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Abstract: Pigs are important translational research models for wound healing due to their
skin, which is similar to human skin in terms of anatomy and physiology. Porcine wound
models have been developed and used for years to study wound healing and evaluate
various therapeutic agents. However, the study of porcine wound healing is multilayered
as it involves not just the complex biological processes of wound healing but also cost,
animal housing, handling, staff experience, and challenges such as procedural risks and
human resources. In this review article, we discuss the various challenges of the model.
Investigators using pig models should be well informed of the challenges of the porcine
wound model to prevent possible problems and complications.

Keywords: pig; porcine; wound model; animal models

1. Introduction
The study of wound healing is multifaceted as it involves the wound environment,

complex biological processes, and different stages of wound repair. Animal wound models
have been developed and used over the last three decades to study the pathophysiology of
wound healing and evaluate the efficacy and safety of potential therapeutic agents.

The selection of animal models depends on several factors such as cost, availability,
housing, handling, investigator and staff experience, and similarity to humans [1]. Pigs
have become significant translational research models and have been used predominantly
as preclinical models in wound healing strategies [2–4]. This is due to their skin being
nearly identical to human skin in terms of anatomy and physiology. Furthermore, their
size also allows for a higher number of wounds and larger wound models. Commonly
used breeds are Yorkshire, Landrace, and crossbreeds. However, despite the advantages,
there are multiple challenges of the porcine wound model, such as cost, human resources,
procedural risks, etc. In this paper, we briefly mention the similarity of porcine skin to
human skin. We then dissect the various challenges of the model [5,6].

2. Porcine Skin
Various studies suggest that porcine skin is the most accurate model for human skin

based on anatomy, physiology, histology, morphology, and immunogenicity [7,8]. Porcine
wound models have been used to study several wound healing pathologies, including
chronic nonhealing wounds [9], diabetic wounds, infected wounds [10], burns [1,11], and
hypertrophic scars [7].
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Pigs have epidermal and dermal thicknesses and related ratios that are similar to
human skin [4,11,12]. Epidermal thickness in pig is about 30–140 µm, while the human
epidermis ranges from 50 to 120 µm. Dermal thickness in pigs is approximately 3 mm,
and subcutaneous adipose tissue thickness is about 21–26 µm [12–14]. The epidermal
turnover time is around 30 days, which is functionally analogous to human skin, which
is every 40–56 days [15]. Porcine skin is adherent to the underlying structures, unlike
rodent and canine skin [16]. These characteristics are shown in Table 1 and Figure 1.
Furthermore, percutaneous permeability and transdermal absorption in pigs are similar to
human skin [17].
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Table 1. Human skin and porcine skin similarities and differences.

Similarities Differences

Epidermal thickness (30–140 µm in pigs and 50–120 µm in
humans)

Stratum basale thickness
Stratum spinosum thickness
Stratum granulosum thickness

Dermal thickness
Two layers of dermis
Dermal–epidermal thickness ratio (10:1–13:1)

Presence of rete ridges and pars papillaris
Hair follicles
Sweat glands
Epidermal turnover time
Elastin and collagen three-dimensional arrangement, pattern,
shape, and thickness
Vascular organization

Lower, mid-dermal, and subepidermal vascular plexus

Thicker stratum corneum in human skin
Thicker subcutaneous fat in pigs
Less dense subepidermal plexus in pig dermis
Eccrine glands limited to the snout
Lack of skin pigments in many breeds of pigs

The rete ridges and dermal papillary bodies in pigs are well developed. Keratinous
proteins, stratum corneum lipids, dermal collagen, and elastin configuration and composi-
tion are similar to human skin. Pigs’ stratum corneum contains similar filament density
and areas of overlapping cells [12–14]. Furthermore, dermal metabolism, immunological
composition, and response to growth factors are comparable. Both human and pig skin
express phase I and II enzymes and have been shown to be active metabolically towards
xenobiotics [10].

Porcine skin blood vessel distribution, size, and location are similar to human skin.
However, the vascular structure of human skin is superior, as the subdermal plexus is less
developed in pig skin, and there is less dermal vascularity [7,10,19].
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The number of adnexal structures is comparable but not identical. Like humans, pigs
have sparse body hair and a similar follicular structure [5,6]. Pigs do not have eccrine
glands, and apocrine glands are distributed throughout the skin surface [6,17].

