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Abstract

Traumatic brain injury (TBI) is characterized by primary damage to the brain from the external mechanical
force and by subsequent secondary injury due to various molecular and pathophysiological responses that
eventually lead to neuronal cell death. Secondary brain injury events may occur minutes, hours, or even
days after the trauma, and provide valuable therapeutic targets to prevent further neuronal degeneration. At
the present time, there is no effective treatment for TBI due, in part, to the widespread impact of numerous
complex secondary biochemical and pathophysiological events occurring at different time points following
the initial injury. MicroRNAs control a range of physiological and pathological functions such as develop-
ment, differentiation, apoptosis and metabolism, and may serve as potential targets for progress assessment
and intervention against TBI to mitigate secondary damage to the brain. This has implications regarding
improving the diagnostic accuracy of brain impairment and long-term outcomes as well as potential novel
treatments. Recent human studies have identified specific microRNAs in serum/plasma (miR-425-p, -21,
-93, -191 and -499) and cerebro-spinal fluid (CSF) (miR-328, -362-3p, -451, -486a) as possible indicators of the
diagnosis, severity, and prognosis of TBI. Experimental animal studies have examined specific microRNAs as
biomarkers and therapeutic targets for moderate and mild TBI (e.g., miR-21, miR-23b). MicroRNA profil-
ing was altered by voluntary exercise. Differences in basal microRNA expression in the brain of adult and
aged animals and alterations in response to TBI (e.g., miR-21) have also been reported. Further large-scale
studies with TBI patients are needed to provide more information on the changes in microRNA profiles in
different age groups (children, adults, and elderly).
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Introduction

Traumatic brain injury (TBI) due to a violent blow to the
head is the leading cause of death and disability in adults un-
der the age of 45 in Western countries (Jennett, 1998; Maas
et al., 2008; Ribbers, 2010) with a very high number of brain
injuries resulting from motor vehicle accidents and sporting
activities. There has also been a marked increase in the inci-
dence of fall-related TBI in persons aged > 75 (Adekoya et
al., 2002). The severity of TBI is determined by the nature,
speed and location of the impact, and by complications such
as hypotension, intracranial hemorrhage or increased intra-
cranial pressure. TBI is characterized by primary damage to
the brain from the external mechanical force and by subse-
quent secondary injury due to various molecular and patho-
physiological responses that eventually lead to neuronal cell
death. These responses include brain edema, intracranial
hypertension, and subsequent neurological dysfunction
(Zweckberger et al., 2006). Secondary brain injury events
may occur minutes, hours, or even days after the trauma
(Ribbers, 2010), and provide valuable therapeutic targets to
prevent further neuronal degeneration. However, treatment
options for secondary brain damage have failed to show ef-
ficacy in clinical trials (Maas et al., 1999), thereby emphasiz-
ing a need for new therapeutic targets.

MicroRNAs are short non-coding RNAs (20-24 nu-
cleotides) that negatively regulate gene expression at the
post-transcriptional level by binding to the 3'-untranslated
region (UTR) of target mRNAs which leads to degradation
of the mRNA or direct inhibition of mRNA translation
(Baek et al., 2008). They control a range of physiological
and pathological functions such as development, differ-
entiation, apoptosis and metabolism (Ambros, 2004). We
have searched the PubMed database for recently published
studies of microRNAs during the first few days or weeks
after TBI in humans and experimental animals, and whether
they can serve as potential targets for progress assessment
and intervention against TBI to mitigate secondary damage
to the brain. This has implications regarding improving the
diagnostic accuracy of brain impairment and long-term out-
comes as well as potential novel treatments.

