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ABSTRACT 

 

The development of novel therapies to treat chronic diabetic ulcers depends 

upon appropriate animal models for early stage investigation. The NONcNZO10/LtJ 

mouse is a new polygenic strain developed to more realistically model human metabolic 

syndrome and obesity-induced Type 2 diabetes; however, detailed wound healing 

properties have not been reported. In this report we describe a quantitative wound 

healing study in the NONcNZO10/LtJ mouse using a splinted excisional wound. The 

rate of wound healing is compared to various controls, and is also quantified in 

response to topical administration of normal and mutant fibroblast growth factor-1 (FGF-

1). Quantitation of re-epithelialization shows that the diabetic condition in the 

NONcNZO10/LtJ mouse is concomitant with a decreased rate of dermal healing. 

Furthermore, topical administration of a FGF-1/heparin formulation effectively 

accelerates re-epithelialization. A similar acceleration can also be achieved by a 

stabilized mutant form of FGF-1 formulated in the absence of heparin. Such accelerated 

rates of healing are not associated with any abnormal histology in the healed wounds. 

The results identify the NONcNZO10/LtJ mouse as a useful model of impaired wound 

healing in type II diabetes, and further, identify engineered forms of FGF-1 as a 

potential �second-generation� therapeutic to promote diabetic dermal wound healing.
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Diabetes is a major national health issue; the number of youth with type 2 

diabetes in the US is projected to increase by almost 50% over the next 40 years, and 

the incidence of type 1 diabetes is expected to increase by over 20%; overall, as much 

as 20-33% of the population could be diabetic by 2050 1. The skin is the first barrier 

against infection, and as such, effective cutaneous wound healing is critical. The 

combination of peripheral neuropathy and peripheral vascular disease affecting the 

diabetic means that injuries to the extremities often go unnoticed and that the natural 

ability to heal (keenly dependent upon a healthy vascular system) is impaired; thus, 

small wounds that might readily heal in healthy individuals can become chronic, non-

healing ulcers in the diabetic. Such non-healing dermal wounds are the main contributor 

to lower-extremity amputations in the diabetic 2. A variety of wound care treatments 

have been pursued to improve the outcome of non-healing diabetic ulcers, including 

traditional wound dressings, polymeric acellular and cellular treatments 3, hyperbaric 

oxygen 4, and negative pressure therapy 5. Unfortunately, these approaches often 

provide limited benefit and can significantly increase the cost of therapy. Novel 

therapies to treat chronic diabetic ulcers are a critical and pressing need. Therapeutic 

approaches using cytokines and cell-based therapies, including growth factor therapy 6-

10, and stem cell therapy 11, offer potential hope for the effective treatment of non-

healing diabetic ulcers. 

Protein growth factors have several potential advantages over other therapies to 

effectively treat chronic diabetic ulcers. Specific cell types required for healing of skin 

and accompanying growth of new blood vessels include dermal fibroblasts and vascular 

endothelial cells along with epidermal keratinocytes. Fibroblast Growth Factor-1 (FGF-

1) has been demonstrated to stimulate mitosis and migration of the full triumvirate of 

dermal fibroblasts, vascular endothelial cells and epidermal keratinocytes essential for 

effective dermal healing12-14. Thus, growth factor based therapies can potentially 

accelerate the overall healing process in comparison to more passive-based treatments, 

and FGF-1 is an effective single therapeutic agent for dermal healing 15. Protein-based 

therapeutics have the advantage of being able to provide precise dosage and precise 

targeted delivery � thereby yielding more reproducible results in comparison to cell-

based therapies (where ultimate site of migration, differentiation, and cell viability 
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numbers are much more variable). Furthermore, protein-based growth factor therapies 

are unlikely to cause teratoma � an important safety concern with stem cell therapies 16. 

Thus, protein-based therapies offer important potential benefits of efficacy, safety and 

cost. 

A number of preclinical animal studies investigating the ability of FGF-1 and other 

growth factors to accelerate dermal wound healing have been reported. Favorable pre-

clinical and clinical results in healing of dermal injuries and ulcers in both diabetic 

animal models and diabetic human patients have been reported for FGF-1 8-10, 15, 17, 18. 

However, fundamental biophysical properties of poor thermostability, protease 

sensitivity, and proclivity to unfold and aggregate have complicated the development of 

FGF-1 as a practical therapeutic.  Formulation approaches to address the poor 

thermostability properties of FGF-1 have resulted in the universal addition of heparin as 

a stabilizing agent 19. However, heparin is more expensive than FGF-1 to produce 

(adding considerable cost of production), is derived from pigs (with the potential for 

infectious agents), is naturally heterogeneous in structure and function, and has anti-

coagulant activity, which can prevent safely achieving optimal dose levels; furthermore, 

heparin can cause acute thrombocytopenia in some patients, and some individuals are 

immunologically sensitized to heparin, which on subsequent exposure can lead to 

heparin-induced thrombosis 20. Therefore, a significant opportunity exists for an 

intrinsically stabilized form of FGF-1 that does not require heparin in its formulation for 

development as a novel therapeutic for the treatment of diabetic ulcers.  

