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Abstract

The increasing global prevalence of chronic wounds underscores the growing importance of
developing effective animal models for their study. This review offers a critical evaluation of

the strengths and limitations of rat models frequently employed in chronic wound research and
proposes potential improvements. It explores these models in the context of key comorbidities,
including diabetes, venous and arterial insufficiency, pressure-induced blood flow obstruction,

and infections. Additionally, the review examines important wound factors including age, sex,
smoking, and the impact of anesthetic and analgesic drugs, acknowledging their substantial effects
on research outcomes. A thorough understanding of these variables is crucial for refining animal
models and can provide valuable insights for future research endeavors.
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Conclusion: A relevant rat model for chronic wound research requires the induction of rbidities like diab heral arterial
disease, venous stasis, and prolonged pressure on body areas, mirroring clinical symptoms in humans. Key factors affecting chronic wound
healing, such as age, sex, smoking habits, obesity, stress and infection, must be integrated into animal model design. Additionally, the use of
routine drugs like hetics and analgesics, along with of the estrous cycle in female rats, should be carefully considered in
the development of these models for chronic wound research.
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Introduction

Chronic skin wounds, such as peripheral arterial disease (PAD), venous, pressure, and
diabetic ulcers, are estimated to affect 1-2 % of populations in developed countries [1].
These wounds not only diminish the quality of life for patients but also impose significant
clinical and economic burdens on the healthcare system [2]. The prevalence of chronic
wounds is on a steady rise, with a global projected increase in diabetic foot ulcers by
approximately 6.6 % between 2016 and 2024 [3]. As a result, there is an increasing need
for the development of various wound care techniques [4]. Numerous therapeutic approaches
have been tested for healing chronic wounds in preclinical animal models [5,6], yet they
frequently fail in clinical trials. In general, new drug treatments that have been effective in
preclinical (animal) studies have had a failure rate of 90 % in human clinical trials [7-9].
The cause of this failure in translation is multifactorial but can be attributed in part to
inadequate animal models or deficient experimental designs [10,11].

In chronic wound research, the most commonly utilized animal models are rodents,
specifically Mus musculus (mice) and Rattus norvegicus (rats). Although mice have been the
preferred model due to the extensive range of genetic tools available, recent advancements

in genome editing technologies are increasingly making rats a comparable alternative [12].
The selection between rats and mice as models should, therefore, hinge more on their
respective physiological, anatomical, and pharmacological characteristics relevant to the
targeted biological study. Notably, adult rats have a weight 8-10 times greater than that of
mice, rendering them significantly larger and thus easier to handle and perform surgery on.
This advantage enables researchers to simulate extensive wound areas, which, in conjunction
with disease modeling, is particularly beneficial for studying chronic wound types [13]. Rats
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also demonstrate a lower stress response to human interaction than mice, further enhancing
their value as research models [12,14]. Furthermore, Rattus norvegicus has a lengthy history
of more than 150 years in biological research, providing a wealth of literature that can
inform and support contemporary basic and translational research efforts [15-17]. In this
review article, we focus on the latest progress in experimental rat models used for the study
of chronic wounds. We compare and discuss the current animal models of the four main
types of chronic wounds (i.e., PAD, diabetic, venous, and pressure ulcers). Additionally, we
examine significant accompanying factors such as age, sex, side effects of anesthetic and
analgesic drugs, smoking, obesity, stress, infection, and wound contraction that should be
considered for better translatability to humans.

Our critical evaluation is intended to assist readers in choosing the most fitting models

for simulating chronic wounds of diverse etiologies, as well as in identifying models

that accurately depict certain underlying diseases and are optimally adaptable for inducing
wounds of these specific types.

2. Non-rodent animal models for chronic wounds

2.1. Rabbits

Rabbits have long been utilized in wound healing research, specifically using the ear
excisional wound model. In this model, wounds penetrating the epidermis, dermis, and
cartilage are made with a biopsy punch [18]. It has been frequently used for studies

of the toxicology and pharmacology of new medicine since skin permeability in rabbits
is higher than that of humans and other animals, including rodents and pigs. Moreover,
rabbit skin, particularly in response to aging and drugs, closely mirrors human reactions.
The extensive ear vasculature facilitates the easy creation of ischemic wounds through a
minimally invasive procedure and allows for the induction of multiple wounds in the ear
[19,20]. The loose skin of rabbits presents a major challenge for wound healing models.
Therefore, either the rabbit ears, where the dermis is firmly attached to the subcutaneous
tissue (acting as a natural splint), or an external splint are employed. In addition, rabbit
models have limitations like reduced genetic tractability and a lack of species-specific
reagents, especially when compared to rodent models [20].

2.2. Pigs

Pig and human skin have remarkable anatomical and physiological similarities including the
dermal-epidermal thickness ratio which is 10: 1 to 13: 1 in the pigs and humans respectively,
epidermal turnover, collagen and elastin structure, vascular distribution, orientation, and
size, not having panniculus carnosus, developed rete-ridges, as well as abundant subdermal
adipose tissue [21]. The subepidermal plexus and elastic content in pigs are less than in
humans but still more similar compared to other species. Schmook et al. demonstrated that
pig skin is a more effective model for testing the in-vitro skin penetration of candidate
drugs compared to reconstructed human skin or epidermis [22]. Unlike rats, which are
resistant to atherosclerosis induction [23], pigs with natural mutations in for apolipoproteins
B (Lpb5) and U (Lpul) can develop atherosclerosis and hypercholesterolemia in the iliac,
femoral, and coronary arteries, which are major factors in the progression of PAD ulcers
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in humans [24]. Unlike rats’ injury-sensitive skin, the prolonged application of pressure
does not damage the hind limbs of pigs enough to induce pressure ulcers, a condition more
akin to humans [25]. The previous comparative analysis demonstrated that the concordance
between the results of wound healing studies in humans, large animal models like pigs,
small animal models, and in vitro models are 78 %, 53 %, and 57 %, respectively [21].

Despite the similarities in cutaneous wound healing between humans and pigs, the pig
models come with multiple drawbacks compared to other animals. Pigs are notably more
expensive to purchase and maintain, and their considerable size makes handling challenging
and demands specialized housing facilities. Anesthetizing pigs is also more complicated,
requiring appropriate assessment for the correct depth [26]. There is comparatively limited
access to certain reagents in pigs, such as antibodies and PCR arrays, in comparison to other
animal species [27].

3. Acute wound models

In scientific literature, the demarcation between acute and chronic wound models is
frequently blurred, and some researchers do not make this distinction when presenting their
studies [28]. A substantial portion of earlier literature is focused on acute wound healing in
healthy animals. Only in recent decades has there been an increasing interest in preclinical
models for addressing the healing of chronic wounds with comorbidities [29].

An acute wound is primarily characterized by its origin from a short-term external trauma,
and its healing process is not hindered by accompanying diseases that could delay or halt
the recovery, turning the wound into a chronic condition [30]. The healing process of acute
wounds consists of four overlapping phases: hemostasis, inflammation, proliferation, and
remodeling, generally lasting between 4 and 6 weeks [31,32]. The absence of comorbidities
affecting wound healing is a hallmark of acute wound models. Typically, these experiments
utilize young, healthy animals in clean and consistent environments [28], which may limit
their clinical relevance.

Various acute wound models have been developed in rats, such as incision [33], partial-
thickness [34], and full-thickness wounds [35]. Typically, an incision wound is made on the
rat’s back using a scalpel blade, reaching the subcutaneous tissue. Evaluating such wounds
is valuable for assessing the presence of surgical site infections, examining the effectiveness
of surgical suturing tools, and investigating the mechanical properties of healed skin tissue.
Partial-thickness excisional wounds involve the removal of the top skin layers, specifically
the stratum corneum and stratum granulosum. This exposes the keratinocyte-basal cell
layer, often achieved through tape-stripping techniques. Researchers use this model to
study epidermis repair and regeneration, replicate inflammatory skin conditions like atopic
dermatitis, and model superficial skin infections [20]. The full-thickness wound model is
the most commonly used when studying acute wound healing in rats. It entails the removal
of multiple layers: the epidermis, dermis, subcutaneous fat, and the panniculus carnosus,
typically using a biopsy punch on the rat’s back [36].
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A significant limitation of the full thickness wound models in rats is the healing through

the contraction [20]. Wound contraction by inward dermal migration is the primary healing
mechanism in rats, as opposed to re-epithelialization in humans [37,38]. To mitigate this
limitation, some researchers suggest using square wounds to eliminate the contraction

factor [16]. In square wounds, myofibroblasts disappear at the corners, causing fibrosis and
earlier scarring, thereby leading to asymmetrical contraction, as opposed to symmetrical
contraction in round wounds. However, Mawaki et al. showed that three days after
wounding, the sides of square wounds stretch, and the corners become round. By day seven,
the wound area had contracted by approximately 50 %, indicating that using a square wound
shape does not significantly mitigate contraction effects [39].

Wound splinting in rat models has demonstrated effective results in slowing down
contraction and in promoting wound healing primarily through granulation and re-
epithelialization. This technique is applicable to wounds of any shape, whether they are
square or circular [38,39]. Park et al. evaluated the effects of different adhesives (tissue
adhesive vs. Krazy glue) for fixing splints on mouse skin and found that using Krazy
glue significantly increased collagen deposition and re-epithelialization due to greater
splint success [40]. Therefore, it is strongly recommended that the severity of elongation
and fixation of wound corners be consistent in all groups to obtain homogenous and

valid data. Splints are available in different materials, such as silicones (polysiloxane or
polydimethylsiloxane) and metals. While silicone is affordable and can be easily tailored
into desired sizes and shapes, it is susceptible to damage from self-grooming or collisions
with cage walls during cutaneous implantation. Consequently, silicone splints are often
implanted subcutaneously, a procedure that demands advanced surgical skills [38]. In
contrast, metal splints are more challenging to cut and reshape but are resistant to physical
damage [38,41,42].

4. Chronic wounds and comorbidities

A wound is categorized as chronic if it stalls at one of the intermediate healing stages,
usually inflammation [43]. The healing progression of chronic wounds diverges from that
of acute wounds in terms of duration and sequence of skin restoration. Fig. 1 illustrates

a comparative overview of the wound healing phases for both acute and chronic wounds.
Chronic wounds do not follow the typical timeline of cellular and molecular processes
observed in the healing of a normal acute wound [44], as shown in Table 1. The failure to
reduce inflammation in chronic wounds is often attributed to reduced blood flow caused by
localized tissue ischemia [5,45]. In humans, the average healing duration for chronic wounds
ranges from 12 to 13 months, and in some instances, it may span decades. Furthermore, the
recurrence rate for chronic wounds is strikingly high, affecting approximately 60-70 % of
patients [2].

Chronic wounds are manifestations of human-specific systemic disorders, and their
development is influenced by the severity of the underlying comorbidities and by wound
factors such as age, sex, and medicine used. Generally, wound comorbidities refer to
underlying conditions that either directly lead to chronic wounds or transform acute wounds
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into chronic ones [46]. Wound factors, on the other hand, are secondary conditions that,
while not causing chronic wounds directly, can influence their healing process [47].

Etiologically, chronic wounds have been classified into four main types by the underlying
comorbidity: arterial, diabetic, venous, and pressure ulcers [43]. All these types of wounds
can share common features such as susceptibility to infection, microcirculation disorders,
inability to respond to reparative stimuli, and high levels of proinflammatory cytokines
[43,48]. Additionally, wound infections play an ambiguous role, as they can lead to the
chronic progression of an acute wound, thereby acting as comorbidities, or they can occur
alongside primary comorbidities as an additional wound factor that exacerbates the severity
of chronic wounds.

To date, rat models that precisely replicate the gradual development of chronic wounds
caused by comorbidities remain yet to be developed. This challenge arises from the
intricacies of wound formation processes and the physiological distinctions between rats and
humans. Currently, inducing an underlying disease along with a full-thickness excisional
wound is a prevalent approach to creating chronic wound models, distinguished from
acute models due to the specific relevance to human chronic wound conditions like tissue
ischemia. There have been models established for the primary types of comorbidities,
which include models directly related to chronic wounds or those primarily focused on
simulating the diseases themselves. In the next section, we will examine rat models for
chronic wounds of various etiologies and assess models of corresponding comorbidities
that could be effective in simulating these specific wound types. Table 2 provides concise
summaries of these models, each associated with different comorbidities.

4.1. Peripheral arterial disease (ischemic) wounds

Peripheral arterial disease (PAD) is characterized by poor arterial perfusion in the lower
extremities, typically due to atherosclerotic plaques narrowing the arteries’ lumen. Major
risk factors, such as diabetes, smoking, high cholesterol, obesity, and a family history of
PAD, can escalate the prevalence of this disorder. PAD ranks as the third leading cause of
death among cardiovascular patients, following stroke and coronary heart disease [56]. Over
200 million adults globally suffer from PAD, with a prevalence of 20 % among individuals
over 70 years of age [57]. Patients with mild PAD usually have adequate resting blood flow,
but symptoms worsen during activities such as walking. In severe cases, inadequate blood
flow can result in non-healing ischemic ulcers or gangrene, leading to amputation [57].

When researching chronic wounds of any origin, small animal models like rats

provide significant benefits, including easy handling, quick reproduction cycles, and cost-
effective care and maintenance. However, wild-type rats cannot successfully model PAD
pharmacologically due to their natural resistance to atherogenesis and atherosclerosis
[23,24]. High-fat diets do not induce atherosclerosis or hypercholesterolemia, and even

a choline-deficient diet only provokes early-stage atherosclerosis formation, which is
ineffective for inducing ischemic arterial perfusion. Transgenic rats may develop obesity,
hyperlipidemia, hyperinsulinemia, and cardiac dysfunction, but myocardial dysfunction is
associated more with microvascular disorders than atherosclerosis [23]. Researchers, due
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to the lack of suitable genetic and pharmacological rat models for PAD, rely heavily on
surgical methods to induce limb ischemia [58].

4.1.1. Skin flap ischemic wound models—The ischemia and reperfusion of the skin
have been mostly evaluated by the skin flap model [59]. Flaps are regions of the skin that
partially detach from their origin and form a partial hypoxic zone due to declined blood
flow. A full-thickness wound is usually induced on the flapped skin to emulate an ischemic
wound. The healing timeframe of this type of wound is about 14-21 days vs. 10-12 in
control groups [30]. To prevent reperfusion of this ischemic site, revascularization can be
inhibited by putting a barrier like a silicone sheet between the flapped skin and the body.
Since their invention in the 1960s, various modifications of skin flaps have been introduced.

While ischemic wound models using skin flaps and grafts mimic the limited blood supply
to the wounded skin area, they fail to correctly depict the blockage in arteries leading to
insufficient blood circulation in PAD. Additionally, small animals like rats display variances
in granular tissue formation from head to tail, complicating the comparison of the results.
Another downside of skin flap and graft models is the short ischemic duration in flap tissue,
with blood flow normalizing within 14-16 days after inducing the ischemia. The use of
silicone sheeting in these models poses issues of immune reactions, infection, and variability
in outcomes, making the flap skin model hard to standardize due to reproducibility
challenges. Finally, the typical positioning of the flaps on large regions of the animal’s
body, like the head, back, and abdomen, does not correspond with the ulcer localization
caused by limb ischemia in PAD. Thus, models simulating limb ischemia due to arterial
insufficiency may be more representative of actual PAD conditions in humans.

4.1.2. Arterial insufficiency models—The iliac, femoral, and popliteal arteries are
the most affected blood vessels by PAD in humans [57]. Typically, models of arterial
insufficiency in rats involve inducing ischemia through incisions and/or ligations in the hind
leg arteries, such as the common iliac, femoral, popliteal, and saphenous arteries (Fig. 2)
[60-62]. Different ligation or incision locations on the arteries can yield varied outcomes
[58,63]. Full restoration of blood perfusion only occurs seven days post-single coagulation
in either the iliac or femoral artery, while double coagulation in both arteries delays recovery
significantly, with just 54 % perfusion achieved after 28 days [64]. Simultaneous ligation

of the femoral (from proximal to distal), popliteal, and a third of the saphenous arteries
(proximal side) using titanium “S” shape clips in male Wistar rats showed persistently low
tissue perfusion from day 0 (ischemic induction day) until day 30 [62]. Arterial vasodilator
capacity and functions related to shear stress in the microcirculatory endothelium are
impaired in double ligations of femoral and iliac arteries compared to a single ligation

(iliac artery) [65].

It should be noted that the formation of PAD wounds is only one of the side effects of limb
ischemia in PAD. Developing animal models of arterial insufficiency resulting in wound
formation presents a significant challenge. Most arterial insufficiency models primarily
target the investigation of tissue ischemia conditions rather than specifically studying and
analyzing ischemic ulcers.
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Although many current studies frequently utilize PAD surgical models [66], most of these
models do not adequately replicate the chronic and gradual ischemia observed in humans,
instead only emulating acute ischemia that recovers via compensatory arteriogenesis and
angiogenesis phenomena [58]. Arteriogenesis is the transformation of existing arterio-
arteriolar connections into fully developed and functional arteries through remodeling, while
angiogenesis refers to the emergence of new capillaries from existing vessels, leading

to the formation of novel capillary networks [67]. In PAD patients, the development of
atherosclerotic vasoconstriction is a gradual process occurring over an extended period. In
contrast, acute arterial occlusion by cutting or ligation in surgical models can increase blood
flow and wall shear stress in collateral arteries, thereby accelerating arteriogenesis through
cytokine stimulation [68].

Several techniques have been developed to refine surgical models of PAD by delaying

and reducing arteriogenesis and angiogenesis, leading to progressive ischemia that mirrors
the pathological conditions of PAD in humans. Lundberg et al. reported the emergence of
collateral arteries after two weeks following double ligation (iliac and femoral arteries) [69].
Brown et al. performed an additional ligation of the ipsilateral femoral artery three weeks
after a single iliac artery ligation [65]. This method resulted in a more sustained disruption
of arterial perfusion than a single iliac artery ligation, which typically restores blood flow
within 2-5 weeks.

In another approach, Tang et al. used an ameroid constrictor with an internal diameter of
0.75 mm to gradually narrow the diameter of the vessels, thereby creating chronic ischemia
[70]. They observed a significant decrease in cutaneous blood flow in the group that applied
the ameroid constrictor (chronic ischemia) compared to the group that underwent ligation
in the iliac and left femoral arteries and all their branches (acute ischemia) 40 days post-
operation. The angiogenesis score and vessel diameters were lower in rats with chronic
ischemia compared to those with acute ischemia.

Krishna et al. modified this method for use in mice and included two preliminary stages
[71]. Initially, the study employed apolipoprotein £-deficient (apoE—/-) mice with elevated
plasma cholesterol, known to inhibit arteriogenesis more effectively than hyperinsulinemia
or hyperglycemia [63]. This was followed by inducing ligations in the femoral artery and its
side branches. Finally, 14 days after this second stage, an ameroid constrictor was applied to
the femoral artery to gradually induce ischemia [71]. The severity and duration of hindlimb
ischemia were higher in the group that followed all three stages (apolipoprotein E deficiency,
femoral ligation, and gradual ischemia by ameroid constrictor) compared to the group that
only completed two stages (Apolipoprotein E deficiency, femoral ligation). The expression
of angiogenesis and shear stress markers also decreased in the three-stage group, indicating a
reduction in arteriogenesis and angiogenesis.

Alizadeh et al. introduced a model involving multiple ligations and resection of peripheral
arteries to induce limb ischemia, which included the induction of open wounds on the
back of a rat’s paw [72]. Their research revealed that ischemia resulted in reduced wound
contraction, a significant factor contributing to delayed ischemic wound healing.
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4.2. Diabetic wounds

As of 2021, approximately 537 million adults, or 7 % of the global population, were
living with diabetes, and projections suggest that this number will rise to 643 million

by 2030 and 783 million by 2045 [73]. In the US, diabetic wounds account for the
majority of non-traumatic lower extremity amputations, affecting about 25 % of patients
with diabetes mellitus [74,75]. Key risk factors for developing diabetic foot ulcers include
peripheral neuropathy and peripheral artery disease [76—78]. These factors can generally
be reproduced in rats, potentially allowing for the creation of models for diabetic wounds
[79,80]. Nevertheless, the development of an ideal animal model that accurately simulates
diabetes and resulting diabetic wounds remains a challenge [81].

A recent study by Southam et al. in 2022 introduced a new model of type 2 diabetes

in rats [79]. They combined a high-fat diet (HFD) with a streptozotocin (STZ) infusion
administered over 14 days via a subcutaneously implanted osmotic mini-pump. Their
findings suggested that this combination of a high-fat diet and a low streptozotocin
dose induces an early-stage type 2 diabetes model, characterized by obesity, moderate
hyperinsulinemia, and hyperglycemia with impaired glucose tolerance. On the other
hand, using a high STZ dose led to late-stage type 2 diabetes, marked by pronounced
hyperglycemia.

As a positive correlation exists between hyperglycemia intensity and diabetic wound
severity, researchers need to carefully consider the STZ dose they employ and the resulting
hyperglycemia severity [61]. Hyperglycemia has been noted to lead to sorbitol accumulation
and protein glycation, which may trigger lower limb ulceration due to peripheral neuropathy
[82]. In general, STZ doses ranging from 15 to 40 mg/kg have been employed alongside

a high-fat diet containing 30-67 % of total kcal of fats to induce diabetes in rats [83].

One of the early adopters of the combined use of HFD and STZ was Reed et al., who
demonstrated that administering 50 mg/kg streptozotocin intravenously alongside a 40 %
high-fat diet could induce severe hyperglycemia in male Sprague-Dawley rats, with 41 %

of the rats displaying serum glucose levels exceeding 450 mg/dL [84]. The diabetogenic
impact of STZ varies with rat strains; Wistar-Kyoto rats show less sensitivity to the

drug, while both Wistar and Sprague-Dawley rats display reliable sensitivity [83,85].

