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ARTICLE INFO ABSTRACT

Activated phosphatidylinositol 3 kinase/Protein kinase B (PI3K/AKT) signalling with increased or reduced
mTOR and GSK3p activity influences the wound repair process. Diabetic wounds, usually ulcerated, are char-
acterised by reduced growth factors and cellular performance. The occurrence of diabetic ulcers is linked to
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Photobiomodulation peripheral arterial disease, neuropathy, and wound contamination. Lasers or light emitting diodes (LEDs) pro-
Slr;;évm factors vide photon energy with therapeutic benefits (Photobiomodulation-PBM), and has been broadly commended to
AKT quicken diabetic wound healing. PBM is efficient in the visible red and near-infrared electromagnetic spectrum,
TOR and fluencies ranging from 2 to 6 J/cm?. However, cellular and molecular mechanisms induced by PBM are not
GSK3 fully understood. In this review we discuss PBM and the PI3K/AKT pathway with specific focus on the mTOR and
Bcl2 GSK3p downstream activity in diabetic wound healing.

Wound healing

1. Background

Cell proliferation, differentiation and migration is critical for phy-
siological outcomes including growth, wound repair and development
of cancer. Wounds develop as a consequence of an injury to the living
tissue, usually caused by a blow, a cut or any impact that can break the
tissue. Injury initiates a coordinated process for wound repair, typically
regulated by growth factor/cytokine stimulated signalling [1]. During
wound healing, growth factors/cytokines orchestrates inter- and in-
tracellular signalling for cell proliferation, differentiation, migration
and protein synthesis. In normal circumstances, this process results into

a predictable repair of tissue structural design and function, where cells
including fibroblasts, platelets, immune cells, keratinocytes and micro-
vascular endothelial cells play a significant role [2]. Immediately after
injury, a rapid immune reaction, the accumulation of the extracellular
matrix (ECM) and coordination of all cellular mechanisms of the epi-
dermis are triggered to restore local tissue homeostasis. Wound repair is
split into four interrelated phases of haemostasis, inflammation, pro-
liferation and remodelling. For this process to be complete, it requires
effective coordination of molecular, cellular, and physical events
amongst haematopoietic, immunologic, and local skin cells [3,4].
Nonetheless, this process may be compromised, and can be aggravated
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in the presence of contamination and underlying pathologies, including
diabetes mellitus (DM) [5]. Wounds that have failed to successfully
progress through the normal phases of wound healing results in chronic
wounds, which are often seen to stall in the inflammatory phase [6].
Chronic wounds are classified into diabetic, vascular (venous and ar-
terial) and pressure ulcers, representing a significant concern in the
medical field. This burden is expected to rise due to an upsurge in ill-
nesses such as DM, and an increase in the aged population [7].

Wound chronicity is a critical complication commonly seen in DM,
and is typified by disordered repair processes leading to the develop-
ment of diabetic ulcers. Although the precise pathophysiological con-
ditions for the progression of DM are partially understood, insulin re-
sistance is known as the initial detectable defect. Recent findings
suggest that various molecular mechanisms, including the cellular sig-
nalling pathways, play a critical role in the initiation and development
of DM [8]. Khorami et al. [9], implicated the impairment of PI3K/AKT
signalling in the development of DM and its subsequent complications.
Ulceration of the lower limb in patients with DM is a distressing com-
plication, and is worsened in the presence of peripheral neuropathy and
vascular disease, and the development of advanced glycation end pro-
ducts (AGEs). Diabetic wounds occur in approximately 15% of all dia-
betic patients, attributing to 75% of all non-traumatic lower limb am-
putations [10]. Abnormal cell migration, proliferation, differentiation,
apoptosis and the consequences of electrophile toxicity, oxidative
stress, low-grade chronic inflammation and senescence are some of the
factors that have been related to the development of diabetic ulcers
[11]. Additionally, the presence of increased levels of proteases ex-
ceeding the levels of their corresponding inhibitors play a critical role
in the development of these ulcers. The increased and continued pre-
sence of proteases leads to excessive degradation of the ECM, including
growth factors and growth factor receptors [6]. Although associated
with development and progression of cancer, PI3K/AKT signalling is
crucial in normal tissue repair processes, and plays a critical role in the
regeneration [12], remodelling [13] and reepithelialisation [14] of in-
jured tissue. Deregulated PISK/AKT signalling have significant effects
on wound healing [9].

