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Abstract
Alzheimer disease (AD) is the most common cause of dementia in adults. The current therapy for
AD has only moderate efficacy in controlling symptoms, and it does not cure the disease. Recent
studies have suggested that abnormal hyperphosphorylation of tau in the brain plays a vital role in
the molecular pathogenesis of AD and in neurodegeneration. This article reviews the current
advances in understanding of tau protein, regulation of tau phosphorylation, and the role of its
abnormal hyperphosphorylation in neurofibrillary degeneration. Furthermore, several therapeutic
strategies for treating AD on the basis of the important role of tau hyperphosphorylation in the
pathogenesis of the disease are described. These strategies include (1) inhibition of glycogen synthase
kinase-3β (GSK-3β), cyclin-dependent kinase 5 (cdk5), and other tau kinases; (2) restoration of PP2A
activity; and (3) targeting tau O-GlcNAcylation. Development of drugs on the basis of these strategies
is likely to lead to disease-modifying therapies for AD.
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INTRODUCTION
Alzheimer disease (AD) is a chronic neurodegenerative disease that is characterized clinically
by a progressive decline of cognitive function, leading to dementia. The disease eventually
leads to the death of affected individuals an average of nine years after diagnosis [1].
Approximately 27 million individuals are suffering from AD worldwide, and it accounts for
the majority of cases of dementia in adults. For the last three decades, the standard treatments
for AD have been acetylcholinesterase inhibitors to improve cognitive function, and other
drugs to manage the mood disturbance, agitation and psychosis that often occur in the later
stages of the disease. In the recent years, memantine, an NMDA (Nmethyl-D-aspartate)
receptor antagonist and a potentially neuroprotective agent, has been widely used. However,
all of these treatments show only modest symptomatic effects. The major barrier to effective
treatments is the lack of full understanding of the mechanism of AD.

The last two decades have marked a very significant era of AD research. During this period,
the nature of amyloid plaques and neurofibrillary tangles (NTFs), the two histopathological
hallmarks of AD, has been elucidated. Recent research efforts have led to several hypotheses
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to explain AD. As a result, numerous new therapeutic drugs for AD are at various stages of
development. An internet search on “Alzheimer's disease” at the NIH's website
“clinicalTrials.gov” (http://www.clinicaltrials.gov) yielded 180 ongoing trials of
interventional studies for, or related to, AD at the time of this manuscript preparation. As some
of the molecular pathways involved in the pathogenesis of AD have been revealed, it is time
to develop a disease-modifying therapy for AD.

Amyloid β (Aβ) toxicity is believed to play a primary role in the development of AD [2]. Thus,
anti-amyloid strategies have been the primary focus of AD drug development for the last 10
years. Recently, more and more evidence has demonstrated a crucial role of tau abnormalities
in AD neurodegeneration, suggesting that tau could be a promising therapeutic target for
developing disease-modifying drugs of AD. In this article, we first describe tau protein and the
tau abnormalities involved in AD, followed by the molecular mechanism of neurofibrillary
degeneration. Then, we discuss the therapeutic strategies that are based on reversal of abnormal
hyperphosphorylation of tau.

TAU PROTEIN
Tau was first discovered as a microtubule-associated protein (MAP) that stimulates tubulin
assembly into microtubules in the brain [3]. There was not much research interest in tau protein
until a decade later, when it was found to make up the paired helical filaments (PHFs) of NFTs
in AD brain [4,5]. Human tau gene is located on the long arm of chromosome 17 (position
17q21) and was found to contain 16 exons [6]. This single tau gene encodes six tau isoforms
in adult human brain as a result of alternative splicing of its mRNA [7]. The six tau isoforms
differ from each other by the presence or absence of one or two inserts (29 or 58 amino acids)
in the N-terminal part and by the presence of either three or four repeats in the C-terminal half.
The N-terminal inserts are highly acidic. The repeats in the C-terminal half of tau are the
domains by which tau binds to microtubules [8-10].

