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Abstract The biological clock may stop at the time of
death in a dead body. Therefore, the biological clock seems
useful for estimating the time of death. In this study, we
tried to read the biological clock in tissues from dead
bodies to estimate the time of death using molecular
biological techniques. At first, we examined real-time RT-
PCR analysis of gene expression for mPer2 and mBmall,
which constitutes a feedback loop in the oscillation system,
in the kidney, liver, and heart of mice. We could detect
circadian oscillation of these gene expressions in mouse
tissues even at <48 h after death. Thus, the ratio of mPer2/
mBmall was found to be useful for estimating the time of
death. We next applied this method to the liver, kidney, and
heart obtained from forensic autopsy cases with less than
72 h of postmortem interval. Significant circadian oscilla-
tion of hPer2/hBmall ratio could be detected in these
autopsy samples. We further examined gene expression for
hRev-Erba, a component of another feedback loop. The
ratios of hRev-Erba/hBmall showed higher amplitude of
oscillation than those of hPer2/hBmall and are considered
more suitable for estimating the time of death. In particular,
a hRev/hBmall ratio of >50 indicated the time of death as
0200-0900 hours, and a hRev/hBmall ratio that consider-
ably exceeded 75 indicated the time of death as 01200—0800
hours. On the other hand, a hRev/hBmall ratio of less than
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25 strongly indicated the time of death as 1000-2300 hours.
Taken together, these findings indicate that gene expression
analyses of the biological clock could be powerful methods
for estimation of the time of death.
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Introduction

In forensic practice, estimating the time of death is one of
the most important procedures but is often extremely
difficult. There are many methods for estimating the time
of death, which can be divided into two categories (rate
methods and concurrence methods). In rate methods, which
are mainly used in forensic practice, the time of death is
estimated on the basis of postmortem changes, such as the
amount and distribution of rigor mortis [1, 2], the change in
body temperature [3], hypostasis [4], changes of potassium
concentration in vitreous humor [5, 6], development and
growth of insects in the corpse [7], and the degree of
putrefaction of the body. However, these changes are
strongly influenced by unpredictable endogenous and
environmental factors. Examples of concurrence methods
include reading the time on a wristwatch stopped by a
traffic accident or determining the extent of digestion of the
last known meal, which may contribute to estimating the
time of death [8].

Accumulated evidence indicates that biological clock
systems work in most cells in most tissues (peripheral clock)
in addition to the core clock in the hypothalamic supra-
chiasmatic nucleus (SCN), and several genes have been
identified as associated with the biological clock [9—-11]. If the
biological clock stops at death, reading the biological clock
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might be valuable for estimating the time of death. In this
study, we investigated real-time RT-PCR analysis of the gene
expression of molecules involved in circadian clock oscilla-
tion systems in the kidney, liver, and heart from mouse and
human dead bodies and discussed its applicability for
estimating the time of death in forensic practice.

Materials and methods
Mouse samples

Specific pathogen-free 8- to 30-week-old male and
female mice (BALB/c and C57BL/6) were obtained from
Sankyo Laboratories (Tokyo, Japan). All mice were bred
and housed at a constant temperature (23+2°C), with a
12-h light/dark cycle (light on at 0800 hours and off at
2000 hours). They were fed with standard feed and given
water ad libitum. For fresh samples, mice were sacrificed
at intervals of 2 or 3 h by the inhalation of diethyl ether,
and then kidney, liver, and heart were removed immedi-
ately and stored at —80°C until RNA extraction. In
another series, obtained tissue samples were left for 24 or
48 h at room temperature in order to examine the
influence of postmortem interval on clock gene expres-
sion. All animal experiments were approved by the
Committee on Animal Care and Use of Wakayama
Medical University.

Autopsy samples

Kidney, liver, and heart samples were obtained from 38
forensic autopsy cases with known time of death (25 men
and 13 women). The age of autopsied subjects ranged from
8 months to 85 years (average, 60.7 years), and postmortem
intervals in all cases were less than 72 h (average, 27.3 h).
The causes of death of the subjects were asphyxia (two
cases), drowning (six cases), fire fatality (three cases),
traumatic shock (eight cases), acute respiratory failure (two
cases), ischemic heart disease (eight cases), brain injury
(two cases), aortic rupture (two cases), sepsis (two cases),
and others (three cases—hemorrhagic shock, carbon mon-
oxide poisoning, and hypothermia). Tissue samples were
taken during autopsy, immediately frozen in liquid nitro-
gen, and stored at —80°C until use.

