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Abstract: Despite the high mortality and disability associated with traumatic brain injury (TBI), effective pharmaco-
logic treatments are lacking. Of emerging interest, bioactive lipids, including specialized pro-resolving lipid media-
tors of inflammation (SPMs), act to attenuate inflammation after injury resolution. The SPM lipidome may serve as a
biomarker of disease and predictor of clinical outcomes, and the use of exogenous SPM administration represents a
novel therapeutic strategy for TBI. This review article provides a comprehensive discussion of the current pre-clinical
and clinical literature supporting the importance of bioactive lipids, including SPMs, in TBI recovery. We additionally
propose a translational approach to answer important clinical and scientific questions to advance the study of bio-
active lipids and SPMs towards clinical research. Given the morbidity and mortality associated with TBI with limited

treatment options, novel approaches are needed.
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Introduction

Traumatic brain injury (TBI) affects all age, eth-
nic and socioeconomic groups and is associat-
ed with high morbidity and mortality [1]. In sur-
vivors, chronic physical, cognitive, and mental
health impairments are common. Despite its
negative impact, there are no proven effective
pharmacologic therapies that improve out-
comes in mild, moderate, or severe TBI. Pri-
mary injury occurs at the time of impact or
acceleration-deceleration and results in macro
and microscopic injury to axons, brain paren-
chyma, and vasculature. The second phase of
injury can occur immediately or be delayed for
hours or days. It is characterized by ischemia,
excitotoxicity, metabolic dysfunction, blood-
brain barrier (BBB) breakdown, and subsequ-
ent cerebral edema [2]. Given the chronic ef-
fects and poor outcomes associated with TBI
pathophysiology, novel therapeutic targets are
needed to limit secondary brain injury.

Neuroinflammation as a mediator of second-
ary brain injury

Neuroinflammation is an important contributor
to secondary cell death after TBI [3]. This is
mediated by phenotypically activated microglia
early after brain injury, which can persist for
months [4, 5]. Activated microglia release large
amounts of pro-inflammatory signaling proteins
that include tumor necrosis factor-a (TNF-o),
interleukin (IL)-1B3, and IL-6 [6, 7]. After the pri-
mary TBIl, a cascade of inflammatory events
including further upregulation of pro-inflamma-
tory mediators (e.g. cytokines, chemokines,
and bioactive lipids) and matrix metalloprotein-
ases (MMPs) target extracellular matrix pro-
teins leading to BBB degradation. Pro-inflam-
matory signaling also results in recruitment of
inflammatory cells, reduced integrity of tight
junctions [8-10], upregulation of aquaporin-4
receptors [11], and oxidative injury secondary
to mitochondrial dysfunction [12] that contrib-
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Figure 1. Conceptual schematic of the neuroinflam-
matory cascade promoting secondary brain injury.

ute to BBB permeability. Beyond promoting
cerebral edema formation, neuroinflammation
promotes secondary brain injury through
metabolic crisis, mitochondrial dysfunction
[13], alterations in central nervous system
(CNS) glymphatics and lymphatics [14, 15],
increased pro-apoptotic signaling [16, 17], and
microthrombosis formation and coagulopathy,
leading to ischemia [18-20] (Figure 1).

Endogenous specialized pro-resolving lipid me-
diators of inflammation

While pro-inflammatory responses are well-
established, less is known about the down-
regulation of inflammation after injury resolu-
tion. There is growing interest in the role of
bioactive lipids in attenuating secondary brain
injury. These endogenous lipids regulate cell
growth, adhesion, migration, signaling, and
death [21]. There is a diversity of bioactive lip-
ids with pro-inflammatory or inflammatory-
resolving functions. Those that downregulate
inflammation represent a specific family call-
ed specialized pro-resolving lipid mediators
(SPMs). This family of bioactive lipids has
diverse biological activities, which include the
ability to attenuate neuroinflammation and cell
death in several neurologic diseases such as
epilepsy [22], Alzheimer’s disease (AD) [23],
subarachnoid hemorrhage [24], and ischemic
stroke [25].

