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ABSTRACT

Diabetic patients undergoing hyperbaric oxygen therapies (HBO,T) for refrac-
tory lower extremity neuropathic ulcers exhibit more than a twofold elevation
(»=0.004) in circulating stem cells after treatments and the post-HBO,T CD34*
cell population contains two- to threefold higher levels of hypoxia inducible fac-
tors-1, -2, and -3, as well as thioredoxin-1 (p < 0.003), than cells present in blood
before HBO,T. Skin margins obtained from 2-day-old abdominal wounds
exhibit higher expression of CD133, CD34, hypoxia inducible factor-1, and Trx-
1 vs. margins from refractory lower extremity wounds and expression of these
proteins in all wounds is increased due to HBO,T (p < 0.003). HBO,T is known
to mobilize bone marrow stem cells by stimulating nitric oxide synthase.
We found that nitric oxide synthase activity is acutely increased in patients’
platelets following HBO,T and remains elevated for at least 20 hours. We con-
clude that HBO,T stimulates vasculogenic stem cell mobilization from bone
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marrow of diabetics and more cells are recruited to skin wounds.

Hyperbaric oxygen therapy (HBO,T) has been shown to
improve wound healing and reduce amputation rates of di-
abetic patients with lower extremity wounds refractory to
standard management.'™ Although controlled trials indi-
cate its clinical utility, therapeutic mechanisms of action for
HBO,T are unclear. One mechanism showed in animal
models involves vasculogenic stem/progenitor cells (SPCs)
that are mobilized from bone marrow by short term expo-
sure to HBO,T.*7 Accelerated blood vessel formation and
wound healing due to SPCs mobilized by HBO,T were
shown in healthy animals and in a streptozocin diabetic
mouse model.> The aim of this study was to evaluate SPCs
mobilization and tissue localization in diabetic patients.
SPCs mobilization due to HBO,T was demonstrated in
healthy humans and in patients undergoing treatment for
radiation necrosis.* HBO,T mobilizes SPCs by stimulating
parenchymal bone marrow cell nitric oxide synthase (type 3
or endothelial NOS [eNOS]).*® Activity of eNOS is con-
trolled by regulatory protein-protein interactions, protein
phosphorylation, and by dynamic subcellular targeting.®
The synthesis and function of eNOS is often impaired in di-
abetes due to mechanisms linked to hyperglycemia, insulin
resistance, and augmented superoxide production by mi-
tochondria and NADPH oxidase>'® Therefore, HBO,T
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may not be as effective for mobilizing SPCs in diabetics
based on a number of biochemical mechanisms.

HBO,T mobilizes SPCs characterized by surface anti-
gen expression of the primitive hematopoietic progenitor
markers CD34 and CD133, and also CXCR4, the receptor
for chemokine stromal cell-derived factor-1." A subset of
SPCs called endothelial progenitor cells (EPCs) has
emerged as a major interest because of their capacity to
home to sites of injury, differentiate into mature EC and
participate in vascular repair. These cells are mobilized
from the bone marrow in response to tissue wounding, is-
chemia, and vascular perturbations.'"'> EPCs express
CD34 and CD133 as well as vascular endothelial markers
such as CD31 and the vascular endothelial growth factor
receptor-2 (VEGF-R2).!3!* EPCs are differentiated from
hematopoietic SPCs because they have only low intensity
expression of CD45 (CD45%™), also called the common
leukocyte antigen.

There is also a population of circulating endothelial cells
(CECs) with a mature phenotype, which are probably
derived from blood vessel wall turnover. These cells are in-
creased in patients with some types of cancer and those with
vascular injuries related to mechanical, inflammatory, infec-
tious, ischemic, and autoimmune stimuli,'® CECs exhibit
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reduced proliferative potential than bone marrow-derived
EPCs and do not express the surface marker CD133.

We had four goals for this preliminary investigation: (1)
To validate our method of evaluating circulating SPCs
against a standard laboratory scheme; (2) to quantify
changes in number and intracellular regulatory protein con-
tent of circulating SPCs in diabetics undergoing HBO,T; (3)
to develop methods to quantitatively evaluate wound site
recruitment of SPCs in diabetic patients; and (4) to examine
whether eNOS activity was modified by HBO,T in diabetic
patients. An important element in this effort was to examine
responses to an acute wound because of the heterogeneous
nature of lower extremity refractory wounds. There are nu-
merous reasons why diabetic wounds become refractory to
clinical management.'®!” Because abdominal skin is a stan-
dard source for skin grafts and wounds predictably heal, we
established a protocol whereby abdominal wounds were
generated using a small punch biopsy.

METHODS AND MATERIALS

Patient recruitment and management

All aspects of this investigation were performed with insti-
tutional approval. Patients had diabetes mellitus, two had
type 1 and all had neuropathic lower extremity ulcers of
Wagner grade 3 or more. Neuropathy was defined as an
inability to appreciate the 10 g monofilament esthesiometer
per standard neurosensory testing on the plantar aspect of
the foot, Patients were excluded if they had an ankle/bra-
chial index (ABI) of <« 0.65 (if calcified vessels were sus-
pected based on ABI value and monophasic waveform, the
presence of vascular disease to warrant exclusion was deter-
mined by use of toe-brachial pressure index of < 0.65), if
they had an active Charcot’s joint by clinical or radiographic
criteria, an ulcer deemed to be related to an etiology other
than diabetes (e.g., rheumatoid disease, venous disease, or a
vasculitis), the uicer was not on the plantar/ventral aspect of
the foot, if they were on dialysis for severe kidney failure or
they were taking immunosuppressive agents.

