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Abstract: Non-healing wounds are a major complication of diabetes that can lead to limb amputation and disability 
in patients. The normal process of wound repair progresses through well-defined stages including hemostasis, in-
flammation, proliferative, and remodeling, which may be impaired in diabetic wounds. In recent years, it has been 
reported that keratinocytes, a major cell type in human skin, play a key role in the healing process of wounds. In this 
overview, firstly, a summary of the wound healing process is provided and the role of keratinocytes in wound healing 
is briefly reviewed. Then, a set of evidence about the impaired keratinocytes activities in diabetic wounds and clini-
cal trials focused mainly on improving keratinocytes in the context of diabetic wound therapeutics are summarized. 
Keratinocytes can produce signaling molecules that act in a paracrine and autocrine way, causing pleiotropic effects 
on various cell types. The affected cells respond to keratinocytes by creating several signaling molecules, which also 
adjust keratinocyte activation through wound healing. In diabetic wounds, disruption of various biological mecha-
nisms leads to dysfunction of keratinocytes including impaired migration, adhesion, and proliferation. The function 
of abnormal keratinocytes can lead to poor diabetic wound healing. Taken together, clarification of molecular and 
functional disturbances of keratinocyte cells and applying them in diabetic wounds can contribute to enhanced 
treatment of diabetic wounds. Based on the location of keratinocytes in the epidermis and the central role of ke-
ratinocytes in the diabetic wound healing process, applying keratinocytes has great potential for the treatment of 
diabetic burn wounds. 

Keywords: Diabetic wound healing, keratinocytes, diabetes, inflammation

Introduction

Diabetes mellitus is one of the most common 
endocrine disorders with several organ damag-
es that decrease life span [1]. The prevalence 
of diabetes is continuing to rise, thereby con-
tributing to increasingly high healthcare costs 
[2]. Diabetes arises through two etiologically 
distinct routes. Type I diabetes is mediated 
through immunological destruction of the pan-
creatic insulin-producing cells [3] and Type II is 
specified by a combination of alterations in 
insulin sensitivity and insulin secretion [4]. 

Individuals afflicted with diabetes are prone  
to complications such as impaired wound heal-
ing, which is a common and potential complica-
tion in diabetes [5, 6]. Diabetic wounds are a 
major health concern affecting 15% of diabetic 
individuals. One of the most common impaired 
wound healing in patients who have uncon-

trolled diabetes is diabetic foot ulcers (DFU) 
which have adverse effects on functional ability 
and quality of patients’ life [7, 8]. Researches to 
date determined that various factors have been 
associated with wound healing defects in dia-
betic patients including hypoxia, infection sta-
tus, chronic inflammation, impaired neuropep-
tide signaling, and peripheral arterial disease 
[8]. Recently, the disturbed activity of keratino-
cytes has been reported to be a key underlying 
cause in the pathology of the impaired wound 
healing in diabetic individuals. Multiple studi- 
es have been proposed several therapeutic 
approaches to heal diabetic wounds [9, 10]. 
However, despite advances in treatment strate-
gies, diabetic wounds are still a major clinical 
challenge.

Keratinocytes are the predominant cells in the 
epidermis, which form a protective barrier con-
sisting of a stratified multi-layered epithelium 
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that plays a crucial role in the wound healing 
process. Keratinocytes proliferate, differenti-
ate, migrate and promote angiogenesis to 
regenerate the epidermal barrier, leading to a 
re-epithelialization in the wound healing pro-
cess [11-13]. Keratinocytes release growth fac-
tors, cytokines, chemokines, and matrix me- 
talloproteinase (MMPs) that regulate biologic 
wound healing [14]. Concerning the role of 
keratinocytes in wound healing, various studies 
have focused on finding different aspects of 
the role of keratinocytes in diabetic wound 
healing [15, 16]. On the other hand, it is now 
well known that abnormal keratinocyte function 
is known to be associated with poor healing 
ability of diabetic wounds [17]. Overall, in this 
review study, we provided an overview of the 
wound healing process and briefly reviewed the 

involve several complex biological and molecu-
lar pathways. The wound healing process is 
classified into four general stages: homeosta-
sis, inflammation, proliferation, and remodeling 
phase (Figure 1 and Table 1) [5, 18]. 

