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Abstract

Background: Diabetes-related foot problems are bound to increase. However, medical therapies for wound care are limited;
therefore, the need for development of new treatment modalities to improve wound healing in diabetic patients is essential
and constitutes an emerging field of investigation.

Methods: Animals were randomly divided into 8 groups (I-VIIl) (32 rats/group), all were streptozotocin (STZ)-induced
diabetics except groups lll and VIII were non-diabetic controls. The study comprised two experiments; the first included 3
groups. Group | injected with mononuclear cells (MNCs) derived from human umbilical cord blood (HUCB), group Il a
diabetic control group (PBS i.v). The second experiment included 5 groups, groups IV, V, and VI received topical HUCB-
haemodialysate (HD), calves’ blood HD, and solcoseryl, respectively. Group VIl was the diabetic control group (topical
saline). Standard circular wounds were created on the back of rats. A sample of each type of HD was analyzed using the high
performance liquid chromatography-electrospray ionization-mass spectrometry (HPLC-ESI-MS) system. Wound area
measurement and photography were carried out every 4 days. Plasma glucose, catalase (CAT), malondialdehyde (MDA),
nitric oxide (NO) and platelets count were assessed. Wound samples were excised for hydroxyproline (HP) and
histopathological study.

Results: Treatment with HUCB MNCs or HUCB-HD resulted in wound contraction, increased CAT, NO, platelets count, body
weights, and HP content, and decreased MDA and glucose.

Conclusion: Systemic administration of HUCB MNCs and topical application of the newly prepared HUCB-HD or calves’
blood HD significantly accelerated the rate of diabetic wound healing and would open the possibility of their future use in
regenerative medicine.
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infusion of autologous or allogenic cells [6]. These cells include
primary cells, cell lines, and various stem cells [5]. Among the
main sources of stem cells that might be used for regeneration of

Introduction

From the chronic complications of diabetes are neuropathy and

variety of connective tissue abnormalities [1]. Foot ulceration injured skin tissue are adult stem cells and embryonic stem cells

affects (15-25%) of all diabetic patients during their lifetime [2].
Only 2/3 of diabetic foot ulcers heal and up to 28% may result in
lower extremity amputation [3]. To prevent or reduce surgical
intervention, new therapeutic strategies are to be developed to
mmprove diabetic wound healing.

Cell therapy is a promising approach for treating diabetic non-
healing wounds [4]. The aim of cell-based regenerative strategies is
repair or enhancement of the damaged tissues’ biological function,
by utilizing cells and/or bioactive molecules [5]. This can be
carried out by transplantation, through local delivery or systemic
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(ESCs). ESCs have great capacity for self-renewal and pluripo-
tency, but their clinical applications that are associated with ethical
and legal issues have shifted the focus to adult stem cells [7].

A population of adult stem cells especially mesenchymal stem
cells (MSC) resides within most of adult mammalian tissues/
organs, and the most common sources include bone marrow and
umbilical cord blood [5]. Bone marrow (BM) BM-MSC can
produce multiple types of skin cell and insulin expressing cells [8],
but the source of BM is limited and their capacity for
differentiation decline with age [9]. Human umbilical cord blood
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(HUCB) as a source of stem cells is readily available, on non-
invasive collection and can be routinely harvested without any risk
for the donor babies [10]. HUCB contains stem cells in greater
number than BM [11]. The incidence of graft-versus host disease
(GVHD) is lower in HUCB transplantation than other allogenic
cell-based therapies. Therefore, the application of HUCB cell
turned out to be an excellent alternative source of haemopoietic
stem cells to other allogenic cell-based therapies [12].

Haemodialysate (HD) is another approach that has been
developed a few decades ago; to improve situations of impaired
healing in both experimental and human approaches [13].
Solcoseryl, referred to as the commercially available HD, is a
chemically and biologically standardized, protein free, non
pyrogenic, and non antigenic dialysate derived from healthy
suckling calves’ blood [14]. Solcoseryl activity is ascribed to its
constituents, being a broad spectrum of natural low molecular
weight substances including electrolytes, amino acids, lipids,
phospholipids, essential trace element, and intermediate products
of carbohydrate and fat metabolism [15]. Hence, the aim of the
present study is to evaluate MNCis derived from HUCB as a cell
therapy for diabetic wounds compared to untreated diabetic and
normal wounds. In addition, HUCB will be used in a different way
to prepare a low molecular weight fraction; “HD” which will be
investigated as a potential topical treatment for the same condition
in comparison to a HD prepared from calves’ blood, and the
commercially available product; “solcoseryl”. Knowing that this
type of HD has never been prepared before from HUCB, and has
never been used in an experimental study focusing on diabetic
wounds, we believe that this study hopefully, provides an
innovation in diabetic wound treatment.

Materials and Methods

1. Ethics statement

Animals were housed in accordance with the Principles of
laboratory animal care (NIH publication no. 85-23, revised 1985;
http://grants1.nih.gov/grants/olaw/references/phspol.htm). The
experimental protocol was approved as well by Faculty of
Pharmacy, Ain Shams University/ VACSERA ethical committees.
An informed written consent was obtained from each mother
participating in the study after approval of the General Organi-
zation for Teaching Hospitals & Institutes (GOTHI) research
ethics committee as well as Faculty of Pharmacy, Ain Shams
University/ VACSERA ethical committees.

2. Drugs and chemicals

Solcoseryl ampoules were obtained from Misr Co. for Pharm.
Ind. S.AAE under license of Valeant Pharmaceuticals Co.
Switzerland GMBH. Other biochemical reagents, unless otherwise
specified, were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, Mo., USA).

3. Animals

The study was performed on 256 adult male Albino rats of
Wistar strain weighing (150-200 gm), obtained from the breeding
colony of Helwan farm belonging to the Holding company for
biological products and vaccines (VACSERA, Egypt).