PI3K/AKT signalling turns on and off several downstream regulating
proteins, including the mammalian target of rapamycin (mTOR) and
glycogen synthase kinase 3 (GSK3). Phosphorylation of mTOR and
GSK3 by AKT influences a wide range of biological activities such as
proliferation, growth and survival. Deregulated mTOR activation re-
sults in complications related to DM and cardiovascular diseases [15],
whereas phosphorylation dependent inhibition of GSK3 isoforms; GSK3
beta (8) and GSK3 alpha (a) by AKT, regulates several downstream
proteins including glycogen synthase (GS) that is involved in glucose
metabolism and storage [16]. GSK3 phosphorylation at its N-terminal
(S21 of GSK3a and S9 of GSK3p) reduces the activation of GS, inhibiting
the negative regulation of its downstream substrates. Additionally, the
GSK3B pathway controls biological processes including the in-
flammatory response, cell migration, proliferation and apoptosis [17].
Inhibition of GSK3f promotes pro-apoptotic activities, an intrinsic cell
death pathway in which GSK3p regulates B cell lymphoma 2 (Bcl2)
protein activity [18]. Indirectly, the activity of GSK3p signalling can
similarly be initiated via p70S6K, a downstream protein of the AKT/
mTOR pathway, which phosphorylates the N-terminus of both GSK3
isoforms [19].

2. PI3K/AKT signalling

Growth factors/cytokines are upstream extracellular signalling
proteins for many pathways that influence a range of biological pro-
cesses. In reaction to these extracellular regulating proteins, signalling
pathways including PI3K/AKT, modulates several cellular activities,
representing an essential factor for processes involved in acute wound
healing and maintenance of tissue homeostasis [14]. AKT, a serine/
threonine kinase, is a vital signalling center for a wide-range of cellular
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functions. PI3K dependent activation of AKT further affects the activity
of several downstream pathways involved in cell proliferation, angio-
genesis, senescence, apoptosis and cellular survival [15,4]. PI3K is
comprised of a family of lipid kinases that are categorised by their
ability to activate the inositol ring of the hydroxyl (3’-OH) group in
inositol phospholipids. Binding of mitogenic proteins to receptor tyr-
osine kinases (RTKs) activates auto-phosphorylation of the tyrosine
residues on its cytosolic domain. This is followed by the recruitment of
PI3K to the membrane, which binds to the phosphotyrosine residues of
the receptors through the src homology 2 (SH2) domains present in the
adaptor subunit. Activated PI3K controls the production of phosphati-
dylinositol-3,4,5-triphosphate (PI13,4,5-P3) from phosphatidylinositol-
4,4-bisphosphate (PI4,5-P,). PI3,4,5-P3 then recruits protein serine/
threonine kinase-3’-phosphoinositide-dependent kinase 1 (PDK1) and
AKT/PKB that contains the pleckstrin homology (PH) domain
[20,21,22]. AKT activation is negatively regulated by antagonists of
PI3K signalling, including the phosphatase and tensin homolog (PTEN),
which converts PI3,4,5-P; to PI-4,5-P, to restrain AKT activation [5].
With PTEN phosphatase dependent and phosphatase independent roles,
its genetic modifications can lead to deregulated DNA repair, protein
synthesis, and cell migration, cycle and survival. Initially, PTEN was
identified as a transformed or deleted tumor suppressor gene in human
cancers [9], and its down regulation is crucial for appropriate cuta-
neous wound healing. PTEN deletion has been seen to increase epi-
thelial cell proliferation, migration and acceleration of wound healing

