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Abstract
Determining the post-mortem interval (PMI) or time of death is often the most sought after
piece of information associated with a death investigation. PMI determination not only
establishes how long a person has been deceased but also assists in distinguishing
antemortem pathology from post-mortem artefact, in helping to include and exclude
suspects based on their whereabouts and to provide a timeframe in which remains
decomposed beyond recognition can be connected with missing persons. Therefore an
accurate estimation of PMI is extremely important to the death investigation and is
deduced from the evidence collected. However the various methods currently used in
estimating PMI yield large post-mortem windows and sometimes contradict one another.
Biochemical methods are currently being explored as an alternative approach for PMI
estimation as new discoveries and developments in the biochemical field have the potential
to provide new approaches for determining PMI.
This project sought to understand biochemical changes post-mortem by examining pH,
proteins, metabolites and blood cell morphology in post-mortem blood from euthanised
rats and piglets and antemortem human blood stored in a tube, using the analytical
methods of mass spectroscopy, enzymatic assays, protein gels and light microscopy to
identify biochemical candidates for the estimation of PMI.
Light microscopy was used to examine blood cell morphology and showed that blood cells
alter in a time-dependent manner post-mortem. However, the rate of change in individual
cells was variable and did not occur linearly with time indicating that blood cell
morphology would not be a suitable marker to estimate PMI. A pH meter was used to
examine the pH of post-mortem blood and showed that post-mortem blood decreased
rapidly from pH 7.3–6.0 in the first 24 hours before decreasing slowly over the next three
days to pH 5.0 by 96 hours.
Protein gels were used to visualise whether the total amount of protein in plasma had
altered post-mortem. The protein gels showed that numerous proteins were altered, with 12
proteins being identified by mass spectroscopy as having significantly increased or
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decreased compared to antemortem. Protein assays were also used to examine if the total
amount of protein in plasma had altered. The total amount of protein in the bloodstream
was shown to have decreased with the exception of haemoglobin which was shown to have
increased due to lysed red blood cells.
Enzymatic assays were used to determine if six metabolite markers that are thought to be
involved in anaerobic reactions or pathways were altered post-mortem. These six
metabolite markers were lactate, hypoxanthine, uric acid, ammonia, NADH and formate
and were shown to have altered concentrations compared to normal antemortem
concentrations. Hypoxanthine, ammonia, NADH and formate all had concentrations that
increased over time indicating that these metabolites could be PMI markers. The
concentrations of uric acid and lactate increased and then decreased again over time with
uric acid showing a different concentration profile in the rat compared to the human and
piglet concentrations, indicating that these metabolites are unlikely to be useful for PMI
estimations.
Gas chromatography was used to conduct a metabolic survey of post-mortem rat blood. 85
metabolites were shown to be altered post-mortem. 26 metabolites; glutathione, GABA,
glyoxylic acid, oxalic acid, hydroxyproline, creatinine, α-ketoglutarate and succinate, plus
18 amino acids, had concentrations which increased post-mortem indicating that these
metabolites may have potential as PMI markers, while the remaining 59 metabolites had
fluctuating concentrations post-mortem so would not be able to be useful in PMI
estimations.
Therefore, this study was able to identify 30 metabolites and 12 proteins in blood during
the early post-mortem interval that may be potential markers for PMI estimations.
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Chapter 1 Introduction
"Watson, can you determine cause and time of death?"
I knelt over the woman and began a cursory examination...
“Rigor mortis has set in, so I'd estimate she's been dead about 10 to 12 hours."
Holmes stood up and brushed himself off with his hands.
"So, that puts her death between midnight and 2 AM.”
Sir Arthur Conan Doyle

1.1 Preface
Taphonomy is the study of post-mortem processes which affect the preservation,
observation or recovery of dead organisms and the reconstruction of their biology and the
circumstances surrounding their death (Haglund & Sorg, 1997). The term taphonomy
comes from the Greek taphos meaning burial, and nomos meaning law and was introduced
to palaeontology in 1940 by Russian scientist Ivan Efremov who explained the formation
of fossils as “transformations from the biosphere to the lithosphere” (Martin, 1999). Today
the term has a much broader meaning and covers the disciplines of archaeology, molecular
biology, forensic pathology, forensic entomology, forensic biochemistry, and microbiology
as well as palaeontology and is concerned with identifying and locating graves of the
deceased, the cause and manner of death and establishing the post-mortem interval (PMI)
(Haglund & Sorg, 1997; Janaway et al., 2009).
The PMI or time of death is a critical step in most homicide or un-witnessed death
investigations (including hospital deaths) and remains one of the most challenging
variables to quantify and establish (Buchanan & Anderson, 2001), despite the large amount
of research undertaken. Yet for all its importance, determining PMI has defied detectives,
medical examiners and pathologists for over 2,000 years, with only story book characters
like Sherlock Holmes being able to predict it with any accuracy.
PMI determination not only establishes how long a person has been deceased but also
assists in distinguishing antemortem pathology from post-mortem artefact, in helping to
include and exclude suspects based on their whereabouts at the time of death and to
provide a timeframe in which remains decomposed beyond recognition can be connected
with missing persons. Therefore an accurate estimation of PMI is extremely important to
1
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the death investigation and is deduced from the evidence collected. There are many sources
of evidence which can be used for estimating PMI and they are divided into two
categories: rate methods and concurrence methods. The rate methods, which are used most
often in forensic practice, are methods where the PMI is estimated on changes that occur to
the body, such as the amount and distribution of rigor mortis (muscle stiffening), the
change in algor mortis (body temperature), livor mortis (colouration of the skin), and
hypostasis (settling of the blood), changes in potassium and/or hypoxanthine concentration
in vitreous humor, and the degree of putrefaction in the deceased (Clark et al., 1997; Coe,
1974; Dix & Graham, 2000; Gill-King, 1997; Henssge et al., 1995; Kashyap & Pillay,
1989; Sabucedo & Furton, 2003; Spitz, 2006; Swift, 2006; Vass et al., 1992). However,
these changes are strongly influenced by unpredictable endogenous and environmental
factors such as temperature, pH, humidity, age of the deceased, use of medication or drugs,
coverings or clothing, presence of insects or animals and if the deceased had any diseases
(Buchanan & Anderson, 2001; Clark et al., 1997; Henssge et al., 1995; Mann et al., 1990;
Sachs, 2001; Vass et al., 2002).
The concurrence methods are methods where the PMI is estimated on evidence that is
found around the body and the occurrences of events which take place at known times.
Examples of concurrence methods include, entomology or the development and growth of
insects in or on the corpse, video recordings or eye witness evidence, reading the time on a
stopped wristwatch and counting tree rings on trees growing over or through the remains
(Campobasso & Introna, 2001; Dix & Graham, 2000; Kashyap & Pillay, 1989; Willey &
Heilman, 1987). Regardless of the method used, the calculation of PMI is generally an
estimate which considered all of the factors that could potentially skew its accuracy before
arriving at the most valid assumption. Therefore, is not highly accurate and in some
circumstances even reliable.
PMI estimates are also classified into two time periods: those occurring within the early
post-mortem period and those during the late post-mortem period. Swift (2006) defines the
early post-mortem period as the “soft tissue phase of decomposition” and the late postmortem period as “skeletalisation and alterations to the bony matrix”(Swift, 2006).
This project will investigate a rate based method using blood biochemical markers and
investigate whether this method could be used to provide a more accurate PMI estimate i n the

early post-mortem period. The following literature review will focus on PMI estimation
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using biochemical markers in the bloodstream that change in the early post-mortem
interval as well as the current biochemical methodologies and techniques that are being
used to find PMI biomarkers. The basis of this literature review has been published in the
Australian Journal of Forensic Science (Donaldson & Lamont, 2013).

1.2

Definition and description of Death

Death is defined under two categories; somatic death and cellular death (Payne-James et
al., 2011). Somatic death is when a person irreversibly loses sentient personality, with
persisting reflective nervous activity, circulatory and respiratory functions (Payne-James et
al., 2011). Cellular death on the other hand is when tissues and cells of the body cease to
exhibit metabolic activity and anaerobic respiration (Payne-James et al., 2011).
Understanding the difference between somatic and cellular death is important for
understanding the physico-chemical changes that occur immediately after death. For the
purposes of this thesis, it is cellular death that is meant when “death” is discussed unless
stated otherwise.
Cellular activity does not immediately cease when an organism dies. Rather, individual
cells will continue to function at varying metabolic rates until the loss of oxygen and
metabolic substrates caused by the cessation of blood flow results in hypoxia. The first
cellular change resulting from hypoxia is a metabolic shift from aerobic to anaerobic which
results in the decrease of ATP generation before eventually ATP generation cesses (Cotran
et al., 1994). The shift from aerobic to anaerobic metabolism results in the build-up of
lactate and carbon dioxide in the cell. The decrease in the pH of the cytoplasm activates
released lysosomal enzymes and the dying cell begins consuming itself from the inside out
(Cotran et al., 1994; Gill-King, 1997) a process known as autolysis. With autolysis comes
a cascade of released metabolic chemicals, originally sequestered in various cellular
organelles, which begin to leak into plasma. Researchers have used the presence, absence
or effects of inorganic ions such as potassium, phosphate, calcium, sodium and chloride as
a means of estimating PMI (Coe, 1993; Cotran et al., 1994; Garg et al., 2005; Gill-King,
1997) and have also studied elevated serum levels of organ specific enzymes as clinical
markers of ischemic tissue, i.e. glutamic-oxaloacetic transaminase (GOT), creatine kinase
(CK) and lactic dehydrogenase (LDH), (Coe, 1993; Cotran et al., 1994; Garg et al., 2005;
Henssge et al., 1995).
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1.3 Blood as a tissue
Blood is a fluid which normally consists of 45% erythrocytes, 54% plasma and 1%
leukocytes and platelets (Marieb, 1998). The plasma component of blood contains proteins
and metabolites, including those that leak into the blood stream after cellular injury from
damaged cells. A key advantage of blood from a forensic taphonomic perspective is that it
is a remarkably uniform biofluid, which is largely unaffected by confounding factors such
as age, gender, diet, diurnal cycles and stress making it ideal to use for PMI
determinations. Furthermore, blood has been shown to flow after death, due to postmortem contraction of the left ventricle and arteries, diffusion and rigor mortis
development (Gómez Zapata et al., 1989), so that cellular proteins and metabolites from
degrading tissues detected in the blood may potentially be able to be used as time of death
markers.

1.4 Differences between Antemortem and Post-mortem blood
The most abundant and widely studied proteins and metabolites in human blood
antemortem are summarised in (Table 1-1). It is to be noted that (Table 1-1) lists only a
small fraction of the proteins and metabolites present in the blood, with 7518 blood
proteins identified and annotated on the human plasma proteome website and 4229
metabolites identified and annotated on the human metabolome database to date.
Table 1-1: Antemortem blood characteristics.
Proteins

Metabolites/hormones

Albumin

Glucose

Haptoglobin

Lactate

Fibrinogen

Insulin

Serum amyloid proteins (A2-β and A)

Atrial diuretic hormone

α2- glycoprotein

Growth hormone

Lipoproteins (LDL/HDL)

Erythropoietin

Coagulation factors (ii, V, VIII, XII and XIIIb)

Uric acid

Complement factors (B, C1R, C2, C3, C4A, C5, C6 H, I, etc) Creatinine
Transferrin

Thyroxin

Haemoglobins (α and β) chains

Adenosine Triphosphate

Keratins (1, 2 and 9)

Glycerol

α1- antitrypsin

Niacinamide

Plasminogen

Adrenaline

Immunoglobulin

Pyruvic Acid

Proteins and metabolites in antemortem human blood are listed. Data taken from
(Anderson et al., 2004; Lewis et al., 2010; Marieb, 1998).
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Blood proteins and metabolites that are known to change significantly after death are
described in (Table 1-2).
Table 1-2: Early post-mortem blood proteins and metabolites.
Proteins
Fibrinolysins
Haemoglobins (α and β)

Metabolites/hormones
(↑) Glucose
(=) Lactate

(↑) 27.8 mmol.L

-1

-1

(↑) 50-60 mmol.L

-1

(↑) 11-61.5 μmol.L
Lipoproteins (LDL/HDL)
(=) Hypoxanthine
Bilirubin and other bile pigments
Acid and Alkaline phosphatases
-1
(↑) 3.4–12 mmol.L
(↑) 20 fold from antemortem
Lactic dehydrogenase

(↑) Adrenaline (↑) except in fatal trauma where it is (↓)

Immunoglobulin

(=) Uric acid

(↑) 327-368 μmol.L

-1

Xanthine

(↑)

Thyroxine

(↓)

Ammonia

(↑) 0.587-1.76 mmol.L

-1

Proteins and metabolites in post-mortem human blood which show concentration changes in the first
three days are listed along with the concentrations. Some proteins and metabolites have symbols
indicating whether concentration is increased (↑), decreased (↓) or remains the same (=) postmortem, as the literature did not specify the concentration, just stated whether it had changed. Data
taken from (Coe, 1974, 1993; Jetter, 1959; Jetter & McLean, 1943; Penttila & Laiho, 1981;
Saugstad, 1975; Schleyer, 1963; Spitz, 2006).

The blood pH decreases from 7.35–7.45 antemortem to 5.0–5.5 post-mortem (Coe, 1993;
Sawyer et al., 1988) and the blood haematocrit (HCT) increases from 40-45 antemortem to
47–78 post-mortem (Penttila & Laiho, 1981). The blood haematocrit is the ratio of red
blood cells in the total blood volume, usually expressed as a percentage. The differences
in haematocrit and the increase in fluidity are mainly the result of the falling pH of the
blood post-mortem. As decomposition progresses post-mortem blood becomes acidic due
to the accumulation of carbon dioxide, lactate and other chemicals formed as a result of
tissue breakdown (Cotran et al., 1994). This decrease in pH causes fibrinolysin enzymes
to be activated and released especially from capillaries and from serous surfaces such as
the pleura (Mole, 1948; Takeichi et al., 1984, 1985, 1986) which prevent blood clotting,
resulting in an increase in fluidity (non-coagulation) of the blood. Altered fluidity of the
blood post-mortem is a commonplace observation and is seen more often in sudden or
suffocation deaths (Nikolic et al., 2004; Takeichi et al., 1984) because vasoactive materials
such as adrenaline and histamine are rapidly released in these deaths. This triggers
plasminogen activator to be secreted which prevents clotting (Takeichi et al., 1986;
Takeichi et al., 1984, 1985).
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The increase of the haematocrit is attributed to loss of plasma into surrounding tissues,
rather than an increase in the volume of red cells (Penttila & Laiho, 1981). The loss of
plasma into the surrounding tissues is due to the lack of ATP needed for the functioning of
the Na+/K+ pump in cell membranes. This causes sodium to accumulate inside cells,
accompanied by an osmotic increase in water from the extracellular fluid such as plasma,
which leads to cell lysis (Cotran et al., 1994). Once cells have begun to lyse, there is
widespread leakage of intracellular components into the extracellular and surrounding
tissues spaces. Some of these cellular components have been used as biochemical markers
to determine PMI and will be described in detail the biomarkers section.
There are also significant differences in the concentrations of some proteins and
metabolites post-mortem as shown in Table 1-2. Markers such as lactate, glucose and acid
phosphastase show very marked changes. Lactate increased from 0.5– 2.5 mmol.L-1 to 50–
60 mmol.L-1 within the first 24 hours after death (Jetter & McLean, 1943). Glucose
increased from 4–8 mmol.L-1 to an average of 27.8 mmol.L-1 in non-diabetic persons
within the first 24 hours after death (Coe, 1974). Acid phosphatase increased to 20 times
the normal antemortem level by 48 hours after death (Enticknap, 1960). The increase in
lactate and glucose is a reflection of hypoxia and the consequent inhibition of glycolysis
and the citric acid cycle. The increase in acid phosphatase is related to the lysis of
lysosomes, thereby releasing the acid phosphatases into the bloodstream.

1.5 Previous research into estimating PMI using blood
The Washing Away of Wrongs, a Chinese forensic handbook written in 1247 CE and
thought to be the first such text, was the first written documentation which applied an
understanding of biology to a criminal investigation to determine PMI (Gunn, 2006).
Today, biology is applied regularly to PMI investigations and even with the advancement
in scientific methods and technology, determining PMI remains elusive.

1.5.1 Morphological Changes
The earliest recorded method for estimating early post-mortem interval was a rate-ofchange methodology based on the most easily observed morphologic changes such as
Rigor mortis, Algor mortis and Livor mortis. This methodology was derived from the
Egyptians and Greeks who described and preformed autopsies and live dissections on
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criminals during the third and fourth century B.C (Sachs, 2001; Spitz, 2006) and remains
one of the most commonly utilised methods to determine PMI. One of these methods, that
of livor mortis, the reddish-purple hue on a corpse caused by settling of blood under
gravity within the capillaries and veins of a cadaver, is still used occasionally today more
than 2000 years later but mainly to determine if a corpse has been moved rather than to
establish PMI. Photo-spectroscopy has been investigated as a method to quantitatively
measure the colour change of livor mortis in different tissues to determine PMI (Bohnert et
al., 1999; Vanezis & Trujillo, 1996). However, this method proved inaccurate and
unsuitable due to the large variations in the occurrence, colour, and distribution of livor
mortis in different corpses (Bohnert et al., 1999; Vanezis & Trujillo, 1996).
Cadaveric blood collected and stored in blood tubes from corpses at 4˚C (Dokgöz et al.,
2001; Penttila & Laiho, 1981) as well as blood collected directly from corpses at room
temperature (Babapulle & Jayasundera, 1993; Bardale & Dixit, 2007) to look at blood cell
morphology changes has been studied as a way to determine PMI. These studies
demonstrated that eosinophils, neutrophils, and monocytes displayed the earliest
degradation changes, typically within 4–6 hours post-mortem. Lymphocytes were the most
resistant white cells to degradative changes and were identifiable 120- 270 hours postmortem, with very little degradation (Dokgöz et al., 2001; Penttila & Laiho, 1981) where
as the two other research groups reported that the morphology of any cell beyond 30-84
hour PMI was not identifiable (Babapulle & Jayasundera, 1993; Bardale & Dixit, 2007).
The reasons for this difference were thought to be because of the temperature differences
between the experimental groups and because degenerative cellular changes are thought to
occur earlier and more rapidly in cadaveric blood compared to blood collected and stored
in blood tubes (Babapulle & Jayasundera, 1993).
Red blood cells and platelets have been examined post-mortem by two research groups.
Both groups found that the morphology and shape of the red blood cells had altered within
3-12 hours post-mortem (Bardale & Dixit, 2007; Penttila & Laiho, 1981). Bardale & Dixit
(2007) reported that most red blood cells had lysed by 20 hours post-mortem where
Penttila & Laiho (1981) reported no lysing of red blood cells by 168 hours even though
the cells had altered shape by 12 hours. The reason for this difference is most probably
because of the blood sample preparation that was used before analysis of the red blood
cells occured. For example, Bardale & Dixit (2007) who reported that most red cells had
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lysed by 20 hours examined the red cells from a blood smear under a light microscope,
with blood taken directly from corpses at room temperature. Penttila & Laiho (1981) who
found no lysis for 168 hours, had taken blood from corpses that were kept at 4°C and then
suspended the red cells in saline at physiological pH before examining them using an
electron microscope. Therefore, Penttila & Laiho (1981) most likely altered the properties
of the red blood cells by preserving them prior to the analysis, and this is why the results
appear so extremely different.
Platelets were identifiable at all time points up to 10 days post-mortem by the first research
group even though they had formed aggregates (Penttila & Laiho, 1981). The second
research group reported that no platelets were noted in their experiments beyond 21 hours
(Bardale & Dixit, 2007). Again, the reason for this difference is related to the methods
used to analyse the platelets.
In all studies that examined blood cell morphology, the conclusions reached were that
although blood cell morphology does change over time, variables such as the temperature
and the person’s health prior to death affect the rate and morphological change, suggesting
that the used of blood cell morphology to determine PMI may only be used in conjunction
with other PMI parameters (Bardale & Dixit, 2007; Dokgöz et al., 2001; Penttila & Laiho,
1981). Furthermore, it is clear that the analytical method used to examine blood cells
appears to affect the rate and morphological change, meaning that blood cell morphology
is not a good parameter to use to determine PMI.

1.5.2 Biochemical changes
Examining ions and enzymes or any chemical changes involved in the death process that
cannot usually be detected by morphological methods is known as post-mortem
biochemistry (Maeda et al., 2011; Salam et al., 2012). Post-mortem biochemistry profiles
can provide useful information regarding cause of death and have the potential to provide
PMI estimations if suitable post-mortem biochemical markers are identified, studied in
detail and well documented. In addition, the use of biochemical markers for the estimation
of PMI means the elimination of examiner bias, something that morphological methods
such as algor mortis, rigor mortis, and putrefaction changes suffer from.
Early 19th century biochemical methods such as the Brouardel method, that examined the
shift in flammability of putrefaction gases in the early post-mortem interval, and the
8

Chapter 1 Introduction
Westernhoffer-Rocha-Valverde method that examined the formation of crystals in the
blood formed after the third day of putrefaction (Cengage, 2006) were examined as a way
to determine PMI, but the findings of both methods had limited success.
RNA and DNA degradation has also been studied post-mortem with some success (Bauer
et al., 2003; Cina, 1994; Madea et al., 1989; Martin et al., 2003; Spitz, 2006; Veenmann &
Koppelkamm, 2010). This method is limited though as each tissue and the cells within
degrade at its own rate and some tissues like cadaveric blood and kidney tissue can
degrade to the point where it is no longer suitable for DNA fingerprinting after as little as a
week (Ludes et al., 1993).
In the mid 20th century a variety of body fluids ie blood, vitreous humour, cerebrospinal
fluid and synovial joint fluid, had the presence of certain solutes and enzymes examined
for use as potential PMI markers. The use of these markers in the bloodstream for the
estimation of PMI will now be discussed. The solutes examined are classified as
metabolites and the enzymes as proteins.

1.6 Metabolites
1.6.1.1 Sodium and Chloride
Post-mortem serum concentrations of sodium and chloride decrease by on average, 1
mmol.L-1 per hour for the first 3-52 hours post-mortem (Coe, 1974, 1993; Schleyer, 1963;
Singh et al., 2002; Spitz, 2006). Serum concentrations of sodium and chloride also vary
antemortem based on hydration status, kidney function and illness (Coe, 1974, 1993;
Schleyer, 1963; Singh et al., 2002; Spitz, 2006). These two markers are not reliable
enough to be used as a PMI indicator, but rather as a measure of electrolyte imbalance or
kidney disease (Coe, 1993; Spitz, 2006). Sodium and chloride are now measured only from
the vitreous humour, rather than serum (Coe, 1993; Spitz, 2006).
1.6.1.2 Potassium
Serum potassium levels rapidly increase over the first 1–2 hours after death (Coe, 1974;
Hodgkinson & Hambleton, 1969; Jetter, 1959; Jetter & McLean, 1943; Schleyer, 1963;
Singh et al., 2002; Walia et al., 1963). However, potassium is released immediately within
1–2 minutes from cells upon death (Coe, 1993; Henssge et al., 1995; Schleyer, 1963). This
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means that establishing a serum antemortem concentration is difficult if not impossible
because of the small time frame (1–2 minutes) before the antemortem concentration will
increase, making the use of serum potassium as a biochemical marker unsatisfactory. As
with sodium and chloride, potassium is measured in the vitreous humour. This is because it
has been repeatedly shown to rise rapidly in the first 6–12 hours after death and then
linearly after 24 hours (Coe, 1989; Coe, 1993; Henry & Smith, 1980; Lange et al., 1994;
Madea et al., 1989; Schleyer, 1963; Spitz, 2006). A large number of confounding factors
still exist such as temperature, sampling techniques, differences between each eye as well
as the age of the individual, and the duration of the terminal episode (Madea et al., 1989).
The studies of several investigators also indicate that the concentration of vitreous
potassium rises much more rapidly post-mortem in an infant than in an adult (Blumenfeld
et al., 1979; Mason et al., 1980). Vitreous potassium values from individuals dying from a
chronic illness are more erratic than those dying of an acute illness (Madea et al., 1989).
To date, no reliable method for post-mortem interval estimation based on measurement of
potassium ions has been developed.
Various statistical approaches have been applied in an attempt to improve the accuracy in
estimation. It has been suggested that using potassium ion concentration as the independent
variable will improve the post-mortem estimation (Madea & Rodig, 2006). However, a
review in 2006 found that in a random sample of 492 cases, only 153 were within the
predicted post-mortem interval with the remaining 339 having a systematic overestimation
(Madea & Rodig, 2006).
1.6.1.3 Calcium
Jetter (1959) reported that the plasma calcium concentration was relatively stable in the
early post-mortem period from 12–24 hours post-mortem (Jetter, 1959). Hodgkinson and
Hambleton (1969) found that plasma calcium concentration increased rapidly within an
hour post-mortem from 4 mmol.L-1 to reach a peak of 9.4 mmol.L-1 five hours later before
decreasing down to antemortem levels by eleven hours post-mortem (Hodgkinson &
Hambleton, 1969). Fekete and Brunsdon (1974) found a wide range of serum calcium
concentrations within two hours to thirty six hours post-mortem (Fekete & Brunsdon,
1974). All of these researchers used different methods to analyse serum calcium
concentrations and that may explain why the findings are so variable, indicating that blood
calcium levels are not a reliable indicator of PMI. However, the most recent study looking
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at serum calcium concentrations was forty years ago. It would be worth analysing calcium
concentrations with more modern methods to establish what changes are occurring postmortem and if these changes can be used to determine PMI.
1.6.1.4 Magnesium
Serum magnesium values were reported to not be substantially increased during the early
post-mortem period if cell integrity was maintained (Jetter, 1959) and when haemolysis
occurred, magnesium concentrations rose rapidly to 10–15 mmol.L-1 (Jetter, 1959). This
finding was not supported by other studies that found an early and progressive rise in
concentrations of magnesium in blood (Coe, 1974; Hodgkinson & Hambleton, 1969). The
reason for this difference is not particularly obvious. Magnesium concentrations in postmortem serum from different sampling sites (right and left heart, subclavian vein, external
iliac vein) from 360 autopsy cases were examined and found no evidence that serum
magnesium concentrations increase after death (Zhu et al., 2005) in contrast to other
studies. The authors did show that magnesium concentrations were higher in peripheral
blood compared to cardiac blood in victims of fire fatalities (Zhu et al., 2005). The authors
explained this result by suggesting that because skeletal muscle has a higher concentration
of magnesium compared to cardiac muscle; peripheral blood concentrations were higher as
an influence of post-mortem breakdown of skeletal muscle. Additionally, magnesium
plasma concentration was shown to be increased specifically in salt water drowning
victims and methamphetamine poisonings (Zhu et al., 2005). This indicates that
magnesium may be a good biomarker for cause of death rather than for PMI.
1.6.1.5 Phosphate
A post-mortem increase was observed in blood for both organic and inorganic phosphorus
(Jetter, 1959). Inorganic phosphate was reported to be present at antemortem
concentrations of 0.6–0.9 mmol.L-1 and rises within one hour post-mortem to reach
concentrations of 6.6 mmol.L-1 by 18 hours after death (Jetter, 1959). Similar trends by
other groups have been reported, although no concentrations were mentioned (Schleyer,
1963). Therefore, this may be a potential marker for estimating PMI. However, more
research needs to be conducted to establish reference ranges and an average increase that
inorganic phosphate rises to over time.
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Organic phosphorus is not normally present in the bloodstream antemortem. In one study,
it was present early in the post-mortem period (Jetter, 1959). If organic phosphate is not
normally present in the bloodstream antemortem then this would be a suitable biomarker of
PMI. However, further research regarding this biomarker is required.
1.6.1.6 Lactate
Circulating serum lactate in human heart blood has been studied post-mortem and
increased in the blood 20–fold one hour after death and rose 50–70 times higher than
antemortem levels by 24 hours (Jetter, 1959). Lactate has also been measured post-mortem
in cerebrospinal fluid (Schleyer, 1963), vitreous humour (Jaffe, 1962) and in organs such
as the brain (Musshoff et al., 2010). It has been suggested that lactate concentrations in the
blood stream post-mortem may be affected by lactate diffusion from muscular tissues and
because of blood glycolysis in the vessels, which would make lactate an unsatisfactory
marker for PMI (Schleyer, 1963). However, further research is required to determine if this
is the case.
1.6.1.7 Hypoxanthine
Previous research completed on tissue hypoxia, has shown elevated hypoxanthine
concentrations in plasma, cerebrospinal fluid and urine (Boulieu et al., 1983; Poulsen et
al., 1990a; Saugstad, 1975). There is also evidence that the hypoxanthine concentration
increases linearly for the first 24 hours after death in both humans and animals (Poulsen et
al., 1990b; Rognum et al., 1991) so that it could be a potential biomarker for determining
the PMI. The concentration of hypoxanthine in the vitreous humour has been used
regularly at the institute of forensic medicine in Oslo for six years to determine time of
death (http://www.todbase.org), however, due to significant differences in the hypoxanthine
concentration found in each eye (Coe, 1993) this method is not adopted more widely. With
advances in technology available for analysing metabolites in the bloodstream,
hypoxanthine may become an excellent biomarker for estimating PMI.
1.6.1.8 Urea, creatinine and uric acid
Numerous studies (Coe, 1974; Fekete & Brunsdon, 1974; Jetter & McLean, 1943;
Schleyer, 1963; Uemura et al., 2008) have established that post-mortem serum urea
concentrations closely approximate antemortem serum concentrations irrespective of the
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duration of the post-mortem interval or extent of decomposition. The only exception was
observed in a study of post-mortem blood and pericardial fluid which found a marked
elevation in urea as well as creatinine, and uric acid concentrations in the blood of delayed
traumatic deaths but not other deaths Zhu et al. (2007b). The urea, creatinine and uric acid
concentrations in pericardial fluid increased hours later than in the bloodstream, indicating
that these biomarkers may be suggestive of prolonged survival time rather than PMI (Zhu
et al., 2007b). Other studies on serum urea, creatinine and uric acid concentrations postmortem have not been reported.
1.6.1.9 Ammonia
Ammonia is formed in nearly all tissues and organs by normal amino acid catabolism.
Antemortem, ammonia is rapidly removed from circulation by the liver, where it is
converted to urea, leaving only traces (11.6–32.2 μmol.L-1) in the bloodstream (Murray et
al., 2006a). During decomposition of a corpse, the ammonia produced from amino acids
and tissue degradation accumulates over time as it is not removed by the liver. In the only
study relating PMI and ammonia concentrations, the concentrations of ammonia in plasma
increased after death with a rapid rise after 8 hours (Schleyer, 1963). However, the
methods used, the highest ammonia concentration reported and the time frame of the
experiment were not reported. Further research into the relationship between ammonia and
PMI is needed.
1.6.1.10 Catecholamines
Post-mortem serum catecholamine levels in relation to the PMI have been investigated
(Hirvonen & Huttunen, 1996; Zhu et al., 2007a) and adrenaline and noradrenaline
concentrations were increased with post-mortem time. The use of catecholamines to
determine PMI is considered unreliable due to the immediate release of adrenaline and
noradrenaline from the adrenal glands into the blood stream during stressful situations,
such as during the process of the agony period (Maeda et al., 2011). In addition
asphyxiation can cause catecholamine release (Hirvonen & Huttunen, 1996; Maeda et al.,
2011; Zhu et al., 2007a) and adrenaline is used as a first line drug by paramedics during a
cardiac arrest therefore serum adrenaline levels may be falsely elevated. Therefore,
catecholamines are not a good maker for determining PMI.
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1.6.1.11 Ethanol
Within a few hours of death gut bacteria penetrate the portal venous system and, after
about six hours, contaminate the systemic vessels (Corry, 1978; Micozzi, 1991). Once in
the blood, glucose and lactate provide the substrates for microbial ethanol production
(Corry, 1978) providing the potential for ethanol to be a marker of PMI. High
environmental temperatures after death, septicaemia, and severe trauma with wound
contamination all provide conditions for microbial ethanol synthesis (Corry, 1978;
Micozzi, 1991). Distinguishing between alcohol ingested in life and microbial production
of ethanol after death is a problem if ethanol is to be used as a marker of PMI, therefore it
is important that ethanol measurements in post-mortem blood are corroborated by analyses
of other body fluids (Corry, 1978). This is because body fluids such as urine and vitreous
humour will only indicate alcohol ingestion, not microbial production of ethanol because
microbes do not quickly penetrate the bladder or the eye. One study reported that blood
putrefying in vitro had a rapid breakdown of glucose over three days and from then
onwards ethanol began to appear in the blood from microbial fermentation, attaining its
highest level between day 10-12 (Bogusz et al., 1970). However, to be used as a marker of
PMI other body fluids need to be collected to confirm that the production of ethanol is
from microbes rather than alcohol ingestion. This means that using serum ethanol as a
PMI biomarker will not by itself yield highly accurate results.
PROTEINS
1.6.1.12 Total proteins
The total amount of protein in the blood has been considered as a marker for time of death
but was found to be variable and not significantly different from antemortem levels (Coe,
1974; Fekete & Brunsdon, 1974; Uemura et al., 2008). The concentration of total protein
tended to increase time-dependently but not significantly, and remained within the range of
antemortem values (Coe, 1974; Uemura et al., 2008) whereas another study had results that
were too variable to draw conclusions from (Fekete & Brunsdon, 1974). These results
suggest the total protein concentration in serum is not a good biomarker for PMI.
Two enzymes provide potential biomarkers for PMI determinations and they will be
described below.
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1.6.1.13 Aspartate Aminotransferase
Aspartate aminotransferase (AST) catalyse the reaction that converts aspartic acid to
glutamate. AST is found in the heart and skeletal muscle, as well as liver, kidney,
erythrocytes, and brain tissue (Voet & Voet, 2004). AST is presently used as an indicator
of liver damage due to necropsy or carcinogenesis as it is released from the tissues into the
extracellular space (Bhagavan, 2002) and this will also occur post-mortem. The amount of
AST enzyme released from any tissue depends on the severity of cellular damage.
Erythrocytes contain high concentrations of AST and haemolysis can elevate AST
concentrations in the blood stream. The post-mortem increase in the serum concentration
of AST has been reported to be roughly linear for the first 60 hours post-mortem, so that a
crude PMI estimate was possible (Enticknap, 1960).
1.6.1.14 Lactate Dehydrogenase
Lactate dehydrogenase (LDH) catalyses the terminal step in anaerobic glycolysis,
producing lactate from pyruvate and regenerating NAD+ from NADH. LDH is a
tetrameric enzyme containing two distinct subunits, conventionally those designated ‘H’
for heart, and ‘M’ for muscle. These two subunits are combined in five different
confirmations and numbered LDH1 through LDH5 (Voet & Voet, 2004). Elevated levels
of different isoenzyme indicate particular disorders such as myocardial infarction,
pernicious anaemia, late stage muscular dystrophy, liver disease, skeletal muscle damage,
and some cancers (Bhagavan, 2002). LDH concentrations increase in blood post-mortem
(Coe, 1974; Enticknap, 1960). LDH activity in serum increases rapidly within a few hours
post-mortem followed by a slower increase for the next two to three days, reaching its
highest concentration around the fourth day post-mortem (Enticknap, 1960). Red blood
cells are the main source of serum LDH so that its post-mortem increase must be ascribed
to red blood cell autolysis (Schleyer, 1963). LDH therefore can provide a preliminary
biomarker for estimating PMI.

1.6.2 Post-mortem biochemistry
As stated previously this research was carried out in the mid 20th century and despite some
markers showing promise as being able to estimate PMI, they failed to gain general
acceptance because, traditional biochemical methods that were used at this time, had
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relatively low sensitivity, required specialist skills and were labour intensive (Lundquist,
1963).
The use of post-mortem biochemistry is now standard practice along with conventional,
morphological changes such as algor mortis, rigor mortis, livor mortis and putrefaction to
determine the PMI (Saukko & Knight, 2004). Today’s biochemical methods can be
standardised and statistically assessed, and can involve multiple markers in one
methodology. In addition, unlike the morphological changes which are strongly influenced
by a large set of endogenous and environmental factors (Buchanan & Anderson, 2001) that
are not clearly defined, biochemical changes such as protein degradation and metabolite
production, are influenced by a set of variables that are more clearly defined making
interpretation of the results easier.
Today, researchers are starting to identify biomarkers using Nuclear magnetic resonance
(NMR) and mass spectrometry (MS) methods that may provide more accurate PMI
estimations. In fact, some researchers are making large advances in identifying
biochemical markers with huge potential as PMI markers such as, the assessment of
volatile organic compound formation (Statheropoulos et al., 2005; Swann et al., 2010a;
Swann et al., 2010b; Vass et al., 2002; Vass et al., 1992), changes in the concentrations of
messenger RNA or in micro RNAs (Kimura et al., 2010; Odriozola et al., 2013), changes
in the concentrations of proteins or the activity of enzymes (Etievent et al., 1995; Garg et
al., 2005; Gill-King, 1997; Poloz & O'Day, 2009; Vass et al., 2002; Vass et al., 1992;
Wehner et al., 1999) and changes in the production of metabolites (Banaschak et al., 2005;
Viinamaki et al., 2011). It therefore stands to reason that if this progress continues
biochemical markers will soon be the rate method used to provide a more accurate PMI
estimation.

