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Abstract
Purpose Skeletal muscle tissue is proposed as a forensic mod-
el tissue with strong potential, as it is easily accessible and its
true-to-life state structure and function is well known. Despite
this strong potential, skeletal muscle degradation studies are
rare. The aim of this study was to test if a skeletal muscle-
based protein analysis is applicable to delimitate the time since
death.
Methods Under standard conditions, two pigs were stored ei-
ther at 22 °C for 5 days or 4 °C for 21 days. Their Mm. biceps
femori were sampled periodically for analyses of ten skeletal
muscle proteins postmortem.
Results All analyzed proteins can serve as markers for a de-
limitation of the time since death. Desmin, nebulin, titin, and
SERCA 1 displayed distinct protein patterns at certain points
of time. The other five proteins, α-actinin, calsequestrin-1,
laminin, troponin T-C, and SERCA 2, showed no degradation
patterns within the analyzed postmortem time frame.
Conclusions Referring to specific skeletal muscle proteins,
results showed short-term stabilities for just a minority of an-
alyzed proteins, while the majority of investigated proteins
displayed characteristics as long-termmarkers. Due to specific
patterns and the possibility to determine definite constraints of
the presence, absence, or pattern alterations of single proteins,
the feasibility of porcine skeletal muscle as forensic model
tissue is outlined and the potential of skeletal muscle as foren-
sic model tissue is underlined, especially with respect to later
postmortem phases, which so far lack feasible methods to
delimitate the time since death.

Keywords Skeletal muscle . Proteins .Western blot . Post
mortem . Time of death

Introduction

The delimitation of the time since death is one of the central
topics in forensic research and a critical step in many death
investigations. In the early postmortem phase, the delimitation
of the time since death is relatively definite, because of several
combinable methods (complex method) [1, 2]. With increas-
ing time since death, its approximation becomes more diffuse
as there are just a few comparative methods being available
such as determining the potassium concentration in the vitre-
ous humor [2] or other body fluids as the cerebrospinal fluid
[3]. Furthermore, the delimitation of the time since death
proves to be intricate due to tissue structures already
decomposing by internal degradation processes. The methods
used so far for the delimitation of the time since death in late
postmortem phase are mainly based on degradation processes
and, because of insufficient comparative studies in vivo, pri-
marily lack the practical approach in forensic daily routine [2].
However, progress has been made exploring new methods for
postmortem interval estimation, and new lines of research
focussing on protein [2, 4, 5], RNA [6], and DNA [7] degra-
dation or real-time RT-PCR analysis of gene expression of
clock genes [8] potentially provide future, more precise
methods for a delimitation of the time since death.

Due to the former mentioned facts, the temporal delimitation
can be fixed by a number of typical characteristics in the early
postmortem phase, while late postmortem periods bear severe
intricacies, and a series of factors such as way of death, body
composition, as well as environmental changes of the location
of the corpse all hamper a confident and reliable delimitation of
the time since death [5]. Particularly sensitive is the period
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between the end of rigor mortis and start of degradation pro-
cesses, as this period basically lacks reliably applicable
methods. So far, to our knowledge, the validity of chemical
methods is still limited. This is underlined by the fact that cur-
rent methods to estimate the time since death are not always
accurate or reproducible [5]. In this context, skeletal muscle
tissue is proposed as a forensic model tissue as it has a strong
potential for delimitation of the time since death: it is easily
accessible; its true-to-life state structure and function is well
known, including developmental, sex-specific, and age-
dependent characteristics; and finally, depending on the specific
cause of death, there are several skeletal muscles to select from.

A variety of meat quality studies reports proteolysis of
myofibrillar proteins being a key event during postmortem
degradation, with a temporally staggered degradation of the
various proteins [9]. Proteins that are degraded during muscle
fiber degradation are specific myofibrillar, cytoskeletal, and
costamere proteins, such as troponin-I and troponin-T, des-
min, vinculin, filamin, dystrophin, titin, and nebulin, and
some cleavage was also observed of the major myofibrillar
proteins such as actin and myosin [9–15].