[51.
3. AKT/mTOR and GSK3p pathways in wound healing

A network of signalling pathways stimulated by a variety of alert
signalling peptides are initiated in response to tissue injury [5]. This
response is not completely regulated by cellular intrinsic signalling, but
rather as a result of coordinated signalling within and outside the
wound milieu. In the wounded skin of mice, Gao et al., [23], observed a
diversified alteration in the expression of PI3K, AKT, phosphorylated
(p)-PI3K and p-AKT, with the expression of p-PI3K and p-AKT peaking
during the inflammatory and proliferation phase, and the expression of
PI3K and AKT peaking during the remodelling phase. This observation
demonstrates the significant link of PI3K/AKT signalling to wound
healing. Although AKT1 is regarded a critical isoform, and can ade-
quately maintain cellular growth by itself as compared to AKT2 and
AKT3 isoforms, they all are essential for proper cell growth and per-
formance [18].

The PI3K/AKT/mTOR pathway is critical for cell migration and its
reduced function prevents epithelial mesenchymal transition (EMT),
cell proliferation and wound healing [24]. mTOR forms two unique
complexes; mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2). mTORC1 controls protein synthesis, which is followed by
cell proliferation, migration, differentiation and survival. Apart from
phosphorylated PI3K that has effects on mTORC2, other factors that
lead to its activation remains unclear [25,26]. Phosphorylation of T308
and S473 amino acid residues by PDK1 and mTORC2, respectively,
activates AKT [19], and unaided, AKT controls cellular activities con-
cerned with cell cycle progression and survival [27]. Deregulated PI3K/
AKT/mTOR signalling initiates the development of several diseases
including cancer and its progression, obesity, cardiovascular diseases
and diabetes [28]. Apart from regulating the expression of growth
factors including vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF) and epidermal growth factor (EGF) [14], stimu-
lated AKT/mTOR promotes cellular growth and migration, angiogen-
esis and collagen synthesis [29]. During normal wound healing, a
progressive up-regulation of p-AKT at serine-473 (ser-473) has been
observed at the wound edge when related to the intact adjacent skin
[14,5]. Xiao et al., [13], demonstrated that during wound healing,
ozone oil enhance the migration of fibroblasts and the process of EMT
via the PI3K/AKT/mTOR pathway. The activation of PI3K/AKT/mTOR
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signalling is characterised by the raised expression of p-AKT in the
wounded tissue. As the activation of PI3K/AKT/mTOR accelerates
wound healing, irreversible blocking of cell cycle progression by tumor
suppressor p53 causes senescence of epithelial stem cells, and prevents
PI3K/AKT/mTOR pathway induced proliferation [5,30]. Hoke et al.
[4], observed a significant increase, at either a messenger ribonucleic
acid (mRNA) or protein level, of the PI3K/AKT/mTOR pathway in a
murine wound model during the various phases of wound healing.

Another AKT signalling substrate, the GSK-3f pathway, regulates
various biological activities for cellular metabolism, migration, apop-
tosis, spreading and inflammation. This pathway, also plays a critical
role in the development of diseases including diabetes and alzheimer’s
[17]. Inhibition of GSK3p via its phosphorylation at position Ser9 by
AKT is essential for cutaneous wound healing [16]. GSK-3f substrates
such as f-catenin and cyclin D1, are key proteins for promoting cell
proliferation and survival. In DM reduced expression of -catenin and
cyclin D1 is one of the critical mechanisms of reduced process of wound
healing [23,31]. PI3K/AKT signalling stimulates cellular functions via
the inhibition of GSK3p, and this inhibition allows f-catenin to stabilize
and translocate into the nucleus for gene transcription [23]. PI3K/AKT
dependent GSK3f3 (Ser9) phosphorylation, and hence GSK3fs inhibition,
is critical in wound healing. Karrasch et al. [16], implicated PI3K/AKT/
GSK3fs signalling in the intestinal epithelial cell wound healing re-
sponse. Furthermore, Chen et al. [32], observed a significant increase of
phosphorylated AKT-ser473 and GSK3f-ser9 in response to injury in
normal fibroblast cells. Phosphorylated GSK3, stimulates cellular mi-
gration [16], and its deficiency elevates collagen production, decrease
apoptosis, and enhances wound resolution [33]. Moreover, GSK3f, in
the regulation of cell survival and death, activates nuclear factor kB
(NFxB) signalling, and controls the pro- and anti-apoptotic Bcl2 family
of proteins in the intrinsic apoptosis pathway [34].