Preclinical studies of wound healing with a diabetic condition, and the potential 

response to novel therapeutics, benefits substantially from diabetic animal models. The 

NONcNZO10/LtJ mouse  is a recombinant congenic strain developed to model human 

metabolic syndrome and obesity-induced Type 2 diabetes 21, 22. NONcNZO10/LtJ was 

developed by introgressive hybridization of six known diabesity quantitative trait loci 

(QTL) from the Type 2 diabetes-prone and obese NZO/HlLt inbred strain into the 

nominally non-obese and diabetes-resistant NON/Lt strain background. Juvenile male 

NONcNZO10/LtJ mice develop insulin resistance in liver and skeletal muscle due to 

decreases in insulin-stimulated glucose uptake and GLUT4 expression in muscle 21. 
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Subsequently, there is a maturity onset transition in the male to moderate visceral 

obesity, hyperglycemia, dyslipidemia, moderate liver steatosis, and pancreatic islet 

atrophy. Unlike mice with monogenic obesity syndromes (e.g. db/db), NONcNZO10/LtJ 

males do not exhibit hypercorticism, are not hyperphagic, and show no obvious 

thermoregulatory defects. Thus, the polygenic and metabolic/physiological properties of 

NONcNZO10/LtJ male mice are more representative of human type 2 diabetes than the 

typical monogenic strains. Mature female NONcNZO10/LtJ mice do not develop 

hyperglycemia. 

While NONcNZO10/LtJ mice represent an advance in animal models of human 

type 2 diabetes, wound healing properties have not been fully characterized. Mustoe 

and coworkers compared incisional, ischemia/reperfusion, and splinted excisional (6mm 

diameter) wound healing among streptozotocin-induced C57BL/6 mice, akita mice 

(defect in proinsulin gene, inducing a Type 1 diabetes), db/db mice, and 

NONcNZO10/LtJ mice 22. This study reported percent original size wound data for day 

0, 7 and 14 indicating a statistically significant delay of wound healing for the 

NONcNZO10/LtJ mouse in comparison to the NON/Lt parental strain control, but did not 

quantify or report specific wound healing rates.  

Mouse, rat, rabbit and dog models are extremely useful in preclinical dermal 

wound healing studies; however, they have an important difference in comparison to 

wound healing in humans. Such animals are �loose skinned� - their skin can slide and 

retract over subcutaneous fascia, while human skin is firmly attached to underlying 

structures. In such loose-skinned animals, wound closure is facilitated by contraction of 

the margins, such that observed healing is a combination of both contraction and true 

re-epithelialization; for comparison to human dermal healing, re-epithelialization is the 

relevant process and not contraction. A surgical solution to quantify true re-

epithelialization in such animal models is to �splint� excisional wounds using a silicone 

splint with radial sutures which physically prevent edge contraction 23, 24.  

In the present report we describe a study of wound healing rates in the mature 

NONcNZO10/LtJ hyperglycemic male mouse, using a splinted excisional model.  We 
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quantify re-epithelialization healing rates in response to treatment by FGF-1, as well as 

a stabilized mutant form of FGF-1 (mutant �M1�) - previously characterized as having 

essentially full mitogenic activity in the absence of heparin and enhanced 

pharmacokinetic mean residence time 25. The results validate the splinted surgical 

procedure in controlling contraction, enabling quantitative analysis of re-epithelialization 

rates. A delayed wound healing condition in the diabetic mature NONcNZO10/LtJ male 

mouse is demonstrated and quantified. The results show that for wild-type FGF-1 it is 

the combination of growth factor and heparin that is critical for accelerating the wound 

healing rate. Importantly, the results also show that the stabilized FGF-1 M1 mutant, 

formulated in the absence of heparin, is able to accelerate wound healing essentially 

equivalent to wild-type FGF-1 formulated in the presence of heparin. Post-healing 

histology demonstrates normal scar formation, with no abnormal hyperplasia or 

angiogenesis associated with mutant FGF-1 treatment. The results indicate that protein 

engineering to stabilize FGF-1 is a viable approach to the development of �2nd-

generation� forms that obviate the need for heparin in their formulation � providing 

important benefits of safety, efficacy and cost. 

 

MATERIALS AND METHODS 

ACUC approval 

All procedures involving animals utilized in this study were approved by the FSU 

ACUC (protocol #1113) and the welfare of all animals was supervised by a staff 

veterinarian. 

Wild-type FGF-1 and mutant M1 protein 

The 140 amino acid form of human FGF-1 26 was utilized in this study. Although 

produced from an E. coli expression system, the recombinant FGF-1 protein was 

designed to be as close to the naturally occurring human form as possible.  A cleavable 

fusion protein construct was designed to eliminate the prokaryotic amino-terminal N-
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formyl methionine (f-Met).  Specifically, the 140 amino acid form of FGF-1 was fused 

downstream of an enterokinase (EK) recognition sequence (Asp4Lys) preceded by a 

flexible 20 amino acid linker (derived from the S-tag sequence of pBAC-3 (EMD 

Millipore, Billerica MA)) and  an N-terminal (His)6 tag. The resulting expressed fusion 

protein utilized the (His)6 tag for efficient purification and was subsequently processed 

by EK digestion to yield the 140 amino acid form of FGF-1 having a native eukaryotic N-

terminus.  Wild-type FGF-1 has poor thermostability and is prone to proteolysis, 

denaturation and aggregation. Binding of heparin increases the thermostability of FGF-

1, and a 3x mass excess of heparin in the formulation of FGF-1 is required for maximum 

stability and mitogenic activity (FGF-1 in the absence of heparin exhibits only ~1% 

mitogenic activity against 3T3 fibroblasts 19, 27, 28). FGF-1 mutant �M1� contains three 

mutations in comparison to wild-type FGF-1: Lys12ĺVal, Cys117ĺVal and 

Pro134ĺVal. These mutations are designed to increase the overall thermostability of 

the protein (Lys12ĺVal/Pro134ĺVal) as well as eliminate a reactive free thiol 

(Cys117ĺVal). The combination of these mutations in M1 increase the stability of the 

protein by 17.9 kJ/mol � approximately the same magnitude (~20 kJ/mol) provided by 

complexation with heparin. These mutations do not affect the heparin binding site of 

FGF-1 or the receptor-binding site; their effect is principally to increase overall stability 

(as well as reducing the potential for disulfide-linked misfolded forms). The M1 mutant 

does not require heparin in its formulation to achieve substantial mitogenic activity � 

providing a 33-fold increase in comparison to FGF-1 without heparin 28. 

