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Abstract


Backgroundand Objectives: Hypertrophic scars following surgeries or burns present a serious concern for many patients because these scars not only lead to an aesthetical but also to a functional and psychological burden. Treatment of hypertrophic scars is challenging because despite various treatment options, a low level of evidence hinders preference of any specific treatment plan. To properly identify new therapeutic approaches, the use of in vivo models remains indispensable. A gold standard for hypertrophic scars has not been established to date. This review aims at giving a comprehensive overview of the available in vivo models. Materials and Methods: PubMed and CINAHL were queried for currently existing models. Results: Models with mice, rats, rabbits, pigs, guinea pigs and dogs are used in hypertrophic scar research. Rodent models provide the advantage of ready availability and low costs, but the number of scars per animal is limited due to their relatively small body surface, leading to a high number of test animals which should be avoided according to the 3Rs. Multiple scars per animal can be created in the guinea pig and rabbit ear model; but like other rodent models, these models exhibit low transferability to human conditions. Pig models show a good transferability, but are cost-intensive and require adequate housing facilities. Further, it is not clear if a currently available pig model can deliver clinical and histological features of human hypertrophic scars concurrently. Conclusions: None of the analyzed animal models can be clearly recommended as a standard model in hypertrophic scar research because the particular research question must be considered to elect a suitable model.
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1. Introduction


While superficial injuries of the skin heal without any visual consequences, deeper injuries affecting the dermis lead to the development of a scar. If there is any disturbance to the wound healing process, pathological scars like hypertrophic scars (HTS) and keloids can form [1]. Despite existing preventative options, the incidence of hypertrophic scars after surgeries and burns remains very high. While following surgery, patients develop hypertrophic scars in 40 to 70%, burn patients have been observed to suffer from these scars in up to 94% [2,3]. These reddish scars not only lead to an aesthetical problem, but are also accompanied by pain, itchiness, a psychological burden and contractures, which influence range of motion if they span a joint line [3,4,5]. All of these factors illustrate that these scars need to be treated appropriately. Due to a low level of evidence of various treatment options (surgery, cryotherapy, laser therapy, triamcinolone, verapamil, 5-fluorouracil, interferon, botulinum toxin A), there is no optimal treatment plan so far that can be clearly recommended [1,6]. This is indicative that further studies are necessary to improve our understanding of hypertrophic scar pathophysiology, to identify new treatment options and to improve the evidence of existing treatment plans. For further studies, in vivo and in vitro models may be used while the 3Rs (Replacement, Reduction, Refinement) must always be considered in animal studies to ensure efficient and ethically responsible research [7]. Due to the fact that the process of scarring is influenced by many different factors like various cell types (fibroblasts, myofibroblasts, keratinocytes, macrophages, lymphocytes, mast cells), cytokines (IL-1β, TNF-α), growth factors (VEGF, PDGF, FGF, EGF, CTGF, TGF-β1), miRNA, metalloproteases, innervation and tension, it is difficult to create appropriate in vitro models evaluating the interaction of the above mentioned factors for hypertrophic scar research [2,3,8,9]. Currently available in vitro models are insufficient to comprehensively replicate the complexity of living organisms and skin tissue, and make it impossible to include all aforementioned factors, which are thought to affect the pathophysiology of hypertrophic scars [10]. Therefore, an encompassing replacement of in vivo models is not feasible to date. Regarding the 3Rs, it is important to combine different animal models used in hypertrophic scar research, simply because there is no described gold standard model yet. This complicates planning and comparison of studies regarding HTS and delays knowledge progress and identifying new treatment options. This review aims at delivering an overview of current animal models used in hypertrophic scar research and discusses advantages and disadvantages of the different models regarding implementation of the 3Rs, transferability of results to humans, costs, and availability to aid researchers in identifying the most suitable animal model to answer their specific research question.




2. Materials and Methods


We clarify that the review was conducted according to the PRISMA guidelines. The PubMed (https://pubmed.ncbi.nlm.nih.gov/ accessed on 22 November 2021) and CINAHL (https://www.ebsco.com/products/research-databases/cinahl-database accessed on 22 November 2021) databases were queried for articles published between 1960 and November 2021 to provide an overview of animal models used in hypertrophic scar research including advantages and disadvantages of each model. PubMed was queried for the MeSH-term “Cicatrix, Hypertrophic AND Models, Animal”, yielding 197 studies; while CINAHL was queried for the term “Hypertrophic scar AND Animal Model“, yielding 102 studies. These studies were transferred to the Mendeley Reference Management Software (Elsevier, Amsterdam, The Netherlands). Subsequently, 53 duplicates were removed using Mendeley, leading to 246 screened studies. The following exclusion criteria were determined: no abstract, not published in English, review, no animal model, animal model without HTS. According to these criteria, 86 articles were excluded. The remaining studies with mouse (n = 31), rat (n = 6), guinea pig (n = 1), rabbit (n = 92), pig (n = 29) and dog (n = 1) models were screened for studies with previously described models without intrinsic novelty. Ultimately, 124 articles were excluded that described no intrinsic novelty in terms of an already used model. The remaining 36 articles with mouse (n = 7), rat (n = 2), guinea pig (n = 1), rabbit (n = 14), pig (n = 11) and dog (n = 1) models were analyzed (Figure 1).




