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ABSTRACT

Delayed wound healing in diabetes is caused by neuropathy, vascular changes,
and impaired cellular response to the injury. Macrophages are crucial in normal
wound healing, and impaired functions of these cells have been shown in diabe-
tes. B-1,3-p-glucans stimulate macrophage function. This open-label study was
performed to see if aminated B-1,3-p-glucan (AG) stimulates wound healing in
diabetes. Four groups (1-4) of diabetic db/db mice and one nondiabetic control
group, db/+(5) were studied: group 1 (n=11): topical AG; group 2 (n=10): top-
ical AG and subcutaneous insulin; group 3 (n=14): topical placebo and subcuta-
neous insulin; group 4 (n=10): diabetic control (placebo); group 5 (n=12):
normal control (placebo). At the end of the experiments fasting blood glucose
and A1C were (mean & SE) as follows: Group 1: 30.5+ 1.9 mmol/L and 11.3 £
0.6%; group 2: 12.0 £ 1.7mmol/L and 8.0 +0.6%; group 3: 15.4 +2.4mmol/L
and 7.4+ 0.3%; group 4: 32.6 £ 2.6 mmol/L and 12.34+0.6%; group 5: 7.2+
0.4mmol/L and 3.9 4+ 0.04%, respectively. The closed wound area was the same in
group 1 (AG alone) and group 2 (AG plus insulin) after 17 days, 57.3+4.7 vs.
50.1 £4.9% (p=0.7).The results of these two groups were superior to group 3 (in-
sulin treatment alone, 32.0 +4.3%, p < 0.001) and diabetic controls (38.2 +5.1%,
»=0.001). The macrophage-stimulant AG improves wound healing in db/db mice.

Certain diabetic comphcauons such as increased susceptl-
bility to 1nfect1on frequent occurrence of ulcers delayed
wound healing,* and aggravated arteriosclerosis* implicate
an aberrant course of inflammation.

It has indeed been reported that blood monocytes from
diabetic patients display phenotypic abnormalities, includ-
ing aberrant chemotactic responses_as well as decreased
phagocytosis and cytokine release.” ’ The data from these
studies are difficult to interpret with respect to the in vivo
situation because functional tissue macrophages, crucial to
wound healing,® are a different subset from free-floating
monocytes in the blood.

Data from studies on human, diabetic tissue macrophag-
es are not available—a fact that motivates studies on rele-
vant animal models. Studies on streptozotocin-treated
diabetic rats and alloxan-treated diabetic mice, both type
1-like conditions, have revealed decreased productlon of
cytokines and growth factors from macrophages in vitro.”

Recently, Zykova and coworkers reported altered mac-
rophage morphology and their decreased release of cyto-
kines and vascular endothelial growth factor (VEGF) in 2
model with type 2 diabetes-like animals, i.e., db/db mice."

B-Glucans stimulate cells from the monocyte—maoro-
phage system in animals and humans.'? '® They also exert
antitumor activity in vitro and in vivo,'>'""'® and protect
against life-threatening infections,'*'®: I qualities possibly
caused by induction of cytokine expression from the
monocyte—macrophage system.”’l&20
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The present study was undertaken to see if topical ap-
plications of the macrophage-stimulant, aminated $-1,3-D-
glucan (AG), could improve wound healing in an animal
model with diabetes mellitus (db/db mice).

MATERIALS AND METHODS

Animals

Diabetic C57Bl/KsBom-db/db mice, and the nondiabetic
strain C57Bl/KsBom-db/+ were studied. All animals were
purchased from M & B A/S, Ry, Denmark. The db/db
strain has an autosomal recessive mutation in the db-gene
on chromosome 4, with a deficient leptin receptor,?! and
they develop hyperphagia, obesity, insulin resistance, and
transient hyperinsulinemia at the age of 2-3 months. After
that the pancreatic insulin production decompensates, and
serious hyperglycemld and polyuria occur as the pancreat-
ic B-cells atrophy.*?

