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A B S T R A C T

Physical rehabilitation is an effective therapy to normalize weaknesses encountered with neurological disorders
such as traumatic brain injury (TBI). However, the efficacy of exercise is limited during the acute period of TBI
because of metabolic dysfunction, and this may further compromise neuronal function. Here we discuss the
possibility to normalize brain metabolism during the early post-injury convalescence period to support functional
plasticity and prevent long-term functional deficits. Although BDNF possesses the unique ability to support mo-
lecular events involved with the transmission of information across nerve cells through activation of its TrkB
receptor, the poor pharmacokinetic profile of BDNF has limited its therapeutic applicability. The flavonoid de-
rivative, 7,8-dihydroxyflavone (7,8-DHF), signals through the same TrkB receptors and results in the activation of
BDNF signaling pathways. We discuss how the pharmacokinetic limitations of BDNF may be avoided by the use of
7,8-DHF, which makes it a promising pharmacological agent for supporting activity-based rehabilitation during
the acute post-injury period after TBI. In turn, docosahexaenoic acid (C22:6n-3; DHA) is abundant in the phos-
pholipid composition of plasma membranes in the brain and its action is important for brain development and
plasticity. DHA is a major modulator of synaptic membrane fluidity and function, which is fundamental for
supporting cell signaling and synaptic plasticity. Exercise influences DHA function by normalizing DHA content in
the brain, such that the collaborative action of exercise and DHA can be instrumental to boost BDNF function with
strong therapeutic potential for reducing the deleterious effects of TBI on synaptic plasticity and cognition.
Introduction

Traumatic brain injury (TBI) is a major medical burden around the
world involving domestic, sport, and military environments. In the
United States, approximately 2.8–2.9 million emergency department
visits, hospitalizations, and deaths are related to TBI, costing annually an
estimated $93 billion.1 The pathophysiology of TBI results from me-
chanical forces of an impact on the head and is followed by longer-lasting
sequelae involving impaired metabolic function, neuroinflammation,
oxidative stress, increased blood-brain barrier permeability, and func-
tional impairments in cognition and motor capacities.2

TBI treatment applied during its acute phase has been shown to
prevent secondary injury by maintaining cerebral perfusion pressure and
blood flow and protecting against hypotension and hypoxia.3 Post-acute
treatment is targeted toward secondary effects that can extend for
months or years, often affecting cognitive and emotional capacities.
Pharmacological treatment used to reduce neuroinflammation and pro-
vide neuroprotection have shown little success in clinical practice.2,4 In
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the face of limited clinical success for pharmacological treatment mo-
dalities, new therapeutic strategies are sorely needed. Particularly,
alternative and non-invasive treatments such as nutritional supplements
are being explored,5 and currently, the most prevalent therapeutic
treatment to promote functional recovery after TBI is physical
rehabilitation.

Effects of exercise on cognitive abilities and TBI outcomes

Exercise is perceived as a necessary aspect of daily routine to maintain
the overall health of the body and brain. In particular, abundant evidence
supports the action of exercise on sharpening cognitive abilities
throughout the lifespan such that the lack of exercise is considered a risk
for the incidence of several neurological disorders. The beneficial impact
of exercise on brain plasticity has been mostly associated with the action
of brain-derived neurotrophic factor (BDNF) on the brain and body,6

based on its involvement with neuronal regeneration, excitability, and
cognitive enhancement.7 The influence of exercise on BDNF biology has
been linked to hippocampal synaptic plasticity and learning and memory
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Abbreviation list

TBI traumatic brain injury
7,8-DHF 7,8-dihydroxyflavone
DHA docosahexaenoic acid: C22:6n-3
BDNF Brain-derived neurotrophic factor
CREB transcription factor cAMP-response-element-binding

protein
FPI fluid percussion injury
PGC-1α peroxisome proliferator-activated receptor-γ co-

activator-1α
COII cytochrome oxidase II
AMPK AMP activated protein kinase
fMRI Resting-state functional MRI
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involving various signaling systems such as CaMKII and the transcription
regulator CREB.6

