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Abstract

:

Simple Summary


The delimitation of the postmortem interval (PMI) is a very important parameter in veterinary forensic medicine. Indeed, the PMI can provide law enforcement with useful information to correctly determine a temporal relationship between a suspect’s actions and murder or to deny or confirm the testimony of a witness. Unfortunately, postmortem cadaveric changes, which are useful in investigating the PMI, have been poorly investigated in animals. In the present study, we evaluated the postmortem modifications of desmin and dystrophin over time and their correlation with PMI in dogs. To this aim, 10 dead adult dogs were evaluated for 4 days; for each animal, a cube of muscle tissue was collected from the vastus lateralis and triceps brachii. Muscle tissues were removed at 3 h postmortem and every 24 h until 96 h after death. Protein expression levels were analyzed by immunohistochemical examination and immunoblot analysis. The obtained results showed that dystrophin proteins had a higher degradation rate as compared to desmin. Overall, this study identified proteins with different postmortem degradation resistance, providing a reference basis for better investigating PMI in dogs.




Abstract


Postmortem cadaveric changes are commonly used to estimate the postmortem interval (PMI) in humans and animals. However, these modifications have been poorly investigated in animals of interest to veterinary forensic pathology. The aim of this study was to investigate the potential use of muscle proteins (desmin and dystrophin) as biomarkers for estimating the PMI in dogs. For this study, 10 dead adult dogs were evaluated for 4 days in a temperature-controlled room at 19 ± 1 °C. For each animal, at 3, 24, 48, 72, and 96 h after death, a 1 × 1 × 1 cm cube of muscle tissue was removed from the vastus lateralis and triceps brachii. Protein expression levels were analyzed by immunohistochemical examination and immunoblot analysis. The obtained results showed rapid dystrophin degradation, with complete disappearance at 72 h after death. In contrast, desmin-positive fibers and desmin protein bands detected by immunoblot were observed on all 4 days of observation. Our findings suggest the potential use of muscle proteins as biomarkers for estimating the PMI in dogs.
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1. Introduction


The postmortem interval (PMI) is defined as the time range between death and body examination [1]. It is considered one of the main research topics in forensic pathology. Indeed, the PMI can provide law enforcement with useful information to correctly determine a temporal relationship between a suspect’s actions and murder or to deny or confirm the testimony of a witness [2]. The PMI estimation is generally performed following the gross evaluation of the postmortem cadaveric changes, such as the cooling of the cadaver, ocular dehydration, muscle fiber rigidity and excitability, hypostasis development, and cadaver decomposition rate [3,4]. Normally, these changes have a well-defined order of progression; however, the rate of their onset and development is influenced by a wide range of variables that are both environmental and intrinsic to the subject itself, such as age [5], weight [6], size [7,8], previous pathology and cause of death [9], insect activity [10], temperature, and humidity [9,11]. Their application, precision, and accuracy are also strongly influenced by the phase of the PMI [12]. To overcome these limits, many research efforts have been devoted to standardizing additional techniques to estimate the PMI more accurately [13,14,15,16,17]. In recent years, postmortem protein degradation has been extensively investigated for its potential role in the delimitation of the PMI in humans [14,15,16,17]. Several studies have shown a correlation between protein degradation and time of death [14,15,16,17]. Furthermore, different proteins have been associated with different rates and patterns of degradation, suggesting that proteins have different resistance levels to postmortem proteolysis [18]. Among the assessed tissues, skeletal muscle has been identified as a promising candidate to estimate the PMI [19,20]. Skeletal muscle is the most abundant tissue in animal and human bodies, totally covered by the skin but also easily accessible during a forensic autopsy [21]. It is also more resistant to postmortem cadaveric changes than other organs like the liver and kidney [22]. In human forensic pathology, postmortem skeletal protein degradation has been investigated using both case-based studies on human cadavers and experimental works on animal models, such as mice [23], rats [24,25,26], and pigs [27]. In contrast, in veterinary forensic pathology, so far, no studies have been conducted to investigate postmortem protein degradation in dogs (Canis familiaris). Dogs are some of the few animals that live in close contact with humans, in both urban and rural contexts [28]. Therefore, they are commonly victims of abuse and unlawful killings [29]. Dogs also represent one of the main species involved in illegal fighting [30] and animal–vehicle collisions [31]. All these features have made dogs a main species of veterinary forensic interest. However, few reliable methods for investigating time since death in dogs have been reported in the literature. Although studies conducted on human and animal models have provided valuable information in veterinary forensic sciences, the physical and physiological differences between species do not allow for the direct application of assessed parameters to dogs and, more generally, to the broad range of animals of veterinary forensic interest. In this field, we investigated the postmortem morphological and biochemical modifications of triceps brachii and vastus lateralis skeletal muscles, both considered among the largest muscles of the animal body, which are well protected by the skin and bones but also relatively distant from the thoraco-abdominal organs. Therefore, they are expected to be less affected by the thanatomicrobiome activities during the first postmortem cadaveric decomposition phases. In light of these observations, the aims of this study were to (1) investigate the time-dependent histological changes of dog muscle tissues over time; (2) assess the postmortem degradation of the desmin and dystrophin proteins in dog skeletal muscles via immunohistochemical examination and Western blot analysis and (3) standardize an immunohistochemical and Western blot laboratory panel to investigate the time since death in dogs.