4. Experimental design

Animals were randomly divided into 8 groups (I-VIII) (32 rats/
group), all were diabetic except groups III and VIII were non-
diabetic control groups.
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5. Experimental induction of diabetes

Rats were made diabetic by a single I.P injection of 50 mg/kg
body weight of STZ dissolved in citrate buffer (0.01 mol/l,
pH 4.5). Rats serving as controls were given the same volume of
sodium citrate. Diabetes was confirmed by determination of
fasting blood glucose (FBG) concentration 3-days post STZ
injection showing IBG levels above 250 mg/dl [16].

6. Collection of HUCB and isolation of cells

HUCB samples were collected from healthy full-term (3640
weeks) normal human deliveries [17]; they were obtained from the
Department of Obstetrics and Gynecology, El-Galaa hospital,
Cairo, Egypt. Each cord blood sample was collected into a 50 ml
sterile polypropylene tube containing 5 ml citrate phosphate
dextrose (CPD) anticoagulant [18].To isolate MNCs, each UCB
unit was carefully layered onto Ficoll separating solution
(BIOCHROM AG, Berlin, Germany) (density=1.077 g/ml)
mnside a disposable 15 ml centrifuge tube. After density gradient
centrifugation at 400 xg (~1500 rpm) for exactly 30 min at room
temperature, the MNCs layer was removed from the interface,
washed twice in PBS and centrifuged for 10 min at 250xg
(~1200 rpm) [19]. Cell viability was more than 95% by Trypan-
Blue exclusion. The number of cells was optimized to be
(400x10% viable MNCs suspended in 0.5 ml PBS and injected
one time into each animal via the tail vein (slow 1.V injection).

7. Preparation of HUCB or calves’ blood HD

Blood was applied to an Amicon device (Millipore Corporation-
model, 8200, 200 ml, MA, USA) stirred ultra filtration cell
containing nitrocellulose membrane of cut-off 10,000 Dalton. The
system was surrounded with ice and put on a magnetic stirrer
during the whole run (to avoid denaturation or decomposition of
the blood components by the action of heat). Ultrafilterated blood
containing the very low molecular weight substances was collected
in sterile tubes and known as “HD”. The produced HD was then
filtered through sterile non-pyrogenic filter units (Schleicher &
Schuell) (pore size =0.2 um) and aliquoted into small tubes, a
sample of which was analyzed for its contents using (HPLC-ESI-
MS) at the National Research Center (Dokki, Giza, Egypt) [20]
and the remaining aliquots were stored inside a deep freezer
(—70°C) until used.

8. Acute toxicity (LD50) study

Initially, a dose—response study was executed for selecting HD
dose. Tested or prepared drug (calf or human UCB-HD) was
injected separately in a group of mice weighing 20-25 g I.P at 0.4,
0.5, 0.6, 0.7, 0.8, 0.9, 1.25, 1.5, 1.75, and 2 ml doses per 20 g of
mice, where each dose was given to 6 mice/cage. All mice were
subjected to careful observation for any toxic symptoms or deaths
for 3 consecutive days (72 h) [21]. This was followed by tissue
culture for the determination of the minimum effective therapeutic
dose of both types of HD [22].

9. Induction of skin ulcer (Excision wound creation)

All rats (diabetic and non-diabetic) were anesthetized with
diethyl ether. The hair of each rat was shaved with an electric
clipper. Area of the wound to be created was outlined on the
dorsal skin with a marking pen and a template (1.5 cm diameter)
just before skin excision [23].The entire wound was left open.

10. Evaluation of wound healing

10.1. Wound area measurement & photography. Starting
from the day of wound induction (defined as day 0) and then on
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days 4, 8, 12, 16, and 20 post-wounding, wounds were
photographed using a Canon (Canon PowerShot A2000 IS,
Japan) digital camera and wound margins were traced on
transparency papers then subsequently transferred to 1 mm?
graph sheets from which the wound surface area was evaluated.
Percentage of wound contraction was calculated using the
following formula: [(Initial wound size- specific day wound size)/
Initial wound size] X100 [24]. Period of epithelialization was
defined as the number of days taken for the complete healing of
wounds so that no raw wound is left behind [25].

10.2. Experimental protocol. The first experiment com-
prised investigation of the healing effect of undifferentiated MNCs
isolated from HUCB on diabetic ulcer. Groups I and II were STZ-
induced diabetic. Group I designated as HUCB MNCs group; was
treated with (400x10°% viable MNCs suspended in 0.5 ml PBS
(HUCB MNCs) and injected one time slowly into each animal via
the tail vein immediately after wound creation. Group II was a
diabetic control group and was injected with PBS iv. The third
group served as a normal (non-diabetic) control group, receiving
no treatment.

The second experiment was designed to investigate the effect of
cord blood and Calf blood HD on diabetic ulcers healing in
comparison to solcoseryl (positive control drug). Groups IV, V, VI,
and VII were STZ-induced diabetic and were topically treated
with 150 pL of the treatment agent. Groups IV and V received
prepared HUCB-HD and calves’ blood HD, respectively.
However, group VI served as a positive control group and was
treated with solcoseryl. Group VII was a diabetic control group,
which received normal saline, while the last group (VIII) was a
non-diabetic control group receiving no treatment.

11. Biochemical analysis

Pre and post- treatment, the animals’ body weights and FBG
were determined. Blood samples for performing different bio-
chemical and haematological tests were obtained by retro-orbital
venous plexus puncture and collected into tubes containing the
type of anticoagulant suitable for each test. Fluoride oxalate for
determination of FBG [26], EDTA for determination of platelets
count using an automated haematology analyzer (Cell-Dyn
Emerald, Abbott Diagnostics, France) and plasma NO [27],
sodium citrate for determination of MDA by thiobarbituric acid
reactive species method [28] and CAT [29] by enzymatic kits
supplied by Biodiagnostics (Giza, Egypt). Wound tissue samples
were removed for the determination of granulation tissue weight,
and stored at —70°C for subsequent biochemical assay of
hydroxyproline (HP) [30] as an indicator of total collagen content.

Representative wound tissue from each group were fixed in
10% formol saline for subsequent histopathological examination
by hematoxylin and eosin (H&E) [31].

