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The GSK-3@/Fyn/Nrf2 pathway in fibroblasts
and wounds of type 2 diabetes

On the road to an evidence-based therapy of non-healing wounds
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q constitutively downregulated cyto-

protective mechanism in response

to oxidative stress and its constant
companion, inflammation, may exist in
clinical and experimental diabetes. The
Nrf2 signaling pathway promotes the
expression of a plethora of genes that
regulate processes involved in protein
stability, proteosome integrity,
phagy, senescence and protection against
oxidative stress and inflammation. Nrf2 is
held in the cytoplasm as an inactive
complex bound to Keapl, which facili-
tates its ubiquitination. Dissociation of
Nrf2 from its repressor Keapl occurs in

response to a stressful insult. Covalent

auto-

modifications involving phosphorylation
or acetylation of the free Nrf2 dictates
its nucleocytoplasmic localization and
henceforth the transcriptional activity of
this pleiotropic protein. Bitar and Al-
Mulla recently reported that an enhance-
in the GSK-38-Fyn signaling
mechanism in wounds or fibroblasts of
type 2 diabetes contributes to the dimi-
nution in Nrf2 nuclear accumulation and

ment

the concomitant aberration in the expres-
sion of Nrf2-dependent phase 2 anti-
oxidant enzymes. This phenomenon was
associated with a significant decrease
in key fibroblast functions essential for
wound healing, including cell migration
and contraction. Overall, the authors
newly identified defects in the GSK-38-
Fyn-Nrf2 signaling pathway during dia-
betes that may assist in placing us on the
road for an evidence-based therapy of
non-healing chronic wounds.

With the increase in prevalence of type 2
diabetes mellitus, a rise in the incidence
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of secondary co-morbidities, including
impaired wound healing, cardiovascular
disease, kidney failure and retinopathy, is
anticipated. For example, approximately
15% of all individuals with diabetes will
at some time have a non-healing wound
despite insulin treatment and a meti-
culously controlled diet.! This unrelenting
decline in tissue repair mechanisms means
for many patients that the condition may
progress to lower extremity amputations.
The life-long sustained effects of oxidative
stress, electrophile toxicity, chronic low-
grade inflammation and more recently
premature senescence, appear to contri-
bute in large to these chronic diabetic
complications. To this end, there is an
urgent need to develop an effective
strategy of targeting a multi-factorial
cytoprotective mechanism that mitigates
the deleterious effects of these stressors
and henceforth ameliorates the ravages
of diabetes-related pathologies, including
non-healing wounds.

An attractive and promising possibility
is typified by a pathway that is mediated
by the pleotropic transcription factor,
nuclear factor erythroid 2-related factor 2
(Nrf2).> Nrf2, through binding to the
antioxidant response element (ARE), regu-
lates a diverse array of more than 200 gene
encoding proteins, which enable cells to
combat oxidative stress, resolve inflam-
mation, maintain proteosome integrity,
delay senescence and modulate auto-
phagy.* Most of these potentially based
therapeutic features of Nrf2 have been
illustrated through the use of Nrf2 knock-
out mice or their fibroblasts.

Under physiological conditions, Nrf2
resides primarily in the cytoplasm in
association with its repressor, Keapl, that
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promotes  rapid  proteasome-mediated
degradation via a Cul3-based E3 ubiquitin
ligase complex.” However, in response to
a stressful insult to the organism or cell
itself, Nrf2 is stabilized by dissociation
from Keapl, translocates into the nucleus
and binds to cis-elements called ARE as a
heterodimer with other transcription
factors, such as Maf or jun.® This enhances
the coordinated induction of a battery of
cytoprotective genes. Another mechanism
mediating the nucleocytoplasmic localiza-
tion of free Nrf2, involves phosphorylation
or acetylation. In this context, oxidative
stress promotes the phosphorylation of
Nrf2 at Tyr 568, possibly via a process
involving the glycogen synthase kinase-38
(GSK-38)/Fyn  kinase-dependent  path-
way.”? This results in a significant dimi-
nution in the nuclear accumulation of
Nrf2 and the subsequent impairment in
Nrf2-induced activation of ARE-driven
gene promoters. In contrast, acetylation
of Nrf2 by CREB-binding protein (CBP)
enhances the DNA binding and the
transcriptional activity of this pleiotropic
protein."’

