
Abstract. Animal models of diabetic delayed wound healing
are essential to the development of strategies to improve clinical
approaches for human patients. The Zucker diabetic Sprague
Dawley (ZDSD) rat has proved to be an accurate model of diet-
induced obesity and diabetes and we evaluated the utility of the
ZDSD rat as a model for delayed wound healing associated with
diabetes and obesity. Groups of ZDSD and Sprague Dawley
(SD) rats were placed on a diabetogenic diet and evaluated two
weeks later for hyperglycemia, as a sign of diabetes. Rats with
blood glucose levels of >300 mg/dl were considered diabetic and
those with blood glucose of <180 mg/dl were considered non-
diabetic. All SD rats were non-diabetic. A full-thickness
excisional skin wound was created in anesthetized rats using a
punch biopsy and wound diameter measured on days 1, 4, 7, 9
and 11. Blood glucose levels and body weights were measured
periodically before and after wounding. Diabetic ZDSD rats had
significantly greater blood glucose levels than non-diabetic
ZDSD and SD rats within 10 days of being placed on the
diabetogenic diet. Furthermore, diabetic ZDSD rats initially
weighed more than non-diabetic ZDSD and SD rats, however,
by the end of the study there was no significant difference in
body weight between the ZDSD groups. By day nine, wounds in
ZDSD rats were significantly larger than those in SD rats and
this persisted until the end of the study at day fourteen. Wounds
from all groups were characterized histologically by abundant
fibroblast cells, collagen deposition and macrophages. These
results demonstrate delayed wound healing in both diabetic and
non-diabetic ZDSD rats and suggest that obesity or metabolic
syndrome are important factors in wound healing delay.

It is estimated that there are more than 400 million or more
people in the world suffering from diabetes mellitus (1). Many

diabetic patients have difficulty in healing wounds and the
annual cost to manage these wounds exceeds 20 billion dollars
(2). In particular, wounds affecting the feet are common, with
amputation being a frequent outcome (3). Because of the
importance of impaired wound healing in diabetics, animal
models of diabetic wound healing are of great interest.

Rodent models of diabetic wound healing have received a
great deal of focus due to ease of maintenance, cost and
availability of genetically modified lines. The full-thickness
excisional wound model is a standard approach in which a
punch biopsy is used to remove both epidermal and dermal
tissues, allowing evaluation of epithelialization, granulation,
and angiogenesis, all key processes during physiological
wound healing (4). Although wound healing in rodents
occurs mainly by contraction, several diabetic rodent models
have been used to characterize wound healing in type 2
diabetes, including the db/db mouse, the JCR:LA-cp rat and
the Zucker diabetic fatty (ZDF) rat (5-8).

The Zucker diabetic Sprague dawley (ZDSD) rat is an
animal model of type 2 diabetes and dietary obesity which
develop subsequently to chronic dietary manipulation (9, 10).
ZDSD rats were developed by cross-breeding diet-induced
obesity (DIO) rats derived from Sprague Dawley rats
Crl:CD(SD) with ZDF+/+ lean rats. Lacking leptin receptor
defects, the ZDSD rat possesses an obese phenotype and the
potential to develop overt hyperglycemia between 15 and 21
weeks of age. These characteristics make the ZDSD rat an
excellent model of human adult-onset diabetes which
develops over time in response to chronic overeating and lack
of physical activity. The studies described here were
undertaken to determine if the ZDSD rat demonstrates
impaired wound healing and might, therefore, be useful as an
animal model of delayed healing in type-2 diabetic patients.

Materials and Methods
Animals. Four month old male rats documented to be free of
common infectious pathogens were used. All studies were approved
by the Institutional Animal Care and Use Committee. Rats were
maintained in solid-bottom polycarbonate cages containing
abundant hardwood chip bedding. ZDSD rats were obtained from
PreClinOmics, Inc., (now a Crown Bioscience company;
Indianapolis, IN, USA) and Hsd:Sprague Dawley®SD® rats were
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obtained from Harlan, Inc., (Indianapolis, IN, USA). They were
allowed ad libitum access to fresh water. All animals (ZDSD and
SD) were provided TestDiet 5SCA (PMI Nutrition, International, St.
Louis, MO, USA) for two weeks when they were 17-19 weeks of
age. Heavier ZDSD rats developed diabetes while lighter ZDSD rats
remained non-diabetic and were used as a control group. After two
weeks on the 5SCA diet, all animals were placed on LabDiet 5008
(PMI Nutrition) for the remainder of the study.

