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1 Introduction

Hyaluronic acid (hyaluronan, HA) was first described in the 1930s. Since then the 

properties and functions of HA have been thoroughly investigated, however, its role in 

wound healing and repair remain to be fully elucidated (CHEN and ABATANGELO 

1999).

During early wound healing HA levels are increased (KING et al. 1991; LAURENT 

1987). Stringent regulation of HA synthesis and degradation is responsible for various 

cellular responses through its interactions with specific HA receptors (CHEN and 

ABATANGELO 1999). HA has been implicated in a number of processes, including 

moderation of the inflammatory response, cell migration, cell proliferation, organization 

of granulation tissue and angiogenesis (CHEN and ABATANGELO 1999). 

The purpose of this study was to investigate the safety and value of using topical HA in 

equine lower limb wounds.
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2 Literature review

2.1 Hyaluronan and its metabolism

HA is a linear polysaccharide consisting of alternating non-sulfated glycosaminoglycans, 

glucuronic acid and N-acetyl-glucosamine molecules (Figure 1) (STUHLMEIER 2006). 

It is most frequently referred to as hyaluronan  because it exists in vivo as a polyanion 

and not in the protonated acid form (LIAO et al. 2005). HA is distinct from other 

glucosaminoglycans in that its primary structure contains no peptide. It consists of a 

single polysaccharide chain with a molecular weight of 104 - 107 Da.

Molecular structure

Molecular formula

(C14H21NO11)n

Figure 1. Molecular structure and formula of hyaluronic acid

The highest concentration of HA within the body is measured within the skin, with 

further high levels found in the vitreous humor in the eye, synovial fluid, and articular 

cartilage (BROWN 2004; FRASER et al. 1997; WEINDL et al. 2004). HA is synthesized 
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by the cell membrane through the action of HA synthase and is then excreted into the 

intercellular space (STUHLMEIER 2006).

HA is metabolized quickly with approximately one third of the body’s HA replenished 

every 24 hours. It is either degraded in situ or removed via the lymphatic circulation and 

metabolized in the liver, by hyaluronidases, following endocytic receptor-facilitated 

uptake into the hepatic sinusoidal endothelial cells (BROWN 2004; FRASER et al. 1997; 

LAURENT 1987; LIAO et al. 2005). 

2.2  Functions of hyaluronan and its physicochemical properties  

Naturally occurring HA has three primary functions. Firstly it serves as a boundary 

lubricant fluid with unique viscoelastic, rheologic and hydrating properties. Secondly, it 

is responsible for proteoglycan organization in the extracellular matrix in virtually all 

tissues. Finally it is responsible for activation of intracellular signalling pathways 

(BENEDETTI et al. 1993; CHEN and ABATANGELO 1999; LAURENT and FRASER 

1992).

The viscoelastic, lubricating and hydrating properties of HA have led to its extensive use 

in veterinary medicine. It is used in ophthalmic surgery, in intra-abdominal adhesion 

prevention (EGGLESTON et al. 2001; EGGLESTON and MUELLER 2003; 

EGGLESTON et al. 2004; PARK et al. 2007) and as an intra-articular medication (HU et 

al. 2003). Although present in the body at naturally occurring concentrations of less than 

0.1 %, HA can impart over 80 % of the total viscosity of some biological fluids 
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(BORZACCHIELLO and AMBROSIO 2001). In 1970 Balazs first treated arthritic 

racehorses with viscous HA and found this to be of benefit (LAURENT and FRASER 

1992; RYDELL and BALAZS 1971). A very thin HA film separating the surfaces is all 

that is required to withstand high impact loads and the elasticity of this material is 

responsible for the rapid recovery following weight-bearing (FRASER et al. 1997). 

Recent work documented that the release of catabolic inflammatory mediators (in 

particular interleukin-1 and tumour necrosis factor-alpha) leads to a depolymerisation of 

naturally occurring HA chains, resulting in alteration of their rheological properties. 

Supplementing high molecular weight exogenous hyaluronan, as is routinely done in 

equine practice, restores the lubricating characteristics of natural synovial fluid (PRIETO

et al. 2005). 

HA serves as an important structural element in the extracellular matrix while 

concurrently interacting with proteoglycans, growth factors and binding proteins 

(FRASER et al. 1997). This is not only essential to the structural stability of an existing 

extracellular matrix (e.g. in cartilage), it is also of importance in morphogenesis, immune 

cell trafficking, tumor biology and wound healing (DAY 1999; STUHLMEIER 2006). In 

the initial stages following wounding, for example, structural support is provided solely 

by a temporary matrix rich in fibrin and HA (THEORET 2006). Subsequent influx of 

fibroblasts and endothelial cells and the formation of granulation tissue replaces this 

valuable precursor (CHEN and ABATANGELO 1999). 

Non-specific functions of HA include its role as a scavenger of free radicals and as an 

antioxidant. These capabilities are likely facilitated through the presence of a double 
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bond in the D-glucuronic acid unit which forms a complex with reactive oxygen species, 

thereby reducing oxidant injury. In the case of intact skin these properties impart 

protection from damaging influences, such as solar radiation (CHEN and 

ABATANGELO 1999; DAVIDSON et al. 1991; TRABUCHCHI et al. 2002). This 

protection is of even greater value in the presence of an acute or chronic wound.

Several of the important physicochemical properties of HA are dependent on its 

molecular weight (LIAO et al. 2005). Long chain HA, for example, appears to inhibit 

angiogenesis, while its enzymatic fragmentation into shorter oligosaccharides has the 

opposite effect, through direct or indirect stimulation of endothelial cells (CHEN and 

ABATANGELO 1999; MCGARY et al. 2003).

2.3 HA recognition

HA cell surface receptors include the CD44 receptor, the Receptor for HyaluronAn 

Mediated Motility (RHAMM) and the Intra Cellular Adhesion Molecule-1 (ICAM-1) 

(CHEN and ABATANGELO 1999). CD44 is a major and ubiquitous receptor for HA 

that anchors the extracellular matrix to a number of cells (e.g. cartilage chondrocytes). In 

addition to its matrix related functions, CD44 is involved in the migration of activated 

lymphocytes to sites of inflammation where HA is up-regulated (DAY 1999) as well 

initiating angiogenesis (SLEVIN et al. 2007) and tissue repair (HAIDER et al. 2003; 

PARTSCH et al. 1989). Expression of RHAMM on cell surfaces is associated with cell 

locomotion, and has been identified on a wide variety of mobile cells, including 
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migrating fibroblasts (FRASER et al. 1997). ICAM-1 was initially thought to be a 

metabolic receptor for hyaluronan, only affecting its uptake by cells and subsequent 

breakdown in the intracellular space. ICAM-1 is however also involved in cell adhesion 

and is widely distributed on inflammatory cells, in particular macrophages and 

endothelial cells (CHEN and ABATANGELO 1999). 
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2.4 Hyaluronan in wound healing

2.4.1 Inflammatory phase of wound healing

Hyaluronan acts as a promoter of early inflammation (CHEN and ABATANGELO 

1999). Studies using human uterine fibroblasts showed a dose-dependent increase in pro-

inflammatory cytokines in the presence of HA at varying concentrations (KOBAYASHI 

and TERAO 1997). This property of HA has been used to generate an effective immune 

response for the healing of chronic, indolent wounds in humans. Numerous wound care 

products are available, promoting its exogenous application. 

2.4.2 Proliferative phase of wound healing

Granulation tissue matrix is rich in HA. It facilitates fibroblast movement, chemotaxis of 

macrophages and angiogenesis (BRECHT et al. 1986; MATUOKA et al. 1987).  In vitro 

studies applying exogenous HA to cultured human adult and fetal fibroblasts showed that 

in the presence of HA, both adult and fetal fibroblast migration increases in a dose 

dependent manner (BROWN 2004; ADAM and GHOSH 2001; ANDERSON 2001; 

WEINDL et al. 2004).

The angiogenic properties of HA are closely related to molecular weight (ANDERSON 

2001; WEST et al. 1985). High molecular weight HA (>33 x 103 Da) inhibits 

angiogenesis (BROWN 2004; LEES et al. 1995; TRABUCCHI et al. 2002). Through 

their interactions with cell receptors (in particular CD44), degradation products of low 

molecular weight (1-4 x 103 Da) promote angiogenesis (SLEVIN et al. 2007).  This has 
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been directly related to an upregulation of several cytokines including Interleukin-1β (IL-

1β), Tumor Necrosis Factor-α (TNF-α) and Insulin-like Growth Factor-1 (IGF-1) (CHEN 

and ABATANGELO 1999; SLEVIN et al. 2007).