MicroRNAs in TBI

The initial severity and prognosis of TBI in humans is clas-
sified on the Glasgow Coma Scale (GCS) that is based on
three tests: ocular, verbal, and motor responses. The sum of
the three values is the GCS score. The injury is classified as
severe with GCS 3-8, moderate GCS 9-12, or mild GCS 13-
15 (Bilgin et al., 2012). The GCS covers a broad severity of
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Figure 1 Altered expression of circulating microRNAs in human
patients with mild and severe TBI (based on the studies reviewed).
For mild TBI: Increased levels of miR-93, -191, -499 at 0-24 hours,
days 2—7 post-injury; miR-151-5p, -195, -20a, -328, -362-3p, -30d,
-451, -486, -505%, -92a at 024 hours post-injury; miR-16 at 0-10 hours
post-injury; decreased levels of miR-425-p, -502 at 0-1 hour, 4-12
hours post-injury, miR-23b at 0—24 hours post-injury. For severe TBI:
Increased levels of miR-21 at 4-12 hours, 48-72 hours post-injury;
miR-335 at 0-1 hour, 4-12 hours, 48-72 hours post-injury; miR-93,
-191, -499 at 0-24 hours, days 2—7 post-injury; miR-151-5p, -195, -20a,
-328, -362-3p, -30d, -451, -486, -505% at 0—48 hours post-injury; miR-
92a at 0-48 hours (mean 26 hours) post-injury; miR-765 mean 68
hours post-injury; decreased levels of miR-23b at 0-24 hours post-inju-
ry; miR-16, -92a at mean 68 hours post-injury.

symptoms from subtle to more serious conditions in some
cases accompanied with temporary loss of consciousness
(Gennarelli, 2014). Sports-related and other minor traumat-
ic brain injuries with GCS scores in the 13-15 range occur
in 1.6 to 3.8 million young healthy individuals annually (Leo
and McCrea, 2016). Mild TBI is characterized by loss of
consciousness for < 30 minutes and post-traumatic amnesia
for < 24 hours and accounts for approximately 75-90% of
the total TBI cases (Fischer, 2013). Computed tomography
and magnetic resonance imaging have limited sensitivity to
detect mild TBI (Kesler et al., 2000; Yuh et al., 2012). Mild
TBI is often unnoticed or misdiagnosed due to the absence
of specific diagnostic markers.

In experimental animal models, the extent of brain injury
is classified according to the parameters used, together with
behavioral testing and histological examination of brain sec-
tions. For example, in the controlled cortical impact (CCI)
procedure which uses a pneumatic controlled cortical im-
pact device to deliver mechanical energy to the intact dura,
the amount of brain deformation is a function of the impac-
tor tip size, contact velocity and duration time (Lighthall,
1988; Davis et al., 2008; Gilmer et al., 2009). By varying these
parameters different severity grades of TBI injury have been
produced in mice and rats. Another procedure is the weight
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drop injury (WDI) method in which a metal rod is dropped
from a known height above the exposed skull of the animal
to create a brain injury (Marmarou et al., 1994). Different
severity grades of TBI injury have been produced in mice by
varying the weight, diameter of tip, and fall height of the im-
pactor rod. The weight drop method was found to recreate
the cognitive and behavioral deficits seen in human patients
with mild TBI (Yang et al., 2013; Sharma et al.,, 2014). A
third method is the fluid percussion injury (FPI) method,
which involves craniotomy to expose the dura and place-
ment of a female Luer lock or plastic cap that is cemented in
place over the craniotomy site; this is followed by transient
compression and/or deformation of the underlying brain
using a fluid-mediated pressure pulse, with a pulse duration
time of approximately 20 ms (Kabadi et al., 2010; Alder et
al., 2011).

