~ International Journal of
Molecular Sciences

Review

An Overview on the Use of miRNAs as Possible Forensic
Biomarkers for the Diagnosis of Traumatic Brain Injury

Giuseppe Davide Albano *

check for
updates

Citation: Albano, G.D.; Stassi, C.;
Argo, A.; Zerbo, S. An Overview on
the Use of miRNAs as Possible
Forensic Biomarkers for the
Diagnosis of Traumatic Brain Injury.
Int. ]. Mol. Sci. 2023, 24, 6503.

https:/ /doi.org/10.3390/ijms24076503

Academic Editor: David Mu

Received: 14 January 2023
Revised: 17 March 2023
Accepted: 22 March 2023
Published: 30 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Chiara Stassi T, Antonina Argo ¥ and Stefania Zerbo

Section of Legal Medicine, Department of Health Promotion, Mother and Child Care, Internal Medicine and
Medical Specialties, University of Palermo, 90129 Palermo, Italy

* Correspondence: giuseppedavide.albano@unipa.it

t These authors contributed equally to this work.

Abstract: Determining the cause of death is one of the main goals of forensic pathology. How-
ever, conditions can occur in which common approaches—external inspection, autopsy, histology,
etc.—might not be conclusive. With the advancement of molecular biology, several investigative
techniques have been developed over the years, and the application as approaches complementary
to routine procedures has proved useful in these cases. In this context, microRNA (miRNA) pro-
filing has attracted increasing interest due to these molecules’ ability to regulate physiological and
pathological processes. The evidence of differential miRNA expression in both animal models and
human samples of traumatic brain injury (TBI) has laid the basis for comprehension of the underlying
pathophysiological mechanisms, thus allowing us to identify some of them as possible TBI diagnostic
biomarkers. The present narrative review aims to explore the primary miRNAs involved in the
mechanisms underlying TBI, which could be considered for future evaluation as possible markers in
a post mortem setting.
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1. Introduction

Due to the comprehensive information they can provide, molecular investigations
are raising an increasing interest for their possible application to the forensic field. In this
regard, several branches, such as forensic genomics, transcriptomics, and proteomics, have
frequently proved useful as complementary approaches to routine procedures by helping
define the genetic and biochemical bases underlying the cause of death [1].

The ability to regulate physiological and pathological processes, together with the
evidence of tissue-specific expressions, has opened up a wide range of possible appli-
cations for microRNA profiling in forensic diagnostics over the last decade. In RNA
profiling, microRNAs (miRNAs) have been investigated lately as possible forensic biomark-
ers, mainly due to their small size, making them available to be recovered even in highly
degraded samples [2,3]. miRNAs are single-stranded, 18- to 24-nucleotide-long fragments
whose contribution to the regulation of several biological processes is explicated at the
post-transcriptional level by complementary binding sequences of mRNA so that gene
expression can be silenced through either nRNA degradation or impaired protein synthe-
sis [4]. Indeed, since the first suggestion of their application for body fluid identification [5],
the potential of miRNA profiling has been applied to other forensic issues, including post-
mortem interval (PMI) estimation, the vitality of wounds, brain injury related to aging,
drug abuse, and stroke, and drowning and sepsis diagnosis of death [3,6,7].

To investigate the role of miRNAs in the pathophysiological events underlying trau-
matic brain injury (TBI), due to the similarities between human and animal function
mechanisms, several researchers have engaged in the evaluation of the changes in their
expression profile in experimental rodent models, by inducing TBI with either weight drop,
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fluid percussion, or controlled cortical impact [8]. The results obtained on these pre-clinical
models led to identifying groups of miRNAs that could be identified as TBI biomarkers per
se, but also showed time- and severity-dependent expression changes (miR-132, miR-21
and miR-30a, miR-let-7i are among the most evaluated) [9-11]. One of the most studied
miRNAs in pre-clinical models is miR-21, whose up-regulation following TBI has been
found to lead to the inhibition of apoptosis through targeting Bcl2, PTEN, and CDP4, as
well as to the promotion of the outgrowth of neuronal axons by activating Ang-1/Tie-2
and Akt signaling, thus representing a potential mechanism by which the brain attempts to
limit trauma-related neuronal destruction [12-15].