Hemostasis is known as the first step of the 
wound healing process, in which contact of 
platelets to collagen of tissue and vascular con-
striction has the main role in the coagulation 
process in this stage [19, 20]. Inflammation 
phase initiates immediately following the he- 
mostasis phase. The inflammation phase is 
characterized by the entering of inflammatory 
cells including neutrophils, monocytes, and ly- 
mphocytes into the wound place [8, 21]. Next, 
in the proliferation phase, macrophages rele- 
ase anti-inflammatory cytokines and multiple 

Figure 1. Schematic diagram 
indicating the model of wound 
healing processes in normal con-
dition compared to the diabetic 
wound.

Table 1. Summary of normal wound healing events
Phase Key events
Hemostasis • platelet aggregation

• vascular constriction
Inflammation • entering of inflammatory cells
Proliferation • Secretion of anti-inflammatory cytokines 

• Secretion of several growth factors
• synthetization of collagen and ECM
• re-epithelialization by proliferation and migration of keratinocytes

Remodeling • reducing vessel density
• remodeling collagen

role of keratinocytes  
in wound healing. We 
also summarized a set 
of evidence about the 
impaired keratinocyte 
activities in diabetic 
wounds.

Basic mechanisms of 
wound healing 

Generally, the proce- 
sses of wound healing 
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growth factors such as vascular endothelial 
growth factor (VEGF) and transforming growth 
factor (TGFβ) that enhance cell proliferation 
and protein synthesis [22]. Afterward, wound 
size is decreased by the contracting of mesen-
chymal cells. Besides, collagen and extracellu-
lar matrix (ECM) are synthesized through migra-
tion and proliferation of fibroblasts in the wound 
site [8]. It is also well established that keratino-
cytes proliferate and migrate from the wound 
site during the proliferative phase, which has a 
critical role in wound re-epithelialization [5]. 
Additionally, various growth factors including 
endothelial growth factor (EGF), keratinocyte 
growth factor (KGF), and fibroblast growth fac-
tor-2 (FGF-2) induce keratinocyte proliferation 
and migration [8]. The remodeling phase as the 
last stage of wound healing starts at 2-3 weeks 
after tissue injury (Figure 2). This phase is ch- 
aracterized by reducing vessel density and re- 
modeling collagen that is regulated by MMPs 
[19, 20]. 

Keratinocytes play an essential role in epider-
mal repair after injury through proliferation and 
re-epithelialization [23]. Differentiated kerati-
nocytes perform their barrier function by creat-
ing a keratinized layer and responding to pro-
inflammatory mediators released at the wound 
site [24]. Keratinocytes produce multiple differ-

entiation proteins, such as keratins, known  
as an intermediate filament in epithelial cells. 
Keratins have several crucial functions, includ-
ing structural support, protecting epithelial 
cells from stress, and regulating apoptosis  
and protein synthesis [25]. There is also evi-
dence that interaction of keratinocytes and 
fibroblasts induces fibroblasts to release gr- 
owth factors and several cytokines including 
KGF, fibroblast growth factor, GM-CSF, and IL6, 
which subsequently stimulate the proliferation 
of keratinocytes. Besides, fibroblasts play an 
important role in wound contraction by ac- 
quiring a keratinocyte-controlled myofibroblast 
phenotype [26]. Furthermore, migration of ke- 
ratinocytes leads to closure of the wound after 
6-24 h wounding. For migration and prolifera-
tion of keratinocytes, released growth factors 
by macrophages, MMPs, components of the 
ECM, integrin, and structural proteins in the 
wound site are essential. After repairing the 
injury, the keratinocytes eventually inactivate 
and return to their normal differentiation path-
way [23]. 