Three to five animals were housed per cage under con-
trolled conditions: Room temperature 21 4+ 1 °C, relative

AG aminated B-1,3-p-glucan

A1C glycosylated hemoglobin A1c
IL-1B interleukin-1p

TNF-o tumor necrosis factor-o
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humidity 55+ 10% and a 12: 12 light:darkness cycle (light
08:00-20:00 hours). The animals were offered rodent food,
SDS RM 1 (E), (Special Diets Services, Essex, UK) and
water ad libitum. The Norwegian Ethics Committee for Re-
search on Animals approved the experimental protocols.

The experiments started when the diabetic animals
(n=45) were 3-4 months of age. Only db/db mice with
blood glucose >16 mmol/L were included in the diabetic
groups. In addition, (db/+) animals (n=12) were studied
as a nondiabetic control group.

Anesthesia and blood sampling

General anesthesia was introduced after 4 hours of fasting
(but still with water ad libitum) using a mixture of fentanyl/
fluanisone and midazolam (final concentrations 0.079 mg/
mL fentanyl, 2.50 mg/mL fluanisone, and 1.25mg/mL
midazolam; dose: 0.0075 mL/g body wt administered sub-
cutaneously). Blood samples were drawn from the large
saphenous vein on anesthetized animals for measurements
of blood glucose, lactate, and A1C.

Wounding

The wound model is a modrﬁcatlon of the procedure de-
scribed by Greenhalgh et al.> With the animals in anesthe-
sia the midpart of their back was shaved, chemically
depilated using Nair™ cream (Carter-Wallace Ltd Folke-
stone, Kent, UK), and washed with tap water.

A template was then used to mark a 1.5x1.5cm? area on
the skin. The depilated area was disinfected with chlor-
hexidine 5 mg/mL prepared at the Hospital pharmacy and
washed with sterile water. The back of the animals was
then covered with a sterile utility drape, Klinidrape®
(Molnlycke Health Care AB, Gothenburg, Sweden), leav-
ing the wound area open. A full-thickness skin wound was
made on the back of the animals by excising the skin and
panniculus carnosus. The wound was thereafter covered
with a semipermeable, transparent polyurethane dressing,
Opsite Flexigrid® (Smith & Nephew Medical Ltd., Hull,
UK), which was fixed with the tissue adhesive, enbucrrlate
(Histoacryl™, B. Braun Melsungen AG, Melsungen Ger-
many), and 12 interrupted 5-0 Monosof™ sutures (Auto
Suture Company, Norwalk, CT). The wound margins
were finally traced onto glass microscope slides (=area
day 0) before buprenorphine was given subcutaneously as
analgesia  (final concentration 0.030mg/mL  bu-
prenorphine; dose: 0.0033-0.010 mL/g body wt). Another
dose of buprenorphine was given 12 hours after the surgi-
cal procedure An isotonic electrolyte solution, Ringer Ac-
etate® (Fresenius Kabi Norge AS, Halden Norway)
(dose: 0.030-0.050 mL/g body wt), was given subcutane-
ously 0 and 2 hours after wounding. The following groups
were studied:

1. Db/db mice (n=11) receiving local wound application
of the macrophage stimulant AG (final concentration
11.10 mg/mL in 9 mg/mL NaCl; Fresenius Kabi Norge
AS, Halden, Norway).

2. Db/db mice (n=10) receiving both AG and a subcuta-
neous insulin implant, Linplant® (Linshin Canada
Inc., Scarborough, ON, Canada).
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3. Db/db mice (n=14) receiving placebo wound treatment
with NaCl 9mg/mL and insulin Linplant®.

4. Db/db mice (n=10) receiving placebo wound treatment
with NaCl 9 mg/mL only.

5. Db/+ mice (n=12) receiving placebo wound treatment
with NaCl 9 mg/mL.

During the observation period the animals behaved in
an unstressed manner with unaffected food and water in-
take. The animals were anesthetized at the end of the ex-
perimental period, as described above. Blood samples were
drawn from the retro-orbital plexus for measurement of
blood glucose, lactate, and A1C. The animals were there-
after sacrificed by cervical dislocation.