Work was done under two institutionally approved pro-
tocols. Initial studies focused solely on investigating circu-
lating SPCs of patients undergoing HBO,T, whereas the
second included an analysis of SPCs and also tissues.
Therefore, more patients had blood studies performed
than had histological analysis of wound tissue. The same
inclusion and exclusion criteria were used under both pro-
tocols, so circulating SPCs results are not separated be-
tween the two protocols. We estimated the required
sample size at the outset of the study based on the magni-
tude of circulating stem cell mobilization in response to
HBO,T, as we had prior experience with this response
from our previous study.? Using a two-sided ¢ test with a
significance level of 0.05, we estimated that a sample size of
20 patients would provide 80% power to see a difference of
0.06% CD34™ celis in response to HBO,T. Figure 1 shows
the numbers of patients involved in each aspect of the trial
and outlines the types of tissues collected at each step.
Twenty-five patients had blood samples drawn, average
age was 60.7 £2.6 (SE) years, six (24%) were women, Pa-
tient results were compared against 16 healthy, nondiabet-
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Phelobotomy for SPCs enumeration (n=25)
Platelet eNOS activity analysis (n=14)

Wound analysis: Abd biopsy & L.E. wound (n=12)
STANDARD CARE 19+2 days

L.E. Wound analysis (n=5) 3516 days

Of 12 patients, 3 heal,
9 patients offered HBO,

|

Wound analysis: Abd biopsy & L.E. wound (n=6)

STANDARD CARE

+HBO, 1742 days

L.E. Wound analysis (n=7)

Figure 1. Schematic showing number of patients and tissue
types obtained for analysis. SPC, stem/progenitor cells; eNOS,
endothelial nitric oxide synthase; Abd biopsy, abdominal biopsy
wound; LE wound, lower extremity neuropathic wound;
HBO,T, hyperbaric oxygen therapy.

ic adults taking no medications for at least 7 days, average
age 43.8 & 3.0 years, eight (50%) were women,

There were 13 patients approached for consent to do
both blood cell and wound margin studies, 12 patients
consented. Their average age was 564 years, two
(16.7%) were women and wounds had been present for
15 4 months. At time of entry these individuals under-
went a 3mm abdominal skin punch biopsy (described be-
low) and lower extremity wound margin sampling, Two
days later a 5 mm punch biopsy was taken that ovetlapped
the 3 mm biopsy site. Three (25%) patients achieved ade-
quate lower extremity wound healing, as determined by
their primary physicians, so that they were not offered a
course of HBO,T.

HBO,T is a standard therapy offered at our institution
to those patients who fail conventional care in approxi-
mately 28 days. HBO,T are carried out once pet day,
Monday through Saturday, at a pressure of 2.0 atmo-
spheres absolute for 2 hours. Among the nine patients who
failed to achieve adequate healing with standard therapy,
one (11.1%) refused HBO,T, eight (88.9%) were treated,
and seven (77.8%) consented to allow collection of at least
some tissues in a second cycle of sample collections. This
involved obtaining wound and biopsy tissue and collecting
blood. Among the eight who received HBO,T, five
(62.5%) ultimately healed their wounds.

Wound management was supervised by a patient’s pri-
mary physician and included limb off-loading, regular
debridements, and wound coverage. Choice of material
for wound coverage was at the discretion of the primary
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physician. Standard surgical practice at our institution is
to “saucer” the wound margin by sharp debridement at
initial evaluation and is sometimes performed a number of
times over weeks, Debrided tissue was placed in 2% for-
malin and analyzed as described below.

Materials

Chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) unless otherwise noted. Antibodies were purchased
from the following sources: R-phycoerythrin-conjugated
mouse anti-human CD34 (Clone 581, a class III CD34
epitope; BD Pharmingen, San Jose, CA), fluorescein isothio-
cyanate (FITC)-conjugated mouse anti-human CXCR4,
anti-human hypoxia inducible factor (HIF)-1, -2, and -3, al-
lophycocyanin  (APC)-conjugated mouse anti-human
VEGF-R2 (R&D Systems, Minneapolis, MN), APC-conju-
gated CDI133 (Miltenyi Biotec, Auburn, CA), anti-thiore-
doxin-1 (Trx-1) (Cell Signaling Technology, Danvers, MA)
that was counterstained with APC-conjugated goat anti-
mouse antibody (Molecular Probes, Eugene, OR).

Punch biopsy

An aspect of the wound analysis goal in this study per-
tained to comparing the histology of lower extremity
wound margins with margins obtained from what was
viewed as normal wound tissue that could be expected to
heal promptly. Patients consenting to this procedure un-
derwent a 3mm punch biopsy to remove skin from the
midabdomen lateral to the umbilicus and 2 days later, a
second 5mm punch biopsy at the same site. In this way a
2 mm rim of skin was obtained that could be analyzed. Pa-
tients had this performed at initial entry into the trial. If
the lower extremity wound demonstrated poor healing
over 4 weeks of care and patients agreed to a course of
HBO,T, a second punch biopsy was performed at another
site on the abdomen before the first treatment. The second
5mm biopsy was performed so that a 2mm tissue sample
was obtained after the second day of HBO,T. Lower ex-
tremity wound tissue was also obtained at this time.
Biopsies were performed as follows: Skin was cleaned
with isopropyl alcohol followed by povidone iodine solu-
tion, infiltrated with 1% lidocaine and a 3 mm punch biopsy
taken. Hemostasis was be achieved by holding direct pres-
sure on the wound and once achieve, the biopsy site was
cover with Tegaderm™ (3M Corporation, St. Paul, MN).

