Journal of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by University of Padova on 01/30/13
For personal use only.

Journal of
Enzyme Inhibition
and Medicinal
Chemistry

http://informahealthcare.com/enz
ISSN: 1475-6366 (print), 1475-6374 (electronic)

informa

J Enzyme Inhib Med Chem, Early Online: 1-6
healthcare

© 2013 Informa UK Ltd. DOI: 10.3109/14756366.2012.759951

ORIGINAL ARTICLE

Effects of alpha lipoic acid and its R+ enantiomer supplemented to
hyperbaric oxygen therapy on interleukin-6, TNF-o and EGF production
in chronic leg wound healing

Emanuele Nasole', Cristian Nicoletti?, Zhong-Jin Yang®, Amelia Girelli?, Alessandro Rubini?®, Francesca Giuffreda®,
Andrea Di Tano®, Enrico Camporesi®, and Gerardo Bosco®

TIstituto Iperbarico SpA, Diving and Hyperbaric Medicine Unit in Villafranca, Verona, Italy, ?Diabetic Foot Unit, “Dr. Pederzoli” Hospital, Peschiera G.,
Verona, Italy, >Department of Anesthesiology, Upstate Medical University, Syracuse NY, USA, *Department of Biomedical Sciences, Section of
Physiology, University of Padova, Padova, Italy, *Department of Neuroimaging, Section of Physiology, University of Chieti, Chieti, Italy, and
Department of Anesthesiology, Tampa General Hospital, Tampa, FL, USA

Abstract Keywords

Context: Lipoic acid (LA) and hyperbaric oxygenation therapy (HBOT) improve chronic wound  Hyperbaric oxygen therapy, lipoic acid,
healing. wound healing

Objective: We compared the effects of LA or its enantiomer R-(++)-lipoic acid (RLA) on wound

healing.
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Materials and methods: Groups LA + HBOT (L), RLA + HBOT (R) and placebo + HBOT (P). Lesion
areas measured before treatment and on 20th and 40th day. The biopsies and plasma were
harvested before treatment and on 7th and 14th (measurements of VEGF, vascular endothelial
growth factor; EGF, epidermal growth factor, TNF-o. and IL-6).

Results: Ulcers improved more on RLA. In both L and R groups, EGF and VEFG increased in time.
RLA decreased IL-6 on T, and T4, which did not happen with LA. TNF-o levels decreased on T4
in both LA and RLA.

Discussion: The improved wound healing is associated with increased EGF and VEGF and
reduced plasma TNF-o and IL-6.

Conclusion: RLA may be more effective than LA in improving chronic wound healing in patients
undergoing HBO therapy.

Introduction oxidative damage in the treatment of chronic wounds since
multiple HBOTs are usually required. Antioxidant supplementa-
tion has been advocated to be used during HBOT course to reduce
potential oxidative damage. Lipoic acid (LA), a disulfide
compound, is found naturally in mitochondria as the coenzyme
for pyruvate dehydrogenase and a-ketoglutarate dehydrogenase®.
Exogenous supplementation with LA has been reported to
increase unbound LA levels, which act as a potent antioxidant
to reduce oxidative stress both in vitro and in vivo’. LA is both
water and fat soluble, crosses biological membranes easily, thus
reaching all the compartments of the cell and making it highly
effective in reducing ROS including lipid peroxides in cellular
membranes, as well as scavenging ROS at their mitochondrial
source'’. The beneficial effect of LA supplementation in patients
with chronic leg wounds undergoing HBOT has been
reported”’lz. The beneficial effect of LA was believed due to
its antioxidant activity either by directly interacting with ROS,
thereby counteracting lipid and DNA oxidation induced by
oxygen exposure, or by recycling vitamin E, thus enhancing the
total antioxidant status of the plasma. The beneficial effect of LA
may also due to its inhibitory effect on pro-inflammatory

