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Abstract: Impaired healing wounds do not proceed through the normal healing processes in a timely
and orderly manner, and while they do eventually heal, their healing is not optimal. Chronic wounds,
on the other hand, remain unhealed for weeks or months. In the US alone, chronic wounds impact
~8.5 million people and cost ~USD 28-90 billion per year, not accounting for the psychological and
physical pain and emotional suffering that patients endure. These numbers are only expected to rise in
the future as the elderly populations and the incidence of comorbidities such as diabetes, hypertension,
and obesity increase. Over the last few decades, scientists have used a variety of approaches to treat
chronic wounds, but unfortunately, to date, there is no effective treatment. Indeed, while there are
thousands of drugs to combat cancer, there is only one single drug approved for the treatment of
chronic wounds. This is in part because wound healing is a very complex process involving many
phases that must occur sequentially and in a timely manner. Furthermore, models that fully mimic
human chronic wounds have not been developed. In this review, we assess various models currently
being used to study the biology of impaired healing and chronic non-healing wounds. Among them,
this paper also highlights one model which shows significant promise; this model uses aged and
obese db/db~/~ mice and the chronic wounds that develop show characteristics of human chronic
wounds that include increased oxidative stress, chronic inflammation, damaged microvasculature,
abnormal collagen matrix deposition, a lack of re-epithelialization, and the spontaneous development
of multi-bacterial biofilm. We also discuss how important it is that we continue to develop chronic
wound models that more closely mimic those of humans and that can be used to test potential
treatments to heal chronic wounds.

Keywords: wound healing; pre-clinical models; diabetes; rodent; porcine; chronic wounds; impaired
healing wounds

1. Introduction

Impaired wounds are wounds that fail to proceed through the normal acute healing
processes in a timely and orderly manner but eventually heal, albeit not optimally. Chronic
wounds, on the other hand, are wounds that remain unhealed for weeks and months.
According to a recent consensus panel of expert physicians and research scientists, wounds
can be considered chronic if they fail to progress towards healing within 4 weeks following
the initiation of standard treatment [1]. Chronic wounds occur in people with systemic
physiological problems such as diabetes mellitus, aging, obesity, and peripheral vascular
disease, and/or who are exposed to external factors such as microbial infections and
environmental pollutants. Although their exact etiology remains unknown, they are
characterized by elevated levels of reactive oxygen species (ROS), chronic inflammation,
lack of blood circulation, high levels of pro-inflammatory cytokines and proteases, as well
as infection with biofilm-forming microbes [2].

It has been reported that 1-2% of people in developed countries will have chronic
wounds at least once in their lifetime. In the US alone, they impact ~8.5 million people and
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cost ~USD 28-90 billion/ year, not accounting for the pain and suffering that patients endure,
both psychologically and physically. Many treatment protocols have been developed
throughout the last few decades. For example, wounds are debrided, infection and pain
are controlled, standard treatments are performed, and dressings are applied. Moreover,
grafts, hyperbaric oxygen treatment, and many cellular and tissue products designed to
mimic the properties of normal skin have been developed to treat chronic wounds, but so
far, none have been truly effective [3]. Therefore, more research needs to be carried out
to understand how wounds become chronic so that new approaches can be developed to
switch the path to wound chronicity into the path of wound healing. This is particularly
important when wounds are debrided; an optimal outcome would be that the wound can
now heal as opposed to remaining chronic. This review will primarily focus on preclinical
animal models of impaired healing and diabetic chronic wounds, rather than alternative
in vitro models. Although in vitro skin equivalents have been made in recent years that
almost completely mimic human skin morphology and physiology, models that accurately
replicate wound-healing pathologies, such as chronic wounds, are still in their infancy and
require major advancements before they can be used in studies of chronic wound etiology
and to test novel therapies [4-10].

2. Models to Study Impaired Wound Healing

Impaired healing occurs primarily in aged and malnourished individuals, as well
as people with cardiovascular disease. Several models have been generated that show
impaired wound healing. Researchers developed a mouse tail model to study delayed
acute wound healing in normal mice. This model involves creating 1 x 0.3 cm full-thickness
wounds at the base of the tail [11]. Tail wounds require 14 to 25 days for complete wound
closure as opposed to the 10-12 days required by full-thickness dorsal wounds [11,12],.
This provides researchers with a longer timeframe to study mechanisms of delayed healing
and to test new drugs and/or therapies that improve the healing processes. However,
given the differences in anatomy between the tail and dorsum, understanding how this
model can provide insights into the impaired healing of cutaneous wounds is difficult.
Nonetheless, this model may be useful in studies of wound re-epithelialization.

Wounds in diabetic individuals are characterized by excessive oxidative stress, in-
creased inflammation with the excessive presence of pro-inflammatory macrophages (M1),
a paucity of anti-inflammatory macrophages (M2), decreased angiogenesis, and a lack of
granulation tissue formation [13]. These conditions predispose many diabetic patients to
infections, further hindering the healing process. In addition, other complications include
tissue hypoxia due to the associated peripheral vascular disease, peripheral neuropathy;,
and hyperglycemia, known to increase cell apoptosis [14]. Several studies have generated
models, as described below, reflecting the pathophysiology of diabetes, which can be used
to study impaired healing associated with diabetes.

2.1. Chemically Induced T1DM Models

Impaired healing occurs frequently in people who suffer from diabetes mellitus (DM),
both Type 1 (T1DM) and Type 2 (T2DM). T1DM has historically been induced in either
mice or rats that have been injected with alloxan or streptozotocin (STZ), both of which
selectively attack {3 cells of the islets in the pancreas, resulting in insulin deficiency and
hyperglycemia. However, the use of STZ has been preferred over alloxan because of the
longer and relatively more stable induced- hyperglycemia by this drug, less associated
toxicity, and well-characterized diabetic complications [15,16]. Moreover, although STZ
alone generates a model exclusively of TIDM, some strategies have been developed that
also allow T2DM to be modeled [15,17]. The first involves the partial protection of (3 cells
of the islets in the pancreas by concurrently administrating a compound that protects
against the diabetogenic effect of STZ. Although this method creates insulin deficiency and
moderate levels of hyperglycemia, it does not result in resistance to insulin, an important
characteristic of T2DM. The second strategy involves exposing the animal to a high-fat
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diet to create resistance to insulin, followed by the administration of STZ to reduce [3-cell
capacity. This produces hyperglycemia along with hyperinsulinemia and insulin resistance,
better resembling human T2DM [15]. However, the characterization of wound healing in
the T2DM models generated in this manner has not been reported.

In general, two protocols are used for the generation of TIDM with STZ treatment:
a single large dose of STZ or multiple administrations of low-dose STZ over several
days. A single large dose (200 mg/kg) causes the toxin-induced necrosis of pancre-
atic islet {3 cells and results in diabetes within 48 h, with blood glucose concentrations
measuring >500 mg/dL. However, this model lacks some important features of T1DM,
most notably pancreatic insulitis [15]. On the other hand, multiple administrations of low
doses show partial damage to pancreatic islet cells and an inflammatory response that
further damages f3 cells, resulting in hyperglycemia alongside lymphocyte infiltration in
the pancreatic islets, insulitis, and insulin deficiency [15,18]. This method shows better
resemblance to human T1DM and has fewer toxic effects than a single dose. For this
reason, it has become increasingly popular in recent studies. But despite this, findings from
experiments that employ STZ models of DM should be cautiously extrapolated to humans
given that STZ is also a toxin to organs and tissues other than just pancreatic islet cells [15].
Figure 1A summarizes both protocols.

