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Abstract
Generally, wounds are of two categories, such as chr­
onic and acute. Chronic wounds takes time to heal 
when compared to the acute wounds. Chronic wounds 
include vasculitis, non healing ulcer, pyoderma gan­
grenosum, and diseases that cause ischemia. Chronic 
wounds are rapidly increasing among the elderly popu­
lation with dysfunctional valves in their lower extremity 
deep veins, ulcer, neuropathic foot and pressure ulcers. 
The process of the healing of wounds has several steps 
with the involvement of immune cells and several other 
cell types. There are many evidences supporting the 
hypothesis that apoptosis of immune cells is involved 
in the wound healing process by ending inflammatory 
condition. It is also involved in the resolution of vari­
ous phases of tissue repair. During final steps of wound 
healing most of the endothelial cells, macrophages 

and myofibroblasts undergo apoptosis or exit from the 
wound, leaving a mass that contains few cells and con­
sists mostly of collagen and other extracellular matrix 
proteins to provide strength to the healing tissue. This 
review discusses the various phases of wound healing 
both in the chronic and acute wounds especially during 
diabetes mellitus and thus support the hypothesis that 
the oxidative stress, apoptosis, connexins and other 
molecules involved in the regulation of chronic wound 
healing in diabetes mellitus and gives proper under­
standing of the mechanisms controlling apoptosis and 
tissue repair during diabetes and may eventually devel­
op therapeutic modalities to fasten the healing process 
in diabetic patients.
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Core tip: Uncontrolled diabetes mellitus lead to the 
chronic non healing wound which further can escort 
to the Ischemia and coronary artery disease. Reports 
suggested that the involvement of various mechanisms 
in the development of chronic non healing wound in 
patients with diabetes mellitus, among which the oxida­
tive stress plays a pivotal role which then leading to the 
enhanced apoptosis of lymphocytes, may be playing a 
critical role in the delay of wound healing. Connexins 
are gap junction protein and their upregulation during 
diabetes might be leads to improper gap junction for­
mation attributing to the passage of various, apoptotic 
and inflammatory signals thereby resulting in delayed 
healing of chronic diabetic ulcers.
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INTRODUCTION
Diabetes mellitus (DM) is a complex, chronic metabolic 
disorder; affects almost all age group of  patients which 
requires continuous medical care with multifactorial risk 
reduction strategies beyond glycemic control[1]. Prolonged 
and uncontrolled DM may leads various complications 
which is broadly divided into microvascular complica-
tions (due to damage to small blood vessels) and mac-
rovascular complications (due to damage to the arteries) 
affecting several organs, including muscle, skin, heart, 
brain, and kidneys. 

It is reported that patients with DM are increasing 
rapidly worldwide and it is now recognized that the de-
veloping countries like India and China presently face 
the greatest burden of  diabetes. It is the fourth or fifth 
leading cause of  death in most high income countries 
caused 5.1 million deaths in 2013 and every six seconds a 
person dies due to diabetes[2]. According to International 
Diabetes Federation 382 million peoples were diagnosed 
with diabetes in 2013 which can reach up to 592 million 
in 2035. Among the countries China and India are having 
98.4 and 65.1 million DM patients respectively in 2013 
and which could be reach up to 142.7 million in china 
and 109.0 million in India[2]. Patients with poorly con-
trolled diabetes may be subject to acute complications of  
diabetes, such as dehydration, poor wound healing, and 
hyperglycemic hyperosmolar coma.  

Patients with DM have 15% higher risk for amputa-
tion than the general population due to chronic ulcers. It 
leads to diabetic neuropathy, which inhibits nociception 
and the perception of  pain[3]. Due to loss of  sensation in 
the feet of  DM patients they become unaware of  small 
wounds in the legs and feet, and may consequently fail to 
prevent infection or repeated injury on time[4]. Further, 
DM causes immune suppression and damage to small 
blood vessels, preventing adequate oxygenation of  tissue, 
which can cause chronic wounds[4]. Immune deficiency 
also takes place in patients with type 2 DM (T2DM) due 
to the increased apoptosis of  lymphocytes[5] and also the 
increased generation of  reactive oxygen species (ROS) in 
patients with T2DM, might be another factor, which then 
stimulates downstream apoptotic signalling pathways[6].

In this connection, Desmoulière et al[7] reported 
that the decrease cellularity in wound repair process is 
achieved by apoptosis of  different cell types. It is report-
ed that the reduced rate of  apoptosis is correlated with 
reduced expression of  early growth response protein 1 
(EGR1) in the 13 d old wound of  epidermis of  transgen-
ic animal and the EGR1 mediate the proapaptotic signal 
via p53[8] and it clearly vindicated that the induced Egr1 
expression plays a critical role in the resolution phase of  
wound repair by inducing apoptosis in keratinocytes. Fur-
ther, it is suggested that the Egr1 expression is induced 
by various proteins among which transforming growth 

factor beta (TGF-β) is well known[9].

