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Abstract Wound healing is a complex pathway that is energy dependent. Nonhealing wounds frequently
require the use of physical modalities to achieve healing. There is much debate over which treatment
modality to use, with varying clinical results in the literature. This review paper describes a common
biochemical pathway that helps the clinician understand, at a molecular level, how the transference of
energy to a wound can result in positive clinical results. The mechanisms of action for ultraviolet light,
electrical stimulation, and ultrasound are reviewed along with a proposed biochemical roadmap. An
emphasis on protein biochemistry is supported with an extensive review of the literature.
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Introduction

Over the past 10 to 15 years, the approach to a patient
with a chronic wound has evolved from pure observation
and topical dressing selection, into the appreciation of a
complex micro-environment with numerous interdependent
biochemical pathways. As the knowledge base continues to
grow, so has the level of sophistication and detail with
which diagnostic and treatment options are available in
wound care. In the 1980s the concept of moist wound
healing, originally described in the 1960s, was brought into
a clinical reality with the release of moisture retentive
dressings.' The literature has previously focused on the
general work-up of a patient with a leg ulcer, diabetic foot
ulcer, or venous ulcer on a systemic or “macro” level. As
health care evolved into managed care and the creation of
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integrated health care networks, this larger macro environ-
ment had an impact on the patient’s treatment options,
access to care, and even clinical outcomes.* Landmark
papers which analyzed chronic wound fluid opened the door
for clinicians to start appreciating the “micro-environment”
in which wound healing occurred.>® The importance of
energy for wound healing is not new and the connection to
wound healing began with the use of >'P NMR spectros-
copy.” This technique allowed for the quantification of the
actual energy available for a wound to heal. The technique,
however, was cumbersome and the equipment costly and
not readily available.

Further understanding of the energy needs for healing can
be gained by understanding local tissue perfusion. Oxygen
content, delivery, and subsequent use are all commonly
evaluated at the organ level (Swan-Ganz catheter) in the
hospital intensive care unit. Recently, investigators have
found correlations between the microcirculation and overall
patient survival in septic shock even when macro-vascular
status was restored.® The skin derives the majority of its
energy requirements from the glycolytic pathway rather than
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from the Krebs cycle.” Oxygen delivery and the creation of
reactive oxygen species (ROS) can, however, impact healing
through signal transduction mechanisms. '’

New technology in both diagnostics and therapeutics
simply increases the scope of possible options for the
chronic wound patient. The macro-environment (history,
physical exam, and basic laboratory testing) still needs to be
evaluated at the start of any patient evaluation.'" It is now,
however, possible to continue the work-up, down to the
biochemical level. The advent of new therapeutic options
has made manipulation of this micro-environment possible.
Physical therapy modalities share in common the delivery of
energy to target tissues. In this paper, we will attempt to
describe the biochemical implications for the use of these
treatment options for nonhealing wounds. In closing, a
proposed theoretical mechanism of action is described along
with potential future research projects that might be able to
prove the theoretical model proposed.

Ultraviolet light C

Many skin care companies advertise that they have
products which will protect you from the dangerous effects
of ultraviolet (UV) radiation both UVA and UVB, a
component of sunlight that is associated with aging and
skin cancer. Ultraviolet light in the C-band wavelength,
however, is a form of radiant energy recognized in the past 2
centuries for its germicidal and wound healing effects.'
Physical therapists have used UV light C as a therapeutic
modality for wound healing for many years; however, the
physician community has been slow to adopt this technol-
ogy. Ultraviolet light in the C-band wavelength has also
enjoyed broad adoption in major basic science laboratories
as a means for sterilization for many medical devices."’

The 3 previously mentioned bands of UV radiation differ
in their ability to penetrate the skin. Varying biologic effects
are correlated with the depth of penetration. It should be
pointed out that there are more than 1 classification system
to identify the specific bands of UV energy; the following
description is adopted from the World Health Organiza-
tion.'? Ultraviolet light A for example has the longest
wavelength (320-400 nm) and penetrates to the level of the
upper dermis in human skin. Ultraviolet light in the B-band
(280-320 nm) only penetrates down to the stratum basale.
Ultraviolet light C (200-280 nm), which has therapeutic
wound care implications, however, only reaches the upper
layers of the epidermis.'?

