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Abstract

Background: Postmortem interval (PMI) is an important consideration in medicolegal
death investigation. Methods such as temperature measurement, evaluation of muscle
contraction, lividity, and decomposition rate are applied to estimate PMI, also referred to
time since death. These methods are, however, affected by environmental factors that
either delay or accelerate some of the processes. Expression, concentration, and stability
of proteins do not remain the same after death. This varied behavior of proteins within the
body has prompted numerous research approaches to characterise proteins to estimate
PMIL. It is through interaction of proteins with other micro-molecules that crucial signaling
pathways and cellular processes are activated to drive mechanisms leading to health and
disease of an organism. As a result, protein changes can be studied to gain insight into
disease pathophysiology.

The evaluation the structural integrity of tissues from healthy individuals post death may
provide a source of credible controls for research on biological samples harvested during
surgery in individuals with known disease. It thus calls for the need to assess the
biomolecule stability of such tissues when required as controls for studies.

Aim: To investigate how biochemical parameters change across brief PMIs for PMI
estimation and subsequently to guide the selection of appropriate tissues as potential
source of control samples for research.

Objective: To determine if there is degradation in cardiac proteins post death for bodies
with known PMI to determine the usability of PM cardiac tissues as controls for research
based on cardiac protein integrity over the PMI.

Methods: This was a cross-sectional, observational, quasi-experimental study. Changes
in native vinculin, cardiac troponin cardiac troponin T (cTnT), cardiac troponin I (cTnl),
and eukaryotic elongation factor (eEfla) in cardiac tissues from decedents recruited at the
Salt River Mortuary, Cape Town were evaluated using Western blotting (WB) assay.
Image J analysis of protein intensities of native bands and degradative products were used

to compare proteins from different PMIs (0 to 151 hours).



Results: We recruited and sampled 52 decedents: 30 individuals were sampled at PMI of
greater than 72 hours, while 22 individuals were sampled at PMI of less than 72 hours.
WB detection of 117 kDa vinculin protein showed this to be present in all left
ventricular (LV) samples analysed. The degradation of this protein commenced at 37 hours
and progressed with time in LV. In aortic valves (AV), vinculin was intact in tissues
extracted from living individuals and cases with early PMI of less than 24 hours. Mitral
valve vinculin was detected from 8-57 hours PM. ¢cTnT obtained from the LV was present
in all investigated cases. cTnT showed degradation bands in all cases with intensity
increasing with time. cTnl detection in LV was present in majority of the cases during
study period Lastly, we detected eEfal in all LV samples, and we found eEfal to be
present in majority of cases and the band intensities also decreased with increasing PMI.
Conclusion: We aimed to understand biochemical changes that occur postmortem in
cardiac tissues through analysis of biochemical molecules. While we observed changes in
proteins in cardiac tissues with increasing postmortem intervals, our findings suggest that
some cardiac proteins are stable during early time PMI and may be suitable to be used in
PMI estimation. Additionally, we observed integrity of protein up to 72 hours PM,
suggesting that cases sampled at that time may be suitable to be utilised as controls for

research.
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Introduction

Proteins are polymers made up of amino acid sequences synthesised in ribosomes and
held together by peptide bonds. Proteins provide cellular support (in cytoskeleton and cell
membranes), act as hormones, catalysts for cellular reactions, enzymes, and cell signaling
molecules. They make up majority of the human organ systems, however, their expression
varies from tissue to tissue, depending on the function and the state of the body [1]. These
are regulated through processes such as protein synthesis, folding, conformational
maintenance, and degradation to achieve homeostasis [2-4]. During postmortem, the
expression, and stability of proteins do not remain the same, hence the investigation into
the use of proteins during autopsy to estimate PMI [3, 4] [5] [6, 7].In 2017, Statistics South
Africa reported 51 164 unnatural deaths and a rise of 1 415 in murder cases reported for
2022 compared to 2017 [8, 9], highlighting the necessity for development of reliable and
efficient supplementary methods to estimate PMI to assist medicolegal investigations.

Several methods are utilised to estimate PMI, and these are based on decomposition,
physiological, entomological, microbial, biochemical, and genetic changes[10-12].
Physiological changes such as body temperature changes, contractility of muscles and
staining of the skin surface, respectively known as algor, rigor and livor mortis are some
of conventional method used in estimation of early PMI. In some instances, muscle
excitation following the application of external stimuli is used to estimate PMI.
Physiological changes progress in a time-dependent manner allowing for correlation with
PMI, however, they are effective in early PMI investigation [10, 11, 13, 14]. Additionally,
entomology and body decomposition are utilised to estimate long PMIs, however, these
methods are limited by variable geographical and climate conditions [12]. Consequently,
PMI studies have shifted to using biological markers such as proteins to accurately
estimate PMI. An added value is that these may inform the integrity of tissues in PM and

their potential use as controls in scientific research.
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Chapter 1

Literature Review
1.1 Protein degradation pathways

Protein degradation is a normal physiological process that maintains homeostasis to
ensure proper functioning of the body and forms a vital part of our physiology by
regulating protein concentrations and integrity [2]. Eukaryotic protein degradation is
regulated through two major pathways: either by ubiquitination of proteins or lysosomal
proteolysis pathway[15]. Ubiquitination entails the addition of ubiquitin (Ub) to a target
protein. Ubiquitination controls the content of proteins within the body by making use of
three enzymes to make the target protein identifiable for destruction. During the Ub
molecule tagging, the carboxyl end of the Ub molecule is linked to nitrogen on the lysine
amino acid of a target protein, forming an isopeptide bond, through hydrolysis of ATP.
Ubiquitination is initiated by activation of the Ub molecule through E1 enzyme which acts
as a transfer molecule. Enzyme cysteinyl residue on E2 then attaches to Ub on E1, leading
to E1 dissociation. The E2 bound to the Ub molecule is then attached to the E3 enzyme,
which acts as a mediator/ligase between the Ub and the target protein, this is a continuous
process leading to polyubiquitination (Figurel). The polyubiquitinated of the protein
molecule allows it to then attach to a proteosome complex for destruction. The 19s subunit
of a proteosome complex unfolds the Ub-linked protein and attaches it to the 20s subunit,

which contains the proteases that breakdown proteins into amino acid constituents [16].
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Figure 1: Ubiquitin genes and pathway. Callis, J., The ubiquitination machinery of the ubiquitin system.
Arabidopsis Book, 2014. 12: p. e0174.
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Lysosomes are membrane enclosed acidic organelles containing enzymes used to break
down proteins [15, 17]. Lysosomes plays a crucial role in maintaining normal cellular
metabolic activities, hence the regulator of homeostasis. An accumulation of proteins to
toxic level causes disease. The lysosomal proteolysis pathway degrades large, long-lived,
and damaged proteins instead of short-lived, misfolded proteins [18]. Lysosomal
degradation either involves the endocytosis or autophagy pathways, both involving the
internalisation of cellular constituents [17]. The endoplasmic reticulum (ER) synthesises
lysosomal hydrolytic proteins that are in turn transported to the Golgi apparatus where they
interact with the trans Golgi network (Figure 2). This interaction results in tagging of
lysosomal proteins with mannose that becomes phosphorylated and forms mannose-6-
phosphate (M6P) which later attaches to the M6P receptors on the Golgi apparatus and
forms vesicle that burst from the Golgi apparatus. The vesicles containing lysosomal
proteins then enters an acidic early endosome environment causing the release of M6P
receptor from lysosomal hydrolytic proteins which interacts with target proteins contained

in the endosome and results in protein breakdown (Figure 2) [17].
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Figure 2: Lysosomal M6P receptor dependent pathway. Saftig, P. and J. Klumperman, Lysosome biogenesis and lysosomal
membrane proteins: trafficking meets function. Nature Reviews Molecular Cell Biology, 2009. 10(9): p. 623-635.

1.2 The estimation of PMI with algor mortis
Algor mortis is used to refer to a decrease in normal temperature (37°C) following death

to match the ambient temperature in a corpse environment [11]. Physiologically, the
production of normal body temperature results from chemical energy obtained from food
and mechanical energy from muscles and is regulated throughout the body by the
hypothalamus via a process called thermoregulation [19]. Thermoregulation ceases after
death, resulting in a declining body temperature [20]. The loss of heat occurs in timely
manner, through conduction and convection, and can be used for estimation of PMI for
up to 72 hours [10, 21].