1.7 Methods to study Biochemical markers in Blood
Due to the immense diagnostic potential of blood there has been a strong interest in
searching for biochemical markers in serum that can identify disease and illness. The
Human Plasma Proteome Database was established in 2002 with the help of 55 different
laboratories around the world (Anderson & Anderson, 2002). Protein biochemical markers
in human plasma have been mostly studied by using chemical fractionation and
electrophoresis separation steps (Anderson & Anderson, 2002). To date, the majority of
proteins discovered were found by using a combination of two-dimensional (2D) gels,
16

Chapter 1 Introduction
fractionation and MS methods. The Human Metabolome database was set up in 2004 to
identify all the metabolites in the human body (Wishart et al., 2007). The majority
identified to date were discovered using analytical methods such as NMR, gas
chromatography (GC) or liquid chromatography (LC) coupled to MS. These methods are
described below.

1.7.1 Two-dimensional (2D) gel electrophoresis
2D gel electrophoresis is a method whereby charged molecules such as proteins are
separated based on charge according to their rates of migration in an electric field when on
a gel support. The large molecules are also retarded in the gel support enabling the
molecules to be separated on size as well as charge. Therefore 2D gels separate proteins in
a mixture by both size and charge. The application of 2D gel electrophoresis was used to
study plasma proteins in the 1970s which contributed to the current knowledge about range
and size of these proteins (Anderson & Anderson, 1977). The 2D map of the human
plasma proteome produced in the mid 1970s (Anderson & Anderson, 1977) is recognisably
the same as a 2D map of plasma proteins that can be obtained in the present day. It is
thought that the reason for this reproducibility is due to the high solubility of the proteins
involved and the distinctive glycosylation of specific proteins which, can be easily
recognised (Anderson & Anderson, 2002).
Two-dimensional gel electrophoresis is still utilised today, although some drawbacks
remain. 2D gels are labour-intensive, require large amounts of sample, and have a limited
dynamic range. The limited dynamic range is the greatest restriction with regards to
finding biomarkers in plasma is because plasma proteins can differ in concentration by a
factor of 1010 (Anderson & Anderson, 2002). An example of this limitation is searching
for extremely low concentration proteins (present at ng/mL to pg/mL), which comprise less
than 1% of the total plasma proteome (Lee et al., 2006) amongst proteins such as serum
albumin that are a high percentage of the total protein present. To address this limitation,
several types of fractionation methods (chromatographic and immunodepletion) and mass
spectroscopic methods are now used in conjunction with 2D gels to identify proteins or
biochemical markers (Lee et al., 2006; Silberring & Ciborowski, 2010). For example,
comparisons of total antemortem and post-mortem proteins analysed with a combination of
2D gel electrophoresis and Matrix Assisted Laser Desorption/ Ionization Time-of-Flight
(MALDI-TOF) MS have demonstrated significant changes in metabolic enzyme
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concentrations (Hunsucker et al., 2008; Jia et al., 2007) that would not be identified by 2D
gels alone. Assessing post-mortem changes in protein amounts has the potential to provide
a means to assess time since death, in many instances long before visible cellular changes
occur.

1.7.2 Fractionation methods
The most common fractionation methods are chromatography based methods.
Chromatography is a technique for the separation of mixtures. The mixture is dissolved in
a fluid termed the mobile phase, which carries it through a structure (normally a column)
holding another material termed the stationary phase. The stationary phase is typically a
gel or bead support which is able to bind the molecule of choice or retard molecules in
direct proportion to their size causing them to fractionate. The separation is based on
differential partitioning between the mobile and stationary phases. Liquid chromatography
(LC) is a separation technique in which the mobile phase is a liquid. Gas chromatography
(GC) is a separation technique in which the mobile phase is a gas. GC and LC use
chemicals, antibodies, cations and anions to separate or remove proteins and metabolites of
interest from samples to assist with the dynamic range problem. This step is critical with
regards to plasma proteins as described earlier, with 12 of the most abundant proteins
(albumin, IgG, fibrinogen, transferring, IgA, IgM, haptoglobin, apo A-I, apo A-II, α1antitrypsin, α1-acidglycoprotein, α2-macroglobin) comprising over 96% of total protein
content in plasma and potentially masking other low abundant proteins (Anderson &
Anderson, 2002). Albumin is the most abundant protein in plasma and is a carrier of many
other proteins and compounds such as lipids and amino acids. The removal of albumin
may therefore have a profound impact on the identification of the proteins present
(Silberring & Ciborowski, 2010). To try to minimise the loss of these low abundant
proteins, technologies such as low abundant protein enrichment kits have been developed.

1.7.3 Mass spectrometry
MS is an analytical technique that works by ionizing chemical compounds to generate
charged peptides and measuring their mass-to-charge ratios which is different for each
compound. MS especially tandem mass spectrometry (MS/MS), is able to serve as both a
method of separation/fragmentation as well as characterisation of separated components
from a sample (Shulaev, 2006). The advantage of this method is that low-abundance
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biomarkers which may have been removed with fractionation methods are still able to be
separated and characterised by MS methods as no removal of substances occurs. This
means that identification of low abundant biomarkers is possible, as well as being able to
provide a rapid technique to analyse large numbers of biomarkers (Shulaev, 2006). A
limitation of mass spectrometry is the need for large protein sequence databases to which
comparisons between your protein of interest and all the proteins which have the same
sequences can be made. Another limitation is the phenomenon of co-suppression. Cosuppression is where the signal of target compounds, that have low ionisation efficiencies,
are lost to the MS interface (Shulaev, 2006). To address these problems MS is normally
coupled to a fractionation method and MS spectral libraries such as the 2005
NIST/EPA/NIH Mass Spectral Library (http://www.nist.gov/srd/nist1.htm) have been
developed.

1.7.4 Nuclear magnetic resonance
NMR is a technique based on the principle that many nuclei have spin and when placed in
a magnetic field it will cause the nuclei to resonate with specific frequencies. The
frequency is measured and processed in order to yield an NMR spectrum for the nucleus
concerned, thereby identifying the compound. NMR is used extensively to determine
metabolite biomarkers, as it can identify and quantify a wide range of organic compounds
in micromolar concentrations (Viant et al., 2003). For example NMR was able to identify,
glucogenic amino acids, cis-aconitate, acetone, 3-hydroxybutyric and hypoxanthine in
plasma and urine despite being in micromolar ranges (Diaz et al., 2011). Additionally,
NMR has been used to study post-mortem biochemical changes in perchloric acid extracts
of rat skeletal muscle and provides a reasonable estimate for PMI determinations (Fineschi
et al., 1990). Unlike MS, NMR is non-destructive, so samples can be used afterwards for
further analysis. The major limitation of NMR for metabolite profiling is its low
sensitivity, making it inappropriate for analysis of the metabolites that are present in low
abundance (Shulaev, 2006).

1.7.5 Microarray applications
Protein microarray applications have also been used to screen and identify biomarkers
(Janzi et al., 2005; Silberring & Ciborowski, 2010), such as antibody screening in clinical
specimens (Lueking et al., 2003) and biomarker discovery for prostate cancer (Miller et
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al., 2003). Protein microarrays are a library of antibodies or protein molecules arrayed on a
glass microscope slide. The array is then probed with a protein solution. This type of
protein array is also known as forward phase protein array. In recent years reversed-phase
protein microarrays have been developed in addition to forward phase protein arrays
(Zong et al., 2007). Reverse-phase protein arrays involve a specimen such as serum being
“printed” on to a glass slide and then probed with antibodies against the proteins of
interest. Each spot printed on to the glass slide represents one sample containing multiple
analytes, and therefore many samples can be analyzed simultaneously under identical
conditions. The specimen is printed onto the slide in serial dilutions that allow for
quantification. Janzi et al,(2005) used reverse-phase protein arrays to quantify IgA in
serum samples from thousands of patients’ who had been diagnosed with immunological
diseases caused by a deficiency in IgA (Janzi et al., 2005). This method is appealing
because it allows for screening of large numbers of samples and controls, in a single
experiment. There is no need to purify proteins as would be the case for normal microarray
platforms. Limitations of this method include non-specific binding, resulting in false
positive identifications (Silberring & Ciborowski, 2010).
From all of the methods listed above the only methods that have not been applied to PMI
determination to date are microarrays. Currently PMI determinations are preformed using
GC-MS or LC-MS as the methods of choice (Swann et al., 2010b; Vass et al., 2002; Vass
et al., 1992) .

1.8 Animal models used in PMI estimations
The use of animals in research can be traced back to the second century common era in
which Galen, a Greek physician and philosopher, completed studies on apes and pigs
(Kuzmuk & Schook, 2011). Galen incorrectly assumed that all information derived from
his use of animals could be directly applied to humans. It was not, however, until the 16th
century that his error was recognized (Nomura et al., 1987), when Bernard proposed the
use of chemical and physical induction of disease in animals, thus becoming the first
advocate for creating ‘induced animal models’ for biomedical research (Kuzmuk &
Schook, 2011). Since this time animal studies have been used regularly in all areas of
research including PMI research (Banaschak et al., 2005; Ewaschuk et al., 2005; Fitzgerald
& Oxenham, 2009; Ith et al., 2001; Jetter & McLean, 1943; Musshoff et al., 2010;
Vodicka et al., 2005). The most frequently used animal in PMI research is the domestic pig
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(Sus scrofa domestics) due to its similarity in humans in internal anatomy, fat distribution,
size of chest cavity, skin and gastrointestinal fauna as well as lack of fur (Kuzmuk &
Schook, 2011; Schoenly et al., 2006). Furthermore, the putrefaction of pigs proceeds
approximately at the same rate as for human bodies that are of the same torso weight
(Campobasso & Introna, 2001). This means that comparisons can be drawn from pigs to
predict what might occur in humans, making them the ideal “corpse model.”
However, rat models have also been used in forensic research especially with regards to

forensic toxicology because rats are relatively inexpensive, have short gestation periods
meaning a large sample size can be produced in a short period of time and can be sampled
frequently without significant ethical problems (Drummer, 2007).
This study plans to find potential PMI biomarkers and their concentrations by using blood
taken from deceased laboratory bred rats over a period of 5 days. Once the concentrations
of the biomarkers are known, blood will be taken from piglets to establish how similar the
concentrations patterns of these biomarkers are between species, and to provide a reliable
estimate on what concentrations are likely to be in post-mortem human blood. Both of
these two animals were chosen because of their physiology similarities to humans. Piglets
were chosen instead adult pigs because the small size of the piglets made the experiments
less difficult from a practical point of view.

1.9 Target biomarkers
Researchers have found that some biochemical markers remain remarkably stable after
death while others show varying °C of change. Jetter (1959) claimed that the biochemical
changes that occur are the result of three things: “the agonal period of anoxia, the
continuation of biochemical changes in the early post-mortem period, and the distribution
of easily diffusible substances between erythrocytes and plasma as well as between
interstitial fluid, tissue cells, and the blood”. This study plans to focus on biochemical
markers that show varying degrees of change in the early post-mortem interval. These
biomarkers are separated into two classes: metabolites and proteins. Six metabolite
biomarkers will be examined, these are lactate, hypoxanthine, uric acid, ammonia, NADH
and formate and were chosen to examine as PMI markers because they are either produced
in anaerobic reactions or are likely to be elevated because the enzymes required to catalyse
the following step require oxygen, thereby essentially halting the pathway. The proteins
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examined are sulfur-haemoglobin and total blood proteins and were also chosen as they are
described in the forensic literature as being altered and/or formed in the deceased.

Four metabolite biomarkers; lactate, hypoxanthine, uric acid, ammonia as well as the total
blood proteins were described previously in section 1.6 with regards to previous research
examining these markers, therefore these markers will only be described in this section, in
terms of how they are produced and why they require further investigation.

1.9.1 Lactate
Lactate or 2-hydroxypropanoate, was discovered in 1780 by Scheele, a Swedish chemist,
who isolated it from sour milk (Ewaschuk et al., 2005). Lactate is the simplest
hydroxycarboxylic acid and exists as two stereoisomers, D and L lactate. Normal serum
lactate concentration is 0.5–2.2 mmol.L-1 and is considered almost entirely L-lactate, as Dlactate is present only in nanomolar concentrations (Ewaschuk et al., 2005). L-lactate is
produced via anaerobic glycolysis in skeletal muscle, liver and red blood cells. D-lactate is
produced in small amounts in the methylgloxal pathway through amino acid breakdown
and dihydroxyacetone phosphate catabolism (Brandt et al., 1980). Circulating L-lactate
and D-lactate are taken up by facilitated transport, by a family of monocarboxylate
transport proteins (MCTs) that are differentially expressed in cells and tissues. These
MCT's are known as cell lactate shuttles and permit lactate to be oxidised to pyruvate
through the actions of lactate dehydrogenase (LDH) within actively respiring cells
(Brooks, 2009). Lactate has been studied as a PMI marker as described previously
however, no research has been completed for this marker over a time period longer than
24 hours, and no research has shown whether lactate diffusion from muscle tissues has any
effect on being able to use lactate as a reliable PMI marker as suggested by (Schleyer,
1963). Therefore, further research on this marker is required before it can be established if
it would be a suitable PMI marker.

1.9.2 Hypoxanthine
Hypoxanthine is an intermediate in the purine catabolism pathway. In the presence of
oxygen it is oxidised by xanthine oxidase to uric acid, the end product of purine
metabolism in humans. The xanthine oxidase enzyme in mammals is present mainly in the
liver and the small intestinal mucosa. Therefore, because there is no xanthine oxidase in
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the blood, the end product of nucleotide catabolism in the blood is hypoxanthine rather
than uric acid. The normal concentration of hypoxanthine in blood is 0.5–11 μmol.L-1
(Harkness, 1988; Saugstad, 1975) even though free purines are reconverted to their
corresponding nucleotides through salvage pathways. Hypoxanthine has been studied as a
PMI marker as described previously. However, just like lactate no further research has
been completed for this marker over a time period of 24 hours, meaning further research on
this marker over a longer time period is required.

1.9.3 Uric acid
Uric acid is the end product of purine metabolism in humans due to the loss of uricase
activity, which led to humans having higher UA levels than other mammals (Alvarez-Lario
& Macarron-Vicente, 2010). It is formed by the liver and mainly excreted by the kidneys
(65–75%) and intestines (25–35%). Uric acid is a weak acid that circulates in plasma
predominantly (98%) in the form of a sodium salt (urate) and is an excellent antioxidant,
responsible for 2/3 of total plasma antioxidant capacity (Alvarez-Lario & MacarronVicente, 2010; de Oliveira & Burini, 2012). The concentration of uric acid in human
plasma is between 137µmol.L-1 – 494µmol.L-1(www.hmdb.ca). Uric acid has not been
specifically studied as a PMI marker but has been shown to be elevated in the blood of
delayed traumatic deaths as described previously. Therefore, research into this metabolite
as a PMI marker needs to be undertaken.

1.9.4 Ammonia
Ammonia is formed in nearly all tissues and organs by normal amino acid catabolism.
Antemortem, ammonia is rapidly removed from circulation by the liver, where it is
converted to urea, leaving only traces (11.6–32.2 μmol.L-1) in the bloodstream (Murray et
al., 2006a). In the only study relating PMI and ammonia concentrations, the
concentrations of ammonia in plasma increased after death with a rapid rise after 8 hours
(Schleyer, 1963). Ammonia has been studied as a PMI marker as described previously
however, no research has been completed for this marker over a time period longer than 8
hours, no concentration was reported either, providing a lot of scope for further research
into this metabolite as a PMI marker.
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1.9.5 Formate
Formate (also called methanoic acid) is the simplest carboxylic acid. Formate is the toxic
metabolite of both methanol and formaldehyde and is normally present in mammals in low
concentrations ie 0.12-0.28 mmol.L-1 (Buttery & Chamberlain, 1988) due to degradation of
endogenous methanol from external sources such as the diet (Liesivuori & Savolainen,
1991). However, in humans formate is rapidly metabolised by the kidneys (Liesivuori &
Savolainen, 1991), to prevent toxic effects. The toxic effects of formate are due to an
inhibition of the cytochrome oxidase a protein complex in the respiratory chain in
mitochondria (Nicholls 1976). One study looking at alcohol poisoning in humans
discovered unexpectedly that the concentrations of formate were elevated in the blood
stream of putrefied post-mortem cases that had not consumed alcohol (Viinamaki et al.,
2011). It was thought that the reason for this increase was due to both bacterial action and
decomposition of lipids and proteins (Viinamaki et al., 2011). To date no further research
has looked at this metabolite and no research has examined this metabolite as PMI marker
providing a need for further investigation.

1.9.6 NADH
Nicotinamide adenine dinucleotide, abbreviated NAD+, and its reduced form NADH are
substrates that have central roles in cellular metabolism and energy production as hydrideaccepting and hydride-donating coenzymes.
NAD+/NADH is synthesized through two metabolic pathways. It is produced either in a de
novo pathway from amino acids or in salvage pathways from the diet by recycling
components such as nicotinamide to NAD+ (Belenky et al., 2007).

During hypoxic

conditions, large amounts of intracellular NADH is formed concomitantly in anaerobic
glycolysis and peroxisomal catabolism of fatty acids (Cotran et al., 1994; Powers, 2005).
To date, no research into using NADH as a marker for PMI has been undertaken.
Therefore, this metabolite provides a lot of scope for further research as PMI marker.

1.9.7 Total blood protein
Human plasma contains all tissue proteins (as leakage markers) plus numerous distinct
immunoglobulin sequences, and it has an extraordinary dynamic range in that more than 10
orders of magnitude in concentration separate albumin, the most abundant protein in
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plasma from the rarest proteins present in plasma. Research examining the total amount of
protein in the blood has been considered as a marker for post-mortem interval, with
variable results. Therefore, further research is needed to discover if total protein would be
able to be used as a marker for PMI.

1.9.8 Sulfur-haemoglobin
A green discoloration of the skin is frequently observed in decomposing cadavers. This
green discolouration is thought to be sulfur-haemoglobin and is thought to be derived from
the reaction of oxyhaemoglobin and hydrogen sulphide. It results in a green discolouration
of the skin because when sulfur-haemoglobin is produced it accumulates and outlines the
superficial blood vessels as decomposition progresses resulting in a green hue (Spitz,
2006). The hydrogen sulphide in the body is thought to arise from sulfur containing amino
acid degradation yielding the hydrogen sulphide gas (Gill-King, 1997). Evidence from
research speculates that one atom of sulfur binds to one molecule of haemoglobin and that
the sulfur binds to the beta-beta double bond of the phoryrin ring, rather than the iron
group and that it forms a hydroxyl thio or episulphide structure (Nichol et al., 1968). To
date, no research into using sulfur-haemoglobin as a marker for PMI has been undertaken.
Furthermore, no research into the molecular structure of this protein or the mechanism of
how the sulfur atom binds to the haemoglobin molecule in the deceased has been
ascertained. Therefore, this metabolite provides a lot of scope for further biochemical
research.

1.10 Summary
Forensic taphonomy is a growing field that requires the investigation of taphonomic
processes affecting PMI estimations. Limited research has been devoted to the taphonomy
of human remains and PMI estimations, with the exception of the Anthropological
Research Facility at the University of Tennessee which studies human decomposition and
PMI, despite the medicolegal importance of relevant studies. Researchers are starting to
identify biomarkers in mammals that may provide a fairly accurate PMI estimation
(Machaalani et al., 2010; Poloz & O'Day, 2009; Swann et al., 2010a; Swann et al., 2010b;
Tumram et al., 2011; Viinamaki et al., 2011) but relatively few biomarkers have been
identified as having potential. Much of the research on the use of bloodstream biochemical
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markers for investigating PMI was completed decades ago, providing huge scope for this
field of research to investigate further, using current biochemical methods.

1.11 Aims
The aims of this study were to better understand biochemical changes post-mortem. This
was elucidated by examining proteins, metabolites and blood cell morphology in postmortem blood from euthanised rats and piglets, and antemortem human blood stored in a
tube, using the analytical methods of mass spectroscopy enzymatic assays, protein gels and
light microscopy to identify biochemical candidates for the estimation of PMI.
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“They perished in the seamless grass,
No eye could find the place;
But God on his repealless list
Can summon every face”
Emily Dickinson

2.1 Rat euthanasia method
An ethics proposal was written and granted (Appendix 1), giving permission to euthanise
adult Sprague-Dawley, Wistar or Long Evans breed rats from the Hercus-Taieri resource
unit, University of Otago. Each rat euthanised used throughout this study weighed
between 400-600g, and none of the rats used in this study were isogenic.
Euthanasia was carried out by a qualified veterinarian and/or euthanasia qualified
personnel from the Hercus-Taieri resource unit. Each Rat was first sedated with 75mg/kg
of Ketamine and 0.5mg/kg of Domitor given as a subcutaneous injection. Once the rat was
sedated, cardiac puncture was preformed to remove 1 mL of antemortem cardiac blood
which was the control sample for the post-mortem blood experiments. The 1 mL blood
sample was collected into a 500 μL EDTA microtainer blood tube until use. After the
antemortem sample was collected, the rat was then euthanised via cervical dislocation.
This method was chosen as it is humane, unlikely to alter the blood pH and is
instantaneous so does not create a long agony period which may alter anaerobic
metabolism and effect the concentrations of the biomarkers of choice.

2.2 Pig euthanasia method
An ethics proposal was written and granted (Appendix 1), giving permission to euthanise
3-5 day old white domestic piglets from a commercial piggery, for the duration of this
study. No piglets used in this study were isogenic.
Euthanasia was carried out by a qualified veterinarian and/or euthanasia qualified
personnel from the Hercus-Taieri resource unit. Each piglet was first sedated with
20mg/kg of Ketamine and 0.2mg/kg of Domitor given as a subcutaneous injection. Once
the piglet was sedated, cardiac puncture was preformed to remove 2 mL of antemortem
cardiac blood which was the control sample for the post-mortem blood experiments. The 2
mL blood sample was collected into a 6 mL EDTA vacutainer blood tube until use. Once
the antemortem cardiac blood was obtained the piglet was then euthanised by a 20-40 mL
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air injected directly into the heart. This method was chosen as it is humane and it does not
involve significant trauma or haemorrhage to the piglet which may alter the biomarkers
measured in this study.

2.3

Blood collection

An ethics proposal was written and granted (Appendix 1), giving permission to collect
human blood from participants by the University of Otago Human Ethics Committee.
Human blood was collected by a trained phlebotomist into 5 mL EDTA blood vacutainer
collection tubes (BD). The 5 mL EDTA blood vacutainer collection tube (BD) was then
placed in a 22°C incubator (Clayson) until experiments were completed. The purpose of
the antemortem human blood in a tube was to act as a control to see if the temperature or
humidity inside the tube would alter the concentration of the biomarkers.
Rat and Piglet blood was collected by needle and syringe (BD) directly from the aorta into
clean 1.5 microcentrifuge tubes when required.

2.4

Plasma preparation

1 mL of human blood was removed from the 5 mL EDTA blood vacutainer collection
tubes (BD) and placed into a clean microcentrifuge tube when required.
500 μL of rat blood and 2 mL of Piglet blood was removed from the animal corpse and
placed into clean microcentrifuge tubes when required.
Each microcentrifuge tube was then centrifuged at 16200 g for 10 min to separate the
blood cells from the plasma. The plasma was then removed from the microcentrifuge tube
and placed into a clean microcentrifuge tube on ice for analysis.

2.5

Haemoglobin extraction from blood (Russo & Sorstokke, 1973) method

Haemoglobin was extracted from whole blood for the purpose of examining if a sulfur
molecule was attached to the porphyrin ring of haem. Whole blood was collected via
venipuncture into an EDTA blood collection tube (BD). The blood was then processed
according to the protocol of (Russo & Sorstokke, 1973). The blood was centrifuged at
16200 g for 5 min to separate the whole blood into plasma and red cells. The plasma
portion of the sample was discarded, and the red cells were then washed with 1.2% sodium
chloride solution, before being centrifuged again with the supernatant solution being
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discarded. The washing step was repeated until the supernatant solution was clear. The
red cells were then haemolysed by adding 1.2 volumes of deionised water and 0.4 volumes
of toluene and vortexing the mixture vigorously for 2 min. The mixture was then allowed
to stand overnight at room temperature to ensure that the lipid layer from the cell
membranes diffused into the toluene layer. The aqueous layer (containing the
haemoglobin) was then removed using a needle and a syringe. Care was taken to not get
any toluene into the syringe. The aqueous layer was then centrifuged at maximum for 5
min, with any precipitate being discarded. The haemoglobin was then analysed on SDSPAGE gel and processed further or stored at -16 °C until use.

2.6

Haem extraction from haemoglobin (Anson & Mirsky, 1930) method

Haem was extracted from haemoglobin and analysed via mass spectrometry to enable the
porphyrin ring to be analysed. The haemoglobin was then processed according to the
protocol of (Anson & Mirsky, 1930) with some modifications. 1 mL of haemoglobin is
added to 1 mL of 0.1 N HCL and 20 mL Acetone with 2 mL 0.1 N HCL and mixed
together. The sample is then left at room temperature for 15 min to allow the haem to
move into the acid-acetone layer, with the globin forming a precipitate. The haem acidacetone layer is then removed carefully and analysed or stored at -16°C until further use.

2.7

Production of sulfurhaemoglobin (Carrico et al., 1979) method

Reagents:

Sephadex G25 glass column (2 x 22cm)
0.1 M Potassium phosphate buffer (pH 6.0)
1 M Potassium ferricyanide
1 Crystal of potassium cyanide
Hydrogen peroxide (10 fold molar excess per haem)
Catalase (20mg/mL)
Ammonium sulphate in 1M acetate/acetic acid buffer (pH 5.0)

Haemoglobin was obtained by the protocol of (Russo & Sorstokke, 1973) as described
above, with the following exceptions, toluene was not added as described only deionised
water to lyse the cells, and once the cells had lysed the sample was centrifuged at
maximum 16200 g for 10 min to separate the haemoglobin from the cell membranes. The
haemoglobin obtained was then removed and used to make sulfurhaemoglobin.
To make sulfurhaemoglobin the protocol by (Carrico et al., 1979) was used. First,
haemoglobin was converted at 4°C into ferrihaemoglobin by passing the haemoglobin
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through a sephadex G25 column (2 × 22 cm) which was equilibrated overnight at 4°C with
0.1M potassium phosphate buffer (pH 8.2). Once ferrihaemoglobin was made the
concentration of the ferrihaemoglobin was determined using the spectrophotometer
absorption at 540nm, so that it could be reacted with 10 fold molar excess of hydrogen
peroxide per haem for 5 min at 0°C. After 5 min 20 μL of catalase (20mg/mL) was added
and left for 1 min before a 2 fold M excess of ammonium sulphate was added and mixed
rapidly. The ammonium sulphate was in a 1M acetate-acetic acid buffer of equal volume
to the volume of protein solution. After 3 min the protein solution was applied to the
column to elute the sulfurhaemoglobin through.

2.8 Blood slide preparation
10 μL of post-mortem rat blood was placed approximately 1cm from the end of a clean
glass microscope slide. A second glass spreader slide at a 25° angle was placed on the
sample slide and carefully drawn back into the drop of blood. This causes the blood drop
to spread along the edge of the spreader slide. The spreader slide, kept at the 25° angle was
then pushed forward in a firm but rapid motion over the length of the sample slide,
resulting in a thin blood smear. The slide was then left to air dry. Once dry the slide was
then stained with Wright blood stain according to the laboratory protocol by (Houwen,
2000).

2.9 Wright Blood stain
Reagents:

Sorensen’s Buffer solution, pH 6.4
6.63 g of anhydrous, potassium dihydrogen phosphate (KH2PO4)
2.56 g of anhydrous, disodium hydrogen phosphate (Na2HPO4)
1 L of deionised water (ddH2O)
Absolute methanol
Wright blood stain solution

Air dried blood slides are fixed for 30 sec in absolute methanol. Any remaining methanol
was removed by tilting the slide on to an angle and until the excess methanol runs off.
Wrights blood staining solution is then applied onto the slide for 2 min. The blood slide
must be positioned horizontally when staining. After 2 min an aliquot of Sorensen’s buffer
is added to the slide carefully without washing any stain off. The buffer and stain are then
very gently mixed without touching the surface of the blood film and then left to stand for
3 min. The blood slides are then rinsed with ddH2O for 30 sec before being left to air
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dried. Once slides were dried they were examined under a microscope or stored at room
temperature until further use.

2.10 Blood pH measurements
Blood pH was measured using a micro-electronic pH meter (ISFETCOM) Model S2K712.
Certified calibration buffer standards (ISFETCOM) were used before each pH analysis.

2.11 Humidity measurements
Humidity readings inside the incubator were made using a pen-type Thermo-hygrometer
(CE) which recorded relative humidity as a percentage.

2.12 2D-quantification assay kit (Amersham Biosciences)
The 2D-quantification assay protocol was carried out according to the manufacturer’s
instructions. This protocol involves preparing a standard curve using bovine serum
albumin (0.5-50 μg) and 1-50 μL of sample to be assayed in microcentrifuge tubes. 500
microlitres of precipitant is added to each tube, before the tube is vortexed briefly and left
at room temperature for 2-3 min. Co-precipitant is then added to each tube and vortexed
briefly before centrifuging the tube at 10 000 g for 5 min. Supernatant is removed and
disposed of leaving the pellet behind. 100 microlitres of copper solution and 400 μL of
deionised water (ddH2O) is then added to the pellet. The tubes are then vortexed briefly to
dissolve the pellet. 1 millilitre of working colour reagent is then added and mixed as
rapidly as possible before being left to incubate at room temperature for 15-20 min. The
absorbance’s of samples and the standard curve are read at 480nm, and the protein
concentration is determined from the standard curve.

2.13 Qubit protein Assay
The Qubit protein assay protocol was carried out according to the manufacturer’s
instructions. The protocol involves setting up three qubit assay tubes for the protein
standards and the number of tubes required for the samples. A working stock solution of
Quant-iT reagent is made by diluting the reagent 1:200 with Quant-iT buffer. 190 micro
litres of working solution is then added to all tubes. 10 microlitres of Quant-iT protein
standard is then added to the standard tubes and 1–20 μL of sample is then added to the
sample tubes. The tubes are then vortexed before the tubes are incubated at 22°C for 15
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min. The tubes are then read in the qubit fluorometer, which calculates the protein
concentration in each sample.

2.14 Albumin depletion from blood plasma
Albumin depletion was performed on the plasma to make visualising the lower abundant
protein spots on 2D gel electrophoresis easier by using an Acrosep blue trisacryl® M
column (PALL life sciences). The protocol was carried out according to the
manufacturer’s instructions under “manual use with a syringe”. This protocol involves
equilibrating the column with 10 column volumes of loading buffer (normal saline) and
then filling a syringe with plasma and slowly loading the plasma into the column at a rate
of 0.2 – 0.5 mL/minute. The column is then washed with 5 column volumes of normal
saline to remove any unbound proteins and plasma and the wash through collected for
analysis. Finally the bound albumin proteins are eluted from the column using 10 column
volumes of 3M sodium chloride elution buffer.

2.15 2D Clean up Kit
The plasma that had been depleted of albumin was desalted using EttanTM 2D Clean up kit
(Amersham Biosciences) as per the manufacturer’s instructions before being separated via
isoelectric focusing.

2.16 Large format Second Dimension Isoelectric Focusing
Large format 2D gel electrophoresis was used to separate the plasma proteins on the basis
of their pI and molecular weight. The plasma proteins were collected from antemortem,
48 hour and 96 hour rats kept at 22°C. Aged human plasma from an EDTA blood
collection tube (BD) was also used. The plasma was processed first to remove the high
abundant proteins and to enrich the low abundant proteins via either the Bio-Rad
ProteoMiner enrichment kit or an Acrosep blue trisacryl® M column (PALL life sciences),
before the plasma proteins were separated via isoelectric focusing.
Proteins were separated on the basis of their pI using 18 cm Immobiline DryStrip gels on
the EttanTM IPGphor isoelectric focusing system (Amersham Biosciences). Following
sample preparation with EttanTM 2D Clean up kit (Amersham Biosciences), the sample
protein pellets (0.5mg/330 μL) were resuspended in 330 μL rehydration buffer and applied
to the rehydration tray. The 18 cm Immobiline DryStrip gels (pH 3-10, non-linear) were
carefully placed on top of the sample and allowed to rehydrate overnight under mineral oil.
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Following rehydration, the DryStrip gels were gently blotted with pre-wetted
Chromatography paper (Whatman). The DryStrip gels were then placed into the manifold
of the EttanTM IPGphor isoelectric focusing system and positioned beneath the mineral oil
and pre-wetted electrode pads and placed at the cathodic and anodic ends of the gel. The
electrodes were mounted onto the electrode pads and the gels were run at 50 μA per strip
according to the running conditions shown in Table 2-1.
Table 2-1: Isoelectric focussing running conditions

Step
1
2
3
4
5
6

Voltage (V)
200
500
1000
2000
4000
8000

Time (hr)
2
3
4
3
6
7

2.17 Large Format Second dimension PAGE Gel
Following IEF with the EttanTM IPGphor isoelectric focusing system, the plasma proteins
were further separated on the basis of molecular weight using the EttanTM DALT six
electrophoresis unit (Amersham Biosciences). Large format 12% SDS-PAGE resolving
gels were cast overnight at 4°C. Following IEF, the DryStrip gels were incubated in
reduction and alkylation solution for 10 min. After 10 min the DryStrip gels were
mounted onto the SDS-Page gel and overlaid with molten (0.5% w/v) agarose solution.
Running buffer was pour into the DALT six electrophoresis unit and the gels were run
according to the manufacturer’s guidelines until the dye front reached the bottom of the gel
(~6 h).

2.18 Colloidal Coomassie Blue Staining
Two gels from 2D gel electrophoresis were stained with colloidal coomassie blue using
the protocol of (Candiano et al., 2004). This staining protocol was chosen because it has a
reported sensitivity similar to silver staining but with a wider dynamic linear range.
Following electrophoresis, gels were fixed with a solution of 10% methanol and 7% acetic
acid fixing solution for 4 hours on a large orbital shaker. The gels were then stained
overnight in the staining solution with gentle agitation at room temperature. The gels were
then rinsed in deionised water before being left to destain in 800 mL of deionised water.
Once destained the gels were stored in stabilising solution before gel images (600 dpi)
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were captured using the Image Scanner densitometer with associated LabScan software
(Amersham Biosciences) and saved in TIFF format.

2.19 Silver Staining
Two gels from 2D gel electrophoresis were stained with silver stain solution which was
mass spectroscopy compatible. Following electrophoresis, gels were fixed with a solution
of 10% methanol and 7% acetic acid fixing solution for overnight on a large orbital shaker.
The gels were then washed three times for 5 min each in 500 mL ddH2O. The gels were
then placed in 500 mL sensitising solution for 30 min. Following this the gels were
washed again three times for 5 min each in 500 mL ddH2O before being soaked in silver
stain solution for 20 min. After 20 min the gels were washed twice in 500 mL deionised
water before soaking in developing solution for approximately 10 min or until protein
spots are well developed before stopping solution was added. Once the gels were stopped
they were stored in stabilising solution before gel images (600 dpi) were captured using
the Image Scanner densitometer with associated LabScan software (Amersham
Biosciences) and saved in TIFF format.

2.20 SDS-PAGE electrophoresis gels
SDS-PAGE electrophoresis was performed using the protocol of (Laemmli, 1970). Protein
samples were loaded onto a 12.5% gel with appropriate weight markers. Gels were
electrophoresed at 180V until bromophenol blue had migrated to the bottom of the
resolving gel. Protein molecular weight markers were Precision Plus Protein TM Standards
(Bio-Rad). The standards contained protein bands of 250 kDa, 150 kDa, 100 kDa, 75 kDa,
50 kDa, 37 kDa, 25 kDa, 20 kDa, 15 kDa, and 10 kDa.
Visualisation of protein was achieved using Coomassie® brilliant blue (0.1% (w/v)
coomassie brilliant blue R-250 (Bio-Rad) in ddH2O:methanol:acetic acid (5:5:2).

2.21 LC-ESI LTQ- Orbitrap Mass Spectrometry
Protein spots from 2D gels and haem extracted from whole blood was analysed by the
Centre for Protein Research (University of Otago) using LC-ESI MS-MS. First the
samples were digested with trypsin, before being solubilised in 5% (v/v) acetonitrile, 0.2%
(v/v) formate in water and injected into an Ultimate 3000 nano-flow uHPLC-system
(Dionex) that was in-line coupled to the nanospray source of a LTQ-Orbitrap XL hybrid
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mass spectrometer (Thermo Scientific). For protein identification MS/MS data was
searched against SWISS-PROT amino acid sequence database using the Mascot® search
engine (http://www.matrixscience.com).

2.22 Blood deproteination
To prepare a protein-free sample for analysis the method by (Brandt et al., 1980) was used.
Whole blood was collected via venipuncture into a 5 mL EDTA blood collection tube
(BD). 100 micro litres of whole blood was placed into a clean microcentrifuge tube. 0.95
millilitres of 0.6 M perchloric acid was then added to the 100 μL of whole blood and
vortexed for 10 sec before being centrifuged at 16200 g for 5 min to separate the blood
cells and blood proteins from the supernatant. 0.9 millilitres of supernatant is then
transferred into a clean microcentrifuge tube along with 0.2 mL of 2 M potassium
carbonate to neutralise the supernatant. This mixture is then vortexed for 10 sec, left at
room temperature for 1 min, before being centrifuged at 16200 g for 5 min to separate any
precipitate from the supernatant. The supernatant is then removed for analysis.