12. Statistical analysis

Data are presented as means = SD. Multiple group compar-
isons were carried out using one-way analysis of variance
(ANOVA) followed by the Tukey-Kramer test for post hoc
analysis. Statistical significance was acceptable to a level of
p=0.05. Data analysis was performed using the Statistical Package
for Social Sciences (SPSS) version 19 software package, IBM
Corp., USA, 2010).

Results

Only after 4 days of treatment, HUCB MNCs resulted in a
significant (p=0.001) wound closure accounting for about half of
the originally opened area of the wound (49.19%) as compared to
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both diabetic (18.19%) and non diabetic control groups (17.4%).
Closure of wounds continued significantly for this group until
reaching (98.38%) on day 12 post-wounding and was almost
complete (99.46%) by reaching day 16 post-wounding (Table 1)
(Figure 1A, B). HUCB-HD-treated group showed the highest
mitial closure percentage (50.8%) among all groups. Only
(0.0220.02 em?) of the original wound area was still open on
day 12 post-wounding, and it was the first group to attain complete
healing (100% closure) before day 16. Whereas on day 16, the
calves’ blood HD group was about to heal (99.46%), followed by
the solcoseryl group (96.24%) which was close to the normal
control group (96.74%). The diabetic control group had a still
open wound by (0.12+0.04 cm?) (Table 1) (Figure 1C, D, E,
F).
Administration of either HUCB MNCs (i.v) or HUCB-HD
(topical) resulted in a significant (p=0.01) antihyperglycemic effect
that was evident from the first week onwards. Moreover, the
decrease in blood glucose was significant on the second week in
groups treated with calves’ blood HD and solcoseryl compared to
the diabetic untreated groups, which showed a progressive
increase in the blood glucose level throughout the period of
wound healing (Figure 2A, B).

Figure 1. Gross appearance of wound healing on day 16 post-
wounding. (a) diabetic wound treated with HUCB MNCs iv, (b)
diabetic control group (PBS i.v) (c) diabetic wound treated topically with
HUCB-HD, (d) diabetic wound treated topically with calves’ blood HD,
(e) positive control group (diabetic wound) treated topically with
solcoseryl, (f) diabetic control group (topical saline).
doi:10.1371/journal.pone.0089853.g001
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Figure 2. Plasma glucose (mg/dL), CAT (U/mL), and MDA (nmol/mL) levels in the different studied groups. Left column represents the
1% experiment (i.v); effect of HUCB MNCs i.v and the s represented in the right column (topical experiment); effect of HUCB-HD, calves’ blood HD,
and solcoseryl topical treatment. Plasma glucose (A, B) was measured while fasting, on the wounding day, and then on a weekly basis for 2 weeks.
CAT (C, D) and MDA (E,F) were measured on the wounding day, on day 7, day14 post-wounding. Values are expressed as mean * SD from 6 rats/
group. # significantly different from diabetic control group (PBS i.v), at p=0.001, * significantly different from diabetic control group (topical saline),

at p=0.001.
doi:10.1371/journal.pone.0089853.g002

Before treatment, on day 0, it was found that all diabetic groups
showed oxidative stress markers represented by reduced antiox-
idant CAT enzyme level, elevated MDA, and reduced NO level as
compared to normal non-diabetic control groups of both
experiments. Treatment with HUCB MNCis resulted in elevation
of CAT on day 7 post-wounding followed by a significant
(p<0.001) increase on day 14 post-wounding (Figure 2C).
Likewise, a significant increase in CAT level was observed in all
HD-treated groups on days 7 and 14 post-wounding as compared
to control diabetic groups (Figure 2D), but the extent of increase
was higher in HUCB-HD, calves’ blood HD, and better than
solcoseryl, where the CAT level was significantly reversed to near
normal and the significant increase was observed as early as day 7
compared to the HUCB MNCs. Analysis of MDA on day 7 and
day 14 post-wounding showed a significant (p<<0.001) decrease in
MDA following treatment with HUCB MNCs and HUCB-HD
compared to diabetic untreated control groups of both experi-
ments (Figure 2E, F).

NO level at day 10 (32.1+3.5 pmol/L) for the HUCB MNCis
group was found to be 2-fold greater than the corresponding
diabetic control (PBS 1.v) group (14.6*£1.3 umol/L). Production of
NO was elevated in solcoseryl and calves’ blood HD-treated
groups in response to treatment evidenced by high NO levels
measured on day 10 post-wounding (22.6%1.8 and 25+ 1.1 umol/
L), respectively. Moreover, it was highly significantly (p=0.001)
increased in HUCB-HD-treated group (64.3£5.3 umol/L) when
compared to its diabetic (topical saline) control group
(6.1£0.6 pmol/L) and approximately three-folds greater than its
day 0 level (20+0.2 umol/L) (Figure 3).

Induction of DM resulted in reduction of HP content (Table 1)
in diabetic rats’ skin granulation tissue as evidenced by low HP
content measured on day O for all diabetic rats as compared to
normal non-diabetic ones. After 15 days of injection with HUCB
MNC s, a significant (p=0.001) elevation in HP content was
observed (133.6%=0.6 mg/g tissue) which even exceeded its skin
content in normal non-diabetic rats before ulcer induction
(133*1.4 mg/g tissue). Although treatment with HUCB-HD,
calves’ blood HD, or solcoseryl resulted in significant (p=0.001)
elevation of HP content compared to the diabetic control group,
the HP content attained by the HUCB-HD-treated group
(87.6%£1.9 mg/g tissue) was higher than the other two groups
and very close to the content attained by the normal non-diabetic
control group (90.2%£0.8 mg/g tissue) after 15 days of treatment.

Meanwhile, a significant (p=0.001) increase was observed in the
dry and wet granulation tissue’s weight in groups treated with
HUCB MNG s, calves’ blood HD and HUCB-HD in comparison
to their corresponding diabetic control groups (Table 1).

Wounds histopathological changes on day 14 are presented in
Figure 4. HUCB MNCs and HUCB-HD-treated wounds showed
earlier wound contraction and earlier onset of epithelization than
calves’ blood HD and solcoseryl-treated wounds. This was
evidenced by the presence of marked vascular proliferation and
fibroplasia. However, diabetic control groups showed failure of
wound closure attempts and little evidence of re-epithelialization.