2. Materials and Methods


2.1. Muscle Sample Collection


Ten dead mixed-breed dogs (five male and five female), aged between 6 and 12 years, were recruited into the study. None of the studied dogs showed any evidence of neuromuscular or metabolic diseases including hypothyroidism, hyperadrenocorticism, renal disease, diabetes mellitus, and neoplasia. Immediately after death, animals were maintained at controlled temperature ranging between 18 and 20 °C for 4 days at the Section Room of the Department of Veterinary Medicine and Animal Production of the University of Naples Federico II. For each animal, at 3, 24, 48, 72, and 96 h after death, a 1 × 1 × 1 cm cube of muscle tissue was removed from the vastus lateralis and triceps brachii at a depth of 1 cm. The samples were then divided into five groups on the basis of the time elapsed since death: Group A comprised 20 samples (10 samples from the triceps brachii muscle and 10 samples from the vastus lateralis muscle) taken 3 h after death. Group B comprised 20 samples (10 samples from the triceps brachii muscle and 10 samples from the vastus lateralis muscle) taken 24 h after death. Groups C, D, and E comprised 20 samples each (10 samples from the triceps brachii muscle and 10 samples from the vastus lateralis muscle) taken at 48, 72, and 96 h after death, respectively. Samples were divided into two aliquots. Aliquots for histopathological examination and immunohistochemical analysis were frozen in isopentane that was pre-cooled in liquid nitrogen, and then they were stored at −80 °C until further processing. Aliquots for Western blot analysis were stored at −80 °C.




2.2. Sampling Procedure


All samples were collected after a 1 cm skin incision. The distance between each sampling point was at least 2 cm. Furthermore, samples were taken in rigorous asepsis conditions using sterile instruments and transported to the laboratory of the Department of Veterinary Medicine and Animal Production of the University of Naples Federico II within 5 minutes. Collected samples were frozen within 15 minutes.




2.3. Histology and Immunohistochemical Examination


Frozen sections (8 µm thick) were stained according to our routinely performed laboratory staining procedure [32]. Specifically, the following stains were performed: (1) hematoxylin and eosin (HE) for a basic morphologic evaluation, and (2) periodic acid Schiff (PAS) to evaluate the glycogen storage in muscle tissue [33,34]. For immunohistochemistry (IHC), frozen sections (8 µm thick) were processed with the MACH1 Universal HPR Polymer Detection Kit (BioCare Medical LLC, Concord, CA, USA). Briefly, the sections were dried for 1 h at room temperature and fixed in acetone at 4 °C for 3 min; a peroxide block was applied for 15 min at room temperature, and then the sections were incubated for 30 min with a background sniper (BioCare Medical LLC). The sections were incubated overnight at 4 °C with the following primary antibodies:




	
Mouse anti-DYS-1 monoclonal antibody (NCL-DYS1) (NovoCastra Laboratories Ltd, Newcastle, UK) directed against the ROD domain of the muscular dystrophin protein;



	
Mouse anti-DYS-2 monoclonal antibody (NCL-DYS2) (NovoCastra Laboratories Ltd, Newcastle, UK) directed against the C-terminal domain of the muscular dystrophin protein;



	
Mouse anti-desmin clone D33 monoclonal antibody (M0760) (DakoCytomation, Denmark).








The reaction was revealed by using 3,3’-diaminobenzidine (DAB) chromogen diluted in a DAB substrate buffer. Finally, sections were counterstained in Carazzi’s hematoxylin.



The percentage of muscle fibers with cytoskeletal positivity to dystrophin 1, dystrophin 2, and desmin was scored as follows: >90% positively stained fibers (score: 4), 90–60% positively stained fibers (score: 3), 60–30% positively stained fibers (score: 2), 1–30% positively stained fibers (score: 1), and negative staining observed in the fibers of the section (score: 0).




2.4. Western Blotting


Selected samples (triceps and quadriceps) were mechanically homogenized in a lysis buffer containing 50 mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 1 mM β-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, a protease inhibitor cocktail tablet, 1 mM sodium orthovanadate, and 2.5 mM sodium pyrophosphate [35,36]. Homogenates were incubated for 30 min on ice, and the supernatants were collected and centrifuged for 30 min at 14,000× g. Protein concentration was estimated with a Bradford assay, and 50 μg/lane of total proteins were separated on SDS polyacrylamide gels and transferred to nitrocellulose membranes [37,38]. Membranes were treated with a blocking buffer (25 mM Tris HCl, pH 7.4, 200 mM NaCl, and 0.5% Triton X-100) containing 5% non-fat powdered milk for 1 h at room temperature. Incubation with the anti-dystrophin (DYS-1/DYS-2) and anti-desmin primary antibodies was carried out overnight at 4 °C. After washing, membranes were incubated with the HRP-conjugated secondary antibody (sc-2031, Santa Cruz Biotechnology Inc, Dallas, TX, USA) for 1 h at room temperature, and then, the proteins were visualized by enhanced chemiluminescence (ECL) (RPN2232SK, Amersham, GeHealthcare, UK). In addition, the following primary antibodies were used to monitor equal protein loading of protein in all gel lanes:




	
Mouse anti-GAPDH monoclonal antibody (clone 6C5, sc-32233, Santa Cruz Biotechnology Inc, Dallas, TX, USA);



	
Mouse anti-alpha-actinin (clone H-2, sc-17829, Santa Cruz Biotechnology Inc, Dallas, TX, USA).








