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Abstract

Background: Traumatic brain injury (TBI) is a debilitating disorder due to trauma caused by an external mechanical
force eventually leading to disruption in the normal function of the brain, with possible outcomes including per-
manent or temporary dysfunction of cognitive, physical, and psychosocial abilities. There have been several stud-

ies focusing on the search and innovation of neuroprotective agents that could have therapeutic relevance in TBI
management. Due to its complexity, TBI is divided into two major components. The first initial event is known as the
primary injury; it is a result of the mechanical insult itself and is known to be irreversible and resistant to a vast variety
of therapeutics. The secondary event or secondary brain injury is viewed as a cellular injury that does not manifest
immediately after the trauma but evolved after a delay period of hours or several days. This category of injury is
known to respond favorably to different pharmacological treatment approaches.

Main body: Due to the complexity in the pathophysiology of the secondary injury, the therapeutic strategy needs to
be in a multi-facets model and to have the ability to simultaneously regulate different cellular changes. Several studies
have investigated in deep the possible approaches relying on natural compounds as an alternative therapeutic strat-
egy for the management of TBI. In addition, many natural compounds have the potential to target numerous different
components of the secondary injury including neuroinflammation, apoptosis, PP2A, tau, and AR among others. Here,
we review past and current strategies in the therapeutic management of TBI, focusing on the PP2A-tau axis both in
animal and human subjects. This review uncovers, in addition, a variety of compounds used in TBI therapy.

Conclusion: Despite beneficial therapeutic effects observed in animals for many compounds, studies are still needed
to be conducted on human subjects to validate their therapeutic virtues. Furthermore, potential therapeutic virtues
observed among studies might likely be dependent on the TBI animal model used and the type of induced injury.

In addition, specificity and side effects are challenges in TBI therapy specifically which site of PP2A dysfunction to be
targeted.
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brain homeostatic state and is ranked as a major health
problem covering around 10 million people worldwide

1 Background
Traumatic brain injury (TBI) is usually observed in the

elderly population with its prognosis influenced by an
increase in age, cumulating to global burdens including
deaths and permanent disabilities. TBI disrupts normal
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[1]. When a brain injury is derived from head trauma, it
is usually categorized into acute brain injury consisting of
mild TBI also referred to as concussion with its associ-
ated short-term sequelae and catastrophic brain injury
which can be fatal, due to hematoma. The latter known as
chronic traumatic encephalopathy (CTE) is usually initi-
ated by repeated head trauma which begins several years
after the sports career ends, and it is known to share

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s43088-022-00223-1&domain=pdf

Mahamane Salissou et al. Beni-Suef Univ J Basic Appl Sci (2022) 11:41

many characteristics with neurodegenerative disorders
[2-7].

The most common causes of TBI are contact sports,
vehicle crashes in addition to physical violence and war
injuries. Central nervous system injury triggers both
molecular as well as cellular cascades that will eventu-
ally lead to neurological diseases including Alzheimer’s
disease (AD), Parkinson’s disease (PD), and amyotrophic
lateral sclerosis (ALS) [1], stipulating an urge to continu-
ously search for better management strategies. Several
studies implicated TBI as one of the most important
risk factors in the etiology and pathogenesis of AD and
other neurodegenerative disorders. Accumulating evi-
dence from several studies showed that TBI triggers
tau hyperphosphorylation by downregulating PP2A
activity whereby in some studies plaques are found dif-
fusely in both axons and extracellular in 30% of human
subjects after severe TBI [8—16]. Tau accumulation in
axons without tangle-like pathologies in addition are
pathological characteristics of these patients. Reports
from animal studies implicated TBI in initiating a hip-
pocampus-dependent cognitive decline and synaptic
dysfunction which correlates with asparaginyl endopepti-
dase (AEP) activation. In addition, I,"??* (inhibitor 2 of
PP2A, also called SET) underwent mis-translocation
from nucleus of neurons to cytoplasm, in favor of AEP
interaction with SET, and tau hyperphosphorylation in
the hippocampus of TBI rats, therefore, indirectly involv-
ing PP2A and tau pathology in the pathogenesis of TBI
[17, 18]. This opens an avenue for the search of strategies
that could modulate the PP2A/tau axis as an alternative
means or therapeutics in TBI management.