Insertion of insulin implants

Insulin treatment was given with the bovine insulin im-
plant, Linplant®, wrth a release rate of ~2U/24 hours/
implant for >40 days.”

Implantation was performed with local anesthesia with
a lidocaine—prilocaine plaster (Emla AstraZeneca,
Soédertilje, Sweden) on depilated skin in the neck region:
The skin and the implant were disinfected with 2% povi-
done-iodine, PVP-iodine Doubldone (Marcus Research
Laboratory Inc., St. Louis, MO). The implant was then
inserted by a sterile, 12-gauge hypodermic needle.

Preparation and application of AG

AG, a water-soluble derivative of Curdlan, was prepared
as prevrously described. Curdlan is a linear homopolymer
composed of B-1,3-linked p-glucose subunits.’

All batches of AG were tested for lipopolysaccharide
(LPS)-activity by the endotoxin-specific assay, Endospecy
(Seikagaku Kogyo, Tokyo, Japan). They were found to
have an activity below 60ng/mL. Application was per-
formed through a 34 mm wide opening made by carefully
loosening the Opsite™ dressing. Fifty to 100 L of the
agent were injected onto the wound, completely covering
the wound bed (defined as the area surrounded by un-
wounded skin, fascia, regenerated epidermis, and scab).
The dressing was finally fixed with enbucrilate.

The application frequency was based on the study on
growth factor induced wound healing as reported by
Greenhalgh and coworkers.® The agent was applied as in-
termittent treatment from the day of surgery (once daily
for 5 days, followed by 4 days without treatment) to avoid
skin maceration. A minimum of 15 doses was applied in all
animals.

Wound closure measurement

The percentage wound closure was calculated at seven
different time points over 17 days. The wound margins
were traced onto glass microscope slides every second to
fourth day during the experimental period. The wound ar-
ea was measured by two different methods:

1. Manual method (all animals, n=57): The wound perim-
eter was traced onto transparent film (3M™, St. Paul,
MN), the traced area cut out and weighed on a micro
balance, Mettler AT 250 (Mettler Instrumente AG,
Greifensee, Switzerland). A pre-made standard curve
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of area vs. weight was used to determine the wound ar-
eas.

2. Digital method (n=50): The wound perimeter was
scanned using a color image scanner, Canoscan™
N656U (Canon Inc., Tokyo, Japan), the software Scan-
Gear™ Toolbox CS, version 1.01 (Canon Inc.) and Arc-
Soft Photo Studio 2000 (ArcSoft Inc., Fremont, CA).
The image analysis program Kontron Elektronik Imag-
ing System KS 100, version 2.02 (Kontron Elektronik
GmbH, Munich, Germany) was used to calculate the
wound area.

Percentage wound closure for dayX was calculated us-
ing the following formula, where day0 is the day of sur-
gery:

(Areagayo — Areagay y) x 100
%

Areagayo

Comparison of the methods

Bland—Altman plots (Figure 1) were used to evaluate the
agreement between the two methods:** The average of the
areas (manual, dlgltal cm?) vs. the difference between the
areas (manual minus digital; cm?) and the percentage
difference between the areas (manual minus digital; %)
were compared. The analysis included 600 observations
from 50 mice (12 per ammal) for each method of wound
area measurement (cm?). The Bland—Altman plot showed
highly correlated average and difference values. The co-
efficient of correlation, adjusted for repeated observations,
was 0.92 (95% CI 0.86-0.97; p < 0.001). Adjustment of
the coefficient was performed by a llnear mixed model
analy51s 3 with Z-score for “average” as covariate, and

“time” as well as Z-score for “difference” as fixed factors.
The covariances associated with the repeated measure-
ments declined exponentially over time and were modeled
by the first order autoregressive structure.

The coefficients of variation were 2.2 and 0.71% for the
manual and the digital method, respectively. There was
good agreement between the two methods with highly cor-
related average and difference values as well as low coeffi-
cients of variation. As the manual method was performed
in all animals (n=57) and digital measurements were per-
formed in only 50 animals, our calculations were per-
formed on the results from the manual measurements.

e
o
=]

- Difference = —0.0057 + 0.13-average

I
K
o
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Metabolic parameters

Glucose and lactate were measured by the YSI Glucose
and r-Lactate Analyzer Model 2300-GL STAT (Yellow
Springs Instrument Co., Yellow Springs, OH). A1C was
analysed with the DCA 2000® + Analyzer Model 5031 C
(Bayer Corporation, Elkhart, IN).