The most characterized SPMs include resolvins
(e.g. RvD1, RvE1l) and their aspirin-triggered
stereoisomers (AT-RvD1, AT-RvE1), protectins
(e.g. NPD1), maresins, and lipoxins (LXs).
Derived from the metabolism of omega-3 and
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omega-6 fatty acid (FA) precursors, SPMs miti-
gate neurologic injury by acting as a molecular
“stop signal” for neuroinflammation. At the inju-
ry site, SPMs promote killing and clearance of
pathogens, reduce leukocyte infiltration, and
stimulate macrophage-mediated efferocytosis
of cellular debris and apoptotic-sequestered
neutrophils. They also inhibit the expression of
pro-inflammatory cytokines and chemokines
while upregulating anti-inflammatory mediators
[21]. However, despite what is known, their
effect on TBI pathogenesis and recovery is not
fully elucidated. In this review, we aim to sum-
marize results from the literature supporting
the use of SPMs as a novel therapeutic in TBI,
identify remaining gaps in our knowledge, and
provide a translational approach towards fur-
ther research to improve outcomes in patients
inflicted by TBI.

Role of specialized pro-resolving lipid media-
tors in traumatic brain injury

Rodent models of traumatic brain injury

Pre-clinical research investigating the use of
pro-resolving lipid mediators of inflammation
has been promising. Early studies in rodent
models demonstrated that dietary supplemen-
tation of anti-inflammatory polyunsaturated
fatty acids (PUFAs) prior to TBI reduced down-
stream effects of neuroinflammation. Pre-
injury treatment in rats with dietary omega-3
PUFAS for 4 weeks prior to fluid percussion
injury suggested reduced oxidative stress, de-
creased markers of abnormal cellular metabo-
lism, and improved spatial learning [26, 27]. In
a rat impact acceleration model, Mills et al.
also demonstrated that high-dose docosa-
hexaenoic acid (DHA) supplementation prior to
TBI was associated with reductions in CD-68+
cells and caspase-3 levels one week after inju-
ry, suggesting a neuroprotective effect against
inflammatory cell recruitment and pro-apoptot-
ic signaling [28].

Post-injury dietary supplementation of PUFAs
also ameliorated cellular markers of secondary
brain injury. In an impact acceleration injury
model, rats given DHA for 30 days following TBI
exhibited a dose-dependent decrease in axons
positive for amyloid precursor protein [29].
Similarly, rats supplemented with an omega-3
FA preparation of eicosapentaenoic acid (EPA)
and DHA in a post-injury model demonstrated
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decreased expression of pro-apoptotic cas-
pase-3 [30]. Administered for 7-days after TBI,
fish oil containing EPA and DHA in rats was
associated with increased dopamine release,
with a suggested beneficial effect on short and
long-term cognitive and motor recovery [31].

Apart from dietary supplementation, parenteral
SPM delivery has also demonstrated benefits.
Luo et al. investigated the use of LXA4 in a
mouse model of TBI using a weight-drop im-
pact method. A single dose of intrathecal (IT)
drug given 10 minutes after TBI was associat-
ed with reductions in BBB permeability, brain
water content, and pro-inflammatory cytokines
TNF-¢, IL-1B, and IL-6 at 6 H post-injury [32].
In a series of experiments by Chen et al. in a
weight drop rat model, post-injury intraperito-
neal (IP) administration of omega-3 FA for 7
days reduced inflammatory markers, including
microglial activation and HMGB1 expression,
and was associated with decreased neuronal
apoptosis [33-35]. In a rat hemicerebellectomy
model of focal injury, IP RvD1 promoted motor-
behavioral recovery attributed to the expres-
sion of ALX/FPR2 receptor-regulated microR-
NAs [36]. Similarly, in adult mice treated with
RVE1 or AT-RvD1 given IP for 7 days beginning
3 days before TBI, AT-RvD1 alone mitigated
motor and cognitive deficits while RvE1 differ-
entially showed reductions in activated microg-
lia [37]. More recently, in a proof-of-concept
study, single-dose intralesional administration
of neuroprotection D1 (NPD1) given to rats
after penetrating TBI was able to reduce lesion
size at 72 h. No differences were detected in
markers for inflammation, immune cells, or
neuronal degeneration, suggesting that treat-
ment induced a local biologic effect [38].