A. Mice Models

Method 1:

> X X Method : /(&
&’(&’& ngle large

Multiple small dose of STZ

(@ (%) doses of STZ (over W

multiple days)

to human T1DM

Wounding

B. Pig Model

C b v injection \/
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[ ]
—_—
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Figure 1. Models of chemically induced impaired healing wounds: (A) Mouse models for type
1 diabetes mellitus (T1DM) (1) by multiple small dosages of streptozotocin (STZ) over several days
or (2) by a single large dosage of STZ followed by full-thickness excisional wounds on dorsum.
STZ selectively attacks {3 cells of the islets in the pancreas, resulting in insulin deficiency and
hyperglycemia; multiple small dosages of STZ in mice show better resemblance to human T1DM.
(B) Similar STZ-induced diabetes mellitus models have been created in pig; slow injection of STZ
combined with moderately high-fat diet may result in a representative model of T2DM. Studies
seem to show strong correlation between length of diabetic state prior to wounding and delay in
wound healing.

The use of STZ for TIDM generation can be conducted in mice, rats, or pigs to study
specific pathways in diabetic wound healing. A significant advantage of STZ-induced
diabetes in mice is that it can be used in combination with genetically modified animals to
study the roles of key genes in the wound-healing process. For example, studies investigat-
ing the role of Toll-like receptor-2 (TLR2) have been performed by treating TLR2 ™/~ mice
with STZ [19]. Once T1DM was established (blood glucose levels exceeding 250 mg/dL),
wounds were made on the dorsa of the mice [19]. These wounds showed decreased
oxidative stress, NF-kB activation, and cytokine secretion, and had improved wound
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closure. Similar methods were used to induce diabetes in RhoB*/~ and RhoB~/~ [20],
MMP9~/~ [21], and leukotriene-deficient 5LO~/~ mice [22] to study the role of these
proteins in TIDM.

The development of a diabetic impaired healing model in pigs could be of significant
translational relevance for the study of human diabetic wounds given several important
factors. As opposed to rodents, pig skin’s anatomy and physiology more closely resemble
those of human skin. Additionally, their larger size permits more wounds, both control
and experimental, on the same animal, allowing for greater statistical significance [23]. Pig
models of diabetic wounds involved inducing diabetes by administering STZ at a dose of
150 mg/kg in Yorkshire pigs, as illustrated in Figure 1B. Persistent hyperglycemia with
blood glucose levels greater than 350 mg/dL was established within the first 24 h, and
full-thickness excision wounds were made on the dorsum, 2 weeks after STZ treatment.
Re-epithelialization was significantly delayed, and collected wound fluid had marked
reductions in the levels of IGF-1 and TGF-f3, but not of PDGF, compared to non-diabetic
pigs [24]. Human human diabetic wounds also have low levels of IGF-1 [25]. Moreover,
given that diabetes induced within just 2 days was sufficient to cause impaired healing,
it was suggested that long-term complications from diabetes, such as neuropathy and
vasculopathy, may not be responsible for the impaired healing of diabetic wounds [24].

Another pig model has also been investigated for bacterial infections using Staphylo-
coccus aureus in a wound chamber [26]. The diabetic wounds showed sustained significant
infection and delayed re-epithelialization compared to non-inoculated diabetic and non-
diabetic wounds. This model has also been modified for studying burn wounds [27].
Partial-thickness burn wounds were generated on diabetic pigs three weeks after STZ
injections, and delayed wound re-epithelialization was observed in diabetic pigs on days 7,
10, and 14 post-burn, but complete re-epithelialization occurred by day 21 across all animals.
It was also noted that the success of STZ-induced hyperglycemia was dependent on the
size of the pigs, with larger pigs (45-50 kg) presenting more consistent hyperglycemia
than smaller pigs (25-30 kg) [27]. A significant limitation of this burn wound model was
the inconsistency of the relative burn depths, because three weeks after the induction of
diabetes and immediately before burn injury, the skin of diabetic pigs was found to be
significantly thinner than normal pigs (a difference of 1.6 mm) and had less subcutaneous
fat. Therefore, it was unclear whether the relative greater burn depth or systemic alterations
due to a diabetic state was the cause of impaired healing [27]. Moreover, more comprehen-
sive studies have shown that a slow injection of STZ at 130 mg/kg in pigs, combined with
a moderate high-fat diet, results in a model of T2DM [28], suggesting that this model might
be more suitable for studying burns in diabetes.

Another group of researchers sought to establish a standardized diabetic pig model [29].
For these studies, Yorkshire pigs of 2-3 months of age weighing 20-25 kg were admin-
istered 150 mg/kg of STZ over 15-20 min, and blood glucose was maintained between
250 and 450 mg/dL during the course of the experiment by controlling food intake. Nine
to twelve full-thickness wounds which were 1.5 cm x 1.5 cm were created on the dorsum,
covered with clear bandages, and taped with cotton gauze cloth. The entire wounded area
was covered with elastic bandages and wrapped in Elastikon. Although a previous study
showed a significant delay in healing of 4 to 6 days in pigs wounded 14-20 days after
diabetes induction [24], the authors of this study did not detect such a delay. Instead, the
authors conducted a series of tests whereby wounding was undertaken 20, 45, and 90 days
after STZ injection and observed significant delays in wound closure in pigs wounded
45 days after STZ injections. In these pigs, wounds remained open on day 14 and closed on
day 21. Delays were even more pronounced in pigs injured 90 days after STZ injection, with
wounds remaining open even on day 21. This data suggests that the longer the condition
of diabetes is maintained in pigs prior to wounding, the more pronounced the delay in
healing [27]. Therefore, it can be concluded that exposure to prolonged hyperglycemic
conditions is required to study the effects of diabetes on wound healing.
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2.2. Genetically Modified T2DM

Genetically modified strains of mice have become increasingly popular to model
wound healing of T2DM. Currently, the most widely used strains include the ob/ob (with
mutations in the leptin gene) and the db/db strains (with mutations in the leptin receptor
gene), both characterized by excessive feeding (hyperphagia) resulting in obesity and
hyperglycemia. Furthermore, the genetic background of the strain plays an important
role in the phenotypic outcome. In the C57BLKS/] genetic background, both ob/ob and
db/db mutant mice manifest morbid obesity, chronic hyperglycemia, and pancreatic {3 cell
atrophy. In contrast, in the C57BL/6] genetic background, ob/ob and db/db mutant mice
manifest only transient hyperglycemia, and 3 cells show hypertrophy, not atrophy [30]. It
has recently been found that the excessive adipose tissue present in these strains causes
macrophage activation that plays a key role in insulin resistance [31]. In addition to
the ob/ob and db/db strains, newer strains, including NONcNZO10/Lt] and TALLYHO,
have also been recently shown to be possible models for impaired wound healing studies.
Both show early 3 cell hypertrophy followed by atrophy in the later stages of diabetes as
well as elevated levels of triglycerides. In addition, their moderate obesity and delayed
hyperglycemia may more accurately reflect the effects of diabetes on some humans with
T2DM [30].