Human studies

Six studies were found and mostly comprised both male and
female patients with ages ranging from 14 to 65 years (Table
1). The two largest studies were performed with 76 patients
(59 males/17 females, mean age 49 years; Yang et al., 2016)
and 70 patients (51 males/19 females, mean age 41 years;
Di Petro et al., 2017). Of the six studies, five had patients
with mild TBI and severe TBI classified on the GCS and
two of these also included patients with moderate TBI. The
remaining study comprised only patients with severe TBI.
These studies showed that serum or plasma levels of specific
microRNAs could serve as potentially valuable indicators of
the diagnosis, severity, and prognosis of TBI. Serum/plasma
levels of miR-93, -191, -499, -23b, -21, -335, -425, -502, -16,
-92a, -765 could be used to distinguish between patients
with severe, moderate or mild TBI (Redell et al., 2010; Sun et
al.,, 2016; Yang et al., 2016; Di Petro et al., 2017). Moreover,
cerebro-spinal fluid (CSF) levels of miR-141, -257, -1297,
-228, -362-3p, -451, -486 were identified as distinguishing
severe TBI patients from controls (Bhomia et al., 2016; You
et al., 2016). In addition, serum levels of miR-93, -191, -499,
-425-p were indicative of outcome in TBI patients (Yang et
al., 2016; Di Petro et al., 2017). MicroRNAs with upregulat-
ed and downregulated expression in patients with mild and
severe TBI are shown in Figure 1.

Animal studies

Fifteen studies were found which had mostly used male mice
and rats (Table 2). Ten of these studies had used the CCI
method, three the WDI method, and two the FPI method
to create the brain injury. The ages of the mice ranged from
8 to 24 weeks (adult) and 22-24 months (aged), and for the
rats the ages ranged from 7 to 12 weeks (adult).

CCI studies

The CCI parameters ranged from 3 to 5 mm for diameter
of impactor tip, 0.8 to 6 m/s for impact velocity, 85 to 200
ms for duration time, and deformation depth of cortex 1 to
2 mm. By comparison with the parameters used by Liu et
al. (2014) to induce a moderate TBI by CCI (equivalent to
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a GCS score of 9-12 for humans), most of the studies had
used parameters to create a moderate TBI. In two of the
ten studies (Sandhir et al., 2014; Meissner et al., 2016), the
parameters chosen would more likely be associated with a
mild-moderate brain injury. Many of the studies identified
specific microRNAs as possible biomarkers and therapeutic
targets. Meissner et al. (2016) reported the upregulated ex-
pression in cortex of miR-2137, -451, -21%, -144, -184, and
the downregulated expression of miR-190, -137, -541, -107
at 1, 6 and 12 hours after TBI in mice compared to control.
Similarly, miR-23a and miR-27a were downregulated in
cortex of TBI mice as early as 1 hour and lasting up to 24
hours post-injury compared to control (Sabirzhanov et al.,
2014). Liu et al. (2014) found that miR-142-3p, -144, -340-
5p, -674-5p, -153, -186, -190, -132%*, -138-1* were upregu-
lated whereas let-7b was downregulated in hippocampus of
TBI rats compared to controls. Also, miR-155 and miR-223
levels were significantly increased in mitochondrial fraction
of hippocampus of TBI rats compared to controls (Wang et
al., 2015). Interestingly, two studies examined microRNA
profiles in mice given free access to a running wheel to exer-
cise. The cortical levels of miR-21, -92a and -874 decreased
while those of miR-138, -124 and let-7c increased compared
with the TBI-non-runner group (Miao et al., 2015). Hu et al.
(2015) observed the level of miR-21 was significantly elevat-
ed in hippocampus of TBI-non-runners compared with that
of sham animals and the increase in miR-21 expression in
hippocampus was reversed in TBI-runners. Also Sandhir et
al. (2014) showed that basal expression of miR-21 was high-
er in the aged mice brain compared to adult brain. While
miR-21 levels increased following TBI in adult mice with
maximum increase at 24 hours post-injury, in the aged mice
miR-21 expression in the brain was decreased after TBI.
Strategies using microRNA mimics or agomirs to increase
the levels of downregulated microRNAs or microRNA an-
tagomirs to decrease the levels of upregulated microRNAs
were also examined as possible ways to improve outcomes
in TBI (e.g. Sabirzhanov et al., 2014, 2016).