Histologic evaluation

In another 19 experimental animals (n=6db/+, n=13 db/
db) skin samples from the wound area were collected on
day 13 and fixed in 4% para-formaldehyde with 0.2 M su-
crose and embedded in paraffin. Six of the db/db mice had
been treated with placebo and seven with AG. All animals
were anesthetized before the procedure and thereafter sac-
rificed. Five-micrometer thick sections of the samples were
hematoxylin—eosin (H/E) stained for light microscopy.
The wound samples were bllnded and histologically scored
according to Greenhalgh et al.® The scores ranged from 1
to 12: 1 corresponded to no healing and 12 corresponded
to a completely reepithelialized wound.® The scoring was
based on the degree of cellular density, granulation tissue
formation, vascularity, and reepithelialization. Two of the
authors (L.T.B. and M.B.) scored the slides independently.
In 16 out of 19 cases (84%), scoring was similar, and the
remaining samples were reviewed until final agreement was
achieved.

Bacteriological examination and fungus cultivation

Samples were harvested from wound bed abradant on
anesthetized animals at the end of the study period. Signs
of a probable wound infection were green-yellowish secre-
tion and stagnation of wound closure over time. Animals
with signs of an infection and growth of wound pathogens
(e.g., Staphylococcus aureus) were excluded from the
study.

In vitro release of tumor necrosis factor-o (TNF-o) and
interleukin-1p (IL-1)

Peritoneal macrophages were harvested at the end of the
study with the animals in general anaesthesia. Peritoneal
lavage was performed with 8 mL ice cold RPMI-1640 with
synthetic serum replacement medium (SSR-II; Medicult,
Copenhagen Denmark). The cells were seeded at a density
of 1.0x10° cells per 0.8—1mL per well into Falcon® 24-

e

w

)
.

o
)
=)

Figure 1. Bland-Altman plots of the two
methods of wound area measurement
(cm?) showing the relationship between av-
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-
o

e
o
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Manual minus digital area (%) @

erage area measurements (cm?) and differ-
ences between measurements (manual
minus digital area), in (A) absolute (cm?)
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0.00 1.00 2.00 3.00 0.00 1.00
Average area (manual, digital; cm?2)

Manual minus digital area (cm2) >
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and (B) relative (%) values. The mean of
the difference areas was 12% (standard
deviation 6.8).

2.00 3.00
Average area (manual, digital; cm?2)
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well plates (Becton Dickinson Labware, Franklin Lakes,
NJ), and incubated at 37 °C in a humidified atmosphere at
5% CO, for 2 hours. Nonadherent cells were subsequently
washed off, and adherent cells were cultivated over night
in the same SSR-IT medium. A final wash was performed
before adding fresh medium and E. coli LPS (Escherichia
coli: 0O26:B6 LPS; Difco Laboratories, Detroit, MI) at a
final concentration of 0.5 pg/mL for macrophage stimula-
tion over 24 hours.

The supernatants were thereafter used for measurement
of TNF-a and IL-1B concentrations. The concentrations
were adjusted for cell numbers.?® The analyses were per-
formed by commercial enzyme-linked immunosorbent as-
say kits purchased from R&D Systems Europe (Abingdon,
UK). Unstimulated cultures served as controls.

Statistical analysis

All data, except for cytokine data (TNF-o, IL-1B) and
histologic scores, were normally distributed and are pre-
sented as mean + standard errors of the mean (SE). Statis-
tical significance between groups was tested by
independent samples z-test and one-way analysis of vari-
ance (ANOVA). The data on percentage wound closure
between day 0 and day 17 were analyzed by repeated mea-
surements ANOVA, and Bonferroni correction was ap-
plied for multiple comparisons. Analysis of the skewed
data for the cytokines and of the histologic scores was
made by nonparametric tests, Kruskal-Wallis and Mann—
Whitney test. Analysis was performed by the statistical
package SPSS 13.0 for Windows. p < 0.05 (two-tailed)
was considered as statistically significant.