2 Main text

2.1 Pathophysiology of TBI

Among all types of TBI, repetitive mild brain trau-
mas, typically found in professional athletes engaged in
contact sports and military veterans deployed in wars,
usually lead to CTE known as a unique pattern of neu-
rodegeneration [10, 11]. Brain injury following TBI takes
place in two main steps, eventually leading to altera-
tion of behavioral, physical, and cognitive functions
[19]. These two steps include primary damage which is
the result of mechanical injury and coincides with per-
turbation in cerebral blood flow, as well as metabolism
[20, 21]. The acidosis occurring in the brain tissue due
to injury will ultimately lead to tau hyperphosphoryla-
tion by enhancing AEP auto-activation [22]. In addition,
focal injuries, which are consequences of direct impact
on the brain, cause tissue compression at the site of
impact and are often worse in cases of severe TBI [23].
The primary injury secondary to the mechanical trauma
itself followed by several additional secondary injury
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cascades (SIC), collectively will give rise to additional
TBI-associated pathology cumulating in numerous neu-
rological disabilities. Clinically TBI manifestations are
directly linked with the intensity of primary injury and
the longevity of the secondary cascades. In Second-
ary Injury Cascades/Mechanisms, TBI correlates with
a massive release of amino acids, notably glutamic acid,
which is known to have adverse effects on neurons and
astrocytes, by causing overstimulation of ionotropic as
well as metabotropic glutamate receptors [24, 25]. This
condition induced excitotoxic events, catabolic effects,
and an acellular attempt for compensation of changes in
ionic gradients and metabolic needs that increase free
radical production. The high expression level of free radi-
cals which included reactive oxygen species (ROS) and
reactive nitrogen species (RNS) leads to oxidative stress
[26]. These phenomena altered the brain vasculature and
trigger necrotic and apoptotic cell death [27]. In view of
these aforementioned events, several approaches having
multifaceted pharmacological effects that may provide
neuroprotection following TBI including targeting PP2A
and tau have been adopted [28]. The normal status of tau
phosphorylation is balanced between protein kinases’
and phosphatases’ activities. Of key interest, the phos-
phatase activity is largely led by a distinct pool of PP2A
enzymes and is known to be implicated in the majority
of neuronal tau dephosphorylation [27]. PP2A is known
to negatively regulate inflammation, apoptosis as well as
protect against neurodegeneration [29]. Due to the criti-
cal importance of PP2A in tau regulation, and its known
alteration in neurodegenerative disorders including TBI,
we will subsequently discuss the relevance of the PP2A/
tau axis in therapeutic strategies for TBI (Table 1).

2.2 Tau pathology in TBI

TBI is a well-known risk factor for the development of
neurodegeneration and dementia late in life. Repetitive
mild TBI (rmTBI) correlated directly with CTE charac-
terized by focal perivascular to widespread Alzheimer-
type neurofibrillary pathology of hyperphosphorylated
tau. Studies in animal models revealed hyperphosphoryl-
ation of tau after TBI. [10, 11]. Hyperphosphorylation of
tau is associated with the pathogenesis of several neuro-
degenerative disorders [30—32] and has been character-
ized as a component of secondary injury in TBI [3, 28,
33]. In 1970, Corsellis et al. revealed neurofibrillary tan-
gles found in neocortical areas of boxers diagnosed with
CTE [34]. Based on these findings, several studies have
demonstrated in deep hyperphosphorylation of tau take
place in TBI precisely CTE which is a tau pathology hav-
ing morphological features including accumulation of
hyperphosphorylated tau (p-tau) protein as neurofibril-
lary tangles (NFTs), astrocytic tangles (ATs), and neurites
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Table 1 PP2A Tau cascade modulators and their mechanism of action
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PP2A and tau modulators

Compounds

Mechanisms

Experimental model

Direct PP2A activator

Indirect PP2A modulator

Direct PP2A modulator of B-subunit

PP2A agonist

Modulators of serine/threonine PP
PPP3CA PPP3CB

Sodium selenite

AEP inhibitor/AENK

Ferulic acid

FTY720

Activate PR55 reduce phosphorylated
tau increased protein phosphatase 2A
activity and PR55 expression

Decreased the AEP interaction with SET
and the cytosolic SET retention, reduce
tau phosphorylation

Prevented the injury-induced reduction
in PP2A subunit B levels

FTY720 induced PP2A activation
dephosphorylation and activation of TTP

Prevent deregulation of PPP3CA PPP3CB
hyperphosphorylation of tau in (CTE)

Rats by fluid percussion injury in rats [78]

Controlled cortical impact TBl rats [17, 18]

MCAO-induced animals [59]
Early brain injury (EBI) rat model [83]

Cell lines, animal models, and post-
mortem brain tissue of patients with CTE

Tau target compounds AAVrh.10anti-p-Tau

Ac-tau target compounds Cis-p-tau antibody

suppress p-Tau accumulation
Blocks early cistauosis spreading of tau-

[85, 86]
Murine CTE model induced by TBI [93]
TBI mice with cis-p-tau [95]

mediated neurodegeneration

Tau target by AAV9-mediated gene
delivery

Chimeric protein

ac-tau target p300/CBP inhibitors

(N-terminal RNA recognition domain of
TDP-43, RAVERT) decrease Ac Tau

Blocking GAPDH S-nitrosylation, inhibit-

Animal models of TBI and mouse embry-
onic stem cells [97]