Pharmacokinetic studies show that FGF-1 formulated in the absence of heparin has 

faster distribution kinetics, slower redistribution kinetics, and a longer mean residence 

time 25
;  each of these can favorably impact the in vivo functional activity. While low 

stability (and associated tendency to unfold and aggregate) precludes FGF-1 from being 

effectively formulated in the absence of heparin, the increase in thermostability of the 

M1 mutant does permit its formulation in the absence of heparin � substantially affecting 

its pharmacokinetic properties. 

The purification of recombinant FGF-1 and M1 proteins has previously been 

described 25. Briefly, expressed recombinant wild-type (WT) FGF-1 and mutant proteins 

were purified utilizing sequential column chromatography on Ni-NTA affinity resin 
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(Qiagen, Valencia CA) followed by ToyoPearl HW-40S size exclusion chromatography 

(Tosoh Bioscience, Tokyo). The purified protein was then digested with EK to remove 

the N-terminal (His)6 tag, 20 amino acid linker, and (Asp4Lys) EK recognition sequence. 

A subsequent second Ni-NTA chromatographic step was utilized to remove the 

released N-terminal peptide (along with any uncleaved fusion protein). Final purification 

was performed using HiLoad Superdex 75 size exclusion chromatography (GE Life 

Sciences, Pittsburgh PA) equilibrated to 50 mM Na2PO4, 100 mM NaCl, 10 mM 

(NH4)2SO4, 0.1 mM EDTA, 5 mM L-Methionine, pH at 6.5 (�PBX� buffer). An extinction 

coefficient of E280nm (0.1 %, 1 cm) = 1.26 was utilized for concentration determination of 

FGF-1 29, 30; whereas, E280nm = 1.35 was used for M1, (based upon the method of Gill 

and von Hippel 31). Purified proteins were sterile filtered through a 0.22 µm filter, purged 

with N2, snap frozen in dry ice and stored at -80 °C prior to use.  The purity of the final 

proteins was assessed to be essentially homogenous by both Coomassie Brilliant Blue 

and Silver Stain Plus (BIO-RAD Laboratories, Inc., Hercules, CA) stained SDS PAGE 

quantified by scanning densitometry.  All proteins were prepared in the absence of 

heparin. Prior to topical wound application, heparin (3x mass; Sigma Chemical, St. 

Louis MO), or PBX, was added to the WT FGF-1 protein; the M1 protein was diluted 

with PBX buffer only. 

 

Mouse husbandry and selection criteria 

All mice were purchased from Jackson Laboratories (JAX) (Bar Harbor, Maine) 

and were housed in a temperature controlled facility (23 °C) with a 12hr light/dark cycle, 

with water and food provided ad libitum, and nesting material provided. Animals were 

purchased at 8-10 weeks of age (depending on availability) and were acclimated for at 

least 4 weeks prior to utilization; during this time identifying numbers were tattooed on 

the tail. All NONcNZO10/LtJ mice were fed LabDiet® 5K20 chow containing 10-11% fat 

by weight (LabDiet, St. Louis, MO). BALB/c mice were fed LabDiet® 5001 standard 

rodent chow containing 4.5% fat by weight.  Animal blood glucose levels were 

monitored using an AlphaTRAK� blood glucose monitoring system (Abbott 

Laboratories, Abbott Park, IL) standardized for mice and using duplicate tests of blood 

samples taken by lancing the tail vein. A non-fasting hyperglycemic condition was 
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confirmed upon blood glucose level >300 mg/dL. Adult NONcNZO10/LtJ male mice with 

blood glucose <300 mg/dL were not excluded from study; additionally, BALB/c and 

female NONcNZO10/LtJ mice were confirmed to have non-fasting blood glucose levels 

in the normal range (i.e., <300 mg/dL).  

Splinted Excisional Wound Surgery 

One day prior to surgery mice were anaesthetized using 3% isoflurane and 

shaved on the upper dorsal quadrant. Subsequently, this shaved area was treated with 

depilatory cream and then cleaned with distilled water. Animals were maintained on a 

37 °C heated pad during this procedure to minimize potential for hypothermic stress. 

Subsequently, animals were placed in cages with AlphaPad® paper bedding (Shepherd 

Specialty Papers, Watertown, TN) to limit potential irritation or abrasion of the shaved 

skin by typical sawdust type bedding. On the day of surgery (day 0) animals were 

anaesthetized using 3% isoflurane. Mice were maintained under 37 °C heat pad or heat 

lamp during the entire surgical and recovery period to minimize potential hypothermia. 

The shaved upper dorsal region was swabbed 3x with 4% chlorhexidine gluconate 

disinfectant. A skin flap around the shoulders was pulled up and away from the 

underlying fascia and a single 6mm biopsy punch (AccuDerm Inc., Ft. Lauderdale, FL) 

incision was made through both layers of skin resulting in two side-by-side full-thickness 

wounds while avoiding damage of the subcutaneous superficial fascia. Sedated mice 

were covered with a surgical drape exposing only the shaved upper dorsal area. Sterile 

ophthalmic ointment was applied to the eyes to prevent drying during surgery. As soon 

as possible after the skin punch autoclaved precision silicone rubber washers 7.92mm 

ID, 14.27mm OD,.030" thickness, durometer hardness 40 (Acme Rubber Co., Tempe, 

AZ) were glued to the skin using cyanoacrylate surgical glue and centered over each 

wound. These silicone splints were subsequently sutured through the full-thickness of 

the skin using a total of 8 radial 6-0 Sharpoint� nylon monofilament sutures and 

Dermaglide� DGL11 cutting edge needle (PBN Medicals, Denmark).   