Stem cells, hyperbaric oxygen, and diabetes

After 48 hours a second 5 mm punch biopsy was performed
at the same site following the same procedure and the punch
biopsy wound closed with a suture. In all patients the biopsy
wounds healed promptly without adverse effects.

Blood SPCs analysis

Phlebotomy for SPCs analysis was performed before and
after a patient’s first, 10th, and 20th HBO,T. The SPCs
enumeration method used in this project was slightlkr mod-
ified from that outlined in our previous report.” Flow
cytometry was performed with a four-color, dual laser
analog FACSCalibur (Becton Dickinson, San Jose, CA)
using CellQuest™ (Becton Dickinson) acquisition soft-
ware. All studies included use of a vital nucleic acid dye
(DRAQS) to exclude platelets, unlysed red cells and de-
bris. All events were plotted in a CD34-PE vs. side scatter
plot (SSC-H). Compensation was concentration depen-
dent and determined empirically, all analyses followed
standard methods with omission of the negative control
staining, the “Fluorescence Minus One (FMO) Control
Test.””'® The CD34/DRAQS dual-positive cell population
was identified based on FMO analysis, thus avoiding use
of an arbitrary gating paradigm. Examples of an analysis
obtained from a patient before and after undergoing their
first HBO,T are shown in Figure 2.

All cells were analyzed for CD34, CD45, and DRAQS
and the fourth color was used on subsets to analyze for
CD133, CXCR4, or CD31, EPCs were quantified in each
sample as CD34 ", CD45“™) CD133* cells multiplied by
the fraction of the CD34%, CD45¢™, CD31" cells. This
was done because populations of cells positive for CD133
and CD31 were super-imposable; 96.3 = 0.5% of CD34™/
CD45™ cells expressed CD31.

Standard SPCs analysis paradigms do not include eval-
uating intracellular proteins, but we have reported that
cells mobilized by HBO,T may exhibit substantial differ-
ences from cells in animals exposed to only air.” Therefore,
in this trial we also examined intracellular proteins that
have been shown to be responsible for augmented vasculo-
genesis by HBO,T.

Cells were permeabilized with saponin and stained for
HIF-1, -2, -3, and Trx-1 as described previously.’

The first goal of the project was to establish a standard-
ized method for enumerating the various populations of
SPCs in blood that also allows analysis of intracellular
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Figure2. Flow cytometry plots
demonstrating identification of SPCs
based on fluorescence-minus-one
(FMQ) using dual markers for sur-
face CD34 and DRAQS (DNA mar-
ker). SPCs were defined as only
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proteins, Because this is not a customary practice in studies
of SPCs we wanted to be assured that this method was
comparable to standard, published methods. There are
standard clinical protocols for enumerating SPCs in pe-
ripheral blood to assess chemotherapeutic mobilization
regimens for transplantation of hematopoictic progenitor
cells. These protocols work well for estimating numbers of
CD34™ cells, but there is substantiaj site-to-site variation in
quantlﬁcatlon schemes, The three major protocols (Pro-
COUNT, ISHAGE, and MILAN) utilize slightly different
antibody fluorophores and cell washing/lysis techniques
and all have crltena for inclusion of cells within a particular
range of sizes.'° This involves an operator-dependent judg-
ment that leads to differences in gating parameters for each
analysis. In order to establish that our method was compa-
rable to others, we used the ProCOUNT method (BD Bi-
osciences, San Jose, CA) because among the three standard
SPCs counting regimens, it includes a DNA staining step,

Platelet NOS activity

Studies were performed in 14 patients, four (28.6%) were
women and their average age was 51£3.6 (SE) years.
Platelet samples from normal, healthy controls used as a
comparison in these studies came from 14 individuals,
seven (50%) were women and their average age was
43.8+3.0 years, Measurement of *NO production in
platelets followed published procedures with only minor
modification.?® Blood in 01trate-ant1coagulated tubes was
centrifuged at 500xg for 10 minutes, the upper layer of
platelet-rich plasma was removed and diluted with 1/10
volume of acid-citrate-dextrose solution (24.5g/L dex-
trose, 22 g/L sodium citrate and 7.3 wg citric acid [ACD]).
Samples were centrifuged at 1500xg for 10 minutes and
the platelet pellet washed twice with a 6:1 mixture of
Hank’s balanced salt solution (HBSS) and ACD. Samples
were counted and the volume adjusted to achieve
3% 10® platelets/mL. Platelet samples (100 pL) were incu-
bated with 0.9 mL 1.1 M diaminodifiuoroscein diacetate
(DAF-DA) in HBSS at room temperature for 30 minutes.
A second tube was also prepared as the first, except that it
included 10pM ATP (which stimulates *NO synthesis),
A third tube was prepared as the first, but included 100 uM
L-nitroarginine methyl ester (L-NAME), a NOS inhibitor.
After the 30-minute incubation fluorescence (495 nm exci-
tation/515 nm emission) was measured in a Perkin Elmer
LS 50 B fluorimeter (Perkin Elmer, Waltham, MA).