Apoptosis is a critical factor for the appropriate development and
performance of the immune system, cell turnover, embryo develop-
ment, and chemically induced cell death [35]. In tissue injury, loss of
cellular signalling, injury of the DNA, energy stress and hypoxia triggers
apoptosis, and concludes the inflammatory phase of wound repair. In
the later phases of wound healing, apoptosis is responsible for clearing
out macrophages, endothelial cells and myofibroblasts, leaving the
wound with few cells, collagen and ECM proteins that are responsible
for tensile strength of the healing wound [36,37]. Increased expression
of the Bcl2 protein inhibits apoptosis thereby enhancing cellular sur-
vival [28]. Localised to the outer part of the mitochondrial membrane,
Bcl2 plays a crucial role in the inhibition of pro-apoptotic activities.
Pro-apoptotic proteins, such as Bcl2-like protein 4 (BAX) and Bcl2
homologous antagonist killer (BAK), promote mitochondrial membrane
permeabilisation, discharge of cytochrome c and release of reactive
oxygen species (ROS), critical signals for apoptosis. BAX and BAK are
sequentially stimulated by Bcl2 homology 3 (BH3) only proteins, and
are obstructed by Bcl2, a PI3K/AKT signalling dependent regulation of
cellular apoptosis [38-41]. Cells undergoing apoptosis have raised cy-
toplasmic and reduced mitochondrial cytochrome c, and over-
expression of Bcl2 prevents the release of mitochondrial cytochrome c
and the induction of apoptosis [28].

4. AKT/mTOR and GSK3p pathways in diabetic wound healing

Diabetic wounds are associated with complications including con-
tinuous tissue loss, tissue and bone wound infection, limb amputation
and increased mortality rate [4]. While activated RTKs promotes the
stimulation of several signalling pathways for cellular glucose uptake,
proliferation and migration [9], their capacity to stimulate wound
healing is compromised in the presence of large wounds that are further
aggravated by the presence of infection and disease such as DM [5].
Reduced activation of PI3K/AKT signalling diminishes cellular re-
sponses, including insulin uptake and the development of DM [15].

DM alters the activation of several signalling pathways, including
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epidermal growth factor receptor/PI3K/AKT and extracellular signal
regulated kinases (EGFR/PI3K/AKT and ERKs), and downstream Bcl2
associated death promoter (BAD) signalling. This results in increased
cellular apoptosis and decreased proliferation, leading to delayed
wound healing [42]. Emanuelli et al. [43], elucidated that decreased
fibroblast proliferation and migration in DM is due, not only to hy-
perglycemia, but similarly, to oxidative stress that is generated by the
deposition of AGEs and oxidative altered proteins. Furthermore, they
suggested that the inhibition of fibroblast proliferation, migration and
collagen expression is enhanced through contact with AGE modified
collagen and the stimulation of stress-activated kinase p38 and mi-
togen-activated protein kinase (MAPK). This process is facilitated via
the down-regulation of extracellular signal regulated kinase 1 and 2
(ERK1/2) and AKT/PKB. Deregulated signalling pathways in diabetic
wounds is linked to altered concentrations of miRNAs linked to several
signalling pathway proteins including those of the PI3K/AKT/mTOR
pathway [44]. Reduced expression of micro-RNA (miRNA) proteins
related to a particular signalling pathway leads to a significant increase
in the expression of signalling proteins involved in that particular
pathway, and is followed by increased cell proliferation, migration and
reduced apoptosis. In DM, increased levels of miRNA proteins related to
PI3K/mTOR signalling is accompanied by reduced cell proliferation,
migration, and accelerated apoptosis [45]. The mTOR pathway attracts
a wider interest in scientific and clinical disciplines as a prospective
therapeutic target in the treatment of various diseases related to me-
tabolic abnormalities, aging, oxidative stress, proliferative disorders
and diabetic wounds [46]. Diabetic wounds express varying levels of
total and phosphorylated proteins related to AKT/mTOR and AKT/
GSK3p signalling, leading to reduced cell proliferation, migration and
survival (Fig. 1). In the wounded tissue of both non diabetic and dia-
betic rats, the AKT/mTOR signalling pathway is stimulated with a
significant increase in total and phosphorylated major proteins related
to the pathway [47]. Hoke and colleagues [4] found a significant in-
crease in the expression of PI3K, AKT, GSK3pf, total mTOR, phos-
phorylated (p)-mTOR, NF-«xB and caspase 3 proteins related to the
PI3K/AKT, NF-xB and S-catenin pathways in diabetic wounds. How-
ever, these proteins were significantly decreased in diabetic wounds as
compared to non-diabetic wounds. In DM the PI3K/AKT pathway is
impaired due to reduced 2-deoxyglucose uptake and reduced expres-
sion and regulation of GLUT-1 transporter, resulting in reduced glucose
metabolism [48].