Also, intravenous streptozotocin administration results in more consistent hyperglycemia
compared to intraperitoneal administration [83]. Thus, the severity of the induced diabetes
can directly influence wound healing assessment results [86].

In addition to pharmacological models, some researchers also employ surgical methods

to better simulate the pathological conditions of diabetic ulcers. For instance, skin flap
models have been used to assess diabetic wounds with superficial ischemic arteries [87].
More precise and detailed models not only assist researchers in testing therapeutics but also
enhance our understanding of chronic wound pathology. 1évigne et al. highlighted the pivotal
role of hyperglycemia in the development of diabetic wounds, rather than vascular ischemia,
by inducing these parameters separately in a specific rat model. Their findings revealed

that hyperglycemia increased susceptibility to necrosis, irrespective of ischemic lameness,
compared to the group with a low glycemic index [61].
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4.3. Venous stasis ulcers

Chronic Venous Insufficiency (CVI1) often results from either valve insufficiency and reflux,
or blockage of veins, leading to venous hypertension, edema, and skin ulcers in the lower
extremities. The primary causes of this disorder include birth defects, biochemical changes
in the venous wall, and inflammatory reactions due to venous damage [13,88]. Renowned
risk factors contributing to CVI include old age, high body mass index, immobility,
prolonged standing, loss of muscle mass, and ankle joint dysfunction [89].

In rat venous wound models, iliofemoral vein ligation and arteriovenous fistula (AVF) in

the femoral vein are commonly employed to induce hypertension in the lower extremity
veins, a characteristic clinical symptom of CVI. In a so-called vein obstructive model, the
surgical procedure begins with a laparotomy, followed by ligation of the vena cava, then

the common, external iliac, and femoral veins on both sides to eliminate collateral venous
outflow (Fig. 3, right). Hahn et al. demonstrated that simple ligation with cotton threads

can generate an acute hypertension model, whereas incorporating two-layer ligations with an
absorbable suture can lead to a chronic CVI condition [90].

Another approach to inducing CVI involves creating a femoral arteriovenous fistula to
elevate blood pressure and venous insufficiency (Fig. 3, left). In brief, rats are administered
heparin (~1000 units/kg) to prevent coagulation. An arteriotomy of approximately 0.5 mm
in length is performed, followed by the creation of an anastomosis between the vein and the
artery using a 10-0 suture. A double ligation of the femoral vein proximal to the AVF and
the superficial epigastric vein leads to hypertension in both the deep and superficial venous
system [91].

Although venous pressure does rise after AVF creation, and initial venous valve damage

is observed, the resultant blood pressure is excessively high and uncontrolled in intensity.
Hence, this model does not adequately simulate the clinical condition of CVI in humans.

In humans, the body’s vertical position leads to orthostatic complications, including large
blood vessels, particularly in the veins of the lower extremities, as well as additional
vascular wall stresses [92]. Positioning rats in this manner for four weeks disrupts blood
flow and significantly increases leg venous system pressure, as well as pathologically alters
the subcutaneous vein. Therefore, this rat model can reveal even the mechanisms of early
and subsequent phases of CVI progression [93]. Dornyei et al. merged the venous occlusion
approach with the gravity model and discovered that this combination prompts adaptation in
the saphenous vein network. They observed that the walls of veins undergoing flow-induced
remodeling become fragile and more sensitive to gravitational stress. Furthermore, their
findings suggest that exceeding inherent adaptation limits plays a critical role in the onset of
lower extremity varicosity disease [94].

Similar to the PAD ulcer model, the animal model for assessing the wounds resulting from
CVI has been mostly evaluated by the skin flap model [95]. Therefore, all the deficiencies
can be generalized to the assessment of CVI ulcers as well.
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4.4. Pressure ulcers

Pressure ulcers (PUs), also known as bedsores, are localized ischemic lesions of the skin and
underlying tissues due to prolonged pressure on certain body areas resulting in blood flow
obstruction. These ulcers mainly affect patients with impaired mobility and/or sensation who
are bedridden or wheelchair-bound [96]. The incidence of pressure ulcers in emergency

care is estimated at 10-18 % and in long-term treatment at 2.3-28 % according to existing
medical literature [97]. Significant risk factors for pressure ulcers include impaired mobility,
diabetes, malnutrition, emaciation, older age, a Braden score of less than 16, or a Waterlow
score higher than 10. Pressure ulcers are typically classified into four stages [98]. The

first stage involves skin erythema, which may be tender, soft, hard, warmer, or cooler. The
second stage entails the loss of the entire epidermis and part of the superficial dermis. The
third stage is a full-thickness lesion that may involve subcutaneous fat. The fourth stage
involves muscle or bone along with a full-thickness ulcer. Depending on the anatomical
location, the depth of pressure ulcers may vary. For instance, areas like the ear auricle,
bridge of the nose, malleolus, and occiput, which lack subcutaneous adipose/fat tissue,
usually have shallow ulcers and stage 111 pressure ulcers typically do not occur [99].
However, in areas with substantial fat content, pressure ulcers can be extremely deep at
stage 111 [100].

Pressure ulcer research remains underdeveloped due to the disorder’s complex
pathophysiology, which is associated with both intrinsic (e.g., fever, malnutrition, anemia,
infection, hypoxemia, etc.) and extrinsic factors (e.g., duration of pressure, friction,
immobility, etc.). However, animal models may offer a valuable tool for obtaining
comparable and reliable data on etiological variables, histopathology, and the healing
process in pressure ulcers [96].

Varying stages of Pressure Ulcers (PUs) in animal models can be induced by applying
external pressure of different durations and magnitudes to the skin and muscles [25]. The
capillary occlusion threshold in rats is estimated at 35 mmHg (4.6 kPa) when applied

to an area. Cutaneous blood flow decreases to about 20 % of control at 50 mmHg (6.7

kPa), and prolonged, continuous application of this pressure induces skin necrosis [101].
Linder-Ganz et al. reported a sigmoid pressure versus time relationship for cell death in rats
[25]. Specifically, the pressure magnitude is the dominant factor in tissue damage during

a short initial period (less than 1 h). However, only partial cell death occurs even at high
pressures (more than 32 kPa). With intermediate exposure time (1-2h), the level of cell
damage depends significantly on time, and the required pressure decreases from 32 to 9
kPa. For periods exceeding 2 h, the pressure magnitude becomes the main factor in cell
damage again. Blood reperfusion also contributes to cell damage in ischemic tissues with
reduced metabolism, as it dramatically increases the level of free radicals, exceeding the
normal free radical scavenging capacity. The cytotoxic activity of these free radicals leads to
inflammation and impaired cell proliferation [96].

Hashimoto et al. conducted a comparative study between weight and magnet compression
models in 8-9-week-old male Wistar rats to find a suitable model for PUs. They

reported that tissue damage with weight compression was milder than with magnetic
compression. Since the pressure magnitude and duration were the same in both methods,
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they hypothesized that sodium pentobarbital administered to rats in the weight model
alleviated the compression damage compared to alert animals. Therefore, they suggested
that the magnet model is a more reliable model for PUs than the weight model [101].

While ischemia has traditionally been considered a primary factor affecting PUs formation,
recent studies have highlighted ischemia-reperfusion (I/R) as the foremost contributing
factor. I/R triggers pathways such as leukocyte activation and oxidative stress, causing
extensive cellular damage [102]. Qin et al. induced PUs by applying a magnet of 1500 gauss
for 2-h intervals, followed by removing the magnet for 0.5 h to create reperfusion; this cycle
was repeated five times per day, leading to stage Il PUs after 2-3 days [103].

Deep tissue injury (DTI) is a type of pressure injury that occurs in the muscle adjacent

to the bone and significantly impacts PU formation [104,105]. However, researchers have
been unable to create a suitable experimental model of DTI, seemingly due to insufficient
pressure exposure duration, which usually lasts from several hours to 4 days [106,107].
Song et al. increased the pressure application time (2 h each time, five times per day for
six days) and successfully created stage 111 PUs in rats [108]. To develop a more clinically
relevant model of PUs in rats, Lin et al. induced spinal cord injury (SCI) motivated by the
33 % prevalence of pressure ulcers in the SCI population and the differing responses to
pressure injuries in SCI versus intact animals. They also introduced a model with an implant
mimicking a bony protrusion, effectively inducing deep muscle tissue injuries, and offering
insights into injury mechanisms in the SCI. [105].

4.5. Infected wounds

Infection is a major factor contributing to the chronic nature of wounds, impeding tissue
repair, and altering inflammatory responses [109]. Several factors influence the risk of
wound infection, including host characteristics such as age, immune status, malnutrition,
and diabetes; the type, number, and synergistic interactions of microorganisms, including
bacteria and fungi; elements of the wound environment like presence of necraotic tissue; and
non-physical factors like practitioner skills [110].

Bacterial biofilms, composed of bacterial communities encased in self-produced
exopolysaccharide matrices [111], shield the bacteria from physical and chemical
treatments, as well as the host’s immune response, fostering antibiotic resistance [110].
This biofilm phenotype is distinct from planktonic bacteria, which are free-floating bacteria
traditionally studied in microbiology. Historically, chronic wound infections were attributed
to planktonic bacteria, but recent findings suggest that chronic wound infections are
primarily associated with biofilms [112]. In acute and chronic wounds, the incidence of
biofilm formation is approximately 10 % and 60 %, respectively [113].

Bacteria within biofilms employ multiple strategies to withstand the host immune system.
They may adapt to low oxygen and nutrient conditions by slowing their metabolism, altering
gene expression and protein synthesis, and reducing cell division [112]. Biofilm bacteria can
also release toxins, causing tissue damage [114]. Biofilms compromise the effectiveness of
immune cells, leading to delayed inflammatory responses, which in turn can inhibit tissue
repair and remodeling. Furthermore, biofilms exhibit a remarkable resistance to antibiotics
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— up to 1000 times more than planktonic bacteria — enabling them to survive for extended
periods and potentially initiate new infections [115]. Biofilms can also impede angiogenesis
and collagen deposition, further delaying the wound healing process [116].

The formation of biofilms is influenced by various factors, including the type of
microorganisms present, the availability of nutrients, and physicochemical conditions.
Ischemia, commonly associated with most chronic wounds, can impede efficient microbial
elimination due to limited blood flow, thus prolonging inflammation and fostering biofilm
development [117]. Although numerous studies have established a connection between
biofilm formation, resistance to inflammatory processes, and delayed wound healing, the
exact mechanisms remain poorly understood. A significant challenge in biofilm research
is selecting an appropriate model that can accurately reflect biofilm infection dynamics,
requiring careful consideration. Evaluating the interactions between biofilms and host cells
within in vitro and in vivo models is critical and should be tailored to the specific research
questions and objectives [109].

4.5.1. In vitro biofilm models—Numerous in vitro biofilm models have been
developed to facilitate the study of bacteria within a controlled setting, mirroring the
complexities of clinical scenarios [109]. Variations among these models include the types
of surfaces or matrices they employ, the nutrient compositions in their mediums, and the
decision to use either mono- or multispecies bacterial culture [111]. One example is the
Lubbock chronic wound biofilm model, developed at the Medical Biofilm Research Institute
in Lubbock, Texas, USA, focuses on three types of bacteria typically found in chronic
wounds: S. aureus, P. aeruginosa, and Enterococcus faecalis. These bacteria are allowed

to grow for 24 h in a medium comprising 50 % Bolton broth with heparinized bovine
plasma and 5 % freeze-thaw laked horse red blood cells [118]. This model is instrumental

in studying anaerobes, which are commonly present in chronic wounds. It allows for testing
the efficacy of antimicrobial agents on wounds but has limitations in evaluating dynamic
biofilm-host interactions due to the use of polypropylene pipette tips as a surface for biofilm
formation. Werthén et al. developed a different model that enables biofilm development
without a solid surface, using a medium that contains 50 % fetal calf serum and 0.1 %
peptone [119]. Cell culture-based models utilize biotic surfaces, such as human epithelia, to
examine the interactions between cells and biofilms.

Although in vitro models have increased our understanding of intercellular communication
involving the quorum-sensing methods, processes of antimicrobial tolerance, the efficacy of
different therapeutic agents, and biofilm formation, the interaction with the host immune
system is not addressed by these models, hence, they fail to provide a significant clinically
relevant information. Therefore, it is essential to validate the findings from even a well-
established in vitro model using a suitable in vivo model.

4.5.2. In vivo biofilm models—Short-term in vitro infection models do not adequately
replicate the prolonged host-biofilm interactions, which play a significant role in the
development of chronic wounds [119,120]. Thus, recent focus has shifted toward in vivo
models for chronic wound-biofilm studies.
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A range of in vivo biofilm models related to chronic wounds have been studied using animal
models, aiding in the understanding of the iterative processes involved in the development
of chronicity. Typically, these protocols include creating a full-thickness wound and then
incubating it with either mono- or multispecies bacterial strains [121]. It is important to note,
though, that most natural biofilms differ from current in vivo models, as they are formed

by multiple bacterial species interacting, competing, cooperating, and communicating within
the biofilm. Therefore, understanding the mechanisms of multi-species biofilm formation is
key to advancing strategies for managing bacterial biofilms in clinical settings [122].

Asada et al. found that removing factors like foreign bodies or diabetes mellitus and
focusing on variables like bacterial size, rat age, and wound location are crucial for
consistently producing visible wound infections [123]. They also noted that the thorough
removal of the subcutaneous fat layer is key for achieving consistent infection results.
Moreover, conducting the bacterial inoculation at least a day after the wounding process is
essential to lower the risk of mortality due to bacteremia in the bleeding phase.

Most rat studies on biofilms use burn models, which are more common than other acute
wound models. In the context of chronic wounds, the majority of published biofilm models
explored are linked with diabetic wounds. Although rat biofilm models are less common
compared to murine models, they provide valuable insights into chronic wound infections
(see Table 2).

5. Wound factors

5.1. Age

Although the studies mentioned above are valuable in identifying clinically relevant models
of chronic ulcers, the data derived from rodent models of healing can be difficult to
translate to the clinic, in part because rodent subjects typically used in these experiments are
young/juvenile without comorbid disease. In addition, the literature lacks a comprehensive
consensus on the materials and methods used to assess chronic wound healing, leading to
inconsistent results and making it challenging to compare clinical outcomes across different
studies. When analyzing chronic wound studies, considering concomitant wound factors like
age, sex, anesthetics and analgesics used, and animal-specific wound healing mechanisms

is among the most challenging tasks. In addition, the addition of comorbid conditions to
otherwise healthy subjects in wound healing studies may increase the clinical relevance of
the derived data. Understanding the contributions of these factors will assist researchers

in choosing superior strategies to propose the optimal animal model for a specific chronic
wound.

Changes in the physiological state with age include impaired and delayed skin healing [142]
due to a decrease in immune responses, antioxidant enzyme activity [143], cell renewal,
elastin gene expression, and DNA repair [144-146]. The severity of ischemia-reperfusion
injury in soft tissues increases with patient age [147]. Poor blood supply to the skin
significantly affects skin function by reducing the number and proliferation of fibroblasts
[143]. A direct relationship exists between the prevalence of chronic wounds and age:
venous stasis, diabetes, and pressure ulcers occur more frequently in the 70s [148], 60s
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[149,150], and 60s [151] years of life, respectively. However, most experimental studies
assessing chronic wounds use young adult rats [152,153], for example, Pascarella et al.
used a 2-month-old rat to induce venous ulcer [134]. Therefore, ignoring the age factor
and age-related changes in the experimental design can lead to inaccurate results since
the wound condition in animal models does not accurately mimic the human situation
[153,154]. Table 3 provides a qualitative comparison of some wound healing markers and
parameters in young and old rats. Not only is old age a risk factor for major diseases,

but it also slows down the wound-healing process [155]. In addition, age can significantly
affect the protocol of animal model induction, for instance, the mass of pancreatic -cells
decreases with age in both humans and rats, necessitating a higher dose of STZ in young
rats compared to older ones [83]. Hence, it is strongly recommended that the age of the rats
in the model corresponds to the age at which a typical chronic wound is more common in
humans.

The exact relationship between human and rat ages remains a matter of debate. The
anatomical and physiological growth of rats does not correlate linearly with that of a human,
complicating direct age comparisons. Estimates have shown that during the feeding period,
every 42.4 days in rat’s life are comparable to 1 human year, while in pre-pubertal and adult
stages, this value is 4.3 days and 11.8 days, respectively. Fig. 4 illustrates an age scale for
partially comparing rat ages with human ages in adulthood [11]. Typically, 3-month-old and
20-month-old rats are considered young adults and old rats, respectively [159,160].

Given that the number of men and women in the human population is approximately equal,
a better understanding of sex’s role in the pathology and treatment of chronic wounds is
crucial. However, in animal models of chronic wounds, there is insufficient knowledge of
sex differences between test subjects. The predominant use of male animals in preclinical
studies results in a lack of data for females. This could potentially explain why women
tend to be more vulnerable to drug side effects compared to men [161,162]. Furthermore,
while women are epidemiologically more affected by ulcers (65-70 % of patients) [148,163]
and other skin diseases than men, only a small percentage of experimental studies in this
area focus on female animals. For example, in a cohort study that evaluated all original
articles published in dermatological journals during 2012-2013, only 4.3 % of the studies
were conducted on females compared to 32.1 % on males; in 60.4 % of the studies, the sex
parameter was unstated, and 5.8 % of the experiments included both sexes [162]. Thus, an
understanding of the biological basis of sex differences in the treatment of chronic wounds
can be gained through experimental studies comparing both sexes simultaneously [162].

Wound healing exhibits sexual dimorphism associated with sex hormones; generally,
while estrogens shorten skin wound healing time, androgens prolong this process [164].
Estrogens display anti-inflammatory activity and have positive effects on the proliferation
of endothelial cells, migration, collagen production [165], and wound healing angiogenesis
[166]. On the other hand, androgenic hormones promote inflammation and inhibit the
healing process [167]. Therefore, it is strongly recommended to use both male and

female rats in preclinical studies on wound healing. Many chronic wounds, like diabetic
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ulcers, predominantly affect the elderly [150], when the protective and restorative effect

of female sex hormones is eliminated due to menopause, which occurs at an average

age of 47 + 4.2 years [168]. Post-menopausal women may experience reduced levels of
hydroxyproline and superoxide dismutase, narrowing of papillary capillaries, degradation of
skin vascularization, and skin thinning due to a decrease in estrogen levels [165]. Bilateral
ovariectomy is a promising animal model for assessing chronic wound healing in the context
of menopause [169,170]. Additionally, females have 6 % more B-cells compared to males;
this results in the need for a higher dose of STZ in female rats than in males during diabetic
model induction [171].

The variability of biological indicators in female rats compared to males is due to the
different types of sex hormones and their level fluctuations throughout the estrous cycle
[172,173]. The estrous cycle in rats, with a typical duration of four days, consists of a
sequence of hormonal changes segmented into four stages: metestrus, diestrus, proestrus,
and estrus [174], echoing the 28-day menstrual cycle in humans in its cyclical pattern.
Some biological and histological skin parameters are significantly affected by the estrous
cycle, such as epithelial thickness, sebaceous gland cells [80], and TNF-a [175], as shown
in Fig. 5. Ideally, all female rats should be evaluated in the same phase of the estrous
cycle to eliminate differences caused by the estrous cycle phases [176]. Estrous phase
homogenization in female rats can be achieved using pharmacological methods, such as
chorionic gonadotropin injection [177], or by selecting female rats in the same phase
(typically the estrus phase). The latter method involves determining different phases of the
estrous cycle in rats by staining vaginal cells in a vaginal smear [176,178].

To address the longstanding oversight of female subjects in preclinical studies, the NIH
mandates the consideration of sex as a biological variable in the design, analysis, and
reporting phases of vertebrate animal and human studies it funds. For research proposals that
focus exclusively on a single sex, the NIH demands comprehensive justification, which must
be supported by scientific literature, preliminary data, or other relevant considerations [179].

5.3. Anesthetic and analgesic drugs

Before inflicting wounds on animals, anesthetic and analgesic drugs are administered to
anesthetize and relieve pain. However, these drugs can have side effects that interfere

with wound healing and affect the results. For instance, studies have demonstrated that

the expression of many genes associated with wound healing is altered when rats are
administered ketamine, xylazine, or thiopental, which are commonly used for anesthesia in
skin wound examinations [181,182]. These affected genes include those linked to growth
factors, extracellular matrix remodeling enzymes, inflammatory cytokines, and chemokines
[183]. Huss et al. analyzed the literature to provide recommendations for using analgesic
drugs with minimal side effects in rat wound healing models [184]. While opioid drugs
such as morphine and fentanyl may affect wound healing, non-selective NSAIDs (e.g.
diclofenac and flunixin meglumine), as well as topical drugs like lidocaine, did not appear to
impact the healing process. Berg et al. evaluated the antibacterial effects of both EMLA and
lidocaine and reported that EMLA has potent antibacterial properties that might lead to false
negative results when evaluating bacterial cultures [185]. Additionally, the use of various
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anesthetics and analgesics, each with potential side effects on wound healing, introduces
more variables, making it challenging to apply data from animal models to human clinical
situations [16]. Therefore, researchers should choose the most appropriate drugs to minimize
pain, unwanted effects, and variables in their wound healing models.