An indolent non-healing wound is a
characteristic feature of clinical and experi-
mental diabetes, although its exact causes
are unknown. Employing cultured dermal
fibroblasts and a 7-d full thickness circular
wound of type 2 diabetes, Bitar and
Al-Mulla presented intriguing evidence
linking this diabetic phenotype to heigh-
tened states of oxidative stress and
inflammation in addition to a dysregula-
tion in the Nrf2 signaling pathway.'' The
authors showed that the generation of
reactive oxygen species (ROS) by NADPH
oxidase and mitochondria, together with
the cellular contents of protein-bound
catbonyls and lipid peroxidation, were
augmented as a function of diabetes.
Similarly, an increase in key indices of
inflammation (e.g., TNF-a, IL-18, MCP1
and fractalkine) also evident in
fibroblasts'' and wounds'> of type 2
diabetes. This diabetes-related increase
in pro-oxidant/inflammatory capacity was

was

associated with a significant decrease in
total levels of Nif2, an abnormality that
appeared to stem from an upregulation in
the Keap1-Cul3-dependent Nrf2 degrada-
tion. Consistent with these data, Bitar
and Al-Mulla also demonstrated that
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the nuclear accumulation of Nrf2, its
transcriptional activity and the levels of
expression of Nrf2-dependent phase 2
antioxidant enzymes were also reduced
as a function of diabetes. The authors
proposed that diabetic cells or wounds not
only face states of oxidative stress and
inflammation, but are also likely to have
an impaired adaptive response to these
stresses. In advancing this notion, they
subjected fibroblasts derived from control
and type 2 diabetic animals to endogenous
and exogenous oxidative stress using
oligomycin and tetra-butylhydroquinone,
respectively. Their findings confirmed that
control fibroblasts or wounds (unpub-
lished observations) exhibited an adaptive
induction in the Nrf2-dependent signaling
pathway, a response that was severely
impaired as a function of diabetes. More
intriguingly, they documented that this
diabetes-related deficit in both the cellular
redox state and the Nrf2-based adaptive
response to oxidative stress stem from an
augmentation in GSK-38/Fyn regulatory
mechanism. Credence for this proposition
is the authors’ elegant finding showing
that chemical inhibition (e.g., lithium,
thiadiazolidinone TDZD), or genetic
knockout of GSK3-8, mitigated the
deficit in Nrf2 signaling during diabetes.
Interestingly, knocking out Nrf2 in con-
trol fibroblasts recapitulated most of the
aforementioned phenotypic features of
diabetes. In view of the above documenta-
tion of heightened states of oxidative
stress and inflammation, the main culprits
driving wound healing impairment during
diabetes, one can predict that antioxidants
or Nrf2 activators, with the inherent
properties of suppressing ROS and inflam-
mation, could potentially have therapeutic
values.

The authors’ current data are remini-
scent of previously published results
documenting that Nrf2 knockout mice
showed prolonged inflammation during
cutaneous wound healing,”® increased
oxidative stress and impaired liver
regeneration.'”  Moreover, the Nrf2-
deficient animals are more prone to
chronic kidney failure'® and also appear
to exhibit high susceptibility to a variety
of oxidative stressors, including glucose-
induced cardiomyocyte damage, acetami-
nophen toxicity and hyperoxic lung
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injury.'®"” Indeed, even the protective
effect of caloric restriction against tumor
was virtually ablated in Nrf2™/~ mice."®
Finally, the anti-inflammatory potencies of
a number of chemical classes appear to
correlate with the ability of these agents to
induce phase 2 enzymes, which require the
functional integrity of Nrf2."