Goodson and Hunt (1986) were among the earliest investigators to characterize wound-
healing complications in a diabetic mouse model [32]. Full-thickness 6 mm in diameter
excision wounds were generated on 8-10-week-old C57BL-0b/0ob mice and either an ex-
pended polytetrafluoroethylene (ePTFE) sponge or polyvinyl collagen alcohol sponge was
implanted during 10-14 days for collagen characterization. The results showed significant
collagen deficiency and delayed wound closure in the ob/ob mice. However, early insulin
treatment and dietary restriction in some ob/ob mice resulted in collagen accumulation and
glucose levels similar to those of control mice [32]. These results are likely due to the short
duration of exposure of the mouse body to hyperglycemia, being just 8-10 weeks old at
the time of wounding. As shown previously, the duration of hyperglycemia exposure is
important for the degree of effects on wound healing [29].

In the db/db mice, a model of impaired healing was reported whereby full-thickness
excision wounds of 1.5 cm x 1.5 cm were performed on C57BL /Ks]-db/db—/~ followed by
the placement of a polyurethane dressing [33]. The investigators observed a significant
decrease in inflammatory cells in the wound tissue as well as decreased granulation tissue
formation and a slower rate of wound closure (4-6 weeks as opposed to 10-16 days
for control). They also found that the topical application of either rPDGF-BB or rbFGF
resulted in increased fibroblast proliferation, improved capillary formation, and wound
closure [33]. Other investigators increased wound-healing impairment in a db/db—/~ mouse
model by placing silicon splints around full-thickness excision wounds to prevent wound
contraction [34]. When compared to stented wounds generated on other genetically derived
diabetic models (e.g., Akita, replicating T1IDM) and STZ-induced models (also TIDM), the
db/db~/~ strain showed significant delays in wound closure, decreased granulation tissue
formation, and wound bed vascularization [34].

Although the ob/ob and db/db mice strains have become popular for studies of im-
paired wound healing, they must be used with caution given that a single mutation in the
leptin or leptin receptor gene cannot exhaustively replicate the complex pathophysiology
of diabetic impaired wounds. Indeed, in the uncommon occurrence of a leptin receptor
mutation in humans, studies have indicated that its role in humans is significantly more
complex than in mice [35].

Considering the limitations of both the ob/ob and db/db mice strains, other strains
have been recently developed to more accurately represent human diabetes. A mono-
genic Akita mouse strain (representative of TIDM because of a mutation in insulin gene
that inhibits secretion) and a polygenic mouse strain, NONcNZO10/Lt] (representative
of T2DM), both of which lack many of the extreme symptoms of leptin or leptin receptor
gene mutation strains, were compared with STZ-induced and db/db mice for their potential
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for impaired wound healing [36]. Generated incisional, splinted excision wounds and
ischemia—reperfusion injury failed to show any significant wound-healing deficits in the
Akita strain. While the db/db strain showed wound-healing deficiencies in excision and
incision wounds, the NONcNZO10 strain showed healing impairment in all three types
of wounds: incision, splinted excision, and ischemia—reperfusion wounds [36]. The ad-
ministration of FGF-1 to splinted excision wounds made in NONcNZO10 mice showed
improved re-epithelialization [37]. Investigators have also used a TallyHo/Jn] diabetic
mouse strain to create a model of incision, splinted excision, and ischemia-reperfusion
wounds [38]. All three models showed decreased angiogenesis, collagen formation, re-
epithelialization, granulation tissue formation as well as the downregulation of many
important cytokines [38], but none showed wound chronicity (i.e., biofilm and prolonged
non-healing). Table 1 summarizes models of chemically and genetically induced models of
impaired wounds in both murine and porcine.

Table 1. Chemically and genetically induced models for impaired wound healing studies.

Wound Type Animal Type of Model  Overview Limitations Use

. Evaluating the efficacy of
topically applied drugs,

¢ STZ primarily generates creams, nanomaterial, cells
Diabetes mellitus is generated type 1 diabetes mellitus d , d oth ’ 4
Murine Chemicall through the injection of . Does not fully recapitulate adenovirus, and other
y . molecules
and induced streptozotocin before the symptoms of human I tieating the role of
Porcine mn creation of full-thickness excision diabetes and does not ® nVe.sf}ga ing the role of
Di . wounds develop chronic wounds specific genes in the healing
iabetic process when created on
Impaired knockout or transgenic mice
Healing
Full-thickness excision wounds . The role of the leptin
are created on ob/ob, db/db, receptor is more significant
. Genetically NONcNZO10/Lt], and in humans . Evaluating the efficacy of
Mice modified TallyHo/JnJ mice that exhibit . Does not fully recapitulate topically applied treatments
characteristics of symptoms of human
poor healing diabetes

3. Models to Study Chronic Wounds
3.1. Murine Models

It is well known that high levels of oxidative stress (OS) are present in human chronic
wounds [39,40]. Under this premise, a mouse model of chronic wounds was developed
by Kim et al. [41] in db/db~/~ mice that mimics chronic wounds in humans by increasing
the levels of ROS in the wound tissue [41-43]. To achieve that goal, two major antioxi-
dant enzymes were inhibited: catalase by the IP injection of 3-amino-1,2,4-triazole (ATZ)
20 min prior to wounding and Glutathione Peroxidase (GPx) by the topical administration
of mercaptosuccinic acid (MSA) immediately after wounding (see Figure 2 for protocol
summary). This treatment was performed only once at the time of wounding. This model
accounts for aging by using db/db~/~ mice aged 5-6 months, as opposed to the commonly
used 2-month-old mice, to ensure they have experienced prolonged hyperglycemia and
fully developed diabetes and obesity [27,43]. Unlike previous diabetically impaired wound
models, this model forms chronic ulcers for many weeks (some for months if the mouse
does not die). These ulcers have increased oxidative stress, chronic inflammation, impaired
dermal-epidermal connectivity, damaged microvasculature (e.g., fibrin cuffs), an abnormal
collagen matrix in the wound tissue, a lack of re-epithelialization, and the spontaneous
development of multi-bacterial biofilm, all characteristics of chronic wounds in humans.
Treatment with the antioxidant agents N-acetyl cysteine (NAC) and «-tocopherol (x-toc)
showed a reduction in oxidative stress, improvement in granulation tissue formation,
sensitivity of the bacteria to antibiotic treatment, and wound closure [42]. Using this
model, it was also shown that there is a dose-dependent effect of OS levels on wound
chronicity [41]. The establishment of varying OS levels was accomplished by administering
different concentrations of ATZ and MSA at wounding. Moreover, it was also shown
that wound chronicity required an increase in both OS and bacteria from the db/db—"~
mouse skin microbiome, highlighting their critical role in the development of chronic
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wounds [43]. Thus, these findings showed that both elevated levels of OS and the presence
of skin bacteria are critical for chronic wound development. More recently, sequencing
of the bacterial internal transcribed spacer (ITS) gene of the wound microbiome from the
chronic wounds in this mouse model was conducted at various time points post-wounding
until 20 days post-wounding, when the wounds were fully chronic. Whereas non-chronic
wounds (wounds not treated with MSA or ATZ) had a diverse microbiota similar to that
of normal skin and went on to heal, in chronic wounds, the microbiome was much less
diverse, the biofilm-forming bacteria predominated, and the wounds did not heal [44].