Initially, estimation of PMI using temperature data only was believed to follow Newton’s
law of cooling, stating the rate of loss of heat from a surface of a solid body to the
surrounding fluid is proportional to the difference in temperature between the surface and
the fluid[22]. Subsequently, this hypothesis was debunked by Brown A, et al (1974) who
stipulated a new law for objects having specific size and thermal properties [22, 23].
Additionally, the thumb rule, which states that for every lhour passed, the body
temperature decreases by 1°C, was disregarded since it did not stand up to experimental
and epidemiological scrutiny [22-24]. Subsequently, different studies have derived
mathematical models that estimate PMI using temperature data [22, 24]. Currently, the
nomogram model developed by Henssge is frequently used to determine PMI [11, 25].
Unlike others, this method considers the type of coverings found on a body, levels of

humidity, body mass, and requires a single rectal temperature measurement. Additionally,
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temperature can be taken from axillary regions, inner ear, and nose [11, 25]. Although the
method is in practice, factors such as cause of death and body mass index (BMI) continue

to affect its accuracy [10].

1.3 Rigor mortis PMI estimation
Rigor mortis is described as the stiffening of body muscles following death [10]. During

normal muscle contraction, calcium released from the sarcoplasmic reticulum binds to the
troponin protein resulting in a structural conformation that exposes the myosin head [26].
Adenosine triphosphate (ATP) binds to the myosin domain and is hydrolysed to adenosine
diphosphate (ADP), resulting in the formation of a cross bridge between actin and myosin,
allowing muscle contraction to take place [26]. In the event of death, the body is not
immediately deprived of ATP due to glycolytic processes that continue during early hours
of death and cause muscle flaccidity. It is only when ATP levels drop to below 85% that
muscles fail to relax, leaving muscles in the contracted state [14]. This process does not
occur simultaneously in all body parts but progresses gradually starting in muscles of the
heart and spreading in a successive manner from eyelids, neck, lower jaw, chest, upper
limbs, abdomen, lower limbs, and then finally ending in the fingers and toes following
Nysten’s Law. The stiffening begins within an hour of death and is completed by 36 hours
[10], implying that bodies achieve complete stiffening are over 36 hours after death.
Forensic investigations make use of the position of the body in rigor and freeze expressions
on the face to help in respective determination of whether the victim died in the place
where the body was found and insights into the nature of death. However, muscle age and
muscle mass may influence accuracy [11]. This method can only be used for PMI
determination up to 72 hours. Besides its low sensitivity beyond 36 hours, the reliability
of this method is affected by several other factors [10, 11].
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1.4 Livor mortising estimating PMI.
Livor mortis, also known as hypostasis, is seen as blood staining on the skin surface of a

cadaver. It results from the gravitational settling of the blood to the lower regions of the
body. This occurs due the cessation of circulatory processes. It takes about 1 to 3 hours
for this to be observed on a body and is completed in 6 to 8 hours [11]. In complete absence
of oxygen in the body, livor mortis causes the body to stain blue and purple [26]. However,
the use of stain colour to determine PMI stage does not provide adequate results since the
type of staining is influenced by skin colour, intoxication state, blood haemoglobin level
and body temperature during hypostasis [26, 27]. This method may assist in PMI
estimation within 72 hours and it also provides evidence on whether the body was moved
after death [27].

The response of skeletal muscle to external stimuli is divided into three phases, in the
initial phase the entire muscle contracts when a force is applied to it, this is usually
observed up to 2 hours postmortem. In the second phase, there is a formation of a strong
reversible idiomuscular contraction pad that lasts for 5 hours postmortem and, finally a
weak idiomuscular contraction pad develops and last for 12 hours postmortem[14].
Following the application of electrical stimuli, muscles contract strongly and successively
spread to other neighbouring tissues away from the point of electrical application
eventually causing complete muscle weakness. This procedure is usually done in
orbicularis oculi muscles to easily observe the muscle movement. The manner in which
contraction of orbicularis oculi muscle occurs is divided in to six stages to allow
estimation of PMI (Table 1) [14].
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Table 1. The degrees of response of orbicularis oculi muscle following electrical

stimulation.
Muscle Contraction Time post-mortem (hours)
1. Upper and lower eyelid + forehead + cheek 35125
2. Upper and lower eyelid + forehead 45+25
3. Upper and lower eyelid 55+25
4. Whole upper eyelid 8.25+4.75
5. 1/3-2/3 upper eyelid 105+ 55
6. Local upper eyelid 13.5+£85

1.5 Decomposition stages in estimating PMI.
Decomposition starts immediately after death and is completed by body skeletisation,

initiated by the presence of bacteria and fungi which feed on the body causing the body to
putrefy[30]. Purification is observed early in the abdominal area before spreading to the rest
of the body[21].

The process of decomposition is divided into five stages that are correlative with PMI.
These stages include (1) fresh, (2) bloated, (3) decay, (4) post-decay, and (5) skeletisation.
The fresh stage is observed immediately after death with no gross decomposition
observed. During the first stage of decomposition, changes such as cracking of the skin,
development of greenish colour and tache noir [21, 30]. The development of green colour
is mainly due to oxygen depletion and production of sulfhaemoglobin by bacteria in
postmortem. This discoloration is usually first observed in the abdomen and may extend to
the rest of the body as time progresses and insects are recruited to body openings and
wounds [21].

The second stage of decomposition is characterised by bloating around the abdominal area
and swelling in the eyelid area. The abdominal bloating is caused by gases produced from
bacterial activities that take place in the abdomen during postmortem periods which
additionally cause the temperature to rise in the body. During the decay stage of
decomposition, there is evident gross putrefaction which comes as a result of insects
scavenging on the body leading to skin breakages releasing gas and odour out of the body

resulting from the expelled ammonium gas from the cadaver[21]. Insects such as
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diptera larvae, coleoptera, calliphoridae and sarcophagidae are fully developed
during this stage and their lifecycle can be used to deduce PMI [21, 30].

In post-decay stage, insects have eaten up most of body tissues leaving only pieces of skin
and cartilage. This process continues until only bones are left and it is known as the
skeletisation stage. However, before this stage, observable moulds begin to form on the
surface of the skin[21, 30]. This formation of mould occurs due to inability of outer layer
of the skin. In some cases, adiopocere formation takes place before complete skeletisation.
In warmer conditions, this adipocere is not formed and the body goes directly into
skeletisation[10]. Conditions such as air exposure, increased moisture, fungal growth, and
the presence of Gram-positive bacteria promote formation of adiopocere[31]. The duration
of each change is indicated in Table 2.

Overall, the rate at which decomposition occurs varies due to several contributing factors
ranging from climatic condition, clothing, humidity and temperature, environmental pH,
age, body treatment after death, extent, and type of injury to the individual, exposure to
scavenging animals, burial type, and burial depth.[31].

In addition to qualitatively analysing the decomposed body to estimate PMI, other
researchers have put forward quantitative methods by assigning body scores to the
decomposed body [32]. These scores are attributed to different regions listed as face, neck,
body and all the limbs. These regions are assigned individual scores ranging from zero (0)
to six (6), with 0 indicating no changes and 6 complete skeletisations. The sum of each
individual score is equal to the overall total decomposing score (TDS) (Appendix 1) [32,
33].

Accumulated degree days (ADD) is the average daily ambient temperature from the day
of death to the day the body is discovered [34]. In 2013, Myburgh et al, used ADD and
TDS to develop a mathematical model for estimating PMI. They discovered that since the
decomposition process is affected by various factors such as climate conditions and inter-
individual variations, the use of these type of models will only be applicable to certain
groups and not in other and as a result yielding un-reproducible outcomes [32].
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Table 2: Indications of decomposition changes at their corresponding time since death[21,
30].

Decomposition characteristics Time since death
1. Greenish colour development ~2 days

2. Bloating ~3 to 14 days

3. Appearance of leathery skin ~10 to 30 days

4. Mould formation ~6 to 9 months

5. Skeletisation >1 month to 7years

1.6 Entomology in estimation of PMI
Postmortem entomology is focused on the identification of insects that are attracted to the

decomposing body and study of their life cycle to estimate PMI. This method has been
utilised for estimating of PMI in early and late postmortem periods [14, 35, 36]. When the
body enters the putrefaction stage, several insects are attracted to the body by the smell.
This recruitment and growth of insects is time-dependent, such that during the fresh stage
no insect is found on the dead body unless in the presence of open wound on the body,
causing premature colonization of insects and larvae formation [37].