Band intensities were quantified on scanned images using Image J 1.53 software (National Institute of Health). Samples from Group A (3 hpm) were considered to contain the native form of the protein, and all bands of samples from the other groups were compared with them.




2.5. Statistical Analysis


The SPSS 20.0 package (SPSS Inc., Chicago, IL, USA) was used for statistical analysis of the data. The Mann–Whitney test, a nonparametric test for two independent samples, and Student’s t-test were used to assess the differences between groups. p values < 0.05 were considered statistically significant. The associations between the percentage of positive fibers and the time since death was evaluated by Spearman’s Rho correlation.





3. Results


3.1. Histopathological Examination


All 3 h postmortem samples (Group A) stained with H&E showed intact muscle fibers and no microscopic changes in both the triceps brachii and vastus lateralis muscles. One-day postmortem samples (Group B) showed small focal areas of autolysis in 7 out of 10 cases in triceps brachii muscles and in 6 out of 10 cases in vastus lateralis muscles (Figure 1B). In the samples at 2 (Group C), 3 (Group D) and 4 (Group E) days postmortem, we observed mild reduction in cell–cell adhesion or only small focal or multifocal areas of autolysis, characterized by destruction of fibers and the loss of cell borders (group C: 8 out of 10 cases in triceps brachii muscles and 8 out of 10 cases in vastus lateralis muscles; groups D and E: 10 out of 10 cases in triceps brachii muscles and 10 out of 10 cases in vastus lateralis muscles) (Figure 1C–E). The PAS stain was also strongly positive in the cell cytoplasms at 3 h and 1 day postmortem (Group A and B), while a variable number of mildly positive fibers were still detectable at 2 (Group C) and 3 (Group D) days postmortem. No PAS-positive fibers or a low number of PAS-positive fibers were also observed in all samples at 4 days postmortem in both triceps brachii and vastus lateralis muscles (Figure 1F–L).




3.2. Immunohistochemical Examination


In 3 hpm samples (Group A), both desmin and dystrophin 1 and 2 immunoreactivity were observed in all the assessed samples, demonstrating >90% desmin- and dystrophin-positive fibers in both the triceps brachii and vastus lateralis muscles (score 4). In 1-day postmortem muscles (Group B), the majority of the assessed samples showed a percentage of desmin-positive fibers >90% (score 4) (triceps brachii: 7/10 samples; vastus lateralis: 8/10 samples) in both the triceps brachii and vastus lateralis muscles; a percentage of desmin-positive fibers ranging between 60 and 90% (score 3) was instead observed in a lower number of cases (triceps brachii: 3/10 samples; vastus lateralis: 2/10 samples). Furthermore, dystrophin immunopositivity was observed in 60–90% of fibers (score 3) in most assessed samples in group B (triceps brachii: 8/10 samples; vastus lateralis: 7/10 samples). The percentage of dystrophin-positive fibers at 1 day postmortem was also statistically lower than that observed in 3 h postmortem muscles (Group A vs. Group B; p < 0.05). The prevalence of desmin- and dystrophin-positive fibers in 2-day postmortem muscles (Group C) was as follows: 30–60% (score 2) dystrophin-positive fibers (triceps brachii: 6/10 samples; vastus lateralis: 6/10 samples) and 60–90% (score 3) desmin-positive fibers (triceps brachii: 8/10 samples; vastus lateralis: 8/10 samples). The Mann–Whitney U test also showed a statistically lower degree of dystrophin- and desmin-positive fibers than those observed in 3 h and 1-day postmortem samples (Group C vs. Group A and B; p < 0.05). In 3-day postmortem samples (Group D), muscles showed a percentage of dystrophins positive fibers ranged between 1 and 30% (score 1) (triceps brachii: 9/10 samples; vastus lateralis: 9/10 samples) or absence of immunopositivity (score 0) (triceps brachii: 1/10 samples; vastus lateralis: 1/10 samples); desmin was instead detected in 30–60% (score 2) of fibers (triceps brachii: 7/10 samples; vastus lateralis: 7/10 samples) in the majority of the assessed samples. At 4 days postmortem (Group E), all samples showed a total absence of immunopositivity to dystrophin (score 0) (triceps brachii: 2/10 samples; vastus lateralis: 2/10 samples) or a low percentage of dystrophin-positive fibers, ranging between 1 and 30% (score 1) (triceps brachii: 8/10 samples; vastus lateralis: 8/10 samples); in contrast, the majority of tissue samples showed an immunopositivity for the desmin protein, ranging between 30 and 60% (score 2) of fibers (triceps brachii: 8/10 samples; vastus lateralis: 7/10 samples) (Figure 2). In addition, the percentage of desmin- and dystrophin-positive fibers in 4-day postmortem samples was lower than that detected in the 2-day postmortem group (Group E vs. Group C; p < 0.05).