Animals were weighed and blood glucose levels were determined
with a glucometer from tail vein samples, weekly. Rats with blood
glucose levels exceeding 300 mg/dl were considered diabetic and
those with levels below 180 mg/dl were considered non-diabetic.
Animals with blood glucose levels between 180 mg/dl and 300 mg/dl
were excluded from the study.

Glucose measurement. Serum from whole blood samples was
analyzed for glucose levels using a hand-held glucometer (Alpha
TRAK 2, Abbott, Animal Health, North Chicago, IL). A drop of
blood for glucose measurement was obtained after removing the
skin from the tip of the tail (<1 mm). Measurements were performed
on days -17, -10, -3, 4, and 11.

Excisional wound model. To create wounds, rats were anesthetized
with isoflurane administered via a precision vaporizer and prepared
for aseptic surgery. Using a 6-mm punch biopsy instrument (Miltex,
Inc., York, PA, USA), a full-thickness skin wound was created in the
dorsal thorax of each animal. Rats were administered ketoprofen at 4
mg/kg subcutaneously immediately following surgery and again 8
hours post-operatively. Wounds were left uncovered following
surgery. Wound diameter was measured using a digital caliper on days
0, 4, 7, 9, 11, and 14 following surgery, with the day of wounding
considered to be day 0. Animals were weighed prior to initiation of
the study and again weekly over the course of the two-week study.
On day 14, rats were euthanized with an overdose of inhaled carbon
dioxide and wound sites harvested and fixed in 10% neutral buffered
formalin. Tissues were sectioned at 4-5 μm, stained with hematoxylin
and eosin and subjectively evaluated for histological character.

Statistical analysis. Wound diameter values were compared for
differences between groups using the Wilcoxon rank sum test.
Statistical significance was reached when p≤0.05. All are presented
as mean±standard error of the mean (SEM).

Results

Body weight. Body weights over the course of the study are
summarized in Figure 1. The ZDSD rats became obese when
compared to the SD controls. At the initiation of the
diabetogenic 5SCA diet, the ZDSD rats that became diabetic
weighed significantly more (490.60 g ±4.44 SEM; p≤0.05)
than the ZDSD rats that did not become diabetic (415.17 g
±11.06 SEM) and the SD rats (383.70 g ±6.80 SEM).
Furthermore, the ZDSD rats that did not become diabetic
weighed significantly more (p≤0.02) than the SD rats. This
trend persisted during and after the time that animals were
provided the 5SCA diet and the 5008 diet; however by the
time of euthanasia, there was no significant difference
between the weight of diabetic (464.72 g ±6.26) and non-

diabetic (469.31 g ±9.91) ZDSD rats. Both groups of ZDSD
rats weighed significantly more (p≤0.02) than SD rats
(424.24 g ±8.47) at the time of euthanasia.

Blood glucose. Rats with blood glucose exceeding 300 mg/dl
were considered diabetic and those with levels below 
180 mg/dl were considered non-diabetic. As shown in Figure
2, all animals had similar blood glucose values prior to being
placed on the 5SCA diet; however, within 7 days blood
glucose values were significantly greater (p≤0.001) in diabetic
ZDSD rats (392.03 mg/dl ±11.72 SEM) than in non-diabetic
ZDSD rats (148.77 mg/dl ±2.80 SEM) and SD rats (120.34
mg/dl ±2.06 SEM). This trend persisted through the remainder
of the study. Values were not significantly different between
non-diabetic ZDSD rats and SD rats at any time point.