2.23 Blood Lactate Assay
Blood Lactate was measured using the spectrophotometric method by Gawehn and
Bergmeyer (1974) with slight modifications. This method is based on the
spectrophotometric determination of NADH using lactate dehydrogenase to catalyse the
formation of pyruvate, coupled to the reduction of NAD+ to NADH.
All deionised water (ddH2O) used to prepare solutions was ultrapure water of
“Type 1”quality (resistivity of 18.2MΩ.cm at 25°C) prepared using a Millipore
Corporation water filtration station.
Reagents:

0.5 mg / mL NAD+ in 0.05 M Glycine Hydrazine Buffer
0.3 g glycine in 60 mL of ddH2O. pH to 9 and then make up to 80 mL
29.6 mg EDTA powder
40 mg NAD+ powder
1.25 mL Hydrazine Hydrate solution
2.5 mmol.L Lactate standard
0.12 g Lithium Lactate powder
50 mL ddH2O

{This is then diluted 1/10

0.2 mg / mL BSA (for LDH enzyme)
2 mg BSA
10 mL ddH2O
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L- Lactate dehydrogenase (L-LDH) enzyme (Roche Diagnostics)
1 mL of LDH enzyme in 10 mL BSA solution
Require 500 units per mL of BSA solution
0.6 Mol.L Perchloric acid
2.5 mL of 70% perchloric acid
50 mL ddH2O
2.0 M Potassium Carbonate
2.7 g of potassium carbonate powder
10 mL ddH2O
The LDH assay was prepared according to Table 2-2. All samples were prepared in 3 mL
plastic curvettes. The curvettes were then covered in parafilm and mixed by inversion. The
curvettes were then incubated at 30°C for 40 min before reading the absorbance in the
Ultrospec 2000 UV Spectrophometer (Pharmacia Biotech) at 340 nm. The concentration of
lactate in each sample was analysed by the standard curve. Blood lactate concentration was
always calculated with the units μmol.L-1.
Table 2-2: LDH assay reaction

Buffer
Lactate
Standard
ddH2O
Sample
LDH enzyme
Lactate Conc
(nmol.μL)
Total vol

1
2 mL
100 μL

2
2 mL
80 μL

3
2 mL
60 μL

4
2 mL
40 μL

5
2 mL
20 μL

Blank
2 mL
0 μL

Sample
2 mL
0 μL

400 μL
0 μL
200 μL
250

420 μL
0 μL
200 μL
200

440 μL
0 μL
200 μL
150

460 μL
0 μL
200 μL
100

480 μL
0 μL
200 μL
50

500 μL
0 μL
200 μL
0

0 μL
500 μL
200 μL
?

2.7 mL

2.7 mL

2.7 mL

2.7 mL

2.7 mL

2.7 mL

2.7 mL

2.24 Plasma Hypoxanthine Assay (Invitrogen)
Plasma Hypoxanthine was measured using an enzymatic Fluorescence Assay Kit, Amplex
Red® xanthine oxidase assay Kit (Invitrogen) following the manufacturer’s instructions.
This method is based on the fluorescent determination of Resorufin which is produced
when xanthine oxidase catalyses the oxidation of hypoxanthine to uric acid and
superoxide. The superoxide spontaneously degrades to hydrogen peroxide, and in the
presence of horseradish peroxidase reacts with Amplex Red® to generate Resorufin.
Reagents:

1× Reaction Buffer
4 mL of 5X reaction buffer (0.5 M Tris-HCL, pH 7.5)
16 mL ddH2O
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20 mM Hypoxanthine standard
100 μM Amplex red Working Stock solution
50 μL of 0.26 mg Amplex red reagent dissolved in 100 μL of DMSO
20 μL of 0.4 U/mL Horseradish peroxidase
20 μL of 40 mU/mL Xanthine oxidase
4.91 mL of 1× reaction buffer
The hypoxanthine assay was prepared in 96 well black bottom plates and set up in a dark
room due to the light sensitivity of the Amplex-Red®. A hypoxanthine standard curve
was prepared serially from the 20 mM hypoxanthine standard and 1× reaction buffer to
concentrations from 80 μM to 0.6 μM.
50 μL of samples, standard curve concentrations and 1× reaction buffer as a negative
control were added to separate wells of the 96 well plate. The assay reaction was
commenced by adding 50 μL of amplex red working stock solution to each well containing
samples and controls. The plate was then centrifuged for 1 min before being incubated in
the POLARstar Omega microplate reader (BMG LABTECH, Germany) at 37°C for 45
min. The fluorescence was measured at 5 min intervals using excitation at 544nm and
emission detection at 590 nm. The concentration of hypoxanthine in each sample was
determined by the standard curve once the background fluorescence was corrected for by
subtracting the negative control value from each point. Plasma hypoxanthine
concentration was always calculated with the units μmol.L-1.

2.25 Plasma Ammonia Assay (Sigma-Aldrich)
Plasma ammonia was measured using an enzymatic ammonia assay kit, (Sigma-Aldrich)
following the manufacturer’s instructions. This method is based on the spectrophotometric
determination of NADP at 340nm using glutamate dehydrogenase to catalyse the reduction
of glutamate from 2-oxoglutarate, coupled to the oxidation of NADPH to NADP. The
decrease in absorbance is proportional to the plasma ammonia concentration. Plasma
ammonia concentration was always calculated as described by the manufacturer’s
instructions.
Reagents:

Ammonia reagent powder
2-oxoglutarate
NADPH

3.4 mmol.L-1
0.23 mmol.L-1
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Ammonia control solution
Ammonia (as ammonium sulphate) 5 μg.mL-1
L-glutamate dehydrogenase solution
L-GLDH (bovine liver)
1200 U.mL
Glycerol
50% (v/v)
Phosphate buffer
pH 7.4
Ammonia assay solution was prepared by reconstituting ammonia reagent vial with 10 mL
of ddH2O. L-glutamate dehydrogenase solution and ammonia control solution are
supplied ready for use. The assay was prepared as described by the manufacturers, which
was prepared in 3 mL plastic cuvettes. A series of cuvettes were used. One cuvette was a
blank, one cuvette was an ammonia control and all other cuvettes used were for samples.
Each cuvette contained 1 mL of ammonia reagent solution. The blank also contained 100
μL of ddH2O. The ammonia control also contained 100 μL of ammonia control solution
and the sample cuvettes contained 100 μL of plasma. The cuvettes were then covered in
parafilm and mixed by inversion and incubated for 3 min at 30°C. Following incubation an
initial spectrophotometric absorbance of each cuvette versus water was completed. 10
microlitres of L-glutamate dehydrogenase enzyme was then added to each cuvette before
mixing and incubated again for a further 5 min at 30°C for the reaction to complete. A
final spectrophotometric absorbance of each cuvette was then taken. Calculations were
then determined using manufacturer’s instructions which were,
concentration = Δabsorbance sample − Δabsorbance blank × 30.3.
Where 30.3 = 1.11(mL) (vol in cuvette) × 17 (weight (μg) of 1μmol of ammonia)
6.22 (Lmol-1.cm-1) (molar coefficient of NADPH) × 0.1(mL)(vol of sample)

2.26 Plasma Uric acid Assay (Roche Diagnostics)
Plasma uric acid was measured using a Reflotron meter and uric acid strips (Roche
Diagnostics) according to the manufacturer’s instructions. This method works by oxidising
uric acid in the presence of uricase to allantoin, coupled to the reduction of oxygen to
hydrogen peroxide. The hydrogen peroxide and an indicator is then catalysed by
peroxidase into a blue dye which is measured by the meter at 642nm displaying the result.
Plasma Uric acid concentration was calculated and displayed in the units μmol.L-1.
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2.27 Blood Formate Assay
The concentration of formate in the blood was measured using the spectrophotometric
method by Triebig & Schaller (1980) with slight modifications. This method is based on
the spectrophotometric determination of NADH using formate dehydrogenase to catalyse
the oxidation of formate to carbon dioxide, coupled to the reduction of NAD+ to NADH.
Therefore, deproteination of the blood sample needed to occur prior to the assay to 1)
remove proteins that may absorb at 340nm and 2) to ensure any NADH present in the
blood has been oxidised back to NAD+ to ensure that the only NADH present is directly
from the reaction.
Reagents:

0.15 mol.L Potassium Phosphate Buffer, pH 7.5
Solution A = 2.04 g of potassium di-hydrogen phosphate (KH2PO4) in 100
mL ddH2O.
Solution B = 1.99 g of di-potassium hydrogen phosphate (K2HPO4) in 100
mL of ddH2O.
The buffer contains 14 mL of solution A and 100 mL of solution B.
42 mmol. L NAD+ Solution
278.6 mg of NAD powder in 10 mL of ddH2O.
Formate dehydrogenase (FDH) enzyme, 20 U/mL (Sigma-Aldrich)
1 mL of ddH2O
33.25 mg of FDH.
20 mmol.L Formate standard
33 μL Formate, 30M concentration
50 mL ddH2O

First a formate standard curve was prepared serially from the 20 mM formate standard to
concentrations 10 mM to 0.6 mM. All assay samples were then prepared in a 96 well plate
and were prepared as follows; 10 μL of sample or standard, 50 μL of NAD solution, 100
μL phosphate buffer, 50 μL ddH2O and 5 μL of FDH enzyme. A blank was included in
every assay conducted. The plate was then centrifuged for 1 min to ensure that all
solutions were at the bottom of the plate. The plate was then incubated at 25°C for 5 min
during which time the absorbance in the Ultrospec 2000 UV Spectrophometer (Pharmacia
Biotech) at 340 nm was measured every 30 sec. The plate reader also calculated the
standard curve. The concentration of formate in each sample was then derived from the
standard curve. Blood formate concentration was always expressed with the units
mmol.L-1.
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2.28 Blood NADH Assay
The concentration of NADH in the blood was measured using a spectrophotometric
method that measures the UV absorption of NADH at 340 nm. (Bergmeyer, 1974).

Reagents:

10 mmol.L NADH standard
25 mg NADH powder,
3.9 mL ddH2O

All assay plasma samples were prepared and carried out in a 96 well plate. A NADH
standard curve was prepared serially from a 100 mM NADH standard to the following
concentrations 10 mM to 0 mM. 100 μL of each standard was added to the 96 well plate.
100 μL of plasma obtained from each time point was also added to the 96 well plate. The
plate was then incubated at 25°C for 10 min during which time; the absorbance in the
Ultrospec 2000 UV Spectrophometer (Pharmacia Biotech) at 340 nm was measured every
30 sec. The concentration of NADH in each sample was derived from the linear part of the
standard curve.

Mass Spectroscopy Methods
2.29 Extraction of metabolites from rat plasma
The extraction of metabolites from rat plasma was completed using a specifically designed
protocol by Silas Villas-Boas (School of Biological Sciences, The University of
Auckland).
Reagents: Methanol-water solution 50% (v/v), Methanol-water solution 80% (v/v).
A 200 µL volume of plasma was placed in a 1.5 mL microcentrifuge tube with either 20
µL of d4-alanine 10 mM (internal standard) if the Methyl Chloroformate (MCF)
derivatisation protocol was used, or 20 µL of 10mM of Ribitol (internal standard) if the
Trimethylsilyl (TMS) derivatisation protocol was used. Plasma and internal standards
were vortexed before being frozen at -80 C. Once the samples were frozen they were
freeze-dried on a freeze-drier (overnight). Following the freeze drying, 500 µL of 50 %
cold MeOH:H2O was added and the samples were vortexed vigorously for 1 min before
briefly being chilled in a dry ice box. The samples were then centrifuged at 2C, 1900 g
for 5 min. The supernatant was then collected in a 15 mL Falcon tube and placed in a dry
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ice box (the supernatant contains the extracted metabolites). This extraction process was
repeated a second time except with 500 µL of 80 % cold MeOH:H2O instead of 50 % cold
MeOH:H2O, and the supernatant being pooled, with the first lot collected. 6 millilitres of
ddH2O was then added to the supernatant, it was vortexed, and then frozen in -80 C
freezer. Before freezing 200 μL of supernatant was removed and placed in a
microcentrifuge tube to be used for the direct infusion-MS analysis of hypoxanthine. The
remaining supernatant was freeze-dried overnight for derivatisation prior to GC-MS
analysis.

2.30 Direct infusion MS
Hypoxanthine standards in acidified solvent (diluted from a stock of 20 mM with
methanol) and undiluted samples in acidified aqueous methanol as described above, were
introduced into a ThermoFisher LTQ-FT mass spectrometer by means of a syringe, infused
at a flow rate of 10 µL/min. The source voltage was set to 4.0 kV and capillary voltage set
to 43V. The sheath gas was set to 8 units, the capillary temperature was 275 °C and the
tube lens voltage was 120 V. Each sample or standard was injected slowly as three
independent boluses into a 20 uL loop attached to a 6-port Rheodyne valve to fill the loop
entirely each time. This injection loop was then switched each time into a 70 µL/min flow
stream from a ThermoFisher Surveyor HPLC pump comprising a 50% aqueous acetonitrile
solution containing 0.1% Formate. The flow passed into the ThermoFisher LTQ-FT mass
spectrometer set in flow injection mode. High resolution accurate mass data in centroid
mode (<2ppm mass accuracy; 100,000 resolution at m/z 400) was collected over a mass
range of 50-500 AMU. Hypoxanthine was seen as a protonated ion at +137.04580 at 0.09
ppm mass error. Targeted MS/MS experiment was then undertaken based around isolation
of this ion in the ion trap for collision induced dissociation (CID) to generate MS/MS
fragmentation data. CID with Helium as the collision gas was optimal at a value of 50 eV.
Three daughter ions at mass to charge (m/z) 119.04, 109.97 and 94.01 were selected for
single ion monitoring under these conditions but on examination of the correlation with
concentration, only the contribution from 94 and 110 ions were added together for
hypoxanthine analysis. The combined selected ion traces for m/z 109.97 and 94.01 were
integrated over the course of each injection peak providing a direct metric for absolute
quantification of the hypoxanthine. Data were processed in Xcalibur v2.1 with the
integrated area exported for quantification. A standard curve of hypoxanthine was
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prepared over the concentrations of 0-50uM and unknown concentrations were calculated
by the peak area from the standard curve concentrations.

2.31 MCF (Methyl Chloroformate) Derivatisation Method
MCF or alkylation is the preferred derivatisation method for volatizing non-volatile
molecules such as amino acids, fatty acids, nucleotides and organic acids by adding a
methyl group to the molecule (Villas-Boas et al., 2011). This method was used to
volatilise the following biomarkers for GCMS; lactate acid and ammonia. The MCF
method is taken from (Smart et al., 2010).
Reagents:

Isotope-labelled D4-alanine 10 mM, 1M Sodium Hydroxide, Methanol,
Pyridine, Methyl chloroformate (MCF), Chloroform, 50 mM Sodium
Bicarbonate, Sodium Sulphate.

The freeze dried samples prepared in the extracted protocol above including the 20 μL d4alanine 10 mM (internal standard) was re-suspended in 400 μL of Sodium Hydroxide
(1M). Once re-suspended the solution is then transferred into a glass tube. 334 μL of
Methanol and 68 μL of Pyridine are added, followed by 40 μL of MCF before vortexing
the sample for 30 sec. A further 40 μL of MCF is added and the sampled vortexed again
for 30 sec. 400 μL of Chloroform is then added and the sample gently vortexed for 10 sec
before 800 μL of Sodium Bicarbonate (50mM) is added with a final vortex for 10 sec. The
sample is then centrifuged for 5 min at 1000 g. The upper aqueous layer is then removed
and disposed of, before a small amount of Sodium Sulphate is added to remove all water.
The remaining chloroform layer is then transferred into silanized GCMS vials. (Care must
be taken at this final step to ensure that no sodium sulphate is added to the vial). The vial
is then sealed and the sample ready for GCMS.

2.32 Trimethylsilyl (TMS) Derivatisation Method
TMS or silylation is the preferred derivatisation method for volatizing sugars and sugar
derivatives by adding a trimethylsilyl group to the molecule. This method was used to
volatilise uric acid for GCMS. The TMS method is taken from (Villas-Boas et al., 2011).
Reagents:

Isotope-labelled10 mM Ribitol, Methyoxyamine Hydrocholoride in

Pyridine (2g/100 mL), N-methyl-N-(trimethylsilyl) Trifluoroacetamide (MSTFA).
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The freeze dried samples prepared in the extracted protocol above including the 20 μL 10
mM Ribitol (internal standard) was re-suspended 100 μL of Methyoxyamine
Hydrocholoride in Pyridine. Once re-suspended the solution is then transferred into a
GCMS vial. The sample is then incubated at 30°C for 30 min. After 30 min 100 μL of Nmethyl-N-(trimethylsilyl) Trifluoroacetamide (MSTFA) and incubated for 90 min at 37°C.
After 90 min the vial is then sealed and the sample ready for GCMS.

2.33 Standards for GCMS
The following standards; lactate, ammonia, and uric acid were prepared with water. The
concentration of lactate was between 0–15mM, the concentration of ammonia was
between 0-0.25mM and the concentration of uric acid was between 0–4.2mM. These
concentrations were chosen because they were the peak concentrations that each
metabolite reached under the protein assays. Each standard mixture was freeze dried prior
to chemical derivatization.

2.34 GC-MS
GC-MS analysis was preformed with a Thermo Scientific Trace GC ultra ISQ system. The
column used for all analyses was a ZB-1701 (Zebron, Phenomenex), 30 m × 250μm i.d ×
0.15μm film thickness. 1 μL samples and standards are injected into the GC-MS under
pulsed splitless mode (entire sample swept into column and vaporised). The GC oven
temperature is initially held at 35°C for 2 min. Thereafter, the temperature is raised with a
gradient of 15°C min-1 until it reaches 180°C. The temperature at 180°C is held for 5 min.
The temperature is then raised with a gradient of 40°C min-1 until it reaches 240°C and
held for 11.5 min. Finally, the temperature is raised with a gradient of 40°C min-1 until it
reaches 280°C, where it is held for 2 min. Gas flow through the column is held constant at
1 mL of Helium per min. The GC column is equilibrated for 6 min before each analysis.
The MSD device is operated in scan mode, starting after 5 min with a mass range of 38550 AMU.
To analysis the GC-MS spectrum data, the spectrum was run through several software data
systems; Automated Mass Spectral Deconvolution and Identification System (AMDIS)
and R software (www.r-project.gov) to identify the metabolites in the samples and to clean
up and remove any false positives before data processing was undertaken. Data was
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processed in Xcalibur v2.1 with each metabolites peak area exported for normalisation and
subsequent quantification.

2.35 Computer programs
Statistical analysis was performed using R studio (www.r-project.gov). The type of
statistical analysis performed was Analysis of Varience (ANOVA) followed by a post-hoc
Tukey analysis. An ANOVA analysis examines whether there is a relationship between
groups such as metabolite concentration against a test variable such as time by calculating
an F statistic. The F statistic is a ratio that divides the mean squares of the data by the
mean squares of error. If the F statistic value is larger than 1, it indicates that there is a
difference between your groups, ie that time is having an effect on the metabolite
production. However, it is able to tell you if each time point is significant compared to the
other time points. The post-hoc Tukey analysis examines whether the relationship
between each group in the ANOVA is significant by comparing it to all the other time
points.
To examine if the difference observed occurred by chance, a probability value (p-value) is
generated. If the p-value is smaller than 0.05 it indicates that the difference observed by
the F statistic was true and is unlikely to have occurred by chance.
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“And he said, What hast thou done? the voice of thy brother's blood crieth unto me from
the ground.”
Genesis 4:10

3.1 Preface
The properties of post-mortem blood are slightly different from antemortem blood as
described in chapter 1(Section 1.4). For example, 96 hour post-mortem blood is pH is 5.0
– 5.5 versus 7.35 –7.45 antemortem. The haematocrit (HCT) which is the
proportion of red blood cells in the total blood volume, usually expressed as a percentage
is 47–78% post-mortem versus 40– 45% antemortem. Fluidity (non-coagulation) of the
blood is also increased significantly in post-mortem blood. Furthermore, blood has been
shown to flow post-mortem, due to post-mortem contraction of the left ventricle and
arteries, diffusion and rigor mortis development (Gómez Zapata et al., 1989) making it
ideal for post-mortem investigations.
The research described in this chapter sought to identify if blood pH and the morphology
of blood cells from post-mortem blood are altered linearly over time.
To examine if pH and cell morphology change post-mortem, deceased laboratory bred rats
and pig’s blood over 96 hours was examined. Both of these two animals were chosen
because of their physical and haematology similarities to humans (Drummer, 2007;
Kuzmuk & Schook, 2011; Schoenly et al., 2006).

3.2 Comparisons between rat, pig and human antemortem blood properties
The similarity between rat, pig and human blood is quite remarkable, with very slight
differences between all of these species blood properties. For example, blood pH is very
similar, i.e., 7.04–7.26 for rat (Upton and Morgan, 1975), 7.37–7.43 for pig (Harris, 1974;
Miller et al., 1961) and 7.35–7.45 for human (Marieb, 1998). Haematocrit (HCT) is also
very similar with 36–45% for rat (Upton and Morgan, 1975), 38.9–46.3% for pig (Harris,
1974; Miller et al., 1961) and 40-45% for human (Raymond et al., 1996). The
concentration of haemoglobin is very similar as well, ie 9.97–11.97 g/100mL for rat, 9–
15g/100mL for pig and 11–18 g/100mL (depending on gender) for humans (Harris, 1974;
Marieb, 1998; Miller et al., 1961; Raymond et al., 1996; Upton & Morgan, 1975).
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3.3 Blood pH Changes post-mortem
3.3.1 Background information
Antemortem blood pH is regulated to stay within the narrow range of 7.35 to 7.45, making
it slightly alkaline. Blood pH is regulated by acid-base buffers such as carbonic acid and
bicarbonate ion, which exert their influence principally through the respiratory system and
the kidneys in order to control the acid-base balance. If the blood pH is alkaline (greater
than 7.45) or acidic (less than 7) this can lead to death, so blood pH is one of the most
regulated systems in the body. In death, the body buffering system is not maintained;
therefore blood pH changes can occur.
Jetter (1959) first reported an increasing acidity of blood after death, although he does not
mention the time frame over which the blood was measured post-mortem (Jetter, 1959).
More recently, a group studying post-mortem cardiac blood taken directly from 11
individuals, showed a falling pH from 7.0 to 5.5 by 20 hours post-mortem (Sawyer et al.,
1988). These researchers also studied post-mortem blood from rat corpses over a 96 hour
period and found a decrease from 7.35 at antemortem to 5.5 by 96 hours post-mortem.
They have proposed that using cardiac blood pH can be a measure for PMI, although they
state that more research is needed into environmental factors and disease states which may
affect the pH decrease (Sawyer et al., 1988). To test whether the pH decrease in postmortem arterial blood is linear and if it could potentially be used to determine PMI, the
following experiments were undertaken.

3.3.2 Establishment of pH analysis
To measure the pH of blood, a micro-electronic pH meter (ISFETCOM) Model S2K712
was used as described in methods (Section 2.10). Certified calibration buffer standards
(ISFETCOM) were used before each pH analysis at 19–21°C.
The experiments involved using both aged human blood and post-mortem rat blood
collected from both the rat corpse and from a blood tube. Piglet blood samples were also
collected but only from the piglet corpses.
The human blood samples were collected as described in methods (Section 2.3) and placed
in a 22°C incubator with relative humidity of 32-46% for 96 hours. The experiment was
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only conducted for 96 hours to ensure that blood was being sampled rather than blood
stained decomposition fluids.
Five white laboratory Sprague-Dawley rats of at least 0.4kg were also used in the
following experiments. The rats were euthanised as described in methods (Section 2.1)
with an antemortem blood sample from each rat being obtained prior to euthanasia by
cardiac puncture. Once the rats were euthanised a 6 mL K2EDTA tube of blood was
collected from each of the two rats and placed in the 22°C incubator along with the rat
corpses.
The piglets were euthanised as described (methods 2.2) with an antemortem cardiac blood
sample collected prior to euthanasia by cardiac puncture.
At subsequent time points; 1, 3, 6, 9, 24, 32, 48, 72, 96 hours, whole blood was removed
from either the blood tube or the corpse. All time point samples were collected in
duplicates, from the human and rat blood stored in a tube. However, only one blood
sample was collected at each time point from the piglet and rat corpses, meaning that only
one pH measurement was made at each time point from each rat and piglet. Therefore, the
post-mortem pH at each time point is an average from all five rats and from both piglets.
The experiments showed that the pH of human blood and post-mortem rat blood stored in
a tube decreased very slightly compared to antemortem levels going from 7.4-7.1 (Figure
3-1). This is possibly due to two reasons. First the bicarbonate and carbonic ion buffer
systems in blood may still able to maintain blood pH in a tube since there is no glucose
store to supply fuel for anaerobic metabolism and consequently lactate accumulation as
would occur in a corpse, which is one of the main drivers for lowering pH.
Secondly, erythrocytes do not contain lysosomes (Thibodeau & Patton, 2007) so
lysosomal-based autolysis does not occur, meaning acidic cellular metabolites are also not
released rapidly to significantly lower pH as would occur in a corpse. Instead, the blood
cell membranes from blood cells stored in a tube, slowly degrade over time due the cell
membrane proteins not being maintained or replaced leading to slower cell lysis and
therefore pH decreases are much slower than it would in a corpse.
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Figure 3-1: pH of human and post-mortem rat blood stored in a tube over a 96 hour period.
Blood tubes were kept in a 22 degree incubator with relative humidity of 32-46% for 96 hours. The
average pH and standard deviations at each time point from human and rat blood are shown.

The experiments with post-mortem rat and piglet blood taken directly from the corpses
(Figure 3-2) illustrated a very obvious decrease in blood pH from 7.45-6.1 in the first 24
hours and then down to pH 5.1 over the next 3-4 days. This decrease in blood pH is most
probably related to accumulation of lactate and carbon dioxide in the plasma from body
wide cellular anaerobic metabolism. This in turn triggers autolysis, which will result in
lysed cells releasing further acidic compounds into the plasma as well as lysosomal
hydrolases, which means erythrocytes can now be degraded faster, causing more lactate to
be released and lowering the blood pH further.
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Figure 3-2: pH of post-mortem rat and piglet blood over 96 hours. Blood was taken
directly from the rat and piglet corpses stored at 22 °C with relative humidity of 32-46%
for 96 hours. The average pH and the standard deviations from all five rats and both
piglets at each time point are shown.
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3.4 Morphological changes in blood cells
3.4.1 Background information
In the early 1800’s determining time of death by observing blood crystals was first applied
in forensic medicine by the Brazilian forensic pathologists Martinho da Rocha and
Belmiro Valverde (Cengage, 2006). These blood crystals were described as being
fragmented or clustered patterns, crisscrossed and colourless, with the crystals starting to
form after the third day and remaining in the blood for up to 35 days (Cengage, 2006).
The blood crystals described in the 1800’s are most probably haematoidin or haemoglobin
crystals. Both types of crystals have been found in stationary blood and haemorrhagic
fluids when there is low oxygen concentration (Koss & Melamed, 2006). Haemoglobin
crystals result from polymerization of haemoglobin which has been phagocytosed by
leukocytes and are small but vary in size and shape (Koss & Melamed, 2006).
Haematoidin crystals are much larger than haemoglobin crystals and are composed of
haematoidin which is a bilirubin pigment formed during haemoglobin catabolism
(Brenner et al., 2001).
Experiments examining the morphological changes occurring in blood cells have been
described in the literature, with authors stating that erythrocytes remain intact but with an
altered shape within 3-12 hours post-mortem (Bardale & Dixit, 2007; Penttila & Laiho,
1981). However, none of the literature examining morphological changes occurring in
blood cells mentions blood crystals or haemoglobin or haematoidin crystals. Furthermore,
no post-mortem literature can be found on blood crystals apart from the (Cengage, 2006)
reference mentioned originally and no research has been found on whether or not such
crystals described by Martinho da Rocha and Belmiro Valverde have been examined.
Additionally, Dr Martin Sage (NZ Forensic pathologist) stated he had never heard of blood
crystals nor ever seen blood crystals in a corpse, adding further speculation to the validity
of such crystals.
Research was carried out on whether haemoglobin or haematoidin crystals are present in
the blood stream post-mortem and what morphological changes occur in erythrocytes and
whether these erythrocyte shape changes occur in a time dependent manner post-mortem.
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3.4.2 Preparation of blood slides
Two white male laboratory Sprague-Dawley rats of at least 0.3kg were used throughout
this experiment. The rats were euthanised as described in methods (Section 2.1) with an
antemortem blood sample from each rat being obtained prior to euthanasia by cardiac
puncture. Once euthanised the rats were placed in an incubator at 22°C and 200 µl of
blood was removed from each rat’s vena cava at various time points over a 96 hour time
period. Rats were chosen to use over human blood stored in a tube, because human blood
stored in a tube contains anticoagulant, which may interfere with the results.
10 μL of post-mortem rat blood from each time point was placed approximately 1cm from
the end of a clean glass microscope tube and spread as described in methods (Section 2.8).
The slide was then left to air dry. Once dry the slide was then fixed and stained with
Wright blood stain as described in methods (Section 2.9). Visual light microscopy was
used to identify cellular morphology. Changes seen in the erythrocytes were identified
with help from Dr Brent Bishop (Clinical Leader of Haematology Laboratory, Dunedin
Hospital). Results are shown in (Figure 3-3).
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Figure 3-3: Blood slides taken from rats post-mortem. Blood was collected at various time points
over 96 hours and blood smears were made. All blood smears were fixed and stained with Wright
stain. All smears are shown at × 100 magnification. Features are indicated and described in the text.
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Transformation of rat erythrocytes occurred in a very time dependent manner with;
crenation (spikes on membrane) occurring within 1 hour post-mortem (Figure 3-3).
Crenation is caused by a net movement of water out of a cell, causing the cytoplasm to
decrease in its volume. As a result the cell shrinks and forms abnormal notchings (spikes)
around its edges (Lynch, 1990; Rozenberg, 2012). However, not all erythrocytes have
crenations at 1 hour. This is probably attributed to the rate at which each erythrocyte is
able to maintain its homeostasis before metabolites accumulate both intracellularly and
extracellularly, and proteins start to denature leading to water loss through leaky cell
membranes.
By 24 hours post-mortem (Figure 3-3) shows that most erythrocytes are crenated and have
formed rouleaux (blood stacks). These are formed when the plasma protein concentration
is high, particularly fibrinogen, which interacts with sialic acid on the surface of RBCs and
allows the cell membranes to stick together (Lynch, 1990; Rozenberg, 2012). Additionally
a few ghost cells (erythrocytes which have lost haemoglobin) are also visible at 24 hours
post-mortem along with a few normal erythrocytes (Figure 3-3).
By 52 hours (Figure 3-3) shows spherocytes (small, completely circular erythrocytes) were
highly visible among the rouleaux and crenated cells. Spherocytes are formed when one or
more of the proteins of the cell membrane are damaged, this causes the blood cell to
contract to its most surface-tension efficient and least flexible configuration, a sphere
(Peles, 2004; Rozenberg, 2012). A few normal erythrocytes are also present at 52 hours
(Figure 3-3). By 72 hours the only cells visible were spherocytes with the background of
the slide being very reddened from the haemoglobin of lysed cells (Figure 3-3). The 96
hour slides are very similar to the 72 hour slides except that there are fewer spherocytes
(Figure 3-3).

3.5 Chapter discussion
The aim of the experiments presented in this chapter was to identify if blood pH and the
morphology of blood cells from post-mortem blood are altered linearly over time.

The results showed that blood pH did decrease linearly post-mortem in rat and piglet
corpses going from 7.4–5.1 over a 96 hour time period. This decrease in blood pH
supports the findings by Sawyer et al. (1988) who found that cardiac blood in post-mortem
rats decreased from 7.35 to 5.5 by 96 hours post-mortem. The rapid decrease in blood pH
52

Chapter 3 Post-mortem blood proteins
in a corpse is most likely related to the accumulation of lactate and carbon dioxide in the
plasma from body–wide cellular anaerobic metabolism. This in turn triggers autolysis,
which will result in lysed cells and lysosomal hydrolases releasing further acidic
compounds into the plasma such as hydrogen ions, phosphoric acid and even more lactate
which lower the pH even further. Since anaerobic metabolism and autolysis occur in the
first few days of death (Dix & Graham, 2000; Gill-King, 1997; Powers, 2005; Vass et al.,
1992) the decrease in blood pH is very rapid.

The pH of post-mortem rat blood and human blood stored in a tube did decrease but the
decrease was very slow decreasing from 7.4–7.1 over the 96 hour time period. This slight
decrease is most likely related to how blood cells in a tube degrade compared to how they
would degrade in a body. For example, autolysis occurs in a body due to large numbers of
hydrolytic enzymes from lysosomes being present in the plasma (see Chapter 1, Section
1.2 for full description) versus denatured protein membranes causing blood cells to slowly
leak and lyse releasing the acidic compounds such as hydrogen ions, phosphoric acid and
lactate more slowly in a blood tube.

Even though this study was able to show that blood pH does decrease fairly linearly over
96 hours and so could be used as a possible indicator for PMI blood pH is also known to
be affected by the rate of decomposition and environmental changes such as temperature,
humidity and medications (Coe, 1993; Gill-King, 1997; Powers, 2005; Vass et al., 2002)
to name a few, due to the rate at which autolysis occurs allowing the release of acidic
compounds, so using it to determine PMI should only be done with other PMI methods to
ensure that the PMI estimate is as accurate as possible. Furthermore, the decline in pH
does not continue indefinitely and pH has been shown to increase again after 4 days, the
limit of this study, due to an accumulation of ammonia and other alkaline metabolites
(Schleyer, 1963). Therefore PMI estimates would have to be made within four days if
using blood pH as a PMI indicator to be sure that the pH was decreasing, rather than
increasing again.
The results also showed that erythrocytes do change shape over time and that although no
debris was noted, most erythrocytes had lysed by the 96 hour period. Despite, the
erythrocytes changing over a time dependent manner, the variable rate at which these cells
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are changing is inconsistent at each time point regardless of temperature, therefore they
would not be a suitable method to determine PMI as they do not change linearly.
In addition, no haemoglobin or haematoidin crystals were seen on the blood slides or blood
tubes at all during the conduction of these experiments therefore, it is likely that these
crystals are not a common occurrence post-mortem. Therefore, if these crystals do form
post-mortem they are unlikely to be considered as a way to estimate PMI.
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“She's cold
Her blood is settled and her joints are stiff,
Life and these lips have long been separated,
Death lies on her like an untimely frost,
Upon the sweetest flower of all the field”.
William Shakespeare

4.1 Preface
Proteins are complex macromolecules that perform critical roles in the operation and
maintenance of a cell (Murray et al., 2006b). Each tissue type will have its own
“proteome” meaning it will have its own unique proteins which represent information on
the cellular function, as well as the phenotype of that tissue in response to genetic or
environmental changes. Protein changes in response to genetic or environmental variables
are used in medicine to identify specific physiological states or diseases. These changes
are also applicable in the field of forensic science and forensic medicine, none more so
than in PMI determination.
After death, protein levels have been shown to be more stable than those of RNA or DNA
(Poloz & O'Day, 2009) with extensive literature on the degradation of specific proteins in
an array of tissues after death (Poloz & O'Day, 2009). Data on protein degradation patterns
exist that could be useful for the estimation of early (up to 72 hours) and late (after 72
hours) PMI (Davies et al., 2005; Etievent et al., 1995; Garg et al., 2005; Geesink et al.,
2006; Hunsucker et al., 2008; Inoue et al., 1992; Jia et al., 2007; Mikami et al., 1994;
Taniguchi et al., 2001; Tavichakorntrakool et al., 2008; W et al., 1976; Wehner et al.,
1999), although to date, none of these protein markers have been adopted routinely to
determine PMI.
The research described in this chapter sought to examine total protein concentration and to
identify proteins from post-mortem blood that are altered over time to establish whether
these proteins will be suitable candidates for PMI estimations.
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4.2 Investigations into total protein concentration
4.2.1 Background
The total amount of protein in the blood had been found to be variable and not
significantly different from antemortem levels (Coe, 1974; Fekete & Brunsdon, 1974;
Uemura et al., 2008). In one study the concentration of total protein tended to increase
time-dependently but remained within the range of antemortem values (Coe, 1974;
Uemura et al., 2008) where as another study had results that were variable, making it
difficult to draw conclusions (Fekete & Brunsdon, 1974). The findings of these studies
were not what was expected, as it was anticipated that the total protein content would
decrease post-mortem due to autolysis and decomposition (Gill-King, 1997; Jia et al.,
2007; Poloz & O'Day, 2009; Powers, 2005; W et al., 1976). To determine whether the total
amount of protein in the blood did change with time and whether the concentrations
achieved remained within antemortem ranges or decreased, the following experiments
were undertaken.

