Chapter 11
The Role of the Antioxidant Protein DJ-1
in Type 2 Diabetes Mellitus

Daniel Eberhard and Eckhard Lammert

Abstract Type 2 diabetes mellitus (T2DM) is a worldwide escalating health disor-
der resulting from insulin resistance and functional loss of insulin-producing beta
cells that finally cause chronically elevated blood glucose concentrations. Here we
review the role of ubiquitously expressed antioxidant protein DJ-1 in the pathogen-
esis of T2DM. In beta cells, DJ-1 protects against oxidative stress, endoplasmic
reticulum stress, and streptozotocin- and cytokine-induced stress and preserves beta
cell viability and insulin secretion. In skeletal muscle, DJ-1 controls energy metabo-
lism and efficient fuel utilization, whereas in adipose tissue a role in adipogenesis
and obesity-induced inflammation has been reported. This suggests that DJ-1 plays
multiple roles in many cell types under metabolically challenging conditions as
seen in obesity, insulin resistance, and T2DM.
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11.1 Introduction

Diabetes mellitus, a state of chronically increased blood glucose concentrations, is
a worldwide escalating health concern affecting around 411 million people world-
wide (Welters and Lammert 2014). Type 2 diabetes mellitus (T2DM), the most fre-
quent type of diabetes, results from insulin resistance, i.e., when insulin signaling is
blunted in important glucose-metabolizing tissues, and from dysfunction and loss of
the insulin-producing beta cells located in the pancreatic islets or islets of Langerhans
(Welters and Lammert 2014). Insulin resistance is closely related to obesity, a major
risk factor for T2DM (Samuel et al. 2010; Shulman 2014; Sun et al. 2011). In obese
individuals, maximally stretched adipocytes insufficiently store lipids, leading to
ectopic lipid accumulation in hepatocytes and skeletal muscle (Samuel et al. 2010;
Shulman 2014; Sun et al. 2011). It is thought that excess lipid species contribute to
impairment of insulin signaling in peripheral tissues, thereby limiting glucose
uptake and causing beta cells to produce more insulin to maintain normoglycemia
(Shulman 2014; Remedi and Emfinger 2016; Welters and Lammert 2014). However,
during this extended period of insulin overproduction, the beta cells are challenged
by oxidative and endoplasmic reticulum stress or low-grade inflammation leading to
dysfunction and loss of beta cells (Bensellam et al. 2012; Lenzen 2008; Weir and
Bonner-Weir 2013). Therefore, agents reducing insulin resistance and agents
protecting beta cells from dysfunction and cell death have been in the focus of
development of diabetes therapies (Remedi and Emfinger 2016; Welters and
Lammert 2014).

The DJ-1 protein is a multifunctional, ubiquitously expressed protein, which was
first discovered as an oncogene in conjunction with ras, but later the DJ-1 gene
emerged as a causative gene (called Park?7) of inherited Parkinson’s disease (Ariga
et al. 2013; Kahle et al. 2009). Among many functions reported, DJ-1 protects from
oxidative stress insults, increases cell viability, acts as chaperone and protease,
maintains mitochondrial integrity, and contributes to transcriptional regulation,
although it does not bind to DNA itself (Ariga et al. 2013; Kahle et al. 2009). The
number of proteins, which directly interact or are closely associated with DJ-1, is
enormous and includes transcription factors and signal transduction factors.

The activity of DJ-1, which acts as a homodimer, is thought to be modulated by
oxidation and posttranslational modifications (sumoylation and S-nitrosylation).
DJ-1 contains three cysteine residues which can be oxidized sequentially to SOH,
SO,H, and SO;H (Ariga et al. 2013). A lower degree of oxidation is thought to cor-
respond to activated DJ-1, whereas complete oxidation renders the protein inactive,
possibly even irreversibly (Duan et al. 2008; Choi et al. 2006; Ariga et al. 2013;
Kabhle et al. 2009). Accumulation of oxidized DJ-1 has been brought in connection
with many diseases in which oxidative stress plays a pivotal role. For example,
(over-)oxidized DJ-1 forms have been found in the brains of patients with Parkinson’s
and Alzheimer’s disease (Choi et al. 2006).

