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Given the demand for developing objective methods for characterizing traumatic brain 
injury (TBI), research dedicated to evaluating putative biomarkers has burgeoned 
over the past decade. Since it is critical to elucidate the underlying pathological 
processes that underlie the higher diverse outcomes that follow neurotrauma, 
considerable efforts have been aimed at identifying biomarkers of both the acute- 
and chronic-phase TBI. Such information is not only critical for helping to elucidate 
the pathological changes that lead to poor long-term outcomes following TBI but 
it may also assist in the identification of possible prevention and interventions for 
individuals who sustain head trauma. In the current review, we discuss the potential 
role of vascular dysfunction and chronic inflammation in both acute- and chronic-
phase TBI, and we also highlight existing studies that have investigated inflammation 
biomarkers associated with poorer injury outcome.
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Traumatic brain injury (TBI) is frequently 
associated with persistent behavioral, cog-
nitive and psychosocial changes, many of 
which have important implications for daily 
functioning. Growing evidence further-
more suggests TBI should be conceptual-
ized as a dynamic process that can affect 
brain health, directly and indirectly, several 
years after the initial insult [1–6]. Indeed, 
there have been repeated reports of persis-
tent neurologic symptoms and an increased 
risk for the long-term development of neu-
rodegenerative conditions, such as Alzheim-
er’s disease (AD) and chronic traumatic 
encephalopathy (CTE) [7–12], in individu-
als who have sustained even mild forms of 
neurotrauma. Accordingly, there have been 
rapid developments in the clinical tools 
and measures used to identify and charac-
terize neurotrauma both in terms of acute 
and long-term neuropathological effects of 

the injury. The use of biological markers, 
or biomarkers, for TBI diagnosis and prog-
nosis may help clinicians more accurately 
identify when TBI has occurred, in addition 
to providing useful information about the 
underlying neuropathological mechanisms 
involved with poor injury outcome in the 
long-term. This review will therefore discuss 
evidence for the utility of fluid biomarkers 
in the identification of TBI. Specifically, in 
the context of both acute and chronic TBI, 
we will (1) underscore the role of vascular 
dysfunction and chronic inflammation in 
secondary injury following TBI, (2) high-
light studies emphasizing inflammation 
biomarkers, and (3) discuss genetic factors 
associated with poorer injury outcome. 
When possible, the applicability of the avail-
able biomarker literature to mild forms of 
TBI is examined, with a particular emphasis 
on the need for future explorations of acute- 
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and chronic-phase biomarkers across the entire TBI 
severity  spectrum.

Characteristics of TBI & tissue injury 
mechanisms
TBI can be classified in many ways, including (1) the 
source of force causing the injury, (2) injury severity; 
and (3) mechanism of brain tissue damage. Penetrat-
ing TBI occurs when an impacting object penetrates all 
the protective layers surrounding the brain (i.e., skin, 
skull and meninges), directly inflicting injury to the 
brain tissue. This type of TBI is often complicated by 
hemorrhage, edema and inflammation, and is associ-
ated with a variety of poor outcomes (e.g., post-trau-
matic seizures, infection, cognitive and functional 
impairment, death). Given the severity and complexity 
of penetrating TBI, our current understanding of the 
pathophysiology and clinical outcome of penetrating 
TBI in humans has been largely limited to clinical case 
studies, observational studies utilizing small research 
samples and postmortem neuropathological studies. 
Recent advances in TBI animal research have demon-
strated some promising rodent models of penetrating 
TBI that may further elucidate the pathophysiological 
mechanisms that underlie clinical outcome [13]. Com-
paratively, nonpenetrating or closed head trauma can 
be sustained through the application of both blunt and 
blast forces to the head. While the physics involved in 
the injuries sustained from these forces are distinct, the 
degree to which the resulting pathological processes 
and long-term clinical sequelae may differ remains 
unclear. In recent years, there has been an expansion in 
both human and animal studies attempting to model 
the neuropathology and clinical outcomes of nonpen-
etrating TBI.

American Congress of Rehabilitation Medicine 
guidelines suggest that TBI severity should be based 
on the presence and degree of an alteration of mental 
state (AMS), post-traumatic amnesia (PTA) and loss 
of consciousness (LOC). These criteria categorize head 
trauma using the following severity scale: absence of 
TBI is defined as a head injury that does not result 
in AMS, PTA or LOC; mild TBI (mTBI) is defined 
as a traumatically-induced physiological disruption of 
brain dysfunction, as indicated by any AMS, LOC of 
30 min or less, PTA no greater than 24 h or Glasgow 
Coma Scale (GCS) of 13–15 h; and moderate TBI is 
defined as a head injury that results in an LOC of 30 
min to 24 h, or AMS and/or PTA of greater than 24 
h and fourth, severe TBI is a head injury that results 
in LOC greater than 24 h and/or PTA that lasts for 
more than 7 days [14]. Both primary and secondary 
mechanisms of head trauma have been identified. In 
contrast to primary injury, which describes the result 

of mechanical forces applied to the skull and brain at 
the time of impact, secondary injury, though poorly 
understood, is believed to represent damage to brain 
tissue that evolves over time [15,16]. Importantly, it is 
this mechanism of damage that is thought to underlie 
the long-term effects of mTBI.

Vascular dysfunction & TBI secondary injury

Injury mechanisms in TBI
There are important biophysical differences between 
blunt- and blast-force neurotrauma. Understanding 
these differences may serve a critical role in under-
standing neuropathological and clinical sequelae of 
TBI, especially along the mild end of the severity spec-
trum [17]. For example, blunt impact to the head may 
cause scalp tissue damage, fracture or depression of 
the skull, coup/countercoup impact of the brain tissue 
against the inner walls of the cranial vault and altered 
intracranial pressure (ICP) gradients [18]. Accordingly, 
fractures or depressions of the skull can displace under-
lying neural tissue (i.e., mass effect, creating localized 
displacement of neural tissue within the skull cavity). 
Similarly, coup/countercoup impact can result in focal 
contusions of cortical tissue, most commonly occur-
ring in places in which the brain is most constrained or 
adjacent to ridged bony structures in the cranial cavity 
(e.g., anterior fossa, orbital sockets) [19]. Rapid accel-
eration/deceleration forces on the brain that are either 
linear or rotational in nature can also occur following 
blunt-force neurotrauma [20]. Theses forces stretch and 
deform brain tissue, exerting stress on neurons, glial 
cells and blood vessels, as well as altering membrane 
permeability. This ultimately results in damage to neu-
ronal cell bodies, axons, dendrites, blood vessels and 
glial cells [21,22]. Focal and/or diffuse axonal injury 
(DAI) – characterized by enlarged axons with micro-
tubule damage – is thus commonly observed following 
blunt-force mTBI. Interestingly, DAI tends to occur in 
brain regions with adjacent tissues of notably differ-
ent densities (e.g., gray–white matter junctions). Such 
regions likely incur increased shearing stress due to the 
different rates at which the adjacent tissues move in 
response to the blunt-force impact.

The biomechanics of blast-force neurotrauma, while 
sharing some aspects in common with blunt-force 
trauma (e.g., force applied to head, which is loaded 
onto skull and brain tissue differentially), include 
some characteristics that render it both distinct and 
complex relative to other forms of neurotrauma. While 
many of these characteristics are related to the phys-
ics of the shockwave itself (e.g., blast overpressure and 
underpressure), an additional layer of complexity is 
involved with the environment in which blast-force 
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mTBI occurs (e.g., thermal heating, acoustic waves, 
radiation). While several disputed mechanisms have 
been put forth due to the additional complexity of 
characterizing the biophysics of blast-induced mTBI, 
many of these mechanisms center around the notion 
that exposure to a blast shockwave overpressure results 
in a distortion neural tissue and bodily fluids that have 
deleterious effects on the brain at both microbiological 
and gross morphological levels [23,24]. For example, it 
has been proposed that the quick changes in air pres-
sure (shock wave) following an explosion lead to rapid 
acceleration and deceleration of neural tissues, exerting 
sheering forces that ultimately result in DAI in blast-
induced mTBI [25,26]. Another proposed mechanism 
relates to disruption of blood–brain barrier (BBB), a 
highly selective vascular structure that controls the 
movement of molecules between peripherally circu-
lating blood and CNS, due to the primary impact of 
the shockwave to the abdomen whereby kinetic energy 
from the shock wave is transferred into hydraulic pres-
sure when it meets bodily fluids. This results in the 
rapid physical displacement of blood from the abdomi-
nal cavity to the cranial cavity, damaging small brain 
vessels and disrupting the BBB [15,27–30].

Common pathological sequelae in TBI
Irrespective of mechanism, both blast- and blunt-force 
neurotrauma generally appear to result in acute neural, 
glial and vascular damage with similar pathological 
sequelae. While damage to parenchymal tissue has his-
torically garnered the most attention in TBI research, 
an increasing number of studies have highlighted the 
central role of cerebrovascular and alterations and 
dysfunction in both acute and chronic effects of neu-
rotrauma (see [3–5] for reviews). Importantly, mount-
ing evidence suggests that the acute vascular damage 
(e.g., torn or broken vasculature, microbleeds, endo-
thelial cell damage, BBB damage, altered cerebral 
blood flood) and neuroinflammation (e.g., activation 
of microglia, gliosis and aggregates of activated macro-
phages) that occur from the immediate blunt or blast 
impact may trigger and perpetuate a host of second-
ary pathophysiological cascades (i.e., chronic neuro-
inflammation; edema; changes to the autoregulation 
of cerebral blood flood, neurovascular uncoupling 
and ischemia/hypoperfusion; hemosiderin deposits), 
ultimately promoting brain degeneration and dysfunc-
tion. Additionally, increased extravasation of periph-
eral immune cells, which are not normally found in 
the CNS due to their neurotoxicity in aggregate, may 
ultimately be promoted by decreased BBB in both 
acute- and chronic-phase neurotrauma [31]. Thus, 
while the complex molecular and cellular mechanisms 
responsible for the heterogeneous array of outcome fol-

lowing TBI are not fully understood, the presence of 
these chronic, insidious pathological processes may 
indeed be responsible for the poor long-term outcomes 
reported in some individuals following TBI.