Ultraviolet radiation exposure to the skin produces
erythema, epidermal hyperplasia, increased blood flow in
the microcirculation, and a has a bactericidal effect.'*'® The
induced erythema initiates the first phase of healing
(inflammatory phase) by creating an inflammatory response
via the mechanism of vasodilatation. This may be partially
explained by the effects of UV light on the arachidonic
acid pathway.'” Kaiser et al'® used a porcine model to

demonstrate that UV radiation stimulates the produc-
tion and release of interleukin 1 by keratinocytes. Interleu-
kin 1 enhances wound epithelializaton via keratinocyte
chemotaxis and proliferation as well as the proliferation
of fibroblasts."’

Increased cell permeability occurs which results in
increased intercellular edema at the prickle cell level causing
a separation of the upper and lower layers of the
epidermis.”’ The upper layer is sloughed off, or debrided,
with an accumulation of phagocytic white blood cells in the
local blood vessels. Growth factors are released from
epidermal cells exposed to UV irradiation which further
augments the healing cascade.”’ In addition, UV light
exposure induces cellular proliferation in the stratum
corneum.”” This proliferation/thickening of the skin is a
protective mechanism against further sunlight damage.
Research has shown that UV radiation can also cause
structural DNA changes and increased RNA activity for
continued transcription and repair.> Morykwas and Mark?*
examined the effects of UV light C exposure on dermal
fibroblasts measuring fibronectin production and wound bed
lattice contraction. Fifteen newborn foreskin fibroblast
cultures were established and treated with UV light C at
254 nm. Results indicated that those fibroblasts exposed
to UV light C had a decreased amount of fibronectin bound
to cell surfaces (mean, 14%) and an increased amount
of fibronectin released into the medium (mean, 42%). In
addition, collagen lattices constructed with irradiated
fibroblasts in this study contracted significantly faster as
measured at 7 days.

The authors theorized that fibronectin release is one
mechanism whereby UV irradiation leads to increased
healing via wound contraction. These results are comparable
with those obtained in a 1985 trial.>> Fibronectin promotes
cell migration and helps regulate cell growth and gene
expression. Aging fibroblasts have alterations in fibronectin
levels and extracellular matrix communication making it
difficult to distinguish the contribution of aging to a study
using UV irradiation.”® Morykwas used neonatal fibroblasts
to overcome this issue.

There are a growing number of organisms resistant to
currently available antibiotics.”” In addition, many wound
care patients have comorbid illnesses which impair local
tissue perfusion thereby affecting antibiotic delivery. This
clinical scenario creates a need in the industry for effective
topical therapies for treating wound infections and manag-
ing wound bed bioburden which is known to negatively
impact wound healing. Ideally, this should be achieved
without further impacting the resistance patterns for the
involved bacteria.

There is a growing body of literature examining the
antimicrobial effects of UVC irradiation at 254 nm. Conner-
Kerr et al*® conducted an in vitro study demonstrating the
antimicrobial effects of UV light C using a 254-nm
wavelength cold quartz generator with a 90% output of
UV energy. The lamp was placed 1 in from the wound
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surface during treatment. Kill rates for methicillin-resistant
Staphylococcus aureus were 99.9% at 5 seconds and 100%
at 90 seconds. Kill rates for vancomycin-resistant Entero-
coccus faecalis were 99.9% at 5 seconds and 100% at
45 seconds. They proposed a further evaluation of in vivo
kill rates at shorter than the recommended 72 to 180 seconds
based on the results of their study. A comparative study by
Sullivan and Conner-Kerr®® described a 3-second exposure
time for prokaryotic organisms (Pseudomonas aeruginosa
and Mycobacterium abscessus), vs longer exposure times of
UV light C for the eukaryotic organisms Candida albicans
(15 seconds) and Aspergillus fumigatus (30 seconds) to
obtain 99.9% kill rates. Sullivan and Conner-Kerr proposed
that prokaryotic cells (bacteria) are preferentially injured
compared with eukaryotic cells because their genetic
material is located freely within the cytoplasm in compar-
ison to eukaryotes in which the genetic material is
surrounded by the nuclear membrane. In another study,
Sullivan et al’® determined that kill rates for Streptococcus
pyogenes (group A Streptococcus), a common causative
organism for necrotizing fasciitis, were 99.9% at 4 seconds
using UV light C, consistent with their prior data on
methicillin-resistant S aureus and vancomycin-resistant
E faecalis. The results, however, also indicated that 100%
killing of group A Streptococcus was never achieved even
with treatment times lasting up to 180 seconds in pure
culture. Thai et al’*' conducted a prospective, 1-group, pre-
post treatment study to evaluate the effects of UV light C on
chronic wounds as well as to establish test reliability using
the semiquantitative swab technique. Subjects (n = 22) were
recruited from nursing homes and inpatient/outpatient
settings who had chronic wounds exhibiting at least 2 signs
of infection and critical colonization with bacteria. Findings
suggested that the semiquantitative swab technique is a
reliable and reproducible test (x = 0.92) for assessing the
identification and quantification of bacteria on the superfi-
cial layer of chronic wounds. There was a statistically
significant (P <.0001) reduction in wound bioburden after a
single 180-second treatment of UV light C. The semiquan-
titative swabs showed the greatest reduction in semiquan-
titative swab scores in wounds colonized with Pseudomonas
aeruginosa and wounds colonized with only 1 species of
bacteria. Contrary to these findings, another published
multiple case report showed that 180 seconds of UVC
treatment was required to kill methicillin-resistant §
aureus.> This study also reported that longer treatment
times with repeated exposures were required to kill bacteria
located in deeper compartments of the wound.