After suturing, the wounds were treated with 5 µl of sterile vehicle (PBX buffer) or 

sterile filtered FGF-1 or M1 protein solution.  In the case of the unsplinted control the 
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silicone splints were affixed with surgical adhesive but not sutured. While useful for 

affixing the silicone splint, the surgical adhesive is ineffective at preventing contraction 

over the course of healing (i.e., the splints typically release from the skin in 24-48 hr). 

Wounds were covered using Tegaderm® transparent bioclusive dressing (3M 

Healthcare, St. Paul, MN). The animal ID number as well as "L" or "R" (for left or right) 

was written using a black fine-tipped permanent marker on the outer region of the 

Tegaderm bandage for photographic record. To protect the wound region a novel 

mouse jacket, was developed specifically for this purpose using Velcro® One-Wrap® 

material (Velcro USA Inc., Manchester, NH) (US provisional patent application  

61/759,096) (Supporting Information Figure S1). Mice were re-dosed on days 3, 7 and 

10 post surgery, necessitating bandage replacement. Redosing on days 3, and 7 

utilized 5 µl treatment sample volume; whereas, re-dosing on day 10 utilized 2.5 µl 

treatment sample volume in an effort to maintain a constant vol/wound area ratio. 

Photographic quantitation of wound healing 

Mice were anaesthetized by 3% isoflurane and the protective jackets removed 

prior to photography. The left and right wounds (viewed dorsally, posterior to anterior) 

were photographed for quantitation. A glass slide was placed over each wound and light 

pressure applied to maximize flatness of the wound for analysis. A Canon 350xt digital 

SLR 6 megapixel APC size sensor chip camera (Canon U.S.A., Inc. Melville, NY) with 

100 mm macro lens was utilized for photography; date and time stamps were 

automatically embedded in the image file. Lighting intensity for photography was 

adjusted to ~100,000 LUX using focused surgery theater lighting and measured using a 

digital light meter.  High-contrast visual photography at this illumination makes 

underlying vasculature visible through fibrin depositions in the wound, but not through 

mature epithelium; thus, the quantification of opacity follows re-epithelialization of 

mature epidermis and not fibrin deposition, per se. Images were taken at an aperture 

setting of F/32 for maximum depth of field and with a nominal exposure time of 1/80 

second. The image was composed so that the outer diameter of each silicone splint 

essentially filled the camera frame. With this subject composition, a 6 mm diameter 

wound comprises approximately 600,000 pixels, or a resolution of ~ 7.0 µm per pixel 
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(essentially 1:1 magnification of wound onto the sensor chip). Thus, wound sizes down 

to 0.1% of the original area can be accurately quantified (i.e., constituting ~600 

measurable pixels).  

Image files were transferred from the CF card in the camera to a workstation for 

quantitation and archiving. Quantification of the wound area utilized ImageJ software32. 

Two independent area measurements were made to account for any potential distortion 

(i.e. skew) of the silicone splint: in the first measurement the horizontal width of the 

splint inside diameter (ID) is set to 7.92mm; followed by outlining of the epithelial border 

(calculating area); in the second measurement the process is repeated but standardized 

using the vertical diameter. In this way any potential skew of the splint is accounted for, 

and the average of the two area calculations yields the derived wound area. The 

silicone splints are precision stamped to a manufacturer�s quoted tolerance of 0.01mm. 

Wound area quantitation was performed by at least two independent analysts and the 

results were averaged. Effective wound radius was quantified according to R = (Avg 

area/ʌ)0.5. Mice were photographed daily until day 18 post-operation, and then every 

other day until day 24.  

Tissue samples for histology analysis 

On day 30 post surgery mice were anaesthetized with 3% isoflurane and the 

dorsal upper quadrant shaved and treated with depilatory cream as described above for 

surgery. Mice were then euthanized by CO2 following the approved ACUC protocol. 

Full-thickness skin samples dissected from the mice consisted of a circular ~1.0 cm 

diameter round piece of skin with a centrally placed scar (suture previously removed) 

surrounded by adjacent grossly normal appearing skin. Dissected skin samples were 

fixed overnight in buffered formalin.  Subsequently, two mirror image radial sections 

perpendicular to the mid portion of the scar were submitted with black ink labeling the 

two ends of the section distant to the scar, and with the most medial section embedded 

facing down, into a tissue cassette for subsequent microtome sectioning and slide 

mounting. The formalin fixed tissues were embedded in paraffin in a Tissue Tek VIP 5 

tissue processor (Sakura Finetek USA, Inc., Torrance, CA) and a Thermo Shandon 
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embedding station (ThermoFisher Scientific, Waltham, MA). Paraffin-embedded tissue 

blocks were sectioned at 4 micrometer thickness using a Shandon Finesse microtome 

(ThermoFisher Scientific, Waltham, MA), mounted on glass slides (ThermoFisher 

Scientific, Waltham, MA), stained with hematoxylin and eosin or with Masson's 

Trichrome stain (Polysciences, Inc., Warrington, PA) using a Leica Autostainer XL 

(Leica Biosystems, Buffalo Grove, IL). After histological staining, slides were 

coverslipped using Fisher Chemical Permount Mounting Medium (ThermoFisher 

Scientific, Waltham, MA) in a Leica CV5030 Coverslipper and Transfer Station (Leica 

Biosystems, Buffalo Grove, IL). Histopathological review was performed by an expert 

clinical and experimental pathologist using single-blinded samples.   