Biomarkers of acute & chronic pathological 
processes following TBI

Markers of inflammation
It is well-documented that there are alterations of 
various neuroinflammatory process following neu-
rotrauma [32]. In addition to increased immunoregu-
latory activity in CNS cells, peripheral immune cells 
and molecules have also been observed to cross the 
BBB in response to TBI [33,34]. Various pro- and anti-
inflammatory agents, such as TNF, IL-1β, IL-6, IL-8 
and IL-10, in particular, have been observed to fluctu-
ate in response to TBI [35,36] and have therefore been 
investigated as putative biomarkers for TBI diagnosis 
and prognosis.

Tumor necrosis factor
Broadly, the tumor necrosis factor (TNF) superfamily 
refers to a group of cytokines involved in initiating and 
promoting cellular death. The TNF cytokine (previ-
ously referred to as TNF-α) represents a well-studied 
and highly versatile cytokine. While TNF is frequently 
studied in relation to its potent pro-inflammatory 
characteristics [37], it has also been observed to serve 
anti-inflammatory functions [38]. TNF is specifically 
expressed early in the response to neuronal injury and 
has a major role in initiating neutrophil and monocyte 
recruitment to the site of neuronal damage [39,40].

In previous studies employing animal models of 
TBI, increases in parenchymal levels of TNF have been 
detected as early as 1 h following TBI, and appear to 
peak 4–8 h following the initial injury [41–45]. The time 
course of TNF alteration in cerebrospinal fluid (CSF) 
differs from that in brain tissue, peaking at approxi-
mately 24 h following TBI [46]. Research employing 
animal models of mTBI specifically have suggested that 
TNF levels may not be sensitive to mild neurotrauma 
[e.g., 44]; however, here is some recent evidence to sug-
gest that alterations in TNF levels can be detected in 
this subgroup. For example, one study found signifi-
cant increases in TNF in rodents experiencing mild 
lateral fluid percussion injury as early as 3 h after the 
injury [47]. In another study, researchers observed sig-
nificant increases in TNF in the hippocampus region 
of rodents induced with mild blast brain injury at 6 
h post-injury [48]. A more recent study also reported 
that increases in serum levels of TNF were observed 
4 h post-injury in a closed skull weight-drop model of 
mTBI [49].
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In humans, elevated TNF concentrations in serum, 
plasma and CSF following TBI across the severity spec-
trum have also been reported [50–52], and appear to be 
increased in head-injured samples when compared with 
control groups [53,54]. Similar to animal models of TBI, 
CSF protein levels of TNF appear to peak within 24 h 
in the context of severe TBI [55], although some studies 
have reported multiple postinjury peaks of TNF levels 
when recorded over the course of several weeks post-
injury [54]. In addition, TNF mRNA and protein, are 
among pro-inflammatory cytokines (i.e., IL-8, IL-1β) 
that have been observed to increase within minutes 
of TBI in postmortem brain tissue, indicating that a 
cerebral inflammatory cascade is initiated acutely fol-
lowing severe neurotrauma [56]. However, while this 
evidence suggests that TNF is involved in the neuro-
inflammatory response to severe TBI, research inves-
tigating TNF as a predictor of TBI outcome has pro-
duced mixed findings. Several small studies of severe 
TBI have reported no association between serum TNF 
levels and increased ICP, prognosis or mortality [55,57]. 
These studies are corroborated by a larger study report-
ing similar findings, with no relationship observed 
between initial TNF levels in both CSF and serum 
with GCS, ICP or neurological outcome in acute-
phase severe TBI [58]. Conversely, more recent studies 
have reported an association between serum concentra-
tions of TNF with increases in ICP, decreases in cere-
bral perfusion pressure and poorer 6-month outcome 
(extended Glasgow outcome scale [GOS]) in patients 
who sustained moderate or severe TBI [59,60]. A similar 
relationship was not observed for CSF TNF levels, sug-
gesting that serum TNF levels may be more sensitive 
predictors of severe TBI outcome than CSF protein lev-
els [60]. In sum, there is evidence that TNF is elevated in 
the acute phase on injury. This is largely derived from 
research employing animal or human models of mod-
erate-to-severe TBI, although there are some data to 
suggest that acute elevations in TNF occur in mTBI as 
well. In addition, research aimed at characterizing the 
relationship between acute phase increases in TNF and 
outcome are mixed, and there appears to be no existing 
investigations on chronic-phase TNF  elevations and 
associated outcome in humans.

Interleukin-1 beta
Interleukin 1 beta (IL-1β) is a highly regulated, potent 
pro-inflammatory cytokine that is released by macro-
phages and monocytes [61,62]. Although its primary role 
is the regulation and release of other cytokines, IL-1β 
is also involved in a variety of cellular activities, includ-
ing cell proliferation, differentiation and apoptosis. It 
also has a reported role in certain brain pathologies 
that are common following head trauma (e.g., BBB 

damage [63], cerebral edema [64]), and has been impli-
cated as having a role in certain chronic diseases that 
are prevalent in the aging population (e.g., cancer [65] 
and neurodegenerative disease [66,67]).

Previous research using both animal and human 
models of neurotrauma have reported an acute global 
increase in IL-1β mRNA, protein and activated 
caspase-1 (activated form of the IL-1β-converting 
enzyme) in postmortem brain tissue following 
TBI [56,68]. However, much more inconsistent findings 
have been reported regarding IL-1β levels in serum and 
CSF, with several studies reporting weak or no associa-
tions in severe TBI [69–72] and others reporting a sig-
nificant increase following severe TBI [e.g., 73]. Despite 
this discrepancy in the literature, several studies have 
demonstrated the predictive value of serum and CSF 
levels of IL-1β as it relates to TBI outcome. High CSF 
and serum concentrations of IL-1β have been associ-
ated with poorer 3- and 6-month outcomes (i.e., GOS; 
recovery vs moderate–severe disability) as well as 
increased ICP following severe head trauma in both 
pediatric and adult populations [55,58,72,74–75]. Further-
more, in a more recent prospective cohort study, IL-1β 
was not only reported to be elevated over 3 months 
following TBI, but was significantly associated with 
increased odds of unfavorable outcomes at 6 months 
following severe head injury (GOS) [76]. Given such 
reported associations between acute and chronic IL-1β 
levels and outcome, some intervention trials using ani-
mal models of TBI have also explored IL-1β expression 
as a potential target for treatment of TBI. For example, 
Lee et al. [77] reported that pharmacologically induced 
hypothermia (PIH) was associated with decreases in 
mRNA expression of IL-1β and TNF were associ-
ated with improved sensorimotor functional recovery 
in mice after TBI. The goal behind such research has 
been to determine whether decreasing the levels or 
inhibiting the effects of pro-inflammatory processes 
positively affects TBI outcome. Findings from this line 
of research not only provide useful information regard-
ing potential treatments for TBI but also support the 
notion that chronic inflammation may be the mecha-
nism through which secondary neural injury following 
TBI may be sustained. But while this line of research 
appears promising for TBI interventions along the 
severe end of the injury spectrum, it remains unclear 
whether acute and chronic alterations in IL-1β expres-
sion occur following mTBI and, moreover, whether 
limiting the expression of this inflammatory marker 
can serve as a potential target for treatment of TBI.

Interleukin-6
Interleukin 6 (IL-6) is one of the most well-studied 
inflammatory markers across a variety of populations. 
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In the CNS, IL-6 is expressed by astrocytes, microglia 
and neurons [78–82]. In humans, IL-6 does not typi-
cally exist at detectable levels in serum under normal 
physiological conditions [83,84]; however, increases in 
IL-6 have been observed under pathophysiological 
conditions and are believed to be indicative of axonal 
damage [85,86]. There is also evidence for involvement 
of IL-6 in several normative and pathological physi-
ological processes, including aging, TBI, inflamma-
tion, immunity and neural development [87,88]. Nota-
bly, IL-6 has also been associated with AD for which 
TBI and aging is considered to be a prominent risk 
factor [89,90]. Given these various associations between 
IL-6 and disease conditions, IL-6 is a particularly 
interesting target for studying the chronic effects of 
mild TBI.

IL-6 appears to be a highly sensitive biomarker 
for neurotrauma. While undetectable in the normal 
brain, rodent models of TBI reveal an acute increase 
in IL-6 expression following TBI [82,91]. In human, 
IL-6 concentrations have been reported to acutely, 
and sometimes persistently, increase following severe 
TBI [35,51,71,76,92]. This upregulation of the proin-
flammatory cytokine is easily detectable following 
acute TBI, although reports reflect some degree of 
variability in this response. CSF concentrations have 
been reported to increase significantly following TBI, 
reaching a maximum peak within 3–6-days postin-
jury [69,93]. Comparatively lower, but still detectable, 
alterations in IL-6 concentrations have been observed 
in both blood serum and plasma [35,74,94]. TBI severity 
has also been related to the intracranial IL-6 gradient 
in the blood of trauma patients at the time of hospi-
tal admission, with higher gradients associated with 
greater injury in severe TBI [95].

Given the pro-inflammatory role of IL-6 in the 
brain, the prognostic value of IL-6 levels following TBI 
has been investigated in several studies. In one study, 
elevated IL-6 serum levels within the first 17 h follow-
ing severe brain injury effectively identified patients 
at risk of developing problematic levels of ICP [71]. 
Similarly, higher blood IL-6 intracranial gradients at 
the time of hospital admission were observed in brain 
trauma patients with fatal outcome in the 6 months 
following, compared with survivors [95]. More recently, 
Ferreira et al. [96] reported significant increases in IL-6 
in nonsurvivors with severe TBI compared with survi-
vors. In direct contrast, a study that used intracranial 
microdialysis to measure IL-6 concentrations in brain 
parenchyma reported that higher IL-6 levels were 
observed in survivors of severe TBI compared with 
nonsurvivors [94], a finding that suggests that IL-6 
serves a neuroprotective function rather than as a risk 
factor for TBI poor outcome. These findings, however, 

conflict with other reports of IL-6 as a significant pre-
dictor of poor outcome following pediatric TBI (GCS 
and GOS) [97,98].

