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ABSTRACT
The postmortem interval (PMI) is the time elapsing since the death of an individual
until the body is examined. Different molecules have been analyzed to better estimate
the PMI with variable results. The miRNAs draw attention in the forensic field to
estimate the PMI as they can better support degradation. In the present work, we
analyzed the miRNome at early PMI in rats’ skeletal muscle using the Affymetrix
GeneChipTM miRNA 4.0 microarrays. We found 156 dysregulated miRNAs in rats’
skeletal muscle at 24 h of PMI, out of which 84 were downregulated, and 72
upregulated. The miRNA most significantly downregulated was miR-139-5p
(FC = −160, p = 9.97 × 10−11), while the most upregulated was rno-miR-92b-5p
(FC = 241.18, p = 2.39 × 10−6). Regarding the targets of these dysregulated miRNAs,
the rno-miR-125b-5p and rno-miR-138-5p were the miRNAs with more mRNA
targets. The mRNA targets that we found in the present study participate in several
biological processes such as interleukin secretion regulation, translation regulation,
cell growth, or low oxygen response. In addition, we found a downregulation of
SIRT1 mRNA and an upregulation of TGFBR2 mRNA at 24 h of PMI. These results
suggest there is an active participation of miRNAs at early PMI which could be
further explored to identify potential biomarkers for PMI estimation.
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Keywords Postmortem interval, miRNA, Microarrays, Non-coding RNA

INTRODUCTION
The postmortem interval (PMI) is the time elapsing since the death of an individual until
its body is analyzed (Mathur & Agrawal, 2011). The calculation of this time is relevant in
the forensic field due to its estimation could be helpful in solving criminal cases. Although
the identification of several physical parameters has been used to estimate the PMI
(temperature, coloration, stiffness), the occurrence of these physical changes in the dead
body depends on internal and external factors (Powers, 2005; Mathur & Agrawal, 2011).
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Thus, other molecular biomarkers, including RNAs, have been analyzed to estimate the
PMI with variable results (Madea, Kreuser & Banaschak, 2001; Sampaio-Silva et al., 2013;
Donaldson & Lamont, 2013; Ansari & Menon, 2017).

It is well known that it is possible to find some mRNAs at the postmortem interval (Li
et al., 2014; Lv et al., 2014;Nagy et al., 2015; Tu et al., 2018, 2019;Wang et al., 2019). In fact,
changes in the mRNA expression of several genes at the PMI have been reported in
different species, including humans (Pozhitkov et al., 2017; Ferreira et al., 2018).
The postmortem expression of these mRNAs seems to be related to the cellular processes
that occur in the body decomposition such as apoptosis, autolysis, or immune response
(Zapico, Menéndez & Núñez, 2014; Haas et al., 2021; Dachet et al., 2021). The miRNAs are
non-coding RNAs with a length between 20–22 nucleotides that regulate the expression of
mRNAs (Saliminejad et al., 2019). Due to their physical characteristics and their small size,
miRNAs can better support degradation making its analysis suitable for forensic purposes
(Rocchi et al., 2021). For instance, miRNAs have been used to both identify body fluids and
in postmortem studies (Wang et al., 2013b). Regarding the postmortem studies, a
continuous expression of some miRNAs at different PMI in different tissues has been
found both in rats and humans (Maiese et al., 2021). These studies have been performed to
find those miRNAs that could be useful as housekeeping genes or to correlate their
degradation with the PMI. Although it is expected that the expression of some of these
miRNAs decays as the PMI increases, there are miRNAs whose expression increases at
PMI, such as MiR195 and MiR122 (Wang et al., 2013a). In fact, in our lab we found an
increase in the expression of miR-381-3p in rats’ skeletal muscle at the 24 h of PMI
(Martínez-Rivera et al., 2021). This suggests that just as with some mRNAs, there is an
upregulation of miRNAs which are needed for the body decomposition process. Moreover,
it is probable that other miRNAs participate in this process, and that their identification
could be important to identify possible biomarkers or to normalize genes for PMI gene
expression studies. To identify the miRNAs that participate in the PMI, we analyzed the
miRNome using rat microarrays in rats’ skeletal muscle at 24 h of PMI. Also, we performed
an in-silico analysis to identify the targets of these miRNAs and the biological process
where they participate. Finally, we analyzed the gene expression of three miRNAs targets
by quantitative RT-PCR.

MATERIALS AND METHODS
Samples
A total of five rat skeletal muscle samples were obtained from a postmortem interval rat
model which was previously established in our laboratory (Martínez-Rivera et al., 2021).
In brief, nine adult male Wistar rats were selected for the study; all with an average weight
of 200 gr. These rats were obtained from the Faculty of Medicine’s animal facility of the
National Autonomous University of Mexico (UNAM). Previously to the study, these rats
were maintained in a cage with no food or water restrictions, having a 12-h light-dark cycle
and controlled temperature (22 �C) and humidity (40–60%). These rats were divided into
two groups which corresponded to 0 (n = 4) and 24 h of PMI (n = 5). The 0 h-PMI was
considered the control group. The procedures to obtain the muscle samples of rats at 24 h
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of PMI and controls were performed as previously described (Martínez-Rivera et al., 2021).
All procedures of the PMI rat model reported in this study were approved by the local ethic
and scientific committees (Martínez-Rivera et al., 2021).

RNA extraction
The RNAs from each rat skeletal muscle sample were obtained using glass beads and
TrizolTM Reagent as previously described (Martínez-Rivera et al., 2021). The integrity of
the obtained RNAs was evaluated in agarose gels (Fig. S1) (Martínez-Rivera et al., 2021).

The miRNome analysis
To fully analyze the miRNome in the skeletal muscle samples, we used the Affymetrix
GeneChip miRNA 4.0 Array (Affymetrix, Santa Clara, CA, USA). The Affymetrix
GeneChip miRNA 4.0 Array contains a total of 30,424 probes of mature miRNAs, out of
which 1,218 correspond to rat miRNAs. All experiments were in accordance with the
manufacturer’s protocol, and these experiments were performed at the Microarray Unit of
the Mexican National Institute of Genomic Medicine (INMEGEN). In brief, the obtained
RNAs from skeletal muscle were biotin labeled with the Affymetrix� FlashTagTM Biotin
HSR RNA Labeling Kit according to the manufacturer protocol. Labeled samples were
hybridized with Affymetrix GeneChip miRNA 4.0 Array (Affymetrix, Santa Clara, CA,
USA). The hybridized microarrays were washed and stained with the Affymetrix
GeneChip hybridization wash and stain kit, and then scanned with the Affymetrix
GeneChip Scanner 3000 7G to generate de CEL files.