Each of the six tau isoforms possibly has its particular physiological role and differential
biological activities, because they are differentially expressed during development and
stimulate microtubule assembly with different efficiencies [11-13]. Only the shortest isoform
of tau is expressed in fetal brain, whereas all six isoforms are seen in adult human brain [12,
13]. Altered proportions of various tau isoforms have been observed in several
neurodegenerative diseases such as frontotemporal dementia and Parkinsonism linked to
chromosome 17 (FTDP-17) and Pick disease (reviewed in [14]). Tau's ability to bind
microtubules probably may have both beneficial and negative consequences. The beneficial
effect of tau is to stabilize microtubules, permitting neurites' extension and stabilization. The
negative effect is that tau might compete with the motor protein kinesin for microtubule
binding, leading to decreased axonal transport [15-18]. This harmful effect of tau may explain
the symptoms of amyotrophic lateral sclerosis with neurofilament accumulation in motor
neurons in several transgenic mouse models of tau overexpression [17,19-21]. However, a
recent study, which showed no defects of axonal transport in mice that either over-express tau
up to 4-folds over endogenous tau level or do not express tau at all [22], challenges this view.

ABNORMAL HYPERPHOSPHORYLATION OF TAU — THE KEY PLAYER OF
NEUROFIBRILLARY DEGENERATION IN AD
Abnormal Hyperphosphorylation of Tau in AD

Tau is modified post-translationally by several ways in both normal and pathological
conditions. These modifications include phosphorylation, glycosylation, ubiquitination,
glycation, polyamination, nitration, truncation, and aggregation. Thorough reviews of the post-
translational modifications of tau have been published elsewhere [23,24]. Here, we focus our
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discussion only on alterations of tau phosphorylation because its role in AD neurodegeneration
is most established.

Tau was found to be a phosphoprotein as early as 1977 [25]. Several years later, Lindwall and
Cole [26] demonstrated that phosphorylation of tau negatively regulates its activity in
promoting microtubule assembly. After the discovery that abnormally hyperphosphorylated
tau is the major component of PHFs in AD, tau phosphorylation has been studied extensively.
Normal brain tau contains 2–3 moles of phosphate per mole tau [27-29]. Studies on human
brain biopsy tissue indicated that several serine and threonine residues of tau are normally
phosphorylated at low substoichiometrical levels [30,31]. The phosphorylation level of tau
isolated from autopsied AD brain is 3- to 4-fold higher than that of normal human brains
[27-29]. To date, more than 40 phosphorylation sites have been identified in tau protein isolated
from AD brain. These hyperphosphorylation sites have been listed in a recent review [23] and
updated further by a mass spectrometry study [32].

Tau phosphorylation at different sites has a different impact on its biological function and on
its pathogenic role. A quantitative in vitro study demonstrated that phosphorylation of tau at
Ser262, Thr231, and Ser235 inhibits its binding to microtubules by ∼35%, ∼25%, and ∼10%,
respectively [33]. In vitro kinetic studies of the binding between hyperphosphorylated tau and
normal tau suggest that Ser199/Ser202/Thr205, Thr212, Thr231/Ser235, Ser262/Ser356, and
Ser422 are among the critical phosphorylation sites that convert tau to an inhibitory molecule
that sequesters normal microtubule-associated proteins from microtubules [34]. Further
phosphorylation at Thr231, Ser396, and Ser422 promotes self-aggregation of tau into
filaments. Similarly, mutation of tau at Ser396 and Ser404 into Glu to mimic phosphoserine
converts it to be more fibrillogenic [35], and a tau construct in which Ser422 is mutated to Glu
shows a significantly increased propensity to aggregate [36]. It is obvious that tau
phosphorylation at various sites impacts tau activity and aggregation collectively. Our recent
study has demonstrated that tau phosphorylation at the proline-rich region, which is located
upstream of the microtubule-binding domains, inhibits its microtubule assembly activity
moderately and promotes its self-aggregation slightly. Tau phosphorylation at the C-terminal
tail region increases its activity and promotes its self-aggregation markedly. Tau
phosphorylation at both of these regions plus the microtubule-binding region nearly diminishes
its activity and disrupts microtubules [37].