TBI Human and animal model [67]

ing p300/CBP by salsalate or diflunisal,

PP2A activator Zinc chelating Agents

Upregulate PP2A chemically or geneti-

Human-tau transgenic mice [106]

cally and alleviates zinc-induced tau
hyperphosphorylation

striking clusters which appear in the vicinity of small
blood vessels of the cortex, where typical clusters are
observed in sulcal depths [35, 36]. In addition to those
findings, studies using brains of long-term survivors of
TBI comprising adult athletes and war veterans revealed
deposition of p-tau protein as neurofibrillary tangles
[28, 37]. Moreover, p-tau and NFTs pathology have been
found in the brains of adolescents one hour after occur-
rence of TBI [38, 39]. Besides, pre-clinical TBI studies in
human subjects revealed TBI as a risk factor for tauopa-
thies through the induction of tau hyperphosphorylation
and aggregation [40]. Similarly, studies by repetitive mild
TBI in adolescent tauopathy mice indicated an increase
in tau in the visual system [41]. Furthermore, both human
TBI studies and experimental studies in animals indicated
the persistence in microglial activation and tau pathol-
ogy under repetitive concussive head injury (rCHI). The
key links in tau pathology in correlation to TBI regarding
vascular abnormalities is well known for its involvement
in neurofibrillary tangle formation in AD [42]. Neuro-
pathological data demonstrated that CTE is a tauopathy
closely associated with CVD with characteristics includ-
ing over-accumulation of hyperphosphorylated tau pro-
tein as NFTs and pre-tangles in a form of a cluster [9].
In acceleration/deceleration injury study in animals, tau
was able to undergo phosphorylation, aggregation then it
becomes misfolded, and lastly cleaved to yield neurotoxic
tau peptide fragments [36, 43]. Furthermore, an increase

in CSF tau level after TBI could be a result of axonal
injury. In TBI settings, trauma-induced CVD in addition
leads to the release of tau, its hyperphosphorylation, and
early deposition after TBI. In fact, recent studies directly
associate the endothelium and vascular factors in tau
pathology, given evidence that the endothelial isoform of
nitric oxide synthase (eNOS) rescues neurons from tau
phosphorylation [44, 45]. In brief, hyperphosphorylation
of tau has been demonstrated in a variety of TBI models,
including repetitive mild TBI (rmTBI), controlled corti-
cal impact (CCI), and fluid percussion injury [16, 46—48],
and is known to play a key role in the etiopathogenesis of
CTE. Taking all these aforementioned studies together, it
is clear that tau pathology is strongly associated with TBI.

2.2.1 PP2A: the main phosphatase regulating tau in TBI

Studies indicated that both repeated mTBI and single
msTBI increased levels of p-tau due to a decrease in the
main phosphatase, PP2A, as the levels of PP2Ac were
discovered to be significantly lower in TBI [9]. Of note,
PP2A is a mammalian heterotrimeric holoenzyme whose
‘A’ and a catalytic ‘C’ subunit, interact with one among
the abundant family of regulatory ‘B’ subunits. Among
its subfamily, 23 isoforms have been well characterized
[49]. PP2A activity is controlled by many mechanisms,
including post-translational modifications [38]. The
most largely expressed neuronal PP2A holoenzyme com-
prises the Ba (or PPP2R2A or PR55) regulatory subunit
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(PP2A/Ba) having the strongest affinity for tau, there-
fore, indicating the highest tau phosphatase property
[39, 50]. It is established that tau undergoes direct site-
specific dephosphorylation by PP2A and PP2A accounts
for ~71% of total tau phosphatase activity in the human
brain, whereby it modulates tau phosphorylation at mul-
tiple Ser/Thr phospho-sites in vitro and in vivo [51-53].
Besides PP2A/Ba, other additional PP2A isoforms are
well known to control phospho-tau levels through indi-
rect mechanisms, by regulating upstream tau protein
kinases [54, 55]. Furthermore, another subunit referred
to as B568 subunit-containing PP2A isoforms indirectly
influenced tau phosphorylation through dephospho-
rylation and subsequent activation of Glycogen Synthase
Kinase 3 beta (GSK3p) [56] as evidenced by the fact that
knockout of B568 trigger progressive tau phosphoryla-
tion at pathological sites implicated in tauopathies [57].
Moreover, downregulating PP2A/PR55 levels and/or a
drop in level of PP2A activity has been demonstrated fol-
lowing experimental brain injury [58, 59] and this event
facilitates tau hyperphosphorylation [60].

Protein phosphatase 2A is targeted by several endog-
enous regulators including SET (or I,’*?%), which is
known as a powerful inhibitor that binds to the PP2A
C subunit giving rise to blockage of its tau phosphatase
properties [61, 62]. The primary location of SET is in the
nucleus; however, under acidic conditions, it underwent
cytoplasmic translocation. The cytoplasmic sequestra-
tion of SET is associated with a reduction in PP2A activ-
ity and its methylation and favors tau phosphorylation
status at Ser202 [42]. Trans located SET at cytoplasmic

Page 4 of 12

compartment has been detected in susceptible AD neu-
rons, in TBI [63] and Down syndrome [64], and con-
tribute to one among the several mechanisms for the
abnormally elevated levels of phosphorylated tau asso-
ciated with these disorders. Collectively these studies
strongly indicated PP2A is implicated in TBI in associa-
tion with tau pathology.

