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Background Cutaneous wound healing is relatively slow in patients with diabetes.
Objectives To test the hypothesis that this defect in healing of wounds in patients
E-mail: cmarcelo@umich.edu with diabetes results from dysfunction of skin fibroblasts and epidermal keratino-
cytes and that this dysfunction is related to disrupted intracellular glutathione
(GSH) homeostasis.

Methods We investigated the effects of esterified GSH on the contraction of fibro-

Accepted for publication
16 June 2004

Key words:

apoptosis, diabetes, fibroblast contraction,

blasts in a fibroblast-populated collagen lattice and on keratinocyte apoptosis.
Results High glucose medium (hyperglycaemia) reduced the contraction ability of
glutathione, wound healing fibroblasts (P < 0:05). The normalization of glucose medium concentrations for
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age of apoptotic keratinocytes was statistically higher in hyperglycaemic cells
(P < 0-05). GSH media concentrations ranging from 0-1 to 100 wmol L™"
restored the ability of hyperglycaemic fibroblasts to contract the gels in a concen-
tration-dependent manner. Primary human keratinocytes grown in hyperglycae-
mic medium were more susceptible to apoptosis, and treatment with esterified
GSH rescued the keratinocytes from apoptosis.

Conclusions These data suggest that intracellular GSH can normalize skin cell func-

tions disrupted by in vitro cell growth under hyperglycaemic conditions.

Successful wound healing is accomplished by fibroplasia, angio-
genesis and re-epithelialization, processes which involve the
migration and proliferation of fibroblasts, endothelial cells and
epithelial cells." Wound contraction is an important part of
healing and occurs via mechanisms reportedly mediated by a
specialized form of fibroblast, the myofibroblast, using an
undefined mechanism that differs from that seen in smooth
muscle contraction.”*

The chronic nonhealing dermal ulcer is one of the most sig-
nificant and challenging problems in the management of
patients with diabetes.' In this type of delayed wound healing,
insufficient granulation tissue formation, insufficient epithelial-
ization and lack of contraction probably result from defects in
fibroblast function.® Oxidative stress is proposed as an import-
ant pathogenic factor in diabetic wound complications and
appears to affect cell replication and life span. In vitro antioxid-
ant therapy is able to reverse the impaired proliferative activity
of different cell types from diabetic skin.® However, there are
no reported studies on the effect of oxidative stress on fibro-
blast contraction.

Other investigators have suggested that high glucose levels

5,7-10 _ . .
Via OX1-

induce programmed cell death (apoptosis) in vitro
dative stress mechanisms. Oxidative stress is suggested to
increase free oxygen radicals, coupled with a decreased activity
of radical scavengers, especially glutathione (GSH).
The GSH redox cycle is a primary component of the cellular
1,12 .
GSH is a

low-molecular-weight tripeptide (y-glu-cys-gly) with two bio-

protective mechanism against oxidant stress.

logically important structural features: a thiol group and a
y-glutamyl linkage. It serves as electron acceptor for hydrogen
peroxides and becomes toxic, oxidized thiol (GSSG). The rates
of introduction (synthesis, uptake) and the rates of elimin-
ation (conjugation, efflux) determine the overall cell redox
balance. A previous clinical study has shown that tissue sam-
ples from diabetic wounds have low levels of GSH and high
levels of mixed protein disulphides and of GSSG compared
with uninjured skin sites."?

In the present study, primary cultures of human dermal
fibroblasts were used to test the hypothesis that the lack of
wound contraction in patients with diabetes is a result of

© 2005 British Association of Dermatologists @ British Journal of Dermatology 2005 152, pp217-224 217



218 Glutathione reverses hyperglycaemic medium, M. Deveci et al.

fibroblast dysfunction and that the defective fibroblast con-
traction is related to disrupted intracellular GSH homeostasis.
Bell et al."* first reported the construction and use of a fibro-
blast-populated collagen lattice (FPCL) as an in vitro contrac-
tion model. Considerable evidence has implicated direct
cellular traction as the means by which fibroblasts and other
types of cells contract collagen lattices. The contraction of
collagen lattice needs a complex cell-extracellular matrix
interaction involving integrins, focal adhesions and an intact
Thus, the contraction of FPCL and the effect
of GSH treatment on FPCL contraction were tested in this

cytoskeleton. '

study.

