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Abstract It is important to determine the cause of death in the case of asphyxia. However, it is

difficult to conclude death by asphyxia, especially when the deceased has underlying heart disease,

because there are often no specific and representative corpse signs for both asphyxia and sudden

cardiac death (SCD). The aim of the present work was to investigate the potential of metabolomics

to discriminate asphyxia from SCD as the cause of death. A total of thirty male Sprague–Dawley

rats were used to construct models of asphyxia, SCD (interfering cause of death), and cervical dis-

location (control). Untargeted and widely targeted metabolomics approaches were used to obtain

rat pulmonary metabolic profiles in this study. First, the metabolic alterations resulting from

asphyxia were explored. There were significant changes found in carbohydrate metabolism, the

endocrine system, and the sensory system. Second, we screened potential biomarkers and built clas-

sification models to determine the cause of death. Moreover, some biomarkers remained differen-

tiated at 24 h and 48 h postmortem, so the cause of death could still be determined after death. This
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study showed the application potential of metabolomics to investigate the metabolic changes occur-

ring in the process of death, as well as to determine the cause of death on the basis of metabolic

differences even after death.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In forensic pathology practice, determining the cause of death is

among the most remarkable tasks. Asphyxia is a frequent violent cause

of death exhibiting high rates of occurrence and death, while sudden

cardiac death (SCD) is also a major public health issue worldwide that

results in many deaths (Ma et al., 2016, Azmak, 2006, Kong et al.,

2011, Feng et al., 2018). The signs that suggest death from asphyxia

include petechial hemorrhage, ligature groove, throttling marks, and

neck muscle hemorrhage. However, petechial hemorrhage is nonspeci-

fic and the other signs might be inapparent in cases of manual strangu-

lation, smothering, or positional asphyxia (Mosek et al., 2020,

Fracasso et al., 2011, Püschel et al., 2004). Heart organic changes, such

as coronary heart disease (CHD), cardiac infarction, and cardiomy-

opathy, suggest the occurrence of SCD. However, these diseases can

only prove that the deceased had a basis for SCD and do not necessar-

ily mean that SCD actually occurred. In addition, the possibility of

SCD varies with the degree of disease. For example, the severity of

coronary artery stenosis before death occurs in CHD patients is debat-

able (Saukko and Knight, 2015). Therefore, asphyxia and SCD are

both determined by excluding other causes of death, according to his-

tological and toxicological assessments and scene situations, if there

are no witnesses, video surveillance, or clinical records.

However, it is very difficult and controversial to determine the

cause of death if the deceased suffered from intermediate heart disease

and is suspected to have died from asphyxia (especially if the asphyx-

iation signs are inapparent). Asphyxia is most likely homicide or sui-

cide, while SCD is accidental death due to a disease attack.

Therefore, it is of great forensic significance and social value to study

the differential diagnosis between asphyxia and SCD.

At present, most studies on the determination of asphyxia use

molecular biological techniques to find differentially expressed

mRNAs, miRNAs or proteins, such as DUSP1/KCNJ2 (Zeng et al.,

2018), miRNA-122 (Zeng et al., 2016), miRNA-3185 (Han et al.,

2020; Han et al., 2021), SP-A (Zhu et al., 2000), HIF-1a (Cecchi

et al., 2014), GLUT1/VAGF (Zhao et al., 2008), AQP-5 (Wang

et al., 2012), cytochrome C/AIF (Zhang et al., 2019) and MRP-8/-14

(Gutjahr and Madea, 2019). The same is true for SCD (Sabatasso

et al., 2016, Chen et al., 2012, Campobasso et al., 2008, Carvajal-

Zarrabal et al., 2017). However, these diagnostic biomarkers cannot

be applied in practical work because their sensitivity and specificity

need further investigation, as well as the effect of postmortem degrada-

tion. Metabolism is fundamental to all biological activities, and the

degradation products of proteins and RNAs are also metabolites.