BASIC MECHANISM OF APOPTOSIS
The term “apoptosis” was coined by Kerr et al[10] for 
a morphologically distinct mode of  cell death and the 
other type of  cell death is known as necrosis. The key 
mechanism of  apoptosis is endonuclease activation 
leading to internucleosomal double-stranded chromatin 
(DNA) fragmentation which occurs in most physiologi-
cal cell death whereas cell membrane damage takes place 
in necrosis. Apoptosis is essential, as defects in apoptotic 
cell death regulation contribute to many diseases includ-
ing disorders where deregulated cell proliferation occurs 
(cancer, restenosis) or where cell loss ensues (stroke, 
heart failure, neurodegeneration, Acquired Immune Defi-
ciency Syndrome)[11]. In wound-healing process apoptosis 
is responsible for the removal of  inflammatory cells and 
the evolution of  granulation tissue into scar tissue[7]. In 
DM patients delayed wound healing is one of  the major 
problems which are supposed to be takes place due to 
uncontrolled blood sugar level; it affects apoptosis during 
the wound healing process[12].

Apoptosis is also known as programmed cell death 
that may occur in multicellular organisms; leads to 
characteristic cell changes like blebbing, cell shrinkage, 
nuclear fragmentation, chromatin condensation, and 
chromosomal DNA fragmentation[13]. It is a complex 
process which initiates intracellular apoptotic signalling 
in response to a stress, which may bring about cell sui-
cide. Cell suicide takes place in four separable but over-
lapping steps; induction, detection, effectors, and remov-
al[14]. The dying cell remnants are removed by phagocytic 
cells of  the macrophage/monocyte lineage. Interestingly, 
apoptotic bodies may also be engulfed by cells not spe-
cialized in phagocytosis (e.g., vascular smooth muscle 
cells) (Figure 1)[15].

T2DM is associated with elevated level of  oxida-
tive stress, which is one of  the most important factors 
responsible for the development of  chronic complica-
tions of  this disease. Antioxidants like reduced glutathi-
one (GSH), superoxide dismutase (SOD) and catalase 
protects cells against oxidative damages. In our own 
publication we have shown that oxidative stress is higher 
in T2DM patients. In T2DM patients with chronic non 
healing wound, lymphocyte apoptosis is initiated by the 
augmentation of  reactive oxygen species which leads to 
the increased expression of  proapoptotic proteins like 
Caspases, FAS, BAX and decreased expression of  anti-
apoptotic proteins like B-cell lymphoma 2 genes (Bcl-2) 
(Figure 2)[6].

In streptozotocin-induced diabetic rats, the elevated 
blood sugar level increases cellular apoptosis and the least 
expression of  Bcl-2 protein causes deregulation of  the 
wound healing processes (Tables 1 and 2)[16].

The mechanism of  apoptosis has been linked with 
several proteins but two of  them are extensively recog-
nised for their regulation in the pathways (Figure 3)[17]: 
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(1) targeting mitochondria functionality, or directly trans-
ducing the signal via adaptor proteins, known as intrinsic 
pathway; and (2) extrinsic pathway of  initiation as identi-
fied in several toxin studies is an increase in calcium con-

centration within a cell caused by drug activity, which can 
also cause apoptosis via calcium binding protease calpain.

In the wound healing process various expression 
patterns of  apoptosis key regulators have been studied 
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Figure 1  Percentage of apoptotic and dead cells in healthy (Group A), type 2 diabetes mellitus (Group B) and type 2 diabetes mellitus patients with chronic 
non healing wound (Group C) (A and B). bP < 0.01 vs healthy; aP < 0.05 vs uncontrolled diabetes without complication and uncontrolled diabetes with chronic non 
healing wound. First, second, and third bar in each panel represents healthy, uncontrolled diabetic and uncontrolled diabetic with chronic non healing wound, respec-
tively.
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Figure 2  Concentration of superoxide dismutase (A), reduced glutathione (B), catalase (C) and malondialdehyde (D) in healthy (H), type 2 diabetes mellitus 
(D) and type 2 diabetes mellitus patients with chronic non healing (DC) groups. bP < 0.01 vs healthy; dP < 0.01 and aP < 0.05 vs uncontrolled diabetes without 
complication and uncontrolled diabetes with chronic non healing wound. First, second, and third bar in each panel represents healthy, uncontrolled diabetic and un-
controlled diabetic with chronic non healing wound, respectively. SOD: Superoxide dismutase; GSH: Reduced glutathione; MDA: Malondialdehyde.

