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Abstract: Re-epithelialization is a complex process that involves migration and 

proliferation of keratinocytes, in addition to the production of cytokines and growth factors 

that affect other cells. The induction of transcription factors during these processes is 

crucial for successful wound healing. The transcription factor forkhead boxO-1 (FOXO1) 

has recently been found to be an important regulator of wound healing. In particular, 

FOXO1 has significant effects through regulation of transforming growth factor-beta  

(TGF-β) expression and protecting keratinocytes from oxidative stress. In the absence of 

FOXO1, there is increased oxidative damage, reduced TGF-β1 expression, reduced 

migration and proliferation of keratinocytes and increased keratinocytes apoptosis leading 

to impaired re-epithelialization of wounds. 
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1. Introduction 

Skin acts as a barrier, protecting the host from external forces and pathogenic organisms. Wounds 

allow foreign materials and organisms entry into the body. Therefore, wound healing is an important 

adaptive response against infection and is needed for the maintenance of homeostasis [1]. The healing 

process begins immediately after injury and occurs in three phases: inflammation and migration, 

proliferation, and remodeling and maturation [2]. Inflammation and migration involve degranulation  

of platelets and recruitment of neutrophils to the site of injury followed by recruitment of other 

leukocytes such as macrophages, which produce growth factors and cytokines [1,2]. Depending on  

the size of the wound and specific conditions, proliferation occurs during days 2–7 of wound healing  

and results in the formation of extracellular matrix and re-epithelialization [3,4]. Remodeling and  

maturation are the final stages in which the wound stabilizes and the proliferation of cells decrease [1,4]. 

Apoptosis, programmed cell death, is crucial to the cessation of tissue repair [5,6]. 

2. Inflammation 

Neutrophils arrive at injured sites and phagocytize bacteria and debris, in addition to producing 

cytokines that aid in the recruitment of cells needed for revascularization and tissue restoration [6,7]. 

Neutrophils synthesize cytokines, such as IL-1, IL-6 and transforming growth factor (TGF)-α. These 

cytokines are important in regulating humoral and innate immunity, including the stimulation of 

macrophages and lymphocytes [6,7]. Macrophages, which arrive later, produce cytokines, growth 

factors, and angiogenic factors that regulate fibroblast proliferation and angiogenesis [8]. Macrophages 

produce IL-1α, IL-1β, IL-6, IL-12 and TNF-α, which are important in enhancing inflammation, and 

stimulate chemokines that induce the recruitment of leukocytes and stem cells [8]. Growth factors such 

as fibroblast growth factor (FGF), TGF-β, TGF-α and platelet derived growth factor (PDGF) stimulate 

migration and chemotaxis of keratinocytes and endothelial cells [8]. Chemokine ligands CXCL11, 

CXCL10 and CXCL4 and its receptor CXCR3 are essential for dermal maturation. CX3CL1 plays  

a role in attracting bone marrow-derived monocytes [8]. Inflammation later subsides in part due  

to apoptosis of leukocytes and the effect of mesenchymal stem cells that enhance the formation of  

anti-inflammatory regulatory T cells, which, in turn, reduce the proliferation and activation of natural 

killer cells, dendritic cells, and macrophages [6,8]. 

During the inflammatory phase, bone marrow releases multi-potent progenitor/stem cells into the blood 

stream [3]. Stem cells contribute to the proliferation and migration of epithelial cells and angiogenesis 

by releasing vascular endothelial growth factor (VEGF), insulin-like growth factor (IGF)-1, epidermal 

growth factor (EGF), keratinocyte growth factor, angiopoietin-1, stromal derived factor-1, CCL3, 

CCL4 and erythropoietin [3,8]. Epithelial stem cells, which are released from the hair follicles and 

sweat glands, contribute to the re-epithelialization process in wound repair [8,9]. In addition, basal 

keratinocytes at the wound edges are released from the basement membrane by the action  

of matrix metalloproteinases and migrate from the wound edge under the fibrin clot to participate  

in re-epithelialization [2,8]. 

Epithelial stem cells in the skin are divided into three subgroups: inter-follicular epidermal stem 

cells, hair follicle stem cells and stem cells of other ectodermal appendages [9]. Epithelial stem cells 
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help in the daily normal physiological epidermal renewal and hair follicles regeneration [9]. During 

wound healing, epithelial stem cells aid in re-epithelialization by differentiating into epithelial  

cells, mainly keratinocytes and recruiting epidermal progeny cells [9,10]. They also differentiate into 

glandular and ductal cells to maintain the ducts opening, of sweat and sebaceous glands, to the skin 

surface. After re-epithelialization, some epithelial stem cells differentiate into neogenic hair follicle 

which forms the hair shaft [9]. 

3. Matrix Metalloproteinases 

Matrix metalloproteinases (MMPs) play an essential role in re-epithelialization [11]. They disrupt 

hemidesmosome attachments to facilitate release of keratinocytes from the basement membrane and 

migration into the wound. Keratinocytes produce several MMPs that are needed for migration, 

including MMP-1, -2, -3, -9 and -10 [11]. Tissue inhibitors of metalloproteinase (TIMPs) block MMP 

activity and also are expressed during healing [12]. If the expression of TIMPs exceeds that of MMPs 

in the early phases of wound repair, healing is compromised through reduced keratinocyte migration. 