3. Results


In this research, hypertrophic scar models with mice, rats, guinea pigs, rabbits, pigs and dogs were identified [5,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45]. Table 1 summarizes the models and their advantages and disadvantages. Due to the fact that all mentioned animals except pigs have a clearly distinctive fibromuscular layer called the panniculus carnosus beneath their skin, wound healing is dominantly dependent on contracture instead of forming massive amounts of granulation tissue [12,38]. Therefore, specific methods were created to induce hypertrophic scars in these animals as mentioned below.



3.1. Mice Models


Regarding mice, three different methods for inducing hypertrophic scars are used. The first method is to transplant human skin grafts onto the back of nude mice, which lack T-cells and have a restricted immune response, and therefore do not reject the skin graft [11,22,41,42]. Using the nude mouse model, hypertrophic scars can be created by burns or incision, while it is also possible to transplant human hypertrophic scar tissue directly onto the animals back [11,41,42]. In the nude mouse model, hypertrophic scars may form without additional wounding, but these are thinner with a lower amount of myofibroblasts, macrophages and mast cells after two months when compared to additional wounded grafts [39]. Hypertrophic scar formation in unwounded grafts is also influenced by the thickness of the skin graft. Wang et al. showed that the use of split-thickness skin grafts leads to relatively thicker scars with a higher number of macrophages, mast cells, fibrocytes and myofibroblasts when compared to the use of full-thickness skin grafts [22]. Hypertrophic scars created in the nude mouse model with transplantation of human full thickness skin grafts without additional wounding form after 20 days and, on average, persist up to 135 days, showing histologic and macroscopic similarities to human hypertrophic scars, while additional wounding of the graft leads to thicker and more contracted scars [39,41]. While the nude mouse model is dependent on the availability of a special mouse strain and human skin grafts, it is also possible to create hypertrophic scars in mice by applying bleomycin or tension [33,40]. Sacak et al. showed that the dermis of mice may begin to demonstrate similarities to human hypertrophic scars after 28 days of continuous bleomycin delivery from an osmotic pump implanted subcutaneously into the back of the animals [33]. Aarabi et al. showed that an increase in mechanical stress by special tension devices during the proliferative phase of wound healing for at least 7 days leads to scars with histopathological similarities to human hypertrophic scars, persisting up to 6 months [40].




3.2. The Rat Model


Despite the fact that wound healing in rodents is primarily dependent on contraction instead of granulation tissue formation, wounds in special locations may lead to visible scars [38]. Zhou et al. observed that wounds on the tails of rats heal with more granulation tissue, resulting in reddish scars that were visible for up to 6 months post incision; further, by using customized stainless steel rings with a diameter of 2 cm attached to the rats’ tails, they were able to induce scars with macroscopic, histologic and immunohistochemical similarities to human hypertrophic scars [44].




3.3. Rabbit Models


In the rabbit ear model, wounds may be induced by incisions or burns to the ventral side of rabbits ears, resulting in reddish and raised scars at postoperative day 35, while burns lead to 22% larger scars [12,19]. To create up to 12 hypertrophic scars per animal according to this model, wounds must have at least a diameter of 7 mm, and the perichondrium must be removed, which is associated with a delayed re-epithelialization and an enhanced formation of scar tissue [15,38,46]. Removal of the perichondrium may be achieved by conventional surgery, but cryosurgery lowers the risk of damaging underlying cartilage [16]. Zu et al. showed that hypertrophic scarring in rabbits may be induced by subcutaneous injection of anhydrous alcohol into the dorsal trunk [18]. The scars in the alcohol injection model were clearly observable up to 90 days, while scars were starting to flatten 30 days post wounding in the rabbit ear model. Using young rabbits with an age of up to 6 months, gender specific influences on wound healing were insignificant [4]. Further, young animals develop thicker scars than older animals because the proliferation rate of fibroblasts is age-dependent [47].




3.4. Pig Models


Besides rodents, pigs also have the potential to develop scars resembling human hypertrophic scars in some aspects [35,36]. In the Duroc pig model, up to 10 hypertrophic-like scars may be induced by incision or burn to the back of the animals, while the depth of the wound correlates with the thickness of the formed scar [27,28,31,32]. Therefore, wounds must have at least a depth of 2.3 mm to re-epithelialize after 30 to 40 days, forming raised and firm scars, distinguishable from surrounding skin with histologic similarities to human hypertrophic scars [27]. These scars demonstrate collagen nodules and numerous myofibroblasts and mast cells compared to uninjured skin, but they do not resemble human hypertrophic scars concerning redness and elevation [31,32]. Further, burn wounds lead to thicker, firmer and more erythematic scars compared to wounds created with a dermatome [36]. Cuttle et al. observed that Large White pigs develop contracted, clearly raised and purple scars with biomolecular similarity to human hypertrophic scars, following wound induction with a remodeled Schott Duran bottle filled with water at a temperature of 92 °C [29].