Deregulated regulation of apoptosis is one of the crucial con-
tributing factors in the development of diabetic ulcers. Due to dimin-
ished stimulatory factors for cell survival, diabetic wounds display
higher levels of apoptosis and diminished granulation tissue formation
when compared with non-diabetic wounds [49]. Chronic wounds dis-
play increased cellular apoptosis originating from increased ROS that
raises the expression of pro-apoptotic proteins such as caspases, CD95 L
(FAS ligand) and BAX, with reduced expression of Bcl2 [36]. Jiang et al.
[50], observed an increased level of inflammation and collagen matrix
disruption with increased apoptosis and reduced growth factors/growth
factor receptors in chronic pressure ulcers. Furthermore, Frykberg and
Banks [6] observed that oxidative stress contributes significantly to the
development of senescent cells, deoxyribonucleic acid (DNA) damage,
cell cycle arrest and apoptosis in chronic wounds. This has been related
to irregular metabolic changes and deregulated intracellular biochem-
ical pathways in diabetic patients. Furthermore, cell apoptosis or cel-
lular adaptation to survive can also be stimulated by the gravity of
hypoxia. Oxygen performs a leading role during the wound healing
processes, and poor oxygen supply to the site of injury determines the
success of wound healing. Hypoxia-inducible factor-1 (HIF-1) and hy-
poxia-inducible factor-1 alpha (HIF-1a) stimulates angiogenesis, cel-
lular proliferation, migration and reepithelialisation. Hyperglycaemia
alters HIF-1a signalling, suppressing the expression of target genes re-
lated to HIF-1, the main controller of oxygen homeostasis [51,52]. HIF-
1 a induction is mediated by the AKT/mTOR pathway, and Jing et al.,
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Fig. 1. Deregulated phosphatidylinositol 3 ki-
nase/Protein kinase B (PI3K/AKT) signalling in
diabetic wounds. PI3K/AKT signalling affects
protein translation and transcription. The
phosphatidylinositol-4,4-bisphosphate (PI-4,5-
P,) is phosphorylated by PI3K to generate
phosphatidylinositol-3,4,5-triphosphate

(P13,4,5-P3), which recruits kinase-3’-phos-
phoinositide-dependent kinase (PDK) and AKT.
PDK phosphorylation activates AKT. At the
AKT level, the signalling branches into several
pathways including glycogen synthase kinase 3
beta (GSK3B), mTOR and Bcl2 that regulates
downstream proteins controlling translation
and transcription. In diabetes mellitus (DM),
the activity of this signalling cascade is re-
duced, affecting downstream proteins that
control translation and transcription leading to
the reduced release of growth factors, cell
proliferation, motility and invasion, survival,
and collagen deposition, and increased cellular

Sur[reusis paonpay

I/ m \ Reduced gene transcription, apoptosis.
! ] ) | % release of Growth factors, cell
| ,'— proliferation,  motility  and
) — / invasion,  survival, collagen
Nucleus Gene transcrlptlon 5 ‘ deposition and increased
S - apoptosis.

[53] observed a significant decrease in wound healing and angiogenesis
in diabetic mice in the presence of insufficient AKT/HIF-1a signalling
activity.