Oxidative stress, the presence of supraphysiological levels of reactive oxygen
species (ROS), which can damage DNA and proteins, has also been linked to the
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Fig. 11.1 Suggested functions of DJ-1 in tissues relevant for glucose tolerance (Organ icons taken
from Welters and Lammert 2014)

pathogenesis of T2DM (Finkel 2011; Houstis et al. 2006). For example, ROS levels
rise in response to high glucose exposure in rodent and human islets (Bensellam
et al. 2012) and increase in response to a high-fat diet (HFD) or obesity in skeletal
muscle (Anderson et al. 2009). However, as ROS are also important signaling mol-
ecules, ROS levels may not cause but just correlate with the disease state and may
not be harmful under all conditions (Finkel 2011; Tiganis 2011). Here we review the
literature about the role of DJ-1 in T2DM in different tissues, including skeletal
muscle, adipose tissue, liver, and the islet of Langerhans/pancreatic islets (Fig. 11.1).

11.2 Role of DJ-1 in Glucose Homeostasis In Vivo

Impaired glucose tolerance results from reduced glucose uptake in peripheral tis-
sues and/or insufficient amount of insulin due to islet dysfunction or beta cell loss.
This involves many different tissues — e.g., skeletal muscle, liver, adipose tissue, and
beta cells — which in concert define the degree of glucose intolerance. The role of
DJ-1 in glucose tolerance in vivo has been studied using at least three different DJ-1
deficient mouse models, all harboring a constitutive DJ-1 gene deletion (Shi et al.
2015; Seyfarth et al. 2015; Jain et al. 2015, 2012; Kim et al. 2014) and leading to
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Table 11.1 Results of experiments studying glucose tolerance and insulin sensitivity using
different DJ-1 KO mouse models

Type of DJ-1 Reported phenotype
KO model Conditions tested in DJ-1 KO mice
References | (References) (diet/treatment) compared to control | Gender differences
Jain et al. Deletion of Untreated (chow Increased ROS More pronounced
(2012) exon 2; diet) (aged 8 and levels in islets phenotype in male
Goldberg et al. | 12 weeks) than in female
(2005) Short-term 2 week | Decreased insulin | mice
HFD secretion
Impaired glucose
tolerance dependent
on age
Jain et al. Deletion of Multiple low-dose | Pronounced Only male mice
(2015) exon 2; streptozotocin diabetic phenotype | tested
Goldberg et al. | (MLDS) treatment | Deteriorated insulin
(2005) secretion and glucose
tolerance
Kim et al. Gene trap Mice fed with Impaired glucose Only male mice
(2014) inserted HEFD for 12 weeks | tolerance tested
between exon No changes observed
6-7; Manning- in insulin tolerance
Bog et al. test
(2007)
Seyfarth Gene trap Untreated (chow Transiently Similar results in
et al. inserted diet) increased adiposity | male and female
(2015) between exons in HFD cohort after | mice
6—7; Pham 14 weeks HFD
etal. (2010) HFD for up to No changes in
32 weeks glucose tolerance
observed
Shi et al. Deletion of Untreated (chow Decreased weight, | More pronounced
(2015) exons 3-5; diet) decreased adiposity, | phenotype in
Kim et al. high energy female than in
(2005) expenditure male mice
HFD for 3 months | Improved glucose
tolerance in HFD
cohort

different results (Table 11.1). A first study suggested that DJ-1 deficiency decreases
insulin secretion from isolated pancreatic islets (Jain et al. 2012). Consistently,
12-week-old male DJ-1-deficient mice were less glucose tolerant compared to con-
trols, and this was accompanied with elevated ROS levels in DJ-1 KO (knockout)
islets, an effect that was age dependent (Jain et al. 2012). The beta cell protective
effect of DJ-1 in vivo was confirmed by a follow-up study, showing that injection of
DJ-1 KO mice with the beta cell toxin streptozotocin (STZ) led to severe glucose
intolerance, dramatically decreased insulin concentrations, as well as decreased
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beta cell viability and beta cell mass in comparison to STZ-injected control mice
(Jain et al. 2015).