The main insects studied include species of the order Diptera (flies) and Coleoptera
(beetles). Their development is usually dependent on stage of decomposition [38].
Shrestha et al, (2020) reported that stage 3 and 4 of decomposition is associated with
Hybotidae, Diptera and Fanniidae colonisation [10]. These insects utilise the decomposing
body as the source of their nutrients and habitat for reproduction, therefore forensic
entomology only allows the estimation of minimum PMI based on the age of insects [14].
The development of insect population is temperature dependent, and this should be taken
in consideration when using entomology in estimating PMI [14, 36]. Thyssen et al, (2014)
reported that tissue type plays a role in growth of insects [39]. Additionally, growth rate
of insects is dependent on their sex, 10 times more growth in females as compared to
males is reported [40]. Development of flies occurs faster at warm conditions as compared
at cooler conditions and factors such as seasonality, toxins, and drugs and geographical
areas can affect the development of insects [38]. Therefore, the use of entomology to
estimate PMI needs to take several factors into consideration to allow for more precise

estimation.

1.7 The use of microorganisms in estimating PMI.
The use of microorganisms in estimating PMI has also been of interest for researchers in

Forensic Sciences. This was realised after the use of insects lifecycles in estimating PMI,
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which may confer great inaccuracies [38, 41, 42]. When microbes such as fungi and
bacteria use a dead body as their habitat and source of nutrients, they cause a change in
the body pH and rupture of the skin and subsequent release of microbial products that get
absorbed by the surface in contact with soil [30]. Following this process, the soil changes
its pH and also the activity of microbes remaining within the body fluctuates. These
processes occur in a time- dependent manner such that the quantification of
microorganism is correlated with PMI [30, 42]. Examination of blood and cerebrospinal
fluid (CSF) microbial community revealed that bacterial growth remained the same 48
hours in both compartments [43]. Studies on skin microbial community showed
significant positive correlation with PMI [42]. A decrease in Bacteroides load is associated
with an increasing PMI. The same was true for Lactobacillus while Bifidobacterium had
no significant change. In all the investigated groups, the cause of death, sex, or weight had
no influence on the relative abundance of microbes [44]. Liu, et al (2020) evaluated
microbiome community in the brain, heart, and cecum for a period of 15 days. The results
showed species such as Lactobacillus reuteri, Anaerosalibacter massiliensis, Proteus
mirabilis and, Clostridium tetani E88 increase their abundance gradually up to 15 days.
While the relative abundance of L. johnsonii decreased with increasing PMI also up to 15
days. Micro bacterium Enterococcus faecalis initially increased, then subsequently
decreased in their colony [41]. This method exhibits potential to be used in conjunction
with already existing methods for PMI estimation.
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1.8 Estimating PMI using biological molecules.
The use of postmortem chemistry in forensic medicine emerged decades ago and is still

an ongoing process whereby scientists are investigating its application in determining
cause of death and estimating PMI [45]. The application of this method is based on the
concept of autolysis and Fick’s law of diffusion which describes the movement of particles
from high concentration to lower concentration. It also makes use of the fact that
metabolic processes do not come to a complete stop after death [46]. Scientists have
therefore studied changes in electrolyte concentration in fluid compartments including
CSF, pericardial fluid (PCF), vitreous humour (VH), synovial fluid (SF), and blood serum
to estimate PMI [45, 47-52].

VH potassium (K+) concentration in cadavers has been correlated with PMI, and an
increase in K+ concentration is associated with increasing PMI for periods within 100
hours [45]. In addition, aqueous humour, PCF, CSF, serum and SF K+ has shown positive
correlation with PMI [45, 48, 49, 51, 53-57]. K+ concentrations in VH and CSF positively
correlated with PMI while glucose, and sodium concentration in VH and CSF decreased
with increased PMI. Strong correlation between PMI and glucose was reported in VH and
Na+ concentration strongly correlated with PMI in CSF [58].

Ethnicity, alcohol, and hypoxanthine influence VH K+ [51, 61, 62, 63, 64]. Overall, VH
serves as a good compartment when using analytes to estimate PMI over long periods
since it is well protected from contaminants and autolysis occurs at a slower rate compared

to other fluid compartments[59].

1.9 Leukocytes morphological changes in estimating PMI.
Morphological changes of leukocytes have been studied to estimate PMI. Changes were

observed for up to 120 hours on a light microscope. The normal morphology of neutrophil,
eosinophil and monocytes was maintained until 6 hours, with pyknosis and nuclear
vacuolation observed at 12 hours, while nuclear disintegration was at 48-96 hours for
neutrophils and at 48-72 hours for monocytes and eosinophils during postmortem period.
The final morphological changes included the fragmentation of the entire cell. Neutrophil
and eosinophil fragmentation was observed at 18 hours, followed by monocytes
fragmentation at 24 hours. Lymphocyte pyknosis occurred at 36 hours, and nuclear
disintegration at 96 hours, while fragmentation was observed at 72 hours. These time-
dependent changes illustrated a significant correlation with PMI and could therefore serve

as possible biomarkers for estimation of PMI [60]. Eosinophils and monocytes have been
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reported to disintegrate at 144 hours, while lymphocytes degraded slowly for up to six
days [61]. These findings imply that leukocyte changes are among the markers that could

aid in late PMI estimation rather than in early stages of death.

1.10 Nucleic acid degradation in PMI estimation
Eukaryotic cells are comprised of deoxyribonucleic acid (DNA) and ribonucleic acid

(RNA) which play crucial roles in organism functioning. DNA is double-stranded and a
more stable form of nucleic acid than the single--stranded RNA. Other eukaryotic
structures such as mitochondria contains a circular DNA compared to the rest of the cell,
while RNA may exist in various forms inside cells including messenger RNA (mMRNA),
transfer RNA (tRNA) and ribosomal RNA (rRNA). The integrity of these nucleic acid in
postmortem periods has been in question, and there is increasing research into their use in
estimating PMI [62, 63].

1.11 DNA degradation and concentration in estimation of PMI
Numerous techniques have been employed in assessment of postmortem DNA

degradation. These range from flow-cytometric analysis, polymerase chain reaction
(PCR) and gel electrophoresis techniques. The use of flow-cytometric method to assess
the splenic DNA content and its integrity in PM [62] revealed that the number of cells
containing fragmented DNA increased with progressing PMI and fewer cells contained
intact DNA[62] [63]. Several studies support the hypothesis that the rate of DNA
degradation in an organ is dependent on the distance of the organ from the gut [64]. Late
PMI estimation revealed that hepatic tissue is as a good candidate as compared to splenic

tissue for this evaluation [64, 65].

1.12 RNA expression level and degradation level in estimation of PMI
Supplementary to DNA, the use of RNA as a tool for estimating PMI has also been

evaluated. The majority of the studies focused on the mRNA expression levels and the
evaluation of suitable tissue for PMI estimation [66-68]. An increase of total RNA
degradation in blood and brain tissues has been observed with increasing time over 5 days
PM [67]. The mRNA in the brain has been reported to change in a timely manner allowing
for estimation of PMI in long PM period. Sex may influence the quantity of mRNA
available in a tissue, with lower quantities reported in females relative to males.
Additionally, age of death and blood pH affect the level of mMRNA [69].
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Expression of genes such as late cornified envelope 1C (LCE1C), hypoxia associated
factor (HAF) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) has been
investigated to estimate PMI [70-72]. LCELC is a precursor of the cornified envelope,
which plays a role in replacing keratin cell plasma membrane during differentiation [73].
HAF plays a key function in regulation of cellular response to hypoxia [74]. LCE1C has
been studied for up to 5 days at differing temperatures of 25°C and 40°C and reported to
have rapid decreased expression of the gene in low temperatures [73]. HAF has been
studied in the brain for 48 hours PM with overexpression of this gene reported to be
associated with increasing PMI [75]. GAPDH expression positively correlated with PMI
in human brain tissue, however, this was influenced by gender and age, such that lower
concentrations of mRNA were recorded in females relative to males, and high
concentration recorded in older ages [69].

1.13 Proteomics in estimating PMI.
Protein such as vinculin, troponin T/l (TnT/Tnl), eukaryotic elongation factor 1A (eEF1A)

and tropomyosin (TPM) have been studied in PM for estimation of PMI [76-80]. These
are cytoskeletal proteins that function in maintaining cell integrity. Vinculin is a 117 KDa
protein that functions in linking talin to actin in the cytoskeleton and integrins in the cell
[81]. Troponin is a regulatory protein that forms part of a ternary complex and assists in
controlling calcium influx and mediation of actin to myosin interaction in muscle
contraction [82, 83]. Vinculin and troponins degrade with progressed time in both skeletal
and cardiac muscle and have been indicated as possible biomarkers for estimation of early
PMI [82, 84]. For long PMI, TPM has been depicted as a suitable biomarker as it has been
shown to maintain its stability for over 240 hpm.