Although PHF-tau loses its ability to stimulate microtubules, the lack of overt phenotype of
tau knockout transgenic mice [38-40] suggests that loss of normal function due to tau
hyperphosphorylation may not be sufficient to lead to neurodegeneration. Instead, both the
abnormally hyperphosphorylated tau isolated from AD brain and the in vitro
hyperphosphorylated tau gain a toxic ability to sequester normal tau and other MAPs, such as
MAP1 and MAP2, and cause microtubule disassembly [41-44]. Upon dephosphorylation, they
lose this toxic ability. Thus, it is likely that the abnormal hyperphosphorylation of tau causes
neurodegeneration by gain of toxic function rather than by loss of normal activity that can be
compensated for by other MAPs.

The exact molecular basis of toxicity caused by abnormal tau remains to be an area of intense
research. Earlier studies showing a strong correlation between the number of NFTs in the brain
and the severity of dementia [45-47] suggested that the aggregated NFTs might cause
neurodegeneration. This view was recently challenged by studies demonstrating that the
unpolymerized abnormal tau or the oligomers, rather than the highly polymerized PHFs, are
toxic. A correlation study of biopsied human brain tissue indicated no relationship between
microtubule attenuation in AD/aging and tau filament formation [48]. In a conditional
transgenic mouse model that expresses tau with the FTDP-17 P301L mutation and shows NFT
pathology together with neuronal loss and behavioral deficits, when the mutant tau expression

Gong and Iqbal Page 3

Curr Med Chem. Author manuscript; available in PMC 2009 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



is turned off at the age of four months, the removal of mutant tau leads to reversal of the
behavioral deficits, whereas NFT pathology continues to progress [49]. In vitro, polymerization
of hyperphosphorylated tau into PHFs also abolishes its toxic activity to sequester other MAPs
[50]. Thus, NFTs could be regarded as a marker of damage already done rather than a primary
cause of neurodegeneration, in the same way that Aβ plaques have been viewed recently.
Actually, polymerization of toxic abnormal tau into PHFs/NFTs could even be a defense
mechanism by which neurons reduce the toxic activity of the abnormally hyperphosphorylated
tau. This phenomenon is apparently common to other diseases characterized by abnormal
protein aggregates, such as Huntington disease and cardiomyopathy, in which the abnormal
non-fibrillar protein oligomers, rather then the protein aggregates themselves, appear to be
pathogenic [51-53].

Potential Causes Leading to Abnormal Hyperphosphorylation of Tau in AD
The normal level of tau phosphorylation is a consequence of dynamic regulation of tau kinases
and tau phosphatases. Numerous studies in the last decade have identified the major tau kinases
and phosphatases in the brain. The major tau kinases include glycogen-synthase kinase-3β
(GSK-3β), cyclin-dependent protein kinase 5 (cdk5), cAMP-dependent protein kinase (PKA),
and stress-activated protein kinases (reviewed in [54,55]). Unlike protein kinases, protein
phosphatases (PP) usually have broad substrate specificities. However, we and others have
found that PP2A is by far the most important and major tau phosphatase [56-59]. Therefore,
targeting these enzymes is a logical consideration for reversing abnormal
hyperphosphorylation of tau.

Despite extensive studies, the causes leading to abnormal hyperphosphorylation of tau are still
not fully understood. Among tau kinases, cdk5 was reported to be upregulated in AD brain
[60], but this observation has been challenged [61-64]. On the other hand, both the activity and
the expression of PP2A are decreased in AD brain [59,65-69]. Down-regulation of PP2A
activity in AD brain might be partially attributed to the deregulation of two endogenous PP2A
inhibitors, namely I1

PP2A and I2
PP2A [70,71]. Consistent with the relatively broad substrate

specificity of PP2A, several other neuronal proteins, such as neurofilaments, MAP1B, β-
tubulin, and β-catenin, are also hyperphosphorylated in AD brain [72-74]. Thus, it appears that
down-regulation of PP2A might, at least in part, underlie the abnormal hyperphosphorylation
of tau in AD.