3.5. Miscellaneous Models


Besides mice, rats, rabbits and pigs, it is also possible to induce hypertrophic scars in guinea pigs and dogs [37,45]. Aksoy et al. described hypertrophic scarring in guinea pigs after incision, panniculectomy and coal tar treatment, which lead to the formation of scars with histologic and clinical features of hypertrophic scars like erythema and elevation over the surrounding skin in 50% of the animals; while this method is also accompanied by mortality of 20% due to the toxic effects of coal tar [45]. Kimura et al. showed that full thickness wounds in hairless dogs form hyperpigmented scars rising above unwounded surrounding skin [37]. Compared to haired dogs, these animals form thicker scars with more blood vessels, fibroblasts and inflammatory cells, higher collagen organization and collagen nodules, which is a typical histological feature of hypertrophic scars [37].





4. Discussion


To assess the suitability of an animal model, it is important to define the criteria an optimal animal model in hypertrophic scar research should fulfill: In our opinion, an optimal model:




	
is ethically justifiable based on the 3Rs;



	
forms thick and visible scars with clinical/macroscopic (redness, elevation) and histologic similarities (collagen nodules, mast cells, myofibroblasts) to human hypertrophic scars, and reliably shows no or slow remission over a long period of time;



	
exhibits a high transferability of study results onto human conditions, has low costs and is easy availability.








4.1. HTS-Models and the 3Rs


As already mentioned, in vivo models cannot be replaced entirely by in vitro models yet, but it is possible to reduce the suffering of animals by electing models that can deliver more than one scar per animal and yield a maximum of new information while relying on a minimum number of animals. Mice or rat models can only have one scar per animal due to their small body surface, while guinea pig, rabbit and pig models may allow more scars per animal, making it possible to dispense with extra control groups, reducing the number of animals required for evaluating new treatment methods. Therefore, multiple-scars-per-animal models like the rabbit ear model, Duroc pig model and Large White pig model are preferable in terms of the 3Rs, while the guinea pig model is questionable due to the tar coal-induced high mortality of the animals, leading to more suffering for animals not contributing to progress in knowledge. Further models with additional devices attached to the animals for a period of time are questionable according to the 3Rs because it is difficult to show that these devices do not lead to strong distress, which must be avoided in ethically responsible research [7]. However, in further studies on the exact mechanisms of tension-related influences on wound healing and hypertrophic scar formation, such models could be useful and might prove indispensable.




4.2. Clinical and Histological Similarities to Human HTS


All animals mentioned form scars with histologic and/or clinical criteria of human hypertrophic scars if the right wound depth and size is combined with the right wounding method and, if necessary, additional attachment of special devices is employed. Rodent models form reddish and elevated scars with collagen nodules, which is considered to be a typical criterion of hypertrophic scars, but they lack the same size and thickness as problematic human hypertrophic scars because wound size is limited to body size. This could have an influence on the efficacy of topical treatment methods and impair the transferability of study results onto human conditions. Pig models have the potential to deliver larger scars, but do not fulfill all criteria of human hypertrophic scars. The Duroc pig forms flat, non-reddish scars with collagen nodules, while Large White pigs form reddish and elevated scars similar to human hypertrophic scars [29,32]. However, collagen nodules cannot be detected in the Large White pig model described by Cuttle et al. 99 days after deep dermal thermal injury; they may appear at a later point in time, much like in the Duroc pig model, where collagen nodules cannot be detected in scars less than 5 months old [29,31]. Although collagen nodules are presumed to be a typical histologic feature of hypertrophic scars, Santucci et al. showed that human scars younger than one year do not show nodules, which should be considered when creating further hypertrophic scar models, because the lack of collagen nodules in young scars is not a valid criterion to exclude the existence of a hypertrophic scar [48]. Therefore, further studies using the Large White model are needed, where the histology of the scars after 99 days is examined to establish whether it is a pig model that can replicate scars with clinical and histologic features that resemble human hypertrophic scars.