RESULTS

Baseline characteristics

At the start of the experiments the db/db mice showed
gross appearance and metabolic characteristics consistent
with diabetes (Table 1). They had polyuria and were obese.

Berdal et al.

At baseline the four diabetic groups were similar with
respect to age, blood glucose, A1C, blood lactate, and
body weight.

Wound closure rates

Diabetic vs. nondiabetic mice

As compared with the nondiabetic mice, wound closure in
the diabetic control mice was delayed (mean difference
—40.7+2.7%, p < 0.001).

Wound contraction appeared not to contribute signifi-
cantly to diminish wound area in the diabetic animals, ir-
respective of intervention group. This, however, was the
case in the nondiabetic animals.

It took about 15 days to close 30% of the wound area in
the diabetic control animals compared to 7 days in the
nondiabetic control animals.

Effects of AG and insulin

Percentage wound closure in the insulin-treated group
(group 3) was not different from that in the diabetic con-
trol animals (group 4) 17 days after surgery, 32.0 + 3.8 vs.
38.2+6.3% (NS). Both the AG-treated groups, with
(group 2) or without (group 1) addition of insulin treat-
ment, closed more completely at day 17: 50.1 £ 5.8 and
57.3 £3.8%, respectively (Figure 2).

As the insulin-treated group (group 3) and the control
group (group 4) appeared similar, and the same was the
case with groups 1 and 2, with a treatment effect in favor
of AG, AG— (groups 1+2) and non-AG (groups 3+4)
treatments were also analyzed together. Treatment with
AG showed a significantly higher percentage wound clo-
sure over 17 days than non-AG treatments, the mean differ-
ence in the 0—17 days period was 13.7+2.4%, p < 0.001.
All wounds, regardless of treatment, were healed within
45 days.

Table 1. Characteristics of the experimental animals at the start and the end of the experiments

Placebo+
Intervention AG+subcutaneous subcutaneous insulin - Diabetic placebo Nondiabetic placebo
group (n) AG (11) insulin (10) (14%) (10) (129
Start End Start End Start End Start End Start End
Age (months) 3-4 4-5 3-4 4-5 3-4 4-5 3-4 4-5 2.5-35 3.5-4.5
BG (mmol/L) 253+1.5305+19252+2.0120+1.7 26.3+1.1 154+2.4 263+23326+26 87+03 7.2+04
A1C (%) 10.3+0.5 11.3+06 99+04 80+06 10.8+05 7.4+03 974+05123+06 3.8+0.04 3.9+0.04

Lactate (mmol/L) 1.4+0.1 2.1+£0.1 1.8+£02 24+0.2

1.5+£0.1

26+£03 1.74£01 22+£03 0.8+0.04 1.3+0.2

Body weight (g) 40.4+2.7 35.1+£3.2 46.9+1.0 45.3+£0.8 39.9+1.7 41.4+15 464+1.2409+1.9248+08 26.3+0.9

Data are mean & SE. Blood samples were obtained after 4 hours of fasting; however, there was no fasting in insulin-treated animals

because of hypoglycemia risk.

*Blood sampling was unsuccessful in follow-up in two animals.
fn=7 for the A1C measurements.

AG, aminated glucan; BG, blood glucose.
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Figure 2. Time course of the wound closure, i.e., percentage
reduction of the original wound area, in the four intervention
groups of diabetic (db/db) mice. Data are expressed as mean +
SE. The two AG-groups, groups 1 and 2, had significantly higher
closure rate compared with the non-AG groups, groups 3 and 4
(repeated measurements ANOVA, p < 0.001).

Impact of wound infection

When we analyzed 11 animals from group 2 that had in-
fectious wounds, the closure rate was only 40.4 + 5.6% af-
ter 30 days compared with 89.2 £ 5.0% in the noninfected
animals (n=10; p < 0.001). In groups 1, 3, and 4 the num-
bers of infected wounds were too small (<4) to draw con-
clusions about the course of wound closure.