Additionally, troponins degrade with progressing time during PM period. Cardiac
Troponin T(cTnT) degrades as early as 34 hpm indicating that it can be utilised for early
PMI estimation, however, degradation rate is affected by temperature with a rapid
degradation observed at high temperatures [76, 77].

Other protein markers that have shown strong positive correlation with PMI in skeletal
muscle include GAPDH and eEF1A for up to 96 hpm [78]. Talin 1 as a biomarker for PMI
estimation has been demonstrated to positively correlate with PMI for up to 72 hpm, while
cofilin and enolase have decreased expression with prolonged PMI [85, 86]. Apoptotic
proteins such as fas ligand (FasL) and protein and tensin (PTEN) are good biomarkers for

estimating early PMI of up to 6 hpm [87].
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In summary, proteins have high resistance to time lapsed and adverse environmental
factors as compared to other molecules and could potentially be evaluated as an additional
method to aid in estimation of PMI [88]. We thus test the potential use of these proteins
for PMI and aim to explore their useability as potential control tissues for studies that

require make use of tissues that are hard to access in healthy human participants.
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Chapter 2

Methods
This section outlines the study methods which include the design, sampling procedure,

data collection, study site, and inclusion and exclusion criteria. It additionally, includes

laboratory procedures for sample processing and detection of various proteins.

2.1 Study Aims and Objectives
2.1.1 Overall aim
To understand degradative changes that occur PM in cardiac tissues through analysis of

the degradation of specific proteins over time.

2.1.2 Specific Objectives
To determine if there is degradation in cardiac proteins after death for bodies with known
times since death.
To determine the usability of PM cardiac tissues as controls for research from cardiac protein
integrity over time PM.

2.2 Study Design
This pilot study was a cross-sectional, observational, quasi-experimental study. The study

investigated degradative changes in specific cardiac proteins in relation to PMI. Tissue
biopsies were sampled from cadaveric hearts at the Forensic Pathology Services Salt River
Mortuary (SRM) facility.

2.2 Study Area
Sample collection was conducted at SRM located in Salt River, Cape Town, Western Cape

Province, South Africa. Sample processing was performed at the Cape Heart Institute
(CHI), Faculty of Health Sciences, University of Cape Town (UCT).

2.3 Sampling

2.3.1 Study Population
This study required the use of heart tissues from cadavers; thus, the target study population

were the deceased individuals whose forensic autopsies were conducted at the SRM
during the sample collection period and whose families gave consent for participation in

the study.
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a.
b.

2.3.2 Inclusion Criteria
Deceased individuals between the ages of 18 and 80 years.

Deceased persons scheduled to undergo full autopsy examination at the SRM,

whose families consented to participation in the study.

C.

Individuals who died in hospital who have a known time of death, whose families

consented to participation in the study.

a.
b.

C.

2.3.3 Exclusion Criteria
Cases with history or/and macroscopic evidence of heart disease.

Cases with history or confirmed COVID-19 diagnosis at autopsy.
Cases where there was history or observation of sepsis at autopsy, cases of

drowning and drug overdose.

d.

Cases were excluded if the pathologist detected cardiac pathology at autopsy (see

Table 3 below).

Table 3. Exclusion criteria

Evidence of previous cardiac surgery

A history of heart disease

Left ventricular hypertrophy (>15mm measured 2cm below the mitral valve)

Heart weight outside of these ranges*:

MEN: 212 — 373g

WOMEN: 164 — 3179

Coronary artery (CA) atherosclerosis occluding >50% luminal surface area in
right coronary artery left mainstem coronary artery, left anterior descending CA,

or circumflex artery

Macroscopic previous myocardial infarction with area of fibrosis

Cardiac valve circumference outside of the reference ranges below**

Subjective thickening, calcification or fusion of valve cusps or chordae tendinae

Evidence of current or previous pericarditis (adhesions)

Suspected overdose

**[89, 90]
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2.4 Ethical Considerations

2.4.1 Ethical Statement
The study was carried out in a manner that abided by the principles of the Helsinki

Declaration. The Declaration states that: “In medical research involving human subjects
capable of giving informed consent, each potential subject must be adequately informed
of the aims, methods, sources of funding, any possible conflict-of-interest, institutional
affiliations of the researcher, the anticipated benefits and potential risks of the study and
the discomfort it may entail, post study provisions and any other relevant aspects of the
study. The potential subject must be informed of the right to refuse to participate in the
study or to withdraw consent to participate at any time without reprisal. Special attention
should be given to the specific information needs of individual potential subjects as well
as to the methods used to give the information”. Therefore, based on these principles,
participation was voluntary, and participants’ families were not coerced into partaking in

the study. They were also given an option to withdraw from the study at any time.

2.4.2 Approval
This is a sub-study (674/2020) to the main study both approved by the University of Cape

Town Human Research Ethics Committee (HREC): 061/2018 and the Western Cape

Provincial Government.

2.4.3 Informed Consent
The ethical and legal process based on the understanding that all medical activities should

only be performed after a participant has been informed about the purpose, nature,
consequences, and risks of the activity and has freely consented to it [91]. Informed
consent was given by next of kin after thoroughly explaining the study to the families.
Only cases whose families consented to taking part in the study were included.

2.5 Sampling Procedure

2.5.1 Consenting
Investigators went through consent training offered by the University of Cape Town’s

Department of Forensic Medicine and Toxicology. The training entailed understanding
the sensitivity of the study for the grieving families, how to handle the consent sessions,
how to react in the event of unfortunate grieving behavior, and how to debrief. This was
then followed by monitored consent sessions at the mortuary until the investigators were

deemed competent to handle the consent sessions.
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Next of kin were approached for consenting during the formal identification of their
family member at the SRM facility. To ensure that families understood the information
conveyed, consent sessions were carried out in a language that they were comfortable
with, and they were allowed to ask questions during the session. In the event where the
families could not understand or were feeling emotionally burdened, the consent session
was stopped. Families that gave consent were then provided with the participant
information sheet (PIS) containing information about the aims of the study, what is
required from them and what samples (types, quantity) will be taken from their deceased
relative. It also supplied contact details of the investigators and Chair of the Human
Research Ethics Committee, should they decide to withdraw from the study or need further

information at a later stage.

2.5.2 Sample Collection
The forensic pathology team was then notified of consented cases in order to get the

autopsy date for sample collection. During autopsy, approximately 8*8*8mm sections of
heart valves (aortic and mitral), left ventricle, and right atrium were extracted at room
temperature by the forensic pathologist. The tissue sections were then collected into
cryotubes, placed in ice (4°C) for transportation to CHI and snap frozen in liquid nitrogen

upon arrival before being further stored at -80°C.

2.6 Sample Size
Consent sessions were held for 141 out of 396 cases identified from forensic records. 255

cases of these 396 were excluded due to autopsy before identification. 65 did not give
consent and 22 cases were excluded at autopsy upon examination of the heart tissues,

therefore 52 samples were collected and analysed.

‘ x
i, f . : 344 cases exclucedd
l .

Figure 3: Recruitment process
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The following text describes how the recruitment was done: Phase 1

During this phase, we recruited a pilot cohort (n = 22) whose PMIs were known and
performed a preliminary assessment to determine whether cardiac proteins were degraded
and the rate of degradation. These cases were in-hospital deaths which were referred to
the SRM for determination of cause of death. Due to the nature of these cases, the PMI
was short (less than 72hrs), which is a limitation for modelling PMI for this study.

A simple assessment to establish if there was protein degradation in the heart was
performed. This addressed one of the fundamental objectives of this study, which was to
assess the PMI period for which heart tissues of deceased individuals were still suitable
for use as healthy controls in research studies.

Phase 2

This phase expanded the cohort (n = 30) to represent cases with longer PMIs (>72hrs).
The motivation for this phase was to inform determination of time of death from cases
with longer PMI.