4.3. Differences in Transferability


Another important feature of an optimal animal model is high transferability to human conditions. Pig skin is more similar to human skin than the skin of mice, rats, guinea pigs and rabbits in physiological and anatomical aspects. According to Sullivan et al., human wound healing studies show a concordance of 78% with swine, 53% with small mammals, and 57% with in vitro models [49]. This high concordance makes swine models superior to rodent models concerning the testing of new treatment methods for human use in wound healing and hypertrophic scar research. However, there is a lack of genetically modified swine strains, which makes it difficult to study the influence of various genes on wound healing and hypertrophic scars, while different genetically modified mouse strains are available, allowing researchers to answer such specific questions [50]. Therefore, mouse models play an important role in basic research and identification of new targets for establishing further treatment methods and cannot be banned from wound healing research yet, although study results of swine models show a higher transferability to humans.




4.4. Availability and Costs


To ensure that progress in our understanding of hypertrophic scar pathophysiology evolves quickly and that an optimal treatment plan can be established as soon as possible, it is important that the chosen models are readily available and affordable so that research is not limited to institutes that can afford the high cost and provide elaborate infrastructure. Although swine models have the advantage of multiple scars per animal and high transferability, animal welfare in these models is expensive and not every institute possesses adequate housing facilities to rely on swine models in ethically responsible research. Further, at least in our region, the availability of Duroc pigs is restricted because breeders of this particular breed are rare. Large White pigs have a better availability than Duroc pigs but it is unclear if the scars in this model evolve typical histologic criteria of hypertrophic scars. Rodent models with mice, rats, rabbits or guinea pigs are described as easily available and affordable. However, some models require special resources like human skin grafts, tension devices, or bleomycin pumps, which calls the advantage of availability and costs into question. Although exhibiting lower transferability, the rabbit ear model is an interesting alternative to swine models because of high availability, low cost, no need for special devices, and multiple scars per animal. This might be the reason why the number of studies found using rabbit models (n = 92) before exclusion of articles with no intrinsic novelty was much higher than for studies using mice (n = 31), pigs (n = 29), rats (n = 6), guinea pigs (n = 1), and dogs (n = 1).




4.5. Does a Universal In Vivo Model for HTS Research Already Exist?


None of the listed models fulfills all of the previously mentioned criteria for an optimal in vivo model, which underscores the importance of special organizations dealing with refinement and reduction of in vivo models [51]. To completely replace in vivo models by in vitro models, further research is necessary. Most of the currently available in vitro models consist of keratinocytes, fibrocytes and dermal matrices [10]. This allows research of epithelial–mesenchymal interactions, but the lack of inflammatory cells impairs research of the inflammatory processes involved in the pathophysiology of hypertrophic scarring. Even if inflammatory cells were added, it would not be possible to research the influence of systemic circulating cells on wound healing and hypertrophic scars. Another alternative to in vivo models in medical research is organ-on-a-chip models. Besides the advantage of research on actual human cells, these models allow permanent perfusion with a nutrient solution, which mimics the in vivo blood supply. Immigration of circulating inflammatory cells into pulmonary and liver tissue has already been discovered [52,53]. Therefore, organ—on-a-chip models may play a role in future hypertrophic scar studies, focusing on the influence of systemic circulating cells or cytokines on hypertrophic scarring and help to reduce animal testing. Another interesting approach to conducting medical research is in silico models. These computer-based models attempt to predict physiological processes and the effects of drugs through special programs and algorithms using data from available studies [54,55]. In silico models could help predict whether a patient is likely to develop hypertrophic scars and requires preventive treatment, or to decide which treatment option is likely to achieve the best results. Koppenol et al. already simulated the influence of myofibroblast apoptosis on dermal thickness and hypertrophic scarring in their in silico model, but simulation of reddish appearance and joint contractures—which are serious problems for patients with hypertrophic scars—was not (yet) possible [56]. To tap into the full potential of in silico models in hypertrophic scar research, further research is necessary. However, these models are dependent on available data sourced from in vivo studies and can therefore not fully replace in vivo models, but they can still reduce medical research’s dependence on them.





5. Conclusions


Numerous animal models using mice, rats, guinea pigs, rabbits, pigs and dog models are employed in hypertrophic scar research. None of the existing models can readily be established as a new gold standard model. The 3Rs and model specific advantages and disadvantages must be considered to elect the most suitable model in answering particular research questions. Replacement of in vivo models is desirable, but not entirely feasible quite yet due to a lack of sufficiently complex in vitro and in silico models. Therefore, at least presently, in vivo models are indispensable. If the research question revolves around a general course of scarring or clinical efficacy of therapeutics, we currently advocate using porcine models, while rodents might be better suitable for exploratory basic research questions dealing with specific target sites or pathways. Further studies with the Large White pig model would be interesting because scars in this model show clinical similarities to human hypertrophic scars and may exhibit histologic similarities to human HTS at a later point of time.