Chronic leg wounds are generally caused by venous and/or
arterial insufficiency, diabetes mellitus or pressure ulcers.
Chronic wounds are not only a potentially disabling disorder
that affects daily life of millions of Americans, but also cost the
US health system over $25 billion dollars per year'. In addition to
traditional treatment with wound dressing changes and topical use
of antimicrobials, hyperbaric oxygenation therapy (HBOT) has
been observed to promote wound healingp‘ and documented by
The Undersea and Hyperbaric Medicine Society to be an effective
adjunctive therapy’. However, it is known that exposure to oxygen
at higher than atmospheric pressure leads to increased reactive
oxygen species (ROS) formation, which is in direct proportion to
the increased oxygen tension®. An overly produced ROS is
detrimental because it significantly damages cell structures such
as lipids, proteins and nucleic acids resulting in relevant alteration
of health status’. It is a major concern to reduce or prevent

Address for correspondence: Alessandro Rubini, Department of Biome-

dical Sciences, Section of Physiology, University of Padova, Via Marzolo,
3, 35100 Padova, Italy. Tel: +0390498275310. Fax: +0390498275301.
E-mail: alessandro.rubini @unipd.it

cytokineg’g. Enantiomer R-(+)-lipoic acid (RLA) is the form
biosynthesized in humans which is essential for aerobic
metabolism. RLA is the nutritionally and therapeutically preferred
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form due to its ‘‘vitamin-like’ role in metabolism'>. RLA has
been suggested to be not only as an in vivo ROS scavenger, but
also an inducer of the oxidative stress response”.

Wound healing is a complex process that includes a series of
overlapping phases including inflammation, epithelialization,
angiogenesis and matrix deposition'>. An interaction may exist
between oxidative stress and cytokine activity in wound healing
processl6’17. IL-6, a pleiotropic cytokine, has been hypothesized
to play an essential role in modulating immune responses so as
to promote collagen deposition and angiogenesis'®. TNF-o. has
been known to exert multiple regulatory effects on cell
proliferation and differentiation'®. The vascular endothelial
growth factor (VEGF) stimulates the formation of new blood
vessels (angiogenesis). VEGF also acts as a mitogen for vascular
endothelial cells, stimulating these cells to divide and multiply
themselves'>. Epidermal growth factor (EGF) is a growth factor
that stimulates cell growth, proliferation and differentiation by
binding to its receptor. Topical use of EGF has been suggested
to accelerate the rate of healing of chronic wounds in
humans?*?!. Enantiomer RLA and S-(—)-LA (SLA) constitute
the racemic mixture LA. Only the RLA exists in nature and is
an essential cofactor of four mitochondrial enzyme complexes™.
RLA has been suggested to be nutritionally and therapeutically
preferred form as antioxidant'®. Few studies compare individual
enantiomers (RLA) with racemic LA. Several studies have
demonstrated that LA either has lower activity than RLA or
interferes with the specific effects of RLA by competitive
inhibition”*>>. We hypothesized that supplementation of RLA
may be more effective than LA to HBOT in the treatment of
chronic leg ulcer. Some literature reports indicate that RLA may
act inducing genes expressions codifying proteases synthesis
which are known to exert beneficial effects on cutaneous
wounds healing. These effects are induced because of a direct
action on growth factors and cytokines activity®”. This
randomized, placebo-controlled, double-blind study was carried
out to compare the effects of RLA and LA on chronic wound
healing in patients undergoing HBOT, by means of measuring
improvement of ulcer sizes as well as changes of growth factor
and inflammatory cytokines in biopsy specimens and blood
plasma, which play the pivotal roles in the healing of chronic
wound.

Materials and methods

This study was approved by the Institutional Review Board. A

total of 27 patients (12 male and 15 female, mean ages of 66

(45-88) years old) were enrolled at the Vulnology and Diabetic

Foot Unit, Peschiera, Italy. The inclusion criteria included: non-

smokers (or those having quitted from smoking for more than one

year), skin ulcer history more than 30d, diabetic foot less
than grade 4 according to Wagner®, ankle blood pressure greater
than 50mmHg, a peri-lesional basal transcutaneous oximetry
reading greater than 20 mmHg for diabetic ulcer or greater than
10 mmHg for vascular insufficiency ulcer. The patients character-
istics and clinical data are listed in Table 1.
The patients were randomly divided into three groups:

e Group L: A total of 10 patients (four male and six female
with a mean age of 59 (45-83) years old). There were total 13
ulcerated lesions: five caused by arterial impairment, four
caused by venous insufficiency, three were diabetic/ischemic
origin and one caused by trauma. The average ulcer size was
3.92cm” with a mean history of 217d. The patients were
treated with LA (600 Byodinoral-R, MDM, Milano, Italy),
600 mg orally 60 min before each session of HBOT.

e Group R: A total of 10 patients (five male and five female with
a mean age of 71.8 (58-82) years old). There were total 10

J Enzyme Inhib Med Chem, Early Online: 1-6

Table 1. Clinical data of groups R, L and P subjects undergoing HBO
therapy.