Although there is a clear relationship between 
increased neural expression of IL-6 expression head 
trauma, there are several characteristics of the cyto-
kine that render it a poor predictive biomarker for 
TBI (when used in isolation). IL-6 is not exclusively 
expressed in the brain or in response to head trauma. 
Accordingly, IL-6 concentrations are sensitive to the 
presence of peripheral injuries, such as burns [99] and 
orthopedic injuries [71]. In addition, IL-6 had no 
prognostic value in predicting elevated ICP following 
severe TBI in patients with polytrauma, which was in 
stark contrast to its high sensitivity in individuals with 
TBI only [71]. An additional challenge with IL-6 is that 
its serum levels may be more indicative of BBB integ-
rity than brain concentrations of the cytokine. This is 
suggested by the limited ability of IL-6 to cross the 
BBB [100], involvement of a transport mechanism to 
cross the BBB [101]. Thus, the presence of IL-6 follow-
ing a possible TBI should be interpreted with caution. 
Taken together, both animal and human research in 
severe TBI suggest that IL-6 may be a sensitive (but 
not specific) biomarker for acute-phase TBI and asso-
ciated outcomes, with more limited evidence for the 
role of IL-6 in the putative-protracted neuroinflam-
matory response thought to characterize chronic-phase 
TBI. Despite these findings, minimal human research 
has been conducted to explore the utility of the IL-6 
 biomarker in mTBI.

Interleukin-8
Interleukin-8 (IL-8), or CXCL8, is a member of a 
special class of small cytokines called chemokines. It 
is secreted by a variety of cells, including glial cells, 
macrophages and endothelial cells [102–104]. IL-8 is 
released from astrocytes in the presence of other cyto-
kines that are acutely expressed following a TBI, such 
as TNF or IL-1β [105]. Once expressed, IL-8 induces 
chemotaxis and phagocytosis of neutrophils, attracting 
them to the site of neural damage and cleanup debris 
resulting from the injury [106]. While neutrophils typi-
cally leave the brain by 1 week following a brain injury, 
macrophages have been reported to linger for roughly 
4 weeks [107]. This prolonged presence of activated leu-
kocytes in the brain is neurotoxic and has been sug-
gested to contributed to the ongoing neuronal damage 
that occurs following the acute brain injury. In addi-
tion to being studied as a potential biomarker for TBI, 
increased IL-8 expression has also previously been 
linked to cardiovascular disease [108], and it is known 
to be a potent promoter of angiogenesis [109]. This rela-
tionship between IL-8 and cardiovascular functioning 
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has important implications for both TBI and aging 
and furthermore may be reflective of a shared or syn-
ergistic relationship between the underlying pathologi-
cal mechanisms involved with cerebrovascular disease, 
pathological aging and chronic TBI.

Along with several other pro-inflammatory cyto-
kines, several studies have reported both acute and 
persistent increases in IL-8 levels following severe 
TBI [53,70,76,110–111]. The greatest increases in IL-8 con-
centrations are observed in CSF [110,111], but have also 
been observed to a lesser degree in serum after severe 
injuries [70,76,110,112]. While the increase in IL-8 is much 
greater in CSF compared with serum, several studies 
have demonstrated the prognostic value of blood-based 
IL-8 levels following head injury. For example, signifi-
cantly lower acute plasma, and not CSF, levels of IL-8 
have been observed in survivors of severe TBI, com-
pared with nonsurvivors [96,113]. Similarly, serum IL-8 
levels at 12 h [112] and up to 3 months [76] following 
TBI have been observed to be predictive of long-term 
functional outcome (i.e., GOS). These observational 
studies of TBI outcome have been further corroborated 
by human autopsy studies investigating the relation-
ship between postmortem expression chemokines and 
antemortem TBI. For example, the upregulation of 
IL-8 mRNA and proteins was observed in postmor-
tem in injured brains compared to controls [56]. Impor-
tantly, the overexpression of IL-8, as well as other che-
mokines, was associated with the presence of CD68+ 
macrophages and GFAP-positive reactive astrocytes. In 
sum, the available studies on IL-8 alterations follow-
ing severe TBI suggest that there exist both acute and 
chronic increases in the expression of this proinflam-
matory marker. Furthermore, it appears that increased 
IL-8 levels within both injury phases are associated 
with poorer injury outcome; however, like the available 
literature on other pro-inflammatory cytokines, there 
is a lack of studies aimed at characterizing the role of 
IL-8 in acute and chronic mTBI. Thus, while there is 
evidence to suggest that IL-8 may serve as a potential 
biomarker for acute- and chronic-phase severe TBI, 
additional animal and human research is needed to 
determine its utility as a biomarker for mTBI.

Interleukin-10
Contrary to the inflammatory markers previously cov-
ered in this review, interleukin 10 (IL-10) appears to 
act primarily as an anti-inflammatory cytokine. Impor-
tantly, IL-10 has an inhibitory effect on the production 
of several pro-inflammatory mediators, ultimately serv-
ing to regulate many of the cytokines that have been 
linked to acute and chronic inflammatory processes. 
Particularly relevant to inflammation following severe 
TBI is its effect of IL-10 on IL-1β and TNF, and inter-

feron (IFN), all of which have been observed to exert 
detrimental effects on the brain [114,115]. Indeed, previ-
ous studies on the effects of IL-10 in normal physio-
logical conditions, as well as in the treatment of certain 
pathological conditions, have implicated IL-10 as hav-
ing a potential role in reducing the negative effects of 
neuroinflammation in TBI [116–121]. In addition, IL-10 
expression appears to increase within the first 24 h fol-
lowing a severe head trauma [35,49,54,122], and, consis-
tent with anti-inflammatory properties, this increase in 
IL-10 has been reported to correspond with a decrease 
in TNF levels. However, despite this well-documented 
anti-inflammatory role of IL-10, increased IL-10 fol-
lowing TBI has been repeatedly linked to poor out-
come and mortality in both pediatric and adult severe 
TBI [58–59,96,123–125]. In addition, higher IL-10 levels 
measured at 10 or 30 h following severe TBI have also 
been found to be six- and five-times, respectively, more 
likely to result in hospital mortality compared with 
lower levels [125]. A possible explanation for this rela-
tionship is that the relative increases in pro-inflamma-
tory cytokines compared with anti-inflammatory cyto-
kines, rather than the individual increase in IL-10, is 
important in predicting TBI outcome. Recent findings 
from a prospective cohort study support this notion, 
where the ratio of pro-inflammatory burden relative to 
IL-10 was found to be associated with unfavorable out-
come following severe TBI [76]. That is, higher levels of 
pro-inflammatory IL-6, relative to anti-inflammatory 
IL-10, were significantly associated poorer GOS scores 
at 6 months following severe TBI.

Research using animal models of head injury has 
also demonstrated the potential protective role of 
IL-10. For example, treatment of rats subjected to lat-
eral fluid percussion-induced TBI with IL-10 has been 
shown to improve neurological recovery and reduced 
levels of IL-1β and TNF-α in brain tissues [126]. Simi-
larly, local administration of IL-10 at the injury site 
attenuated the number and the hypertrophic state 
of reactive astrocytes and microglia and diminished 
TNF mRNA expression [127]. In a more recent study 
using a murine model of TBI, PIH following con-
trolled cortical impact decreased mRNA expression 
of pro-inflammatory cytokines (TNF-α and IL-1β), 
but increased IL-6 and IL-10 levels [77]. Sensorimotor 
function was also improved in PIH, providing further 
evidence for the altering the ratio of pro- and anti-
inflammatory cytokines, such as IL-10, as a potential 
target for improving TBI outcome. It should be noted 
that certain studies have reported, however, an asso-
ciation between IL-10 increases and mortality. Specifi-
cally, Ferriera et al. [96] reported significant increases in 
IL-10 levels in in nonsurvivors with severe TBI relative 
to survivors of the injury. Although there appears to be 
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converging evidence that IL-10 alterations occur dur-
ing acute- and chronic-phase severe TBI, the predic-
tive role of the biomarker for injury outcome remains 
unclear. In addition, there is limited research on IL-10 
following mTBI within both the acute and chronic 
phases of injury.

Genetic factors
Although not always discussed in relation to biomark-
ers for TBI, the role of genetics in the identification of 
effective biomarkers for TBI diagnosis and prognosis is 
a critical consideration. That is, given that the environ-
ment in which acute and chronic pathological mecha-
nisms following TBI occur is strongly influenced by 
genetic factors, it is necessary to understand how cer-
tain genes may influence the presentation or overall 
nature of these mechanisms. Although there are a mul-
titude of genetic factors that affect brain structure and 
function, apolipoprotein-E (APOE) and brain-derived 
neurotrophic factor (BDNF) genes are the two most 
prominent in the TBI literature.

APOE
The APOE gene is one of the most widely studied genes 
in the context of neurotrauma and recovery [128]. ApoE 
is a protein largely associated with lipid and cholesterol 
transport as well as plasma lipoprotein metabolism in 
the CNS, all of which are essential for synaptogene-
sis [129]. Three APOE genetic polymorphisms encode 
one of the three isoforms: APOE-ε2, APOE-ε3 and 
APOE-ε4. A loss in normal ApoE function has been 
observed in APOE-ε4 carriers, negatively impacting 
synaptic plasticity and neuronal recovery from neuro-
degeneration [130,131]. The presence of the ε4 allele has 
been characterized as a major risk factor for the devel-
opment of AD [132,133]. This allele has also been linked 
to more abundant levels of amyloid-β plaque accumu-
lation, which has been largely associated with AD [128]. 
APOE-ε4 promotes neuronal cell death, resulting in 
accelerated neurodegeneration [134]. APOE-ε4 has also 
been considered a major risk factor for various inflam-
matory metabolic diseases [134]. Relative to APOE-ε2 or 
APOE-ε3, APOE-ε4 has been associated with greater 
pro-inflammatory activity [129,135], increased numbers 
of APP-immunoreactive axonal varicosities and greater 
total human tau accumulation independent of injury 
status [136]. This indicates a potential primary effect of 
APOE-ε4 on the severity of axonal injury in acute TBI.