PLOS ONE | www.plosone.org

Discussion

Development of new treatment modalities to improve wound
healing in diabetic patients is an essential and emerging field of
investigation [32], as medical therapies for wound care are limited,
the outcome of management is poor and there is uncertainty
concerning optimal approaches to management.

Cell-based therapy is an attractive approach for the treatment of
wounds with multiple impairments. Healing activity of stem cells is
recognized for their ability to separate into the various component
cells of injured tissues, as well as to discharge growth factors that
may encourage the formation of new blood vessels [33].

Reduction in wound area, in the 1* experiment, was faster in
the MNCis-treated group compared to the diabetic and non-
diabetic control groups. Similarly, in the 2" experiment, wound
contraction was greater and more prominent in the HUCB-HD-
treated group, followed by the calves’ blood HD group and finally
the solcoseryl group. Therefore, systemic administration of MNCs
in the 1** experiment or topical application of HUCB-HD in the
2" experiment significantly accelerated the rate of wound closure.
Despite the comparative results displayed by HUCB MNCs and
HUCB-HD, however HUCB-HD is superior for treatment as
evidenced by showing an average healing time about 2.2 days
shorter than the HUCB MNCis-treated group. These results agree
with Gurdol and colleagues [34] who observed progressive
reductions in wound areas following treatment of diabetic patients
foot ulcers using hyperbaric oxygen. A study by Hamed and
colleagues [35] investigated the effect of topical erythropoietin
treatment on defective wound repair in diabetic rats skin.
Erythropoietin-containing creams promoted skin wound repair
in diabetic rats and the area of open wounds was significantly
smaller than that of vehicle-treated wounds. In a human study of
chronic non-healing wounds, it was shown that directly applied
bone marrow-derived cells can lead to wound closure and possible
tissue rebuilding [36].

HUCB MNCis were capable of normalizing blood glucose level
in diabetic rats, an effect attributed to the generation of HUCB-
derived insulin-producing cells which can be mediated through
both fusion-dependent and independent mechanisms. This is in
agreement with different i vitro and i vivo studies which clarified
the capability of HUCB-derived cells to generate insulin-produc-
ing cells. Hitherto, one study carried out by Pessina and
colleagues, has investigated the expression of endocrine pancre-
atic progenitor markers in HUCB cells [37]. All the HD
compounds administered were also shown to improve blood
glucose levels in diabetic rats. However, HUCB-HD was capable
of even normalizing blood glucose levels. This may be reclaimed to
the clear insulin-like effects of HD compounds on glucose uptake
and utilization which have been demonstrated  vitro [38] and in
different pharmacodynamic studies following the use of a
deproteinized HD. Improvement of cellular glucose uptake is
based on direct activation of glucose transporters located in the cell
membrane. This activation was demonstrated to reach an extent
comparable to that of insulin [39]. Moreover, this insulin-like
activity of the HD can be explained in the terms of inositolpho-
sphooligosaccharides (IPOs) compounds, which activate glucose
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doi:10.1371/journal.pone.0089853.9g003

transporters, with a direct influence on the activities of some
enzymes involved in glucose metabolic pathways [40].

Blood glucose levels measured were found to be strongly and
inversely related to body weight of rats, where treatment with
HUCB MNCs and HUCB-HD resulted in an early and steady
increase in body weights (data not shown) till the end of the
experiment. In contrast, diabetic control groups exhibited an
overall persistent loss of body weight. These results are consistent
with the results of [41,42]

Treatment of diabetic wounds with HUCB-derived MNCis,
prepared HD of both HUCB and local buffalo calves’ blood
resulted in alleviation of oxidative stress in wounded STZ-induced
diabetic rats. These results are consistent with the results of
Nwanjo and colleagues [41] and can be explained by the
ability of treatment agents to improve activities of the hepatic anti-
oxidant enzymes; consequently scavenging toxic reactive oxygen
free radicals which are responsible for tissue damage in STZ-
induced DM, as well as inhibition of lipid peroxidation and
thereby tissues and organs oxidative damage.

Ongoing experimental and clinical wound healing studies have
presented NO as a critical mediator of tissue repair [43]. NO is
also the most effective antioxidant being a scavenger of
superoxide. Moreover, impaired wound healing in diabetics has
been associated with reduced NO synthesis. Thus, high level of
bioavailable NO in wounds is important for enhancing the healing
process [44]. In our study we aimed to determine total NOy /
NO;" level, which represent the stable oxidation product of NO
as an indicator of NO production in plasma, and to evaluate its
relation to healing during foot ulcers’ treatment.