The biology of impaired wound healing in dia-
betes

The diabetic wound healing process may be  
different from non-diabetics (Figure 1) and is 

Figure 2. The healing process in normal and diabetic wounds. (A) Events in normal wound healing process include: 
platelet aggregation (hemostasis phase); release of pro-inflammatory cytokines by neutrophils, macrophages, and 
mast cells (inflammation phase); healing response is initiated by decreasing inflammation, increasing angiogenesis, 
migration of fibroblasts and keratinocytes, and formation of ECM (remodeling phase) (B) Healing process in diabetic 
wounds is affected with a decrease in fibrinolysis and an imbalance of released cytokines, a decrease in angiogen-
esis, impaired proliferation and migration of keratinocytes, which resulted in delayed re-epithelialization in wounds, 
impaired collagen deposition and the poor synthesis of collagen and the ECM contributes to deficient wound closure 
(Figure adapted from Hesketh and others [18].
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associated with poor healing, resulting in ch- 
ronic wounds that do not heal after 12 weeks 
[17]. Recent investigations have reported that 
poor wound healing has various causes includ-
ing artery disease, neuropathy, and altered 
immune function [27]. 

Intravenous stasis and incurable chronic wo- 
unds are always associated with hypoxia [28]. 
Prolonged hypoxia, which may result from both 
angiogenesis and insufficient perfusion, is det-
rimental to wound healing [29]. The hypoxic 
condition can enhance the early inflammation, 
thus prolonging damage by an accumulation of 
the reactive oxygen species (ROS) [30]. When 
ROS generation overwhelms the antioxidant 
capacity, hyperglycemia can also lead to oxida-
tive stress [31]. A study also reported that the 
formation of advanced glycation end products 
(AGEs) and interaction with their receptors are 
related to delayed wound healing in diabetic 
animal models [32]. Moreover, diabetic foot 
ulcers are characterized by high levels of matrix 
metalloproteinases (MMPs), which cause tis-
sue damage and inhibit the normal healing pro-
cess [33, 34]. Several studies that have exam-
ined the mechanisms involved in reducing vas-
cular repair in diabetic wounds have found that 
endothelial progenitor cell mobilization is dis-
rupted, the permeability of capillaries is in- 
creased, and VEGF levels are reduced in dia-
betic patients [13, 35-37]. Furthermore, the 
production of nitric oxide (NO) is reduced and 
subsequently leads to impaired angiogenesis 
and recruitment of endothelial cells in diabetic 
patients [35]. Also, it is well known that neu-
ropathy occurs in diabetic patients, which may 
also be involved in impaired wound healing. 
Neuropeptides, which are small proteins pro-
duced by neurons, such as nerve growth factor, 
substance P, and calcitonin gene-related pep-
tide are essential for wound healing, causing 
cell chemotaxis, growth factor production, and 
cell proliferation [6, 38]. Decreased neuropep-
tides have been reported in diabetic patients 
associated with impaired wound healing [33, 
38].

However, the most important effect on wound 
healing is due to functional changes in cells 
activated by immune response. For example, 
leukocyte function is impaired in diabetic pa- 
tients, and inadequate migration of neutrophils 
and macrophages to the wound site increas- 

es the risk of wound infection [11, 39-41]. 
Furthermore, it is well known that abnormal 
keratinocyte function including impaired migra-
tion and proliferation of keratinocytes can con-
tribute to poor diabetic wound healing [8]. Ac- 
cordingly, abnormal keratinocyte function is 
one of the most crucial reasons for the poor 
healing ability of diabetic wounds that recent 
studies have focused on.

Various researches to date have shown that 
there are various factors in diabetic patients 
that affect keratinocyte function and the heal-
ing process of diabetic wounds including im- 
paired keratinocyte proliferation and migration, 
chronic inflammation, and infections, decreas- 
ed angiogenesis, and unusual MMPs expres-
sion [5, 8, 11, 15]. 