The CEL files were analyzed with the Affymetrix Transcriptome Analysis Console
(TAC) SoftwareTM. With this software, the probes intensities of the miRNAs were
normalized, and the miRNA gene expression was calculated with the Robust Multi-chip
Analysis (RMA) setting the value of Detected Above Background (DABG) to 0.05.
The changes of gene expression were shown as mean Fold Change (FC), considering
miRNAs over or down expressed with thresholds above >2 or below <2, respectively.
Significant dysregulated miRNAs were those with p-value less than 0.01 and a False
Discovery Rate value less than 0.05.

miRNAs target analysis and their biological processes
The targets of the significant dysregulated miRNAs were explored with the webtool
MIcroRNA Enrichment Turned Network (http://userver.bio.uniroma1.it/apps/
mienturnet/) (Licursi et al., 2019). This tool identifies computationally predicted or
experimentally validated miRNA-mRNA interactions downloaded from TargetScan and
miRTarBAse (McGeary et al., 2019; Huang et al., 2020). All parameters were set as default.
The miRNAs with most mRNA interactions were visualized using the Cytoscape software
(Shannon et al., 2003). Moreover, to identify the biological pathways where these mRNA
targets participate, we further analyzed them with the Gene Set Enrichment Analysis
(GSEA) from WEB-based Gene Set Analysis Toolkit (WebGestalt, http://www.webgestalt.
org/).
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mRNA quantification by RT-PCR
The cDNA was synthesized from the RNAs extracted from the rats’ muscle samples as
previously described (González Ramírez et al., 2020). A total of 45 ng of each cDNA
synthesized was employed to relatively quantify the gene expression of TGFBR2, SIRT1
and BMF with RT-PCR using SYBRTM Green PowerUpTM (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s protocol. To normalize the
expression of these genes, the GAPDH gene was used in the analysis as a housekeeping
gene. Each gene was analyzed separately and ran by triplicate in all samples. The gene
expression of these genes was calculated with the average CT threshold of each sample and
expressed as Fold-Change (FC) (Livak & Schmittgen, 2001). The sequence of the oligos
used to analyze the expression of TGFBR2, SIRT1, BMF and GAPDH are in Table S5.

RESULTS
Muscle rat miRNome analysis at 24 h of postmortem interval
The miRNome rats’ skeletal muscle was analyzed at 24 h of postmortem interval using the
Affymetrix GeneChipTM miRNA 4.0 Array and compared with a control group. From the
1,218 analyzed miRNAs, we found 84 (6.7%) downregulated and 72 (5.8%) upregulated
miRNAs in skeletal rat muscle after the first 24 h of the postmortem interval (see Fig. 1 and
Table S1). It is noteworthy that although the frequency of downregulated miRNAs was
slightly higher than the upregulated, this difference was not significant (p > 0.05,
chi-square test). With respect to the miRNome gene expression, the average fold change of
downregulated miRNas was −9.2, while in the upregulated miRNas was 20.3. The top ten

Figure 1 Volcano plot of miRNAs expression at 24 h of PMI. In this graph the p-value (−log10) is plotted against the fold change (FC) of the 1,218
rat miRNAs included in the microarray. Red dots indicate upregulated miRNAs, while blue dots the downregulated. The hightlighted dots indicate
the top most significant up and down regulated miRNAs. Full-size DOI: 10.7717/peerj.15409/fig-1
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most significant upregulated and downregulated miRNAs are in Table 1. From these
dysregulated miRNAs, the most significant upregulated miRNAs were rno-miR-92b-5p
(FC = 241.2, p = 2.39 × 10−6), rno-miR-297 (187.2, p = 2.25 × 10−9), rno-miR-466b-5p
(FC = 122.4, p = 8.98 × 10−8), rno-miR-466c-5p (FC = 121.2, p = 2.06 × 10−8), and rno-
miR-466d (FC = 92.8, p = 2.81 × 10−7; see Table 1). Meanwhile, the most downregulated
miRNA after the 24 h of postmortem interval was rno-miR-139-5p (FC = −160, p = 9.97 ×
10−11).

Interestingly, the gene expression of the most significant miRNAs could differentiate the
24 h PMI group from the control group as seen in the dendrogram (see Fig. 2). In this
dendrogram, we could see a cluster of miRNAs where the expression was up-regulated at
24 h-PMI in comparison with the 0 h-PMI, while there were also groups of miRNAs which
were downregulated at 24 h-PMI. This was also corroborated in a PCA plot analyzing the
whole miRNA gene expression (Fig. S2). These data indicate that at 24 h of postmortem
interval there are changes in the gene expression of several miRNAs in the rats’ skeletal
muscle.

Table 1 Top ten most up and down-regulated miRNAs at 24 h of post-mortem interval.

miRNA Fold change
(FC)

Affymetrix
probe set ID

p-value FDR p-value

Up-regulated

rno-miR-92b-5p 241.18 20506567 2.4 × 10−6 8 × 10−5

rno-miR-297 187.25 20501565 2.2 × 10−9 5.9 × 10−7

rno-miR-466b-5p /// rno-miR-466b-5p 122.4 20506476 9 × 10−8 5.1 × 10−6

rno-miR-466c-5p 121.18 20506479 2 × 10−8 1.8 × 10−6

rno-miR-466d 92.77 20517088 2.8 × 10−7 1.4 × 10−5

rno-miR-465-5p 59.38 20513753 6 × 10−9 1 × 10−6

rno-miR-32-3p 55.86 20501395 5.9 × 10−8 3.9 × 10−6

rno-miR-702-5p 34.08 20517148 1.6 × 10−5 0.0003

rno-miR-195-3p 33.44 20501513 6.8 × 10−9 1 × 10−6

rno-miR-326-5p 32.97 20500944 8.9 × 10−9 1. × 10−6

Down-regulated

rno-miR-139-5p −160.08 20501464 10 × 10−11 6.2 × 10−8

rno-miR-532-3p −36.3 20506543 6.9 × 10−5 0.0007

rno-miR-342-3p −33.74 20500994 0.0001 0.001

rno-miR-433-3p −29.16 20502443 4.3 × 10−5 0.0005

rno-miR-328a-3p −23.1 20500950 0.002 0.008

rno-miR-339-5p −17.44 20500982 0.00004 0.0006

rno-miR-455-3p −16.11 20506533 0.000015 0.0003

rno-miR-222-3p −15.57 20501555 0.0001 0.001

rno-miR-431 −15.38 20502439 0.0006 0.003

rno-mir-423 −14.41 20535731 2 × 10−6 7.5 × 10−5
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Targets of differentially expressed miRNAs
The targets of the 156 differentially expressed miRNAs at 24 h of postmortem interval were
identified using the MIENTURNET Bioinformatics Tool and visualized using Cytoscape.
Interestingly, of the down-regulated miRNAs, there were only 16 miRNAs which
interacted with at least two mRNAs (see Fig. 3). The miRNAs that had the most mRNA
interactions were rno-miR-125b-5p/rno-miR-351-5p, and rno-miR-138-5p with 130 and
120 mRNAs, respectively (Table S2). The rest of the miRNAs with more than 20
interactions were rno-miR-92a-3p, rno-miR-133a-3p, rno-miR-133b-3p, rno-miR-93-5p,
rno-miR-22-3p, rno-miR-26b-5p, rno-miR-181c-5p, rno-miR-181d-5p, rno-miR-221-3p,
rno-miR-222-3p, and rno-miR-140-5p. These groups of miRNAs were connected among
them by at least one mRNA target. The miRNAs that shared most mRNAs were rno-miR-
22-3p, rno-miR-26b-5p, rno-miR-92a-3p, and rno-miR-93-5p (see Fig. 3). Although there
were 72 miRNAs significantly upregulated at 24 h of PMI, only the rno-miR-291a-3p had
more than one interaction with other mRNAs (n = 44; Table S2).

