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SUMMARY Y 

Patientss with diabetes mellitus experience impaired wound healing, often 
resultingg in chronic foot ulcers Hospital discharge data indicate that 6-20 % of 
alll  diabetic individuals hospitalized (mostly with type 2 diabetes) have a lower 
extremityy ulcer Maintaining glucose levels at acceptable ranges (below 10 
mmol/l)) is considered to be an important part of the clinical treatment, but the 
exactt mechanism by which diabetes delays wound repair is not yet known. 
Wee studied this phenomenon by determining the potential of fibroblasts isolated 
fromm the ulcer sites of four patients with non-insulin-depcndcnt diabetes 
mellituss to proliferate in vitro. Controls were fibroblasts isolated from normal 
skinn of the upper leg of five healthy age-matched volunteers and of six non-
insulin-dependentt diabetes patients. Proliferative capacity was analysed by 
evaluationn of plates after trypsinization and 3[H]thymidine incorporation. 
FibroblastFibroblast morphology was studied by light and transmission electron 
microscopy. . 
Diabeticc ulcer fibroblasts, measured by 3[H]thymidine incorporation, 
proliferatedd significantly more slowly than the non-lesional control fibroblasts 
(P(P < 0.00047) and age-matched control fibroblasts (P < 0.00003). After 
culturingg the fibroblasts for a prolonged period in high-glucose (27,5 mAZ) and 
low-glucosee (5.5 mM, i.e. physiological) medium, this difference in 
proliferationn rate between diabetic ulcer fibroblasts and nonlesional diabetic 
fibroblastsfibroblasts remained {P < 0.0001 for high-glucose and P < 0.0009 for low-
glucosee on day 7). Fibroblast proliferation in all three groups was slightly lower 
inn high-glucose than in low-glucose medium, although not significantly at any 
timee point. Light microscopy showed diabetic ulcer fibroblasts to be large and 
widelyy spread. Transmission electron microscopy of cultured diabetic ulcer and 
nonlesionall  diabetic skin fibroblasts revealed large dilated endoplasmic 
reticulum,, a lack of microtubular structures and multiple lamellar and vesicular 
bodies.. These results show a diminished proliferative capacity and abnormal 
morphologyy of fibroblasts derived from diabetic ulcers of non-insulin-
dependentt diabetes patients. 
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INTRODUCTION N 

Severall  clinical and experimental studies have shown that wound healing is 
impairedd in patients with diabetes mellitus.1"7 The majority of these patients 
havee chronic nonhealing ulcers localized at pressure sites on the foot (Fig. 1). 
Thiss entity is known as the diabetic foot. The exact mechanisms behind this 
phenomenonn are still unclear. Our knowledge about wound healing has 
increasedd during the last decade. We are able to understand and describe the 
processs in detail by dividing it into phases such as hemostasis, inflammation 
andd debridement, proliferation, epithelialization and remodeling. The regulation 
att the molecular and cellular level, however, is still poorly understood. Based 
onn the clinical observation that epithelialization can proceed normally in these 
patientss as soon as the quality of the wound bed has improved, we hypothesize 
thatt the disturbances are located in the two preceding phases, in the 
inflammation/debridementt phase or the proliferation phase. 

Figuree 1. Diabetic ulcer localized on the plantar surface of the left foot. 
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Inn the proliferation phase the progress of wound repair depends upon the 
interactionss between different cell types and the extracellular matrix, which is 
sequentiallyy remodeled and rebuilt during this process.8"10 The extracellular 
matrixx is predominantly synthesized by fibroblasts. 
Severall  studies have demonstrated that the growth capacity of nonlesional 
fibroblastsfibroblasts is affected in diabetes mel!itus.,M4 No studies are known, however, 
onn the proliferation of cells actually present at the chronic diabetic wound site. 
Inn order to understand more about the role of fibroblasts in the healing of 
diabeticc wounds, we decided to study the effects of different glucose levels on 
thee proliferative capacity and morphology of diabetic ulcer fibroblasts 
comparedd to control fibroblast from diabetic nonlesional skin and from the skin 
off  healthy age-matched individuals. 

