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A

bnormal wound healing is a recognized phenomenon in diabetes and may lead to postoperative
complications (1-4). To overcome this problem,
it is widely accepted that diabetes should be
brought under control as much as possible during the perioperative period. However, the precise relationship between
metabolic control and wound strength is not known. It is
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therefore uncertain how vigorously hyperglycemia needs to
be controlled to promote wound healing. We studied diabetic
rats to evaluate the healing of linear surgical wounds and
its relationship to degree of diabetic control. To elucidate
the mechanism of abnormal wound healing in diabetes, we
also examined the process of wound healing in uremic and
in food-restricted rats to compare the effect of diabetes with
that of systemic illness or malnutrition. Because increased
aldose reductase activity has also been demonstrated to be
a cause of vascular abnormalities in the granulation tissue
of diabetic animals (5), we investigated the efficacy of the
aldose reductase inhibitor sorbinil in improving wound healing in diabetes.
MATERIALS AND METHODS
Animals and induction of diabetes. Female Wistar rats
(150-200 g body wt) were obtained from the animal house
of The University of Sydney. Diabetes was induced by injection of streptozocin (65 mg/kg i.v.); uninjected normal rats
were used as controls. Diabetes was confirmed by the measurement of tail blood glucose levels on the 3rd day after
injection of streptozocin; only animals with levels >22 mM
were included in the study. Animals were supplied in batches
of 30-40, and in some experiments two batches of wellmatched animals with identical control groups were used
and results were pooled. All procedures were approved by
the Animal Care Ethics Review Committee of The University
of Sydney.
Production of linear surgical wound. Three days after
streptozocin injection, when diabetes was confirmed, animals were anesthetized with ketamine (10 mg/100 g i.p.;
Parke-Davis, Caringbah, NSW, Australia). Two linear surgical
wounds 4 cm long were produced in each rat by incising
the skin perpendicular to the lumbar spine down to but not
including the panniculus carnosus. The wounds were closed
immediately with discontinuous silk sutures at 1 -cm intervals
and dusted with antibiotic powder containing bacitracin and
neomycin (Wellcome Australia, Cabarita, NSW, Australia).
Each animal also received one injection of penicillin (Vetspen

295

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/36/3/295/355392/36-3-295.pdf by guest on 04 December 2022

SUMMARY

The strength of linear wounds was studied in normal
and diabetic rats in the first 8 wk after wounding. The
strength of wounds from diabetic animals was found
to be reduced compared with normal controls but
could be improved by insulin treatment, especially
when excellent metabolic control was achieved. There
appeared to be both quantitative and qualitative defects in the formation of wound tissues in diabetic animals, because wound strength was not normalized
when the thinner skin of diabetic animals was taken
into consideration. This was different from the findings
in rats with renal failure or malnutrition: in these two
conditions, wound strength appeared reduced but was
normalized when adjusted for skin thickness. Increased activity of aldose reductase did not appear to
be an important factor in the impairment of wound
healing in diabetes, because wound strength was not
corrected by treatment with sorbinil, an aldose reductase inhibitor. The precise mechanism of abnormal
wound strength in diabetes remains to be studied further, but careful control of diabetes, maintenance of
nutrition, and treatment of systemic illness are important factors in the promotion of wound healing.
Diabetes 36:295-99, 1987