Although proposed to have a strong potential as model
tissue for the delimitation of the time since death, studies
focussing on skeletal muscle degradation processes are rare.
Knowledge of alterations of skeletal muscle proteins, gained
by meat science studies to contribute to meat quality attri-
butes, may only provide basic knowledge of degradation pro-
cesses, but are nonnegotiable to forensic science, as these
experiments were carried out solely in cold environments after
standard slaughtering processes and dressing of the body.

Therefore, the aim of this study was to specifically charac-
terize postmortem alterations of skeletal muscle proteins at
standardized low and warm temperature regimes to contribute
to forensic research by providing a novel approach for the
delimitation of the time since death.

Material and methods

Sampling

Under veterinary guidance, pigs were anesthetized by a bolt
apparatus strongly put onto the forehead. By severance of the
spinal marrow between the first and second cervical vertebra,
the pigs were sacrificed. With the absence of vital signs (no
heart beat, no eye lid reflex, no corneal reflex, no rhythmic
breathing) and the presence of injury interfering with life,
death was confirmed. The carcasses were fixated in supine
position on wooden platforms. The upper hind limbs had no
contact to the underground and were easily accessible without
moving the hind limbs. One pig was stored at 22±2 °C for
5 days postmortem, and the second pig was stored at 4±1 °C
for 21 days postmortem. The environmental conditions (room

temperature and humidity) as well as the body core tempera-
ture were documented digitally. For sampling purposes, the
hind limbs were washed with water to remove superficial dirt.
The bristles were shaved off and the skin was cleaned finally
with 70 % ethanol. The integument was opened carefully
without influencing the connective tissue underneath and the
epimysium of the skeletal muscle removed with caution at the
sampling site. At each point of time postmortem, a superficial
(3 cm deep, measured from the surface skin) muscle sample
was dissected. Two 100-mg samples were shock frozen in
liquid nitrogen and stored in a Dewar. Between two sampling
areas approximately 3 cm was left out to avoid artificial struc-
tural alterations (caused by previous dissections). After each
dissection, the integument was closed carefully by means of
surgical sewing to avoid external influences on the site.

Skeletal muscle tissue was homogenized bymeans of cryo-
genic grinding with a motor-driven pestle and a mortar
(CryoGrinderTM OPS Diagnostics, LLC.). Skeletal muscle
powder was transferred into a precooled tube, weighed, and
finally solubilized in ten volumes of a freshly produced ice-
cold extraction buffer. The extraction buffer was a RIPA buff-
er (ready-to-use) containing 0.025MTris-HCl pH 7.6, 0.15M
sodium chloride, 1 % NP-40, 1 % sodium deoxycholate, and
0.1 % sodium dodecyl sulfate (SDS) with additionally
0.005 M ethylenediaminetetraacetic acid (EDTA) and a pro-
tease inhibitor (complete mini protease inhibitor cocktail). The
homogenate was further broken down by ultrasonication
(Bandelin Sonopuls GM 70) with three bursts of 50 % of
maximum cycling. After centrifugation at 1500 rpm for
10 min, the supernatant fraction was collected and split into
two single probes.

The protein concentration was determined using Pierce
BCA Assay Kit. Protein concentration was determined by
using a bovine serum albumin (BSA) standard curve. The
samples were stored at −20 °C till use.

SDS-polyacrylamide gel electrophoresis and Western blot

Dependent on the size of the particular protein (25 to 220 kD),
discontinuous SDS gels were used with different percentages
of the separating gel (8, 10, and 12.5 %). The separation gel
was made of a ready-to-use acrylamide to N,N′-bis-methylene
acrylamide 37.5:1 (wt/wt) solution, 0.375 M (wt/vol) Tris-
HCl pH 8.8, 0.4 % (wt/vol) SDS, 0.05 % N′N′N′N′-
tetramethylethylenediamine (TEMED), and 0.05 % (wt/vol)
ammonium persulfate (APS). The stacking gel contained 5 %
of a ready-to-use acrylamide to N,N′-bis-methylene acrylam-
ide 37.5:1 (wt/wt) solution, 0.125M (wt/vol) Tris-HCl pH 6.8,
0.4 % (wt/vol) SDS, 0.125 % TEMED, and 0.075 % (wt/vol)
APS.