2.4.3 Maturation and remodeling phase of wound healing

HA functions as an integral part of the extracellular matrix of basal keratinocytes and 

plays a role in their proliferation and migration leading to wound coverage. Experimental 

epidermal suppression of CD44 expression has led to defective HA accumulation in the 

superficial dermis and concurrent defective keratinocyte proliferation, the result of which 

is impaired local inflammatory response and impaired tissue healing (KAYA et al. 1997). 

This underscores the importance of HA in epithelialization.

In a model of wounded arterial walls, HA was found to significantly increase matrix 

contraction by both smooth muscle cells and adventitial fibroblasts through a mechanism 

of enhanced collagen reorganization that was dependent on CD44-receptor ligation 

(TRAVIS et al. 2001). These observations are consistent with an important role for HA in 

regulation of wound contraction.

Collagen deposition by fibroblasts is one of the key factors in reconstituting a supporting 

matrix at sites of scar formation but it is the nature of the deposition that determines scar 

quality. While long-chain HA appears to stimulate fibroblast proliferation, it decreases 

the total scar collagen production and leads to a more ordered arrangement of collagen, 

and therefore a superior cosmetic result (PRICE 2007).
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As was already mentioned, experimental studies in laboratory animals have demonstrated 

that topically administered HA scavenges oxygen free radicals. This results in significant 

increases in the tensile strength of healed wounds (DAVIDSON et al. 1991; 

TRABUCCHI et al. 2002).
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2.5 Fetal wound healing

Wound repair in adults is an inflammatory process resulting in a well-developed scar. In 

contrast fetal wound healing takes place with minimal inflammation and is scarless 

(ADOLPH et al. 1993; BULLARD et al. 2003).

It has been demonstrated in laboratory animal studies that fetal tissues heal rapidly 

without scarring and that their extracellular matrix is both composed of higher levels of 

HA and has an increased number of HA receptors when compared to adults (ALAISH et 

al. 1994; BULLARD et al. 2003; IOCONO et al. 1998a; IOCONO et al. 1998b).

Scarless fetal tissue repair has been attributed, at least in part, to the prolonged presence 

of high local concentrations of HA. This HA is primarily produced by the fibroblasts 

present at the site of healing (BULLARD et al. 2003). In adult wounds, HA levels peak 

approximately three days after wounding. In contrast in the fetus HA levels remain 

elevated for 3 weeks (LONGAKER et al. 1991; PRICE 2007).  Correspondingly tissue 

hyaluronidase levels are relatively low when compared to adult skin (BULLARD et al.

2003). Studies have further demonstrated that hyaluronidase-enhanced degradation of HA 

in fetal wounds increases the number of inflammatory cells, fibroblast infiltration, 

angiogenesis, and collagen deposition, resulting in excessive scar formation (MAST et al.

1992).
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Interactions between HA and various growth factors may explain the minimal 

inflammatory response seen in fetal wound healing. Transforming growth factor β-1 

(TGF-β1) has been identified as a “profibrotic” mediator responsible for exuberant 

granulation tissue both in humans and in the horse (BULLARD et al. 2003; THEORET et 

al. 2001). Low concentrations of this growth factor have been identified in human fetal 

tissues (WHITBY and FERGUSON 1991). In vitro reduction of TGF-β1 concentrations 

through neutralization techniques has been demonstrated to reduce scar formation. In 

vivo studies using rat dermis demonstrated an appreciable reduction in TGF-β1 

expression following topical application of esterified HA (HU et al. 2003). These 

findings suggest that HA may suppress TGF-β1 production and minimize scar formation 

(FERGUSON 2005). 

2.6 Hyaluronan derivatization 

Hyaluronan was initially isolated from human umbilical cords. It is currently harvested 

from rooster combs in a highly purified and high molecular weight form 

(BORZACCHIELLO and AMBROSIO 2001; LEPIDI et al. 2006). Lower molecular 

weight HA can also be obtained from strains of bacteria such as Streptococci (PRICE 

2007; PRIETO et al. 2005). In the late 1950s the first medical application of HA for 

humans was reported when HA was used as a vitreous replacement during ocular surgery. 

Since that time application of exogenous HA has experimentally been demonstrated to 

improve wound healing in a variety of injured tissues (VOINCHET et al. 2006).  One 

such study demonstrated that HA accelerated the healing times of full thickness wounds 
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created in the cheeks of hamsters (KING et al. 1991).  Despite the positive influence of 

HA on the wound environment, its practical use has been somewhat hampered by its 

inherent high solubility (PRICE 2007) and short residence time (BORZACCHIELLO and 

AMBROSIO 2001). 

More recently, hyaluronan has been blended with other materials, to produce a group of 

novel biomaterials with desirable physicochemical, mechanical and biocompatible 

properties. These include a blend with polyvinyl alcohol for ophthalmic use and 

combination with carboxymethylcellulose to produce a bioabsorbable film (Sepra-filmR,

Genzyme Biosurgery, Cambridge, MA, USA) for the prevention of postsurgical 

adhesions (Figure 2) (CAMPOCCIA et al. 1998; EGGLESTON et al. 2004) (Fig 2).

                

Figure 2. Carboxymethylcellulose/HA membrane being applied to a site of intestinal 

resection in an attempt to reduce the incidence of adhesion formation.
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In order to prolong the beneficial effects of HA in wound healing, structural modification 

by chemical crosslinking or chemical derivatization (esterification) (ZHAO et al. 2002)

of the natural HA polymer has been performed.

Esterification of HA’s carboxyl groups to varying degrees gives rise to degradable 

biopolymers with distinct physico-chemical and biological properties (CAMPOCCIA et 

al. 1998; CAMPOCCIA et al. 1996; MILELLA et al. 2002). The rate of absorption in 

these HA containing polymeric materials known as “Hyaffs” (HYAFF, Fidia Advanced 

Biotechnology, Padova, Italy) is dependent on the degree of esterification of the 

biomaterial (SANGINARIO et al. 2006). The more recent fabrication of HA into three-

dimensional shapes such as strands coincides with improved HA residence time (HU et 

al. 2003). 

Studies in laboratory animals have evaluated the biocompatibility and biodegradation of 

various concentrations of implanted “Hyaffs” products and found them to be well 

tolerated with only mild inflammatory reactions (BENEDETTI et al. 1993).

A compound glycosaminoglycan (chondroitin sulfate and HA) hydrogel film, produced 

through the esterfication process demonstrated encouraging results when used 

experimentally to treat wounds in laboratory animals. In this study, significant increases 

in re-epithelialization were observed, as well as a more rapid development of 

fibrovascular tissue as compared to non-treated control wounds (KIRKER et al. 2002). 
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2.7 Use of HA derivatives in wound healing

Currently several HA-derived products are available as wound dressings (DAVIDSON et 

al. 1991; GILBERT et al. 2004; KIRKER et al. 2004; KIRKER et al. 2002; LAURENT 

1989; LUO et al. 2000; ZHAO et al. 2002). These products gradually degrade when in 

contact with a wound, slowly liberating HA (Figure 3). This not only encourages the 

development of a highly hydrated environment but also creates high local concentrations 

of HA in the wound environment. 

Figure 3. Hyaluronan fleece (HyalofillTM, Biopolymeric Wound Dressings, Conva Tec; 

Princeton, NJ, USA) demonstrating the native consistency before hydration (left, white) 

and the hydrated product that becomes a viscous gel (right).

A fleece-like Hyaff dressing known as HyalofillTM (Biopolymeric Wound Dressings, 

Conva Tec; Princeton, NJ, USA), has been developed and used as the sole treatment for 

recalcitrant wounds (BALLARD and BAXTER 2001). Recalcitrant wounds are chronic 
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wounds and those that appear to have stagnated in the inflammatory stage of wound 

healing, such as leg ulcers commonly seen in diabetic patients (BALLARD and 

CANTOR 2003). Diabetic patients are unable to mount an adequate inflammatory 

response and are intrinsically less efficient in degrading and remodeling the extracellular 

wound matrix. In addition they show elevated wound levels of damaging free radicals 

(ANDERSON 2001). The exogenous HA and its degradation products appear to be 

effective in initiating the cellular process required to mount and sustain the cellular 

process required to facilitate healing in chronic and recalcitrant wounds (ANDERSON 

2001; BALLARD and CANTOR 2003; PRICE et al. 2005). 

In the horse, distal limb wounds fail to epithelialize for one of two reasons: the 

development of an indolent wound or, more commonly, the formation of a physical 

barrier through the development of exuberant granulation tissue (THEORET 2006). 