Materials and methods
Cell culture

Keratinocytes

Primary epidermal cells (keratinocytes) were cultured from
breast reduction skin of healthy women.'® After overnight try-
psinization of the split-thickness skin, the resulting epidermal
cell suspension was plated in MCDB 153 with 0-218 pg mL™"'
hydrocortisone, 5 pg mL™"  epidermal growth  factor,
5 pg mL™" insulin, 60 pg mL™' bovine pituitary extract (fro-
zen pituitaries from Pel-Freeze, Rogers, AR, U.S.A.) and
0-15 mmol L™" CaCl,. The glucose concentration of MCDB
153 is 6 mmol L™' p-glucose. The medium was changed
every other day. The growth factors, antibiotics, enzymes and
reagents were obtained from Sigma (St Louis, MO, U.S.A.)
and the plastic expendables were from Laboratory Science Co.

(Corning, NY, U.S.A.).

Fibroblasts

After removal of the epidermal keratinocytes, fibroblasts were
digested from the dermal skin layer using 5% collagenase for
30 min. Fibroblasts were grown in Dulbecco’s modification of
Eagle’s medium with r-glutamine, sodium pyruvate and pyrid-
oxine (DMEM; Gibco, Grand Island, NY, U.S.A.) supplemen-
ted by 10% fetal calf serum (FCS; Sigma) at 37 °C in an
atmosphere containing 5% CO,. This medium has a p-glucose
concentration of 55 mmol L', Cells were passaged using
trypsin-ethylenediamine tetraacetic acid (Gibco) digestion and
were cultured in T-75 cm” tissue culture flasks.

Fibroblast studies

Growth of hyperglycaemic fibroblasts in three
hyperglycaemic media

After the first passage, fibroblasts were grown in normal
(5-5 mmol L") and three high-glucose (p-glucose)-contain-
ing media (hyperglycaemic media), containing 20, 35
and 50 mmol L™" p-glucose. As a control for the osmotic

pressure of the high glucose concentrations, the experiment

35 mmol L7}

(5-5 mmol L' p-glucose plus 29-5 mmol L™ 1-glucose). All

was repeated using ‘I-glucose’ medium
experiments were done using fibroblasts isolated from three
different individuals, in triplicate (n = 3). Fibroblasts were
cultured in hyperglycaemic medium for 20 days prior to per-
formance of FPCL contraction assays. Fibroblast cultures used

in this experiment ranged from two to 14 passages.

Restoration of hyperglycaemic fibroblasts to normal
glucose conditions

To restore hyperglycaemic fibroblasts to normal medium glu-
cose conditions, cell cultures grown in hyperglycaemic media
for 15 days were shifted to normal glucose medium for peri-
ods of 7 and 21 days.

Preparation of fibroblast-populated collagen lattice

Type I collagen was extracted from rat tails as described by
Bell et al.'"* FPCL was prepared by a modification of the
method of Bell et al.'* Briefly, acid-extracted collagen I, fibro-
blasts, FCS (Sigma), 5 X concentrated DMEM, distilled water
and 0-1 mol L™'
the final
1 X 10° cells mL™", at physiological ionic strength and 1 X

NaOH were mixed on ice, so that
mixture resulted in 09 mg mL™! collagen,
DMEM. Two millilitres of this mixture were poured in 35-
mm culture dishes (Falcon 1008; Becton Dickinson, Lincoln
Park, NJ, U.S.A.). Gelation occurred within 30 min at 37 °C,
at which time 2 mL of DMEM containing 5% FCS were

overlaid.

Measurement of gel contraction

Measurement of gel contraction was performed using a modi-
fication of the method of Tomasek et al.” Briefly, 3 days of
incubation with DMEM containing 5% FCS were followed by
1 day of serum starvation. The attached lattices were then
mechanically released from the underlying substratum by free-
ing the edges of the collagen lattice with a 27-G syringe nee-
dle. Two millilitres of DMEM supplemented by 5% FCS in
different glucose concentrations were immediately added to
stimulate contraction. The FPCL contraction, which is one
measure of contraction by the fibroblasts embedded in the
gel, was quantified by measuring the diameter of two axes of
each lattice for up to 3 h after treatment. As the fibroblasts
contract, the diameter of the lattice gel decreases. Each experi-

ment was done in triplicate.