For large proteins (200 to 3000 kD) a 5 % separation gel
without stacking gel was used. Besides the 5 % polyacryl-
amide solution which consisted of the two components
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acrylamide and N,N′-bis-methylene acrylamide in a ratio of
100:1 (wt/wt), the gel contained 0.1 % SDS, 0.2 M Tris-HCl
pH 8.0, and 2 mM EDTA.

The antibody regime used was α-actinin (N-19),
calsequestrin 1 (D-10), desmin (DE-R-11), nebulin (N-19),
SERCA 1 (N-19), SERCA 2 (N-19), titin (N-20), tropomyo-
sin (CH1), and troponin T-C (C-19). from Santa Cruz
Biotechnologies, Inc. as well as laminin (AHP420) from
AbD Serotec and μ-calpain (9A4H8D3) from Thermo
Scientific.

Gels were run at vertical double gel systems (PEQLAB
Biotechnologie GmbH). The running buffer for the discontin-
uous SDS-polyacrylamide gel electrophoresis (PAGE)
contained 0.025 M Tris, 0.192 M glycine, 0.1 % SDS, and
0.002 M EDTA. According to the percentage of each individ-
ual skeletal muscle protein in the whole muscle homogenates,
the samples were diluted with aqua bidest till achieving the
optimum protein concentrations (20–100 μg) for Western blot
detection. Additionally, 5 μl ×4 SDS-PAGE sample buffer
containing 0.25 M Tris-HCl pH 6.8, 8 % SDS, 20 % 2-
mercaptoethanol (MCE), 40 % glycerol, and 0.08 %
bromophenol blue was added to each diluted sample for de-
naturation and negative charge loading. Samples were dena-
tured at 50 °C for 20 min, and immediately afterwards, 20 μl
of each sample as well as a prestained protein marker were
loaded onto the gels. Gels were run on a 300-V power supply
(PEQLAB Biotechnologie GmbH) at constant voltage set-
tings of 150 V at room temperature. The running buffer for
the continuous SDS-PAGE contained additionally 0.1 %
MCE to aid in mobilization of these large proteins. Gels were
loaded with 120 μg of denatured protein and run at 3 mA for
approximately 24 h.

Gels used for studying all protein bands were stained
overnight in an excess of 0.1 % (wt/vol) Coomassie
Brilliant Blue R-250 dye solved in 40 % methanol,
10 % acetic acid, and 50 % aqua bidest. Afterwards, gels
were destained in an excess of a solution containing 50 %
methanol, 40 % aqua bidest, and 10 % acetic acid till the
protein bands were clearly visible and the background
destained completely. For documentation purposes, gels
were finally dried between two layers of wetted preserv-
ing membrane under vacuum conditions in a Gel Dryer
Model 583 (Bio-Rad) for 2 h at 60 °C.

Gels used for protein detection were equilibrated for
20 min in ice-cold transfer buffer containing 0.025 M Tris,
0.192 M glycine, 0.002 M EDTA, and 20 % methanol. The
gel sandwich was blotted in a PerfectBlue Tank Electroblotter
(PEQLAB Biotechnologie GmbH) filled with transfer buffer.
The transfer was performed for 75 min under constant circu-
lation of the buffer at 4 °C and 250 mA. The membranes were
either stained in 0.1 % (wt/vol) Ponceau S red solved in 1 %
acetic acid for 1 min or destained some seconds in aqua bidest
to control the success of the protein transfer.

Protein detection

Membranes were blocked in 0.025 M Tris-HCl pH 7.5,
0.15 M sodium chloride, 0.05 % Tween 20, and 1 %
BSA. Primary antibodies were incubated for 2 h.
Secondary antibodies were labelled with horse radish
peroxidase (HRP). Signals were made visible on X-ray
films (Amersham HyperfilmTM ECL, high-performance
chemiluminescence film, GE Healthcare) after incuba-
tion in SuperSignal West Pico Chemiluminescence solu-
tion. The documentation of the degradation patterns of
the single proteins was done qualitatively by the docu-
mentation of protein degradation at 22 and 4 °C,
respectively.

In order to avoid false results as well as artifacts, four
Western blot repetitions were carried out for each protein with
the best blots being shown herein. With respect to all proteins,
no artifacts occurred during analyses.