Extraction of total RNA and real-time RT-PCR

Total RNA was extracted from tissue samples (100 pg)
using ISOGEN (Nippon Gene, Toyama, Japan) according
to the manufacturer’s instructions, and 5 pug of total RNA
was reverse transcribed into cDNA at 42°C for 1 h in 20 pl
reaction mixture containing mouse Moloney leukemia virus
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reverse transcriptase (PrimeScript, TAKARA BIO INC.,
Otsu, Japan) with six random primers (TAKARA BIO
INC.). Thereafter, generated cDNA was subjected to real-
time PCR analysis using SYBR® Premix Ex Taq™ II kit
(TAKARA BIO INC.) with specific primer sets (Table 1).
The relative quantity of target gene expression to [-actin
gene was measured by a comparative CT method.

Results
Biological clock in mouse tissues

We selected two main oscillator genes, period 2 (mPer2) and
brain and muscle aryl hydrocarbon receptor nuclear
translocator-like 1 (mBmall), in circadian clock system to
examine the biological clock in mouse tissues. Significant
circadian oscillation of mPer2 and mBmall gene expression
could be detected in the kidneys, livers, and hearts removed
from mice immediately after sacrifice (Fig. 1a). Consistent
with many previous reports (12), gene expression levels of
mPer2 and mBmall oscillated in the anti-phase (Fig. 1a). We
selected mPer2/mBmall ratio as a parameter for reading the
biological clock in mice. As shown in Fig. 1b, mPer2/
mBmall ratio was low from 0000 to 1200 hours, and started
to increase after 1500 hours, eventually peaking around 2000
hours. Next, we examined the effects of postmortem interval
on the detection level of mPer2 and mBmall gene
expression in mouse kidney samples. In accordance with
the increase of postmortem intervals, the detection level of
mPer2 and mBmall gene expression gradually decreased
(Fig. 2a and b). However, circadian oscillation of each gene

Table 1 Sequences of the primers used for real-time PCR

Transcript Sequence
mBmall (F) 5'-TCAGATGACGAACTGAAACACCTAA-3’
(R) 5-TTTGGATGCAGGTAGTCAAACAAG-3'
mPer2 (F) 5'-ATCAGCCATGTTGCCGTGTC-3’
(R) 5-CGTGCTCAGTGGCTGCTTTC-3'
mf3-actin (F) 5'-CATCCGTAAAGACCTCTATGCCAAC-3’
(R) 5-ATGGAGCCACCCATCCACA-3'
hBmall (F) 5'-GCCTACTATCAGGCCAGGCTCA-3’
(R) 5-AGCCATTGCTGCCTCATCATTAC-3’
hPer2 (F) 5'-CGTTGGAACCACCCAGACATC-3'
(R) 5-ATGCAGTCGCAAGCTGTCAGA-3’
hRev-Erba (F) 5'-TCAGCTGGTGAAGACATGACGAC-3'
(R) 5-GGAGCCACTGGAGCCAATGTA-3'
hf-actin (F) 5'-TGGCACCCAGCACAATGAA-3'

(R) 5'-CTAAGTCATAGTCCGCCTAGAAGCA-3’

(F) forward primer, (R) reverse primer
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Fig. 1 Circadian expression
profiles of mPer2 and mBmall
in mouse tissue. a Gene expres-
sion for mPer2 and mBmall in
mouse fresh tissues was ana-
lyzed by real-time PCR as de-
scribed in the “Materials and
methods” section. The results
indicate the mean = SEM (n=6).
b Circadian oscillation profiles
of mPer2/mBmal 1 ratio in fresh
mouse tissues. The results indi-
cate the mean (n=6)