Evidence shows that decrease of NO bioavailability might be
related to elevation of endogenous nitric oxide synthase (NOS)
inhibitors [45]. In diabetes-induced hyperglycemia, there is an
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increased metabolism of glucose to sorbitol via the polyol pathway.
Increased activity of the enzyme aldose reductase requires and
may deplete cellular NADPH, which is also a required cofactor for
NOS [46]. It is possible that both mechanisms occur during
diabetic wound healing and results in drastically reduced NO
production [47]. Therefore, treatment with HUCB-derived MNCs
and HUCB-HD might have resulted in decreasing NOS inhibitors
levels or increasing the availability of cellular NADPH. These
effects are probably secondary to glycemic control improvement as
well as their antioxidant properties [34]. Nevertheless, the
elevation in NO level following treatment with HUCB-HD was
remarkable and exceeded that attained by the normal control
group. HUCB-HD would be able to elevate NO levels efficiently
to an optimum level, contributing to the healing process by
reversing the impaired healing condition associated with DM and
restoring wound NO levels towards more normal values.
Collagen plays a central role in wound healing, being the
principal component of connective tissue providing a structural
framework for tissue regeneration [16]. Measurement of HP could
be used as an index for collagen turn over [48]. Hence, its
estimation in the granulation tissue may throw light on maturation
and the healing process [49]. In our study, granulation tissue HP
level was significantly increased in both HUCB MNCs group and
HUCB-HD group following treatment. However, the substantial
rise in HP following MNCs treatment may be attributed to the
paracrine effect of stem cells that can promote the wound healing
progress [7]. An n vitro study indicated that collagen synthesis and
levels of bFGF and VEGF were much higher in bone marrow stem
cells than those in dermal fibroblasts, so the ability of adult
stem cells to alter tissue microenvironment via secretion of
soluble factors may contribute to tissue repair even more than
their multipotential differentiation [50]. Decreased HP content
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Figure 4. Representative photomicrographs of studied wound
sections on day 14 post-wounding stained with hematoxylin-
eosin stain (H&E). A: diabetic wounds treated with HUCB MNCs (i.v)
showing marked vascular proliferation (arrows) and fibroplasia with
increased re-epithelialization (x400). B: diabetic control wounds (PBS
i.v) showing failure of wound closure at the upper area of the field with
subepithelial exudates of neutrophils, blood vessels were immature
(arrows) with minimal proliferation (x200). C: diabetic wound treated
topically with solcoseryl showing mild angioplasia encountered, but
blood vessels are not yet fully mature, with collapsed lumens. A marked
fibro-collagenous reaction (arrows) is encountered and epithelial
proliferation is minimal (x100). D: diabetic wound treated topically
with HUCB-HD, where marked mature vascular proliferation (arrows)
and fibroplasia were noticed, as well as adequate epithelization with
subepithelial relatively high angiofibroplasia (x200). E: diabetic wound
treated topically with calves’ blood HD showing mature vascular
proliferation (arrows) and moderate exudates of macrophages, surface
epithelization with moderate inflammation, mostly of macrophages
(x400). F: diabetic control (topical saline) wound showing failure of
wound closure attempts at the upper area of the field, with
subepithelial exudates of neutrophils, sustained high neutrophilic
count with immature fibrous proliferation. Blood vessels were of a
low count appearing irregular and immature (arrows) (x200).
doi:10.1371/journal.pone.0089853.9g004

measured in the untreated diabetic rats’ wounds parallels
decreased weight of granulation tissue in this study, while the
observed increase in wet and dry weights of granulation tissue in
groups treated with HUCB MNCs and HUCB-HD reflected
higher protein content and better healing [48]. This was much
confirmed through the histopathological examination of skin tissue
samples, where HUCB MNCs were found to decrease wound
inflammatory cell infiltration, accelerated new blood vessels
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formation “‘angiogenesis”, and granulation tissue. This effect is
related to the self-renewal and multipotency properties, which
stem cells have. Adult stem cells can produce differentiated skin
cells and a previous study have found that MSCs, isolated from
different tissues including UCB, can contribute to skin reconsti-
tution in cutaneous wounds [51]. The potential of MSCs to
differentiate into skin tissue cells has been described [52]. In a
study by Korean researchers, transplanting HUCB-derived
endothelial progenitor cells (EPCs) resulted in a significant
acceleration of wound closure in diabetic mouse models [53].
Adult stem cells can also modulate immune and inflammatory
responses to promote wound healing; the transplantation of
autologous and allogenic MSCs on the surface of deep burn
wounds in rats decreased inflammatory cell infiltration into the
wound, and accelerated new blood vessels and granulation tissue
formation [54]. The marked vascular proliferation and fibroplasia
observed in tissues after 14 days of treatment confirmed near
closure. A variety of CB populations have been used including
MNCs fractions, with significant beneficial effects. Undoubtedly,
the beneficial effects could be attributed to induction of
angiogenesis due to the release of a variety of angiogenic and
growth factors [55]. Our results concerning HUCB-HD on day 14
post-wounding revealed that the granulation tissue in healed
wound contained comparatively few inflammatory cells, more
collagen, early efficient epithelization and marked mature vascular
proliferation. This is because our HD and fractions isolated from it
— consisting exclusively of low molecular weight compounds
stimulate the proliferation of coronary endothelial cells which is
not a trivial nutritive effect. The ability of endothelial cells to
proliferate and to differentiate is a prerequisite of angiogenesis.
Thus, agents stimulating the proliferation of EC are of special
interest [56]. In addition, HD might strengthen the angiogenic
effect of EGF on EC consisting of a proliferation-promoting and a
chemoattractive activity, the latter demonstrated in wound fluids
[56]. These synergisms would result in faster neovascularization
probably accompanied by an improved fibroplasia during
formation of granulation tissue. And this synergistic effect is
believed to explain the therapeutic efficacy of HD in cases of
impaired wound healing, ulcers, burns and occlusive diseases
documented by several clinical and experimental studies [57,58].
The present study has also shown that, in rats, HD compounds
reduced the inflammatory phase duration in wound healing. This
finding is consistent with the observation of Dri and colleagues
that the HD interacts with polymorphnuclear leucocytes (PMINL)
in a dual fashion; higher HD concentrations stimulate PMNL
activity, whereas lower concentrations inhibit such activity [59].
HD improves the anabolic phase of healing by providing the
wound with sufficient immediately utilizable and necessary low
molecular weight starting materials and energy carriers for repair
and energy metabolism [60]. We hypothesize that the reason for
the enhanced vascularization and the superior positive variables
encountered in wounds of HUCB-HD-treated group may be
related to its composition. Therefore, a sample of this novel type of
HD and another sample of the prepared calves’ blood HD were
taken for HPLC-ESI-MS analysis in order to find out if there is a
difference in the composition. Analysis of the HUCB-HD sample
revealed glutamate to be the predominant free amino acid, which
is not the case in the Calves’ blood HD (Figure S1).

Glutamine is a non-essential amino acid that can become a
“conditionally essential” amino acid in certain circumstances,
including tissue injury/repair [61]. It is used by the inflammatory
cells within the wound for proliferation and as a source of energy
[62]. Fibroblasts use glutamine for these same purposes, as well as
for protein and nucleic acid synthesis. Glutamate is also a
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migration-promoting factor of neutrophils to the wound site.
Rapid migration of neutrophils to the wound site is a prerequisite
to the wound healing process. According to a previous study by
Gupta and Chattopadhyay on placental extract, it was shown
that glutamate at an optimum concentration induced phenotypic
neutrophil chemotaxis as well as neutrophil chemokinesis [63].
Glutamate-induced chemotaxis was accompanied by polarization
of the actin cytoskeleton and by polymerization of F-actin.
Moreover, glutamine plays a key role in the immune system
[64], so deficiency in this nutrient can significantly slow the healing
process. This explains the probable superior wound healing
potential of the HUCB-HD over the calves’ blood-HD.