Group R Group L Group P
Number of subjects 10 10 6
Mean age (years) 72 59 72
Gender (M/F) 5/5 4/6 2/4
Diabetic feet 4 3 4
Venous insufficiency 4 6 2
Arterial impairment/ischemia 2 1 0
Average size of ulcers (sq.cm) 7.45 3.92 3.18
Mean persisting days 233 217 224

ulcerated lesions: five caused by arterial impairment, four were
diabetic/ischemic origin and one with diabetic neuropathy.
The average ulcer size was 7.45 cm?® with a mean history of
233d. These patients were treated with RLA (Destior-R,
MDM, Milano, Italy), 600mg orally 60min before each
session of HBOT.

e Group P: Seven patients (three male and four female with a
mean age of 72.1 (49-88) years old). There were total seven
ulcerated lesions: four were diabetic/ischemic origin, two
caused by arterial impairment and one from venous insuffi-
ciency. The average ulcer size was 3.18 cm’ with a mean
history 224 d. These patients were treated with placebo 60 min
before each session of HBOT.

Hyperbaric oxygen therapy protocol

All patients were evaluated by past medical history and physical
examination, chest X-ray, EKG and otoscopic examination to
ascertain the safety for HBOT. HBOT was conducted at the
Istituto Iperbarico SpA, the Diving and Hyperbaric Medicine Unit
in Villafranca, Italy.

HBOT was administered once a day (110 min), 5d a week for
total 40 sessions. HBOT included three 24 min sessions with
100% O, at 2.5 ATA and two interposed pauses of 5min in air.
The dive profile included two extra breathing periods of 100% O,
(always through an oral-facial mask): one during compression,
from 1.6 ATA up to the final pressure of the treatment (2.5 ATA)
and another one during decompression from the bottom depth
(2.5 ATA) until reaching 1.3 ATA. The total times per dive was:
90min of O, with mask, 72min at 2.5 ATA (usually took
12—-15 min to reach this level) and 18 min for surfacing, including
a further decompression stop of 3 min at 1.3 ATA.

Clinical evaluation

The skin lesions were clinically treated according to Schultz
et al.?’ Clinical assessment of the wound conditions was
conducted before treatment (7)), day 20 (T,o) and day 40 (Ty).

The samples of blood and tissue biopsy for cytokine and
growth factors assay were taken before treatment (7y), day 7 (T>)
and day14 (T4).

Preparation of blood and tissue samples

Venous blood was collected in heparinized tubes and centrifuged
at 1000g for 15 min. The obtained plasma was stored at —80 °C
until assay. A 5 mm diameter biopsy was taken from the center of
the wound. The biopsy sample was immediately frozen at —20 °C.
Frozen biopsies were homogenized in the lysis buffer (50 mM
Tris—HCI, 1% Triton X-100, pH 7.4) and centrifuged at 12 000g
for Smin to remove particulate matter. The supernatant was
assessed for protein content using the Bradford method (Sigma, St
Louis, CA) and stored at —80 °C until assay.
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Figure 1. The comparison of ulcer sizes at
three time-points in each group including
RLA + HBO treated (group R), LA+ HBO
treated (group L) and placebo + HBO treated
(group P). The ulcer sizes were determined
before (7), after 20(75) and 40(T40) days

from starting the HBO therapy. The results 10
were expressed as cm® and data represent -
mean £ SD. As shown in this figure, the ulcer 9

sizes became smaller in group R at both T,
and T significantly compared with its basal
value Tj. Simultaneously, only the results of
T, in groups L and P expressed improvement
in ulcer size. *p <0.05. Group R: n=10;
group L: n=10; and group P: n=6.
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Angiogenesis protein arrays

Protein arrays for human angiogenesis (EGF, VEGF) were used to
analyze the biopsy lysates. IL-6 and TNF-o. were assessed with
ELISA kit (SearchLight, Pierce Biotechnology, Rockford, IL) in
plasma, according to the manufacturer’s instructions. Results are
expressed as ng/mg protein for biopsy and as ng/mL for plasma
samples.