The importance of such findings lies in translating them into human models. A
few works have been recently produced in which miRNA expression profiles have been
evaluated within a clinical context, this leading not only to the validation of specific
miRNAs as TBI diagnostic markers but also to the correlation of their differential expression
to severity and prognosis; in addition, the comprehension of the mechanisms by which
they act within specific cellular pathways has also laid the basis for their possible use for
therapeutic purposes. Significant evidence concerning the role of miRNAs as TBI markers
in a forensic context is still lacking; in this light, the present narrative review aimed to
explore the primary miRNAs involved in the mechanisms underlying TBI that could be
considered for future evaluation as possible markers in a post mortem setting. With this
purpose in mind, although enlightening, experimental investigations on animal models
have been excluded; since the field of application we want to explore is the possible use of
miRNAs in a forensic setting, we preferred to focus on works carried out on human samples
in a clinical context, which might be proposed as an equivalent comparative system for
future post mortem investigations.

This research, performed using the PubMed and Scopus databases, was carried out
according to the following inclusion criteria: English language; evaluation of miRNA
expression on human samples; miRNA detection carried out on serum and plasma samples;
and miRNAs that show an increase in cases of TBI. The articles selected included reviews,
original articles, and prospective studies; references from the chosen articles were also
evaluated for possible inclusion. Exclusion criteria were languages other than English
and unavailability.

2. Traumatic Brain Injury: Definition and Pathophysiological Role of miRNAs

Traumatic brain injury (TBI) is an impairment of cerebral functions due to direct or
indirect mechanical insults, such as blasts, assaults, collisions, penetrative injuries, etc. It
can be classified as a primary or secondary injury; the first one consists of the acute patho-
logical changes induced by an external force at the (time) of the impact, which are mainly
represented by internal hemorrhages, brain contusion, and axonal and vascular damage;
the second one comprises all those pathological processes leading to further impairment
of the neurological functions (oxidative stress, glutamate excitotoxicity, CaZ* overload,
inflammatory response). With an annual incidence of around 50 million individuals, TBI
represents one of the leading causes of disability worldwide since the related neurode-
generation increases the risk of developing chronic behavioral, cognitive, and physical
impairment, as well as dementia, Alzheimer’s disease, and Parkinson’s disease [8,16-19].

TBI severity can be classified as mild, moderate, or severe according to the Glasgow
Coma Scale, a scoring system that consists of the evaluation of eye, motor, and verbal
responses; a score of 13-15 corresponds to a mild TBI (mTBI); a 9-12 score corresponds to
a moderate TBI; and a <8 score identifies a severe TBI. Other parameters contributing to
better defining the severity and prognosis of TBI include clinical outcome, loss/alteration
of consciousness, impaired mental state, and brain alterations detected by imaging [8,19].

From a diagnostic point of view, imaging represents the gold standard. Computed
tomography (CT) allows the identification of the injured cerebral areas and the extent of
injury, thus guiding the most appropriate clinical or surgical management. In selected cases,
MRI can also provide important information due to its better tissue contrast and increased
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sensitivity compared to CT. Nonetheless, mTBl is frequently associated with a lack of visible
signs of head impact (bleeding, lacerations) on neuroimaging, thus making it difficult to
either achieve a correct diagnosis or make a prognostic evaluation [8,16,17]. Therefore,
to overcome such limits, due to the knowledge of the pathophysiological mechanisms
underlying TBI (release of cytokines, chemical mediators, and neurotransmitters; NO-
dependent and Ca?*-dependent induction of apoptosis), several researchers have engaged
over time in the identification of fluid biomarkers of injured axons, neuronal and glial cells,
as well as inflammation biomarkers [17,20].

Since almost 70% of miRNAs are reported to be expressed in the central nervous
system—where they guide all stages of neurodevelopment and function—those involved in
the molecular pathways activated by TBI have been gaining attention over the last decade
as possible fluid biomarkers [17].

The complex TBI-related molecular network in which soluble miRNAs are involved
was carefully elucidated in a meta-analysis by Cente et al. [19], who made use of bioinfor-
matic systems to identify the target genes for deregulated miRNAs isolated from plasma,
serum, and cerebrospinal fluid, and the related signaling pathways, to link severe TBI to
the pathogenesis of neurodegeneration. As a result, they found that the miRNA-targeted
genes following severe TBI were involved in a great variety of processes, such as brain
development, neurogenesis, myelinization, oligodendrocyte differentiation, regulation
of synaptic plasticity, axon guidance, and regulation of inflammatory genes. As for the
molecular pathways activated, one of the most significant was identified in the activation
of BDNF/TrkB signaling downstream of the PI3K/AKT/MAPK pathway, with a neuro-
protective role. Another dominant pathway, shared among all examined biofluids, was
the one involving WNT/3-catenin and Notch signaling, with a neurodegenerative and
reparative role. As expected, inflammatory pathways also figured among the dominant
ones, with a significant involvement of IL-2, TGF-3, TLR, and integrin signaling, which
were reported to play neuroprotective roles, regulate the pro-inflammatory activity of
microglia and astrocytes, and suppress neuro-inflammation and blood-brain barrier dis-
ruption following TBI. Center et al. also found that most of the identified pathways were
shared among the tested biofluids. Such evidence suggested the activation of a complex
interaction between the brain, periphery, and immune system, thus confirming the role of
miRNAs in the neuropathophysiology of TBI and their possible value as diagnostic and
prognostic biomarkers [19].