A summary of rodent studies is shown in Table
1. These data support the administration of
SPMs or their precursors to mitigate secondary
brain injury associated with TBI. Unfortunately,
study design and disease models differ, and
thus specific pathways important for these out-
comes have not been clearly delineated yet.
Further studies are necessary to fully under-
stand the biochemical pathways associated
with morbidity and the mechanistic role of bio-
active lipids and SPMS after TBI induction. The
use of these bioactive lipids has a variety
of beneficial effects which is only partially
explained by their anti-inflammatory activity.
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Human experiences in acute brain injury

Reports on the impact of bioactive lipids in
human patients after brain injury are limited
(Table 2). Based on case reports and one case
series, positive neurologic outcomes after acu-
te brain injury have been partially attributed to
therapy with large amounts of omega-3 FAs
[39-41]. Dietary supplementation of PUFAs is
considered a low-risk intervention, with future
clinical trials being considered [41]. To our
knowledge, no controlled randomized clinical
trial has yet investigated the use of parenteral
PUFA or SPM after TBI in human subjects. En-
teral feeding formulations containing omega-3
FAs have found use in some intensive care
units, but this is not widely implemented in clin-
ical practice.

Bioactive lipids as an ideal biomarker and
therapeutic candidate

Use as a biomarker of disease: Neuroinflam-
mation plays a central role in mediating sec-
ondary brain injury after TBI; thus, the ability to
modulate CNS inflammation may be an effec-
tive therapeutic approach. Several anti-inflam-
matory drugs have been studied in animal
models of TBI (as recently reviewed by Bergold
[42]); however, none have translated to wide-
spread clinical use. Classes of drugs most
extensively studied include corticosteroids,
non-steroidal anti-inflammatory drugs, TNF-a
and IL cytokine inhibitors, and HMG-CoA
reductase inhibitors. Prior negative drug trials
do not diminish the unique characteristics of
bioactive lipids as an ideal biomarker of dis-
ease and therapeutic candidate.

Early studies, including those by Bazan et al.
[43-45], demonstrated that FA precursors of
SPMs are altered and can be reliably measured
after brain injury. With the advent of validated
high-performance liquid chromatography cou-
pled with mass spectrometry (HPLC-MS), the
lipidome can be rapidly and accurately charac-
terized. Using HPLC-MS, endogenous lipids can
be precisely identified and quantified, poten-
tially serving as biomarkers. In a pilot study,
Pilitsis et al. showed that free FA concentra-
tions of AA and DHA are higher in cerebrospinal
fluid (CSF) acutely after TBI compared to con-
trols with chronic neurologic disease, with high-
er levels of AA correlated with TBI severity and
worse clinical outcomes [46]. The proportional
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Administered

Treatment

. Model Treatment Start Dose and Frequency . Route  Outcomes
Lipid Duration
Resolvins [36] Midline fluid percussion; 3 days pre-injury RVE1 100 ng daily; 7 days IP AT-RvD1 treatment associated with improved motor
mouse AT-RvD1 100 ng daily and cognitive scores. RVE1 treatment associated with reduced
Iba-1+ microglia in cortical regions
Resolvins [35] Hemicerebellectomy; rat Immediately post-injury RVD1 0.4 pg/kg Days O, 3,5, 7 IP Reduced activated Iba-1+ microglia and GFAP+ astrocytes
ALX/FPR, 50 ug/kg Day 3 IT
LXA4 [31] Weight drop; mouse 10 min post-injury LXA4 (0.3 nM) Single Dose IT Decreases inflammatory cytokines TNF-q, IL-1B, IL-6, decreased
BBB permeability and brain edema
DHA [28] Impact acceleration; rat 24 h post-injury 10 mg/kg/d or 40 mg/kg/d 30 days PO Decreased APP axons
EPA and DHA [29] Impact acceleration; rat 24 h post-injury 10 mg/kg/d or 40 mg/kg/d 30 days PO Decreased APP, reduced caspase-3 expression
Omega-3 FA [25] Fluid percussion; rat 4 weeks pre-injury 8% fish oil (12.4% DHA and 5 weeks PO Reduced oxidative stress, increased BDNF levels, improved
13.5% EPA) spatial learning
Omega-3 FA [26] Fluid percussion; rat 4 week pre-injury 8% fish oil (12.4% DHA and 1, 7, or 14 days PO Reduced Sir2 expression, reduced oxidative stress, increased
13.5% EPA) AMPK
Omega-3 FA [30] Controlled cortical impact; rat 6 min post-injury 1.5 mL/d 7 days PO Reduced dopamine release
Omega-3 FA [32, 33] Weight drop; rat 30 min post-injury 2 ml/kg 7 days IP Reduced microglial activation, reduced HMGB1 expression and
acetylation
Omega-3 FA [34] Weight drop; rat 30 min post-injury 2 ml/kg 7 days 1P Increased SIRT1 expression, reduced apoptotic neurons
NPD1 [37] Focal penetrating injury; rat Immediately post-injury 50 ng Single dose Intralesion Decreased macroscopic lesion size at 72 H post injury, no