Therefore, we suppose that looking for diagnostic biomarkers from a

metabolic perspective may obtain better results. Mass spectrometry

(MS)-based metabolomics is a high-throughput omics technique that

can profile the endogenous metabolic status in a biological system by

investigating low-molecular-weight metabolites (Patti et al., 2012,

Nicholson et al., 1999). Metabolic status can reveal alterations or con-

ditions that are correlated with diseases or health problems. Metabolo-

mics has served as a powerful tool to uncover potential diagnostic and

prognostic biomarkers in recent years (Wang et al., 2016, Khamis

et al., 2017, Griffiths et al., 2010, van Ravenzwaay et al., 2007) and

has also played a role in forensic science (Locci et al., 2020a,

Szeremeta et al., 2021). For example, many studies have focused on

disturbed metabolic pathways and possible diagnostic and prognostic

biologic signatures in perinatal asphyxia (Denihan et al., 2015,

Fattuoni et al., 2015, Sachse et al., 2016, Denihan et al., 2017, Locci
et al., 2018, Locci et al., 2020b, Debuf et al., 2021). Chighine et al.

studied the urine of the methadone intoxicated infants and perinatal

asphyxia newborns and showed that metabolomics can offer useful

additional information regarding the cause of death (Chighine et al.,

2022). In addition, the metabolic changes and biomarkers of some

complex causes of death, such as fatal anaphylactic shock, hypother-

mia, and acute myocardial ischemia, have also been preliminarily

investigated (Hu et al., 2012, Rousseau et al., 2019, Wang et al., 2017).

Two articles from another research team were found through

searches of Google Scholar, using the search terms ‘‘death from

asphyxia” and ‘‘metabolomics”. Locci and his collaborators investi-

gated dynamic metabolic alterations in asphyxia and ventricular fibril-

lation swine plasma by 1H nuclear magnetic resonance spectroscopy

and liquid chromatography (LC)–tandem mass spectrometry (MS/

MS) in 2017 (Varvarousis et al., 2017) and recently studied the poten-

tial of metabolomics to provide additional evidence for the diagnosis

of mechanical asphyxia in swine models (Locci et al., 2021). These

two studies focused on the metabolic changes occurring within minutes

of primitive cardiac arrest (CA) and CA secondary to asphyxia, and

proved that there were metabolic differences in experimental animals

with different death mechanisms. However, the efficiency of the meta-

bolic difference in the differential diagnosis of cause of death after

death needs further study. Therefore, our research team employed

gas chromatography (GC)–MS–based metabolomics to preliminarily

find that metabolic differences could be used to distinguish causes of

death (Zhang et al., 2021). To obtain a greater range of metabolite

detection and to carry out research at a longer postmortem interval,

widely targeted metabolomics (Chen et al., 2013) combined with untar-

geted techniques were employed in this study to obtain more metabolic

data by use of LC–MS/MS, to investigate potential diagnostic

biomarkers and attempt to discriminate asphyxia from SCD as the

cause of death at 48 h postmortem in rat models.

2. Material and methods

2.1. Animal experiments

A total of thirty male Sprague–Dawley rats (weighting 230–
270 g) were commercially provided (randomly chosen) by the

Animal Center of Xi’an Jiaotong University. The experimental
animals were housed in a temperature-controlled (Ta,
25 ± 3 �C) environment with a 12–h light/dark cycle and were

provided with food and water ad libitum before the modeling.
They were randomized into three different groups depending
on the cause of death. Urethane (20 %, 1.0–1.2 g/kg) was

intraperitoneally injected to guarantee sufficient anesthesia in
each rat to ensure that they experienced minimal pain along
with discomfort prior to being sacrificed. The animal proce-
dures in this research work were granted approval by the Com-

mittee of the Ethics of Animal Experiments of Xi’an Jiaotong
University and were carried out as per the recommendations in
the Guide for the Care and Use of Laboratory Animals Com-

mittee of Xi’an Jiaotong University.
In the asphyxia group, ligature strangulation was used to

construct the model. We placed a noose derived from cotton

thread around the neck of each rat, and we inserted a small

http://creativecommons.org/licenses/by-nc-nd/4.0/
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stick into the noose beginning from the back of the neck.
After that, tightening of the noose was performed via rota-
tion of the stick to asphyxiate each rat in the presence of

constant pressure until the rat died (between 3.8 and
5.3 min, mean value: 4.4 min, standard deviation:
0.4 min). In the SCD group, coronary ligation was used

to cause acute myocardial ischemia, which is a very common
cause of SCD. We cut the thorax and pericardium of each
rat to expose the heart first. Then, the left anterior descend-

ing coronary artery was ligatured so that the rat died within
6.7 and 10.2 min (mean value: 8.5 min, standard deviation:
1.0 min). Hemostatic operations were performed at this
time. In the control group, we set brainstem injury as the

control cause of death because the rats died quickly while
experiencing the least amount of biochemical stress. Thus,
the rats were sacrificed by cervical dislocation, as this

method best exhibits normal levels of metabolism of a living
organism. Part of the lung tissue of each rat was collected
and subsequently kept at � 80 �C until use. The rat cadav-

ers were also kept for further processing.