2.8 Potential for hyaluronan derivatives in veterinary medicine

2.8.1 Use of hyaluronan as a “dermal filler”

Esterified hylauronan has recently found use in human skin grafting to prepare the 

recipient bed by providing a scaffold. This results in better integration of the graft and the 

surrounding skin (ALAISH et al. 1994; SORANZO et al. 2004).  HA may find similar 

application in equine reconstructive surgery as a dermal filler to support and strengthen 

grafted wounds over tendons, facial planes, and areas of minimal granulation tissue early 

in the healing process. Without formal application of such a “neo-dermis”, keratinocytes 

and split thickness skin grafts may take years to generate sufficient dermal support tissue. 
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Hyaluronan alone or impregnated with cultured fibroblasts could augment the 

development of dermal support tissue (PRICE 2007).

2.8.2 Use of hyaluronan derivatives as a substrate for cell culture

        

With the first successful culture of human keratinocytes in 1975 came the hope that the 

split thickness graft would soon become superfluous. However the fragility of cultured 

keratinocyte sheets resulted in poor acceptance rates and the need for a bilaminar 

approach (WANG et al. 2006), in which the cells are delivered on an alternate substrate. 

Recent developments in tissue-engineering have driven the search for biocompatible, 

absorbable scaffolds for sustained delivery of cultured cells, medication or for assisting in 

wound reconstruction (PRICE 2007). Much of the early work focused on collagen as a 

delivery substrate. However incompatibility graft-host issues have led to a decline in the 

use of collagen as a substrate.  The structure of HA on the other hand which remains 

identical throughout phyla and species as diverse as Pseudomonas slime, Ascaris worms 

and mammals such as the rat, rabbit and human (PRICE 2007) make it an ideal 

alternative. Cultured HA-based dermal scaffolds have been used successfully in the 

reconstruction of extensive soft tissue trauma and burn injuries (CARAVAGGI et al.

2003; COSTAGLIOLA and AGROSI 2005; ESPOSITO et al. 2007).

        

2.8.3 Uses of hyaluronan in other areas of wound healing

Hyaluronan-Hyaff-based grafts have been implanted as a biological scaffold in a number 

of studies evaluating its use in vascular grafting (TURNER et al. 2004). They have been 
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used effectively as arterial grafts to bridge defects in the abdominal aorta in rats. Their 

presence allowed complete regeneration of a newly formed vascular tube in which all the 

cellular and extracellular components were present and organized in a distinct 

architecture similar to the native artery (LEPIDI et al. 2006). 

Studies have also evaluated the use of exogenous HA as a matrix in combination with 

ceramic powders as a temporary bone substitute. Hyaluronan’s hydrophilic nature is of 

particular benefit due to its ability to attract water and initiate the hydrolysis of tricalcium 

phosphate powder. Use of the hyaluronan-tricalcium compound led to  rapid curing of the 

composite, giving a strength similar to that of cancellous bone (SANGINARIO et al.

2006). 

Finally HA derivatives are being used, in human medicine, as drug vehicles in topical 

formulations, such as the delivery formulation of non-steroidal anti-inflammatory drug, 

diclofenac (LIAO et al. 2005; WEINDL et al. 2004).  Sustained elution of antimicrobials 

for local delivery to tissues may be a further use of such products as an alternative to the 

currently employed polymethylmethacrylate antimicrobial impregnated beads (LIAO et 

al. 2005).

It is evident that HA plays an important role in wound healing. Along with its positive 

influence on the surrounding environment, its versatility and compatibility have 

permitted its use in a number of aspects of human wound healing. Through its ability to 

provide a matrix or substrate of variable consistency and physicochemical properties its 
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use in the deposition or delivery of stem cells or antimicrobials may warrant further 

investigation for possible application in veterinary medicine. 

2.9 Aims of the current study

Wounds to the distal limb are commonly encountered in equine practice. The severity of 

the wound and paucity of available soft tissue of the distal limb often preclude primary 

wound closure, relying on healing by second intention.  Under normal circumstances 

wound repair occurs through debridement, protection of the wound by the formation of 

granulation tissue and reduction of the wound size by contraction and epithelialization. 

Unfortunately second intention healing of wounds of the distal limbs of horses is often 

complicated by the development of excessive granulation tissue, leading to prolonged 

convalescence, loss of athletic ability, inferior cosmetics, increased morbidity, and added 

expense and frustration to the horse owner (WALTON and NEAL 1972). Basic criteria 

for wound management have remained constant for many decades. However 

manipulation of every aspect of wound repair has been attempted in the hope of 

improving both rate and quality of healing.

Recent advances evaluating the sequence of events surrounding wounding on a molecular 

level has shown that this is tightly regimented by local cytokines and growth factors 

(THEORET 2006). One such growth factor, transforming growth factor-β (TGF-β) has 

been studied in wounds of the equine lower limb. It is produced in a wide variety of cells 

in the wound environment and has the ability to modulate its own synthesis through its 
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upregulation of monocyte and macrophage production (O'KANE and FERGUSON 

1997). Three subtypes, TGF-β 1, 2 and 3 are recognized in wound healing (the exact 

functions of which are discussed later). While tumor necrosis factor-alpha (TNF-α) is 

important in systemic inflammation, local tissue concentrations also promote 

epithelialization, angiogenesis and extracellular remodeling following injury (THEORET 

2006).

Wounding disrupts the balance between synthesis and degradation of dermal collagen 

which often results in excessive collagen deposition and the formation of keloids and 

hypertrophic scars (ZHANG et al. 1995). When compared to normal skin, in which Type 

I collagen predominates, healing wounds contain relatively higher concentrations of Type 

III  collagen.

The aim of this study was to determine the effects of exogenously applied esterified 

hyaluronan (HA) on the appearance and rate of healing of experimentally created distal 

limb wounds in horses. In addition the effects of HA on the histologic and 

immunohistochemical composition of healing were evaluated.    

The hypothesis was that HA would not negatively impact the rate and quality of wound 

healing in the distal limb of horses. It was also hypothesized that a positive effect on 

wound healing would be mediated by altered TGF- and TNF-α expression, and that the 

presence of HA would result in a decrease in immature collagen deposition.  The specific 

objectives of this study were to:
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1) rule out a negative impact of HA on wound healing

2) evaluate the effect of a topical HA derivative in wound healing with respect to the rate 

of angiogenesis, fibroplasia, contraction and epithelialization,

3) evaluate the effect of topical HA on the magnitude of the local inflammatory response.

4) evaluate the effect of topical HA on local expression of TGF- 1 and 3, TNF-α and 

collagen-III deposition. 
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3 Materials and Methods

3.1. Study animals

The study was performed in the department of large animal medicine, college of 

veterinary medicine, university of Georgia, Athens, Georgia, USA. Six healthy adult 

horses (aged between 3 and 28 years) without evidence of limb wounds or scars were 

included in the study. All experimental procedures and animal care was approved by the 

university animal care and use ethical committee. They were housed in 12 x 12 foot stalls 

and fed timothy hay (2.5% of body weight per day) and free-choice water throughout the 

study.

3.2 Study design

On the day of surgery, tetanus prophylaxis was administered, and an IV jugular catheter 

placed for induction of general anesthesia. The skin over the dorsal aspect of the 

metacarpus of both fore-limbs was clipped and aseptically prepared with chlorhexidine

surgical scrub. Horses were administered phenylbutazone (2.2 mg/kg, IV), then 

anesthetized using xylazine hydrochloride (1.1 mg/kg, IV) and ketamine (2.2 mg/kg, IV) 

and maintained with the combination of IV xylazine, ketamine and guaifenesin (650mg, 

1300mg, and 50g, respectively) in 1L of sterile saline (0.9% NaCl) solution administered 

to effect. In order to avoid repeat traumatization of a single wound, 6 vertically aligned 

standardized 3 x 2-cm full-thickness skin wounds were created on the dorsal aspect of 

each metacarpus using a sterile template.  A total of 12 wounds were made on each horse 
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(6 wounds per leg).  The wounds on each leg were 2-vertical cm apart (Figure 4). The 

excised skin from the lowest wound was kept as the baseline (time 0) sample.

Figure 4. Wound distribution over the dorsal metacarpal region and placement of 

HA fleece.

In random fashion wounds on the left fore limbs of 3 horses and the right fore limbs of 3 

horses were dressed with appropriately sized rectangles of commercially available 

esterified HA fleece (Hyalofill, Biopolymeric Wound Dressings, Conva Tec; Princeton, 

NJ, USA) under a non-adherent dressing (Telfa, Kendall Co, Mansfield, MA, USA).

The wounds on the opposite limb were covered with the non-adherent dressing alone. 