Glutathione treatment of hyperglycaemic fibroblasts

To determine if esterified GSH (Sigma) corrected the fibroblast
contraction defect in hyperglycaemic fibroblasts, cells grown
in 35 mmol L™ glucose were embedded in the collagen lat-
tices for the contraction assay and were treated with 0-1, 1,
10 and 100 pmol L™ GSH for the 4 days prior to the contrac-
tion assay.
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Comparison of different antioxidants on fibroblast-
mediated gel contraction

A single experiment was performed using triplicate cultures
from one individual to compare the effect of three antioxidants
on fibroblast-mediated collagen gel contraction. GSH ethyl
ester (50 pmol L"), N-acetyl-L-cysteine (NAC; 50 pmol L™)
(PDC; 50 nmol L' to
50 pmol L™") were used to treat high-glucose (35 mmol L")

or pyrrolidinedithiocarbamate

fibroblasts. Cultures were treated for 2 days following plating in
collagen lattices and some lattices were not treated with antioxi-
dants. Lattices were untreated (control) or treated with 10% FCS
and contraction was stopped by addition of formaldehyde in
phosphate-buffered saline (PBS) to a final concentration of 3:7%
1 h after release. Gel diameters were measured as described.

Morphometric analysis of fibroblast-populated collagen
lattice

Morphometric analysis was performed on cells cultured
in hyperglycaemic medium (35 mmol L™' p-glucose and
‘I-glucose”) for 20 days. FPCL was prepared with the final
cell number being 1 X 10° cells mL™". Following mechanical
release of the collagen gels, measurements were taken before
serum stimulation and at 10 and 30 min after serum stimu-
lation. Collagen lattices were fixed with 4% formaldehyde
and stained with 1% toluidine blue in PBS containing
Tween. After washing three times with PBS, 30 cells were
measured in each group by computerized image microme-
try. The length of the cells is another measure of the con-
traction of the fibroblasts in the FPCL assay. Results were
evaluated by paired t-test.

Fibroblast viability of fibroblast-populated collagen lattice

Fibroblast viability at the time of the contraction assay was
monitored by using Live/Dead Viability/Cytotoxicity Assay kit,
purchased from Molecular Probes (Portland, OR, U.S.A.),
according to the manufacturer’s protocols. Cultures were
examined under the fluorescence microscope by counting
three randomly selected fields of view.

Keratinocyte studies

Growth of primary human keratinocytes in normal and
hyperglycaemic media

Keratinocytes were grown on collagen-coated coverslips in
normal (6 mmol L"), high p-glucose (35 mmol L™") and
high ‘t-glucose’ (35 mmol L™') medium for 7 days.

The effect of glutathione treatment (100 umol L™) on
apoptotic state of cultured keratinocytes

Apoptosis was used as a measure of a GSH effect on keratino-
cytes. Apoptosis was quantified using the FragEl (Oncogene,
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Cambridge, MA, U.S.A.) (TUNEL assay) kit. Briefly, the cells
were fixed with 4% paraformaldehyde and processed follow-
ing the kit instructions. The samples were counterstained with
methyl green for 10 min. Stained and prepared culture dishes
were examined by scanning three randomly selected fields of
view under a Nikon TMS inverted phase microscope. Data
were expressed as percentage stained cells.

Statistical analysis

The data are presented as mean * SEM. The SEM was used to
express variance among samples in studies because cell strains
generated from primary cultures developed from a number of
individuals (not inbred) were studied. The statistical analysis
used unpaired t-test.