2.2. Sample preparation

The lung tissues were thawed on ice. For each sample, we
weighed 1 g of tissue and then homogenized it using a frozen
homogenization equipment (Jingxin, Shanghai, China) via
cold stainless-steel grinding balls at 65 Hz for two minutes.

Subsequently, we weighed an estimated 50 mg of the tissue
homogenate and then plunged it into 1 mL of 70 % methanol
in water containing internal standards. The internal standards

included L-phenylalanine-2-13C (99 %), hippuric acid-d5, L-
carnitine-d3 chloride, kynurenic acid-d5, phenoxy-d5-acetic
acid, and 4-fluoro-L-2-phenylglycine, and their concentrations

were all 1 lg/mL (these internal standards were used to mon-
itor the MS/MS detection and correct the signal shift, includ-
ing m/z, RT, and peak intensity). Homogenization of the

mixture was performed again for five minutes, and samples
were then spun at 12,000 rpm for ten minutes at 4 �C. The
resultant supernatant was transferred into a new EP tube. In
addition, quality control (QC) samples were prepared by com-

bining 10 lL of supernatant of each sample (including decayed
samples mentioned below). All samples were kept in a �20 �C
freezer overnight. After centrifugation at 12,000 rpm for three

minutes at 4 �C, 200 lL of the supernatant was placed in the
injection bottle for on-board analysis.

2.3. Acquisition of metabolomics data

The extracted metabolites were separated by a Shim-pack
UFLC SHIMADZU CBM30A ultrahigh-performance liquid

chromatography (UHPLC) platform (https://www.shi-
madzu.com/). Both untargeted and widely targeted metabolo-
mics techniques were utilized in this study. A quadrupole-time
of flight (QTOF) mass spectrometer (Triple TOF 6600, AB

SCIEX) was first utilized to obtain MS/MS spectra in
information-dependent acquisition (IDA) mode. The QTOF
mass data were matched with public databases (including the

Metlin, HMDB, and KEGG databases) to identify metabolites
by the MetDNA algorithm (Shen et al., 2019). The precursor
ion (Q1)–characteristic fragment ion (Q3) pairs of metabolites

whose match scores were greater than 0.6 were selected and
added to the list of multiple reaction monitoring (MRM) tran-
sitions in the following widely targeted detection.

Widely targeted metabolomics was performed using a triple

quadrupole-linear ion trap mass spectrometer (QTRAP,
QTRAP� 6500+ system, AB SCIEX) in MRM mode under
the same UHPLC conditions. The scheduled MRM detection

was used according to the list of MRM transitions and reten-
tion times, which was created by earlier QTOF detection and
the self-built database MWDB (Metware Biotechnology Co.,

Ltd., Wuhan, China). The metabolites were relatively quanti-
fied using the MRM mode of QTRAP, as previously described
(Tan et al., 2020; Xiao et al., 2021). The detailed methods of
widely targeted metabolomics have been reported in previous

articles (Chen et al., 2013; Xiao et al., 2022). During the instru-
mental detection, one QC sample was inserted after every ten
samples to monitor the UHPLC–MS/MS system. The UHPLC

conditions, experimental parameters for the QTOF MS/MS
and QTRAP MS/MS scans are available in the Supplementary
Information_1.docx. Detailed information on the well-

matched metabolites in QTOF-MS/MS detection and metabo-
lites in QTRAP-MS/MS detection are shown in the Supple-
mentary Information_2.xlsx.