Spearman’s Rho test also showed a negative significant correlation between desmin- and dystrophin-positive fibers and time since death. No statistical difference in dystrophin- and desmin-positive fibers was observed between the triceps brachii and vastus lateralis muscles in all assessed groups. Finally, the percentage of desmin-immunopositive fibers in groups B, C, D, and E was higher if compared with the percentage of dystrophin 1- and 2-immunopositive fibers in the same groups. The results of the immunohistochemical examination are summarized in Figure 3.




3.3. Western Blot Analysis


The blotting profile in Figure 4 shows that both anti-DYS1 and DYS2 antibodies recognized the 427 kDa dystrophin protein in both the triceps brachii and vastus lateralis muscles from the muscle tissue of dogs at 3 h after death (Group A). Although the 427 kDa dystrophin band was still slightly visible in muscle tissue at 1 day postmortem (Group B), it completely disappeared at 2 (Group C), 3 (Group D) and 4 (Group E) days postmortem in all assessed cases. The α-actinin antibody showed a band at approximately 100 kDa that was observed in all the studied groups (Figure 4).



In addition, desmin protein bands at approximately 60 kDa were detectable in all examined groups. Statistical differences were observed among the examined groups (p < 0.05 vs. Group A), as shown in Figure 5. GAPDH was observed in all the studied groups and used to normalize the native desmin band intensity between the muscle samples analyzed.





4. Discussion


The results of this study demonstrate a specific association between postmortem morphological changes and protein degradation in muscle tissue and time elapsed since death in dogs. On a qualitative basis, histological examination, which was conducted on muscle tissues until 4 days postmortem, allowed us to observe slight postmortem changes, primarily characterized by reduced fiber–fiber adhesion and focal or multifocal areas of autolysis. A progressive reduction in intra-cytoplasmatic PAS-positive deposits with disappearance at 96 h postmortem was also observed via PAS staining. Fiber autolysis is an inevitable consequence of proteases’ activities on human and animal tissues, while the progressive reduction in PAS-positive fibers reflects glycogen degradation, which is mainly caused by postmortem glycogenolysis [39,40]. Overall, the strong postmortem morphological preservation observed in our study agrees with published data from other authors. Similar results were indeed observed by Erlandsson (2007) [41], who reported the good preservation of dog myocardium until 7 days postmortem. Furthermore, the present results match with those reported by Tavichakorntrakool et al., (2008) [42], who detected histological changes, such as vacuolization and autolysis, in human muscles stored at 25 °C from 6 h after death. Unfortunately, a direct comparison between the aforementioned studies and our results is difficult due to the different storage temperatures used, which could inevitably influence the rate of the development of the postmortem changes in muscle tissue. With respect to the postmortem protein degradation, we demonstrated a rapid reduction in the dystrophins, with the complete disappearance of the DYS-1 and DYS-2 signals at 2 days postmortem. However, low numbers of immunopositive fibers were still detectable until 4 dpm by immunohistochemical examination. In addition, the Mann–Whitney U test showed statistically differences between groups and a negative correlation between time of death and protein degradation. Similarly, our findings showed a negative correlation between desmin protein degradation and time of death. However, desmin protein degradation was observed to be slower than that of dystrophin under both immunohistochemical and Western blot analysis. Taken together, these findings suggest a postmortem relationship between the PMI and protein degradation, as well as a difference in the rate of postmortem degradation between the two assessed proteins. Different rates of degradation among cellular proteins have been previously reported [18,43]. Indeed, the protein degradation rate appears to be strongly influenced by a broad range of intrinsic variables, such as protein structures, amino acid conformations, and post-translational modifications [18]. With respect to desmin and dystrophin proteins, they are both important components of the cytoskeletal structure of skeletal muscle and are united by a high sensitivity to calpain, proteasome, and lysosome activities [44]. However, they present important differences in conformation, location, and relative abundance. Dystrophin is a protein that links the cytoskeletal sarcoplasm to the extracellular matrix through a dystrophin-associated glycoprotein complex and plays an important role in the stabilization of the sarcoplasm in skeletal muscle [45]. However, dystrophin only represents 0.002% of total muscle proteins [45]. In contrast, desmin is the major component of the intermediate filament; it is located around the Z-disk of the sarcomere and links the Z-disk to the subsarcolemmal cytoskeleton. It is also more abundant than dystrophin, accounting for 0.35% of total muscular proteins [45]. Thus, the differences in protein abundance between these two assessed molecules could be considered additional contributing factors to the higher degradation rate of the dystrophin protein compared to that of the desmin protein. Overall, our findings are consistent with previously published studies conducted on pigs [19] that showed a persistence of the desmin protein for several days after death (up to 224.0 hpm). Similarly, our results agree with those reported by Wojtysiak and Górska (2018) [46], who detected the rapid degradation of dystrophin protein in turkey breast muscles. However, a direct comparison of the results is not possible due to differences in temperature storage between our study (19 °C) and the abovementioned research (4 °C). Finally, regarding α-actinin and GAPDH, no differences in protein levels were observed among the assessed groups, suggesting that these proteins have a higher resistance to postmortem proteolysis than do dystrophin and desmin. A previous study revealed the high resistance of α-actinin up to 210 hpm in pig muscles [19]. Similarly, a study conducted on rat skeletal muscles showed the resistance of GAPDH up to 96 h postmortem [47]. α-actinin and GAPDH are two of the main proteins commonly used in Western blot analysis to confirm the equal loadings of proteins in all lanes. However, the high resistance of α-actinin and GAPDH to postmortem proteolysis encourages their use as control markers even in protein degradation studies until the 4th day postmortem in dogs.




