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Diabetes mellitus is a heterogeneous group of disorders char-
acterized by high blood glucose levels. It is projected that by
2025 there will be 300 million people afflicted with diabetes
worldwide (Kaul et al. 2012). There are numbers of complica-
tions caused by diabetes, including increased heart disease,
stroke, blindness, kidney failure, and delayed wound healing.
Diabetes affects the oral cavity by increasing the prevalence of
caries, gingivitis, periodontal disease, implantitis, fibromas,
and traumatic ulcers (Guggenheimer et al. 2000). Chronic dia-
betic wounds affect up to one-fourth of diabetic patients
(Eming et al. 2014), and oral soft tissue lesions are twice as
prevalent (Guggenheimer et al. 2000). A number of factors
may contribute to impaired healing in diabetics, such as
increased blood glucose levels that cause metabolic distress at
the cellular level, greater formation of advanced glycation end-
products (AGEs) that form as a result of increased glucose,
increased expression of inflammatory cytokines, and elevated
oxidative stress (Hameedaldeen et al. 2014).

Wound healing is a complex and highly orchestrated bio-
logical process that includes inflammation, re-epithelialization,
granulation tissue formation, and remodeling. The prolifera-
tion and migration of epidermal keratinocytes into the wound
site is required for normal healing. Recent evidence indicates
that the forkhead box O1 (FOXO1) transcription factor plays a
critical role in orchestrating the events that promote a healing
response in keratinocytes. FOXO1 belongs to a family of fork-
head transcription factors that participate in a wide range of
cellular processes, including cell cycle arrest, DNA repair,
apoptosis, and oxidative stress resistance. Ponugoti et al.
(2013) showed that FOXOI1 nuclear localization increased
4-fold in wound-healing keratinocytes. FOXOI1 promotes
keratinocytes migration by upregulating transforming growth
factor B1 (TGF-B1) and its downstream target genes: integrin
a3 and B6 and matrix metalloproteinase 3 and 9. FOXOI1 acti-
vation is also important for resisting oxidative stress that would
otherwise interfere with keratinocyte migration and stimulate
apoptosis (Ponugoti et al. 2013). Similarly, in oral mucosa,
deletion of FOXO1 in keratinocytes results in reduced TGF-f1
expression, diminished mucosal epithelial migration, and
impaired re-epithelialization (Xu et al. 2015). Thus, in normal
wounds, FOXOI1 represents an important transcription factor
that promotes a healing response.

Conditional deletion of FOXO1 in keratinocytes of diabetic
wounds has the opposite effect compared with its role in normal

healing (Xu et al. 2015; Zhang et al. 2015). Deleting FOXO1 in
keratinocytes in oral mucosal wounds or in skin wounds signifi-
cantly improves re-epithelialization. This result indicates that
FOXO1 switches from promoting healing under normal condi-
tions to inhibiting it in diabetic wounds. To better understand
this differential effect, mRNA profiling was carried out, which
identified genes that were upregulated by high glucose in a
FOXO1-dependent manner. These genes include chemokine
(C-C motif) ligand 20 (CCL20), serpin peptidase inhibitor clade
B2 (SERPINB2), and interleukin-36y (IL-36y), and their
expression is elevated in diabetic wounds in a FOXOI-
dependent manner in vivo. Furthermore, conditions present in
diabetes, such as high levels of glucose, AGEs, and TNF, stimu-
late FOXO1 binding to the promoters of these genes to increase
their expression (Zhang et al. 2015). This is detrimental to heal-
ing since high levels of CCL20, SERPINB2, and IL-36y inter-
fere with keratinocyte migration in vitro and are associated with
reduced re-epithelialization in vivo (Xu et al. 2015; Zhang et al.
2015). Interestingly, high concentrations of glucose, AGEs, and
TNF also reduce binding of FOXOI1 to the promoter region of
TGF-B1, preventing FOXO1 from inducing TGF-B1 transcrip-
tion. This finding provides a mechanistic basis for how diabetes
may cause a reduction in TGF-B1 to contribute to an impaired
healing response. Thus, factors that are elevated in diabetic
wounds cause a switch in FOXO1 downstream gene targets to
reduce FOXOI1 induction of TGF-f1 and increase FOXOI
binding to the promoter regions of factors that may inhibit re-
epithelialization, as summarized in the Figure.