Results
Fibroblasts

Characteristics of fibroblasts in hyperglycaemic medium

Growth of fibroblasts in hyperglycaemic medium significantly
limited the contraction of the cells in the rapid contraction
assay. After addition of the serum, the difference in contrac-
tion between fibroblasts in normal medium and in hypergly-
caemic medium was statistically significant (P < 0:05) at all
time points and all media except one, the 180 min,
20 mmol L™' glucose measurement (Fig. 1a). In contrast,
there was no significant difference among the fibroblasts
in hyperglycaemic medium in gel contractility at any time

point except one: at 180 min, the difference between the

20 mmol L™ and 35 mmol L™' glucose hyperglycaemic
group was statistically significant (P < 0-05).
Growth of the fibroblasts in ‘r-glucose’ medium

(5-5 mmol L' p-glucose plus 29-5 mmol L' 1-glucose) did
not affect the ability of the fibroblasts to contract the gels. The
contraction was similar to that in the control 5-5 mmol L™'

D-glucose medium plus serum (data not shown).

Irreversibility of the hyperglycaemic effect on fibroblast
contraction

The deficiency in contraction of hyperglycaemic fibroblasts was
not reversed to normal function by growth of the cells in nor-
mal glucose medium for 7 days or 21 days. After 15 days in
hyperglycaemic medium, the hyperglycaemic fibroblasts were
grown in 5-5 mmol L™" glucose medium for 7 days (Fig. 1b).
The results were similar to those shown in Figure la, with sig-
nificant differences between fibroblasts grown in 5-5 mmol L'
glucose and in hyperglycaemic media, but with no significant
differences within the hyperglycaemic cells (P < 0-05). When
the cells were grown in hyperglycaemic medium for 15 days,
followed by 21 days at normal glucose levels, the results were
similar to those shown in Figure la,b, except that in this
case (Fig. 1c) the significant differences between normal and
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Fig 1. Fibroblast-populated collagen lattice (FPCL) contraction in media containing normal levels of glucose and three different high levels of

glucose. (a) The results of FPCL contraction assay. P < 0-05 at all time points between fibroblasts grown in normal medium and under

hyperglycaemic conditions except for cells grown for 180 min in 20 mmol L™" glucose. n = 3. (b) The results of FPCL contraction assay of

fibroblasts which were first grown in normal or high glucose media for 15 days, followed by a 7-day growth period in normal glucose-

containing medium. P < 0-05 at all time points between fibroblasts grown in normal medium and under hyperglycaemic conditions. n = 3. (c)

The results of FPCL contraction assay of cells grown in normal or high glucose media for 15 days, followed by a 21-day growth period in normal

glucose-containing medium. P < 0-05 between normal and hyperglycaemic cells at the 90—180-min time points. n = 3. Results are presented as

mean t SEM.

hyperglycaemic medium did not appear until the 90-min time
point (P < 0:05). For the 90—180-min time points, the fibro-
blasts originally grown at a normal glucose level contracted sig-
nificantly faster than the hyperglycaemic cells, even after
21 days of normal glucose levels in the medium (Fig. 1c).

Glutathione treatment of hyperglycaemic fibroblasts

GSH treatment restored the ability of hyperglycaemic fibro-
blasts to contract collagen gels. GSH media concentrations ran-
ging from 01 to 100 pumol L' restored the ability of
hyperglycaemic fibroblasts to contract the gels in a concentra-
tion-dependent manner. In Figure 2a, collagen lattice contrac-
tion profiles are presented for the control cells for the
GSH-treated cultures shown in Figure 2b. A comparison of
that
glucose fibroblasts treated with 100 pmol L™

serum-stimulated
1

Figure 2a and Figure 2b shows
35 mmol L™
GSH contracted gels to the same degree as serum-stimulated
55 mmol L™' p-glucose cells. Thus 100 pmol L™' GSH com-
pletely overcame the inhibition of contraction induced by fi-
broblast growth in 35 mmol L™ hyperglycaemic medium.
The data in Figure 2b show that this trend was roughly pro-

portional to the GSH concentration in the medium.

Morphometric analysis of serum-stimulated fibroblasts in
fibroblast-populated collagen lattice

Hyperglycaemic cells

Growth of fibroblasts in hyperglycaemic media did not affect
the average length of the cells prior to stimulation. Following
serum stimulation the differences among the experimental
the 35 and
50 mmol L™' p-glucose groups, were all statistically significant
(P < 0-05) (Fig. 3a).

groups, except for the difference between

The hyperglycaemic fibroblasts were grown for 1 week in
normal 55 mmol L' glucose medium (Fig. 3b). Following
serum stimulation, the hyperglycaemic fibroblasts failed to
contract to the same extent as those grown in 5-5 mmol L'
glucose throughout. The differences among the experimental
groups, except for the difference between the 35 and
50 mmol L™ p-glucose groups, were all statistically significant
(P < 0:05).