5. Conclusions


The estimation of the PMI is a challenge in both human and veterinary forensic pathology. The range of temperatures applied in the present study (19 °C) allowed us to identify proteins with different rates of degradation, providing a reference basis for better investigating different PMI phases in dogs. Specifically, the slow postmortem degradation of desmin suggests the potential for its use as a biomarker to assess the late postmortem phase. Furthermore, the rapid postmortem degradation of dystrophin suggests its validity as a biomarker to investigate the early postmortem phase in dogs. Finally, the higher resistance of GAPDH and α-actinin to postmortem proteolysis encourages their use as control markers in Western blot analysis up to 4 dpm. Further studies will be needed to investigate the postmortem muscle modifications at different environmental temperature ranges and over longer PMIs in dogs.







Author Contributions


Conceptualization, S.T. and O.P.; Methodology, G.P., D.D.B., S.T. and O.P.; Validation, G.C., C.P.C., V.R. and O.P.; Investigation, G.P., V.D.P. and I.d.; Writing—original draft, G.P. and V.D.P.; Project administration, V.R. and O.P.; Funding acquisition, O.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.




Institutional Review Board Statement


Ethical review was not required because this study was conducted on animals that died spontaneously or by euthanasia due to serious health problems. None of the study animals were euthanized for research purposes.




Informed Consent Statement


Each owner has consented to the use of the cadaver for teaching and research activities, according to the ethical guidelines of the Department of Veterinary Medicine and Animal Production of the University of Naples Federico II.




Data Availability Statement


All relevant data are listed in the manuscript.




Acknowledgments


The authors thank Orlando Paciello for his support during the drafting of the PhD thesis entitled “New Insights in Veterinary Forensic Medicine and Pathology” which laid the methodological basis for the development of this research. The authors also thank Raffaele Ilsami (Department of Veterinary Medicine and Animal Production) for his technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Biswas, G. Review of Forensic Medicine and Toxicology; Pvt Brooks; Jaypee Brothers Medical Publishers: New Delhi, India, 2012; p. 22. [Google Scholar]

	



Merk, M.D. Veterinary forensics: Animal Cruelty Investigations; Wiley: New Jersey, NJ, USA, 2008; p. 241. [Google Scholar]

	



Shedge, R.; Krishan, K.; Warrier, V.; Kanchan, T. Postmortem Changes; StatPearls: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Brooks, J.W. Postmortem Changes in Animal Carcasses and Estimation of the Postmortem Interval. Veter-Pathol. 2016, 53, 929–940. [Google Scholar] [CrossRef] [PubMed]

	



Guebelin, D.L.C.; Dobay, A.; Ebert, L.; Betschart, E.; Thali, M.J.; Franckenberg, S. Correlation of age, sex and season with the state of human decomposition as quantified by postmortem computed tomography. Forensic Sci. Med. Pathol. 2021, 17, 185–191. [Google Scholar] [CrossRef] [PubMed]

	



Matuszewski, S.; Konwerski, S.; Frątczak, K.; Szafałowicz, M. Effect of body mass and clothing on decomposition of pig carcasses. Int. J. Leg. Med. 2014, 128, 1039–1048. [Google Scholar] [CrossRef] [PubMed]

	



Simmons, T.; Adlam, R.E.; Moffatt, C. Debugging decomposition data—Comparative taphonomic studies and the influence of insects and carcass size on decomposition rate. J. Forensic Sci. 2010, 50, 8–13. [Google Scholar] [CrossRef]

	



Sutherland, A.; Myburgh, J.; Steyn, M.; Becker, P.J. The effect of body size on the rate of decomposition in a temperate region of South Africa. Forensic Sci. Int. 2013, 231, 257–262. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, C.; Byard, R.W. Factors and processes causing accelerated decomposition in human cadavers—An overview. J. Forensic Leg. Med. 2011, 18, 6–9. [Google Scholar] [CrossRef]

	