The positive actions of exercise on learning and memory in humans
and animals have received abundant support.8–12 In older adults, exercise
has been shown to improve cognitive performance13,14 and to counteract
mental decline associated with aging,15,16 and these effects have been
associated with modifications in hippocampal size.10 In schoolchildren,
exercise has been found to be associated with the cognitive performance:
children who engaged in greater amounts of aerobic exercise generally
performed better on verbal, perceptual, and mathematical tests.17 Exer-
cise is also perceived as one of the most effective therapies to reduce
depression across the lifespan.18 Furthermore, studies in rodents have
shown the utility of exercise to promote cognitive recovery from a brain
injury.19–21 Importantly, the memory improvements induced by physical
exercise are accompanied by increases in cell proliferation, neurogenesis,
dendritic complexity, and spine density.8,22,23

Clinical studies show that exercise therapy after TBI can improve
patient outcomes, for example by improving emotional and cognitive
deficits that often occur following brain injury.24 However, due to dif-
ferences among individuals in terms of the extent and duration of the TBI,
it is challenging to establish an effective clinical approach and there is
currently no consensus as to the most effective post-TBI treatment win-
dow or recommended exercise intensity, requiring larger controlled
trials.

Overcoming limitations of exercise intervention for TBI: 7,8-DHF
can potentiate the action of exercise

Physical rehabilitation is an effective therapy to normalize some of
the weaknesses encountered after TBI.24 However, the efficacy of exer-
cise during metabolic depression is an important limitation as it can
further compromise neuronal function. There is a need to normalize
brain metabolism during the early post-injury convalescence period in
order to support various mechanisms of functional plasticity to prevent
long-term functional deficits. The fact that TBI imposes a state of brain
vulnerability in which neurons perform at a suboptimal level, exposure to
tasks involving activity can further compromise neuronal function.25

This period of neuronal vulnerability is particularly critical for TBI pa-
tients engaging in physical rehabilitation as it appears that the energy
demand imposed by activity on neural circuits invalidates the use of
exercise during the acute post-injury period when the brain is deficient in
energy.25 Therefore, there is a pressing need to normalize brain meta-
bolism during the early post-injury convalescence period in order to
support functional plasticity to prevent long-term functional deficits.

There is a strong dependency on exercise for BDNF to accomplish
several of its actions in the CNS and periphery. BDNF possesses the
unique ability to support molecular events involved with the trans-
mission of information across nerve cells and cell metabolism through
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activation of its TrkB receptor. However, the poor pharmacokinetic
profile of BDNF 26 has limited its therapeutic applicability. The flavonoid
derivative, 7,8-dihydroxyflavone (7,8-DHF), that signals through the
same TrkB receptors and results in activation of BDNF signaling path-
ways,27 possesses a more favorable pharmacokinetic profile. Indeed,
many of the pharmacokinetic limitations of BDNF are avoided by the use
of 7,8-DHF, which makes it a promising pharmacological agent for sup-
porting activity-based rehabilitation during the acute post-injury period
after TBI.

While 7,8-DHF is considered a BDNF mimetic, it is a much smaller
molecule with a circulating half-life that is more than 10-fold higher than
that of BDNF.27 Further, 7,8-DHF has a proven safety profile and is a
promising therapeutic agent27 with the potential to manifest all the
therapeutic effects of BDNF – without the limitations. In particular, 7,
8-DHF has been shown to provide protection against oxidative stress
and glutamate toxicity,28 decrease infarct volumes in stroke, and reduce
toxicity in an animal model of Parkinson's disease with significant
blood-brain barrier penetration.29 In addition, in a rat model of TBI,
injured animals treated with 7,8-DHF showed improved memory func-
tion, normalized levels of brain plasticity markers, and improvements in
cell energy homeostasis compared to vehicle-treated animals,30 indi-
cating that this small molecule may be an excellent candidate for the
treatment of secondary injury mechanisms after TBI.