Statistical analysis 

The statistical significance for a comparison of healing rates was determined 

using Student's 2-tailed t-test. Statistical p-values are indicated as follows: *(p<0.05), ** 

(p<0.01), *** (P<0.005). Error for wound area and wound radius data points is reported 

as standard error of the mean (SEM). Error bars on cohort attributes rates are reported 

as standard deviation (SD). 

 

RESULTS 

A mature onset hyperglycemic phenotype (>300 mg/dL blood glucose) in male 

NONcNZO10/LtJ mice was observed in approximately 80% of the animals received, 

somewhat lower than the manufacturer�s quoted penetrance of >90% (JAX® NOTES 

Issue 497). Adult NONcNZO10/LtJ male mice that did not develop hyperglycemia were 

also typically of lower mass (i.e. 25-28 gm).  The survivability of the splinted excisional 

wound surgical procedure was >97%. Splinting of the excisional wound was essential to 

prevent contraction; thus, chewing or scratching through the sutures prior to complete 

wound closure permitted wound contraction and compromised accurate measurement 

of the true re-epithelialization healing rate. It was therefore necessary for mice to wear a 

jacket protective of the surgical field for the full duration of wound closure. A number of 
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commercially available rodent jackets were evaluated; however, escape rates (with 

resultant chewing or scratching of sutures) were unacceptably high. We therefore 

developed a novel jacket design having a notably low rate of escape (Supporting 

Information Figure S1). Nonetheless, occasional escape from the protective jacket did 

occur; in such cases it was common for one or both splinted wounds to be 

compromised (i.e. to have sutures chewed). Thus, for some mice only one wound 

maintained suture integrity until wound closure and could be accurately quantified. In 

yet other cases, due to location of the wound (i.e. too close to forelimb or neck), mobility 

of the animal, or placement of the jacket, one or more sutures were compromised (i.e. 

pulled out) prior to wound closure. In the case of a failure of a single suture, a new 

suture was introduced; however, in the case of multiple suture failure significant wound 

contraction typically occurred � negating any utility in attempting to resuture.  Thus, 

while all treatments evaluated in the present study involved a set of 12 splinted wounds, 

in some cases the cohort includes more than 6 mice (Table 1).  

Adult female NONcNZO10/LtJ mice (also fed high fat diet) and male BALB/c 

mice were normoglycemic (183±33 and 177±44 mg/dL blood glucose, respectively). 

Female NONcNZO10/LtJ mice fed the same high fat diet were, however, essentially 

indistinguishable from male NONcNZO10/LtJ mice as regards larger average mass 

(Table 1). Quantitation of wound size by photography was obscured by excessive 

bleeding in days 1-2 post surgery in mice treated with high dosage of heparin (i.e. FGF-

1 formulated with 30 µg/cm2 of heparin ) (Supporting Information Figure S2). However, 

other than days 1-2 for this cohort, quantitation of wound area and healing progression 

by photography was unambiguous as regards determination of epithelial border. A 

detailed illustration of the measurement of area of epithelialization (for a mouse treated 

with 1.0 µg/cm2 FGF-1 + 3x mass heparin) is shown in Figure 1.  

 Figure 2 shows the progression of wound area, and radius, as a function of time 

post-surgery for NONcNZO10/LtJ male mice (average and standard deviation for n=12 

wounds). The nominal area (28.3 mm2) and radius (3.0 mm) for an undistorted 6 mm 

diameter biopsy punch are in good agreement with the initial wound measurement, 

indicating that the silicone splints were affixed and sutured prior to any significant 



14 
 

dermal contraction, and that the surgical procedure produced minimal distortion of the 

excisional wound. The initial inflammatory period (approximately days 0-6) is associated 

with only minimal change in wound area. There may be some minor expansion of the 

average wound area on day 1 vs day 0, and digital images suggest some edge 

debridement of full-thickness epithelium, possibly in response to the action of 

inflammatory proteases (Supporting Information Figure S3). Subsequent to this initial 

inflammatory period there was a proliferative phase associated with re-epithelialization. 

In this regard, a constant rate of wound healing manifests as a linear function of wound 

radius (not area, which is a power function). In each case, day 8-15 was associated with 

a constant rate of wound healing (i.e. linear function of wound radius vs time) with 

excellent coefficient of correlation as well as standard deviation among the cohort 

(Figure 2). Subsequent to day 15 an increasing variance of wound area (i.e. healing 

rate) was observed. Additionally, during this closing phase of healing, increasing 

numbers of mice exhibited sutures working out from the skin (observed as detached, or 

partially detached, silicone splints). Thus, compromising of the surgical splint, with an 

associated degree of wound contraction, occurred among a substantial portion of the 

mice after day 15. Day 8-15 was therefore selected as the most accurate region with 

which to quantify the proliferative phase of healing (see Supporting Information Figure 

S4). Tabulation of all healing rates is provided in Table 2 (for wound area data see 

Supporting Information Figure S6). 

Comparison of the constant healing rates during day 8-15 of the proliferative 

phase of healing showed that unsplinted male NONcNZO10/LtJ mice healed 46% faster 

than splinted (Table 2) and this was statistically significant (Figure 3). Thus, 

approximately half the healing rate observed in the unsplinted excisional wound is due 

to contraction and not re-epithelialization. The adult female NONcNZO10/LtJ mice, 

having the same diet, mass and age as the male cohort, but being normoglycemic, 

healed 71% faster than the hyperglycemic males. Thus, the development of a type 2 

diabetes metabolic syndrome in the male NONcNZO10/LtJ mouse is associated with a 

significantly impaired wound healing rate. The BALB/c male mice control group 

exhibited the fastest rate of healing (0.208 mm/day; 60% faster than NONcNZO10/LtJ 

female controls and 174% faster than NONcNZO10/LtJ males), indicating that the 
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diabesity QTL�s shared by females of the NONcNZO10/LtJ strain also affect wound 

healing to some extent independent of the hyperglycemic state.  