Histochemical staining of tissue

Tissue samples were placed in 2% buffered formalin when
obtained at the bedside, Within 24 hours tissue was trans-
ferred to phosphate-buffered saline (PBS) and stored
at 4°C. Tissue was then warmed to room temperature,
encased in agarose type 1B (Sigma-Aldrich) and 10 pm
sections prepared using a vibrating microtome were placed
on lysine-coated slides. Slides were washed with PBS,
blocked in 5% goat serum supplemented with 2.5% bo-
vine serum albumin (BSA) and incubated overnight at 4 °C
in the presence of 1: 10 dilutions of mouse anti-human an-
tibodies that recognize CD34 and CD133 to stain cell sur-
face proteins. For intracellular staining the next day, after
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two washes in 0.5% BSA sections were permeabilized with
0.1% saponin (Sigma-Aldrich) in PBS containing 0.5%
BSA for 20 minutes at room temperature. After two
washes in PBS, 1:10 dilutions of antibodies recognizing
HIF-1 or Trx-1 were added for 30 minutes at 4°C, After
two washes with PBS, slides were analyzed by confocal
microscopy.

Digital image acquisition

Images were acquired at a x60 magnification with a Bio-
Rad Radiance 2000 (Bio-Rad Laboratories, Hercules, CA)
attached to a Nikon TE 300 (Nikon Inc., Melville, NY)
inverted-stage confocal microscope operated with a red di-
ode laser at 638 nm and krypton lasers at 488 and 543 nm.
Five images from each slide were obtained: One from the
center and one from each of the four corners. Each image
represented an area 169 pmx 169 pm (512 pixelsx 512 pix-
els) and they were saved as 24-bit color TIFF images using
Adobe Photoshop 6.0 (Adobe Systems, San Jose, CA).

Image quantification

Each scanned image was analyzed in an automated fashion
using Montage/MetaMorph 4.6 software (Universal Imag-
ing, Downingtown, PA). Before quantitative analysis, a
shading correction was performed on each image by creat-
ing a white reference image corresponding to a blank area.
The slide images were corrected by subtracting the back-
ground area using imaging software. This correction re-
moved dust shadow and scaled the light to the same intensity
range, resulting in consistent thresholding over multiple im-
age acquisition sessions, It also corrected for gaps or irreg-
ularities within individual sections. The minimum intensity
for each slide was set at 128 and quantification performed
automatically. Therefore, full microscope fields were quan-
tified in an entirely automated, unbiased fashion. All slides
for each sample were averaged to establish the mean flu-
orescence intensity. When dual staining was undertaken, we
recorded the fluorescence intensity of individual fluoroph-
ores, the overlapping area, as well as the percent of the tissue
area exhibiting fluorescence.

Statistics

Statistical analysis of stem cell numbers and quantitative
changes in wound protein markers was carried out by
repeated measures analysis of variance (RM-ANOVA)
followed by the Holm-Sidak test (SigmaStat™, Jandel Scien-
tific, San Rafael, CA), We made an a priori decision to un-
dertake four comparisons; SPCs obtained before HBO,T #1
were compared with cells before HBO,T #10 and #20, and
after HBO,T #1, #10, and #20, Correlations between the
magnitude of SPCs mobilization due to HBO,T and values of
blood glucose measured at time of evaluation for wound care,
hemoglobin A1C (HbAIC), and patient age were assessed
using the Pearson product moment correlation. Analysis of
platelet eNOS activity, biopsy tissue pre- and postinitiation of
HBO,T, and comparisons of SPCs between control subjects
and patients before initiation of HBO,T were done by ¢ test.
The level of significance was taken as p < 0,05 and results are
displayed in figures to show mean and each data point in
scatter plots, values shown in the text are mean + SE,
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Figure3. Circulating CD34%/CD45%™ SPCs. Blood samples
were from healthy controls {(n=16) and diabetic patients under-
going HBO,T. Patient samples were obtained pre- and post-
treatment #1 {n=25), #10 (n=23), and #20 (n=23). Horizontal
bar shows mean and all values are shown as a scatter plot. Sta-
tistical analysis among groups are shown by symbols at the top
of the figure as *p < 0.003, *p=0.007 (repeated measures
analysis of variance). SPC, stem/progenitor cells; HBO,T,
hyperbaric oxygen therapy.

RESULTS

Circulating SPCs characterization

SPCs were quantified in blood obtained before and after
HBO,T (Figure 3). Total leukocyte counts were not sig-
nificantly different over the course of therapy, as shown in
the figure inset. The initial screening quantified expression
of the CD34 surface glycoprotein on cells that dimly ex-
pressed the hematopmetlc marker, CD45. Elevations in
the CD34"/CD45%™ cell population were statistically sig-
nificant after each HBO,T (p < 0.005). SPCs elevations
per 100000 leukocytes following each HBO,T did not
differ in a statistically significant manner between the first
and 20th treatments. That is, following treatment #1 the
SPCs elevation was 402463, for treatment #10 it was
424 4-40 and for treatment #20 it was 543 £ 60 (p=0.32,
RM-ANOVA, not significant). Serum glucose among the
patients was 156 + 40 mg/dL and HbA1C was 7.5£0.5 %.
Whereas there was a correlation between glucose and
HbA1C (p=0.009), no correlation was found between glu-
cose and SPCs mobilization by HBO,T (p=0.62), between
HbA1C and SPCs mobilization by HBO,T (p=0.54) or
patient age and mobilization by HBO,T (p=0.70). The
CD347/CD45%™ cell population in healthy, nondiabetic
individuals (control) was not significantly different
(»=0.67) from the population in diabetic patients before
starting HBO,T.