2.4. Data processing and multivariate analysis

We adopted Analyst v1.6.3 software to acquire and preprocess
the mass spectrometry data. MultiQuant 3.0.2 software was

employed to integrate and calibrate the chromatographic
peaks to obtain the relative contents of the corresponding
metabolites. First, the intrinsic variation of the dataset was

analyzed and visualized using principal component analysis
(PCA), which is a classic unsupervised pattern recognition
approach. Second, three criteria were used to discover the

metabolic alteration between the asphyxia and controls and
to screen the differential metabolites between the rats that died
from asphyxia and from SCD. The three criteria included the

VIP values in the orthogonal partial least squares discriminant
analysis (OPLS-DA) model, fold change (FC) values, and P
values in the Mann–Whitney U test. The metabolic features
with variable importance in projection (VIP) values greater

than 1.0, FC values greater than 2.0 or <0.5 (FC cutoff of
2.0), and P values < 0.05 were statistically significant (Kind
et al., 2009; Storey and Tibshirani, 2003). Tenfold cross valida-

tions and 200 permutation tests were performed to examine the
issue of overfitting when building the OPLS-DA models. Next,
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-

ways associated with the differential metabolites were enriched
using the KEGG database.

Finally, a random forest (RF) model was built to distin-
guish between the two causes of death using their differential

metabolites. The classification ability was assessed by calculat-
ing the area under the curve (AUC), which is a parameter in
the receiver operating characteristic (ROC) curve analysis.

The Monte Carlo cross validation procedure was employed
100 times to generate the ROC curves.

2.5. Exploring the effects after death

The rat cadavers mentioned above were degraded in a closed
chamber under a moderate ambient temperature (Ta,

25 ± 1 �C) along with relative humidity (RH, 50 ± 5 %).

https://www.shimadzu.com/
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Fig. 1 A plot of the PCA scores illustrating the rat pulmonary

metabolomics data obtained from the asphyxia, SCD, as well as

controls. SCD: sudden cardiac death.
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The remaining decayed lung tissues were obtained at 24 h and
48 h postmortem. The lung tissues were prepared, and widely
targeted metabolomics data were obtained and processed as

mentioned above. The relative contents of the differential
metabolites screened between the asphyxia and SCD groups
were extracted. Then, the Wilcoxon test was performed to

compare the relative content changes in these differential
metabolites as the PMI increased. In addition, we established
RF models to explore the classification abilities of the metabo-

lites that remained different after death.

3. Results

3.1. Metabolomics profiling

A total of 848 metabolites from the lung tissues of rats in the
asphyxia, SCD, and control groups were qualitatively detected
and relatively quantified by the UHPLC–MS/MS detection
platform in theMRMmode. Prior to the analysis of themetabo-

lomics profiles, representative total ion chromatograms (TICs)
for the QC samples were plotted, as shown in Fig. S1 in the Sup-
plementary Information_1.docx. An obvious overlay with min-

imal drift in the retention times and similar intensities of all
peaks were observed. In addition, all the QC samples grouped
together, as well as did not exhibit any separation pattern

according to the PCA score plot in Fig. S2. Therefore, these
two results demonstrated the high stability of the instruments
and the high reproducibility of data acquisition and preprocess-

ing. The overall variances of the three groups (without QC sam-
ples) were then explored by PCA, as shown in Fig. 1. A clear
distinction between the asphyxia group and the other two
groups was found along PC1, which accounted for 27.22% of

the overall variance.

3.2. Metabolic changes linked to death originating from
asphyxia compared to the control group and metabolic
differences between death from asphyxia and SCD

First, to elucidate the metabolic alterations linked to death

originating from asphyxia, OPLS-DA, FC analysis, as well
as Mann–Whitney U tests were undertaken between the
asphyxia and controls. The plot of the OPLS-DA scores is
shown in Fig. 2a, in which remarkable separation of the

asphyxia group from the controls was observed. Evaluation
of the model was performed with 200 permutation tests, which
exhibited an R2Y of 0.990 and a Q2 of 0.943 (p < 0.005), as

depicted in Fig. S3a. The VIP value and FC value are dis-
played as a volcano plot in Fig. 2b. A total of 112 differential
metabolites were discovered, with 65 upregulated metabolites

and 47 downregulated metabolites. Although the tissue types
are different, it can be found that some of these metabolites
are similar to the results of previous literature (Locci et al.,