Statistical analysis

The Kruskal-Wallis and Mann—Whitney non-parametric statis-
tical tests (the median [quartiles]) were employed to assess the
significance of the differences in the concentration and activity of
angiogenic/inflammatory factor levels between the time points
and between the groups. A p value of <0.05 was considered
statistically significant. All statistical analyses were performed
using SPSS for Windows version 11.0 (SPSS, Chicago, IL).

Results
Changes of ulcer sizes

As shown in Figures 1 and 2, there was no significant reduction in
ulcer lesion in placebo group after 20 d. Supplementation of RLA
to HBOT significantly improved the wound healing. The
reduction of ulcer lesion became significant on day 20, much
earlier than with supplementation of LA to HBOT. In fact, in the
latter group, the reduction of ulcer lesion became significant on
day 40 only, similarly to what observed in group P.

Changes of EGF, VEGF, IL-6 and TNF-o

The changes of EGF, VEGF, IL-6 and TNF-o during HBOT in the
three groups were summarized in Table 2.

As showed, there was no significant change in EGF levels in
placebo and HBOT patients. Supplementation of either LA or
RLA to HBOT significantly increased EGF levels as detected on
days 7 and 14.

group L group P

As also showed, increased VEGF levels were noticed on
supplementation of either LA or RLA on day 7, while the same
did not happen in group P.

There was no significant changes in IL-6 values in group P
patients, while supplementation of RLA to HBOT significantly
decreased IL-6 values on days 7 and 14. The same was not
observed for group L. The level of IL-6 measured on day 7 in
group R resulted significantly lower with respect to group L.
TNF-a values also did not change in group P, while decreased
values were observed in groups R and L on day 14.

Discussion

The main findings in this study are that HBOT, supplemented
with either LA or RLA had a better healing effect than HBOT
alone in the treatment of chronic leg wound. Furthermore, RLA
was more effective than racemic LA as supplemental agents to
HBOT. This study also showed that the better wound healing
effect was associated with increased EGF and VEGF beta
production in the wound tissue and decreased TNF-o and IL-6
levels in the plasma.

Beneficial effects of HBOT on the stimulation of neovascular-
ization have been reported in flaps, wounds, irradiated tissues and
grafts®®. The beneficial effect of HBOT has been reviewed
recently”’. However, potential oxidative damage to the body
during HBOT has been a concern. Therefore, an antioxidant agent
has been advised to be supplemented during HBOT. Alleva et al.
evaluated the effects of LA in patients with chronic wounds
undergoing HBOT. Their study demonstrated a synergistically
beneficial effect of HBOT with LA supplementation in the
treatment of chronic leg wound'*'. The data from this study are
in agreement with their findings that HBOT in supplementation
with LA significantly improved chronic wound healing. Our study
further suggests that RLA may have better effect than LA in
enhancing wound healing during HBOT.

LA and its reduced form, dihydrolipoic acid, are known for
their biological antioxidant activity. LA acts as a scavenger of
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Figure 2. The comparison of ulcer sizes
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among the three groups at 75, and Ty, =0
respectively. The results were expressed as as Bgroup R
variation of the percentage in ulcer sizes and
related to the basal value (Ty), whereas the o group L *
data represent mean & SD. At 75, variation u group P
of the percentage of ulcer size in group R was
significantly higher than that in groups L and 35
P. Concurrently, the value in group L made
no difference referred to group P. At Ty, 30
although there was no difference between -«
groups R and L, both of them showed more 25
effective in decreasing the areas of ulcer than
group P. ¥p<0.05 and **p <0.01. Group R: 20
n=10; group L: n=10; and group P: n=6.
T>o and T4y means after 20 and 40d from 15
starting the HBO therapy, respectively.
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Table 2. Mean values (+/— SD) of IL-6, TNF-a, EGF and VEFG in experimental groups at different experimental times.