As previously discussed, disruption of the BBB 
caused by TBI allows immune cells to cross into 
the brain, stimulating a cascade of inflammatory 
responses [15,27–30,137]. This subsequently results in a 
series of molecular events, including apoptosis, inflam-
mation, microglial activation, altered plasticity and 

neuronal regeneration [21–22,138–139]. Microglial acti-
vation prompts perivascular macrophage production 
of cytokines integral in modulating secondary injury 
as well as recovery after injury [138]. Compared with 
APOE-ε3 macrophages, APOE-ε4 macrophages have 
demonstrated impaired efferocytosis, the process by 
which apoptotic or necrotic cells are removed through 
the process of phagocytosis, in mouse models [134]. 
APOE-ε4 has also been found to potentiate endoplas-
mic reticulum stress and is associated with increased 
susceptibility to apoptosis in mice [134]. These find-
ings indicate that APOE-ε4 has a role in promoting 
macrophage dysfunction. This further suggests a pos-
sible mechanistic link between APOE-ε4 and TBI 
secondary injury, as immune suppression following 
TBI has been found to slow brain infrastructure heal-
ing [140]. APOE-ε4 expression is also associated with a 
reduction in cerebral vascularization, thinner vascular 
walls and decreased glucose uptake, compared with 
APOE-ε2 and APOE-ε3 expression [141]. This suggests 
an association between APOE-ε4 expression and BBB 
disruption, providing a possible link between APOE-
ε4-induced BBB anomalies and TBI secondary injury.

Brain-derived neurotrophic factor 
Brain-derived neurotrophic factor (BDNF) is a poly-
peptide growth factor found in both the CNS and 
periphery. BDNF has been observed to serve a critical 
role in both neuronal survival and death within the 
CNS [142,143], as well as modulation of synaptogen-
esis and neurodevelopment throughout the human 
lifespan [144–147]. BDNF has been implicated in both 
normative neurocognitive functioning, as well as the 
pathophysiology in certain psychiatric conditions 
(e.g., bipolar disorder, post-traumatic stress disor-
der) [148–151]; however, recent research has suggested 
that polymorphisms in the BDNF gene may have a 
large influence on determining the role of BDNF in 
such conditions [152,153].

The most well-studied BDNF polymorphism 
involves the substitution of a single amino acid, Valine, 
with Methionine at codon 66 (Val66Met). The preva-
lence of this BDNF polymorphism, including both 
heterozygous (‘Val/Met’) and homozygous (‘Met/
Met’) forms, has been estimated to be approximately 
30–50% in the world population [154]. Importantly, the 
presence of the Met allele has been related to abnormal 
BDNF trafficking and activity-dependent secretion in 
neuronal cells [155,156]. Given the role of secreted BDNF 
in synaptic plasticity and neuronal survival in adult-
hood, the potential influence of BDNF genotype on 
mTBI outcome has been considered. With respect to 
TBI, the presence of the Met allele has been associated 
with better outcome following head injury, includ-
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ing improved cognitive recovery [157–159], preserved 
general intelligence [160] and survival probability [161]. 
The presence of the Met allele has further been associ-
ated with better overall cognitive functioning follow-
ing severe TBI [157,161]; however, evidence for whether 
this effect varies across cognitive domains is currently 
mixed [158,162]. The relationship between BDNF poly-
morphisms and TBI cognitive outcome is particularly 
interesting, given that it differs from observed effects 
in healthy individuals and other psychiatric condi-
tions [157,160–161]. That is, the BDNF polymorphism 
appears to be protective under the pathophysiologi-
cal conditions of TBI, but detrimental under other 
 circumstances.

Taken together, the association between BDNF 
polymorphisms and cognition in the aftermath of neu-
rotrauma appears to be complex. There is some evi-
dence that the relationship between BDNF genotype 
and neuropsychological functioning in mTBI may dif-
fer from that of healthy individuals, where the pres-
ence of the Met allele may promote improved cognitive 
outcome under the pathological conditions following 
a head injury. Although BDNF genotype may not be a 
sufficient biomarker for long-term TBI outcome in iso-
lation, future research on chronic TBI in individuals 
with different BDNF genotypes may reveal important 
differences in brain morphology and connectivity.

Conclusion
Given the necessity for an objective method of iden-
tifying and characterizing TBI, an extensive body of 
research evaluating putative biomarkers for TBI has 
developed over the past decade. Biomarkers of chronic 
mTBI, specifically, are important targets within this 
division of research given that they may help illumi-
nate the underlying pathological processes that unfold 
over time after the initial stage of injury. Such infor-
mation is not only critical for elucidating the poorly 
understood processes leading to poor long-term out-
comes associated with milder forms of head injury, but 
it may furthermore help to identify possible targets 
for prevention or treatment of PCS and neurodegen-
erative diseases. Several potentially strong candidates 
have been identified in this review, most of which 
are associated with and/or reflective of both chronic 
vascular dysfunction (e.g., BBB breakdown) and neu-
roinflammation. This supports the notion that these 
mechanisms are likely involved with acute pathology 
following TBI and possibly the chronic pathology in 
response to secondary injury. Importantly, however, 
most of these biomarkers have only been investigated 
in moderate-to-severe TBI populations. Thus, while 
the available literature suggests that several pro- and 
anti-inflammatory cytokines may serve as useful bio-

markers of acute- and chronic-phase moderate-to-
severe TBI, the utility of these biomarkers for mTBI 
remains unclear.

There are several additional caveats to the use of 
inflammatory cytokines as biomarkers of acute- and 
chronic-phase TBI. First, while many of the described 
markers sensitive to acute- and chronic-phase moder-
ate-to-severe TBI, most of them lack specificity. This 
is largely because inflammatory cytokines measured 
in blood serum or plasma are nonspecific to central 
inflammation (as peripheral injuries can also cause 
alterations in these markers). While CSF levels of these 
markers are excellent proxies indexing central inflam-
mation, additional challenges exist with this respect 
in the TBI population due to the prevalence of BBB 
dysfunction. That is, BBB dysfunction may act as a 
confounder for CSF concentration of inflammatory 
proteins. However, while there exist clear limitations 
to the use of inflammatory cytokines as biomarkers for 
acute- and chronic-phase TBI, it should be noted that 
many of these challenges apply to most other potential 
fluid biomarkers. This highlights the need for careful 
consideration of the medium-specific sensitivity and 
specificity of all potential biomarkers for TBI, and 
emphasizes the need for future research aimed at clari-
fying the diagnostic and prognostic value of inflamma-
tory biomarkers for different subclasses and phases of 
neurotrauma.

Future perspective
While the present review indicates the utility of certain 
biomarkers for acute and chronic phase in moderate-to-
severe TBI, there are a lack of studies available related 
to these topics in mTBI samples, although research is 
increasing in this area. To date, several recent studies 
have demonstrated chronic vascular dysfunction in 
mTBI, supporting the notion that chronic-phase injury 
can exist even in mild forms of neurotrauma [15,27–30]. 
While notably less research has been conducted in the 
arena of chronic inflammation in remote mTBI, future 
work exploring the presence of chronic inflammation 
in mTBI should be prioritized given the empirical sup-
port for the presence of these processed in moderate-
to-severe TBI. Indeed, such research may provide find-
ings that not only critically aid in the identification of 
individuals at high risk for developing poor long-term 
outcomes following mild neurotrauma but may also 
inform the development of targeted interventions in 
order to reduce persisting symptomatology. Addition-
ally, given that many of the reviewed biomarkers have 
limited utility when used in isolation, a multibiomarker 
approach should be considered and implemented in 
future research, as the combined characteristics of the 
above-mentioned biomarkers have the potential to 
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address many of these failures of individual biomarkers 
in the prediction of outcome in head-injured popula-
tions. Moreover, integrating multimodal biomarker 
approaches (e.g., fluid biochemical assays, neuroimag-
ing, electrophysiological measures) may be particularly 
promising, given that different biomarker methods 
may provide varied methodological advantages and 
disadvantages with respect to acute- and chronic-phase 
TBI sensitivity and specificity. Lastly, since most of the 
discussed biomarkers have only been studied in the 
context of moderate and severe TBI during the acute 
phase of injury, future research is needed to test the 
utility of these biomarkers in the setting of the chronic 
effects of mild head trauma.
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Executive summary

Background
•	 Growing evidence suggests that traumatic brain injury (TBI) – even milder forms – should be conceptualized 

as a dynamic process that can affect brain health, directly and indirectly, several years after the initial insult. 
Thus, TBI research has begun to identify effective biomarkers for both the acute (i.e., primary injury sustained 
from the initial traumatic force) and chronic (secondary pathological processes that unfold after the initial 
brain injury that causes long-term changes to brain structure and function) phases of injury.

Characteristics of TBI & tissue injury mechanisms
•	 There are several different ways in which TBI can be classified, including (1) the source of force causing the 

injury, (2) injury severity, and (3) mechanism of brain tissue damage. Despite these differences, research to 
date suggests that certain primary and secondary pathological mechanisms are common across differing 
mechanisms of non-penetrating TBI.

Vascular dysfunction & TBI secondary injury
•	 The presence of chronic vascular dysfunction and neuroinflammation may characterize the chronic-phase TBI, 

and may be responsible for poor long-term outcomes reported in some individuals with head trauma histories.
Biomarkers of acute & chronic pathological processes following TBI
•	 Various inflammatory cytokines (i.e., TNF, IL-1B, IL-6, IL-8, IL-10) have been studied in acute- and chronic-phase 

TBI. These studies have evaluated the diagnostic and prognostic sensitivity and specificity of these markers. 
While not frequently discussed in conjunction with these biomarkers, genetic factors should be considered 
when evaluating the utility of acute and chronic biomarkers of TBI.