change in neuronal degeneration or apoptosis

LXA4: Lipoxin A4, DHA: docosahexanoic acid, EPA: eicosapentaenoic acid, FA: fatty acid, AT-RvD1: aspirin-triggered stereoisomer of resolving D1, RvE1: resolvin E1, GFAP: glial fibrillary acidic protein, APP: amyloid precursor protein, BDNF:
brain-derived neurotrophic factor, Sir2: silent information regulator 2, AMPK: AMP-activated protein kinase, HMGB1: high mobility group box 1, SIRT1.: sirtuin family of proteins 1, NPD1: neuroprotection D1.

Table 2. Human experiences using omega-3 fatty acid supplementation after acute brain injury

Administered Lipid Treatment Start Dose and Frequency Treatment Duration Route Type of Injury Outcomes
Omega-3 FA [38] 2 days post-injury 5 g (3.4 g EPA/1.7 g DHA) And 16.2 g Undefined Enteral Blast injury Potential contributor to

8 days post-injury omega-3 FA, 10.8 g EPA/5.4 g DHA good neurologic outcome
Omega-3 FA [39] 10 days post-injury 9,756 mg EPA, 6,756 mg DHA, and Over 1 year Enteral Blunt-force motor vehicle  Potential contributor to

Omega-3 FA [40]

19,212 mg total omega-3 FA 30 mL/day

post-injury

16.2 g (10.8 g of EPA and 5.4 g of DHA)

Variable duration: 7-35 days

Enteral

accident good neurologic outcome
Potential contributor to

good neurologic outcome

Blunt-force injury, primarily
motor vehicle accident

FA: fatty acid, EPA: eicosapentaenoic acid, DHA: docosahexanoic.
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amounts of anti-inflammatory PUFAs may be
similarly useful in detecting TBI and disease
severity. The arachidonic acid (AA) to DHA ratio
was decreased in the hippocampi, cortex, and
plasma of brain-injured mice, while human
studies suggest reduced ratios of AA:DHA more
likely in patients exposed to TBI [47-49].

Lipid biomarkers of TBI hold advantages over
proteomics and peptide biomarkers. Limita-
tions of proteomics include a bias towards
highly abundant proteins, challenges in identi-
fying protein aggregations (e.g. tau), and diffi-
culty in reliably assaying peptides generated in
the CNS from plasma samples [50]. Levels of
glial protein biomarkers are low acutely after
TBI and non-specific, and have an inconsistent
association with injury severity and outcomes
[51]. Alternatively, lipids are abundant in the
CNS, their metabolism is well-established, and
TBI patients might possess a unique lipidome
profile. These qualities provide an opportunity
to characterize the lipidome in relation to dis-
ease severity and progression. Due to their abil-
ity to cross the BBB by active transport, lipids
can easily be assayed from plasma, providing a
“liquid biopsy” that might give insight into the
biologic processes occurring at affected sites
in the CNS [52]. Because of their high volume
of distribution, lipids can be measured in other
biofluids and biomatrices, including tears [53];
however, it is not yet known if lipidomes remain
consistent when tested from different biofluids
after brain injury. Correlation studies are ongo-
ing to validate whether circulating lipidomics
are accurate biomarkers in TBI.

Additional important lipid biomarkers are
expected to be identified in the future with
HPLC-MS techniques. In addition to identifying
and quantifying analytes, new methods are
also available to determine the metabolic fate
of these analytes. When coupled with new
technologies such as MALDI-TOF imaging, diag-
nostic tools used to characterize the post-TBI
lipidome will also elucidate the molecular path-
ways by which SPMs are generated.