IL-6 (ng/mg)

TNF-o. (pg/mg)

EGF (pg/ml) VEGEF (pg/ml)

7° Group R 115434
Group L 11.2+£3.0
Group P 10.6 +5.1

7 Group R 8.6 £3.3%#
Group L 103+ 1.1
Group P 10.8+74

T Group R 8.243.7%
Group L 9.7+13
Group P 12.3+6.3

152+6.2 364 +77 2173 £103
144+3.2 293 + 86 2133 £134
14.7+4.0 288 + 149 2099 £ 130
11.2£3.8 511+ 69% 2456 £ 220%*
124+1.2 554 +34%* 2370 £ 280*
16.0£7.7 311489 2017 £20
9.2£3.8% 527 +£79% 2164 +29
10.3 £2.0% 587 £ 25% 2113 £39
15.6+7.1 298 £ 36 2098 + 34

*p<0.05 compared with group P; **p <0.01 compared with group P; #p <0.05 compared with group L. Ty, 77 and T4 mean before, after 7 and 14d

from starting the HBO therapy.

ROS and interacts with other antioxidants such as ascorbate,
vitamin E and glutathione, contributing to their regenera-
tion' %31 Alleva et al.'>'? have reported its adjuvant effect in
HBOT used for impaired wound healing treatment. Their data
demonstrated that the supplementation of LA efficiently inhibited
both DNA and lipid oxidation. Enantiomer RLA and SLA
constitute the racemic mixture LA. Only RLA exists in nature and
is an essential cofactor of four mitochondrial enzyme com-
plexes®>. RLA has been suggested to be the eutomer — the
nutritionally and therapeutically preferred form'®. Few studies
compared individual enantiomers with racemic LA regarding
chronic wound healing in vivo or in vitro. In this study, the
improvement of ulcers size in groups L and P did not appreciated
until Tyy, whereas the improvement in group R was achieved
much earlier on 7T5y. In our study, the beneficial effect of oral
600 mg RLA seems better than the same dosage of LA. There are
several possible explanations for the better effect of RLA relative
to LA. RLA is the naturally occurring enantiomer of LA in the
body, a selective transport process of RLA may already exist in
the cells. Uptake, distribution and action of RLA are more
efficient. On contrary, as an unnatural mixture, LA may have to
experience a complicated process to be active, including uptake,
distribution and action. SLA was reported could interfere with the
specific of RLA by competitive inhibition®®, which would prevent
LA from acting effectively. This study provides a new evidence
that RLA is more effective than LA when supplemented to HBOT
in chronic leg wound healing. Wound healing is a complex
process. On the molecular level, the process of endothelial and
vascular smooth muscle cells migration, proliferation and

circulating angiogenic cells mobilization to the periphery is
regulated by many factors including growth factors and
cytokines®* 2. When a cell is deficient in oxygen, it produces
hypoxia-inducible factor (HIF), a transcription factor. HIF then
stimulates the release of VEGF. Circulating VEGF then binds to
VEGEF receptors on endothelial cells, triggering a Tyrosine Kinase
Pathway leading to angiogenesis. VEGF induces endothelial cell
migration in wound healing through two primary mechanisms,
chemotaxis and vasodilatation. In the initial phase of angiogen-
esis, endothelial cells migrate before mitotic division®. It is
unclear which molecules transduce the mitogenic signal, but
VEGF induces endothelial cells grown on the surface of a
collagen matrix to invade the underlying matrix*°, and stimulates
their proliferative response. Furthermore, VEGF delays senes-
cence and restores proliferative capacity to endothelial cells. It
lengthens the life span of endothelial cells and prevents apoptosis
by inducing the transient expression of two anti-apoptotic proteins
in human endothelial cells*®. These proteins may be responsible
for VEGF’s prevention of apoptosis, induced by TNF-o in
endothelial cells and by ionizing radiation in hematopoietic stem
cells®. Controversy exists regarding the effect of HBOT on
VEGF production. HBOT has been observed to up-regulate
VEGF expression in an animal wound models and might be
responsible for its beneficial effects in wound healing®. HBOT
preconditioning increased myocardial capillary density and the
level of VEGF expression has also been observed®*. On the other
hand, other wound models have demonstrated decreased VEGF
expression and angiogenesis by short-term HBO treatment”.
Alleva et al.'>'® have reported that HBOT increased local tissue

RIGHTS LI N Hiy



Journal of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by University of Padova on 01/30/13

For personal use only.