5. Treatment of diabetic wounds

The treatment of diabetic ulcers remains a worldwide clinical
challenge as the available treatment methods have been associated with
limited efficacy, are very expensive, and their side effects are not
completely evaluated [43]. In this case, preventing the development of
diabetic ulcers is a major concern for wound management profes-
sionals. Currently, the healing rate of diabetic ulcers using the available
therapeutic modalities stands at 50%, and mostly their effects are
temporary with a high rate of relapse [6]. In this regard, treatment of
diabetic ulcers demand a multidisciplinary linked attempt to diversify
strategies that can be adopted. Treatment decisions and options are
dependent upon the prognosis of the wound, including the use of in-
vasive procedures for limb amputation, and at the same time avoiding
the risks of unreasonable belligerent management of the patient [54].
Some treatments are based on the stimulation of cellular signalling
pathways using synthetic growth factors to exert mitogenic effects on
epithelial cells, fibroblasts, and endothelial cells, by targeting tyrosine
kinase membrane receptors [55]. However, the response is diminished
with the persistent presence of matrix metalloproteinases (MMPs), a
common feature in diabetic ulcers. Furthermore, as mentioned earlier,
most of these available treatment techniques lack substantial evidence
to demonstrate therapeutic efficacy, and their use is therefore limited
[6,56].

Recent advances in cellular and molecular science have significantly
increased the knowledge pertaining to biological activities involved in
wound healing, and diversified research into pharmacological and non-
pharmacological treatment techniques to enhance chronic wound re-
pair is currently an emergent part of biomedical science. Presently,
innovative strategies, including pharmacological agents, tissue en-
gineered structures, bio-active dressings, stem cell-constructed treat-
ments, and non-pharmacological non-invasive therapeutic techniques
using light energy (photobiomodulation-PBM or low level light therapy-
LLLT) from lasers and LEDs are being investigated [57,58].
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6. The effect of PBM on wound healing

PBM, previously known as "low-level laser therapy (LLLT)", was
discovered by Endre Mester more than 50 years ago, and a ruby laser at
a wavelength of 694 nm, and a helium neon (HeNe) laser at a wave-
length of 633 nm were the initial instruments used. The mechanism of
action for PBM has been unclear since its discovery, but recently there
has been much progress made in clarifying the involvement of chro-
mophores and signalling pathways [59]. PBM is a non-invasive, pain-
free treatment methodology with no reported side effects, and is viewed
as a potential treatment modality for diabetic wounds. PBM enhances
cellular proliferation, viability and migration of fibroblasts, augments
reepithelisation, enhances micro-circulation, and has anti-inflammatory
and anti-bacterial effects through the production of ROS within the
wound [60]. The biologic mechanism of PBM includes the absorption of
photons by photo-acceptors or chromophores at the cellular, molecular
and tissue level, resulting in the activation of cellular activities in-
cluding recruitment of cytokines and growth factors, and activation of
cellular signalling, leading to protein synthesis and deposition of the
ECM, cellular proliferation, differentiation and migration [61]. Fur-
thermore, PBM is known to promote tissue renewal, reduce in-
flammation and offer pain relief [62]. Photon energy (Fig. 2) from la-
sers or LEDs increases adenosine triphosphates (ATP), cyclic adenosine
monophosphate (cAMP), ROS, nitric oxide (NO) and calcium (Ca®™),
that all play a critical role in initiating cellular signalling [63]. PBM
employs coherent (lasers) and non-coherent (LED) light sources, and
sometimes both lasers and LEDs combined, in the visible red and near
infrared (NIR) electromagnetic spectrum [64,57].