1. IP injection of 2. 7mm excision 3. Wound is covered 4. GPX inhibitor is Chronic Wound
Catalase inhibitor wound is made with Tegaderm applied topically
20 min prior to under Tegaderm
wounding
Chronic Wound
[B] . g
Inhibition of
antioxidant
enzymes Catalase
and GPX
—
High levels of OS in
the wound
Day 0 Day 20
(post-wounding) (post-wounding)

Figure 2. Chronic wound model in db/db—/~ mice with high oxidative stress: (A) The 5-6-month-
old db/db=/~ mice receive (1) intraperitoneal (IP) injection of ATZ, a catalase inhibitor, 20 min
prior to wounding. (2) Full-thickness 7 mm excisional wounds are created on the mouse dorsum
via skin punch biopsy and scissors and (3) covered with Tegaderm. (4) MSA, a GPx inhibitor,
is topically applied under the Tegaderm immediately after wounding. Biofilm naturally spawns
within 3-5 days after wounding; 10-15 days after wounding, biofilm greatly increases and wound
remains chronically opened and unhealed. (B) Images of wounds at Day 0 and Day 20 after injury,
with the latter spontaneously harboring multi-bacterial biofilm and showing remarkably similar
characteristics to human chronic wounds, including high oxidative stress, chronic inflammation,
damaged microvasculature, and abnormal collagen matrix.

Other investigators have attempted to replicate the above model in an STZ-induced
diabetic mouse model [45] (see Figure 3A). Mice were treated with MSA and ATZ following
wounding, but S. aureus had to be inoculated, unlike in the genetically modified model of
chronic wounds described above, in which the wounds were infected by Staphylococcus
spontaneously from the microbiome of the skin [44]. Additionally, at the time of wound
tissue collection, wounds looked more as if covered by a heavy dry scab as opposed to
being infected and there was no reporting on the duration of ulceration [45].
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thickness wound oeruginosa-inoculated with semi-occlusive
filters applied dressing

Figure 3. Other chronic wound mouse models: (A) Swiss mice are (1) administered STZ to induce
T1DM. (2) Seven days later, mouse is injected with ATZ (catalase inhibitor), subsequently wounded,
and finally injected with MSA (GPx inhibitor). (3) Clinical strain of S. aureus NSA1385 is inoculated
under wound edge. Models presents chronic infection and perturbed cytokine levels but fail to
resemble chronic wounds. (B) db/db—/~ mice (1) receive ATZ injection, (2) are wounded, (3) are
topically administered MSA, and (4) covered with an occlusive dressing. However, MSA is washed
off 5 min later. Models show delayed wound contraction, higher levels of leukocyte infiltration
and inflammation, and other defects in healing, but lack key characteristics of chronic wounds.
(C) db/db~—/~ mice are inflicted with (1) full-thickness excision wounds and, 48 h later, (2) inoculated
with P. aeruginosa and (3) subsequently covered with dressing. Wounds remain open, and show
infiltration of inflammatory cells, tissue necrosis, and epidermal hyperplasia. Yet, as with the previous
two models, they do not demonstrate many key features present in human chronic wounds.

Another group recently used db/db~/~ mice and created chronic wounds in 11-week-
old mice (as opposed to 6-month-old mice) [46]. They used the same approach as Dhall
etal. [42] and Kim et al. [41] but altered the dosage of the drugs used to create high oxidative
stress. The mice were injected with half the dosage of ATZ (0.5 g/kg body weight compared
to 1 g/kg body weight) and double the dosage of MSA was topically applied (300 mg/kg
body weight compared to 150 mg/kg body weight), but MSA was washed off with saline
five minutes after application (see Figure 3B). Whereas the ATZ- and MSA-treated mice
showed delayed wound contraction, higher levels of inflammation, collagen deposition,
cellular proliferation, and keratinocyte and leukocyte infiltration, wounds failed to show
significant biofilm formation and delayed healing when compared to the control, a key
characteristic of human chronic wounds [46].

In addition to these more recent models, another model was developed in 2010 that at-
tempted to replicate biofilm-infected diabetic wounds [47]. Full-thickness excision wounds
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generated on the dorsum of db/db~/~ mice were inoculated with Pseudomonas aeruginosa
biofilm 48hrs after the initial wounding procedure, and then, the wounds were covered
with semi-occlusive dressings (see Figure 3C). Unlike the control db/db~/~ mice, wounds
infected with these bacteria failed to heal in 28 days. Histological studies showed a sig-
nificant inflammatory response, extensive epidermal hyperplasia, and tissue necrosis and
most of the Pseudomonas aeruginosa that was inoculated was found in the scab and not in
the wound tissue [47].

Yet another group in 2013 used a TallyHo (TH) mouse strain in which excision wounds
were stabilized by silicon splints and S. aureus was immediately applied followed by a
dressing [48]. In comparison to their background mice, the TH mice showed significantly
less cytokine expression, including TLR 2, TLR 4, interleukin-1§3, and tumor necrosis factor-
o.. Whereas similar neutrophil infiltration was observed in both groups, the neutrophils in
the TH mouse showed reduced oxidative burst activity and significantly delayed wound
re-epithelization 10 days after wounding [48]. However, the study lasted just 10 days
post-wounding, and the model did not display signs of chronic wound development.

3.2. Porcine Models

Pig models may be the most suitable preclinical wound models given the similarities
of their immune system and skin anatomy to those of humans [49,50]. If a model of chronic
wounds can be created in pigs, such a model would be more clinically relevant. The first
attempt to develop a chronic wound in pigs was performed by creating a burn wound [51].
Full-thickness burn injuries were generated on Yorkshire pigs followed by the mixed-species
inoculation of Acinetobacter baumannii and Pseudomonas aeruginosa 3 days after wounding
(see Figure 4). Previously developed [52] biofilm infection criteria was used to assess biofilm
establishment in this pig model by supporting all three of its conditions: (1) adherence to
sutface tested by a scrubbing technique known to remove planktonic bacteria from burn
wounds; (2) persistent and localized infection indicated by bacterial presence from day 14 to
35 following inoculation; and (3) resistance to anti-microbial treatments resulting from the
lack of effectiveness of Acticoat 7™, a standard anti-bacterial dressing, in dismantling the
biofilm and killing the bacteria. The wound biofilm also exhibited the elevated expression
of genes involved in biofilm formation such as rhIR, rpoS, and arpR and, in addition, showed
resilience to the debridement of necrotic and infected tissue [51]. Interestingly, although
visual assessment showed that wound closure remained unaffected in wounds with biofilm,
there was a significant reduction in skin barrier function, as assessed via transepidermal
water loss, in comparison to non-inoculated wounds. These investigators also showed that
the silencing of two tight-junction proteins, ZO-1 and ZO-2, by inducing miR-146a and
miR-106b, was responsible for the resulting transepidermal water loss [51]. More recently, a
similar method was used for the generation of chronic biofilm-infected wounds in Ossabaw
pigs with metabolic syndrome that was induced via a high-fat diet [53]. The results showed
impaired vascularization, reduced collagen levels, a lower abundance of endothelial cells,
the reduced length of rete ridge (indicating diminished mechanical strength), and wound
infection that persisted for at least 31 days. However, chronic wounds did not develop [53].