Wound dressings were held in place with conforming gauze roll. All wounds were then 

bandaged with sheet-cotton and elastic adhesive bandage.  Bandages were changed daily 
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for the first 48 hours then every 3 days for the remainder of the study. Horses were 

administered phenylbutazone (2.2 mg/kg) orally at the time of surgery and 1 hour before 

each biopsy was performed.

3.3 Planimetric assessment of wound healing 

At bandage change wounds were gently lavaged with sterile isotonic saline. A metric 

scale was attached to the leg adjacent to the wound, and a photograph of the wound and 

template taken to record wound healing. 

Wounds were photographed at days 0, 1, 2, 5, 14, 21 and 35. From these images the total 

wound area, the area of epithelialization and the area of wound contraction were 

determined using commercially available software (Sigma-Scan; Scientific Measurements 

System, Jandel Scientific, Corte Madera, CA, USA). Figure 6. shows the program being 

used to calculate the areas of a healing wound. 
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Figure 5. Use of the sigma scan program in the determination of wound surface area.

These measurements were used to compare the percentages of total wound healing (area 

of wound healed relative to size of wound on day 0, expressed as a percentage), and the 

components contributed by wound contraction and wound epithelialization.

3.4  Histology

Biopsy samples were taken under standing sedation (detomidine HCl, 20 μg/kg, IV) and 

a proximal line block using 5-ml of 2% lidocaine. One 10 mm diameter, full thickness 

punch biopsy sample was taken from the lateral margin of one wound per time point 

beginning with the most distal wound and working proximally. The biopsy samples were 

stored in neutral-buffered 10% formalin. Samples were obtained at 24 and 48 hours 

(acute inflammatory phase of repair) and at 5, 14, 21 (proliferative phase of repair) and 

35 days (maturation phase). 
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3.5 Tissue morphology

Formalin fixed paraffin embedded samples were prepared and examined by light 

microscopy. Sections were stained with hematoxylin and eosin (H&E). All slides were 

evaluated, at each time point, without knowledge of the treatment protocol for degree of 

inflammation (neutrophils, macrophages and lymphocytes) as determined as an average 

of the numbers seen within an eye-piece graticule at 100x magnification. Angiogenesis 

was assessed by counting the numbers of superficial and deep capillaries seen within the 

field of view at 40x magnification. An average was taken for 5 fields of view for each 

slide. Tissue morphology was scored and duplicates averaged by two examiners without 

knowledge of the treatment protocol for each sample. 

3.6 Immunohistochemistry for TNF-α 

Tissues were fixed in 10% formalin and processed as 6μm paraffin sections. Sections 

were deparaffinized in a commercially available solution (Citrisol, Fisher Scientific, 

Pittsburg, PA, USA).  Endogenous peroxidase was quenched using 3 % hydrogen 

peroxide for 10 minutes at room temperature (RT). After being rinsed with PBS, the 

antigen was exposed by placing the slides in the microwave with the vector antigen-

retrieval unmasking solution (Vector Laboratories, Burlingame, CA, USA).

for 10 minutes. The primary rabbit polyclonal antibody to TNF-α (Abcam, Cambridge, 

USA) was used at 1:5,000 dilution and the slides were incubated in a humid chamber for 

1 hr at RT. The HRP/Feb Polymer ZYMED kit (Invitrogen, Carlsbad, CA, USA) was 
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applied for 30 min incubation in a humid chamber at RT. The ZYMED AEC solution was 

applied and the slides counterstained with hematoxylin for 10 seconds. 

Regions of staining were recorded according to the location in the healing tissue: 

superficial epidermis, basal layer, glandular/follicular region, fibroblasts, inflammatory 

cells or endothelial cells. The relative degree of staining was assigned a grade of 0-3 

(0=no staining, 3=relative saturation).

3.7 In situ hybridization for mRNA of TGF-β 1 and 3 and type III-collagen 

Tissues were fixed in 10 % formalin and processed as 6 μm paraffin sections. After 

deparaffinization in citrosol (Fisher Scientific, Pittsburg, PA, USA), slides were washed 

in 95 % ethanol, 80 % ethanol and finally 70 % ethanol. Following rehydration with 

5mM magnesium chloride in physiologically balanced saline, the slides were incubated in 

proteinase K (Boehringer Mannheim, Indianapolis, IN, USA) in Tris-HCl buffer at a pH 

of 7.5. The enzyme reaction was stopped and the prehybridization solution (5x standard 

sodium citrate, 50 % formamide, 5 % blocking reagent (Roche Applied Science, 

Indianapolis, IN, USA), 0.1 % N-lauroylsarcosine, and 0.02 % sodium dodecyl sulfate) 

applied to the sections. This was then replaced by the hybridization fluid (2ng of probe in 

100µl of prehybridization solution) and the slides were incubated at 42ºC overnight. The 

slides were washed and incubated at 37ºC with anti-digoxigenin AP antibody (Cary, NY, 

USA) 1:300 in 2% normal sheep serum buffer. After washing the slides substrate was 

added. Endogenous AP was quenched and the slides placed in the dark and periodically 

checked for degree of staining (HALPER et al. 2005; HALPER et al. 1999).
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Immunostaining intensity of the samples was evaluated by visual examination, in a 

blinded fashion. The regions of staining were recorded according to the location in the 

healing tissue: superficial epidermis, basal layer, glandular/follicular regions, fibroblasts, 

inflammatory cells or endothelial cells. Slides were assigned a score of 1-3 dependent on 

the relative degree of staining (0 = no staining, 1 = 30% staining, 2 = 60% staining, 3 = 

maximal staining).

3.8  Evaluation of superficial infection

A single sterile swab was randomly taken from the two horses showing surface 

colonization. This was submitted for aerobic and anaerobic culture in order to determine 

the bacteria encountered during the study.

3.9 Statistical analysis

Paired t-tests were performed at each time-point to compare measured area, histological 

and staining parameters between treated and untreated limbs. A repeated measures model 

that recognized multiple observations as belonging to the same horse was used to test for 

differences in measured area, histological and staining parameters between time-points.

The repeated measures model used was a 2-factor repeated measures model which 

included fixed factors for time and treatment and the two-way interaction of time 
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and treatment with horse as a random factor.  Alternatively, time was included as a 

continuous variable which yielded similar results.

An unstructured covariance was used in all repeated measures models.  All hypothesis 

tests were 2-sided and the significance level was α = 0.05.  Multiple comparisons were 

adjusted for using Tukey’s test.  The repeated measures analysis was performed using 

PROC MIXED in SAS.  The paired t-test analysis was performed using PROC 

UNIVARIATE in SAS.  All analyses were performed using SAS V 9.1.  
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4 Results 

4.1 Clinical observations

Signs of lameness were not observed after surgery. Horse 2 displayed mild signs of 

abdominal discomfort 24 hours after surgery and responded favorably to a single dose of 

flunixin meglumine (1.1mg/kg). Adverse reactions were not associated with the use of 

the HA fleece in any of the horses in this study. While the majority of wounds appeared 

completely healed at the termination of the study (day 35), the mild exuberant granulation 

tissue that developed bilaterally in the limbs of horses with evidence of superficial 

infection (horses 3 and 6) protracted healing. 
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4.2 Planimetric assessment of wound healing

The mean percentages of total wound healing, wound contraction and epithelialization 

did not significantly differ between the treatment groups (Fig. 7-9). Raw data is 

summarized in the appendix (Tables 1a-c).

Figure 7. Mean percentages of total wound surface area over the 35 day study period.

The initial wound “expansion” observed during the first 2 weeks after wounding in 

control horses was significantly diminished in treated horses (p<0.05) (Day 2: control 

horses; mean increase in wound area by 9.8 ± 14.5%, treated horses, decrease in wound 

area by 4.3 ± 4.8%) (Figure 8). This, however, had no effect on the overall rate or quality 

of wound healing.
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Figure 8. Mean percentage wound contraction over the 35 day study period. The asterisk 

shows that initial wound “expansion” observed (during the first 2 weeks after wounding) 

in control horses was significantly higher than in treated horses (p<0.5). The difference 

visible, in one horse, on day 2 can be seen in figure 10. 

Figure 9. Mean percentage wound epithelialization over the 35 day study period.
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(a) Control (b) Treated

Figure 10. Photographs of wounds from horse 4 taken on day 2. Note the larger size of 

the wound in the control horse when compared to the treated wound.
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4.3 Tissue Morphology

Polymorphonuclear (PMN) cells were present within 24 hours of wounding and increased 

over the first 5 days of healing and gradually declined over the latter period of sampling. 