3. Traumatic Brain Injury and Exosome-Derived miRNAs

Extracellular vesicles (EVs) are subcellular particles playing an important role in
intercellular communication. Their structure consists of a lipid bilayer membrane whose
cargo—originated from the parental cell—is variably represented by lipids, proteins, DNA,
mRNAs, miRNAs, non-coding RNAs, and organelles. Based on origin and dimensions,
EVs can be classified into three main subtypes: exosomes (Exos, 10-100 nm diameter) that
originate from the endosomal/multivesicular body (MVB) system and are stored inside the
cell before their release; microvesicles (MVs, 100-1000 nm) that originate from a budding
process of the plasma membrane; and apoptotic bodies (1-5 nm) that are generated from
apoptotic cells and contain degradation products.

All brain cells produce EVs, including neurons, astrocytes, microglia, and oligoden-
drocytes, but their content is highly variable depending on the external signals. Within a
neurological context, they play a key role in modulating synaptic activity and neuronal com-
munication, thus contributing to the pathogenesis of several neurodegenerative processes,
including those underlying TBIL.

Among EVs, exosomes are of particular interest due to the ability of their miRNA
cargo to modulate the gene expression pattern in recipient cells and induce systemic inflam-
mation [21-23]. Such a role is highlighted in the work of Long et al. [24], who carried out
an experimental study in which TBI brain extracts were used to stimulate the production of
exosomes in primary cultured astrocytes; once detected by immunofluorescence, exosomes
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were separated from astrocytes and added to primary cultured microglia. Subsequent
immunofluorescence, qRT-PCR, and western blotting allowed not only confirmation of the
exosome uptake by microglia but also the induction of a gene expression pattern consistent
with a polarization of microglia into an M2 phenotype with an anti-inflammatory role.
A subsequent miRNA microarray analysis of exosomes derived from astrocytes showed
a significant up-regulation of 135 different miRNAs, out of which the most represented
appeared to be miR-873a-5p, involved in the NF-kB signaling pathway leading to microglial
activation. Based on these results, miR-873a-5p expression was evaluated by gRT-PCR
in clinical specimens of damaged brain tissue obtained from 15 patients who underwent
neurosurgery. Brain tissue samples were all collected three days after the TBI occurrence
and consisted of either necrotic brain tissue or severe edema around the necrotic lesion.
As a result, miR-873a-5p expression appeared significantly higher within necrotic areas
than in the edematous areas. Subsequent in vitro experiments showed that miR-873a-5p
suppresses pro-inflammatory factors and promotes the release of anti-inflammatory fac-
tors from the microglia by inhibiting both ERK phosphorylation and the NF-«B signaling
pathway. Taken together, these findings suggested the role of miR-873a-5p as a possible
TBI marker and, simultaneously, as a therapeutic target for improving cerebral injuries and
impaired neurological functions.

Vorn et al. [25] assessed the expression levels of plasma exomiRNAs in 29 subjects
with a history of chronic mTBI compared to 11 healthy controls. As a result, 25 differ-
ent plasma exomiRNAs appeared differentially expressed in chronic mTBI compared to
healthy controls; among them, only 4 were up-regulated (hsa-miR-520e, hsa-miR-499b-3p,
hsa-miR-520b, hsa-miR-4488). Further bioinformatic investigations helped explicate the
molecular mechanisms underlying the impairment of brain function after mTBI; indeed,
14 exomiRNAs were related to neurological disease, 23 were related to organismal injury
and abnormalities, and 13 were related to psychological disease.

4. Traumatic Brain Injury and Circulating miRNAs

Compared to the well-known protein TBI biomarkers, circulating miRNAs might be
preferable due to their specific characteristics. First of all, their small sizes allow higher
stability even in highly degraded samples. Secondly, the high tissue-specific expression
gives them a higher sensitivity to the pathology examined. In addition, due to their action
at a post-transcriptional level, they can be detected in the early stages of a disease, long
before the effects of downstream protein expression are observed. For these reasons, several
works have been produced to evaluate the different miRNA profiles in fluid samples of TBI
models compared to controls [26]. We present here a series of studies that aimed to find
possible TBI miRNA markers in human fluid samples.