In addition to tau kinases and phosphatases, alterations of tau itself, the substrate of these
enzymes, also plays a role in its hyperphosphorylation and aggregation. Besides
phosphorylation, the serine/threonine residues of tau are modified by a monosaccharide called
β-N-acetylglucosamine (GlcNAc) via a glycosidic bond, and this modification is called O-
GlcNAcylation [75-77]. Most interestingly, O-GlcNAcylation regulates phosphorylation of
tau inversely both in vitro and in vivo [76-79]. Tau O-GlcNAcylation was found to be indeed
decreased in AD brain, and this decrease was correlated to tau hyperphosphorylation (Liu, et
al. unpublished observations). A similar phenomenon has also been seen for neurofilaments
[80]. Because tau O-GlcNAcylation is directly regulated by glucose metabolism that supplies
Uridine diphosphate (UDP)–GlcNAc as a donor for protein O-GlcNAcylation, the above
observations led us to propose a novel hypothesis that explains the molecular mechanism by
which impaired glucose uptake/metabolism in AD brain, which has been well established for
decades, contributes to neurodegeneration [81,82]. In AD brain, impaired glucose metabolism
may cause decreased tau O-GlcNAcylation which, in turn, facilitates hyperphosphorylation of
tau that leads to neurofibrillary degeneration.
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Mechanism of Neurofibrillary Degeneration
As discussed above, there is no doubt that abnormal hyperphosphorylation plays a central role
in the neurofibrillary degeneration that is a leading cause of neuronal death in AD and other
tauopathies. On the basis of recent studies, we propose the mechanism of neurofibrillary
degeneration (Fig. 1).

Multiple etiological factors cause abnormal hyperphosphorylation of tau via various pathways,
including Aβ, dysregulation of phosphorylation/dephosphorylation, and impaired brain
glucose metabolism. The abnormally hyperphosphorylated tau not only loses its biological
activity and disassociates from MTs, but also promotes its polymerization. The soluble
abnormal tau and/or its oligomers are toxic to neurons and lead to neuronal death and dementia.
Probably due to the defense mechanism of the neuron, abnormal tau further polymerizes into
highly aggregated PHFs/NFTs that might be inert but might finally choke the affected neurons
and facilitate cell death.

The key role of tau abnormalities in neurodegeneration is further supported by recent in vivo
studies. In a transgenic mouse model of amyloid pathology and cognitive deficits, the
phenotype almost disappeared when tau was knocked out [83], indicating the essential role of
tau in mediating neurodegeneration in this model. In another study, reduction of soluble Aβ
and tau, but not Aβ alone, ameliorated cognitive decline in a 3×Tg-AD mouse model that
develops amyloid plaques and NFTs [84].

TAU HYPERPHOSPHORYLATION — A THERAPEUTIC TARGET FOR AD
To develop disease-modifying therapy for AD, it is now obvious that tau protein is a promising
target. On the basis of the key role tau abnormalities play in the neurodegeneration of AD, the
therapeutic strategies may include (1) inhibiting and/or reversing tau hyperphosphorylation,
(2) inhibiting tau misfolding/aggregation, (3) inhibiting abnormal tau's neurotoxicity, and (4)
increasing tau's clearance (Fig. 1). Some of these strategies have been discussed recently
[85-90]. We will limit our discussion now to inhibiting/reversing abnormal
hyperphosphorylation of tau.