In the absence of formulation with heparin, FGF-1 at 0.1, 1.0 and 10 µg/cm2 

showed no discernable effect upon healing rate. However, 1.0 µg/cm2 FGF-1 formulated 

with 3x mass Heparin showed a 34% increase in healing rate that was statistically 

significant (p<0.05) (Table 2). FGF-1 at a higher dose of 10 µg/cm2 showed a 20% 

increase in healing rate, but this was not statistically significant. Also at this high dose 

excessive bleeding at the site of application was observed. Heparin alone at 3.0 µg/cm2 

(i.e. the concentration at which the FGF-1 formulated with heparin yielded a statistically 

significant response in healing rate) showed no effect upon healing in comparison to 

buffer control. FGF-1 mutant M1 at 1.0 µg/cm2, and formulated in the absence of 

heparin, showed a 28% increase in healing rate, in comparison to PBX buffer, which 

was also statistically significant (p<0.05) (Figure 4).  

At day 30 post wound induction all tissue samples revealed remarkably similar 

findings consistent with chronic inflammation, wound healing and scar tissue. The 

histological parameters evaluated included the area of the inflammatory cell infiltrate, 

vascular density, and collagen density within the scar. With the exception of two tissue 

samples showing minute foreign body giant cell reactions to remaining suture material, 

the histopathological appearance of all scars for the various skin samples was 

repeatedly monotonous. Because the overall appearance of these parameters was very 

similar in all tissue samples, a true quantitative image analysis was considered 

unnecessary. However, when compared to adjacent non-traumatized skin, which was 

used as an internal reference, all tissue samples demonstrated a central scar of similar 

size and histological appearance: a thicken dermis containing increased number of 

slightly disorganized collagen fibers, best appreciated with the trichrome stain and 

granulation tissue with increased vascularity and chronic inflammatory cells such as 

lymphocytes and histiocytes, and were considered consistent with normal wound 

healing. A comparison of control (BALB/c treated with PBX) and M1 mutant treated 

diabetic wound (NONcNZO10/LtJ) tissue sections with H&E and Trichrome stains is 

shown in Figure 5. 



16 
 

 

DISCUSSION 

Recent advances in animal models of dermal wound healing, with application to 

chronic diabetic wounds, have included the development of animal (i.e. mouse) strains 

with greater relevance for the human diabetic condition (particularly metabolic syndrome 

and type 2 diabetes) 21, 22, 33 as well as surgical techniques to splint excisional wounds 

(important in loose skinned animals such as rodents) so as to enable quantitation of 

rates of true re-epithelialization 24, 33, 34. Additional focus upon relatively small sized 

wounds (i.e. 6-8 mm diameter) permits improvement in minimizing the duration of such 

assays - which can otherwise extend to 60 days or longer in traditional larger (i.e. 2 cm 

diameter) wounds 8.  In the present study the combination of each of these 

advancements was investigated by quantitation of healing in the NONcNZO10/LtJ type 

2 diabetic mouse using 6 mm diameter splinted excisional wounds. The ability to 

effectively accelerate the healing process in such a model system by application of both 

wild-type and an engineered form of FGF-1 was also investigated. 

The controls in this study confirm the importance of wound splinting in mice � 

demonstrating that prior reports utilizing unsplinted excisional wounds in rodents are 

likely quantifying a combination of both true healing (i.e. re-epithelialization) and 

contraction. The comparison of NONcNZO10/LtJ hyperglycemic adult male and 

normoglycemic adult female mice demonstrate a statistically significant delay in healing 

for the hyperglycemic male � providing additional support for the use of this strain as a 

relevant model of impaired wound healing associated with type 2 diabetes. Building on 

these results, a dose response curve of wild-type FGF-1 formulated with 3x mass 

heparin was investigated, including �low� (0.1 µg/cm2), �medium� (1.0 µg/cm2) and �high 

(10 µg/cm2) dosages. The low dose showed no statistical increase in healing rate, the 

medium dose accelerated healing by 34% (p<0.05), and the high dose accelerated 

healing by 20% (but was not statistically significant). In the high dose, heparin (30 

µg/cm2) resulted in excessive bleeding � such that substantial dilution and seepage 

away from the wound area occurred. The dose response of FGF-1 in cultured skin cells 
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shows inhibition at high dosage 15; thus, the somewhat reduced effectiveness of healing 

rate observed with high dose FGF-1 may be due to inhibitory effects of the high dose or 

excessive bleeding/dilution due to heparin. In any case, < 30 µg/cm2 heparin appears 

necessary to avoid excessive bleeding at the wound. 

The stabilized M1 mutant, which in prior mitogenic assays of 3T3 fibroblasts 

demonstrated potency in the absence of heparin additive, also demonstrated a 

statistically significant acceleration of re-epithelialization in the NONcNZO10/LtJ mouse. 

A ternary complex of FGF-1/FGF receptor/heparan is postulated as the relevant 

effective signal transduction complex. Thus, endogenous heparin in the wound region is 

clearly adequate for the exogenously added M1 to stimulate an effective wound healing 

response. A functionally active form of FGF-1 that does not require heparin in its 

formulation offers obvious advantages of safety and cost; furthermore, if excessive 

bleeding due to heparin limits higher dosage levels, then an additional benefit of efficacy 

is also possible.  