2.7 Tissue Processing, Protein Extraction and Quantification
Tissues collected from the Forensic Pathology Services facility were snap frozen and

stored at -80°C until protein extraction. 40mg of snap frozen tissue was hammered and
pulverised into fine particles under liquid nitrogen then added into Eppendorf tubes
containing radioimmunoprecipitation assay (RIPA) buffer (50Mm Tris HCI, 150Mm
NaCl, 0.5% (w/v) sodium deoxycholate, 1.0 Mm EDTA, 0.1 (w/v) SDS, 0.01 Triton
X100, NaF, Na2VvO3, and a protease inhibitor phenylmethylsulphonyl fluoride (PMSFO)
dissolved in dimethyl sulfoxide (DMSO) (Sigma Aldrich. Merk, USA)). Samples were
then sonicated for 1 minutes to complete homogenisation and incubated on ice for 1 hour
while vortexing every 15 mins. They were subsequently centrifuged at 13,000 rpm for 30
minutes in a cooled centrifuge and supernatants were collected, protein quantity

determined, and stored in single use aliquots at - 80°c.

2.7.1 Protein Quantification
The bicinchoninic acid assay (BCA) principle states that a protein will interact with a

cupric ion and convert it to a cuprous ion in an alkaline solution to form a cuprous

complex. When a BCA molecule and this cuprous complex bind, a purple solution is
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produced that absorbs light at a wavelength of 562 nm. The protein amount was then
determined using the BCA Kit in accordance with the manufacturer's instructions
(Thermo-Fischer scientific, USA), by adding. 20 ul of protein extracts to 200 ul of BCA
working reagent, which contained 50 parts of reagent A and 1 part of reagent B (Thermo-
Fischer scientific, USA). Afterward, the solution was incubated for 30 minutes at 370C,
thereafter allowed to cool to room temperature, and then the absorbance was read using a
GloMax® Multi Detection System.

2.8 Western Blotting

2.8.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used to

separate the proteins based on their size. We casted 7% stacking and 12% resolving gels
(Appendices 3&4 ) for separation of GAPDH, B-actin, cTnT/l , Vinculin and eEf1A
proteins. We then prepared 5x loading buffer containing bromophenol blue dye (Bio-Rad,
CA,USA) to aid in tracking sample migration during electrophoresis ( Appendix 5 for
preparation procedure). Following this, 25% of B-mecarptoethathenol which is used as a
reducing agent to break up disulphide bonds by cutting proteins to the right of the
penultimate amino acids’ carboxyl group (Sigma Aldrich. Merk, USA) was added to 75%
of the 5x loading buffer to prepare the loading buffer for sample loading into the SDS
electrophoretic gel. This reducing agent helped in linearising the protein before loading
into the SDS gel wells. We then proceeded to add the loading buffer into an Eppendorf
tube containing 20ug protein sample using 1:1 ratio. Afterwards, the sample was
denatured at 95 °C for 5 minutes, allowed to cool and centrifuged to remove air bubbles
before proceeding to add them into the wells using Hamilton pipette. 5 pl of protein ladder
(Thermo- Fischer Scientific, USA) was loaded in to a separate well, casting trays with gel
immersed inside the 1x running buffer(Running buffer: Tris, glycine and SDS (Sigma
Aldrich. Merk, USA)) ( Appendix 8 for preparation procedure) and gel was set run at 30
volts for the first 30 minutes and increased to constant voltage of 120 volts for 2 hours.

2.8.2 Blotting
After gel electrophoresis, immunoblotting was performed at 4°C at a current of 0.02A

overnight in Towbin (transfer) buffer containing Tris base; glycine and methanol (Sigma
Aldrich. Merk, USA) (Appendix 6) . Following the transfer, blocking buffer (5%Skimmed
milk in 1X TBS-T) was used to block extra protein binding sites on the polyvinyidene
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difluoride (PVDF) membrane (Thermo-Fischer scientific, USA) to prevent non-specific
antibody binding for 1 hour (Appendix 7). The blocked PVDF membranes were then
incubated with primary antibodies to our desired proteins. Mouse monoclonal anti-
human GAPDH, B-actin , Vinculin ,cTnT/l and eEFal(Santa Cruz Biotechnology Inc,
CA, USA), diluted by 1:100 in 1XTBS-T buffer overnight at 4°C were used for primary
detection of the proteins. Following primary antibody probing, the membrane was
thoroughly washed 3times, each washing lasting for 10 mins with 1XTBS-T. This was
followed by incubation with anti-mouse secondary antibody (Cell Signalling Technology,
USA) diluted by 1:1000 in blocking buffer for 1 hour at room temperature. The secondary
antibody probed membrane was then washed three times with 1XTBS-T, 15 mins for each

wash cycle before membrane was ready for imaging to detect bound proteins.

2.8.3 Blot Imaging
To image the blots, 1:1 of chemilumiscent detection reagent 1 (stabilized peroxide

solution) and chemilumiscent detection reagent 2 (enhancer solution) WesternBright™
ECL substrates were combined and poured over the membrane and incubated for 2
minutes following the manufacturer’s instruction (Advansta Inc, CA, USA). The protein
bands were then visualized by scanning using GeneSnap digital gel analysis system
developed by Syngene. Membranes were stripped using a buffer (appendix 9) and probed
with control antibody, GAPDH (Santa Cruz biotechnology Inc, CA, USA). For the
depiction in the included figures, lanes were cropped, pasted, and adjusted for brightness

and contrast.
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2.8.4 Image J

To measure the relative amount of protein, Western blot bands were quantified by

measuring the intensity of the native bands using ImageJ. The peak of each wave depicted

the expression of a specified protein at each interval.
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Figure 4:Experimental workflow for protein preparation
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Chapter 2

Results

3.1 Recruitment and Collection
Fifty-two (52) cases were recruited: 22 cases autopsied less than 72 hours since demise;

and 30 cases autopsied greater than 72 hours after demise.
Samples from included cases were sub-divided into sub-categories of time since death,

for purposes of comparative analyses (Table 4).

Table 4: Western blot analysis

PMI 0-24 hpm 25-72 hpm 73-120 hpm 121-145hpm | >145hpm | P-value
groups (N=1) (N=21) (N=14) (N=8) (N=8)

Age 43 41.7+18.1 38.0+17.7 34.0+9.6 32.8+11.3 | 0.84
(meanxSD)

hpm = hours postmortem
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3.2 Protein Quantification
We measured protein quantity using BCA assay in all included samples (19 in LV, 13 in

AV and 12 in MV) with PMI ranging from 8hpm to 192hpm as indicated in the tables

below.

Table 5: Left ventricle protein concentration

PMI Estimated concentration as
(hpm) Optical density measured by BCA
8 0,990218 1885,974
32 0,982196 1799,201
37 0,998588 1981,089
46 0,976361 1738,699
49 0,9344326 1363,647
ol 0,941011 1415,973
53 0,9094405 1184,8
55 0,9140766 1215,695
56 0,9222414 1272,581
57 0,979979 1775,954
61 1,000974 2009,073
61 0,9302759 1331,751
62 0,9248359 1291,336
70 0,9101868 1189,706
91 0,986442 1844,602
110 0,949191 1484,275
134 0,938605 1396,568
147 0,996673 1958,908
192 0,957875 1560,874
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Table 6: Aortic protein concentration.

PMI _ _ Estimated concentration as
(hrs) Optical density measured by BCA
0(BAV) 0,945265 1451,036

0(RHD) 0,95295 1516,904

O0(RHD) 0,969997 1675,141

8 1,039602 2520,089

32 0,966779 1643,95

46 0,960533 1585,185

48 0,982929 1806,956

51 0,966501 1641,287

57 0,78648 659,6394

91 0,998298 1977,713

110 0,893506 1086,012

134 0,766729 614,4908

147 0,873 974,6003

192 0,882616 1024,748

Table 7: Mitral VValves protein concentration

PMI Estimated concentration as
(hrs) Optical density measured by BCA
8 0,97422 1717,034

32 1,008511 2100,108

el 0,91739 1238,396

39 0,97298 1704,614

46 0,958157 1563,436

48 0,925438 1295,739

51 0,886737 1047,359

57 0,917251 1237,43

91 0,966533 1641,593

110 0,950942 1499,381

134 0,922838 1276,867

147 0,938272 1393,907
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3.3 Protein Degradation in Tissues

3.3.1 Vinculin Protein in Left Ventricular (LV) Tissues
Vinculin is a 117 KDa cytoskeletal protein that functions as a major cell adhesion

molecule, such that it attaches talin to actin in the cytoskeleton and integrins in the cell
[81]. Vinculin is expressed ubiquitously including in the adrenal glands, appendix, bone
marrow, brain, colon, duodenum, endometrium, oesophagus, gall bladder, heart, kidney,
liver, lung, lymph node, ovary, pancreas, placenta, prostate, salivary gland, kidneys, small
intestine, spleen, stomach, testes, thyroid, and urinary bladder[92].