Targeting GSK-3β
Although there is no conclusive evidence showing an up-regulated tau kinase that could have
caused hyperphosphorylation of tau in AD brain, the majority of drug developments in tau
phosphorylation focus on kinase inhibitors rather than tau phosphatase activators. General
pharmacologic experience indicates that enzyme inhibition by small molecules is much more
easily realized than activation, especially if the target enzyme has a natural small-molecular
binding site, such as kinases do for ATP. Most of the tau kinase–targeting drugs considered so
far are GSK-3β inhibitors, because this kinase appears to play a critical role in AD pathogenesis
[91,92]. A recent study showed that GSK-3β activity may increase with aging [93], which is
consistent with the fact that aging is the most important risk factor for AD. Both in vitro and
in vivo studies have demonstrated that inhibition of GSK-3β, by either pharmacological or
genetic means, can reverse hyperphosphorylation of tau and prevent behavioral impairments
in mice [94-99]. These studies make GSK-3β inhibition very attractive as a therapeutic target
for AD. Another important reason is that the human body tolerates GSK-3β inhibition well.
Lithium, which inhibits GSK-3β both directly by competition with magnesium [100] and
indirectly via the PI3K pathway [101-103], has been used for long-term treatment of bipolar
disorders for decades. With the potentially pivotal role of GSK-3β in the pathogenesis of AD
as well as in several other diseases such as type 2 diabetes and cancer, much effort directed at
identifying selective GSK-3β inhibitors has been reported and recently reviewed [91,92,
104-106]. Several GSK-3β inhibitors, including lithium, aloisines, flavopiridol,
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hymenialdisine, paullones, and staurosporine, are under active investigation and development,
which have been reviewed in detail [55,88]. Recent findings that GSK-3β inhibition may also
inhibit Aβ production and help cell survival (reviewed in [91,107]) make the development of
GSK-3β inhibitors for treatment of AD even more attractive. However, critical questions
regarding potential mechanism-based undesirable effects of the GSK-3β inhibitors linked to
regulation of glucose metabolism and tumorigenic effects remain. Successful clinical
development of a GSK-3β inhibitor for treating AD is both challenging and eagerly awaited.

Targeting cdk5
Cdk5 is another target kinase toward which pharmacological inhibitors are under development
for treatment of AD. Many inhibitors of cdk5 have been described across several structural
classes, although their selectivity for cdk5 over other cdk kinases important for cell cycle
control is either poor or not disclosed (reviewed in [108,109]). One of these inhibitors, purine
roscovitine, has an IC50 of 0.16 μM for cdk5/p25 [110,111] and useful selectivity for cdk5
over other kinases and can pass through the blood-brain barrier [112]. Administration of
roscovitine showed a reduction of hyperphosphorylation of tau and other neuronal proteins in
two different transgenic mouse models and in transient ischemic rats [113-115].

Other cdk5 inhibitors include purine olomoncine, flavopiridol, aloisines, and indirubins
(reviewed in [88]). Many of these compounds are non-selective cdk inhibitors and have shown
efficacy as anti-proliferatives. Their efficacy in inhibiting tau hyperphosphorylation has not
been well studied, and their utility may be compromised by their cell cycle effects. Further
truncation of p25, a potent cdk5 activator, was found to yield a cdk5 inhibitory peptide that
specifically inhibits cdk5/p25 activity without affecting cdk5/p35 or mitotic cdk5 activities
[116]. This inhibitory peptide was able to reduce tau hyperphosphorylation and neuronal death
induced by cdk5/p25 and thus might be used for developing a specific cdk5 inhibition strategy
in the treatment of neurodegeneration. A recent in vivo study demonstrated that inhibition of
cdk5 could cause activation of GSK-3β that plays a more dominant role in overall tau
phosphorylation than does cdk5 [93]. Thus, cdk5 inhibitors might be unable to reverse
abnormal hyperphosphorylation of tau and treat neurofibrillary degeneration. The same study
also demonstrated that cdk5 inhibitors can reduce Aβ level in the mouse brain. Therefore, cdk5
inhibitors deserve further investigation as potential therapeutic agents for AD.