4.2.2 Protein concentrations in post-mortem blood
To measure the total amount of protein present in blood two assay kits were used; a
fluorescent protein qubit assay (Invitrogen) and a colorimetric 2D-quantification assay
(Amersham Biosciences). Both of these methods were carried out according to the
manufacturer’s instructions using plasma rather than whole blood as described in methods
(Section 2.12 & 2.13). The exact methods of how these assay kits work are proprietary, so
are not explained in this thesis.
The experiments involved using post-mortem rat blood collected from both rat corpses and
from rat blood stored in a tube. Two white laboratory Sprague-Dawley rats of at least
0.4kg were used in the following experiments. The rats were euthanised as described in
methods (Section 2.1) with an antemortem blood sample from each rat being obtained
prior to euthanasia by cardiac puncture. Once the rats were euthanised a 6 mL K2EDTA
tube of blood was collected from both of the rats and placed in the 22°C incubator along
with the rat corpses.
After 1, 3, 6, 9, 24, 32, 48, 72 and 96 hours, 500 μL of blood was removed from both the
tube and the rat corpses and centrifuged to obtain the plasma as described in the methods
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(Section 2.4). Biological replicates were collected in duplicate from different rat corpses
and tubes at each time point.
The experiments showed protein in post-mortem rat blood collected from both the rat
corpses and from being stored in a tube appeared to increase over time (Figure 4-1). Both
methods gave very similar results except for the 96 hour time point (Figure 4-1). The
difference at this time point was because the qubit had difficulty detecting the amount of
protein due to the large amount of haemoglobin present in the plasma, from lysed red cells.
Figure 4-1 also demonstrates that the amount of protein in both the rat corpse and the rat
blood stored in a tube appears to remain relatively stable until the 48 hour time point when
it slowly begins to increase. It is thought that the increase from this time point on is
related to haemoglobin being released into the plasma through red cell autolysis.

Total Protein in post-mortem plasma over
time
Concentration (μg/μl)

60.00
2D quant kit rat tube 1

50.00

2D quant kit rat tube 2

40.00

2D quant kit rat 1

30.00

2D quant kit rat 2

20.00

Qubit rat tube 1

10.00

Qubit rat tube 2
Qubit rat 1

0.00
Ante

1

3

6

9

24

32

38

48

56

72

96

Qubit Rat 2

Time (Hours)

Figure 4-1:Total protein content in post-mortem plasma. Protein was measured by the 2D
quantification kit or the qubit assay. The method used and whether the blood was from the corpse or the
tube is shown along with the concentration and standard deviation.

An SDS-PAGE gel analysis was then completed to establish whether the increase seen in
the total protein assay was haemoglobin or whether all proteins in the blood were
increasing. The SDS-PAGE gels were carried out as described in the methods (Section
2.18) and samples were the plasma from rat corpse 1 and rat tube 1 with bovine
haemoglobin as a control. Fifteen micro litres of plasma from rat corpse 1 and rat tube 1 at
each time point and 15 μL of bovine haemoglobin were loaded on to the SDS-PAGE gel
for analysis. The SDS-PAGE gel results showed very clearly that the increase in total
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protein concentration was due to the haemoglobin increasing (Figure 4-2). Figure 4-2 is
representative of both the rat corpse and rat tube blood so only 1 figure has been included.
Figure 4-2 also shows that the plasma proteins appear to be decreasing as seen by the
greater number of lower molecular weight proteins in the older time points as well as the
degradation of the albumin band.

Albumin

Haemoglobin

Figure 4-2: SDS-PAGE gel of post-mortem rat plasma over 96 hours. 30
micrograms/15μL concentration of plasma from rat corpse 1 at each time point
was loaded on to the gel. Plasma proteins at different molecular weights at each
time point are shown along with the bovine haemoglobin control band. The
albumin and haemoglobin bands are indicated by the arrows.

4.2.3 Establishment of 2D electrophoresis analysis
To identify what proteins are changing over time and whether these proteins will make
suitable candidates for PMI estimations, two dimensional (2D) electrophoresis gels
followed by mass spectroscopy (MS) were completed.
Experiments involved using three white laboratory Sprague-Dawley rats of at least 0.4kg.
The rats were euthanised as described in the methods (Section 2.1) and 1mL of plasma was
obtained from each rat at antemortem, 48 hours and 96 hours post-mortem. Once the
plasma was obtained, each plasma sample was processed through an Acrosep blue
trisacryl® M column (PALL life sciences) to remove albumin and a 2D gel clean up kit as
described in the methods (Sections 2.14 & 2.15). Albumin depletion was carried out to
make visualisation of the lower abundant protein spots on 2D gel electrophoresis easier
since albumin is one of the most abundant proteins in plasma (Anderson & Anderson,
2002; Lee et al., 2006). Cleaning up of the plasma after albumin depletion was completed
to ensure that salts, metals and other impurities that may interfere with the isoelectric
focussing were removed to establish that the isoelectric focussing ran correctly.
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All 2D gels were loaded equally with 0.54 mg of protein and all gels were stained together,
ensuring equal staining.
The 2D gel spots showed a number of altered proteins between the time points (Figures 43, 4-4 & 4-5). (All other 2D gels are shown in Appendix 2).
However, 12 proteins were chosen on the 96 hour post-mortem gel (Figure 4-5) for
identification by MS because they had altered significantly, either increasing or decreasing
compared to either the antemortem (Figure 4-3) or 48 hour samples (Figure 4-4).
Four antemortem proteins were identified by MS. This was done to determine if the four
antemortem spots correlated to spots on the 48 and 96 hour gels. Spot A was thought to
correlate to spots 1 or 2, Spot B was thought to correlate to spot 5, Spot C was thought to
correlate to spot 8 and Spot D was thought to correlate to spot 12 on the 48 and 96 hour
gels. Spot A was thought to correlate to either spots 1 or 2 because these two spots could
not be differentiated from one another since they were directly adjacent to each other. The
protein spots identified are listed in (Table 4-1). Please note that some spots identified with
more than one protein, and so have more than one protein listed.
Table 4-1 Protein spots from 2D gels identified by Mass Spectroscopy.

Antemortem
gel

Letter

96 hour post-mortem gel

Haptoglobin
Haptoglobin
Prealbumin
Haemoglobin
beta subunit

A
B
C
D

Parvalbumin alpha
Thioredoxin
Carbamoyl-phosphate synthase
Carbamoyl-phosphate synthase

Spot
numbers
(↑)
(↑)
(↓)
(↓)

Ferritin-heavy chain
(↑)
Cu-Zn Superoxide dismutase, Ferritin-light chain
(↑)
Ferritin-light chain
(↑)
Haemoglobin beta subunit, Perchloric acid soluble
protein
(↑)
Haemoglobin alpha subunit, Fatty acid binding
protein
(↑)
Haemoglobin beta subunit
(↑)
Haemoglobin beta subunit
(↑)
Haemoglobin beta subunit
(↑)

1
2
3
4
5
6
7
8
9
10
11
12

Proteins identified in the antemortem and 96 hour post-mortem rat blood are listed. Symbols next to the
proteins identified on the post-mortem gel indicate whether the protein spot increased (↑) or decreased (↓)
compared to either the antemortem and 48 hour samples. The actual mass spec data of the protein
identification and e-values are shown in Appendix 6 on the CD-ROM.
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Figure 4-3: 2D electrophoresis gel of antemortem rat plasma. Proteins spots are separated
according to pH and size. The black circles indicate the protein spots that were excised and identified
by mass spectroscopy as they had altered compared to the 96 hour post-mortem gel. The spots are
labelled A-D from left to right.
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Figure 4-4: 2D electrophoresis gel of 48 hour post-mortem rat plasma. Proteins spots are separated
according to pH and size. The black circles indicate the protein spots that were compared to the 96 hour gel to
identify changes. The spots are numbered 1-12 from left to right.
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Figure 4-5: 2D electrophoresis gel of 96 hour post-mortem rat plasma. Proteins spots are separated
according to pH and size. The black circles indicate the protein spots that were excised and identified by mass
spectroscopy. The spots are numbered 1-12 from left to right.
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Table 4-1 clearly shows that antemortem spot D was the same protein as spot 12 on the 48
and 96 hour gels and that spot D/12 was identified as haemoglobin. However, spots A-C
did not correlate with the predicted post-mortem spots stated above.
Table 4-1 also shows that all proteins identified were either normally circulating blood
proteins such as haemoglobin, ferritin and haptoglobin or else they were normal circulating
antioxidant proteins such as thioredoxin and Cu-Zn superoxide dismutase made in
response to stress. The normal circulating proteins of haemoglobin and haptoglobin were
expected to change and increase post-mortem because they would be released from lysed
red cells as shown in chapter 3. Ferritin release was also expected to occur as it is a marker
for cell stress, something which dying cells should be experiencing (Cairo et al., 1995).
The production of free radicals in response to hypoxia is well documented (Killilea et al.,
2000; Majno & Joris, 1995) although how free radicals are produced and why they are
produced in hypoxic conditions is not known, but it was expected that antioxidant proteins
would be made in response to the free radicals produced in hypoxic stress (Killilea et al.,
2000).

Two proteins identified, parvalbumin and carbamoyl-phosphate synthase, were

unexpected because they are not present in the blood stream routinely. Parvalbumin is a
calcium binding albumin protein located in fast contracting muscles and the brain (Cello &
Heizmann, 1981) and carbamoyl-phosphate synthase is an enzyme involved in converting
ammonia into carbamoyl-phosphate and fuelling the urea cycle in the liver and intestines
(Van Beers et al., 1998). The presence of both parvalbumin and carbamoyl-phosphate
synthase in the bloodstream of post-mortem rats indicates that tissue breakdown is
occurring and that proteins from different tissue types such as brain and liver are released
into post-mortem blood. The fact that proteins from different tissues are being released
into the bloodstream signifies that blood does in fact “flow” post-mortem and indicates
that post-mortem organ damage is able to be measured in the bloodstream, even when that
organ such as the brain, is not close to the blood sampling sites such as the abdominal
aorta. It is possible more non-blood proteins were present on the 2D gels however, only 12
proteins were identified, not all the proteins on the gels. Furthermore, carbamoylphosphate synthase was the only protein identified in which the spots 3 and 4 appear
fainter in (Figure 4-5) than in (Figure 4-4), indicating that this protein is most likely being
degraded. All 11 other protein spots identified had darker and larger spots in (Figure 4-5)
compared to (Figure 4-4) indicating that these proteins appeared to be increasing postmortem.
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4.3

Investigations into sulfur-haemoglobin

4.3.1 Background
Sulfur-haemoglobin is thought to be derived from the reaction of oxyhaemoglobin and
hydrogen sulphide carried out by caecum bacteria (Clark et al., 1997; Dix & Graham,
2000; Gill-King, 1997; Janaway et al., 2009; Mann et al., 1990; Micozzi, 1991; Powers,
2005; Saukko & Knight, 2004; Spitz, 2006; Swift, 2006; Vass, 2001; Vass et al., 1992)
and has been documented numerously in the literature as the beginning of putrefaction.
Sulfur-haemoglobin is represented by the generation of a green coloured tinge on the
abdominal wall. The hydrogen sulphide in the body is thought to arise from sulfur
containing amino acid degradation yielding hydrogen sulphide gas (Gill-King, 1997;
Katsumata et al., 1985). Despite the large amount of literature stating that this green tinge
is the formation of sulfur-haemoglobin , the only other information about this protein is
that it can be measured in a spectrophotometer at wavelength 620nm (Carrico et al., 1979;
Katsumata et al., 1985; Nichol et al., 1968; Siggaard-Andersen et al., 1972) and can be
formed in man if exposed to high levels of sulfur or if taking sulfur drugs (Berzofsky et al.,
1972; Nichol. et al., 1968).
To date, there is no documented evidence of this protein being isolated from the
bloodstream of corpses, nor is there any documented evidence of the molecular structure
of this protein. It has been proposed by Berzofsky et al., (1972) and Nichol et al., (1968)
that the sulfur atom attaches covalently to the porphyrin ring rather than to the iron atom.
However, this has not been confirmed.
To establish if sulfur-haemoglobin could be isolated from the blood stream of post-mortem
rats and to determine what its molecular structure is and whether the concentration of
sulfur-haemoglobin increases post-mortem the following experiments were undertaken.

4.3.2 Establishment of sulfur-haemoglobin analysis
Initial experiments involved isolating haemoglobin from rat antemortem whole blood and
96 hour post-mortem blood. This was completed for two reasons the first was to ensure
that the haemoglobin and sulfur-haemoglobin proteins could be isolated from the
bloodstream. The second was so that a normal haemoglobin protein could be compared to
the sulfur-haemoglobin protein in a MS analysis. This was comparison was needed to
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ensure that the sulfur-haemoglobin isolated from the bloodstream was definitely a sulfurhaemoglobin protein.
Isolation of haemoglobin from whole blood is described in detail in methods (Section 2.5).
Once haemoglobin was isolated, the haem group was purified from the haemoglobin as
described in methods (Section 2.6) so that MS analysis could be completed. MS analysis
was carried out as described in the methods (Section 2.21)
The MS results showed that the normal mass of haem was 616 (m/z). It was expected from
the molecular structure by Berzofsky et al. (1972) that a sulfur-haem peak would be 648
(m/z) ie 616+32 (sulfur atom) since Berzofsky et al. (1972) hypothesised that the sulfur
atom attaches covalently to the porphyrin ring. However, no peak at 648 (m/z) could be
identified in the 96 hour post-mortem rat blood sample or at any mass with double sulfur
atoms (64 + 616 m/z) or triple sulfur atoms (96 + 616 m/z).
To confirm that there was sulfur-haemoglobin in the 96 hour post-mortem rat sample
analysed, scanning spectrophotometry was carried out using all the rat blood time points to
determine if any peak at 620nm could be seen.
Figure 4-6 shows a peak is visible at 620nm in each of the blood samples except the
antemortem sample, and is very prominent in the 96 hour post-mortem sample. To identify
if the peak seen at 620nm in the post-mortem blood is definitely sulfur-haemoglobin rather
than another protein absorbing at 620nm, production of sulfur-haemoglobin was
undertaken.
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Figure 4-6: Absorption spectra of post-mortem rat blood over 96 hours. The following
time points antemortem, 24 hour PM, 52 hour PM, 72 hour PM and 96 hour PM, were diluted
1/50 and scanned in a spectrophotometer from 450-700 nm wavelengths. The absorbance’s
from each time point over the following wavelengths are shown.
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To make sulfur-haemoglobin, a protocol by Carrico et al., (1979) was trialled as described
in the methods (Section 2.7). However, after five attempts to produce sulfur-haemoglobin
with assistance by an organic chemist, no sulfur-haemoglobin was able to be produced. It
was proposed that the only way to produce sulfur-haemoglobin would be to bubble
hydrogen sulphide gas through whole blood. However, due to the equipment needed to do
this safely, this option was not viable.
This meant that the protein being measured at 620nm in the post-mortem bloodstream
could not be confirmed as being sulfur-haemoglobin. Furthermore, being unable to isolate
sulfur-haemoglobin from the post-mortem rat blood samples meant that it could not be
confirmed that this was the protein creating the greenish tinge on the abdomen of
decomposing cadavers. Furthermore, research by Katsumata et al., (1985) showed that in
the bloodstream of post-mortem cadavers another green protein known as choleglobin is
also present and is also absorbed at 620nm, therefore it is hardly differentiable from sulfurhaemoglobin. This potentially means that the green tinge on the abdomen of cadavers so
often referred to as the presence of sulfur-haemoglobin may indicate choleglobin, which is
a breakdown product of haemoglobin.
In summary, because sulfur-haemoglobin was unable to be isolated from the bloodstream
of post-mortem rats establishing if this compound is actually present in post-mortem blood
and if the concentration increases over time was unable to be achieved. Furthermore,
because sulfur-haemoglobin was unable to be produced, establishing the molecular
structure of this compound was also unable to be achieved. Choleglobin was not attempted
to be made or purified since this information on this protein is also limited.

4.4

Chapter Discussion

The aim of the experiments presented in this chapter was to identify proteins from postmortem blood that are altered over time and to establish whether these proteins will be
suitable candidates for PMI estimations.
The results showed that total plasma protein does change post-mortem over a 96 hour time
frame with the total amount of protein in plasma decreasing. An exception to this decrease
was haemoglobin protein which was increasing. It is thought that this increase was related
to haemoglobin being released from red blood cells as they lysed due to hypoxia. The
decrease in total protein concentration supported this study’s hypothesis that the total
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protein content would decrease post-mortem due to autolysis and decomposition degrading
the proteins into amino acids. However, the 2D gel experiments showed that most of the
proteins identified appeared to be increasing not decreasing therefore supporting the
findings of Coe, (1974) and Uemura et al., (2008). An explanation for why the proteins
are increasing post-mortem is most likely related to tissue decomposition releasing tissue
proteins into the extracellular fluid. The probability of tissue decomposition releasing
proteins into the extracellular fluid is supported by finding parvalbumin and carbamoylphosphate synthase in the blood stream post-mortem when they are not normally located in
the blood antemortem.
These experiments also showed that a large number of proteins in the bloodstream were
altered post-mortem but identified 12 proteins which had altered significantly. Ten of
these 12 proteins were expected to be altered in the bloodstream such as haemoglobin,
ferritin and haptoglobin since they would be released by lysed red blood cells as shown in
chapter 3, but the presence of parvalbumin and carbamoyl-phosphate was unexpected
since they are not routinely found in the blood antemortem.
A benefit of having different tissue proteins such as parvalbumin and carbamoyl-phosphate
synthase being released into the bloodstream means that it might be possible to establish if
a corpse was dismembered prior or post death. However, despite parvalbumin and
carbamoyl-phosphate synthase being identified as potential PMI candidates more research
into exactly when these proteins are released into the bloodstream and if carbamoylphosphate synthase is decreasing post-mortem as the 2D gels suggest is required.
Being able to examine if the carbamoyl-phosphate synthase is actual decreasing postmortem is an important issue, because the differences observed on the gel may in fact be
due to technical variation rather than genuine sample difference. To try to ensure that the
differences observed on the gels would be genuine sample differences rather than technical
differences, all gels from the same rat at each of the three time points had the same
concentration of protein loaded, and were run and stained together from the same batch of
coomassie blue to ensure that they were as reproducible as possible. However, confirming
whether carbamoyl-phosphate synthase is actually decreasing post-mortem through an
assay would indicate if the protein differences were genuine or a technical variation.
The results investigating sulfur-haemoglobin showed that sulfur-haemoglobin is unable to
be isolated from post-mortem blood therefore unable to confirm that this protein actually
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occurs in post-mortem blood. Therefore, there is plenty of future scope to examine sulfurhaemoglobin, identify its structure, whether it is present in post-mortem blood and if so
how it is likely to be made.
Finally, these protein experiments have identified how a lot more research is required into
post-mortem blood protein analysis especially when limited knowledge is known about
what proteins are degraded or altered in post-mortem blood. Furthermore, limited
knowledge is known about when these changes in post-mortem blood occur, and if they
are altered due to external variables like temperature, which affects the rate of
decomposition.

68

Chapter 5 Blood metabolites
“For everything there is a season,
And a time for every matter under heaven:
A time to be born and a time to die…”
Ecclesiastes 3:1-2

5.1 Preface
Metabolites are intermediates of biochemical reactions and play a very important role in
connecting the many different pathways that operate within a cell. Metabolites can be both
endogenous molecules produced by the host, or they can be exogenous molecules
produced by microbes or chemicals in foods (Villas-Boas et al., 2007). Each tissue type
will have its own “metabolome” meaning it will have its own unique wide ranging
concentrations of metabolites. This is because the level of metabolites in a tissue
represents information on the cellular function, and defines the phenotype of that tissue in
response to genetic or endogenous changes (Villas-Boas et al., 2007). Therefore, because
metabolic profiles taken from body fluids should reflect the environmental changes,
changes that occur due to the death process should also be reflected in metabolite profiles.
The agonal period, supravital reactions (reactions occurring from the moment of death
until cellular functions cease), leakage from cell degradation, diffusion and decomposition
of proteins and enzymes, should all be reflected in metabolite profiles. This means that
metabolites from different body fluids can provide insights into the changing metabolic
environment in the deceased upon death.
Research has been carried out to identify metabolite markers that may be used to
determine PMI. To date, volatile organic compound formation (Statheropoulos et al.,
2005; Swann et al., 2010b; Vass et al., 2002; Vass et al., 1992) and changes in the
production of brain, urine and blood metabolites (Banaschak et al., 2005; Viinamaki et al.,
2011) have been investigated and are starting to identify biomarkers that may provide a
fairly accurate PMI estimation. The research described in this chapter sought to determine
six metabolites; lactate, hypoxanthine, uric acid, ammonia, NADH and formate from blood
and plasma that may have altered post-mortem concentrations and whether these
metabolites concentration changes may be suitable for PMI estimations. These six
metabolites were chosen to examine as PMI markers because they are either produced in
anaerobic reactions or they are likely to build up overtime, as the metabolomic pathway is
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unable to progress further, due enzymes in the pathway requiring oxygen. This research
plans to use blood taken from either deceased laboratory bred rats or aged human blood in
a tube over a period of 5 days. Once the concentrations of the biomarkers are known,
blood will be taken from pigs to establish how similar the concentrations patterns of these
biomarkers are between species, and to provide a reliable estimate on what concentrations
are likely to be in deceased human blood.

5.2

Changes in lactate post-mortem

5.2.1 Background
Normal serum lactate concentration is 0.5-2.2 mmol.L-1 and is considered entirely Llactate because D-lactate is present only as nanomolar concentrations in serum (Ewaschuk
et al., 2005). As described in chapter 1 (Section 1.8.1) L-lactate is produced in anaerobic
glycolysis from pyruvate (Figure 5-1), with red blood cells relying on this pathway to
produce most of their ATP. All other tissues only rely on this pathway during hypoxia or
ischemia. For anaerobic glycolysis to continue lactate must be transported out of the cell,
if not intracellular concentrations increase causing the pH of the cytosol to decrease, which
leads to inhibition of phosphofructokinase and hence glycolysis.
Circulating L-lactate and D-lactate are taken up by facilitated transport by a family of
monocarboxylate transport proteins (MCT's). These MCT's are known as cell lactate
shuttles and permit lactate to be oxidised to pyruvate through the actions of lactate
dehydrogenase (LDH) within actively respiring cells (Brooks, 2009). The fate of lactate in
non-respiring cells however, has been studied minimally, with most research on this being
conducted in the early 1940’s-50. As described in chapter 1 (Section 1.5.2.6) post-mortem
serum lactate levels were studied by Jetter (1959) in humans. Jetter’s results showed that
lactate increases in the blood 20-fold 1 hour after death and rose 50-70 times higher than
antemortem levels by 24 hours. No further discussion on what happens to lactate in the
blood after 24 hours was available (Jetter, 1959).
It was decided that because lactate levels are likely to be elevated post-mortem due to
lactate not being oxidised to pyruvate, this metabolite may potentially be used as a
biomarker for time of death.
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5.2.2 Establishment of lactate analysis
Initial experiments involved using both whole blood and plasma to establish if lactate was
able to be measured via the spectrophotometric method of (Gawehn & Bergmeyer, 1974).
This initial experiment needed to be carried out because spectrophotometric assays
measuring blood lactate are generally performed with plasma as was the method of
(Gawehn & Bergmeyer, 1974), and because plasma from cadavers was likely to be tainted
with haemoglobin and blood cell membranes, it was important to examine whether lactate
could be measured in whole blood.
Therefore, to measure the amount of lactate present in the blood or plasma, a
spectrophotometric method (Gawehn & Bergmeyer, 1974) was utilised with slight
modifications as described in methods (Section 2.23). This method is based on the
spectrophotometric determination of NADH using lactate dehydrogenase to catalyse the
formation of pyruvate, coupled to the reduction of NAD+ to NADH (Figure 5-1). The
kinetics of this reaction is unfavourable because the equilibrium lies on the side of the
pyruvate reduction. For that reason it was necessary to force the reaction to completion.
This was achieved by using excess NAD+, hydrazine hydrate to bind out the pyruvate and
carrying out the assay at an alkaline pH to favour lactate (Gawehn & Bergmeyer, 1974).

Figure 5-1: Formation of Lactate. Lactate dehydrogenase (LDH) catalyses pyruvate to lactate
coupled with the co-enzymes NAD+ or NADP+.

To prepare the blood samples for lactate determination, the method of Brandt et al, (1980)
using perchloric acid and potassium carbonate was utilised as described in methods
(Section 2.22). This method not only deproteinates samples but it allows any NADH in the
sample to be removed as well.
Removal of the NADH from the sample is very important as it ensures that any NADH
measured spectrophotometrically is produced directly from the formation of pyruvate,
coupled to the reduction of NAD+ in the assay, rather than because it was already present
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in the blood, providing an accurate assay result. The deproteination step ensures NADH is
removed because the perchloric acid and potassium carbonate form potassium perchlorate
which is a strong oxidiser that oxidises NADH to NAD+ (Price et al., 1977; Yang & Ma,
2005). The supernatant produced in the de-proteination step is then used in the assay
reaction. All assay reaction samples were done in triplicate.
It is to be noted that all lactate assay blood samples described throughout this chapter were
processed using the sample deproteination method of Brandt et al, (1980) described in
methods (Section 2.22) and all lactate measurements were carried out using the
spectrophotometric method of (Gawehn & Bergmeyer, 1974) as described in methods
(Section 2.23).
Initial experiments involved using human blood collected from the researcher into two 10
mL K2EDTA vacutainer that were placed on a laboratory bench and left to age at room
temperature (18-22 ° C) for 120 hours. At the following time points, 0, 24, 48, 72, 96 and
120 hours, 2 mL of whole blood was removed from one of the blood tubes. 1 mL of the
aged blood was deproteinated immediately as described above, 900 μL of aged blood was
centrifuged for 5 minutes to separate the whole blood into cells and plasma before the
plasma was deproteinated as described above. The remaining 100 μL of aged blood was
analysed by an Accutrend® lactometer (Roche Diagnostics, Basel, Switzerland) according
to the manufacturer’s instructions.
The initial experiments indicated that using both deproteinated aged whole blood or
deproteinated aged plasma did not prevent the spectrophotometric method of (Gawehn &
Bergmeyer, 1974) from being able to give a lactate concentration (Figure 5-2). This was a
great result because it indicated that plasma contaminated with haemoglobin, as in postmortem blood samples would not prevent the assay from working. Furthermore, (Figure
5-2) showed that deproteinated whole blood samples gave higher concentrations of lactate
than deproteinated plasma, so it was decided that whole blood would be used in all
subsequent experiments measuring lactate rather than plasma.
Figure 5-2 also shows that lactate measured via the lactometer increased 8 fold from time
zero by 24 hours and then remained relatively constant throughout the 120 hour period,
rather than showing the variability that the spectrophotometric assay shows. This plateau
in lactate concentration from the lactometer may be an indication that the lactometer is not
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working reliably with aged blood. However, because the spectrophotometric assay worked
well with both deproteinated whole blood and plasma, this was the method was would be
optimised for further experiments, rather than the lactometer.
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Figure 5-2: Plasma, whole blood and lactometer readings are shown at each time point. The
concentration of lactate in mmol.L-1 and the standard deviation of all three replicates at each time point
are also shown.

5.2.3 Lactate concentrations in post-mortem and aged blood.
To confirm that blood lactate levels increased in blood samples overtime, the LDH assay
was carried out using both human blood left to age and post-mortem rat blood. An ethics
proposal was written and granted, giving permission to euthanise Adult Sprague-Dawley,
Wistar or Long Evans breed rats from the Hercus-Taieri resource unit, University of Otago
for the duration of this study as described in methods (Section 2.1).
Human blood (6 mL) was collected into a K2 EDTA blood vacutainer tube left at room
temperature (18–22°C) throughout the duration of the experiment to age. It is to be noted,
that despite the day temperature being 18–22°C, at night time the temperature fluctuated
between 4 –15°C. At 0, 1, 3, 6, 9, 24, 32, 48, 72, 96 hours after collection, 100 μL of aged
blood was collected in duplicate, on three separate experiments, before being analysed.
For rat samples, the rats were euthanised using CO2 inhalation before the blood was
collected from the aorta at 0, 1, 3, 6, 9, 24, 32, 48, 72, 96 hours post-mortem. Two male
and two female rats, each weighing 0.4–0.5 kg each were euthanised to determine if
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gender made a difference to the lactate concentration. The rat corpses were placed in a
22°C incubator with relative humidity 32–46% throughout the duration of the experiments.
All blood samples were deproteinated as described in methods (Section 2.22) before being
analysed. All samples were collected in duplicate, with biological replicates from different
rat samples being collected. Lactate was measured as described in the methods.
In the human blood samples (Figure 5-3) lactate concentrations did increase overtime.
Figure 5-3 shows that by 24 hours the concentration of lactate is 15 fold higher than time
zero and that this increase was generally linear. Figure 5-3 also illustrates that by 48–72
hours the lactate level had decreased down again to approximately 10 fold higher than time
zero levels. It is possible that the decrease in the lactate at the 48 hour time point is due to
lactate being catabolised to a volatile or organic acid. Furthermore, (Figure 5-3)
demonstrates a lot of variability in the concentration of lactate measured at the same time
point. It was likely that this variability is due to the different temperatures that occurred
overnight. Therefore, it was decided to repeat the experiment, except with all the blood
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samples being kept in an incubator at 22° C.
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Figure 5-3: Concentrations of lactate in human blood kept at room temperature. The
average concentration of lactate in mmol.L-1 and the standard deviation of all triplicates
during three separate experiments conducted at room temperature over a 96 hour time
period are shown.

The repeated human blood experiments carried out in a constant temperature of 22°C
(Figure 5-4) show a different profile from the previous various room temperature
experiments (Figure 5-3), showing that temperature caused variability in the assay.
Therefore, all samples from this point on described in this thesis were kept in the 22°C
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incubator unless otherwise stated. Figure 5-4 also shows that lactate concentrations did
increase over time in human blood. However, the increase was not linear, and the lactate
concentration decreased at the 24 hour time point before increasing again. Statistical
analysis showed that the decrease at 24 hours was highly significant and correlated with
time (F = 6.135, p-value < 0.035).
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Figure 5-4: Concentration of lactate in human blood kept at 22°C with relative humidity 32–46%.
The average concentration of lactate in mmol.L-1 and the standard deviation of all triplicates during three
separate experiments conducted at 22°C over a 96 hour time period are shown. Asterisk indicates
statistically significant decrease (p-value <0.05).

To confirm if the decrease at the 24 hour time point was an enzymatic or a spontaneous
decrease, an experiment was carried out using 50 mL of 5 mmol.L-1 concentration of
lithium lactate solution mixed in water, kept in a sealed glass bottle at 22°C instead of
human blood. At the following time points, 0, 24, 48, 72 and 96 hours after preparation, 1
mL of lactate standard was removed from the bottle and deproteinated as described in
methods, before being analysed for the lactate concentration. Figure 5-5 shows that the
concentrations of lithium lactate remained fairly stable. Therefore, implying that the
decrease seen in the human blood was likely to be an enzymatic decrease rather than a
spontaneous decrease since the lithium lactate remained stable overtime (Figure 5-5).
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Lithium lactate at 22°C for 96 hours
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Figure 5-5: 5 mmol.L-1 concentration of Lithium lactate solution. Lithium lactate powder was
mixed in 50 ml of water and kept inside a glass bottle with a lid at 22°C with relative humidity 32–
46%. Each time point was sampled in triplicate with the average concentration and standard
deviations from each time point shown.

In the rat blood samples, (Figure 5-6) shows that lactate concentrations also increase postmortem with the concentration at 32 hours being 15 fold higher than antemortem
concentrations. Furthermore, (Figure 5-6) shows that this increase was reasonably linear.
However, by 72 hours post-mortem the concentration of lactate decreases down to 10 fold
higher than time zero levels. The results also indicate that the gender of the rat made no
difference to the concentration of lactate.
However, the findings of this experiment indicate that the method of euthanasia (CO2
inhalation) appears to alter the normal plasma lactate concentration (0.5–2.5 mmol.L-1) at
time zero (Figure 5-6). It is thought that this is because the rats suffer a short period (1–2
min) of hypoxia known as the anoxic period before they actually die; leading to an
increase in anaerobic metabolism, hence more lactate being produced.
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Post-mortem lactate concentration in rats
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Figure 5-6: Concentrations of lactate in post-mortem rat blood kept at 22°C with relative humidity
32–46%. The average concentration of lactate and the standard deviation from each technical blood
sample from each rat corpse euthanised by co2 inhalation at each time point is shown. The gender of each
rat is also shown in the legend.

To establish if the lactate concentration would be within normal ranges at time zero if rats
were euthanised a different way, this experiment was repeated with cervical dislocation as
the euthanasia method of choice rather than CO2 inhalation.
For the rat experiment using cervical dislocation as the euthanasia method of choice, seven
rats were euthanised instead of four. Five of the rats were male, two were female and
again the rats weighed 0.4–0.5 kg. Once the rats were euthanised as described in methods
(Section 2.1) a 10 mL K2EDTA tube of blood was collected from two rats as described in
methods (Section 2.3) Each rat’s K2EDTA blood tube and the corresponding rat corpse
were placed inside a 22°C incubator with relative humidity 32–46% for the duration of the
experiment. 1 millilitre of blood was removed from each rat and tube and deproteinated
before the assay was carried out as described in methods (Section 2.22).
The experiment using cervical dislocation (Figure 5-7) shows that the concentrations of
lactate remain within the normal range of 0.5–2.5 mmol.L-1 immediately post euthanasia
(time zero). Therefore, the remaining rat experiments described in this thesis were
conducted with rats that had been euthanised via cervical dislocation as described in
methods (Section 2.1) rather than CO2 inhalation.
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Figure 5-7: Concentrations of lactate in post-mortem rat blood kept at 22°C with relative humidity
32–46%. The average concentration of lactate and the standard deviation from each technical blood
sample from each rat corpse and tube at each time point is shown. All rats were euthanised by cervical
dislocation. Asterisk indicates statistically significant decrease (p-value <0.05).

The results from (Figure 5-7) also clearly show that the lactate concentration rises rapidly
after death from 0.5–2.5 mmol.L-1 at time zero to 6–9.5 mmol.L-1 by three hours postmortem in both rat blood in a corpse and rat blood stored in a tube. The lactate
concentration from blood in a corpse appears to remain relatively stable from the three
hour time point until 32 hours post-mortem when it decreased (6 mmol.L-1) before
increasing again at 48 hours to 8–13mmol.L-1 where it remains until 96 hours postmortem. Statistical analysis showed that the decrease at 32 hours was highly significant
and correlated with time. (F = 13.6, p-value < 0.000252).
The rat blood stored in a tube also shows that the lactate concentration remains relatively
stable from the three hour time point until 24 hours post-mortem when it decreased (6
mmol.L-1) before increasing again at 48 hours to 10 mmol.L-1 where it remains until 96
hours post-mortem.
The decrease at the 32 hour time point and the 24 hour time point in rat blood stored in a
tube appears to be the same decrease that occurs at the 24 hour time point in the human
blood left to age in a tube (Figure 5-4).
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To confirm if the concentrations of lactate in post-mortem blood are the same in both rats
and pigs, the same experiment described above was conducted except using piglets. A
further ethics proposal was written and granted, giving permission to euthanise 3–5 day
old white domestic piglets from a commercial piggery for the duration of this study as
described in methods (Section 2.2).

Two white domestic piglets (Sus scrofa domestics) that were 3 and 4 days old weighing 1.1
kg and 1.7 kg respectively were used in the following experiment. The pigs were euthanised
as described with the pig corpses being placed in a polystyrene container inside a 22 degree
incubator with relative humidity 32–46% for the duration of the experiment. At the following
time points antemortem, 1, 3, 6, 9, 24, 32, 48, 72 and 96 hours post-mortem, 2 mL of blood
was removed from each pig and frozen and kept at -20° C until all samples were collected,
before being thawed, deproteinated as described in methods (Section 2.22) and assayed
(Section 2.23). All samples collected at each time point were measured in triplicate in each
assay conducted.
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Figure 5-8: Concentrations of lactate in post-mortem piglet blood at 22° C with relative
humidity 32–46%. The average concentration of lactate and the standard deviation of the pig blood
corpse triplicate samples at each time point are shown.

The results from (Figure 5-8) clearly show that the lactate concentration rises rapidly after
death from 0.1–0.5 mmol.L at antemortem to 9–10.1 mmol.L-1 by nine hours post-mortem.
The lactate concentration appears to remain relatively stable from the nine hour time point
until 32 hours post-mortem when it slightly decreases to 8–8.5 mmol.L-1 before increasing
again at 48 hours to 9–10.1 mmol.L-1 where it remains until 96 hours post-mortem.
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Statistical analysis showed that the decrease at 32 hours was not quite significant and but
was correlated with time. (F = 6.15, p-value < 0.00869).
This profile of post-mortem lactate concentration in piglet blood is very similar to the postmortem lactate concentration obtained from rats blood in both a corpse and tube (Figure
5-8) and human blood aged in a tube (Figure 5-4). Again, the unexplained decrease at the
32 hour time point that was seen in the corpse rat blood at 32 hours, and in the human
blood and rat blood in a tube at 24 hours, is shown in the piglet blood at the 32 hour time
point as well. From these lactate concentration experiments in different mammals, it can
be predicted that post-mortem human blood will reach similar concentrations over time.

5.2.4 Effect of storage and temperature on lactate concentrations in blood
To examine if blood samples could be frozen without affecting the lactate concentration,
the following experiment was undertaken. This variable needed to be examined to
establish if the lactate assay could be completed at the end of the week with all the blood
samples, instead of having to analysis the blood immediately after it was collected, to
ensure that technical variability between multiple assays was prevented.