5.4. Smoking

Smoking is an extremely common risk factor for poor wound healing in human patients. In
2020, the global prevalence of smoking among adult men and women was 32.6 % and 6.5
%, respectively [186]. Generally, smoke is categorized into two types: mainstream smoke,
also known as “first-hand” smoke or active smoking, which is inhaled by the smoker, and
side-stream smoke, or passive smoking, a significant part of environmental tobacco smoke,
emitted from the burning tip of a cigarette between puffs. Both smoke types comprise a
complex mixture of unstable acids, gases, and particulate matter [187]. Cigarette smoke
contains over 4000 distinct toxins, including carbon monoxide and nicotine. Nicotine,

the primary vasoactive component in cigarettes, induces vasoconstriction by activating

the sympathetic nervous system, thereby reducing tissue perfusion [188]. The detrimental
effects of smoking on tissue oxygen levels can manifest after consuming just one cigarette,
regardless of an individual’s smoking history [189]. Fibroblasts, crucial in the repair process,
are exposed to smoke components circulating in the bloodstream. Loss of skin elasticity

is associated with abnormal fibroblast function due to smoke exposure [187]. Moreover,
nicotine adversely affects wound re-epithelialization by inhibiting keratinocyte migration
[190]. Smoking is linked to increased complications in wound healing, such as prolonged
healing times, wound reopening, tissue flap necrosis, anastomotic leakage, weakened wound
strength, and a higher risk of infections. These negative effects on inflammatory cells, such
as neutrophils and macrophages, and the reduced oxygen delivery to tissues are mechanisms
by which smoking exacerbates the pathobiology of chronic wounds [189].

There is no standardized and universally accepted model for cigarette smoke exposure
[191]. An ideal animal model for studying smoking would require accurate assessment of
risks associated with tobacco exposure, based on precise human measurements. However,
many smokers are reluctant to disclose their smoking habits and tobacco exposure levels.
Consequently, biomarkers have become the primary and objective method for determining
nicotine exposure. Among these, cotinine is the preferred biomarker [192]. Discrepancies

in models can arise from inaccurate methods of measuring cigarette smoke concentration,
variations in inhalation chamber types, differing exposure durations, and other factors [191].
Common models include: (a) passive smoking using inhalation chambers of various shapes
and sizes, along with cigarettes and an air [191,193]; (b) inducing nicotine dependence
through intermittent subcutaneous nicotine injections [194,195]; and (c) in vitro models,
where cultured cells are exposed to cigarette smoke. For example, Carnevali et al. cultured
fibroblasts in a three-dimensional matrix of natural type | collagen fibers, exposing them to
the smoke of two filterless cigarettes for 30 min. They observed that fibroblast contraction of
collagen gels was related to a decrease in fibronectin synthesis by the fibroblasts [196].
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5.5. Stress

Numerous studies have highlighted the significant impact of psychological stress on

the wound healing process. Stressors activate the hypothalamic-pituitary-adrenal (HPA)
and sympathetic-adrenal medullary (SAM) axes, leading to the release of hormones like
cortisol, epinephrine, and norepinephrine from the pituitary and adrenal glands [197].
Furthermore, research has established a direct connection between the immune system and
the sympathetic nervous system in lymphoid organs. Immune cells, including lymphocytes,
granulocytes, and monocytes, possess receptors for neuroendocrine hormones, which can
influence aspects such as cytokine expression, adhesion molecule presence, and the
movement, proliferation, and differentiation of immune cells [198].

Limited research into the impact of anxiety and depression on the healing of venous ulcers
and diabetic foot ulcers suggests that symptoms of these conditions negatively affect chronic
wound healing, although the hormonal or immune mechanisms involved were not explored
in detail [198]. Diabetic foot ulcers, affecting 25 % of diabetic patients at some point in their
lives, provide a critical model for studying the influence of emotional distress on chronic
wound healing [199]. Recent research indicates that neuropathy, a significant risk factor for
foot ulcers, is associated with increased overall distress and specific emotional responses,
such as fear of the consequences of ulcers and anger toward healthcare providers [198,200].

Experimental animal models have utilized two distinct stressors, social disruption (SDR)
and physical restraint (RST), to trigger neuroendocrine reactions and investigate their effects
on wound healing [201]. While psychological stress is known to hinder wound healing, the
specific type of stressor and the organism’s response to it are crucial factors. For instance,
Sheridan et al. found that the SDR stressor did not significantly reduce the healing process
compared to RST [201].

The relationship between stress and wound healing has been more extensively studied

in acute wounds than in chronic ones. However, chronic wounds respond differently to
stress compared to acute wounds, and the molecular mechanisms influencing acute wound
healing under stress are not directly applicable to chronic wounds. For instance, acute
wounds show a decrease in matrix metalloproteinase-9 (MMP-9) activity under stress,
which aids in their healing process. In contrast, chronic wounds, such as pressure sores
and venous ulcers, experience an increase in MMP-9 activity, leading to a shift from
tissue regeneration to extracellular matrix degradation and, consequently, impairing the
healing process [198]. These differences underscore the need for targeted research and the
development of sophisticated animal models to explore the impact of stress on the healing of
chronic wounds, taking their unique biological and molecular characteristics into account.

5.6. Obesity

Clinically, overweight and obesity are defined by a Body mass index (BMI) of 25 kg/m?
and 30 kg/m?, respectively [202]. Since 1999, the prevalence of obesity among adults in

the United States has steadily increased. By 2015-2016, the rates of obesity and overweight
reached 38.0 % and 74.7 % in men, respectively, while in women, the rates stood at

41.5 % and 68.9 % [203]. It is estimated that by 2030, nearly 50 % of American adults
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will be classified as overweight or obese. Traditionally, white adipose tissue was primarily
viewed as a storage site for energy. However, recent insights have revealed that fat cells
are metabolically active, producing adipokines such as adiponectin and leptin, which have
varied metabolic effects. These hormones target immune cells and inflammatory systems,
and there is a positive correlation between the increase in white adipose tissue and pro-
inflammatory agents like TNF-a and various interleukins, including IL-1b, IL-6, and IL-8
[204,205].

The changes in adipose tissue due to obesity highlight the potential for obesity to trigger and
maintain a chronic low-level inflammatory response, positioning obesity as a wound factor.
Obesity directly impacts comorbidities; for instance, the link between obesity and venous
insufficiency is well-established [206]. Although the precise mechanisms behind wound
disruptions are just beginning to be understood, increased intra-abdominal pressure may lead
to heightened reflux, expanded vein diameter, increased venous pressure, and consequently,
impaired venous function [207]. Regarding diabetes, excessive body fat can lead to type 2
diabetes [208].

Understanding the intrinsic changes that occur in the body due to an increase in adipose
tissue mass, especially those affecting the wound healing process, is essential for developing
animal models for chronic wounds further complicated by obesity. There are two primary
categories of animal models used in obesity research: monogenic models, which involve
mutations linked to a single gene, and polygenic models that are typically used to study
diet-induced obesity. Diet-induced models have shown that a high-fat diet, consisting of

30 % fat for rats over 15 weeks, causes a delay in wound healing of about 14-21 days

[205]. In contrast, mice on a reduced-calorie diet exhibited faster wound healing compared
to both ovariectomized and intact mice on a high-fat diet [209]. The presence of estrogen
partially mitigated the delay in wound healing compared to the absence of estrogen observed
in menopause or in ovariectomized mice, which led to increased weight gain. Monogenic
models mostly target the leptin gene, which plays a significant role in counteracting
inflammation. Genetically obese mice naturally exhibit leptin resistance and a disturbed
wound-healing process, but administering leptin to these animals accelerates wound healing
by reducing polymorphonuclear leukocytes [210].

5.7. Infection as a wound factor

In the previous section, we discussed the rat models of the infection acting as a primary
comorbidity that turns acute wounds into chronic ones. However, the considerable impact
of infection as a complicating factor in the healing of chronic wounds arising from other
comorbidities necessitates the development of specific animal models.

Infection is a leading factor contributing to the delayed healing process of chronic open
wounds [211]. A meta-analysis revealed that infections and biofilm formations are common
in 78.2 % of chronic wounds in humans [212], highlighting infection’s pivotal role in the
pathophysiology of chronic wounds [213]. The progression of infection from contamination
through localized infection to potentially life-threatening conditions such as systemic
infection, sepsis, and multiple organ dysfunction syndrome underscores its grave risk to
health [211].
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The standard approach for studying the infection factor in chronic wound healing employs
a two-step process, starting with the creation of a model based on a specific wound
comorbidity, followed by inoculation of the wound with pathogens [140,141]. Significant
differences were demonstrated between infected and non-infected chronic wounds regarding
wound size, healing time, and severity of inflammation, among other factors [140].
Although the approach is straightforward, introducing an additional factor can lead to
potential pitfalls that must be carefully evaluated. Bacteria can release virulent factors and
toxins that disrupt host defenses, such as autophagy [214]. Furthermore, the polymicrobial
nature of chronic wounds is common, indicating that the collaboration between aerobic
and anaerobic organisms in causing chronic wound infections should be considered more
clinically significant than infections caused by a single potential pathogen [215].

In contemporary medical practices, maintaining wound sterility and applying antiseptic
measures are fundamental. Nonetheless, under certain conditions, an infection could
potentially aid the healing process of wounds. Historically, before the advent of antibiotics,
the presence of infection was often seen as beneficial in clinical medicine. The phenomenon
of ‘laudable pus,’ a dense, white, odorless discharge indicative of a healing wound, was
associated with infections by bacteria considered to be of comparatively low harm, such

as Staphylococcus aureus [216]. Studies have demonstrated that infections by S. aureus
can lead to the development of skin abscesses, marked by an influx of neutrophils. These
immune cells are known for producing a strong superoxide reaction and for their role in
carrying antimicrobial peptides, both of which are key in promoting the healing of wounds
[217].

6. Effectiveness of rat models in translational research

Animal experimentation is widely recognized as a crucial component of biomedical progress
in the development of new interventions [218]. Despite the ethical dilemmas it poses, the
indispensable role of animal models in preclinical studies cannot be overstated. They are
vital in uncovering the pathophysiology of various diseases and exploring new treatment
options for both animal and human health issues [219]. Rats share many physiological and
genetic characteristics with humans, making them a valuable model for studying human
diseases, including the mechanisms of chronic wound healing progression and potential
treatment strategies. Consequently, rat models have been effectively utilized in preclinical
studies to assess the efficacy of various interventions in chronic wound healing.

For instance, an STZ-induced diabetic rat model with a full-thickness dorsal wound showed
that a combination of decellularized porcine acellular dermal matrix (ADM) with autologous
adipose-derived stem cells (ASCs) enhanced cell proliferation and regeneration, thus
accelerating the wound healing process [220]. Additionally, the ADM reduced inflammation
in diabetic wounds, promoting wound healing and tissue regeneration. The ADM used

in this study is a commercial product currently undergoing clinical trials to assess safety

and clinical performance in the treatment of corneal ulcers (Clinical Trials.gov identifier:
NCT04054817).
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Another example involves the treatment of diabetic wounds with Rejuveinix (RJX), an
intravenous pharmaceutical composition containing antioxidants and anti-inflammatory
vitamins. Diabetic wound and burn rat models were established using a high-fat diet
combined with a single injection of STZ, followed by either a full-thickness skin excision
wound on the back or a burn injury via a heated brass probe. RJIX was administered via
intraperitoneal injections for three weeks. The results indicated that RJX, administered

at a dosage more than tenfold lower than its clinical maximum tolerated dose (MTD),
significantly accelerated the healing of both excision wounds and burn injuries in diabetic
rats [221]. At the same time, the phase 1 clinical trials of RIX (ClinicalTrials.gov identifier:
NCT03680105) evaluated its pharmacokinetics and pharmacodynamics, demonstrating a
favorable safety profile and tolerability in healthy human subjects [222].

7. Limitations

The primary goal of animal models is to replicate the pathophysiological conditions

of human chronic wounds and evaluate therapeutic outcomes. Creating rat models that
accurately represent human chronic wounds is challenging due to the fundamental
differences in physiology, anatomy, pathology, and healing mechanisms between rats and
humans [21,223]. Differences include a dense hair layer, thin epidermis, dermis, and absence
of apocrine glands in rats [224]. While chronic wounds are common among humans, they
are relatively rare in animals, which adds further constraints to the use of animal models
[225]. Despite the limitations in using rat models to induce chronic wounds, rats remain

a vital resource in biomedical research. Their advantages include accessibility, a wealth of
knowledge from previous studies, and low maintenance costs. While inherent differences
prevent rat models from perfectly mimicking human pathophysiology, advancing these
models can reduce redundant research, conflicting results, and unnecessary use of time and
resources.

8. Conclusion

The morbidity and high costs associated with chronic wounds underscore the critical

need for new treatment methods [226], and animal models continue to be powerful

tools for testing new therapeutic agents. While current rat and other animal models for
chronic wounds play a crucial role in biomedical research, there is a significant need

for continued research and improvement in these models. Currently, the available models
are not sufficiently comprehensive for all applications, highlighting the importance of this
research area. Refining animal models is essential to advance our understanding of chronic
wounds and develop better treatments. Enhanced models will more accurately reflect human
conditions, improving the translation of research into clinical practice.

Acknowledgments

This work was supported in part by the NIH awards P20GM152301, P20GM109090, and HL125736. Figs. 1-4
were created using BioRender.com.

Life Sci. Author manuscript; available in PMC 2024 November 21.


http://Clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT03680105
https://biorender.com

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghanbari et al. Page 22

References

[1]. Jarbrink K, Ni G, S6nnergren H, Schmidtchen A, Pang C, Bajpai R, Car J, Prevalence and
incidence of chronic wounds and related complications: a protocol for a systematic review, Syst.
Rev 5 (2016), 10.1186/S13643-016-0329-Y.

[2]. Frykberg RG, Banks J, Challenges in the treatment of chronic wounds, Adv. Wound Care (New
Rochelle) 4 (2015) 560-582, 10.1089/wound.2015.0635. [PubMed: 26339534]

[3]. Sen CK, Human wounds and its burden: an updated compendium of estimates, Adv. Wound Care
(New Rochelle) 8 (2019) 39-48, 10.1089/WOUND.2019.0946. [PubMed: 30809421]

[4]. Han G, Ceilley R, Chronic wound healing: a review of current management and treatments, Adv.
Ther 34 (2017) 599-610, 10.1007/S12325-017-0478-Y. [PubMed: 28108895]

[5]. Zindle JK, Wolinsky E, Bogie KM, A review of animal models from 2015 to 2020 for preclinical
chronic wounds relevant to human health, J. Tissue Viability 30 (2021) 291-300, 10.1016/
JJTV.2021.05.006. [PubMed: 34103213]

[6]. Dorsett-Martin WA, Rat models of skin wound healing: a review, Wound Repair Regen 12 (2004)
591-599, 10.1111/J.1067-1927.2004.12601.X. [PubMed: 15555049]

[7]. Sun D, Gao W, Hu H, Zhou S, Why 90% of clinical drug development fails and how to improve it?
Acta Pharm. Sin. B 12 (2022) 3049, 10.1016/J.APSB.2022.02.002. [PubMed: 35865092]

[8]. Dowden H, Munro J, Trends in clinical success rates and therapeutic focus, Nat. Rev. Drug Discov
18 (2019) 495-496, 10.1038/D41573-019-00074-Z. [PubMed: 31267067]

[9]. Takebe T, Imai R, Ono S, The current status of drug discovery and development as originated in
United States academia: the influence of industrial and academic collaboration on drug discovery
and development, Clin. Transl. Sci 11 (2018) 597, 10.1111/CTS.12577. [PubMed: 29940695]

[10]. Perrin S, Preclinical research: Make mouse studies work, Nature 507 (2014) 423-425,
10.1038/507423a, 2014 507:7493. [PubMed: 24678540]

[11]. Ghasemi A, Jeddi S, Kashfi K, The laboratory rat: age and body weight matter, EXCLI J 20
(2021) 1431-1445, 10.17179/EXCLI2021-4072. [PubMed: 34737685]

[12]. Ellenbroek B, Youn J, Rodent models in neuroscience research: is it a rat race? Dis. Model. Mech
9 (2016) 1079-1087, 10.1242/DMM.026120. [PubMed: 27736744]

[13]. Nunan R, Harding KG, Martin P, Clinical challenges of chronic wounds: searching for an optimal
animal model to recapitulate their complexity, Dis. Model. Mech 7 (2014) 1205-1213, 10.1242/
DMM.016782. [PubMed: 25359790]

[14]. Meijer MK, Sommer R, Spruijt BM, Van Zutphen LFM, Baumans V, Influence of environmental
enrichment and handling on the acute stress response in individually housed mice, Lab. Anim 41
(2007) 161-173, 10.1258/002367707780378168. [PubMed: 17430616]

[15]. lannaccone PM, Jacob HJ, Rats!, Dis. Model. Mech 2 (2009) 206-210, 10.1242/DMM.002733.
[PubMed: 19407324]

[16]. Dorsett-Martin WA, Rat models of skin wound healing: a review, Wound Repair Regen 12 (2004)
591-599, 10.1111/J.1067-1927.2004.12601.X. [PubMed: 15555049]

[17]. Smith JR, Bolton ER, Dwinell MR, The rat: a model used in biomedical research, Methods Mol.
Biol 2018 (2019) 1-41, 10.1007/978-1-4939-9581-3_1/COVER. [PubMed: 31228150]

[18]. Masson-Meyers DS, Andrade TAM, Caetano GF, Guimaraes FR, Leite MN, Leite SN, Frade
MAC, Experimental models and methods for cutaneous wound healing assessment, Int. J. Exp.
Pathol 101 (2020) 21-37, 10.1111/1EP.12346. [PubMed: 32227524]

[19]. Chien S, Ischemic rabbit ear model created by minimally invasive surgery, Wound Repair Regen
15 (2007) 928-935, 10.1111/J.1524-475X.2007.00285.X. [PubMed: 18028143]

[20]. Saeed S, Martins-Green M, Animal models for the study of acute cutaneous wound healing,
Wound Repair Regen 31 (2023) 6-16, 10.1111/WRR.13051. [PubMed: 36153666]

[21]. Sullivan TP, Eaglstein WH, Davis SC, Mertz P, The pig as a model for human wound
healing, Wound Repair Regen 9 (2001) 66—76, 10.1046/J.1524-475X.2001.00066.X. [PubMed:
11350644]

Life Sci. Author manuscript; available in PMC 2024 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghanbari et al.

[22].

Page 23

Schmook FP, Meingassner JG, Billich A, Comparison of human skin or epidermis models with
human and animal skin in in-vitro percutaneous absorption, Int. J. Pharm 215 (2001) 51-56,
10.1016/S0378-5173(00)00665-7. [PubMed: 11250091]

[23]. Zhao Y, Qu H, Wang Y, Xiao W, Zhang Y, Shi D, Small rodent models of atherosclerosis,

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].
[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

Biomed. Pharmacother 129 (2020), 10.1016/J.BIOPHA.2020.110426.

Li X, Liu Y, Zhang H, Ren L, Li Q, Li N, Animal models for the atherosclerosis research: a
review, Protein Cell 2 (2011) 189, 10.1007/S13238-011-1016-3. [PubMed: 21468891]

Linder-Ganz E, Engelberg S, Scheinowitz M, Gefen A, Pressure-time cell death threshold for
albino rat skeletal muscles as related to pressure sore biomechanics, J. Biomech 39 (2006) 2725—
2732, 10.1016/J.JBIOMECH.2005.08.010. [PubMed: 16199045]

Mirra A, Maidanskaia EG, Carmo LP, Levionnois O, Spadavecchia C, How is depth of
anaesthesia assessed in experimental pigs? A scoping review, PLoS One 18 (2023), 10.1371/
JOURNAL.PONE.0283511.

Seaton M, Hocking A, Gibran NS, Porcine models of cutaneous wound healing, ILAR J 56
(2015) 127-138, 10.1093/ILAR/ILV016. [PubMed: 25991704]

Parnell LKS, Volk SW, The evolution of animal models in wound healing research: 1993-2017,
Adv. Wound Care (New Rochelle) 8 (2019) 692-702, 10.1089/WOUND.2019.1098. [PubMed:
31827981]

Sami DG, Heiba HH, Abdellatif A, Wound healing models: a systematic review of animal and
non-animal models, Wound Medicine 24 (2019) 8-17, 10.1016/J.WNDM.2018.12.001.

Tan MLL, Chin JS, Madden L, Becker DL, Challenges faced in developing

an ideal chronic wound model, Expert Opin. Drug Discovery 18 (2023) 99-114,
10.1080/17460441.2023.2158809.

Almadani YH, Vorstenbosch J, Davison PG, Murphy AM, Wound healing: a comprehensive
review, Semin. Plast. Surg 35 (2021) 141-144, 10.1055/S-0041-1731791. [PubMed: 34526860]
Wallace HA, Basehore BM, Zito PM, Wound Healing Phases, StatPearls, 2023.

Petersen H, Tavakoli F, Kruber S, Miinscher A, Gliese A, Hansen NO, Uschold S, Eggert D,
Robertson WD, Gosau T, Sehner S, Kwiatkowski M, Schluter H, Schumacher U, Knecht R,
Miller RJD, Comparative study of wound healing in rat skin following incision with a novel
picosecond infrared laser (PIRL) and different surgical modalities, Lasers Surg. Med 48 (2016)
385-391, 10.1002/LSM.22498. [PubMed: 26941063]

Guo H-F, Ali RM, Hamid RA, Zaini AA, Khaza’ai H, A new model for studying deep partial-
thickness burns in rats, Int. J. Burns Trauma 7 (2017) 107. [PubMed: 29119063]

Carlson MA, Longaker MT, Thompson JS, Granulation tissue regression induced by
musculocutaneous advancement flap coverage, Surgery 131 (2002) 332-337, 10.1067/
msy.2002.120673. [PubMed: 11894039]

Naldaiz-Gastesi N, Goicoechea M, Alonso-Martin S, Aiastui A, Lopez-Mayorga M, Garcia-
Belda P, Lacalle J, San José C, Aratzo-Bravo MJ, Trouilh L, Anton-Leberre V, Herrero D,
Matheu A, Bernad A, Garcia-Verdugo JM, Carvajal JJ, Relaix F, Lopez de Munain A, Garcia-
Parra P, Izeta A, Identification and characterization of the dermal panniculus carnosus muscle
stem cells, Stem Cell Rep 7 (2016) 411-424, 10.1016/J.STEMCR.2016.08.002.