McIntosh, C.S.; Dadour, I.R.; Voss, S.C. A comparison of carcass decomposition and associated insect succession onto burnt and unburnt pig carcasses. Int. J. Leg. Med. 2016, 131, 835–845. [Google Scholar] [CrossRef]

	



Archer, M. Rainfall and temperature effects on the decomposition rate of exposed neonatal remains. Sci. Justice 2004, 44, 35–41. [Google Scholar] [CrossRef]

	



Pittner, S.; Bugelli, V.; Weitgasser, K.; Zissler, A.; Sanit, S.; Lutz, L.; Monticelli, F.; Campobasso, C.P.; Steinbacher, P.; Amend, J. A field study to evaluate PMI estimation methods for advanced decomposition stages. Int. J. Legal Med. 2020, 134, 1361–1373. [Google Scholar] [CrossRef]

	



Dogan, K.H.; Gunaydin, G.; Demirci, S.; Koç, S. Postmortem Changes in Element Levels in Rat Skeletal Muscle Tissue. Turk. Klin. J. Med. Sci. 2010, 30, 1332–1338. [Google Scholar] [CrossRef]

	



Sabucedo, A.J.; Furton, K.G. Estimation of postmortem interval using the protein marker cardiac Troponin I. Forensic Sci. Int. 2003, 134, 11–16. [Google Scholar] [CrossRef] [PubMed]

	



Pittner, S.; Ehrenfellner, B.; Zissler, A.; Racher, V.; Trutschnig, W.; Bathke, A.C.; Sänger, A.M.; Stoiber, W.; Steinbacher, P.; Monticelli, F.C. First application of a protein-based approach for time since death estimation. Int. J. Leg. Med. 2016, 131, 479–483. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Martínez, C.; Pérez-Cárceles, M.D.; Legaz, I.; Prieto-Bonete, G.; Luna, A. Quantification of nitrogenous bases, DNA and Collagen type I for the estimation of the postmortem interval in bone remains. Forensic Sci. Int. 2017, 281, 106–112. [Google Scholar] [CrossRef] [PubMed]

	



Ortmann, J.; Doberentz, E.; Madea, B. Immunohistochemical methods as an aid in estimating the time since death. Forensic Sci. Int. 2017, 273, 71–79. [Google Scholar] [CrossRef]

	



Zissler, A.; Stoiber, W.; Steinbacher, P.; Geissenberger, J.; Monticelli, F.C.; Pittner, S. Postmortem Protein Degradation as a Tool to Estimate the PMI: A Systematic Review. Diagnostics 2020, 10, 1014. [Google Scholar] [CrossRef]

	



Pittner, S.; Monticelli, F.C.; Pfisterer, A.; Zissler, A.; Sänger, A.M.; Stoiber, W.; Steinbacher, P. Postmortem degradation of skeletal muscle proteins: A novel approach to determine the time since death. Int. J. Leg. Med. 2015, 130, 421–431. [Google Scholar] [CrossRef]

	



Li, C.; Ma, D.; Deng, K.; Chen, Y.; Huang, P.; Wang, Z. Application of MALDI-TOF MS for Estimating the Postmortem Interval in Rat Muscle Samples. J. Forensic Sci. 2017, 62, 1345–1350. [Google Scholar] [CrossRef]

	



Pittner, S.; Ehrenfellner, B.; Monticelli, F.C.; Zissler, A.; Sänger, A.M.; Stoiber, W.; Steinbacher, P. Postmortem muscle protein degradation in humans as a tool for PMI delimitation. Int. J. Leg. Med. 2016, 130, 1547–1555. [Google Scholar] [CrossRef]

	



Vass, A.A.; Barshick, S.A.; Sega, G.; Caton, J.; Skeen, J.T.; Love, J.C.; Synstelien, J.A. Decomposition Chemistry of Human Remains: A New Methodology for Determining the Postmortem Interval. J. Forensic Sci. 2002, 47, 542–553. [Google Scholar] [CrossRef]

	



Poloz, Y.O.; O’Day, D.H. Determining time of death: Temperature-dependent postmortem changes in calcineurin A, MARCKS, CaMKII, and protein phosphatase 2A in mouse. Int. J. Leg. Med. 2009, 123, 305–314. [Google Scholar] [CrossRef]

	



Kang, S.; Kassam, N.; Gauthier, M.L.; O’Day, D.H. Post-mortem changes in calmodulin binding proteins in muscle and lung. Forensic Sci. Int. 2003, 131, 140–147. [Google Scholar] [CrossRef]

	



Li, C.; Wang, Q.; Zhang, Y.; Lin, H.; Zhang, J.; Huang, P.; Wang, Z. Research progress in the estimation of the postmortem interval by Chinese forensic scholars. Forensic Sci. Res. 2016, 1, 3–13. [Google Scholar] [CrossRef]

	



Zissler, A.; Ehrenfellner, B.; Foditsch, E.E.; Monticelli, F.C.; Pittner, S. Does altered protein metabolism interfere with postmortem degradation analysis for PMI estimation? Int. J. Legal Med. 2018, 32, 1349–1356. [Google Scholar] [CrossRef] [PubMed]