Conclusion & future perspective
•	 Several inflammatory cytokines appear to be sensitive diagnostic biomarkers for acute- and chronic-phase TBI, 

although most of the extant literature has focused on moderate-to-severe samples. Many of these markers, 
however, lack specificity to TBI, and furthermore have mixed prognostic value for injury outcome. Given the 
lack of research on this topic in samples with milder forms of head trauma, future studies should explore 
the presence of these pathological processes in acute- and chronic-phase mTBI. Finally, additional efforts to 
validate multibiomarker approaches are needed in order to assist in improving diagnostic specificity of TBI and 
enhance long-term prognostic predictive value for these biomarkers across the injury severity spectrum.

References
1 Acosta SA, Tajiri N, Shinozuka K et al. Long-term 

upregulation of inflammation and suppression of cell 
proliferation in the brain of adult rats exposed to traumatic 
brain injury using the controlled cortical impact model. PLoS 
ONE 8(1), e53376 (2013).

2 Astafiev SV, Shulman GL, Metcalf NV et al. Abnormal white 
matter blood-oxygen-level-dependent signals in chronic mild 
traumatic brain injury. J. Neurotrauma 32(16), 1254–1271 
(2015).

3 Elder GA, Gama Sosa MA, De Gasperi R et al. Vascular and 

inflammatory factors in the pathophysiology of blast-induced 
brain injury. Front. Neurol. 6, 48 (2015).

4 Kenney K, Amyot F, Haber M et al. Cerebral vascular injury 
in traumatic brain injury. Exp. Neurol. 275, 353–366 (2016).

5 Shetty AK, Mishra V, Kodali M, Hattiangady B. Blood brain 
barrier dysfunction and delayed neurological deficits in mild 
traumatic brain injury induced by blast shock waves. Front. 
Cell. Neurosci. 8, 232 (2014).

6 Vanderploeg RD, Curtiss G, Belanger HG. Long-term 
neuropsychological outcomes following mild traumatic brain 
injury. J. Int. Neuropsychol. Soc. 11(3), 228–236 (2005).



10.2217/cnc-2016-0022 future science groupfuture science group

Review    Werhane, Evangelista, Clark et al.

Concussion (2017) 2(1)

7 Gavett BE, Stern RA, McKee AC. Chronic traumatic 
encephalopathy: a potential late effect of sport-related 
concussive and subconcussive head trauma. Clin. Sports 
Med. 30(1), 179–188 (2011).

8 McKee AC, Cantu RC, Nowinski CJ et al. Chronic 
traumatic encephalopathy in athletes: progressive 
tauopathy after repetitive head injury. J. Neuropathol. Exp. 
Neurol. 68(7), 709–735 (2009).

9 McKee AC, Daneshvar DH, Alvarez VE, Stein TD. The 
neuropathology of sport. Acta Neuropathol. 127(1), 29–51 
(2014).

10 McMahon PJ, Hricik A, Yue JK et al. Symptomatology 
and functional outcome in mild traumatic brain injury: 
results from the prospective TRACK-TBI study. J. 
Neurotrauma 31(1), 26–33 (2014).

11 Spiotta AM, Shin JH, Bartsch AJ, Benzel EC. Subconcussive 
impact in sports: a new era of awareness. World 
Neurosurg. 75(2), 175–178 (2011).

12 Stern RA, Riley DO, Daneshvar DH, Nowinski CJ, Cantu 
RC, McKee AC. Long-term consequences of repetitive brain 
trauma: chronic traumatic encephalopathy. PMR 3(10 Suppl. 
2), S460–S467 (2011).

13 Cernak I, Wing ID, Davidsson J, Plantman S. A novel mouse 
model of penetrating brain injury. Front. Neurol. 5, 209 
(2014).

14 Kay T, Harrington DE, Adams R et al. Definition of mild 
traumatic brain injury. J. Head Trauma Rehabil. 8(3), 86–87 
(1993).

15 Abdul-Muneer PM, Chandra N, Haorah J. Interactions 
of oxidative stress and neurovascular inflammation in the 
pathogenesis of traumatic brain injury. Mol. Neurobiol. 51(3), 
966–979 (2015).

16 Beauchamp K, Mutlak H, Smith WR, Shohami E, Stahel PF. 
Pharmacology of traumatic brain injury: where is the “golden 
bullet”? Mol. Med. 14(11–12), 731–740 (2008).

17 Young LA, Rule GT, Bocchieri RT, Burns JM. Biophysical 
mechanisms of traumatic brain injuries. Semin. 
Neurol. 35(1), 5–11 (2015).

18 Post A, Hoshizaki TB. Mechanisms of brain impact injuries 
and their prediction: a review. Trauma 14(4), 327–349 
(2012).

19 Hardy WN, Khalil TB, King AI. Literature review of head 
injury biomechanics. Int J. Impact Eng. 15(4), 561–586 
(1994).

20 Meany DF, Smith DH, Shreiber DI et al. Biomechanical 
analysis of experimental diffuse axonal injury. J. 
Neurotrauma 12(4), 689–694 (1995).

21 Povlishock JT. Traumatically induced axonal injury: 
pathogenesis and pathobiological implications. Brain 
Pathol. 2(1), 1–12 (1992).

22 Povlishock JT, Becker DP, Cheng CLY, Vaughan GW. 
Axonal change in minor head injury. J. Neuropathol. Exp. 
Neurol. 42(3), 225–242 (1983).

23 Nakagawa A, Manley GT, Gean AD et al. Mechanisms of 
primary blast-induced traumatic brain injury: insights from 
shock-wave research. J. Neurotrauma 28(6), 1101–1119 
(2011).

24 Risling M, Plantman S, Angeria M et al. Mechanisms of 
blast induced brain injuries, experimental studies in rats. 
Neuroimage 54(Suppl. 1), S89–S97 (2011).

25 Desmoulin GT, Dionne JP. Blast-induced neurotrauma: 
surrogate use, loading mechanisms, and cellular responses. 
J. Trauma 67(5), 1113–1122 (2009).

26 Magnuson J, Leonessa F, Ling GS. Neuropathology of 
explosive blast traumatic brain injury. Curr. Neurol. Neurosci. 
Rep. 12(5), 570–579 (2012).

27 Cho HJ, Sajja VS, Vandevord PJ, Lee YW. Blast induces 
oxidative stress, inflammation, neuronal loss and subsequent 
short-term memory impairment in rats. Neuroscience 253, 
9–20 (2013).

28 Hue CD, Cao S, Haider SF et al. Blood-brain barrier 
dysfunction after primary blast injury in vitro. 
J. Neurotrauma 30(19), 1652–1663 (2013).

29 Kamnaksh A, Budde MD, Kovesdi E, Long JB, Frank 
JA, Agoston DV. Diffusion tensor imaging reveals acute 
subcortical changes after mild blast-induced traumatic brain 
injury. Sci. Rep. 4, 4809 (2014).

30 Yeoh S, Bell ED, Monson KL. Distribution of blood–brain 
barrier disruption in primary blast injury. Ann. Biomed. 
Eng. 41(10), 2206–2214 (2013).

31 Tompkins P, Tesiram Y, Lerner M et al. Brain injury: neuro-
inflammation, cognitive deficit, and magnetic resonance 
imaging in a model of blast induced traumatic brain injury. 
J. Neurotrauma 30(22), 1888–1897 (2013).

32 Corps KN, Roth TL, McGavern DB. Inflammation 
and neuroprotection in traumatic brain injury. JAMA 
Neurol. 72(3), 355–362 (2015).

33 Becher B, Prat A, Antel JP. Brain-immune connection: 
Immuno-regulatory properties of CNS-resident cells. 
Glia 29(4), 293–304 (2000).

34 Dardiotis E, Karanikas V, Paterakis K, Fountas K, 
Hadjigeorgiou GM. Traumatic brain injury and 
inflammation: emerging role of innate and adaptive 
immunity. In: Brain Injury – Pathogenesis, Monitoring, 
Recovery and Management. Agrawal A (Ed.). InTech, Rijeka, 
Croatia, 23–38 (2012).

35 Woiciechowsky C, Schöning B, Cobanov J, Lanksch WR, 
Volk HD, Döcke WD. Early IL-6 plasma concentrations 
correlate with severity of brain injury and pneumonia 
in brain-injured patients. J. Trauma 52(2), 339–345 
(2002).

36 Woodcock T, Morganti-Kossmann MC. The role of markers 
of inflammation in traumatic brain injury. Front. Neurol. 4, 
18 (2013).

37 Dinarello CA. Cytokines as endogenous pyrogens. J. Infect. 
Dis. 179(Suppl. 2), S294–S304 (1999).

38 Liu J, Marino MW, Wong G et al. TNF is a potent 
anti-inflammatory cytokine in autoimmune-mediated 
demyelination. Nat. Med. 4(1), 78–83 (1998).

39 Riva-Depaty I, Fardeau C, Mariani J, Bouchaud C, Delhaye-
Bouchaud N. Contribution of peripheral macrophages 
and microglia to the cellular reaction after mechanical 
or neurotoxin-induced lesions of the rat brain. Exp. 
Neurol. 128(1), 77–87 (1994).



www.futuremedicine.com 10.2217/cnc-2016-0022www.futuremedicine.com future science groupfuture science group

Pathological vascular & inflammatory biomarkers of acute- & chronic-phase traumatic brain injury    Review

future science group

40 Shohami E, Gallily R, Mechoulam R, Bass R, Ben-Hur T. 
Cytokine production in the brain following closed head 
injury: dexanabinol (HU-211) is a novel TNF-α inhibitor 
and an effective neuroprotectant. J. Neuroimmunol. 72(2), 
169–177 (1997).