Therapeutic development: As a therapeutic
agent, bioactive lipids are appealing due to the
myriad of biological activities that promote tis-
sue resolution after TBI. Their ability to attenu-
ate inflammation without compromising im-
mune activation is one of the positive aspects
of developing SPMs. The pleiotropic impacts
on multiple downstream mechanisms found in
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secondary brain injury are additional benefits
[54]. While upstream targets modulating CNS
lipid metabolism can be targeted [55], lipid for-
mulations can be directly administered safely
through intravenous (IV), subcutaneous (SC) or
oral (PO) routes in human subjects, and addi-
tionally via IP injection in animal models of TBI.
Because bioactive lipids of interest are natu-
rally occurring, supplementation of PUFAs and
other lipid agents and their analogs is consid-
ered safe and is thought to have a large thera-
peutic window. The low cost, wide availability
and apparent safety of omega-3 FAs and other
PUFAs warrant further investigation for thera-
peutic use in TBI. SPMs, including lipoxins, are
not as readily available in clinical practice but
might share many advantageous characteris-
tics with other bioactive lipids.

A drawback associated with bioactive lipids
includes metabolic instability resulting in a
short systemic half-life. Despite this pharmaco-
logic limitation, daily administration appears
safe and leads to efficacy in various models,
suggesting that SPM binding onto G-protein
coupled receptors (GPCR) may activate an “on
switch” where biological activity continues
despite the absence of the SPM. More recently,
our team has made mimics of the naturally
occurring bioactive lipids like LXA4, with a sys-
temic half-life beyond 6 hours [56]. Our com-
pound library focused on bioactive lipids that
were more stable as compared to the endoge-
nous lipid without compromising GPCR binding.
The ability to formulate these types of com-
pounds is a continued challenge.

Research needs and translation to clinical
care in traumatic brain injury

Given the importance of SPMs in mediating
inflammation in disease animal models, and
early human experiences supplementing PUFAs
after brain injury, research efforts are urgently
needed to translate therapeutic targets to clini-
cal practice. Many biochemical and clinical
questions remain. Mechanistically, the exact
biological effects of SPMs on the neuroinflam-
matory cascade have not been fully elucidated.
In clinical aspects, the optimal drug, dosage
strategy, and clinical safety and efficacy have
yet to be demonstrated in high-quality transla-
tional research. Here, we outline an analytic
research approach to answer the clinical ques-
tion of whether administration of SPMs can
positively affect patient outcomes after TBI.

Am J Transl Res 2022;14(3):1482-1494
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Establishing the importance of specialized pro-
resolving lipid mediators of inflammation in
human traumatic brain injury

As SPMs are naturally occurring endogenous
lipids, they can be characterized before inter-
ventional clinical trials. Establishing their im-
portance and mechanistic role in normal post-
TBI repair and recovery would provide the ratio-
nale for SPMs to be utilized as a biomarker and
therapeutic target in future clinical studies. Re-
cently, they have been characterized in other
human neurologic diseases that are mediated
by chronic inflammation. In multiple sclerosis,
SPM lipidome profiles carry unique signals that
are associated with disease progression [57].
Investigators also found impaired gene expres-
sion of many biosynthetic enzymes and recep-
tors important in the formation and biologic
activity of SPMs, including reductions in COX-2
enzymes, 5-LOX enzymes, and GPCR receptors
in progressive disease forms [57]. In vascular
disease and stroke, Fredman et al. demonstrat-
ed that unstable areas of carotid plaques show
reduced levels of SPMs, particularly RvD1, and
reduced ratios of SPMs to pro-inflammatory
leukotriene B4 (LTB4) [58]. In a middle cerebral
artery occlusion model, Bazan et al. demon-
strated that DHA administration results in
increased NPD1 biosynthesis in the brain, sug-
gesting the innate anti-inflammatory role of
SPMs after stroke [25]. Lastly, in AD, levels of
NPD1 and its precursor DHA are reduced in the
hippocampi of dementia patients [59]. Wang et
al. additionally demonstrated reduced LXA4
levels in the hippocampus of AD brains; nota-
bly, this profile was also seen when assayed
from CSF [60].

Together, these studies demonstrate the value
and feasibility of characterizing the SPM lipido-
me in human neurologic diseases. Identifying
unique lipidomic sighals compared to controls
would not only confirm their importance in
human disease but will also provide some
insight into the specific pathophysiologic path-
ways by which these lipidomic signatures are
produced. In clinical practice, it would be most
relevant to determine the association between
the SPM lipidome with disease severity, clinical
outcomes, and advanced neuroimaging that
includes perfusion and BBB permeability tech-
niques. Imaging and lipidomics are both non-
invasive techniques that may be used to pre-
dict outcomes after TBI.