For example, mice that over-express TIMP-1 in keratinocytes have reduced keratinocyte migration and 

decrease the rate of skin wound healing by 4.6-fold [12]. Inhibition of MMP9 activity in vitro inhibits 

keratinocyte migration and deletion of MMP-9 in vivo in genetically modified mice reduces the rate of 

healing [13]. In vivo study reported that at day 10, 40% of wound closure and re-epithelialization 

occurred on mice with MMP-9 deletion while the control group had 100% healed wound [13]. 

Recently, it has been shown that proline rich protein tyrosine kinase 2 (Pyk2) is up-regulated during 

wound healing and is needed for keratinocyte migration. Pyk2 is induced by wound healing and 

simulates PKCδ to increase MMP expression and enhances keratinocyte migration [14]. Pyk2 also 

increases keratinocyte proliferation that enhances re-epithelialization of wound surface. The increased 

migration and proliferation significantly enhanced the rate of wound closure with Pyk2 in wildtype 

mice compared with Pyk2 deficient mice [14]. 

Too much or prolonged MMP activity is thought to contribute to poor healing seen in diabetic  

and chronic wounds [11,15]. Chronic and diabetic wounds have increased MMP-1, -2, -8 and -9  

and reduced levels of TIMP-1 and -2 [15]. Thus, down regulation of MMPs by TIMPs is important in 

later stages of healing [8,11]. When MMPs remain high and TIMPs are not sufficiently induced, 

wounds become chronic. This may be due in part to prolonged inflammation that promotes the 

expression and activation of MMPs [8,11]. The prolongation of the inflammatory phase is linked to  

the persistence of bacteria or a significant decrease in removal of debris [6,8]. During prolonged 

inflammation, neutrophils break down extra-cellular matrix proteins and cause damage to the healthy 

adjacent tissue, which inhibits keratinocyte migration. Thus, increased MMP activity at later stages 

damages extracellular matrix and impedes the resolution of inflammation and healing [11]. 

4. Oxidative Stress and Wound Healing 

Reactive oxygen species (ROS) are formed by free oxygen radicals and produce oxidative  

stress [16,17]. Examples of oxygen free radicals are superoxide (O2
−) and hydroxyl radicals (OH−), and 

hydrogen peroxide (H2O2) [18]. ROS are produced by leukocytes, fibroblasts, keratinocytes and 

endothelial cells [18]. Low levels of ROS are important in wound repair by protecting the injured area 
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against microbes along with enhancing angiogenesis [19]. Normal ROS levels promote the collagenase 

activity MMP-1 and the EGF signaling which help wound re-epithelialization through maintaining 

normal keratinocytes migration and proliferation [20]. In contrast, large amounts of ROS can damage 

cellular constituents like DNA, lipids, and protein. High levels of ROS also impair cellular functions 

like cell migration, cell proliferation, and extracellular matrix (ECM) synthesis of fibroblasts and 

keratinocytes [17]. Normal ROS levels aid in the production of collagen I, III, IV and their subsequent 

cross linking, and the generation of myofibroblasts. This helps in bringing the wound edges together, 

which makes the re-epithelialization process faster [20]. High levels of oxidative stress also increase 

apoptosis of keratinocytes when cultured in a hyperglycemic media, leading to delayed wound healing 

compared to normoglycemic media [21]. Hyperglycemia therefore increases damage from ROS, which 

may contribute to poor wound healing in diabetics. High levels of ROS damages fibroblasts, causing 

them to become senescent and lose the ability to produce extracellular matrix [20]. Senescent fibroblasts 

also affect wound repair because they are resistant to apoptosis, allowing them to accumulate in the 

wound area and increase the production of MMPs and pro-inflammatory cytokines [20,22,23]. ROS 

stimulate apoptosis through the C-Jun N-terminal kinase (JNK) pathway and stimulates translocation 

of JNK to the mitochondria. This causes inhibition of the anti-apoptosis factors like B cell lymphoma-2 

(Bcl-2) and activation of the pro-apoptosis factors like Bcl-2-associated X protein (Bax) which impairs  

wound healing [24]. 

5. Forkhead BoxO-1 (FOXO1) and Re-Epithelialization 

Transcription factors are important in coordinating events that are needed for wound healing. C-Jun 

is a transcription factor that has a role in normal epidermal growth through keratinocytes recruitment 

and proliferation. A study on wounded mice showed that C-Jun is needed for expression of heparin 

binding-EGF-like growth factor (HB-EGF), which is produced by monocytes and macrophages to 

enhance wound healing. Thus, C-Jun deletion leads to a reduction in HB-EGF, which in turn decreases 

keratinocyte migration and proliferation. A rescue experiment by HB-EGF reversed the negative effect 

of C-Jun deletion [25]. Peroxisome proliferator activated receptors (PPARs) are transcription factors 

that are expressed as a result of wounding and enhance keratinocytes migration, proliferation and 

differentiation [26,27]. In an in vivo study, wounded mice with PPARα deletion showed a delay in 

wound healing by 1–2 days. The delay occurred during the early phase of healing with decreased 

keratinocyte migration and proliferation [28]. PPARβ deletion showed 2–3 days delay in wound 

healing because of the decrease in keratinocytes adhesion and migration to the wound area [28]. 