Wound diameter. To determine if wound closure was delayed
in diabetic ZDSD rats, 6-mm punch biopsy wounds were
created and wound diameter measured periodically through
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Figure 1. Body weights of diabetic ZDSD (●), non-diabetic ZDSD (■)
and SD (▲) rats over the course of the study. The shaded bar indicated
the period of time when all of the groups of animals were on the
diabetogenic diet (5SCA). The more obese ZDSD rats became diabetic
when placed on the diabetogenic diet versus the non-diabetic ZDSD and
SD controls. At the initiation of the diabetogenic 5SCA diet, the ZDSD
rats that became diabetic weighted significantly more (p≤0.05) than
both the ZDSD rats that did not become diabetic and the SD rats. The
ZDSD rats however, that did not become diabetic weighed significantly
more (p≤0.02) than the SD rats. This trend persisted during and after
the time that animals were provided the 5SCA diet and the 5008 diet;
however, by the time of euthanasia, there was no significant difference
between the weight of diabetic and non-diabetic ZDSD rats. Both
groups of ZDSD rats weighed significantly more (p≤0.02) than SD rats
at the time of euthanasia. The * symbol indicates significantly greater
body weight compared to non-diabetic ZDSD and SD rats; and the +
symbol indicates significantly greater body weight compared to SD rats.



14 days. By day 14, most wounds still had at least small
incompletely healed wound areas remaining, although
wounds in 4/10 rats in the SD group had completely healed.
No clinical evidence of infection was present in any of the
wounds at any timepoint. As shown in Figure 3, wound
diameter progressively decreased in all groups of rats
through the study period. There were no significant
differences in mean wound diameter between any groups
through day 7 after injury; however, diabetic and non-
diabetic ZDSD rats had significantly larger (p≤0.05)
incompletely healed wounds than SD rats on days 9 and 11,
as well as on day 14 (p≤0.01). Wound size between diabetic
and non-diabetic ZDSD rats did not differ significantly at
any time point.

Wound histology. Wound tissues were sampled on day 14 at the
time of euthanasia, processed, and examined for histological
change. Wounds from all groups demonstrated a normal healing
process (Figure 4) characterized by re-epithelialization, abundant
fibroblasts, collagen, and occasional polymorphonuclear cells,
macrophages, and giant cells. 
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Figure 4. Photomicrograph of healed wound site from a diabetic ZDSD rat
demonstrating complete re-epithelialization (arrows) overlying abundant
connective tissue (C) (100×, stained with hematoxylin and eosin). 

Figure 2. Glucose levels of all the groups of animals during the whole
experiment. The shaded bar indicated the period of time when all of the
groups of animals were on the diabetogenic diet (5SCA). The diabetic
ZDSD (●) rats had consistently higher glucose levels than the non-
diabetic ZDSD (■) and SD (▲) rats. All animals had similar blood
glucose values prior to being placed on the 5SCA diet; however, within
7 days, blood glucose values were significantly greater (p≤0.001) in
diabetic ZDSD rats than in non-diabetic ZDSD rats and SD rats. This
trend persisted through the remainder of the study. Values were not
statistically different between non-diabetic ZDSD rats and SD rats at
any experimental time point. The * symbol indicates significantly
greater blood glucose levels in ZDSD rats compared to non-diabetic
ZDSD and SD rats.

Figure 3. Wound healing analysis over the course of the study. There were
no significant differences in mean wound diameter between any groups until
day 7 after injury; however, diabetic (●) and non-diabetic ZDSD (■) rats
had significantly (p≤0.05) larger wounds than SD (▲) rats on days 9 and
11, as well as on day 14 (p<0.01). Wound size between diabetic and non-
diabetic ZDSD rats did not differ significantly at any experimental time
point. The * symbol indicates significant difference of p≤0.05, and the +
symbol indicates significant difference of p≤0.01.



Discussion

Diabetic patients suffer a number of complications
including renal disease (11), cardiovascular disease (12),
and impaired wound healing, particularly foot ulcers (13,
14). Multiple factors exist that relate to impaired wound
healing, including abnormal glucose metabolism and
vascular complications. For example, hyperglycemia
initiates events that result in impaired collagen synthesis
(15); and impaired vascular function in diabetics is
associated with thickening of the basement membrane of
the capillaries and arterioles (16).