Opverall, the present study viewing Nrf2
signaling in the context of wound healing,
inflammation, oxidative stress and diabetes
comes on the heels of recent findings
implicating Nrf2 first, in tissue regenera-
tion and Notch 1 signaling,*® and second,
in preserving proteasome integrity and
delaying senescence.”’ The latter pheno-
menon has been shown to contribute to
chronic non-healing venous ulcers.”> To
this end, the findings of Bitar and Al-
Mulla,""  together with those garnered
from the literature, open up the tantalizing
possibility of targeting Nrf2 signaling, or
its GSK-33/Fyn regulatory mechanism, to
specifically suppress the pernicious effects
of oxidative stress and its constant com-
panions, inflammation and senescence, on
tissue repair mechanisms, henceforth pre-
venting or retarding the development of
non-healing diabetic ulcers. A case in point
in this regard is a recent study published
by the same authors revealing that the
o-lipoic acid, a scavenger of ROS and
an enhancer of Nrf2-dependent phase 2
antioxidant enzymes, ameliorated the
defect in IGF-1 ability’s to promote
wound healing during diabetes. In addi-
tion, this Nrf2 activator also accelerated
key elements of the reparative process both
in vitro and in vivo models of wound
healing during diabetes.” Similar data
were obtained with the antioxidant EUK
134, a superoxide/catalase mimetic. Of
course, much remains to be done to
further understand the role that Nrf2
signaling plays as a function of diabetes,
but the floodgates have been opened and
Nrf2, Keapl or GSK-38 is emerging as
an increasingly attractive target for small
molecule activators (Nrf2) or inhibitors
(GSK-3B or Keap1) to ameliorate some of
the chronic diabetic complications, includ-
ing the indolent non-healing ulcers.

Acknowledgments

This work was supported by KFAS grant
2003-130-201.

Volume 1 Issue 3



References

Chittenden SJ, Shami SK. Microangiopathy in diabetes
mellitus: I. Causes, prevention and treatment. Diabetes
Res 1991; 17:105-14; PMID:1841026

Pecoraro RE, Reiber GE, Burgess EM. Pathways
to diabetic limb amputation. Basis for prevention.
Diabetes Care 1990; 13:513-21; PMID:2351029;
http://dx.doi.org/10.2337/diacare.13.5.513

Motohashi H, Yamamoto M. Nrf2-Keapl defines a
physiologically important stress response mechanism.
Trends Mol Med 2004; 10:549-57; PMID:15519281;
http://dx.doi.org/10.1016/j.molmed.2004.09.003
Lewis KN, Mele J, Hayes JD, Buffenstein R. Nif2, a
guardian of healthspan and gatekeeper of species
longevity. Integr Comp Biol 2010; 50:829-43; PMID:
21031035; http://dx.doi.org/10.1093/icb/icq034

Kwak MK, Wakabayashi N, Itoh K, Motohashi H,
Yamamoto M, Kensler TW. Modulation of gene
expression by cancer chemopreventive dithiolethiones
through the Keapl-Nrf2 pathway. Identification of
novel gene clusters for cell survival. ] Biol Chem 2003;
278:8135-45; PMID:12506115; http://dx.doi.org/10.
1074/jbe. M211898200

Lee JM, Calkins MJ, Chan K, Kan YW, Johnson JA.
Identification of the NF-E2-related factor-2-dependent
genes conferring protection against oxidative stress in
primary cortical astrocytes using oligonucleotide micro-
array analysis. ] Biol Chem 2003; 278:12029-38; PMID:
12556532; http://dx.doi.org/10.1074/jbc. M211558200
Jain AK, Jaiswal AK. GSK-3beta acts upstream of Fyn
kinase in regulation of nuclear export and degradation
of NF-E2 related factor 2. ] Biol Chem 2007; 282:
16502-10; PMID:17403689; http://dx.doi.org/10.1074/
jbe.M611336200

Niture SK, Jain AK, Shelton PM, Jaiswal AK. Src
subfamily kinases regulate nuclear export and degrada-
tion of transcription factor Nrf2 to switch off Nrf2-
mediated antioxidant activation of cytoprotective gene
expression. ] Biol Chem 2011; 286:28821-32; PMID:
21690096; http://dx.doi.org/10.1074/jbc.M111.255042
Salazar M, Rojo Al, Velasco D, de Sagarra RM,
Cuadrado A. Glycogen synthase kinase-3beta inhibits
the xenobiotic and antioxidant cell response by direct
phosphorylation and nuclear exclusion of the trans-
cription factor Nrf2. J Biol Chem 2006; 281:14841-
51; PMID:16551619; http://dx.doi.org/10.1074/jbc.
M513737200

www.landesbioscience.com

13.

15.

. Kawai Y, Gardufio L, Theodore M, Yang J, Arinze IJ.