It is widely indicated that the proliferation and 
migration of keratinocytes have a key role in 
the re-epithelialization of wound healing events. 
However, finding from several sources have 
recently found that keratinocyte proliferation 
and migration are reduced in diabetic patients. 
Besides, various hypotheses have recently 
been proposed that several mechanisms are 
involved in reducing keratinocyte proliferation 
and migration in diabetic wound healing [15]. 
Lan and colleagues reported that hyperglyce-
mic conditions in diabetic patients significant- 
ly reduced the keratinocyte proliferation and 
migration in the wound healing process [42, 
43]. In diabetic animal models, keratinocyte 
proliferation status was decreased in diabetic 
animals as compared to normal [44, 45]. Alth- 
ough the exact mechanism of impaired kerati-
nocyte proliferation in diabetic patients has  
not been elucidated, various hypotheses have 
been suggested, including an increased level of 
apoptotic-related proteins (bcl2 and caspase 
3), suppressor of cytokine signaling (SOCS)-3, 
and reduced keratin expression in diabetic 
patients [46-48]. On the other hand, phosphor-
ylated focal adhesion kinase (p125FAK) was 
proposed as an important mechanism that 
affects keratinocyte migration. In line with this, 
it has been shown that hyperglycemia leads to 
a decrease in the expression of phosphorylat- 
ed p125FAK in diabetic patients [42]. Accor- 
dingly, to further support the impaired kera- 
tinocyte migration in diabetic patients, several 
studies confirmed the results of the previous 
study. Furthermore, a set of evidence found 
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that the hyperglycemic condition in diabetic 
wounds causes non-enzymatic glycation of 
type I collagen. They also demonstrated that 
keratinocyte migration on glycated collagen is 
reduced [49]. In another study, Zhang and col-
leagues reported that forkhead box O1 (FOXO1) 
improved keratinocyte migration by stimulating 
TGFβ1 in a normal glucose environment, but 
they also found that FOXO1 couldn’t interact 
with TGFβ1 promoter in high glucose [50]. 
Therefore, hyperglycemic condition can alter 
various mechanisms that subsequently reduce 
the proliferation and mobility of keratinocytes.

Chronic and long-term inflammation and in- 
creased prevalence of wound infections are  
the hallmarks of diabetic wounds that lead to 
an impaired wound healing [17, 51]. In support 
of this hypothesis, recent studies have found 
that the number of immune cells such as mac-
rophages and neutrophils increased in diabetic 
wounds [8, 21]. Elevated neutrophils in diabetic 
wounds produce a high rate of ROS and prote-
ases that can injure normal tissue and contrib-
ute to the healing of diabetic wounds [21]. 
Moreover, many researchers have indicated 
that hyperglycemia is associated with a variety 
of immune disorders including impaired leuko-
cyte adhesion, phagocytosis, and chemotaxis 
[52]. Increased production of pro-inflammatory 
mediators including interleukins (IL-1, IL-6), and 
tumour necrosis factor α (TNFα) in diabetic 
wounds has also been reported, which could be 
one of the long-term inflammatory causes fol-
lowing wound injury in diabetic patients [8, 51]. 
To date, keratinocyte cells in diabetic wounds 
have been revealed to play a key role in promot-
ing chronic inflammation. Together with this 
end, keratinocytes secrete several chemokines 
and cytokines such as IL-8, which are involved 
in recruiting neutrophils and increasing ROS 
production [53]. Recently, an in vivo study 
revealed that high-glucose condition results in 
increased expression of IL-8 through the regu-
lation of epidermal growth factor receptor 
(EGFR) and extracellular signal-regulated kina- 
se (ERK) axis and subsequently enhanced ROS 
production in keratinocytes. Hence, increased 
IL-8 expression in keratinocytes contributes to 
elevated ROS levels and poor wound healing in 
diabetic rats compared with control rats [54]. 
As mentioned, the process of angiogenesis is 
one of the essential processes in wound heal-
ing, but various pieces of evidence have report-

ed that the process of angiogenesis in diabetic 
wounds has been disrupted [27, 55]. Galiano 
and colleagues found that administration of an 
angiogenic agent such as VEGF to diabetic mice 
induces angiogenesis and wound healing [56]. 
Additionally, keratinocytes in diabetic wounds 
are involved in the process of impaired angio-
genesis. In this regard, thrombospondin-1 (TSP-
1) has been identified as the physiological 
inhibitor of angiogenesis, which is overexpre- 
ssed in the keratinocytes of diabetic wounds 
and leads to inhibit the angiogenesis of diabet-
ic wounds. Moreover, elevated oxidative stress 
stimulates DNA hypomethylation of TSP1 pro-
moter in keratinocytes of diabetic wounds. 
Therefore, the administration of antioxidants 
can contribute to normalizing keratinocyte-de- 
rived TSP1 in diabetic patients [57]. Besides, 
VEGF produced by keratinocytes plays an effec-
tive role in angiogenesis in the wound healing 
process. One study found that VEGF levels in 
chronic wounds in diabetic mice were lower 
than in normal rats. This study also found that 
VEGF protein biosynthesis in keratinocytes was 
mediated by protein kinase B (Akt) [58].