FOXO1 is a member of the forkhead transcription factors in the O-box sub-family. There are four 

members, FOXO-1, -3, -4 and -6 [16]. The FOXO transcription factors bind to a highly conserved 

DNA response element. FOXO1 and FOXO3 are the most closely related, and in some cases have 

overlapping function while in others they do not [29]. FOXO1 regulates transcription of many different 

classes of genes depending upon the cell type and nature of the stimulus [29]. FOXO1 has important 

tumor suppressor functions due to its pro-apoptotic effect through regulation of apoptotic genes. It also 

plays a role in the immune response by protecting hematopoietic stem cells from oxidative stress [30]. 

FOXO1 activity is regulated by acetylation, phosphorylation and ubiquitination [16]. After activation, 

FOXO1 translocates to the nucleus and regulates transcription of other genes [16,31]. In the normal 
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epidermis FOXO1 has a low level of expression and activation, both of which are significantly 

increased by wounding [31,32]. Wound healing increases the expression of genes with FOXO1 

response elements [32]. One of the functions of FOXO1 in wound healing is protecting keratinocytes 

from oxidative stress by regulating antioxidant genes such as glutathione peroxidase 2 (GPX-2) [33]. 

FOXO1 also regulates DNA repair enzymes like GADD45, which further protects cells from ROS. 

FOXO1 deletion in keratinocytes increases oxidative stress by 38% [33]. High level of oxidative stress 

in turn impairs keratinocyte migration (Figure 1). In support of this, the negative effect of FOXO1 

knockdown on keratinocyte migration in vitro can be rescued by treatment with an antioxidant [33]. 

FOXO1 deletion also leads to a 3.7-fold upregulation effect of oxidative stress on apoptosis. When 

cells are exposed to H2O2 FOXO1 deletion further increases the level of keratinocyte apoptosis 

induced by oxidative stress [33]. 

Figure 1. (a) Oxidative stress increases in the inflammatory phase of wound healing. 

FOXO1 down-regulates oxidative stress by activating antioxidant genes and DNA repair 

enzymes. This facilitates keratinocyte migration and proliferation and decreases keratinocyte 

apoptosis, which improves wound healing; (b) FOXO1 stimulates TGF-β promoter activity 

resulting in the upregulation of TGF-β expression. Increased TGF-β stimulates expression 

of integrins and matrix metalloproteinases to improve wound healing through increased 

keratinocyte migration and decreased apoptosis. 

 

TGF-β has many cellular functions such as cell cycle regulation [34]. TGF-β binds to type I 

receptors that induce a signaling cascade that leads to Smad2 and Smad3 phosphorylation and binding 
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to Smad4. The Smad2/3/4 complex translocates to modulate activation or deactivation of many 

transcription factors [35]. TGF-β facilitates re-epithelialization largely through enhancing migration of 

keratinocytes after ligand binding to cell surface receptors [36,37]. It also attracts macrophages and 

fibroblasts to wound areas to improve healing [37,38]. Integrins are receptors that bind extracellular 

matrix, which can also induce an intracellular signaling cascade [39]. Integrins thus have a role in  

re-epithelialization by facilitating migration and proliferation of keratinocytes [40]. Integrin α5, αv, and 

β5 increase in human keratinocyte treated with TGF-β, which enhance re-epithelialization by increasing 

the migratory keratinocytes [41]. 

Keratinocyte migration is an important step in the wound healing process. Migration is dependent 

on the optimal expression of integrins, MMPs, and factors that stimulate migration such as TGF-β1 [33]. 

FOXO1 affects keratinocyte migration by regulation of integrins and TGF-β1 [33] (Figure 1). In vivo, 

the deletion of FOXO1 in keratinocytes of mice cause a 50% decrease in migration and 22% decreases 

in proliferating keratinocytes. FOXO1 deletion in vivo decreases the expression of TGF-β1 by 71% 

compared to the control group and treatment with TGF-β1 rescues the negative effect of FOXO1 on 

keratinocyte migration [33]. As mentioned before, excessive cell death in the early and middle phases 

of the wound healing may be detrimental to repair processes. Also in vivo deletion of FOXO1 in mice 

keratinocytes causes increased apoptosis by 1.6-fold via reduced expression of TGF-β. FOXO1 

deletion increases pro-apoptotic genes like Bim, which lead to loss of keratinocytes. Therefore, 

FOXO1 is required to prevent increased apoptosis under normal conditions [33]. In contrast FOXO3 

knockout mice were reported to have significantly accelerated rate of wound healing [42]. We have 

found that FOXO3 did not affect wound healing behavior of keratinocytes in vitro [33], which agrees 

well with reports that FOXO3 deletion does not affect wound healing in vivo [43]. In contrast to 

lineage specific deletion of FOXO1, non-specific FOXO1 reduction in all cell types was examined 

using heterozygous Foxo1+/− mice [43]. These mice exhibited accelerated skin healing that was linked 

to an attenuated inflammatory response and a reduced expression of growth factors. This is likely  

to be due to the broad effects of FOXO1 deletion on multiple cell types since we have shown that 

keratinocyte specific deletion of FOXO1 impairs healing [33]. For example we have shown that 

FOXO1 deletion impairs the activity of dendritic cells, which causes a compensatory increase in 

inflammation [44] (Xiao, et al., unpublished data). Alternatively it could represent the difference 

between heterozygous and homozygous FOXO1 deletion. 