Redell et al. [27] examined miRNA expression in plasma samples obtained from
15 severe TBI patients compared to healthy volunteers. Preliminary microarray analysis
revealed an up-regulation of 33 miRNAs and a down-regulation of 19 other miRNAs; five
of these—miR-16, miR-20a, miR-92a, miR-638, and miR-765—were then selected using
known expression patterns potentially involved in TBI pathophysiology. Subsequent qRT-
PCR carried out on samples collected within 24 h from TBI allowed confirmation of the
potential value of miR-16, miR-92a, and miR-765 as diagnostic biomarkers. The comparison
between TBI patients and non-TBI orthopedic injury controls revealed that miR-16 and
miR-92a expression was significantly lower in TBI patients than in orthopedic controls but
increased dramatically in mild TBI patients compared to healthy volunteers; in addition,
the same two miRNAs could not be used to differentiate between mild TBI patients and
orthopedic controls.

Bhomia et al. [28] compared serum miRNA profiles between severe TBI patients
(sTBI), mild to moderate TBI (mmTBI) patients, orthopedic injury controls, and healthy
volunteers using qRT-PCR analysis. They observed an up-regulation of 39 miRNAs in
mmTBI, 37 miRNAs in sTBI, and 33 miRNAs in an orthopedic injury group compared
to control samples. Ten of these (miR-151-5p, miR-22 195, miR-20a, miR-30d, miR-328,
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miR-362-3p, miR-451, miR-486, miR-505%, and miR-92a), which appeared up-regulated in
both mild/moderate and severe TBI patients, were selected for further validation in CSF,
which showed that only 4 of them (miR-328, miR-362-3p, miR-451, and miR-486) were also
up-regulated in this sample. Bhomia et al. further showed that eight of the ten miRNAs
(miR-195, miR-30d, miR-451; miR-92a, miR-486, miR-505, miR-362, and miR-20a) were
significantly increased in TBI patients with abnormal CT scans (n = 12) compared to TBI
patients with regular CT scans (n = 19).

In their work, Di Pietro et al. [29] evaluated the circulating miRNAs in serum samples
collected one day and 15 days after injury from five mild TBI and five severe TBI patients.
They compared these to samples obtained from five healthy volunteers. Array analyses
revealed significant changes in the differential expression of 10 miRNAs at one day and
15 miRNAs at 15 days for mTBI samples compared to healthy controls; among these, only
five (miR-425-5p, miR-126*, miR-144*, miR-590-3p, and miR-624) were similar between the
two time points in mTBI patients. Analog significant differential expression was observed
for 19 miRNAs at one day and 22 miRNAs at 15 days in sTBI samples compared to healthy
controls, particularly miR-21, miR-335, miR-190, miR-193a-5p, miR-144*, and miR-625*. To
identify miRNA changes that could differentiate between mild and severe TBI, Di Pietro
et al. selected those miRNAs appearing specifically altered in mTBI (miR-425-5p and
miR-502) or sTBI (miR-21 and miR-335) patients and further validated them in a total
of 120 patients divided into four groups: 30 mTBI, 30 sTBI, 30 extra-cranial injury (EC)
controls, and 30 healthy patients; all serum samples were collected at TO, T4-12 h, T48-72 h,
and 15 days. Among the examined miRNAs, only miR-21 was significantly up-regulated
in sTBI patients compared to mTBI, EC controls, and healthy patients, and also correlated
with age, CT lesions, and the Injury Severity Score.

Qin et al. [30] performed an initial microarray assay on plasma samples obtained from
a total of 90 TBI patients, which, compared to a group of 30 healthy controls, showed an up-
regulation of 65, 33, and 16 miRNAs, as well as a down-regulation of 29, 27, and 6 miRNAs,
in patients with mild, moderate, and severe TBI, respectively. Among these, 13 miRNAs
(7 up-regulated and 6 down-regulated) were common to all TBI groups. Subsequent
pathway enrichment analyses showed that they shared commonly activated pathways,
including the p53, mTOR, and TGF-3 signaling pathway, SNARE interactions in vesicular
transport, and the neurotrophin signaling pathway. Qin et al. then selected seven candidate
miRNAs (miR-6867-5p, miR-3665, miR-328-5p, miR-762, miR-3195, miR-4669, and miR-
2861) to be validated using qRT-PCR on a total of 100 separate and independent samples
(25 in each group). All miRNAs appeared significantly up-regulated in all three TBI groups
when compared to control samples, but the levels of miR-3195 and miR-328-5p were higher
in the severe TBI group than in the mild and moderate TBI groups; in addition, miR-6867-5p
levels in moderate and severe TBI groups were higher than those in mild TBI.