A chronic ischemic wound model in pigs that remained open for at least four weeks
has also been developed [54]. Full-thickness bipedicle skin flaps measuring 15 x 5 cm were
generated in these pigs and elevated by the placement of silicon sheets between the flap
and subcutaneous tissue to prevent reperfusion. Full-thickness excision wounds were then
created in the center of each flap. Doppler imaging showed that lower blood flow in the
flaps and skin perfusion pressure, an indicator of microcirculation, were significantly com-
promised. Histological analysis showed impaired re-epithelization, delayed macrophage
recruitment, decreased endothelial cell populations, and poorer organization. Wound tissue
transcriptome analysis using a porcine GeneChip at various timepoints post-wounding
showed the increased expression of SOD2 and arginase 1, both well-known markers of
tissue oxidative stress that are also present in human chronic wounds. Given these pheno-
typic similarities with those of human chronic wounds, the authors have suggested that
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this model is a significant pre-clinical model for human chronic ischemic wounds [54].
However, this model is more appropriate to study processes involved in wound ischemia.
Table 2 summarizes models of non-healing chronic wounds in both murine and porcine.

P. aeruginosa A. baumannii

b=

J)

%)

1. full-thickness
burn wound

=Y

—
3 days later @

(2) co-inoculation of P.
aeruginosa and A.

—
> 4 weeks

(3) Biofilm established

baumannii

Figure 4. Chronic wound model in pig: (1) full-thickness thermal injuries are created on Yorkshire
pigs via a microprocessor-controlled burning device. (2) Wounds are co-infected with A. baumannii
and P. aeruginosa to recapitulate mixed-species biofilm infection as they appear in human chronic
wounds. (3) Four weeks later, wounds reveal yellowish green discoloration and present established
biofilm that compromises skin barrier function and is resistant to debridement.

Table 2. Models for non-healing (chronic) wound studies in diabetes.

Wound Type Animal Type of Model Overview Limitations Area of Study
Chronic wound initiation
Full-thickness wounds are The role of the leptin and progression and
db/db—'~ mouse created on db/db~/~ mouse. I?CGPFOF is more ‘é\’mlflld biofilm
Muri with elevated Catalase and GPx are inhibited significant in humans evelopment )
urine levels of via ATZ and MSA, respectively, Does not fully Eva}uatmg the' efficacy of
oxidative stress creating oxidative stress in the recapitulate symptoms of topically apphed .
wound tissue. human diabetes treatments including
antibacterial drugs
No naturally developed .
L Full-thickness burn injuries are biofilm Understandn}llg th.e host
Chronic Burn injury and created on pigs followed by Often used with burn response to chronic
Non-Healin bacterial mixed-species bacterial wounds which involve a mfectlon's and the effects
& inoculation . P different healing process of bacterial infection on
inoculation. &P 4 heali
from excisional wounds wound healing
Porcine Wound tissue is rendered
ischemic via the creation of Studving fhe biol ;
. full-thickness bipedicle skin Fails to naturally devel tudying the biology o
Isch_emlc flaps; subsequently, ails to naturally develop wound healing on
environment biofilm

full-thickness wounds are

ischemic tissue

generated on the ischemic
tissue.

4. Conclusions

Although several models to study impaired and chronic wounds are available, the
field continues to require models that can more closely mimic these diseases in humans
and function as platforms for preclinical evaluation of potential therapies. In the case of
chronic wounds, new models should take into consideration key characteristics of chronic
wounds, such as infection and/or biofilm formation. If such goals are achieved, more
effective treatments can potentially be developed. While previous treatments have used
single-molecule strategies (e.g., PDGFBB) or are generalized (e.g., biological dressings),
it is important that forthcoming treatments involve more complex approaches that can
be used in consonance with the different phases of wound healing. Moreover, given that
the environment of chronic wounds is severely damaging to biological molecules and
cells, using small, stable molecules that can survive these harsh environments and are
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specific to treating biofilm without adversely affecting the host tissue is a potentially viable
treatment for chronic wounds following debridement. At the same time, treatments should
be affordable and available off the shelf to lower healthcare costs.

Author Contributions: Conceptualization, S.S. and M.M.-G.; writing—original draft preparation,
S.S.; writing—review and editing, 5.5. and M.M.-G; visualization, S.S.; supervision, M.M.-G. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a Barry Goldwater scholarship and a Chancellor’s fellowship
given to SS and the National Institute of Health, R21 AI156688-01 given to M.M.-G.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Eriksson, E.; Liu, PY.; Schultz, G.S.; Martins-Green, M.M.; Tanaka, R.; Weir, D.; Gould, L.J.; Armstrong, D.G.; Gibbons, G.W.;
Wolcott, R.; et al. Chronic Wounds: Treatment Consensus. Wound Repair Regen. 2022, 30, 156-171. [CrossRef] [PubMed]
Remoué, N.; Bonod, C.; Fromy, B.; Sigaudo-Roussel, D. Chapter 12—Animal Models in Chronic Wound Healing Research: For
Innovations and Emerging Technologies in Wound Care. In Innovations and Emerging Technologies in Wound Care; Gefen, A., Ed.;
Academic Press: Cambridge, MA, USA, 2020; pp. 197-224. ISBN 978-0-12-815028-3.

Halim, A.S.; Khoo, T.L.; Mohd Yussof, S.J. Biologic and Synthetic Skin Substitutes: An Overview. Indian J. Plast. Surg. Off. Publ.
Assoc. Plast. Surg. India 2010, 43, 523-528. [CrossRef] [PubMed]

Hofmann, E.; Fink, J.; Pignet, A.-L.; Schwarz, A.; Schellnegger, M.; Nischwitz, S.P.; Holzer-Geissler, ].C.J.; Kamolz, L.-P,; Kotzbeck,
P. Human In Vitro Skin Models for Wound Healing and Wound Healing Disorders. Biomedicines 2023, 11, 1056. [CrossRef]
[PubMed]

Monika, P.; Chandraprabha, M.N.; Murthy, K.N.C.; Rangarajan, A.; Waiker, P.V.; Sathish, M. Human Primary Chronic Wound
Derived Fibroblasts Demonstrate Differential Pattern in Expression of Fibroblast Specific Markers, Cell Cycle Arrest and Reduced
Proliferation. Exp. Mol. Pathol. 2022, 127, 104803. [CrossRef] [PubMed]