2.3 Modulating of PP2A-tau cascades in TBI therapy

2.3.1 Targeting direct and indirectly PP2A-tau in TBI therapy
The time-course of tau phosphorylation and imbalance
in kinases (GSK-3p, CDK5 and Akt) and phosphatase
(PP2A) levels under conditions such as single moderate-
severe TBI (msTBI) or repeated mild TBI (rmTBI) lead
to a decrease in PP2Ac level, stipulating a potential loss
of phosphatase activity. Concomitantly in these condi-
tions, there are increased levels of p-tau, up to 3 months
post-injury because of the decrease in the main phos-
phatase, PP2A, with levels of PP2Ac found to be signifi-
cantly lower [9]. In this perspective, several studies have
revealed that targeting PP2A either directly or indirectly
could provide a potential beneficial effect by alleviating
tau hyperphosphorylation in the case of TBI (Table 1,
Fig. 1). In a TBI study using the rat model of fluid percus-
sion injury, traumatic brain injury gave rise to a decline
in PR55 expression level and protein phosphatase 2A
activity, with a concomitant rise in the expression level
of phosphorylated tau as well as the ratio of phospho-
rylated tau to total tau. Similarities in findings were also
documented in post-mortem brain from patients diag-
nosed with acute human traumatic brain injury [13-15].

» | tau

=

Specific PP2A modulators
PP2A inhibitors
Activating compounds

Fig. 1 Mechanism of PP2A tau modulation in TBI. Interaction of PP2A subunits with a variety of cellular proteins, and binding of specific PP2A
inhibitors and modulatory proteins to the catalytic subunit, all combine to modulate PP2A catalytic activity and ensure PP2A isoform-specific
targeting and substrate specificity. Specific modulatory proteins also critically regulate PP2A biogenesis, and many compounds, like sodium
selenite, ferulic acid, are known to enhance PP2A catalytic activity
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Furthermore in animal studies using rat model of per-
cusion fluid injury treatment with compound, sodium
selenate known as a potent PR55 activator, causes a
reduction in phosphorylated tau and improves trau-
matic brain injury outcome. The potential mechanism
is by enhancing protein phosphatase 2A activity as well
as PR55 expression level that will ultimately result in a
decreased proportion of phosphorylated tau to total tau,
thus alleviating brain injury, and enhancing behavioral
outcomes in rats that underwent a fluid percussion injury
[13-15]. Additionally, a study conducted by Yi [17, 18]
revealed that indirectly targeting PP2A, by AEP inhibi-
tor/AENK decreased the AEP interaction with SET and
the cytosolic SET retention, thereby reducing tau phos-
phorylation, alleviating synaptic damage, and finally
recovering learning and memory potential in TBI rats. In
this perspective, compounds’ including apolipoprotein
E-derived therapeutic peptide have shown a similar ben-
eficial effect in TBI; however, the mechanism remained
unclear in the case of tau pathology in association with
PP2A [65] regarding compounds including COG133,
an ApoE mimetic peptide [66, 67]. Furthermore, among
other, strategies of modulating PP2A tau cascades in
TBI setting one study revealed that zinc chelation could
upregulate PP2A either chemically or genetically and
alleviate zinc-induced hyperphosphorylation of tau
whereas a mutation of Y307 to phenylalanine prevented
zinc-dependent tyrosine phosphorylation as well as inac-
tivation of PP2A. Furthermore, the aforementioned study
indicated that Zinc activate Src, while PP2, a specific Src
family kinases (SFKs) inhibitor, alleviated zinc-depend-
ent phosphorylation of PP2A. In another parallel study
in human-tau transgenic mice, zinc chelator recovered
PP2A activity, prevented Src activation, and alleviated
phosphorylation of tau. Taken together, these studies
indicated that zinc triggers protein phosphatase 2A inac-
tivation and tau hyperphosphorylation mediated via Src-
dependent pathway, suggesting that modulation of zinc
homeostasis may be a valuable strategy in therapy for AD
and the related TBI tauopathies [68].

2.3.2 SET-PP2A target for TBI therapy

The phosphorylation status of tau is maintained within
the normal physiological range by activities of protein
kinases and protein phosphatases [69] which, after TBI,
underwent alteration precisely during the secondary
damage initiated by direct mechanical tissue deforma-
tion [70]. The SET protein, also referred to as inhibitor
2 of protein phosphatase 2A (I,****), potently causes
inhibition of PP2A activity by interacting with its cata-
lytic subunit PP2Ac and thus is termed as L,’*?A [71].
Despite its dominant location in the nucleus, I,’***/SET
translocates to the cell cytoplasmic compartment after its
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cleavage at N175 into N- and C-terminal fragments; both
fragments cause inhibition of PP2A and thereby enhance
hyperphosphorylation of tau [61, 62]. Acidic conditions
in the brain tissue, as in TBI, could give rise to hyper-
phosphorylation of tau by causing induction of AEP. TBI
can cause an increase in the serum level of lactate in the
brain tissue [70], which may facilitate the activation of
AEP. Thus, AEP plays a key role in the hyperphosphoryla-
tion of tau following TBI. Similar effects, such as hyper-
phosphorylation of tau and activation of AEP through
cleavage of I,""*A and its translocation from the nucleus
to the cytoplasm of neurons, were reported in rmTBI
in 3xTg-AD mice. Overload of calcium and the release
of excitatory amino acids, two major initiating events
in secondary damage after TBI, can initiate ischemia,
hypoxia, and increase in lactic acid [70], and thereby aci-
dosis of the brain tissue [72] and lysosomal pathological
changes [73]. These are all situations in which AEP can
be activated and enhance the cleavage of I,’*? [74] that
is associated with a significant cytoplasmic translocation
of I,”*?A, where it co-localizes with hyperphosphoryl-
ated tau, thus stipulating a potential increase in blockage
of PP2A activity which enhances hyperphosphorylation
of tau in the cytoplasm of neurons [75]. In brief, studies
from different human TBI patients as well as TBI animal
models demonstrated the role of the AEP-I,"*?A-PP2A
pathway in hyperphosphorylation of tau in acidic con-
ditions such as in TBI [10, 11], and targeting this path-
way could be very valuable in managing TBI and related
disorders.