Glutathione-treated fibroblasts grown in 35 mmol L™
glucose

The average length of the cells grown in 35 mmol L™" glucose
with or without addition of 1 pmol L' or 100 pmol L™
GSH (Fig. 3c) was similar before serum stimulation. At
30 min after stimulation, the difference between the untreated
and 1 pmol L' GSH-treated groups was statistically insignifi-
cant (P > 0-1), whereas at both 10 and 30 min the differences
100 pmol L™'  GSH

untreated hyperglycaemic cells were significant (P < 0-05).

between cultures treated with and

Effect of other antioxidants on fibroblast lattice
contraction

The data in Figure 4 show that both GSH ethyl ester and NAC
treatment resulted in significantly greater (P < 0-05) contrac-
tion when compared with the control (no antioxidant,
35 mmol L™ glucose plus 10% serum), and that GSH treat-
ment caused significantly more contraction than did NAC
treatment (P < 0-05). PDC caused no significant enhancement
of contraction at any concentration used. Higher concentra-
tions of PDC resulted in reduced contraction. Under micro-
scopic examination of these cultures, the cells appeared
rounded and did not develop the typical spindle-shaped mor-
phology of fibroblasts cultured in collagen.
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Fig 2. The effect of glutathione (GSH) on fibroblast-populated
collagen lattice (FPCL) contraction of hyperglycaemic fibroblasts.

() Control lattice. P < 0-05 between 5-5 mmol L™' glucose plus
serum and 55 mmol L™ glucose with no serum, and 35 mmol !
glucose with and without serum. n = 3. (b) The results of FPCL
contraction assay when fibroblasts grown in 35 mmol L™' glucose
plus serum were treated with 0-1-100 pmol L™ esterified GSH after

7 days. P < 0-05 significance for all 100 pmol L™' GSH time points,
and for all concentrations of GSH at the 120-, 150- and 180-min time
points, when compared with their respective controls in panel (a).

n = 3. Results are presented as mean * SEM.
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Fig 4. Effect of other antioxidants on fibroblast-populated collagen
lattice (FPCL) contraction. Both glutathione (GSH) and N-acetyl-1-
cysteine (NAC) treatment resulted in significantly greater

(*P < 0-05) contraction when compared with the control (no
antioxidant, 35 mmol L' glucose plus 10% serum).
Pyrrolidinedithiocarbamate (PDC) caused no significant
enhancement of contraction at any concentration used, and
higher concentrations of PDC resulted in reduced contraction.
Results are presented as mean * SD.

Viability of fibroblasts after fibroblast-populated collagen
lattice assay

The difference in the percentage of live cells among the fibro-

blasts grown in hyperglycaemic conditions and in
5-5 mmol L~ glucose was statistically insignificant before sti-
mulation and at both 10 and 30 min after serum stimulation.
The percentage of live cells was over 95% in all groups at

every time point (data not shown).

Apoptosis in hyperglycaemic fibroblasts

Determination of the percentage of apoptotic fibroblasts was
performed at three different time points following addition of
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Fig 3. Morphometric analysis of fibroblast-populated collagen lattice fibroblasts. (a) The average cell length of hyperglycaemic cells

(35 mmol L™" glucose) before stimulation, and at 10 and 30 min after stimulation with 5% serum. *P < 0-05, n = 3. (b) The average cell length

of hyperglycaemic cells (35 mmol L™" glucose) following 1 week of treatment with normal glucose-containing medium before stimulation, and at

10 and 30 min after stimulation with 5% serum. *P < 0-05, n = 3. (c) The average cell length of hyperglycaemic cells (35 mmol L™" glucose)

treated with 1 and 100 pmol L™" esterified glutathione (GSH) before stimulation, and at 10 and 30 min after stimulation with 5% serum.