6. FOXO1 and Diabetic Wound Healing 

Ak strain transforming (Akt), also called protein kinase B (PKB), is kinase that regulates apoptosis, 

migration, proliferation, and other cellular activities. Akt is downstream of insulin signaling and is 

activated by phosphatidylinositide 3-kinases (PI3K) through the phosphorylation of insulin receptor 

substrates-1 and -2, which result in Akt activation [16,45]. One of the substrates of Akt is FOXO1, 

which is inactivated by phosphorylation by Akt [16]. In addition, Akt has other downstream targets 

such as BAD, MDM2, glycogen synthase kinase 3 (GSK3), and p27 [46]. In general, there are three 

mammalian Akt isoforms (Akt1, Akt2, and Akt3) [47]. In the liver, FOXO1 controls gene expression 

that promotes gluconeogenesis resulting in high glucose production [16]. In diabetic conditions, insulin 

resistance causes Akt inactivation leading to greater FOXO1 activation due to reduced Akt activity; 
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FOXO1, in turn, up-regulates genes that promote gluconeogenesis, such as Pgc1α and Atp5b, and 

increases serum glucose levels [16,48]. In other tissues, such as endothelial cells insulin–PI3K–Akt 

signaling also leads to deactivation of FOXO1 by increasing FOXO1 transport out of the nucleus [49]. 

In endothelial cells and pericytes increased FOXO1 activation by inflammatory mediators or advanced 

glycation end products, both of which are elevated in diabetes, leads to greater cell death and may be 

an important component of some microvascular complications such as diabetic retinopathy [50,51]. 

Microvascular complications may contribute to impaired wound healing by affecting the function of 

vascular cells and surrounding basement membrane [52]. 

Diabetic wounds have decreased cellular migration and proliferation, and elevated levels of 

apoptosis [53,54]. Keratinocytes at the wound edge in diabetic patients exhibit reduced migration by 

60% [44,54]; Fibroblasts and keratinocytes from diabetic individuals or in high glucose have decreased 

migration, proliferation, and increased apoptosis [55–57]. High levels of glucose appear to be a factor 

in diabetes as it impaired fibroblasts proliferation around 40% and also decreased fibroblasts migration 

by 60% [56,58]. Wound closure is important in preventing infection, and delayed closure in diabetics 

increases the likelihood of infection [1]. Furthermore, bacteria have direct effects on keratinocytes and 

can further impede keratinocyte proliferation and migration and enhance keratinocyte cell death [59]. 

Resistance to bacterial infection in the mouth may be particularly important since mice with 

diminished host response (IL-1−/−) have impaired healing of excisional wounds in the oral cavity while 

the same mice have normal dermal healing [60]. Part of the effect of bacteria on kerationcytes is 

mediated by FOXO1 and FOXO3, which regulate expression of genes associated apoptosis (BID and 

TRADD), inflammation (TLR-2 and -4) and barrier function (integrin β-1, -3 and -6) [61]. In addition 

bacteria can indirectly limit repair through increased inflammation [62]. 

Myofibroblasts are specialized fibroblasts that produce extracellular matrix and exert contractile 

forces to contract the wound. TGF-β signaling appears to be important in stimulating myofibroblasts. 

Reduced TGF-β may contribute to diabetes impaired wound contraction [63]. Diabetic wounds have 

increased levels of TNF-α [64]. In vivo, inhibiting TNF-α increases fibroblast proliferation more than 

2-fold in diabetic wounds but it has little effect in wounds of normoglycemic mice [57]. Elevated TNF-α 

in diabetic wounds also increases fibroblast apoptosis about 5-fold [57,65] and apoptosis is 20% higher 

in skin biopsies from diabetic foot ulcers than control group [66,67]. Increased levels of TNF-α  

in diabetic wounds also increase the expression and activation of FOXO1 [55,57]. While FOXO1  

is crucial for normal wound healing, its hyperactivation in diabetic wounds is thought to be 

problematic [44]. Elevated activation of FOXO1 increases apoptosis [30] and is associated with 

increased inflammation [53] that may lead to poor wound healing in hyperglycemic conditions. Under 

normal wound healing conditions FOXO1 enhances migration of keratinocytes. Paradoxically, 

hyperactivation of FOXO1 in high glucose conditions in vitro or in diabetic mice in vivo decreases 

keratinocyte migration by more than 50% [44]. Mechanistically, FOXO1 impairs keratinocyte 

migration in high glucose through the production of pro-inflammatory factors [44]. Although FOXO1 

is not typically thought of as a pro-inflammatory transcription factor it has been shown to contribute  

to expression of inflammatory mediators in a number of cell types including dendritic cells, 

keratinocytes, chondrocytes and macrophages [53,62,68,69]. In addition, FOXO1 does not upregulate 

TGF-β1 expression in high glucose, whereas in standard glucose conditions FOXO1 plays a positive 

role by inducing TGF-β1 transcription. This represents another paradox, as diabetes leads to greater 
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activation of FOXO1 but this greater activation is associated with a reduced ability to stimulate  

TGF-β1 transcription [44]. In addition, the hyperactivation of FOXO1 in diabetic wounds leads to 

increased expression of pro-apoptotic genes, which is consistent with reports that FOXO1 mediates  

a 50%–70% upregulation of proapoptotic genes during fracture healing [70]. This is in contrast to 

normal healing in which FOXO1 is needed to prevent apoptosis. Figure 2 shows the differences of 

FOXO1 role on wound healing in high glucose condition and in low glucose condition. Therefore, it 

appears that diabetes alters the function of FOXO1 so that it switches from being a pro-healing  

anti-apoptotic transcription factor to one that fails to up-regulate TGF-β1 and becomes pro-inflammatory 

and pro-apoptotic. 