expression was similarly detectable at 48 h after sacrifice.
Since mBmall mRNA was more stable than mPer2, mPer2/
mBmall ratio gradually decreased according to postmortem
interval. However, circadian oscillation of the mPer2/
mBmall ratio could still be observed in samples with 48 h
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postmortem interval (Fig. 2c). Similar observations were
obtained in analyses of mPer2/mBmall ratios in the liver and
heart samples (data not shown). These observations implied
that mPer2/mBmall ratios might be useful for the estimation
of the time of death.
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Fig. 2 Effects of postmortem interval on detection levels of mPer2
and mBmall gene expression in mouse kidney. Changes of detection
levels of gene expression for a mPer2 and b mBmall during
postmortem interval. The results indicate the mean = SEM (n=6). ¢
Changes of mPer2/mBmall ratio during postmortem interval. The
results indicate the mean = SEM (n=6)
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Biological clock in tissues from autopsy cases

Gene expression levels for hBmall, hPer2, and retinoic
acid-related orphan nuclear receptor (hRev-Erbx) in the
kidneys, livers, and hearts obtained from autopsy cases with
defined time of death (less than 72 h) were analyzed by
real-time PCR (Fig. 3). Circadian oscillation of ABmall
gene expression was clearly observed in these tissues. On
the other hand, hPer2 gene expression showed somewhat
irregular patterns in these tissues, especially in the kidney
(Fig. 3a-c). Therefore, we further examined another
oscillator gene, hRev-Erba in circadian clock system. The
gene expression pattern for hRev-Erba showed a clearer
circadian rhythm in these tissues (Fig. 3d—f).

Circadian oscillation could be detected in both hPer2/
hBmall (Fig. 4a) and hRev-Erba/hBmall (hRev/hBmall)
ratios (Fig. 4b) in the kidneys, livers, and hearts from
autopsy samples, which were high in the morning and low
in the night as mirror images of the mPer2/mBmall ratio in
mouse samples. These observations were not influenced by
gender, age, postmortem interval, or the cause of death
(data not shown).

The mean values of hPer2/hBmall ratio and hRev/hBmall
ratio in the three organs showed more distinct circadian
oscillation (Fig. 4c and d). However, the amplitude of
circadian oscillation of hRev/hBmall ratio was much higher
than that of hPer2/hBmall ratio. Thus, from the aspects of
forensic safety, the hRev/hBmall ratio was more useful for
estimating the time of death in forensic practice. Out of 38
cases, 11 cases had a hRev/hBmall ratio of more than 50.
Among the 11 cases, ten cases had a time of death of 0200—
0800 hours, together with a hRev/hBmall ratio of more than
75. The remaining one had a time of death of 0900 hours
with a hRev/hBmall ratio of about 75. These observations
implied that a hRev/hBmall ratio of >50 indicates a time of
death of 0200-0900 hours and that a hRev/hBmall ratio that
considerably exceeded 75 indicates a time of death of 0200—
0800 hours. In contrast, 27 cases with a hRev/hBmall ratio
of less than 50 had a time of death of 0000-0100 hours or
1000-2300 hours. In particular, a hRev/hBmall ratio of less
than 25 strongly indicated a time of death of 1000-2300
hours.

Discussion

The circadian rhythm in biological, physiological, and
behavioral processes has been found in organisms from
cyanobacteria to humans [12, 13]. The molecular mecha-
nisms of the biological clock that controls the circadian
rhythm are essentially conserved from drosophila to
mammals, including humans [14, 15]. The circadian clock
system in mammals consists of a feedback loop with
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Fig. 3 Circadian gene expression profile for hPer2, hRev-Erbax, and
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hearts (¢ and f) from autopsy cases was analyzed by real-time PCR as
described in the “Materials and methods” section. The results indicate
the mean (n=1-4; numbers of samples are <4 at each time point)
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Fig. 4 Circadian oscillation profiles of a hPer2/hBmall ratio and b hRev/hBmall ratio in the kidney, liver, and heart from autopsy cases (n=38).
The results indicate mean values of ¢ hPer2/hBmall ratio and d hRevh/hBmall ratio of three tissues (kidney, liver, and heart)
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Bmall-Clock and Period—Cryptochrome (Per—Cry) com-
plexes. Bmall-Clock complex acts as a transcriptional
activator for Per and Cry. In contrast, Per forms a complex
with Cry and inhibits the activity of the Bmall-Clock
complex, which drives the circadian biological clock [16,
17]. Thus, if the biological clock could be read in corpses, it
might be useful for estimating the time of death in forensic
practice. In this study, we tried to read the biological clock
using gene expression levels for three oscillator molecules,
Bmall, Per2, and Rev-Erbxl1 by real-time RT-PCR.