Acetylation-deacetylation of the transcription factor
Nif2 (nuclear factor erythroid 2-related factor 2)
regulates its transcriptional activity and nucleocytoplas-
mic localization. J Biol Chem 2011; 286:7629-40;
PMID:21196497; http://dx.doi.org/10.1074/jbc.
M110.208173

. Bitar MS, Al-Mulla F. A defect in Nrf2 signaling

constitutes a mechanism for cellular stress hypersen-
sitivity in a genetic rat model of type 2 diabetes. Am J
Physiol Endocrinol Metab 2011; 301:E1119-29;
PMID:21878664; http://dx.doi.org/10.1152/ajpendo.
00047.2011

. Al-Mulla F, Leibovich SJ, Francis IM, Bitar MS.

Impaired TGF-g signaling and a defect in resolution of
inflammation contribute to delayed wound healing in a
female rat model of type 2 diabetes. Mol Biosyst 2011;
7:3006-20; PMID:21850315;  http://dx.doi.org/10.
1039/c0mb00317d

Braun S, Hanselmann C, Gassmann MG, auf dem
Keller U, Born-Berclaz C, Chan K, et al. Nrf2
transcription factor, a novel target of keratinocyte
growth factor action which regulates gene expression
and inflammation in the healing skin wound. Mol Cell
Biol 2002; 22:5492-505; PMID:12101242; http://dx.
doi.org/10.1128/MCB.22.15.5492-5505.2002

. Beyer TA, Xu W, Teupser D, auf dem Keller U,

Bugnon P, Hildt E, et al. Impaired liver regeneration in
Nif2 knockout mice: role of ROS-mediated insulin/
IGF-1 resistance. EMBO ] 2008; 27:212-23; PMID:
18059474; http://dx.doi.org/10.1038/sj.emboj.7601950
Kim HJ, Vaziri ND. Contribution of impaired Nrf2-
Keapl pathway to oxidative stress and inflammation in
chronic renal failure. Am J Physiol Renal Physiol 2010;
298:F662-71; PMID:20007347; http://dx.doi.org/10.
1152/ajprenal.00421.2009

. Kensler TW, Wakabayashi N, Biswal S. Cell survival

responses to environmental stresses via the Keapl-
Nif2-ARE pathway. Annu Rev Pharmacol Toxicol
2007; 47:89-116; PMID:16968214; http://dx.doi.org/
10.1146/annurev.pharmtox.46.120604.141046

Adipocyte

17.

18.

19.

20.

21.

22.

23.

Reisman SA, Buckley DB, Tanaka Y, Klaassen CD.
CDDO-Im protects from acetaminophen hepatotoxi-
city through induction of Nrf2-dependent genes.
Toxicol Appl Pharmacol 2009; 236:109-14; PMID:
19371629;  http://dx.doi.org/10.1016/j.taap.2008.12.
024

Pearson KJ, Lewis KN, Price NL, Chang JW, Perez E,
Cascajo MV, et al. Ntf2 mediates cancer protection but
not prolongevity induced by caloric restriction. Proc
Natl Acad Sci U S A 2008; 105:2325-30; PMID:
18287083; http://dx.doi.org/10.1073/pnas.0712162105
Liu H, Dinkova-Kostova AT, Talalay P. Coordinate
regulation of enzyme markers for inflammation and for
protection against oxidants and electrophiles. Proc Nat
Acad Sci U S A 2008; 105:15926-31; PMID:18838692;
hetp://dx.doi.org/10.1073/pnas.0808346105
Wakabayashi N, Shin S, Slocum SL, Agoston ES,
Wakabayashi J, Kwak MK, et al. Regulation of notchl
signaling by nrf2: implications for tissue regeneration.
Sci Signal 2010; 3:ra52; PMID:20628156; htep://dx.
doi.org/10.1126/scisignal. 2000762

Kapeta S, Chondrogianni N, Gonos ES. Nuclear
erythroid factor 2-mediated proteasome activation
delays senescence in human fibroblasts. J Biol Chem
2010; 285:8171-84; PMID:20068043; http://dx.doi.
org/10.1074/jbc.M109.031575

Wall 1B, Moseley R, Baird DM, Kipling D, Giles P,
Laffafian I, et al. Fibroblast dysfunction is a key factor
in the non-healing of chronic venous leg ulcers. J Invest
Dermatol  2008; 128:2526-40; PMID:18449211;
heep://dx.doi.org/10.1038/id.2008.114

Bitar MS, Al-Mulla F. ROS constitute a convergence
nexus in the development of IGF1 resistance and
impaired wound healing in a rat model of type 2
diabetes. Dis Model Mech 2012; 5:375-88; PMID:
22362362; http://dx.doi.org/10.1242/dmm.007872