Figure 2. In low glucose conditions, FOXO1 promotes wound healing by increasing TGF-β 

levels. This leads to an increase in keratinocyte migration and re-epithelialization. However, in 

high glucose conditions FOXO1 does not stimulate an increase in TGFβ1. Instead, FOXO1 

increases inflammatory gene expression (increased CCL20), which interferes with 

keratinocyte migration. Thus, in standard glucose levels FOXO1 promotes healing but in 

high glucose FOXO1 is detrimental to healing by a switch in the genes that it regulates  

(see [44]). 

 

7. Conclusions 

Wound healing is a complex process which depends on many factors for its success. Migration, 

proliferation, and apoptosis are important events in wound healing. Recent studies have shown that 

FOXO1 is an important regulator of wound healing and that diabetes influences the effect of FOXO1. 

In normal wound healing, FOXO1 plays a positive role by inducing TGF-β expression, which is 

needed for keratinocyte migration. In addition FOXO1 has an anti-oxidant role that protects 

keratinocytes against ROS. In high glucose conditions FOXO1 has the opposite effect and fails to 

stimulate TGF-β. Thus, in diabetic animals FOXO1 fails to induce a positive factor, TGF-β but instead 

stimulates expression of factors that interfere with keratinocyte migration to delay healing. 
  



Int. J. Mol. Sci. 2014, 15 16265 

 

 

Acknowledgments 

This work was supported by a grant from the NIDCR, R01DE019108. 

Author Contributions 

Alhassan Hameedaldeen contributed to the writing of the manuscript; Jian Liu contributed to  

the writing of the manuscript, Angelika Batres contributed to the writing of the manuscript,  

Gabrielle S. Graves contributed to the writing of the manuscript and Dana T. Graves contributed to the 

writing of the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Reinke, J.M.; Sorg, H. Woud repair and regeneration. Eur. Surg. Res. 2012, 49, 35–43. 

2. Song, G.; Nguyen, D.T.; Pietramaggiori, G.; Scherer, S. Chen, B.; Zhan, Q.; Ogawa, R.;  

Yannas, I.V.; Wagers, A.J.; Orgill, D.P.; et al. Use of the parabiotic model in studies  

of cutaneous wound healing to define the participation of circulating cells. Int. J. Tissue  

Repair Regen. 2010, 18, 426–432. 

3. Fathke, C.; Wilson, L.; Hutter, J.; Kapoor, V.; Smith, A.; Hocking, A.; Isik, F. Contribution of 

bone marrow-derived cells to skin: Collagen deposition and wound repair. Stem Cells 2004, 22, 

812–822. 

4. Mercandetti, M.; Cohen, A.J. Wound Healing and Repair. MedScape Available online: 

http://emedicine.medscape.com/article/1298129-overview#aw2aab6b6 (accessed on 28  

February 2014). 

5. Wu, Y.S.; Chen, S.N.; Apoptotic cell: Linkage of inflammation and wound healing.  

Front. Pharmacol. 2014, 5, 1–6. 

6. Martin, P.; Leibovich, S.J. Inflammatory cells during wound repair: The good, the bad and the 

ugly. Trends Cell Biol. 2005, 154, 599–607. 

7. Barrientos, S.; Stojadinovic, O.; Golinko, M.S.; Brem, H.; Tomic-Canic, M. Growth factors and 

cytokines in wound healing. Wound Repair Regen. 2008, 16, 585–601. 

8. Xu, F.; Zhang, C.; Graves, D.T. Abnormal cell responses and role of TNF-α in impaired diabetic 

wound healing. BioMed Res. Int. 2013, 2013, 1–9. 

9. Plikus, M.V.; Gay, D.L.; Treffeisen, E.; Wang, A.; Supapannachart, R.J.; Cotsarelis, G. Epithelial 

stem cells and implications for wound repair. Semin. Cell Dev. Biol. 2012, 23, 946–953. 

10. Ito, M.; Liu, Y.; Yang, Z.; Nguyen, J.; Liang, F.; Morris, R.J.; Cotsarelis, G. Stem cells in the hair 

follicle bulge contribute to wound repair but not to homeostasis of the epidermis. Nat. Med. 2005, 

11, 1351–1354. 

11. Martins, V.L.; Caley, M.; O’Toole, E.A. Matrix metalloproteinases and epidermal wound repair. 

Cell Tissue Res. 2013, 351, 255–268. 



Int. J. Mol. Sci. 2014, 15 16266 

 

 

12. Salonurmi, T.; Parikka, M.; Kontusaari, S.; Pirila, E.; Munaut, C.; Salo, T.; Tryggvason, K.  

Over-expression of TIMP-1 under the MMP-9 promoter interferes with wound healing in 

transgenic mice. Cell Tissue Res. 2004, 315, 27–37. 

13. Kyriakides, T.R.; Wulsin, D.; Skokos, E.A.; Fleckman, P.; Pirrone, A.; Shipley, J.M.;  

Senior, R.M.; Bornstein, P. Mice that lack matrix metalloproteinase-9 display delayed wound 

healing associated with delayed reepithelization and disordered collagen fibrillogenesis.  

Matrix Biol. 2009, 28, 65–73. 