At day 35, a late peak in neutrophil numbers was observed in both the treated and control 

wounds. There was no statistical difference in the numbers of neutrophils counted or their 

profile over time between treated and the control wounds (Figure 11).
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Figure 11. Numbers of neutrophils present in healing tissue over 35 days
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In both control and treated wounds, mononuclear cell numbers began to increase at day 5 

following wounding and then continued to increase over the entire course of the study. In 

those horses with surface colonization infection (horses 3 and 6) the levels of 

mononuclear cells were significantly increased. At day 35 the mean number of 

macrophages counted in treated wounds was significantly higher than in control wounds 

(control horses; 4.6 ± 2.2, treated horses 12.6 ± 8.2, p<0.5) (Figure 12). 

Figure 12. Mean number of macrophages in the healing granulation tissue. The asterisk 

shows that at day 35 the number of macrophages counted in treated wounds was 

significantly higher than in control wounds (p<0.5)
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In both control and treated wounds, lymphocyte numbers increased mildly from day 5 

after wounding and then maintained increased levels for the remainder of the study. 

There was no statistically significant difference in the number of lymphocytes seen in the 

treated horses when compared to the controls. These results are summarized in the 

appendix (Table 2).

Lymphocyte numbers

0

2

4

6

8

10

12

0 1 2 5 14 21 35

Time from wounding (Days)

N
u

m
b

e
r 

o
f 

ly
m

p
h

o
c
y
te

s

control

treated

Figure 13. Numbers of lymphocytes present in healing tissue over 35 days
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Fibroblast numbers increased from day 5 following wounding and continued to increase 

over the duration of the study period. There was no significant difference in the numbers 

of fibroblasts observed between control and treated wounds. 
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Figure 14. Numbers of fibroblasts present in healing tissue over 35 days
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In both groups, an increase in superficial and deep capillary angiogenesis was observed 

starting on day 5 after wounding and continuing until day 14. There was no significant 

difference in the numbers of newly formed capillaries between control and treated 

wounds (Figures 15 and 16). 
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Figure 15. Number of superficial capillaries present in healing tissue over 35 days

Deep Capillary Formation
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Figure 16. Number of deep capillaries present in healing tissue over 35 days

All raw data on tissue morphology is summarized in tables 2 and 3 of the appendix.
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4.4 Immunohistochemistry for TNF-α

Stain was evident in the inflammatory cells, fibroblasts and endothelial cells. There were 

no significant differences in the relative immunostaining intensity for TNF- in any of 

these cell types between control and treated wounds (Figures 17-19). These results are 

summarized in the appendix (Table 4). 
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Figure 17.

Fibroblast staining for TNF-alpha
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Figure. 18.

Endothelial cell staining for TNF-alpha
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Figure 19.
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4.5 In-situ hybridization for mRNA of TGF-β1 and 3 and type III- collagen

Type-III Collagen expression was only evident in fibroblasts. Although not statistically 

significant, relative staining for Type-III Collagen in treated wounds was less than that of 

control wounds at each of the time points (Figure 20 and 21a and b). 
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Figure 20. Relative staining for Type-III collagen over the 35 day study period.



40

       

Fig. 21a  Control               Fig 21b Treated

Figure 21. In situ hybridization for type-III collagen at day 21. a) Control and b) Treated 

limb of horse 5. Note the relative lack of staining for type-III collagen in the treated limb. 

Note the increased uptake of stain seen in the fibroblasts of the control tissue (arrow).
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 Transforming Growth Factor-β1 staining was most evident in fibroblasts in the 

epidermis, but was also detected in the inflammatory and endothelial cells.  No statistical 

difference was observed in TGF-β1 expression between control and treated wounds 

(Figures 22-25). 
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Figure 22.

Basal cell staining for TGF-beta 1
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Figure 23.

Fibroblast/ECM staining for TGF-beta1
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Figure 24.
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Transforming Growth Factor-β3 staining was observed in the superficial and basal layers 

of the epidermis In addition it was observed in the fibroblasts and their associated 

extracellular matrix. No statistical difference, however, was observed in TGF-β3 

expression between control and treated wounds (Figures 25-27).

Superficial epidermal staining for TGF-beta 3
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Figure 25.

Staining of basilar epidermis for TGF-beta 3
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Figure 26.

Fibroblast /ECM staining for TGF-beta 3
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Figure 27.

The raw data for in situ hybridization is summarized in Tables 5-7 of the appendix.
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4.6 Microbacterial Culturing 

Two horses (3 and 6) showed evidence of surface colonization, apparent as discharge 

overlying all wounds. Microbacterial culturing yielded growth of Klebsiella spp., 

Escherichia coli, Proteus vulgaris, Enterococcus sp. and a coagulase negative 

Staphylococcus sp.. 

No differences were noted in the incidence of surface colonization between control and 

treated wounds.  
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5 Discussion and Conclusion

Treatment of distal limb wounds in horses represents a challenging and often frustrating 

endeavour for the veterinarian. Progression of healing is delayed due to the paucity of 

soft tissue, surface skin tension, and continued movement resulting in negligible wound 

contraction as well as slow rates of epithelialisation (WALTON and NEAL 1972). The 

presence of granulation tissue while vital to normal second intention healing, quickly 

becomes exuberant and most commonly impedes distal limb wound healing. 

Management of distal limb wounds that cannot be closed primarily varies among 

individual clinicians. It usually involves use of a topical wound treatment, a dressing and 

some form of protective bandaging.

Bandaging of the lower limb aims to improve cosmetic outcome and rate of healing. It 

provides hemostasis, reduces wound edema creates an environment that is conducive to 

fibroplasia and epithelialization. Wounds bandaged for a prolonged period of time will 

however tend to produce exuberant granulation tissue (BERRY and SULLINS 2003; 

THEORET et al. 2002b; YVORCHUK-ST JEAN et al. 1995). Bandaging of the limbs 

over the 35 day period, in this study, likely contributed, at least in part, to the mild 

excessive granulation tissue formation noted in 4 of the 6 horses. Subjectively there 

appeared to be no difference in the degree of exuberant granulation tissue seen on treated 

limbs as compared to control limbs. 
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After an initial period of debridement, wounds are generally covered by a non-adherent 

dressing to prevent disruption of the wound surface during bandage changes. A host of 

dressings are available. Studies have shown that non-occlusive, non-adherent dressings 

are preferred over semi or fully occlusive dressings which result excess production of 

granulation tissue and prolonged healing times (HOWARD et al. 1993). More recently 

attempts have been made to favorably influence the wound environment through topical 

application of biologic dressings. These have included split thickness allogenic skin or 

peritoneum, xenogenic porcine small intestinal submucosa and porous bovine collagen 

matrix. Results using these dressings have been uniformly disappointing and are 

somewhat limited in their practical application (GOMEZ et al. 2004; YVORCHUK-ST 

JEAN et al. 1995).

Topical wound care products have been developed to alter the wound environment with 

the goal of decreasing the bacterial burden, decreasing the rate of granulation tissue 

formation and promoting epithelialization. Hydrogels are one of many topical products 

designed to create an environment that is unfavorable for bacteria and fungi while 

simultaneously increasing local moisture content and collagenase levels, facilitating 

autolytic debridement and healing. A controlled study in horses evaluating the efficacy of 

a hydrogel gel formulation did not demonstrate an appreciable improvement in distal 

limb wound healing (DART et al. 2002). While no immediate benefit was noted in the 

healing of experimentally created wounds in one study (BERRY and SULLINS 2003), 

other clinicians anecdotally report favorable clinical results with the use of topical 

antimicrobial ointments.
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Wound repair in adult human beings is an inflammatory process and leads to well-

developed scar tissue formation. In contrast fetal wound healing occurs with minimal 

inflammation and scarring.  Elevated circulating HA concentrations in the fetal wound 

environment have been implicated in the superior healing that occurs in-utero and has 

lead to interest into the effect of exogenous HA application on clinical wound healing 

(BULLARD et al. 2003; IOCONO et al. 1998a; IOCONO et al. 1998b).

Despite the role of HA in the wound environment its use has been somewhat hampered 

by its inherent high solubility and short residual activity time (HU et al. 2003). In order to 

prolong the beneficial effects of HA in a wound environment chemical modification by  

derivatization or crosslinking has been performed on the native HA compound. 

Early laboratory animal studies have evaluated the biocompatibility and biodegradation 

of various concentrations of the commercially available HA derivative implants which 

demonstrate acceptable biocompatibility with only mild inflammatory reactions when 

compared to controls (BENEDETTI et al. 1993).