WDI studies

The parameters used ranged from 246 g/333 g (mice) to
450 g (rats) for weight of rod 1 mm diameter, and 2 cm/3
cm (mice) to 150 cm (rats) for fall height. No lesions were
observed in stained sections of injured mouse brains, con-
sistent with creating a mild TBI in these animals (Sharma
et al,, 2014; Chandran et al., 2017). A modified neurological
severity score (mNSS) (Zhang et al., 2013) of 10 in injured
rats indicated a moderate TBI (Sun et al., 2016). Varying
intensities of mild TBI induced a differential microRNA ex-
pression profile in the mouse brain post-injury (Sharma et
al., 2014; Chandran et al., 2017). A set of 13 microRNAs was
found to identify mild TBI regardless of its severity: mmu-
miR-376a, hsa-214, mmu-214, mmu-337-5p, mmu-574-3p,
mmu-434-3p, mmu-671-3p, mmu-218, mmu-199a-3p were
all upregulated, whereas hsa-miR-106b*, mmu-106b, mmu-
31, mmu-196c were all downregulated (Sharma et al., 2014).
In the rat study, levels of miR-23b were decreased in the

plasma, hippocampus and cortex of TBI animals post-injury
compared to sham. Pretreatment of TBI animals with lenti-
virus-miR-23b significantly reduced the lesion volume of the
contused hemisphere and brain edema compared with TBI
group. Also mNSS score at 3, 7 and 14 days post-injury was
decreased in TBI animals pretreated with lentivirus-miR-23b
(Sun et al., 2016).

FPI studies
In one of the rat studies the pressure applied was 1.8-2.0
atm while in the other it was 1.8-2.2 atm. The duration of
pulse was not reported in either study. Based on mNSS score
of 8 on day 1 post-injury (Ge et al., 2014) and histological
sections of cerebral cortex after injury (Lei et al., 2009) both
studies had utilized animals with moderate TBI. Expression
of miR-21 was increased in the impacted brain area (Lei
et al., 2009; Ge et al., 2014) and was significantly increased
or decreased in the agomir- or antagomir-injected animals
post-injury compared to controls (Ge et al., 2014). Upregu-
lation and downregulation of specific microRNAs in brains
of TBI animals occurred at different time points post-injury
(Lei et al., 2009). MiR-21 could be a potential therapeutic
target for intervention after TBL

The alteration of microRNAs in different body fluids and
tissues from the described human and animal studies is
summarized in Table 3.

MicroRNA Diagnostic and Therapeutic
Strategies for TBI

The human studies have identified specific microRNAs in
serum/plasma (miR-425-p, -21, -93, -191 and -499) and CSF
(miR-328, -362-3p, -451, -486a) as possible indicators of the
diagnosis, severity, and prognosis of TBI (Table 1). To date,
there have been only a limited number of studies involving
patients with TBI. These studies have included patients with
mild, moderate, and severe TBI. However, such studies are
important to increase the accuracy of diagnosis and out-
comes, and refine treatments of injured patients. The early
identification of biomarkers measured in samples collected
within 1 hour from injury by the first responders (ambulance
crew) at the injury scene before patients were admitted to
hospital would allow clinicians to recognize and treat pa-
tients at risk of secondary brain injury and optimize early
management. While the levels of specific microRNAs in
serum or plasma may be developed into biomarkers for TBI,
it is likely that other organs contribute to microRNAs in the
blood (Sierzega et al., 2017) so that the circulating levels may
not accurately reflect the levels of specific microRNAs in the
brain itself. The microRNA profile in CSF would more reli-
ably indicate alterations in the brain caused by TBI, since it
is in direct contact with the extracellular matrix in the brain
and its composition better reflects biochemical changes that
occur in this organ. However, collection of CSF involves an
invasive procedure and may not be easily accomplished in
the elderly due to narrowing of the lumbar intervertebral
space due to disc degeneration. Measurement of specific
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microRNAs in the serum/plasma or CSF of human patients
enables mild TBI to be recognized and distinguished from
severe TBI. At present, many cases of mild TBI go unnoticed
or misdiagnosed, as the current diagnostic tests are neither
sensitive nor specific enough to identify individuals who
have sustained a mild TBI (Belanger et al., 2007; Dash et al.,
2010).