2021, Varvarousis et al., 2017), such as succinate (metabolic
intermediate in the tricarboxylic acid cycle), glutamate, tyro-
sine (amino acid), and carnitine(coenzyme). KEGG pathway
analysis was further used to enrich and analyze all of the dif-

ferential metabolites, as displayed in Fig. 3a. We found that
the differential metabolites were enriched in numerous path-
ways, including carbohydrate metabolism, the endocrine sys-

tem, and the sensory system.
Subsequently, the same analyses were conducted between
the asphyxia and SCD groups to investigate the metabolic dif-
ferences for the two causes of death. The score plot of the

OPLS-DA model is shown in Fig. 2c with 200 permutation
tests (R2Y = 0.981 and Q2 = 0.928, p < 0.005) in Fig. S3b.
The volcano plot is shown in Fig. 2d. We found 140 differen-

tial metabolites, with 80 upregulated metabolites and 60 down-
regulated metabolites. The 140 differential metabolites were
also subjected to KEGG pathway enrichment analysis, as
shown in Fig. 3b. The metabolic differences between the two

causes of death were mainly concentrated in carbohydrate
metabolism, the endocrine system, nucleotide metabolism,
amino acid metabolism, and the sensory system. These differ-

ential metabolites were plotted with a heatmap to show a bet-
ter overview of the biochemical differences between the
different causes of death, as shown in Fig. S4 and Fig. S5.

Each column represents a sample, and each line represents a
metabolite with its index number. The details of these metabo-
lites are listed in the Supplementary Information_2.xlsx.

3.3. Biomarkers for postmortem diagnosis

The 140 metabolites that were found to be different in the
asphyxia group in contrast with the SCD group could be

regarded as prospective biomarkers to distinguish asphyxia
from SCD as the cause of death in rat models. An RF classi-
fication model with 10-fold cross-validation was established

using these biomarkers, which resulted in an AUC of 0.99 with
a 95 % confidence interval (CI) of 0.97–1.00. The ROC curve
is plotted in Fig. 4a.

Although an excellent presentation of biomarkers was
found to distinguish asphyxia from SCD as the cause of death,
there was a concern regarding the stability along with the
robustness of these metabolites after death. Hence, the relative

contents of the 140 metabolites in decayed lung tissues (at 24 h
and 48 h postmortem) were also collected in MRM mode.
These metabolites were again evaluated by FC analysis and



Fig. 2 Screening of differential metabolites. The score plot of the OPLS-DA model for the asphyxia group (red) and control group

(green) (a). Volcano plot for the asphyxia and control groups, where there were 65 upregulated (red) and 47 downregulated (green)

differential metabolites (b). The score plot of the OPLS-DA model for the asphyxia group (red) and SCD group (green) (c). Volcano plot

for the asphyxia and SCD groups, where there were 80 upregulated (red) and 60 downregulated (green) differential metabolites (d). In the

volcano plots, the X-axis represents the logarithm of the FC value, and the greater the absolute value on the X-axis, the greater is the

quantitative difference between the two groups (the FC cutoff was 2.0). The Y-axis represents the VIP values, and the greater the value on

the Y-axis, the more important the metabolite is in the discrimination of the two groups (the VIP cutoff was 1.0). SCD: sudden cardiac

death.
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Wilcoxon tests to determine which metabolites were still differ-
ent between the groups.

Of the 140 differential metabolites between the asphyxia

and SCD groups in the fresh samples, 30 metabolites remained
differential at 24 h postmortem, and 10 of these 30 metabolites
remained differential at 48 h postmortem. The 10 metabolites

and the change trend of their relative contents are displayed in
Fig. 5. Some increased and some decreased with the post-
mortem interval (PMI). Another two RF models were built

based on the 30 differential metabolites at 24 h postmortem
and 10 differential metabolites at 48 h postmortem, as shown
in Fig. 4b and Fig. 4c, respectively. These models both showed
good classification abilities, with AUCs of 0.99 and 0.98 (95 %

CI: 0.98–1.00 and 0.94–1.00), respectively.
4. Discussion

A widely targeted metabolomics strategy was used in this study
combined with QTOF-MS/MS-based untargeted data collec-

tion to further improve the metabolite detection range. A very
large amount of metabolomics data was obtained and rela-
tively quantified by use of the MRM technique.