Hyaluronan and its derivatives have been used extensively in wound care. Currently 

several hyaluronan-derived products are available as wound dressings (DAVIDSON et 

al. 1991). These include the esterified biopolymeric products known as Hyaffs and 

glycosaminoglycan hydrogels created by various means of cross-linking (GILBERT et al.

2004; KIRKER et al. 2004; KIRKER et al. 2002; LAURENT 1989; LUO et al. 2000; 

ZHAO et al. 2002). The commercially available Hyaff fleece, called Hyalofill, used in 

this study has been used both experimentally and clinically in human wound healing.
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In the present study, treatment of equine distal limb wounds with an HA derivative 

significantly minimized initial wound expansion over the first 14 days of the study (see 

figures 9 and 10). Wound surface area expands because of centrifugal tension forces 

retracting the skin edges and wound bed swelling (BERTONE et al. 1985). The improved 

ability of the treated wounds to resist wound expansion may solely be a reflection of the 

physicochemical properties of the HA derivative. In the early period of wound healing, 

the HA derivative may act as a scaffold to counteract tensile forces. Although initial 

wound expansion was retarded, the overall rate of healing associated with the use of the 

HA-derivative was not statistically different from non-treated wounds.

Hyaluronan derivatives have found most application in humans with recalcitrant wounds. 

These include chronic wounds, such as those seen in diabetic patients and burn victims. 

Diabetics are inherently less efficient in degrading and remodeling the extracellular 

matrix, and are unable to mount an adequate inflammatory response (ANDERSON 2001; 

BALLARD and CANTOR 2003). This is in stark contrast to the equine patient, in which 

the inflammatory response, in particular of the distal limb must be maintained in check in 

order for healing to progress without excessive fibroplasia. This may explain, at least in 

part, the difference in reported effects of the HA-derivative in wound healing in people 

when compared to horses. As in previous studies, our inability to compare large wounds 

as they are created in the field (i.e., under non-sterile conditions) may also be partly 

responsible for negating possible positive effects of  HA in a clinical setting (BERRY and 

SULLINS 2003; GOMEZ et al. 2004).  
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Application of exogenous HA to rat dermal wounds demonstrated a reduction in 

fibroblast proliferation and inflammatory cell infiltration compared to untreated wounds 

(HU et al. 2003). Although not statistically significant, a trend towards decreased 

numbers of fibroblasts was evident in the latter stages of wound healing in this study. It 

has been speculated that the successful use of HA in chronic wounds may be attributable 

to the ability of HA to evoke an acute inflammatory response (KOBAYASHI and 

TERAO 1997). Although not statistically significant, wound neutrophil numbers 

increased starting 24 hours after wounding and remaining elevated throughout the study. 

A significant increase in the number of macrophages was observed in the present study, 

starting 5 days after wounding and remaining increased throughout the study. 

HA has been reported to play a role in angiogenesis with the effect dependent on the 

molecular weight of the product (ANDERSON 2001; WEST et al. 1985). Low molecular 

weight HA (1-4 x 103Da) induces angiogenesis (SLEVIN et al. 2007), with high 

molecular weight HA inhibiting angiogenesis (BROWN 2004; LEES et al. 1995; 

TRABUCCHI et al. 2002). Hyalofill, the product used in this study, is of intermediate 

molecular weight, approximately 2 x 105Da., which may explain the lack of difference in 

angiogenesis between treated and non-treated wounds.

TGF-β1 is present early in the wounding event (THEORET et al. 2001). It is responsible 

for chemoattraction, proliferation of fibroblasts and deposition of extracellular matrix. 

Excessive TGF-β1 expression results in excessive proliferation and exuberant granulation 

tissue formation. TGF-β3 is expressed later in wound healing and appears to limit fibrosis 
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(THEORET et al. 2002b). It has the ability to potentiate its own release. This positive 

feed-back loop between growth factor receptor and growth factor concentrations may go 

some way in explaining how the healing process might go awry and result in exuberant 

granulation tissue formation. This theory has been supported by additional recent 

research (DE MARTIN and THEORET 2004). Studies investigating topical application 

of transforming growth factors in the horse have not resulted in statistically significant 

changes in wound healing (STEEL 1999). Both TGF-β1 and TGF-β3 (OHNEMUSL 

1999) have been used without an appreciable difference to controls. Reports of the 

influence of exogenous HA on tissue concentrations of TGF-β1 and TGF-β3 remain 

somewhat controversial (BROWN 2004, HU et al. 2003). Subjective evaluation of the 

staining for TGF-β1 and TGF-β3 following exogenous application of the HA-derivative 

demonstrated no significant difference between treated and non-treated wounds at any 

time point in this study. The location of TGF-β1 staining noted within the mononuclear 

cell infiltrate is, however, consistent with the findings of a previous study. The authors 

noted that TGF-β1 staining in excessive granulation tissue was primarily confined to 

macrophages and fibroblasts (THEORET et al. 2002a).

Immunohistochemistry performed on biopsies taken for this study detected the expression 

of TNF-α in endothelial cells, fibroblasts and inflammatory cells. No significant 

difference was however noted between treated and control horses. While the mediators 

evaluated for this study were chosen because of their proven significance in wound 

healing, other mediators and their receptors are likely to play a role. For example a recent 
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study has discovered an altered expression of laminin recepters within exuberant 

granulation tissue harvested from horses (MIRAGLIOTTA et al. 2009).  

Although not statistically significant, relative staining for Type-III Collagen in treated 

wounds was consistently less than that of control wounds. A study in laboratory animals 

demonstrated that continuous application of HA appeared to mimic the fetal dermal 

connective tissue matrix in which repair proceeds with diminished collagen deposition, 

organized in finer collagen fiber bundles within the granulation tissue. A second group of 

animals underwent the removal of HA by the chronic administration of hyaluronidase 

resulting in an increase in the amount of granulation tissue. The authors concluded that 

elevated levels of HA in granulation tissue appears to modulate the ability of resident 

fibroblasts to organize collagen fiber bundles (IOCONO et al. 1998b; PRICE 2007) . The 

consistently lower level of Type-III Collagen, in HA-derivative treated wounds, over the 

duration of the study supports this contention. 

The bacteria grown from the swabs obtained in the case of surface colonization are those 

commonly reported in the horse (BRUMBAUGH 2005). Due to the contaminated 

environment in which horses are kept this is often a mixed population. It is unlikely that 

the bacteria present in the wound environment influenced the effect of the HA derivative. 

The role that surface colonization plays in altering the wound environment and therefore 

the events occurring at every level is difficult to quantify and take into consideration. The 

fact that horses 3 and 6 showed evidence of surface colonization was not considered in 

the evaluation of data. Subjectively and macroscopically colonization seemed to promote 
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fibroplasia and delay healing when compared to the other wounds. A lack of anaerobic 

bacteria on culture provides evidence that the HA fleece did not create an environment 

deprived of oxygen (i.e. an “occlusive environment”) (MARSHALL et al. 1990). 

It should be mentioned that in vivo studies evaluating wound healing in horses is 

invariably laden with confounding factors. As previously reported, in order to rule out 

repeated modification of one wound environment, it is necessary to create multiple 

wounds on a single limb (THEORET et al. 2002a; THEORET et al. 2001, 2002b). This 

in turn leads to the possibility of interaction between wounds and observed independent 

variables. 

Horses in this study were of various ages. Although all horses were clinically healthy the 

large variation in age within the study group is a possible confounding factor. Studies 

assessing rate of healing in humans and animals of different ages have shown significant 

differences dependent on age (YAO et al. 2001). A more uniformly aged population of 

horses would have provided more reliable data.

As has been cited on a number of occasions, HA’s physicochemical properties are 

dependent on the length of the oligosaccharide present (LIAO et al. 2005). While the 

HA-derivative used is produced at a predetermined molecular weight, no evaluation of 

the degradation of this product, including the length of oligosaccharides and their 

persistence in the experimental wounds was undertaken. Previous studies have confirmed 
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the presence of HA in the wound environment over several weeks, with microscopic 

evidence of HA fibers remaining in the wound until the latter stages of wound healing. 

This study shows that topical use of an HA-derivative on distal limb wounds in horses 

minimizes wound expansion in the early healing process and modulates collagen 

deposition and scar formation in the latter stage of repair. Although these HA-derivatives 

do not appear to enhance the overall rate of wound healing, they may be of use in various 

other capacities related to the treatment of wounds, such as acting as a scaffold for skin or 

vascular grafting, as well as local and sustained application of antimicrobials or anti-

inflammatory medications (CARAVAGGI et al. 2003; COSTAGLIOLA and AGROSI 

2005; ESPOSITO et al. 2007; LIAO et al. 2005; SANGINARIO et al. 2006; TURNER et 

al. 2004; WEINDL et al. 2004).