Ren L, Zhou B, Chen L, Silicone ring implantation in an excisional murine wound model,
Wounds 24 (2012) 36-42. [PubMed: 25876236]

Davidson JM, Yu F, Opalenik SR, Splinting strategies to overcome confounding wound
contraction in experimental animal models, Adv. Wound Care (New Rochelle) 2 (2013) 142-148,
10.1089/WOUND.2012.0424. [PubMed: 24527337]

Mawaki A, Nakatani T, Sugama J, Konya C, Relationship between the distribution of
myofibroblasts, and stellar and circular scar formation due to the contraction of square and
circular wound healing, Anat. Sci. Int 82 (2007) 147-155, 10.1111/J.1447-073X.2007.00179.X.
[PubMed: 17867341]

Park SA, Covert J, Teixeira L, Motta MJ, Deremer SL, Abbott NL, Dubielzig R, Schurr M,
Isseroff RR, McAnulty JF, Murphy CJ, Importance of defining experimental conditions in a
mouse excisional wound model, Wound Repair Regen 23 (2015) 251-261, 10.1111/WRR.12272.
[PubMed: 25703258]

Life Sci. Author manuscript; available in PMC 2024 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghanbari et al.

[41].
[42].
[43].
[44].
[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

Page 24

Carlson MA, Longaker MT, Thompson JS, Wound splinting regulates granulation tissue survival,
J. Surg. Res 110 (2003) 304-309, 10.1016/S0022-4804(02)00098-7. [PubMed: 12697415]

Carlson MA, Thompson JS, Wound splinting modulates granulation tissue proliferation, Matrix
Biol 23 (2004) 243-250, 10.1016/j.mathio.2004.05.006. [PubMed: 15296938]

Bowers S, Franco E, Chronic wounds: evaluation and management, Am. Fam. Physician 101
(2020) 159-166. [PubMed: 32003952]

Martin P, Nunan R, Cellular and molecular mechanisms of repair in acute and chronic wound
healing, Br. J. Dermatol 173 (2015) 370-378, 10.1111/BJD.13954. [PubMed: 26175283]

Trujillo AN, Kesl SL, Sherwood J, Wu M, Gould LJ, Demonstration of the rat ischemic skin
wound model, J. Vis. Exp 2015 (2015), 10.3791/52637.

Valderas JM, Starfield B, Sibbald B, Salisbury C, Roland M, Defining comorbidity: implications
for understanding health and health services, Ann. Fam. Med 7 (2009) 357-363, 10.1370/
AFM.983. [PubMed: 19597174]

Guo S, DiPietro LA, Factors affecting wound healing, J. Dent. Res 89 (2010) 219-229,
10.1177/0022034509359125. [PubMed: 20139336]

Maksymova OS, German SM, Moskalenko PO, Yasenok VO, Gortynska OM, Hortynskyi KM,
Tkach GF, Features of skin wounds healing under chronic hyperglycemia and improvement of
their treatment methods, Wiad. Lek 74 (2021) 1174-1179, 10.36740/wlek202105124. [PubMed:
34090286]

Fernandez-Guarino M, Hernandez-Bule ML, Bacci S, Cellular and molecular processes in wound
healing, Biomedicines 11 (2023), 10.3390/BIOMEDICINES11092526.

Li Q, Wang D, Jiang Z, Li R, Xue T, Lin C, Deng Y, Jin Y, Sun B, Advances of hydrogel
combined with stem cells in promoting chronic wound healing, Front. Chem 10 (2022), 10.3389/
FCHEM.2022.1038839.

Rabbani M, Rahman E, Powner MB, Triantis IF, Making sense of electrical stimulation:

a meta-analysis for wound healing, Ann. Biomed. Eng 52 (2024) 153-177, 10.1007/
$10439-023-03371-2. [PubMed: 37743460]

Raziyeva K, Kim Y, Zharkinbekov Z, Kassymbek K, Jimi S, Saparov A, Immunology of acute
and chronic wound healing, Biomolecules 11 (2021), 10.3390/BIOM11050700.

Landén NX, Li D, Stahle M, Transition from inflammation to proliferation: a critical step

during wound healing, Cell. Mol. Life Sci 73 (2016) 3861-3885, 10.1007/S00018-016-2268-0.
[PubMed: 27180275]

Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic-Canic M, Growth factors

and cytokines in wound healing, Wound Repair Regen 16 (2008) 585-601, 10.1111/
J.1524-475X.2008.00410.X. [PubMed: 19128254]

Eming SA, Krieg T, Davidson JM, Inflammation in wound repair: molecular and cellular
mechanisms, J. Invest. Dermatol 127 (2007) 514-525, 10.1038/SJ.JID.5700701. [PubMed:
17299434]

Al-Zoubi NA, Shatnawi NJ, Gender variation in symptomatic peripheral arterial occlusive disease
among type-2 diabetic patients, SAGE Open Med 7 (2019), 10.1177/2050312119840198.

Zemaitis MR, Boll JM, Dreyer MA, Peripheral arterial disease, in: StatPearls [Internet],
StatPearls Publishing, Treasure Island (FL), 2023.

Lin JB, Phillips EH, Riggins TE, Sangha GS, Chakraborty S, Lee JY, Lycke RJ, Hernandez
CL, Soepriatna AH, Thorne BRH, Yrineo AA, Goergen CJ, Imaging of small animal peripheral
artery disease models: recent advancements and translational potential, Int. J. Mol. Sci 16 (2015)
11131-11177, 10.3390/1JMS160511131. [PubMed: 25993289]

Ballestin A, Casado JG, Abellan E, Vela FJ, Alvarez V, Usén A, Lopez E, Marinaro F,
Blazquez R, Sanchez-Margallo FM, Ischemia-reperfusion injury in a rat microvascular skin
free flap model: a histological, genetic, and blood flow study, PloS One 13 (2018), 10.1371/
JOURNAL.PONE.0209624.

Beltran-Camacho L, Jimenez-Palomares M, Rojas-Torres M, Sanchez-Gomar |, Rosal-Vela

A, Eslava-Alcon S, Perez-Segura MC, Serrano A, Antequera-Gonzalez B, Alonso-Pifiero JA,
Gonzélez-Rovira A, Extremera-Garcia MJ, Rodriguez-Pifiero M, Moreno-Luna R, Larsen MR,
Durén-Ruiz MC, Identification of the initial molecular changes in response to circulating

Life Sci. Author manuscript; available in PMC 2024 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghanbari et al.

[61].

[62].

[63].

[64].

[65].

[66].

[67].

[68].

[69].

[70].

[71].

[72].

[73].
[74].

[75].

[76].

Page 25

angiogenic cells-mediated therapy in critical limb ischemia, Stem Cell Res. Ther 11 (2020) 1-20,
10.1186/S13287-020-01591-0/FIGURES/6. [PubMed: 31900237]

Lévigne D, Tobalem M, Modarressi A, Pittet-Cuénod B, Hyperglycemia increases susceptibility
to ischemic necrosis, Biomed. Res. Int 2013 (2013), 10.1155/2013/490964.

Hoinoiu B, Jiga LP, Nistor A, Dornean V, Barac S, Miclaus G, lonac M, Hoinoiu T, Chronic
Hindlimb ischemia assessment; quantitative evaluation using laser Doppler in a rodent model
of surgically induced peripheral arterial occlusion, Diagnostics (Basel) 9 (2019), 10.3390/
DIAGNOSTICS9040139.

Aref Z, de Vries MR, Quax PHA, Variations in surgical procedures for inducing hind limb
ischemia in mice and the impact of these variations on neovascularization assessment, Int. J. Mol.
Sci 20 (2019), 10.3390/1IMS20153704.

Hellingman AA, Bastiaansen AJNM, De Vries MR, Seghers L, Lijkwan MA, Léwik CW,
Hamming JF, Quax PHA, Variations in surgical procedures for hind limb Ischaemia mouse
models result in differences in collateral formation, Eur. J. Vasc. Endovasc. Surg 40 (2010) 796—
803, 10.1016/J.EJVS.2010.07.009. [PubMed: 20705493]

Brown MD, Kelsall CJ, Milkiewicz M, Anderson S, Hudlicka O, A new model of peripheral
arterial disease: sustained impairment of nutritive microcirculation and its recovery by chronic
electrical stimulation, Microcirculation 12 (2005) 373-381, 10.1080/10739680590934817.
[PubMed: 16020083]

Li C, Nie F, Liu X, Chen M, Chi D, Li S, Pipinos II, Li X, Antioxidative and Angiogenic
hyaluronic acid-based hydrogel for the treatment of peripheral artery disease, ACS Appl. Mater.
Interfaces 13 (2021) 45224-45235, 10.1021/ACSAMI.1C11349. [PubMed: 34519480]

Heil M, Eitenmiiller I, Schmitz-Rixen T, Schaper W, Arteriogenesis versus
angiogenesis: similarities and differences, J. Cell. Mol. Med 10 (2006) 45-55, 10.1111/
J.1582-4934.2006.TB00290.X. [PubMed: 16563221]

Yang Y, Tang G, Yan J, Park B, Hoffman A, Tie G, Wang R, Messina LM, Cellular and molecular
mechanism regulating blood flow recovery in acute versus gradual femoral artery occlusion are
distinct in the mouse, Journal of vascular surgery: official publication, the Society for Vascular
Surgery [and] International Society for Cardiovascular Surgery, North American Chapter 48
(2008) 1546, 10.1016/J.JVS.2008.07.063.

Lundberg G, Luo F, Blegen H, Kalin B, Wahlberg E, A rat model for severe limb ischemia at rest,
Eur. Surg. Res 35 (2003) 430-438, 10.1159/000072228. [PubMed: 12928601]

Tang GL, Chang DS, Sarkar R, Wang R, Messina LM, The effect of gradual or acute arterial
occlusion on skeletal muscle blood flow, arteriogenesis, and inflammation in rat hindlimb
ischemia, J. Vasc. Surg 41 (2005) 312-320, 10.1016/j.jvs.2004.11.012. [PubMed: 15768015]
Krishna SM, Omer SM, Li J, Morton SK, Jose RJ, Golledge J, Development of a two-stage limb
ischemia model to better simulate human peripheral artery disease, Scientific Reports 10 (2020)
1-16, 10.1038/s41598-020-60352-4, 2020 10:1. [PubMed: 31913322]

Alizadeh N, Pepper M, Alfo K, Montandon D, Gabbiani G, Bochaton-Piallat M, Pittet

B, Persistent ischemia impairs myofibroblast development in wound granulation tissue a

new model of delayed wound healing, Wound Repair Regen 13 (2005) A22, 10.1111/
J.1067-1927.2005.130117V.X.

IDF Diabetes Atlas | Tenth Edition. https://diabetesatlas.org/.

Hou X, Guo P, Cai F, Lin Y, Zhang J, Angiosome-guided endovascular revascularization for
treatment of diabetic foot ulcers with peripheral artery disease, Ann. Vasc. Surg 86 (2022) 242—
250, 10.1016/J.AVSG.2022.02.012. [PubMed: 35257914]

Okur ME, Biilbiil EO, Mutlu G, Eleftheriadou K, Karantas ID, Okur NU, Siafaka PI, An
updated review for the diabetic wound healing systems, Curr. Drug Targets 23 (2022) 393-419,
10.2174/1389450122666210914104428. [PubMed: 34521324]

Ogbera OA, Osa E, Edo A, Chukwum E, Common clinical features of diabetic foot

ulcers: perspectives from a developing nation, Int. J. Low. Extrem. Wounds 7 (2008) 93-98,
10.1177/1534734608318236. [PubMed: 18492676]

Life Sci. Author manuscript; available in PMC 2024 November 21.


https://diabetesatlas.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghanbari et al. Page 26

[77]. Hokkam EN, Assessment of risk factors in diabetic foot ulceration and their impact on the
outcome of the disease, Prim. Care Diabetes 3 (2009) 219-224, 10.1016/J.PCD.2009.08.009.
[PubMed: 19783493]

[78]. Khalifa WA, Risk factors for diabetic foot ulcer recurrence: a prospective 2-year follow-up study
in Egypt, Foot (Edinb.) 35 (2018) 11-15, 10.1016/J.FOOT.2017.12.004. [PubMed: 29753996]

[79]. Southam K, de Sousa C, Daniel A, Taylor BV, Foa L, Premilovac D, Development and
characterisation of a rat model that exhibits both metabolic dysfunction and neurodegeneration
seen in type 2 diabetes, J. Physiol 600 (2022) 1611-1630, 10.1113/JP282454. [PubMed:
35128667]

[80]. Vykoukal D, Davies MG, Vascular biology of metabolic syndrome, Journal of vascular
surgery: official publication, the Society for Vascular Surgery [and] International Society for
Cardiovascular Surgery, North American Chapter. 54 (2011) 819, 10.1016/J.JVS.2011.01.003.

[81]. Goyal SN, Reddy NM, Patil KR, Nakhate KT, Ojha S, Patil CR, Agrawal YO, Challenges and
issues with streptozotocin-induced diabetes - a clinically relevant animal model to understand
the diabetes pathogenesis and evaluate therapeutics, Chem. Biol. Interact 244 (2016) 49-63,
10.1016/J.CB1.2015.11.032. [PubMed: 26656244]

[82]. Reiber GE, Lipsky BA, Gibbons GW, The burden of diabetic foot ulcers, Am. J. Surg 176 (1998)
55-10S, 10.1016/S0002-9610(98)00181-0. [PubMed: 9777967]

[83]. Ghasemi A, Jeddi S, Streptozotocin as a tool for induction of rat models of diabetes: a practical
guide, EXCLI J 22 (2023) 274-294, 10.17179/EXCLI12022-5720. [PubMed: 36998708]

[84]. Reed MJ, Meszaros K, Entes LJ, Claypool MD, Pinkett JG, Gadbois TM, Reaven GM, A new
rat model of type 2 diabetes: the fat-fed, streptozotocin-treated rat, Metabolism 49 (2000) 1390-
1394, 10.1053/META.2000.17721. [PubMed: 11092499]

[85]. Furman BL, Streptozotocin-induced diabetic models in mice and rats, Curr. Protoc. Pharmacol 70
(2015), 10.1002/0471141755.PH0547S70, 5.47.1-5.47.20.

[86]. Risk factors associated with healing chronic diabetic foot ulcers: the importance of
hyperglycemia - PubMed, https://pubmed.ncbi.nim.nih.gov/16567857/.

[87]. Kara M, Baykan H, Karabulut D, Investigation of the effect of sildenafil on flap survival in a
diabetic rat model, Ann. Chir. Plast. Esthet 67 (2022) 232-238, 10.1016/J.ANPLAS.2022.02.004.
[PubMed: 35307213]

[88]. Patterson D, Belch JJF, Venous insufficiency, Vascular Medicine: A Companion to Braunwald’s
Heart Disease 785-793 (2022), 10.1016/B978-0-7216-0284-4.50062-2.

[89]. Suehiro K, Morikage N, Yamashita O, Harada T, Samura M, Takeuchi Y, Mizoguchi T, Hamano
K, Risk factors in patients with venous stasis-related skin lesions without major abnormalities
on duplex ultrasonography, Ann. Vasc. Dis 9 (2016) 201, 10.3400/AVD.0OA.16-00059. [PubMed:
27738462]

[90]. Hahn TL, Whitfield R, Salter J, Granger DN, Unthank JL, Lalka SG, Evaluation of the role of
intercellular adhesion molecule 1 in a rodent model of chronic venous hypertension, J. Surg. Res
88 (2000) 150-154, 10.1006/JSRE.1999.5766. [PubMed: 10644481]

[91]. Pascarella L, Schmid-Schénbein GW, Bergan J, An animal model of venous hypertension:
the role of inflammation in venous valve failure, J. Vasc. Surg 41 (2005) 303-311, 10.1016/
j.jvs.2004.10.038. [PubMed: 15768014]

[92]. Monos E, Raffai G, Dérnyei G, Nadasy GL, Fehér E, Structural and functional responses of
extremity veins to long-term gravitational loading or unloading—Ilessons from animal systems,
Acta Astronaut 60 (2007) 406-414, 10.1016/J.ACTAASTRO.2006.09.027.

[93]. Monos E, Lérant M, Dornyei G, Bérczi V, Nadasy G, Long-term adaptation mechanisms in
extremity veins supporting orthostatic tolerance, News Physiol. Sci 18 (2003) 210-214, 10.1152/
NIPS.01447.2003. [PubMed: 14500802]

[94]. Dérnyei G, Hetthéssy J, Patai B, Balogh F, Németi A, Jickel M, Tékes A, Fees A, Varady
Z, Monos E, Nadasy GL, Combined effect of chronic partial occlusion and orthostatic load
on the saphenous vein network: a varicosity model in the rat, Phlebology 35 (2020) 92-101,
10.1177/0268355519852557. [PubMed: 31132939]

Life Sci. Author manuscript; available in PMC 2024 November 21.


https://pubmed.ncbi.nlm.nih.gov/16567857/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghanbari et al.

Page 27

[95]. Cottler P, Gampper TJ, Rodeheaver GT, Skalak TC, Evaluation of clinically applicable
exsanguination treatments to alleviate venous congestion in an animal skin flap model, Wound
Repair Regen 7 (1999) 187-195, 10.1046/J.1524-475X.1999.00187.X. [PubMed: 10417755]

[96]. Salcido R, Popescu A, Ahn C, Animal models in pressure ulcer research, J. Spinal Cord Med 30
(2007) 107-116, 10.1080/10790268.2007.11753921. [PubMed: 17591222]

[97]. Olivo S, Canova C, Peghetti A, Rossi M, Zanotti R, Prevalence of pressure ulcers in
hospitalised patients: a cross-sectional study, J. Wound Care 29 (2020) S20-S28, 10.12968/
JOWC.2020.29.SUP3.520. [PubMed: 32160127]

[98]. Al Aboud AM, Manna B, Wound Pressure Injury Management, StatPearls, 2022.

[99]. Edsberg LE, Black JM, Goldberg M, McNichol L, Moore L, Sieggreen M, Revised
national pressure ulcer advisory panel pressure injury staging system: revised pressure injury
staging system, Journal of Wound, Ostomy, and Continence Nursing 43 (2016) 585, 10.1097/
WON.0000000000000281.

[100]. Kottner J, Cuddigan J, Carville K, Balzer K, Berlowitz D, Law S, Litchford M, Mitchell
P, Moore Z, Pittman J, Sigaudo-Roussel D, Yee CY, Haesler E, Pressure ulcer/injury
classification today: an international perspective, J. Tissue Viability 29 (2020) 197-203, 10.1016/
J.JTV.2020.04.003. [PubMed: 32414554]

[101]. Hashimoto M, Kurose T, Kawamata S, Comparison between a weight compression and
a magnet compression for experimental pressure ulcers in the rat. Histological studies and
effects of anesthesia, Arch. Histol. Cytol 71 (2008) 303-316, 10.1679/A0OHC.71.303. [PubMed:
19556692]

[102]. Wang Y, Pu L, Li Z, Hu X, Jiang L, Hypoxia-inducible factor-1a gene expression and apoptosis
in ischemia-reperfusion injury: a rat model of early-stage pressure ulcer, Nurs. Res 65 (2016)
35-46, 10.1097/NNR.0000000000000132. [PubMed: 26657479]

[103]. Qin Z, Wang Y, Zhao W, Zhang Y, Tian Y, Sun S, Li X, Pressure ulcer healing promoted by
adequate protein intake in rats, Exp. Ther. Med 15 (2018) 4173-4178, 10.3892/ETM.2018.5934/
HTML. [PubMed: 29731816]

[104]. Preston A, Rao A, Strauss R, Stamm R, Zalman D, Deep tissue pressure injury: a clinical
review, Am. J. Nurs 117 (2017) 50-57, 10.1097/01.NAJ.0000516273.66604.C7.

[105]. Lin F, Pandya A, Cichowski A, Modi M, Reprogle B, Lee D, Kadono N, Makhsous M, Deep
tissue injury rat model for pressure ulcer research on spinal cord injury, J. Tissue Viability 19
(2010) 67-76, 10.1016/J.JTV.2009.11.009. [PubMed: 20006504]

[106]. Ahmed AK, Goodwin CR, Sarabia-Estrada R, Lay F, Ansari AM, Steenbergen C, Pang C,
Cohen R, Born LJ, Matsangos AE, Ng C, Marti GP, Abu-Bonsrah N, Phillips NA, Suk I, Sciubba
DM, Harmon JW, A non-invasive method to produce pressure ulcers of varying severity in
a spinal cord-injured rat model, Spinal Cord 54 (2016) 1096-1104, 10.1038/sc.2016.61, 2016
54:12. [PubMed: 27324319]

[107]. Kwan MPC, Tam EWC, Lo SCL, Leung MCP, Lau RYC, The time effect of pressure on tissue
viability: investigation using an experimental rat model, Exp. Biol. Med. (Maywood) 232 (2007)
481-487. [PubMed: 17392483]

[108]. Song M, Li X, Liu S, Wang Y, Zhao Z, Wang Y, Chen Z, Effects of smoking on the wound
healing of stage 4 pressure ulcers in rats, Chinese Journal of Burns 36 (2020) 953-958, 10.3760/
CMA.J.CN501120-20190827-00361. [PubMed: 33105948]

[109]. Ganesh K, Sinha M, Mathew-Steiner SS, Das A, Roy S, Sen CK, Chronic wound biofilm model,
Adv Wound Care (New Rochelle) 4 (2015) 382-388, 10.1089/WOUND.2014.0587. [PubMed:
26155380]

[110]. Hurlow J, Bowler PG, Acute and chronic wound infections: microbiological, immunological,
clinical and therapeutic distinctions, J. Wound Care 31 (2022) 436-445, 10.12968/
JOWC.2022.31.5.436. [PubMed: 35579319]

[111]. Reddersen K, Tittelbach J, Wiegand C, 3D biofilm models containing multiple
species for antimicrobial testing of wound dressings, Microorganisms 10 (2022), 10.3390/
MICROORGANISMS10102027.