MATERIALSS AND METHODS 

Clinicall profile 

Thiss study was approved by the medical ethical committee of the Academic 
Medicall  Center, Amsterdam, The Netherlands. Patients were informed about the 
purposee and consequences of this study, after which they were asked to provide 
informedd consent. Chronic lower extremity ulcers, defined as existing for 8 
weekss or longer, of four patients with non-insulin-dependent diabetes mellitus 
(NIDDM)) were biopsied. Biopsies of 4 mm were taken from a central, non-
granulatingg part of the ulcer. Two of the biopsied ulcers were located at 
pressuree points on the plantar surface of the foot (MTP-1), one on the heel and 
onee on the ankle region (combined diabetic and venous origin). The median 
ulcerr duration was 5.5 months (range 2-36 months). Patients suffering from any 
systemicc disease which might have interfered with wound healing were 
excluded.. Fibroblasts derived from the normal upper leg skin of healthy age-
matchedd controls and NIDDM patients were used as controls. In all patients 
withh NIDDM adequate glycaemic control was established (with no relevant 
differencess between the ulcer and nonlesional group) around the time of biopsy. 
Thee patient characteristics are shown in Table 1. 
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Tablee 1. Clinical data of the patient and control groups 

Totall  number 
Sexx (F/M) 
Meann age (years) 
Agee range (years) 
Durationn of diabetes (years) 
Insulin/orall  hypoglycaemic agents 1/3 
Nephropathy y 
Neuropathy y 
Bodyy mass index (mean  SD) 
Biopsyy site 

NIDDM NIDDM 
ulcerulcer patients 

4 4 
4/0 0 
76 6 
53-89 9 
12(11-14) ) 

1/3 3 
3 3 

1 1 
29.77 2 
foot,, ankie 

NIDDMNIDDM non-
lesionallesional controls 

6 6 
3/3 3 
72.7 7 
48-92 2 
111 (7-24) 
1/5 5 
1 1 

] ] 

28.77  10 
upperr leg 

Age-matched Age-matched 
controls controls 

5 5 
4/1 1 
84 4 
64-94 4 

upperr leg 

Celll culture 

Alll  tissue samples were minced into fine pieces and incubated in 0.25% 
dispase/0.25%% collagenase (Boehringer Mannheim, Mannheim, Germany) for 2 
hourss at 37 °C. The suspension was filtered through an infusion chamber 
(Centrall  Laboratory for Blood Transfusion, Amsterdam, The Netherlands), and 
thee cells were centrifuged, washed in phosphate-buffered saline (PBS) and 
resuspendedd in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal 
calff  serum, 100 IU/ml penicillin and 100 lU/ml streptomycin. The fibroblast 
culturess were maintained in a humidified atmosphere containing 5% C02 at 37 
°C.. At confluence, and all subsequent passages, the monolayer was washed 
threee times with PBS and then trypsinized (trypsin 0.25% in PBS). During 
trypsinization,, each flask was frequently agitated to facilitate detachment of the 
cells.. Trypsin was inactivated by adding culture medium. Detached cells were 
collectedd and centrifuged at 1000 g for 10 minutes, washed and suspended in 
cultureculture medium. The medium was changed twice a week. Cultures were 
periodicallyy screened to exclude mycoplasma contamination. 
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Celll proliferation studies 

CellCell counting 
Celll  proliferation was investigated in monolayer cultures on plastic. Cells were 
inoculatedd into 24-well tissue culture plates at a concentration of 5000 cells/ml 
cultureculture medium per well. At specific time-points three replicate wells were 
countedd after addition of trypsin in a Coulter counter. The culture medium was 
refreshedd twice weekly. All experiments were performed in the presence of 
physiologicall  (5.5 mA/) or elevated (27.5 mM) glucose concentrations. 

'"[Ii]ih\midine-assays s 
Cellss were seeded in 24-well dishes at a density of 10000 per well. Cells were 
grownn overnight in DM EM supplemented with 2 mAƒ L-glutamine, 100 IU/ml 
penicillinn G, 100 |ig/tnl streptomycin (Gibco, Glasgow. UK) and 10% (v/v) 
fetall  bovine serum (Bio Whittakcr, Wokingham, UK). The cells were cultured 
inn medium containing 0.2% serum for an additional 24 hours, then 10% serum 
wass added to the cultures. After 16 hours, the ceils were pulsed for 4 hours with 
0,22 p,Ci [3H~methyl]thymidine (10 (iCi/ml) per well. The labeling was 
terminatedd by washing once with PBS (Gibco). Macromolecules were 
precipitatedd with trichloroacetic acid and washed twice with PBS. Fibroblasts 
weree than dissolved by incubation for 1 hour with 2 M NaOH and collected. 
Afterr neutralization with an equal volume of 2 M HC1, the incorporated 
thymidinee was counted in a liquid scintillation counter (Packard 1600 CA or 
Packardd 2000 CA). 