14. Koppel, A.C.; Kiss, A.; Hindes, A.; Burns, C.J.; Marmer, B.L.; Goldberg, G.; Blumenberg, M.; 

Efimova, T. Delayed skin wound repair in proline-rich protein tyrosine kinase 2 (Pyk2) knockout 

mice. Am. J. Physiol. Cell Physiol. 2014, 306, C899–C909. 

15. Graves, D.T.; Wu, Y.; Badadani, M. Pyk2 contributes to reepithelialization by promoting MMP 

expression. Focus on “Delayed skin wound repair in proline-rich protein tyrosine kinase 2 

knockout mice”. Am. J. Physiol. Cell Physiol. 2014, 306, C887–C888. 

16. Ponugoti, B.; Dong, G.; Graves, D.T. Role of forkhead transcription factors in diabetes-induced 

oxidative stress. Exp. Diabetes Res. 2012, 2012, 1–7. 

17. Moseley, R.; Hilton, J.R.; Waddington, R.J.; Harding, K.G.; Stephens, P.; Thomas, D.W. 

Comparison of oxidative stress biomarker profiles between acute and chronic wound environments. 

Wound Repair Regen. 2004, 12, 419–429. 

18. Wlaschek, M.; Scharffetter-Kochanek, K. Oxidative stress in chronic venous leg ulcers.  

Wound Repair Regen. 2005, 13, 452–461. 

19. Schäfer, M.; Werner, S. Oxidative stress in normal and impaired wound repair. Pharmacol. Res. 

2008, 58, 165–171. 

20. Soneja, A.; Drews, M.; Malinski, T. Role of nitric oxide, nitroxidative and oxidative stress in 

wound healing. Pharmacol. Rep. 2005, 57, 108–119. 

21. Deveci, M.; Gilmont, R.R.; Dunham, W.R.; Mudge, B.P.; Smith, D.J.; Marcelo, C.L. Glutathione 

enhances fibroblast collagen contraction and protects keratinocytes from apoptosis in hyperglycaemic 

culture. Br. J. Dermatol. 2005, 152, 217–224. 

22. Mendez, M.V.; Raffetto, J.D.; Phillips, T.; Menzoian, J.O.; Park, H.Y. The proliferative capacity 

of neonatal skin fibroblasts is reduced after exposure to venous ulcer wound fluid: A potential 

mechanism for senescence in venous ulcers. J. Vasc. Surg. 1999, 30, 734–743. 

23. Toussaint, O.; Medrano, E.E.; von Zglinicki, T. Cellular and molecular mechanisms of  

stress-induced premature senescence (SIPS) of human diploid fibroblasts and melanocytes.  

Exp. Gerontol. 2000, 35, 927–945. 

24. Clark, R.A. Oxidative stress and “senescent” fibroblasts in non-healing wounds as potential 

therapeutic targets.v. J. Investig. Dermatol. 2008, 128, 2361–2364. 

25. Li, G.; Gustafson-Brown, C.; Hanks, S.K.; Nason, K.; Arbeit, J.M.; Pogliano, K.; Wisdom, R.M.; 

Johnson, R.S. C-Jun is essential for organization of the epidermal leading edge. Dev. Cell 2003, 4, 

865–877. 

26. Michalik, L.; Feige, J.N.; Gelman, L.; Pedrazzini, T.; Keller, H.; Desvergne, B.; Wahli, W. 

Selective expression of a dominant-negative form of peroxisome proliferator-activated receptor in 

keratinocytes leads to impaired epidermal healing. Mol. Endocrinol. 2005, 19, 2335–2348. 



Int. J. Mol. Sci. 2014, 15 16267 

 

 

27. Schmuth, M.; Jiang, Y.J.; Dubrac, S.; Elias, P.M.; Feingold, K.R. Thematic review series: Skin 

lipids. Peroxisome proliferator-activated receptors and liver X receptors in epidermal biology.  

J. Lipid Res. 2008, 49, 499–509. 

28. Michalik, L.; Desvergne, B.; Tan, N.S.; Basu-Modak, S.; Escher, P.; Rieusset, J.; Peters, J.M.; 

Kaya, G.; Gonzalez, F.J.; Zakany, J.; et al. Impaired skin wound healing in peroxisome 

proliferator-activated receptor (PPAR)α and PPARβ mutant mice. J. Cell Biol. 2001, 154,  

799–814. 

29. Van der Vos, K.E.; Coffer, P.J. The extending network of FOXO transcriptional target genes. 

Antioxid. Redox Signal. 2011, 14, 579–592. 

30. Szydłowski, M.; Jabłońska, E.; Juszczyński, P. FOXO1 transcription factor: A critical effector of 

the PI3K-AKT axis in B-Cell development. Int. Rev. Immunol. 2014, 33, 146–157. 

31. Liu, P.; Kao, T.P.; Huang, H. CDK1 promotes cell proliferation and survival via phosphorylation 

and inhibition of FOXO1 transcription factor. Oncogene 2008, 27, 4733–4744. 

32. Roupé, K.M.; Alberius, P.; Schmidtchen, A.; Sørensen, O.E. Gene expression demonstrates 

increased resilience toward harmful inflammatory stimuli in the proliferating epidermis of human 

skin wounds. Exp. Dermatol. 2010, 19, 329–332. 

33. Ponugoti, B.; Xu, F.; Zhang, C.; Tian, C.; Pacios, S.; Graves, D.T. FOXO1 promotes wound 

healing through the up-regulation of TGF-β1 and prevention of oxidative stress. J. Cell Biol. 