A potential role of DJ-1 in diet-induced obesity, i.e., high-fat diet (HFD) feeding,
a model to study insulin resistance and glucose tolerance in mice, was analyzed
using different experimental strategies (Table 11.1). For example, glucose intoler-
ance was reported in DJ-1 KO mice in combination with a 12-week-long HFD chal-
lenge compared to controls (Kim et al. 2014). This phenotype was accompanied
with reduced inflammation in adipose tissue (Kim et al. 2014), considered to be
beneficial for insulin sensitivity due to reduced levels of circulating pro-inflammatory
cytokines. However, as insulin sensitivity was unaltered in DJ-1-deficient mice
compared to controls, dysfunctional pancreatic islets may again explain the observed
glucose intolerance (Kim et al. 2014).

However, glucose tolerance was not affected in DJ-1 KO mice, fed either with a
chow or HFD for 14 weeks (Seyfarth et al. 2015), in another study using mice
derived from the same ES cell clone as a previous study with differences in glucose
tolerance (Seyfarth et al. 2015; Kim et al. 2014; Manning-Bog et al. 2007; Pham
et al. 2010). In contrast to all other studies, a markedly improved glucose tolerance
was reported using a third DJ-1 KO mouse model under HFD conditions (Kim et al.
2005; Shi et al. 2015). The effect was explained by higher energy expenditure
(“energy wasting”) by skeletal muscle of DJ-1 KO mice leading to lower adiposity,
improved insulin sensitivity and glucose tolerance (Shi et al. 2015). The adiposity
phenotype was in contrast to the phenotype of another DJ-1 model (Kim et al. 2014;
Seyfarth et al. 2015), which displayed a transient increase in body fat mass (adjusted
to body mass) in male and female DJ-1 KO mice, possibly caused by reduced physi-
cal activity of these DJ-1 KO mice (Seyfarth et al. 2015).

The reasons for the discrepancies in glucose homeostasis in the different DJ-1
KO mouse models may be explained by differences in the experimental setup (gen-
der, fasting time, age, length of HFD challenge, or microbiomes). The use of organ-
and cell-specific deletions of the DJ-1 gene, as well as mice overexpressing DJ-1,
will allow more comprehensive insights in the tissue- and cell-specific role of DJ-1
mice in the future.

11.3 The Role of DJ-1 in the Islet of Langerhans

11.3.1 Protective Effect of DJ-1 in Beta Cells

Dysfunction and progressive loss of the insulin-producing beta cells lead to chronic
hyperglycemia (Cnop et al. 2005; Weir and Bonner-Weir 2013; Remedi and
Emfinger 2016; Welters and Lammert 2014), which is preceded by a stage of insulin
resistance in T2DM. During mild insulin resistance, insulin overproduction by beta
cells is still sufficient to maintain normoglycemia. However, even mild hyperglycemia
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is thought to reduce glucose-stimulated insulin secretion (Weir and Bonner-Weir
2013). With increasing insulin resistance and hyperglycemia, beta cells face addi-
tional stresses: Firstly, beta cells are exposed to high levels of ROS (Bensellam et al.
2012) that are predominately produced in mitochondria and quenched by an anti-
oxidant defense system under normal conditions. However, as beta cells only
express low levels of antioxidant proteins, the antioxidative capacity is limited in
beta cells, thus more easily leading to oxidative stress (Lenzen 2008). Secondly,
prolonged periods of insulin overproduction trigger ER stress leading to the recruit-
ment of chaperones that support the folding or degradation of proteins. Excessive
and prolonged ER stress, however, also triggers apoptotic pathways causing beta
cell death (Weir and Bonner-Weir 2013).

In addition to oxidative stress and ER stress, beta cells in prediabetic subjects
and individuals with established T2DM patients encounter low-grade inflammation,
i.e., elevated levels of pro-inflammatory cytokines that affect islet function and sur-
vival (Abdulreda and Berggren 2013). The triggers for islet inflammation in T2DM
still need to be clarified though (Abdulreda and Berggren 2013). Some of the inflam-
matory pathways may be shared with type 1 diabetes mellitus, in which immune
cells infiltrate the islets and secrete cytotoxic pro-inflammatory cytokines promot-
ing beta cell death (Abdulreda and Berggren 2013; Eizirik et al. 2009; Jorns et al.
2014).