Additionally, the present study recorded a relative decrease in
platelet count (data not shown) of STZ-induced diabetic control
rats similar to that found in human DM, which was corrected only
m HUCB MNCs and HUCB-HD-treated groups (data not
shown). This finding agree with Shi and colleagues who
reported a promotion of hematopoietic recovery following
treatment of combined radiation and wound injury with a
systemic infusion of dermal multipotent cells. They indicated that
stem cells through an indirect mechanism could produce a series of
cytokines and extracellular matrix molecules, including IL-3, IL-6,
IL-15, VEGF, PDGF, HGF, TGF-B, ICAM-1, VCAM-1, and
fibronectin, which were closely related to hematopoiesis and
wound healing [65].

Increase in platelets count in case of HUCB-HD may be
attributed to the indirect mechanism of decreasing the platelets
turnover, increasing their survival time or decreasing their
aggregability due to improving disturbance in carbohydrate
metabolism associated with diabetes. Disturbed carbohydrate
metabolism was suggested to be directly or indirectly causing
increased platelet aggregation [66] an effect resulting from the
msulin-like effect of the HD mentioned previously.

Conclusions

Our results revealed that systemic administration of HUCB-
derived MNCs or topical treatment with calves’ blood HD and the
novel HUCB-derived HD can improve the impaired healing of
diabetic wounds as manifested by shortened epithelialization time

References

1. Falanga V (2005) Wound healing and its impairment in the diabetic foot. Lancet
366: 1736-1743.

2. Lavery LA, Armstrong DG, Wunderlich RP, Tredwell J,Boulton AJ (2003)
Diabetic foot syndrome: evaluating the prevalence and incidence of foot
pathology in Mexican Americans and non-Hispanic whites from a diabetes
disease management cohort. Diabetes Care 26: 1435-1438.

3. Hinchliffe RJ, Valk GD, Apelqvist J, Armstrong DG, Bakker K, et al. (2008) A
systematic review of the effectiveness of interventions to enhance the healing of
chronic ulcers of the foot in diabetes. Diabetes Metab Res Rev 24 Suppl 1:
S119-144.

4. Bloomgarden Z'T (2008) The Diabetic Foot. Diabetes Care 31: 372-376.

5. Fodor WL (2003) Tissue engineering and cell based therapies, from the bench to
the clinic: the potential to replace, repair and regenerate. Reprod Biol
Endocrinol 1: 102.

6. Shi C, Zhu'Y, Su Y,Cheng T (2006) Stem cells and their applications in skin-cell
therapy. Trends Biotechnol 24: 48-52.

7. Lu W, Zhang Y], Jin Y (2009) Potential of stem cells for skin regeneration
following burns. Expert Rev Dermatol 4: 97-99.

8. Tang DQ), Cao LZ, Burkhardt BR, Xia CQ), Litherland SA, et al. (2004) In vivo
and in vitro characterization of insulin-producing cells obtained from murine
bone marrow. Diabetes 53: 1721-1732.

9. Mueller SM, Glowacki J (2001) Age-related decline in the osteogenic potential of
human bone marrow cells cultured in three-dimensional collagen sponges. J Cell
Biochem 82: 583-590.

10. Koblas T, Harman SM, Saudek F (2005) The application of umbilical cord
blood cells in the treatment of diabetes mellitus. Rev Diabet Stud 2: 228-234.
11. Wang JC, Doedens M, Dick JE (1997) Primitive human hematopoietic cells are
enriched in cord blood compared with adult bone marrow or mobilized

PLOS ONE | www.plosone.org

Comparative Study between MNCs & Calves’ Blood HD

and rapid wound contraction. These healing promoting effects can
be explained on the basis of several mechanisms; antihypergly-
cemic mechanisms, antioxidant mechanisms, reduction of lipid
peroxidation product (MDA) and increase of NO production; a
critical mediator of tissue repair, in addition to increasing HP
content in the granulation tissue. However, the HUCB-derived
HD has turned out to be the best among all treatment agents due
to the fastest wound closure and shortest healing time achieved.
This could be probably explained by the multifactorial nature of
this approach that covers the whole multiphase complex process of
wound healing. Results of this study suggest that topical
application of HUCB-derived HD should be studied in human
diabetic foot ulcers and the mechanism of its action should be
further investigated.

Supporting Information

Figure S1 Mass spectra of two HD samples. Mass spectra
of two HD samples derived from human umbilical cord blood (a)
and Calves’s blood (b), respectively are shown. Both samples were
subjected to LC-ESI-MS/MS protein analysis. Amino acid
content of each type of HD is represented as peaks at their
specific m/z ratio, with a relative intensity corresponding to the
amount of each amino acid in the sample.

(TIF)

Acknowledgments

We would like to thank Dr. Hossam H. Soliman, Manager of the Labor
and Delivery, Dept. of Obstetrics and Gynecology, El-Galaa Hospital, for
his assistance in HUCB samples’ collection and Dr. Tarek N. El-Bolkainy,
Associate Professor of Pathology at the National Cancer Institute, Cairo
University, for histological analysis of skin tissue samples.

Author Contributions

Conceived and designed the experiments: HOE MRD. Performed the
experiments: HOE MRD NMH SMD. Analyzed the data: HOE MRD
NMH SMD. Contributed reagents/materials/analysis tools: SMD. Wrote
the paper: HOE MRD NMH SMD.

peripheral blood as measured by the quantitative in vivo SCID-repopulating cell
assay. Blood 89: 3919-3924.

12. Grewal SS, Barker JN, Davies SM,Wagner JE (2003) Unrelated donor
hematopoietic cell transplantation: marrow or umbilical cord blood? Blood
101: 4233-4244.