Histologic results

Histologic scoring of sections from the wound area at day
13 postwounding revealed significantly higher scores in the
AG-treated group vs. the placebo group (Table 2), indi-
cating accelerated granulation tissue formation associated
with AG-treatment.

Representative sections are shown in Figure 3.

Sections from nondiabetic mice (group 5)

There was significantly thickened epithelium consisting of
6-8 cell layers in the periphery of the wound area. A gran-
ulation tissue rich in capillaries, fibroblasts, and inflam-
matory cells was observed beneath the wound bed.

Aminated p-1,3-p-glucan improves wound healing

Sections from placebo-treated diabetic mice (group 4)
Compared with the nondiabetic case, the granulation tis-
sue appeared less extensive and less vascularized in the
periphery of the wound bed, with extravasations of ery-
throcytes, a dense cellular infiltrate, and sparse bundles of
collagen, indicating a relatively immature tissue.

Sections from AG-treated diabetic mice (group 1)

Compared with the diabetic control case, there was an
epithelial thickening in a more extensive area in the pe-
riphery of the wound bed, and a highly vascularized, cell-
rich granulation tissue appearing more vascularized and
more extensive, that could be seen.

In vitro TNF-o and IL-1p release from peritoneal
macrophages

TNF-o and IL-1p release were not significantly different
between the four diabetic intervention groups (n=44), but
significantly lower in the diabetic placebo-treated animals
(n=16) vs. the nondiabetic animals (n=6) (Table 3).

DISCUSSION

Our study shows that diabetic (db/db) mice given topical
applications of AG (groups 1 and 2) obtained significantly
higher wound closure rates compared with the placebo-
treated mice (group 4).

Histologic examinations of wound specimens (day 13)
from the AG-treated group (group 1) revealed a more cell-
rich and vascularized granulation tissue and increased re-
epithelialization compared with the placebo-treated group
(group 4).

Histologic scoring of these sections revealed significant-
ly higher scores in the AG-treated group vs. the placebo
group (Table 2), indicating accelerated granulation tissue
formation.

We suggest that an inflammatory response with in-
creased wound cellularity promoted the wound healing
process, as is also reported with effective growth factor
applications to diabetic wounds.®> This may indicate a
higher degree of inflammatory response preceding granu-
lation tissue formation.

Cytokines and growth factors are important compo-
nents of inflammation, and in vitro studies, including the
present study (Table 3), have shown reduced expression of
cytokines and growth factors in diabetic rodents.” ! In our
experiments we chose to study cytokine release from peri-
toneal macrophages. These cells are easier to access

Table 2. Histologic scores and associated percentage wound closure at day 13 after surgery in three groups

Intervention group (n) Aminated glucan (7)

Diabetic placebo (6) Nondiabetic placebo (6)

8.0 (6-9)*"
25.74+2.0

Histologic score
Wound closure (%)

6.0 (5-8)
179+£28

11.56(10-12)
90.0+3.5

Values for histologic scores are expressed as median and associated range and were significantly different between the groups

(Kruskal-Wallis test, p < 0.001).
*p < 0.05 vs. diabetic placebo.

"p=0.001 vs. nondiabetic placebo (Mann-Whitney tests). Data for wound closure (%) are mean + SE.

Wound Rep Reg (2007) 15 825-832 © 2007 by the Wound Healing Society
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Figure 3. Histologic appearance of
hematoxylin—eosin stained sections
of skin from the wound area 13 days
after surgery in a nondiabetic, db/+
(A), placebo-treated diabetic, db/db
(B), and aminated glucan (AG)-treat-
ed diabetic (db/db) mouse, (C). The
magnification is x200. A: The wound
bed appears with a crust-like surface
(upper right corner), and a significant-
ly thickened epidermis in its periph-

= - ery (the arrow indicates the basal cell
layer) covered by squamous material (upper left corner). There is a cell-rich granulation tissue in the dermis below dominated by
fibroblasts and inflammatory cells. (B) The advancing edge of epidermal cells (indicated by the arrow) is seen covering the dermis
with sparse granulation tissue including fibroblasts, inflammatory cells, extravasations of erythrocytes and adipose tissue. (C) The
thickened epidermis and its edge (indicated by the arrow) are seen surrounded by abundant cell-rich granulation tissue dominated by
rounded cells, presumably inflammatory cells. Scale bars=200 um.

compared with wound macrophages and could be obtained
in culture by the simple method of peritoneal lavage.