MMPs, as a class of endopeptidase enzymes, 
can destroy components of the ECM, including 
collagen, fibronectin, and laminin [57]. During 
the healing process of the wound, several 
remodeling and migratory events occur that 
require the function of MMPs and their natural 
inhibitors (tissue inhibitors of MMPs or TIMPs). 
TIMPs are secretory proteins that play a key 
role in the regulation of ECM metabolism by 
inhibiting the proteolytic activity of MMPs [5, 
19, 20]. In non-repairable wounds, such as  
diabetic wounds, the normal balance between 
MMPs and TIMPs is disturbed, causing the 
wound to delay or not close [59]. However, the 
expression of MMPs and TIMP levels are con-
troversial in diabetic wounds. For example, sev-
eral studies found that enhanced expression of 
MMPs and reduced TIMPs levels are hallmarks 
of the diabetic wound index, and targeting the 
MMPs may prove helpful in the management  
of wound healing [27, 60, 61]. Toward this end, 
it has been suggested that high levels of MMPs 
in diabetic wounds disrupt ECM components 
including fibronectin, cytokines, and growth 
factors, resulting in impairing the wound heal-
ing process [62]. On the other hand, a previous 
study claimed that keratinocytes require pro- 
teolysis of ECM proteins by MMPs to migrate  
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to wounds. They also found that in diabetic 
wounds, the level of MMPs expression decre- 
ased, resulting in reduced migration of kerati-
nocytes to wound healing [42]. Besides, the 
expression of a2b1 integrin and MMP-1 is 
essential for keratinocyte migration following 
skin injury. In this regard, Lan and colleagues 
showed that keratinocyte motility was signifi-
cantly reduced as a result of decreased a2b1 
integrin and MMP-1 expression in high glucose 
conditions [47]. To further investigate the role 
of MMPs in keratinocyte migration, recent evi-
dence has shown that cytokines produced by 
mononuclear cells such as IL-22 play an impor-
tant role in the secretion of MMPs by kera- 
tinocytes [57]. However, they found that IL-22 
expression is suppressed from blood mononu-
clear cells of diabetic rats, leading to decreased 
keratinocyte expression of MMP-3 and impair- 
ed keratinocyte migration [63].

The role of keratinocytes in the treatment of 
diabetic wounds

Previous studies have suggested that the inter-
play between keratinocytes and multiple cell 
types such as fibroblasts play a crucial role in 
the wound healing process. It has been shown 
that keratinocytes stimulate fibroblasts to pro-
duce growth factors and signaling mediators 
which may, in turn, lead to keratinocyte prolif-
eration and migration resulting in wound con- 
traction. 

Due to the crucial role keratinocytes play in 
wound healing, it was suggested as adjunc- 
tive treatment options for diabetic wounds. For 
example, Mansoub and colleagues investigat-
ed the application of keratinocytes and plate-
let-rich-plasma (PRP) on wound healing in dia-
betic animal models. The results showed that 
wound closure was initiated earlier in the kera-
tinocytes and PRP-treated groups in compari-
son to the control group. Macroscopic evalua-
tion of wound closure indicated that the combi-
national treatment causes more accelerated 
healing when compared to a single treatment 
at the end of the second week (Figure 3) [64].

Accordingly, two products including Apligraf® 
and Dermagraft® (Organogenesis, Inc., Canton, 
Massachusetts, USA) were introduced as ther-
apeutic procedures for diabetic wounds [8]. 
Apligraf® is a graft made from a cultured living 
dermis consisting of four components, includ-

ing an ECM, skin fibroblasts, stratum corneum, 
and epidermal keratinocytes. In this product, 
epidermal keratinocytes release growth factors 
to induce biologic wound healing and subse-
quently stimulate fibrosis, chemotaxis, angio-
genesis, and other cellular activities [65]. 

Dermagraft® is another allogeneic skin fibro-
blast product that is derived from human neo-
natal seeded on bio-absorbable polyglactin 
scaffold. Moreover, Dermagraft® is a rich sour- 
ce of fibroblasts and various growth factors 
such as platelet-derived growth factors A 
(PDGF-A), KGF, heparin-bound epidermal grow- 
th factor (HBEGF), insulin-like growth factor 
(IGF) that enhances the proliferation and migra-
tion of keratinocytes [66]. However, neither of 
these two products has been approved by  
the FDA for the treatment of diabetic wounds 
because there is insufficient clinical data to 
prove the benefits of these products [8].