The NONcNZO10/LtJ splinted excisional assay has utility in a comparatively 

rapid assay of re-epithelialization within a more realistic model of human type 2 diabetes 

than prior animal models; however, there are several potential improvements that might 

yet be made. One possible solution to address the problem of sutures working out is to 

use a heavier (e.g. 4-0) suture and/or increase the number of radial sutures (e.g. 10). 

Slightly larger wounds (e.g. 8 mm diameter) may enable greater statistical significance 

to smaller healing rates with only a modest increase in total healing time. An initial 

evaluation of such wounds indicates complete healing after approximately 30 days, but 

still with significant deviation in values post day 15. Thus, 8 mm wounds would appear 

to be certain to require modification to maintain splint integrity over this longer period. 

The dosing regimen (i.e. day 0, 3, 7 and 10) included two doses in the 

inflammatory phase (i.e. day 0-6), and two in the proliferative phase (i.e. day 7-15). This 

regimen closely follows previous studies of FGF-1 healing in db/db mice (with addition 

of day 10) in which 3.0 µg/cm2 dosing was tested and found to statistically increase 

wound closure in a non-splinted 230 mm2 wound area model 8. Thus, work remains to 
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determine the dosage and dosing regimen for optimum wound healing � including 

evaluation of single dose regimen, as well as efficacy of dosing during inflammatory vs 

proliferative phases. Another major improvement is likely in the area of drug delivery 

and localization. Low viscosity sample application (as utilized in the present study) to full 

thickness wounds on loose skinned animals (even with splinted wounds) is 

accompanied by dispersal throughout the fascia underneath the skin. The individual 

variation in the extent of such sample dispersal may be a major contributor to the 

variance of measured healing rate. Thus, greater statistical significance (i.e. lower 

variance) might be achieved with utilization of a hydrogel type material to limit sample 

dispersal under the skin.  

With the sole exception of the unsplinted cohort, all animals exhibit apparent 

increase of wound healing rate post day ~15. Thus, these data suggest that effective 

splinting has been compromised around this time. It was commonly observed after day 

15 that a number of sutures had worked their way out of the skin � effectively 

compromising the splint. Additionally, by this stage of healing the wound edges are 

becoming distal to the splinted skin � such that with a greater extent of wound closure 

the less the wound is effectively splinted. Effective splinting of the skin is thus generally 

compromised after day ~15. Sans modification, the splinted model as described is 

therefore considered appropriate for accurate determination of re-epithelialization rate 

during proliferative phase between day 8-15, but is not accurate as an endpoint (i.e. 

time-to-closure) assay.  

Day 30 histology analysis was performed as a means to evaluate for potential 

hyperplasia and excessive angiogenesis in healed wounds in response to growth factor 

treatment. No samples (analyzed in a single-blind protocol) exhibited any abnormal 

features in this regard; and specifically, the mutant M1 mutant treated mice were 

indistinguishable from BALB/c treated with PBX controls. Thus, accelerated rates of 

healing in response to wild-type or mutant FGF-1 proteins yielded healed wounds 

having a grossly normal histology profile. Overall, therefore, the results of this study 

reinforce the therapeutic potential of FGF-1 for the treatment of dermal wounds in the 

diabetic, as well as the potential for stabilized mutant forms of FGF-1 to achieve a 
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potentially similar therapeutic effect in the absence of exogenously-added heparin in 

formulation � providing potential safety and cost advantages over the wild-type FGF-1 

protein.  
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Table 1. Cohort, treatments, age, weight and blood glucose level. 

Strain Gender Treatment 
Cohort 

(wounds) 

Age 

(days)
 a
 

Weight 

(gm)
 a
 

Blood 

Glucose 

(mg/dL)
 a
 

NONcNZO10/LtJ Male Buffer 8 (12) 128±14 39.6±2.8 657±122

NONcNZO10/LtJ Male Buffer (non-splinted) 7 (12) 112±15 42.0±1.6 546±178

NONcNZO10/LtJ Female Buffer 7 (12) 123±31 38.7±3.3 183±33 

BALB/c Male Buffer 9 (12) 122±10 27.1±1.5 177±44  

NONcNZO10/LtJ Male Heparin 3.0 µg/cm
2
 6 (12) 159±46 41.5±2.8 505±171

NONcNZO10/LtJ Male FGF-1 0.1 µg/cm
2
 6 (12) 138±24 41.3±1.9 543±144

NONcNZO10/LtJ Male FGF-1 1.0 µg/cm
2
 7 (12) 146±26 42.7±2.5 458±141

NONcNZO10/LtJ Male FGF-1 10.0 µg/cm
2
 8 (12) 137±17 40.3±1.8 513±135

NONcNZO10/LtJ Male FGF-1 0.1 µg/cm
2
 

+ Heparin 0.3 µg/cm
2
 

6 (12) 144±12 41.1±3.7 598±165

NONcNZO10/LtJ Male FGF-1 1.0 µg/cm
2

+ Heparin 3.0 µg/cm
2
 

6 (12) 147±24 40.7±2.0 680±100

NONcNZO10/LtJ Male FGF-1 10.0 µg/cm
2

+ Heparin 30 µg/cm
2
 

7 (12) 145±16 41.0±2.9 564±175

NONcNZO10/LtJ Male FGF-1 mutant M1 1.0 

µg/cm
2
 

6 (12) 151±21 43.8±1.7 636±101

a
 Error reported as SD 
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Table 2. Healing rates determined from day 8-15 of the proliferative phase. 