Brainstem injury served as the control in this study, which
represents a rapid mode of death with the lowest amount of
biochemical stress, best reflecting the normal level of metabo-
lism in live rats. Therefore, we explored the metabolic alter-

ations after death from asphyxia via comparing the asphyxia
group with the controls. The unsupervised PCA results showed



Fig. 3 KEGG enrichment scatter plot of the top 20 KEGG pathways of significantly differential metabolites between the asphyxia and

control groups (a) and between the asphyxia and SCD groups (b). The X-axis represents the rich factor, which refers to the ratio of the

number of differential metabolites located in this pathway. The point size represents the number of significantly differential metabolites

that are enriched in this pathway. The color gradation represents the P value. KEGG: Kyoto Encyclopedia of Genes and Genomes.

Fig. 4 ROC curves of the RF classification models that were established using the 140 differential metabolites in fresh tissues (a), 30

differential metabolites in 24-h decomposed tissues (b), and 10 differential metabolites in 48-h decomposed tissues (c). Tenfold cross-

validation was employed to evaluate the models. AUC: area under the curve. CI: confidence interval.
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that there were clear metabolic alterations in the lung tissues of
the rats that died from asphyxia, and the metabolic alterations

were different from those of the rats that died from SCD.
4.1. Metabolic changes linked to death from asphyxia in rats

Asphyxia is characterized by the inability of cells in the body to
either receive or utilize oxygen andproduces great external stress
on the body (Sauvageau and Boghossian, 2010). With regard to

asphyxia, the first effects observed should be related to the aer-
obic oxidation process of energy-supplying substances. The
KEGG enrichment analysis results were consistent with this

notion. Among carbohydrate metabolism pathways, pyruvate
metabolism, glycolysis/gluconeogenesis, and the citrate cycle
(tricarboxylic acid cycle, TCA cycle) are all related to the energy
supply process. Glycolysis refers to the process in which glucose
or glycogen is converted into lactic acid, and a small amount of
ATP is produced through a series of reactions. This pathway is

an important way to quickly provide energy in times of hypoxia.
During glycolysis, the formation of pyruvate from glucose is
known as the glycolysis pathway or the Embden-Meyerhof-

Parnas (EMP) pathway, which is a common step in both the aer-
obic and anaerobic oxidation of glucose. As the final product of
the EMP pathway, pyruvate can be reduced in the cytoplasm to

produce lactic acid for energy, or it can be oxidized in the mito-
chondria to produce acetyl-CoA, which then participates in the
TCA cycle. The TCA cycle is the final step in the aerobic oxida-

tion of three nutrients (sugars, lipids, and amino acids) and is
also the hub of the metabolic connection between sugars, lipids,
and amino acids (Lowenstein, 1969,Weitzman, 1987). Asphyxia
leads to hypoxic conditions in the body. As a result, glycolysis

activity increases to produce ATP, and metabolic disorders of
the TCA cycle might occur.



Fig. 5 The change in the relative contents of the 10 metabolites that remained significantly different in fresh, 24 h-decomposed, and 48 h-

decomposed lung tissues. *: statistically significant differences were observed (***P < 0.001; **P < 0.01; and *P < 0.05).
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In addition to carbohydrate metabolism, there were also
large changes in the endocrine system. Thyroid hormones
can act on nearly every cell in the body to promote the oxida-

tion of sugars and fats. Glucagon, which is generated by alpha
cells in the pancreas, works by raising the content of glucose
along with fatty acids in the bloodstream. Its effects oppose

those of insulin, which is generated by beta cells in the pan-
creas and can lower extracellular glucose. Therefore, we
inferred that the body tended to produce more thyroid hor-

mones and glucagon and less insulin to increase the energy
supply in the bloodstream and enhance oxidation in response
to the lack of energy and the great stress caused by hypoxia.

It is strange to find that there are possible metabolic

changes related to taste and olfactory transduction in the lung
when asphyxia occurs according to KEGG pathway analysis.
A 2018 study found that the human olfactory receptors in

the olfactory knob become less sensitive under hypoxic condi-
tions (Bigdaj et al., 2018). In addition, Garg et al. considered
the lung to be a sensory organ due to the existence of pul-

monary neuroendocrine cells (Garg et al., 2019), and there is
another interesting article in which the researchers found that
there are taste receptors in the seminiferous tubules and epi-

didymis (the reason is currently unknown)(Mosinger et al.,
2013). According to these reports, our result could be possible,
and we suppose that the presence of relevant metabolic
changes does not mean that the lung can transmit the sensation

of smell and taste. However, the possible reasons for the results
are unclear.