There have been a few human clinical trials using UV
therapy. Unfortunately, it is difficult to draw strong
conclusions or compare the papers as different wavelengths
were used at various treatment times and distances from the
wound surface. Wills et al>* demonstrated the effectiveness
of UV light (combination of UVA, UVB, and UVC) in the
treatment of pressure sores in a randomized controlled trial.
Sixteen patients with superficial pressure sores (<5 mm

deep) were treated 2 times per week compared to control
patients who received the same light; however, a mica cap
was left over the quartz window effectively blocking all UV
radiation. In the UV-treated group, mean time to healing was
6.3 weeks, whereas mean time to healing was 8.4 weeks for
the placebo group (P < .02). Healthy staff members
established a minimal erythema dosage® of 2 seconds.
The treatment dosage was 2.5 minimum erythema dosage
twice weekly. Each dose of UV was increased by 50%
(to maintain second-degree erythema) so patients who
completed the 8 weeks of treatment would have received
up to 7 minutes and 30 seconds. The authors stated that
most of the wounds were infected on enrollment, but there
was no standardized definition of infection and culture
techniques were not described.

Nussbaum et al*® examined the effects of UV light C
combined with ultrasound (US) therapy on pressure ulcers
in a spinal cord-injured population. Twenty patients with
22 wounds were randomly assigned to either laser light
therapy, UV light C combined with US, or standard of care
which consisted of wound products that maintain a moist
environment. Treatment parameters for UVC were based on
wound appearances using erythema dosages with E; for
granular wounds and E, for heavily infected areas.
Ultrasound was applied at 3 MHz and at 0.2 W/cm®.
Ultrasound and UV therapy were performed 5 days a week
on an alternating day basis. Some patients therefore received
3 US therapies 1 week and only 2 the following week. Laser
light at 820-nm wavelength was applied 3 times a week with
a final energy density of 4 J/em” in a 35-second treatment
time. The results indicated that a combination of UV and US
treatment was more effective on wound healing than nursing
care alone or laser light therapy (P = .32). The fact that US
was combined with UV therapy, however, makes it difficult
to arrive at any meaningful interpretation of the results.

Electrical stimulation

The concept of a skin “battery” and the potential
implications for wound healing have been known since
the early 1980s.>27 The use of electrical stimulation for
wound healing uses this concept and allows the clinician to
deliver exogenous electrical signals into wound tissue
thereby mimicking the underlying natural bioelectrical
response to injury.’® Over the years, there have been a
large amount of clinical trials and animal experiments which
have elucidated numerous mechanisms of action for the
positive wound healing responses of electrical stimulation.