Identifying similarities and differences between
bioactive lipid signatures assayed from serum
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versus CSF samples could also be meaningful.
If lipid signatures between sources show high
agreement, it would suggest that SPMs mea-
sured from blood samples accurately reflect
brain pathology without requiring invasive sam-
pling of CSF. The TBI population is appropriate
to use in confirming these correlations in an
observational study, as the presence of a clini-
cally indicated external ventricular drain to
measure intracranial pressure allows access to
CSF for analysis.

A validated rodent controlled-cortical impact
model for pre-clinical research

Human observational trials are not sufficient to
understand the full mechanistic role of SPMs.
Validated animal models are also needed.
While human TBI is a physiologically complex
disease with many confounders impacting clini-
cal outcomes, animal models allow investiga-
tors to perform controlled and reproducible
experiments in which physiological and meta-
bolic pathways are characterized. Despite SPM
lipidomics being a relatively new field, much
has been learned about the generation of SPMs
and their role in attenuating a pro-inflammatory
state in animal models [61].

The rodent-controlled cortical impact (CCl) mo-
del is a reasonable choice for both basic bio-
chemical studies and for mechanistic transla-
tional research. It was first described in the
1980s and is now one of the most used TBI
models. Compared to other methods of me-
chanical injury, namely lateral fluid percussion
and drop-weight injury, CCl allows for more con-
trol over the force of injury, showing greater
reproducibility, lower animal mortality, and re-
duced rebound injury [62]. Current CCI rodent
models produce sufficient conditions for under-
standing the molecular, cellular, and biochemi-
cal mechanisms of secondary brain injury after
focal blunt-force TBI [63]. The general method-
ology of CCI following craniotomy has been
described in detail by Dean et al. [62]. Non-
rodent gyrencephalic animal models of TBI
have not been validated in the study of SPM
lipidomics but may be necessary for additional
safety outcomes prior to human research.

Using animal models to further dissect mecha-
nisms of action of specialized pro-resolving
lipid mediators

As previously discussed, neuroinflammation
mediates several pathologic processes that re-
sult in secondary brain injury [14, 20, 64, 65].
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We hypothesize that by acting as a “stop signal”
for inflammation after TBI, SPMs can be safely
administered as a therapeutic drug that will
have a pleiotropic and beneficial effect on dis-
ease biomarkers. This has not been extensively
tested in humans; however, as described, the
rodent CCl model is reasonable to further eluci-
date the biochemical effect of SPMs. Their
potential effect on BBB permeability and cere-
bral edema is a central clinical question, as
cerebral edema is typically symptomatic and
rapidly life-threatening; therefore, a priority for
any target SPM drug should be in establishing
the effect on these outcomes.

Using a validated rodent CCI model, the mecha-
nistic effect of SPMs can be further dissected,
and novel hypotheses can be tested. Of emerg-
ing interest, whether SPMs can promote the
resolution of metabolic crisis and CNS glym-
phatic and lymphatic dysfunction after TBI can
be investigated with this approach.

Given the close association between inflamma-
tion and cellular metabolism, research is need-
ed to describe the effect of SPMs on energetics
post-TBI. In a lung injury model, RvD1 was pro-
tective for mitochondria, showing increased
Na*-K*-ATPase activity, improved energetics,
and reduced apoptosis [66]. Similarly, oral
administration of DHA protected against liver
injury under metabolic stress in a rat model,
with clinical applications in chronic metabolic
disorders and liver transplant [67]. After TBI,
neuronal metabolic crisis has been demon-
strated in both mammalian models and human
patients [68, 69]. The full mechanism by which
this occurs is not fully known, but excess gluta-
mate release and oxidative stress is a mediator
[70]. In a rat intracerebral hemorrhage model,
glutamate receptor blockade attenuated glu-
cose hypermetabolism in perihematomal tis-
sue [71]. After TBI, glutamate toxicity might
also trigger cortical spreading depressions-
pathologic waves of cortical activation that
increase anaerobic metabolism and energy
substrate depletion [72].