As mentioned in the introduction, we wanted to com-
pare our method for counting SPCs with the published
standard ProCOUNT method. SPCs from 11 patients
were run in parallel. There were no significant differences
in pre-HBO,T SPCs counts (p=0.299), post-HBO,T SPCs
counts (p=0,273) and the elevations in SPCs associated
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Figure 4. Circulating endothelial progenitor cells, Samples
were obtained from healthy controls (n=16) and diabetic pa-
tients pre- and post-HBO,T #1 (n=25), #10 (n=23), and #20
(n=23). Horizontal bar shows mean and all values are shown as
a scatter plot. Statistical analysis among groups are shown by
symbols at the top of the figure as *p < 0.005, Tp=0.013 (re-
peated measures analysis of variance), **p=0.001 (t test).
HBO,T, hyperbaric oxygen therapy.

with HBO,T were similar, That is, according to our
method the SPCs count was elevated 2.00 & 0.12-fold and
the ProCOUNT method indicated that the count was ele-
vated 2,08 +0.14 fold (no significant difference between
methods, p=0.52).

EPCs, the stem cell subset exhibiting CD34, CD133, and
CD31, and dim expression of CD45 is shown in Figure 4.
There were significantly fewer EPCs in diabetic patients
before starting HBO,T than in the control group
(p=0.001). Elevations associated with each HBO,T expo-
sure are shown, Before the 20th HBO,T, the EPCs popu-
lation was significantly higher than that before treatment
#1 (p=0.013), A separate set of analyses were carried out
using antibody to VEGF-R2 as the endothelial lineage
surface marker instead of CD31. This analysis gave results
identical to those observed when using CD31 (data not
shown). Furthermore, consistent with the bone marrow
origin of HBO,T- mobllnzed cells, CXCR4 expression on
CD34"/CD45%™ cells was 98.0%0.1 %.

As discussed previously, our method for analyzing SPCs
provides the opportunity to probe the concentration of
intracellular proteins. Based on previous work, we were
interested in evaluating the concentration of HIF isoforms
and thioredoxin (Trx-1) in CD34% cells (Figure 5). HIF-2
and Trx-1 were significantly different between control cells
and those obtained before the first HBO,T (p=0.007). The
concentrations of all four proteins were elevated after each
HBO,T (p < 0.006). The Trx-1 value before HBO,T #20
was also significantly different from the value before the
first HBO,T (p=0.006).

EC in blood

CECs express CD34 but not CD133 and they can be
elevated by a variety of stimuli.!* CECs were quantified
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by subtracting the EPC population in each patient (Figure
4) from the CD34"/CD45%™ population (Figure 3). The
control group had 2.2+0.5 CECs/100000 white cells
whereas the diabetic patients had 36.2:£6.8 (p < 0.001)
before starting HBO,T. CECs counts in blood obtained
after each HBO,T exhibited very large variability;
the range was from 1 to 266 CECs/100 000 white cells and
no values were significantly different from the pre-HBO,T
#1 value (RM-ANOVA).

Histochemical analysis

According to the protocol outlined in “Methods and
materials,” six types of wound tissue were collected (see
Figure 1). Abdominal biopsy and debrided lower extrem-
ity wound margins were obtained from 12 patients under-
going standard wound management. At 19 + 2 days, while
still receiving standard wound care, wound tissue margins
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were obtained a second time from five patients, three of
whom went on to heal adequately over the next approxi-
mately 10 days so that they were not offered a course of
HBO,T. Among the nine patients who were referred for
HBO,T, six consented to undergo a second abdominal bi-
opsy routine concurrent with obtaining a margin of the
lower extremity wound and seven consented to obtaining
wound margins after 172 days of standard care plus
HBO,T (time interval not significantly different from in-
terval among patients receiving only standard care,
p=0.8). As described in “Methods and materials,” the
5 mm biopsy margins as well as samples of lower extremity
wound margins were taken after patients had completed two
HBO,T. The interval of time between the first biopsy, while
undergoing standard wound care, and the second biopsy
while receiving standard care and HBO,T was 35 £ 6 days.
Wound margins were analyzed for expression of CID34,
CD133, HIF-1, and Trx-1. Figure 6 shows a number of
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CD34 FITC

CD133 PE

HIF-1 FITC CD133 PE

immunohistochemical images of wound tissue. Figure 7
upper panel shows results for dual-positive stem cell sur-
face marker staining. The second and third panels indicate
that the majority of CD133 fluorescence overlapped with
CD34. Tissue staining positive for CD34 and negative for
CD133 is likely due to endothelium vs. recruited SPCs. At
the start of standard care, CD34 and CD133 contents in
lower extremity wound margins were less than the biopsy
margins. With standard wound care, these values rose and
became significantly different from the start of care
(» < 0.003). Biopsy wound margins taken from patients
after 2 days of HBO,T exhibited higher fluorescence due to
CD133 and CD34 (dual positive) than biopsy margins
obtained at the start of standard care (p=0.034), but no
difference in CD34 which did not overlap with CD133
(p=0.83). Lower extremity wounds exhibited less CD133
than did the biopsy margins after 2 days of HBO,T and
values rose significantly over the course of HBO,T
(p < 0.001). Wound margins had significantly higher
CD133 expression after HBO,T than after standard
care alone. Lower extremity wound margin CDI133
and CD34 expression rose between the start and end of
HBO,T (p < 0.001).