TNF-a and IL-1B were studied because they are consid-
ered the more important pro-inflammatory cytokines.
Furthermore, the macrophages that secrete these cyto-
kines are essential cells both in innate and adaptive immu-
nity. Unfortunately, we do not have a method of studying
the TNF-a and IL-1p-release from on-site wound macro-
phages, which could have explained further the mecha-
nisms behind the AG-effects in our study.

In wound models of diabetes melhtus reduced growth
factor expression has been reported,?” and local applica-
tion of growth factors to wounds has shown a s1§n1ﬁcant
effect on healing rates compared with controls.’

To our knowledge, there are not many experimental
studies with glucan in diabetes. One study reported an in-
crease in collagen accumulation in streptozotocin-induced
diabetic mlce although the increase was apparently not
significant.? In that study, another glucan was used, and
relatively few animals were studied under more moderate
hyperglycemia than in our study.

The AG used in our study, is a water-soluble derivative
of Curdlan that has shown strong immunomodulatory
effects.'® ! Furthermore, for the first time we here report
effect of locally applied AG on wound healing in diabetic
db/db mice, but the mechanisms that promote wound heal-
ing are not well understood. Among the AG-effects of di-
rect relevance to wound healing in diabetes mellitus is the
ability to stimulate production and release of inflamma-
tory mediators, such as cytokines and arachidonic acid
metabolites, as well as stimulation of antibacterial activi-

ties.'"*! In this study we found no significant differences
between the diabetic intervention groups regarding cyto-
kine release from peritoneal macrophages (Table 3). This
may indicate that the AG worked through a topical effect,
which is nontoxic, as compared with other immunomodu-
lators, e.g., LPS.

Macrophages are important sources of growth factors
at the wound site, and in vitro studies have shown altered
morphological appearance of these cells.’ Apphcatlon of
B-1,3-glucan to nondiabetic wounds is reported to give a
h1gher number of macrophages in the earla/ inflammatory
stage of repair compared with controls.*® Furthermore,
reepithelialization and the onset of fibroblast proliferation
commences at an earlier stage in glucan-treated wounds.
This is consistent with our findings in diabetic mice.

In yet another study on nondiabetic animals, glucan in-
creased the tensile strength of the wound tissue in the early
phase of wound healing, probably due to increased cross-
linking of collagen.’!

The molecular mechanisms behind the effects of B-glu-
cans are poorly understood. However, in vitro experiments
have recently indicated that fibroblasts express -glucan
receptors, and that glucan may stimulate collagen synthe-
sis in these cells.*

Also leukocytesé including macrophages, express recep-
tors for B-glucans.”” These receptors, as well as the toll-like
receptors, function as pattern recognition receptors, cru-
cial for innate immunity toward pathogenic microorgan-
isms. The B-glucan receptor can recognize the molecular
pattern of B-1,3-glucans, which is the structure of AG used
in the present study. Previous studies have shown that AG

Table 3. /n vitro TNF-o. and IL-1f release from peritoneal macrophages

AG+subcutaneous Placebo+subcutaneous Diabetic placebo Nondiabetic
Intervention group (n) AG (4) insulin (12) insulin (12) (16) placebo (6)
TNF-o (pg/mL) 105 (83-127) 170 (51-439) 94 (32-255) 110 (70-357) 493 (423-767)
IL-1B (pg/mL) 51 (32-70) 42 (20-57) 29 (11-96) 56 (12-136) 151 (142-178)

Data are medians and associated range. TNF-o and IL-1p release were not significantly different between the four diabetic inter-
vention groups, p=0.6 and p=0.3, respectively (Kruskal-Wallis test), but significantly lower in the diabetic placebo group vs. the
nondiabetic placebo group, p < 0.005 and p=0.001, respectively (Mann-Whitney test).