*P < 0:05, **¥P < 0:01, n = 3. Results are presented as mean * SD.
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Fig 5. Keratinocyte apoptosis. (a) The percentage of apoptotic
keratinocytes following exposure to normal (6 mmol L™') p-glucose
and high (35 mmol L™') p- and r-glucose at 3, 7 and

10 days. *P < 0-05. (b) The percentage of apoptotic
keratinocytes following esterified glutathione (GSH) treatment
in medium containing high p-glucose at 7 days. *P < 0-05.
Results are presented as mean * SD.

high levels of glucose. The percentage of apoptotic cells in media
containing normal (5-5 mmol L") p-glucose, 35 mmol L™

‘t-glucose’” and 35 mmol L™

p-glucose showed no differences
at 3, 7 and 10 days (data not shown). Thus neither 1- nor p-glu-

cose induced apoptosis in adult human fibroblasts.

Keratinocytes

Apoptosis in hyperglycaemic keratinocytes

Comparisons of the percentage of apoptotic cells were
made after 3, 7 and 10 days (Fig. 5a). The difference in the
percentage of apoptotic cells following 3 days of growth in
(6 mmol L")
35 mmol L™' ‘t-glucose’ and 35 mmol L™ p-glucose was not
significant (P > 0-1). After 7 and 10 days, the number of
apoptotic cells was increased in the keratinocytes grown in

media  containing  normal D-glucose,

35 mmol L™' p-glucose (P < 0-05) but was unaltered in those
grown in 35 mmol L' ‘I-glucose’. This supports the premise

that the effect of glucose is not due to osmotic changes caused
by the addition of glucose to the medium.

Apoptosis in glutathione-treated keratinocytes grown in
35 mmol L™ glucose medium

The effect of esterified GSH treatment was determined at
7 days because the observed difference in apoptosis was great-
est at this time. Esterified GSH was added with the hypergly-
caemic medium and continued for the entire 7 days. The
control groups were grown in normal and 35 mmol L™
‘I-glucose’ medium. The difference between GSH-treated and
untreated hyperglycaemic cells was statistically significant
(P < 0-05). However, the difference between the normal and
GSH-treated 35 mmol L' glucose groups was not (P > 0-1)
(Fig. 5b).

Discussion

Impaired healing of acute wounds and increased susceptibility
to chronic nonhealing wounds are an undeniable reality for
patients with diabetes. Successful treatment modalities have
focused on maintaining a clean, moist wound bed through
debridement and antibiotic treatment. More recently, the
application of exogenous growth factors including acidic
fibroblast growth factor, keratinocyte growth factor, trans-
forming growth factor-B;, platelet-derived growth factor
(PDGF), PDGF-BB and various agents including antioxidants
has been reported to improve wound healing in both normal
and delayed wound healing conditions.''®** Although stud-
ies have shown the importance of several growth factor treat-
ment modalities, the use of topical delivery systems is still
controversial. These studies suggest that cells under oxidative
stress do not function well, and that the response to mitogenic
and stimulatory factors occurs most efficiently when cells are
in oxidative stress-free conditions.

The hypothesis was that delayed wound healing in the dia-
betic patient results from the presence of a functional defect
in both skin fibroblast populations and in keratinocyte popula-
tions, so that the cells do not respond appropriately to normal
stimuli. These defects would result in impaired wound con-
traction and reduced epithelialization. Loss of cellular commu-
nication among skin cells in the healing wound due to a
reduced number of keratinocytes may also be detrimental to
successful wound healing.

Thus, the first tissue culture models to examine the effects of
hyperglycaemic medium on physiologically relevant functions
of the two predominant skin cell types involved in dermal heal-
ing were developed by us. Because the predominant force
behind wound closure is fibroblast-mediated contraction, the
effect of hyperglycaemic medium on FPCL contraction was
examined. Fibroblasts cultured for a prolonged period in hyper-
glycaemic medium demonstrated a lessened ability to contract
collagen gels. The ability to contract collagen was inversely rela-
ted to the concentration of glucose in the culture medium in
which the cells were grown. Furthermore, the change was not
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reversed by resumption of culture in normal glycaemic med-
ium, at least over the 3-week time period that was studied.