Table 1  Mean blood glucose level, apoptotic index and DNA fragmentation in control rats 
(P  value < 0.01)

5th day 10th day 20th day 30th day

Control (n =10) blood glucose (mg/dL) 75.62 ± 6.41   80.79 ± 11.45 92.05 ± 9.56 90.77 ± 9.7
Apoptotic index (mean ± SD)   1.50 ± 0.60   1.60 ± 0.99   1.64 ± 0.86     1.69 ± 1.12
DNA fragmentation (%) (mean ± SD) 42.25 ± 3.95 44.15 ± 5.61 45.45 ± 5.88   46.58 ± 5.95
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The release of  cytochrome c into the cytoplasm ap-
pears to be a crucial step for the activation of  caspase. 
Once cytochrome c is released it binds with Apoptotic 
protease activating factor-1 and ATP, which then tie up 
to pro-caspase-9 to create a protein complex known as 
apoptosome. The apoptosome cleaves the pro-caspase 
to its active form of  caspase-9, which in turn activates 
the effector caspase-3. Smac/DIABLO and HtrA2/Omi 
promote apoptosis by inhibiting inhibitors of  apoptosis 
proteins activity[20].

In addition to the release of  cytochrome c; apoptosis-
inducing factor (AIF), endonuclease G and Caspase Ac-
tivated DNAse (CAD), discharge from the mitochondria 
during apoptosis. AIF translocates to the nucleus and 
causes DNA fragmentation into about 50-300 kb pieces 
and condensation of  peripheral nuclear chromatin[21] 
whereas Endonuclease G translocates to the nucleus 
where it cleaves nuclear chromatin to produce oligo-
nucleosomal DNA fragments[22]. CAD is subsequently 
discharged from the mitochondria and translocates to 
the nucleus where after cleavage by caspase-3, it leads to 
oligonucleosomal DNA fragmentation and chromatin 
condensation[23]. The control and regulation of  these 
apoptotic mitochondrial events occur through members 
of  the Bcl-2 family of  proteins[24]. Bcl-2 proteins are 
able to promote or inhibit apoptosis by direct action on 
MAC/MOMPP. Bax and/or Bak form the pore, while 
Bcl-2, Bcl-xL or Mcl-1 inhibits its formation. 

EXTRINSIC PATHWAY
The extrinsic signaling pathways involve death receptors 
that are members of  the tumor necrosis factor (TNF) re-
ceptor gene superfamily[25]. Members of  the TNF recep-
tor family share similar cysteine-rich extracellular domains 
and have a cytoplasmic domain of  about 80 amino acids 
called the “death domain”[26]. This death domain plays a 
critical role in transmitting the death signal from the cell 
surface to the intracellular signaling pathways. 

TNF-α signaling is linked to the Fas signaling path-
way through the interaction of  TNF receptor-associated 
death domain protein with Fas-associated death domain 
protein and their activation is critically depends upon the 
activation of  caspase[27]. Once caspase-8 is activated, the 
execution phase of  apoptosis is triggered. The binding of  
three Fas molecules to a Fas ligand (FasL) homotrimer 
leads to the subsequent binding of  Fas-associated death 
domain and procaspase-8 which finally triggers a cascade 
of  caspase activation, including caspase-3, leading to cell 
death[28]. Diabetes-enhanced and prolonged expression of  

which shows that the healing in mucosa takes place pre-
dominantly through the intrinsic pathway whereas skin 
healing is predominantly through the extrinsic pathway. 
The identification of  differences in the apoptotic path-
ways involved in wound healing of  various organs may 
allow the development of  therapeutics to improve wound 
healing[18].

INTRINSIC PATHWAY
The intrinsic signalling pathways involve various arrays 
of  non-receptor-mediated stimuli that produce intra-
cellular signals to work immediately on objects within 
the cell and are mitochondrial-initiated events. Intrinsic 
pathway acts both as proapoptotic or antiapoptotic fash-
ion and depends upon the intracellular signals. Nega-
tive signals involve the lack of  certain growth factors, 
hormones and cytokines that can escort to collapse of  
death programs inhibition, thereby triggering apoptosis. 
Other stimuli that act in encouraging fashion of  apopto-
sis include radiation, toxins, hypoxia, hyperthermia, viral 
infections, and free radicals, etc.