To enable qualitative analysis of protein-specific degrada-
tion profiles, specific amounts of the protein homogenate,
based upon predetermined protein concentrations, were load-
ed onto the SDS-PAGE gels, to generate profiles, indicating
equivalent protein loading. Slight variations in the amounts
occurred seldomly, which were the result of minor application
errors during SDS-PAGE procedures, but did not affect the
final result.

Results

Postmortem observations

Both pigs had similar features regarding their age, the
body weight, the feeding and keeping conditions, the
slaughtering method, and the storage position. The body
core temperature was similar with 39.6 and 39 °C. At
22 °C storage temperature, the alignment of the body core
temperature to the environmental temperature was ob-
served after 30 h postmortem (hpm), while at 4 °C, this
circumstance was reached after 96 h.

The pig carcass stored at 22 °C showed classical signs of
death with expression of livor mortis at the head and neck
region from 12 hpm onwards; greenish autolytical stains at
the eye (48 hpm), ear (48 hpm), and inguinal region
(36 hpm); gas assembling under the skin in the thorax region
(36 hpm); and later postmortem also in the inguinal region
(48 hpm), translucency of the venous lattice (36 hpm), protru-
sion of the rectum (54 hpm) and the eyes (72 hpm) as well as
softening of the tissue.

At 4 °C, only faint greenish small stains in the inguinal
region were observed from 132 hpm onwards and no further
signs of decomposition were observed till 504 hpm.
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Protein degradation

At 0 h, all proteins as well as μ-calpain were successfully dem-
onstrated on the Western blot or, in case of titin and nebulin, on
the SDS-PAGE gel, due to their high molecular weights.

All proteins were detectable till 5 days at 22 °C and 21 days
at 4 °C, respectively. For both temperature regimes, proteins
were assigned to three groups, due to their postmortem pat-
terns at Western blot level.

The first group of proteins showed no discernible changes
in their patterns during postmortem time courses at 22 and
4 °C (Fig. 1). This group included α-actinin, calsequestrin-1,
laminin, and tropomyosin. α-Actinin was resistant to proteol-
ysis, while laminin and calsequestrin-1 displayed slight vari-
ations in its detectable amount, but were resistant to proteoly-
sis until 5 days postmortem at 22 °C and 21 days postmortem
at 4 °C, respectively (Fig. 1).

The second group included the proteins troponin T-C and
SERCA 2, which showed clear decreases in their detectable
amounts without formation of protein fragments during post-
mortem time courses at 22 and 4 °C (Fig. 2). At 22 °C, tropo-
nin T-Cwas initially resistant to degradation, until, after 4 days
postmortem, its amount decreased strongly, and at 5 days post-
mortem only a weak band was determined. At 4 °C, troponin
T-C degradation progressed at a slower rate, with a minor loss
in its amount between 15 and 21 days postmortem. A degra-
dation of SERCA 2 was determined at both storage tempera-
ture regimes. At 22 °C, the amount of SERCA 2 varied

slightly between 1 and 4 days postmortem, until, after this
point of time, a strong decline was observed leading to an
almost complete loss of signal at 5 days postmortem. At
4 °C, the degradation of SERCA 2 progressed rather continu-
ously compared to the one at 22 °C (Fig. 2).

Desmin, nebulin, titin, and SERCA 1 were combined to a
third group, reflecting proteins with distinct postmortem pat-
terns (Fig. 3). At both storage temperatures, desmin was very
susceptible to proteolysis. At 22 °C, degradation of desmin led
to the appearance of a first distinctive protein fragment of ap-
proximately 39 kD, which was detected between 1 and 5 days
postmortem, followed by two additional smaller sized frag-
ments of about 36 and 35 kD at 5 days postmortem. At 4 °C,
three prominent protein fragments of approximately 45, 39, and
35 kD were seen between 10 and 21 days postmortem (Fig. 3).

Titin and nebulin degradation was followed up on the SDS-
PAGE gel, displaying a similar degradation pattern. Based on
equal analysis procedure as described in the literature, titin and
nebulin bands could be identified on the SDS-PAGE gels,
despite the absence of an appropriate high molecular
weight marker. By reason of this fact, the exact shifts
in their molecular weights could not be defined. At
22 °C, both proteins showed their first shifts at 1 day
postmortem, followed by the second one being observ-
able at 84 h postmortem. At 4 °C, titin and nebulin
displayed only one shift in their molecular weights be-
tween 0 and 10 days postmortem, identical to that ob-
served at 22 °C (Fig. 3).