DOI: 10.3109/14756366.2012.759951

VEGF gene expression and protein production in chronic leg
wound patients. In this study, HBOT alone gradually and
significantly increased VEGF production in the wound tissue,
that is in agreement with their reports. The reason of different
response of VEGF to HBOT in wound healing is unknown, as
pointed out by Kalns et al.>® that it is hard to interpret HBO’s role
in angiogenic response currently. Our data suggest that increased
VEGF production may be one factor contributing to the beneficial
effect of HBOT in enhancing wound healing. Our data also
suggest that VEGF production may not be just depend on IHF
stimulation since HBOT significantly increased local tissue
oxygen content. In this study, we noticed that when LA or RLA
was supplemented to HBOT, VEGF production was significantly
decreased in comparison to baseline and HBOT alone. In spite of
decreased VEGF production, the wound achieved better healing
when LA or RLA was added to the HBOT. Our results are in
agreement with Alleva et al.’s study that HBOT alone increased
VEGF gene expression and protein production in chronic wound
patients”. LA supplementation inhibited VEGF production. The
reason for this is not fully understood. As Alleva et al. suggested
that as LA promotes wound healing, it would be expected even to
increase angiogenesis by the expression of growth factors.
However, these were actually down-regulated, suggesting that
the alteration of the protease and inflammatory cytokine
expression has a greater effect on the healing process.

Wound healing contains an ordered sequence of events
including cell migration, proliferation and synthesis of extra-
cellular matrix, angiogenesis and remodeling. EGF orchestrates
the recruitment and growth of fibroblasts and epithelial cells in
the evolution of granulation tissue. EGF enhances epidermal
regeneration and tensile strength in experimental models of
chronic wounds®’. An early study showed that topical application
of EGF achieved a greater reduction in ulcer size and a larger
number of healed ulcers*®. There is no report on the effect of
HBOT on EGF in wound healing. Our study showed that HBOT
alone has no significant effect on EGF production in chronic leg
wound patients. However, EGF production was significantly
increased when either LA or RLA was added to HBOT. This
increased EGF production is associated with enhanced wound
healing. Our study suggests that increased EGF production may
be responsible to the beneficial effect of HBOT in combination
with LA or RLA. TNF and IL-6 are key mediators of the
inflammatory process, and also contribute to the reparative phase
directly as well as indirectly (by inducing other cytokines and
growth factors) affecting endothelial and fibroblast functions™.
IL-6 was also shown to be essential for epithelialization and
influence the formation of granulation tissue, as demonstrated in
studies of wound healing in mice null for the IL-6 gene®®. As the
repair process proceeds, fibroblasts display increased levels of
molecular adhesion expression and do assume a myofibroblast
phenotype, mediated in part by beta-TGF and PDGF-A and B, to
facilitate wound contraction®”. Genes coding for growth factors,
cytokines, cell-matrix adhesion molecules and proteases were
expressed highly in the chronic wounds as mentioned by Alleva
et al.'>13 Oxygenation induced overexpression of almost all of
these genes at the first week of HBOT treatment. At prolonged
oxygen exposure, some of them were repressed. High levels of
chemokines and cytokines were observed in biopsies collected
from chronic ulcers, and HBOT enhanced their expression. LA
supplementation markedly repressed expression of inflammatory
genes. Down regulation of IL-6 mRNA, observed at day 14 of LA
supplementation, was associated with reduced plasma levels of
the IL-6 protein. Our study is in agreement with their study
showing that plasma levels of IL-6 increased following the HBOT
therapy in patients receiving placebo, most likely due to
inflammatory events, while LA inhibited IL-6 expression as

Effects of alpha lipoic acid 5

well TNF-a production. In particular, the transition from chronic
to acute or fully restored functional connective tissue is affected
by these factors, and this represents a major interest in the
treatment of chronic ulceration”’ .

Conclusions

Our results show that that LA and RLA in supplementation to the
HBO promote the chronic wound healing. ALA R+ enantiomer
seems more effective than the racemic compound. The improved
wound healing is associated with increased local tissue EGF and
VEGF production and reduced plasma TNF-o and IL-6. In
addition to increased local oxygen availability, the modified
growth factors and cytokines may be responsible for the beneficial
effect of HBOT.
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