Three rats were euthanised as described in methods (Section 2.1). Two of the rats were
male and one was female and each of the rats weighed between 0.4–0.5 kg. Once the rats
were euthanised, they were kept inside separate ice cream containers in an incubator at 22
°C with relative humidity 32–46% for the duration of the experiment.
1.2 mL of blood was removed from each rat before being split in half and either being
deproteinated and then analysed immediately or frozen and stored at -20 °C for 1 week
before being assayed as described methods (Section 2.20). All time points from each rat
were analysed in triplicate (Figure 5-9) shows that using blood samples that were frozen
prior to analysis made very little difference to the concentration of lactate that was
detected. Therefore, this finding shows that blood samples could be collected and stored
frozen until all time point samples were collected and then analysed together, in one large
assay.
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Figure 5-9: Comparison of post-mortem rat lactate concentrations analysed immediately and after
being frozen for 1 week. The average concentration of lactate and the standard deviation of the sample
triplicates at each time point from each rat are shown. Blue bars are lactate concentrations determined
immediately and red bars are lactate concentrations determined after being frozen.

The physical principle known as Van’t Hoff’s rule, or the rule of ten, states that the
velocity of chemical reactions increases two or more times with each 10°C rise in
temperature (Gill-King, 1997). A deviation in the body’s ambient temperature to warmer
or cooler surroundings will affect cellular metabolism by affecting the enzymes that
catalyse reactions within the body. Because it was shown previously that temperature
altered the lactate profile, it was decided to examine the lactate concentration in postmortem rat blood at a constant 4°C rather than 22°C to see if the concentrations of lactate
were delayed at reaching peak concentrations of 10–13 mmol.L-1 as shown in (Figures 54, 5-7, and 5-8.) This experiment was carried out exactly the same way as the 22 degree
experiments, except that the rat corpses were placed on a laboratory bench inside an ice
cream container in a 4 degree cold room, for the duration of the experiment.
Figure 5-10 clearly illustrates, that the rises in lactate concentrations are delayed at 4° C
when compared to the 22° C. It took between 6–9 hours for the lactate concentration to
increase, where it only took between 1–3 hours for the lactate concentration to rise in rat
blood that was kept at 22°C. Therefore, these results support the “rule of ten”. Once the
concentration of lactate started to rise, the concentrations remained very similar to the
concentrations seen in the rat blood kept at 22°C (Figure 5-7) and reached the same peak
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concentration between 8–13mmol.L-1 at 48 hours as well as showing the same decrease at

Lactate concentration (mmol.L-1)

the 32 hour time point (Figure 5-10).
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Figure 5-10: Concentrations of lactate in post-mortem rat blood at 4°C. The average
concentration of lactate and the standard deviation of the sample triplicates at each time point from
each rat are shown.

5.2.5 Discussion on Lactate.
The results of the experiments examining lactate as a PMI marker showed that the
concentration of lactate does increase post-mortem, reaching a maximum concentration of
10–13 mmol.L-1 by 9–24 hours post-mortem. The results also show that the concentration
of lactate remains relatively stable after 9 hours except for a slight decrease in
concentration at 24 hours in human and rat blood stored in a tube, or at 32 hours in postmortem rat and piglet blood. The experiments also showed that this slight decrease in
lactate concentration appears to be an enzymatic decrease. The reason for this decrease is
unknown; it was discussed with two professors of forensic biochemistry who research
decomposition, Dr Shari Forbes and Dr Simon Lewis, who also asked forensic
microbiologists what might be causing this, but to date, there was no explanation. It was
thought that this decrease might be related to either blood pH or the presence of microbes
in the samples. However, the blood pH at each time point was different between humans
and the other species (Chapter 3, Section 3.2.2) and no microbes were thought to be
present in the human blood sample since the participants were healthy with no known
infections, indicating that it was unlikely either of these that were causing the decrease.
However, to establish if bacteria were present in the blood, human blood stored in a tube
and post-mortem rat blood collected at different time points (antemortem, 24, 48, 72 and
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96 hours) were plated onto blood agar plates and incubated for 3 days in a 37 degree
incubator. No bacterial growth was found on these blood agar plates, thus providing
further support that the post-mortem samples were free from bacteria and unlikely to be
causing the decrease at the 32 hour time point.
One possibility for this decrease is that is it related to dilution from cell lysis. For
example, the lack of ATP required for the functioning of the Na+/K+ pump on cell
membranes causes sodium to accumulate intracellularly accompanied by an osmotic gain
of water causing cell swelling, which eventually leads to cell lysis (Cotran et al., 1994).
Once the cells have lysed the cellular contents are leaked into the extracellular fluid. This
would then mean that there would be a slight dilution effect as the water from the cells
would accompany the lactate into the bloodstream. The increase in lactate again after this
time point i.e. 48 hours, is possibly due to two reasons. The first possibility is the increase
is from gut bacteria generating lactate from glucose. This is because 48 hours is the time
point at which putrefaction becomes obvious in both the rats and piglets (see Appendix 3)
and the time point that most white cells have degraded (Dokgöz et al., 2001; Penttila &
Laiho, 1981), therefore after 48 hours microorganisms can invade the tissues without being
stopped. The second possibility for the increase in lactate after 32 hours is that any
remaining red blood cells and tissues will continue to carryout anaerobic glycolysis until
intracellular enzymes denature and substrates run out, therefore large amounts of lactate
may still be being produced in tissues other than blood.
In addition, the piglet, rat and human blood aged in a tube show very different findings
from the results of Jetter (1959) who found that the concentration of lactate in the blood
post-mortem increased 20 fold 1 hour after death and rose 50–70 times higher than
antemortem by 24 hours. The reason for this difference is not obvious.
The lactate experiments also showed that temperature has an influence on the
concentration of lactate produced over time, with higher temperatures producing greater
concentrations of lactate at earlier time points. Furthermore, the lactate experiments
showed that storage had no effect on the concentration of lactate if the plasma samples
were frozen and then analysed one week later or if the samples were analysed
immediately. Therefore, knowledge of the surrounding temperature that deceased remains
were found in becomes a very important variable to consider if measuring lactate postmortem.
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Finally, these results indicate that lactate will not be a reliable marker for an accurate PMI
estimation over the early post-mortem period because the concentration profile is
relatively stable after 9 hours meaning estimations made from this marker cannot be
deduced after this time point.

5.3 Changes in hypoxanthine post-mortem
5.3.1 Background
Hypoxanthine is a purine base which is an intermediate in Adenosine triphosphate (ATP)
catabolism (Figure 5-11). Hypoxanthine is oxidised by xanthine oxidase in the presence of
oxygen to uric acid which is the end product of purine metabolism in man (Boulieu et al.,
1983).

Figure 5-11: Metabolic pathway of hypoxanthine production. The enzyme xanthine oxidase converts
hypoxanthine to xanthine and then uric acid using oxygen and water as a cofactor. In humans the uric acid is
then excreted under normoxic conditions.

Xanthine oxidase in mammals is present mainly in the liver and the small intestinal
mucosa. Therefore because there is no xanthine oxidase in the blood, the end product of
nucleotide catabolism in the blood is hypoxanthine rather than uric acid. The normal
concentration of hypoxanthine in blood is 0.5–11.0 μmol.L-1 (Harkness, 1988; Saugstad,
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1975) even though free purines are reconverted to their corresponding nucleotides through
salvage pathways. In mammals, purines are salvaged by two different enzymes (Figure
5-12). Adenine Phosphoribosyltransferase (APRT) which mediates AMP formation, and
Hypoxanthine-guanine phosphoribosyltransferase (HGPRT) which catalyses the
analogous reaction for both hypoxanthine and guanine (Richette & Bardin, 2010).

Figure 5-12: Purine Salvage pathway in mammals. The enzyme hypoxanthine-guanine phosphoribosyl
transferase (HGPRT) salvages hypoxanthine to inosine monophosphate (IMP) and guanine to guanosine
monophosphate (GMP). In a similar salvage pathway, adenine phosphoribosyl transferase (APRT) converts
adenine to adenosine monophosphate (AMP). Reprinted from (Richette & Bardin, 2010) with permission
from Elsevier, Copyright (2010).

In erythrocytes, the salvage pathway plays an important role in purine metabolism because
these cells are unable to synthesize purines de novo. Normally 90% of the hypoxanthine
formed in cells is reutilised through the salvage pathway forming IMP. However, for the
HGPRT enzyme to work, ATP is required, so this pathway is inhibited in hypoxia and
death. Therefore, increased concentrations of hypoxanthine should be expected because of
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the inhibition of the purine salvage pathways. Correspondently, hypoxanthine may be able
to be used as a potential biomarker for time of death.
Previous research on tissue hypoxia (Section 1.5.2.7), showed that the hypoxanthine
concentration in plasma increases in both humans and animals linearly for the first 24
hours after death (Poulsen et al., 1990b; Rognum et al., 1991; Saugstad, 1975; Saugstad,
1988; Saugstad et al., 1982), but no information about what happens to the hypoxanthine
concentration after 24 hours. The following experiments were performed to determine
what concentration plasma hypoxanthine reaches post-mortem and whether the
concentration of hypoxanthine increases after the first 24 hours.

5.3.2 Establishment of hypoxanthine analysis
Plasma hypoxanthine was measured using a hypoxanthine enzymatic fluorescence assay
kit, following the manufacturers’ instructions as described in methods (Section 2.24). This
method is based on the fluorescent determination of resorufin (Figure 5-13). Resorufin is
produced when xanthine oxidase catalyses the oxidation of hypoxanthine to uric acid
coupled to the production of hydrogen peroxide. The hydrogen peroxide in the presence of
horseradish peroxidase (HRP) reacts with amplex red to generate a red coloured
fluorescent molecule called resorufin.

Figure 5-13: Production of Resorufin. Xanthine oxidase catalyses the oxidation reaction of hypoxanthine to
uric acid coupled to the production of hydrogen peroxide, which in the presence of horseradish peroxidase reacts
with amplex red to generate resorufin.

Initial experiments involved using both human plasma and whole blood to establish if
whole blood could be assayed.
Human blood was collected from the researcher into two 10 mL K2EDTA vacutainers that
were placed in a 22°C with relative humidity 32–46% and left to age over a 96 hour time
period. At 0, 1, 3, 6, 9, 24, 32, 48, 72 and 96 hours post-mortem, 2 mL of whole blood was
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removed from one of the blood tubes before being split in half. 1mL of blood was
centrifuged immediately to obtain plasma. The plasma was then analysed via the AmplexRed® hypoxanthine assay. The remaining 1mL blood sample was analysed whole via the
Amplex-Red® hypoxanthine assay kit according to the manufacturer’s instructions.
In the initial experiments, no resorufin was detected for whole blood, indicating that whole
blood could not be used to measure hypoxanthine. This may have been because a
peroxidase enzyme Peroxiredoxin 2, which is present in red blood cell membranes, may
have been reducing the hydrogen peroxide, which is needed for the fluorescent data to
occur. The plasma samples did detect resorufin data including the 72 and 96 hour samples.
Therefore, indicating that plasma was the blood component of choice to measure the
hypoxanthine concentration over time in the blood stream.
To try to keep all the processing of the blood the same throughout the duration of this
research project, the above experiment was repeated except that deproteination of the
plasma samples was performed using the deproteination method of Brandt et al, (1980) as
described in methods (Section 2.22). The results with the deproteinated plasma showed
concentrations of hypoxanthine that were high (39.6– 64.7 μmol.L-1 for time zero
samples), which was outside the normal reference range of expected values of
hypoxanthine in the blood (0.5–11 μmol.L-1 for time zero samples). It is likely that the
apparent high concentrations were because perchloric acid produces free radicals (OH-),
which in the presence of horseradish peroxidase react with amplex red to generate
resorufin, resulting in greater fluorescence, therefore generating higher values when
analysed.
Deproteination using both 20% Trichloroacetic acid (TCA) and ice cold acetone were then
trialled. However, both methods of deproteination did not improve the assay. For
example, the assay requires pH 7 to work correctly and trying to neutralise the TCA or the
acidic (post-mortem) acetone plasma was problematic as the volumes of buffer required to
neutralise were double or triple the volume of deproteinated plasma. This made the
concentrations of hypoxanthine present in the samples very low due to dilution and
therefore below the sensitivity of the assay. It was then decided that untreated plasma
would be used, rather than deproteinated plasma for all the hypoxanthine assays, since
untreated plasma worked well in the initial experiment.
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5.3.3 Hypoxanthine optimisation
To optimise the Amplex-Red® assay for the purpose of the measuring hypoxanthine in
post-mortem plasma the following experiments were carried out using both rat plasma
post-mortem and human blood left to age.
Human blood (6 mL) was collected from the researcher as described in methods (Section
2.3) and left to age in a 22° C incubator with relative humidity 32–46%. Three blood
samples were collected from the researcher; each 6 mL sample was collected 1 week apart.
Over a 96 hour time period blood was removed from each tube at 0, 1, 3, 6, 9, 24, 32, 48,
72, 96 hours after collection. 200 μL of aged blood was removed in duplicate from the K2
EDTA blood vacutainer at each time point before being centrifuged to obtain plasma for
analysis.
For rat samples, six laboratory Sprague-Dawley rats of at least 0.4kg were euthanised as
described in methods (Section 2.1). The rat corpses were then placed in a 22°C incubator
with relative humidity 32-46%. At 0, 1, 3, 6, 9, 24, 32, 48, 72, 96 hours, 500 μL of blood
was removed from each rat corpse and centrifuged to obtain plasma for analysis. All
samples were collected in duplicate, with biological replicates from different rat samples
being collected.
The human blood experiments showed that the concentration of hypoxanthine decreased
over the first 24 hours before slowly increasing from 24 to 96 hours. However, the
increase after the 24 hour time point remained within the normal range of 0.5–11 μmol.L-1.
The decrease in concentration was an unexpected result based on the biochemical
production of how hypoxanthine is formed (Figure 5-11 & Figure 5-12) and because
previous studies looking at hypoxanthine concentrations in post-mortem plasma from
sudden infant deaths (SIDS) and blood from hypoxic pigs found plasma hypoxanthine
concentrations increased hugely from 25–103 μmol.L (Harkness, 1988; Poulsen et al.,
1990a; Poulsen et al., 1990b; Rognum et al., 1991; Saugstad, 1975; Saugstad, 1988;
Saugstad et al., 1982).
The rat experiments showed that the concentration of hypoxanthine was variable over
time, with three rats showing an increase and three rats having concentrations that
remained with the normal range of 0.5–11 μmol.L-1. To establish why the rat
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hypoxanthine concentrations were inconsistent and why the human hypoxanthine
concentrations decreased, further experiments were completed to investigate whether the
assay was measuring hypoxanthine reliably or whether compounds in the untreated plasma
were interfering or quenching the assay fluorescence.
To examine these factors an assay was carried out using two hypoxanthine standard
curves. One standard curve was made up with serial dilutions of 40 μmol.L-1
hypoxanthine mixed into 4 day old rat plasma. The other standard curve was made up
according to the manufacturer’s instructions, which were serial dilutions of 40 μmol.L-1
hypoxanthine mixed into 1× reaction buffer as described in methods (Section 2.24).
Both standard curves were loaded into a 96 well plate and assayed according to the
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manufacturer’s instructions as described in methods (Section 2.24).
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Figure 5-14: Hypoxanthine standard curve. Serial dilutions of 40μmol.L-1 concentration of
hypoxanthine were made up in both plasma and buffer. The standard curves were then analysed by
Amplex-Red® assay. The fluorescence at 590 nm of each concentration are shown after the assay
was run for 30 min.

Figure 5-14 shows that something in the plasma appeared to be quenching the fluorescence
or inhibiting the enzyme as the amount of fluorescence detected in each plasma
concentration was significantly lower than the fluorescence measured in the same
concentration of hypoxanthine that was made up in buffer.
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To examine if anything in the untreated plasma might be causing this quenching, an
absorbance spectrum of human untreated 6 day old and fresh untreated plasma was carried
out to check for any peaks that may show that something is absorbing in the range of the
Amplex-Red® fluorescence measurements. The absorbance wavelengths chosen were
500-650nm since the Amplex-Red® assay emission is measured at 590nm and excitation
measured at 544nm.
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Figure 5-15: The absorbance spectra of fresh plasma and 6 day old aged plasma. The absorbance
scanning trace between 500 and 650nm for both samples are shown. Arrow indicates the small peak
seen in the fresh plasma that may interfere with the fluorescence assay. Six day old human plasma
shows the classic oxyhaemoglobin peaks at 525 and 580 due to haemoglobin contamination, therefore
any interfering molecules are unable to be visualized.

Figure 5-15 shows that in fresh plasma a small peak is present at approximately 580nm. It
is this small peak that is most likely the cause of the fluorescence quenching in the amplex
assay, since it appears to be absorbing between the wavelengths required for the excitation
and emission of the Amplex-Red® reagent. This same small peak was unable to be
examined in the 6 day old aged sample because of haemoglobin contamination, meaning
that the oxyhaemoglobin absorbance peaks at both 525 and 580nm prevent the
visualisation of the small “interfering” peak at 580nm.
A literature search was unable to provide any clue as to what this “interfering” molecule
may be. This meant that removal of it would not happen since it was not known what this
molecule was and because deproteination of plasma interfered with the assay.
An experiment was then trialled to see if running the Amplex-Red® assay for longer than
the manufacturer’s instructions of 30 min would help to overcome the quenching issue.
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This experiment was carried out using the standard curve prepared previously in 4 day old
rat plasma, using the same protocol described in methods (Section 2.21) with the exception
of running the assay for 60 min instead of 30 min.
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Figure 5-16: Hypoxanthine standard curve. Serial dilutions of 40μmol.L-1 concentration of hypoxanthine
were made up in both plasma and buffer. The standard curves were then analysed by Amplex-Red® assay.
The fluorescence units of each concentration are shown after the assay was run for 60 min.

Figure 5-16 shows that if the assay is run for longer than 30 min then the “interfering”
molecule does not seem to have an effect as the fluorescence units of hypoxanthine in
plasma and buffer are the same. Therefore, the remaining hypoxanthine experiments
described in this thesis were conducted with the assay being run for 60 min instead of 30
min. Furthermore by using standards made up in plasma, the concentrations obtained from
the standard curve will be normalised to a plasma only control standard. This means that if
any quenching was occurring, it would be happening to the standards as well, so should
not affect the hypoxanthine concentration calculations.

5.3.4 Hypoxanthine concentrations in post-mortem blood.
To confirm if blood hypoxanthine levels actually increase in post-mortem and aged blood
samples the Amplex-Red® assay was carried out using rat plasma post-mortem and human
blood left to age.
Human blood (6 mL) was collected from two participants as described in methods (Section
2.3) before being left to age in a 22°C incubator with relative humidity 32–46%. Over a 96
hour time period 200 μL of blood was removed from each tube at the following times (0,
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1, 3, 6, 9, 24, 32, 48, 72, 96 hours after collection) before being centrifuged to obtain
plasma for analysis. Each time point was measured in triplicate.
For rat samples, five laboratory Sprague-Dawley rats of at least 0.4kg were euthanised as
described in methods (Section 2.1). The rat corpses were then placed in a 22°C incubator
with relative humidity 32–46%. At 0, 1, 3, 6, 9, 24, 32, 48, 72, 96 hours, 500 μL of blood
was removed from each rat corpse and centrifuged to obtain plasma for analysis as
described in methods (Section 2.4). All samples were collected in duplicate, with
biological replicates from different rat samples being collected. The hypoxanthine assay
was carried out as described in the methods (Section 2.21) with the concentration being
derived from a hypoxanthine standard curve run in parallel with the assay.
The aged human blood samples (Figure 5-17) showed that the concentration of
hypoxanthine remained relatively stable from antemortem to 9 hours post-mortem before
the concentration became undetectable by 24 hours. The concentration then started to rise
again at 48 hours and continued to rise until 96 hours post-mortem, where it reached the

Hypoxanthine concentration
(μmol.L-1 )

peak concentration 18 µmol.L-1 (Figure 5-17).
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Figure 5-17: The hypoxanthine concentration in human plasma. Human plasma was kept in a tube for
96 hours at 22°C with relative humidity 32–46%. The average concentration of hypoxanthine and the
standard deviation of all technical replicates at each time point are shown.

The hypoxanthine concentration was expected to increase continuously over the 96 hour
period due to inhibition of the purine salvage pathways requiring ATP, not decrease.
Therefore, why the hypoxanthine decreases or becomes undetectable in the plasma of aged
human blood for the first 24–32 hours before increasing rapidly, is not known. In the rat
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plasma samples, (Figure 5-18) demonstrates that the concentration of hypoxanthine
increase steadily from less than 0.2–2 μmol.L-1 at antemortem to between 4–16 μmol.L-1
by 24 hours before reaching a maximum concentration between 8–16 μmol.L-1 by 32 hours
before decreasing and becoming undetectable by 72 hours.
The increase supports the findings of Poulsen et al, (1990a), Rognum et al, (1991) and
Saugstad (1975) who also described that elevated hypoxanthine concentrations were found
in plasma from hypoxic tissues, despite none of these researchers using rats. However,
(Figure 5-18) also illustrates that the concentration of hypoxanthine is significantly

Hypoxanthine concentration (μmol.L-1 )

variable between rats at each time point. i.e. 4–16 μmol.L-1 by 24 hours.
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Figure 5-18: The hypoxanthine concentration in post-mortem rat plasma. Rat plasma was collected
directly from rat corpses over 96 hours at 22°C with relative humidity 32–46%. The average
concentration of hypoxanthine and the standard deviation of all technical replicates at each time point
from each rat are shown.

To examine if concentrations of lactate in post-mortem piglet blood are similar to rats or
humans the same experiment described above was conducted except using piglets.
The same two piglets used in the lactate experiments were used in the hypoxanthine
experiments. At antemortem, 1, 3, 6, 9, 24, 32, 48, 72 and 96 hours post-mortem; 2 mL of
blood from each pig was removed and centrifuged to obtain the plasma as described in
methods (Section 2.4) for analysis. The plasma was frozen and kept at -20° C until all samples
were collected, before being thawed, and assayed as described in methods (Section 2.24). All
samples collected at each time point were measured in triplicate during the assay.
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The results (Figure 5-19) show that the plasma hypoxanthine concentration increases
rapidly and linearly after death from 1.7–7µmol.L-1 at antemortem to 6.5–7.5 mmol.L-1 by
96 hours post-mortem. The hypoxanthine findings in piglets supports the literature
findings of Poulsen, et al., (1990a), Rognum, et al., (1991) and Saugstad (1975) who also
described elevated plasma hypoxanthine findings in hypoxic tissues from both pigs and
humans. (Figure 5-19) also shows a decrease at the 32 hour time point as was seen for
lactate. Statistical analysis showed that the decrease at 32 hours was highly significant and

Hypoxanthine concentration (μmol.L-1)

correlated with time (F = 47.75, p-value < 0.00532).
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Figure 5-19: Concentrations of hypoxanthine in post-mortem piglet plasma. Piglet plasma was
collected directly from piglet corpses kept at 22° C with relative humidity 32–46%. The average
concentration of hypoxanthine and the standard deviation of the sample triplicates at each time point
from each piglet are shown. Asterisk indicates statistically significant results (p-value <0.05).

The piglet plasma hypoxanthine profile (Figure 5-19) is very different from both the rat
plasma (Figure 5-18) and the human plasma (Figure 5-17) aged in a tube. The rat plasma
hypoxanthine concentrations were variable at each time point where both the human and
piglet plasma hypoxanthine concentrations were not. The variability in rat hypoxanthine
concentrations indicates that rats may have different isoforms of xanthine oxidase in their
tissues which metabolise hypoxanthine at different rates, where humans and piglets do not.
Figure 5-19 also shows that the hypoxanthine concentration at each time point increased
linearly for the whole 96 hours in the piglet plasma, where the hypoxanthine concentration
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decreased for the first 24–32 hours in human plasma before it increased. In rats the
hypoxanthine concentration profile was different again, where the concentration increases
for the first 32 hours before becoming undetectable by 72–96 hours post-mortem.
Figure 5-19 also shows that the concentration of hypoxanthine is 1000 times higher than
the concentrations seen in post-mortem rat plasma (Figure 5-18) and human plasma in a
tube (Figure 5-17).
These results from the different species confirm that the hypoxanthine concentration in
post-mortem plasma does increase post-mortem. However, the concentrations obtained are
very different indicating that it cannot be estimated what concentration hypoxanthine
would reach over 96 hours post-mortem in human plasma. Further research is required into
why hypoxanthine concentrations vary between species.

5.3.5 Discussion on Hypoxanthine.
The results of the experiments examining hypoxanthine as a PMI marker showed that the
concentration of hypoxanthine does increase in post-mortem plasma however, the plasma
concentration between different mammals over the 96 hour time period varies. The
hypoxanthine concentration in rat plasma varied the most, showing large variability
between rats at the same time point. One possible reason for this variability is because rats
have a high concentration of lung xanthine oxidase, humans and pigs do not. Lung
xanthine oxidase is able to diffuse into the bloodstream where it clears hypoxanthine
rapidly from the plasma even in severe hypoxia (Al-Khalidi & Chaglassian, 1965;
Saugstad, 1988). Therefore, experiments looking at hypoxanthine concentrations in rat
blood in a tube need to be under taken to examine if this hypothesis is supported.

Previous experiments conducted to measure hypoxanthine in the blood stream from
different species showed that in rats hypoxanthine can be very difficult to detect and
interpret due to the rate at which the lung xanthine oxidase is activated and diffuses into
the plasma (Al-Khalidi & Chaglassian, 1965; Saugstad, 1988). For example, xanthine
oxidase is synthesised as xanthine dehydrogenase and this form accounts for about 90% of
the enzyme activity in non-hypoxic tissues (Engerson et al., 1987; Roy & McCord, 1983;
Saugstad, 1988). During hypoxia or death xanthine dehydrogenase is converted to xanthine
oxidase by hypoxia triggering the release of high calcium concentrations to accumulate
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intracellularly (Engerson et al., 1987; Roy & McCord, 1983; Saugstad, 1988). The high
calcium concentration is thought to activate a protease that cleaves the xanthine
dehydrogenase into xanthine oxidase (Engerson et al., 1987; Roy & McCord, 1983;
Saugstad, 1988). It is thought that the rate of this enzyme conversion in the lung may cause
the variability in the post-mortem rat plasma concentrations seen in this study.
The speed that xanthine dehydrogenase is converted to xanthine oxidase is also thought to
be a possible reason for the decrease in the first 24–32 hours seen in human plasma aged in
a tube. This is because it may take 24–32 hours for blood cells to use all of the oxygen
present in the bloodstream since the blood was collected from participants who were not
hypoxic, before enough xanthine oxidase in the liver or intestine is produced, diffused into
the bloodstream and starts to produce hypoxanthine. Furthermore, if the rate of xanthine
dehydrogenase conversion is the reason for the decrease seen in the human blood
examined in this study, then it may be possible to predict that the concentration of
hypoxanthine in post-mortem human plasma is likely to mimic that found in piglet plasma
since piglet plasma increased linearly when the blood was collected from a deceased
animal whose purine metabolism is thought to be the same as a human being.
The post-mortem piglet plasma hypoxanthine concentration showed a highly significant
decrease at the 32 hour time point as was seen for lactate. As mentioned in the discussion
on lactate it is thought that this decrease is related to dilution from cell lysis because of a
failing Na+/K+ pump on cell membranes. It is thought that this hypothesis hold true for
hypoxanthine concentration as well.
Finally, as stated previously the post-mortem piglet hypoxanthine concentrations were
1000 times greater than the rat concentrations and human blood in a tube concentrations.
The difference between the piglet and rat can be explained by the presence of rat blood
containing lung xanthine oxidase which has been shown to clear hypoxanthine rapidly
from the bloodstream, therefore explaining the lower concentrations seen in the rat blood.
One possible explanation for the difference in the human and piglet blood concentrations
may be the amount of xanthine oxidase present in the bloodstream. This is because
xanthine oxidase is released from the intestines and liver during hypoxia therefore, because
human blood in a tube would only have a very small amount of xanthine oxidase present
since the participants who gave blood were alive, the amount of xanthine oxidase would
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have been very limited unlike the piglet blood which would have large amounts of
xanthine oxidase released into it.

5.4 Changes in uric acid post-mortem
5.4.1 Background
Uric acid is the end product of purine metabolism in humans due to the absence of uricase
activity (Figure 5-11 and Figure 5-12), which leads to humans having higher uric acid
levels than other mammals (Alvarez-Lario & Macarron-Vicente, 2010). It is formed by the
liver and mainly excreted by the kidneys (65-75%) and intestines (25-35%). Uric acid is a
weak acid that circulates in plasma predominantly (98%) in the form of a salt (urate) and is
an excellent antioxidant, responsible for 2/3 of total plasma antioxidant capacity (AlvarezLario & Macarron-Vicente, 2010; de Oliveira & Burini, 2012). The concentration of uric
acid in human plasma is normally between 137µmol.L-1– 494µmol.L1 (www.hmdb.ca).

As described in chapter 1 (Section 1.5.2.8), a previous study by Zhu (2007) examining
post-mortem blood from humans observed that uric acid concentrations in the blood of
people who had died from delayed traumatic deaths as opposed to other types of deaths
had a marked elevation in uric acid concentration although no concentrations were
mentioned (Zhu et al., 2007b). It was thought that the increase in uric acid concentration
during delayed traumatic deaths occurs when cells release intracellular stores of uric acid
as a pro-inflammatory marker to indicate necrosis and that this release contributes to cell
death–induced inflammation (Kono et al., 2010).
To determine if plasma uric acid concentrations increase post-mortem, regardless of the
cause of death and what concentration of uric acid is reached post-mortem the following
experiments were preformed.

5.4.2 Establishment of uric acid analysis
Uric acid was measured using a Reflotron meter and uric acid strips (Roche Diagnostics)
according to the manufacturer’s instructions as described in methods (Section 2.26). The
assay works by oxidising uric acid in the presence of uricase to allantoin, coupled to the
reduction of oxygen to hydrogen peroxide. The hydrogen peroxide and an indicator (this
is proprietary, the exact nature not known) is then catalysed by peroxidase into a blue dye
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which is measured by the meter at 642nm displaying the result (Figure 5-20). The assay
has a measuring range of 119 µmol.L-1–1190 µmol.L-1. Therefore, if concentrations are
greater than this range, the sample is diluted using 0.9% normal saline as recommended by
the manufacture.

Figure 5-20: Formation of allantoin and dye. Uricase catalyses uric acid to allantoin and hydrogen peroxide
(H2O2). The hydrogen peroxide reacts with the indicator to produce a coloured dye, which is measured in the
assay.

Initial experiments involved using human blood left to age and post-mortem rat blood to
establish if uric acid concentrations increased in post-mortem blood.
Four human blood samples were collected as described in methods (Section 2.3) and
placed in a 22°C incubator with relative humidity 32–46% for 96 hours. Five white
laboratory Sprague-Dawley rats weighing least 0.4kg were used in the following
experiments. Once the rats were euthanised as described in methods (Section 2.1) a 6 mL
K2EDTA tube of blood was collected from each rat as described in methods (Section 2.3)
Each rat’s K2EDTA blood tube and the corresponding rat corpse were placed inside a 22°C
incubator with relative humidity 32–46%. At 1, 3, 6, 9, 24, 32, 48, 72, 96 hours, 500 μL of
blood was removed from both the blood tube and the rat corpse and centrifuged to obtain
the plasma for analysis as described in methods (Section 2.4). A zero time point was not
collected from the rats because an antemortem sample was used as the baseline. All time
points were collected in duplicate, with biological replicates from different rat corpses
being collected. The uric acid assay was carried out as described in methods (Section
2.26).
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Figure 5-21: The uric acid concentration in post-mortem rat plasma and human plasma. Human
blood kept in a tube and rat blood from both a tube and rat corpses was kept at 22°C with relative humidity
32–46% and sampled over 96 hours. The average concentration of uric acid and the standard deviation of
all technical replicates at each time point are shown from each rat corpse, from the each human sample and
from rats 1 and 2 who had blood removed from their corpse also and stored in a tube.

The uric acid results (Figure 5-21) show that the uric acid concentration in a rat corpse
increases significantly post-mortem from < 119 μmol.L-1 at antemortem to a peak of 4000
μmol.L-1 (40 fold increase) by 32–48 hours before beginning to decrease again. These
findings support the post-mortem increase uric acid findings of Zhu et al. (2007) even
though, in this study the rats were euthanised immediately and did not have delayed
traumatic deaths.
Figure 5-21 also shows that the uric acid concentration from post-mortem rat blood in a
tube remains low at < 119 μmol.L-1 until 48 hours when it begins to increase reaching a
maximum concentration of 450-500 μmol.L-1 by 96 hours. The increase by 96 hours is a 5
fold increase from the normal range of uric acid in rat blood i.e. 29.75–119 μmol.L-1
(Kutzing & Firestein, 2008).
Figure 5-21 also shows that uric acid in aged human blood remained relatively low
(between 200–500 μmol.L-1) for the whole 96 hours. The concentration did increase but
was not significant as it remained within the normal range of uric acid in human plasma
(137µmol.L-1 – 494µmol.L-1). The results from (Figure 5-21) were unexpected because
the rats did not have delayed traumatic deaths, so cells releasing intracellular stores of uric
acid as a pro-inflammatory marker to indicate necrosis and contribute to cell death–
induced inflammation were not likely to occur. Furthermore, because uric acid is only
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produced by the enzyme xanthine oxidase (Figure 5-11) and this enzyme requires oxygen
to produce uric acid, this step in the pathway also seemed unlikely to precede postmortem. It was then hypothesized that a different pathway was generating the uric acid
rather than xanthine oxidase post-mortem, because it was thought that the amount of
dissolved oxygen in a corpse required for the enzyme to carry out the reaction would be
insufficient. Therefore to confirm if xanthine oxidase was giving rise to the increased
concentration of uric acid or if a different and as yet unidentified pathway was generating
the uric acid post-mortem, experiments were conducted by giving the rats’ allopurinol
(xanthine oxidase inhibitor) prior to euthanasia.
Four rats were used in the allopurinol experiment. Three rats were administered an
intraperitoneal injection of 50mg/kg of allopurinol, and the fourth rat was given normal
saline, which was the control. The rats were then left for two hours to ensure that the
allopurinol had time to metabolise properly. After 2 hours the rats were euthanised as
described in methods (Section 2.1) an antemortem sample was obtained prior to death and
the deceased rats were placed in the 22°C incubator with relative humidity 32–46% for the
duration of the experiment. At 1, 3, 6, 9, 24, 32, 48, 72, 96 hours, 500 μL of blood was
removed from the rat corpses and then centrifuged to obtain the plasma for analysis as
described in methods (Section 2.4). A zero time point was not collected from the rats
because an antemortem sample was used as the baseline. All time points were collected in
duplicate, with biological replicates from different rat corpses being collected. The uric

Uric acid Concentration (μmol.L-1)

acid assay was carried out as described in methods (Section 2.26).
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Figure 5-22: Affect of allopurinol on post-mortem uric acid concentrations. Rat blood was
collected directly from rat corpses kept at 22°C with relative humidity 32–46%. Rats 1-3 were
administered allopurinol and rat 4 was given saline prior to euthanasia. The average
concentration of uric acid is shown in each rat along the standard deviation of all technical
replicates at each time point.
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The results (Figure 5-22) clearly show that rats 1–3 who were administered allopurinol had
uric acid concentrations that remained low (<119–200 μmol.L-1) over the entire 96 hours,
indicating that very little uric acid was being produced. Figure 5-22 also shows that rat 4
who was administered saline, shows large increases in uric acid production over the same
96 hour time period, reaching a peak concentration of 3800 μmol.L-1 by 48 hours,
indicating that xanthine oxidase appears to be giving rise to the uric acid. Therefore,
(Figure 5-22) clearly demonstrates that the hypothesis was wrong and that xanthine
oxidase is giving rise to the uric acid, meaning that the amount of dissolved oxygen in the
blood stream post-mortem is in sufficient quantity to produce uric acid.
To examine if the increased uric acid concentrations seen in post-mortem rat blood are
similar in piglets or if the increased production of uric acid post-mortem is specific to rats
the following experiment was carried out.
The same two piglets used in the previous metabolite experiments were used in the uric
acid experiments. At antemortem, 1, 3, 6, 9, 24, 32, 48, 72 and 96 hours post-mortem; 2
mL of blood from each pig was removed and centrifuged to obtain the plasma for analysis
as described in methods (Section 2.4). The plasma was flash frozen and kept at -20° C
until all samples were collected, before being thawed, and assayed as described in methods
(Section 2.26). All samples collected at each time point were measured in duplicate during
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Figure 5-23: Concentrations of uric acid in post-mortem piglet plasma. Piglet blood was collected
directly from the piglet corpses kept at 22°C with relative humidity 32–46%. The average
concentration of uric acid and the standard deviation of all duplicates at each time point are shown.
The antemortem sample to the 32 hour samples were undetectable.
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The results from (Figure 5-23) show that the plasma uric acid concentration is constant at
< 119 µmol.L-1, which is the minimum detection limit of the assay, until 48 hours postmortem when the uric acid concentration starts to increase, reaching a maximum
concentration of 170–180 µmol.L-1 by 72 hours post-mortem before decreasing again.
Despite the increase in uric acid concentration in these samples, the increase remained
within the normal range of uric acid in plasma (137µmol.L-1– 494µmol.L-1).
The piglet results are almost identical to the results seen in human blood aged in a tube
(Figure 5-21), which is completely different from the results seen in rat blood. It therefore
seems that the increased uric acid concentrations seen in post-mortem rat blood do appear
to be specific to rats only.
Overall these uric acid concentration experiments in different mammals suggest that postmortem human blood may reach similar concentrations and show a similar profile as postmortem piglet and human blood aged in a tube rather than post-mortem rat blood.