2013, 203, 327–343. 

34. Alexandrow, M.G.; Moses, H.L. Transforming growth factor beta and cell cycle regulation. 

Cancer Res. 1995, 55, 1452–1457. 

35. Wu, Z.; Sofronic-Milosavljevic, L.J.; Nagano, I.; Takahashi, Y. Trichinella spiralis: Nurse cell 

formation with emphasis on analogy to muscle cell repair. Parasit Vectors 2008, 1, 27. 

36. Peplow, P.V.; Chatterjee, M.P. A review of the influence of growth factors and cytokines in  

in vitro human keratinocyte migration. Cytokine 2013, 62, 1–21. 

37. Martinez-Ferrer, M.; Afshar-Sherif, A.R.; Uwamariya, C.; de Crombrugghe, B.; Davidson, J.M.; 

Bhowmick, N.A. Dermal transforming growth factor-beta responsiveness mediates wound 

contraction and epithelial closure. Am. J. Pathol. 2010, 176, 98–107. 

38. Roberts, A.B. Transforming growth factor-beta: Activity and efficacy in animal models of wound 

healing. Wound Repair Regen. 1995, 3, 408–418. 

39. Giancotti, F.G.; Ruoslahti, E. Integrin signaling. Science 1999, 285, 1028–1032. 

40. Santoro, M.M.; Gaudino, G. Cellular and molecular facets of keratinocyte reepithelization during 

wound healing. Exp. Cell Res. 2005, 304, 274–286. 

41. Gailit, J.; Welch, M.P.; Clark, R.A. TGF-β1 stimulates expression of keratinocyte integrins during 

re-epithelialization of cutaneous wounds. J. Investig. Dermatol. 1994, 103, 221–227. 

42. Roupe, K.M.; Veerla, S.; Olson, J.; Stone, E.L.; Sorensen, O.E.; Hedrick, S.M.; Nizet, V. 

Transcription factor binding site analysis identifies FOXO transcription factors as regulators of 

the cutaneous wound healing process. PLoS One 2014, 9, e89274. 

43. Mori, R.; Tanaka, K.; de Kerckhove, M.; Okamoto, M.; Kashiyama, K.; Kim, S.; Kawata, T.; 

Komatsu, T.; Park, S.; Ikematsu, K.; et al. Reduced FOXO1 accelerates skin wound healing and 

attenuates scarring. Am. J. Pathol. 2014, doi:10.1016/j.ajpath.2014.05.012. 



Int. J. Mol. Sci. 2014, 15 16268 

 

 

44. Xu, F.; Othman, B.; Batres, A.; Ponugoti, B.; Zhang, C.; Lim, J.; Yi, L.; Liu, J.; Tian, C.; 

Hameedaldeen, A.; et al. FOXO1 inhibits diabetic mucosal wound healing but enhances healing 

of normoglycemic wounds. Diabetes 2014, in press. 

45. Walker, K.S.; Deak, M.; Paterson, A.; Hudson, K.; Cohen, P.; Alessi, D.R. Activation of protein 

kinase B β and γ isoforms by insulin in vivo and by 3-phosphoinositide-dependent protein kinase-1 

in vitro: Comparison with protein kinase B α. Biochem. J. 1998, 331, 299–308. 

46. Manning, B.D.; Cantley, L.C. AKT/PKB signaling: Navigating downstream. Cell 2007, 129, 

1261–1274. 

47. Garofalo, R.S.; Orena, S.J.; Rafidi, K.; Torchia, A.J.; Stock, J.L.; Hildebrandt, A.L.; Coskran, T.; 

Black, S.C.; Brees, D.J.; Wicks, J.R.; et al. Severe diabetes, age-dependent loss of adipose tissue, 

and mild growth deficiency in mice lacking Akt2/PKB β. J. Clin. Investig. 2003, 112, 197–208. 

48. Matsumoto, M.; Pocai, A.; Rossetti, L.; Depinho, R.A.; Accili, D. Impaired regulation of hepatic 

glucose production in mice lacking the forkhead transcription factor FOXO1 in liver. Cell Metab. 

2007, 6, 208–216. 

49. Siegel-Axel, D.I.; Ullrich, S.; Stefan, N.; Rittig, K.; Gerst, F.; Klingler, C.; Schmidt, U.; 

Schreiner, B.; Randrianarisoa, E.; Schaller, H.E.; et al. Fetuin-A influences vascular cell growth 

and production of proinflammatory and angiogenic proteins by human perivascular fat cells. 

Diabetologia 2014, 57, 1057–1066. 

50. Alikhani, M.; Roy, S.; Graves, D.T. FOXO1 plays an essential role in apoptosis of retinal 

pericytes. Mol. Vis. 2010, 16, 408–415. 

51. Behl, Y.; Krothapalli, P.; Desta, T.; Roy, S.; Graves, D.T. FOXO1 plays an important role in 

enhanced microvascular cell apoptosis and microvascular cell loss in type 1 and type 2 diabetic 

rats. Diabetes 2009, 58, 917–925. 

52. Roy, S.; Trudeau, K.; Behl, Y.; Dhar, S.; Chronopoulos, A. New insights into hyperglycemia-induced 

molecular changes in microvascular cells. J. Dent. Res. 2010, 89, 116–127. 