Figure 8 shows analyses of HIF-1 expression in tissues,
The upper panel shows overlapping fluorescence intensity
for CD133 and HIF-1 (a typical image is shown in the
lower panels of Figure 6). Figure 8 lower panel shows
HIF-1 staining that did not overlap with CD133.

An elevation of fluorescence overlap between two pro-
teins could result from recruitment of more cells and/or
more protein per cell. To obtain insight into this issue,
computer analysis of the mean percent area on each slide
related to fluorescence of a particular protein is shown in
Table 1. For example, on average in the standard treat-
ment abdominal biopsy, 0.44 +£0.02% of the slide area
analyzed exhibited dual positive staining for CD133 and
HIF-1, whereas HIF-1 fluorescence that did not overlap
with CD133 occurred on 0.36 :0.03% of the slide area,
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Figure 6. Image of lower extremity
wound margin showing immunohis-
tochemical staining for surface mark-
ers CD34 and CD133 and intracellular
HIF-1. FITC, fluorescein isothiocyan-
ate; HIF-1, hypoxia inducible factor-1;
PE, phycoerythrin.

The ordinate scale in Figure 8 shows that the majority of
fluorescence related to HIF-1 overlaps with CD133, but
the % area analysis (Table 1) reflects that nearly the same
magnitude of slide tissue area exhibits overlapping fiu-
orescence for CD133 and HIF-1 as HIF-1 fluorescence
that does not overlap with CD133.

Figure 9 shows analysis of Trx-1 in tissues. The upper
panel demonstrates overlapping fluorescence intensity for
CD133 and Trx-1, the lower panel shows Trx-1 staining
that did not overlap with CD133. Computer analysis of
the mean percent area that was fluorescent on each slide is
shown in Table 1. As with HIF-1, the ordinate of Figure 9
demonstrates that the majority of fluorescence related to
Trx-1 overlaps with CD133 but the % area analysis reflects
that the area of Trx-1 fluorescence in tissues unrelated
to CD133 was similar or even greater than the area that.
overlaps with CD133,

Platelet *NO synthesis

As mentioned in introduction, eNOS activity is related to
SPCs mobilization from bone marrow and enzyme activity
may be inhibited in diabetics. To gain insight into this issue
we evaluated eNOS activity in platelets assessed as DAF
fluorescence (Figure 10), As all fluorescence in these assays
was inhibited when L-NAME was added to the platelet
suspensions, results are interpreted as *NO production by
platelet eNOS. Before HBO,T *NO synthesis in un-stim-
ulated platelets from diabetic patients was slightly less
than in platelets from non-diabetic controls (p=0.06, not
significant). Control platelets and those from diabetics be-
fore HBO, T exhibited similar elevations in enzyme activity
caused by incubation with ATP (p=0.22, not significant).
In platelets removed immediately following a patient’s first
HBO,T there was a marked elevation in *INO synthesis, as
well as an augmented response to addition of ATP. If
platelet samples were stored at 4 °C and reassayed 2242
hours later, elevated *NO synthesis in HBO,T-exposed
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samples persisted (shown in boxes labeled ‘“‘defayed” in
Figure 10). DAF fluorescence before and after HBO,T 10
and 20 were not significantly different from values mea-
sured for treatment #1 (p>0.8). Hemoglobin A1C values
among the 14 patients ranged from 5.1 to 13.1, the average
was 7.5+0.6. Using a cutoff of 6.5 as indicative of well
controlled diabetes, seven patients had HbAIC values
< 6.5, There were no differences in responses among
patients with HbA1C values above or below 6.5.

DISCUSSION

Exposure to HBO,T mobilizes SPCs from the bone mar-
row of diabetic patients, resulting in over a twofold in-
crease in the circulating population following each
treatment. The SPCs count returned to baseline before
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HBO.T, hyperbaric oxygen therapy.

the 10th HBO,T. Before the 20th treatment the SPCs
count was elevated 1.6-fold over that present before treat-
ment #1, and as with prior treatments the level doubled
following the 20th HBO,T. In contrast to SPCs mobiliza-
tion stimulated by infusion of growth factors; HBO,T does
not concomitantly elevate the circulating leukocyte count
which may be thrombogenic,2! The SPCs mobilization re-
sponse in diabetic patients differs from the pattern found
in patients undergoing HBO,T for radiation injuries,
where SPCs counts remained elevated following treat-
ments #1 and #10, and reached an eightfold elevation by
the 20th HBO,T.*

The mechanism for SPCs mobilization by HBO,T was
shown in animal trials to be due to stimulation of eNOS in
bone marrow parenchyma.*> We found that HBO,T stim-
ulates platelet eNOS in diabetic patients, but whether
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baric oxygen therapy.