[112]. Vestby LK, Gragnseth T, Simm R, Nesse LL, Bacterial biofilm and its role in the pathogenesis of
disease, Antibiotics (Basel) 9 (2020), 10.3390/ANTIBIOTICS9020059.

Life Sci. Author manuscript; available in PMC 2024 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghanbari et al.

Page 28

[113]. Clinton A, Carter T, Chronic wound biofilms: pathogenesis and potential therapies, Lab. Med 46
(2015) 277-284, 10.1309/LMBNSWKUI4JPN7SO. [PubMed: 26489671]

[114]. Cont A, Rossy T, Al-Mayyah Z, Persat A, Biofilms deform soft surfaces and disrupt epithelia,
Elife 9 (2020) 1-22, 10.7554/ELIFE.56533.

[115]. Versey Z, da Cruz Nizer WS, Russell E, Zigic S, DeZeeuw KG, Marek JE, Overhage J, Cassol
E, Biofilm-innate immune Interface: contribution to chronic wound formation, Front. Immunol
12 (2021), 10.3389/FIMMU.2021.648554.

[116]. Roy S, Santra S, Das A, Dixith S, Sinha M, Ghatak S, Ghosh N, Banerjee P, Khanna
S, Mathew-Steiner S, Das Ghatak P, Blackstone BN, Powell HM, Bergdall VK, Wozniak
DJ, Sen CK, Staphylococcus aureus Biofilm Infection Compromises Wound Healing by
Causing Deficiencies in Granulation Tissue Collagen, Ann Surg 271 (2020) 1174-1185, 10.1097/
SLA.0000000000003053. [PubMed: 30614873]

[117]. Malone-Povolny MJ, Maloney SE, Schoenfisch MH, Nitric oxide therapy for diabetic wound
healing, Adv. Healthc. Mater 8 (2019), 10.1002/ADHM.201801210.

[118]. Sun Y, Dowd SE, Smith E, Rhoads DD, Wolcott RD, In vitro multispecies Lubbock
chronic wound biofilm model, Wound Repair Regen 16 (2008) 805-813, 10.1111/
J.1524-475X.2008.00434.X. [PubMed: 19128252]

[119]. Werthén M, Henriksson L, Jensen P@, Sternberg C, Givskov M, Bjarnsholt T, An in vitro
model of bacterial infections in wounds and other soft tissues, APMIS 118 (2010) 156-164,
10.1111/J.1600-0463.2009.02580.X. [PubMed: 20132180]

[120]. Zhao G, Usui ML, Underwood RA, Singh PK, James GA, Stewart PS, Fleckman P, Olerud JE,
Time course study of delayed wound healing in a biofilm-challenged diabetic mouse model,
Wound Repair Regen 20 (2012) 342-352, 10.1111/J.1524-475X.2012.00793.X. [PubMed:
22564229]

[121]. Kanno E, Toriyabe S, Zhang L, Imai Y, Tachi M, Biofilm formation on rat skin wounds by
Pseudomonas aeruginosa carrying the green fluorescent protein gene, Exp. Dermatol 19 (2010)
154-156, 10.1111/J.1600-0625.2009.00931.X. [PubMed: 19650869]

[122]. Yang L, Liu Y, Wu H, Hgiby N, Molin S, Song ZJ, Current understanding of multi-species
biofilms, Int. J. Oral Sci 3 (2011) 74-81, 10.4248/1J0S11027. [PubMed: 21485311]

[123]. Asada M, Nakagami G, Minematsu T, Nagase T, Akase T, Huang L, Yoshimura K, Sanada H,
Novel models for bacterial colonization and infection of full-thickness wounds in rats, Wound
Repair Regen 20 (2012) 601-610, 10.1111/J.1524-475X.2012.00800.X. [PubMed: 22642411]

[124]. McFarlane RM, DeYoung G, Henry RA, The design of a pedicle flap in the
rat to study necrosis and its prevention, Plast. Reconstr. Surg 35 (1965) 177-182,
10.1097/00006534-196502000-00007. [PubMed: 14264468]

[125]. Hsueh Y'Y, Wang DH, Huang TC, Chang YJ, Shao WC, Tuan TL, Hughes MW, Wu CC, Novel
skin chamber for rat ischemic flap studies in regenerative wound repair, Stem Cell Res Ther 7
(2016), 10.1186/S13287-016-0333-0.

[126]. Quirinia A, Jensen FT, Viidik A, Ischemia in wound healing. I: Design of a flap model-
changes in blood flow, Scand. J. Plast. Reconstr. Surg. Hand Surg 26 (1992) 21-28,
10.3109/02844319209035178. [PubMed: 1626224]

[127]. Schwarz DA, Lindblad WJ, Rees RS, Altered collagen metabolism and delayed healing
in a novel model of ischemic wounds, Wound Repair Regen 3 (1995) 204-212, 10.1046/
J.1524-475X.1995.30212.X. [PubMed: 17173649]

[128]. Chen C, Schultz GS, Bloch M, Edwards PD, Tebes S, Mast BA, Molecular and mechanistic
validation of delayed healing rat wounds as a model for human chronic wounds, Wound Repair
Regen 7 (1999) 486-494, 10.1046/J.1524-475X.1999.00486.X. [PubMed: 10633008]

[129]. Trujillo AN, Kesl SL, Sherwood J, Wu M, Gould LJ, Demonstration of the rat ischemic skin
wound model, J. Vis. Exp 2015 (2015) 52637, 10.3791/52637.

[130]. Wang J, Hao H, Huang H, Chen D, Han Y, Han W, The effect of adipose-derived stem cells on
full-thickness skin grafts, Biomed. Res. Int 2016 (2016), 10.1155/2016/1464725.

[131]. Yoshida H, Itoh S, Hara T, Sasaki Y, Kondo S, Nakagawa T, Asanuma A, Tanabe
S, A phosphodiesterase 3 inhibitor, K-134, improves hindlimb skeletal muscle circulation

Life Sci. Author manuscript; available in PMC 2024 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghanbari et al.

Page 29

in rat models of peripheral arterial disease, Atherosclerosis 221 (2012) 84-90, 10.1016/
J.ATHEROSCLEROSIS.2011.12.044. [PubMed: 22269153]

[132]. Zografou A, Papadopoulos O, Tsigris C, Kavantzas N, Michalopoulos E, Chatzistamatiou T,
Papassavas A, Stavropoulou-Gioka C, Dontas I, Perrea D, Autologous transplantation of adipose-
derived stem cells enhances skin graft survival and wound healing in diabetic rats, Ann. Plast.
Surg 71 (2013) 225-232, 10.1097/SAP.0B013E31826 AF01A. [PubMed: 23636118]

[133]. Prasad YS, Miryala S, Lalitha K, Saritha B, Maheswari CU, Sridharan V, Srinandan CS,
Nagarajan S, An injectable self-healing anesthetic glycolipid-based oleogel with antibiofilm and
diabetic wound skin repair properties, Sci. Rep 10 (2020), 10.1038/S41598-020-73708-7.

[134]. Pascarella L, Schmid-Schénbein GW, Bergan J, An animal model of venous hypertension:
the role of inflammation in venous valve failure, J. Vasc. Surg 41 (2005) 303-311, 10.1016/
j.jvs.2004.10.038. [PubMed: 15768014]

[135]. Monos E, Loérant M, Fehér E, Influence of long-term experimental orthostatic body position
on innervation density in extremity vessels, Am. J. Physiol. Heart Circ. Physiol 281 (2001),
10.1152/AJPHEART.2001.281.4.H1606.

[136]. Sari Y, Nakagami G, Kinoshita A, Huang L, Ueda K, lizaka S, Sanada H, Sugama J, Changes
in serum and exudate creatine phosphokinase concentrations as an indicator of deep tissue injury:
a pilot study, Int. Wound J 5 (2008) 674—680, 10.1111/J.1742-481X.2008.00543.X. [PubMed:
19134069]

[137]. Brandenburg KS, Weaver AJ, Karna SLR, You T, Chen P, Van Stryk S, Qian L, Pineda U,
Abercrombie JJ, Leung KP, Formation of Pseudomonas aeruginosa biofilms in full-thickness
scald burn wounds in rats, Sci. Rep 9 (2019), 10.1038/S41598-019-50003-8.

[138]. Brandenburg KS, Weaver AJ, Qian L, You T, Chen P, Karna SLR, Fourcaudot AB, Sebastian
EA, Abercrombie JJ, Pineda U, Hong J, Wienandt NA, Leung KP, Development of pseudomonas
aeruginosa biofilms in partial-thickness burn wounds using a Sprague-Dawley rat model, J. Burn
Care Res 40 (2019) 44-57, 10.1093/JBCR/IRY043. [PubMed: 30137429]

[139]. Weaver AJ, Brandenburg KS, Smith BW, Leung KP, Comparative analysis of the host response
in a rat model of deep-partial and full-thickness burn wounds with Pseudomonas aeruginosa
infection, Front. Cell. Infect. Microbiol 9 (2020), 10.3389/FCIMB.2019.00466.

[140]. Nakagami G, Morohoshi T, lkeda T, Ohta Y, Sagara H, Huang L, Nagase T, Sugama J, Sanada
H, Contribution of quorum sensing to the virulence of Pseudomonas aeruginosa in pressure ulcer
infection in rats, Wound Repair Regen 19 (2011) 214-222, 10.1111/J.1524-475X.2010.00653.X.
[PubMed: 21362089]

[141]. Mendes JJ, Leandro Cl, Bonaparte DP, Pinto AL, A rat model of diabetic wound infection for
the evaluation of topical antimicrobial therapies, Comp. Med 62 (2012) 37. [PubMed: 22330650]

[142]. Kim DJ, Mustoe T, Clark RA, Cutaneous wound healing in aging small mammals: a systematic
review, Wound Repair Regen 23 (2015) 318-339, 10.1111/WRR.12290. [PubMed: 25817246]

[143]. Jankovic A, Saso L, Korac A, Korac B, Relation of redox and structural alterations of
rat skin in the function of chronological aging, Oxid. Med. Cell. Longev 2019 (2019),
10.1155/2019/2471312.

[144]. Soybir OC, Giirdal SO, Oran ES, Tiliibas F, Yiiksel M, Akyildiz Al, Bilir A, Soybir GR,
Delayed cutaneous wound healing in aged rats compared to younger ones, Int. Wound J 9 (2012)
478, 10.1111/).1742-481X.2011.00897.X. [PubMed: 22128764]

[145]. Sgonc R, Gruber J, Age-related aspects of cutaneous wound healing: a mini-review,
Gerontology 59 (2013) 159-164, 10.1159/000342344. [PubMed: 23108154]

[146]. Kazanci A, Kurus M, Atasever A, Analyses of changes on skin by aging, Skin Res. Technol 23
(2017) 48-60, 10.1111/SRT.12300. [PubMed: 27321201]

[147]. Liu M, Zhang P, Chen M, Zhang W, Yu L, Yang XC, Fan Q, Aging might increase myocardial
ischemia / reperfusion-induced apoptosis in humans and rats, Age (Omaha) 34 (2012) 621,
10.1007/S11357-011-9259-8.

[148]. Berenguer Pérez M, Lopez-Casanova P, Sarabia Lavin R, Gonzélez de la Torre H, Verdu-
Soriano J, Epidemiology of venous leg ulcers in primary health care: incidence and prevalence
in a health centre-a time series study (2010-2014), Int. Wound J 16 (2019) 256-265, 10.1111/
1WJ.13026. [PubMed: 30393963]

Life Sci. Author manuscript; available in PMC 2024 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghanbari et al.

Page 30

[149]. Cheng YJ, Imperatore G, Geiss LS, Wang J, Saydah SH, Cowie CC, Gregg EW, Secular
Changes in the Age-Specific Prevalence of Diabetes Among U.S. Adults: 1988-2010, Diabetes
Care 36 (2013) 2690, 10.2337/DC12-2074. [PubMed: 23637354]

[150]. Jacobs E, Rathmann W, Toénnies T, Arendt D, Marchowez M, Veith L, Kuss O, Brinks R, Hoyer
A, Age at diagnosis of type 2 diabetes in Germany: a nationwide analysis based on claims data
from 69 million people, Diabet. Med 37 (2020) 1723-1727, 10.1111/DME.14100. [PubMed:
31390484]

[151]. Margolis DJ, Bilker W, Knauss J, Baumgarten M, Strom BL, The incidence and prevalence of
pressure ulcers among elderly patients in general medical practice, Ann. Epidemiol 12 (2002)
321-325, 10.1016/S1047-2797(01)00255-1. [PubMed: 12062919]

[152]. Hashimoto M, Kurose T, Kawamata S, Comparison between a weight compression and
a magnet compression for experimental pressure ulcers in the rat. Histological studies and
effects of anesthesia, Arch. Histol. Cytol 71 (2008) 303-316, 10.1679/A0OHC.71.303. [PubMed:
19556692]

[153]. Tobalem M, Lévigne D, Modarressi A, Atashi F, Villard F, Hinz B, Pittet-Cuénod B,
Hyperglycemia interacts with ischemia in a synergistic way on wound repair and myofibroblast
differentiation, Plast. Reconstr. Surg. Glob. Open 3 (2015), 10.1097/G0OX.0000000000000443.

[154]. Ghanbari M, Ghasemi A, Maternal hypothyroidism: an overview of current experimental
models, Life Sci 187 (2017) 1-8, 10.1016/J.LFS.2017.08.012. [PubMed: 28807719]

[155]. Moor AN, Tummel E, Prather JL, Jung M, Lopez JJ, Connors S, Gould LJ, Consequences of
age on ischemic wound healing in rats: altered antioxidant activity and delayed wound closure,
Age (Dordr.) 36 (2014) 733-748, 10.1007/S11357-014-9617-4. [PubMed: 24443098]

[156]. Saldias MP, Fernandez C, Morgan A, Diaz C, Morales D, Jafia F, Gdmez A, Silva A, Bricefio
F, Oyarzun A, Maldonado F, Cerda O, Smith PC, Caceres M, Aged blood factors decrease
cellular responses associated with delayed gingival wound repair, PloS One 12 (2017), 10.1371/
JOURNAL.PONE.0184189.

[157]. Kopcewicz M, Walendzik K, Bukowska J, Kur-Piotrowska A, Machcinska S, Gimble JM,
Gawronska-Kozak B, Cutaneous wound healing in aged, high fat diet-induced obese female
or male C57BL/6 mice, Aging 12 (2020) 7066-7111, 10.18632/AGING.103064. [PubMed:
32294622]

[158]. Gunin AG, Petrov VVV, Vasil’eva OV, Golubtsova NN, Blood vessels in human dermis during
aging, Adv. Gerontol 27 (2014) 54-61. [PubMed: 25051759]

[159]. Sengupta P, The laboratory rat: relating its age with human’s, Int. J. Prev. Med 4 (2013) 624.
[PubMed: 23930179]

[160]. Gholami H, Jeddi S, Zadeh-Vakili A, Farrokhfall K, Rouhollah F, Zarkesh M, Ghanbari M,
Ghasemi A, Transient congenital hypothyroidism alters gene expression of glucose transporters
and impairs glucose sensing apparatus in young and aged offspring rats, Cell. Physiol. Biochem
43 (2017) 2338-2352, 10.1159/000484386. [PubMed: 29073628]

[161]. Clayton JA, Collins FS, Policy: NIH to balance sex in cell and animal studies, Nature 509
(2014) 282-283, 10.1038/509282a, 2014 509:7500. [PubMed: 24834516]

[162]. Kong BY, Haugh IM, Schlosser BJ, Getsios S, Paller AS, Mind the gap: sex bias in basic skin
research, J. Invest. Dermatol 136 (2016) 12-14, 10.1038/J1D.2015.298. [PubMed: 26763418]

[163]. Diaz-Herrera MA, Martinez-Riera JR, Verd(-Soriano J, Capillas-Pérez RM, Pont-Garcia C,
Tenllado-Pérez S, Cunillera-Puertolas O, Berenguer-Pérez M, Gea-Caballero V, Multicentre
study of chronic wounds point prevalence in primary health care in the southern metropolitan
area of Barcelona, J. Clin. Med 10 (2021) 1-11, 10.3390/JCM10040797.

[164]. Engeland CG, Sabzehei B, Marucha PT, Sex hormones and mucosal wound healing, Brain
Behav. Immun 23 (2009) 629-635, 10.1016/J.BBI1.2008.12.001. [PubMed: 19111925]

[165]. Farage MA, Neill S, MacLean AB, Physiological changes associated with the menstrual cycle:
a review, Obstet. Gynecol. Surv 64 (2009) 58-72, 10.1097/0GX.0B013E3181932A37. [PubMed:
19099613]

[166]. EI Mohtadi M, Whitehead K, Dempsey-Hibbert N, Belboul A, Ashworth J, Estrogen deficiency
—a central paradigm in age-related impaired healing? EXCLI J 20 (2021) 99, 10.17179/
EXCLI12020-3210. [PubMed: 33510594]

Life Sci. Author manuscript; available in PMC 2024 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghanbari et al.

Page 31

[167]. Gushiken LFS, Beserra FP, Bastos JK, Jackson CJ, Pellizzon CH, Cutaneous wound healing: an
update from physiopathology to current therapies, Life 11 (2021), 10.3390/LIFE11070665.

[168]. Ozdemir O, Cél M, The age at menopause and associated factors at the health center area
in Ankara, Turkey, Maturitas 49 (2004) 211-219, 10.1016/j.maturitas.2004.01.013. [PubMed:
15488349]

[169]. Medina-Contreras J, Villalobos-Molina R, Zarain-Herzberg A, Balderas-Villalobos J,
Ovariectomized rodents as a menopausal metabolic syndrome model. A minireview, Mol. Cell
Biochem 475 (2020) 261-276, 10.1007/S11010-020-03879-4. [PubMed: 32852713]

[170]. Ji MS, Yang XY, Hao Y, Shi J, Histomorphological and biochemical analysis of rat
model of menopausal skin aging, Bull. Exp. Biol. Med 172 (2022) 377-380, 10.1007/
S$10517-022-05396-4. [PubMed: 35001317]

[171]. Marchese E, Rodeghier C, Monson RS, Mccracken B, Shi T, Schrock W, Martellotto J,
Oberholzer J, Danielson KK, Enumerating p-cells in whole human islets: sex differences and
associations with clinical outcomes after islet transplantation, Diabetes Care 38 (2015) e176,
10.2337/DC15-0723. [PubMed: 26384388]

[172]. Ajayi AF, Akhigbe RE, Staging of the estrous cycle and induction of estrus in experimental
rodents: an update, Fertility Research and Practice 6 (2020) 1-15, 10.1186/S40738-020-00074-3,
2020 6:1. [PubMed: 32071729]

[173]. Marcondes FK, Miguel KJ, Melo LL, Spadari-Bratfisch RC, Estrous cycle influences the
response of female rats in the elevated plus-maze test, Physiol. Behav 74 (2001) 435-440,
10.1016/S0031-9384(01)00593-5. [PubMed: 11790402]

[174]. Emanuele MA, Wezeman F, Emanuele NV, Alcohol’s effects on female reproductive function,
Alcohol Res. Health 26 (2002) 274. [PubMed: 12875037]

[175]. Stapleton PA, McBride CR, Yi J, Abukabda AB, Nurkiewicz TR, Estrous cycle-dependent
modulation of in vivo microvascular dysfunction after nanomaterial inhalation, Reprod. Toxicol
78 (2018) 20-28, 10.1016/J.REPROTOX.2018.03.001. [PubMed: 29545171]

[176]. Dundar SO, Ozcura F, Cetin ED, Beder N, Dundar M, Effects of estrogen replacement therapy
on vascular endothelial growth factor expression in choroidal and retinal vasculature, Bratisl.
Lek. Listy 111 (2010) 473-476. [PubMed: 21180259]

[177]. Merkwitz C, Blaschuk O, Eplinius F, Winkler J, Promel S, Schulz A, Ricken A, A simple
method for inducing estrous cycle stage-specific morphological changes in the vaginal epithelium
of immature female mice, Lab. Anim 50 (2016) 344-353, 10.1177/0023677215617387.
[PubMed: 26568579]

[178]. Marcondes FK, Bianchi FJ, Tanno AP, Determination of the estrous cycle phases of rats: some
helpful considerations, Braz. J. Biol 62 (2002) 609-614, 10.1590/S1519-69842002000400008.
[PubMed: 12659010]

[179]. National Institutes of Health: NOT-OD-15-102: Consideration of Sex as a Biological Variable in
NIH-funded Research, https://grants.nih.gov/grants/guide/notice-files/not-od-15-102.html.

[180]. Hubscher CH, Brooks DL, Johnson JR, A quantitative method for assessing stages of the rat
estrous cycle, Biotech. Histochem 80 (2005) 79-87, 10.1080/10520290500138422. [PubMed:
16195173]

[181]. Mostafavinia A, Bidram M, Gomi Avili A, Mahmanzar M, Karimifard SA, Sajadi E, Amini A,
Hadipour Jahromy M, Ghoreishi SK, Chien S, Bayat M, An improvement in acute wound healing
in rats by the synergistic effect of photobiomodulation and arginine, Laboratory Animal Research
35 (2019) 1-11, 10.1186/S42826-019-0025-X, 2019 35:1. [PubMed: 31463220]

[182]. Afzali H, Khaksari M, Norouzirad R, Jeddi S, Kashfi K, Ghasemi A, Acidified nitrite improves
wound healing in type 2 diabetic rats: role of oxidative stress and inflammation, Nitric Oxide 103
(2020) 20-28, 10.1016/J.N10X.2020.07.001. [PubMed: 32693171]

[183]. Altun MA, Ozaydin A, Arkan H, Demiryas S, Akbas F, Bahtiyar N, Onaran |, Anesthesia may
alter mRNA expression of certain wound healing-associated genes in dermal wound environment
of the rats, Mol. Biol. Rep 46 (2019) 2819-2827, 10.1007/S11033-019-04728-4. [PubMed:
30838502]

Life Sci. Author manuscript; available in PMC 2024 November 21.


https://grants.nih.gov/grants/guide/notice-files/not-od-15-102.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghanbari et al.