Author Contributions


Conceptualization, S.R. and S.P.N.; methodology, H.L. and J.C.J.H.-G.; writing—original draft preparation, S.R.; writing—review and editing, S.P.N.,H.L., R.Z. and L.-P.K.; supervision, S.P.N. and L.-P.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gauglitz, G. Management of keloids and hypertrophic scars: Current and emerging options. Clin. Cosmet. Investig. Dermatol. 2013, 6, 103–114. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gauglitz, G.G.; Korting, H.C.; Pavicic, T.; Ruzicka, T.; Jeschke, M.G. Hypertrophic Scarring and Keloids: Pathomechanisms and Current and Emerging Treatment Strategies. Mol. Med. 2011, 17, 113–125. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Chiang, R.S.; Borovikova, A.A.; King, K.; Banyard, D.A.; Lalezari, S.; Toranto, J.D.; Paydar, K.Z.; Wirth, G.A.; Evans, G.R.D.; Widgerow, A.D.; et al. Current concepts related to hypertrophic scaring in burn injuries. Wound Repair Regen. 2016, 24, 466–477. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Morris, D.E.; Wu, L.; Zhao, L.L.; Bolton, L.; Roth, S.I.; Ladin, D.A.; Mustoe, T.A. Acute and Chronic Animal Models for Excessive Dermal Scar-Ring: Quantitative Studies. Plast. Reconstr. Surg. 1997, 100, 674–681. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tandara, A.A.; Mustoe, T.A. The role of the epidermis in the control of scarring: Evidence for mechanism of action for silicone gel. J. Plast. Reconstr. Aesthetic Surg. 2008, 61, 1219–1225. [Google Scholar] [CrossRef] [Scilit]

	



Nischwitz, S.P.; Rauch, K.; Luze, H.; Hofmann, E.; Draschl, A.; Kotzbeck, P.; Msc, L.K. Evidence-based therapy in hypertrophic scars: An update of a systematic review. Wound Repair Regen. 2020, 28, 656–665. [Google Scholar] [CrossRef] [Scilit]

	



Flecknell, P. Replacement, reduction and refinement. ALTEX Altern Zu Tierexperimenten. 2002, 19, 73–78. [Google Scholar]

	



Zhu, Z.; Ding, J.; Tredget, E.E. The molecular basis of hypertrophic scars. Burn. Trauma 2016, 4, 2. [Google Scholar] [CrossRef] [Scilit]

	



Wu, X.; Li, J.; Yang, X.; Bai, X.; Shi, J.; Gao, J.; Li, Y.; Han, S.; Zhang, Y.; Han, F.; et al. miR-155 inhibits the formation of hypertrophic scar fibroblasts by targeting HIF-1α via PI3K/AKT pathway. J. Mol. Histol. 2018, 49, 377–387. [Google Scholar] [CrossRef] [Scilit]

	



Sriram, G.; Bigliardi, P.L.; Bigliardi-Qi, M. Fibroblast heterogeneity and its implications for engineering organotypic skin models in vitro. Eur. J. Cell Biol. 2015, 94, 483–512. [Google Scholar] [CrossRef] [Scilit]

	



Chen, H.-C.; Yen, C.-I.; Yang, S.-Y.; Chang, C.-J.; Yang, J.-Y.; Chang, S.-Y.; Chuang, S.-S.; Hsiao, Y.-C. Comparison of Steroid and Botulinum Toxin Type A Monotherapy with Combination Therapy for Treating Human Hypertrophic Scars in an Animal Model. Plast. Reconstr. Surg. 2017, 140, 43e–49e. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Friedrich, E.E.; Niknam-Bienia, S.; Xie, P.; Jia, S.X.; Hong, S.J.; Mustoe, T.A.; Galiano, R.D. Thermal injury model in the rabbit ear with quanti-fiable burn progression and hypertrophic scar. Wound Repair Regen. 2017, 25, 327–337. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Rha, E.Y.; Kim, Y.H.; Kim, T.J.; Yoo, G.; Rhie, J.W.; Kim, H.J.; Park, I.K. Topical application of a silicone gel sheet with verapamil micro-particles in a rabbit model of hypertrophic scar. Plast. Reconstr. Surg. 2016, 137, 144–151. [Google Scholar] [CrossRef] [Scilit]

	



Guo, S.; Sun, Q.; Yu, E.-T.; Zhou, Y.; Tong, S.; Sun, X.; Li, K.-Z.; Lv, M.-Z. The effects of timing of postoperative radiotherapy on hypertrophic scar in a rabbit model. Med. Sci. Monit. 2020, 26, 921263. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ren, J.; Liu, S.; Wan, J.; Kang, E.; Chen, Z. Effect of hyperbaric oxygen on the process of hypertrophic scar formation in rabbit ears. J. Cosmet. Dermatol. 2018, 17, 1240–1249. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tunca, M.; Gamsızkan, M.; Yürekli, A.; Göksel, B.A.; Çiçek, A.A.F.; Çalışkan, E.E. Cryosurgery to remove perichondrium for the rabbit ear hypertrophic scar model: A simplified method. Acta Dermatovenerol. Alp. Pannonica Adriat. 2019, 28, 57–59. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Nong, X.; Rajbanshi, G.; Chen, L.; Li, J.; Li, Z.; Liu, T.; Chen, S.; Wei, G.; Li, J. Effect of artesunate and relation with TGF-β1 and SMAD3 signaling on experimental hypertrophic scar model in rabbit ear. Arch. Dermatol. Res. 2019, 311, 761–772. [Google Scholar] [CrossRef] [Scilit]