5.4.3 Discussion on uric acid
The results of the experiments examining uric acid as a PMI marker showed that the
concentration of uric acid does increase in post-mortem plasma regardless of cause of
death. However, the increases in piglet and human plasma were not significant as the
concentrations remained in the antemortem normal range of (137µmol.L-1– 494µmol.L-1)
where as the increases in rat plasma were 40 fold greater than antemortem concentrations.
Furthermore, experiments indicated that the enzyme xanthine oxidase was responsible for
giving rise to the increased concentration of uric acid in rat plasma which was an
unexpected result. This was because to convert hypoxanthine or xanthine to uric acid,
oxygen is required and in a corpse very little oxygen will be available for xanthine oxidase
to be able to do this. Therefore, it appears the rat xanthine oxidase has a lower affinity for
oxygen than either human or pig xanthine oxidase does. This hypothesis is highly
probable considering rats have lung xanthine oxidase (Al-Khalidi & Chaglassian, 1965),
something that humans and pigs do not, so it is possible that lung xanthine oxidase has a
different affinity for oxygen than intestine or liver xanthine oxidase.
It is also possible that the oxygen required for xanthine oxidase is being produced by the
erythrocyte rich antioxidant enzyme catalase which converts hydrogen peroxide into
oxygen and water, rather than from oxygen that may have been present in the blood stream
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when the rat was alive. In fact research studies have shown that catalase accounts for more
than half the destruction of hydrogen peroxide in Glucose-6-phosphate dehydrogenase
deficient erythrocytes (Gaetani et al., 1989) and if lung xanthine oxidase does have a lower
affinity for oxygen compared to other xanthine oxidase enzymes, then this is a possible
explanation for how this enzyme continues to produce uric acid in limited oxygen
conditions.
Future experiments could examine the whether the amount of catalase present in red blood
cells under hypoxic conditions could produce uric acid, especially if excess adenine was
supplied to the red cells.
The uric acid experiments also showed that the uric acid concentration from post-mortem
rat blood left in a blood tube only increased 5 fold as compared to the 40 fold increase in
post-mortem rat blood collected directly from the corpse (Figure 5-21). The most likely
reason for this decrease is due to where the purines are coming from that are being
converted into uric acid. In a corpse as decomposition progresses, purines from all
different tissues are being released into the extracellular space, providing a large amount of
purines for the xanthine oxidase in the plasma to convert into uric acid. However, in a
blood tube, purines are available to the xanthine oxidase from white blood cells or the
minimal ATP inside red blood cells, therefore less purines are available, so lower
concentration. Furthermore, (Figure 5-21) also shows that it takes 48 hours before postmortem rat blood left in a blood tube starts to increase. The reason for this delay is because
of decomposition. For example, previous research has shown that it takes 48 hours for
white cells to start to decompose and release their contents after death (Penttila & Laiho,
1981). Therefore, because it takes 48 hours for the white cells to lyse and this is the main
purine source available to xanthine oxidase, a constant uric acid concentration is
maintained until the white cells start to lyse releasing their purines.

5.5 Changes in ammonia post-mortem
5.5.1 Background
Ammonia is formed in nearly all tissues and organs by normal amino acid catabolism. As
described previously in chapter 1 (section 1.8.4) antemortem ammonia is rapidly removed
from circulation by the liver, where it is converted to urea, leaving only traces (11.6–32.2
μmol.L-1) in the bloodstream (Murray et al., 2006a). During decomposition of a corpse,
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the ammonia produced from amino acids and purine degradation accumulates over time as
it is not removed by the liver. As described in chapter 1 (section 1.5.2.9) the only study
relating PMI and ammonia concentrations, described that the concentrations of ammonia
in post-mortem human plasma increased rapidly after 8 hours (Schleyer, 1963). However,
the methods used, the highest ammonia concentration reported and the time frame of the
experiment were not reported. The following experiments were performed to determine
what concentration plasma ammonia reaches post-mortem and if the concentration of
ammonia increases linearly post-mortem.

5.5.2 Establishment of Ammonia Assay
Plasma ammonia was measured using an enzymatic ammonia assay kit (Sigma-Aldrich)
following the manufacturer’s instructions. This method works on the spectrophotometric
determination of NADP at 340nm using glutamate dehydrogenase to catalyse the reduction
of glutamate from α–ketoglutarate and ammonia, coupled to the oxidation of NADPH to
NADP+ (Figure 5-24). The Assay was prepared as described in methods (Section 2.25).
The assay has a measuring range of 12 μmol.L-1–882 μmol.L-1. Therefore sample
concentrations greater than this were diluted with normal saline and then remeasured.

Figure 5-24: Formation of glutamate from ammonia (NH 4+). Glutamate dehydrogenase (GLDH)
catalyses ammonia and α–ketoglutarate to glutamate, coupled with the co-enzymes NAD+ or
NADP+.

Initial experiments involved using blood left to age to establish if post-mortem plasma
tainted with haemoglobin could be assayed using the (Sigma-Aldrich) ammonia assay kit
and protocol as described in methods (Section 2.25). This experiment was undertaken
because the manufacturer’s instructions state that the assay can only be used with plasma,
not with whole blood, and because post-mortem blood is tainted with haemoglobin the
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assay needed to be trialled to establish if it would work for measuring ammonia in plasma
post-mortem.
Human blood was collected from the researcher as described in methods (Section 2.3) and
left to age in a 22° C incubator with relative humidity 32–46% over a 96 hour time period.
Blood was removed from the tube at the following times (0, 24, 48, 72, 96 hours after
collection). 200 μL of blood was removed from the K2 EDTA blood vacutainer at each
time point before being centrifuged to obtain plasma for analysis.

The results (Figure 5-25) show that the concentration of ammonia was able to be measured
in all plasma samples including the 72 and 96 hour samples that were tainted with
haemoglobin. Therefore this Sigma-Aldrich kit was used for all ammonia assays described
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Figure 5-25: Concentration of ammonia in human plasma left to age over 96 hours at 22°C.
Concentration is shown in μmol.L-1 and was measured using an ammonia enzymatic assay kit from
(Sigma-Aldrich).

5.5.3 Ammonia concentrations in post-mortem blood
To establish if ammonia concentrations increase in post-mortem blood the following
experiments were completed with post-mortem rat blood and human blood aged in a tube.
The human blood samples were collected as described in methods (Section 2.3). Six white
laboratory Sprague-Dawley rats of at least 0.4kg were used in the following experiments
and blood collected as described in methods (Section 2.3). An antemortem blood sample
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was obtained from each rat prior to euthanasia, which was used as a control. Once
euthanised each rat and the human blood sample were placed in a 22°C incubator with
relative humidity 32–46%. At 0, 1, 3, 6, 9, 24, 32, 48, 72, 96 hours, 500 μL of blood was

removed from either the tube or the rat and centrifuged to obtain plasma. All time points
were collected in duplicate, with biological replicates from different rat corpses being
collected. The ammonia assay was carried out with the concentration being calculated as

Ammonia concentration (μmol.L-1)

described in methods (Section 2.25).
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Figure 5-26: The ammonia concentration in human plasma. Human plasma was sampled that
had been stored in a tube at 22°C with relative humidity 32–46% over 96 hours. The average
concentration of ammonia in μmol.L -1 and the standard deviation of all technical replicates at
each time point by each participant are shown as measured by the ammonia enzymatic assay kit
from (Sigma-Aldrich).
.

The human blood experiment (Figure 5-26) showed that the concentration of ammonia in
human plasma increase linearly over time. (Figure 5-26) also indicates that the peak
concentration of ammonia at the 96 hour time point was between 640–950 μmol.L-1 which
is a 50–80 fold increase from the normal range of 11.6–32.2 μmol.L-1.

The post-mortem rat blood experiment (Figure 5-27) showed that the concentration of
ammonia in post-mortem rat plasma increases rapidly over the first 9 hours before
beginning to decrease until the level of ammonia is less than 11.7 μmol.L -1, which is the
sensitivity limit of the assay. The greatest increase in ammonia concentration occurs within
the first hour of death, with a 40–80 fold increase from antemortem. The most likely
explanation for the concentration of ammonia decreasing after 9 hours is that because
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ammonia is a gas, it is lost to the tissues and/or the environment. (Figure 5-27) also shows

Ammonia concentration (μmol.L-1)

that by 72 hours most of the ammonia is undetectable.
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Figure 5-27: The ammonia concentration in post-mortem rat plasma. Rat plasma was sampled
directly from rat corpses kept at 22° C with relative humidity of 32–46% for 96 hours. The average
concentration of ammonia in μmol.L-1 and the standard deviation of all technical replicates at each
time point are shown as measured by the ammonia enzymatic assay kit from (Sigma-Aldrich). The
72–96 hour samples were undetectable.

To confirm if the concentrations of ammonia in post-mortem blood also increase in pigs,
.

the same experiment described above was conducted except using piglets.

Again, the same two piglets used in previous experiments were used in the ammonia
assays. The plasma collected previously at 0, 1, 3, 6, 9, 24, 32, 48, 72, 96 hours was then
used in the ammonia assays. All samples collected at each time point were measured in
duplicate during the assay. The assay was carried out as described in methods (Section 2.25).

Figure 5-28 shows the results of the piglet experiment and show that the piglet plasma
ammonia concentration rises rapidly and linearly after death from 26–48 µmol.L-1 at
antemortem to 12000–12500 µmol.L-1 by 96 hours post-mortem. This is a 250 fold
increase in the concentration of ammonia in the plasma.
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Figure 5-28: Concentrations of ammonia in post-mortem piglet plasma. Piglet plasma was
sampled directly from piglet corpses kept at 22°C with relative humidity of 32–46% for 96 hours. The
average concentration of ammonia and the standard deviation of the sample duplicates at each time
point are shown as measured by the ammonia enzymatic assay kit from (Sigma-Aldrich).

The piglet results are similar to the large increase in ammonia concentration seen in the
post-mortem rat blood which increased to a concentration 50–80 fold higher than
antemortem (Figure 5-27). Furthermore, the ammonia concentration in rats reached the
highest concentration after 9–24 hours (Figure 5-27) before beginning to decrease, where
the highest ammonia concentration in both piglets and human plasma aged in a tube was
seen at 96 hours post-mortem (Figure 5-28 and Figure 5-26). It is possible that the reason
for the difference in peak concentration reached between mammals is due to the
putrefaction rate. For example, the rats started to smell and show extensive putrefaction
changes by 72 hours post-mortem (see Appendix 3) where the human blood in a tube and
the piglets did not smell at all by 96 hours post-mortem, despite showing putrefaction
changes (see Appendix 3) indicating decomposition rate was slower in human and piglet
blood than in it was in rat.
These results confirm that the ammonia concentration in plasma does increase postmortem in all species examined and therefore it can be predicted that it is highly probable
that post-mortem human plasma will also show ammonia concentration increases.
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5.5.4 Effect of temperature on ammonia concentrations
To examine if temperature affects the amount and rate of ammonia produced post-mortem
the following experiment was carried out at 4 °C. This experiment was carried out using
post-mortem rat blood with four rats being euthanised as described in methods (Section
2.1) and placed on a laboratory bench inside an ice cream container in a 4 degree cold
room, for the duration of the experiment instead of inside the 22 degree incubator. Blood
was collected from the rats as described in methods (Section 2.3) over the following time
points, antemortem, 1, 3, 6, 9, 24, 32, 48, 72 and 96 hours post-mortem before being
centrifuged to obtain plasma for analysis. All samples collected at each time point were
measured in duplicate during the assay. The assay was carried out as described in methods
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Figure 5-29: The ammonia concentration in post-mortem rat plasma over 96 hours at
4°C. The average concentration of ammonia and the standard deviation of all replicates at
each time point are shown as measured by the ammonia enzymatic assay kit from (SigmaAldrich).

Figure 5-29 shows the ammonia concentration in rats kept at 4°C. Figure 5-29 shows that
the highest concentration of ammonia (2300–2600 µmol.L-1) was reached between 6–24
hours post-mortem which is the same time period that the highest ammonia concentration
was reached in the rats placed at 22°C. This was an unexpected finding considering
temperature is known to affect both the rate of decomposition and enzyme function
(Cotran et al., 1994; Gill-King, 1997; Mann et al., 1990; Powers, 2005; Vass et al., 2002)
therefore it was hypothesised, that it would take longer for the rats at 4°C to reach the
same concentrations as the rats placed at 22°C. However, Figure 5-29 shows that the
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temperature does appear to delay the decrease in ammonia production because ammonia
was still measurable by 96 hours and it was not able to be measured in the rat plasma when
the rats were placed in 22°C (Figure 5-27) indicating that decomposition slowed as
expected.

5.5.5 Discussion on ammonia
The results of the experiments examining ammonia as a PMI marker showed that the
concentration of ammonia does increase post-mortem reaching concentrations between
50–250 fold greater than the antemortem normal range of 11.6–32.2 μmol.L-1. The
ammonia experiments also showed that the increase in ammonia concentration was similar
across all species examined however, the profile of ammonia over the 96 hour time frame
differed in rats compared to both piglets and humans. As mentioned previously, it was
thought that this difference was related to the rate of putrefaction.
Despite controlling for variables such as temperature and humidity which are the most
significant variables influencing decomposition (Clark et al., 1997; Dix & Graham, 2000;
Gill-King, 1997; Mann et al., 1990; Powers, 2005; Swann et al., 2010b; Vass, 2001),
variables such as the age of the animals and the amount and type of gut bacteria present in
each species were not directly controlled for. This meant that these factors could influence
the rate that putrefaction and therefore decomposition progresses. For example, the rats
used in the experiments were old adult rats who were 1.5–2 years old who would have
complex gut microbiology, where as the piglets were young only 3–4 days old who would
have less complex gut microbiology since they would have only been exposed to mother
and colostrum milk. In addition, the human blood samples should have been sterile due to
healthy volunteers being sampled, who had no known infections. Therefore, because the
rats have more complex gut microbiology, it is possible that this means putrefaction occurs
faster so decomposition is increased. Therefore, it appears that variables such as age, diet
and antibiotic use which would all affect the type and amount of the gut microbiology may
affect the ammonia profile post-mortem in the deceased. Therefore future experiments
could examine if diet, age and antibiotic use influence rate of decomposition if the animals
used were compared to an aged and sized matched control.
The ammonia experiments also showed that temperature had an influence on the
concentration of ammonia produced. Cooler temperatures showed that post-mortem
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ammonia in the bloodstream was able to be detected and measured for longer compared to
ammonia concentrations in the bloodstream that were exposed to warmer conditions.
Finally, these results indicate that ammonia may have potential utility as a reliable marker
for PMI estimation over the early post-mortem period because the concentration increase
is relatively linear overtime and occurs in all species studied. Further research, however, is
indicated.

5.6 Changes in NADH post-mortem
5.6.1 Background
Nicotinamide adenine dinucleotide, abbreviated NAD+, and its reduced form NADH are
substrates that have central roles in cellular metabolism and energy production as hydrideaccepting and hydride-donating coenzymes. As described in chapter 1 (section 1.8.6)
NAD+ is synthesized through two metabolic pathways. It is produced either in a de
novo pathway from amino acids or in salvage pathways from the diet by recycling
components such as nicotinamide to NAD+ (Belenky et al., 2007). The abundance of
NAD+ in human cells is controlled by catabolism, diet, gene transcription and the
subcellular compartmentation of the nicotinamide mononucleotide adenylyltransferase
isoforms, which are the central enzymes of the salvage pathway (Belenky et al., 2007).
However, despite the abundance of NAD+ having a variety of factors influencing its
concentration, a normal concentration of NADH in blood has been documented as 14-40
μmol.L-1 (Geigi Scientific Corporation, 1981-1992).
During hypoxic conditions, large amounts of intracellular NADH are formed
concomitantly with anaerobic glycolysis and peroxisomal catabolism of fatty acids (Cotran
et al., 1994; Powers, 2005). Therefore, as cells start to lyse releasing NADH into
extracellular fluid, the concentration of NADH in blood should increase post-mortem. To
date, no research into NADH changes post-mortem has been undertaken, so this study will
be the first to describe whether NADH increases post-mortem and what concentrations are
reached post-mortem.
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5.6.2 NADH concentrations in post-mortem blood
To measure the concentration of NADH in post-mortem blood a spectrophotometric
method was carried out as described in methods (Section 2.28). This method is based on
the UV absorption of NADH at 340 nm by spectrophotometric determination. NAD+
absorbs UV at 259 nm, while NADH at 340 nm meaning that the difference between the
oxidized and reduced forms can be distinguished using a spectrophotometer (Bergmeyer,
1974). To determine if NADH in blood was increasing post-mortem the following
experiment using human and rat blood was carried out.
The human blood samples were collected as described in methods (Section 2.3) with the
plasma portion being analysed as described in methods (Section 2.4). The same six rats
used in the ammonia experiments at 22°C were used in the NADH experiments, with the
left over plasma not used in the ammonia assays being utilised in the NADH experiments.
In addition, rats numbered 3 and 4 had 5 mL of blood collected into a K2 EDTA blood
tube, which was also analysed along with the blood directly collected from their corpses.
All time points were collected in duplicate, with biological replicates from different rat
corpses being collected. The NADH spectrophotometric assay was carried out using
plasma as described in methods (Section 2.28) with the concentration being derived from
the linear part of a NADH standard curve that was run in parallel with the assay.
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Figure 5-30: The NADH concentration in post-mortem rat plasma and human plasma. Rat
blood in a tube and collected directly from rat corpses and human blood in a tube was kept at 22°C
with relative humidity of 32–46% for 96 hours. The average concentration of NADH and the
standard deviation of all technical replicates at each time point from each sample are shown.
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Figure 5-30 shows that the concentration of NADH present in rat plasma increases
significantly from 0.3–0.7 mmol.L-1 at antemortem to 12–19 mmol.L-1 at 96 hours postmortem and is a linear increase. This is a 40–60 fold increase. Figure 5-30 also shows that
the concentration of NADH in human blood and post-mortem rat blood collected from
blood tubes increases slightly from 0.1 mmol.L-1 and 0.6 mmol.L-1 respectively at time
zero to 2.7 mmol.L-1 and 2.0 mmol.L-1 by 96 hours respectively, which are 27 fold and 3
fold increases from time zero.
To confirm if the concentrations of NADH in post-mortem blood were also increased in
piglets, the following experiment was carried out.
Plasma samples collected from the two piglets used throughout this study was utilised in
the NADH experiments. The NADH assay was carried out as described above and in
methods (Section 2.28).
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Figure 5-31: The NADH concentration in post-mortem piglet plasma. Plasma was
collected directly from piglet corpses kept at 22°C with relative humidity of 32–46% for
96 hours. The average concentration of NADH and the standard deviation of both
duplicates at each time point from each time point are shown.

The results from (Figure 5-31) show that the plasma NADH concentration rises rapidly
and exponentially after death from 1–2.5 mmol.L at antemortem to 27–28.5 mmol.L by 96
hours post-mortem. A slight decrease in NADH concentration at the 32 hour time point is
shown, before the concentration of NADH increase again. Statistical analysis showed that
the decrease at 32 hours was highly significant and correlated with time. (F = 47.75, pvalue < 0.00532).
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The piglet results are very similar to the concentration of NADH present in rat plasma
post-mortem, except that the rat plasma, did not have the slight decrease at the 32 hour
time point, but continued to increase linearly.
These results confirm that the NADH concentration in plasma does increase post-mortem
in all species examined and therefore it can be predicted that it is highly probable that postmortem human plasma will show the same NADH concentration increases.

5.6.3 Discussion on NADH
The results of the experiments examining NADH as a PMI marker showed that the
concentration of NADH does increase post-mortem reaching concentrations between 27–
60 fold greater than antemortem, across all species examined, including human blood left
to age in a blood tube. Therefore, it is reasonable to hypothesize that NADH may show a
similar post-mortem pattern of increase in humans.
Additionally the NADH assays showed that the antemortem concentration from each
species were higher than the reported 14–40 μmol.L-1 stated in the literature. One possible
reason for this difference is type of blood the authors measured when they gave the values
for the “normal concentration in blood”. For example, the authors do not document
whether they measured whole blood, plasma or erythrocyte concentration and varying
NADH concentrations for each of these blood variables has been reported in the literature.
Furthermore, because NADH synthesis is controlled by a variety of factors such as diet
and NADH catabolism, the normal reference range for NADH in blood could be very
difficult to establish because of the variable diets and exercise regimes undertaken which
influence the metabolic needs of the organism.
The NADH experiment with the piglets also shows a similar highly significant decrease in
NADH concentration at the 32 hour time point, just like the lactate and hypoxanthine
concentrations. It is unable to be ascertained whether this decrease is caused by the same
reason as the lactate or hypoxanthine however, the current explanation that can be deduced
causing a decrease at this time point is dilution related to a failing Na+/K+ pump on cell
membranes as described previously.
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5.7 Changes in formate post-mortem
5.7.1 Background
Formate (also called methanoic acid) is the simplest carboxylic acid. It is normally present
in mammals in low concentrations ie 0.12–0.28 mmol.L-1 (Buttery & Chamberlain, 1988)
due to degradation of endogenous methanol (Figure 5-32) from external sources such as
diet namely aspartame, pectin and alcohol (Liesivuori & Savolainen, 1991). As mentioned
in Chapter 1 (Section 1.8.5). Formate is also the toxic metabolite of both methanol and
formaldehyde and can inhibit cytochrome oxidase, causing decreased synthesis of ATP
and eventually death if not excreted (Liesivuori & Savolainen, 1991). However, in
humans formate is rapidly metabolised by the kidneys (Liesivuori & Savolainen, 1991), so
never gets to toxic concentrations.

Figure 5-32: Production of formate from methanol. Methanol in the body can be produced from
aspartame, pectin and alcohol catabolism and is broken down into formaldehyde by the enzyme
alcohol dehydrogenase coupled to the reduction of NAD +. The formaldehyde is then broken down
further to formate which is normally excreted. This final step is catalyzed by the enzyme aldehyde
dehydrogenase coupled to the reduction of NAD +.

In the only study examining formate in post-mortem blood it was unexpectedly discovered
that the concentrations of formate were elevated in the blood stream of putrefied postmortem cases that had not consumed alcohol (Viinamaki et al., 2011). It was thought that
the reason for this increase in cases who had not consumed alcohol was due to both
bacterial action and decomposition of lipids and proteins (Viinamaki et al., 2011). To
determine what peak concentration plasma formate reaches post-mortem and if the
concentration of formate increases linearly post-mortem, the following experiments were
carried out.
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5.7.2 Formate concentrations in post-mortem blood
To measure the amount of formate present in plasma a spectrophotometric method by
(Triebig & Schaller, 1980) was utilised with slight modifications as described in methods
(Section 2.27). This method is based on the spectrophotometric determination of NADH
using formate dehydrogenase to catalyse the formation of carbon dioxide from formate,
coupled to the reduction of NAD+ to NADH (Figure 5-33).

Figure 5-33: Formation of carbon dioxide from formate. Formate dehydrogenase (FDH) catalyses
formate (HCOOH) to carbon dioxide (CO2) coupled with the co-enzymes NAD+ or NADP+.

Deproteination of the plasma sample needed to occur prior to the assay to remove proteins
that may absorb at 340nm and to ensure any NADH present in the blood has been oxidised
to NAD+ to ensure that the only NADH present is directly from the reaction, since NADH
was shown previously to be increased in post-mortem samples (Figure 5-30 and Figure
5-31).
Experiments involved using aged human plasma and post-mortem rat plasma. The human
blood samples were collected as described in methods (Section 2.3).
Four white laboratory Sprague-Dawley rats of at least 0.4kg were used in the following
experiments and blood was collected as described in methods (Section 2.1). In addition,
rats numbered 1 and 2 had 5 mL of blood collected into a K2 EDTA blood tube, which was
also analysed along with the blood directly collected from their corpses. Both the rat
corpses and the human and rat blood tubes were placed in a 22°C incubator with relative
humidity 32-46% throughout the duration of the experiment. At 0, 1, 3, 6, 9, 24, 32, 48, 72,

96 hours, 500 μL of blood was removed from either the tube or the rat corpse and
centrifuged to obtain the plasma as described in methods (Section 2.4). Deproteination of
the plasma samples was performed using the deproteination method of Brandt et al, (1980)
as described in methods (Section 2.22). A zero time point was not collected from the rats
because an antemortem sample was used as the baseline. All time points were collected in
triplicate, with biological replicates from different rat corpses being collected. The formate
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concentration was derived from the linear part of the formate standard curve that was run
in parallel with the assay.
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Figure 5-34: The concentration of formate in human plasma. Human plasma in a tube that was
kept at 22°C with relative humidity of 32–46% for 96 hours was analysed. The average
concentration of formate and the standard deviations of the triplicates at each time point from each
participant are shown. Blank spaces indicate formate was undetectable at that time point.

Figure 5-34 shows that the average concentration of formate in human plasma left to age is
very variable within triplicates at the same time point and between participants and does
not increase over time. (See Appendix 4 for actual data.) It is most likely that the
variability in the samples is due to the limit of the assay, which is unable to accurately
determine concentrations below about 1 mmol.L-1.
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Figure 5-35: The formate concentration in post-mortem rat plasma. Rat plasma from a tube
and from rat corpses kept at 22°C with relative humidity of 32–46% for 96 hours was analysed.
The average concentration of formate and the standard deviation of all technical replicates at each
time point from each rat corpse and tube are shown.

Figure 5-35 shows that the concentration of formate in the blood stream of post-mortem rat
corpses did increase but only after 24 hours. The increase was a 22–44 fold increase from
0.09–0.5mmol.L-1 at 24 hours to 2–4 mmol.L-1 by 96 hours, indicating that this increase is
most probably a result of bacterial action causing putrefaction of lipids and proteins, since
the first signs of putrefaction are seen after 24-48 hours (Gill-King, 1997; Powers, 2005).
Figure 5-35 also shows that the concentrations in rat corpse blood in the first 24 hours
remain within the normal antemortem range of 0.12–0.28 mmol.L-1. Therefore the
concentrations that are present before 24 hours reflect the normal endogenous formate and
its slow clearance from the blood stream until endogenous enzymes such as aldehyde
dehydrogenase and formate dehydrogenase denature and the process of putrefaction
begins. Figure 5-35 also shows that the concentration of formate in rat blood stored in a
tube remained stable at 0.5–0.8 mmol.L-1 over the 96 hour time period. As possible reason
for post-mortem rat blood in a tube not showing an increase in formate is because the
blood collected was sterile, meaning no microbes were present to cause putrefaction and
hence an increase in formate synthesis.
To confirm if the concentrations of formate in post-mortem plasma also increased in
piglets, the following experiment was carried out.
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Plasma samples collected at the same time points from the two piglets used throughout this
study were utilised in the formate experiments. The plasma samples were deproteinated
using the method of Brandt et al, (1980) as described in methods (Section 2.22) before the
formate assay was carried out as described in methods (section 2.27). All plasma samples

Formate concentration (mmol.L-1)

were analysed in triplicate.
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Figure 5-36: The formate concentration in post-mortem piglet plasma at 22°C with
relative humidity of 32–46% for 96 hours. The average concentration of formate and the
standard deviation of all triplicates at each time point from each piglet are shown.

Figure 5-36 indicates that the concentration of formate in post-mortem piglet blood
remains fairly stable at 0.5–2 mmol.L-1 antemortem until 24 hours, after which it begins to
rapidly increase linearly reaching a concentration of 10.7–12.8 mmol.L-1 by 96 hours postmortem, which is a 22–25 fold increase.
The piglet results (Figure 5-36) are similar to the post-mortem rat results (Figure 5-35),
where the formate also remained fairly stable for the first 24 hours before beginning to
rapidly increase to 2–4 mmol.L-1 by 96 hours post-mortem. The piglet results also support
the findings of Viinamaki, et al. (2011) in which they found that putrefied human corpses
had a elevated formate concentration compared to non decomposed corpses which had
formate concentrations within the endogenous range.

5.7.3 Discussion on Formate
The results of the experiments examining formate as a PMI marker showed that the
concentration of formate does increase post-mortem in plasma by 22–40 fold from
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antemortem concentrations but only after 24 hours. The same post-mortem increase was
not seen in human or post-mortem rat blood left to age in a tube over 96 hours. It is
thought that the reason for this is because the post-mortem increase in formate
concentration is produced by bacteria carrying out putrefaction, rather than from
endogenous enzymes such as aldehyde dehydrogenase and formate dehydrogenase. One of
the reasons for this possibility is that these enzymes function at physiological pH, in fact
aldehyde dehydrogenase has been shown to increase activity with increasing pH from 6-10
and become denatured outside of this range (Kraemer & Deitrich, 1968). Therefore, this
enzyme will likely be denatured after 24 hours, which is when this study showed that postmortem blood decreases to less than pH 6 after 24 hours (Chapter 3, Section 3.3.2). Future
experiments could be conducted on incubating post-mortem blood and human blood left to
age in a tube, on agar plates in an anaerobic chamber to see if any bacteria grow to confirm
if bacteria are the cause of the formate increase.
It is reasonable to hypothesize that formate may show a similar post-mortem pattern of
increase in humans. However, because formate concentrations are produced from
degradation of endogenous methanol derived from the dietary sources, it is possible that
formate concentrations could be higher or lower than the data shown here, depending on
what the deceased consumed beforehand.

5.8 Chapter Discussion
The overall aim of the experiments presented in this chapter was to determine if six
metabolites; lactate, hypoxanthine, uric acid, ammonia, NADH and formate from blood
and plasma showed post-mortem concentration changes in mammals in the hopes that
predictions could be drawn on what post-mortem concentrations might occur in postmortem human blood in an attempted to examine whether these metabolites concentration
changes may be suitable for PMI estimations.

The results showed that these six metabolites, lactate, hypoxanthine, uric acid, ammonia,
NADH and formate did have altered post-mortem concentrations compared to normal
antemortem endogenous concentrations. However, not all concentration changes were
consistent between animals and not all metabolites will be suitable for PMI estimations
because the pattern of change for some metabolites is non-linear, making PMI estimations
difficult, if not impossible. For example, lactate and uric acid, despite increasing over time,
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show a multimodal profile, meaning more than one time point would have the same or
similar concentration, so would not be good markers for estimating PMI.

Furthermore, this chapter showed that the post-mortem concentrations of lactate and
ammonia, the only two metabolites in this study measured in blood kept at 4°C, had their
time point concentrations influenced by temperature. These results indicate that future
experiments with all the metabolites at different temperatures needs to be completed to
examine the influence that temperature has on their concentrations, so that if these markers
were to be used in PMI investigations the appropriate temperature adjustments could be
made.
The results of this chapter also showed that lactate and NADH blood concentrations had
similar post-mortem concentration increases across all animals studied over the 96 hour
time period. Hypoxanthine, uric acid, ammonia and formate had concentrations that
differed over the 96 hour period between one of the species tested, namely rats. Formate
was the only metabolite measured where the post-mortem concentration over the 96 hour
period differed between humans and piglets. However, this difference was attributed to the
piglets undergoing putrefaction, something that human blood aging in a tube should not
have undergone, since it was collected from healthy individuals with no known infections.
The five other metabolites examined in this study gave similar concentrations between
humans and piglets, indicating that piglets do make a good model for human
decomposition.
The results in this chapter also showed that 3 metabolites; lactate, hypoxanthine and
NADH had a decrease in concentration at the 32 hour time point despite showing postmortem concentration increases for the remainder of the 96 hours. To date, no known
cause of this decrease has been found. It is possible as described previously that this
decrease is related to dilution from cell lysis, caused by a failing Na+/K+ ATPase pump, but
future experiments examining this effect will have to be completed to confirm this
possibility. One experiment that could be conducted in the future is to take erythrocytes in
a high glucose medium, kept in an anaerobic chamber and test whether lactate starts being
transported into the medium and if the lactate concentration decreases once the cells start
to lyse.
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Future experiments that could be examined with these six metabolites is the influence that
pH has on the concentration reached in post-mortem blood. This is because xanthine
oxidase normally works at physiological pH and this study has indicated that it appears to
still able to catalyse reactions at acidic conditions, ie pH 5–6, as that is the pH of postmortem blood.
Finally it is clear that four metabolites out of the six studied; hypoxanthine, ammonia,
NADH and formate would make excellent candidates for PMI determinations because they
change linearly over time and have post-mortem concentrations are so large they are
unlikely to be indicative of any disease process. For example renal failure or hepatic
disease are likely to increase the concentration of endogenous ammonia in the plasma due
to the inability to excrete it however, the concentrations obtained in renal failure are
approximately 47–748 μmol.L (Bhatia et al., 2006) which is well below the 12000 μmol.L
concentration reached in death. Furthermore, methanol poisonings are also likely to
increase the concentration of endogenous formate in the plasma. However, the formate
concentrations obtained in methanol poisonings are approximately 0.5–10 mmol.L-1
(Wallage & Watterson, 2008) which is below the 10.7–12.8 mmol.L-1 concentration
reached in death.
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Life is like an autopsy - one piece at a time.
Anonymous

6.1 Preface
Metabolomics is a branch of research primarily concerned with the identification and
quantification of metabolites. It involves using analytical methods such as liquid
chromatography coupled to mass spectroscopy (LC-MS) and gas chromatography coupled
to mass spectroscopy (GC-MS) to identify metabolites of interest. Metabolomics allows
the analysis of hundreds of metabolites from complex biological samples with a high
through-put rate, in addition to allowing the data generated by these techniques to provide
information regarding the metabolism of the host associated with these samples (Smart et
al., 2010).

However, often metabolites cannot be analyzed by a particular method because they are
not in a form that is amenable to the analytical technique. For example, non-volatile
metabolites cannot be analysed by GC analysis and insoluble metabolites cannot be
analysed by LC analysis. To overcome this problem, the procedure of derivatization is
performed prior to the analytical method of choice. Derivatization modifies the chemical
structure of the compounds so that they can be analysed by the desired technique. A large
number of derivatisation methods have been reported but only a few are currently used in
metabolomics (Villas-Boas et al., 2005).

Silylation (Figure 6-1) is the classical and most widely used derivatisation procedure for
metabolome analysis by GC-MS (Villas-Boas et al., 2011). The term "silylation" is used
to abbreviate trimethylsilylation (TMS). TMS is used to make non-volatile compounds
such as alcohols, phenols, ketones or amines volatile by substituting a trimethylsilyl group
for the hydrogen in the hydroxyl groups (Figure 6-1).
However, metabolites such as amino acids and organic acids produce relatively unstable
silylated derivatives (Smart et al., 2010) so alternative derivatisation procedures are
required for efficient analysis of these compounds.
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+ H+

Figure 6-1: General mechanism of the TMS reaction. The silylation reaction substitutes a trimethylsilyl
group for the hydrogen in the hydroxyl group of the alcohol.

Alkylation is an alternative derivatisation procedure. This procedure is used to make
organic acids such as carboxylic acids, and amino acids into volatile esters or carbamates
(Smart et al., 2010) by adding an aliphatic group such as methylchloroformate (MCF) to
the hydrogen in the hydroxyl groups (Figure 6-2).

+ HCl

Figure 6-2: General mechanism of the MCF reaction. The MCF alkylation adds a aliphatic group to the
hydrogen in the hydroxyl groups of the amine and carboxylic acid converting them into a volatile carbamate
and a volatile ester. Pyridine is the solvent in which the reaction occurs and acts as a HCl acceptor.
Reprinted by permission from Macmillan Publishers Ltd: Nature protocols (Smart et al., 2010). Copyright
(2010).

The research in this chapter will use the analytical method of GC-MS to validate the
enzymatic assays carried out in chapter 5. It will use both TMS and MCF derivatisation
procedures prior to GC-MS in order to detect and analyse as many metabolites as possible
that may have altered in post-mortem blood. These altered metabolites may provide further
candidates as potential markers to estimate PMI.
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6.2

Metabolomic detected changes post-mortem

6.2.1 Background
Currently researchers focusing on PMI determinations use the analytical method of GCMS to identify biomarkers of interest. (Swann et al., 2010b; Vass et al., 2002; Vass et al.,
1992). This is because this method is more sensitive and specific than older methods, it
enables many biomarkers to be examined at once and it provides a large amount of data
very fast (Shulaev, 2006). GC-MS also permits separation of structurally similar fatty
acids that would be very difficult to separate by LC-MS and the cost of GC-MS is
substantially less than LC-MS (Agilent-Technologies, 2007).
Volatile fatty acid changes were the primary focus of early studies looking to determine
post-mortem interval. Vass et al, (1992) used soil solution (the liquid phase between
particles) analysis to analyse five microbially produced short chain (C2-C5) volatile fatty
acids (VFAs); propionic, butyric, iso-butyric, valeric and iso-valeric acid, and their
variation over time with regard to temperature, known as accumulated degree days (ADD)
to determine PMI. ADD are described by Vass as the summing of average daily
temperatures (°C) for the period of time (days) over which the corpse had been
decomposing (Vass et al., 1992). Vass quantified the VFAs using GC with flame
ionisation detection (FID). The estimate given by Vass in determining post-mortem
interval was 3 weeks ±2 days (Vass et al., 1992). In more recent studies decomposition
fluid from pig carcasses were investigated (Swann et al., 2010a). Samples were analysed
using capillary GC with MS detection. The main compounds identified were long chain
VFAs as opposed to short chain VFAs. In contrast to Vass’s findings, the authors found no
patterns in the VFAs with ADD (Swann et al., 2010a).
More recently Vass et al. (2002) used GC–MS to analyse amino acids, neurotransmitters
and decomposition by-products (cadaverine and putrescine) from different organs (brain,
liver, heart, kidney and muscle) from humans as a method for determining post-mortem
interval, revealing patterns useful for PMI estimates of up to three weeks (Vass et al.,
2002).
Viinamaki et al. (2011) examined the production of formate produced in the blood and
urine of purified corpses using GC-MS. Viinamaki et al. (2011) discovered that the
concentration of formate increased during decomposition.
125

Chapter 6 Metabolomics of plasma post-mortem
Although relatively few classes of metabolites have been investigated as potential PMI
markers, it is clear that several have high potential such as volatile fatty acids, amino acids
and organic acids (Swann et al., 2010b; Vass et al., 2002; Viinamaki et al., 2011) all of
which were identified, examined and studied using MS methods.

