., 2005;
Hong et al., 2005a,
2005b; Hu et al.,
2011)

(Balogun et al., 2003)

(Tanigawa et al.,
2007, p. 2)

(Dietz et al., 2005)

(Cai etal., 2017;
Shang et al., 2015;
Wang et al., 2016)

(Dick et al., 1996;
Fenteany et al., 1995)

(Kobayashi et al.,
2004; Nam et al.,
2001)

(Nam et al., 2001)

(Qureshi et al., 2012)

(Hwa Ko et al., 2017;
Qiu etal., 2017; Zou
etal., 2012)

(Khor et al., 2011)

(Zhang et al., 2013)
(Suetal., 2013)

(Perez-Leal etal.,
2017)

(Chiou et al., 2016)

(Lin etal., 2015;
Rushworth et al.,
2006; Zhai et al.,
2013)

(Yao et al., 2007)
(Balogun et al., 2003)
(Kang et al., 2008)
(Bak et al., 2016)
(Yao et al., 2007)
(Balogun et al., 2003)

(Jakubikové et al.,
2005)

(Wu et al., 2006)
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Site of action Exemplary natural products Model References
Resveratrol PC12 cells (Chen et al., 2005)
Cinnamic Aldehyde HepG2 cells (ERK1/2, Akt, and INK (Huang et al., 2011)
signaling pathways activated)
Phosphorylation by PI3K/Akt Lycium barbarum polysaccharide C57BL/6J mice and HepG2 cells (Yang et al., 2014)
EGCG Bovine aortic endothelial cells (Wu et al., 2006)
(BAECs)
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Table 2

Influence of Nrf2 on insulin sensitivity.

Page 78

Nrf2  Model system

Insulin sensitivity

Suggested mechanism

Reference

0

ob/ob Nrf2-KO mice

db/db mice: Keap1-KO or CDDO-Im
3T3-L1 Nrf2-KO cells

HFD induced ob Nrf2-KO mice, long
term (180 d)

HFD induced ob Nrf2-KO mice
HFD induced ob Keap1-KO mice or
CDDO-Im

TrspRIPKO crossed with Keap1-floxed
mice

HFD induced ob mice, CDDO-Me

HFD induced ob Keap1-KO mice

Nrf2 KO myeloid cells
HFD Nrf2 KO mice

v

Increased ROS levels

FGF21 induction
FGF21 downregulation
FGF21 induction

Increased oxidative stress, NF-xB,
IL-6 and TNF-a

Increased PhKa expression

Oxidative stress of TrspRIPKO is
diminished

Inhibition of protein tyrosine
phosphatase 1B

higher blood glucose, triglyceride, fatty
acid and insulin levels

reduced IL-18 induction

increased H,0, levels inhibit protein
tyrosine phosphatase 1B

(Beyer et al., 2008; Xue et
al., 2013)

(Furusawa et al., 2014)
(Kim et al., 2017)
(Chartoumpekis et al., 2011)

(Z. Liuetal., 2016c)

(Uruno et al., 2016, 2013)

(Yagishita et al., 2017)

(Camer et al., 2015)

(Xuetal., 2012)

(Meher et al., 2012)
(Meakin et al., 2014)
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Known SNPs of Nrf2 with correlation to diabetes and vascular disease.

Table 3

SNP of Nrf2 ~ Correlation with Cohort
rs10497511 Diabetic complications Han Chinese
rs13001694 Cardiovascular mortality Dutch cohort
rs1806649 Cardiovascular mortality Dutch cohort
rs1962142 Diabetic complications Han Chinese
Cerebrovascular disease Finnish cohort
rs2364723 Diabetic complication Han Chinese
Cardiovascular mortality Dutch cohort
rs2706110 Cerebrovascular disease Finnish cohort
rs35652124  Cardiovascular mortality Japanese cohort
Forearm blood flow and vascular resistance ~ African
American
rs672196 Oxidative stress, insulin resistance, insulin Chinese
secretion, risk for DM2 diagnosis Mexican men
Cerebrovascular disease Finnish cohort
Forearm vascular resistance White
Americans
Venous thromboembolism ESTHER study
rs6726395 Diabetic complications Han Chinese
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