Strain Gender Treatment 
Healing Rate 

(mm/day)
 a
 

R
2
 

NONcNZO10/LtJ Male Buffer 0.076±0.006 0.98 

NONcNZO10/LtJ Male Buffer (non-splinted) 0.111±0.009 0.98 

NONcNZO10/LtJ Female Buffer 0.130±0.011 0.98 

BALB/c Male Buffer 0.208±0.011 0.99 

NONcNZO10/LtJ Male Heparin 3.0 µg/cm
2
 0.081±0.007 0.97 

NONcNZO10/LtJ Male FGF-1 0.1 µg/cm
2
 0.079±0.010 0.97 

NONcNZO10/LtJ Male FGF-1 1.0 µg/cm
2
 0.067±0.006 0.95 

NONcNZO10/LtJ Male FGF-1 10.0 µg/cm
2
 0.079±0.011 0.97 

NONcNZO10/LtJ Male FGF-1 0.1 µg/cm
2
 + Heparin 0.3 µg/cm

2
 0.084±0.006 0.97 

NONcNZO10/LtJ Male FGF-1 1.0 µg/cm
2
 + Heparin 3.0 µg/cm

2
 0.102±0.008 0.99 

NONcNZO10/LtJ Male FGF-1 10.0 µg/cm
2
 + Heparin 30 µg/cm

2
 0.091±0.011 0.96 

NONcNZO10/LtJ Male FGF-1 mutant M1 1.0 µg/cm
2
 0.097±0.008 0.99 

a
 Error reported as SEM  
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FIGURE LEGENDS 

 

Figure 1. 

Representative photographic data showing quantitation of wound epithelium. The data 

are from one of the NONcNZO10/LtJ male mice treated with 1.0 µg/cm2 FGF-1 + 3x 

mass heparin.  The images cover day 8-15 of the proliferative phase of wound healing � 

a period during which the surgical splint is intact and the rate of healing is constant. 

Images directly below each photograph illustrate the epithelium boundary definition as 

determined by visual inspection. The epithelium border is essentially unambiguous and 

area definitions determined by independent investigators exhibited excellent agreement. 

 

Figure 2. Progression of healing in a 6mm diameter splinted excisional wound in 

NONcNZO10/LtJ adult male hyperglycemic mice (wounds dosed day 0, 3, 7 and 10 with 

buffer; n=12 wounds; error bars are SEM). Top panel: wound area vs time post-surgery. 

Bottom panel: derived wound radius vs time post-surgery. 

 

Figure 3. Constant healing rates during the proliferative phase (day 8-15), with 

effectively splinted wounds, for the indicated strain/sex/splint controls treated with PBX 

buffer. �NONc� refers to strain NONcNZO10/LtJ; �BALB/c� refers to strain BALB/cJ. 

Statistical p-values: <0.05 (), <0.01 (), <0.005 (); cohort n=12 in each case; 

error is SEM.  The statistical comparison of healing rates is with that of the 

NONcNZO10/LtJ splinted male cohort. 
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Figure 4. A healing rate comparison (proliferative phase day 8-15) for FGF-

1/heparin/mutant M1 treatment of splinted excisional wounds in male NONcNZO10/LtJ 

mice. Statistical p-values: <0.05 (), <0.01 (), <0.005 (); cohort n=12 in each 

case; error is SEM.  The statistical comparison of healing rates is with that of the PBX 

buffer treated cohort. All mice in this comparison are NONZNZO10/LtJ males with 

splinted wounds. 

 

Figure 5. Micrographs obtained at 400X magnification from the center of the day 30 

healed skin wounds. Panel A: Control BALB/c male mice treated with PBX and stained 

with H&E; Panel B: Control BALB/c male mice treated with PBX and stained with 

Trichrome; Panel C: NONcNZO10/LtJ male mice treated with mutant M1 (1.0 µg/cm2) 

and stained with H&E; Panel D: NONcNZO10/LtJ male mice treated with mutant M1 

(1.0 µg/cm2) and stained with Trichrome. The black bar in panel A is 200 µM. In each 

tissue section from top to bottom there is a continuous ribbon of unremarkable 

epidermis and underneath a thicken dermal scar best appreciated in panel B with 

chronic inflammation and proliferating blood vessels best appreciated in panel A. 

Underneath the dermal scar there is subcutaneous adipose tissue on both samples and 

small pieces of skeletal muscle (pink to red tissue) included only on the sample in 

panels C and D. Note the microscopic features are very similar in both tissue samples, 

including the thickness of the scar, which is best appreciated with the trichrome stain 

shown in panel B. The dermal scar is the thick light bluish tissue between the top dark 

thin blue line of epidermis and the bottom loose whitish subcutaneous tissue. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Supporting Information 

Figure S1. Novel mouse jacket made from Velcro® One-Wrap® which protects the 

upper dorsal surgical field. 
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Figure S2. Example of excessive bleeding obscuring wound quantitation, for days 1-2 

post surgery, in mice treated with high dose (30 µg/cm2) heparin. Left image: day 1 post 

surgery; Right image: day 3 post surgery. 
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Figure S3. Example of inflammatory phase proteolytic wound border debridement. Left 

image: Day 0 (day of surgery). Right image: Day 1 post-surgery. Note visible loss of full-

thickness epithelium border in the six o�clock location � resulting in larger area in wound 

calculations for day 1 compared to day 0. NONcNZO10/LtJ male mouse, 6mm splinted 

excisional wound. 
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Figure S4. Proliferative phase healing rate of epithelium in splinted NONcNZO10/LtJ 

male mice. After the initial inflammatory phase a constant rate of healing is observed 

between days 8-15 (error bars are SEM). 
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Figure S6. Wound area as a function of time (error bars are SEM). 

 

  



40 
 

 



41 
 

 

 

 