13. Wilmink JM, Stolk PW, van Weeren PR, Barneveld A (2000) The effectiveness
of the haemodialysate Solcoseryl for second-intention wound healing in horses
and ponies. ] Vet Med A Physiol Pathol Clin Med 47: 311-320.

14. Ghoneimi IG, Bang RL (1997) Use of Solcoseryl in minor burns. Annals of
Burns and Fire Disasters 10: 219-222.

15. Markiel Z, Ziaja K, Zejc D, Samorodny J, Simka M, et al. (2002) Efficacy of
Solcoseryl in patients with pre-gangrene of lower limbs treated by vascular
reconstructive therapy. Pol 4: 167-173.

16. Al Bayaty F, Abdulla M, Abu Hassan MI, Masud M (2010) Wound healing
potential by hyaluronate gel in streptozotocin-induced diabetic rats. Sci Res
Essays 5: 2756-2760.

17. Bieback K, Kern S, Kluter H, Eichler H (2004) Critical parameters for the
isolation of mesenchymal stem cells from umbilical cord blood. Stem Cells 22:
625-634.

18. Ende N, Chen R, Reddi AS (2004) Transplantation of human umbilical cord
blood cells improves glycemia and glomerular hypertrophy in type 2 diabetic
mice. Biochem Biophys Res Commun 321: 168-171.

19. Boyum A (1968) Separation of leukocytes from blood and bone marrow.
Introduction. Scand J Clin Lab Invest Suppl 97: 7.

20. Gu L, Jones AD, Last RL (2007) LC—MS/MS Assay for Protein Amino Acids
and Metabolically Related Compounds for Large-Scale Screening of Metabolic
Phenotypes. Analytical Chemistry 79: 8067-8075.

March 2014 | Volume 9 | Issue 3 | e89853



21.

26.
27.
28.
29.
30.

31.

32.

33.

34.

37.

38.

39.

40.

41.

42.

43.

44.

Sur TK, Biswas TK, Ali L, Mukherjee B (2003) Anti-inflammatory and anti-
platelet aggregation activity of human placental extract. Acta Pharmacol Sin 24:
187-192.

. Al-Watban FA, Andres BL (2001) The effect of He-Ne laser (632.8 nm) and

Solcoseryl in vitro. Lasers Med Sci 16: 267-275.

. Toker S, Gulcan E, Cayc MK, Olgun EG, Erbilen E, et al. (2009) Topical

atorvastatin in the treatment of diabetic wounds. Am J Med Sci 338: 201-204.

. Barua CC, Talukdar A, Begum SA, Sarma DK, Fathak DC, et al. (2009) Wound

healing activity of methanolic extract of leaves of Alternanthera brasiliana Kuntz
using in vivo and in vitro model. Indian J Exp Biol 47: 1001-1005.

Sumitra M, Manikandan P, Gayathri VS,Suguna L (2009) Influence of Honey
on Energy Metabolism during Wound Healing in Rats. Scholarly Research
Exchange 2009.

Trinder P (1969) Determination of blood glucose using an oxidase-peroxidase
system with a non-carcinogenic chromogen. J Clin Pathol 22: 158-161.
Montgomery H, Dymock J (1961) The determination of nitrite in water. Analyst
86: 414-416.

Ohkawa H, Ohishi N,Yagi K (1979) Assay for lipid peroxides in animal tissues
by thiobarbituric acid reaction. Anal Biochem 95: 351-358.

Aebi H (1984) Catalase in vitro. Methods Enzymol 105: 121-126.

Woessner FJ Jr (1961) The determination of hydroxyproline in tissue and protein
samples containing small proportions of this imino acid. Archives of
Biochemistry and Biophysics 93: 440-447.

Banchroft J, Stevens A, Dawson MP (1996) Theory and practice Of Histological
Techniques.: Churchil Livingstone, New York, London, San Francisco, Tokyo.
Trousdale RK, Jacobs S, Simhace DA, Wu JK, Lustbader JW (2009) Wound
closure and metabolic parameter variability in a db/db mouse model for
diabetic ulcers. J Surg Res 151: 100-107.

Barcelos LS, Duplaa C, Krankel N, Graiani G, Invernici G, et al. (2009) Human
CD133+ progenitor cells promote the healing of diabetic ischemic ulcers by
paracrine stimulation of angiogenesis and activation of Wnt signaling. Circ Res
104: 1095-1102.

Gurdol F, Cimsit M, Oner-lyidogan Y, Kocak H, Sengun S, et al. (2010)
Collagen synthesis, nitric oxide and asymmetric dimethylarginine in diabetic
subjects undergoing hyperbaric oxygen therapy. Physiol Res 59: 423-429.

. Hamed S, Ullmann Y, Masoud M, Hellou E, Khamaysi Z, et al. (2010) Topical

erythropoietin promotes wound repair in diabetic rats. J Invest Dermatol 130:
287-294.

5. Badiavas EV, Falanga V (2003) Treatment of chronic wounds with bone

marrow-derived cells. Arch Dermatol 139: 510-516.

Pessina A, Eletti B, Croera C, Savalli N, Diodovich C, et al. (2004) Pancreas
developing markers expressed on human mononucleated umbilical cord blood
cells. Biochem Biophys Res Commun 323: 315-322.

Machicao F, Mushack J, Seffer E, Ermel B, Haring HU (1990) Mannose,
glucosamine and inositol monophosphate inhibit the effects of insulin on
lipogenesis. Further evidence for a role for inositol phosphate-oligosaccharides in
insulin action. Biochem J 266: 909-916.

Obermaier-Kusser B, Muhlbacher C, Mushack J, Seffer E, Ermel B, et al. (1989)
Further evidence for a two-step model of glucose-transport regulation. Inositol
phosphate-oligosaccharides regulate glucose-carrier activity. Biochem J 261:
699-705.