Wall, I.B.; Moseley, R.; Baird, D.M.; Kipling, D.; Giles, P; Laffafian, I.; Price, PE.; Thomas, D.W.; Stephens, P. Fibroblast Dysfunction
Is a Key Factor in the Non-Healing of Chronic Venous Leg Ulcers. J. Investig. Dermatol. 2008, 128, 2526-2540. [CrossRef] [PubMed]
Schwarz, F; Jennewein, M.; Bubel, M.; Holstein, J.H.; Pohlemann, T.; Oberringer, M. Soft Tissue Fibroblasts from Well Healing
and Chronic Human Wounds Show Different Rates of Myofibroblasts In Vitro. Mol. Biol. Rep. 2013, 40, 1721-1733. [CrossRef]
[PubMed]

Caley, M.; Wall, LB.; Peake, M.; Kipling, D.; Giles, P; Thomas, D.W.; Stephens, P. Development and Characterisation of a Human
Chronic Skin Wound Cell Line—Towards an Alternative for Animal Experimentation. Int. J. Mol. Sci. 2018, 19, 1001. [CrossRef]
[PubMed]

Maione, A.G.; Brudno, Y.; Stojadinovic, O.; Park, L.K.; Smith, A.; Tellechea, A.; Leal, E.C.; Kearney, C.J.; Veves, A.; Tomic-Canic,
M.; et al. Three-Dimensional Human Tissue Models That Incorporate Diabetic Foot Ulcer-Derived Fibroblasts Mimic In Vivo
Features of Chronic Wounds. Tissue Eng. Part C Methods 2015, 21, 499-508. [CrossRef] [PubMed]

Ozdogan, C.Y.; Kenar, H.; Davun, K.E.; Yucel, D.; Doger, E.; Alagoz, S. An in Vitro 3D Diabetic Human Skin Model from Diabetic
Primary Cells. Biomed. Mater. 2020, 16, 015027. [CrossRef]

Falanga, V.; Schrayer, D.; Cha, J.; Butmarc, J.; Carson, P.; Roberts, A.B.; Kim, S.-J. Full-Thickness Wounding of the Mouse Tail as
a Model for Delayed Wound Healing: Accelerated Wound Closure in Smad3 Knock-out Mice. Wound Repair Regen. 2004, 12,
320-326. [CrossRef]

Crane, M.J; Jr, W.L.H.; Tran, H.L.; Albina, J.E.; Jamieson, A.M. Assessment of Acute Wound Healing Using the Dorsal Sub-
cutaneous Polyvinyl Alcohol Sponge Implantation and Excisional Tail Skin Wound Models. JoVE ]J. Vis. Exp. 2020, e60653.
[CrossRef]

Yan, J.; Tie, G.; Wang, S.; Tutto, A.; DeMarco, N.; Khair, L.; Fazzio, T.G.; Messina, L.M. Diabetes Impairs Wound Healing by
Dnmtl-Dependent Dysregulation of Hematopoietic Stem Cells Differentiation towards Macrophages. Nat. Commun. 2018, 9, 33.
[CrossRef] [PubMed]

Volmer-Thole, M.; Lobmann, R. Neuropathy and Diabetic Foot Syndrome. Int. . Mol. Sci. 2016, 17, 917. [CrossRef] [PubMed]
Furman, B.L. Streptozotocin-Induced Diabetic Models in Mice and Rats. Curr. Protoc. Pharmacol. 2015, 70, 5.47.1-5.47.20.
[CrossRef] [PubMed]

Ighodaro, O.M.; Adeosun, A.M.; Akinloye, O.A. Alloxan-Induced Diabetes, a Common Model for Evaluating the Glycemic-
Control Potential of Therapeutic Compounds and Plants Extracts in Experimental Studies. Medicina 2017, 53, 365-374. [CrossRef]
[PubMed]

Nakamura, T.; Terajima, T.; Ogata, T.; Ueno, K.; Hashimoto, N.; Ono, K.; Yano, S. Establishment and Pathophysiological
Characterization of Type 2 Diabetic Mouse Model Produced by Streptozotocin and Nicotinamide. Biol. Pharm. Bull. 2006, 29,
1167-1174. [CrossRef] [PubMed]


https://doi.org/10.1111/wrr.12994
https://www.ncbi.nlm.nih.gov/pubmed/35130362
https://doi.org/10.4103/0970-0358.70712
https://www.ncbi.nlm.nih.gov/pubmed/21321652
https://doi.org/10.3390/biomedicines11041056
https://www.ncbi.nlm.nih.gov/pubmed/37189674
https://doi.org/10.1016/j.yexmp.2022.104803
https://www.ncbi.nlm.nih.gov/pubmed/35679887
https://doi.org/10.1038/jid.2008.114
https://www.ncbi.nlm.nih.gov/pubmed/18449211
https://doi.org/10.1007/s11033-012-2223-6
https://www.ncbi.nlm.nih.gov/pubmed/23065295
https://doi.org/10.3390/ijms19041001
https://www.ncbi.nlm.nih.gov/pubmed/29584680
https://doi.org/10.1089/ten.tec.2014.0414
https://www.ncbi.nlm.nih.gov/pubmed/25343343
https://doi.org/10.1088/1748-605X/abc1b1
https://doi.org/10.1111/j.1067-1927.2004.012316.x
https://doi.org/10.3791/60653
https://doi.org/10.1038/s41467-017-02425-z
https://www.ncbi.nlm.nih.gov/pubmed/29295997
https://doi.org/10.3390/ijms17060917
https://www.ncbi.nlm.nih.gov/pubmed/27294922
https://doi.org/10.1002/0471141755.ph0547s70
https://www.ncbi.nlm.nih.gov/pubmed/26331889
https://doi.org/10.1016/j.medici.2018.02.001
https://www.ncbi.nlm.nih.gov/pubmed/29548636
https://doi.org/10.1248/bpb.29.1167
https://www.ncbi.nlm.nih.gov/pubmed/16755011

Int. J. Mol. Sci. 2024, 25, 3837 12 of 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Novelli, M.; D’Aleo, V.; Lupi, R.; Paolini, M.; Soleti, A.; Marchetti, P.; Masiello, P. Reduction of Oxidative Stress by a New
Low-Molecular-Weight Antioxidant Improves Metabolic Alterations in a Nonobese Mouse Diabetes Model. Pancreas 2007, 35, e10.
[CrossRef] [PubMed]

Dasu, M.R.; Thangappan, R.K.; Bourgette, A.; DiPietro, L.A.; Isseroff, R.; Jialal, I. TLR2 Expression and Signaling-Dependent
Inflammation Impair Wound Healing in Diabetic Mice. Lab. Investig. 2010, 90, 1628-1636. [CrossRef] [PubMed]

Bravo-Nuevo, A.; Sugimoto, H.; Iyer, S.; Fallon, Z.; Lucas, ].M.; Kazerounian, S.; Prendergast, G.C.; Kalluri, R.; Shapiro, N.I;
Benjamin, L.E. RhoB Loss Prevents Streptozotocin-Induced Diabetes and Ameliorates Diabetic Complications in Mice. Am. J.
Pathol. 2011, 178, 245-252. [CrossRef]

Cho, H.; Balaji, S.; Hone, N.L.; Moles, C.M.; Sheikh, A.Q.; Crombleholme, T.M.; Keswani, S.G.; Narmoneva, D.A. Diabetic Wound
Healing in a MMP9-/- Mouse Model. Wound Repair Regen. 2016, 24, 829-840. [CrossRef]