Transmissionn electron microscopy 

Fibroblastss to be studied by transmission electron microscopy were fixed in 4% 
paraformaldehydee and 1 % glutaraldehyde in 0.1 M phosphate buffer. They were 
postfixedd in 1% Os04, dehydrated through graded ethanols and embedded in 
Eponn UX 112 (Ladd Research Industries, Burlington, Vt., USA). Based on 
semi-thinn sections the dermal area in the ulcer region was selected for thin 
sections.. These were collected on copper grids, double stained with uranyl 
acetatee and lead citrate and examined with a Phiiips-420 electron microscope. 

Statisticall analysis 

Thee Kruskal Wallis test was used to compare the differences among the three 
groupss of monolayer cultures. All pairwisc comparisons were made with the 
Wilcoxonn rank sum test. J[H]thymidine incorporation data were evaluated using 
Student'ss /-test. P-values of 0.05, two-sided, were considered to be statistically 
significant. . 
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RESULTS S 

Celll  proliferation 

Fibroblastt proliferation, as measured by thymidine incorporation, is shown in 
Fig.. 2. The bars represent the incorporation of  3[H]thymidine in populations of 
fibroblastss obtained from the ulcer sites of NIDDM patients, non-lesional 
NIDDMM controls, and age-matched controls cultured in 5.5 mM glucose-
containingg medium (physiological). Diabetic ulcer fibroblasts showed lower cell 
numberss than nonlesional control fibroblasts {P < 0.000473) and age-matched 
controll  fibroblasts (P < 0.00003). Nonlesional fibroblasts also proliferated 
significantlyy more slowly than age-matched control fibroblasts (P < 0.0017). 

LP P 
Agematched d 

Figuree 2. Reduced proliferation of diabetic ulcer fibroblasts in comparison with nonlesional 
diabeticc fibroblasts (P < 0.000473) and age-matched controls (P < 0.00003) in medium 
containingg glucose at a physiological concentration (5.5 u\M). The difference between ulcer and 
nonlesionall  fibroblast proliferation rates is even more evident in high-passage (more than ten 
passages)) cultures (P < 0.000001). Proliferation was assessed by tritiated thymidine incorporation 
(DPMM x 1000). The values are the means + SEM of the ulcer fibroblasts (n=4 Lp and n=3 Hp, in 
166 independent experiments), nonlesional fibroblasts (n=6 Lp and n=3 Hp, in 15 independent 
experiments)) and age-matched control fibroblasts (n=5, in 8 independent experiments). Lp low 
(lesss than ten) passages, Hp high (more than ten) passages. 
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Afterr more than ten passages in culture, the difference in proliferation between 
diabeticc ulcer fibroblasts and nonlesional diabetic fibroblasts became even more 
pronouncedd (P < 1.14 x 106). Similar results were obtained when fibroblast 
proliferationn was measured in a collagen sponge,15 to mimic the extracellular 
matrixx environment (results not shown). 

Inn Fig. 3A and 3B all individual growth curves are shown. The curves represent 
thee growth rate of the populations of fibroblasts cultured as monolayers in the 
presencee of high glucose (27.5 mA/, Fig. 3A) and physiological glucose (5.5 
mA/,, Fig. 3B) concentrations. Statistical analyses were performed at comparable 
time-pointss for the three groups only during the first 13 days of cell culture to 
excludee the inhibitory effects on cell proliferation caused by the state of 
confluence.. The proliferation of fibroblasts isolated from the diabetic ulcers was 
significantlyy decreased in comparison with the fibroblasts from nonlesional 
diabeticc skin and age-matched controls (P < 0.0001 for high and lowr glucose at 
dayy 7). Nonlesional diabetic skin fibroblasts showed a significantly reduced 
proliferationn rate compared to age-matched control fibroblasts in high-glucose 
(P<(P< 0.0135) and low-glucose (P< 0.0124) medium. 
Too assess the specific influence of diabetes on proliferation rates, fibroblasts 
weree also isolated from two chronic nondiabetic wounds, a decubitus ulcer on 
thee heel and a neuropathic ulcer on the plantar surface of the foot. These chronic 
woundd fibroblasts had proliferated significantly more quickly than diabetic 
ulcerr fibroblasts by day 7 in high-glucose (P < 0.0001) and in low-glucose (P < 
0.0012)) medium, did not significantly differ in proliferation rate from 
nonlesionall  diabetic fibroblasts, except on day 4 for high-glucose (P < 0.0015, 
lowerr proliferation rate for ulcer fibroblasts) and showed reduced growth 
capacityy compared to age-matched control fibroblasts (day 7, high and low 
glucose,, P < 0.0015). Fibroblast proliferation in all groups was slightly lower in 
high-glucosee than in low-glucose medium, although not significantly at all time 
points.. In high-glucose medium significantly reduced numbers of chronic 
diabeticc wound fibroblasts were noted on days 5 and 13 (P < 0.001), of chronic 
nondiabeticc wound fibroblasts on day 4 (P < 0.0198) and age- matched control 
fibroblastss on day 12 (P < 0.0002). 
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Timee (days) 