Figure 2 Hierarchical clustering of the 156 differentially expressed miRNAs. The fold changes of the
156 differentially expressed miRNAs found at 24 h of PMI compared with controls were hierarchically
clustered and represented as a dendrogram. Red color represents upregulated miRNAs and blue color
downregulated miRNAs, and its intensity is related with the grade of miRNA expression.

Full-size DOI: 10.7717/peerj.15409/fig-2
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Gene ontology analysis
The gene targets of the dysregulated miRNAs that presented most mRNA interactions
were analyzed with the WEB-based Gene Set Analysis Tool kit to identify the biological
process where they participate. The main biological processes where the miRNAs rno-
miR-125b-5p/rno-miR-351-5p, rno-miR-138-5p, rno-miR-92a-3p, rno-miR-133a-3p/
rno-miR-133b-3p, rno-miR-93-5p, rno-miR-22-3p, rno-miR-26b-5p, rno-miR-181c-5p/
rno-miR-181d-5p, rno-miR-221-3p/rno-miR-222-3p, rno-miR-140-5p, rno-miR-191a-5p,
and rno-miR-455-3p participate, included positive regulation of interleukin-2 production,
nucleotide transmembrane transport, negative regulation of cytoplasmic translation,
positive regulation of synaptic vesicle fusion to presynaptic active zone membrane,
interleukin-10 secretion, negative regulation of cell growth involved in cardiac muscle cell

Figure 3 Network of the mRNA targets of downregulated miRNAs found at 24 h of PMI. The targets of the miRNAs rno-miR-125b-5p, rno-
miR-138-5p, rno-miR-92a-3p, rno-miR-133a-3p, rno-miR-133b-3p, rno-miR-93-5p, rno-miR-22-3p, rno-miR-26b-5p, rno-miR-181c-5p, rno-miR-
181d-5p, rno-miR-221-3p, rno-miR-222-3p, rno-miR-140-5p, rno-miR-191a-5p, and rno-miR-455-3p are shown. The green circles represent the
miRNA, and blue squares their mRNA target. Full-size DOI: 10.7717/peerj.15409/fig-3
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development, positive regulation of fat cell differentiation, megakaryocyte development,
and vascular associated smooth muscle cell migration, respectively (see Table S3). On the
contrary, the main biological process associated with rno-miR-291a-3p was epithelium
development. Although there were also biological processes which had lower enrichment
ratio, we found some biological processes that could be related with the postmortem
interval. For instance, rno-miR-22-3p and rno-miR-181c-5p/rno-miR-181d-5p also
participate in biological processes related to hypoxia response, and decreased oxygen levels
(see Fig. 4 and Table S3).

Gene expression of miRNAs targets
We analyzed by quantitative RT-PCR the gene expression of mRNAs TGFBR2, SIRT1, and
BMF at 24 h of postmortem interval which are targets of rno-miR-291a-3p, rno-miR-125b-
5p/rno-miR-351-5p, and rno-miR-138-5p, respectively (see material and methods).
Regarding to TGFBR2, the average FC was 1.8 (s.d. 0.9) times higher at the 24 h of PMI in
comparison with controls (FC = 1, s.d. 0.1), and this difference was statistically significant
(p = 0.03175, Wilcoxon rank sum test, see Fig. 5). Although the gene expression of BMF
was also higher at the 24 h of PMI when compared with controls, this difference was not
statistically significant (FC = 5.2, s.d. 3 vs FC = 1.4, s.d. 0.8; p = 0.1111, Wilcoxon rank sum
test). On the other hand, there was a significant reduction of SIRT1 gene expression at 24 h
of PMI (FC = 0.23, s.d. 0.07 vs FC = 1.1, s.d. 0.6; p = 0.01587, Wilcoxon rank sum test, see
Fig. 5).

DISCUSSION
This is the first work which analyzes the whole miRNome in rat skeletal muscle at the 24 h
of postmortem interval (PMI). In the present work we found a total 156 dysregulated
miRNAs in rat muscle at 24 h of PMI compared with controls. From these dysregulated
miRNAs, 84 were downregulated and 72 upregulated. The gene expression of these
dysregulated miRNAs could clearly differentiate the muscle samples at 24 h of PMI from
controls. The most downregulated miRNA was rno-miR-139-5p, while the most
upregulated miRNAs were rno-miR-92b-5p, rno-miR-297, rno-miR-466b-5p, rno-miR-
466c-5p, and rno-miR-466d. Nevertheless, from the downregulated miRNAs rno-miR-
125b-5p/rno-miR-351-5p and rno-miR-138-5p were the miRNAs with more mRNA
targets. On the other hand, rno-miR-291a-3p was the only upregulated miRNA which
interacted with several mRNA targets. The targets of the miRNAs with more mRNA
interactions participate in several biological processes that involve interleukin secretion,
translation regulation, cell growth regulation, or low oxygen response.

The miRNAs gene expression seems to play a crucial role at the early postmortem
interval since some of them have been found to be dysregulated in this process. It was
naturally believed that miRNAs could be found after long periods of time in the
postmortem interval supporting degradation due to their physical characteristics (Lv et al.,
2017; Zhao et al., 2021). For that reason, some miRNAs have been used as internal controls
in gene expression analysis at postmortem interval studies (Tu et al., 2019). Nevertheless, it
has been reported that the expression of some miRNAs changes throughout the
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Figure 4 Gene ontology enrichment analysis. The main biological pathways where the target genes of
rno-miR-125b-5p/rno-miR-351-5p, rno-miR-92a-3p, rno-miR-22-3p, and rno-miR-291a-3p participate
are shown. The x-axis corresponds to the enrichment ratio.

Full-size DOI: 10.7717/peerj.15409/fig-4
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postmortem interval (Wang et al., 2013a; Nagy et al., 2015; Na, 2020; Montanari et al.,
2021; Martínez-Rivera et al., 2021). For instance, we have found a dysregulation in gene
expression of miR-381-3p and miR-23b-3p in rat skeletal muscle during the first 24 h of
PMI (Martínez-Rivera et al., 2021). In the present study, we found dysregulation in the
expression of genes miR-195, miR-134, miR-133, miR-16, and miR-150, which have also
been found dysregulated at the early PMI in bone, brain, and spleen in both rats and
humans (Wang et al., 2013a; Nagy et al., 2015; Na, 2020). According to these studies and
ours, the presence of miRNAs at the PMI seems to be related with the postmortem process.