Western blot analyses of LV tissues from samples with PMI from 8 — 192 hpm using anti-
vinculin antibodies showed intact vinculin bands for all 11 biological samples with no
degradative products.(bands) detected at 8 and 32 hpm samples (Figure 5.1a lanes 1 & 2).
Two new low intensity and lower molecular bands, most probably representing
degradation products of the 117 KDa protein were seen at ~100 and 95 KDa (degradation
product (dpl) and degradation product (dp2), respectively). Degradation bands were
detected from 46 until 192 hpm, except for the 110 hpm case where the intensity of these
products was immensely low. The detection of internal control GAPDH indicated equal

loading for all samples (Figure 5b).

PMI
hrs 8 32 46 49 51 57 91 110 134 147 192

a) Vinculin

b) GAPDH

Figure 5: a) Degradative profiles of vinculin in LV tissues sampled at various times (8 hpm to 192 hpm) b) GAPDH used as
internal loading control for all samples.
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3.3.2 Vinculin Expression in Aortic Valves Post-Mortem
Similar to the LV tissue sections, we analysed 13 aortic valve (AV) tissue lysates from

samples obtained at different times postmortem. In addition to tissues sampled from
cadavers during forensic autopsy, we included three samples extracted from living
individuals with cardiovascular complications at surgery. A native (intact) vinculin band
(MW 117 KDa) was identified in all samples. As expected, there was no degradation for
the first two samples from patients diagnosed with a bicuspid aortic valve (BAV) (living
individuals), extracted during cardiothoracic surgery, labelled 0 hours (Figure 5.2a, lane
1 and 2). This was then followed by an appearance of 2 low intensity degradation bands
of MW 70 KDa and 65 KDa on another 0- hour sample extracted from a patient diagnosed
with rheumatic heart disease (RHD) (Figure 5.2, lane 3). This could possibly be due to
tissue handling, storage, or protein sample contamination. At 8 and 32-hpm, vinculin
appeared intact with very little to no degradation. Low intensity degradation bands with
MW of 70 KDa and 65 KDa (dpl and dp2, respectively) (Figure 5.2, lane 6-12) were seen
for samples from 46 to 192 hpm. There was an appearance of an additional degradation
band product (dp3) with MW of ~60 KDa for samples at 91 and 134 hpm (Figure 5.2, lane
10 & 12). An additional degradation band (dp4) appeared at 134 hpm but not at 147 hpm.
These (dp4) protein products were no longer detected with anti- vinculin, probably due to
degradation. The band intensities of the dp1, dp2 and dp3 were also reduced at 147 hpm
likely due to degradation. Additionally, there was an appearance of a fourth degradation
band (dp4) for samples at 134 hpm. B-actin (used as internal control) expression was

detected; however, it was variable for all samples, indicating unequal sample loading.

PMI hrs

__0 0 0 8 3246 49 S1 57 91110 134147

Intact vinculin

—— Lanes

a). Vinculin

b). B-actin

Figure 5.2: a) Degradative profiles vinculin in AV tissues sampled at various times postmortem 0
hours to 147 hpm; b) B actin which was used as internal loading control for all samples.
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As beta-actin detection was not consistent across the lanes, despite our protein
quantification and planned equal loading, we repeated the detection of vinculin in the AV,
this time using GAPDH as loading control. Figure 5.2a confirmed the native or intact 117
KDA vinculin band in all our 13 investigated samples from 0 - 147 hpm. The first two 0-
hour samples are those diagnosed with bicuspid aortic valve (BAV) (Figure 5.2a, lane 1
and 2) which showed an intact vinculin band with no degradation occurring. The third
case at 0 hour was diagnosed with rhematic heart disease (RHD) and had an appearance
of two low intensity degradation band products (dpl and dp2) with MW of 70KDa and
55KDa, which could likely be due to poor sample handling. At 8 hpm, the 117 KDa
protein remained mostly intact, with no or very low intensity degradation bands appearing
at 55KDa for this case. From cases 32-147 hpm, low intensity protein degradation bands
were evident at MW of 100 KDa, 70 KDa and 55 KDa (dp1, dp2 and dp3, respectively —
Figure 5.3, lane 5-12). At 134 hpm, there was an appearance of an additional degradation
(dp4) band at MW of ~50KDa, which was not evident in the 147 hpm sample, probably
due to degradation. The GAPDH (MW 36 KDa) control used as an internal loading control

was more consistent with the intensities of the vinculin protein bands than B-actin.
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Figure 5.3 a) Western blot (WB) indicating degradative profiles of vinculin protein in AV tissues sampled at various times 0
hours to 147 hpm; b) GAPDH used as internal loading control for all samples.
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3.3.3 Vinculin Degradation in Mitral Valve
The mitral valve (MV) is found between the LV and left atrium (LA) of the heart, enabling

normal (forward) blood flow from the LA to the LV during diastole, while preventing
blood backflow from the LV to the LA during systole [93]. At 8-57 hpm, there was a
detection of native intact bands of 117 KDa cytoskeletal vinculin protein in the MV with
appearance of intact bands and no evidence of degradation in this blot. An appearance of
double bands (150 KDa and 117 KDa) at 48 , 51 and 57 hpm was noted; this may be
attributed to vinculin isoforms known as meta-vinculin (Figure 5.4, lanes 6,7 & 8). Some
studies have found co- expression of meta-vinculin and vinculin in cardiac and smooth
muscles from the 91 hpm samples onwards. The detected protein bands became faint and
almost undetectable in the 134 hpm case, suggesting degradation of the protein. From this
Western blot, there was an onset of MV vinculin degradation evident after 46 hpm.
Evidently, there were no detectable degradation products of vinculin in the MV tissue of
samples we assayed. After stripping PDVF membrane and probed with GAPDH, however
there was no detection. The absence of GAPDH could be results of membrane stripping
that tends to diminish the detection signal or unsuccessful membrane stripping due to

limited incubation period.
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Figure 5.4: Degradative profile (Western blot (WB) of vinculin protein in MV tissues sampled at various times postmortem
from 8 hpm to 147 hpm.

3.3.4 Comparison of vinculin degradation between early to late PMI in LV tissues for
determination of time since death
PMI determination is important in forensic casework, at least for the determination of

when a victim demised. As most of the proteins’ degradative bands occurred relatively

early, it was investigated whether appearance or disappearance of specific degradative
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bands can differentiate early from late PMI.

LV tissue biopsies sampled before 72 hpm were analysed together and the degradation
pattern of vinculin was compared to tissues sampled after 72hpm. There was a detection
of intact native vinculin protein in all samples with less than 72 hpm (Figure 5.5) with
apparent absence of degradation only in the 8 hpm sample. The intensities of the native
bands were high for samples at 55, 56, 61, 62 and 70 hpm (Figure 5.5, lanes 7-9 & 11-12)
compared to the rest of the samples. At 8 hpm this protein did not show any degradation.
It was only at 37 hpm where this protein started degrading, shown by the appearance of
two low intensity bands with MW of ~70 KDa and 60 KDa (Figure 5.5, lanes 2-12). An
appearance of additional faint band of 55 KDa at 49, 51 and 61 hpm (Figure 5.5, lanes 4,
5 & 10). We could not detect GAPDH for this blot and this could be as a result membrane
stripping that tend to decrease of robustness of second signal. The other reason for

undetectable bands could be low antibody concentration.
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Figure 5.5: Western blot (WB) of vinculin protein in LV tissues sampled at various times post- mortem from 8 hours
postmortem to 70 hpm.

3.3.5 Detection of Degradation Profiles of Cardiac Troponin T and | (¢cTnT/Tnl)
proteins in cardiac biopsies with increasing PMI
Cardiac troponin T (cTnT) and troponin | (cTnl) are cardiac regulatory proteins that

regulate calcium mediated interaction between two cardiac proteins, actin, and myosin,
controlling contraction of skeletal and cardiac muscles [94]. These proteins are expressed
predominantly in the myocardium [95, 96]. There are 3 isoforms of cTnT found in the
normal heart; the hcTnT1 and hcTnT2 isoforms are expressed in the foetal heart and
hcTnT3 isoform is found in adults [97]. cTnl is the primary isoform expressed in adult
hearts while foetal human heart expresses the slow-twitch skeletal Troponin I (ssTnl)
isoform [98].

cTnT detection in LV
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When the antibody to the 39 KDa cTnT was used to probe LV tissue lysates of biopsies
sampled from PMI 8 — 192 hpm, we observed the full intact protein from 8 hpm to 192
hpm (Figure 5.6a), although very faint in the 48 and 57 hpm samples. We observed a lot
of variability in the intensity of the protein bands from 37, 39, 48, 57 and 192 hpm. The
full intact protein was slightly lower in intensity than the other bands, which was not
evident in the GAPDH loading control. There was also an appearance a faint 36 KDa
degradation band (dpl1) which was faint at 8 hpm but increased slightly over time in the
samples with increased PMI, while disappearing again at 192 hpm (Figure 5.6). The
second degradation product (dp2) with MW of ~20 KDa was also very faint at 8 hpm but
increased with increasing PMI time until 147 hpm; and was apparently broken down
further as shown by the disappearance of this band at 192 hpm (Figure 5.6, lane 6 & 8).
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Figure 5.6: a) Western blot (WB) of cTnT protein in LV tissues sampled at various times (8 hpm to 192 hpm); b) GAPDH
which used as internal loading control for all samples.