Gottschalk WK, Jarett L (1988) The insulinomimetic effects of the polar head
group of an insulin-sensitive glycophospholipid on pyruvate dehydrogenase in
both subcellular and whole cell assays. Arch Biochem Biophys 261: 175-185.
Nwanjo H, Oze G, Okafor M, Nwosu D, Nwankpa P (2007) Protective role of
phyllantus niuri extract on serum lipid profiles and oxidative stress in
hepatocytes of diabetic rats. Afr J Biotech 6: 1744-1749.

Phuc P, Buu Truc P, Thuy D, Nhung T, Chung D, et al. (2010) Regeneration of
Pancreatic B Cells of Type 1 Diabetic Mouse by Stem Cell Transplatation. In: V
. Toi and T . Khoa, editors. The Third International Conference on the
Development of Biomedical Engineering in Vietnam. Springer Berlin Heidel-
berg. pp.163-166.

Schwentker A, Billiar TR (2003) Nitric oxide and wound repair. Surg Clin
North Am 83: 521-530.

Soneja A, Drews M, Malinski T (2005) Role of nitric oxide, nitroxidative and
oxidative stress in wound healing. Pharmacol Rep 57 Suppl: 108-119.

PLOS ONE | www.plosone.org

10

46.

47.

48.

50.

51.

54.

59.

60.

61.

62.

66.

Comparative Study between MNCs & Calves’ Blood HD

. Lin KY, Ito A, Asagami T, Tsao PS, Adimoolam S, et al. (2002) Impaired nitric

oxide synthase pathway in diabetes mellitus: role of asymmetric dimethylargi-
nine and dimethylarginine dimethylaminohydrolase. Circulation 106: 987-992.
Sima AA, O’Neill SJ, Naimark D, Yagihashi S, Klass D (1988) Bacterial
phagocytosis and intracellular killing by alveolar macrophages in BB rats.
Diabetes 37: 544-549.

Dashti N, Ansari M, Shabani M, Vardasbi S (2004) Nitric oxide donor (deta
nonoate) enhance experimental wound healing in streptozotocin-induced
diabetic rats. Pak ] Med Sci 20: 211-214.

Nayak S, Nalabothu P, Sandiford S, Bhogadi V, Adogwa A (2006) Evaluation of
wound healing activity of Allamanda cathartica. L. and Laurus nobilis. L.
extracts on rats. BMC Complement Altern Med 6: 12.

. Peacock EE Jr (1984) Wound repair: structure, synthesis and interaction of

fibrous protein matrix. 56-101 p.

Phinney DG, Prockop DJ (2007) Concise review: mesenchymal stem/
multipotent stromal cells: the state of transdifferentiation and modes of tissue
repair—current views. Stem Cells 25: 2896-2902.

Yoshikawa T, Mitsuno H, Nonaka I, Sen Y, Kawanishi K, et al. (2008) Wound
therapy by marrow mesenchymal cell transplantation. Plast Reconstr Surg 121:
860-877.

Sasaki M, Abe R, Fujita Y, Ando S, Inokuma D, et al. (2008) Mesenchymal stem
cells are recruited into wounded skin and contribute to wound repair by
transdifferentiation into multiple skin cell type. J Immunol 180: 2581-2587.

. Kim JY, Song SH, Kim KL, Ko JJ, Im JE, et al. (2010) Human cord blood-

derived endothelial progenitor cells and their conditioned media exhibit
therapeutic equivalence for diabetic wound healing. Cell Transplant 19:
1635-1644.

Shumakov VI, Onishchenko NA, Rasulov MF, Krasheninnikov ME, Zaidenov
VA (2003) Mesenchymal bone marrow stem cells more effectively stimulate
regeneration of deep burn wounds than embryonic fibroblasts. Bull Exp Biol
Med 136: 192-195.

. Chen HK, Hung HF, Shyu KG, Wang BW, Sheu JR, et al. (2005) Combined

cord blood stem cells and gene therapy enhances angiogenesis and improves
cardiac performance in mouse after acute myocardial infarction. Eur J Clin
Invest 35: 677-686.

Schonwald D, Sixt B, Machicao F, Marx E, Haedenkamp G, et al. (1991)
Enhanced proliferation of coronary endothelial cells in response to growth
factors is synergized by hemodialysate compounds in vitro. Research in
Experimental Medicine 191: 259-272.

. Niinikoski J, Renvall S (1979) Effect of a deproteinized blood extract on

experimental granulation tissue. Acta Chir Scand 145: 287-291.

. Konturek SJ, Brzozowski T, Dembinski A, Warzecha A, Drozdowicz D (1988)

Comparison of solcoseryl and epidermal growth factors (EGF) in healing of
chronic gastroduodenal ulcerations and mucosal growth in rats. Hepatogas-
troenterology 35: 25-29.

Dri P, Cramer R, Mittenzwei H, Patriarca P (1989) Dual effect of a protein-free
hemodialysate on the oxygen uptake of phagocytosing human polymorphonu-
clear leucocytes. Arzneimittelforschung 39: 1565-1567.

Isler H, Bauen A, Baschong W (1991) Topical treatment of standardized burns
with a protein-free haemodialysate. Burns 17: 93-97.

Wilmore DW (2001) The effect of glutamine supplementation in patients
following elective surgery and accidental injury. J Nutr 131: 25435-2549S;
discussion 25508-25418.

Newsholme P (2001) Why is L-glutamine metabolism important to cells of the
immune system in health, postinjury, surgery or infection? J Nutr 131: 25155~
25228; discussion 25235-2514S.

Gupta R, Chattopadhyay D (2009) Glutamate is the chemotaxis-inducing factor
in placental extracts. Amino Acids 37: 271-277.

. Calder PC, Yaqoob P (1999) Glutamine and the immune system. Amino Acids

17: 227-241.

Shi C, Cheng T, Su Y, Mai Y, Qu ], et al. (2004) Transplantation of dermal
multipotent cells promotes survival and wound healing in rats with combined
radiation and wound injury. Radiat Res 162: 56-63.

Eriksson U, Ewald U, Tuvemo T (1983) Increased platelet volume in manifest
diabetic rats. Ups J Med Sci 88: 17-23.

March 2014 | Volume 9 | Issue 3 | e89853