	



Zu, W.; Jiang, B.; Liu, H. Establishment of a long-term hypertrophic scar model by injection of anhydrous alcohol: A rabbit model. Int. J. Exp. Pathol. 2021, 102, 105–112. [Google Scholar] [CrossRef] [Scilit]

	



Sobec, R.L.; Fodor, L.; Bodog, F. Topical Oxandrolone Reduces Ear Hypertrophic Scar Formation in Rabbits. Plast. Reconstr. Surg. 2019, 143, 481–487. [Google Scholar] [CrossRef] [Scilit]

	



Nabai, L.; Ghahary, A. Hypertrophic scarring in the rabbit ear: A practical model for studying dermal fibrosis. In Fibrosis; Humana Press: New York, NY, USA, 2017; Volume 1627, pp. 81–89. [Google Scholar]

	



Yang, Z.; Lv, Y.; Yue, F.; Cao, D. Early intervention of fractional carbon dioxide laser on fresh traumatic scar. Lasers Med. Sci. 2019, 34, 1317–1324. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wang, J.; Ding, J.; Jiao, H.; Honardoust, D.; Momtazi, M.; Rn, H.A.S.; Tredget, E.E. Human hypertrophic scar-like nude mouse model: Characterization of the molecular and cellular biology of the scar process. Wound Repair Regen. 2011, 19, 274–285. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gong, Y.-F.; Zhang, X.-M.; Yu, J.; Huang, T.-Y.; Wang, Z.-Z.; Liu, F.; Huang, X.-Y. Effect of recombinant human endostatin on hypertrophic scar fibroblast apoptosis in a rabbit ear model. Biomed. Pharmacother. 2017, 91, 680–686. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zhang, T.; Shen, Z.; Zheng, J.; Jiang, R. Effect of UVA1 on hypertrophic scarring in the rabbit ear model. Biosci. Rep. 2020, 40, BSR20190007. [Google Scholar] [CrossRef] [Scilit]

	



Chan, Q.E.; Harvey, J.G.; Graf, N.S.; Godfrey, C.; Holland, A.J.A. The correlation between time to skin grafting and hypertrophic scarring following an acute contact burn in a porcine model. J. Burn Care Res. 2012, 33, e43–e48. [Google Scholar] [CrossRef] [Scilit]

	



Jimi, S.; Matsumura, H. Effect of chymase activity on skin thickness in the Clawn miniature pig hypertrophic scarring model. J. Plast. Surg. Hand Surg. 2017, 51, 446–452. [Google Scholar] [CrossRef] [Scilit]

	



Travis, T.E.; Mino, M.J.; Moffatt, L.T.; Mauskar, N.A.; Prindeze, N.J.; Ghassemi, P.; Ramella-Roman, J.C.; Jordan, M.H.; Shupp, J.W. Biphasic Presence of Fibrocytes in a Porcine Hypertrophic Scar Model. J. Burn Care Res. 2015, 36, e125–e135. [Google Scholar] [CrossRef] [Scilit]

	



Zhu, K.Q.; Carrougher, G.J.; Couture, O.P.; Tuggle, C.K.; Gibran, N.S.; Engrav, L.H. Expression of Collagen Genes in the Cones of Skin in the Duroc/Yorkshire Porcine Model of Fibroproliferative Scarring. J. Burn Care Res. 2008, 29, 815–827. [Google Scholar] [CrossRef] [Scilit]

	



Cuttle, L.; Kempf, M.; Phillips, G.E.; Mill, J.; Hayes, M.T.; Fraser, J.F.; Wang, X.-Q.; Kimble, R.M. A porcine deep dermal partial thickness burn model with hypertrophic scarring. Burns 2006, 32, 806–820. [Google Scholar] [CrossRef] [Scilit]

	



Liang, Z.; Engrav, L.H.; Muangman, P.; Muffley, L.A.; Zhu, K.Q.; Carrougher, G.J.; Underwood, R.A.; Gibran, N.S. Nerve quantification in female red Duroc pig (FRDP) scar compared to human hypertrophic scar. Burns 2003, 30, 57–64. [Google Scholar] [CrossRef] [Scilit]

	