We found clear and rigid oscillation of mBmall and
mPer2 gene expression in mouse fresh kidney, liver, and
heart, implying that the strictly controlled breeding condi-
tion (light/dark cycle) of mice produces a rigid circadian
rhythm. Since mBmall and mPer2 gene expression oscil-
lates in the anti-phase, mPer2/mBmall ratio oscillates at a
higher amplitude. Therefore, the mPer2/mBmall ratio
seems to be a suitable parameter for reading the biological
clock.

Accumulated evidence indicates that mRNA in a dead
body without advanced postmortem changes is stable [18,
19] and can be used for forensic purposes [20, 21].
However, mRNA for inducible genes is less stable than
that for housekeeping genes such as [-actin [22]. In this
study, we used mRNA for (3-actin as an internal standard to
quantify mRNA for circadian oscillators. Therefore, al-
though the detection level of mRNA for Bmall and Per2
gradually decreased in a manner dependent on postmortem
interval, circadian oscillation of mBmall and mPer2 gene
expression and mPer2/mBmall ratio could be detected at
least 48 h after death in mouse experiments.

In contrast to the mouse experiments, the gene expres-
sion pattern of #Per2 did not show a rigid circadian rhythm
in autopsy cases. This is explainable by the different
lifestyles that affect the gene expression pattern of AZPer2.
On the other hand, ABmall and hRev-Erba gene expres-
sions showed a clearer circadian rhythm in the tissues,
indicating that individual lifestyle has less of an effect on
hBmall and hRev-Erba gene expression patterns. There-
fore, hRev/hBmall ratio was considered to be more useful
for reading the biological clock in human tissues.

In the present study, we could not find a significant
effect of sex, age, cause of death, and postmortem interval
on the hRev/hBmall ratio in the tissues from autopsy cases.
However, several lines of evidence indicate that some
diseases, work style, and feeding pattern affect the
biological clock in peripheral tissues. Attenuated gene
expression for components of the circadian clock system
was observed in diabetic mice [23] and patients with type 2
diabetes [24]. Disruption of clock gene expression was
observed in pineal body of patients with Alzheimer’s
disease [25]. Entrainment of the clock in blood cells was
observed in human subjects undergoing a stimulated night

@ Springer

shift protocol with bright light treatment [26], indicating
that the expression pattern of biological clock genes may
shift in night workers. Significant alteration of the
expression pattern of biological clock genes in peripheral
tissues but not SCN was observed in mice bred with a
restricted period of feeding [27, 28]. Upon the application
of the present methods to forensic practices, information on
disease and lifestyle of cadavers should be taken into
consideration.

A method for estimating the time of death based on the
amount of melatonin in pineal body, serum, and urine was
reported [29]. It is well-known that the amount of
melatonin shows a significant circadian rhythm and is high
in nighttime and low in daytime in pineal body, serum, and
urine. Since the biological clock controls gene expression
of the enzymes for melatonin synthesis [30], the measure-
ment of melatonin can be used to indirectly read the
biological clock. Thus, the combination of clock gene
expression with melatonin measurement would make the
estimation of the time of death more accurate.

Finally, it is needless to say that uncertainty inevitably
exists in the estimation of the time of death in forensic
practice. To minimize the uncertainty in estimating the time
of death, we should conduct it on the basis of a lot of
parameters. Our present method for estimating the time of
death is a concurrence method and is quite different from
conventional methods based on postmortem changes. Thus,
we emphasized that this method may be helpful in forensic
practices, but that more investigations have to be per-
formed. Especially, our method combined with others such
as body temperature method of Henssge [31, 32] will
contribute to increasing the accuracy of estimating the time
of death in forensic practices.
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