Physiological healing in pigs is similar and comparable to humans [1]. Partial-
thickness wounds in pigs heal by re-epithelialization, unlike small mammals, who rely on
wound contracture for wound closure [12,13,19]. Full-thickness wounds heal by contrac-
tion [7,8].

Thus, pigs are more reliable in predicting human wound healing results, which
has led to valuable insights into principles of wound healing and management [1]. The
currently accepted notion that a moist wound environment accelerates healing, based
on experiments in pigs, is a good example [19]. The porcine wound model allows for an
in-depth examination of the wound healing process which is not otherwise possible [1,5,15].

However, despite the advantages of the porcine wound model, there are numerous
challenges.

3. Ethical Considerations
The ethics of the porcine model are very important as the pig is an intelligent animal

which needs to be taken care of and, therefore, requires tailored and complex care. There
should be some considerations given before pig studies are conducted, including the
following: ethics; what is the scientific knowledge gain; the principle of no alternative
method being available; what questions can be answered in a pig model; the principle
of there being sufficient value to justify harm; the principle of not causing unnecessary
harm; the basic needs of the animals; and the principle of there being an upper limit to the
harm caused. The three principles of replacement, reduction, and refinement should be
considered, and goals should be tailored to having a potential to contribute to scientific
knowledge, medical advancement, or societal benefit [20].

4. Cost
Pigs are expensive to purchase and maintain [4,14]. Their large size makes them more

difficult to manage and necessitates an experienced veterinarian, dedicated staff, and large
housing [21]. Thus, the cost of personnel, space, food, technical equipment, and logistics
is a limiting factor, particularly if a large number of pigs are needed to reach statistically
significant results [22]. Pigs require secure housing with specific construction standards
and toys for environmental enrichment [23,24]. Also, pigs have a higher risk of infection,
demanding greater care and expenditure, especially post procedure [16,22]. The high cost
of purchase, transport, and maintenance, which increases daily, is a cost–benefit challenge
for some research facilities [25–27].

5. Size
The rapid growth rate of pigs limits their usefulness in chronic studies [4,12]. Even

the smallest pigs are capable of overpowering research personnel. Larger pigs are difficult
to handle and are an occupational safety hazard for the staff [3,27]. As a rule, pigs should
not be used in protocols longer than 4 to 6 weeks, depending on the weight of the pig at
the start of the study [3].

Pigs also tend to have more considerable morbidity compared to smaller animals.
Because of their size, they are more prone to infection, putting them at risk for sepsis [24,28].

6. Stress
Pigs should be housed and handled in a non-stressful manner because some pigs can

be susceptible to stress, which is quite common [10,24,25,29]. They often lose 10% of their
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weight during a relatively short truck ride or surgical procedure. They are susceptible to
stress-induced diarrhea, gastric ulceration, and stress-induced respiratory disease [4,6,22].
This is the reason why pigs have to be conditioned at the animal facility for at least one to
two weeks before any experiment is conducted to let them recuperate, adjust to personnel,
the environment, and the food [1,4,6,23].

7. Fasting
The standard pre-procedural fasting time for pigs is at least 12 h [6]. If the stomach

is full, it may increase the risk of gastric dilation and the regurgitation of food, which
may be aspirated, resulting in pneumonia [6,22]. Furthermore, an overloaded stomach
can produce significant pressure on the diaphragm, leading to a decreased pulmonary
functional residual capacity and alveolar ventilation [30]. Blankets and towels must be
removed inside the pen to prevent intestinal impaction or choking, as fasted pigs tend to
chew on anything [22,31].

8. Anesthesia
The choice of anesthetic protocols for various procedures depends on the experience

of the veterinarian and the staff. The anesthetic protocol is also chosen with careful
consideration of the potential complications that a particular protocol may have on the
research being conducted [22,26,31,32]. All inhalational anesthetics decrease coronary
blood flow and depress myocardial contractility in a dose-dependent manner, which can
lead to cardiac problems. These effects can be minimized by choosing the right agent for
the right procedure and conducting meticulous monitoring, which requires an investment
in equipment both for administration of the anesthetic and the monitoring of physiological
parameters [33]. The staff must also be adequately trained in the techniques and monitoring
involved [31,32].