Figuree 3A. Time-course of proliferation of diabetic ulcer fibroblasts (n=4), nonlesional diabetic 
fibroblastss {n=3) and age-matched control fibroblasts (n=3) cultured as monolayers in high-
glucosee (27.5 raM) medium. The means (  SEM) from three independent experiments are shown. 
Thee statistical analysis for the three groups was performed on day 7. Diabetic ulcer fibroblast 
proliferationn differed significantly from that of both of the control groups (P < 0.0001). The 
proliferationn rate of nonlesional diabetic fibroblasts was significantly less than that of the age-
matchedd control fibroblasts (P < 0.0135). 

400 -

££ 4 -
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Figuree 3B. Time-course of proliferation of diabetic ulcer fibroblasts (n=4), nonlesional diabetic 
fibroblastss (n=3) and age-matched control fibroblasts (n=3) cultured as monolayers in low 
glucosee (5.5 mM) medium. The means (  SEM) from three independent experiments are shown. 
Thee statistical analysis for the three groups was performed on day 7. Diabetic ulcer fibroblast 
proliferationn differed significantly from that of both of the control groups (P < 0.0001). The 
proliferationn rate of nonlesional diabetic fibroblasts was significantly less than that of the age-
matchedd control fibroblasts (P < 0.0124). 
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Microscopicc observations 

Morphologicall  differences between diabetic ulcer fibroblasts (Fig. 4A) and age-
matchedd controls (Fig. 4B) were observed. Diabetic ulcer fibroblasts were 
usuallyy large and widely spread in the culture flask compared to the spindle-
shapedd morphology of the fibroblasts of age-matched controls. 

Figuree 4A. Fibroblasts from a diabetic chronic wound of a patient with NIDDM cultured in a 
nonpyrogenicc cell culture flask (original magnification x 66, scale bar 60 U-m). 

Figuree 4B. Fibroblasts from an age-matched control patient cultured in a nonpyrogenic cell 
culturee flask (original magnification x 66, scale bar 60 \im). 
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Wee further examined the cells with transmission electron microscopy (Fig. 5). 
AA large dilated endoplasmic reticulum was seen in the diabetic ulcer fibroblasts, 
indicatingg high protein production, and multiple lamellar and vesicular bodies, 
indicatingg a high turnover and breakdown of intracellular structures (Fig. 5A). 
Thee fibroblasts from non-lesional diabetic skin showed a slight increase in 
activee endoplasmic reticulum and some vesicular bodies were also seen (Fig. 
5B).. A lack of microtubular structures seen in both ulcer and nonlesional 
diabeticc fibroblasts suggests a disturbed cytoskeletal function. The age-matched 
controll  fibroblasts showed a normal morphology for in vitro conditions (Fig. 
5C). . 

Figuree 5A. Fibroblasts cultured from a chronic wound (ankle region) of a patient with NIDDM. 
Notee extensive dilated rough endoplasmic reticulum {small arrow), lamellar and vesicular bodies 
{large{large arrow) and the lack of cytoskeletal filaments (original magnification x 24500, scale bar 80 
nm). . 
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, , 

Figuree 5B. Fibroblasts cultured from nonlesional skin (upper leg) of the same patient with 
NIDDM.. Note extensive dilated rough endoplasmic reticulum (small arrow), lamellar and 
vesicularr bodies (large arrow) and lack of cytoskeletal filaments (original magnification x 24500, 
scalescale bar 80 nm). 