Time-dependent miRNA expression in cases of severe TBI was evaluated by Ma
etal. [31], who analyzed the serum obtained from a total of 20 patients. An RT-PCR analysis
was performed, and changes in miRNA profiles were observed at 2, 12, 24, 48, and 72 h,
with the following results: miR-18a, miR-203, miR-146a, miR-149, miR-23b, and miR-let-7b
showed a >10-fold increase at 12 h compared to the 2 h time-point; all the previously cited
except miR-18a showed the same magnitude of increase also at 24 h; miR-181d, miR-29a,
and miR-18b showed a >5-fold increase at 48 h; miR-203, miR-146a, and miR-149 showed
a >5-fold increase after 72 h. The use of bioinformatic tools helped determine that all
the differentially expressed miRNAs were involved in pathways mainly related to cell
proliferation, apoptosis, differentiation, inflammatory response, and collagen formation.

Yan et al. [32] evaluated differentially expressed miRNAs between mild, moderate,
and severe TBI. An initial array to evaluate the levels of 754 serum miRNAs was performed
in two pooled samples of 15 sTBI patients and 15 healthy controls, identifying 19 up-
regulated miRNAs in the sTBI group with unfavorable outcomes compared to the control
group. Next, 12 of these 19 miRNAs were selected to be validated by qRT-PCR in the
serum samples of a larger cohort consisting of 81 sTBI patients, 81 mTBI patients, and
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82 healthy controls. As a result, seven miRNAs (miR-103a-3p, miR-219a-5p, miR-302d-3p,
miR-422a, miR-518f-3p, miR-520d-3p, and miR-627) appeared significantly up-regulated
in both sTBI and mTBI patients compared to controls, and among these, miR-219a-5p,
miR-422a, and miR-520d-3p levels appeared significantly higher in sTBI patients compared
to mTBI patients. Yan et al. also investigated the correlation between the expression levels
of the seven identified miRNAs with CT lesions; with this aim, 26 TBI patients without head
CT and 136 TBI patients with lesions on head CT were analyzed. As a result, miR-103a-3p,
miR-219a-5p, miR-302d-3p, miR-422a, and miR-627 levels were significantly higher in
TBI patients with lesions than in those without lesions on head CT. Further bioinformatic
analyses highlighted the role of up-regulated miR-219a-5p in the inhibition of CCNA2 and
CACUL1 expression, thus contributing to the regulation of Akt/Foxo3a and p53/Bcl-2
signaling pathways in neuronal apoptosis activation.

Lastly, Schindler et al. [33] engaged in the evaluation of the levels of six miRNAs (miR-
9-5p, miR-124-3p, miR-142-3p, miR-219a-5p, miR-338-3p, and miR-423-3p) in blood samples
obtained within six hours after trauma from 33 patients, divided into three groups: severely
injured patients without TBI (PT), those with severe TBI (PT + TBI), and patients with
isolated TBI (isTBI). The results showed that miR-9-5p, miR-142-3p, and miR-219a-5p could
not be detected in any group, while miR-338-3p levels did not show any change between
all trauma groups. Interesting results were obtained for miR-423-3p, whose expression
significantly increased in patients with severe isTBI, followed by PT + TBI, compared to PT
patients without TBI; statistical analyses further showed that miR-423-3p levels positively
correlate with TBI severity and risk of mortality, leading to the conclusion that it could
represent a promising biomarker to identify severe isolated TBI. The main findings of the
reviewed articles are summarized in Table 1.
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Table 1. Main findings of the selected studies involving the role of miRNAs in TBI diagnosis (CSF = cerebrospinal fluid; mTBI = mild traumatic brain injury;
mmTBI = mild to moderate traumatic brain injury; sTBI = severe traumatic brain injury; RT-PCR = real-time polymerase chain reaction).

Detection

Reference Evaluated miRNAs Matrix Used Main Findings
Procedure

Step 1:

- In vitro stimulation of astrocytes with
TBI extracts; miR-873a-5p is the most represented

- Isolation of astrocyte-derived exosomes, and exosome-derived miRNA produced by
exosome-derived miRNA profiling; TBI-stimulated astrocytes, and is involved in

- Addition of astrocyte-derived exosomes to M2-polarization of microglia. A significant

_deri ltured mi lia. i iR- -5pi i
Long et al. [24] Exosome-derived RT-PCR cultured microglia increase of miR-873a-5p is also observed in the

miR-873a-5p

Step 2:

- miRNA profiling on clinical brain samples
from TBI patients (1 = 15) who underwent
neurosurgery, and comparison with
in vitro study.