TBI impairs BDNF-TrkB signaling, which could account for the
compromised plastic capacity and energy homeostasis that occurs at the
earliest stages of brain injury.30 7,8-DHF greatly complements the action
of exercise31 to fulfill the energy demands imposed by TBI (Fig. 1). In
particular, the TrkB agonist 7,8-DHF normalizes brain energy deficits and
reestablishes more normal patterns of functional connectivity during the
post-TBI period. Moderate fluid percussion injury (FPI) was performed
and 7,8-DHF (5 mg/kg, i.p.) was administered in animals subjected to FPI
that had access to voluntary wheel running for 7 days after injury. While
7,8-DHF treatment and exercise individually mitigated TBI-induced ef-
fects, administration of 7,8-DHF concurrently with exercise facilitated
memory performance and augmented levels of markers of cell energy
metabolism peroxisome proliferator-activated receptor-γ co-activator-1α
(PGC-1α), cytochrome oxidase II (COII) and AMP activated protein ki-
nase (AMPK). Resting-state functional MRI (fMRI) acquired 2 weeks after
injury showed that 7,8-DHF with exercise enhanced hippocampal func-
tional connectivity, and suggests 7,8-DHF and exercise to promote in-
creases in functional connectivity. Signaling through the BDNF receptor
activates the transcription factor cAMP-response-element-binding pro-
tein (CREB) which is an important regulator of PGC-1α. PGC-1α regulates
mitochondrial biogenesis in close association with BDNF [5], and these
actions lead to changes in COII expression through AMPK with
nuclear-encoded proteins promoting mitochondrial DNA (mtDNA) tran-
scription. These results have important implications for post-injury
rehabilitation therapy because they show that treatment with 7,8-DHF
prepares the brain to benefit from earlier rehabilitation after injury by
alleviating metabolic dysfunction and enhancing plasticity. These results
strongly suggest that the combined actions of 7,8-DHF and exercise
facilitate energy homeostasis during the early phases of TBI.

DHA can help restore plasma membrane homeostasis

Another limitation encountered in TBI and other neurological disor-
ders is the disruption of plasma membrane homeostasis,32 the appro-
priate function of which is integral to normal synaptic plasticity
mechanisms.33 The plasma membrane is the site of regulation of
signaling events that are crucial for neuronal functions that are disrupted
in TBI such as excitatory neurotransmitter efflux,34 energy metabolism,
and oxidative stress.35

Docosahexaenoic acid (C22:6n-3; DHA) is abundant in the phospho-
lipid composition of plasma membranes in the brain and its action is
important for brain development and adult plasticity. DHA is a major
modulator of synaptic membrane fluidity and function, which is



Fig. 1. (A) 7,8-DHF and exercise elevates hippocampal levels of TrkB phosphorylation and the combination of exercise and 7,8-DHF show a synergistic effect among
rats subjected to fluid percussion injury (FPI). Data are presented as percentage (%) of Sham/Veh/Sed (mean � SEM). *p < 0.05, **p < 0.01, one-way ANOVA
followed by Bonferroni test. (B) 7,8-dihydroxyflavone (7,8-DHF; 5 mg/kg, i.p.) or exercise reduced latency time in the Barnes maze in rodents subjected to FPI. The
combination of 7,8-DHF and exercise show a synergistic trending effect in latency times. Data collected during a 5-min testing session are presented as mean � SEM.
*p < 0.05, **p < 0.01, relative to Sham/Veh/Sed; One-way ANOVA followed by Bonferroni test.

Fig. 2. (A) DHA and exercise improves
learning performance in the Morris water
maze. The results demonstrate that rodents
fed a DHA-enriched perform better with
lower escape latency than rats fed a regular
diet and maintained under sedentary con-
ditions (RD/Sed). Exercise can boost the
effect of DHA showing lower latency (DHA/
Exc) to find the platform compared with
DHA-enriched diet-fed rats (DHA/Sed) or
exercised rats fed a RD. *p < 0.05; **p <

0.01. (B) DHA and exercise elevate levels of
Bdnf in the hippocampus of rats, and the
combination of exercise and DHA had a
synergistic effect. The values are expressed
as percent of RD-Sed group (mean S.E.M.).
*p < 0.05.

Fig. 3. Exercise and DHA supplementation mitigated a reduction in hippocampal levels of Bdnf (A) and p-TrkB (B) after FPI. The combination of DHA and exercise had
a synergistic effect. *p < 0.05. FPI, fluid percussion injury; Sed, sedentary; Exc, exercise.
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fundamental for supporting cell signaling 36,37 and synaptic plas-
ticity33,38 that are crucial for brain function and plasticity.We have found
that a short 12-day exposure to a DHA-enriched diet significantly in-
creases learning ability, and these effects are enhanced by the concurrent
application of voluntary exercise.38 The effects of the DHA diet and ex-
ercise on cognitive enhancement were paralleled by elevations in BDNF,
and the activated forms of the synaptic proteins CREB, synapsin I, and
CaMKII, important for hippocampal learning. Levels of the Akt signaling
system were also elevated in proportion to BDNF levels suggesting an
action of BDNF on Akt signaling in our paradigm. The enhanced actions
of the DHA diet and exercise on cognition and neuroplasticity suggest a
possible mechanism by which specific aspects of lifestyle integrate their
actions at the molecular level to influence neuronal vitality and function
(Fig. 2) (see Fig. 3).