Fig. 1 Western blot analysis of
the first group containing α-
actinin, calsequestrin-1, laminin,
and tropomyosin during 5 days
(120 h postmortem (hpm)) at
22 °C and 21 days (504 hpm) at
4 °C. This group of protein
showed no signs of proteolysis on
Western blot level. The time lines
are displayed horizontally for
each protein, while vertically, the
molecular size markers for each
protein are shown in kilodalton
(kD). On the left side of the figure,
the protein degradation patterns at
22 °C are displayed, while on the
right side their patterns at 4 °C are
seen

436 Int J Legal Med (2016) 130:433–440



SERCA 1 was susceptible to postmortem proteolysis, show-
ingmultiple protein fragments at 22 °C. At 22 °C, proteolysis led
to a first distinctive protein fragment with a molecular weight of
about 70 kD between 3 and 4 days postmortem, followed by

three additional smaller sized protein fragments of approximately
54, 39, and 35 kD between day 4 and 5 postmortem. At 4 °C, a
first faint protein fragment of about 70 kD was detectable be-
tween 15 and 21 days postmortem (Fig. 3).

Fig. 2 Western blot analysis of the second group containing troponin T-C
and SERCA 2 during 5 days (120 h postmortem (hpm)) at 22 °C and
21 days (504 hpm) at 4 °C. Both proteins showed a strong decrease at
4 days postmortem at 22 °C, while at 4 °C both proteins displayed no
proteolytic fragments till 21 days postmortem. At 21 days postmortem, a
red arrow points out the discernible band of SERCA 2 at 21 days

postmortem. The time lines are displayed horizontally for each protein,
while vertically the molecular size markers for each protein are shown in
kilodalton (kD). On the left side of the figure, the protein degradation
patterns at 22 °C are displayed, while on the right side their patterns at
4 °C are seen

Fig. 3 Western blot analysis of
the third group containing desmin
and SERCA 1 and two SDS-
PAGE gel analyses of nebulin and
titin during 5 days (120 h
postmortem (hpm)) at 22 °C and
21 days (504 hpm) at 4 °C. All
four proteins showed several
degradation fragments (red and
black arrows) starting at 1 day
postmortem at 22 °C and at
10 days postmortem at 4 °C. The
time lines are displayed
horizontally for each protein,
while vertically the molecular size
markers for each protein are
shown in kilodalton (kD). On the
left side of the figure, the protein
degradation patterns at 22 °C are
displayed, while on the right side
their patterns at 4 °C are seen
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The 80-kD subunit of the proteinase μ-calpain did not de-
crease during 5 days postmortem at 22 °C and 21 days at 4 °C,
respectively (Fig. 4). During 5 days postmortem at 22 °C, the
80-kD catalytic subunit of μ-calpain was seen. Between day 1
and 5 at 22 °C, an approximately 70-kD fragment was present
next to the catalytic subunit. At 4 °C, the 80-kD subunit was
seen during 21 days postmortem.

Discussion

The aim of this study was to determine proteins with specific
postmortem patterns, which may represent feasible markers
for a delimitation of the time since death, with focus on the
intermediate and late postmortem phase.

As to the present study, degradation patterns of ten proteins,
out of the wide range of skeletal muscle proteins, were analyzed.

While four proteins, namely, α-actinin, tropomyosin, lam-
inin, and calsequestrin-1, were highly resistant to proteolysis,
six proteins, namely, desmin, nebulin, SERCA 1, SERCA 2,
titin, and troponin T-C, were susceptible to degradation.

During the two chosen postmortem experimental periods
of time, no complete degradation of any analyzed protein was
achieved, highlighting the general resistance of skeletal mus-
cle tissue to degradation and, in particular, of its proteins, and
once more demonstrates the high potential of skeletal muscle
as means of delimitation of the time since death.

Standardizing protein levels postmortem holds a problem,
since standard markers (for example actin, tubulin), that are
usually used, may also undergo digestion. To be able to qual-
itatively analyze degradation patterns of proteins, a loading-
specific approach was chosen [5]. For this purpose, a particu-
lar amount of cell homogenate, based upon predetermined
protein concentrations, was applied to generate equivalent
protein loading profiles in SDS-PAGE gels.