41 Taupin V, Toulmond S, Serrano A, Benavides J, Zavala F. 
Increase in IL-6, IL-1 and TNF levels in rat brain following 
traumatic lesion: influence of pre-and post-traumatic 
treatment with Ro5 4864, a peripheral-type (p site) 
benzodiazepine ligand. J. Neuroimmunol. 42(2), 177–185 
(1993).

42 Shohami E, Novikov M, Bass R, Yamin A, Gallily R. Closed 
head injury triggers early production of TNFα and IL-6 
by brain tissue. J. Cereb. Blood Flow Metab. 14(4), 615–619 
(1994).

43 Fan L, Young PR, Barone FC, Feuerstein GZ, Smith DH, 
McIntosh TK. Experimental brain injury induces differential 
expression of tumor necrosis factor-α mRNA in the CNS. 
Mol. Brain Res. 36(2), 287–291 (1996).

44 Knoblach SM, Fan L, Faden AI. Early neuronal 
expression of tumor necrosis factor-α after experimental 
brain injury contributes to neurological impairment. 
J. Neuroimmunol. 95(1), 115–125 (1999).

45 Dalgard CL, Cole JT, Kean WS et al. The cytokine temporal 
profile in rat cortex after controlled cortical impact. Front 
Mol. Neurosci. 5(6), 6–11 (2012).

46 Stover JF, Schöning B, Beyer TF, Woiciechowsky C, 
Unterberg AW. Temporal profile of cerebrospinal fluid 
glutamate, interleukin-6, and tumor necrosis factor-α in 
relation to brain edema and contusion following controlled 
cortical impact injury in rats. Neurosci. Lett. 288(1), 25–28 
(2000).

47 Perez-Polo JR, Rea HC, Johnson KM et al. Inflammatory 
consequences in a rodent model of mild traumatic brain 
injury. J. Neurotrauma 30(9), 727–740 (2013).

48 Perez-Polo JR, Rea HC, Johnson KM et al. A rodent model 
of mild traumatic brain blast injury. J. Neurosci. Res. 93(4), 
549–561 (2015).

49 Singh K, Trivedi R, Devi MM, Tripathi RP, Khushu S. 
Longitudinal changes in the DTI measures, anti-GFAP 
expression and levels of serum inflammatory cytokines 
following mild traumatic brain injury. Exp. Neurol. 275, 
427–435 (2016).

50 Goodman JC, Robertson CS, Grossman RG, Narayan 
RK. Elevation of tumor necrosis factor in head injury. 
J. Neuroimmunol. 30(2), 213–217 (1990).

51 Liao Y, Liu P, Guo F, Zhang ZY, Zhang Z. Oxidative burst 
of circulating neutrophils following traumatic brain injury in 
human. PLoS ONE 8(7), e68963 (2013).

52 Ross SA, Halliday MI, Campbell GC, Byrnes DP, Rowlands 
BJ. The presence of tumour necrosis factor in CSF and 
plasma after severe head injury. Br. J. Neurosurg. 8(4), 
419–425 (1994).

53 Morganti-Kossmann MC, Lenzlinger P, Hans V et al. 
Production of cytokines following brain injury: beneficial 
and deleterious for the damaged tissue. Mol. Psychiatry 2, 
133–136 (1997).

54 Csuka E, Morganti-Kossmann MC, Lenzlinger PM, Joller 
H, Trentz O, Kossmann T. IL-10 levels in cerebrospinal fluid 
and serum of patients with severe traumatic brain injury: 
relationship to IL-6, TNF-α, TGF-β1 and blood–brain 
barrier function. J. Neuroimmunol. 101(2), 211–221 (1999).

55 Hayakata T, Shiozaki T, Tasaki O et al. Changes in CSF 
S100B and cytokine concentrations in early-phase severe 
traumatic brain injury. Shock 22(2), 102–107 (2004).

56 Frugier T, Morganti-Kossmann MC, O’Reilly D, McLean 
CA. In situ detection of inflammatory mediators in 
post mortem human brain tissue after traumatic injury. 
J. Neurotrauma 27(3), 497–507 (2010).

57 Crespo AR, Da Rocha AB, Jotz GP et al. Increased serum 
sFas and TNFα following isolated severe head injury in 
males. Brain Inj. 21(4), 441–447 (2007).

58 Shiozaki T, Hayakata T, Tasaki O et al. Cerebrospinal fluid 
concentrations of anti-inflammatory mediators in early-phase 
severe traumatic brain injury. Shock 23(5), 406–410 (2005).

59 Di Battista AP, Rhind SG, Hutchison MG et al. 
Inflammatory cytokine and chemokine profiles are associated 
with patient outcome and the hyperadrenergic state following 
acute brain injury. J. Neuroinflammation 13, 40 (2016).

60 Stein DM, Lindell A, Murdock KR et al. Relationship of 
serum and cerebrospinal fluid biomarkers with intracranial 
hypertension and cerebral hypoperfusion after severe 
traumatic brain injury. J. Trauma 70(5), 1096–1103 (2011).

61 Cheung R, Ravyn V, Wang L, Ptasznik A, Collman 
RG. Signaling mechanism of HIV-1 gp120 and virion-
induced IL-1β release in primary human macrophages. 
J. Immunol. 180(10), 6675–6684 (2008).

62 Desborough JP. The stress response to trauma and surgery. 
Br. J. Anaesth. 85(1), 109–117 (2000).

63 Quagliarello VJ, Wispelwey B, Long WJ Jr, Scheld W. 
Recombinant human interleukin-1 induces meningitis and 
blood-brain barrier injury in the rat. Characterization and 
comparison with tumor necrosis factor. J. Clin. Invest. 87(4), 
1360–1366 (1991).

64 Clausen F, Hånell A, Israelsson C et al. Neutralization of 
interleukin-1β reduces cerebral edema and tissue loss and 
improves late cognitive outcome following traumatic brain 
injury in mice. Eur. J. Neurosci. 34(1), 110–123 (2011).

65 Hodge DR, Hurt EM, Farrar WL. The role of IL-6 and 
STAT3 in inflammation and cancer. Eur. J. Cancer 41(16), 
2502–2512 (2005).

66 Blum-Degena D, Müller T, Kuhn W, Gerlach M, Przuntek 
H, Riederer P. Interleukin-1β and interleukin-6 are elevated 
in the cerebrospinal fluid of Alzheimer’s and de novo 
Parkinson’s disease patients. Neurosci. Lett. 202(1), 17–20 
(1995).

67 Heppner FL, Ransohoff RM, Becher B. Immune attack: 
the role of inflammation in Alzheimer disease. Nat. Rev. 
Neurosci. 16(6), 358–372 (2015).

68 Clark RS, Kockanek PM, Chen M et al. Increases in Bcl-2 
and cleavage of caspase-1 and caspase-3 in human brain after 
head injury. FASEB J. 13(8), 813–821 (1999).

69 Kossmann T, Hans V, Imhof HG, Trentz O, Morganti-
Kossmann MC. Interleukin-6 released in human 



10.2217/cnc-2016-0022 future science groupfuture science group

Review    Werhane, Evangelista, Clark et al.

Concussion (2017) 2(1)

cerebrospinal fluid following traumatic brain injury may 
trigger nerve growth factor production in astrocytes. Brain 
Res. 713(1), 143–152 (1996).

70 Kossmann T, Stahel PF, Lenzlinger PM et al. Interleukin-8 
released into the cerebrospinal fluid after brain injury is 
associated with blood–brain barrier dysfunction and nerve 
growth factor production. J. Cereb. Blood Flow Metab. 17(3), 
280–289 (1997).

71 Hergenroeder GW, Moore AN, McCoy JP et al. Serum 
IL-6: a candidate biomarker for intracranial pressure 
elevation following isolated traumatic brain injury. 
J. Neuroinflammation 7, 19 (2010).

72 Singhal A, Baker AJ, Hare GM, Reinders FX, Schlichter 
LC, Moulton RJ. Association between cerebrospinal fluid 
interleukin-6 concentrations and outcome after severe 
human traumatic brain injury. J. Neurotrauma 19(8), 
929–937 (2002).

73 Buttram SD, Wisniewski SR, Jackson EK et al. Multiplex 
assessment of cytokine and chemokine levels in cerebrospinal 
fluid following severe pediatric traumatic brain injury: effects 
of moderate hypothermia. J. Neurotrauma 24(11), 1707–1718 
(2007).

74 Chiaretti A, Genovese O, Aloe L et al. Interleukin 1β and 
interleukin 6 relationship with pediatric head trauma severity 
and outcome. Childs Nerv. Syst. 21(3), 185–193 (2005).

75 Tasçı A, Okay Ö, Gezici AR, Ergün R, Ergüngör F. 
Prognostic value of interleukin-1 beta levels after acute brain 
injury. Neurol. Res. 25(8), 871–874 (2003).

76 Kumar RG, Boles JA, Wagner AK. Chronic inflammation 
after severe traumatic brain injury: characterization and 
associations with outcome at 6 and 12 months postinjury. 
J. Head Trauma Rehabil. 30(6), 369–381 (2015).

77 Lee JH, Wei L, Gu X, Wei Z, Dix TA, Yu SP. Therapeutic 
effects of pharmacologically induced hypothermia against 
traumatic brain injury in mice. J. Neurotrauma 31(16), 
1417–1430 (2014).

78 Campbell IL, Abraham CR, Masliah E et al. Neurologic 
disease induced in transgenic mice by cerebral overexpression 
of interleukin 6. Proc. Natl Acad. Sci. USA 90(21), 10061–
10065 (1993).

79 Gadient RA, Otten U. Identification of interleukin-6 (IL-6)-
expressing neurons in the cerebellum and hippocampus 
of normal adult rats. Neurosci. Lett. 182(2), 243–246 
(1994).

80 Ringheim GE, Burgher KL, Heroux JA. Interleukin-6 
mRNA expression by cortical neurons in culture: evidence 
for neuronal sources of interleukin-6 production in the brain. 
J. Neuroimmunol. 63(2), 113–123 (1995).