On the other hand, the results of the present study could contribute to better choose
those miRNAs selected as internal controls for gene expression analyses in postmortem
interval studies in rats. For instance, several miRNAs have been used as control genes for
normalization in the gene expression analysis, such as mir191 and mir-133a (Kakimoto
et al., 2015; Tu et al., 2018). Nevertheless, we found a downregulation of the gene
expression in these miRNAs at 24 h of PMI. In the case of mir-133a, this miRNA has also
been reported as a part of the family of myomiR which are responsible of the plasticity and
homeostasis of the skeletal muscle (McCarthy, 2011; Koutalianos et al., 2021). Thus, their
use as internal controls in rat skeletal muscle PMI gene expression studies could not be
suitable. Moreover, it is plausible that not all the reported miRNAs used as internal
controls for PMI gene expression studies could be used in all tissues since their expression
could vary according to the explored tissue.

It is noteworthy that from the dysregulated miRNAs found in the present study, there
were few miRNAs which had the highest fold-change value (rno-miR-92b-5p, rno-miR-
297, rno-miR-466b-5p, rno-miR-466c-5p and rno-miR-466d), which contrasted with only

Figure 5 Gene expression analysis of TGFBR2, SIRT1 and BMF genes in rats’ skeletal muscle at early post-mortem interval. The fold change
(FC) of these mRNA was analyzed in rats’ skeletal muscle at 24 h of PMI relative to the 0 h-PMI group, using quantitative RT-qPCR. The fold change
was calculated with the 2−ΔΔCT method using GAPDH as internal control. The black squares represent the mean FC from each group; the whisker
corresponds to the 95% confidence interval, and the dots are the jittered FC of each sample. Comparisons between the PMI were done with the
Wilcoxon rank sum test. Full-size DOI: 10.7717/peerj.15409/fig-5
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one miRNA (rno-miR-139-5p) that presented the lowest fold-change value of the
downregulated miRNAs. Nevertheless, none of these miRNAs have been reported or
associated with the postmortem interval. For instance, miR-466b-5p has been implicated
in the pathogenesis of white matter injury resulting from a hypoxia ischemia insult in rats
(Schober et al., 2015). On the other hand, miR-92b-5p and rno-miR-466c-5p have been
associated with acute heart failure, and response to lipemia (Wu et al., 2018; Mantilla-
Escalante et al., 2019). Interestingly, the miR-139-5p has been found associated with
necroptosis in patients with hepatocellular carcinoma (Meng et al., 2022).

One approach that we made in the present study was to find those biologically
significant miRNAs which had the most interactions with mRNAs. From these miRNAs,
we found that the downregulated miRNAs rno-miR-125b-5p/rno-miR-351-5p, and rno-
miR-138-5p; and the upregulated miRNA rno-miR-291a-3p were the miRNAs with most
mRNA interactions. Although none of these miRNAs have been reported at the
postmortem interval, their functions could be related with this process. In the case of miR-
125b-5p, it has been found that this miRNA could protect neuronal injury after cerebral
ischemia reperfusion in stroke (Chen et al., 2020). Moreover, a down-regulation of miR-
125b-5p has also been reported in rat muscle cells with atrophy and denervation (Qiu et al.,
2019). This contrasts with the reports on cancer, where downregulation of this miRNA has
been found in several tumors such as hepatocellular carcinoma or bladder cancer, which is
related to cell proliferation, migration, and invasion (Hua et al., 2019; Liu, Chen & Wang,
2020). The targets of rno-miR-125b-5p participate in the production of interleukin 2,
which stimulates the immune response (Peerlings, Mimpen & Damoiseaux, 2021).
Interestingly, it has been reported an increase in the gene expression activity of immune
cells of postmortem brains (Dachet et al., 2021). According to TargetScan, miR-125b-5p
had the same targets as rno-miR-351-5p, which is involved in skeletal muscle development
along with other miRNAs such as miR-1a-3p, miR-133a-3p, miR-133b-3p, miR-206-3p,
and miR-128-3p (Xie et al., 2018).

The expression of miR-138-5p seems to play an important role in autophagy due to the
fact that its downregulation is necessary for the induction of cancer (Tian et al., 2017; Zhou
et al., 2021). The process of autophagy is a survival mechanism which has been described
under normal conditions and in different pathologies. This process allows the cells to
survive entering in a “self-digestion” process which provides energy during nutrient
deprivation and metabolic stress (Chang, 2020). It is noteworthy that we found a
downregulation at the 24 h PMI of SIRT1, which is the target of the miRNAs rno-miR-138-
5p and rno-miR-22-3p that were found downregulated in our study. It has been reported
that in senescent cells there is a downregulation of SIRT1 protein due to autophagy
throughout LC3 (Xu et al., 2020). In fact, at the postmortem interval, an over-expression of
some genes associated with autophagy as LC3, ATG7 or ATG12 has been found (Martínez
et al., 2019). Also, SIRT1 regulates pro-inflamatory response through modulation of NF-κB
signaling (Kim, Silwal & Jo, 2022). Although downregulation of SIRT1 is important in the
autolysis process at postmortem interval, its post-transcriptional regulation could be due
to other mechanisms rather than microRNAs (Cao et al., 2020).
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Although rno-miR-291a-3p, was the only up-regulated miRNA which had more
interactions with mRNAs, there is no information about its participation at the PMI.
The rno-miR-291a-3p is included in the miR-290-295 cluster and represents more than
the 60% of miRNAs present in mouse embryonic stem cells (Yuan et al., 2017).
Interestingly, this cluster of miRNAs regulates the metabolism of these stem cells
sustaining an increase of glycolysis to keep their pluripotency (Varum et al., 2011; Yuan
et al., 2017). When we analyzed the gene expression of TGFBR2, which is the target of rno-
miR-291a-3p, contrary to what was expected, the expression of this mRNA was
upregulated. However, it has been reported that TGFBR2 could be regulated by other
miRNAs such as rno-miR-19a-3p or hsa-miR-93-5p which are located within the miR-17-
92a cluster in chromosome 13 (Mogilyansky & Rigoutsos, 2013; Zou et al., 2016; Cai et al.,
2021). In fact, we found a downregulation in the expression of miR-93-5p. This suggests
that the expression of TGFBR2 at the postmortem interval could be regulated by the miR-
17-92a cluster. The TGFBR2 gene has a dual activity where it can either be an oncogene
favoring the epithelial to mesenchymal transition, or in some situations lead to apoptosis
and cell cycle arrest (Hata & Chen, 2016; Lo Sardo et al., 2021). It is plausible that the latter
occurs at the postmortem interval.