Page 32

[184]. Huss MK, Felt SA, Pacharinsak C, Influence of pain and analgesia on orthopedic and
wound-healing models in rats and mice, Comp. Med 69 (2019) 535-545, 10.30802/AALAS-
CM-19-000013. [PubMed: 31561753]

[185]. Berg JO, Mossner BK, Skov MN, Lauridsen J, Gottrup F, Kolmos HJ, Antibacterial properties
of EMLA and lidocaine in wound tissue biopsies for culturing, Wound Repair Regen 14 (2006)
581-585, 10.1111/J.1743-6109.2006.00157.X. [PubMed: 17014670]

[186]. Dai X, Gakidou E, Lopez AD, Evolution of the global smoking epidemic over the past half
century: strengthening the evidence base for policy action, Tob. Control 31 (2022) 129-137,
10.1136/TOBACCOCONTROL-2021-056535. [PubMed: 35241576]

[187]. Wong LS, Martins-Green M, Firsthand cigarette smoke alters fibroblast migration and
survival: implications for impaired healing, Wound Repair Regen 12 (2004) 471-484, 10.1111/
J.1067-1927.2004.12403.X. [PubMed: 15260813]

[188]. McRobert J, Smoking and its effects on the healing process of chronic wounds, Br. J.
Community Nurs Suppl. (2013), 10.12968/BJCN.2013.18.SUP3.518.

[189]. McDaniel JC, Browning KK, Smoking, chronic wound healing, and implications for
evidence-based practice, J. Wound Ostomy Continence Nurs 41 (2014) 415-423, 10.1097/
WON.0000000000000057. [PubMed: 25188797]

[190]. Zia S, Ndoye A, Lee TX, Webber RJ, Grando SA, Receptor-mediated inhibition of keratinocyte
migration by nicotine involves modulations of calcium influx and intracellular concentration, J.
Pharmacol. Exp. Ther 293 (2000) 973. [PubMed: 10869400]

[191]. Brito MVH, Yasojima EY, Silveira EL, Yamaki VN, Teixeira RKC, Feijé DH, Gongalves TB,
New experimental model of exposure to environmental tobacco smoke, Acta Cir. Bras 28 (2013)
815-819, 10.1590/S0102-86502013001200002. [PubMed: 24316853]

[192]. Florescu A, Ferrence R, Einarson T, Selby P, Soldin O, Koren G, Methods for quantification
of exposure to cigarette smoking and environmental tobacco smoke: focus on developmental
toxicology, Ther. Drug Monit 31 (2009) 14-30, 10.1097/FTD.0B013E3181957A3B. [PubMed:
19125149]

[193]. Trombitas V, Nagy A, Berce C, Tabaran F, Albu S, Effect of cigarette smoke on wound healing
of the septal mucosa of the rat, Biomed. Res. Int 2016 (2016), 10.1155/2016/6958597.

[194]. Liu Z, Liu X-W, Lu S-F, Yu A-L, Zhang Z-W, Effect of nicotine withdrawal on pain sensitivity
in rats to mechanical stimulation and thermal stimulation, Eur. Rev. Med. Pharmacol. Sci 18
(2014) 2759-2765. [PubMed: 25317814]

[195]. Caille S, Clemens K, Stinus L, Cador M, Modeling nicotine addiction in rats, Methods Mol.
Biol 829 (2012) 243-256, 10.1007/978-1-61779-458-2_15.

[196]. Carnevali S, Nakamura Y, Mio T, Liu X, Takigawa K, Romberger DJ, Spurzem JR, Rennard Sl,
Cigarette smoke extract inhibits fibroblast-mediated collagen gel contraction, Am. J. Physiol 274
(1998), 10.1152/AJPLUNG.1998.274.4.1.591.

[197]. Gouin JP, Kiecolt-Glaser JK, The impact of psychological stress on wound healing:
methods and mechanisms, Immunol. Allergy Clin. North Am 31 (2011) 81-93, 10.1016/
J.IAC.2010.09.010. [PubMed: 21094925]

[198]. Vileikyte L, Stress and wound healing, Clin. Dermatol 25 (2007) 49-55, 10.1016/
J.CLINDERMATOL.2006.09.005. [PubMed: 17276201]

[199]. Burgess JL, Wyant WA, Abujamra BA, Kirsner RS, Jozic I, Diabetic wound-healing science,
Medicina (Kaunas) 57 (2021), 10.3390/MEDICINA57101072.

[200]. Lazzarini PA, Crews RT, van Netten JJ, Bus SA, Fernando ME, Chadwick PJ, Najafi
B, Measuring plantar tissue stress in people with diabetic peripheral neuropathy: a critical
concept in diabetic foot management, J. Diabetes Sci. Technol 13 (2019) 869-880,
10.1177/1932296819849092. [PubMed: 31030546]

[201]. Sheridan JF, Padgett DA, Avitsur R, Marucha PT, Experimental models of stress and wound
healing, World J. Surg 28 (2004) 327-330, 10.1007/S00268-003-7404-Y. [PubMed: 14961184]

[202]. van Baak MA, Pramono A, Battista F, Beaulieu K, Blundell JE, Busetto L, Carraca EV, Dicker
D, Encantado J, Ermolao A, Farpour-Lambert N, Woodward E, Bellicha A, Oppert JM, Effect
of different types of regular exercise on physical fitness in adults with overweight or obesity:
systematic review and meta-analyses, Obes. Rev 22 (2021), 10.1111/0BR.13239.

Life Sci. Author manuscript; available in PMC 2024 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghanbari et al.

Page 33

[203]. Wang Y, Beydoun MA, Min J, Xue H, Kaminsky LA, Cheskin LJ, Has the prevalence of
overweight, obesity and central obesity levelled off in the United States? Trends, patterns,
disparities, and future projections for the obesity epidemic, Int. J. Epidemiol 49 (2020) 810-823,
10.1093/1JE/DYZ273. [PubMed: 32016289]

[204]. Pence BD, Woods JA, Exercise, obesity, and cutaneous wound healing: evidence from
rodent and human studies, Adv. Wound Care (New Rochelle) 3 (2014) 71-79, 10.1089/
WOUND.2012.0377. [PubMed: 24761347]

[205]. Nascimento AP, Costa AMA, Overweight induced by high-fat diet delays rat cutaneous wound
healing, Br. J. Nutr 96 (2006) 1069-1077, 10.1017/BJN20061955. [PubMed: 17181882]

[206]. Deol ZK, Lakhanpal S, Franzon G, Pappas PJ, Effect of obesity on chronic venous insufficiency
treatment outcomes, J. Vasc. Surg. Venous Lymphat. Disord 8 (2020) 617-628.e1, 10.1016/
J.JVSV.2020.04.006. [PubMed: 32335333]

[207]. Pierpont YN, Dinh TP, Salas RE, Johnson EL, Wright TG, Robson MC, Payne WG,

Obesity and surgical wound healing: a current review, ISRN Obes 2014 (2014) 1-13,
10.1155/2014/638936.

[208]. Alawainati MA, Ayoob ZA, AlQari AA, Makhlooq F, Naser HS, Bukamal F, Prevalence
and characteristics of obesity in patients with type-2 diabetes mellitus in primary care centers
in Bahrain: a cross-sectional study, J. Family Community Med 30 (2023) 109-115, 10.4103/
JFCM.JFCM_9_23. [PubMed: 37303838]

[209]. Holcomb VB, Keck VA, Barrett JC, Hong J, Libutti SK, Nufiez NP, Obesity impairs wound
healing in ovariectomized female mice, In Vivo (Brooklyn) 23 (515) (2009).

[210]. Doulberis M, Papaefthymiou A, Polyzos SA, Katsinelos P, Grigoriadis N, Srivastava DS,
Kountouras J, Rodent models of obesity, Minerva Endocrinol 45 (2020) 243-263, 10.23736/
S0391-1977.19.03058-X. [PubMed: 31738033]

[211]. Leaper D, Assadian O, Edmiston CE, Approach to chronic wound infections, Br. J. Dermatol
173 (2015) 351-358, 10.1111/BJD.13677. [PubMed: 25772951]

[212]. Malone M, Bjarnsholt T, McBain AJ, James GA, Stoodley P, Leaper D, Tachi M, Schultz G,
Swanson T, Wolcott RD, The prevalence of biofilms in chronic wounds: a systematic review and
meta-analysis of published data, J. Wound Care 26 (2017) 20-25, 10.12968/JOWC.2017.26.1.20.
[PubMed: 28103163]

[213]. Liu YF, Ni PW, Huang Y, Xie T, Therapeutic strategies for chronic wound infection, Chin. J.
Traumatol 25 (2022) 11-16, 10.1016/J.CJTEE.2021.07.004. [PubMed: 34315658]

[214]. Xu J, Ma Y, Zhu X, Zhang J, Cheng Z, Wu W, Wang P, Enhanced autophagy promotes the
clearance of Pseudomonas aeruginosa in diabetic rats with wounds, Ann. Transl. Med 8 (2020)
1362, 10.21037/ATM-20-1019. [PubMed: 33313107]

[215]. Bowler PG, Davies BJ, The microbiology of infected and noninfected leg ulcers, Int. J.
Dermatol 38 (1999) 573-578, 10.1046/J.1365-4362.1999.00738.X. [PubMed: 10487444]

[216]. Freiberg JA, The mythos of laudable pus along with an explanation for its origin, J. Community
Hosp. Intern. Med. Perspect 7 (2017) 196-198, 10.1080/20009666.2017.1343077. [PubMed:
28808517]

[217]. Russell DG, Staphylococcus and the healing power of pus, Cell Host Microbe 3 (2008) 115-
116, 10.1016/J.CHOM.2008.02.008. [PubMed: 18329606]

[218]. Kolimi P, Narala S, Nyavanandi D, Youssef AAA, Dudhipala N, Innovative treatment strategies
to accelerate wound healing: trajectory and recent advancements, Cells 11 (2022), 10.3390/
CELLS11152439.

[219]. Dominguez-Oliva A, Hernéandez-Avalos |, Martinez-Burnes J, Olmos-Hernandez A, Verduzco-
Mendoza A, Mota-Rojas D, The importance of animal models in biomedical research: current
insights and applications, Animals (Basel) 13 (2023), 10.3390/AN113071223.

[220]. Chou PR, Lin YN, Wu SH, Lin SD, Srinivasan P, Hsieh DJ, Huang SH, Supercritical carbon
dioxide-decellularized porcine acellular dermal matrix combined with autologous adipose-
derived stem cells: its role in accelerated diabetic wound healing, Int. J. Med. Sci 17 (2020)
354-367, 10.7150/1IMS.41155. [PubMed: 32132871]

Life Sci. Author manuscript; available in PMC 2024 November 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ghanbari et al.

Page 34

[221]. Uckun FM, Orhan C, Tuzcu M, Durmus AS, Ozercan IH, Volk M, Sahin K, RIX
improves wound healing in diabetic rats, Front. Endocrinol. (Lausanne) 13 (2022), 10.3389/
FENDO.2022.874291.

[222]. Uckun FM, Carlson J, Orhan C, Powell J, Pizzimenti NM, van Wyk H, Ozercan IH, Volk M,
Sahin K, Rejuveinix shows a favorable clinical safety profile in human subjects and exhibits
potent preclinical protective activity in the lipopolysaccharide-galactosamine mouse model
of acute respiratory distress syndrome and multi-organ failure, Front. Pharmacol 11 (2020),
10.3389/FPHAR.2020.594321.

[223]. Linder-Ganz E, Engelberg S, Scheinowitz M, Gefen A, Pressure-time cell death threshold for
albino rat skeletal muscles as related to pressure sore biomechanics, J. Biomech 39 (2006) 2725—
2732, 10.1016/J.JBIOMECH.2005.08.010. [PubMed: 16199045]

[224]. Gurtner GC, Wong VW, Sorkin M, Glotzbach JP, Longaker MT, Surgical approaches
to create murine models of human wound healing, J. Biomed. Biotechnol 2011 (2011),
10.1155/2011/969618.

[225]. Tan MLL, Chin JS, Madden L, Becker DL, Challenges faced in developing
an ideal chronic wound model, Expert Opin. Drug Discovery 18 (2023) 99-114,
10.1080/17460441.2023.2158809.

[226]. Jarbrink K, Ni G, Sénnergren H, Schmidtchen A, Pang C, Bajpai R, Car J, The humanistic
and economic burden of chronic wounds: a protocol for a systematic review, Syst. Rev 6 (2017),
10.1186/S13643-016-0400-8.

Life Sci. Author manuscript; available in PMC 2024 November 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ghanbari et al. Page 35

Acute wound

VMigratory / > =
.aplthelialcells Proliferating \ e

fibroblasts —— ' S8 N
Granulation Scar tissue
tissue

Hemostasis Proliferation

Inflammation
0 30 60 1 2 3 4 5 6 1 2 3 1
L 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 L1
Minutes Days Weeks Years

Proliferation

Macroph: 1 '@ Macropnags ®
acrophage ey N acrophage g

| y
— O et Neutrophi

O L

Neutrophil i Fibroblast

Chronic wound

Fig. 1.
Phases of acute and chronic wound healing. Both types of wound healing encompass

overlapping stages; however, the duration of each stage varies significantly due to distinct
pathological characteristics. Additionally, the remodeling phase in chronic wounds may
be prolonged for years or indefinitely stalled, reflecting the inherent resistance of chronic
wounds to heal.
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Fig. 2.
Schematic representation of an arterial incision on a rat’s hind leg as a model for limb

ischemia. The common method for reducing blood perfusion and creating ischemia involves
incisions or ligations in different arteries and their branches near the iliac artery, in the
proximal part of the femoral artery, extending to the saphenous and/or popliteal arteries of
the lower extremities.
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Fig. 3.
Models of valve insufficiency and vein obstruction for inducing chronic venous insufficiency

in rats. In the obstructive model, ligation of the vena cava and bilateral ligation of the
common, external iliac, and femoral veins are performed. In the valve insufficiency model,
an arteriovenous anastomosis (fistula) is created between the femoral artery and vein to
increase intravenous pressure, causing damage to the valves and the vein wall.
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Fig. 5.

Changes in biological and histological characteristics of skin during the estrous cycle in rats.
The images of the vaginal cells are reprinted from Hubscher et al. [180], with permission.
Luteinizing hormone, LH; follicle-stimulating hormone, FSH; Tumor necrosis factor-alpha,
TNF-a.

Life Sci. Author manuscript; available in PMC 2024 November 21.



Page 40

Ghanbari et al.

3oe| © pue ajelbiw
01 Anjige paonpai

e Aq pazialoeieyd
‘80U8953Uas 40 Ssubis
1qIyxa sisejqoiqid
8dA1 TIN ayd

NELE]
10308} yimoih
10 3sealou|
'sa1011|0}

ey pue ‘spue|f
SN03Jeyas

's|189 pabewrep
pue suaboyzed
10 si1s018006eyd
"sa)kaouow pue

"UOITR[IPOSeA
pue salijogelsw
9AI1OBOSEA JO
sea.IoUl Ue Sasned
eIWaYSI SIY L
"SOINS 8y} e suol

‘Remuyyed plemo} aziejod ‘spue|f yeams se sa1Aoo|nuesh wiNIofed JO |aAd]
d1o1 ‘(sn4da Apueuiwopaid 4ons sainjonuis 1ydoanau pasealoul 0} anp
Se UYINs  Ul) SI0J9e) €1VIS sa1 oouow ‘sn4Q uj unjs Jo uoneai) 10 sisapadelp UOIOLIISUOIOSEA
NELEIPbLT pue TINXOH *adAjouayd 1ounsip "uo1oeNUOD "UoIeZ1Ie|NISEA ‘uolye|Iposen ‘uoire|nbeod
ymwoib Jo 10 aseal109Q B YIM uonelyipul Spunom  punopA “Yibuans pue Buisnea pue uoleAloe
AIAOR AU} 'SOY 4O ddussald Jlydosinau anIssaox3 anJe ul a]Isua} S, upjs ‘uonezifeljpyuda UoIeAIIoR 1919re|d BuIsned
10 UonoNpay AAISSAIXT 'S|190 2T 4ad|ay 1 JO ey 03 JejiwiIS SI  3sealdul 0 | adAy -a1 ‘uonesBiw S]199 1seW ‘S|199 [e1jayI0pua
‘uonisodap ‘uonezijerjpyida UOIIRJI|IJUI PAJUBYUS  SPUNOM DIUOIYD uabeyjoo 01 ||| a1Ao0uneiay BIA UIU0)OJSS painfur wouy
uabe]jod  pue sisauabolbue  pue sjjad | Alorejnbal ur aseyd adA) uabejjoo Jo  -anssi uonenuelb JO BUIWEISIY  J0JoRH PUBIGR||IM SIUANS
[56'vS' 1661 V1] pasealdaq paonpay  Jo uoneibiw paonpay SISeISOWaH uolyewIoysuel | 10 UoIeWw.I0S 10 aseajay UOA JO ases|ay BuireaH
'SOY
10 uonanpoidiano
pue 6-dININ
10 UolIssaldxalan0
‘Remuyred gx-4N ayp
0 uone|nbaidn 's|189
T Jadjay 1 ul
£40XD J0 uojssaidxa
ybiH "g-491 pue
0T-11 Se yons ‘syuabe
Bunowoud-buifeay jo
SISaUIUAS pasealaq dSL ‘T ONY 9-uisdayred
'sasea}oud JO S|ons| ‘494 493A ‘ase1dAn
pajensls pue gT-TI auexoquioJy} ‘OIIN ‘0TdI ‘SaUaLIIoNN3|
'S|ans| 493 pue Jo uoissaldxa ybiH ‘saualIoNna| ‘8711 ‘STINVY ‘493 auexoquioly}
494'490d Jo 'skemuyed 94vy1  ‘sutpue|Beisoud ‘TdO ‘02711 10 493 ‘81 ‘SaUBLIIONNG)
asealdsd '€1vLS pue ‘T3l ‘dT-1 ‘saupjoifo ‘8T 0T8T "9-71I ‘sulwelsly ‘sutpue|Bejsosd s3ndsjow
490d ‘9491 pue TIAXOS ‘D-4NL 8yp jo ‘493N 49ad ‘971 ‘T1 '240XD D-4NL  ‘saupjolhd 49IA paAjoaul
[vs'zs'16'6v] ‘2494 Jo uoniqiyul uonenbas pastedwi  ‘g491 ‘49ad ‘491 ‘2494 ‘811 ‘TdIAN ‘d491 ‘don ‘9491 49ad  veuwoq
sa1Ao0u0W ‘s||99 sa1Ao11ad sbai | sa1Ao0ulieley
1sew ‘sabeydouoew ‘|19 [e1]ayi0pud pue
TN ‘2z pue /T ‘s|180 1seIN ‘sa)kooyduwiA|
‘T Jadjay 1 ‘(sn4a ‘sabeydooew ‘sabeydouoew
(sn4a un) sajhoounielay ur) sa1kooydwA| oy salfoounesay  Alojewwepjul-nue ‘sjiydosinau s|199
sise|qoiquy ‘sise|qoiqioAwW sjiydoJinau Jo ones ‘s1se|qoiquoAW  ZIA ‘seikooulielay ‘S||199 onLIpuUAP panjonul
[rs'ze-6v] pareAnoesg ‘s1se|qoiqi 8y} ul asealou| si9[are|d ‘s1se|qoiqi4 ‘s1se1qouqI4 ‘s]190 1seN sis|areld jueuiwog
SIeak |elanas- SIeak |elanas syuow SH99M € u awn aseyd
[eg-67]  sieak [esanas syuow Maj - SaINUIW Ma} W sAep ma} v 9-shep ¢ sAepgl—€ —SaINUIWIMB)Y T —SaInulW mayy  arewixolddy
Burjspoway uolyesayljoid uonewiweu| SISeISOLaH Burjepoway uolyesayljold uolrewiweyu| SISeISOWaH
ERIEIEIEN| saseyd saseyd
Spunom 21UoIyD SPUNOM 31Ny
‘SPUNOM J1UOJYd pue 31Nk UsaMiaq Sadualaljip Jejnj|ad pue Jejnds|oN
T 3|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Life Sci. Author manuscript; available in PMC 2024 November 21.



Page 41

Ghanbari et al.