--

Figuree 5C. Fibroblasts cultured from a healthy age-matched individual (upper leg). Note the 
presencee of microtubules (arrow heads) (original magnification x 24500, scale bar 80 nm). 
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DISCUSSION N 

Manyy of the chronic complications in diabetes are associated with defects in 
connectivee tissue metabolism.'6 We found decreased proliferation rates for the 
diabeticc ulcer fibroblasts compared with nonlesional diabetic skin fibroblasts 
fromm NIDDM patients and fibroblasts from age-matched controls after 
incorporationn with J[H]thymidine and after culturing these cells as monolayers 
inn high- and low-glucose medium. A smaller number of ulcer fibroblasts caused 
byy proliferative impairment is likely to contribute to a decreased production of 
extracellularr matrix proteins, which may be related to impaired wound healing. 
Thee observed morphological abnormalities in the diabetic ulcer fibroblasts 
(largee cell volumes suggestive of a hypertrophic pbcnolypc) and a reduced 
proliferativee capacity, even more prominent in high passages, suggest that 
fibroblastsfibroblasts from the wound environment are further along the senescent 
pathwayy than fibroblasts from non-wound areas. A detrimental effect of the 
chronicc wound environment is illustrated by the recently reported inhibitory 
effectt of wound fluid from nonhealing wounds on cell division.' Another 
possiblee explanation could be that the function of these fibroblasts is 
temporarilyy or permanently modified by cytokines or proteolytic enzymes 
presentt in the chronic wound environment. Diabetes mellitus also brings on 
prematurelyy and with greater severity certain changes that are normally seen as 
degenerativee changes associated with aging.M Our results clearly demonstrate a 
decreasee in proliferative capacity in the following order; age-matched 
fibroblastsfibroblasts > non-lesional diabetic fibroblasts > diabetic ulcer fibroblasts. Our 
resultss confirm reduced growth rates for diabetic skin fibroblasts (NIDDM) 
versusversus age-matched controls as observed by Rowe et al.'"1 Furthermore, chronic 
nondiabeticc wound fibroblasts had a similar proliferation rate as diabetic 
nonlesionall  fibroblasts but a significantly higher proliferation rate than the 
chronicc diabetic wound fibroblasts. It seems likely that diabetic wound 
fibroblastsfibroblasts are impaired as a result of cell aging in combination with, or induced 
by,, diabetes (intrinsic aging) and the wound environment (aging). 
Ourr results suggest that high glucose (27.5 mAZ) may be inhibitory to fibroblast 
proliferation.. Turner and Biermann1*  and Ilehenberger and Hansson14 have 
shownn that increasing glucose levels to a certain maximum (18 and 15.5 mAZ, 
respectively)) increases fibroblast proliferation, whereas further increases lead to 
inhibitionn of proliferation. Other recent studies have shown effects of high 
glucosee concentrations in inhibiting the proliferation and increasing the size of 
proximall  tubule cells:t! and in reducing the proliferation of fetal mesangial 
cells211 and umbilical endothelial cells." The auto-oxidation of glucose is 
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thoughtt to generate free radicals which are responsible for delaying cell 
replication/1'' Furthermore, a lengthening of the cell proliferation time and slight 
increasess in cell death have been observed," 
Transmissionn electron microscopy showed a lack of microtubules in the 
fibroblastss from the diabetic ulcers and in those from nonlesional diabetic skin. 
Casonn et al.:4 have reported the presence of a factor in the serum of diabetics 
whichh can impair microtubule formation in vitro, and Rousset et al."5 have 
foundd antitubulin antibodies in a high proportion of patients with diabetes of 
recentt onset. Glucose has also been reported to inhibit microtubule formation in 
highh concentrations.~h Microtubules can regulate cell shape and the plane of cell 
division,, and a disturbance in these structures might contribute to the intrinsic 
mechanismm involved in the observed diminished cell proliferation rate for 
nonlesionall  diabetic and diabetic ulcer fibroblasts/ '^ The lack of insulin29"31 

andd a possible deficit in specific growth factor production or release into the 
woundd may further impair fibroblast function.'1" 
Furtherr studies wil l be focused on in vitro regulation of the synthesis and 
depositionn of new extracellular matrix by the fibroblasts, using growth factors 
whichh are known to influence fibroblast proliferative functions. The presence 
andd function of cytoskeletal elements as e.g. tubulin, wil l be investigated to 
elucidatee the underlying mechanism of the observed disturbed fibroblast 
proliferation. . 
InIn summary, chronic diabetic wound fibroblasts from N1DDM patients showed 
aa significantly lower proliferation rate and an altered morphology in vitro 
comparedd to diabetic nonlesional and age-matched control fibroblasts. These 
resultss indicate an impairment of skin ulcer fibroblasts from NIDDM patients 
probablyy caused by aging due to the diabetic state and the ulcer environment. 
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