2.3.3 PP2A modulators

Tau hyperphosphorylation is well characterized as a key
event of secondary injury in TBI conditions [76]. Of par-
ticular interest to the dephosphorylation of tau, PP2A
heterotrimers made up of the PR55 regulatory B-subunit
(PP2A/PR55) account as the most abundant tau phos-
phatase in the brain [54]. The downregulation of PP2A/
PR55 serum level and/or a decrease in PP2A activity was
documented after experimental brain insults. Mechani-
cal compression gives rise to decreased PP2A activ-
ity in cortical neurons in vivo, while inhibition of PP2A
induces the phosphorylation of Microtubules Associated
Protein2 (MAP2). Therefore, PP2A appears to be one of
the most important enzymes regulating the phospho-
rylation of MAP2 and tau following brain compression.
The transient activation of kinases observed follow-
ing compression may thus assist the phosphorylation of
MAP2, as they have in common a similar time course.
The ferulic acid compound may play a role in the mod-
ulation of PP2A subunit B expression level in ischemic
brain injury conditions and neuronal cells injury induced
by glutamate [58, 59]. It was shown that ferulic acid
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drastically causes a reduction of infarct volume in the
cerebral cortex of the middle cerebral artery occlusion
(MCAO) animals. Moreover, investigations using prot-
eomics approaches clearly revealed a reduction in PP2A
subunit B in MCAO animals while treatment with feru-
lic acid prevented the injury-induced decrease in PP2A
subunit B levels. Furthermore, this study uncovered a
reduction in the number of PP2A subunit B-positive cells
in this setting, while ferulic acid was able to rescue the
fall in PP2A level [59, 60]. Taken together, these studies
showed that pharmacologically using a compound that
increases PP2A/PR55 may alleviate hyperphosphoryla-
tion of tau and could be of beneficial therapeutic virtue
to TBI outcome.

2.3.4 PP2A specific activators

The PR55 is known as a core B-subunit of main tau
phosphatase PP2A. Several PR55 activators have been
investigated and are known to reduce phosphorylated
tau and improve traumatic brain injury and other neu-
rodegenerative disorders in animal studies [13-15, 58].
In a study using fluid percussion injury (FPI) model, FPI
downregulated PP2A/PR55 protein expression as well
as PP2A activity leading to tau hyperphosphorylation.
Similar effects were also observed in post-mortem brains
from human TBI patients [58, 77]. Accordingly, sodium
selenite compound, a specific activator of PP2A that has
provided some beneficial effect in neurodegenerative dis-
orders, significantly raise the PP2A/PR55 level, decreased
hyperphosphorylated tau and recovered brain damage
and behavioral impairments in post-FPI. Therefore, mak-
ing sodium selenate is an alternative therapeutic com-
pound in the management of TBI [13-15, 77]. Besides,
studies using FPI similar therapeutic virtue of sodium
selenate were also reported in mild traumatic brain inju-
ries by up-regulating PP2A/PR55 and dephosphorylating
tau. Another parallel study using repeated mild traumatic
brain injuries which were also associated with phospho-
rylation of tau and downregulation of PP2A/PR55, and
brain atrophy sodium selenate treatment was able to
increased PP2A/PR55, and decreased tau phosphoryla-
tion, prevented brain damage, and cognitive dysfunction
in rats. Collectively, these studies implicated PP2A/PR55
and tau as key mechanistic proteins in the pathophysi-
ological process of TBI and certified the uses of Specific
PP2A Activators such as sodium selenate as a novel and
translatable treatment for these common injuries [13-15,
78].