It is important to mention that the present results were performed in an animal model
under controlled conditions that could be extremely different from a forensic scenario.
On the other hand, in the present work we only considered the 24 h of PMI. Hence, it is
important to include other PMIs before and after the 24 h to better capture the biological
process regulated by miRNAs in the PMI. Besides, although we selected the skeletal muscle
tissue for this analysis, it is also possible that the miRNAs expression could differ from
other tissues. Thus, future studies should be performed in other tissues and under
conditions that resemble real forensic scenarios. The knowledge of the molecular process
that occurs at the PMI could help to better identify possible biomarkers to precisely
estimate the PMI. Also, this will be useful to design kits suitable to rutinary analyze these
biomarkers in the forensic field. Moreover, the contribution of these studies could be
extrapolated in other biomedical fields like cancer, since there is the possibility of there
being cells which use the same survival mechanisms.

CONCLUSIONS
There are some miRNAs that were found dysregulated at the 24 h of postmortem interval,
being the downregulated slightly more frequent than the upregulated. From these
dysregulated miRNAs, rno-miR-125b-5p, rno-miR-138-5p and rno-miR-291a-3p proved
to be the miRNAs with most mRNA interactions. The ontology analysis and the analysis of
the expression of SIRT1 and TGFBR2 genes suggests that the main pathways that
participate at the postmortem interval are related with autophagy, cell cycle regulation, low
oxygen response, among others. Our results propose that autophagy is a mechanism could
occur at the early postmortem. This knowledge could be important to understand the
biology of death and to identify candidate biomarkers to estimate postmortem interval.

Guardado-Estrada et al. (2023), PeerJ, DOI 10.7717/peerj.15409 12/18

http://dx.doi.org/10.7717/peerj.15409
https://peerj.com/


ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the National Autonomous University of Mexico (UNAM),
PAPIIT grant number IA204420. The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Autonomous University of Mexico (UNAM), PAPIIT: IA204420.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Mariano Guardado-Estrada conceived and designed the experiments, analyzed the data,
prepared figures and/or tables, authored or reviewed drafts of the article, and approved
the final draft.

� Christian A. Cárdenas-Monroy performed the experiments, prepared figures and/or
tables, and approved the final draft.

� Vanessa Martínez-Rivera performed the experiments, analyzed the data, prepared
figures and/or tables, and approved the final draft.

� Fernanda Cortez performed the experiments, analyzed the data, prepared figures and/or
tables, and approved the final draft.

� Carlos Pedraza-Lara performed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

� Oliver Millan-Catalan performed the experiments, analyzed the data, prepared figures
and/or tables, and approved the final draft.

� Carlos Pérez-Plasencia analyzed the data, authored or reviewed drafts of the article, and
approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

All procedures for the PMI rat model were evaluated and approved by the local ethic
and scientific committee, as well as the committee for the care and use of laboratory
animals (CICUAL) of the Faculty of Medicine from the National Autonomous University
of Mexico (UNAM) with approval number 102-2018, and 027-CIC-201, respectively.

Microarray Data Deposition
The following information was supplied regarding the deposition of microarray data:

The data is available at Gene Expression Omnibus: GSE208236.

Guardado-Estrada et al. (2023), PeerJ, DOI 10.7717/peerj.15409 13/18

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE208236
http://dx.doi.org/10.7717/peerj.15409
https://peerj.com/


Data Availability
The following information was supplied regarding data availability:

The sample signals of all miRNAs analyzed in control and 24 h of postmortem interval
samples and the Ct values obtained from RT-PCR experiments are available in the
Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.15409#supplemental-information.

REFERENCES
Ansari N, Menon SK. 2017. Determination of time since death using vitreous humor tryptophan.

Journal of Forensic Sciences 62(5):1351–1356 DOI 10.1111/1556-4029.13430.

Cai Y, Ruan W, Ding J, Wei N, Wang J, Zhang H, Ma N, Weng G, Su W, Lin Y, Zhu K. 2021.
miR-93-5p regulates the occurrence and development of esophageal carcinoma epithelial cells by
targeting TGFβR2. International Journal of Molecular Medicine 47(3):3
DOI 10.3892/ijmm.2020.4836.

Cao Y, Liu C, Wang Q, Wang W, Tao E, Wan L. 2020. Pum2 mediates Sirt1 mRNA decay and
exacerbates hypoxia/reoxygenation-induced cardiomyocyte apoptosis. Experimental Cell
Research 393(1):112058 DOI 10.1016/j.yexcr.2020.112058.

Chang NC. 2020. Autophagy and stem cells: self-eating for self-renewal. Frontiers in Cell and
Developmental Biology 8:685 DOI 10.3389/fcell.2020.00138.

Chen W, Wang H, Feng J, Chen L. 2020. Overexpression of circRNA circUCK2 attenuates cell
apoptosis in cerebral ischemia-reperfusion injury via miR-125b-5p/GDF11 signaling.Molecular
Therapy—Nucleic Acids 22(Suppl):673–683 DOI 10.1016/j.omtn.2020.09.032.

Dachet F, Brown JB, Valyi-Nagy T, Narayan KD, Serafini A, Boley N, Gingeras TR, Celniker SE,
Mohapatra G, Loeb JA. 2021. Selective time-dependent changes in activity and cell-specific
gene expression in human postmortem brain. Scientific Reports 11(1):3507
DOI 10.1038/s41598-021-85801-6.

Donaldson AE, Lamont IL. 2013. Biochemistry changes that occur after death: potential markers
for determining post-mortem interval. PLOS ONE 8(11):e82011
DOI 10.1371/journal.pone.0082011.

Ferreira PG, Muñoz-Aguirre M, Reverter F, Sá Godinho CP, Sousa A, Amadoz A, Sodaei R,
Hidalgo MR, Pervouchine D, Carbonell-Caballero J, Nurtdinov R, Breschi A, Amador R,
Oliveira P, Çubuk C, Curado J, Aguet F, Oliveira C, Dopazo J, Sammeth M, Ardlie KG,
Guigó R. 2018. The effects of death and post-mortem cold ischemia on human tissue
transcriptomes. Nature Communications 9(1):69 DOI 10.1038/s41467-017-02772-x.

González Ramírez C, Villavicencio Queijeiro A, Jiménez Morales S, Bárcenas López D,
Hidalgo Miranda A, Ruiz Chow A, Tellez Cárdenas L, Guardado Estrada M. 2020. The
NR3C1 gene expression is a potential surrogate biomarker for risk and diagnosis of
posttraumatic stress disorder. Psychiatry Research 284(4):112797
DOI 10.1016/j.psychres.2020.112797.

Haas C, Neubauer J, Salzmann AP, Hanson E, Ballantyne J. 2021. Forensic transcriptome
analysis using massively parallel sequencing. Forensic Science International: Genetics 52:102486
DOI 10.1016/j.fsigen.2021.102486.