There is emerging evidence about the impor-
tance of brain lymphatic drainage in maintain-
ing homeostasis. Comprised of perivascular
spaces, glymphatics, and nasal and meningeal
lymphatics, it functions to promote CSF and
interstitial fluid drainage, clearance of waste
and water balance and represents a novel tar-
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get in both acute and chronic neurologic dis-
ease (for a complete review, see Sun et al.
[73]). Bocheng et al. showed that lymphatics
discharged iron from the CNS after experimen-
tal intraventricular hemorrhage, reducing the
development of hydrocephalus [74]. As an
interface between the immune system and the
brain, lymphatics likely also play an important
role in neuroinflammation. In a rat model, men-
ingeal lymphatic dysfunction was triggered by
either TBI or elevated intracranial pressure and
led to overexpression of pro-inflammatory
mRNA at 24 h [14]. Lymphatic blockage also
reduced regional cerebral blood flow in the cor-
tex and exacerbated neuronal injury after mid-
dle cerebral artery occlusion [75, 76]. As re-
cently reviewed by Kraft et al. [15], the effect of
SPMs on inflammation may be partially medi-
ated by lymphatic function and can be further
elucidated in a rodent model of TBI.

Establishing the optimal pharmacologic condi-
tions to maximize therapeutic effect

The rat CClI model and other models are need-
ed to define the optimal pharmacologic strate-
gy for clinical research. The most important
question is to identify the best candidate SPM
or SPM-analog drug to use in translational
research. Additional questions regarding the
optimal timing, dosing, frequency, duration of
treatment, and route of drug delivery can also
be explored. A summary of pharmacologic con-
ditions used for SPMs in rodent models of TBI
is described in Table 1.

Although numerous SPMs continue to be iden-
tified, few have been studied as therapeutic
agents. The most commonly used SPMs include
RvD1 and its aspirin-triggered stereoisomer,
RvE1l and LXA4, and its analogs. Dietary sup-
plementation with SPM precursors DHA and
EPA have also been studied. SPM and other FA
compounds are considered relatively safe with
no significant adverse effects reported in the
literature; however, given the paucity of data in
this field, no conclusions can be made about
the relative efficacy of different agents. In a
mouse model of TBI, Harrison et al. demon-
strated that AT-RvD1 and E1 differentially
impact microglial activation and motor-behav-
ioral outcomes, suggesting that individual
SPMs have distinct properties and effects [37].
Characterizing which metabolic pathways are
up and down-regulated with each specific SPM
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or precursor would be useful in identifying a
candidate drug that minimizes off-target eff-
ects and directly leads to clinical benefit.

Dose-escalation trials are needed to determine
the therapeutic window of candidate drugs that
minimizes off-target effects. Few studies in TBI
models have compared drug efficacy at differ-
ent doses or demonstrated a large dose-depen-
dent response. In a series of rat experiments by
Bailes and Mills et al., DHA or omega-3 FA at a
dose of 40 mg/kg/day resulted in a greater
reduction in amyloid precursor protein staining
on axons and caspase-3 expression compared
to a lower dose of 10 mg/kg/day [29, 30].
LXA4, which is more extensively studied,
appears to have a robust dose-dependent
response in rodent models of inflammatory
vascular and retinal disease [77, 78]; however,
dose-escalation trials are lacking in TBI.
Pharmacokinetic studies are necessary to help
determine the appropriate dosing frequency.
Beyond dosing, the optimal timing and duration
of treatment have not been established. In
rodent models, both pre-injury neuroprotection
[26, 27, 37] and post-injury administration [29-
32, 36] have been studied. As outcome mea-
sures in rat and mouse models are typically
short-term, often within days of injury, there is
no substantial evidence to suggest the optimal
treatment duration.