In addition, the PI3K-Akt signaling pathway and cGMP-

PKG signaling pathway are very common and important
metabolic pathways. Our results indicated that asphyxia
affects biological functions through these two pathways,

and there have been numerous previous studies supporting
this result (Mahneva et al., 2019, Wang et al., 2013,
Dawson-Scully et al., 2010, Gorbe et al., 2010, Zhang
et al., 2018, Zou et al., 2015, Xie et al., 2019). For example,
the promotion of glycolysis mentioned above may be regu-
lated through the PI3K-Akt pathway (Xie et al., 2019).Fer-
roptosis is an iron-dependent modulated cell death process

resulting from unrestricted lipid peroxidation coupled with
subsequent membrane damage (Tang and Kroemer, 2020).
Its classic induction is related to the tripeptide glutathione

(GSH). GSH is often referred to as the body’s primary
antioxidant. It is pivotal for the activity of glutathione per-
oxidase 4 (GPX4), the selenoenzyme that works as a core

ferroptosis repressor. GSH depletion or inhibition of its syn-
thesis indirectly inactivates GPX4, leading to the accumula-
tion of toxic free radical reactive oxygen species (ROS),
which promote membrane lipid peroxidation and induce fer-

roptosis (Tang and Kroemer, 2020, Cao and Dixon, 2016).
Studies have shown a link between hypoxia and ferroptosis
(An et al., 2020, Chen et al., 2020, Fuhrmann et al.,

2020). Our results also indicated that the ferroptosis process
might be altered by regulating GSH metabolism in the body
after asphyxia.

4.2. Postmortem differential diagnosis for death from asphyxia

in rats

According to the PCA score plot, we found that the SCD
group was more similar to the controls than was the asphyxia
group (according to the distances between groups), indicating
that fewer metabolic alterations occurred after SCD than after

asphyxia. We found that the enriched pathways based on the
differential metabolites from asphyxia in the SCD group and
from asphyxia in the control group were mostly the same.

Therefore, we supposed that the metabolic differences between
SCD and asphyxia were mainly derived from asphyxia as the
cause of death. However, it is also possible that both causes

of death affected the same pathways but to different degrees.
Regardless, we were excited to find substantial metabolic dif-
ferences in the lung tissues of rats that died from asphyxia,
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as well as SCD based on our metabolomics strategy. Excellent
classification performance was obtained using the RF model
based on metabolic differences, which demonstrated that the

metabolomics strategy has great potential to distinguish com-
plex causes of death.

More importantly, it was found that some of the meta-

bolic differences were maintained even after death. Although
a decreasing number of metabolites remained significantly
different as the PMI increased, the classification models

based on these metabolites could still robustly discriminate
asphyxia from SCD after death. Although we investigated
only the differential metabolites up to 48 h after death, this
preliminary study is still meaningful because a large propor-

tion of corpses are found and examined within two days in
forensic practice. This study proposes a metabolomics
approach to identify complex causes of death, which is also

applicable after death.

4.3. Limitations and outlook

Although the current idea has worked well in preliminary ani-
mal experiments, it is still a long way away from practical
application. There are three main limitations in this study.

The first one is the human individual differences in metabolic
status during life. Age, sex, and health conditions could be
potential factors that lead to baseline differences in the meta-
bolome. Compared to standardized animals, it is difficult to

screen differential metabolites that are related to only the cause
of death in the general population. The second one is factors
after death, such as PMI, exogenous bacteria, and insects.

We only investigated the differential metabolites up to 48 h
postmortem, so the applicability of this approach to a longer
PMI range is uncertain. The animal bodies were placed in a

controlled and closed environment, which prevented the
potential effects of temperature, humidity, exogenous bacteria,
and insects. The third one is the translational issue from exper-

imental animals to humans. Undoubtedly, the status of meta-
bolism must be different in humans and rats. The results of this
study cannot be applied directly to humans. However, this
study provides a practicable path to study the determination

of complex causes of death. In the future, an extensive collec-
tion of human samples is needed, as Chighine et al. proposed
(Chighine et al., 2021). Based on the population samples, abso-

lute quantitative detection, confirmatory experiments, and in-
depth research on various influencing factors should be
performed.
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