The animal studies have examined specific microRNAs as
biomarkers and therapeutic targets for moderate and mild
TBI (e.g., miR-21, miR-23b) (Table 2). No studies were
found on microRNA expression levels in animals subjected
to severe TBI, presumably because of the likely high mortali-
ty rate and ethical concerns. Several of the studies had exam-
ined the effect of voluntary exercise on microRNA profiling
and shown to be altered by exercise. In addition, differences
in basal microRNA expression in the brain of adult and
aged animals and alterations in response to TBI (e.g., miR-
21) have been reported. The latter is very relevant as persons
aged > 75 have an increasing incidence of fall-related TBI.

Downstream targets of several important microRNAs
have been indicated in the studies reviewed. For example,
miR-23b specifically targeted to 3-UTR of autophagy-relat-
ed protein 12 (ATG12) mRNA in human TBI patients (Sun
et al.,, 2016). Also upregulation of miR-711 inhibited Akt
expression in the injured mouse cortex as early as 1 hour
post-injury. TBI resulted in increased levels of pro-apoptotic
proteins PUMA and two isoforms of Bim large and small,
which are regulators of apoptosis upstream of mitochondrial
release of allograft inflammatory factor 1 (AIF-1) and cyto-
chrome c (Sabirzhanov et al., 2016). MiR-21 regulated cell
survival, invasiveness and apoptosis through specific mRNA
targets that included PTEN, which was upregulated by 3.8-fold
in the mouse adult brain 24 hours post-injury (Sandhir et al.,
2014). Post-injury decreases in miR-23a and miR-27a con-
tributed to neuronal cell death in mouse brain after TBI by
upregulating proapoptotic Bcl-2 family members (Sabirzha-
nov et al., 2014). In rat hippocampus, upregulated miR-221
may regulate cell proliferation and angiogenesis by PDGF sig-
naling pathway at the early stages after TBI (Sun et al., 2014).
A decrease was detected in expression of NRF2, the protein
of Nfe212 gene that is a putative target of both the upregulat-
ed microRNAs, miR-144 and miR-153, in rat hippocampus
post-TBI injury. SNCA, one of the target proteins of miR-
153, was also significantly suppressed in the hippocampus
after TBI (Liu et al. 2014). In injured rat cerebral cortex and
hippocampus, upregulated miR-21 modulated the expression
of apoptotic and angiogenesis-related molecules in brain after
TBI. The expression of Pten, a miR-21 target gene, was inhib-
ited and Akt signaling was activated by miR-21 after TBI (Ge
et al., 2014). The mature mRNAs predicted to be targeted by
the upregulated microRNAs in human patients with TBI are
involved in major TBI related pathways such as erythropoi-
etin signaling, G protein coupled receptor signaling, GABA
receptor signaling and neuropathic pain signaling in dorsal
horn neurons (Bhomia et al., 2016). Several brain function re-
lated pathways such as axon guidance, gap junction, dopami-
nergic synapse, cholinergic synapse, long-term potentiation,

tight junction, adherens junction, and long-term depression
were targeted by the modulated microRNAs in injured mouse
brain (Sharma et al., 2014).

Wang et al. (2015) examined miR-155, -223, -146a, -142-
3p, -142-5p, -150, -124a expression in enriched cortical
neuron, astrocyte and microglial cultures of injured rats.
MiR-155, -223, -146a, -142-3p, -142-5p, -150 were detected
in all three cell types but showed the highest expression in
microglia and astrocytes, whereas levels of miR-124a were
highest in cortical neurons. While not included in this re-
view, other studies have examined the actions of specific
microRNAs in cultures of cortical neurons (Han et al., 2014;
Ma et al., 2016).