2.3.5 PP2A agonists

Previous studies indicate that PP2A could cause activa-
tion of protein tristetraprolin (TTP) through dephospho-
rylation at both S52 and S178, leading to destabilization
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of target mRNAs [79]. In this perspective pharmacologi-
cal treatment using both PP2A and its agonist, FTY720,
has shown neuroprotective potential against neuronal
apoptosis in traumatic brain injury, acute ischemia, and
neurodegenerative disorders [80, 81]. Early brain injury
(EBI) as a consequence of subarachnoid hemorrhage
(SAH) can give rise to inflammatory cascades and neu-
ronal abnormalities. The potential mechanism of how
PP2A acts upstream of TTP signaling both in vitro and
in vivo [82] is by the mRNA-destabilizing TTP which
might play a role as an anti-inflammatory factor that trig-
gers the decay of cytokine transcripts leading to a variety
of neurological disorders including glioma [83]. A recent
study demonstrated the effects of TTP regulation via
dephosphorylation, in a rat model of SAH, by PP2A. In
this setting, the PP2A agonist FTY720, short interfering
(si)RNAs that target TTP and PP2A were injected into
rats by intra-cerebroventricular route 24 h before SAH
[83], an effect that led to increased endogenous PP2A
and TTP levels following SAH. In addition this study
suggested that the PP2A agonist FTY720 induced PP2A
activation leading to dephosphorylation and activation
of TTP and decreased production of tumor necrosis fac-
tor (TNF)-q, interleukin (IL)-6, and IL-8. Furthermore,
siRNA-mediated TTP knockdown recovered the anti-
inflammatory potential of FTY720 treatment, stipulating
that PP2A correlated with TTP activation in vivo. Collec-
tively, those studies clearly revealed that PP2A activation
by PP2A agonists could facilitate the anti-inflammatory
as well as the anti-apoptotic potential of TTP and there-
fore uncover an effective therapeutic approach against
EBI following SAH.

2.3.6 Targeting PP2A in CTE therapy

Chronic traumatic encephalopathy (CTE) is a neuro-
degenerative disorder that is associated with repetitive
head injuries wherein diseased neurons, tau aggregates
in different patterns as a diagnostic neuropathologi-
cal key morphological event of the disease. Studies sug-
gested that early initiation of neuroprotective therapy
by inhibiting the acute, subacute, and early chronic sec-
ondary injury phases will decrease the occurrence of the
tauopathy that is the key neuropathology seen in CTE
[84]. The single neuroprotective approach as therapeu-
tic alternative is known to rescue the progressive brain
damage in CTE however it shown some limitations.
Since a variety of cellular dysfunctions can give rise to
tau dysfunction, which can, in turn, lead to many cel-
lular abnormalities, a multi-mechanistic neuroprotec-
tive combinational approach to CTE prevention and
interruption will likely be needed. In that perspective,
a study by sequencing total RNA and analysis of post-
mortem brain tissue collected from diagnosed patients
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with CTE led to the discovery of transcriptome signature
changes associated with CTE [85, 86]. This study leads to
the characterization of genes associated with the MAP
kinase and calcium-signaling pathways which were found
to be drastically downregulated in the CTE setting. The
perturbation in the expression of PP2A and the related
tauopathy associated with CTE in this setting involved
common pathological mechanisms closer to that of Alz-
heimer’s disease. These studies, both in vivo and in vitro
furthermore indicated a drastic reduction in PPP3CA/
PP2B phosphatase activity which is directly linked with
increases in phosphorylated tau proteins. Taken together,
these findings revealed PP2A-dependent neurodegen-
eration and could serve as novel therapeutic strategies
to alleviate the tauopathy initiated by CTE. Dysregula-
tion of PPP3CA correlated with hyperphosphorylation
of tau in CTE, as evidenced by a study showing a reduc-
tion in PPP3CA and PPP3CB mRNA levels in CTE. The
perturbation in PP2A expression might likely play a role
in contributing to tauopathy in CTE, which implies that
regulating serine/threonine PP2A level of expression and
activity could serve as an alternative therapeutic strategy
for the prevention of tauopathy in CTE and other neuro-
degenerative disorders [85, 86].