Preclinical

Using human fibroblast cell cultures, Bourguignon and
Bourguignon®® used high-voltage, pulsed, galvanic stimu-
lation and demonstrated an increase in DNA and protein
synthesis. Interestingly, however, at voltages above 250 V,
protein and DNA synthesis were inhibited, implying that,
not unlike medicines, energy-based therapies need to be
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studied in dose-escalating trials. In a subsequent work, the
above authors identified immediate increased levels of
intracellular calcium with subsequent increases in insulin
receptor sites on the cell membrane of human fibroblasts in
vitro.*® Adenosine triphosphate levels and thymidine incor-
poration have also been shown in vitro to be accelerated with
the use of electrical stimulation.*'** The use of sodium and
calcium channel blockers has mitigated the effects of
electrical stimulation during in vitro studies, further support-
ing the theory that membrane depolarization and ion shifts
are at least partially responsible for the changes noted with
electrical therapy.*** The movement of cells toward an
electrical field is known as galvanotaxis.*> Various cells
important for wound healing can be attracted into the wound
bed through the use of electrical fields.*>*” Another area of
intense research has been the potential antimicrobial effects
of electrical stimulation. It has become increasingly clear to
wound care practitioners that managing the bioburden is a
critical component of wound bed preparation.*® An excellent
review of all of the antibacterial studies focused on the
bacteriostatic or bacteriocidal actions of electrical stimula-
tion can be found in a recent paper by Kloth.*” Although a
definitive mechanism of action remains elusive, temperature
and pH changes do not appear to be the cause of the observed
effects.”® Many wound care products have incorporated
silver ions to achieve a level of bioburden control.”’ The
addition of an electrical current to a silver dressing may have
enhanced effects and requires further evaluation.’*>

Clinical

We have used the use of electrical stimulation as a skin
graft “salvage” procedure for many years. When a graft
demonstrates partial take, selective “spot debridement” with
a 3-mm curette is performed to remove the bio-film that is
produced. Daily electrical stimulation with an initial day of
negative active polarity followed by positive polarity
stimulation is performed for 2 weeks. This protocol results
in rapid keratinocyte migration and the filling of graft
interstices. There are numerous reports in the literature
describing skin graft survival, incisions, and flaps with the
use of adjunctive electrical stimulation.”*>’

It has now been well established that electrical stimula-
tion can enhance the formation and release of vascular
endothelial growth factor (VEGF) and is thereby a form of
therapeutic angiogenesis.®”®' Electric fields reoriented,
elongated, and enhanced the migration of endothelial cells
in culture.? In addition, there was a differential response
with microvascular endothelial cells migrating toward the
cathode and macrovascular endothelial cells migrating
toward the anode.®’ It is still unknown how cells can sense
and transduce electric signals in vivo. Increasing perfusion
at the microvascular level using noninvasive modalities is
important for patients with nonreconstructable vascular
disease and nonhealing wounds. A prospective, randomized
trial of high-voltage pulsed electrotherapy vs a sham device

demonstrated that wound area decreased and microcircula-
tion improved as measured by trans-cutaneous oxygen
levels.®* Researchers have attempted to identify vaso-
dilators, such as vasoactive intestinal polypeptide, that
might account for the increases in blood flow noted in
ischemic patients after electrical stimulation.®® There have
been several reports of increased tissue perfusion and
wound healing in diabetic ulcer patients.®>®” One report
demonstrated a decrease in trans-cutaneous oxygen values
after electrical stimulation, but this could be due to
increased tissue metabolism and in this trial there was no
concomitant laser Doppler performed.®® Another clinical
application in which electrical stimulation has had positive
effects on perfusion is the healing of pressure ulcers in
spinal cord—injured patients.®” It is known that skin below
the level of cord injury is at increased risk for breakdown
secondary to a loss of sympathetic vasomotor control.”
Spinal cord—injured patients were treated with electrical
stimulation or sham, and increases in transcutaneous oxygen
values were noted post therapy.”" In this study, there were
differences noted when patients were in the supine vs prone
position as well as with changes in the treatment voltages.
Patients with stage 4 pressure ulcers without spinal cord
injury were treated with electrical stimulation or standard of
care.”” The active treatment group demonstrated accelerated
healing. In another study, 47 patients with 50 wounds of
various etiology were randomized to active electrical
stimulation vs sham.”® After 4 weeks of therapy, the active
group demonstrated a wound size of 44% of the original vs
67% of original in the control group (P = .02).

Edema control is another important aspect in the overall
treatment of chronic wounds, in particular venous ulcer-
ations of the lower leg. Electrical stimulation has had
various results depending on the animal model selected.”*
With the use of a hamster cheek pouch, electrical
stimulation was followed by a histamine infusion.””
Flourescin-labeled dextran served as a tracer for plasma
proteins. Those animals pretreated with electrical stimula-
tion had decreased amount of leakage giving support to the
theory that electrical stimulation reduces edema by decreas-
ing the “leakiness” of the microcirculation. Taylor et al’®
furthered this work by varying the polarity of the electrode
and noted less edema with cathodal therapy.