Stimulus of  apoptotic proteins targeting inner mem-
brane of  mitochondria may cause mitochondrial swelling 
through the formation of  mitochondrial permeability 
transition (MPT) pore, or they may increase the per-
meability of  the mitochondrial membrane and cause 
apoptotic effectors to leak out[19]. Formation of  MPT is 
achieved by the group of  proteins consist of  cytochrome 
c, Smac/DIABLO, and the serine protease HtrA2/Omi. 
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Figure 3  Basic outline of apoptosis mechanism. Bcl-2: B-cell lymphoma 2; 
TNF: Tumor necrosis factor; AIF: Apoptosis-inducing factor; Apaf-1: Apoptotic 
protease activating factor-1; TNFR1: Tumor necrosis factor receptor 1.

Table 2  Mean blood glucose level, apoptotic index, and DNA fragmentation in rats with diabetes 
(P  value < 0.01)

5th day 10th day 20th day 30th day

With diabetes (n = 10) blood glucose (mg/dL) 467.25 ± 48.2 506.33 ± 35.89 474.99 ± 39.76 488.15 ± 34.36
Apoptotic index (mean ± SD)     3.50 ± 2.60   4.20 ± 2.99   3.60 ± 3.56   3.69 ± 2.75
DNA fragmentation (mean ± SD)   62.80 ± 9.56   74.95 ± 10.45 66.55 ± 8.67 70.48 ± 6.21
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TNF-α and contributes in the direction of  impaired heal-
ing[29]. TNF-α is found threefold higher in diabetic mouse 
wounds than wounds in normal mice[30] and threefold 
higher found in wound fluid from nonhealing venous leg 
ulcers than in healing ulcers[31].

EXECUTION PATHWAY OF APOPTOSIS
Execution pathways start from the end point of  intrinsic 
and extrinsic pathways of  apoptosis. In this phase execu-
tion caspase activates to start organized degradation of  
cellular organelles. Caspase-3 is considered to be the most 
important of  the executioner caspases and is activated 
by any of  the initiator caspases (caspase-8, caspase-9, or 
caspase-10)[23]. Phagocytic uptake of  apoptotic cells is the 
last component of  apoptosis. Mice lacking either of  these 
caspases were deficient in skin wound healing and in liver 
regeneration[32].

Phospholipid asymmetry and externalization of  phos-
phatidylserine on the surface of  apoptotic cells and their 
fragments is the characteristic feature of  cell death which 
can be measured by fluorescent activated cell sorter using 
annexin V tagged with fluorescent molecule[5].

DIABETIC WOUND HEALING AND 
APOPTOSIS
Usually wound healing process can be split into 4 tem-
porarily and spatially overlapping phases: coagulation, 
inflammation, tissue formation (proliferative phase) and 
tissue remodelling or scar formation phase. 

COAGULATION PHASE
Coagulation phase takes place immediately after injury 
to stop excessive blood flow from wound and provides 
provisional protection for the wounded area. Hemostatic 
reaction started with the adherence of  platelets to dam-
aged blood vessels giving rise to a blood-clotting cascade. 
To facilitate aggregation platelates express sticky glyco-
proteins on their cell membrane[33]. Platelets also released 
cytokines and growth factors which are a potent chemo-
tactic agent; stimulates the deposition of  extracellular 
membrane to the wound site[34]. In addition, platelets re-
lease proinflammatory factors like serotonin, bradykinin, 
prostaglandins, prostacyclins, thromboxane, and hista-
mine to dilate blood vessel and increase cell proliferation 
and migration to the wound area[35].

INFLAMMATORY PHASE
Inflammatory phase starts with the release of  platelet-
derived growth factor and TGF-A1 and TGF-2 from 
platelet which attract inflammatory cells, such as leuko-
cytes, neutrophils, and macrophages[36]. Leukocytes re-
lease ROS that are antimicrobial and proteases that clear 
the wound of  foreign bodies and bacteria. T lymphocytes 
playing central role in the wound healing[37] and its in-

creased apoptosis leading to delayed wound healing in 
diabetic patients[17]. Neutrophils are important in wound 
healing as they serve to control infection by eliminating 
microorganisms. With the control of  infections neutro-
phils also release harmful enzymes which damage healthy 
tissues surrounding the wound site. To prevent further 
inflammation neutrophils are engulfed by macrophages 
during the process of  apoptosis[38]. Macrophages are the 
key scavengers for resolving inflammation and facilitating 
tissue regrowth[39]. These findings show that apoptosis of  
immune cells could be the major key to end inflammation 
and initiate healing[40].