3.3.6 Cardiac Troponin | Detection in LV
The detection of 28KDa cTnl in 12 LV tissues showed the presence of intact bands in

majority of the samples with no additional bands for degradation products observed.
However, the intensity of the bands was high at early hours up to 91 hpm, and decreased
with increasing PMI which was confirmed by ImageJ analyses of the protein bands
(Figure 5.7c). There was however absence of this protein at 48 and 57 hpm this could be
result of improper sample handling and storage that lead to complete degradation (Figure
5.7a, lanes 5 & 7). The overall trend seen is a reduction in the intensity of the protein from
46 hpm, and an even a greater reduction from 110 hpm onwards, suggesting degradation

of the native whole protein. However, due to the very low molecular weight of cTnl and
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the 12% acrylamide gels used, the detection of lower molecular weight degradation

products could not be detected.
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Figure 5.7: a) Western blot (WB) profiles of cTnl protein in LV tissues sampled at various times (8 hpm to 192 hpm) b) GAPDH
which used as internal loading control for all samples.

Figure 5.7: ¢) Image J analyses showing cTnl profile with increasing time.

Detection of degradation of eukaryotic translation elongation factor 1A (eEF1A) protein
in cardiac biopsies with increasing PMI.

Eukaryotic translation elongation factor 1A (eEF1A) is a protein that is responsible for
transporting aminoacyl-tRNAs (aa-tRNAs) to the ribosomal A-site and enables
appropriate codon-anticodon-mediated translation of the genetic code [99]. This protein
has been reported to degrade with increasing time in postmortem and suggested as a
possibly suitable protein for estimation of PMI in a previous study in animals[100].

The detection of eEF1A with MW of 50KDa in LV depicted the presence of native protein
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in all samples. A high intensity band was detected at early PMI of 8 hpm, and a decreasing
pattern seen in the subsequent samples with time seen until 192 hpm (Figure 5.8a) which
had a faint band despite the stability of the loading control (Figure 5.8b) suggesting
degradation. A rapid decrease in intensity of bands at 48 and 57 hpm was also seen in
cTnT probably due to inappropriate handling of those two samples at the mortuary or
samples at the laboratory. As the degradation products were too small to detect on this
Western blot, ImageJ plot comparison of the intensities of the intact eEF1A which visually
showed decrease, confirmed this decrease with intensity as PMI increased (Figure 5.8c).
The detection of GAPDH also indicated equal loading (Figure 5.8b).
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Figure 5.8: a) Western blot (WB) of eEF1A protein in LV tissues sampled at various times postmortem 8 hpm to 192 hpm; b)
GAPDH used as internal loading control for all samples.

Figure 5.8: ¢) ImageJ profile of the changes in eEF1A proteins over PMI.

In summary, protein detection in cardiac tissues indicated that protein degradation occurs
in a timely manner, remaining stable at early PM hours and degrading later. Vinculin
protein appeared, in this study, to be a more suitable protein to be used as biomarker for

PMI estimation in early hours rather than cardiac troponins that tend to remain stable for
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long and may be useful for PMI estimation of longer duration.
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Chapter 4

4.1 Discussion
Characterisation of protein degradation in postmortem cases is an essential test that may

aid in forensic medicolegal investigations. It is crucial to identify suitable proteins for PMI
estimation to enable informed recommendations and conclusions. For this study, we
selected cardiac proteins that have been reported to degrade with progressing time in
postmortem period to investigate the utility of these proteins as biomarkers for estimating
PMI. The choice of cardiac tissues was also to guide future research on use of cadaveric
tissue as controls for research, especially by our current research project using cardiac
tissues to understand the pathogenesis of rheumatic heart disease. Our current study has

evaluated the degradation of these cardiac structural proteins for PMI determination.

4.2 Vinculin PostMortem Degradation
Vinculin (MW 117kda) is a cytoskeletal cell adhesion protein that attaches to surface of

the cell through phospholipids [81]. This protein has no enzymatic activity and relies on
protein- protein interaction for its functioning [101]. A study conducted by Pittner, et al
(2020) using human samples demonstrated that this protein degrades at a rapid rate in
cardiac muscles compared to skeletal muscles after death[84]. Another study showed that
vinculin remained intact for 72 hpm [2]. That this protein remains intact for prolonged
periods in cardiac tissues during the postmortem period has been supported by Tomita, et
al (2004) who investigated changes in the kidneys, liver, cardiac and skeletal tissues,
demonstrating that skeletal muscle has delayed postmortem changes compared to cardiac
tissue [102]. Our data corroborates prior studies, demonstrating vinculin to be intact up to
32 hpm, with degradation starting at 37 hours and progressing with time in LV tissue.

Notably, vinculin remained intact in mitral valve tissue with no visible signs of complete
degradation of the full-length protein by molecular weight shift, however, we observed a
decrease in band intensity as time progressed. Intramuscular variation in vinculin
degradation has been reported in the study conducted by Pittner et al (2020) [84]. We
noted that myocardium expresses early signs of decomposition compared to valves and
this may explain the increased degradation of proteins in certain muscle tissues. The other
probable reason for variation in degradation pattern may be due to differences in rates of

tissue decomposition for tissue components such as myocardial fibers, connective tissue,
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and the vascular system [103].

The exceptional detection of vinculin in a case at 110hpm in LV with no signs of
degradation may be related to how the body was stored (earlier refrigeration) in
comparison with other cases where degradation was observed. Another reason for the
variability in 110hmp could be attributed to epigenetic variation among deceased
individuals. In our additional aortic valve experimental findings, we found vinculin to be
intact for samples at 0-hours (living controls) and 8 hpm and that vinculin started
degrading from samples 32-147 hpm. These findings confirm those of Zissler, et al (2018)
who depicted the degradation of vinculin after 24 hours of death [104]. Vinculin seems to
be a suitable biomarker for estimation of PMI since it degrades with time and may inform

pathologists and other researchers that tissues at 8 hpm can be utilised as controls.

4.3 Cardiac Troponin(s) PostMortem Degradation
Cardiac troponins are regulatory proteins that are found within heart muscles and are

bound by calcium during contraction, resulting in structural conformation that allows for
interaction of myosin and actin filaments. These troponins exist in three forms: cardiac
troponin T(cTnT), cardiac troponin C (cTnC) and cardiac troponin I (cTnl) and have been
used as diagnostic markers for acute myocardial infarction post death, and additionally as
a marker for the estimation of PMI [76, 105, 106].

To characterise cTnT degradation with time, Kumar, et al (2016) evaluated human
cadaveric samples with varying PMI and found that degradation commenced as early as
5 hours after death, and progressed with time; however, degradation seemed to vary with
the cause of death [107]. In another study, Kumar,et al (2016) investigated the dependency
of cTnT degradation on temperature and demonstrated that cTnT remains intact during
the early hours of the postmortem period, and at lower temperatures, while drastic

degradation occurs at higher temperatures.

We did not evaluate the effect of cause of death and temperature on cTnT protein
degradation. We controlled for temperature by making sure we worked on cases and
samples stored at the same temperature pre- and post-extraction. One study reported cTnT
remains stable for up to34 hours postmortem [77]. This finding was consistent with our
observations of cTnT remaining intact for 8 hpm with degradation commencing at 32 hpm
in the LV. The degradation bands decreased intensity as time increased, proving the

possible utility of this protein in early PMI estimation.
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Limited research studies have looked at cTnl degradation post death. cTnl has been found
to remain intact within 24 hours and to start degrading afterwards in cardiac muscle [82].
In contradistinction, we found cTnl to remain intact over 10 days with varying
expressions, such that it is highly expressed in early postmortem and less expressed in late
PMI. This degradation of troponin is driven by activity of calpains and cathepsin that are

highly activated and expressed in the post-mortem period [108, 109].