'(1v1S) € uondiiasuesy Jo J0JeAde pue Jadnpsuel) [eubis {(TINXO4) TIN utsiold xog peayylo ((SOY) sa1dads uabAXo anloeay
{(gx-4N) ga-10108) 439NN (94H1) 9 10198} pareldosse-(¥4N 1) 101dadal 1039e) SIS0408U Jown] {(SHH]) Saseury pareAnoe J0idadal T-upnajiaiu] ((sN4a) s4891n 1004 onagelq ‘(dS1) upuodsoquiosy |
‘T (ONW) unaiodoibuy ‘(494) 1010e) ymolb 1sejqoigid (D]IN) U0IaLIBU| BLIWERS) PadNpuUI-auouolA ‘(0T-dI) uisloid ajgronpui-ewweh-uolapiaiu] {(SILNVYH) pa1aioas pue passaidxa |18d | [ew.ou
‘uoireanoe uodn palenbay (4O XD) si01dadal aupjowayd JX (SAININ) saseulsosdo]jeisw Xurel ((sbail) sj189 Aloreinbal | ((493) 10310e4 yimolo fewuapid3 (1) unapaiu] (¢ P-101084 SIS0J28U Jown|
‘(dDIN) u1ar0.d JueloRIIEOWAYD 31AI0UOIA ‘(SDINIS) SI189 3]9SNW YIoowsS ‘(493 A) 101984 YIMOIS) [eljayiopus JejnaseA ‘(g49 1) eiag-1010e) ymoih Buiwioysuel] (49ad) 101084 Yimolo panLiag-1ajaield

"Spunom
a1nae 0] pasedwod
SPUNOM J1UOIYD Ul

aseyd Alorewiwelyul
ayy buojoud

uona1I8s dINIA Ul
SaoUBIAKIQ 319D
Aiorewwrejuiold e 0}
S9INQLIU0I ANAIIIR
aseajold paurensaiun
'sl01oe} ywolb o}
ssauaAIsuodsal Jo

Buljspoway

uonesayjold uomewwRU|

uonesajold uornewiweu|

SIselsowaH

S80UBJ3J9Y

seseyd

seseyd

SpuUNoM 21UoIYD

SpUNOM 31Ndy

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Life Sci. Author manuscript; available in PMC 2024 November 21.



Page 42

Ghanbari et al.

'sisauaboibue
01 painqune Ajuewnd
si deyy ays

[szt's2T] ur uoisnyadsy
'spaq

deyy ay jo Buipeay

Wwanald 0} usxel

[9zT] 919M SaInseaw oN

‘Buipesy

punom pauqiyul ueyy

Jaylel SIS0123U anssIy

[szT]  uo sasnooy [apow ay L

"RIIBABS pUR JUB)IXS
Ul JagiIp ued yoiym
‘deyy 8y} Ul s1s0108U
10 susened a|qeLIeA

‘Buipesy

punom pangiyul uo

SNJ04 Jey) sjapow

woJy yoroidde

1unsip e Buipinoid

S1S0J03U 3NnssI}

$92NpUl Jayel Ing

‘spunom uado anjoAuL

[vet] 10U S30p [spowl 8y L

"PaJNpuUl 8q U [ewue
Jad spunom adiiny

REREIETI
jueaiubis ou Buimoys
‘W0 Gz 01 T Woly
Buibuel ‘syipim Buihren
10 sde}} SS9 JUBISISUOD
paulewsas mojy poojg

‘defs ays
10 salipa ay1 uo sIsoJdaU
UIXs SSaUXdIL-||n} ON

‘deyy 8y} Jo pus

[ewixoud ayy o1 [eisip ay}
wouy usaned o1wayas!
10 1ua1peIb Jeaul]

“deyy

aueIR4OA BY) Ul [apow
21mns ay) 01 patedwod
S3LW02IN0 3|CRIS BI0N

‘deyy ayp
woJj pajsaney aqg ued
sa|dwes anssn ajdnnA

‘gonpo.das
pue uawa|dwi 01 Aseq

Buiurewas spunom yam ‘spunom
SSaUXIUI-1|ny Jo Buljeay pakejap
. BuiApnis 1o} |nyasn siI |apow ay L

‘9T Aep Aq

Jew.ou 0} suinjal Ajjenpelb uayy

pue ‘Aep anneladolsod 1114 8yl U0

. aYeJ |ewlou si Jo 9 / 01 sdop
uoisnyiad poojq ‘Ajfeniul ‘mop

poojq Bulianodas Ajpaissaiboid

UUM B1WayYds! anssiy Buluiwexa

. 10} 9A1199Y3 SI [9poW 8y |

's)nsal
. a|qedl|daJ pue JualsISuod aiow
10} upys Buipunouins wo.y deyy
UD{S [eslop ay} saye|os] Jaguieyd
8y "uoisnyiadai-elwayasi pue
sisauaboibue Buirebnsaaul 1oy
pakojdwa usaqg sey [apow ay L

'SI0)9B}
|Ba1WBYI0Ig pue S|an3| UabAxo

JUBJaYIP JO S10ay8 8yl Apnis 0}

PauoII9as aq ued Ji Jo ‘ajdwes

. anss) e se pasn aq ued deyy
al1ua ay ‘uoisnyiadal-elwayasi

pue sisauaboibue Buiebnsanul

. 10} |nyasn si |apow ay |

pasiel ayp Jo sapis Buoj ay  -deyy ajoipadiq
e BuiuLioy ‘19BIUl Ya| 2J9Mm SapIS Hoys ay}
a1iym ‘sapis Buoj ayy Buore suoisioul Buijew
Aq pajeasd si upys Jo deyy sejnbueidal Huoj v

‘uonisod ojul yoeq

painins aue sdejy ayy ‘sayoueiq Bunelopiad
S, UIaA [eljuad ayy bumno pue sdejy ayp
Buneas|a Jayy ‘snsoused snjnaiuued pue
upys ayr ybnoays syna Jejnaipuadiad Buisew
AQ [ewiue yaes J0 Xoeq ay} U0 pareald

si deyy ajgnop padeys-H Buo| wo-g uy

"anssiy deyy Ay} JO SIPIS [eJale] puB |eseq Woly

UOIIRINAIID SIONJIS]O ey} Jaquieyd dejy e
Buronpo.iul Aq dejy suejse49|A 8yl senoidwi|

"puB Jeas sy
Je payoeNe Ssurewsal Ing sanssi Buipunouns
3y} WoJy payorlap si dejy 8y L "winsiop s,Jel
8} U0 pawiioy si depy uIys Wo ¢ x W 0T

deyy ajo1padig

deyy
a1gnop padeys-H

Jagureyo dej4

dejy auepre4oIN

s|apow yeah
pue deyy upjs
21WaYds| ‘et

s439|n
(o1wiayosi)
aseasip Alalie
leaayditad 'T

RERIVEPETEN |

sabejuenpesiq

sabejuenpy

ABojopoyia N

I3pPON

Author Manuscript

Author Manuscript

"S8171P1GOWIOD JUBIAYYIP YIIM PaIRIJ0SSE S|apOLW PUNOM d1U0IYD

¢ dlqeL

Author Manuscript

Author Manuscript

PMC 2024 November 21.

in

available

)

Life Sci. Author manuscript



Page 43

Ghanbari et al.

“SpUNOM uado BAJ0AUI
[69] 10U S0P [9pOW 8y L .

“UOINRIAIIN 10U
‘51S0108U UJ S)|nsal
[te1]  pousew pasodoid ayL .

“PUNOM J1UOIYD B JO
uolyew.oy ay} 4oy jou
‘s1s040au Bunuanaid
pue [BAIAINS
Yyelb Bunenjens
104 paubisap
[oeT] S1 [3pow 8y L .

'S3W09IN0
[ejuswiIadxa ayl Ut
SUOIBLIRA 3](e10319p
Alea1wayoolq asnea
WBIW ‘S|ans| sSaNS
10 aJnjesadwiay
Se 4ons ‘s1010e)
|IUSWILOIIAUB UL

SUOIeLIBA JOUIIA .

'S1S0408U
10 XS 8y} 8seaIaul
ued ‘ewneJy 0} dey

a1 Buisodxa Jo ‘wo

SEE
g 01 dn 10 UI{s 100}
ur uoisnglad paonpay

ssof quui
10 auaibueb Jo subis oN

Aljenow mo

‘Rijeuonouny

anssi} qui| 4O UOIeI0lSal
au Buriapuiy ‘papui)

s1 uoisnyadal ay |

*anss1y
unpys ays 01 Ainfui asenas

4!
Aep Aq [ewou Jo 94 G/
0] palolsal uoisngad ay |

*SUOIIPUOD
uoisnyiad-moj Japun si
unys ays 4o eate able| v

"UONYBIUOD
puNoM SeZIWIuIW Osfe
g uoisnyiadal syuanaid
AJuo jou 193ys suodI|IS
3y} J0 asn ay |

'SIS0J98U
aNSs13 INOYIM SPUNOM
Jo Buieay pakejag

*dnoub jou09 e 0} pasedwod

¥ X9am 0} T Aep WOl pasealdsp
uoisnyiaday ‘uoneinp pabuojoud
B JAAO RIWAYDSI quii| BulApnis
10§ 9A1199)J3 SI [9pOW SIY L

"UOIYRINAIID BfosSNW
quitjpuly uo uonensiuiwpe Bnip
W31-Buo| 40 109443 B} 31eN|eAd

0) SS3SSE 0) Pasn SI [9pOW Sy L

yoJeasal
sisauaboibue ‘Adeiay sj8d
wa)s ‘saipms [earfojoseweyd

sAep 0T Ajerewixoidde

UIYNM pa[eay YdIym Spunom
21WaYISI-Uuou 0} ISeJIU0I Ul
‘sAep gz 1noge Jo porsad
Buireay punom d1wayst alnua
3y Inoybno.y} 3|geIA paurewal
deyy ajo1padiq ay | Buijesy

‘pajebi| si Alape oLsebida

leroiyadns ay3 Jo uibio ayy Jeau Alspe
[eJoWway 8y} ‘uolsioul feulnbul 1aj a8y eIA
uonrelado Juanbasgns e U 'SaInINs a|qeqiosal
Buisn Alape oei1 Ya| ay) wouy Buireuibrio
SayoueIq |[e pue SaLIaLe [eual ay} puokaq
B1IOR 3} JO pIS Ya| aY} W) sayduelq |[e
Bunebi| ‘pawloyiad si Aworotede| sulpiw v

“elwayds! 1aBB1I 03 S1el JO SaLIsLIe [eIoWwa)
B ay1 ojul pe3oalul s1 uonN|os sreine|
WwNIpos "avd 40} |apou [eaiBojodewseyd v

"$8U0MIS 9]qRgIOSqeuoU

Buisn elosey ajosnw BuiAjispun ayy ojuo
>108q paJnins uayy si yelb sy “aulpiw
$,){9Bq 3y} WOJY PasIoxa SI ‘snsouled
sninatuued ayy yam Buoje ‘uis Jo aenbs v

“deyy 8y} 40 JBIUBD

3Y1 Je PaaNPUI 1B SPUNOM SSAUMDIY-][N
*anssi} BulAIapun ay) WoJy UOITRZLIRINOSeASI
pue juswiyoeness JuaAsid o) deys sy

uonebi| Aiape
|eJowsay pue Jel||

S1S0108U
quii| paonpul
-3jeIne| Wnipos

S|ppow avd
Aauaioiynsul
[el1sy ‘g1

yeib ums

Bunsays

07 Uey} s8] 03 8ZIS "padNpuUl 8 U [ewiue punom a1waydsi Buirebrsanul ui Uyreauaq pade|d 18ays aUOI|IS € JO asn 1S yum
[621] deyy ays Buronpay . Jad spunom sjdiyni . pakojdwa usaq Sey [apow ay L ay1 sajelodiooul japow deyy ajo1padiq siy L deyy sjo1padig
‘spaq FOIED]
dejy ays Jo Buieay 'SIS0J03U dey} ays 01 8s0]2 yound Asdoiq ayz Buisn
1wanaid 01 uayel aNss11 INOYLM SPUNOM ‘Ainful apew ale SPUNOM [BUOISIOXd SSAUXIIYI-[|N}
8J3M SaINSeaW ON . Jo Buljeay pakeja@ . Jayye sAep alow Jo ZT Joy uado 8y L ‘sa|dels |ea16ans yum paindas ase dejy
Rl ETEN | safejuenpesiq safejuenpy Annn ABojopoyis N EJ ]

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2024 November 21.

in

available

)

Life Sci. Author manuscript



Page 44

Ghanbari et al.

awd 8y Jo uolreuLioy
[enpesb sy} Jussaidal

[z2]  10u Seop |apou SIyL .
sJel JO

peajsul pasn ale adliA .
"SpUNom uado aAjoAul

[t2] 10U S30p [9POW 8y L .
"Xapul

BIWAYISI [BIUIJD BY}
Aq pauiwis)ep se
‘UoISN[290 [eliaue
Jenpelf uey Jayrel
‘UoISN[220 [eLIsMe
anae ybnoayy
paonpul si BIWaYIsI

quir reanud .

"SpUnom uado aAjoAul
[oz] 10U S30p [9POW 8y L .

-1s0d AjgreIpawiwl [9A3] S, quwii| [013U0D
a1 J0 9% £'6 01 sdop Ajfeanewrelp
MO} POO|q ‘quUI| JILBYISI By} U]

‘(syauow
02) pasn aJe 821w p|O .

‘suaired ur swoldwAs
avd Bunouiw ‘elwaydsi
abes-aaiy) Bulobispun
901W Ul ddurWIOMad
[l'wpeas) paysiuiwig .

"elWaYds! abels-omy
01 pasredwod abesn qui|
pairedwi pue elwayost
paounouoid siow gIyxa
BIWaYSI abe1s-93.y)

01 pajoalgns 01N .

EYEEIN
OM] 18114 U3 UIYHM % 09
Aja1ewnxoidde sayoeas
AK1anogal ‘uonrebi Alspe
UMM STeJ Ul Sealaym
‘uonresado-1sod Aep
yl0v 81 Ag % 99
punoJe 0} $I13A0931
Sled Ul MoJ4 poolq
‘$10J0143SU0 PIOJBWE JO
Juswiadeld ayr Buimojjo4 .

"aNnss1) sNIWauo0.sed
a1 U1 uoisua) uabAxo
paonpal pue ‘1834 sy}
U1 MO} Poo|q [ewisp
J9MO] ‘A13A0281 MOJY
poojq anIsuayaidwod
$S9] 'JaMOs Ul

S)|NsaJ S10)011ISUOI

piosawe jo Buisn .

"SH98M G- UIYIIM MOJ4
poo|q saloisal AjeardAy
yoiym ‘uonebi| Aispe
el 91buls e ueyy
uoisnyiad Asejjides pue

anp Bulpunom 1o} Uasoy sem
wns.iop 3004 8y “Buiesy punom
uado uo eiwayasi Jo 1edwi ay}
SSasse 0] [nyasn si [apow ay L

‘A1anodal [einyeu

INOYNM S1I8448 d1WaYISI W)-Buo)
o syBisul Buipiaoad ‘(syruow
02) 991W J3p|O0 Ul BILUBYDSI
pabuojoud ‘a1anss BuiApnis

10} pauBisap sI [apow ay L

“Jalawelp
18ssan Buimolreu Ajjenpelb Aq
dWVd Ul SUOIIPUOI J1WBYSI
Burrenwis 1e pawie si [apow ay L

‘avd yum
syuaied ul paniasgo uoisnyiad

snouaydes pue Jeljl [BUIBIXS ‘[elowad)
UOWIWO0d [ewixoud ‘Oel|l [euJ8IXa UoWWod
‘AJa)ie [eIOWa) UOWIWOD SalIale Bulmo||o)
3y} uo pawJoylad ale suoiebi| ajdinn

‘uoiyealnyiq [esyjdod pue yuawebi|

JeuinBu ay) Jeau sayauelq apis Si pue Alape
Jeloway 8y} Jo uonebi ‘Usre| sAep 1 :¢ abeis
‘AJa)ie [eJoway

a1 031 patjdde 1030111SU0D ploJBWY (g abelS
‘sfewliue (—/—3ode)

Jus1o148p-7 utsloidodijode Jo asn T abeis
‘301w Ul (Qvd) aseasip Alane

Jesayduiad pue eiwaydst quiljpuly d1uoiyd
Buronpul Joy poyiaw abeIs-aaiy} ‘palyipow v

‘Aialie [elowsy Ya| pue A1awre Jel|l
UOWWIOD 3] Y} PUNOJE J0JOLIISUOD PloJawe
J913WeIp [eusaIul WW-G/°0 © S9ZI|IN

‘payeBi| osje si stioway epunjold

eLIgLIe 8} J0 BuIyoueiq Yy Mojaq Alsue
[eJoway 1YBLI By} ‘SHIIM € I3V 2ININS X|IS
0-¢ & Buisn pawuJoyiad s elIoR Y} WOy

|lenowal Alaye
quii| Jamo]

1019113SU0D
pioJawe
/suonebi|
JRauBIdIBp
urgoidodijody

1010113SU0D
plosswy

uonebi| Aiape

"spunom uado anjoAuL lelale Jo uondnisip aAIILINU JO Juswlredw! 8y} dlwiw uoIeaINYIg SH MOJaq W § Ajarewixoidde oel|I/[eIoWway
[co] 10U S80p [9pow 8y | . paurelsns aIoN . 0} paubisap SI [apow ay L uoneBiy Aiarre geijiybu e ‘a4 [esareisd]
‘K1abins
-150d JybB1am [ewioN .
Rl ETEN | safejuenpesiq safejuenpy ABojopoyis N EJ ]

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2024 November 21.

in

available

)

Life Sci. Author manuscript



Page 45

Ghanbari et al.

‘pPauqiyul
10U SI UOI9RAUOD
[eeT] £Qq 2Ins0]2 punop

S1S0498U
[e101 padojanap sies
2138GRIP 4O % T/
:a1ed 1nodoup ybiH

"SpUNoOM
uado Buieals Jnoyum
S1S0493U 8Nss1

[to] $90NpUI [9POW Y L

"SPUNOM 21UOJYD JO
uonew.oy [enpetd ayy

‘(sAep
12) Buo| Ajarenbape
sem uoleinp Apnis ay L

. '3ZIS PUNOM [e1IURISANS

*SIS0198U

21WaYIS! 3INJe pue

e1wadA|BiadAy usamiag

UOIIR[81102 1031Ip ©

. SMOUS [apow 8y |

‘yelb ayy
WwoJj pajseniey aq ued
sa|dwes anssn ajdnnA

"SPUNOM J133geIp
uo Adesayy [eardoy e Jo Aoeaiys sy}

'$108s10s pajulod pue ape|q [ealbins

® Buisn wnsiop ay) uo pareald sem ‘yidap ul
W9 2'0 PUE ;W QO 0 ease ue Buluueds
‘PUNOM UOISIOX® SSBUNDIYI-|IN W "uonaaful

Buissasse 10y pasn si [apowi 8yl Z1S |eauciiiadenur A paonpul sem selaqelq

"BILIBYDSI quii| [an1ID Buiydseasas
10} BA108YD SI [apow 8y |

's1s042au Bunuanaid

'sallapie snouaydes ay) 03 el|l UOWIWIOD By}
W) PaloassIp ale salalle [elowa) pue Jelfl
Jeu.a)xa ay} ‘uoifas [euinbul ayy ul uoIsIdUI
JeuipnyiBuoj paneys e ybnoay L ‘salisle
snouaydes pue ‘[eioway ‘oel|l [BUIBIX3 8Y}
10 U0N93sal ay) Aq pamojjo} ‘uondslul z1s
Buisn syes ur paonpui si elwsdA|biadAH

“BI19SE} 9JOSNW
BuiAsspun ayy 01 payaeneal Apusnbasgns
S1 Y21yMm ‘Yeub uIs SSauxd1yl-||ny e a1eald

01 pasIoxa AJ|ngased uay si Snsoused
sninauued 8y “suljpiwW [eSiop 8y} Wol)
panowa Aj[ea1bins si ‘snsouted sninajuued

|apow
punom o1aqeIp
[euoIsIox3

13POIN
1004 21WAYIS|

are|nwis o3 paubisap ‘aonpoJdai pue [ealAlns yelb Bunenjens ayy Buipnjoul ‘uonas upys arenbs v “Z1S
[zeT] 10U SI [9pow 8y L . pue juswa|dwi 0) Aseg 10} paubisap si |apow ay L 10 uondalur ue ybnouyy paonpul si saxegelq Yelb uns
‘(87 101N0 £T)
arel Aijenow ybiH .
(deyy suepre4oN
Bunealo Jaye y
¥2) Uo1e|IposeA
10 asneaaq Aunful ‘dels ayy 'Sjed disgeIp
uoisnyadas o1wayds| . WwoJy pajsenley aq ued 858U} JO $9eq aU) U pajeald A|[eatins si
sajdues anssp adiniA 'sled onaqgeIp Ul deys auelre4oN e ‘Appuanbasgns -onagelp se
‘|[apow d18geIp sdeyy 40 s1soJoau [elsip Bunebniw palnuap! aJe S|aAs| 8509N|B poo|q parens|s
Buionpur U1 181p e} "aonpoJdai U1 sBnJp JO SSaUBAIIIaY8 ay} Bunqiyxa sjewiue ‘sAep [eJanss Jayy |apow
[28] yby Buisn Jo xoe] . pue Juawsa|dwi 0y Aseq ssasse 0] pakojdwa si [spow SIy L ‘Sjel ojul Ajjesuoysadesyul payoslul st Z1S dejy auepie4oN
spunom
oneqela ¢
‘slel ayy
0 199} Y1 JO [BSIOP B} UO Payessd aiam (wd
8'0 x 2'T) Spunom ssauoly} 1ny A|[essre|ig
‘A1a1ie snouaydes ay} 01 el|l UOWIWOD
pue ‘Asanie snouaydes ay} 03 Jel|l [euIdIXd
(sKep ‘A1ae snouaydes sy} 0] [eJOWa) UOWWIOD
o) Buoj Ajarenbape Jewixoud 8y} woly uoIsIoxa 819]dwod
sem uoneInp Apms ay L *uoIIpuU0d UewNY SBA|OAUI UOI}I8S8) [elialie Juanbasgns *|ans|
’ 0] AJJe|IWIS S} pue ‘8BNS Jef} 99U Je AJalJe [elowa) UoWWOI pue Jel|l
‘Aduaioiynsul [ellaye pue paxiy S} ‘UOIS3] [elJaLe Yl UOWILWIOD ‘SALIaLIe [eloWa) UoWLod [ewixold
woJy Bunnsas 1agn J18)J® 04 G8 INOQe 0 S8Z1|IGEIS PUE }Nsul 0] 8AIFR[8] UOIIRIO] [BISIP SH 0} pUE JBI|I UOWWIOI ‘[9A3] 88U Je Sallape
Rl ETEN | safejuenpesiq Annn ABojopoyis N EJ ]

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2024 November 21.

in

available

)

Life Sci. Author manuscript



Page 46

Ghanbari et al.