WOUND HEALING AND EXPERIMENTAL DIABETES

296

of wounding. In our control experiments, these rats lost
weight slightly faster than diabetic animals. After the wounds
had been present for 8 wk, the animals were killed, and skin
was obtained for measurement of wound strength as previously described.
Effects of sorbinil treatment. In this experiment, diabetes
and linear wounds were induced in the usual manner. Immediately afterward, half of the diabetic animals began sorbinil treatment by intragastric feeding at a dose of 5 mg/kg
body wt; the other half remained untreated. A normal control
group was studied in parallel, and after 8 wk the animals
were killed, and wound strength was measured. The dosage
of sorbinil chosen was one previously found to normalize
tissue sorbitol levels (8,9).
Glycosylated hemoglobin measurement. Glycosylated hemoglobin levels were measured by a method of m-aminophenylboronic acid affinity chromatography described previously (10).
Statistical methods. All data are expressed as means ± SD,
and results of different groups of animals were evaluated by
multivariate analysis and analysis of variance with posthoc
comparison by Duncan's multiple-range test (11). Curve fit-
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FIG. 1. Time course for increase in breaking strength and tensile
strength of linear wounds. Dashed line, normal; solid line, diabetics.
N = 4-6 animals at each time point. * Different from normal controls
(P < .01).
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Plus, Glaxovet, Boronia, Victoria, Australia). Except for the
time-course experiment, the wounds were allowed to heal
for 8 wk, when the animals were killed with an overdose of
intraperitoneal ketamine.
Blood was obtained by cardiac puncture for glycosylated
hemoglobin and blood glucose determinations. The entire
skin excluding the head and leg area was excised, fat and
muscle were removed by gentle scraping, and the skin was
flattened between two layers of foil, frozen in liquid nitrogen,
and stored at -80°C until wound strength was measured.
Measurement of wound strength. The frozen skin was cut
into four rectangular strips (1 cm wide, 4 cm long) perpendicular to the wound. The thickness of each piece of skin at
the site of the wound was measured with calipers, and the
skin was thawed to room temperature. The skin was secured
in the clamps of the Instron 1195 testing machine (Instron
Pty., Crows Nest, NSW, Australia) exactly 1 cm away from
and parallel to the wound, giving a total distance of 2 cm
between the clamps with the wound at the center. The Instron
machine was set to a full scale load of 100 N, and a loaddeflection curve of the skin was recorded. The crosshead
speed was kept constant at 50 mm/min. Because wounded
skin represents a nonhomogeneous tissue, it was not possible to evaluate the conventional stress versus strain relationship. The breaking strength of the wound was measured
by the maximum load in N at the breaking point (6). To
account for the variable skin thickness the results were also
expressed as tensile strength defined as breaking strength
in N/cross-sectional area of the wound (6). Because the
strips were always 1 cm wide, the only variable in the calculation of cross-sectional area was the thickness of the skin.
All strips obtained from the same experiment were measured
within a few days by one observer who was not aware of the
treatment status of the animals. The mean coefficient of variation of the measurement of different strips from each animal
was 25%. To reduce variation, four pieces of skin from each
animal (two central strips from each side) were studied, and
the mean was taken as the breaking strength and tensile
strength of that animal.
Effects of diabetes on wound healing. After induction of
wounds, small groups of normal and diabetic animals were
killed at 2, 3, 4, 6, and 8 wk, and wound strength was studied.
After establishing that wound strength of normal and diabetic
animals was significantly different at 8 wk, more normal and
diabetic animals were studied at 8 wk.
Effects of insulin treatment on wound strength. Thirtythree rats were divided randomly into four groups [normal
controls, diabetics receiving 9 U lente insulin (Novo, Copenhagen, Denmark) daily, diabetics receiving 3 U lente
insulin daily, and untreated diabetic animals]. Linear wounds
were induced as usual 3 days after streptozocin injection;
after 8 wk the animals were killed, and the wound strength
was measured.
Effects of uremia and food restriction. Rats with renal
failure were produced as described previously by an —65%
nephrectomy carried out as a two-stage procedure (7).
These rats had plasma creatinine levels ~ 2 - 3 times those
of normal within a few days of the procedure. Linear wounds
were induced as described, 3 days after the second stage
of nephrectomy. In another group of animals, the rats were
restricted to 50% normal food intake (10 g/day) from the time

TABLE 1
Effects of diabetes on wound strength
N

Body wt*
(g)

Plasma glucose*
(mg/dl)

Glycosylated hemoglobin*

Group

Breaking strength
(N)

Tensile strength
(N/mm2)

Normal
Untreated
diabetic

11

205 ± 9

5.2 ± 0.3

9.5 i : 3.6

34.0 ± 5.0

3.1 ± 0.4

30.2 ± 4.3t

19.6 d: 2.8f

13.7 ± 4.3t

1.8 ± 0.5f

9

163 ± 10

* Taken when killed.
t Different from normal controls (P < .05).