Guardado-Estrada et al. (2023), PeerJ, DOI 10.7717/peerj.15409 14/18

http://dx.doi.org/10.7717/peerj.15409#supplemental-information
http://dx.doi.org/10.7717/peerj.15409#supplemental-information
http://dx.doi.org/10.7717/peerj.15409#supplemental-information
http://dx.doi.org/10.1111/1556-4029.13430
http://dx.doi.org/10.3892/ijmm.2020.4836
http://dx.doi.org/10.1016/j.yexcr.2020.112058
http://dx.doi.org/10.3389/fcell.2020.00138
http://dx.doi.org/10.1016/j.omtn.2020.09.032
http://dx.doi.org/10.1038/s41598-021-85801-6
http://dx.doi.org/10.1371/journal.pone.0082011
http://dx.doi.org/10.1038/s41467-017-02772-x
http://dx.doi.org/10.1016/j.psychres.2020.112797
http://dx.doi.org/10.1016/j.fsigen.2021.102486
http://dx.doi.org/10.7717/peerj.15409
https://peerj.com/


Hata A, Chen YG. 2016. TGF-β signaling from receptors to smads. Cold Spring Harbor Perspectives
in Biology 8(9):a022061 DOI 10.1101/cshperspect.a022061.

Hua S, Quan Y, Zhan M, Liao H, Li Y, Lu L. 2019. MiR-125b-5p inhibits cell proliferation,
migration, and invasion in hepatocellular carcinoma via targeting TXNRD1. Cancer Cell
International 19:203 DOI 10.1186/s12935-019-0919-6.

Huang HY, Lin YCD, Li J, Huang KY, Shrestha S, Hong HC, Tang Y, Chen YG, Jin CN, Yu Y,
Xu JT, Li YM, Cai XX, Zhou ZY, Chen XH, Pei YY, Hu L, Su JJ, Cui SD, Wang F, Xie YY,
Ding SY, Luo MF, Chou CH, Chang NW, Chen KW, Cheng YH, Wan XH, Hsu WL, Lee TY,
Wei FX, Huang HD. 2020. MiRTarBase 2020: updates to the experimentally validated
microRNA-target interaction database. Nucleic Acids Research 48:D148–D154
DOI 10.1093/nar/gkz896.

Kakimoto Y, Kamiguchi H, Ochiai E, Satoh F, Osawa M. 2015. MicroRNA stability in
postmortem FFPE tissues: quantitative analysis using autoptic samples from acute myocardial
infarction patients. PLOS ONE 10(6):e0129338 DOI 10.1371/journal.pone.0129338.

Kim JK, Silwal P, Jo EK. 2022. Sirtuin 1 in host defense during infection. Cells 11(18):2921
DOI 10.3390/cells11182921.

Koutalianos D, Koutsoulidou A, Mytidou C, Kakouri AC, Oulas A, Tomazou M,
Kyriakides TC, Prokopi M, Kapnisis K, Nikolenko N, Turner C, Lusakowska A,
Janiszewska K, Papadimas GK, Papadopoulos C, Kararizou E, Spyrou GM, Gourdon G,
Zamba Papanicolaou E, Gorman G, Anayiotos A, Lochmüller H, Phylactou LA. 2021. miR-
223-3p and miR-24-3p as novel serum-based biomarkers for myotonic dystrophy type 1.
Molecular Therapy—Methods and Clinical Development 23(D1):169–183
DOI 10.1016/j.omtm.2021.09.007.

Li WC, Ma KJ, Lv YH, Zhang P, Pan H, Zhang H, Wang HJ, Ma D, Chen L. 2014. Postmortem
interval determination using 18S-rRNA and microRNA. Science and Justice 54(4):307–310
DOI 10.1016/j.scijus.2014.03.001.

Licursi V, Conte F, Fiscon G, Paci P. 2019. MIENTURNET: an interactive web tool for
microRNA-target enrichment and network-based analysis. BMC Bioinformatics 20(1):102
DOI 10.1186/s12859-019-3105-x.

Liu S, Chen Q, Wang Y. 2020. MiR-125b-5p suppresses the bladder cancer progression via
targeting HK2 and suppressing PI3K/AKT pathway. Human Cell 33(1):185–194
DOI 10.1007/s13577-019-00285-x.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data using real-time
quantitative PCR and the 2−ΔΔCT method. Methods 25(4):402–408
DOI 10.1006/meth.2001.1262.

Lo Sardo F, Pulito C, Sacconi A, Korita E, Sudol M, Strano S, Blandino G. 2021. YAP/TAZ and
EZH2 synergize to impair tumor suppressor activity of TGFBR2 in non-small cell lung cancer.
Cancer Letters 500:51–63 DOI 10.1016/j.canlet.2020.11.037.

Lv YH, Ma JL, Pan H, Zeng Y, Tao L, Zhang H, Li WC, Ma KJ, Chen L. 2017. Estimation of the
human postmortem interval using an established rat mathematical model and multi-RNA
markers. Forensic Science, Medicine, and Pathology 13(1):20–27
DOI 10.1007/s12024-016-9827-4.

Lv YH, Ma KJ, Zhang H, He M, Zhang P, Shen YW, Jiang N, Ma D, Chen L. 2014. A time course
study demonstrating mRNA, microRNA, 18S rRNA, and U6 snRNA changes to estimate PMI in
deceased rat’s spleen. Journal of Forensic Sciences 59(5):1286–1294
DOI 10.1111/1556-4029.12447.

Guardado-Estrada et al. (2023), PeerJ, DOI 10.7717/peerj.15409 15/18

http://dx.doi.org/10.1101/cshperspect.a022061
http://dx.doi.org/10.1186/s12935-019-0919-6
http://dx.doi.org/10.1093/nar/gkz896
http://dx.doi.org/10.1371/journal.pone.0129338
http://dx.doi.org/10.3390/cells11182921
http://dx.doi.org/10.1016/j.omtm.2021.09.007
http://dx.doi.org/10.1016/j.scijus.2014.03.001
http://dx.doi.org/10.1186/s12859-019-3105-x
http://dx.doi.org/10.1007/s13577-019-00285-x
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1016/j.canlet.2020.11.037
http://dx.doi.org/10.1007/s12024-016-9827-4
http://dx.doi.org/10.1111/1556-4029.12447
http://dx.doi.org/10.7717/peerj.15409
https://peerj.com/


Madea B, Kreuser C, Banaschak S. 2001. Postmortem biochemical examination of synovial fluid–
a preliminary study. Forensic Science International 118(1):29–35
DOI 10.1016/s0379-0738(00)00372-8.

Maiese A, Scatena A, Costantino A, di Paolo M, la Russa R, Turillazzi E, Frati P, Fineschi V.
2021. Micrornas as useful tools to estimate time since death. A systematic review of current
literature. Diagnostics 11(1):64 DOI 10.3390/diagnostics11010064.