Ultrasound

Ultrasound is defined as a mechanical vibration transmit-
ted at a frequency above the upper limit of human hearing
(>20 kHz).”” Recently, within the wound healing community,
there has been an increased interest in both diagnostic and
therapeutic US. High-frequency US (20-40 MHz) devices are
able to assess the peri-wound skin, wound bed, and the
underlying soft tissue components.”®”® Therapeutic US has
been used in sports medicine, physical therapy, and psychi-
atry for years, but wound care clinicians are only recently
becoming aware of the potential benefits for treating
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recalcitrant wounds. Information concerning the bioacoustic
effects of US continues to evolve from animal, plant, human,
cellular, and epidemiologic studies.** One of the main
mechanisms of action for US is achieved through the process
of cavitation.®' Cavitation involves the production and
vibration of micron-sized bubbles within the coupling
medium and fluids within the tissues. As the bubbles collect
and condense, they are compressed before moving on to the
next area. The movement and compression of the bubbles can
cause changes in the cellular activities of the tissues subjected
to US.”” Microstreaming is defined as the movement of fluids
along the acoustic boundaries as a result of the mechanical
pressure wave associated with the US beam.®” The combi-
nation of cavitation and microstreaming, which are more
likely to occur with kilohertz US, provides a mechanical
energy capable of altering cell membrane activity.®> A new
hypothesis known as the frequency resonance theory has
been proposed which carries the above concepts to the protein
and genetic level.** Mechanical energy from an US wave is
absorbed by individual protein molecules resulting in
conformational changes. Signal-transduction pathways are
also stimulated from the US-generated mechanical energy
that results in a broad range of cellular effects. There are
multiple, well-documented cellular effects of US therapy
which have direct implications for wound healing. Leukocyte
adhesion, growth factor production, collagen production,
increased angiogenesis, increased macrophage responsive-
ness, increased fibrinolysis, and increases in nitric oxide
(NO) are all examples of US-induced cellular effects.® "
Historically, megahertz-range US has been studied in vitro
and to treat peri-wound tissue clinically. There has been a
recent shift toward the use of low-frequency US in the
kilohertz range to achieve vascular vasodilatation, bone
healing, and with the use of cytotoxic chemicals that are
sonosensitizers, even for the treatment of malignant cells.”**
MIST (MIST™ Celleration Inc., Eden Prairie, MN, USA) US
therapy is a newly Food and Drug Administration—cleared
low-frequency US therapy which has been shown to enhance
angiogenesis and collagen deposition in a diabetic mouse
model.”> In a recently completed randomized, controlled,
double-blinded, sham study of diabetic foot ulcers in human
subjects, MIST therapy achieved statistically significant
greater healing outcomes than Sham therapy (40.7% vs
14.3%).°® This multi-center trial had more than 25 inclusion
and exclusion criteria and required the investigators to use a
prescribed dressing regimen throughout the study to maintain
the rigid criteria for a randomized controlled trial. Dogs and
pigs with occluded coronaries were treated with low-
frequency, catheter-based US for up to 1 hour.”* Significant
increase in flow was noted, but these were completely abated
with the use of L-nitro arginine methyl ester a known NO
synthase (NOS) inhibitor. In this study, catheter-based,
27-kHz pulsed US was used with a maximal intensity of
1.4 W/em?, directly applied to heart muscle. This article
describes the release and/or formation of NO as a possible
mechanism of action for low-frequency US therapy.

Discussion

In this paper, we have described several physical therapy
modalities with an emphasis on their biochemical impact on
wound healing. At a very basic level, all of these therapies
end up delivering energy, although in different initial forms,
to the wound bed. Much has been written in the alternative
medical community concerning energy medicine, homeop-
athy, and acupuncture, all of which deal with diagnosing
and treating patients using energy in various forms.”” This
type of complimentary therapy is gaining acceptance in the
general public and slowly with health care practitioners.”®

There are many other modalities including low-level laser
and near-infrared light therapy, which deliver energy and
have been shown to improve healing.””'°° We have not
attempted to provide a complete review of all energy-based
modalities that might positively impact wound healing, but
have tried to review some of the common therapeutic options
used by clinicians. More importantly, it is our belief that there
is an underlying universal mechanism of action responsible
for the cellular effects seen with these treatments.