HBO,T-mediated activation differs within the bone mar- nism. Persistently elevated activity, albeit less than that
row cavity or from responses in nondiabetics is unknown.  seen immediately after HBO,T, argues that the HBO,T
We examined eNOS activity approximately 22 hours after  effect is more complex than merely providing additional
HBO,T to gain further insight into the activation mecha- O, substrate to the enzyme, but more work is needed to

Table 1. Tissue area on slides exhibiting fluorescence for one or more protein markers

STD care STD care £ HBO,T
Biopsy (%) Start (%) ~ 3 weeks (%) Biopsy (%) Start (%) ~ 3 weeks (%)
CD133" and HIF-1* 0.44+0.02 0,18 +0.02* 0.22+0.01* 2.0+0.7 0.2840.02* 3.90+0.93°
HIF-1* and CD133" 0.36:0.03 0.1240.01* 0.25+0,01* 1,74 +0.63 0.22£0.03* 3,53+0.74"
CD133"* and Trx* 0.58+0,03 0.124+0.01* 0.26 £0.02% 1.91+0,65 0.32£0.02* 41240921
Trx™ and CD133~ 0.3340.08 0.08+0,01* 0.92 +0.02%" 1.72+0.63 1.25+0.21 3.42+40.74"

Values show percent of tissue area exhibiting fluorescence for the marker(s) shown in the left column (mean & SE). Statistical an-
alyses were parformed for tissues while patients were undergoing standard (STD) care, for tissues while patients were undergoing
standard care plus HBO,T and between the biopsy margins obtained at the start of standard care and 2 days after starting HBO,T
(ttest). Biopsy=margin of the “fresh’" 48-hour-old abdominal biopsy wound margin. Start=lower extremity wound margin taken at
the start of standard care or 2 days after starting standard care = HBO,T. The column marked { ~3 weeks) shows values obtained
from lower extremity wound margins taken after 19+ 2 days of standard care or 17 2 days of standard care  HBO,T. To ease
viewing the magnitude of statistical differences was not shown, but p-values ranged from <0.001 to < 0.05.

*Significantly different from biopsy tissue value in the standard care or standard care £ HBOT group,

tSignificantly different from lower extremity wound margin value at start of care (either standard or standard & H80,T), For all four

groups shown in left column, the biopsy margin values were significantly different between samples obtained during standard care
and standard care - HBO,T.

HIF-1, hypoxia inducible factors-1; HBO,T, hyperbaric oxygen therapy; Trx, thioredoxin,
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clarify biochemical events. One possible mechanism is an
enhancement in the association between the NOS enzyme
and heat shock protein 90.222

Our findings of elevations of CECs and reduced num-
bers of EPCs in diabetic patients are consistent with re-
ports from others.**?> While very small numbers of CECs
are present in healthy individuals, their number increases
dramatically in diseases with vascular damage, such as
cardiovascular diseases, vasculitis, specific infections, and
type 1 or 2 diabetes.'® Elevations correlate with disease ac-
tivity and are closely related to the severity of endothelial
lesions. We found elevated levels of CECs in the patients
over controls, which may be due to the presence of periph-
eral skin ulcers as well as other factors. The therapeutic
mechanijsms of action for HBO,T are related to oxidative
stress and so transient elevations in CECs might be
expected.? Clearly, however, many factors influence
CECs liberation to the circulation because of the high
degree of variability we found in CECs cell counts. In
diabetes, not only is there a deficiency in the number of
EPCs, these cells also exhibit a functional deficit for form-
ing new blood vessels.”'® Functional studies were not per-
formed in this project.

SPCs mobilized by HBO,T are endowed with markedly
higher intraceilular concentrations of the three HIF iso-
forms and with Trx-1 than SPCs circulating in blood be-
fore the treatments. This is likely to be a manifestation of
cellular immaturity, as it disappears before the next set of
samples obtained before the 10th and 20th HBO,T treat-
ments. These findings are similar to responses in mice.’
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hyperbaric axygen therapy.

The fluorescence measurements are useful for showing rel-
ative differences among the cell samples but signal intensi-
ties may not quantitatively reflect the magnitude of protein
expression per cell. We would anticipate that cells with
higher concentrations of HIF isoforms and Trx-1 would
have higher functionality. Based on animal studies,
HBO,T stimulates SPCs growth and differentiation by
engaging a physiological autocrine activation loop respon-
sive to oxidative stress, Hyperoxia influences SPCs recruit-
ment as well as peripheral site differentiation via a
pathway involving Trx-1, HIF-1, and HIF-2, with a sup-
pressive action associated with HIF-3.7 HIF-1 and -2
stimulate transcription of many genes involved with neo-
vascularization.

Wound margin analysis during standard therapy dem-
onstrated higher presence of CD133 in the 2-day-old ab-
dominal biopsy wounds than in the debrided tissue from
lower extremity wounds. Rare CD133™ cells are found in
most adult human organs and are thought to represent or-
gan-specific stem cells.”””® We interpret differences in
CD133 content of wound margins in this study to circulat-
ing SPCs recruitment because organ-specific CD133" stem
cells do not express CD34 and virtually all CD133 fluores-
cence overlapped with CD34 in our samples.”” Therefore, less
CD133 content in refractory wound margins vs. that found in
“fresh” wound abdominal biopsy sites seems likely to reflect
a relative deficiency of vasculogenic stem celis. Moreover, it is
logical that the increase in lower extremity wound CD133
over the course of standard therapy reflects improved wound
status (e.g., healing). There were no discernible differences
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between the samples from patients who achieved adequate
healing with standard therapy (n=3) vs. those who went on
to require HBO,T (n=2). These sample sizes were insufficient
to make statements about healed wounds.