Our data suggest that the lack of contraction in these cells
was not due to progressive accumulation of glycation end
products. A portion of the medium 1-glucose would enter the
cells using passive transport while the bulk would remain in
the medium, as passive transport is a slow process. As glyca-
tion is nonenzymatic, both p- and 1-glucose should act as sub-
strate, whether in the medium or in the cell cytoplasm.
Hyperglycaemic medium using L-glucose to augment the med-
ium glucose concentration did not affect fibroblast cell con-
traction or collagen gel contraction, while hyperglycaemic
medium consisting entirely of p-glucose affected each para-
meter of fibroblast function that was studied. These data sug-
gest that there is a phenotypic change in fibroblasts cultured
in hyperglycaemic medium that results in a defect in cellular
contraction. This change could result in a loss of ability to
process signals initiating contraction or in a loss of ability to
contract in response to those signals.

The generation of tension in granulation tissue and subse-
quently by fibroblasts undergoing contraction is believed to be

a cell-mediated event.>'?

Rapid contraction of FPCL is sugges-
ted to be dependent on the shortening of the elongated fibro-
blasts and compaction of the stress fibres. Using cellular
morphometric analysis, it was found that that the shortening
of fibroblasts in differential degrees of glucose significantly
affects the ability of fibroblasts to contract in the collagen gels.
Several authors have shown that the contraction of FPCL is
directly proportional to the number of cells in the gel con-

struct. >

It has also been suggested that the reorganization of
collagen fibrils by resident fibroblasts contributes to the FPCL
contraction.”® The defect in collagen contraction, as reported
here, may partially result from impaired fibroblast reorganiza-
tion of collagen in addition to the defect in fibroblast contrac-
tion, as there was no observed change in cell number.

Experimental and clinical studies have reported that high
glucose levels caused significant increases in apoptosis in
endothelial cells, while fibroblasts appeared more resistant to
apoptosis.®” Our data support this conclusion.

The effect of hyperglycaemia on cultured keratinocytes was
then investigated. Our studies with keratinocytes showed that
this cell type readily undergoes enhanced apoptosis when
grown in hyperglycaemic medium for a period longer than
3 days. It is likely that cells undergoing apoptosis cannot
modulate the interactions required for normal wound healing.
Even though the percentage of apoptotic keratinocytes was
higher in hyperglycaemic medium, it is also possible that the
hyperglycaemic keratinocyte will not produce the molecular
signals necessary for normal wound healing.

Cutaneous wound healing is delayed in patients with diabe-

6
and var-

tes, probably because of increased oxidative stress'">’
iations in cellular GSH levels. The balance between GSH and
GSSG is essential to maintain cellular homeostasis. The protect-
ive effects of GSH can occur by direct scavenging of reactive
oxygen species, scavenging of lipid peroxidation products

catalysed by GSH peroxidases, preserving thiol-disulphide
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status of proteins and acting as an essential component in
repair of oxidant damage.'*****

Our data showed that fibroblasts grown in hyperglycaemic
medium have a significant contraction deficiency in a dose-
and time-dependent manner. Treatment with esterified GSH
was able to reverse the defect in contraction function, as did
NAC, although another oxidant (PDC) was ineffective, poss-
ibly due to cell toxicity. Hyperglycaemia-induced keratinocyte
apoptosis was also rescued by GSH treatment.

In summary, the contraction defect of fibroblasts in an
in vitro model appears to mimic diabetes as a cellular event.
The cause of the defect seems, at least in part, to result from
depressed intracellular GSH. It is likely that lack of wound
contraction in patients with diabetes is related to the
observed defect in fibroblast contraction.

Our data also demonstrated that keratinocytes in hypergly-
caemic medium are more susceptible to apoptosis and that
treatment with esterified GSH rescues the keratinocytes from
apoptosis. Our data suggested that the cultured cell models used
in our study are relevant to the in vivo disease state and that this
defect can be corrected by supplementation of esterified GSH,
at least in vitro. GSH is known to play a major role in the regula-
tion of cellular integrity, proliferation and protein function,
and therefore disruption of GSH homeostasis may be a key
event leading to delayed wound healing. It is possible that treat-
ment modalities to restore intracellular GSH level in patients

with diabetes could aid the healing of diabetic wounds.
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