While the clinical use of exogenously applied HA-derivatives causes predictable changes 

in the local wound environment, the specific value of its clinical application to the equine 

lower limb, as it relates to wound healing remains unclear.
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6 Summary

Stefan Witte

Hyaluronan and its Application in Equine Lower Limb Wound Healing

The objective of this study was to evaluate the safety of using topical HA on equine 

lower limb wounds. The effect of the HA derivative was evaluated with regard to rate of 

epithelialization, fibroplasia, angiogenesis and contraction; magnitude of the local 

inflammatory response; local expression of transforming growth factor-beta 1 and 3 

(TGF-β 1 and 3), tumor necrosis factor-α (TNF-α), and collagen type-III deposition.

In 6 healthy adult horses, six full-thickness skin wounds were created on the dorsal aspect 

of both metacarpi using a sterile template. Sites were sampled at 0, 1, 2, 5, 14, 21 and 35 

days following wounding.

Wounds on one limb were dressed with commercially available esterified HA fleece 

under a non-adherent dressing. The opposite limb was covered with the non-adherent 

dressing (control) alone. Images of the most proximal wounds were used to determine the 

area of total healing and the relative contributions of epithelialization and contraction to 

healing. At each sample time, a control and treatment biopsy were taken for histological 

evaluation and special stains.

All samples were evaluated for degree of inflammation, fibroplasia and angiogenesis; in 

situ hybridization for type III collagen, TGFβ1 and 3; and immunohistochemistry for 

TNF-α.
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Mean percentages of total wound healing, epithelialization and wound contraction were 

not significantly different between control and treatment groups. In treated horses, initial 

wound expansion was significantly decreased during the first 2 weeks.

Mononuclear cell numbers increased in both the control and the treated limbs over the 

entire course of the study. However at day 35 the macrophage numbers counted in the 

treated horses were significantly increased as compared to the control limbs (p< 0.05). 

Although not statistically significant, relative staining for type III collagen in the treated 

wounds was less than that of control wounds. 

The results of the present study show that the exogenous HA-derivative can be safely 

applied to the wounds of the equine lower limb. They do not support a beneficial role for 

the derivative on the healing of distal limb wounds. The study design has numerous 

shortcomings which are discussed. 
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7 Zusammenfassung

Stefan Witte

Hyaluronan and its Application in Equine Lower Limb Wound Healing

Ziel dieser Arbeit war es, die Verträglichkeit und Wirkungsweise von topisch 

aufgetragenem Hyaluronan (HA) bei der Wundheilung zu bestimmen. Es wurden 

Wundepithelisierung, Granulation, Angiogenese und Wundkontraktion untersucht. 

Außerdem wurden das Ausmaß der Entzündungsreaktion und die lokale Expression von 

Transforming Growth Factor-beta 1 und 3 (TGF-β 1 und 3), Tumor Necrosis Factor-

alpha (TNF-α), und Kollagen Typ-III Produktion gemessen.

Bei 6 gesunden Pferden wurden mit einer sterilen Vorlage vollständige Hautwunden auf 

der dorsalen Röhrbeinfläche beider Vorderbeine erzeugt. Proben wurden an den Tagen 0, 

1, 2, 5, 14, 21 und 35 nach Setzen der Wunden entnommen. 

Wunden an einem Bein wurden mit einer kommerziell erhältlichen HA Wundauflage 

versehen (Treated). Das andere Bein wurde nur durch einen nicht-haftenden Verband 

bedeckt (Control).

Bilder der oberen Wunden wurden benutzt, um die Gesamtwundfläche zu bestimmen 

sowie das Ausmaß von Epithelisierung und Wundkontraktion. Bei jeder Probenentnahme 

wurden zugleich Biopsien für die histologische Auswertung sowie für die Spezialfärbung

entnommen.
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Alle Proben wurden auf Grad der Inflammation, Granulation und Angiogenese 

untersucht. In-situ-Hybridisierung wurde eingesetzt, um das Vorhandensein von Typ III 

Kollagen, TGF-β 1 und 3 nachzuweisen. TNF-α wurde immunhistochemisch dargestellt.

Zwischen der behandelten Gruppe und der Kontroll-Gruppe ergaben sich keine 

signifikanten Unterschiede für Wundheilung, Epithelisierung and Wundkontraktion. Bei

den behandelten Pferden war die zuerst zu beobachtende Wundvergrößerung während der 

ersten 2 Wochen signifikant vermindert.  

Die Anzahl der Makrophagen im heilenden Gewebe steigerten sich in beiden Gruppen 

über die gesamte Probenentnahmezeit. An Tag 35 war die Anzahl der Makrophagen in 

der behandelten Gruppe im Vergleich zu der Kontrolle signifikant erhöht (p < 0,05).

Obwohl es keinen statistisch signifikanten Unterschied gab, zeigte die behandelten 

Gruppe relative weniger Anfärbung für Typ-III Kollagen, im Vergleich zu 

Kontrollwunden.

Die Ergebnisse der Studie belegen eine gute lokale Verträglichkeit von topisch 

appliziertem HA. Anderseits gibt es keine statistisch abzusichernden Hinweise darauf, 

dass eine alleinige Behandlung mit HA bei Wunden der distalen Gliedmaßen von Pferden 

eine Beschleunigung der Heilung herbeiführt. 
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9 Appendix
9.1 Raw data

Table 1.  Percentages of a. total wound healing (area of wound healed relative to size of 
wound on day 0, expressed as a percentage), and the components contributed by b.
wound contraction and c. wound epithelialization.
a.
Treated
Horse number 1 2 3 4 5 6 Mean Std. dev.
Time from Wounding 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Day 1 1.00 31.27 3.49 8.30 -2.21 -24.52 2.89 7.34
Day 2 -0.42 14.02 -8.26 15.54 14.13 -9.52 4.25 4.79
Day 5 8.51 24.87 -25.46 26.58 14.30 -30.82 3.00 10.24
Day 14 48.85 66.87 -8.42 67.19 33.95 -10.66 32.96 14.36
Day 21 91.39 93.20 25.51 94.66 51.82 26.83 63.90 13.61
Day 35 96.13 90.84 55.27 94.37 78.94 47.77 77.22 8.54

Control
Horse number 1 2 3 4 5 6 Mean Std. dev.
Time from wounding 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Day 1 -32.47 14.35 -9.50 9.84 9.92 -17.41 -4.21 7.62
Day 2 -75.48 22.50 -9.53 11.07 19.60 -14.25 -7.68 14.89
Day 5 -10.67 32.81 -18.50 38.58 24.67 -25.76 6.86 11.56
Day 14 49.39 69.64 -20.50 50.15 49.79 8.70 34.53 13.69
Day 21 78.95 84.37 35.68 89.57 79.38 17.40 64.22 12.25
Day 35 96.16 100.00 57.29 100.00 96.87 47.45 82.96 9.78

b.
Treated
Horse number 1 2 3 4 5 6 Mean Std. dev.
Time from wounding 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Day 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Day 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Day 5 0.00 14.09 0.00 18.09 0.00 0.00 5.36 3.43
Day 14 20.89 12.94 0.00 22.99 0.00 0.00 9.47 4.45
Day 21 40.94 34.30 0.00 25.95 0.00 0.00 16.86 7.79
Day35 31.92 24.24 10.91 20.66 12.90 0.00 16.77 4.59

Control
Horse number 1.00 2.00 3.00 4.00 5.00 6.00 Mean Std. dev.
Time from wounding 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Day 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Day 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Day 5 20.07 0.00 0.00 10.87 0.00 0.00 5.16 3.47
Day 14 42.40 30.90 0.00 22.25 0.00 0.00 15.93 7.59
Day 21 33.36 18.74 26.72 27.33 12.41 0.00 19.76 4.95
Day 35 55.03 25.87 25.20 31.92 12.91 0.00 25.15 7.57
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c.
Treated
Horse number 1.00 2.00 3.00 4.00 5.00 6.00 Mean Std. dev.
Time from wounding 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Day 1 1.00 31.27 3.49 8.30 -2.21 -24.52 2.89 7.34
Day 2 -0.42 14.02 -8.26 15.54 14.13 -9.52 4.25 4.79
Day 5 8.51 10.78 -25.46 8.49 14.30 -30.82 -2.37 8.22
Day 14 27.96 53.93 -8.42 44.20 33.95 -10.66 23.50 11.06
Day 21 50.45 58.90 25.51 68.71 51.82 26.83 47.04 7.11
Day 35 64.22 66.60 44.37 73.70 66.04 47.77 60.45 4.76

Control
Horse number 1.00 2.00 3.00 4.00 5.00 6.00 Mean Std. dev.
Time from wounding 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Day 1 -32.47 14.35 -9.50 9.84 9.92 -17.41 -4.21 7.62
Day 2 -75.48 22.50 -9.53 -1.34 19.60 -14.25 -9.75 14.51
Day 5 -30.73 32.81 -36.59 27.72 24.67 -25.76 -1.31 13.40
Day 14 6.98 38.74 -31.48 27.90 49.79 8.70 16.77 11.81
Day 21 45.59 65.63 8.96 62.23 66.97 17.40 44.46 10.43
Day 35 41.13 74.13 32.09 68.08 83.96 47.45 57.81 8.37

Table 2.
Mean number of inflammatory cells (neutrophils, macrophages and lymphocytes) and 
fibroblasts present in granulation tissue as seen within an eye-piece graticule at 100x 
magnification. The value at each of the time points represents a mean of 5 counts.