After reviewing many published articles, we have
designed a biochemical pathway that might explain the
relationship between energy therapy and the cellular events
that lead to the clinical results obtained with these
modalities. There are several key cells in the early stages
of the healing process of an open wound. Neutrophils,
vascular smooth muscle cells, endothelial cells, fibroblasts,
and macrophages all arrive at the wound bed during the
initial response after skin injury. All of these cells produce
NO at certain points along the healing continuum.'® These
cells also contain niacin adenine dinucleotide phosphate
oxidase, an enzyme at the cell membrane level. In the
presence of niacin adenine dinucleotide phosphate, oxygen
(O,), and NO, niacin adenine dinucleotide phosphate
oxidase is capable of synthesizing ROS represented
principally by hydrogen peroxide (H,0,)."” For this redox
mechanism to proceed, energy is required. The ROS in an
open wound seems to be involved via the regulation or
modulation of all stages of the healing process.'® A chronic
wound has been defined as one that fails to proceed through
an orderly and timely process to produce anatomic and
functional integrity, or one that proceeds through the repair
process without establishing a sustained anatomic and
functional result.'®" There is little agreement in the literature
concerning time frames for the healing of various wound
etiologies. Some authors feel that with a consistent clinical
work-up and treatment protocol, wounds of various etiolo-
gies will heal along with a similar time course.'” If the
inflammatory phase persists beyond its certain physiologic
limits, therefore, a chronic wound is generated. Under these
conditions, ROS production continues from macrophages,
fibroblasts, and endothelial cells, which keep damaging the
area and perpetuating the inflammatory state. This situation
has been called “oxidative stress,” and it correlates with the
“stunned wound,” a cellular physiology described in the
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cardiac literature known as the stunned myocardium.'**'%?
Many disease states and in fact the process of aging have
been related to the level of oxidative stress within the
organism, ' **!%3
Nitric oxide synthesis begins with the oxidation of the
substrate, L-arginine, in the presence of an enzyme, NOS.'%
Nitric oxide synthase is composed of the protein calmodulin
(CaM), flavin, tetrahydrobiopterin (BH,4), and a reduced
thiol.'”” Calmodulin can either be free or membrane
attached and requires the addition of calcium.'®® Niacin
adenine dinucleotide phosphate is also required as a cofactor.
The end products of this reaction include L-citrulline and
NO. There are 3 forms of NOS. Two of these are
constituitively expressed (nNOS neuronal, eNOS endo-
thelial). Neuronal NOS is located in the cytosol of
neurons, skeletal muscle, pancreas, and the kidneys.109
Endothelial NOS is primarily membrane bound and plays
a crucial role in regulating blood vessel physiology.''’
Inducible NOS, however, is not expressed in resting state
cells but is responsible for the larger release of NO.''
The resulting L-citrulline can resynthesize arginine by the
transference of an amino group from aspartate. This
reaction is known as the arginine-citrulline cycle. As a
result of this cycle, arginine is never depleted and oxygen
becomes the limiting factor under normal conditions.
When high concentrations of arginine accumulate, the
action of a second enzyme, arginase, catalyzes the arginine
into ornithine and urea.''” This use of arginine has been
implicated to downregulate NO synthesis via substrate
depletion.'"® Tt is necessary to consider that NOS has a
K, of 2 to 20 umol/L, whereas arginase has a K, of 2 to
20 pmol/L, which means that NOS requires a concentra-
tion of substrate 1000 times less than arginase.''

Pentoses shunt

Solid arrow indicates reaction; dashed arrow, stimulus or expression; dotted arrow, inhibition or negative feedback.

Angiogenesis, the creation of new blood vessels, is a
multi-step complex component of the wound healing
process.' " Nitric oxide, and therefore NOS, is an important
mediator of the angiogenesis process.''®!'” There are several
biochemical processes by which this modulation of NOS can
occur. Within endothelial cells, NO has a positive feedback
effect over cyclic GMP. This activates via phosphorylation, a
serine/threonine kinase (akt), which in turn activates (also by
phosphorylation) the NOS enzyme.''® Erythropoietin, acting
as a cytokine, is also a stimulus for the expression of NOS
enzyme, whereas the transforming growth factor § (TGFf) is
an inhibitor of this enzyme when macrophages are present in
the granulation tissue.''”'?° It is also known that VEGF
mediates angiogenesis.'?! Nitric oxide and VEGF may
interact to produce pro-angiogenic responses.'>? There are
2 types of receptors that define the role of VEGF in
endothelial cells, VEGFR-1 and VEGFR-2. VEGFR-1
activates NOS and NO synthesis and promotes vascular
connections through branching, whereas VEGFR-2 promotes
tube length between branches.>* When NO concentrations
are high VEGFR-2 is inhibited via cGMP, but if NO
concentrations are low VEGFR-2 is stimulated.'*