163


http://www.ncbi.nlm.nih.gov/pubmed/1841026
http://www.ncbi.nlm.nih.gov/pubmed/2351029
http://dx.doi.org/10.2337/diacare.13.5.513
http://www.ncbi.nlm.nih.gov/pubmed/15519281
http://dx.doi.org/10.1016/j.molmed.2004.09.003
http://www.ncbi.nlm.nih.gov/pubmed/21031035
http://www.ncbi.nlm.nih.gov/pubmed/21031035
http://dx.doi.org/10.1093/icb/icq034
http://www.ncbi.nlm.nih.gov/pubmed/12506115
http://dx.doi.org/10.1074/jbc.M211898200
http://dx.doi.org/10.1074/jbc.M211898200
http://www.ncbi.nlm.nih.gov/pubmed/12556532
http://www.ncbi.nlm.nih.gov/pubmed/12556532
http://dx.doi.org/10.1074/jbc.M211558200
http://www.ncbi.nlm.nih.gov/pubmed/17403689
http://dx.doi.org/10.1074/jbc.M611336200
http://dx.doi.org/10.1074/jbc.M611336200
http://www.ncbi.nlm.nih.gov/pubmed/21690096
http://www.ncbi.nlm.nih.gov/pubmed/21690096
http://dx.doi.org/10.1074/jbc.M111.255042
http://www.ncbi.nlm.nih.gov/pubmed/16551619
http://dx.doi.org/10.1074/jbc.M513737200
http://dx.doi.org/10.1074/jbc.M513737200
http://www.ncbi.nlm.nih.gov/pubmed/21196497
http://dx.doi.org/10.1074/jbc.M110.208173
http://dx.doi.org/10.1074/jbc.M110.208173
http://www.ncbi.nlm.nih.gov/pubmed/21878664
http://dx.doi.org/10.1152/ajpendo.00047.2011
http://dx.doi.org/10.1152/ajpendo.00047.2011
http://www.ncbi.nlm.nih.gov/pubmed/21850315
http://dx.doi.org/10.1039/c0mb00317d
http://dx.doi.org/10.1039/c0mb00317d
http://www.ncbi.nlm.nih.gov/pubmed/12101242
http://dx.doi.org/10.1128/MCB.22.15.5492-5505.2002
http://dx.doi.org/10.1128/MCB.22.15.5492-5505.2002
http://www.ncbi.nlm.nih.gov/pubmed/18059474
http://www.ncbi.nlm.nih.gov/pubmed/18059474
http://dx.doi.org/10.1038/sj.emboj.7601950
http://www.ncbi.nlm.nih.gov/pubmed/20007347
http://dx.doi.org/10.1152/ajprenal.00421.2009
http://dx.doi.org/10.1152/ajprenal.00421.2009
http://www.ncbi.nlm.nih.gov/pubmed/16968214
http://dx.doi.org/10.1146/annurev.pharmtox.46.120604.141046
http://dx.doi.org/10.1146/annurev.pharmtox.46.120604.141046
http://www.ncbi.nlm.nih.gov/pubmed/19371629
http://www.ncbi.nlm.nih.gov/pubmed/19371629
http://dx.doi.org/10.1016/j.taap.2008.12.024
http://dx.doi.org/10.1016/j.taap.2008.12.024
http://www.ncbi.nlm.nih.gov/pubmed/18287083
http://www.ncbi.nlm.nih.gov/pubmed/18287083
http://dx.doi.org/10.1073/pnas.0712162105
http://www.ncbi.nlm.nih.gov/pubmed/18838692
http://dx.doi.org/10.1073/pnas.0808346105
http://www.ncbi.nlm.nih.gov/pubmed/20628156
http://dx.doi.org/10.1126/scisignal.2000762
http://dx.doi.org/10.1126/scisignal.2000762
http://www.ncbi.nlm.nih.gov/pubmed/20068043
http://dx.doi.org/10.1074/jbc.M109.031575
http://dx.doi.org/10.1074/jbc.M109.031575
http://www.ncbi.nlm.nih.gov/pubmed/18449211
http://dx.doi.org/10.1038/jid.2008.114
http://www.ncbi.nlm.nih.gov/pubmed/22362362
http://www.ncbi.nlm.nih.gov/pubmed/22362362
http://dx.doi.org/10.1242/dmm.007872

	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23