Step 3:

- In vitro study of miR-873a-5p-related pathway.

necrotic areas of clinical human brain samples.
miR-873a-5p guides the suppression of
pro-inflammatory factors, and promotes the
release of anti-inflammatory factors from

the microglia.

Vorn et al. [25]

Up-regulated
hsa-miR-520e, hsa-miR-499b-3p,
hsa-miR-520b, hsa-miR-4488.
Down-regulated
hsa-miR-625-5p, hsa-miR-421,
hsa-miR-664a-3p, hsa-miR-28-3p,
hsa-miR-125a-5p, hsa-miR-222-3p,
hsa-miR-140-5p, hsa-miR-98-5p,
hsa-miR-148a-3p, hsa-miR-423-5p,
hsa-miR-107, hsa-miR-181a-5p,
hsa-miR-374a-5p, hsa-miR-340-5p,
hsa-miR-29b-3p, hsa-miR-191-5p,
hsa-miR-199a-3p, hsa-miR-126-3p,
hsa-miR-23a-3p, hsa-miR-142-3p,
hsa-miR-223-3p

Nano-sequencing

Plasma samples obtained from:

- Patients with chronic mTBI (n = 29);
- Healthy controls (n = 11).

Differentially expressed exomiRNAs in chronic
mTBI are involved in the mechanisms underlying
TBI-related brain function impairment.
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Table 1. Cont.

Reference Evaluated miRNAs I]’)r Ztceecctllti)r: Matrix Used Main Findings
27 highly up-regulated miRNAs, out of which
] miR-16, miR-20a, miR-92a, miR-638, miR-765 were
miR-16 Plasma samples obtained from: selected for known involvment in TBI
Rendell et al. [27] Eii:gg; Microarray analysis sTBI patients (1 = 10); pa_thophysiology and' amplified by RT-PCR. All
3 and RT-PCR - mTBI patients (1 = 11); miRNAs appeared highly up-regulated in sTBI
m}R—638 - Healthy controls (1 = 10). patients compared to healthy controls, with higher
miR-765 levels of miR-16 and miR-92a also compared to
orthopedic injury controls.
{R-151-5 miR-151-5p, miR-22 195, miR-20a, miR-30d, miR-328,
ﬁliR-zz 19? Serum samples obtained from: miR-362-3p, miR-451, miR-486, miR-505*, and
miR-20a ) STBI patients (1 = 8); m}R—92a appeared up-regulated m.both
miR-30d ) mmTBI patients (1 = 8); mltl}? / mé).de.ra.te and ts.evire TEI hpatllte}?ts cortnplared to
Bhomia et al. [28] miR—328 RT-PCR - Orthopedic injury patients (n = 7); ;)rfiRE)l}?;eS, Eigggf;ig}gf?mﬂi gZa,yrrcliOI?— Zg;'
miR-362-3p - Healthy controls (n =8). miR-505, miR-362, miR-20a were significantly
m}R—451 CSF samples obtained from: increased in TBI patients with abnormal CT scans
:;11111;-54(?56* - sTBI patients (1 = 8); (n=12) Compare.d to TBI patients with. normal (;T
miR-92a - Healthy controls (1 = 6). scans (1 = 19). miR-328, miR-362-3p, miR-451, miR-486

were up-regulated in CSF samples of TBI patients.
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Table 1. Cont.

Reference Evaluated miRNAs Detection Matrix Used Main Findings
Procedure
Step 1:
Serum samples collected 1 day and 15 days
after injury from:
- mTBI patients (n = 5);
- sTBI patients (1 = 5); Compared to healthy controls, in mTBI patients,
- Healthy controls (1 = 5). changes were observed in the differential expression
mTBI Step 2: of 10 miRNAs at 1 day, and 15 miRNAs at 15 days;
miR—42§—5p, miR'l%f*/ miR-144%, Identification of miRNA changes that could among these, only 5 miRNAs (miR-425-5p, miR-126%,
Di Pietro miR-590-3p, miR-624 C differentiate between mild and severe TBI, n.1iR-144.*, miR-590-3p, miR-624) were simila}‘ at both
etal. [29] STBI RTPCR using serum samples obtained from a wider time points. Compared to healthy controls, in sTBI