According to the Arndt-Schulz law, on which PBM is based, a weak
stimulus adjusts a certain biological function, and as the stimulus be-
comes stronger, the effect is further elevated. Eventually, a maximum
response is achieved, and additional stimulus effects an undesirable
response. Thus, in PBM, light parameters and doses used are essential
[63]. At a molecular level, PBM modulates the electrochemical system
within the cell, including mitochondrial cytochrome c oxidase (COX)
signalling. This facilitates the removal of electrons from cytochrome c
to molecular oxygen [65]. It is reported that PBM yields a shift in cel-
lular redox potential towards greater oxidation with increased ROS
generation. The cell redox status controls cellular signalling pathways
which regulates gene expression, and alteration of cell redox state
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Visible red and near infra-red light Fig. 2. Cellular molecular mechanisms after
photobiomodulation (PBM) in chronic wounds.
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activates or obstructs numerous intracellular signalling pathways in- in immortalised granulosa (KGN) cells. In our previous study, we re-
volved with enzyme activation and cell survival [66]. ported that PBM at a wavelength of 660 nm and a fluence of 5J/cm?

Shingyochi et al. [67] studied the effect of PBM with a carbon di- activated cell proliferation, viability and migration of diabetic wounded
oxide (CO,) laser on fibroblast proliferation and migration in wound fibroblast cells in vitro through the release of EGF and subsequent
healing. They observed increased fibroblast cell proliferation and mi- phosphorylation of EGFR and the Janus kinase/signal transducers and
gration, and an eventual wound size reduction induced via activated activators of transcription (JAK/STAT) signalling proteins [75]. Dang
AKT, ERK and JNK signalling pathways. In another study, Kiyosaki et al. [76], observed that PBM at a wavelength of 800 nm and a fluence
et al. [68] observed that the expression of runt-related transcription of 40 J/cm? is effective in enhancing skin structure and expression of
factor 2 (Runx2) and phosphorylation of ERK in irradiated osteoblasts new collagen. They established that collagen synthesis was stimulated
influenced the mineralisation of osteoblasts through the synthesis of via activation of the TGF-f/Smad signalling pathway. Furthermore,

insulin-like growth factor I (IGF-I) and bone morphogenetic protein Sperandio et al., [77] showed that PBM used at the wavelength of
(BMP). ERK signalling is a significant activator of the MAPK pathway, 660 nm or 780 nm, power output of 40 mW, and energy density of 2.05,

and plays a critical role in controlling cellular processes such as pro- 3.07 or 6.15J/cm? alters the growth of oral dysplastic cells (DOK) and
liferation, development, differentiation, survival and apoptosis [69]. cancer cells (SCC9 and SCC25) via the modification of AKT/mTOR/
MAPKs are comprised of three key signalling members, ERK, C-JUN N- CyclinD1 signalling.
terminal kinase (JNK) and p38. El-Makakey et al. [70] examined the Several signalling pathways, including EGF/EGFR, STAT, focal ad-
effects of pulsed electromagnetic field therapy (PEMFT) and PBM using hesion kinase (FAK) and MAPK are modulated by Src non-receptor
a pulsed wave diode laser at a wavelength of 905 nm with a maximum tyrosine kinases [78,79]. The increased cellular ROS production post-
power output of 25 W and impulse duration of 100 ns on the human PBM explains the initiation of signalling pathways in wound healing.
body. The MAPK expression level was adopted as an indicator via Src kinases are triggered as a consequence of increased intracellular
evaluation of activated levels of ERK, p38 and JNK in lymphocytes of ROS levels, and are critically involved in essential cellular processes
patients before and after treatment. They observed that both PEMFT involved in wound healing, including proliferation and migration [80].
and PBM increased the activation of ERK, while PEMFT increased the Song et al. [81], analysed the influence of a HeNe laser at a wavelength
activation of all the MAPK signalling members in human skin. of 632.8nm and a power density of 64.6 mW/cm? on activated mi-
Cells irradiated with a HeNe laser at a wavelength of 632.8 nm and croglia cells, and subsequent induction of signalling pathways involved
a power density of 12.74 mW/cm?, displayed a significant increase in in neuroprotective and phagocytic responses. They observed that PBM
the activation of the ERK-specificity protein 1 (ERK-Spl) signalling decreased toll-like receptor (TLR) mediated pro-inflammatory reactions
pathway [71]. ERK-Sp1 signalling is involved in the expression of VEGF in microglia, suggesting that Src tyrosine kinases are activated as a
and proliferation of vascular endothelial cells. Effective wound healing result of an altered MyD88-dependent pro-inflammatory signalling
is achieved with restoration of blood flow to maintain the supply of cascade. Activated PI3K/AKT/mTOR and PI3K/AKT/GSK3Kp signalling
nutrients and oxygen to the injured tissue for growth and function of is related to several activities that are linked to the positive influence of
cells. Neoangiogenesis is critical in the wound repair process for the PBM including proliferation, migration, angiogenesis and cell survival
development of new blood vessels. VEGF is the most potent pro- and wound healing [82].