Exercise also seems to influence DHA function by normalizing DHA
content in the brain, a process that appears to be mediated through
149
enzymes that control the metabolism of DHA in the membrane.33,38,39

The collaborative action of exercise and DHA has been shown to be also
instrumental to compensate for the reduction in the levels of BDNF and
the activation of the BDNF receptor p-TrkB, and for protecting against
decay in the spatial learning ability after TBI (Fig. 3).39 These findings
suggest that the combined actions of exercise and DHA supplementation
have strong therapeutic potential for reducing the deleterious effects of
TBI on membrane homeostasis, synaptic plasticity, and cognition.
Although the separate applications of exercise or DHA supplementation
were sufficient to counteract the TBI-related reductions of Acox1 and 17
-HSD4, exercise boosted the effects of DHA on Acox1. The effects of ex-
ercise or diet were also sufficient to counteract the reduction of iPLA2
after TBI while the combined actions of DHA and exercise produced a
greater elevation of iPLA2.33 The combined applications of the DHA diet
and exercise were more effective than the separate applications of DHA
and exercise on the spatial learning ability after TBI. The overall evidence
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suggests that increased levels of BDNF under the actions of DHA and
exercise may serve to support cognition and synaptic plasticity. Our
previous study demonstrated that a combination of DHA and exercise can
potentiate the cognition and BDNF-related plasticity in intact rats.33,38,39

Conclusion

Abundant evidence points to the power of physical activity to pro-
mote the overall health of the brain and body throughout the lifespan. In
particular, exercise has been shown to be an effective therapy to
normalize weaknesses associated with neurological disorders such as
traumatic brain injury (TBI). The fact that TBI is associated with an early
period of metabolic dysfunction, complicates the action of exercise as this
also consumes metabolic energy. Therefore, there is a need to find ways
to boost the action of exercise when it is mostly needed such as during the
acute period of TBI. BDNF has been shown to be an important molecular
mediator for the action of exercise on brain plasticity and function.
Although BDNF possesses the unique ability to support synaptic plasticity
and transmission of information across nerve cells through, the poor
pharmacokinetic profile of BDNF has limited its therapeutic applicability.
The flavonoid derivative, 7,8-dihydroxyflavone (7,8-DHF), signals
through the same TrkB receptors used by BDNF and results in activation
of downstream BDNF signaling pathways. The pharmacokinetic limita-
tions of BDNF are avoided by the use of 7,8-DHF, which makes it a
promising pharmacological agent for supporting activity-based rehabil-
itation during the acute post-injury period after TBI. Indeed, compelling
evidence points to the possibility to normalize brain metabolism during
the early post-injury convalescence period to support functional plas-
ticity and prevent long-term functional deficits. In turn, the omega 3 fatty
acid DHA offers another possibility to support the action of BDNF-
mediated plasticity related to the action of exercise. DHA is abundant
in the phospholipid composition of plasma membranes in the brain and
its action is important for brain development and plasticity. DHA is a
major modulator of synaptic membrane fluidity and function, which is
fundamental for supporting cell signaling and synaptic plasticity. Exer-
cise influences DHA function by normalizing DHA content in the brain,
such that the collaborative action of exercise and DHA can be instru-
mental to boost BDNF function with strong therapeutic potential for
reducing the deleterious effects of TBI on membrane homeostasis, syn-
aptic plasticity, and cognition. Even further, based on reports about the
separate beneficial actions of 7,8-DHF and DHA on the pathology of TBI,
it is highly possible that both of these components can have an additional
benefit when both are combined together. Given the intrinsic potential of
exercise to promote health in the brain and body after brain injury,
further studies to determine the potential synergistic actions of exercise,
7,8-DHF and DHA may prove highly relevant.
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