Arole of DJ-1 in oxidative stress/glucotoxic conditions in the islets of Langerhans
was first suggested in a large quantitative proteomic analysis when isolated mouse
islets were exposed to high glucose concentrations leading to a twofold upregula-
tion of the DJ-1 protein (Waanders et al. 2009). Thereafter, the beta cell protective
role of DJ-1 was shown for many different experimental stress conditions including
oxidative stress (Inberg and Linial 2010; Jain et al. 2012; Jo et al. 2016a; Waanders
et al. 2009), ER stress (Inberg and Linial 2010) or pro-inflammatory cytokine-
induced stress (Jain et al. 2015; Jo et al. 2016b). Moreover, DJ-1 was shown to
preserve mitochondrial integrity (Jain et al. 2012, 2015) and insulin secretion in
beta cells and experimental beta cell lines (Inberg and Linial 2010; Jain et al. 2012,
2015). In line with increased beta cell viability and function, DJ-1 mRNA and pro-
tein are upregulated in beta cell lines or isolated mouse and human islets in response
to experimental stress conditions, including treatment with H,O,, exposure to high
glucose concentrations (Inberg and Linial 2010; Jain et al. 2012; Waanders et al.
2009), or treatment with thapsigargin, an ER stress inducer (Inberg and Linial
2010). Likewise, MING cells with silenced DJ-1 levels are highly sensitive to H,O,-
mediated oxidative insult compared to cells with normal DJ-1 expression (Inberg
and Linial 2010).

Consistent with the DJ-1 loss-of-function experiments described, beta cell sur-
vival can be enhanced by DJ-1 overexpression in several beta cell lines. For exam-
ple, adenoviral overexpression of DJ-1 in mouse insulinoma cells (MING)
significantly preserved cell viability after H,O, or thapsigargin treatment (Inberg
and Linial 2010). Moreover, Jo et al. (2016a, b) demonstrated the protective effect
of a cell permeable DJ-1 protein (Tat-DJ-1), which protected rat insulinoma cells
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(RINmS5F) from H,0, and also from pro-inflammatory cytokine-induced cell stress
(Joetal. 20164, b).

The protective effects of DJ-1 were also demonstrated in vivo by challenging
DIJ-1-deficient mice with multiple low doses of STZ (Jain et al. 2015). STZ is a
glucose analogue causing DNA alkylation and NAD* depletion (due to hyperactiv-
ity of poly (ADP-ribose) polymerase, PARP) in beta cells resulting in insulitis and
beta cell death. STZ treatment led to a doubled rate of beta cell death, decreased
plasma insulin levels, increased fasting blood glucose concentrations, and a dra-
matically reduced glucose tolerance in DJ-1 KO mice compared to controls.
Moreover, the mitochondrial network was reduced and less insulin granules were
observed in STZ-treated DJ-1 KO beta cells compared to STZ-treated controls (Jain
et al. 2015). Increased cell death rates were also observed ex vivo, when isolated
islets of DJ-1 KO mice were treated with either a pro-inflammatory cytokine cock-
tail (interleukin-1f, tumor necrosis factor «, and interferon y) or with STZ (Jain
et al. 2015).

Most importantly, in human islets, an upregulation of DJ-1 protein was also
observed after exposure to high glucose concentrations, indicating a protective role
for DJ-1 in human beta cells (Jain et al. 2012). Interestingly, DJ-1 mRNA expres-
sion in human islets appears to be age dependent, i.e., DJ-1 expression was increased
in islets of elderly humans (with an average age of 74 years) compared to islets of
younger humans (with an average age of 44 years) (Jain et al. 2012). Thus, in human
beta cells, DJ-1 expression may increase and adjust these cells to an age-related
increase in ROS. The finding that DJ-1 expression is significantly reduced in the
islets of elderly human subjects with T2DM (Jain et al. 2012) suggests that failure
to upregulate DJ-1 weakens the cell stress defense in human islets making them
more susceptible to oxidative stress followed by beta cell dysfunction and death.