Lastly, the route of drug delivery is essential for
clinical trials. In human populations with critical
illness, dietary supplementation has several
practical limitations. Dosing variability and
impaired gastrointestinal absorption and motil-
ity can affect drug bioavailability. Additionally,
drug-drug interactions and increased metabol-
ic rates in critical illness can result in low, sub-
therapeutic drug levels. Administration of SPMs
by IT routes has only recently been used in TBI
models. In a rodent brain ischemia-reperfusion
model, Wu et al. administered intraventricular
LXA4 analog LXA4ME following middle cerebral
artery occlusion, demonstrating decreased
Evans Blue extravasation, reduced MMP-9
expression, upregulation of tissue inhibitors of
metalloproteinase-1, and decreased final
infarct volume [79]. Similarly, intraventricular
LXA4 has also been used in a mouse model of
TBI by Luo et al. as previously described [32].
Although IT dosing is appealing, it is limited in
clinical practice. In human patients, IT drug is
exclusively given through an external ventricu-
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lar drain or long-term ventricular shunt, both of
which require neurosurgery and are not readily
available in most patients. There is an addition-
al concern for ventriculostomy-associated
infection with repeated CSF accessing [80],
with infections negatively impacting hospital
metrics. Similar considerations apply to intral-
esional drug delivery [38]. IP injections are
commonly used in rodent models and have
been used in SPM TBI research [36]. To date,
IV, SC, or intramuscular SPM formulations have
not been studied in mammalian TBI models but
are accepted methods of drug delivery in clini-
cal practice.

Translation to clinical applications: prediction
models and human safety and efficacy trials

Once the therapeutic window and mechanistic
effects of SPMs have been established in mam-
malian models of TBI, clinical trials are warrant-
ed. In future clinical applications, SPM lipi-
domes could be integrated into prediction mod-
els of clinical outcomes while the safety and
efficacy of SPM drug therapy are studied.

Prognostication after human TBI is challenging
compared to other acute neurologic diseases
such as ischemic stroke, spontaneous hemor-
rhage, or aneurysmal subarachnoid hemor-
rhage. The term “TBI” represents a heteroge-
neous group of injuries, both with and with-
out intracranial hemorrhage, involving multiple
CNS sites, and are often accompanied by non-
neurologic injuries that impact outcomes. To
date, over 60 prediction models have been
proposed; yet, none of them have gained
widespread use [81]. TBI models typically use
clinical exams, imaging findings, physiologic
derangements, or a combination of these ele-
ments; however, these are surrogate markers
of disease severity rather than a description of
the underlying pathophysiology. As discussed,
the SPM lipidome might represent a novel bio-
marker that more accurately identifies media-
tors of secondary brain injury: neuroinflamma-
tion, ischemic injury, and metabolic crisis.
Modern HPLC-MS SPM lipidomic assays are
validated, feasible and produce relatively rapid
results that could be implemented into future
prediction models targeted at measuring
these mediators. In combination, SPM lipido-
mics, general metabolomics, and neuroimag-
ing would allow for a noninvasive and more
complete picture of the structural and molecu-
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lar impact TBI has on individual patients and
would also allow for tailored prognostication.

With the foundational knowledge from animal
models, SPM drug therapy would be studied for
its safety and efficacy. The dosing and frequen-
cy of any candidate SPM would be informed by
dose-escalation trials in animal models that
identify potential off-target effects that might
lead to adverse effects in clinical research. If
SPM therapy is safe in animal and pilot human
studies, longer treatment durations may be
beneficial in attenuating early and delayed in-
flammatory responses. Although case reports
of the possible beneficial effect of omega-3 FA
supplementation after acute brain injury are
described [39-41], controlled clinical trials are
needed to establish the true safety and efficacy
of treatment. The target SPM or SPM precursor
may have an impact on the speed by which
translation and implementation to clinical prac-
tice occurs. Omega-3 and 6 PUFAs are readily
available, have a strong safety profile, and may
be amenable to study without extensive pre-
clinical research. In comparison, any novel
SPM, SPM analog, or other new formulation
would require thorough study and is described
by the scientific approach outlined here.

Conclusions

There is increasing scientific interest in the role
SPMs play in mediating the resolution of inflam-
mation after TBI, with many potential clinical
applications. The SPM lipidome may serve as a
novel biomarker of disease and predictor of
clinical outcomes, and the use of exogenous
SPM administration as a therapeutic target
after acute brain injury is promising. Given this
potential, a careful and comprehensive analytic
approach is necessary to answer the relevant
remaining translational research questions.
The greatest priorities should be in determining
the mechanisms by which SPMs attenuate sec-
ondary brain injury, establishing the SPM lipi-
dome as a useful biomarker of disease, identi-
fying candidate SPMs for clinical research, and
demonstrating their safety and efficacy in both
animal models of TBI and human populations.
Given the morbidity and mortality associated
with TBI with limited treatment options, novel
approaches are urgently needed.
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