The precise mechanisms that cause this shift in FOXO1
downstream targets have not yet been clarified. Two possibili-
ties are that FOXO1 activity is modulated by (1) posttransla-
tional modification or (2) a change in proteins that interact with
FOXO1, which function as coactivators or corepressors
(Ponugoti et al. 2012). FOXO1 undergoes posttranslational

'Department of Oral and Maxillofacial Surgery, Peking University School
and Hospital of Stomatology, Beijing, China

2School of Dental Medicine, University of Pennsylvania, Philadelphia, PA,
USA

Corresponding Author:

D.T. Graves, Department of Periodontics, School of Dental Medicine,
University of Pennsylvania, |st Floor Evans Building, 240 S. 40th St,
Philadelphia, PA 19104, USA.

Email: dtgraves@dental.upenn.edu

Downloaded from jdr.sagepub.com at Peking University Library on December 13, 2015 For personal use only. No other uses without permission.

© International & American Associations for Dental Research 2015


http://jdr.sagepub.com/

1026

Journal of Dental Research 94(8)

Normoglycemic
Wound Healing

. FOX01

Promote
wound
healing

also possible that FOXO1 activity in
keratinocytes affects connective tissue
healing due to the influence of kerati-
nocytes on the formation of granulation
tissue, but this question remains to be
explored (Hameedaldeen et al. 2014).
Moreover, diabetes affects many differ-
ent factors and pathways that modulate
healing. While FOXO1 has been shown
to play an important role in repair, there
are many aspects of wound healing that
are likely to be independent of FOXO1.
Thus, the specific benefits of inhibiting
FOXOL1 in diabetic healing need to be
experimentally examined.
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Figure. Forkhead box Ol (FOXOI) differentially regulates wound healing in normoglycemic
and diabetic conditions. Wounding stimulates FOXO| translocation to the nucleus. Left panel:
In normal wounds, FOXO/| binds to the transforming growth factor $1 (TGF-B1) promoter to
increase TGF-B1 transcription and expression. FOXO I -induced TGF-B1 enhances keratinocyte
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migration, which promotes re-epithelialization and wound closure. Insulin signaling through Akt

prevents hyperactivation of FOXOI| by driving it out of the nucleus. Right panel: In diabetic
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wounds, high glucose, advanced glycation endproducts (AGEs), and TNF-a stimulate FOXO

nuclear localization but modulate FOXO| so that it does not bind to TGF-B1 promoter but instead
exhibits increased binding to chemokine (C-C motif) ligand 20 (CCL20), serpin peptidase inhibitor,
clade B2 (SERPINB2), and interleukin-36y (IL-36y) promoters. High levels of CCL20, SERPINB2,
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and IL-36y interfere with keratinocyte migration and impair re-epithelialization. Insulin, which
would normally act as a break on FOXOI| activity, is reduced, compounding the effect of high
glucose, AGE, and TNF stimulation. Green arrows indicate stimulation of a cellular event; red lines

represent inhibition.

modification near its DNA-binding domain by acetylation or
phosphorylation, which may increase or decrease FOXO1
binding to target gene promoters. In addition, FOXO1 forms
complexes with other proteins that help to enhance or reduce
FOXO1’s transcriptional activity. For example, FOXO1 inter-
acts with another transcription factor, specificity factor-1
(Spl), to bind to the promoter region of Tbx21 and suppress
transcription, an important control point in limiting natural
killer cell activity (Deng et al. 2015). Thus, FOXO1 expressed
in keratinocytes may have posttranslational modifications
induced by glucose, AGEs, or TNF, or these factors may cause
FOXOL1 to interact with different proteins to alter its binding to
DNA of specific gene promoters. Lastly, insulin signaling
phosphorylates FOXO1 and excludes it from the nucleus.
Zhang et al. (2015) found that insulin reversed the negative
effect of FOXO1 on keratinocytes incubated in media with
high glucose, AGE, or TNF. Thus, insulin may be protective by
moving FOXOL1 out of the nucleus under normal conditions.
But in diabetic wounds, low insulin signaling may compound
the effect of high glucose, AGEs, and TNF. This finding may
also explain how topical insulin treatment overcomes delayed
wound healing in diabetic patients (Paul 1966). It is
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