11.3.2 Molecular Basis of the DJ-1 Protective Effect
in Beta Cells

Different scenarios have been proposed to explain the beta cell protective effects of
DJ-1 at a molecular level. Firstly, DJ-1 may quench ROS species by oxidation of its
cysteine residues (Ariga et al. 2013). However, this capacity is limited (Junn et al.
2005), suggesting that ROS scavenging by DJ-1 alone is insufficient to normalize
cellular redox homeostasis. More likely, DJ-1 may act as a stress sensor, which
enables transcription factors to translocate to the nucleus, activates survival path-
ways, or reduces the activity of pro-apoptotic signaling pathways. The ability to
serve as a redox sensor is attributed to at least one of its three cysteine residues
(C106) thought to activate DJ-1 upon its oxidation (Ariga et al. 2013). In mouse
islets and MING6 cells, DJ-1 isoforms shift from basic to more acidic (oxidized)
forms after exposure to H,O, (Inberg and Linial 2010), suggesting that DJ-1 also
serves as an oxidative sensor in beta cells as is seen in neurons (Ariga et al. 2013;
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Kahle et al. 2009). Consistent with this notion, the beta cell protective effect of DJ-1
is lost when a DJ-1 mutant lacking the oxidative sensitive cysteine residue C106
was used (Jo et al. 2016a).

Several downstream pathways of DJ-1 have been proposed to mediate protection
of beta cells. For example, it has been reported that DJ-1 regulates nuclear factor
erythroid 2-related factor (Nrf2), a master regulator of cellular oxidative stress
defense, in cancer cell lines and mouse fibroblasts (Clements et al. 2006; Ma 2013).
Under oxidative stress conditions, DJ-1 sequesters Keap-1 (Kelch-like ECH-
associated protein 1), a cytosolic Nrf2-binding protein, which enables free Nrf2 to
translocate to the nucleus and induce the expression of antioxidative genes restoring
ROS levels to normal (Clements et al. 2006; Ma 2013). Although a potential link
between DJ-1 and Nrf2 activation in the beta cell remains to be shown, the Keap1-
Nrf2 system was shown to play an important role in beta cell maintenance in
response to toxic levels of reactive species (Dinic et al. 2016; Yagishita et al. 2014).

A link between DJ-1 and other pathways affecting beta cell viability, the NF-kB
and the mitogen-activated protein kinases (MAPK) pathways, has been suggested
under oxidative stress conditions in rat insulinoma cells (Jo et al. 2016a). NF-kB is
a transcription factor, which undergoes nuclear translocation, e.g., after oxidative
stress or cytokine exposure in many different cell types. In beta cells, a potential
activation of NF-kB by ROS or high glucose levels has been debated (Cnop et al.
2005). However, peroxide-challenged RINmSF cells displayed activated NF-kB,
and this activation is reduced (less phosphorylation of p65 and IkBa) if the cells are
treated with a cell permeable Tat-DJ-1 protein. This effect was abolished if cells
were treated with a mutant DJ-1 protein lacking the oxidation-sensitive cysteine
C106 (Jo et al. 2016a). Besides its effects on NF-kB, the functional Tat-DJ-1 protein
also reduced the phosphorylation of MAP kinases p38, JNK (c-Jun N-terminal
kinases), and ERK (extracellular signal-regulated kinases) (Jo et al. 2016a) and
attenuated the apoptotic pathway (e.g., resulting in less cleaved caspase-3) after
exposure to pro-inflammatory cytokines interleukin-1f, tumor necrosis factor «,
and interferon y (Jo et al. 2016b). As Tat-DJ-1 could reduce both, the peroxide and
cytokine-induced high ROS levels, (Jo et al. 2016a, b), the DJ-1 protective effect in
beta cells may primarily ground on its antioxidative effect.