Cell-based therapy

Despite of the improvement of various forms of 
skin substitutes for the treatment, using of skin 
substitutes face some trouble including inca-
pacity of reconstitution of skin appendages, 
excessive cost and low efficiency [67]. In addi-
tion, there are some limitations of cultured epi-
thelial autograft (CEA) sheet for the treatment 
of disorders in skin, such as keeping and man-
agement of fragile CEA. In addition, in the cli- 
nical application cases of CEA, taking a long 
time to achieve multilayered complete CEA 
sheet is another limitation [68]. Application of 
Stem cells (SCs) and differentiated cells such 
as keratinocytes is a promising treatment for 
the development of cell therapeutics. Treat- 
ment with these cells faces some limitations 
Such as Possibility of tumorigenicity immuno-
genicity and short survivability of SCs after 
treatment are a key obstacle to the treatment 
of SC-based therapeutic approaches [69]. A 
variety of clinical trials focused on cell-based 
products such as cultured allogeneic keratino-
cytes in the context of diabetic wound thera-
peutics (Figure 4) (as summarized in Table 2) 
[70]. 

Recently, a pilot clinical trial involving 59 
patients with DFUs was performed by You and 
colleagues, to assess the efficacy of the cul-
tured allogeneic keratinocyte sheets in treat-
ment of diabetic wound healing. After 12-weeks 
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of treatment, all patients (100%) in the kerati-
nocyte-treated group displayed complete wou- 
nd healing and 69% in the control group (P< 
0.05). The Kaplan-Meier median time to com-
plete closure was 35 days significantly lower 
when compared to 57 days observed in the 
control group. In this randomized clinical trial, 
allogeneic keratinocytes indicated promising 

results in diabetic foot ulcers (DFUs) healing. 
They suggested that cultured allogeneic ke- 
ratinocytes may provide a safe and effective 
treatment for DFUs [71]. Moreover, another 
clinical trial examined the efficiency of autolo-
gous cell therapy using skin cells including 
fibroblasts and keratinocytes on the treatment 
of chronic diabetic wounds (five severe patients 

Figure 3. Macroscopic evaluation of wound in diabetic rat models. The day when the wounds were created was des-
ignated as 1th day. On 3rd, 7th, 10th and 14th days after treatment, wound areas were measured. The four treatment 
groups include control (Non-treated diabetic rats), KT (keratinocytes-treated groups), LP (PRP-treated groups), LP + 
KT (Local PRP + keratinocytes-treated groups). Figure adapted from Mansoub and others [64]. 
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with chronic ulcers and unresponsive to classic 
medical treatments). The investigators con-
cluded that this cell therapy method is a po- 
tential treatment strategy for diabetic wounds 
that can heal faster. Besides, the important 
advantage of autologous skin cells is a mini-
mally invasive method and can be performed  
in an outpatient clinic [72]. Moustafa and col-
leagues in a randomized controlled trial (RCT) 
with 21 patients, showed that using cultured 
autologous keratinocytes delivered on the car-
rier dressing improved wound healing in non-
healing diabetic ulcers (with 18 out of 21 ulcers 
responding). Similarly, recent clinical studies 
have confirmed that fibroblast and keratino- 
cyte graft transplantation is effective in the 
treatment of diabetic lower extremity ulcers 
[73-75]. 

Limitations in transplantation and keratinocyte 
cell culture techniques have impeded the wide-
spread use of this method in the clinical trials. 

Using single-cell suspension was shown mainly 
to shorten the culture time [76, 77]. Hwang and 
colleagues evaluated the efficacy of allogeneic 
keratinocyte application for Chronic diabetic 
foot ulcers DFUs. They performed weekly kera-
tinocyte treatment for up to 12 weeks in 
patients with DFUs. They analyzed wound heal-
ing velocity, time to 50% wound size healing 
rate and analyzed affecting wound healing. 
Their results showed that cultured allogeneic 
keratinocyte, which are safe, advanced and 
easy to apply, are an effective protocol for the 
treatment of DFUs [78].