4.5 Eukaryotic Translation Elongation Factor 1A Degradation in PostMortem
Eukaryotic translation elongation factor 1A (eEF1A) is an actin binding protein that plays

a role in the formation of filamentous actin (F-actin) bundles which function in the
formation of cytoskeletal, cell cortex and stress fibers in mammals and regulate the shape
and mobility of cells [110, 111]. This protein additionally recruits aminoacyl t-RNA to
the ribosome and moves the elongating polypeptide from the ribosomal A site to the P site
during translation [112].

eEF1A exists in two isoforms, the eEF1A1 and eEF1A2. In 2009, Kyoung-Min Choi and
colleagues undertook a study to identify suitable biomarkers to be used in PMI estimation
using rats and mice for biomarker identification and reported glyceraldehyde 3-phosphate
dehydrogenase (GAPDH ) and eEF1A2 to consistently decrease with increasing PMI
when investigated for 96 hpm [100]. We investigated eEF1A for over 10 days in the LV
and found this that band intensity decreased with increasing time, however, no
degradations bands were detected. Our results differed from what has been reported by
Kyoung-Min Choi et al, likely due to the fact that the detected eEF1AL isoform is mainly
expressed in the brain, placenta, lung, liver, kidney, and pancreas while the heart, and
skeletal muscle expresses eEF1A2 isoform [92].

The detection of B-actin as an internal control showed variable expression on all our cases.
This variability in expression has been reported in several studies and has been shown to
be associated with the tissue hypoxic state following death through transcriptional
activation of B-actin by nuclear respiratory factor-1[113, 114]. This then led to the switch
to using GAPDH as loading control in our subsequent experiment. GAPDH has been
widely used as loading control used in comparison of gene expression due to its consistent
expression in tissues at different times [115, 116]. This ability to remain consistent has
been shown in our study findings thus allowing to read the different expression level of

proteins between cases at different PMI.
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4.6 Conclusion
We aimed to understand protein changes that occur postmortem in cardiac tissues through

analysis of specific proteins degradation changes. Our results showed evidence of
vinculin, troponin and eEF1A protein degradation post death in cardiac tissues. These
proteins have demonstrated their ability to retain stability in early postmortem (<24 hpm)
with degradation commencing at around 37 hpm thus support their utility as biomarkers

for PMI estimation in both early and long periods.

4.7 Limitations
SRM performs 4000 autopsies a year for the purpose of determining the cause of death,

nature, and extent of underlying natural disease, and to enable learning, teaching, and
research [117]. We had difficulty in obtaining enough cases with PMI of less than 24 hpm.

These challenges were due to the following:

. Stringent inclusion and exclusion criteria such that only hospital cases were
included.

. Scheduling of autopsies later than 24 hours due to increased backlog at the SRM.
. Swopping of autopsy slots leading to delayed postmortem examination for our

consented cases.
. Delayed case identification by families / relatives.
. Consent refusal and withdrawals due to religious and cultural beliefs.

We were, however, able to demonstrate degradation in some of our experiments,

supporting the use of these proteins as PMI biomarkers.
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Appendices

Appendix 1: Total Body Score Indicator

Points  Description

FO5 (1 1.1 No visible changes
2 2.1 Livor mortis, rigour mortis and vibices
2.2 Eyes: cloudy and/or tache noir

2.3 Discoloration: brownish shades particularly at the edges. Drying of nose, ears and lips

3 3.1 Grey to green discoloration

3.2 Bloating of neck and face is present and/or skin blisters, skin slippage and/or marbling

3.3 Purging of decompositional fluids out of ears, nose and mouth and/or brown to black discoloration

4 4.1 Caving in of the flesh and tissues of eyes and throat. Skin having a leathery appearance
4.2 Partial skeletonization, joints still together
) 5.1 Gross skeletonization, some joints disarticulated
6 6.1 Complete skeletonization
BDS |1 1.1 No visible changes
2 2.1 Livor mortis, rigour mortis and vibices
3 3.1 Grey to green discoloration

3.2 Bloating with green discoloration andfor skin blisters, skin slippage and/or marbling

3.3 Rectal purging of decompositional fiuids

34 Post-bloating: release of abdominal gasses with discoloration changing from green to black

4 4.1 Decompaosition of tissue producing sagaging of flesh. Caving in of the abdominal cavity

4.2 Skin having a leathery appearance

4.3 Partial skeletonization, joints still together

5 5.1 Gross skeletonization, some joints disarticulated
3 6.1 Complete skeletonization

Los |1 1.1 Mo visible changes
2 2.1 Livor mortis, rigour mortis and vibices

2.2 Discoloration: brownish shades particularly at the edges, Drying of fingers and toes

3 3.1 Skin blisters and/or skin slippage and/or marbling

3.2 Grey to green discoloration

3.3 Brown to black discoloration

4 4.1 Skin having a leathery appearance

4.2 Partial skeletonization, joints and tendons still together
3 5.1 Gross skeletonization, some jeints disarticulated
3 6.1 Complete skeletonization
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Appendix 2: Formulae for Determining PMI Using Potassium and
Hypoxanthine Concentrations [118]

Formulae for determining PMI (h) with [K™] (mmol/l) or [Hx] (umol/l)

Reference Equation obtained" Formula proposed
y=[K']

Sturner [1] y=0.14x+ 56 PMI = 7.14[K"] - 39.1

Adelson et al. [2] y=017x 4536 -

Hansson et al. [3] y=017x+8 -

Coe (4] y=0332x+499 (x<6h) -

Coe [4] y=0.1625x + 6.19 (x > 6 h) -

Adjutantis and Coutselinis [5] y = 0.55x + 3.14 -

Stephens and Richards [6] y =0.238x + 6.342 -

Madea et al. [7] y =019+ 5.88 PMI = 5.26(K"] - 30.9

James et al. [8] y=023x+42 PMI = 4.32(K*] = 18.33

Muiioz et al. [9) y=0.17x + 5.60 PMI = 3.92[K*] = 19.04
y = [Hx]

Rognum et al. [10] y=4X+76a35°C

y=351x+76a10°C
y=62+76at15°C
y=88c+76a23°C

Madea et al. [11] y =129+ 3.69
James et al. [8] y=32%-0.15 PMI = 0.31[Hx] + 0.05
Our present data y = 3.01x + 2645 PMI = 0.17[Hx] + 0.17

* Variable x is postmortem (h).

Appendix 3: Recipe for 12% Resolving Gel (2 gels * 1.5mm)

dH20 6.7ml Final Concentrations
Tris base (PH 8.8) 5mi M
SDS 200ul 10%
Acrylamide eml 30%
APS 100ul 10%
TEMED 40ul 99%
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Appendix 4: Recipe for 7% Stacking Gel (2 gels * 1.5mm)

dH20 6.24ml Final concentrations
Tris base (PH 6.8) 1.20ml 0.5M

SDS 50ul 10%

Acrylamide 2.38ml 30%

APS 60ul 10%

Tetramethyl ethylenediamine | 20ul 99%

(TEMED)

*APS and TEMED were added last and cast immediately to prevent the solidification of

the gels in the beaker. These were then allowed to set 30 minutes apart with 12% prepared

first before preparing the 7% which was added to top of it.

Appendix 5: 5X Loading Buffer.

1M tris (6.8) iml
20% SDS 2.5ml
50% Glycerol 4ml
Bromophenol blue 0.01g

*To prepare loading dye we added 25ul of B-

mecarptoethanol into 75ul of loading buffer.
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Appendix 6: Towbin (Transfer Buffer)

Tris base 3.025¢

Glycine 14.4q

Methanol 200ml

dH20 *added to make final volume of 1L

Appendix 7: 10xTBS(Wash Buffer)

NaCl 116.88g
Tris-Cl 60.57¢
dH20 Add to 1L

*To make 1XTBS add 100ml of TBS into 1

water.

skimmed milk into 100 ml of 1XTBS-T.

*To make TBS-T add 0.1% of Tween in 1XTSB.
*To make blocking buffer we added 5g of

L of

Appendix 8: 10x Running Buffer 2L (PH 8.4)

Tris 60.69
Glycine 288g
SDS 20g
dH20 2L

*To make 1L of 1X running buffer we
added 100ml of 10X in 900ml of dH20
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Appendix 9: Striping Buffer (PH 6.7)

B-mecarptoethanol 3.39mi
Tris base 3.799
SDS 10g
dH20 500ml
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