Diabetes impaired wound healing by reducing macro-
phage number and activation which results in the reduced 
lymphatic vessel formation[41]. The anti proliferative 
protein p53 involved in apoptosis of  inflammatory cells 
during the healing process and its expression during the 
healing of  cutaneous wounds in swine has been reported 
by Antoniades et al[42]. 

PROLIFERATIVE PHASE
Proliferative phase of  repair begins with the settling 
down of  inflammatory phase and formation of  granula-
tion tissue. Granulation tissue formation takes place by 
growth factors which are released by basal keratinocytes, 
remaining inflammatory cells and migrating epidermal 
and dermal cells to support the epithelialization pro-
cess of  wound healing[36]. Diabetes mellitus affects re-
epithelialization by affecting multiple proteins and genes 
including angiopoietin-4[43]. ANGPTL4 shows a potential 
effect on lipid homeostasis, glucose metabolism, re-epi-
thelialization, inflammation, and potential effect on ener-
gy homoeostasis, which is required for wound healing. In 
corneal wound healing; apoptosis of  stromal keratinocyte 
is well characterised. It triggers subsequent cellular pro-
cesses that include bone marrow-derived cell infiltration, 
proliferation, and migration of  residual keratinocyte cells 
and in some circumstances, generation of  myofibroblast 
cells[44].

Diabetes mellitus affects signalling intermediates 
responsible for coordinating/regulating wound healing 
angiogenesis and vasculogenesis[45]. Due to the deficien-
cies in either endothelial progenitor cell or peripheral 
tissue homing and engraftment of  bone marrow, dia-
betic patients are prone to the development of  chronic 
wounds[46].

TISSUE REMODELING
Tissue remodeling is the process of  reformation or resto-
ration of  existing tissues. Restoration of  a normal blood 
supply offers an encouraging microenvironment for 
epidermal and dermal cell migration and proliferation. 
Fibroblasts proliferate within the wound and synthesize 
extra-cellular matrix (ECM) forming granulation tissue 
perfused with newly formed blood vessels. 

Wound contraction and matrix remodeling occurs 
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after the substitution of  ECM from collagen Ⅲ, fibrin, 
fibronectin, and hyaluronic acid[36]. Collagen homeostasis 
is aberrant in the wound of  uncontrolled DM patients 
who suppose to be mediated by Hsp47; leading to the 
dysfunction of  fibroblast cells. Such impairments could 
contribute to delayed wound healing[47]. With wound mat-
uration, different cell populations need to be eliminated. 
Apoptosis of  fibroblastic cells occurs, leading to the for-
mation of  a relatively acellular scar tissue whose tensile 
strength is equivalent with unwounded skin. Early studies 
suggest that endothelial cells undergo apoptosis followed 
by the removal of  myofibroblasts[48]. 

The passage of  various apoptotic and inflammatory 
signals via gap junctions play an important role in tissue 
remodelling during diabetic wound healing. Connexins 
(Cx), the gap junction proteins, form channels between 
two adjacent cells and their expression is highly regulated 
after wound formation at the transcriptional, translational 
and post translational levels[49]. In diabetic wounds signifi-
cant increase in the levels of  Cx26, Cx30.3, Cx31, Cx31.1, 
and Cx43 were observed as compared to non-diabetic 
wounds[50]. An up regulated connexin expression might 
lead to the improper gap junction formation attributing 
to the passage of  various, apoptotic and inflammatory 
signals thereby resulting in delayed healing of  chronic 
diabetic ulcers.

CONCLUSION
Diabetes mellitus delayed normal wound healing by vari-
ous ways like narrowing of  the blood vessels due to arte-
riosclerosis or leading decreased blood flow and oxygen 
to a wound, loss of  sensation in feet and lowering down 
the efficiency of  the immune system. DM is leading vari-
ous complications like macroangiopathy and microan-
giopathy among which Chronic wounds such as venous 
ulcers are rapidly increasing. In chronic non healing DM 
patients various cytokines and chemokines are interact-
ing together to lead various complications, e.g., strong 
positive association between interleukin-7 and monocyte 
chemoattractant protein 1 may be a possible cause of  de-
veloping coronary artery disease in these patients[51]. Dys-
regulation of  apoptosis in response to hyperglycemia is 
universal, leading to impaired wound healing along with 
the involvement of  other target organs. Contrary to the 
accepted view that diabetic foot is caused by neuropathy 
and peripheral vascular disease, it now appears that dys-
regulated apoptosis is emerging as a major cause of  the 
diabetic foot wound. Recent advances in management 
of  DM and understanding of  the molecular and cellular 
components of  apoptosis involved during the wound 
healing phases may enable personalized diagnosis and 
therapy tailored to a particular patient’s needs and there-
fore lead to better therapeutic outcomes.
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