Uluer and colleagues studded on the role of 
keratinocyte which are differentiated from em- 
bryonic on wound healing. In the experimental 
group wound healing was faster than control 
groups. Keratinocyte increased the expression 
of FGF-2, IL-8 and MCP-1 during early stages of 
wound healing and during late stages of wound 
healing the expression of collagen-1 and EGF 

Figure 4. Treatment of a diabetic foot ulcer using an allogeneic keratinocyte product. A 63 years old woman with a 
chronic diabetic wound on the right fifth toe. (A) Cultured allogeneic keratinocyte sheet. (B-E) The ulcer was com-
pletely healed after 3 weeks of treatment. (Figure adapted from You and Han [70]). 

Table 2. Summary of clinical trials reported on the role of keratinocytes in the treatment of diabetic 
ulcers
Type of treatment No. of enrollment Intervention Ref.
Allogeneic keratinocyte sheets 57 (n = 27 in Group 

1, n = 32 in Group 2)
Group 1: keratinocyte treatment group for a maxi-
mum of 11 weeks. Group 2: control group treated 
with vaseline gauze

[71]

Autologous skin cell (fibroblasts and keratinocytes) implants 5 10 × 106 cells were applied with 2 ml of autologous 
fibrin glue to the ulcers

[72]

Autologous skin fibroblast and keratinocyte grafts 7 Hyalograft 3D and Laserskin Autograft [73]

living allogeneic keratinocytes 40 (n = 20 in Group 
1, n = 20 in Group 2)

Group 1: received cell-based dressing, Group 2: 
microcarriers kept in culture medium overnight

[74]

Autologous keratinocytes 21 Group 1: cultured autologous keratinocytes (active 
treatment), Group 2: cell-free discs (placebo)

[75]

Cellular versus acellular matrix treatment 120 Group 1: standard of care (SOC), Group 2: SOC plus 
Dermagraft® (bioengineered ECM containing living 
fibroblasts), Group 3: SOC plus Oasis® (ECM devoid 
of living cells)

[81]
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was increased. Keratinocytes influenced the 
wound healing process and improved wound 
healing [79]. Mansoub and colleagues evaluat-
ed the effect of keratinocyte on diabetic burn 
wound model for their contribution in wound 
healing process. They showed that applying 
keratinocyte increased the level of gene expres-
sion and evaluated growth factors and COL1α2, 
while MCP-1 levels decreased when compared 
to the untreated diabetic group [64].

However, for better understanding and optimal 
application, more insight into the mechanism of 
action of cell-based therapies is needed. A clin-
ical trial to evaluate the advantage of living 
cells in bioengineered structures over matrix 
alone in the treatment of diabetic wounds is 
currently ongoing [80]. 

Conclusion

Patients afflicted with diabetes experience 
more wound healing failures than those with-
out. The causes of non-healing diabetic wounds 
are very complex, which involves many cellular 
and biochemical events. Increasing research 
on diabetic wound pathogenesis has resulted 
in the discovery of treatment strategies to pro-
mote wound repair, but there remain many cha- 
llenges and complexities regarding the events 
leading to impaired diabetic wound healing. In 
recent years, the disturbing activity of keratino-
cytes has been reported as a key factor in 
impaired wound healing in diabetic patients. A 
high glucose environment may disrupt kera- 
tinocyte physiology and activity resulting in 
reduced epithelialization of the wound site. 
Keratinocytes-related factors that may affect 
the impaired diabetic wound healing include 
impaired keratinocyte proliferation and migra-
tion, gap junction abnormalities, chronic infec-
tion and inflammation associated with pertur- 
bed innate immunity, increased ROS genera-
tion, impaired angiogenesis, changing FOXO1 
activity and abnormal expression of MMPs. 
Given the central role of keratinocytes in the 
wound healing process and their location in the 
epidermis, it can be nominated as a targeted 
non-invasive treatment option for diabetic wo- 
und healing. Keratinocytes were successfully 
cultured in the presence of fibroblast feeder 
cells. However, further investigation is required 
to improve keratinocyte cell expansion as an 
effective treatment strategy for treating non-

healing diabetic wounds for usage in the clini-
cal setting.
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