Furthermore, the orotracheal intubation of pigs is technically demanding and challeng-
ing. This is due to the pig’s oral anatomy, the presence of excess tissue in the oropharyngeal
region, and copious saliva. This requires well-trained staff to perform the procedure suc-
cessfully [34–36]. Pigs are very susceptible to laryngospasm and edema of the laryngeal
mucosa; thus, repeated attempts to intubate become increasingly more difficult if the pig
is not intubated on the first attempt. Moreover, laryngeal perforation during standard
orotracheal intubation can occur [34–36]. Other complications include esophageal or en-
dobronchial intubation leading to hypoventilation, cyanosis, and hypoxemia, inadvertent
extubation, or partial or total tube occlusion [26,32,36].

Extubation can take place when the pig is moving and fighting against the endotracheal
tube. However, laryngeal edema and laryngospasm can persist, and the pig may present
with signs of respiratory distress [6,30,35]. Furthermore, apnea frequently occurs when the
tube is removed. Chest compression or stimulation of the pharynx and epiglottis may have
to be performed to start spontaneous respiration. The pig may have to be reintubated and
resuscitated [26,31,33].

9. Malignant Hyperthermia (MH)
Malignant hyperthermia is a genetic hypermetabolic condition in particular breeds

of domestic pigs and is not reported in miniature pigs. Pigs commonly affected have a
high ratio of muscle to total body mass and a rapid growth rate, including the Landrace,
Yorkshire, Hampshire, Spotted, Poland–China, and Pietrain breeds [3,6]. MH can be
triggered in a susceptible animal by any type of stress, such as a change in environment,
induced excitement, restraint, transport, blood sampling, and, particularly, inhalational
and injectable anesthetics and paralytic agents [6,22].
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MH typically presents with a rapid rise in core body temperature and hypercapnia,
followed by muscle fasciculation, rigidity, tachypnea, tachycardia, arrhythmia, hypoxemia,
and metabolic acidosis [4].

Prognosis is usually poor in susceptible pigs despite immediate aggressive treat-
ments. Mortality is often due to the result of cardiac failure [31,32]. Treatment is mostly
symptomatic and performed by discontinuing the triggering agent, cooling the pig, and
administrating dantrolene [31,32].

10. Hypothermia
Pigs are also more susceptible to hypothermia because of their sparse hair, the surgical

prep, and the use of paralytic and anesthetic agents that can induce peripheral vasodilation.
This is important to note particularly in wound models, where normal thermoregulation
is disrupted [37]. In the operating or procedure room, pigs should be covered in warm
blankets and completely draped to prevent heat loss [37]. Profound hypothermia can cause
a significant depression of hemodynamic functions [37].

Furthermore, the housing environment must be thermoregulated as the pigs are
separated from one another, thus removing the ability of the pig to regulate its temperature
by huddling with other pigs [4,22]. This can have implications on the wellbeing of the
pigs, resulting in physiological and behavioral changes leading to increased morbidity and
mortality [25,27].

11. Cardiac Problems
Pigs are predisposed to anesthetic-induced cardiac arrhythmias that can be fatal.

Therefore, they need to be monitored at least by ECG throughout the procedure. Cardiac
arrhythmias are more common when using anesthetics that have a proarrhythmic effect
on the myocardium, such as halothane, xylazine, and zolazepam. Large breeds are more
susceptible [14,33,38].

Some large breeds are also prone to congenital heart defects. Auscultation of the pig
before anesthesia is useful for detecting these conditions and add additional precautions
during the procedure [4,39].

12. Respiratory Problems
Some herds of domestic pigs may have chronic respiratory diseases that can be de-

termined through auscultation [22,26,30]. The procedure can be delayed or the type of
anesthesia can be modified accordingly.

The pig’s pulmonary tissue is sensitive to overventilation, which can lead to emphyse-
matous bullae, pneumothorax, and pneumoperitoneum. A trained veterinarian or tech is
needed to provide a proper ventilation rate during anesthesia. It is imperative to conduct
monitoring with pulse oximetry, arterial blood gasses, or end-tidal CO2 to ensure proper
ventilation [3,6].

13. Infection
The incidence of infectious disease in research laboratory pigs is generally minimal. These

pigs are raised specifically for use in biomedical research and are purchased from herds with a
defined health status [4,14,33]. They are quarantined and conditioned prior to any procedure,
and housing conditions are optimal to minimize stress. However, stressful procedures disrupt
the pig’s normal defense mechanism, which can cause opportunistic diseases occurring more
often in pigs with weakened immune system or severe infections [4,22,29].