6.2.2 Establishment of the GC-MS analysis
GC-MS experiments to validate, detect and analyse metabolites that may have altered in
post-mortem blood involved using post-mortem rat plasma collected from four white
laboratory Sprague-Dawley rats weighing 0.5-0.58 kg each. The rats were euthanised as
described in methods (Section 2.1) with the rat corpses being placed in an ice cream
container inside a 22 degree incubator. At antemortem, 6 hour, 12 hour, 24 hour, 36 hour,
48 hour, 72 hour and 96 hour post-mortem 500 μL of blood was removed from each rat
and centrifuged to obtain plasma for analysis. The plasma was then flash-frozen with
methanol and dry ice and placed into the freezer until extraction of metabolites was
completed.
The extraction of metabolites from rat plasma was completed using a specifically designed
protocol by Silas Villas-Boas (School of Biological Sciences, The University of
Auckland). The protocol involved rat plasma being mixed with an internal standard (d4alanine or ribitol) and then freeze dried overnight before adding methanol-water solution
and centrifuging to extract the metabolites as described in methods (Section 2.29). Once
metabolites were extracted, the two derivatisation methods MCF and TMS were carried
out to ensure that a range of different molecules such as organic acids, sugars, nucleotides
and amino acids could be detected. Both derivatisations were carried out as described in
the methods (Sections 2.31 and 2.32). Lactate, uric acid, ammonia and hypoxanthine
standards were prepared and derivatised in a manner identical to the samples. Once the
derivatisations were completed the samples were injected into a Thermo Scientific Trace
GC ultra ISQ system for MS analysis (Methods, Section 2.34). To analysis the GC-MS
spectrum data, the spectrum was run through several software data systems Automated
Mass Spectral Deconvolution and Identification System (AMDIS) and R software (www.rproject.gov) to identify the metabolites in the samples and to remove any false positives
before data processing was undertaken. Data was then processed in Xcalibur v2.1 as
described in methods (Section 2.34) with each metabolites peak area exported for
normalisation and subsequent quantification.
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Each detectable metabolite at each time point from each rat was normalised to 10
mmol.L1 concentration of the internal standard. The internal standard was either isotopelabelled d4-alanine (d-2,3,3,3-alanine) if the MCF derivatisation method was used or
isotope-labelled ribitol if the TMS derivatisation method was used. Normalisation was
completed to ensure metabolite losses from derivatisation processing were corrected,
before the concentration of each detectable metabolite was calculated. D4-alanine and
Ribitol were chosen as the internal standards because they are highly stable and resistant to
oxidation and hydrolysis, which means that the concentration of these substances does not
change as a result of processing large groups of samples or carrying out derivatization
procedures on different days (personal communication S.Villas-Boas, January 2013). The
concentration from all four rat samples at each time point for each detectable metabolite is
shown as an average in all graphs throughout this chapter.
Statistical analysis using Analysis of Variance (ANOVA) was undertaken on all
metabolites that showed a change over time. This analysis was carried out to examine if
the changes observed were likely to occur by chance. If the p-value is smaller than 0.05 it
indicates that the difference observed is unlikely to have occurred by chance.

6.2.3 Identification of all detectable metabolites in post-mortem rat plasma
The GC-MS results in this study identified 85 different metabolites. 66 metabolites were
identified with MCF derivatisation and 25 were identified with TMS derivatisation with 6
metabolites (mainly amino acids) being identified by both derivatisation methods.
6.2.3.1 Overview of metabolomic results
The TMS data which identified mainly sugars (glucose, galactose, mannose and ribose)
and organic compounds (glycine, insitol, urea, phosphate and oxalate) showed that there
were large concentration differences in the same metabolite between each of the rats at the
same time point, making it difficult to draw conclusions from the analysis (Appendix 5,
TMS data). Additionally, only 9 metabolites out of 25 had antemortem concentrations
detected, meaning 64% of the metabolites had no reference to compare against. However,
from the 9 metabolites that had antemortem concentrations, 6 metabolites (glycerol,
glycine, lactate, threonine, insitol and phosphate) had post-mortem concentration increases
compared to antemortem; two metabolites (glucose and galactose) had no change in
concentration post-mortem; and one metabolite, oxalate, was unable to be determined due
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to lack of data (Appendix 5, TMS data). The reason for such large concentration
differences in the same metabolite between each of the rats at the same time point in the
TMS data was most likely because of the derivatisation method used. The TMS derivation
method has instability in silylated derivatives (Villas-Boas et al., 2011) indicating that
samples needed to be analysed immediately after the derivatisation reaction to prevent
variability. However, this was not practical in this experiment because of the large number
of samples analysed meaning that the derivatised samples were held at room temperature
until each sample was injected and analysed by the mass spectrometer.
The MCF data were much more stable, with very little variability in the concentration of
the same metabolite between each of the rats at the same time point. The MCF analysis
showed that a variety of biomarkers were detectable in the plasma of post-mortem rats
which had altered over time. Twenty six metabolites including 18 amino acids increased
post-mortem potentially showing that they could be candidates for determining PMI. The
43 of 66 remaining metabolites including a number of fatty acids, such as arachidonic,
linoleic, palmitic, vaccenic, and docosahexaenoic (DHA) had fluctuating concentration
profiles or un-changed concentrations over time (Appendix 5, MCF data), meaning that
they are unlikely to be candidates for PMI determination. The twenty six metabolites that
had increased post-mortem will be discussed later on in the chapter.

6.2.4 Correlation with assays of individuals metabolites
The GC-MS analysis results were used to validate the metabolite assays described
previously in chapter 5. The concentrations of lactate, hypoxanthine, uric acid, ammonia
and NADH were examined. Formate was not able to be measured because formate is one
of the solvents that are used in LC-MS, and it does not derivatise well in GC-MS analysis,
so therefore this metabolite was not examined. All metabolites listed above except
hypoxanthine were measured by GC-MS (Methods 2.34). Hypoxanthine was measured by
direct infusion MS-MS (Methods 2.30) since this molecule does not dissolve well in the
solvents used for GC-MS derivatisation.
The MCF derivatised MS lactate assay results gave values for the concentration of lactate
which were very similar to the concentrations obtained by the LDH assay (Figures 6-3 &
6-4). For example (Figure 6-3) shows that the change in concentration from antemortem to
24 hours is very similar to the concentrations obtained in the LDH assay over the same
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time period (Figure 6-4). Figure 6-3 also shows the slight decrease in concentration at 36
hours as does the LDH assay (Figure 6-4) except the LDH assay shows the decrease at 32
hours instead of 36 hours and both GC-MS data and LDH assay data show the same
concentration by 96 hours (Figures 6-3 & 6-4). However some differences were observed
for example, (Figure 6-4) shows that the concentration at 6 hours is near maximal where it
is not in (Figure 6-3) and that that the GC-MS data (Figure 6-3) have a steady linear

Lactate concentration (mmol.L-1)

increase through 96 hours, where the LDH assay data (Figure 6-4) plateau after 9 hours.
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Figure 6-3: The average concentrations of lactate in post-mortem rat plasma at 22° C measured
by GC-MS. The concentration at each time point is an average taken from the four different rat
samples at that time point. The standard deviations at each time point are also shown.
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Figure 6-4: The average concentration of lactate in post-mortem rat blood at 22° C as
measured by the LDH enzymatic assay. The average concentration of lactate in post-mortem
blood taken from the seven different rat samples at that time point and the standard deviation at each
time point are shown. Data are an average taken from chapter 5 (Figure 5-7).
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These results indicate a good correlation between the LDH assay and the GC-MS analysis,
validating that the LDH assay is very reliable and that the concentrations obtained are
highly accurate since two different methods produced similar findings.
The concentrations of uric acid, ammonia and NADH could not be measured in the GCMS experiments because the standards and hence the metabolites in the samples failed to
fly and therefore could not be measured in the mass spectrometer. The standards were
tested over three separate days to try to get the metabolites to fly, but without success. The
concentrations of uric acid and ammonia could have been measured by direct injection
MS-MS since GC-MS did not work, however, there was not enough plasma available for
this to occur since derivation was carried out first with the plasma.
The direct injection MS-MS for hypoxanthine was carried out as described in the methods
(Section 2.30). All samples from each rat at each time point were analysed in duplicate.
However, some duplicate samples only detected the metabolite in one of the duplicates at
some of the time points, and there was not enough plasma left to repeat the experiment.
This meant that analysis was completed with only a single concentration, rather than an
average concentration derived from the duplicates. Additionally, some of these single
concentrations were 3–5 times higher than the other concentrations at the same time point.
This meant that some time points have very large standard deviations. (Figure 6-5) shows
the concentrations of hypoxanthine as measured by the direct injection MS-MS and it is
clear that the standard deviations shown at 6, 12 and 72 hours post-mortem are large.
Despite the limitations the direct injection MS-MS results (Figure 6-5) show that the peak
concentration of hypoxanthine measured was similar to the peak concentration obtained by
the Amplex-Red® assay (Figure 6-6) although the peak occurs earlier in the direct
injection MS-MS. Furthermore, the overall concentration of hypoxanthine obtained in the
direct injection MS-MS is different from the amplex red assay (Figure 6-5 and Figure 6-6).
Figure 6-5 also shows that the direct injection MS-MS was able to measure the amount of
hypoxanthine present in post-mortem rat plasma samples at 72 and 96 hours post-mortem,
something that the amplex red assay was not able to do (Figure 6-6).
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Figure 6-5: The average concentrations of hypoxanthine in post-mortem rat plasma at 22° C.
The concentration at each time point is an average taken from the four different rat samples at that
time point measured by direct injection MS-MS. The standard deviations at each time point are also
shown.
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Figure 6-6: Average concentrations of hypoxanthine in post-mortem rat plasma at 22 ° C. The
average concentration of hypoxanthine and the standard deviation from each rat at each time point is
shown. Concentration was measured using the fluorescent assay Amplex-Red®. The data is an
average taken from chapter 5 (Figure 5-18).

These results do not validate that the Amplex-Red® assay or the direct injection MS-MS
assay as a reliable method for measuring hypoxanthine. When all the outlier concentrations
at each time point were removed from the direct injection MS-MS (Appendix 5,
hypoxanthine data) as shown in (Figure 6-7), the concentrations of hypoxanthine still
remain different to that obtained by Amplex-Red® assay (Figure 6-6). Furthermore, the
actual concentrations are lower and the peak concentration is reached faster in the direct
injection MS-MS (Figure 6-7) compared to the Amplex-Red® assay (Figure 6-6).
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Figure 6-7: The average concentrations of hypoxanthine in post-mortem rat plasma at 22 ° C
measured via direct injection mass spectrometry. The average concentration of hypoxanthine with all
outliers removed from all four rats and the standard deviation at each time point are shown.

This difference in concentration is possibly due to how both methods measure the
hypoxanthine concentration. The direct injection MS-MS method measures hypoxanthine
directly and the concentration is calculated from a hypoxanthine standard curve. The
amplex red assay measures hypoxanthine indirectly, by measuring fluorescence from
resorufin which is produced when xanthine oxidase catalyses the oxidation of
hypoxanthine to uric acid and superoxide. The superoxide spontaneously degrades to
hydrogen peroxide and in the presence of horseradish peroxidase reacts with amplex red to
generate the resorufin. The concentration is then calculated from a hypoxanthine standard
curve. This means that any xanthine present in the plasma samples will also be measured
as hypoxanthine since they both require the same enzyme (xanthine oxidase) and could
result in apparently higher hypoxanthine concentrations (Figure 6-6 & Figure 6-5).
The xanthine/hypoxanthine ratio in plasma is normally 20–45 % (Harkness et al., 1984)
and decreases to between 5–12% in hypoxia (Harkness et al., 1984). Thus the error
becomes almost negligible in the hypoxic/death state. However, it is still possibly enough
of a range to explain the difference seen between the two methods.
Xanthine was not detected by GC-MS or measured in the direct injection MS-MS so this
possibility is unable to be confirmed.
To validate the enzymatic metabolite assays completed in chapter 5, this method was
chosen to detect and analyse as many metabolites as possible that may have altered in postmortem blood that could therefore provide further candidates to estimate PMI.
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6.2.4.1 Amino acids
Eighteen amino acids were detected and measured in the post-mortem rat plasma, with
glutamine and arginine not being detected. Of the eighteen that were measured three
(tyrosine, tryptophan and serine) had concentrations that were slightly higher than their
antemortem concentrations relative to the internal standard (Figure 6-8), where all 15 other
amino acid concentrations increased post-mortem compared to the internal standard of d4alanine (Figure 6-8) with the concentrations of six amino acids (alanine, glycine, proline,
leucine, isoleucine and valine) all increasing 50-500 fold from antemortem to 96 hours
post-mortem (Figure 6-8 and Table 6-3). Statistical analysis showed that this 50-500 fold
increase was correlated with time and was highly significant for all amino acids (F =
245.6, p-value < 0.0001).

Figure 6-8: Concentration of amino acids relative to the internal standard d4-alanine. [A] Six amino
acids which have relative concentrations of 50-500 fold are shown as an average with the standard deviations
at each time point. [B] Twelve amino acids which have relative concentrations of 46-128 fold are shown as
an average with the standard deviations at each time point.

Table 6-3 also shows that three amino acid concentrations were within the normal range at
antemortem; all other amino acids were significantly lower than the normal range. The
reason for the lower concentrations is most likely attributed to metabolite losses from
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derivatisation processing. However, if 96 hour relative concentrations are compared to the
normal reference range concentrations 15 amino acids have increased significantly at 46128 fold difference.
Table 6-3 Relative antemortem concentration of amino acids compared to d4-alanine

Metabolite

Alanine
Asparagine
Aspartic acid
Cysteine
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

Average Conc
mM (SD)
0.30 (±0.09)
0.00059 (±0.00085)
0.0019 (±0.001)
0.00029 (±0.00012)
0.079 (±0.13)
0.0032 (±0.003)
7.70x10-5 (±1.29x10-5)
0.057 (±0.03)
0.053 (±0.03)
0.0012 (±0.0019)
0.004 (±0.002)
0.0014 (±0.0043)
0.076 (±0.02)
0.0017 (±0.001)
0.0028 (±0.0037)
9.37x10-5 (±2.39x10-5)
6.80x10-5 (±8.00x10-5)
0.063 (±0.016)

Antemortem
Reference range
mM
0.259-0.407
0.031-0.051
0.016-0.026
0.041-0.063
0.021-0.150
0.178-0.282
0.072-0.092
0.048-0.076
0.098-0.148
0.149-0.217
0.022-0.038
0.054-0.074
0.169-0.329
0.102-0.172
0.107-0.173
0.037-0.060
0.055-0.147
0.205-0.327

The antemortem average relative concentrations of 18 amino acids and the standard deviations of the
biological replicates are shown. The normal reference range for serum concentrations of the amino acids are
also shown as a comparison and were taken from (Psychogios et al., 2011). Amino acids that are within the
normal range at antemortem are shown in red.

Similar results have been reported by other research groups. For example Perry et al.,
(1981) measured amino acids in post-mortem brain tissue from both rats and humans using
chromatography and a technicon automatic amino acid analyser and found that most amino
acids increased post-mortem, but reported concentration increases (200-600% increases
from antemortem) in the same six amino acids; alanine, glycine, proline, leucine,
isoleucine and valine (Perry et al., 1981) that this study had shown to be significantly
increased.
Another research group, (Muratsubaki & Yamaki 2011) measured amino acids in plasma
obtained from hypoxic and liver-damaged rats via HPLC and noted large increases (2-6
fold higher) in all six amino acids listed above. However, they found that proline only
increased in the rats that had liver damage, and that proline decreased in the rats that were
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hypoxic (Muratsubaki & Yamaki, 2011). The authors did not suggest why proline
decreased in hypoxic conditions but increased in liver damage.
An increase in amino acids under hypoxia or death may be attributed to several
possibilities. One possibility is a decrease in protein synthesis, a phenomenon which is
considered to be part of the metabolic adaptation to hypoxia, where ATP-consuming
reactions like protein synthesis are dramatically decreased before ceasing completely
(Frezza et al., 2011).
A decrease in protein synthesis means that the amino acids that would have been used in
protein synthesis will now accumulate in the blood stream. This possibility explains the
increased concentrations of the branched chain amino acids (BCAA) leucine, isoleucine
and valine as described previously because BCAAs constitute much of the mass of muscle
where they are used for the production of ATP and protein synthesis. However, oxygen
deficiency as would be found in death prevents the use of BCAAs being used by the
muscle in the normal mitochondrial electron chain to produce ATP. Therefore BCAAs
would be exported from muscle cells into the plasma until they would be required. This
means that the concentration of BCAAs in the plasma increases as a consequence.
A second possibility for the increase in amino acid concentration in hypoxic conditions,
which is not mutually exclusive, is that during hypoxia cells undergo protein catabolism in
order to provide the cells with metabolic precursors. This possibility explains the increase
concentration of all amino acids but in particular the amino acids glycine and alanine.
This is because glycine is produced from the catabolism of serine, and alanine is produced
in muscles from pyruvate via a transamination reaction. The resultant alanine is then
transported to the liver, where it loses its nitrogen by a reversal of the previous process, to
supply pyruvate for gluconeogenesis.
The reason that proline increases in post-mortem or in hypoxic conditions is most probably
because of the way that proline is produced metabolically. Glutamate is the precursor of
both proline and ornithine, with glutamate semialdehyde being a branch point intermediate
leading to one or the other of these two products depending on ATP supply (Figure 6-9).
Oxygen deficiency, as would be found in death, prevents adequate amounts of ATP being
generated, which would lead to an increase in ornithine concentration as the urea cycle will
cease to function. An increase in ornithine was also shown in the MCF analysis (Appendix
5, MCF analysis). The increase in ornithine from both the urea cycle and from the
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glutamate semialdehyde inhibits aminotransferase (Figure 6-9). This will then result in an
accumulation of the glutamate semialdehyde. The semialdehyde then spontaneously
converts to Δ1-pyrroline-5-carboxylate which is then reduced to proline by an NADPHdependent reductase (Figure 6-9) creating an increase in proline. The excess ornithine is
decarboxylated to putrescine.

Figure 6-9: The biosynthesis pathway of proline and ornithine. All products in the
pathway including the co-factors are shown. The enzymes catalysing each reaction are
shown in red.

One possibility for why the concentrations of serine, tryptophan and tyrosine increase only
slightly in post-mortem blood, much less than the other 15 amino acids, is that these three
amino acids are catabolised into either other amino acids or other compounds which
increased significantly post-mortem. Serine is degraded to glycine; tryptophan degrades to
alanine and tyrosine to fumarate a product of the citric acid cycle that will be discussed
later in the chapter.
6.2.4.2 Amino acid catabolic metabolites
The MCF-derivatised MS experiment also detected increases in concentration of the
glutathione (GSH) and γ-aminobutyric acid (GABA) in the post-mortem rat blood (Figure
6-10 and Figure 6-11). Statistical analysis showed that the increase in GABA (F = 8.013,
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p-value < 0.0001) and GSH (F = 6.812, p-value < 0.0002) was correlated with time and
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Figure 6-10: Concentration of GABA relative to the internal standard d4-alanine.
The relative concentration at each time point is an average taken from the four different
rat samples at that time point. The standard deviations at each time point are also shown.
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Figure 6-11: Concentration of glutathione relative to the internal standard d4alanine. The relative concentration at each time point is an average taken from the four
different samples at that time point. The standard deviations at each time point are also
shown.

Both these metabolites are produced from glutamate (Figure 6-12), and are present in
numerous tissues including blood cells (Chang et al., 1978; Erdo & Wolff, 1990). GSH
has numerous roles. For example, it serves as a reductant, is conjugated to drugs to make
them more water soluble, is involved in amino acid transport across cell membranes (the γglutamyl cycle) and serves as a cofactor for some enzymatic reactions (Sies, 1999). The
role of GSH as a reductant is extremely important particularly in the highly oxidizing
environment of the erythrocyte, where it functions to maintain haemoglobin in the reduced
(Fe2+) state (Chang et al., 1978).
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GABA also has numerous roles. For example, it is a neurotransmitter, stimulates protein
synthesis, it increases the incorporation of amino acids into tRNA, stimulates the uptake of
glucose in several tissues, changes the permeability of mitochondrial membranes, and
stimulate glycogen degradation in liver and muscle (Erdo & Wolff, 1990). It is found in
numerous blood cells such as erythrocytes, lymphocytes and platelets (Erdo & Wolff,
1990), where GABA is released from these cells to modulate immune responses and
arterial wall contraction (Erdo & Wolff, 1990). The increase following GSH and GABA
concentrations in the plasma in death is possibly attributed to cellular lysis, especially
blood cells, releasing them into the surrounding plasma.

Figure 6-12: The biosynthesis pathway of glutathione and GABA. All products in the pathway
including the co-factors in Dark red are shown. The enzymes catalysing each reaction are shown in
light red.

The MCF-derivatised MS experiment also detected linear increases in the concentrations
of glyoxylic acid and oxalic acid from the post-mortem rat blood (Figure 6-13 and Figure
6-14). Statistical analysis showed that this increase in glyoxylic acid (F = 44.74, p-value <
0.0001) and oxalic acid (F = 36.16, p-value < 0.0001) was correlated with time and was
highly significant.
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Figure 6-13: Concentration of glyoxylic acid relative to the internal standard d4alanine. The relative concentration at each time point is an average taken from the four
different rat samples at that time point. The standard deviations at each time point are
also shown.
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Figure 6-14: Concentration of oxalic acid relative to the internal standard d4alanine. The relative concentration at each time point is an average taken from the four
different rat samples at that time point. The standard deviations at each time point are
also shown.

Increased concentrations of glyoxylic acid and oxalic acid were reported (Vass et al.,
2002) in the volatile fatty acids experiment described at the beginning of this chapter. The
authors did not suggest how these two metabolites were synthesised although they
hypothesised that oxalic acid was derived from the enzymatic breakdown of oxaloacetic
acid (a key molecule of the citric acid cycle) into oxalic acid and acetic acid. However, the
authors did not offer a hypothesis for how glyoxalate was made (Vass et al., 2002).
Oxalic acid is present in all body tissues in very low amounts, with the liver being the
main site of oxalate production (Holmes et al., 2007). Glyoxylic acid is the primary
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precursor of oxalic acid, and is an intermediate from the breakdown of amino acids such as
glycine, serine and hydroxyproline (Figure 6Figure 6-15) (Holmes & Assimos, 1998;
Holmes et al., 2007). Glyoxylate has no known functional role in animals and is toxic to
most organisms (Holmes & Assimos, 1998) so therefore gets converted to oxalic acid
which is excreted in urine.

Figure 6-15: The biosynthesis pathway of glyoxalate and oxalate. All products in the pathway
including the co-factors in green are shown. The enzymes catalysing each reaction are shown in red.

In normal catabolic processes, serine is converted to glycine in one of two ways; first, in a
reversible reaction catalyzed by serine hydroxymethyltransferase in which the transfer of
the hydroxymethyl group from serine to the cofactor tetrahydrofolate (THF) occurs, thus
producing glycine and N5,N10-methylene-THF, or secondly, in an oxidation reaction by the
glycine cleavage complex to yield N5,N10-methylene-THF, ammonia and CO2 (Figure 615). The glycine that is produced from the serine is then converted to glyoxalate by
alanine: glyoxylate aminotransferase before being converted to oxalate by LDH (Figure 615). For glycine to be converted to glyoxalate, pyruvate has to be available for the
alanine: glyoxylate aminotransferase to carry out the conversion. The presence of large
amounts of pyruvate in anaerobic conditions will be limiting as it will be converted to
140

Chapter 6 Metabolomics of plasma post-mortem
lactate, meaning the glycine conversion to glyoxylate step, will only play a minor role in
producing glyoxylate and oxalate post-mortem.
This is further evidenced by the concentration of glycine increasing post-mortem (Figure
6-8) because if glycine was being converted to glyoxylate then glycine would most likely
have a similar concentration to serine, tyrosine and tryptophan.
Glyoxylate can also be produced from the catabolism of hydroxyproline, which is derived
from tissues containing the protein collagen (Knight et al., 2006) (Figure 6-15). The
production of glyoxylate from hydroxyproline is most likely to occur during
decomposition when tissues such as skeletal muscle and blood vessels which contain a lot
of collagen (Voet & Voet, 2004) will be broken down. This pathway is the most likely
pathway occurring post-mortem explaining how the concentrations of glyoxylate and
oxalate are increasing.
Hydroxyproline was also detected by MCF-derivatised MS and shown to be increased in
the plasma 40-71 fold at 96 hours compared to the normal reference range of 0.052-0.0912
mmol.L-1 (Psychogios et al., 2011) and 4000 fold at 96 hours compared to the antemortem
concentration of 0.806 µmol.L-1 (Figure 6-16). Statistical analysis showed that this
increase in hydroxyproline was correlated with time and was highly significant (F = 16.08,
p-value < 0.0001).
As mentioned above hydroxyproline is derived from tissues rich in the protein collagen.
Hydroxyproline targets hypoxia-inducible factor alpha subunit (HIF-1 alpha) for
degradation by proteolysis under normal oxygen conditions (Jaakkola et al., 2001) and for
scavenging oxidants (Phang et al., 2010).
No explanation for why hydroxyproline increased post-mortem can be offered. This is
because even though skeletal muscle rich in collagen is likely to be decomposing postmortem producing hydroxyproline from collagen catabolism, the hydroxyproline produced
is most likely broken down to produce the increases in glyoxalate and oxalate
concentrations (Figures 6-13 & 6-14).
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Figure 6-16: Concentration of hydroxyproline relative to the internal standard d4alanine. The relative concentration at each time point is an average taken from the four
different rat samples at that time point. The standard deviations at each time point are
also shown.

6.2.4.3 Citric acid cycle metabolites
Metabolites from the citric acid cycle (Figure 6-17) were detected in MCF-derivatised MS
and two of these metabolites α-ketoglutarate and succinate were found to be increased in
the plasma post-mortem (Figure 6-18 and Figure 6-19). Statistical analysis showed that the
increase in both α-ketoglutarate (F = 26.68, p-value < 0.0001) and succinate (F = 4.061, pvalue < 0.0049) was correlated with time and was highly significant.
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Figure 6-17: Reactions of the citric acid cycle. The substrates of the citric acid cycle are shown in carbon
structures, with the products shown in pink. The numbers refer to the enzymes catalysing each reaction. 1 =
citrate synthase, 2 & 3 = aconitase, 4 = isocitrate dehydrogenase, 5 = α-ketoglutarate dehydrogenase, 6 =
succinyl-CoA synthetase, 7 = succinate dehydrogenase, 8 = fumarase, 9 = malate dehydrogenase. Green
arrows indicate the reductive carboxylation reactions. Picture modified from (Lodish et al., 2008).
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Figure 6-18: Concentration of α-ketoglutarate relative to the internal standard d4alanine. The relative concentration at each time point is an average taken from the four
different rat samples at that time point. The standard deviations at each time point are
also shown.
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Figure 6-19: Concentration of succinate relative to the internal standard d4-alanine.
The relative concentration at each time point is an average taken from the four different
rat samples at that time point. The standard deviations at each time point are also shown.

The increase in both α-ketoglutarate and succinate concentrations post-mortem may be
attributed to several possibilities. These possibilities are protein degradation due to muscle
breakdown in the putrefactive process, reductive carboxylation or bacterial anabolic
reactions.
Protein degradation due to muscle breakdown in the putrefactive process can yields amino
acids which are then degraded further in particular the amino acid of glutamate which can
yield both succinate and α-ketoglutarate. i.e. α-ketoglutarate is formed in a reductive
amination from glutamate by the enzyme glutamate dehydrogenase. Succinate is formed
in a decarboxylate reaction from glutamate known as the GABA shunt by three enzymes,
glutamate decarboxylase, GABA transaminase and succinic semialdehyde dehydrogenase.
This may explain why α-ketoglutarate and succinate are increased post-mortem.
Reductive carboxylation is a process where carbon substrates travel through the citric acid
cycle (Figure 6-17) in reverse. In this reverse citric acid cycle, glutamine enters the citric
acid cycle as α-ketoglutarate and undergoes reductive carboxylation by isocitrate
dehydrogenase to produce isocitrate. Isocitrate is then converted to citrate by the reverse
reaction of aconitase, making the citrate available for ATP citrate lyase to produce acetyl
CoA. This process has been shown to occur in the heart (Comte et al., 2002) and liver
(Des Rosiers et al., 1995) under ischemic conditions and has been shown to occur in
hypoxic cancer cells (V et al., 2012). Therefore, it is highly possible that this process is
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occurring in death. If reductive carboxylation is occurring during death then αketoglutarate will be accumulating because cofactors such as NAD+ would not be
available for isocitrate dehydrogenase to catalyse α-ketoglutarate to isocitrate.
Reductive carboxylation could also explain how the concentration of succinate could
increase post-mortem (Figure 6-19) although no research has shown whether the remaining
citric acid cycle reactions such as succinate continue to occur in reverse. However, if the
remaining citric acid cycle reactions do occur in reverse then this possibility may explain
why succinate increases after 36 hours post-mortem. The concentration of fumarate the
precursor to succinate if the citric acid cycle was working in reverse, was shown to
decrease rapidly after 36 hours (Figure 6-20). The 36 hour time point might be the time it
takes for the co-factor FAD to be limited as it is unable to be regenerated in the electron
transport chain, so the normal forward reaction is unable to progress. However, (Figure 620) also shows how fumarate concentrations increased rapidly for the first 36 hours before
decreasing. This increase in fumarate could also be related to the breakdown in the amino
acids tyrosine as explained earlier, indicating why the concentration of tyrosine was only
slightly increased post-mortem. The increase in fumarate could also be related to the
breakdown in the amino acid aspartate, which increased post-mortem and then starts to
decrease after 48 hours (Figure 6-8 and Appendix 5, MCF data).
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Figure 6-20: Concentration of fumarate relative to the internal standard d4-alanine.
The relative concentration at each time point is an average taken from the four different
rat samples at that time point. The standard deviations at each time point are also shown.
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The third possibility of bacterial anabolic reactions could also explain the increase in αketoglutarate concentrations post-mortem.
Anaerobic bacteria contain an enzyme called α-ketoglutarate synthase which is able to
catalyses the following α-ketoglutarate anabolic reaction;
Succinyl-CoA + CO2

α-ketoglutarate synthase

α-ketoglutarate + CoA.

This reaction is able to synthesize α-ketoglutarate in the absence of oxygen. Mammals do
not have the α-ketoglutarate synthase enzyme so are unable to synthesise α-ketoglutarate
production themselves. Endogenous anaerobic bacteria, the source of putrefaction in a
corpse (Janaway et al., 2009) could be producing α-ketoglutarate through this reaction,
and this could possibly explain the increased concentration of α-ketoglutarate seen postmortem, in addition to the protein degradation described earlier.
6.2.4.4 Tissue Specific metabolites
Creatinine was also detected in MCF-derivatised MS and shown to be increased in the
plasma post-mortem (Figure 6-21). Statistical analysis showed that this increase in
creatinine was correlated with time and was highly significant (F = 15.69, p-value <
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Figure 6-21: Concentration of creatinine relative to the internal standard d4alanine. The relative concentration at each time point is an average taken from the four
different rat samples at that time point. The standard deviations at each time point are
also shown.

The normal plasma concentration of creatinine is 0.0678-0.105 mmol.L-1 (Psychogios et
al., 2011) and (Figure 6-21) shows that the concentration of creatinine increases above the
normal range by 72 hours post-mortem. The reason for this delay is most likely attributed
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to where creatinine is produced. Creatinine is produced in muscle from creatine
phosphate by a nonenzymatic dehydration and loss of phosphate (Figure 6-22).

Figure 6-22: Creatinine production. Creatine phosphate non-enzymatically produces creatinine in a
dehydration reaction where water and a phosphate is lost.

Creatinine is classed as a waste product and is normally excreted by the kidneys. The amount
of creatinine produced is related to muscle mass and so remains remarkably constant day to day
in each person unless the person is in renal failure. This means for creatinine concentrations to
be increasing in the plasma rather than staying constant, muscle breakdown must be occurring
to release the creatinine into the bloodstream. The rate of muscle breakdown depends on a
variety of factors such as temperature, muscle pH, size of the glycogen stores and body mass
just to name a few (Gill-King, 1997) and so it takes a while for the muscle pH to be low
enough for significant autolysis to occur, in fact skeletal muscle has been listed as the second to
last tissue to undergo autolysis (Gill-King, 1997).
Putrescine was also detected and measured in MCF-derivatised MS as mentioned
previously discussed (Figure 6-23).
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Figure 6-23: Concentration of putrescine relative to the internal standard d4alanine. The relative concentration at each time point is an average taken from the four
different rat samples at that time point. The standard deviations at each time point are
also shown. Scale of the y axis is in log10.
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Putrescine is one of the prominent products produced in a corpse post-mortem and aids in
giving a putrefying corpse the characteristic decomposition odour (Clark et al., 1997; Dix
& Graham, 2000; Gill-King, 1997; Mann et al., 1990; Vass et al., 2002; Vass et al., 1992).
Putrescine is produced in a decarboxylation reaction from ornithine (a substrate in the urea
cycle) by ornithine decarboxylase. (Figure 6-23) shows that the concentration of putrescine
in plasma increased over time. However, statistical analysis showed that the increase in
putrescine was not significant despite putrescine being increased with time (F = 2.140, pvalue 0.078). However, one rat gave very high putrescine concentrations at 48 and 72
hours and if this rats concentrations were removed from the 48 and 72 hour time point then
the concentration of putrescine was significant (F = 13.23, p-value 0.0001).