Ramalho, T.; Filgueiras, L.; Silva-Jr, I.A.; Pessoa, A.EM.; Jancar, S. Impaired Wound Healing in Type 1 Diabetes Is Dependent on
5-Lipoxygenase Products. Sci. Rep. 2018, 8, 14164. [CrossRef] [PubMed]

Saeed, S.; Martins-Green, M. Animal Models for the Study of Acute Cutaneous Wound Healing. Wound Repair Regen. 2023, 31,
6-16. [CrossRef] [PubMed]

Velander, P.; Theopold, C.; Hirsch, T.; Bleiziffer, O.; Zuhaili, B.; Fossum, M.; Hoeller, D.; Gheerardyn, R.; Chen, M.; Visovatti, S.;
et al. Impaired Wound Healing in an Acute Diabetic Pig Model and the Effects of Local Hyperglycemia. Wound Repair Regen.
2008, 16, 288-293. [CrossRef] [PubMed]

Blakytny, R.; Jude, E.B.; Gibson, ].M.; Boulton, A.J.M.; Ferguson, M.W.]. Lack of Insulin-like Growth Factor 1 (IGF1) in the Basal
Keratinocyte Layer of Diabetic Skin and Diabetic Foot Ulcers. . Pathol. 2000, 190, 589-594. [CrossRef]

Hirsch, T.; Spielmann, M.; Zuhaili, B.; Koehler, T.; Fossum, M.; Steinau, H.-U.; Yao, E; Steinstraesser, L.; Onderdonk, A.B,;
Eriksson, E. Enhanced Susceptibility to Infections in a Diabetic Wound Healing Model. BMC Surg. 2008, 8, 5. [CrossRef] [PubMed]
Singer, A.].; Taira, B.R.; McClain, S.A.; Rooney, J.; Steinhauff, N.; Zimmerman, T.; Clark, R.A.F. Healing of Mid-Dermal Burns in a
Diabetic Porcine Model. J. Burn Care Res. 2009, 30, 880-886. [CrossRef] [PubMed]

Koopmans, S.J.; Mroz, Z.; Dekker, R.; Corbijn, H.; Ackermans, M.; Sauerwein, H. Association of Insulin Resistance with
Hyperglycemia in Streptozotocin-Diabetic Pigs: Effects of Metformin at Isoenergetic Feeding in a Type 2-like Diabetic Pig Model.
Metabolism 2006, 55, 960-971. [CrossRef] [PubMed]

O’Brien, K,; Bhatia, A.; Tsen, E; Chen, M.; Wong, A.K.; Woodley, D.T.; Li, W. Identification of the Critical Therapeutic Entity in
Secreted Hsp90« That Promotes Wound Healing in Newly Re-Standardized Healthy and Diabetic Pig Models. PLoS ONE 2014, 9,
€113956. [CrossRef] [PubMed]

Yeadon, J. Choosing Among Type II Diabetes Mouse Models; Jackson Laboratory: Bar Harbor, ME, USA, 2015.

Seitz, O.; Schiirmann, C.; Hermes, N.; Miiller, E.; Pfeilschifter, J.; Frank, S.; Goren, I. Wound Healing in Mice with High-Fat Diet-
or Ob Gene-Induced Diabetes-Obesity Syndromes: A Comparative Study. Exp. Diabetes Res. 2010, 2010, 476969. [CrossRef]
Goodson, W.H.; Hunt, T.K. Wound Collagen Accumulation in Obese Hyperglycemic Mice. Diabetes 1986, 35, 491-495. [CrossRef]
Greenhalgh, D.G.; Sprugel, K.H.; Murray, M.].; Ross, R. PDGF and FGF Stimulate Wound Healing in the Genetically Diabetic
Mouse. Am. |. Pathol. 1990, 136, 1235-1246. [PubMed]

Michaels, J.; Churgin, S.S.; Blechman, K.M.; Greives, M.R.; Aarabi, S.; Galiano, R.D.; Gurtner, G.C. Db/Db Mice Exhibit Severe
Wound-Healing Impairments Compared with Other Murine Diabetic Strains in a Silicone-Splinted Excisional Wound Model.
Wound Repair Regen. 2007, 15, 665-670. [CrossRef] [PubMed]

Clément, K.; Vaisse, C.; Lahlou, N.; Cabrol, S.; Pelloux, V.; Cassuto, D.; Gourmelen, M.; Dina, C.; Chambaz, J.; Lacorte, J.-M.; et al.
A Mutation in the Human Leptin Receptor Gene Causes Obesity and Pituitary Dysfunction. Nature 1998, 392, 398—401. [CrossRef]
[PubMed]

Fang, R.C.; Kryger, Z.B.; Ii, D.W.B.; Garza, M.D.L.; Galiano, R.D.; Mustoe, T.A. Limitations of the Db/Db Mouse in Translational
Wound Healing Research: Is the NONcNZO10 Polygenic Mouse Model Superior? Wound Repair Regen. 2010, 18, 605-613.
[CrossRef] [PubMed]

Blaber, S.I.; Diaz, J.; Blaber, M. Accelerated Healing in NONcNZO10/Lt] Type 2 Diabetic Mice by FGF-1. Wound Repair Regen.
2015, 23, 538-549. [CrossRef] [PubMed]

Buck, D.W.I; Jin, D.P,; Geringer, M.; Hong, S.J.; Galiano, R.D.; Mustoe, T.A. The TallyHo Polygenic Mouse Model of Diabetes:
Implications in Wound Healing. Plast. Reconstr. Surg. 2011, 128, 427e. [CrossRef] [PubMed]

Schifer, M.; Werner, S. Oxidative Stress in Normal and Impaired Wound Repair. Pharmacol. Res. 2008, 58, 165-171. [CrossRef]
[PubMed]

Martins-Green, M.; Saeed, S. Chapter 2—Role of Oxidants and Antioxidants in Diabetic Wound Healing. In Wound Healing, Tissue
Repair, and Regeneration in Diabetes; Bagchi, D., Das, A., Roy, S., Eds.; Academic Press: Cambridge, MA, USA, 2020; pp. 13-38.
ISBN 978-0-12-816413-6.