Mantilla-Escalante DC, de las Hazas MCL, Gil-Zamorano J, del Pozo-Acebo L, Crespo MC,
Martín-Hernández R, del Saz A, Tomé-Carneiro J, Cardona F, Cornejo-Pareja I,
GarcíA-Ruiz A, Briand O, Lasunción MA, Visioli F, Dávalos A. 2019. Postprandial circulating
miRNAs in response to a dietary fat challenge. Nutrients 11(6):1326 DOI 10.3390/nu11061326.

Martínez PN, Menéndez ST, de los Ángeles VM, Ubelaker DH, García-Pedrero JM, Zapico CS.
2019. The big sleep: elucidating the sequence of events in the first hours of death to determine
the postmortem interval. Science and Justice 59(4):418–424 DOI 10.1016/j.scijus.2019.03.001.

Martínez-Rivera V, Cárdenas-Monroy CA, Millan-Catalan O, González-Corona J,
Huerta-Pacheco NS, Martínez-Gutiérrez A, Villavicencio-Queijeiro A, Pedraza-Lara C,
Hidalgo-Miranda A, Bravo-Gómez ME, Pérez-Plasencia C, Guardado-Estrada M. 2021.
Dysregulation of miR-381-3p and miR-23b-3p in skeletal muscle could be a possible estimator of
early post-mortem interval in rats. PeerJ 9:e11102 DOI 10.7717/peerj.11102.

Mathur A, Agrawal YK. 2011. An overview of methods used for estimation of time since death.
Australian Journal of Forensic Sciences 43(4):275–285 DOI 10.1080/00450618.2011.568970.

McCarthy JJ. 2011. The myomiR network in skeletal muscle plasticity. Exercise and Sport Sciences
Reviews 39(3):150–154 DOI 10.1097/JES.0b013e31821c01e1.

McGeary SE, Lin KS, Shi CY, Pham TM, Bisaria N, Kelley GM, Bartel DP. 2019. The
biochemical basis of microRNA targeting efficacy. Science 366(6472):eaav1741
DOI 10.1126/science.aav1741.

Meng T, Wang Q, Yang Y, Ren Y, Shi Y. 2022. Construction of a necroptosis-related miRNA
signature for predicting the prognosis of patients with hepatocellular carcinoma. Frontiers in
Genetics 13:281 DOI 10.3389/fgene.2022.825261.

Mogilyansky E, Rigoutsos I. 2013. The miR-17/92 cluster: a comprehensive update on its
genomics, genetics, functions and increasingly important and numerous roles in health and
disease. Cell Death and Differentiation 20(12):1603–1614 DOI 10.1038/cdd.2013.125.

Montanari E, Giorgetti R, Busardò FB, Giorgetti A, Tagliabracci A, Alessandrini F. 2021.
Suitability of miRNA assessment in postmortem interval estimation. European Review for
Medical and Pharmacological Sciences 25(4):1774–1787 DOI 10.26355/eurrev_202102_25069.

Na JY. 2020. Estimation of the post-mortem interval using microRNA in the bones. Journal of
Forensic and Legal Medicine 75:102049 DOI 10.1016/j.jflm.2020.102049.

Nagy C, Maheu M, Lopez JP, Vaillancourt K, Cruceanu C, Gross JA, Arnovitz M, Mechawar N,
Turecki G. 2015. Effects of postmortem interval on biomolecule integrity in the brain. Journal of
Neuropathology & Experimental Neurology 74(5):459–469
DOI 10.1097/NEN.0000000000000190.

Peerlings D, Mimpen M, Damoiseaux J. 2021. The IL-2 – IL-2 receptor pathway: key to
understanding multiple sclerosis. Journal of Translational Autoimmunity 4(6):100123
DOI 10.1016/j.jtauto.2021.100123.

Powers RH. 2005. The decomposition of human remains a biochemical perspective. In: Forensic
Medicine of the Lower Extremity. Totowa: Humana Press, 3–15.

Guardado-Estrada et al. (2023), PeerJ, DOI 10.7717/peerj.15409 16/18

http://dx.doi.org/10.1016/s0379-0738(00)00372-8
http://dx.doi.org/10.3390/diagnostics11010064
http://dx.doi.org/10.3390/nu11061326
http://dx.doi.org/10.1016/j.scijus.2019.03.001
http://dx.doi.org/10.7717/peerj.11102
http://dx.doi.org/10.1080/00450618.2011.568970
http://dx.doi.org/10.1097/JES.0b013e31821c01e1
http://dx.doi.org/10.1126/science.aav1741
http://dx.doi.org/10.3389/fgene.2022.825261
http://dx.doi.org/10.1038/cdd.2013.125
http://dx.doi.org/10.26355/eurrev_202102_25069
http://dx.doi.org/10.1016/j.jflm.2020.102049
http://dx.doi.org/10.1097/NEN.0000000000000190
http://dx.doi.org/10.1016/j.jtauto.2021.100123
http://dx.doi.org/10.7717/peerj.15409
https://peerj.com/


Pozhitkov AE, Neme R, Domazet-Lošo T, Leroux BG, Soni S, Tautz D, Noble PA. 2017. Tracing
the dynamics of gene transcripts after organismal death. Open Biology 7(1):160267
DOI 10.1098/rsob.160267.

Qiu J, Zhu J, Zhang R, Liang W, Ma W, Zhang Q, Huang Z, Ding F, Sun H. 2019.miR-125b-5p
targeting TRAF6 relieves skeletal muscle atrophy induced by fasting or denervation. Annals of
Translational Medicine 7(18):456 DOI 10.21037/atm.2019.08.39.

Rocchi A, Chiti E, Maiese A, Turillazzi E, Spinetti I. 2021. Micrornas: an update of applications
in forensic science. Diagnostics 11(1):32 DOI 10.3390/diagnostics11010032.

Saliminejad K, Khorram Khorshid HR, Soleymani Fard S, Ghaffari SH. 2019. An overview of
microRNAs: biology, functions, therapeutics, and analysis methods. Journal of Cellular
Physiology 234(5):5451–5465 DOI 10.1002/jcp.27486.

Sampaio-Silva F, Magalhães T, Carvalho F, Dinis-Oliveira RJ, Silvestre R. 2013. Profiling of
RNA degradation for estimation of post morterm interval. PLoS ONE 8(2):e56507
DOI 10.1371/journal.pone.0056507.

Schober K, Ondruschka B, Dreßler J, Abend M. 2015. Detection of hypoxia markers in the
cerebellum after a traumatic frontal cortex injury: a human postmortem gene expression
analysis. International Journal of Legal Medicine 129(4):701–707
DOI 10.1007/s00414-014-1129-3.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N, Schwikowski B,
Ideker T. 2003. Cytoscape: a software Environment for integrated models of biomolecular
interaction networks. Genome Research 13(11):2498–2504 DOI 10.1101/gr.1239303.