	



Foditsch, E.E.; Saenger, A.M.; Monticelli, F.C. Skeletal muscle proteins: A new approach to delimitate the time since death. Int. J. Leg. Med. 2015, 130, 433–440. [Google Scholar] [CrossRef]

	



Horn, L.; Range, F.; Huber, L. Dogs’ attention towards humans depends on their relationship, not only on social familiarity. Anim. Cogn. 2013, 16, 435–443. [Google Scholar] [CrossRef] [PubMed]

	



Williams, V.; Dale, A.; Clarke, N.; Garrett, N. Animal abuse and family violence: Survey on the recognition of animal abuse by veterinarians in New Zealand and their understanding of the correlation between animal abuse and human violence. N. Z. Veter.-J. 2008, 56, 21–28. [Google Scholar] [CrossRef] [PubMed]

	



Siegel, D.; van Uhm, D. Illegal dogfighting: Sport or crime? Trends Organ. Crime 2021, 24, 563–580. [Google Scholar] [CrossRef]

	



Mennonna, G.; Murino, C.; Micieli, F.; Costagliola, A.; D’Angelo, D.; Paciello, O.; Fatone, G.; Lamagna, F.; Navas, L.; Pompameo, M.; et al. Geographical information system analysis on road accidents involving wandering dogs in the urban area of Naples. Geospat. Health 2018, 13. [Google Scholar] [CrossRef]

	



De Biase, D.; Piegari, G.; Prisco, F.; Cimmino, I.; D’Aquino, I.; Baldassarre, V.; Oriente, F.; Papparella, S.; Paciello, O. Implication of the NLRP3 Inflammasome in Bovine Age-Related Sarcopenia. Int. J. Mol. Sci. 2021, 22, 3609. [Google Scholar] [CrossRef] [PubMed]

	



Stankler, L.; Walker, F. Periodic acid-Schiff (PAS) staining for glycogen in clinically normal psoriatic and non-psoriatic skin. Br. J. Dermatol. 1976, 95, 599–601. [Google Scholar] [CrossRef]

	



Piegari, G.; De Biase, D.; D’Aquino, I.; Prisco, F.; Fico, R.; Ilsami, R.; Pozzato, N.; Genovese, A.; Paciello, O. Diagnosis of Drowning and the Value of the Diatom Test in Veterinary Forensic Pathology. Front. Veter.-Sci. 2019, 6, 404. [Google Scholar] [CrossRef]

	



Cerulo, G.; Tafuri, S.; De Pasquale, V.; Rea, S.; Romano, S.; Costagliola, A.; Della Morte, R.; Avallone, L.; Pavone, L.M. Serotonin activates cell survival and apoptotic death responses in cultured epithelial thyroid cells. Biochimie 2014, 105, 211–215. [Google Scholar] [CrossRef] [PubMed]

	



Persico, M.; Ramunno, A.; Maglio, V.; Franceschelli, S.; Esposito, C.; Carotenuto, A.; Brancaccio, D.; De Pasquale, V.; Pavone, L.M.; Varra, M.; et al. New anticancer agents mimicking protein recognition motifs. J. Med. Chem. 2013, 12, 6666–6680. [Google Scholar] [CrossRef] [PubMed]

	



Pavone, L.M.; Rea, S.; Trapani, F.; De Pasquale, V.; Tafuri, S.; Papparella, S.; Paciello, O. Role of serotonergic system in the pathogenesis of fibrosis in canine idiopathic inflammatory myopathies. Neuromuscul. Disord. 2012, 22, 549–557. [Google Scholar] [CrossRef] [PubMed]

	



Spina, A.; Rea, S.; De Pasquale, V.; Mastellone, V.; Avallone, L.; Pavone, L.M. Fate Map of Serotonin Transporter-Expressing Cells in Developing Mouse Thyroid. Anat. Rec. 2011, 294, 384–390. [Google Scholar] [CrossRef]

	



Takeichi, S.; Tokunaga, I.; Yoshima, K.; Maeiwa, M.; Bando, Y.; Kominami, E.; Katunuma, N. Mechanism of postmortem autolysis of skeletal muscle. Biochem. Med. 1984, 32, 341–348. [Google Scholar] [CrossRef]

	



Chauhan, S.S.; England, E.M. Postmortem glycolysis and glycogenolysis: Insights from species comparisons. Meat Sci. 2018, 144, 118–126. [Google Scholar] [CrossRef]

	



Erlandsson, M.; Munro, R. Estimation of the post-mortem interval in beagle dogs. Sci. Justice 2007, 47, 150–154. [Google Scholar] [CrossRef]

	



Tavichakorntrakool, R.; Prasongwattana, V.; Sriboonlue, P.; Puapairoj, A.; Pongskul, J.; Khuntikeo, N.; Hanpanich, W.; Yenchitsomanus, P.-T.; Wongkham, C.; Thongboonkerd, V. Serial analyses of postmortem changes in human skeletal muscle: A case study of alterations in proteome profile, histology, electrolyte contents, water composition, and enzyme activity. Proteom.–Clin. Appl. 2008, 2, 1255–1264. [Google Scholar] [CrossRef]