ting was performed by polynomial regression and correlation was calculated by the least-squares method (12).
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FIG. 2. Relationship between breaking strength of wounds and glycosylated hemoglobin levels. • , Normal; A, diabetics; • , insulin-treated
diabetics. Solid line, line of best fit described by equation y =
66.37x- 039 ; dotted lines, ±1SD.
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Impairment of wound healing is a commonly encountered
postoperative complication in diabetes (1-4). It is widely
accepted that good perioperative control of diabetes is desirable to promote wound healing. However, this treatment
strategy is often not implemented vigorously because of
practical considerations such as lack of hospital beds for
stabilization of diabetes, desire to minimize costs, and difficulty of obtaining rapid blood glucose determinations.
There is also a lack of enthusiasm on the part of health
professionals to stress the importance of achieving good
control, partly due to a lack of objective evidence that clinical
outcome depends on such measures and because it is not
known what degree of control is necessary to achieve beneficial results. Goodson and Hunt (1,3) had previously demonstrated beneficial effects of insulin on wound healing, but
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RESULTS
Wound strength of normal and diabetic animals. The increases in the strength of wounds of normal and diabetic
animals are shown in Fig. 1. The breaking strength of wounds
from diabetic animals increased at a slower rate than that
of normal controls, and the difference between the normal
and diabetic animals became progressively greater over the
8-wk period. This pattern was still observed when the results
were adjusted for the cross-sectional area of the skin and
expressed as tensile strength, although the differences between normal and diabetic animals were smaller in magnitude. The differences in the breaking strength and tensile
strength of the normal and diabetic animals were statistically

significant at 8 wk. The results of a larger group of animals
studied at 8 wk are shown in Table 1.
Effects of diabetic control on wound strength. The relationship between breaking strength (y) and glycosylated
hemoglobin levels (x) was found to fit best a power-law relationship described by the equation y = 66.37X"039, with
r - .63 (Fig. 2). The dashed curves represent ±1SD from
the mean curve, and it can be seen that almost all the experimental data are bound by these two curves. A similar
power-law relationship also held when wound strength was
expressed as tensile strength (y = 6.0x~034, r = .63). Multivariate analysis showed that diabetic control was the major
determinant of wound strength, whereas the associated
weight loss had no independent effect on either breaking
strength or tensile strength (breaking strength F139 = 0.61,
P = .44; tensile strength F139 = 0.30, P = .59). Insulin dose
dependently exerted its effect on breaking strength and tensile strength (breaking strength FM0 = 241.1, P < .0001,
tensile strength F140 - 258.9, P < .00001).
Effects of uremia or food restriction on wound strength.
The effects of uremia and food restriction on body weight,
biochemical data, and wound strength are shown in Table
2. Both uremia and food restriction resulted in a reduction
in the mean breaking strength of wounds. However, in contrast to diabetic animals, the mean tensile strength of the
wounds was not different from that of normal controls after
adjustment for the cross-sectional area of the skin.
Effects of sorbinil treatment on wound strength. The treatment of diabetic animals with sorbinil had no effect on the
reduced wound strength, which remained significantly below
that of control animals and not different from untreated diabetic animals. Results are summarized in Table 3.
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TABLE 2
Effects of uremia and food restriction on wound strength
Group

N

Wt*
(g)

Plasma creatinine
(nM)

Breaking strength
(N)

Tensile strength
(N/mm2)

Normal
Uremic
Food restricted

8
7
9

216 ± 18
208 ± 13
154 ± 13

40 ± 8.0
131 ± 42.0t
38 ± 4.0

33.7 ± 5.7
25.5 ± 7.9f
25.9 ± 5.8t

3.3 ± 0.5
2.9 ± 0.9
2.7 ± 0.4

* Taken when killed.
t Significantly different from normal controls (P < .05).

TABLE 3
Effects of sorbinil treatment on wound strength
Group

N

Breaking strength
(N)

Tensile strength
(N/mm2)