Treated
Neutrophils Lymphocytes Macrophages FibroblastsTime 

following 
wounding

Mean Std. dev. Mean Std. dev. Mean Std. dev. Mean Std. dev.

0 0.0 0.0 0.1 0.3 0.4 0.8 12.1 5.7
1 39.4 20.4 1.6 1.4 1.6 1.6 25.5 15.7
2 55.9 25.0 1.8 2.8 1.4 1.2 24.4 12.4
5 66.4 44.1 4.7 5.0 1.8 1.5 23.7 17.8
14 65.5 40.0 1.5 1.1 4.5 2.2 40.4 31.5
21 40.2 22.9 1.6 1.7 6.2 7.7 35.8 17.2
35 45.1 12.9 1.3 1.5 12.6 8.2 39.9 29.2

Control
Neutrophils Lymphocytes Macrophages FibroblastTime 

following 
wounding

Mean Std. dev. Mean Std. dev. Mean Std. dev. Mean Std. dev.

0 0.2 0.4 0.1 0.2 0.3 0.6 13.0 11.5
1 50.2 48.2 1.5 1.9 1.2 1.0 24.9 18.0
2 36.4 6.6 0.9 1.1 1.4 0.6 34.2 20.5
5 72.8 24.8 2.2 1.8 2.6 2.7 23.4 14.9
14 52.8 23.8 1.1 0.9 3.9 1.8 42.6 25.9
21 18.9 22.1 0.7 1.0 2.4 2.0 47.3 23.7
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35 36.9 36.4 0.8 0.7 4.6 2.2 45.8 24.3

Table 3. 

Angiogenesis as assessed by counting the numbers of a. superficial and b. deep 
capillaries seen within the field of view at 40x magnification. The mean count for 5 fields 
of view was taken for each slide. Duplicates were averaged by two examiners without 
knowledge of the treatment protocol for each sample.

a.
Treated
Horse number
Day following wounding

1 2 3 4 5 6 Mean Std. dev.

5 4.1 0.2 5.1 0.7 26.4 7 7.3 9.7
14 71.2 43.4 8.8 54.1 57.5 34 44.8 21.7
21 49.8 38.3 43.3 9.7 45.5 14 33.4 17.2
35 40 44.6 56.1 46 57.6 41.6 47.7 7.5

Control
Horse number
Day following wounding

1 2 3 4 5 6 Mean Std. dev.

5 2.2 1.6 5.9 3.6 33 10 9.4 12.0
14 20 10.2 66 27.4 58.6 22 34.0 22.7
21 21.5 8.2 48.6 30.1 28.2 61.8 33.1 19.2
35 44.8 66.8 30.3 35 49.4 11 39.6 18.9

b.
Treated
Horse number
Day following wounding

1 2 3 4 5 6 Mean Std. dev.

5 0 0 9.4 1.8 0 24 5.87 9.60
14 7.2 7.2 8.7 12 56 14.4 17.58 19.04
21 17.2 5.9 6.4 8.5 20.4 24.7 13.85 7.99
35 6 22.8 4.8 9.2 50.4 37.2 21.73 18.73

Control
Horse number
Day following wounding

1 2 3 4 5 6 Mean Std. dev.

5 0 0 6 3.6 40 16.7 13.3 15.5
14 5.5 7.7 23.7 11.7 10.4 25 15.7 8.3
21 8.9 11.4 10.8 11.8 12 24 14.0 5.4
35 5 7.4 10.4 8.1 34 9.2 13.8 10.8
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Table 4. Relative staining for TNF-α. Regions of staining were recorded according to the 
location in the healing tissue: superficial epidermis, basal layer, glandular/follicular 
region, fibroblasts, inflammatory cells or endothelial cells. Relative degree of staining 
was assigned a grade of 0-3 (0=no staining, 3=relative saturation).

Treated
Location of and relative staining Fibroblasts Endothelial Inflammatory cells
Time from wounding Mean Std. dev. Mean Std. dev. Mean Std. dev.
0 0.00 0.00 0.25 0.27 0.00 0.00
5 0.25 0.27 0.33 0.41 0.58 0.38
14 0.33 0.41 0.50 0.45 0.58 0.58
21 0.92 0.66 0.67 0.61 0.67 0.41
35 0.67 0.75 0.33 0.41 0.92 0.66

Control
Location of and relative staining Fibroblasts Endothelial Inflammatory cells
Time from wounding Mean Std. dev. Mean Std. dev. Mean Std. dev.
0 0.00 0.00 0.08 0.20 0.00 0.00
5 0.17 0.26 0.58 0.49 0.67 0.52
14 0.58 0.38 0.25 0.27 0.50 0.32
21 0.83 0.68 0.75 0.69 0.58 0.49
35 0.67 0.75 0.33 0.41 0.58 0.38

Table 5. Relative staining for TGF-β-I

Treated
Relative 
staining 
and 
location

Superficial epidermis Basal epidermis Fibroblasts

Days from 
wounding

Mean Std. dev. Mean Std. dev. Mean Std. dev.

1 1.60 1.52 2.00 1.41 1.20 1.10
5 0.00 0.00 0.00 0.00 0.30 0.45
14 0.60 0.89 0.75 0.96 0.80 0.84
21 0.60 1.34 0.50 1.00 0.60 0.65
35 0.40 0.89 0.00 0.00 0.30 0.45

Control
Relative 
staining 
and 
location

Superficial epidermis Basal epidermis Fibroblasts

Days from 
wounding

Mean Std. dev. Mean Std. dev. Mean Std. dev.

1 0.50 0.50 0.50 0.58 0.10 0.22
5 0.20 0.45 0.25 0.50 0.20 0.27
14 0.40 0.55 0.25 0.50 0.50 0.50
21 0.40 0.55 0.50 0.58 0.90 0.74
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35 0.20 0.45 0.50 0.58 0.40 0.42

Table 6. Relative staining for TGF-β-III

Treated
Top epidermis Basal epidermis FibroblastTime from 

wounding Mean Std. dev. Mean Std. dev. Mean Std. dev.

0 0.3 0.5 0.3 0.5 0.6 0.7

5 1.0 1.5 1.0 1.5 1.1 1.4

14 0.8 0.3 0.7 0.5 0.7 0.5

21 0.5 0.5 0.5 0.5 0.5 0.5

35 0.7 0.5 0.7 0.5 0.7 0.5

Control
Top epidermis Basal epidermis FibroblastTime from 

wounding Mean Std. dev. Mean Std. dev. Mean Std. dev.

0 0.0 0.0 0.0 0.0 0.2 0.4

5 1.0 1.5 1.0 1.5 1.0 1.3

14 0.8 0.4 0.8 0.4 0.6 0.5

21 0.8 0.8 0.7 0.5 1.0 0.9

35 0.7 0.5 0.7 0.5 0.7 0.5

Table 7. Relative staining for collagen type-III

Treated
Relative staining
Time from wounding

Mean Std. dev.

0 0.00 0.00
5 0.96 1.10
14 0.82 2.17
21 0.85 1.88
35 0.94 1.50

Control
Relative staining
Time from wounding

Mean Std. dev.

0 0.00 0.00
5 1.30 1.04
14 2.42 0.58
21 2.33 0.98
35 1.67 0.82
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S. Witte, A. Olaifa, A. Lewis, R. Eggleston, J. Halper, M. Kietzmann, W. Baeumer, P. 

Mueller (2009)

Application of exogenous esterified hyaluronan to equine distal limb wounds.

Journal of Equine Veterinary Science (accepted)

S. Witte, A. Olaifa, R. Eggleston, P. Mueller (2009)

Hylauronan and its Role in Wound Healing

Compendium of Continuing Education for the Veterinary Practitioner (Equine Edition) 

(submitted)
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