2.3.7 Indirect modulator of PP2A: role of AEP inhibitors

AEP is the key cysteine proteinase implicated in the
cleavage of I,’"?* and is contributing to tau hyperphos-
phorylation in the AD brain [87]. Activation of AEP
due to primary/secondary brain damage is known as a
mechanism by which TBI leads to tau hyperphosphoryla-
tion that would eventually contribute to CTE pathology
[10, 11]. TBI triggers hippocampal-dependent cognitive
impairments and synaptic dysfunction associated with
AEP activation leading to miss-translocation of I,’*?4,
the inhibitor 2 of PP2A, from the neuronal nucleus to the
cytoplasm, causing an increase in AEP interaction with
SET, and tau hyperphosphorylation in the hippocam-
pus of rats [17, 18]. This phenomenon can serve in the
drug discovery of compounds that can causes blockage of
I,PP?A cytoplasmic translocation as an alternative thera-
peutic strategy in TBI. In this perceptive, a compound
known as AENK also known as an inhibitor of SET has
shown some beneficial neuroprotective effects against
TBI, wherein a study conducted by Yi [17, 18], AENK
treatment was able to cause restoration of SET back to its
original location in the nucleus, from the cytoplasm, and
thus rescued tau pathologies, recovering TBI-induced
cognitive impairment in rats. These findings have fur-
ther highlighted a novel etiopathogenic mechanism of
TBI-related AD, which is triggered by activation of AEP,
accumulation of SET in the cytoplasm, enhanced tau
pathology, and cognitive impairments. This stipulates
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that decreasing AEP activity by AEP inhibitor could
provide beneficial effects to AD patients having TBIL
Furthermore, in that study, hippocampal PP2A activity
was found to be decreased in parallel with the increased
cytoplasmic SET in TBI rats. Collectively, results from
these studies suggest that TBI induces AEP activation,
and the activated AEP (aAEP) then trapped SET in the
cytoplasm, which in turn by inhibiting PP2A may legiti-
mate the rise in tau hyperphosphorylation. Interestingly,
the pathway through which TBI leads to tau pathology is
dependent on L,"*?A cytoplasmic retention and the acti-
vation of AEP [88]. Additionally, evidence from another
study, where oxygen—glucose deprivation (OGD) was
induced in rat primary hippocampal neurons to mimic
brain acidification environment like in TBI, revealed that
OGD causes AEP activation, then SET translocate from
neuronal nucleus to cytoplasmic compartment leading
to PP2A inhibition, hyperphosphorylation of tau and a
decrease in synaptic proteins in neurons [17, 18]. Fur-
thermore prevention of AEP activation with AEP inhibi-
tor drastically decreased OGD-induced cytoplasmic SET
retention, subsequently reducing tau hyperphosphoryla-
tion and recovered synaptic function in primary neurons
[17, 18].

2.3.8 Tau adirect target in TBI therapy

Several lines of evidence revealed that traumatic brain
injury contributes to the development of tauopathy-
related dementia [89-91]. Previous studies revealed
that there is a rapid formation of oligomeric and
phosphorylated tau proteins after TBI in animal stud-
ies. Based on these observations, strategies have been
implemented using antibodies to detect oligomeric
and phosphorylated tau proteins in a non-transgenic
rodent model of parasagittal fluid percussion injury,
and these revealed oligomeric and phosphorylated tau
proteins up to 2 weeks post-TBL. Furthermore, these
findings revealed that diagnostic tools and therapeutic
approaches that focus only on toxic forms of tau may
yield earlier detection with safety and effectiveness
for tauopathies caused by repetitive neurotrauma. In
addition, it was indicated that TBI triggers the forma-
tion of tau oligomers, which may represent a potential
link between TBI and sporadic tauopathies and could
be of significant importance, whereby targeting tau
oligomers may be useful for the prevention of demen-
tia following TBI [92]. In another study conducted by
Sacremento et al., direct injection in the CNS of adeno-
associated virus (AAV) vector encoding an anti-p-tau
antibody generates sufficient levels of anti-p-tau in the
CNS and prevent p-tau to accumulate, thus rescuing
the pathogenic event in a murine CTE model in which
p-tau accumulation was induced by repeated TBI with
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the closed cortical impact method. Using safety doses
applicable to human subjects, the study revealed that
CNS administration of AAVrh.10 anti-p-tau possesses
therapeutic virtue and thus a novel strategy to pre-
vent the CTE consequences of TBI [93]. Recent stud-
ies used acetylated tau (ac-tau) as a therapeutic target,
whereby TBI triggers acetylation of tau at sites acety-
lated in the human AD brain which is orchestrated
by S-nitrosylated-GAPDH, simultaneously leading to
inactivation of Sirtuinl deacetylase and activation of
p300/CBP acetyltransferase, giving rise to an increase
in the level of neuronal ac-tau [67, 94]. Furthermore, in
this setting, subsequent tau mis-localization initiated
the neurodegenerative process. Therefore, therapeutic
strategies either by blockage of GAPDH S-nitrosyla-
tion, inhibiting p300/CBP, or stimulation of Sirtuinl, all
protected mice against the neurodegenerative process,
neurobehavioral abnormalities, blood and brain accu-
mulation of ac-tau following TBI [67]. Overproduction
of ac-tau in the human AD brain is further increased
in AD patients with a documented history of TBI, and
patients who had received the p300/CBP inhibitors, sal-
salate, or diflunisal, displayed decreased incidence of
AD and clinically diagnosed TBI [67]. Also, following
TBI in mice, neurons prominently produce cis-p-tau,
which causes and spreads cis-p-tau pathologic changes.
This ultimately gives rise to widespread tau-dependent
neurodegeneration and brain atrophy, while supple-
mentation of TBI mice with a cis-p-tau antibody not
only causes blockage of early cistauosis but also rescued
the progression and spreading of tau-mediated neuro-
degeneration and brain atrophy, and restored to normal
brain histopathologic features and improved functional
outcomes in alleviating TBI [95].