Due to this long-term stability during postmortem storage
at 22 and 4 °C, laminin, a protein of the basement membrane,
may serve as an estimator for the late postmortem phase at
cold and warm environmental temperatures.

Based on several histological and fine structural findings,
suggesting an early postmortem alteration of the cytoskeleton,
desmin, a main constituent of the cytoskeleton, was chosen as
representative of cytoskeletal proteins. Several studies report on

early postmortem desmin degradation in porcine skeletal muscle
[16, 17], which is underlined by the present study. Themolecular
size range of these fragments is similar to the sequential degra-
dation of desmin that might result in destabilization of the inter-
mediate filament network as described by Baron et al. [9]. With
respect to a delimitation of the time since death, desmin may
serve as an early postmortem marker at warm environmental
temperatures, due to the appearance of a first characteristic pro-
tein fragment within the first day, but moreover, desmin has the
capability to serve as a marker for the late postmortem phase at
both warm and cold environmental temperatures.

The majority of the analyzed proteins belongs to the group
of myofibrillar proteins, and various meat science studies re-
port on their degradations [11, 18–20].

α-Actinin, a cross-linking protein of the Z-disc complex,
demonstrated its ability as long-term postmortem marker. This
finding is supported by α-actinin being detectable throughout a
56-day postmortem period at 4 °C in lamb skeletal muscle [19].

Based on fine structural myofibrillar observations, the I-band
region was highly susceptible to postmortem degradation. Three
proteins of the thin filament, namely, tropomyosin, troponin T-C,
and nebulin, were chosen for examination of this region.

With respect to tropomyosin, a regulatory and strengthen-
ing protein, no literature was found so far, while several stud-
ies focus on troponin-T and nebulin degradation [18–20].

Postmortem troponin-T studies demonstrated its presence
till the late postmortem phase, generally supporting the pres-
ent results, but in addition, formations of one to two protein
fragments are described commonly, which were not observ-
able in the present study, indicating undetected cleavage of the
troponin-T subunit.

In accordance to the present results of nebulin degradation,
a further strengthening protein of the myofilament, a complete
degradation of nebulin was observed till 42 days postmortem
at 4 °C in ovine skeletal muscle [19], while in contrast to that,
an absence of nebulin after 3 days postmortem at 4 °C was
seen in bovine skeletal muscle [18]. Due to the absence of an
adequate molecular weight marker, the exact shifts in the mo-
lecular weight of nebulin could not be determined, but simi-
larities may be assumed between the bovine, ovine, and por-
cine model [18–20].

With respect to a determination of the time since death,
tropomyosin may serve as long-term postmortem marker,

Fig. 4 Western blot analysis of μ-calpain during 5 days (120 h
postmortem (hpm)) at 22 °C and 21 days (504 hpm) at 4 °C. The time
lines are displayed horizontally, while vertically the molecular size
markers are shown in kilodalton (kD). During 5 days postmortem at
22 °C, the 80-kD catalytic subunit of μ-calpain was seen. Between day

1 and 5 at 22 °C, an approximately 70-kD fragment was present next to
the catalytic subunit (red arrow). At 4 °C, the 80-kD subunit was seen
during 21 days postmortem. On the left side of the figure, degradation
patterns at 22 °C are displayed, while on the right side their patterns at
4 °C are seen
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while nebulin may be used as marker for both postmortem
phases showing distinct patterns in the early and late postmor-
tem phase. Troponin T-C, in addition, might be helpful as
estimator for the beginning of the late postmortem phase in
warm environmental settings and for the late postmortem
phase in cold settings.

Titin, connecting thick filaments to the Z-disc complex, has
been described as susceptible to postmortem proteolysis [18,
19]. As to the present study, the observed degradation patterns
are generally in accordance with those of the aforementioned
studies, although temporal differences in their traceability, due
to different storage proceedings, were observed. Degradation
of titin leads to a weakening of the sarcomere structure and
contributes tomeat tenderness [18]. Due to its pattern and with
regard to a delimitation of the time since death, titin may serve
as a marker for both postmortem phases, the early and the late
one, respectively.