81 Sebire G, Emilie D, Wallon C et al. In vitro production of 
IL-6, IL-1 beta, and tumor necrosis factor-alpha by human 
embryonic microglial and neural cells. J. Immunol. 150(4), 
1517–1523 (1993).

82 Woodroofe MN, Sarna GS, Wadhwa M et al. Detection 
of interleukin-1 and interleukin-6 in adult rat brain, 
following mechanical injury, by in vivo microdialysis: 
evidence of a role for microglia in cytokine production. 
J. Neuroimmunol. 33(3), 227–236 (1991).

83 Penkowa M, Giralt M, Carrasco J, Hadberg H, Hidalgo J. 
Impaired inflammatory response and increased oxidative 
stress and neurodegeneration after brain injury in 
interleukin-6-deficient mice. Glia 32(3), 271–285 (2000).

84 Penkowa M, Camats J, Hadberg H et al. Astrocyte-
targeted expression of interleukin-6 protects the central 
nervous system during neuroglial degeneration induced 
by 6-aminonicotinamide. J. Neurosci. Res. 73(4), 481–496 
(2003).

85 Cao Z, Gao Y, Bryson JB et al. The cytokine 
interleukin-6 is sufficient but not necessary to mimic the 
peripheral conditioning lesion effect on axonal growth. 
J. Neuroscience 26(20), 5565–5573 (2006).

86 Garbers C, Jänner N, Chalaris A et al. Species specificity of 
ADAM10 and ADAM17 proteins in interleukin-6 (IL-6) 
trans-signaling and novel role of ADAM10 in inducible IL-6 
receptor shedding. J. Biol. Chem. 286(17), 14804–14811 
(2011).

87 Maggio M, Guralnik JM, Longo DL, Ferrucci L. 
Interleukin-6 in aging and chronic disease: a magnificent 
pathway. J. Gerontol. A Biol. Sci. Med. Sci. 61(6), 575–584 
(2006).

88 Romano M, Sironi M, Toniatti C et al. Role of IL-6 and its 
soluble receptor in induction of chemokines and leukocyte 
recruitment. Immunity 6(3), 315–325 (1997).

89 Cacquevel M, Lebeurrier N, Chéenne S, Vivien D. Cytokines 
in neuroinflammation and Alzheimer’s disease. Curr. Drug 
Targets 5(6), 529–534 (2004).

90 Hampel H, Teipel SJ, Padberg F et al. Discriminant power 
of combined cerebrospinal fluid Τ protein and of the 
soluble interleukin-6 receptor complex in the diagnosis of 
Alzheimer’s disease. Brain Res. 823(1–2), 104–112 (1999).

91 Maegele M, Sauerland S, Bouillon B et al. Differential 
immunoresponses following experimental traumatic brain 
injury, bone fracture and “two-hit”-combined neurotrauma. 
Inflamm. Res. 56(8), 318–323 (2007).

92 Kumar RG, Diamond ML, Boles JA et al. Acute CSF 
interleukin-6 trajectories after TBI: associations with 
neuroinflammation, polytrauma, and outcome. Brain Behav. 
Immun. 45, 253–262 (2015).

93 Hillman J, Aneman O, Persson M, Andersson C, Dabrosin 
C, Mellergård P. Variations in the response of interleukins 
in neurosurgical intensive care patients monitored using 
intracerebral microdialysis. J. Neurosurg. 106(5), 820–825 
(2007).

94 Winter CD, Pringle AK, Clough GF, Church MK. Raised 
parenchymal interleukin-6 levels correlate with improved 
outcome after traumatic brain injury. Brain 127(2), 315–320 
(2004).

95 Miñambres E, Cemborain A, Sánchez-Velasco P et al. 
Correlation between transcranial interleukin-6 gradient 
and outcome in patients with acute brain injury. Crit. Care 
Med. 31(3), 933–938 (2003).

96 Ferreira LCB, Regner A, Miotto KDL et al. Increased levels 
of interleukin-6,-8 and-10 are associated with fatal outcome 
following severe traumatic brain injury. Brain Inj. 28(10), 
1311–1316 (2014).



www.futuremedicine.com 10.2217/cnc-2016-0022www.futuremedicine.com future science groupfuture science group

Pathological vascular & inflammatory biomarkers of acute- & chronic-phase traumatic brain injury    Review

future science group

97 Kalabalikis P, Papazoglou K, Gouriotis D et al. Correlation 
between serum IL-6 and CRP levels and severity of head 
injury in children. Intensive Care Med. 25(3), 288–292 
(1999).

98 Yousefzadeh-Chabok S, Moghaddam AD, Kazemnejad-Leili 
E et al. The relationship between serum levels of interleukins 
6, 8, 10 and clinical outcome in patients with severe traumatic 
brain injury. Arch. Trauma Res. 4(1), e18357 (2015).

99 Agay D, Andriollo-Sanchez M, Claeyssen R et al. 
Interleukin-6, TNF-alpha and interleukin-1 beta levels 
in blood and tissue in severely burned rats. Eur. Cytokine 
Netw. 19(1), 1–7 (2008).

100 Banks WA, Kastin AJ, Gutierrez EG. Penetration of 
interleukin-6 across the murine blood-brain barrier. Neurosci. 
Lett. 179(1), 53–56 (1994).

101 Threlkeld SW, Lynch JL, Lynch KM, Sadowska GB, Banks 
WA, Stonestreet BS. Ovine proinflammatory cytokines 
cross the murine blood-brain barrier by a common saturable 
transport mechanism. Neuroimmunomodulation 17(6), 
405–410 (2010).

102 Aloisi F, Care A, Borsellino G. Production of 
hemolymphopoietic cytokines (IL-6, IL-8, colony-
stimulating factors) by normal human astrocytes in 
response to IL-1 beta and tumor necrosis factor-alpha. 
J. Immunol. 149(7), 2358–2366 (1992).

103 Nitta T, Allegretta M, Okumura K, Sato K, Steinman 
L. Neoplastic and reactive human astrocytes express 
interleukin-8 gene. Neurosurg. Rev. 15(3), 203–207 (1992).

104 Zhang L, Li HY, Li H et al. Lipopolysaccharide activated 
phosphatidylcholine-specific phospholipase C and induced 
IL-8 and MCP-1 production in vascular endothelial cells. 
J. Cell. Physiol. 226(6), 1694–1701 (2011).

105 Kasahara T, Mukaida N, Yamashita K, Yagisawa H, 
Akahoshi T, Matsushima K. IL-1 and TNF-alpha induction 
of IL-8 and monocyte chemotactic and activating factor 
(MCAF) mRNA expression in a human astrocytoma cell 
line. Immunology 74(1), 60–67 (1991).

106 Bickel M. The role of interleukin-8 in inflammation and 
mechanisms of regulation. J. Periodontol. 64(Suppl. 5), 
456–460 (1993).

107 Semple BD, Bye N, Rancan M, Ziebell JM, Morganti-
Kossmann MC. Role of CCL2 (MCP-1) in traumatic 
brain injury (TBI): evidence from severe TBI patients and 
CCL2−/− mice. J. Cereb. Blood Flow Metab. 30(4), 769–782 
(2010).

108 Apostolakis S, Vogiatzi K, Amanatidou V, Spandidos 
DA. Interleukin 8 and cardiovascular disease. Cardiovasc. 
Res. 84(3), 353–360 (2009).

109 Koch AE, Polverini PJ, Kunkel SL et al. Interleukin-8 as a 
macrophage-derived mediator of angiogenesis. Science 258, 
1798–1798 (1992).

110 Kushi H, Saito T, Makino K, Hayashi N. L-8 is a key 
mediator of neuroinflammation in severe traumatic brain 
injuries. Acta Neurochir. Suppl. 86, 347–350 (2003).

111 Whalen MJ, Carlos TM, Kochanek PM et al. Interleukin-8 is 
increased in cerebrospinal fluid of children with severe head 
injury. Crit. Care Med. 28(4), 929–934 (2000).

112 Mussack T, Biberthaler P, Kanz KG et al. Serum S-100B 
and interleukin-8 as predictive markers for comparative 
neurologic outcome analysis of patients after cardiac arrest 
and severe traumatic brain injury. Crit. Care Med. 30(12), 
2669–2674 (2002).

113 Gopcevic A, Mazul-Sunko B, Marout J et al. Plasma 
interleukin-8 as a potential predictor of mortality in adult 
patients with severe traumatic brain injury. Tohoku J. Exp. 
Med. 211(4), 387–393 (2007).

114 Morganti-Kossmann MC, Rancan M, Stahel PF, Kossmann 
T. Inflammatory response in acute traumatic brain injury: a 
double-edged sword. Curr. Opin. Crit. Care 8(2), 101–105 
(2002).

115 Murray KN, Parry-Jones AR, Allan SM. Interleukin-1 and 
acute brain injury. Front. Cell. Neurosci. 9, 18 (2015).

116 Chen X, Duan XS, Xu LJ et al. Interleukin-10 mediates the 
neuroprotection of hyperbaric oxygen therapy against traumatic 
brain injury in mice. Neuroscience 266, 235–243 (2014).

117 Cunha FQ, Mohcada S, Liew FY. Interleukin-10 (IL-
10) inhibits the induction of nitric oxide synthase by 
interferon-γ in murine macrophages. Biochem. Biophys. Res. 
Commun. 182(3), 1155–1159 (1992).

118 Frei K, Lins H, Fontana A. Production and function of 
IL-10 in the central nervous system. Schweiz. Arch. Neurol. 
Psychiatr. 145(3), 30–31 (1993).

119 Lacki JK, Klama K, Porawska W, Mackiewicz SH, Müller 
W, Wiktorowicz K. Interleukin 10 inhibits interleukin 6 
production and acute phase response in rheumatoid arthritis. 
Arch. Immunol. Ther. Exp. 43(1), 11–14 (1994).

120 Scott MJ, Hoth JJ, Turina M, Woods DR, Cheadle 
WG. Interleukin-10 suppresses natural killer cell but not 
natural killer T cell activation during bacterial infection. 
Cytokine 33(2), 79–86 (2006).