Harunari, N.; Zhu, K.Q.; Armendariz, R.T.; Deubner, H.; Muangman, P.; Carrougher, G.J.; Isik, F.F.; Gibran, N.; Engrav, L.H. Histology of the thick scar on the female, red Duroc pig: Final similarities to human hypertrophic scar. Burns 2006, 32, 669–677. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zhu, K.Q.; Engrav, L.H.; Gibran, N.S.; Cole, J.K.; Matsumura, H.; Piepkorn, M.; Isik, F.; Carrougher, G.J.; Muangman, P.M.; Yunusov, M.Y.; et al. The female, red Duroc pig as an animal model of hypertrophic scarring and the potential role of the cones of skin. Burns 2003, 29, 649–664. [Google Scholar] [CrossRef] [Scilit]

	



Sacak, B.; Akalin, B.E.; Cameron, A.M.; Adams, D.H.; Greenwood, J.E.; Anderson, P.J.; Cowin, A.J. A Novel Murine Model of Hypertrophic Scarring Using Subcutaneous Infusion of Bleomycin. Plast. Reconstr. Surg. 2014, 133, 69–78. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kirkpatrick, L.D.; Shupp, J.W.; Smith, R.D.; Alkhalil, A.; Moffatt, L.T.; Carney, B.C. Galectin-1 production is elevated in hypertrophic scar. Wound Repair Regen. 2021, 29, 117–128. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Xie, Y.; Zhu, K.Q.; Deubner, H.; Emerson, D.A.; Carrougher, G.J.; Gibran, N.S.; Engrav, L.H. The microvasculature in cutaneous wound healing in the female red duroc pig is similar to that in human hypertrophic scars and different from that in the female yorkshire pig. J. Burn Care Res. 2007, 28, 500–506. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Blackstone, B.N.; Kim, J.Y.; McFarland, K.L.; Sen, C.K.; Supp, D.M.; Bailey, J.K.; Powell, H.M. Scar formation following excisional and burn injuries in a red Duroc pig model. Wound Repair Regen. 2017, 25, 618–631. [Google Scholar] [CrossRef] [Scilit]

	



Kimura, T. Hairless descendants of mexican hairless dogs: An experimental model for studying hypertrophic scars. J. Cutan. Med. Surg. 2011, 15, 329–339. [Google Scholar] [CrossRef] [Scilit]

	



Kloeters, O.; Tandara, A.; Mustoe, T.A. Hypertrophic scar model in the rabbit ear: A reproducible model for studying scar tissue behavior with new observations on silicone gel sheeting for scar reduction. Wound Repair Regen. 2007, 15, S40–S45. [Google Scholar] [CrossRef] [Scilit]

	



Alrobaiea, S.M.; Ding, J.; Ma, Z.; Tredget, E.E. A novel nude mouse model of hypertrophic scarring using scratched full thickness human skin grafts. Adv. Wound Care 2016, 5, 299–313. [Google Scholar] [CrossRef] [Scilit]

	



Aarabi, S.; Bhatt, K.A.; Shi, Y.; Paterno, J.; Chang, E.I.; Loh, S.A.; Holmes, J.W.; Longaker, M.T.; Yee, H.; Gurtner, G.C. Mechanical loadinitiates hypertrophic scar formation through decreased cellular apoptosis. FASEB J. 2007, 21, 3250–3261. [Google Scholar] [CrossRef] [Scilit]

	



Yang, D.Y.; Li, S.R.; Wu, J.L.; Chen, Y.Q.; Li, G.; Bi, S.; Dai, X. Establishment of a hypertrophic scar model by transplanting full-thickness human skin grafts onto the backs of nude mice. Plast. Reconstr. Surg. 2007, 119, 104–109. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Li, Z.; Li, S.; Li, K.; Jiang, X.; Zhang, J.; Liu, H. A highly simulated scar model developed by grafting human thin split-thickness skin on back of nude mouse: The remodeling process, histological characteristics of scars. Biochem. Biophys. Res. Commun. 2020, 526, 744–750. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Son, D.O.; Hinz, B. A rodent model of hypertrophic scarring: Splinting of rat wounds. Methods Mol. Biol. 2021, 2299, 405–417. [Google Scholar] [PubMed]

	



Zhou, S.; Wang, W.; Zhou, S.; Zhang, G.; He, J.; Li, Q. A Novel Model for Cutaneous Wound Healing and Scarring in the Rat. Plast. Reconstr. Surg. 2019, 143, 468–477. [Google Scholar] [CrossRef] [Scilit]

	



Aksoy, M.H.; Vargel, I.; Canter, I.H.; Erk, Y.; Sargon, M.; Pinar, A.; Tezel, G.G. A new experimental hypertrophic scar model in guinea pigs. Aesthetic Plast. Surg. 2002, 26, 388–396. [Google Scholar] [CrossRef] [Scilit]

	



Wang, P.; Jiang, L.-Z.; Xue, B. Recombinant human endostatin reduces hypertrophic scar formation in rabbit ear model through down-regulation of VEGF and TIMP-1. Afr. Health Sci. 2016, 16, 542–553. [Google Scholar] [CrossRef] [Scilit]

	