Respiratory disease is a common health concern for pigs in the laboratory [24,28,30].
Potential bacterial and opportunistic pathogens colonize the nasal cavity of pigs. Causative
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pathogens that can lead to respiratory complications include but are not limited to Pas-
teurella multocida, Bordetella bronchiseptica, Haemophilus parasuis, Actinobacillus pleuropneu-
moniae, Mycoplasma spp., Streptococcus suis, Metastrongylus spp., influenza virus, and cy-
tomegalovirus [6,23,24,32]. Some respiratory infections have low complication rates but can
still affect anesthesia and ventilation. Other complications can lead to the termination of a
porcine wound study [3,22].

Gastrointestinal diseases, presenting as diarrhea and a reduced dietary intake, may
be seen in pigs, which can be associated with a single cause of infection or a variety of
enteric bacterial infections. Common pathogens include but are not limited to Brachyspira
hyodysenteriae, Lawsonia intracellularis, Campylobacter-like organisms, Clostridium perfringens,
Transmissible gastroenteritis virus (TGEV), and Giardia intestinalis [14,27,33]. The morbidity
and mortality associated with infectious diarrhea make clinically affected pigs unsuitable
for procedures.

Infections in a porcine wound model can be prevented by proper sanitation, the control
of concomitant diseases, the control of temperature and humidity, and eliminating dust
in the housing facility [3,4]. Concurrently, reducing stress of any type, adequate nutrition,
vaccination, prophylactic antibiotics, medicated feeds, and water may be beneficial [3,4].
The use of prophylactic antibiotics is strongly recommended in wound healing models
unless they are contraindicated by the study protocol [6].

14. Porcine Dermatitis and Nephropathy Syndrome (PDNS)
PDNS is an important emerging syndrome in North America and is infrequently

reported [25,33]. It is an immune complex-mediated disorder triggered by initiating agents
such as cleaning chemicals, medication, food, virus (porcine circovirus type 3), and other
endogenous allergens. It is characterized by severe necrotizing vasculitis lesions involving
the dermis and subcutaneous tissue, with lesions in the kidneys, spleen, and lungs. Pigs
are generally euthanized for humane reasons [24,25,28].

The prevention of PDNS in research facilities is difficult. Measures to minimize risk
can be taken, such as careful inspection of the pigs with particular attention to skin lesions
upon arrival and during their length of stay in the facility. A vigilant and experienced eye
is important [22,33].

15. Wounds
The major challenge of the porcine wound model is protecting the wound post proce-

dure, particularly the first few weeks [5,12,15]. Choosing the optimal location of the wound
to prevent the animal from scratching the wound site is impossible if the pig has multiple
wounds, as can be seen in Figure 2. The pig will either try to scratch the area with its mouth
or rub the area along the sides of its pen or even along the watering system, rubbing it with
considerable force. Neighboring pigs can also bite the dressing off [9,10,21,40].

Furthermore, finding the proper dressing technique can be challenging. The dressing
should be durable enough to secure the wound but comfortable enough to limit stress on
the pig [5]. Jacket systems for pigs have been designed, but they are not enough to protect
the wound from vigorous scratching. Dressings might need to be changed every 2–3 days,
or earlier if they become contaminated with moisture, urine, or feces [5,6,12].

Scratching and wound contamination may compromise the experiment or lead to
infection [5,29,40].
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16. Conclusions
The porcine wound healing model is highly valuable in biomedical research studies

due to its physiological and anatomical similarities to humans. Pigs have comparable
epidermal thickness, dermal structure, and the epidermal turnover period, making them
the ideal animal wound healing model. However, the translational benefit does not come
without its challenges.

Although complications and mortality are not commonly reported, they can lead to
increased costs of care, the loss of time and research data, and the need to procure another
pig. The research facility’s veterinarian should always review the supplier’s database to
make sure the pigs are of sufficient quality to meet the needs of the research. Moreover,
investigators should be aware of the possible complications of the porcine wound model
and closely coordinate and communicate with the veterinarian and animal facility staff to
anticipate and mitigate some of these complications. Despite these challenges, the benefits
of the porcine wound healing model in advancing our understanding of wound biology and
the development of new treatments cannot be overstated. It holds a key role in preclinical
research, shortening the gap between in vitro studies and clinical trials.
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original draft preparation, M.E. and A.D.; writing—review and editing, G.R., M.F.H. and Y.C.;
visualization, M.E. and Y.C.; supervision, M.G.J. All authors have read and agreed to the published
version of the manuscript.
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