miR-21, miR-335, miR-190,
miR-193a-5p, miR-144%, and

causistry of 120 patients divided into 4 groups:

patients a differential expression was observed for
19 miRNAs at 1 day, and 22 miRNAs at 15 days, with

miR-625% ) mTBI pa.tlents (n = 30); particular reference to miR-21, miR-335, miR-190,
- sTBIpatients (n = 30); miR-193a-5p, miR-144*, and miR-625".
- Extra-cranial injury (EC) control
patients (n = 30);
- Healthy controls (1 = 30).
All serum samples were collected at T, T4-12
h, T48-72 h, and 15 days.
7 miRNAs appeared commonly up-regulated while
6 miRNAs appeared commonly down-regulated
miR-6867-5p between mild, moderate, and severe TBI. The RT-PCR
miR-3665 Plasma samples obtained from: evaluation OfmiR-6867-5p, miR-3665, miR—328—5p,
) miR-328-5p Microarray analysis _ Mild, moderate, and severe TBI patients miR-762, miR-3195, miR-4669, miR-2861 on a wider
Qin et al. [30] miR-762 and RT-PCR (n = éO)' ’ causistry revealed that, although all are up-regulated
miR-3195 } He alth}; controls (1 = 30). in all classes of TBI compared to controls:
miR-4669 miR-3195 and miR-328-5p levels are higher in sTBI
miR-2861 compared to mild and moderate TBI;

miR-6867 levels are higher in moderate and severe
TBI compared to mild TBL
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Table 1. Cont.

Reference Evaluated miRNAs I]’)r Ztceecctllti)r: Matrix Used Main Findings
miR-18a miR-18a, miR-203, miR-146a, miR-149, miR-23b, and
miR-203 miR-let-7b — >10-fold increase at 12 h compared to
miR-146a 2 h time-point;
m'1R-149 Serum samples obtained from sTBI patients (n = m¥R—203, miR-146a, m1R—149, miR-23b, and
Ma et al. [31] miR-23b RT-PCR 20) at 2-12-24-48-72 h from trauma miR-let-7b — >10-fold increase also at 24 h;
miR-let-7b ' miR-181d, miR-29a, and miR-18b — >5-fold increase
miR-181d at48 h;
miR-29a miR-203, miR-146a, and miR-149 — >5-fold increase
miR-18b after 72 h.
Step 1:
miRNA microarray on serum samples obtained
from:
miR-219a-5p - sTBlpatients (n = 15); miR-103a-3p, miR-219a-5p, miR-302d-3p, miR-422a,
miR-422a - Healthy controls (1 = 15). miR-518f-3p, miR-520d-3p, and miR-627 were
miR520d-3p Microarray analysis Step 2: significantly up-regulated in both sTBI and mTBI
Yan et al. [32] miR-103a-3p and RT-PCR RT-PCR on serum samples obtained from: patients compared to controls; among these,
miR302d-3p - STBI patients (1 = 81); miR-219a-5p, miR-422a, and miR-520d-3p levels
miR-518f-3p - Moderate TBI patients (1 = 81); were significantly higher in sTBI patients compared
miR-627 - Healthy controls (1 = 82). to mTBI patients.
Step 3:
- TBI patients without head CT lesions (n = 26);
- TBI patients with head CT lesions (1 = 136).
miR-9-5p, miR-142-3p, and miR-219a-5p were not
detected in any group;
miR-9-5p Blood samples obtained from: miR-338-3p levels were the same in each trauma group;
Schi miR-124-3p . . . 1. miR-423-3p significantly increased in isTBI patients,
chindler miR-162-3p - Injured patients with TBI (PT + TBI, n = 13); . diately foll d by PT + TBI patient
et al. [33] R- i RT-PCR - Injured patients without TBI (PT, n = 8); tmmediate’y 10fowed by patients,
miR-219a-5p . ith isolated TBI GSTBL 71 = 12 compared to PT group;
miR-338-3p - Patients with isolate (sTBL 1 = 12). Statistical analyses further showed that miR-423-3p
miR-423-3p

levels positively correlate with TBI severity and risk
of mortality.
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5. Advantages and Limits for Possible Forensic Applications

A correct post-mortem diagnosis of TBI needs a proper interpretation of the find-
ings from different investigations, including external inspection, post-mortem radiology,
autopsy, and histology as the routine gold standard procedures, and ante mortem data
whenever available. Nonetheless, several conditions exist in which such approaches alone
might not be conclusive, especially in cases in which other neuropathological conditions
(ischemia, neurodegeneration, etc.) may have contributed to the death or in which some
signs might be variably interpreted (e.g., in the absence of other traumatic signs, brain
bleeding can either be interpreted as hypostatic or related to a traumatic subarachnoid or
parenchymal hemorrhage); additional challenges are to be faced in cases of an advanced
state of decomposition, where radiological, macroscopic, histological, and toxicological
analyses cannot provide useful information [20,34-36].