	



Piegari, G. New Insights in Veterinary Forensic Medicine and Pathology. Ph.D. Thesis, University of Naples “Federico II”, Naples, India, 2018. [Google Scholar]

	



Purintrapiban, J.; Wang, M.C.; Forsberg, N.E. Degradation of sarcomeric and cytoskeletal proteins in cultured skeletal muscle cells. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2003, 136, 393–401. [Google Scholar] [CrossRef]

	



Hoffman, E.P.; Brown, R.H., Jr.; Kunkel, L.M. Dystrophin: The protein product of the Duchenne muscular dystrophy locus. Cell 1987, 24, 919–928. [Google Scholar] [CrossRef] [PubMed]

	



Wojtysiak, D.; Górska, M. Effect of Aging Time on Meat Quality and Rate of Desmin and Dystrophin Degradation of Pale, Soft, Exudative (PSE) and Normal Turkey Breast Muscle. Folia Biol. 2018, 66, 63–72. [Google Scholar] [CrossRef]

	



Choi, K.M.; Zissler, A.; Kim, E.; Ehrenfellner, B.; Cho, E.; Lee, S.I.; Steinbacher, P.; Yun, K.N.; Shin, J.H.; Kim, J.Y.; et al. Postmortem proteomics to discover biomarkers for forensic PMI estimation. Int. J. Leg. Med. 2019, 133, 899–908. [Google Scholar] [CrossRef] [PubMed]








[image: Animals 13 00563 g001 550] 





Figure 1. Representative sections from muscle tissues at different times since death. (A) Section from muscles taken at 3 hpm (Group A) showing no microscopical changes; (B) section from muscle taken at 1 day postmortem (Group B) showing focal areas of autolysis (arrows). (C–E): Section from muscles taken at 2, 3 and 4 days postmortem (Groups C-D-E), respectively. Sections showing only small focal or multifocal areas of autolysis (arrows) (H&E, original magnification 20×). (F) Section from muscles taken at 3-hpm (Group A) showing strong PAS-positive fibers; (G) section from muscle taken at 1 day (Group B) postmortem showing PAS-positive fibers. (H) Section from muscles taken at 2 days (Group C) postmortem showing a moderate number of PAS-positive fibers. (I) section from muscles taken 3 days (Group D) postmortem showing a low number of mildly PAS-positive fibers. (L) Section from muscles taken 4 days postmortem (Group E) showing no PAS-positive fibers. (Periodic acid shiff (PAS) staining, original magnification 20×). 
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Figure 2. Immunohistochemical staining of desmin and dystrophin at different times since death. (A) Section from muscles taken at 3 hpm (Group A) showing >90% (score 4) desmin-positive fibers; (B) section from muscle taken at 1 day postmortem (Group B) showing >90% (score 4) desmin-positive fibers in the section; (C) section from muscles taken at 2 days (Group C) postmortem showing desmin positivity ranging between 60–90% (score 3). (D) Section from muscles taken at 3 days postmortem (Group D) showing 30–60% (score 2) desmin-positive fibers. (E) Section from muscles taken at 4 days postmortem (Group E) showing 30–60% (score 2) desmin-positive fibers. (F) Section from muscles taken at 3 hpm (Group A) showing >90% (score 4) dystrophin-positive fibers; (G) section from muscle taken at 1 day (Group B) postmortem showing 60–90% (score 3) dystrophin-positive fibers in the section; (H) section from muscles taken at 2 days postmortem (Group C) showing that the number of positive fibers ranged between 30 and 60% (score 2). (I) Section from muscles taken at 3 days postmortem (Group D) showing 1–30% (score 1) dystrophin-positive fibers. (L) Section from muscles taken at 4 days postmortem (Group E) showing a total absence of dystrophin-positive fibers. 
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Figure 3. The percentage of positive fibers for each assessed group. (A) Desmin-positive fibers in triceps brachii muscles, (B) desmin-positive fibers in vastus lateralis muscles; (C) dystrophin-positive fibers on triceps brachii muscles; (D) dystrophin-positive fibers in vastus lateralis muscles. 
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Figure 4. Representative image of the Western blotting analyses performed for detecting dystrophin protein in the dog muscle samples. Western blot analysis shows a rapid reduction of the native dystrophin band, with complete disappearance at 2 days postmortem. In contrast, α-actinin protein was observed in all examined groups. (Left) Dog triceps, (Right) Dog quadriceps. 
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Figure 5. Representative image of the Western blotting analyses performed for detecting desmin and GAPDH protein levels. Desmin and GAPDH bands were present throughout the investigated periods. Densitometric analysis of the bands was performed, with results presented as the mean ± SD of four independent experiments of equal design for triceps and three independent experiments of equal design for quadriceps. * p < 0.05. (Left) Dog triceps, (Right) Dog quadriceps. 
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