Kim, J.H.; Yang, B.; Tedesco, A.; Lebig, E.G.D.; Ruegger, PM.; Xu, K.; Borneman, J.; Martins-Green, M. High Levels of Oxidative
Stress and Skin Microbiome Are Critical for Initiation and Development of Chronic Wounds in Diabetic Mice. Sci. Rep. 2019, 9,
19318. [CrossRef] [PubMed]

Dhall, S.; Do, D.C.; Garcia, M.; Kim, J.; Mirebrahim, S.H.; Lyubovitsky, J.; Lonardi, S.; Nothnagel, E.A.; Schiller, N.; Martins-Green,
M. Generating and Reversing Chronic Wounds in Diabetic Mice by Manipulating Wound Redox Parameters. ]. Diabetes Res. 2014,
2014, €562625. [CrossRef]


https://doi.org/10.1097/mpa.0b013e318150e4f2
https://www.ncbi.nlm.nih.gov/pubmed/18090226
https://doi.org/10.1038/labinvest.2010.158
https://www.ncbi.nlm.nih.gov/pubmed/20733560
https://doi.org/10.1016/j.ajpath.2010.11.040
https://doi.org/10.1111/wrr.12453
https://doi.org/10.1038/s41598-018-32589-7
https://www.ncbi.nlm.nih.gov/pubmed/30242286
https://doi.org/10.1111/wrr.13051
https://www.ncbi.nlm.nih.gov/pubmed/36153666
https://doi.org/10.1111/j.1524-475X.2008.00367.x
https://www.ncbi.nlm.nih.gov/pubmed/18318812
https://doi.org/10.1002/(SICI)1096-9896(200004)190:5%3C589::AID-PATH553%3E3.0.CO;2-T
https://doi.org/10.1186/1471-2482-8-5
https://www.ncbi.nlm.nih.gov/pubmed/18312623
https://doi.org/10.1097/BCR.0b013e3181b48a6b
https://www.ncbi.nlm.nih.gov/pubmed/19692921
https://doi.org/10.1016/j.metabol.2006.03.004
https://www.ncbi.nlm.nih.gov/pubmed/16784971
https://doi.org/10.1371/journal.pone.0113956
https://www.ncbi.nlm.nih.gov/pubmed/25464502
https://doi.org/10.1155/2010/476969
https://doi.org/10.2337/diab.35.4.491
https://www.ncbi.nlm.nih.gov/pubmed/2356856
https://doi.org/10.1111/j.1524-475X.2007.00273.x
https://www.ncbi.nlm.nih.gov/pubmed/17971012
https://doi.org/10.1038/32911
https://www.ncbi.nlm.nih.gov/pubmed/9537324
https://doi.org/10.1111/j.1524-475X.2010.00634.x
https://www.ncbi.nlm.nih.gov/pubmed/20955341
https://doi.org/10.1111/wrr.12305
https://www.ncbi.nlm.nih.gov/pubmed/25891187
https://doi.org/10.1097/PRS.0b013e31822b7333
https://www.ncbi.nlm.nih.gov/pubmed/21738082
https://doi.org/10.1016/j.phrs.2008.06.004
https://www.ncbi.nlm.nih.gov/pubmed/18617006
https://doi.org/10.1038/s41598-019-55644-3
https://www.ncbi.nlm.nih.gov/pubmed/31848388
https://doi.org/10.1155/2014/562625

Int. J. Mol. Sci. 2024, 25, 3837 13 of 13

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

Kim, J.H.; Martins-Green, M. Protocol to Create Chronic Wounds in Diabetic Mice. JoVE ]. Vis. Exp. 2019, 151, e57656. [CrossRef]
Kim, J.H.; Ruegger, P.R.; Lebig, E.G.; VanSchalkwyk, S.; Jeske, D.R.; Hsiao, A.; Borneman, J.; Martins-Green, M. High Levels of
Oxidative Stress Create a Microenvironment That Significantly Decreases the Diversity of the Microbiota in Diabetic Chronic
Wounds and Promotes Biofilm Formation. Front. Cell. Infect. Microbiol. 2020, 10, 259. [CrossRef]

Huon, J.-F,; Gaborit, B.; Caillon, J.; Boutoille, D.; Navas, D. A Murine Model of Staphylococcus Aureus Infected Chronic Diabetic
Wound: A New Tool to Develop Alternative Therapeutics. Wound Repair Regen. 2020, 28, 400-408. [CrossRef]

Panayi, A.C.; Endo, Y.; Karvar, M.; Sensharma, P.; Haug, V,; Fu, S.; Mi, B.; An, Y.; Orgill, D.P. Low Mortality Oxidative Stress
Murine Chronic Wound Model. BM] Open Diabetes Res. Care 2020, 8, e001221. [CrossRef]

Zhao, G.; Hochwalt, P.C.; Usui, M.L.; Underwood, R.A; Singh, PK.; James, G.A.; Stewart, P.S.; Fleckman, P.; Olerud, J.E. Delayed
Wound Healing in Diabetic (Db/Db) Mice with Pseudomonas Aeruginosa Biofilm Challenge—A Model for the Study of Chronic
Wounds. Wound Repair Regen. 2010, 18, 467—477. [CrossRef]

Nguyen, K.T,; Seth, A.K; Hong, S.J.; Geringer, M.R.; Xie, P.; Leung, K.P.; Mustoe, T.A.; Galiano, R.D. Deficient Cytokine Expression
and Neutrophil Oxidative Burst Contribute to Impaired Cutaneous Wound Healing in Diabetic, Biofilm-Containing Chronic
Wounds. Wound Repair Regen. 2013, 21, 833-841. [CrossRef]

Pabst, R. The Pig as a Model for Immunology Research. Cell Tissue Res. 2020, 380, 287-304. [CrossRef]

Summerfield, A.; Meurens, F; Ricklin, M.E. The Immunology of the Porcine Skin and Its Value as a Model for Human Skin. Mol.
Immunol. 2015, 66, 14-21. [CrossRef]

Roy, S.; Elgharably, H.; Sinha, M.; Ganesh, K.; Chaney, S.; Mann, E.; Miller, C.; Khanna, S.; Bergdall, V.K.; Powell, HM.; et al.
Mixed-Species Biofilm Compromises Wound Healing by Disrupting Epidermal Barrier Function. J. Pathol. 2014, 233, 331-343.
[CrossRef]

Parsek, M.R.; Singh, P.K. Bacterial Biofilms: An Emerging Link to Disease Pathogenesis. Annu. Rev. Microbiol. 2003, 57, 677-701.
[CrossRef] [PubMed]

Sinha, M.; Ghosh, N.; Steiner, S.; Das, A.; Khanna, S.; Wozniak, D.J.; Roy, S.; Sen, C.K. Ossabaw Pigs as A Natural Preclinical
Model of Metabolic Syndrome Mediated Impaired Wound Healing. Wound Repair Regen. 2019, 30, A46.

Roy, S.; Biswas, S.; Khanna, S.; Gordillo, G.; Bergdall, V.; Green, J.; Marsh, C.B.; Gould, L.J.; Sen, C.K. Characterization of a
Preclinical Model of Chronic Ischemic Wound. Physiol. Genom. 2009, 37, 211-224. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3791/57656
https://doi.org/10.3389/fcimb.2020.00259
https://doi.org/10.1111/wrr.12802
https://doi.org/10.1136/bmjdrc-2020-001221
https://doi.org/10.1111/j.1524-475X.2010.00608.x
https://doi.org/10.1111/wrr.12109
https://doi.org/10.1007/s00441-020-03206-9
https://doi.org/10.1016/j.molimm.2014.10.023
https://doi.org/10.1002/path.4360
https://doi.org/10.1146/annurev.micro.57.030502.090720
https://www.ncbi.nlm.nih.gov/pubmed/14527295
https://doi.org/10.1152/physiolgenomics.90362.2008

	Introduction 
	Models to Study Impaired Wound Healing 
	Chemically Induced T1DM Models 
	Genetically Modified T2DM 

	Models to Study Chronic Wounds 
	Murine Models 
	Porcine Models 

	Conclusions 
	References