The final phases of healing epithelialization and remod-
eling lead to the end result of the repair process.
Programmed cell death or apoptosis is a more recently
appreciated process that is also critical in wound healing.'**
Calcium ions (Ca®"), ceramides, and ROS are all involved
in the signaling for cell apoptosis. Ca** stimulates receptors
at the membrane level, which stimulates inositol triphos-
phate. Inositol triphosphate stimulates Ca®" release from the
endoplasmic reticulum, which subsequently activates pro-
tein kinase Akt and protein kinase C.'** These 2 enzymes
stimulate endonuclease activation destroying the cell nucleus
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and producing cell death.'®> Ceramides, a component of
sphingolipids and a second messenger, produce apoptosis
through the activation of protein kinase Akt.'** Reactive
oxygen species are also capable of directly producing
apoptosis.'>* It is important to note that NO can influence
both cell growth and apoptosis depending on the environ-
ment. Through the inactivation of caspases, NO can inhibit
the apoptotic process.'*® Given a different environment, for
example, the low concentrations of transforming growth
factor f§ seen under a muscle flap which leads to enhanced
NO levels, apoptosis is stimulated.'*’

All the modalities used in wound healing are, by
mechanical or electrical methods, introducing energy to the
affected area. The energy needs to activate certain processes
in the cell to trigger the aforementioned sequence of
reactions. It is obvious from the complexity of this pathway
(which is in no way complete) that it would be impossible to
assume that one treatment or modality can generate positive
results in all clinical scenarios. Many of the processes we
have described can either stimulate or inhibit a step along the
pathway depending on the environment, the internal cellular
interpretation, cell type, and maturity.

Ultraviolet C

Ultraviolet C radiation can modify cellular apoptosis
through tyrosine phosphorylation of growth factor receptors
or the production of ROS."*!'?° Apoptosis is also influ-
enced by caspase activation which also occurs with UVC
irradiation.”*® Therefore, through the processes of protein
kinase phosphorylation, the production of ROS, and cell
signaling, UVC irradiation can lead to cellular changes
described in the proposed pathway (Fig. 1).

Electrical stimulation

Electrical stimulation results in tyrosine kinase activation,
growth factor receptor modification, and molecular changes
in signaling pathways that result in cell migration.'*'"'*

Ultrasound

Biochemical changes are also possible when using US as
an energy source to stimulate healing. Nitric oxide synthase
activity has been shown to increase in cultured vascular
endothelial cells.'** The increase in NOS may be due to
increases in intracellular calcium, which ultimately result in
increased NO.'*> Both endothelial and neuronal NOS are
calcium dependent. On the other hand, iNOS contains
calmodulin tightly bound to each subunit of the enzyme and
is permanently activated. iNOS is calcium independent.'"
Apoptosis is affected by ROS generation and intracellular
calcium ion changes.'*®'?” Receptor tyrosine kinases and
integrins can serve as mechanicosensors to transduce
mechanical stimuli into chemical signals.'*® Extracellular
signal-regulated kinase and c-Jun terminal kinase can be
induced by shear stress and are therefore potential markers
for the cellular stress induced by the use of US."?%!%°

Conclusions

Healing a wound is an energy requiring process that
often requires adjunctive therapies in addition to moist
wound care products to achieve success. These modalities
all deliver energy to the wound with resulting biochemical
results. Previously, the authors evaluated energy levels by
using P-31 NMR spectroscopy to assess adenosine triphos-
phate levels.'*' Recently, the authors have used the use of
MIST US to deliver energy to the wound bed of chronic
nonhealing wounds with good results.”® Given the com-
plexity and interrelatedness of the pathways described in
this paper, it is our belief that the future direction of our
research should focus on the protein level. After establishing
a “library” of protein profiles for various wound etiologies,
it is our intention to use MIST US and other modalities and
reevaluate the protein profile using mass spectroscopy. It is
our hope to identify “diagnostic protein profiles” which
would help the clinician to decide which modality to use, for
how long, and in what sequence to achieve healing in
recalcitrant chronic wounds.
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