Abdominal biopsy wounds of patients undergoing
HBO,T exhibited greater CD133 content than biopsy mar-
gins when patients were undergoing standard treatment.
We interpret this difference as well as the marked elevation
in CD133 content of lower extremity wound margins be-
tween start and ~ 3 weeks of HBO,T therapy as arising
due to circulating SPCs recruitment. The simple interpre-
tation for these findings is that higher numbers of circulat-
ing cells led to greater peripheral site recruitment. It is also
possible that hyperoxia enhances homing of SPCs to
wounds, In animals HBO,T stimulates growth factor syn-
thesis by tissue-sequestered SPCs, which augments further
SPCs recruitment and also neovascularization,” Improved
SPCs functions at peripheral sites by HBO,T have been
shown for transplanted cells in ischemic heart muscle, in-
jured nerves and in human pancreas.

Reduced concentrations of HIF-1 and Trx-1 in the
debrided lower extremity wound margins vs. biopsy
sites would be anticipated to reflect slower healing and
increasing the concentration of these proteins should
improve healing. Trx-1 can act as a transcription factor
and in SPCs, appears to be one of the proximal species
responsible for promoting expression and activity of
HIF isoforms.*2 A physiological oxidative stress that
triggers the same pathway is lactate metabolism.** HIF
isoform expression appears to vary with different tissues
and possibly with chronology (e.g., looking early or late
after wounding or an ischemic insult). One recent model
showing accelerated wound healing by HBO,T reported
decreased HIF-1 levels at wound margins, along with
reduced inflammation and fewer apoptotic cells.** HIF-1
is a major mediator of VEGF transcription and VEGF is
the most specific growth factor for neovascularization, >3
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In other wound studies, higher levels of HIF-1 were
linked to elevated VEGF in wounds in response to
hyperoxia.®”?

The heterogeneous nature of refractory wounds makes
interpretation of finding reduced HIF-1 and Trx-1 con-
centrations in wounds vs. “fresh” biopsy sites difficuit. Di-
abetes impedes HIF-1 s(}lnthesis, stability and function by
several mechanisms, > The majority of HIF-1 and Trx-1
in biopsy and lower extremity wounds is associated with
CD133 based on Figures 8 and 9. This suggests that re-
cruited SPCs are a major source for these critical regula-
tory proteins, which has important implications pertaining
to wound healing in diabetics. The quantification of per-
cent area in the tissue samples offers further insight into
wound dynamics, We interpret elevations in percent area
associated with dually positive CD133-and-HIF-1 and
CD133-and-Trx-1 between start and end of treatments
and also standard care vs. HBO,T as reflecting greater
CD133 cell recruitment, The percent area due to Trx-1 that
did not overlap with CD133 was similar for most samples
to the percent area due to HIF-1 that did not overlap with
CD133 (Table 1). This is not surprising as we expect
changes in local cell metabolic activity during wound heal-
ing and an increase related to HBO,T.

Like many preliminary studies, our methodology in-
volves a number of novel procedures that could threaten
the validity of our conclusions, In particular, as mentioned
previously, the small sample size could have led to a type 2
statistical error, wherein we failed to note a significant
difference in lower extremity wound CD133 fluorescence
between patients that went on to heal with standard ther-
apy and those that underwent HBO,T. Furthermore, we
did not undertake functional testing of SPCs angiogenic
potential, although such ex vivo tests are subject to their
own criticisms and concerns, Our relatively small patient
sampling with their different ages and gender distributions
could also have influenced conclusions.
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This study achieved a number of goals: (1) We conclude
that our methodology for quantifying circulating SPCs
yields the same cell counts as the standard ProCOUNT
method and has advantages of not relying on arbitrary
gaiting and concurrently allows probing intracellular pro-
tein concentrations, (2) HBO,T stimulates SPCs mobiliza-
tion in diabetics. The rapid mobilization (within 2 hours)
by HBO,T allows demonstration that cells newly released
from bone marrow possess elevated HIF isoforms and
Trx-1 in comparison with SPCs present before hyperoxia.
(3) SPCs homing to “fresh” abdominal biopsy wounds ex-
ceeds that found in refractory lower extremity wounds and
differences in wound margin content of HIF-1 and Trx-1
are closely linked to recruited CD133% cells. HBO,T ele-
vates SPCs recruitment and therefore wound margin pres-
ence of HIF-1 and Trx-1 of both wound types. (4) Platelet
eNOS activity in diabetics is stimulated by HBO,T,

Based on these findings, we conclude that HBO,T stim-
ulates vasculogenic stem cell mobilization from the bone
marrow and migration to skin wounds in diabetic individ-
uals, There is need for a larger clinical trial aimed at fur-
ther defining the causal relationship between SPCs
mobilization and recruitment to lower extremity wounds,
and ultimate wound healing, in diabetic patients. Another
aim for future work is to more clearly resolve the basis for
differences in SPCs mobilization responses among diabet-
ics vs. postirradiation patients,
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