6.3 Discussion
The aims of the experiments presented in this chapter were to use the analytical method of
GC-MS to validate the enzymatic assays carried out in chapter 5. It also used both TMS
and MCF derivatisation procedures prior to GC-MS in order to detect and analyse as many
metabolites as possible that may have altered in post-mortem blood and whether these
altered metabolites could make suitable candidates for PMI estimations.
The GC-MS results of lactate gave the same concentrations as the LDH assay undertaken
in chapter 5, demonstrating that the concentrations obtained in chapter 5 are a reliable and
are an accurate representation of lactate in post-mortem blood since two different methods
gave highly similar results. The GC-MS lactate data and the LDH assay data in chapter 5
do not support the findings of Jetter (1959) who described that the concentration of lactate
in post-mortem blood increased 20 fold 1 hour after death and increased 50-70 times
higher than antemortem concentrations by 24 hours. The reason why there is such a big
difference in findings is unclear as (Jetter, 1959) had not described the analytical method
he used to measure lactate. Jetter (1959) collected the post-mortem blood into blood tubes
with fluoride as an anticoagulant, where no anticoagulant was added to any of the postmortem blood samples used in this study and so it is not known whether the anticoagulant
was having an effect on Jetter’s results.
The direct injection MS/MS results of hypoxanthine were unable to confirm the
hypoxanthine concentrations obtained in chapter 5. What can be concluded from both the
assay and the direct injection MS/MS experiment is that hypoxanthine is a very difficult
148

Chapter 6 Metabolomics of plasma post-mortem
metabolite to measure indicating that further research is required into optimising a robust
method for measuring hypoxanthine in plasma.
The GC-MS results had identified 85 different metabolites, 66 in MCF derivatisation and
25 in TMS derivatisation. However only 9/25 metabolites in the TMS derivatisation had
antemortem concentrations detected. Furthermore, the changes in concentrations postmortem from these 9 metabolites were difficult to establish, because the standard
deviations from each metabolite at each time point were generally large.
Additionally, 26 /66 metabolites in the MCF derivatisation GC-MS showed they could be
suitable candidates for PMI estimations i.e. 18 amino acids, GABA, GSH, glyoxylic acid,
oxalic acid, hydroxyproline, α-ketoglutarate, succinate and creatinine. This is the first GCMS study on post-mortem blood which has identified potential biochemical markers that
had not been previously considered. However, further research into these metabolites
needs to be undertaken to establish exact concentrations reached, how reproducible these
concentrations are, whether the concentrations of these biomarkers are altered by
exogenous or endogenous factors and whether these markers are transferable to humans,
before they could be considered as PMI markers.
Some of the unexpected findings to come out of the experiment were that despite
putrescine concentrations increasing post-mortem they were shown not to be significant
because of one rat having elevated concentrations at two time points. Glucose
concentrations post-mortem were also shown to be similar to antemortem concentrations
even though glucose gets broken down to make lactate, which did increase post-mortem.
These two unusual findings require further investigation to determine if the results shown
in this experiment are actually correct, or if some other variable was not considered when
they were analysed.
Furthermore, this experiment identified a few interesting metabolites such as
hydroxyproline, succinate and α-ketoglutarate. An explanation for why hydroxyproline
was increasing could not be offered at this time. Explanations were offered for succinate
and α-ketoglutarate but limitations were found with each possible explanation. Therefore
further experimental work is required into each of these metabolites to establish exactly
why they are increasing post-mortem.
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The metabolomic experiments also showed which metabolic pathways were still active
after death. These pathways were anaerobic glycolysis as shown by lactate accumulation,
purine degradation as shown by hypoxanthine accumulation, amino acid catabolism
pathways, namely glutamate as shown by the increases in GABA, GSH, succinate, αketoglutarate, proline and putrescine. Muscle and protein catabolism pathways were also
involved as shown by the increase in all amino acids and creatinine. These results indicate
that a large number of metabolic pathways are still active despite normal metabolic
homeostasis not being maintained.
Finally, these experiments have shown how a huge amount of information can be obtained
and analysed quickly using metabolomics procedures and how little information is known
on some metabolites, including what variables influence their production in hypoxic
situations.
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“There is really no moment in time at which it [death] occurs.
The moment of death is a legal fiction and the biological truth is quite different.
Biologically, we die in bits and pieces.”
Gordon, Shapiro and Berson, 1988

7.1 Summary of results
Biochemical and metabolic profiles from body fluids taken after death reflect the agonal
period, supravital reactions (reactions occurring from the moment of death until cellular
functions cease), leakage from cell degradation, diffusion and decomposition of
biochemical markers. This means that biochemical profiles from different body fluids can
provide insights into the changing metabolic environment of the host. Such profiles can
provide useful information regarding cause of death and have the potential to provide
accurate PMI estimations if suitable post-mortem biochemical markers are identified. It
was with this thought that the following project was undertaken.
The primary goal of the research presented in this thesis was to identify and examine blood
cell morphology and biochemical markers specifically in the bloodstream during the early
post-mortem interval which could identify potential candidates for estimating PMI.
The changes in pH showed that post-mortem blood decreased rapidly from pH 7.3-6.0 in
the first 24 hours before decreasing slowly over the next three days to pH 5.0 (Chapter 3).
Blood cell morphology showed that blood cells do alter in a time-dependent manner postmortem. However, the rate of change in individual cells was variable and did not occur
linearly with time indicating that blood cell morphology would not be a suitable marker to
estimate PMI (Chapter 3). The total amount of protein in plasma had altered post-mortem,
with 12 proteins being identified by mass spectroscopy as having significantly increased or
decreased compared to antemortem (Chapter 4).
Six metabolite markers, lactate, hypoxanthine, uric acid, ammonia, NADH and formate
thought to be involved in anaerobic reactions or pathways have altered concentrations
compared to normal antemortem concentrations (Chapter 5). Hypoxanthine, ammonia,
NADH and formate all had concentrations that increased over time and were so large they
are unlikely to be indicative of any disease process indicating that these metabolites could
be useful as PMI markers. The concentrations of uric acid and lactate increased and then
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decreased again over time with uric acid showing a different concentration profile in the
rat compared to the human and piglet concentrations. These results indicated that these two
metabolites are unlikely to be used for PMI estimations.
A metabolic survey of post-mortem rat blood was undertaken showing that 85 metabolites
were altered post-mortem (Chapter 6). 26 metabolites had concentrations which increased
post-mortem indicating that these metabolites may have potential as PMI markers, while
the remaining 59 metabolites had fluctuating concentrations post-mortem so would not be
able to be used in PMI estimations.

7.2 Advantages and disadvantages of methodologies used
Light microscopy was used to examine cell morphology and a pH meter was used to
examine the pH of post-mortem blood. The advantages of these two methodologies are
that they provided a straightforward and uncomplicated approach towards examining the
changes in blood cells and pH. The pH meter was very sensitive with little variation
shown between replicates at the same time point (Chapter 3 section 3.3) indicating that the
pH meter was very reliable. The light microscopy experiments were sensitive, and
showed the changes in blood cells very clearly however, artifactual changes in
erythrocytes did occur occasionally on the slides such as the formation of crenated red
cells caused by the hypertonicity or alkalinity of the staining solution (Lynch, 1990),
meaning careful staining of the slides had to be carried out to prevent any artefacts. This
was a major limitation of using light microscopy to examine cellular changes because a lot
of blood slides at some time points had to be re-made and re-stained to ensure that no
crenated cells were formed due to the staining solution.
Protein assays, SDS-PAGE and 2D electrophoresis gels were used to identify and examine
proteins in the plasma post-mortem. The advantages to these methods were they were
straightforward, cheap and with regards to the gel methods, provided a good visualisation
of the sizes of proteins present in the plasma post-mortem. A limitation of the protein
assays was that because haemoglobin continued to be released from lysing red blood cells,
an accurate concentration on total plasma proteins post-mortem was difficult to get. This
meant that an SDS-PAGE gel had to be used to visualise if the plasma proteins were
increasing or decreasing, which meant that information about concentration was sacrificed
in order to get an accurate representation of total protein concentration. Some limitations
of the 2D electrophoresis gels was that they required a lot of processing of the sample prior
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to running the isoelectric focussing so that visualisation of the protein bands and spots
could be seen clearly. This meant that protein losses due to the processing were potentially
increased. Additionally, to ensure that the differences observed on the gels would be
genuine sample differences rather than technical differences, all gels had the same
concentration of protein loaded and were run and stained together from the same batch of
Coomassie blue to ensure they were as reproducible as possible. This meant that the 2D
gel methodology was quite time consuming. Furthermore this method cannot be
statistically assessed, so researcher bias may be introduced in deciding which spots are
significantly changed.
Enzymatic assays were used to examine six metabolites that are produced in anaerobic
reactions or pathways. The advantages of this method are that the assays are
straightforward; able to provide quantitative data on the concentrations of the metabolites
in the bloodstream, so can be statistically assessed. However, a limitation of these methods
was the time taken to optimise some of the assays. This was because hypoxanthine, lactate
and formate assays measured the concentrations of their metabolites indirectly through
coupled reactions. This meant that finding a deproteination method that would not
interfere with the assay itself became a bit of a challenge to prevent over estimation the
metabolite concentration.

Furthermore, because each enzyme assay had its own set of

conditions such as temperature, length of time for enzyme reaction to occur and buffers
required, each assay had to be run separately. Therefore a lot of repeated sampling from
multiple animals was required to ensure that all six different metabolites could be
measured from the blood. This meant that a lot of time was spent sampling blood and
running each assay, meaning the length of time required to optimise each assay and gather
all the information on each metabolite was substantial.
GC-MS was used to survey what metabolites were present in post-mortem blood and if
those metabolites had altered. The advantages of the GC-MS method were that it enabled
the analysis of multiple markers from one blood sample, was quick, able to provide both
identification and concentrations on each metabolite and could be statistically assessed.
However, a major disadvantage of this method was the TMS derivatisation processing.
This was because the TMS derivatisation is known to produce some unstable silylated
derivatives (Villas-Boas et al., 2011) if the samples were not analysed immediately to
prevent variability. Therefore, despite the GC-MS method being able to detect a large
number of metabolites from one sample, the problem with the TMS derivatization
153

Chapter 7 Discussion
processing means that this limitation would need to be overcome before this approach
could be used to further evaluate the sugar and organic compounds detected in this study
by this derivatization method.
Another limitation of this method is that a lot of data processing of the spectra is involved
before concentrations can be measured. The data processing also involves ensuring that
the correct identification of the mass of each metabolite is determined, since the mass of
the metabolite will alter post derivatisation, so that the correct metabolite is analysed.
This means that the analysis can be quite time consuming and complicated, despite the
GC-MS procedure being very quick.
However, despite the limitations, this is the exact type of methodology required to assess
biochemical markers since it is able to produce precise, reliable, and rapid results, it can
involve multiple markers in one methodology and the method can be standardised and
statistically assessed.
The remainder of this chapter will draw together the significant findings pertaining to
blood biochemical markers on mammalian post-mortem remains as described in the
preceding chapters, in order to provide a comprehensive view of the biochemical process
of cell death and how these factors influence the process of decomposition. In light of
these findings, the potential utility of blood biochemical markers for PMI estimation will
be discussed. The limitations will also be discussed before future directions of this
research are proposed.

7.3

Forensic taphonomy from a biochemistry perspective

7.3.1 Biochemical process of cell death
Forensic taphonomy focuses on the decomposition process and soft tissue changes to
evaluate post-mortem alteration to human remains and to estimate the PMI (Haglund &
Sorg, 1997; Martin, 1999). The goal of this research centred on identifying biochemical

markers that showed varying degrees of change in the early post-mortem interval with the
long-term perspective of identifying markers that could potentially be used to estimate
PMI. The insights gained from this research prompted investigation into the pathways
that brought about these changes and if these changes occurred in the bloodstream in
different mammalian groups. In order to understand what was happening to bring about
these pathways a detailed explanation of cell death is required. It has been generally
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accepted that apoptosis and oncosis are two distinct modes of cell death (Darzynkiewicz et
al., 1997; Majno & Joris, 1995). Apoptosis is frequently referred to as ‘‘programmed cell
death,’’ and is an active and physiological mode of cell death, in which the cell itself
executes its own demise (Darzynkiewicz et al., 1997). This is not the type of cell death
that will be described here. Oncosis on the other hand is defined as cellular swelling
caused by agents that interfere with ATP generation (Majno & Joris, 1995). This is the
type of cell death that occurs when an organism dies.
Many physico-chemical changes begin to take place in the body immediately after death
(Vass et al., 2002) the sequence of these physico-chemical changes following a hypoxic
injury or death and the biochemical mechanisms underlying these changes will be
described using the findings pertaining to the current research.
As the oxygen tension within a cell decreases, there is loss of oxidative phosphorylation,
and the generation of ATP slows. The decrease in cellular ATP stimulates AMP and
phosphofructokinase which results in an increased rate of anaerobic glycolysis, which is
designed to maintain the cells energy sources by generating ATP from glycogen. However,
anaerobic glycolysis only produces a small amount of ATP which is unable to support
normal cellular levels of biosynthesis and repair (Cotran et al., 1994; Gill-King, 1997;
Majno & Joris, 1995). Additionally, anaerobic glycolysis results in the accumulation of
lactate and NADH. The post-mortem lactate and NADH assays described in chapter 5
illustrated that the concentration of both lactate and NADH started to increase within the
first hour of death and continued to rise over the 96 hour period. The accumulation of
lactate, NADH, carbon dioxide and other gases such as methane and hydrogen sulphide
produced post-mortem, reduces the intracellular pH.
The decrease in intracellular pH causes RNA polymerases activity to stop, plus clumping
of nuclear chromatin occurs thus suppressing transcription, which reduces protein
synthesis (Cotran et al., 1994; Gill-King, 1997; Majno & Joris, 1995). Simultaneously, the
circulatory stasis causes the plasma pH to decline as the buffer systems fail. The speed of
the plasma pH decrease was demonstrated in chapter 3, which illustrated that post-mortem
blood pH fell from 7.45 to 6.0 within the first 24 hours after death. The plasma pH
decrease is significant because it is thought to activate fibrinolysin enzymes which prevent
blood clotting resulting in an increase in fluidity (non-coagulation) of the blood (Mole,
1948; Takeichi et al., 1986; Takeichi et al., 1984, 1985). Although fibrinolysis was not
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examined in this study, the post-mortem blood remained fluid inside the rat and pig
corpses for the whole 96 hour examination period, therefore, fibrinolysin enzymes must
have been activated. Additionally, enzyme activity is altered as the proteins start to
coagulate and denature (Gill-King, 1997), meaning that the enzymatic reactions start to
cease. For example, lactate dehydrogenase (LDH) isoenzyme 5, the main LDH form in
erythrocytes involved in converting pyruvate to lactate; is known to be sensitive to pH
changes of just pH 0.1 (Vesell & Yielding, 1966). This means that once the intracellular
pH of the erythrocyte decreases, the LDH will most likely stop functioning.
The earliest effect of failing ATP production is cellular swelling (Cotran et al., 1994; GillKing, 1997; Majno & Joris, 1995). This is caused by the cell membrane failing to
maintain osmotic pressure. Mammalian cells possess a high intracellular pressure due to
having a greater intracellular protein concentration compared to extracellular protein
concentration (Thibodeau & Patton, 2007). This high intracellular pressure is maintained
by a sodium/potassium ATP pump on cell membranes which maintains a lower
concentration of sodium and a higher concentration of potassium intracellularly compared
to extracellularly (Thibodeau & Patton, 2007). Due to the limited ATP, the
sodium/potassium ATP pump fails which results in an accumulation of sodium and
calcium intracellularly accompanied by an osmotic gain of water causing cell swelling
(Cotran et al., 1994; Majno & Joris, 1995). Cellular swelling is also caused by an
increased intracellular osmotic load by an accumulation of metabolites, such as lactate,
ammonia, and purine nucleosides (Cotran et al., 1994; Majno & Joris, 1995).
The proteins, enzymes, and metabolites then start to leak from the cell into the
extracellular space as the phospholipid molecules within cell membranes are damaged due
to the cellular swelling (Darzynkiewicz et al., 1997) and are not replaced. It is at this
point, that the protein and metabolite biomarkers measured in chapters 4, 5 and 6 are able
to be detected and measured, giving a good representation of the hypoxic, supravital and
decomposition processes that are occurring. Furthermore, lysosomal membranes also
become leaky due to cellular swelling (Majno & Joris, 1995). This means that hydrolytic
enzymes are displaced from the lysosome into the cell cytoplasm where they are activated
by the decreasing pH and begin to degrade chromatin and breakdown remaining cellular
organelles, including the remaining cell membrane until complete dissolution of the cell
occurs (Cotran et al., 1994; Darzynkiewicz et al., 1997; Gill-King, 1997; Majno & Joris,
1995). This process is known as autolysis and again the biomarkers present and detected
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provide a window into the hypoxic, supravital and decomposition processes that are
occurring post-mortem as described in chapters 5 and 6. Furthermore as more cells start to
undergo autolysis, the partial destruction of cellular structures allows anaerobic bacteria
normally contained in the intestines to leak into the extracellular space and start to
circulate through the plasma using the leaked metabolites as food (Gill-King, 1997;
Janaway et al., 2009; Micozzi, 1991; Powers, 2005) providing further metabolites for
analysis. This process is known as putrefaction.
Most forensic literature describes the initial sign of putrefaction as a greenish tinge on the
abdomen which is thought to be due to caecum bacteria converting haemoglobin to sulfurhaemoglobin (Clark et al., 1997; Dix & Graham, 2000; Gill-King, 1997; Janaway et al.,
2009; Micozzi, 1991; Powers, 2005; Spitz, 2006; Vass, 2001). During this research,
experiments were undertaken to try to isolate the sulfur-haemoglobin from rat blood postmortem and produce it in vitro as described in chapter 4, so that this protein could be
examined and confirmed as the substance producing the greenish tinge on the abdomen of
decomposing cadavers. However, no sulfur-haemoglobin was able to be either produced in
vitro, or isolated from the blood stream of the deceased animals. From this research, it
appears that the forensic literature statement that a greenish tinge on the abdomen “is the
production of sulfur-haemoglobin” cannot be confirmed or even verified as being
legitimate. Furthermore, research by (Katsumata et al., 1985) showed that in the
bloodstream of post-mortem cadavers another green protein known as choleglobin is
present and that it absorbs spectroscopically at 620 nm, the same wavelength that sulfurhaemoglobin absorbs, providing further evidence that the “greenish tinge on the abdomen”
may not be sulfur-haemoglobin after all. Further research looking at sulfur-haemoglobin is
needed to confirm that 1) sulfur-haemoglobin is present in post-mortem blood, 2) that
sulfur-haemoglobin can be isolated from post-mortem blood and 3) what the molecular
structure of sulfur-haemoglobin is and 4) how exactly is this compound is formed in vivo
post-mortem without the presence of sulfur drugs.
The result of putrefaction is the catabolism of all tissue carbohydrates, proteins and lipids
present being converted into gases, liquids and simple molecules. It was the presence of
these simple molecules which were examined in the metabolite assays described in
chapters 5 and 6. However, this research only sampled blood for 96 hours to be sure that
blood was sampled rather than decomposition fluid from liquefied tissues. This means
putrefaction was not advanced, so catabolism of all tissue carbohydrates, proteins and
157

Chapter 7 Discussion
lipids was just beginning when sampling ceased, meaning post-mortem metabolite changes
after the 96 hour time point when putrefaction was advanced were not examined.

7.4 Biochemical markers
Biochemical markers on mammalian post-mortem remains has been extensively examined
in a variety of tissues such as heart, lung, muscle, brain and pancreas (Babapulle &
Jayasundera, 1993; Banaschak et al., 2005; Bardale & Dixit, 2007; Bauer et al., 2003;
Blumenfeld et al., 1979; Bogusz et al., 1970; Boumba et al., 2008; Coe, 1974; Coe, 1989;
Coe, 1993; Enticknap, 1960; Etievent et al., 1995; Fineschi et al., 1990; Garg et al., 2005;
Geesink et al., 2006; Hirvonen & Huttunen, 1996; Jaffe, 1962; Jetter, 1959; Jetter &
McLean, 1943; Kala & Chudzikiewicz, 2003; Kimura et al., 2010; Li et al., 2006; Mikami
et al., 1994; Musshoff et al., 2010; Neis et al., 1999; Perry et al., 1981; Poloz & O'Day,
2009; Poulsen et al., 1990a; Rognum et al., 1991; Schleyer, 1963; Statheropoulos et al.,
2005; Swann et al., 2010a; Swann et al., 2010b; Tumram et al., 2011; Vass et al., 2002;
Vass et al., 1992; Willey & Heilman, 1987; Zhu et al., 2007a; Zhu et al., 2007b).
However, limited research has been undertaken pertaining to proteins and metabolite
biomarkers specifically in post-mortem blood to estimate PMI. This study examined
protein and metabolite biomarkers in post-mortem blood and found that while all the
biomarkers examined showed varying °C of post-mortem change, not all of these
biomarkers could be utilised to provide a potential PMI estimate.
Maeda et al (2011) describe post-mortem biomarkers as requiring a “quick response after
an insult, post-mortem stability, discrimination power (sensitivity and specificity), low
cost, easy access and quick analysis for screening, standardization and quality assurance”
(Maeda et al., 2011). All of the biomarkers that were examined in this study, except the
protein biomarkers parvalbumin and carbamoyl-phosphate synthase described in chapter 4,
fitted Maeda’s requirements of post-mortem biomarkers. One important PMI biomarker
requirement Maeda et al. (2011) did not list was that changes must occur in a linear timedependent manner. This requirement is important because if the change in the biomarker is
not linear and has a bell shape or has a plateau concentration pattern over time it would be
very difficult to establish PMI because more than one time point would have the same or
similar concentration.
As described in chapter 5, the concentration of lactate remained relatively stable after 9
hours except for a slight decrease in concentration at 24 hours in human blood left to age,
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or at 32 hours in post-mortem rat and piglet blood but all other time points after 9 hours
had similar concentrations. Therefore, lactate would not make a good candidate for PMI
estimation, since so many time points have the same or similar concentration.
Furthermore, lactate is produced not only by mammalian cells during anaerobic
metabolism, but also by lactobacilli. Research investigating the presence of microbes in
post-mortem remains during decomposition have identified lactobacilli as well as
Clostridium spp, streptococci and enterobacteria from the GI tract of humans as being
involved in the putrefactive process in the first few days of death (Janaway et al., 2009;
Mann et al., 1990; Paczkowski & Schütz, 2011; Parkinson et al., 2009) and all of these
bacteria are able to produce lactate (Paczkowski & Schütz, 2011). This means that
increases seen in this metabolite may be falsely elevated due to bacterial fermentation
during putrefaction. In further support of this conclusion, is the fact that intracellular LDH
is very sensitive to pH changes of just 0.1 as stated previously, and because this research
showed that post-mortem blood has a significant pH change in the first 24 hours, eg 7.46.0, intracellular LDH is most likely inhibited by 24 hours, meaning that another factor
other than intracellular LDH could be producing lactate over the 96 hour time period.
Conversely, if this is correct, it does not explain why the lactate concentration shows a
similar increase in human blood aged in a blood tube, when no bacteria were present.
Therefore, until this question can be answered, lactate will not make a good candidate for
PMI estimate.

Parvalbumin and carbamoyl-phosphate synthase proteins described in chapter 4 are
proteins normally not found in the bloodstream as they carry out their usual functions in
fast contracting muscles and the brain and in the liver and intestines respectively. These
two proteins did not fit Maeda et al. (2011) criteria, because no experiments were
undertaken in this study to discover when exactly these proteins appeared in the
bloodstream so it is difficult to assess if the response to death was “quick”. Furthermore,
no experiments were carried out to establish how stable these proteins are in the
bloodstream since they don’t normally belong in the bloodstream and it is difficult to
assess whether these proteins will be able to be screened and analysed quickly, when they
were not examined in detail in this study.

However, this study did identify four metabolites; hypoxanthine, ammonia, NADH and
formate using enzymatic assays and a further 26 metabolites; glutathione, GABA,
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glyoxylic acid, oxalic acid, hydroxyproline, creatinine, α-ketoglutarate, succinate, plus 18
amino acids using GC-MS that could be candidates to estimate PMI. This was because
these metabolites increased over time without plateauing, they had post-mortem
concentrations so large they were unlikely to be indicative of any disease process, and
because they meet all of the requirements stated by Madea et al.(2011). While this study
has shown that these biochemical markers have great promise for the estimation of PMI,
they have not been fully examined or validated. Certain questions exist regarding these
markers which need to be answered first before they could be used to estimate PMI such
as, what do the post-mortem concentrations of these metabolites look like at variable
temperatures as would be expected outside a laboratory, does the metabolite profile change
if certain medications are taken, does age, diet and antibiotic use of the deceased make a
difference to ammonia concentrations achieved as proposed in chapter 5 and what is
causing the slight decrease in concentration of most metabolites at the 32- 36 hour time
point as described in chapter 5. Further work also needs to be carried out on the 26
metabolites identified by mass spectroscopy to establish if these results can be replicated,
the exact concentration of these biochemical markers rather than the relative
concentrations, if they change or have the same concentration in different mammals and if
the concentrations change in different humidity or temperatures since these variables were
not examined in this study. Furthermore, if any of the biochemical markers found in this
study are to be used to estimate PMI, the same analytical method or methods needed to be
constituted to ensure reliable and consistent application and reporting.

Uric acid was a biochemical marker that despite meeting all of the requirements stated by
Madea et al., (2011) and having a linear concentration over time in post-mortem rats, was
not included as one of the four metabolites identified in the biochemical assays as being a
potential PMI biomarker. This is because uric acid requires more investigation and
knowledge about how and why this marker increases post-mortem due to the findings from
this study leading to further questions. For example, why does the uric acid concentration
increase 40 fold by 96 hours post-mortem in rats compared to antemortem concentrations
when uric acid was not expected to increase; why does uric acid increase only in rats and
not in humans or piglets and how can xanthine oxidase catalyse the production of uric acid
when this enzyme requires oxygen. Furthermore, where does all the oxygen come from for
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xanthine oxidase to use? If there is oxygen available for xanthine oxidase to use, why does
oxidative phosphorylation not occur again?
It is possible that the oxygen required for xanthine oxidase is being produced by the
erythrocyte rich antioxidant enzyme catalase which converts hydrogen peroxide into
oxygen and water. In fact research studies have shown that catalase accounts for more
than half the destruction of hydrogen peroxide in glucose-6-phosphate dehydrogenase
deficient erythrocytes (Gaetani et al., 1989). Therefore it is clear that this biochemical
marker could not be included as a candidate to estimate PMI, until these questions are
answered.

7.5 Biochemical markers as a PMI method verses other PMI methods
There are many sources of evidence used for estimating PMI. This evidence is divided
into two categories: rate methods and concurrence methods. Most of the evidence
collected to estimate PMI is either corporeal evidence, ie that present in the body, or
environmental and anamnestic evidence, ie based in the vicinity of the body or based on
the deceased habits, movements, daily activities etc. Most corporeal evidence is
categorised in the rate methods, where environmental and anamnestic evidence is
categorised in concurrence methods.
In the forensic community PMI is estimated using either the rate method of putrefaction
changes and algor mortis, if the deceased was found in the first 1-2 days or the
concurrence method of entomology (insects) to estimate PMI if the deceased was found
longer than 2 days and had undergone severe decomposition. The problem with both of
these methods for predicting PMI is that they are strongly influenced by unpredictable
endogenous and environmental factors, which can result in large errors in being able to
predict PMI. For example, If a deceased is found exsanguinated, in a very cold location,
then decomposition is dramatically reduced, because bacteria are unable to migrate around
the body through the blood stream, as there is little blood left. The cold temperature
doesn’t help this process because bacterial and insect action is slowed. This could result in
an incorrect PMI estimation, as it will appear that the body may have only recently
deceased. It was these unpredictable endogenous and environmental factors affecting PMI
estimates that led to Dr Bass forming the University of Tennessee Anthropological
Research Facility. Dr Bass underestimated a PMI estimate of a civil war veteran by 113
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years due to putrefaction being halted because of poisoning of the corpse from his lead
coffin (Bass & Jefferson, 2004).
Biochemical markers as were identified in this study for estimating PMI are also
influenced by endogenous and environmental variables but these variables are more clearly
defined than putrefaction and lifecycle of an insect, making interpretation of the results
and therefore PMI estimates easier. For example, protein degradation and metabolite
production are generally influenced by temperature, humidity and pH, variables which can
be measured at the time a corpse is found and taken into consideration when estimations
are made. Where decomposition and insect development are generally influenced by
variables such as age and weight of the deceased, medications/drugs the deceased may
have taken, coverings surrounding the deceased, diseases the deceased may have had as
well as temperature, pH and humidity making the results more difficult to interpret.
Furthermore, the use of biochemical markers for the estimation of PMI means the
elimination of examiner bias, something that conventional methods such as algor mortis
and putrefaction changes suffer from. Additionally biochemical markers can be
standardised and statistically assessed, and can involve multiple markers being analysed at
once which can give a more accurate time frame, compared to reliance on decomposition
or insect life cycle stage.
Blood biochemical markers in particular, also offer another advantage over conventional
methods, and that is that blood is present throughout the body, so PMI estimates can be
made from dismembered body parts or from river or ocean submerged remains, where
putrefaction changes and entomological methods may not be able to be used.

7.6

Future directions

The results presented in this thesis are the first systematic study of multiple metabolic
changes post-mortem. This study provides valuable and significant information on the
nature and extent of biochemical changes that occur in blood post-mortem, in addition to
identifying 30 potential markers for estimating PMI. However, despite this project
describing biomarkers with potential utility for PMI estimation, a large amount of future
work needs to be undertaken to validate these findings.
One limitation of this study was not being able to repeat the GC-MS analysis or examine
in detail some of the GC-MS unexplained findings such as the concentrations of putrescine
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and glucose (Chapter 6) due to cost and time restraints. The increase in putrescine was
expected to be significant because it is one of the volatile toxic products produced in
decomposing tissues that cadaver dogs use to detect remains (Gill-King, 1997) and so is
not normally present in the bloodstream of living individuals in any great concentration,
however this was not the case as described earlier. Similarly, the GC-MS results showed
that the post-mortem concentration of glucose remained within the antemortem reference
range, instead of decreasing as was expected, since glucose should be converted to lactate
through anaerobic fermentation as described previously. The TMS derivatisation method
was utilised in the detection of glucose and the TMS derivatisation method gave large
standard deviations, indicating that these results may not be reliable. Therefore, future
experiments being able to repeat the GC-MS experiment or examine both putrescine and
glucose with enzymatic assays could established whether the concentrations detected by
GC-MS were incorrect and unusual or if the GC-MS results obtained were correct but the
changes were so small that they are not statistically significant.
Another limitation of this study was that some of the metabolites measured in this study
such as lactate and formate are produced by some fermentative bacteria which means that
the increases seen in these metabolites may be falsely elevated due to bacterial
fermentation during putrefaction. Despite experiments being completed in this study to
establish if bacteria were present in the bloodstream in human samples aged in a tube and
in post-mortem blood, which may cause lactate and formate to be falsely elevated, no
bacteria grew on the agar plates. It is not known whether this was because there were
actually no bacteria present in the bloodstream, or whether this was because the bacteria in
the bloodstream were anaerobic and because the agar plates were not incubated in an
anaerobic chamber, they were unable to grow. Another reason for why no bacteria grew
on the agar plates may simply be because blood agar plates may not contain enough
nutrients for the bacteria to grow. Therefore, future experiments could be carried out
looking at whether the bacteria in the bloodstream are anaerobic or aerobic post-mortem.
If bacteria are present in the bloodstream, establishing when they first appear in the
bloodstream and whether it is within the first 96 hours could be examined. Furthermore, if
bacteria are present in the bloodstream within the first 96 hours after death establishing if
the bacteria are able to produce lactate and formate would be important.
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Another limitation of this study was the use of animals as model organisms for human
decomposition. This is a limitation because it is not known whether such data could be
translatable to human cadavers. This research project collected post-mortem blood from
rats and piglets due to the difficulty obtaining ethical consent for post-mortem human
blood samples. Although, no post-mortem human blood samples were used, aged human
blood samples were used. The aged human blood samples showed that the antemortem
concentrations of each of the metabolites measured in the study, gave concentrations that
were identical or very similar to the antemortem concentrations from both the pig and the
rat. Furthermore, the concentrations of each of the metabolites obtained in the human
blood over the 96 hour time period was similar to the concentrations obtained in the postmortem piglets blood. This indicates that the data obtained during this research is possibly
translatable to human cadavers. Furthermore, post-mortem research using both pigs and
humans found that model organisms are preferential to human cadavers for replicated
studies because of the vast differences between individual human cadavers, and the ability
to be able to control many of the variables influencing decomposition rates with animals
(Parkinson et al., 2009). However, future work could use post-mortem human blood and
confirm if the results produced in this study are actually transferable to humans and if the
biomarkers could be used in humans to estimate PMI.
Additionally, in this study the deceased rats and pigs were not placed in a natural
environment in which temperature fluctuations and insect activity would influence the rate
of post-mortem decomposition as would occur in a forensic casework situation. This was
because there was no location suitable where these experiments could be completed
without being disturbed. Furthermore, because this was such a novel approach to
estimating PMI, limited research was available which had identified biochemical markers,
therefore identifying biochemical markers in the bloodstream had to be undertaken first to
establish what biomarkers if any were present and did these change overtime. For
biochemical markers to be of forensic use it will be important to determine the changes
that occur post-mortem in different environments.
Finally, one of the main reasons that new biochemical methods for PMI estimation have
not been developed is due to the inability of the methods to produce results quickly at the
scene of crime. This is a limitation with this study as well because both the derivatisation
processes and enzymatic assays used to measure the biochemical markers in the
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bloodstream require a lot of sample and assay preparation to be able to get reliable results
and they cannot be carried out at a crime scene. However, portable, hand held GC-MS
devices are currently being developed (Sekiguchi et al., 2006), which means that soon GCMS can be carried out at a crime scene, making biochemical analysis of results much
quicker. Future work could also look at developing a hand held device, much like a
pregnancy kit, where specific antibodies or enzymes are present on a test strip linked with
a coloured dye. When the blood sample is loaded on to the strip the proteins could then
bind to the antibodies, and the metabolites could then react with the enzymes resulting in a
specific colours and band patterns. The colour change and the number of bands could then
be compared to a reference standard to generate a PMI estimate.

7.7 Concluding remarks
This study has shown that biochemical markers, namely metabolites and proteins,
extracted from post-mortem plasma have the possibility of providing a reliable estimate
regarding time since death. Visual inspection of the corpse to determine decomposition
stage or life cycle of an insect is not usually sufficient, especially if the corpse is
dismembered, submerged, or mummified. Biochemical markers produced during
endogenous anaerobic metabolism as well as protein degradation as a result of autolysis
rather than microbial putrefaction has shown that they could be potential markers to
determine PMI in a corpse. This study identified four metabolites; hypoxanthine,
ammonia, NADH and formate using biochemical assays and a further 26 metabolites;
glutathione, GABA, glyoxylic acid, oxalic acid, hydroxyproline, creatinine, αketoglutarate and succinate, plus 18 amino acids using GC-MS that could be used to
estimate time of death. In particular three metabolites; hypoxanthine, ammonia and NADH
currently hold the greatest promise as PMI indictors as this study showed that their
concentrations are increased linearly post-mortem across all the mammals used in this
study, these metabolites are not produced by anaerobic bacteria, so putrefaction should not
have a significant effect on the production of these metabolites and they can be very
quickly measured and analysed via enzymatic assays. Furthermore, because blood is
found throughout the body, remains largely fluid post-mortem and is unaffected by
confounding factors such as age, gender, diet, diurnal cycles and stress, it is available to
access regardless of post-mortem remains being decomposed, dismembered or
submerged, making it ideal for PMI investigations.
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This study has also shown that further work is required into biomarkers to determine PMI,
because very little is known about how some of these markers are increasing post-mortem
such as uric acid, what is the cause of the decrease in most metabolites at the 32-36 hour
time point and what endogenous or exogenous variables show changes in the metabolites
analysed in this study.
Finally, this study has shown how the quote in the beginning of this chapter is indeed true,
“that we die in bits and pieces” which is most likely why after 2000 years a highly accurate
PMI method has never been established.
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Figure A1-1: Ethical approval to euthanise Rats. Ethical consent was written and granted giving
permission for the euthanasia of rats for the duration of this project.

184

Appendix 1 Ethical consents

Figure A2-2: Ethical approval to administer allopurinol to rats. Ethical consent was written and granted
giving permission to administer allopurinol prior to euthanasia of rats for the duration of this project.
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Figure A1-3: Ethical approval to collect blood samples from human participants. Ethical consent was
written and granted giving permission for the collection of human blood samples for the duration of this
project.
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Figure A1-4: Ethical approval to euthanise piglets. Ethical consent was written and granted giving
permission for the euthanasia of piglets for the duration of this project.
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Appendix 2 Two D gels

Figure A2-1: 2D electrophoresis gel of antemortem rat plasma collected from rat number 1. Proteins
spots are separated according to pH and size. The black circles indicate the protein spots that were excised
and identified by mass spectroscopy as they had altered compared to the 96 hour post-mortem gel. The spots
are numbered 1-4 from left to right. See chapter 4, section 4.2.3 for identification of spots.
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Appendix 2 Two D gels

Figure A2-2: 2D electrophoresis gel of antemortem rat plasma collected from rat number 2. Proteins
spots are separated according to pH and size.
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Appendix 2 Two D gels

Figure A2-3: 2D electrophoresis gel of antemortem rat plasma collected from rat number 3. Proteins
spots are separated according to pH and size.
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Appendix 2 Two D gels

Figure A2-4: 2D electrophoresis gel of 48 hour post-mortem rat plasma collected from rat number 1.
Proteins spots are separated according to pH and size. The black circles indicate the protein spots that were
compared to the 96 hour gel to identify changes. The spots are numbered 1-12 from left to right. See chapter
4, section 4.2.3 for identification of spots.
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Appendix 2 Two D gels

Figure A2-5: 2D electrophoresis gel of 48 hour post-mortem rat plasma collected from rat number 2.
Proteins spots are separated according to pH and size.
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Appendix 2 Two D gels

Figure A2-6: 2D electrophoresis gel of 96 hour post-mortem rat plasma collected from rat number 1.
Proteins spots are separated according to pH and size. The black circles indicate the protein spots that were
excised and identified by mass spectroscopy. The spots are numbered 1-12 from left to right. See chapter 4,
section 4.2.3 for identification of spots.
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Appendix 2 Two D gels

Figure A2-7: 2D electrophoresis gel of 96 hour post-mortem rat plasma collected from rat number 2.
Proteins spots are separated according to pH and size.
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Appendix 2 Two D gels

Figure A2-8: 2D electrophoresis gel of 96 hour post-mortem rat plasma collected from rat number 3.
Proteins spots are separated according to pH and size.
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Appendix 3 Decomposition Photos

Figure A3-1: Time course photographs taken of one of the rats and one of the piglets used in this
study. Progression of decomposition can be seen clearly in both mammals over the 96 hour time period, with
the blackening of the abdominal organs in the rat and the greenish tinge on the skin of the abdomen of the
piglet.
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Appendix 3 Decomposition Photos

Figure A3-2: Time course photographs taken up close of the abdomen cavity of the rat. Decomposition
of the rat can be seen by the colour of the rib cage and abdominal organs which turn from dark red to
brownish black by 96 hours.
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Appendix 3 Decomposition Photos

Figure A3-3: Time course photographs taken up close of the abdominal cavity of the piglet. The
progression of decomposition can be seen clearly on the piglet skin, with the greenish tinge starting to show
on the abdomen of the piglet at 24 hours and becoming very obvious by 48 hours and markedly obvious by
96 hours.
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Appendix 4 Formate assay results
Appendix 5 GC-MS and Direct Injection
MS/MS data
Appendix 6 Protein Identification MS/MS results

Is available on the CD-ROM

201