Regarding ER stress, another DJ-1 protective mechanism was proposed by
Inberg et al. who identified the transcription factor TFII-I as a cytosolic interaction
partner of DJ-1 (Inberg and Linial 2010). TFII-I activates the expression of the
chaperone BiP, which is part of the unfolded protein response (UPR) in ER stress
(Inberg and Linial 2010). Interestingly, under conditions of high DJ-1 expression,
BiP expression was less increased after thapsigargin treatment (Inberg and Linial
2010). It was suggested that a high amount of cytosolic DJ-1 reduces TFII-I nuclear
translocation, thereby restraining the UPR response (including BiP). However, DJ-1
may also act via an independent mechanism to reduce ER stress.

Finally, DJ-1 protects mitochondrial integrity and function in beta cells via nor-
malizing ROS levels (Jain et al. 2012, 2015). Mitochondria are an important source
of ROS, and high ROS levels cause mitochondrial dysfunction and insulin secretion
defects in beta cells (Supale et al. 2012). MING6 cells silenced for DJ-1 display
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increased mitochondrial ROS levels, which can be restored to normal by transfec-
tion with a DJ-1 expression plasmid (Jain et al. 2012). Moreover, significantly more
fragmented mitochondria are observed in DJ-1 silenced MING6 cells and islets of
DJ-1 KO mice aged 12—13 weeks (Jain et al. 2012), an effect that could be reversed
by the antioxidant N-acetyl-L-cysteine (NAC) (Jain et al. 2012). Moreover, ATP
production, an important mediator of insulin secretion in response to high glucose,
was decreased in DJ-1-deficient mouse islets compared to control islets, consistent
with the mitochondrial phenotype (Jain et al. 2012). The molecular basis of the
protective effect of DJ-1 in mitochondria remains to be further explored. In this
context, however, it is noteworthy that expression levels of dynamin-like protein
(DLP1/DRP1), a regulator of mitochondrial fission, were shown to depend on DJ-1
expression in human neuroblastoma cells (Wang et al. 2012).

In conclusion, DJ-1 protects beta cells from various cell stresses and preserves
mitochondrial homeostasis and insulin secretion. However, a common molecular
mechanism explaining all cytoprotective effects of DJ-1 has not been proposed
so far.

11.4 Adipose Tissue

Adipose tissue plays a central role in the development of insulin resistance (Shulman
2014; Welters and Lammert 2014; McArdle et al. 2013). Adipocytes store excess
energy as triglycerides and also contribute to appetite and metabolic control by
secreting hormones (McArdle et al. 2013). In obesity, adipose tissue expands due to
adipocyte hypertrophy and differentiation of new adipocytes from precursor cells
(adipogenesis) (Sun et al. 2011). In severe obesity, hypoxia and a low-grade inflam-
mation introduced by resident and infiltrating immune cells lead to release of free
fatty acids and pro-inflammatory cytokines, negatively affecting insulin signaling in
other tissues (Sun et al. 2011; Samuel et al. 2010; Shulman 2014; Welters and
Lammert 2014; McArdle et al. 2013).

The role of DJ-1 in adipogenesis and inflammation has been studied in vitro and
in diet-induced obesity in rodents (Kim et al. 2014; Shi et al. 2015). DJ-1 is upregu-
lated during adipogenic differentiation of fibroblast-like 3T3-L1 cells toward adipo-
cytes in vitro. Interestingly, silencing of DJ-1 in 3T3-L1 reduced adipogenic
differentiation and decreased markers of mature adipocytes (PPARy, LPL, Glut4),
showing that DJ-1 is required for adipogenesis in vitro (Kim et al. 2014). However,
the role of DJ-1 in adipogenesis in vivo as investigated by Kim et al. (2014) may be
different or at least multifaceted, as the expression of adipogenic genes, adipocyte
number and size were not different between DJ-1 KO and control mice (Kim et al.
2014). This was partly confirmed for another DJ-1 mouse model that showed no
change in adipogenic and lipogenic gene expression in the adipose tissue (Shi et al.
2015). However, the DJ-1 KO mice in this model were leaner and had smaller adi-
pocytes compared to controls (Shi et al. 2015). Interestingly, mononuclear cell infil-
tration and interleukin-6 serum levels, a measure of adipose tissue inflammation in
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obesity, were decreased in DJ-1 KO mice suggesting that DJ-1 contributes to inflam-
mation in adipose tissue, which however did not change insulin resistance or glu-
cose tolerance in this mouse (Kim et al. 2014).