1ea1dAy aup |[e Aejdsip deyy upjs [euiwopge snouan BuiAsifal 10} sanbjuydal sl ‘uIan pue Asape arnsebids ayi Aq parjddns SNOUBA
[g6] 10U PIP |9poW 8y L . ay} Jo ease abre] . ayeb11sanul 0} SWIe [apow 8yl ‘W 9 x € Burnseaw deyy IS jeuiwopge uy pue dejy upjs
(s}eam 27) Apnis sy ‘uomisod dn-peay e ul
10 uoneInp wial-buo . a|Bue dai6ap-Gy & Je pauljout saled axil-aqm
’ U1 pasnoy a1am syel ‘ad1y11oes 0] Jo1id syaam
‘sa1bojoydiow uewny INOJ Jeuly 8y 104 "UIBA [eloway dasp ayl yum
1] ‘s9SIN0I PAIN|OAUOD "SUIBA AW Jo 82uaN|uU0d S Mojaq Isnl utan snousydes
'spunom uado Jo pue suolre|ip [eao] Buipeojun 1o Buipeo) jeuoireyinelf 3y} apn|a20 Ajjened oy paijdde sem dijo
UOI1BaId 3] dA|0AUL Buipnjour ‘paniasqo st 01 sasuodsal [eaibojoisAyd onse|d v “ulaA snousaydes ay} JO UOISN|20 Aineh
[v6] 10U S0P [9pOW 8y L . utan ay} Jo Burjspoway . arebsanul 0} swie [apow ay L ay pue AjAelB saulquiod [apow siy L pue UOISN[220
Apnis ayy
J0 uorrelnp wial-buo .
‘ABojona 'SUIdBA Allwiallxa Jo
‘spunom uado o uewny ayy Ajasioald Buipeojun 1o Buipeo) jeuoirelinef ‘uoriisod pay|iy e ul Apoq s,1es 8y 1oddns
UO11e312 3Y1 BAJOAUL Buppoiwiw [spow sisers 0} sasuodsai [eaibojoisAyd ey sebed onserd axij-agny Huisn suonisod Jopow Alnesf
[set'es] 10U S0P [apowl 8y L . SNOUBA 3y} JO uonanpu| . areb11sanul 0 Swie [apow ay L umop-peay pue dn-peay ul pade|d ate sjey  juonisod [earaA
RESENT
SNOUAA JO UOIONPUI 3Y}
10} 185 Sem sAep gy Jo
awredy awn Jadoud v .
‘|spow ejnisiy

3U} Ul BA[RA SNOUBA
ayy Jo aoueseaddesip
juapuadap-awil ay}

3AJ8Sq0 01 MO| | .
‘BHWW ‘uoisusladAy snouaA J1uoIyd pue “e[nisly a8y} anoge uonedi|
'spunom usdo 4o 6 F 96 J0 B|NISY 8y} 0} 81nde UM pajerdosse Buljapowal UIBA [eJOW3) B JO UOITeaId 8y} AQ pamoj|o}
UO11ea1D 81 BAJOAUL [e1SIp UISA |eJowsay ayp ul AAJeA Ul $s8204d Alojewiweul sy} ‘e|nis1y SNOUBAOLIBLIE Ue 92npul 0} (Ww G°0) BINISIy
[reT] 10U S80p [9pow 8y L . aInssaid poojq pasealou] . auIWexa 0} [Nyasn si [apow 8y L AJalJe [RIOWS) Y} UO apewW SI UOISIoUl Uy SNOUBAOLIBLY
‘uonebiy
-150d T Aep uo papJodai
sem dnoub j03u0d ayy Ul *SaININS 9]qeqIosqe
quija104 8y} 0} paediod 10 s1ake| OM) YlIM pasold
ainssaid utaA quiif puty alam suolsioul [Je ‘aseyd anoe
Ul 8sealoul pjoj-TT UV . ay) Bunreadal Jay :01U0IYD b4
‘uonipuod ‘A|esare|1q payebi| ale sulen
IAD d1uoIyd € 03 P3| Jel|l uowwo?d ay} ‘Awololede)
‘(sRep 1) Apnis S3ININS 9|qegJosge Yim © BUIMO|[04 "SBI} UONI0I UMM
alj} Jo uoneINp Hoys suoieBi| 1ake|-om ajiym parebi| Ajjelare|iq si ueA
'spunom uado Jo ‘|]apow uoisuapiadAy '8SeasIp SNoUsA [RIOLUSY UOLIWOD BUL :8INdY 1
UO11ea12 33 BAJOAUL 8)nde Uk pajeald suolehi| Ul 8|NJ3j0W UOISAYpPE Je|n|[a2.ia)ul
[o6] 10U S80p [9pow 8y | . peaiyr uonod ajdwis . ue Apnis 01 8A1108Y49 SI [apow 8y L :saseyd OM] SBpNJoUl [8pOW 8yl UOIINJISCO UIBA
SER][a}
SISeIS SNOUBA °E
Rl ETEN | safejuenpesiq safejuenpy ABojopoyis N EJ ]

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

PMC 2024 November 21.

In

available i

)

Life Sci. Author manuscript



Page 47

Ghanbari et al.

"uoIjeWIOo) 489N
ul anssi BuiApiapun
10 3]0J 8y} s1o9)fau
SapIs Yy1oq uo umjs

ayy Buissaidwo) .

*$3108paq 40 saa1Bap
18yBIY dYRINWIS J0U
[eoT] S90p [9pOull 8y L .

"UOIRWLIO) PUNOM
a1uolyd Bunenwis
10} 3|qBINS 8q Jou

Aew Apnis ayy Jo
uoieInNp Hoys ay L .

'S132INn
uado Jo Juawdojanap
8y} U 3nsai jou

[tot] S30p [dpow 3y L .

"UOIIRWIO) PUNOM
21u04yd Bunenwis
104 3]qeMNS 3¢ J0U

Aew Apnis ays Jo
uoneInp Hoys ay 1 .

'$189|N
uado o yuswdojanap
3y} U1 3nsal Jou

[ge] 90 [3POLU BY L .

"UOITRWIO) PUNOM
a1u0Jyd Bunenwis
10} 3]qEINS 8q Jou

Aew Apnis ay1 Jo
uoneInp Hoys ay | .

'S199INn
uado Jo Juswdojanap
8y} Ul nsai Jou

‘uoneoljdde

aunssaid 211949 Jo

sAep g— Jaye dojanasp
s199In ainssaud || abeis

"ainssaid
10 apnyubew pue awi
3y 10U02 0} Aseq

‘pansIyoe si
aNnssI} SN0AUBINAQNS pue
UIYS 8} Ul BWdPa 819A3S

‘uo1ssa1dwiod anssn
3]qereadas pue as1oa.d
sainsua uolsid ay L

QUEIVER)
3Q UBD SIS0J23U 3[aSNIA

“31epNXo
10 unowe jueoiubis

'$J92|Nn aunssaid
11 abe1s Jo wwawdojanap ayy
aJe[nwis 03 Pazi|1n SI [spow ay L

'$190IN
ainssaud Jo sisauaboyied ayy
Apnis 01 paubisap SI [apow SIy L

‘suolrelnp pue sspniubew
ainssaid Juaiayp 01 paroalgns syed
ul abewep anssi ajosnw Jo Apnis

‘alepnxa BuizAjeue Aq siayew
Ainlur anssiy dasp ayebiisanul

‘Aep e sawi G pajeadas
sem 81942 uonezunssaid sy ‘uoisnyadal
BIWAYDSI 10} MOJ[e 0} UIW OF 10} PaAOWaL

aJam sjaubew ay) ‘uonezunssaid [erul ayy
Ja)Je SIN0Y OM "UIXS 3U} U0 AJJeulalxa
paoe|d s (9 00GT ‘4a18WeIp W GT) Xsip
anaubew e ‘g Aep annelado-1sod uQ “painins
U3y} Sem YdIyMm ‘uolsioul wa g e ybnoiyy
8]9snw ay) Japun page|d si (SSauxIy) Ww
€°0 'JS1WeIp WW GT) YSIp 331 3|1I3)S

">[99M U0 0} dn 10} stel 3y}

Burionuow Ag pamoy|o4 ‘panowal uayy pue y
—¢ J0} parjdde sem ainssaid 8y “UIS 8y} uo
paode|d uays si 1ubew wniwApoau Jabuois
V/ "UOISIOUI [RUILIOPQE J9MO] 3SJaASURL)

® Jaije AlAeD [eauoliiad ayy Ui 1aubew
wniwApoau e Bunuedwi SaAJoAUI [8pOW 8y L

‘uonoenal umys Buimoljoy ajasnw sij1oelh ayy
03 paijdde Ajpoalip si ainssaid ays ‘(uiw 08

0} dn) suolreInp J3LIOYS 104 "UOIIJUI LWIOIY
Y1eap [189 0 ¥S1 8y} 8dnpal 0} UIXS ay} Uo
Alleulaxa pauaxa si ainssaid ‘(Uuiw 09g 10
‘ovz ‘02T Bunse) suswiiadxe wisy-buoj uj
‘pasn ale sayoeoidde [ejuswiiadxs Juslayip
oM "squil| fewrxoad ul ajasnw sij19e4f ay3 03
ainssaid o1e1s-1senb ‘JuBISUOD JBAI[BP 01 Pasn
sI Bunids ansea ue yum uolsid onseld 1ejs v

‘panowial
Burag 810489 Y #—g 40 uoeINp e 10y sjobul
|edw Buisn rem feurwopge ays 0} paijdde
sI ainssald JueISUOD pue ‘AlAeD [eauoiliad

uoissaidwod
18uBew 211940

ainssaid
paonpui-1aube

ainssald [eulaixe
paonpuI-uosid

ainssaid

[oeT'T0T] S30p [3pow 8y L . © SpJaIA [apow 8y | . 01 pakojdwsa SI [apow SiyL s.Jel 8y} ojul pauasul i ajeyd 991 Y paanpul-ybiapn
(Nd) s490In
aunssaud v
‘PanOWIa) Sem due|d SNOUSA 8y ‘elwayds!
*2130498U Arepuo2as Jo poriad y-G ayp Ja)y "paininsal
Alny mEoom.g sdeyy ') Kep uo 9 0T ¥ % aJam sdeyy ay1 ‘aseyd erwsydst A1epuodss syl
3y} 40 9% 08 2 Aep Ag . GT 10 [9A8] e Bulurelurew Bung@ "uten ayy 0} parjdde Ajeaiyioads si
‘JUBISUOD paurewWal uoISN|I90 Y-G ‘ATepuodas e ‘y iz 40 pouad e
"uonsabuod snouan sdeyy ay ur anfea ‘SUoUaAJIaIUl Hodsuery  Buimoljo4 “uiaA pue Asaue arisebida ayy yrog J]apow
10 subis [eaiund uoisnylad uesw ay . pinyy pa1ebuel ybnoayr uonsabuod O U0ISN|290 Y-z & 0] pa1dalgns pue pajens|a uonsabuod
Rl ETEN | safejuenpesiq safejuenpy Annn ABojopoyis N EJ ]

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2024 November 21.

in

available

)

Life Sci. Author manuscript



Page 48

Ghanbari et al.

‘|apow [eri91oeq

'suing

66 01 “eale 8oeyINS APOq [210 8} JO %

$120ds-0UO . PIBIS SSaUXOIYl-||N} PareUIWRIu0D 0T Ajarewixoudde sasodxa yoym ‘Buiuado -1In} 104 |apow
’ 10 ssao0.d Bulfeay ay} ssasse UB YuM plow parejnsul ue Buisn syes UOSBIN-13X[BA\
[zeT]  ‘uoneinp Apnis oys . '9ZIS pUNOM [e1IuRISqNS 01 paubisap sI [apow ay a[ew uo pajdljul si uing ssauxoIyl-||n} v palIpoON
'sjel (syuow
“paugiyul 9) plo pue (syzem /)
-SUOIBJIUSOUOD punom Bunodsye 9 Aep uo pajsaney aJe spunopn Ajaandadsal
‘|]apow [el8]oeq [eia19eq BuAIeA Yim sdiysuorejau ‘sdno1B uonda)uI pue UOIEZIUOJOD 4O} Pash
$3103dS-0UOI . Apmis aanesedwo) uaboyyed aJe SUOIIRIIUAIUOD [eLIaloR( OM] "SIOSSIOS J]apow
-1s0y sajen[ens 9[1431S YIM SHUBJJ JeJ UO Pajeald aje  PUNOM SSaUXIIY}
[ezT]  ‘uomneinp Apnis woys . '9ZIS pUNOM [e1IURISANS Japow ay L . SPUNOM SSBUXDIYI-||NJ JalaWeIp Wd-Z punoy 1IN} pa1dau|
‘punom
33 JO 8IS |[ews .
‘pauqiyul Buioen wyyoiq
10U SI UOI}9BAUOD 10y prwseyd usjoud
Aq 81nsojd punopn . 1U32sa10N[} JO 3SN Butpunom-150d skep-7 pue g T pue
‘|]apow [e18)oeq ‘Butpunom-jsod ‘U 8 1e pajsaAJey ase SPUNOM “TOVd Uledls
$3103dS-0UOI . 1 Aep Aq w0y swyoIg ‘Buijeay BSoUIBNIdE SBUOLLIOPN3SH UIM pare|naoul J]apow
punom BuiAejap ui wjiolq J0 pue yound Asdolq e Buisn syes U0 pajeald  PUNOM SSaUXIIY}
[tzT]  "uoneinp Apnis woys . ‘dnyas Aseq UOIINGLIIU0D 3U} SIS8) [apou 8y | SI PUNOM SSBUXDIYI-||NJ JalBWelp Ww 9 v 1IN} pa1dau|
S|spowl wjyolq
ONIA U] G
"anss1y
310SNW BU) UIYIM SUOIS3] "y 72 10} 991A3p SpewW-wolsnd e Buisn
21]0498U JO UOITeWLIOH AJ189 8josnwi JoLislue sifelqn 8y} 4o Julodpiw
’ ’ 3} JaA0 adeNs ulys ay} o1 patjdde si
‘Spunom ‘108 ainssald ‘uonanpui S 1sod sy8am XIS 10S
uado Jo Juswdojanap a1uo04yd Bunesodioaul "UOIIIPUOT DS J1UOIYD JBpun 89npul 0} pawuoylad si ‘61 1e Awojosuiwe]
a1 Ul 3nsal Jou Aq paoueyus si $139|n ainssaid Jo uswdojanap ' yum Buofe ‘0TL e N2 pJod Jeulds Ainlun
[s0T] S30p [9pow SIy | . 30URA3al [eaIUI|D 3} a1e|NWIS S|apoW asay | aslansuel) 819]dwiod e ‘[apow DS 8yl U| pJ09 [eulds
'anss1y
3[9SNW 3y} UIYIIM SUOISI)
9130J93U JO UOIFewW.I0S
"4 ¢ 10y Juejdwi 8y} 8A0ge aNnssi3 au} 03
'SpUNom '1.LQ uo ssouaulwoud 'saouauiwold Auoq paijdde si ainssaid ‘uonejueiduwi-isod syaam
uado Jo Juawdojanap Auoq Jo 198448 ay} uo paljdde ainssaid JueISUOD Uaym 1IN0+ "9jasnuw IoLisjue sijeiq ayl burosye saousulwold
8y} Ul 3nsa jou Bupjorwiw Agq pasueyua $199|n ainssaid Jo Juswdo|anap ‘elq1} 8y} JO 8BNS [BJS)E] BY) Yleauaq Auoq e Ainful
[soT] S30p [apow SIy L . SI 90UBA3[3J [BDIUIJD BY L 3y} a1e|NWIS S|apowW asay L pue uo page|d si Juejdwi [esuaydsiway v anssiy daag
‘Ainlur anss1y dasp e arejnwis 0 ‘sAep 9 Jano
"UoIewW.Io} 439N 's199|n aunssaid ¢ abess Jo ssavoid Altep sawin g payeadal ‘y g 10} UD{S 8y} uo
ur anssn BuiApispun ‘uonyesrjdde Bureay punom ayy uo (Bujows Aj[eusaxa pauonisod sem jaubew v "ajosnw
10 9]01 8y} $199]63U ainssaid 911942 Jo 9 ‘Ienorured ui) s10joe) Alepuodas 39eq S,Jed 8yl 0Jul pauasul si are|d [98ls uoissaidwod
SapIS 110q UO UIYS Aep uo dojanap s1a9In 10 10edwi 8y} a1ebnsanul 'sAep 9 01 dn 01 uoieINp 8y BuipuaIxa ‘auo 1oubew
[80T] ay1 Buissaidwo) . ainssaid A abeis 01 paubisap sI [apow ay L snoinaid ayy o uoneidepe ue Si [apow SIY L pabuojoid
Rl ETEN | safejuenpesiq Annn ABojopoyis N EJ ]

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2024 November 21.

in

available

)

Life Sci. Author manuscript



Page 49

Ghanbari et al.

'$199|N 2133GRIP JO
juawdojanap |enpelb
ay} are|nwiIs jou

‘sewiue ay) Buiolioes
INOYIM UOITRUILIRIUOD
aJen[eAs 0} JuswaplIgap
punom Apnis-piiA

*U0139RIU0D Juanad
03 Bunuiids punopp

‘lapow
[eLis)oeq sa1oads-nniA

'SUOIIOBJUI PUNOM d1IBqRIP

ur AdeJay eigosorwnue jeaidos Jo

"TT Aep uo padlylioes

ale s[ewliue ay | esouIbniar seLoLopnasy 10
snaine sn22090/Aydeis 1ayna Jo suoisuadsns
lelia1oeq Yim pajejnaout Ajpuanbasgns ale
spunom asay| "uonisod s} 81nJas 0}

$2ININS uojAu paidn.isiul UIM padiojulal
pue ajejA1oeoueAd Buipuog-areipawiwi Buisn
uB{s ay 01 paxiye st w1jds auodl|is
padeys-[eno Uy "sI0ssIas SU1 Buisn pasioxs
uayl si dejy UYS ayL "Ted Yyaes Jo yoeq

Jaddn ayy uo uoiBas Jejndeasiajul ayy ul
snsouJed snjnajuued ayy ybno.ayy punom
punoJ ‘ssauxdIyl-||n e 81eald 0} pasn si
juswinnsul Asdoiq yound v ‘uonoalul z1s

punom

[TvT] S90p [9pOW 8y L . '9ZIS pUNOM [e1IueISqnS . uolFen[eAs 10§ pasn i [apow ay | Jeauojliadenur Aq paonpul sem salagel@  dNageIp paldsu|
‘¢ Aep uo pajsantey
piwserd alam sajdwies uryS ‘uoRINIOUI J0) Pasn
¥ aJe €dN -TOVd Pue ‘TMIN-OVd ‘T-Ovd
Aq eviaroeq aup buppoelL ‘ surens esoulbiniae 4 "\ € 10} Jajuapul ue
BuiAjdde Aq paonpo.d ate spunom o1wayas|
[eLia10eq Se10ads . “Aleauoyiadgns papasut st ajeld [eow e
’ ’ 'S192|n ainssaud pardajul ayy pue ‘uoifal [eulWIOpeO.aYe| Y} U0 apew Si punom
[orT]  ‘uomeinp Apnis oys . '9ZIS pUNOM [e1IURISaNS . Apnis 01 padojansp si |apow ay L SUOISIOUI ‘SJed Ul S199n ainssald aonpul 0] ainssald paiodayu|
‘pauqiyul
10U SI UOIORAUOD
Aq ainsojo punom * 'sdnolb [ewue Jualayip 1o} suing pleas
|3pOoLU [era}oeq ‘uing-1sod skep 'suing p[eas paijdde are sezis wnNNJoul [elJ8}oeq 881yl SSaUXdIYI-[ered
$3103dS-0UOIN . / UIYNM wLIoy swiyolg . SSaUXDIL-[eled pajeulwelu0d ‘AJaAnoadsal 's 9 pue g 10J Jajem O, 66 Ul 10} |spow
’ o o 10 ssao0.d Bulfeay ay} ssasse Buistawwi Ag paonpul si eare adepns Apoq UOSBIN-19X[BA\
[6e1'8eT]  “uoneinp Apms uoys . '9ZIS pUNOM [erIueISqnS . 0] pauBisap SI [9pow 8yl [€103 JO 9 OT BulIBA0D UING SSBUXDIY)-[elled palIPON
"sAep / ulyum payoeal )
SI peo| |elisloeq Mead . Buipunom-isod
TT pue ‘Z ‘c ‘T sAep uo pajsaley are senssi|
‘pauqiyul "Spunom uing 'sdnolf [ewiue JualayIp 40} SUOITRIIUBOUOD
10U SI UOIOBAUOD SSAUXIIY} ||NY Ul WIOY 1unsip omy Bulk|dde ‘esourbnise & yum suing
Aq 81ns0[9 punopn . suoraajul wyigolq Buons . paieINaoul 8Je SPUNOMA ,,'S 9 J0J 1ayem O, PIeas SsauMaIy}
Rl ETEN | safejuenpesiq safejuenpy ABojopoyis N EJ ]

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2024 November 21.

in

available

)

Life Sci. Author manuscript



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Ghanbari et al.

Table 3

Comparison of wound healing-related factors in young and old rats.

Healing factors Youngrats Oldrats References
Tumor necrosis factor (TNF-a) + +++ [156]
Catalase + ++ [143]
Vascular endothelial growth factor (VEGF) ++ + [144,156]
Re-epithelialization ++ + [142,157]
Vascularization +++ + [144,158]

The plus sign (+) represents the amount and intensity of the wound healing factors.
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