Tian S, Guo X, Yu C, Sun C, Jiang J. 2017.miR-138-5p suppresses autophagy in pancreatic cancer
by targeting SIRT1. Oncotarget 8(7):11071–11082 DOI 10.18632/oncotarget.14360.

Tu C, Du T, Shao C, Liu Z, Li L, Shen Y. 2018. Evaluating the potential of housekeeping genes,
rRNAs, snRNAs, microRNAs and circRNAs as reference genes for the estimation of PMI.
Forensic Science, Medicine, and Pathology 14(2):194–201 DOI 10.1007/s12024-018-9973-y.

Tu C, Du T, Ye X, Shao C, Xie J, Shen Y. 2019. Using miRNAs and circRNAs to estimate PMI in
advanced stage. Legal Medicine 38(5):51–57 DOI 10.1016/j.legalmed.2019.04.002.

Varum S, Rodrigues AS, Moura MB, Momcilovic O, Easley IVCA, Ramalho-Santos J,
van Houten B, Schatten G. 2011. Energy metabolism in human pluripotent stem cells and their
differentiated counterparts. PLOS ONE 6(6):e20914 DOI 10.1371/journal.pone.0020914.

Wang H, Ma J, Xu H, Lyu Y, Tao L, Li W, Zeng Y, Ma K, Xiao B, Chen L. 2019. Early
postmortem interval (EPMI) estimation using differentially expressed gene transcripts. Legal
Medicine 38:83–91 DOI 10.1016/j.legalmed.2019.04.008.

Wang H, Mao J, Li Y, Luo H, Wu J, Liao M, Liang W, Zhang L. 2013a. 5 miRNA expression
analyze in post-mortem interval (PMI) within 48 h. Forensic Science International: Genetics
Supplement Series 4(1):e190–e191 DOI 10.1016/j.fsigss.2013.10.098.

Wang Z, Zhang J, Luo H, Ye Y, Yan J, Hou Y. 2013b. Screening and confirmation of microRNA
markers for forensic body fluid identification. Forensic Science International: Genetics
7(1):116–123 DOI 10.1016/j.fsigen.2012.07.006.

Wu T, Chen Y, Du Y, Tao J, Zhou Z, Yang Z. 2018. Serum exosomal MiR-92b-5p as a potential
biomarker for acute heart failure caused by dilated cardiomyopathy. Cellular Physiology and
Biochemistry 46(5):1939–1950 DOI 10.1159/000489383.

Xie SJ, Li JH, Chen HF, Tan YY, Liu SR, Zhang Y, Xu H, Yang JH, Liu S, Zheng LL, Huang MB,
Guo YH, Zhang Q, Zhou H, Qu LH. 2018. Inhibition of the JNK/MAPK signaling pathway by
myogenesis-associated miRNAs is required for skeletal muscle development. Cell Death and
Differentiation 25(9):1581–1597 DOI 10.1038/s41418-018-0063-1.

Guardado-Estrada et al. (2023), PeerJ, DOI 10.7717/peerj.15409 17/18

http://dx.doi.org/10.1098/rsob.160267
http://dx.doi.org/10.21037/atm.2019.08.39
http://dx.doi.org/10.3390/diagnostics11010032
http://dx.doi.org/10.1002/jcp.27486
http://dx.doi.org/10.1371/journal.pone.0056507
http://dx.doi.org/10.1007/s00414-014-1129-3
http://dx.doi.org/10.1101/gr.1239303
http://dx.doi.org/10.18632/oncotarget.14360
http://dx.doi.org/10.1007/s12024-018-9973-y
http://dx.doi.org/10.1016/j.legalmed.2019.04.002
http://dx.doi.org/10.1371/journal.pone.0020914
http://dx.doi.org/10.1016/j.legalmed.2019.04.008
http://dx.doi.org/10.1016/j.fsigss.2013.10.098
http://dx.doi.org/10.1016/j.fsigen.2012.07.006
http://dx.doi.org/10.1159/000489383
http://dx.doi.org/10.1038/s41418-018-0063-1
http://dx.doi.org/10.7717/peerj.15409
https://peerj.com/


Xu C, Wang L, Fozouni P, Evjen G, Chandra V, Jiang J, Lu C, Nicastri M, Bretz C, Winkler JD,
Amaravadi R, Garcia BA, Adams PD, Ott M, Tong W, Johansen T, Dou Z, Berger SL. 2020.
SIRT1 is downregulated by autophagy in senescence and ageing. Nature Cell Biology
22(10):1170–1179 DOI 10.1038/s41556-020-00579-5.

Yuan K, Ai WB, Wan LY, Tan X, Wu JF. 2017. The miR-290-295 cluster as multi-faceted players
in mouse embryonic stem cells. Cell and Bioscience 7(1):186 DOI 10.1186/s13578-017-0166-2.

Zapico SC, Menéndez ST, Núñez P. 2014. Cell death proteins as markers of early postmortem
interval. Cellular and Molecular Life Sciences 71(15):2957–2962
DOI 10.1007/s00018-013-1531-x.

Zhao C, Zhao M, Zhu Y, Zhang L, Zheng Z, Wang Q, Li Y, Zhang P, Zhu S, Ding S, Li J. 2021.
The persistence and stability of miRNA in bloodstained samples under different environmental
conditions. Forensic Science International 318(1):110594 DOI 10.1016/j.forsciint.2020.110594.

Zhou Q, Cui F, Lei C, Ma S, Huang J, Wang X, Qian H, Zhang D, Yang Y. 2021. ATG7-mediated
autophagy involves in miR-138-5p regulated self-renewal and invasion of lung cancer stem-like
cells derived from A549 cells. Anti-Cancer Drugs 32(4):376–385
DOI 10.1097/CAD.0000000000000979.

Zou M, Wang F, Gao R, Wu J, Ou Y, Chen X, Wang T, Zhou X, Zhu W, Li P, Qi LW, Jiang T,
Wang W, Li C, Chen J, He Q, Chen Y. 2016. Autophagy inhibition of hsa-miR-19a-3p/19b-3p
by targeting TGF-β R II during TGF-β1-induced fibrogenesis in human cardiac fibroblasts.
Scientific Reports 6(1):538 DOI 10.1038/srep24747.

Guardado-Estrada et al. (2023), PeerJ, DOI 10.7717/peerj.15409 18/18

http://dx.doi.org/10.1038/s41556-020-00579-5
http://dx.doi.org/10.1186/s13578-017-0166-2
http://dx.doi.org/10.1007/s00018-013-1531-x
http://dx.doi.org/10.1016/j.forsciint.2020.110594
http://dx.doi.org/10.1097/CAD.0000000000000979
http://dx.doi.org/10.1038/srep24747
http://dx.doi.org/10.7717/peerj.15409
https://peerj.com/

	A miRNome analysis at the early postmortem interval
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