11.5 Skeletal Muscle

In humans and rodents, skeletal muscle accounts for most of the postprandial glu-
cose uptake. In response to obesity or HFD, ROS levels rise in skeletal muscle
(Anderson et al. 2009; Shi et al. 2015). In contrast to beta cells where extreme ROS
levels are deleterious (see section on beta cells), in skeletal muscle, high ROS levels
may rather be beneficial, especially as elevated ROS levels are found in conditions
associated with increased life span, e.g., during exercise (Tiganis 2011).

In line with this, low DJ-1 expression in skeletal muscle causes a rise in ROS
levels, which however did not lead to oxidative stress or mitochondrial disarrange-
ment (Shi et al. 2015). Instead, DJ-1, which is upregulated under HFD conditions,
seems to be involved in energy metabolism in the skeletal muscle, and DJ-1 defi-
ciency was reported to be favorable for insulin sensitivity and glucose tolerance in
vivo (Shi et al. 2015). It was suggested that elevated mitochondrial ROS levels in
DJ-1 KO skeletal muscle induce the expression of uncoupling protein 3 (UCP3),
thus facilitating proton leakage (mitochondrial uncoupling), increasing O, con-
sumption, but decreasing ATP production. As a consequence of emerging energy
depletion, AMPK, a central mediator of cellular energy levels, is activated leading
to increased glycolysis, generating a futile cycle thereby “wasting” energy (Shi
et al. 2015). In line with this, DJ-1 KO mice consumed more oxygen and energy
(even though no change in body temperature could be detected) and displayed a
decreased body weight and adiposity. Consistently, the mice were more insulin sen-
sitive and glucose tolerant compared to controls in response to a HFD (Shi et al.
2015). It remains to be resolved if other DJ-1 KO models share this phenotype, as
no weight changes (Kim et al. 2014) or even transiently increased adiposity (Seyfarth
et al. 2015) was reported for other DJ-1 KO mouse models in response to a HFD.

11.6 Liver

Hepatic insulin resistance leads to an increased glucose output contributing to
chronic hyperglycemia (Samuel et al. 2010; Welters and Lammert 2014; Perry et al.
2014). Little is known about a potential function of DJ-1 in hepatic insulin resis-
tance or nonalcoholic fatty liver disease (NAFLD), a condition closely related to
hepatic insulin resistance (Samuel et al. 2010; Perry et al. 2014). Even though
hepatic ROS levels rise in response to a HFD in mice (Lohr et al. 2016; Shi et al.
2015), DJ-1 mRNA expression is not found to increase (Shi et al. 2015). In addition,
ROS levels in the liver of DJ-1 KO mice were not different compared to control
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mice, and the degree of lipid accumulation as well as expression of genes control-
ling hepatic lipid metabolism were unchanged, indicating no major role of DJ-1 in
hepatic insulin resistance under the experimental conditions studied (Shi et al. 2015).

11.7 Conclusions and Implications for Future Research

DIJ-1 is a ubiquitously expressed antioxidative protein with multiple functions. Low
levels of DJ-1 are frequently associated with increasing ROS levels, especially
under challenging conditions like hyperglycemia. Most likely, elevated DJ-1 levels
will help to protect insulin- producing beta cells as well as other cells vulnerable to
oxidative stress. Increasing DJ-1 by pharmacological treatment may be one way
forward to treat diabetes and its complications, although adverse events of elevated
DIJ-1 activity have to be carefully considered, since ROS levels may correlate rather
than contribute to the pathogenesis of T2DM in some tissues (Finkel 2011). One
way forward to increase DJ-1 levels may be the clinically used chemical chaperone
4-phenyl butyric acid (PBA), which increases DJ-1 expression (Zhou et al. 2011)
and improves insulin resistance in T2DM rodent mouse model (Ozcan et al. 2006).
Alternatively, substances designed to maintain the activity of DJ-1 by preventing its
hyperoxidation and inactivation (Inden et al. 2011; Kitamura et al. 2011) could be
tested under conditions of T2DM.
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