neoangiogenic growth factor that significantly influences wound
healing [72]. In the ERK-Sp1 pathway, activation of ERK leads to in-
creased interaction and phosphorylation of Spl, resulting in the in-
creased regulation of VEGF [73]. Kawano et al. [74], elucidated that
PBM at a wavelength of 830 nm and an energy output of 60 mW (60 s
irradiation time) stimulates MAPK and ERK induced synthesis of VEGF

7. Conclusion and future directions
As a non-thermal phototherapy, PBM is used in a number of medical
applications, including pain reduction and wound healing achieved via

direct photon action on COX and indirect cellular alteration of tyrosine
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Fig. 3. The presumed effect of photo-
biomodulation (PBM) on the activation of the
phosphatidylinositol 3 kinase/Protein kinase B
(PI3K/AKT) signalling pathway in diabetic
wounded cells. PI3K/AKT signalling affects
protein translation and transcription. The
phosphatidylinositol-4,4-bisphosphate (PI-4,5-
P,) is phosphorylated by PI3K to generate
phosphatidylinositol-3,4,5-triphosphate

(P13,4,5-P3), which recruits kinase-3’-phos-
phoinositide-dependent kinase (PDK) and AKT.
PDK phosphorylation activates AKT. At the
AKT level, the signalling branches into several
pathways including the glycogen synthase ki-
nase 3 beta (GSK3f3), mTOR and Bcl2 that
regulates downstream proteins controlling
translation and transcription. In diabetes mel-
litus (DM), the activity of this signalling cas-
cade is reduced affecting downstream proteins
that control translation and transcription
leading to the reduced release of growth fac-

Supreusis pasearouy

Increased
proteins,

factors, cell proliferation, motility
and invasion, survival, collagen
deposition and reduced apoptosis.

transcription of
release of Growth

tors, cell proliferation, motility and invasion,
survival, collagen deposition and increased
cellular apoptosis. PBM is presumed to revive
PI3K/AKT signalling in diabetic wounds, re-

kinases and tyrosine kinase receptors [83]. The attribution of PBM in
the ignition of the AKT/mTOR and AKT/GSK3p pathways has been
reported in cell migration and survival [63,82,84,85]. PBM increases
proliferation and migration of fibroblast cells during the wound healing
process. Yet, the precise underlying mechanisms at a molecular and
cellular level have not been formerly defined.

Diabetic wounds have increased levels of pro-inflammatory cyto-
kines, ROS, proteases, and senescent cells, and reduced growth factors/
receptors and cellular signalling activity, and are a major challenge for
patients, wound care specialists and clinicians. With recent advances in
the management of diabetic wounds and the identification of the un-
derlying pathophysiology, innovative strategies, such as non-pharma-
cological, non-invasive therapeutic techniques, including PBM should
be investigated. Although the PI3K/AKT pathway is among the com-
monly dysregulated signalling pathways linked to cancer, the activated
PI3K/AKT pathway is involved in many activities that are related to
PBMs beneficial effects on wound healing. PBM is believed to activate
reepithelialisation in diabetic wounded cells via a complex of signalling
pathways including PI3K/AKT that triggers downstream signalling re-
sponses, including the release of growth factors (Fig. 3). For PBM to be
completely accepted and used as a treatment methodology, there is a
need to understand the molecular biology which initiates cellular
functions after irradiation. Work is in progress in our laboratory (Laser
Research Centre, LRC, Faculty of Health Sciences, University of Jo-
hannesburg) regarding the effect of PBM on cell molecular mechanisms,
specifically the activated cell signalling pathways in diabetic wound
healing.
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