In these scenarios, implementing new, innovative approaches in the forensic field
becomes essential. Among these, the evaluation of TBI-related changes in miRNAs expres-
sion profiles has lately been attracting attention. Circulating miRNAs are preferable to
other protein biomarkers for their intrinsic characteristics: higher stability even in highly
degraded samples due to their small sizes; high stability even at extreme temperatures,
pH conditions, and chemical treatments; transportation within lipoprotein complexes and
RNA-binding proteins in extracellular vesicles, which preserves them from endogenous
RNase activity [3,26,37]. In addition, unlike most proteins, brain-specific miRNAs can be
easily evaluated in body fluids following injury since, due to their small sizes, they can
cross the blood-brain barrier via microvesicles, exosomes, and lipoprotein carriers [37].

Depending on the desired information, miRNA profiling can be performed relying on
different approaches, each easy to perform and providing high sensitivity and reproducibil-
ity. These include microarray and/or NGS when simultaneous detection of hundreds of
low copy number miRNAs is requested, or qRT-PCR when the aim is to analyze only a few
selected miRNAs [2,3,19].

Although such characteristics make miRNAs promising biomarkers in a post mortem
setting and in a clinical one, some limits need to be considered. One of them is related
to the lack of uniform and validated protocols on a global level, which prevents a com-
parison of the results between different laboratories. Another issue concerns the need
for proper endogenous controls and normalization procedures that evaluate miRNA fold
changes [2,3,19,26,37]. Last, but not least, the impact of demographic characteristics, such
as age, sex, and body mass index, in miRNA profile variability should be considered [26].

Other limits are related to the samples used. Although plasma and serum, being
easily accessible, represent the most suitable matrices for miRNA evaluation in a post
mortem setting, the implementation of uniform procedures should be promoted to assess
the sample quality before miRNA profiling: indeed, fibrinogen in plasma samples can be
a source of contamination affecting the extraction quality, while serum clots can alter the
actual miRNA profile [19,26,37]. Both advantages and limits are summarized in Table 2.

Table 2. Summary of the main advantages and limits of miRNA profiling application to the post
mortem diagnosis of TBI.

Advantages Limits
- Detectable in highly degraded samples; - Lack of uniform and validated detection protocols;
- High stability at extreme temperatures, pH conditionsand -  Lack of standard endogenous controls and
chemical treatments; normalization procedures;
- Preserved from endogenous RNAse activity; - Variability related to demographic features (age, sex, BMI);
- Easily evaluable in fluid samples; - Lack of procedures aimed at avoiding contamination or
- Highly sensitive detection procedures (microarray, miRNA profiling alterations;

NGS, gRT-PCR).

- Cost/effectivness issues in daily forensic practice.




Int. J. Mol. Sci. 2023, 24, 6503 12 of 14

Although several TBI-related miRNAs have been identified that could be suitable for
evaluation in a post mortem setting for diagnostic purposes, a great deal of work is yet to
be performed to produce reliable protocols for obtaining uniform and comparable data
between laboratories worldwide. Studies with larger samples are mandatory to confirm
literature data regarding the role of miRNA in TBI diagnosis and to use these molecules as
biomarkers in forensic investigation. The changing expression patterns of several miRNAs
according to different neurological conditions highlight a possible role of miRNAs as a
diagnostic tool in the medico-legal analysis to ascertain the cause and manner of death.

6. Conclusions

The presented review explored the role of miRNAs in the biomolecular mechanisms
involved in TBI pathophysiology and their possible application in postmortem diagno-
sis in a forensic setting. Since discovery of their critical role in almost every biological
function, miRNA profiling has attracted increasing interest in the clinical context to un-
cover the pathophysiological mechanisms of several diseases and provide suggestions
for new therapeutic strategies. Translating miRNA profiling techniques to the foren-
sic context has also taken on the utmost importance since they provide useful informa-
tion, especially when implemented together with routine forensic investigations within a
multidisciplinary approach.

Despite the great potential shown by these techniques, their active implementation
in forensic investigations requires thorough validation studies to provide uniform and
certain interpretation of the results and strong reliability for when the data are presented in
a courtroom.
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