2.3.8.1 Targeting tau by TDP-43 in TBI A conducted
transcriptome analysis of CTE brains revealed a reduced
expression of PPP3CA, a subunit of calcineurin that
dephosphorylates tau [85, 86]. Furthermore, cleavage of
TDP-43 by activated calpain and caspase-3 in TBI setting
could cause a decreased TDP-43 level [96]. Collectively,
those events are risk determinants in CTE and are insuf-
ficient to cause tau tangle formation but might facilitate
the pathological conversion of the wild-type tau that will
eventually lead to neuronal loss and cognitive dysfunc-
tion. Notably, pathological TDP-43 inclusions are also
characterized in most CTE brains, indicating a conver-
gent mechanism of neurodegeneration. As a therapeutic
approach, an AAV9-mediated gene delivery was employed
in animal models and clinical trials to deliver a chimeric
protein comprised of the N-terminal RNA recognition
domain of TDP-43 fused to an unrelated splicing repres-
sor (RAVER1). This approach was approved through
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mouse embryonic stem cells [97]. In brief, this strategy is
of key-value in preventing the pathological conversion of
tau and would greatly slow disease progression by delay-
ing the occurrence of tau pathology.

2.4 Remarks and future directions

From a perspective point of view, there are obstacles with
specificity and ‘off-target’ effects of some of PP2A regu-
latory compounds in TBI and other neurodegenerative
diseases. Typically, pharmacological targeting of SET to
‘disinhibit’ PP2A catalytic subunit could also pose sig-
nificant side effects. For example, a study revealed that
FTY720, a PP2A modulator, was found to dramatically
increase the risk for malignancies in recipients [98].
Apolipoprotein E-mimetic peptides, in addition to their
PP2A modulation, also downregulate p38 activity [99].
Still, a challenging condition is the toxicity of long-term
use of PP2A/tau-targeting compounds which require
prior evaluation since phosphorylated tau, like PP2A4, is
also found in other cell types, which causes huge chal-
lenges for systemic PP2A/tau-directed strategies [100].
Further challenges in CTE therapy are animal models
utilized to further characterize CTE and repetitive TBIL.
Many have failed to recapitulate the tau pathology seen
in CTE or required the use of transgenic mice already
predisposed to develop tau pathology [101]. Therefore,
there is still much to be elucidated regarding the pro-
gression of CTE following brain injury. Despite the fact
that some apolipoprotein E-derived therapeutic peptides
like COG133 have shown beneficial effects in TBI, still,
their mechanism of action remained to be elucidated in
detail [65]. Another molecule is memantine, a drug that
has provided beneficial effects in AD by targeting I,7**#
[63]. Despite the fact that treatment with memantine
after rmTBI mitigates the accumulation of phosphoryl-
ated tau, its potential mechanism of action needs to be
assessed in deep [102, 103] Another drug, metformin,
acts by interfering with PP2A degradation and has pro-
vided beneficial effects in AD [104]. However, even
though metformin also provided a neuroprotective effect
in TBI [105], its role in modulating the PP2A-tau cascade
remains to be elucidated in the TBI setting. Furthermore,
a PP2A agonist TTP has shown therapeutic virtue in
EBI [83], and many studies have proposed mechanisms
to explain the anti-inflammatory effects of PP2A/TTP,
including p38 MAPK phosphorylation [83]. It, therefore,
cannot be excluded in EBI setting the possibility that this
pathway plays a role in the neuroprotective effects of
PP2A and TTP.

Challenges in PP2A tau cascade based therapeutic
strategies are due to the follwing reasons: Most studies
having promising beneficial theupeutic effect are based
on animals studies. To draw a final conclusion on their
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therapeutic effect further studies need also to be con-
duct or translated in human subjects. Addtional arising
matters in PP2A tau based therapy are mainly due to the
complex pathophysiolgical process of TBI. Therefore to
identifie the stage during the course of the disease to ini-
ate the theapy will still causes challenges. Still challenges
are to identify strategies that could target the multiple
facets of the disease process. Furthermore, some ani-
mal models of TBI are challenging since they could not
reproduce the same pathological processes as it occurs in
human subjects. Therefore, they could not efficiently pre-
dict the pictorial events occurring in humans.

3 Conclusions

The present review demonstrated that the PP2A-tau
cascade could play a key role and can be exploited phar-
macologically in the management of TBI. However, for
“PP2A activators” and drugs targeting tau to be validated
as therapeutics for tauopathies including TBI, there are
still many barriers to be overcome in developing valid
PP2A-based therapies or direct tau target-based ther-
apy. Despite their beneficial therapeutic virtue, for many
compounds, their mechanisms of action still need to
be assessed in deep in TBI therapy. The bellow matters
raised a question as to which of the primary mechanism
of PP2A dysfunction must be prioritized for targeting.
It is unclear how pharmacological “PP2A (re)activa-
tion” will recover the collective function of specific PP2A
holoenzymes and PP2A modulators that become down-
regulated at the protein level in TBI. Specificity and side
effects are obstacles because of the broad spectrum of
PP2A enzymes, their large abundance, and their key roles
in many physiological processes. Finally, remarks that
PP2A-tau targeting compounds can enhance TBI-like
pathology originate from investigations in animal mod-
els that do not reproduce the complexity of the pathol-
ogy encountered in humans, as evidenced by the fact that
the use of animal models to further characterize CTE and
repetitive TBI leads to failures whereby many of those
models have failed to recapitulate the tau pathology seen
in CTE.
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