Knowledge of postmortem sarcoplasmic reticulum alter-
ations and of the calcium homoeostasis was gained by the
analysis of calsequestrin-1, SERCA 1, and SERCA 2. At both
storage temperatures, calsequestrin-1, the major calcium bind-
ing protein of the sarcoplasmic reticulum of fast twitch muscle
fibers, seemed resistant to proteolysis during 5 and 21 days
postmortem. The Ca2+-ATPases are located in the membrane
of the sarcoplasmic reticulum of either slow twitch (SERCA
2) or fast twitch (SERCA 1) muscle fibers [21]. Due to the
degradation of SERCA, it can be inferred that the membrane
of the sarcoplasmic reticulum is broken down postmortem,
exposing membrane-enclosed SERCA to proteases. With re-
gard to the differences in their degradation patterns and the
fact that both antibodies bind to the same region, it might be
deduced that proteases cleave SERCA 1 and 2 differently.
With respect to a delimitation of the time since death,
calsequestrin-1 may serve as long-term postmortem estimator
beyond 5 and 21 days postmortem at both temperature re-
gimes, while SERCA 1 and 2 may be used as markers for
the beginning of the late postmortem phase. Especially
SERCA 1, which displayed distinct protein fragments, has a
high potential as marker.

In the present study, the occurrence of the Ca2+-dependent
proteinase μ-calpain was used to determine proteolytic activ-
ity, as μ-calpain is the widely proposed main protease in post-
mortem skeletal muscle [9]. The applied antibody detected the
80-kD catalytic subunit of μ-calpain. As reported by other
authors, intact μ-calpain degrades to a 76-kD fragment, due
to autolysis in the presence of sustained high postmortem
calcium concentrations, ultimately leading to loss of activity
[22, 23].

Based on the strong signal intensity of the μ-calpain anti-
body, the high amount of applied protein homogenate, and its
quick appearance during film processing, the autolysis of its
80-kD subunit to 76 kD may be superposed on the film, ham-
pering a conclusion of its assumed initial autolysis.

The early observable 70-kD fragment at 22 °C may indi-
cate subsequent degradation of μ-calpain due to the presence
of a sustained high calcium concentration and, moreover, may
highlight its degradation through additional proteases, proba-
bly caspases [15]. The proteolytic activity of μ-calpain in por-
cine skeletal muscle is underlined by the findings of desmin,
nebulin, and titin degradation patterns, which correspond to
specific μ-calpain cleavage profile [18]. At 4 °C, a likewise
early μ-calpain activation during the first 2 days postmortem
and a longer duration of its activity may be hypothesized, due
to pattern persistence of desmin, nebulin, and titin between 10
and 21 days and a previously carried out study [10].

Conclusions

With respect to the skeletal muscle protein-based approach,
their analysis displays a great potential for a delimitation of the
time since death, due to specific degradation patterns and the
possibility to determine definite constraints of the presence,
absence, or pattern alterations of single proteins, most notably
with respect to the later postmortem phases, which so far lack
accurate methods. Moreover, the fact that antibodies are com-
mercially available for a wide range of skeletal muscle pro-
teins and that the methodological approach may be standard-
ized easily emphasizes the potential of this protein-based ap-
proach. With regard to particular postmortem interval
markers, desmin, nebulin, titin, and SERCA 1 exhibit specific
patterns, pointing out to their applicability to precisely
delimitate the time since death during both the early and late
postmortem phase. All other, so far regarded, proteins as α-
actinin, calsequestrin-1, laminin, troponin T-C, and SERCA 2
possess postmortem stability properties, making them ideal
markers for the intermediate and late postmortem phase, prob-
ably even by displaying specific patterns within this phase,
which need to be examined in subsequent studies.

However, the obtained basic science results were shown in
an animal study with controlled environmental conditions. To
bring the results to daily forensic practice, a clinical trial is
needed to test the chosen protein regime on human corpses
with known times of death under the consideration of the
different influence factors as age, temperature regime, and
cause of death. This will point out the applicability of this
protein-based approach for daily forensic practice.
Furthermore, a subsequent animal study should test further
temperature regimes as well as further proteins during extend-
ed postmortem storage times. This will give insights on how
an increase of the range of available proteins may enhance the
accuracy of a skeletal muscle protein-based delimitation of the
time since death for forensic practice.
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