AG, aminated glucan; TNF, tumor necrosis factor; IL, interleukin.
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is bound and 1nterndhzed Vld B-glucan receptors on mouse
peritoneal macrophages.®* Therefore, we could reasonably
assume that the presence of - glucan receptors on wound
macrophages may be implicated into the healing process of
AG-treated animals, e.g., by induction of cytokine expres-
sion.'>!®

There is evidence of nitric oxide (NO) deficiency at the
wound site in diabetic rats, and wounds heal more readily
with NO supplementationg which indicates a crucial role
for NO in wound repair.*® Administration of B-glucans
1ncredses the NO production of cells i in the peritoneal exu-
date,'” and macrophages secrete NO,'! a mechanism that
also could have contributed to the wound healing effect in
our model. Also glucan has been shown to scavenge free
radicals, which could have improved wound healing.*
However, neither NO nor free radicals were measured in
this study.

As far as we know, there have only been a few reports on
wound heall ing effects by structurally different glucans in
diabetes.” In a study on 10 diabetic patients with so-
dium carboxyl-methyl-cellulose dressings wound healing
improved significantly compared with controls treated
with saline-moistened gauze.*’ In another study, which
was a randomized, prospective, controlled multi-center
trial with 276 patients treated either with a collagen/oxi-
dized-regenerated cellulose dressing or moistened gauze, a
clinical 1mgrovement in wound healing could be seen over
12 weeks.?

In the present study the addition of insulin (group 2) did
surprisingly not improve the rate of wound closure further
compared with the animals that were given AG alone
(group 1), although insulin treatment was associated with
a significant improvement in metabolic control, as mea-
sured by blood sugar and A1C, and also improvement in
caloric balance with prevention of weight loss (Table 1).
However, in group 2 a higher frequency of wound infec-
tions affecting wound closure was observed. This could
possibly be explained by a larger volume of insulin im-
plants in the proximity of the wound.

Insulin treatment alone (group 3) was also associated
with a metabolic improvement, but not with a higher rate
of wound closure compared with the placebo-treated
group (group 4).

One may speculate that there is a threshold level of met-
abolic control (A1C) that has to be reached before the
wound closure rate is improved in this animal model.

Although the insulin-treated animals were observed by
weekly blood sugar measurements, and the insulin doses
were titrated accordingly, we were not able to completely
normalize the blood sugars in these extremely insulin re-
sistant animals.?? This could have blurred a beneficial
effect of insulin treatment and normoglycemia on wound
healing. Alternatively, one could speculate that the lack of
a positive effect of insulin on the closure rates may rely on
a species difference.

A1C-levels, which reflect long-term (2-3 months) gly-
cation in humans with diabetes, were not normalized in
our study. The life span of mouse-erythrocytes, of approx-
imately 50 days, is shorter compared with human erythro-
cytes, and the synthesis of A1C is linear for at least the first
50 days of the mouse-erythrocyte’s life.* Therefore, A1C-
measurements performed at the end of our experiments,
reflected glycemia during the whole period of insulin treat-
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ment, and in addition 10-15 days of hyperglycemia before
the experiments started. A short-term glycation marker
e.g., serum fructosamine, could appear as a better choice.‘“3

However, in rodents, fructosamine measurements only
reflect a few days of nonenzymatic glycation as the half-life
of circulating albumin is only 2 days in these animals.
Multiple measurements during the study period would
therefore have been necessary.

In conclusion, the structurally well-defined macrophage
stimulant, AG, has a significant wound healing effect in a
model of diabetic db/db mice. This indicates that the in-
trinsic impairment of growth factor and cytokine produc-
tion in diabetic macrophages'' can, at least partly, be
overcome by local application of macrophage-stimulants.

The effect of AG on wound healing has so far not been
explored in humans. However, our findings suggest that
AG, or other possibly more effective derivatives of the
same family of substances, should be considered as candi-
dates for clinical application to wounds in diabetic pa-
tients.
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