121 Seitz M, Loetscher P, Dewald B et al. Interleukin-10 
differentially regulates cytokine inhibitor and chemokine 
release from blood mononuclear cells and fibroblasts. Eur. J. 
Immunol. 25(4), 1129–1132 (1995).

122 Maier B, Schwerdtfeger K, Mautes A et al. Differential 
release of interleukines 6, 8, and 10 in cerebrospinal fluid and 
plasma after traumatic brain injury. Shock 15(6), 421–426 
(2001).

123 Bell MJ, Kochanek PM, Doughty LA et al. Interleukin-6 and 
interleukin-10 in cerebrospinal fluid after severe traumatic 
brain injury in children. J. Neurotrauma 14(7), 451–457 
(1997).

124 Kirchhoff C, Buhmann S, Bogner V et al. Cerebrospinal 
IL-10 concentration is elevated in non-survivors as compared 
with survivors after severe traumatic brain injury. Eur. J. 
Med. Res. 13(10), 464–468 (2008).

125 Schneider Soares FM, Menezes de Souza N, Libório 
Schwarzbold M et al. Interleukin-10 is an independent 
biomarker of severe traumatic brain injury prognosis. 
Neuroimmunomodulation 19(6), 377–385 (2012).

126 Knoblach SM, Faden AI. Interleukin-10 improves outcome 
and alters proinflammatory cytokine expression after 
experimental traumatic brain injury. Exp. Neurol. 153(1), 
143–151 (1998).



10.2217/cnc-2016-0022 future science groupfuture science group

Review    Werhane, Evangelista, Clark et al.

Concussion (2017) 2(1)

127 Balasingam V, Yong VW. Attenuation of astroglial 
reactivity by interleukin-10. J. Neuroscience 16(9), 2945–
2955 (1996).

128 Bennett ER, Reuter-Rice K, Laskowitz DT. Genetic 
influences in traumatic brain injury. In: Translational 
Research in Traumatic Brain Injury. Laskowitz D, Grant 
G (Eds). CRC Press/Taylor and Francis Group, FL, USA 
(2016).

129 Guo L, LaDu MJ, Van Eldik LJ. A dual role for 
apolipoprotein E in neuroinflammation. J. Mol. 
Neurosci. 23(3), 205–212 (2004).

130 Hayashi H, Campenot RB, Vance DE, Vance JE. Glial 
lipoproteins stimulate axon growth of central nervous system 
neurons in compartmented cultures. J. Biol. Chem. 279(14), 
14009–14015 (2004).

131 Mauch DH, Nägler K, Schumacher S et al. CNS 
synaptogenesis promoted by glia-derived cholesterol. 
Science 294(5545), 1354–1357 (2001).

132 Corder EH, Saunders AM, Strittmatter WJ et al. Gene dose 
of apolipoprotein E type 4 allele and the risk of Alzheimer’s 
disease in late onset families. Science 261(5123), 921–923 
(1993).

133 Liu CC, Kanekiyo T, Xu H, Bu G. Apolipoprotein E and 
Alzheimer disease: risk, mechanisms and therapy. Nat. Rev. 
Neurol. 9(2), 106–118 (2013).

134 Cash JG, Kuhel DG, Basford JE et al. Apolipoprotein E4 
impairs macrophage efferocytosis and potentiates apoptosis 
by accelerating endoplasmic reticulum stress. J. Biol. 
Chem. 287(33), 27876–27884 (2012).

135 Tai LM, Ghura S, Koster KP et al. APOE-modulated 
Aβ-induced neuroinflammation in Alzheimer’s disease: 
current landscape, novel data, and future perspective. 
J. Neurochem. 133(4), 465–488 (2015).

136 Bennett RE, Esparza TJ, Lewis HA et al. Human 
apolipoprotein E4 worsens acute axonal pathology but not 
amyloid-β immunoreactivity after traumatic brain injury 
in 3xTG-AD mice. J. Neuropathol. Exp. Neurol. 72(5), 
396–403 (2013).

137 Abdul-Muneer PM, Schuetz H, Wang F et al. Induction of 
oxidative and nitrosative damage leads to cerebrovascular 
inflammation in an animal model of mild traumatic brain 
injury induced by primary blast. Free Radic. Biol. Med. 60, 
282–291 (2013).

138 Das M, Mohapatra S, Mohapatra SS. New perspectives on 
central and peripheral immune responses to acute traumatic 
brain injury. J. Neuroinflammation 9, 236 (2012).

139 Hanrahan F, Campbell M. Neuroinflammation. In: 
Translational Research in Traumatic Brain Injury. Laskowitz 
D, Grant G (Eds). CRC Press/Taylor and Francis Group, FL, 
USA (2016).

140 Griffin GD. The injured brain: TBI, mTBI, the immune 
system, and infection: connecting the dots. Mil. 
Med. 176(4), 364–368 (2011).

141 Alata W, Ye Y, St-Amour I, Vandal M, Calon F. 
Human apolipoprotein E ε4 expression impairs cerebral 
vascularization and blood–brain barrier function in mice. 
J. Cereb. Blood Flow Metab. 35(1), 86–94 (2015).

142 Bath KG, Lee FS. Variant BDNF (Val66Met) impact 
on brain structure and function. Cogn. Af2ect Behav. 
Neurosci. 6(1), 79–85 (2006).

143 Lu P, Jones LL, Tuszynski MH. BDNF-expressing marrow 
stromal cells support extensive axonal growth at sites of 
spinal cord injury. Exp. Neurol. 191(2), 344–360 (2005).

144 Binder DK, Scharfman HE. Brain-derived neurotrophic 
factor. Growth Factors 22(3), 123–131 (2004).

145 Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal 
development and function. Annu. Rev. Neurosci. 24, 677–736 
(2001).

146 McAllister AK, Lo DC, Katz LC. Neurotrophins regulate 
dendritic growth in developing visual cortex. Neuron 15(4), 
791–803 (1995).

147 Minichiello L. TrkB signalling pathways in LTP and 
learning. Nat. Rev. Neurosci. 10(12), 850–860 (2009).

148 Berger W, Mehra A, Lenoci M et al. Serum brain-
derived neurotrophic factor predicts responses to 
escitalopram in chronic posttraumatic stress disorder. Prog. 
Neuropsychopharmacol. Biol. Psychiatry 34(7), 1279–1284 
(2010).

149 Dell’Osso L, Carmassi C, Del Debbio A et al. Brain-derived 
neurotrophic factor plasma levels in patients suffering from 
post-traumatic stress disorder. Prog. Neuropsychopharmacol. 
Biol. Psychiatry 33(5), 899–902 (2009).

150 Hauck S, Kapczinski F, Roesler R et al. Serum brain-derived 
neurotrophic factor in patients with trauma psychopathology. 
Prog. Neuropsychopharmacol. Biol. Psychiatry 34(3), 459–462 
(2010).

151 Post RM. Role of BDNF in bipolar and unipolar disorder: 
clinical and theoretical implications. J. Psychiatr. Res. 41(12), 
979–990 (2007).

152 Zhang L, Benedek DM, Fullerton CS et al. PTSD risk is 
associated with BDNF Val66Met and BDNF overexpression. 
Mol. Psychiatry 19(1), 8–10 (2014).

153 Zhang XY, Tan YL, Tan S et al. BDNF polymorphisms 
are associated with cognitive performance in schizophrenia 
patients versus healthy controls. J. Clin. Psychiatry 77(8), 
e1011–e1018 (2016).

154 Shimizu E, Hashimoto K, Iyo M. Ethnic difference of the 
BDNF 196G/A (val66met) polymorphism frequencies: the 
possibility to explain ethnic mental traits. Am. J. Med. Genet. 
B. Neuropsychiatr. Genet. 126B(1), 122–123 (2004).

155 Chen ZY, Patel PD, Sant G et al. Variant brain-derived 
neurotrophic factor (BDNF) (Met66) alters the intracellular 
trafficking and activity-dependent secretion of wild-
type BDNF in neurosecretory cells and cortical neurons. 
J. Neuroscience 24(18), 4401–4411 (2004).

156 Egan MF, Kojima M, Callicott JH et al. The BDNF 
val66met polymorphism affects activity-dependent secretion 
of BDNF and human memory and hippocampal function. 
Cell 112(2), 257–269 (2003).

157 Bagnato S, Minafra L, Bravata V et al. Brain-derived 
neurotrophic factor (Val66Met) polymorphism does 
not influence recovery from a post-traumatic vegetative 
state: a blinded retrospective multi-centric study. 
J. Neurotrauma 29(11), 2050–2059 (2012).



www.futuremedicine.com 10.2217/cnc-2016-0022www.futuremedicine.com future science groupfuture science group

Pathological vascular & inflammatory biomarkers of acute- & chronic-phase traumatic brain injury    Review

future science group

158 Krueger F, Pardini M, Huey ED et al. The role of the Met66 
brain-derived neurotrophic factor allele in the recovery of 
executive functioning after combat-related traumatic brain 
injury. J. Neuroscience 31(2), 598–606 (2011).

159 Rostami E, Krueger F, Zoubak S et al. BDNF polymorphism 
predicts general intelligence after penetrating traumatic brain 
injury. PLoS ONE 6(11), e27389 (2011).

160 Barbey AK, Colom R, Paul E et al. Preservation of general 
intelligence following traumatic brain injury: contributions 
of the Met66 brain-derived neurotrophic factor. PLoS 
ONE 9(2), e88733 (2014).

161 Failla MD, Kumar RG, Peitzman AB, Conley YP, Ferrell 
RE, Wagner AK. Variation in the BDNF gene interacts 
with age to predict mortality in a prospective, longitudinal 
cohort with severe TBI. Neurorehabil. Neural Repair 29(3), 
234–246 (2015).

162 McAllister TW, Tyler AL, Flashman LA et al. 
Polymorphisms in the brain-derived neurotrophic 
factor gene influence memory and processing speed one 
month after brain injury. J. Neurotrauma 29(6), 1111–1118 
(2012).