Diabetes in animal models occurs as either the result of
experimental manipulation or inherited genetic trait. For
example, administration of streptozotocin has been shown to
reliably produce diabetes in mice, rats, and pigs (17-20). In
contrast, the non-obese diabetic (NOD) and the leptin-
deficient (ob/ob) lines are examples of commonly used
animal models with inherited propensity to development of
diabetes mellitus (22-24). 

Animal models have been described for healing of
excisional (25-27), incisional (28, 29), and burn wounds
(30, 31), and a major emphasis has been placed on healing
in diabetic subjects. Excisional wound models are the most
common, largely because wound creation is straightforward
and processes such as epithelialization, angiogenesis, and
scar formation can be readily assessed (32). Though
excisional wounds in humans heal primarily by
epithelialization, contraction of the wound edges through
the action of myofibroblasts is an important facet of wound
healing in rodents. Nonetheless, rodents are widely used for
wound healing studies because of expense, ease of
maintenance, availability of inbred and genetically
modified lines, and standardized methods for induction of
diabetes and related complications (33). The db/db mouse,
a monogenic animal model of type 2 diabetes, with obesity
and early insulin resistance, has been the primary model
used for studies of impaired wound healing associated with
diabetes (34-37). Because of planned studies designed to
evaluate a hernia repair material in a diabetic model, we
required an animal larger than a mouse. We first needed to
confirm impaired wound healing ability in this model, and
therefore conducted the present study to quantitatively
document that phenotype. 

The ZDSD rat is characterized by rapid weight gain on
standard rodent chow, insulin resistance before
hyperglycemia develops, and hypoinsulinemia as diabetes
develops (10). Further, the ZDSD rat lacks leptin receptor
defects typical of some other models of diabetes. We found
that most ZDSD rats became hyperglycemic by 17 weeks
of age, though a small number (N=6) were not and,
therefore, considered to be non-diabetic. Both diabetic and
non-diabetic ZDSD rats became obese, thus supporting the

idea that, in this model, diabetes and obesity are inherited
separately. Diabetic and non-diabetic ZDSD rats weighed
significantly more than SD rats by day 7 of the study, but
there was no difference in body weight between either type
of ZDSD rat.

Following creation of full-thickness dermal wounds,
healing was evaluated by measurement of wound diameter.
Wounds in SD rats closed quickly, with 4/10 wounds
completely healed by 14 days after wounding. In contrast,
wounds in diabetic and non-diabetic ZDSD rats healed more
slowly than those in SD rats; and there was no difference in
wound healing rates between either type of ZDSD rat, thus
suggesting that impaired wound healing was not dependent
on presence of diabetes. Histological change was
characterized by fibroplasia with a mixed inflammatory
response; and there was no difference between wound sites
of rats in any of the groups. 

Others have demonstrated impaired excisional wound
healing in obese diabetic versus lean non-diabetic ZDF rats,
and it was suggested that the presence of a large amount of
adipose in wounds of diabetic rats may have contributed a
different fibroblast phenotype in diabetic wounds resulting
in impaired wound healing (8). Our results support that
conclusion, as both diabetic and non-diabetic ZDSD rats
were obese and had similar degrees of impaired wound
healing. Thus, in the ZDSD rat, obesity appears to be a
determining factor in delayed wound healing. This is
consistent with results showing that obesity in non-diabetic
Wistar rats delayed wound healing compared to non-obese
controls (38). The role of obesity in delayed wound healing
in obese rats appears to be related to the association of
abundant adipose tissue with chronic low-grade
inflammation (39, 40). Increased levels of mediators of
inflammation, such as TNF-α and IL-6, occur in obese
humans and may account for this effect (41, 42). The
precise mechanism of delayed wound healing related to
obesity the ZDSD rat is unclear, and further studies are
needed to define that process. 
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