53. Su, D.; Coudriet, G.M.; Hyun Kim, D.; Lu, Y.; Perdomo, G.; Qu, S.; Slusher, S.; Tse, H.M.; 

Piganelli, J.; Giannoukakis, N.; et al. FoxO1 links insulin resistance to proinflammatory cytokine 

IL-1β production in macrophages. Diabetes 2009, 58, 2624–2633. 

54. Lan, C.C.; Wu, C.S.; Kuo, H.Y.; Huang, S.M.; Chen, G.S. Hyperglycaemic conditions hamper 

keratinocyte locomotion via sequential inhibition of distinct pathways: New insights on poor 

wound closure in patients with diabetes. Br. J. Dermatol. 2009, 160, 1206–1214. 

55. Desta, T.; Li, J.; Chino, T.; Graves, D.T. Altered fibroblast proliferation and apoptosis in diabetic 

gingival wounds. J. Dent. Res. 2010, 89, 609–614. 

56. Lamers, M.L.; Almeida, M.E.; Vicente-Manzanares, M.; Horwitz, A.F.; Santos, M.F. High 

glucose-mediated oxidative stress impairs cell migration. PLoS One 2011, 6, e22865. 

57. Siqueira, M.F.; Li, J.; Chehab, L.; Desta, T.; Chino, T.; Krothpali, N.; Behl, Y.; Alikhani, M.; 

Yang, J.; Braasch, C.; et al. Impaired wound healing in mouse models of diabetes is mediated by 

TNF-α dysregulation and associated with enhanced activation of forkhead boxO1 (FOXO1). 

Diabetologia 2010, 53, 378–388. 
  



Int. J. Mol. Sci. 2014, 15 16269 

 

 

58. Hehenberger, K.; Hansson, A.; Heilborn, J.D.; Abdel-Halim, S.M.; Ostensson, C.G.; Brismar, K. 

Impaired proliferation and increased L-lactate production of dermal fibroblasts in the GK-rat,  

a spontaneous model of non-insulin dependent diabetes mellitus. Wound Repair Regen. 1999, 7,  

65–71. 

59. Bhattacharya, R.; Xu, F.; Dong, G.; Li, S.; Tian, C.; Ponugoti, B.; Graves, D.T. Effect of bacteria 

on the wound healing behavior of oral epithelial cells. PLoS One 2014, 9, e89475. 

60. Delima, A.J.; Oates, T.; Assuma, R.; Schwartz, Z.; Cochran, D.; Amar, S.; Graves, D.T. Soluble 

antagonists to interleukin-1 (IL-1) and tumor necrosis factor (TNF) inhibits loss of tissue 

attachment in experimental periodontitis. J. Clin. Periodontol. 2001, 28, 233–240. 

61. Li, S.; Dong, G.; Moschidis, A.; Ortiz, J.; Benakanakere, M.R.; Kinane, D.F.; Graves, D.T.  

P. gingivalis modulates keratinocytes through FOXO transcription factors. PLoS One 2013,  

8, e78541. 

62. Grice, E.A.; Segre, J.A. Interaction of the microbiome with the innate immune response in chronic 

wounds. Adv. Exp. Med. Biol. 2012, 946, 55–68. 

63. Al-Mulla, F.; Leibovich, S.J.; Francis, I.M.; Bitar, M.S. Impaired TGF-β 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, 3006–3020. 

64. Kaiser, G.C.; Polk, D.B. Tumor necrosis factor alpha regulates proliferation in a mouse intestinal 

cell line. Gastroenterology 1997, 112, 1231–1240. 

65. Liu, R.; Bal, H.S.; Desta, T.; Behl, Y.; Graves, D.T. Tumor necrosis factor-alpha mediates 

diabetes-enhanced apoptosis of matrix-producing cells and impairs diabetic healing. Am. J. Pathol. 

2006, 168, 757–764. 

66. Hasnan, J.; Yusof, M.I.; Damitri, T.D.; Faridah, A.R.; Adenan, A.S.; Norbaini, T.H. Relationship 

between apoptotic markers (Bax and Bcl-2) and biochemical markers in type 2 diabetes mellitus. 

Singap. Med. J. 2010, 51, 50–55. 

67. Rai, N.K.; Suryabhan; Ansari, M.; Kumar, M.; Shukla, V.K.; Tripathi, K. Effect of glycaemic 

control on apoptosis in diabetic wounds. J. Wound Care 2005, 14, 277–281. 

68. Brown, J.; Wang, H.; Suttles, J.; Graves, D.T.; Martin, M. Mammalian target of rapamycin 

complex 2 (mTORC2) negatively regulates Toll-like receptor 4-mediated inflammatory response 

via FOXO1. J. Biol. Chem. 2011, 286, 44295–42305. 

69. Alblowi, J.; Tian, C.; Siqueira, M.F.; Kayal, R.A.; McKenzie, E.; Behl, Y.; Gerstenfeld, L.; 

Einhorn, T.A.; Graves, D.T. Chemokine expression is up-regulated in chondrocytes in diabetic 

fracture healing. Bone 2013, 53, 294–300. 

70. Kayal, R.A.; Siqueira, M.; Alblowi, J.; McLean, J.; Krothapalli, N.; Faibish, D.; Einhorn, T.A.; 

Gerstenfeld, L.C.; Graves, D.T. TNF-α mediates diabetes-enhanced chondrocyte apoptosis during 

fracture healing and stimulates chondrocyte apoptosis through FOXO1. J. Bone Miner. Res. 2010, 

25, 1604–1615. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