Marcus, J.R.; Tyrone, J.W.; Bonomo, S.; Xia, Y.; Mustoe, T.A. Cellular mechanisms for diminished scarring with aging. Plast. Reconstr. Surg. 2000, 105, 1591–1599. [Google Scholar] [CrossRef] [Scilit]

	



Santucci, M.; Borgognoni, L.; Reali, U.M.; Gabbiani, G. Keloids and hypertrophic scars of Caucasians show distinctive morpho-logic and immunophenotypic profiles. Virchows Arch. 2001, 438, 457–463. [Google Scholar] [CrossRef] [Scilit]

	



Sullivan, T.P.; Eaglstein, W.H.; Davis, S.C.; Mertz, P. The pig as a model for human wound healing. Wound Repair Regen. 2001, 9, 66–76. [Google Scholar] [CrossRef] [Scilit]

	



Hu, X.; Ran, H.; DeChang, W.; Yibing, W.; Yongqiang, F.; Qiang, L. Absence of the adenosine A2A receptor attenuates hypertrophic scarring in mice. J. Burn Care Res. 2013, 34, e161–e167. [Google Scholar] [CrossRef] [Scilit]

	



Percie du Sert, N.; Robinson, V. The NC3Rs gateway: Accelerating scientific discoveries with new 3Rs models and technologies [version 1; referees: Not peer reviewed]. F1000Research 2018, 7, 591. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Huh, D.; Leslie, D.C.; Matthews, B.D.; Fraser, J.P.; Jurek, S.; Hamilton, G.A.; Thorneloe, K.S.; McAlexander, M.A.; Ingber, D.E. A Human disease model of drug toxicity–induced pulmonary edema in a lung-on-a-chip microdevice. Sci. Transl. Med. 2012, 4, 159ra147. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gröger, M.; Rennert, K.; Giszas, B.; Weiß, E.; Dinger, J.; Funke, H.; Kiehntopf, M.; Peters, F.T.; Lupp, A.; Bauer, M.; et al. Monocyte-induced recovery of inflammation-associated hepatocellular dysfunction in a biochip-based human liver model. Sci. Rep. 2016, 6, 21868. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Setty, Y. In-silico models of stem cell and developmental systems. Theor. Biol. Med. Model. 2014, 11, 1. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ud-Din, S.; Bayat, A. Non-animal models of wound healing in cutaneous repair: In silico, in vitro, ex vivo, and in vivo models of wounds and scars in human skin. Wound Repair Regen. 2017, 25, 164–176. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Koppenol, D.C.; Vermolen, F.J.; Niessen, F.B.; Van Zuijlen, P.P.M.; Vuik, K. A mathematical model for the simulation of the formation and the subsequent regression of hypertrophic scar tissue after dermal wounding. Biomech. Model. Mechanobiol. 2016, 16, 15–32. [Google Scholar] [CrossRef] [Scilit]








[image: Medicina 58 00736 g001] 





Figure 1. Flowchart. This flowchart shows the literature research procedure. 246 studies were screened, and after determination of exclusion criteria, a total of 36 studies were analyzed. 
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Table 1. In vivo models in hypertrophic scar research summarizing the advantages and disadvantages thereof.
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	Model

(Animal)
	Wound Method
	Clinical Features of Human HTS
	Histological Features of Human HTS
	Multiple Scars per Animal
	Transferability to Human Conditions (Animal Specific)
	Easy Availability and Low Costs
	Critique





	Nude mouse model (mouse)
	Human skin graft +/− incision or burn
	Yes
	Yes
	No
	Low
	Yes
	Requires human skin grafts, impeded immune system



	Bleomycin model (mouse)
	Implantation of bleomycin pump
	Not clear due to implanted pump
	Yes
	No
	Low
	Yes
	Requires special Bleomycin pumps, HTS evolves by drug delivery and not by injury



	Mechanical stress model (mouse)
	Incision + stretching device
	Yes
	Yes
	No
	Low
	Yes
	Requires special stretching devices and continuous control for their adequate positioning



	Rat tail model (rat)
	Incision + stretching device
	Yes
	Yes
	No
	Low
	Yes
	Requires special stretching device and continuous control



	Rabbit ear model (rabbit)
	Incision or burn
	Yes
	Yes
	Yes
	Low
	Yes
	Cartilage could influence HTS forming



	Duroc model (pig)
	Incision or burn
	No
	Yes
	Yes
	High
	No
	Flat scars without redness



	Large White model (pig)
	Burn
	Yes
	Not clear
	Yes
	High
	No
	No collagen nodules



	Coal tar model (guinea pig)
	Incision + coal tar treatment
	Yes
	Yes
	Yes
	Low
	Yes
	High mortality



	Hairless dog model (dog)
	Incision
	Yes
	Yes
	Yes
	Unclear
	No
	Carnivore with fangs and claws







HTS: hypertrophic scars.
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