Future Perspectives

At the present time, there is no effective treatment for TBI
due, in part, to the widespread impact of numerous com-
plex secondary biochemical and pathophysiological events
occurring at different time points following the initial injury
(Rosenfeld et al., 2012). These secondary injury events in-
clude edema, glutamate excitotoxicity, inflammation, oxida-
tive stress damage, activation of apoptosis, necrosis and au-
tophagy, and impaired mitochondrial function (Raghupathi,
2004; Singh et al., 2006; Ziebell and Morganti-Kossmann,
2010). The earliest and most severe neuropathological
changes occur in the hippocampus after TBI (Orrison et al.,
2009; Fanselow and Dong, 2010). The hippocampus, a key
brain structure for learning and memory, is particularly vul-
nerable to TBIL. The molecular mechanisms underlying hip-
pocampal alterations and cognitive impairments following
TBI are unclear and further studies are warranted.

A single microRNA can regulate the expression of hun-
dreds of target genes, so alterations in a panel of microRNAs
could greatly affect the pathophysiology and outcome of
TBI. Identification of specific genes and signal transduction
pathways directly involved in TBI is essential for develop-
ment of novel therapeutic strategies.

Evidences have also shown that several aspects of the
response to brain injury are altered in aged animals. These
include worsening of behavioral outcomes, increase of
inflammatory responses to injury, and decrease of neuro-
protective responses (Sandhir et al., 2004, 2008; Anderson
et al,, 2009; Sandhir and Berman, 2010). In the aged brain
following injury there is increased blood-brain barrier (BBB)
permeability accompanied by increased matrix metallopro-
teinase-9 activity and decreased BBB repair processes (Lee et
al., 2012). These changes are all likely to result from altered
gene and protein expressions after injury. Voluntary exer-
cise by individuals with TBI (e.g., treadmill, exercycle) could
aid recovery of TBI patients.

Plasma microRNAs have the potential to improve TBI
patient classification and possibly clinical management.
Combining plasma levels of miR-16, -92a and -765, 100%
sensitivity and 100% accuracy could be achieved in identi-
fying severe TBI patients (Redell et al., 2010). It is possible
that a panel of specific circulating microRNAs could achieve
100% sensitivity and 100% accuracy in identifying mild TBL
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Bhomia et al. (2016) identified a panel of 10 unique microR-
NAs for the diagnosis of mild/moderate TBI and severe TBIL
Temporal expression of specific microRNAs may be used
as a molecular marker for assessment of TBI progression
and inference of damage time. At the present time there are
concerns about the specificity of human biofluid biomarkers
such as S100p, glial fibrillary acid protein, neuron-specific
enolase, and tau protein for TBI. Many investigators have
failed to detect associations between serum levels of S100p
and CT abnormalities. The utiity of S100f in the setting of
multiple trauma remains controversial because it is also el-
evated in trauma patients without head injuries (Papa et al.,
2015). A study by Papa et al. (2012) indicated that serum gli-
al fibrillary acid protein had good specificity for brain injury
acutely after injury, although it is also detected in patients
with non-TBI injuries. Studies with the serum biomarker
neuron-specific enolase concluded that it had limited utiliiy
as a marker of neuronal damage (Fridriksson et al., 2000).
A proteolytically cleaved form of tau protein, c-tau, was sig-
nificantly elevated in CSF in TBI patients and the levels cor-
related with clinical outcome (Shaw et al., 2002). Although
levels of c-tau were also elevated in plasma from patients
with severe TBI, there was no correlation between plasma
levels and clinical outcome (Chatfield et al., 2002). There
clearly is a need for identifying and innovating sensitive and
reliable new TBI biomarkers.

A strong association has been shown between TBI and lat-
er development of ischemic stroke that remained significant
even after several potential confounders, such as vascular
risk factors and comorbidities, were taken into consideration.
Specific biomarkers for ischemic stroke have been reported
(Martinez and Peplow, 2016). Further large-scale studies with
TBI patients are needed to provide more information on the
changes in microRNA profiles in different age groups (chil-
dren, adults, and elderly). Future studies should assess the
values of the altered microRNAs in TBI to other measures of
injury severity according to assessments other than the GCS
such as duration of coma and the duration of post-traumatic
amnesia. Also as hypertension is a common comorbidity in
persons with TBI (Holcomb et al., 2012), and a risk factor for
ischemic stroke, studies with hypertensive animals subjected
to a brain contusion injury should be performed.
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