Normal
Diabetic
Sorbinil-treated
diabetic

4
10

45.0 ± 1 1 . 3
14.7 ± 7.7*

3.7 ± 0.6
1.8 ± 0.7*

10

13.5 ± 5.0*

1.6 ± 0.4*

* Significantly different from normal controls (P < .01).
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differently from uremia and malnutrition. In the two latter conditions, although the wounds were weak in absolute terms,
they were of normal strength when skin thickness was taken
into consideration. These results suggest that in diabetes
there are both quantitative and qualitative defects in the
formation of wound tissue, whereas in uremia and malnutrition the defect is primarily quantitative due to thinning of the
skin.
This has an interesting parallel with the results we reported
in a study of granulation tissue formation in diabetes, uremia,
and malnutrition (7). In all three conditions, the mass of granulation tissue recovered from wound cylinders implanted
subcutaneously in rats was reduced, but only in diabetes
was a decrease in collagen concentration of the granulation
tissue observed. The deficient collagen content of granulation tissue may be one of the qualitative differences between diabetic and normal wound tissues. However, to prove
this hypothesis it is necessary to quantitate accurately the
amount of granulation tissue and collagen present in the
actual wound without contamination of adjacent tissue. This
is a difficult task; a previous study with radioactive proline
as a marker showed that the active part of a linear surgical
wound is only 1-2 mm wide (13). Our measurement of skin
thickness at the wound site may be a poor guide of the
amount of wound tissue present, and it does not give an
indication of its chemical composition.
Even if a reduction in granulation tissue mass and its collagen concentration can be shown to be present at the
wound site, other factors are probably playing a role in the
defective wound strength of diabetic animals. Previous
studies with normal animals had indicated that wound
strength continued to increase between the 3rd and 7th wk
after wounding, whereas collagen deposition had already
reached a plateau by this stage (14). This increase in
strength is generally attributed to progressive turnover with
remodeling and cross-linking of the collagen fibers (14,15).
The progressively larger differences between the wound
strength of normal and diabetic animals between the 4th and
8th wk of diabetes in this study would suggest that these
aspects of wound maturation in diabetes are abnormal. The
mechanism for this is intriguing because diabetes is well
known to be associated with increased turnover and crosslinking of collagen, conditions associated with increased
strength of collagen fibers.
Augmented biomechanical strength of unwounded skin
and other collagen-containing tissues has been described
(16-20). Thus the precise cause of impaired wound healing
in diabetes is not clear, and the relative importance of diminished granulation tissue mass, reduced collagen concentration of the wound tissue, and defects in collagen ma-
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this was done before the degree of diabetic control could
be accurately quantified by measurement of glycosylated
hemoglobin. This study clearly established that diabetic
wounds were weaker than normal and was terminated at 8
wk after wounding, when the strength of wounds in normal
animals is —50% of normal unwounded skin (unpublished
data). It is possible that differences in normal and diabetic
animals would be even greater if the studies had been extended further. We limited our studies to 8 wk because this
is the duration relevant to wound healing in most clinical
settings. The nonlinear relationship between wound strength
and glycosylated hemoglobin levels found in this study indicates that the process of healing is not a simple function
of the overall diabetic control achieved; rather, near normalization of blood glucose levels is necessary before significant improvement in wound strength occurs, suggesting
the importance of meticulous diabetic control during the perioperative period.
Diabetic animals are invariably sick, malnourished, and
have lost considerable weight as well as being hyperglycemic. These factors are interrelated, and it is not certain
that the high blood glucose level is causing the abnormalities
in wound strength. It is therefore necessary to study other
animal models with systemic illness or malnutrition to answer
this question. Rats with uremia or food restriction were selected for this purpose. When the results were analyzed by
multivariate analysis, the weight of the animals was not a
significant factor in determining wound strength, suggesting
that weight loss was not the cause of impaired wound healing
in diabetes. Similarly, malnutrition was more important than
weight loss as the underlying mechanism of healing abnormalities during food restriction. In this regard, vitamin A and
C deficiency may play a role in our results, because both
can be important in wound healing (2).
Wound strength in diabetic animals was found to be reduced even when the thinner skin of these animals was taken
into account. Thus, the observed weakness of the wound
cannot be explained solely on the basis of a reduced skin
thickness of these animals. In this respect, diabetes behaved
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turation remain to be defined. Although abnormal vascular
permeability of granulation tissue has recently been demonstrated in diabetic animals and shown to respond to treatment with aldose reductase inhibitor (5), the wound healing
in our studies was not normalized by treatment with sorbinil
used in a dosage that was effective in normalizing polyol
accumulations in diabetic and galactosemic rats (8,9). However, a higher dosage of sorbinil would need to be employed
before it can be certain that aldose reductase plays little part
in the process of wound healing.
The results of this study illustrate the importance of optimizing diabetic control as much as possible during the
perioperative period because near normalization of healing
requires very tight diabetic control. At the clinical level, treatment of other concurrent systemic illness and maintenance
of good nutrition would also be complementary therapeutic
modalities that assist the recovery of diabetic patients
undergoing surgery. The fundamental basis of the wound
abnormalities in diabetes remains an interesting problem for
further investigation.