Targeting Other Tau Kinases
In addition to GSK-3β and cdk5, other protein kinases that can catalyze tau phosphorylation
have also been considered as targets for inhibiting tau hyperphosphorylation. These kinases
include mitogen-activated protein kinases, casein kinases, Ca2+/calmodulin-dependent protein
kinase II, microtubule affinity regulating kinase, and PKA, and the development of inhibitors
of these kinases has been reviewed recently [88]. A common problem of the kinase inhibitors
is their insufficient selectivity. However, a recent report using a less selective inhibitor,
SRN-003-556, targeting GSK-3β, ERK2/cdc2, PKA, and PKC, demonstrated efficacy in
reducing soluble aggregated hyperphosphorylated tau and delaying the motor deficits in the
JNPL3 tau transgenic mice [97]. This study suggests that non-specific kinase inhibitors might
be considered for developing AD drugs, as more than one kinase are probably involved in the
abnormal hyperphosphorylation of tau [117]. Because many protein kinases are dynamically
regulated and are critical to many vital signaling pathways, any short-term and long-term
measurable side effects of using the kinase inhibitors will have to be a major focus for
developing these therapies.

Targeting Tau Phosphatases
Up-regulation of tau phosphatases is certainly another approach to reverse abnormal
hyperphosphorylation of tau. Because PP2A is the major tau phosphatase in the brain
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[56-59], it is a primary target to be considered. One important consideration of this issue is that
all protein phosphatases, including PP2A, have much broader substrate specificities than
protein kinases. Thus, more undesirable effects might be expected than when using kinase
inhibitors. Because PP2A is down-regulated in AD brain [59,65-69], these concerns may be
eliminated if just the pathological PP2A down-regulation is corrected. The activity, substrate
specificity, and subcellular localization of PP2A are regulated by various numbers of regulatory
subunits. To date, the cellular and subcellular distributions of the PP2A down-regulation in
AD remain elusive. Activating the right pool of PP2A to the right extent is certainly a challenge
for drug development.

PP2A activity is regulated by two endogenous protein inhibitors, I1
PP2A and I2

PP2A [118,
119]. These two inhibitors may be deregulated in AD brain [70,71], leading to PP2A inhibition.
Targeting these inhibitors may serve as another approach to restore PP2A in AD.

Memantine, a low- to moderate-affinity antagonist of NMDA receptor, is clinically beneficial
in treating moderate to severe AD. We found that it reverses okadaic acid–induced PP2A
inhibition and prevents tau hyperphosphorylation in hippocampal slice cultures from adult rats
[120]. The restoration of PP2A activity by memantine also leads to restoration of MAP2
expression in the neuropil and a reversal of hyperphosphorylation and accumulation of
neurofilaments. As other NMDA antagonists failed to show similar effects to memantine,
memantine's efficacy for treating AD might be involved in PP2A restoration. Similarly,
melatonin has also been shown to restore PP2A activity and reverse tau hyperphosphorylation,
both in vitro and in experimental animals [121-124].

Targeting Brain Glucose Metabolism and Tau O-GlcNAcylation
Glucose uptake and metabolism are impaired in AD brain, and this impairment appears to be
a cause, rather than a consequence, of neurodegeneration [125]. However, what causes
impaired brain glucose uptake/metabolism is not well understood. It could be a result of one
or more of the followings: reduced cerebral blood flow [126], deficient brain insulin signaling
[127,128], deficient brain glucose transporters [129,130], and oxidative stress [131]. Because
impaired brain glucose uptake/metabolism can cause deregulation of tau phosphatases and
decreased tau O-GlcNAcylation, which, in turn, facilitates abnormal hyperphosphorylation of
tau [79,81,82,132,133], restoration of normal brain glucose metabolism could help reverse tau
hyperphosphorylation in AD brain. Rosiglitazone, a well-known insulin sensitizer commonly
used for treating type 2 diabetes, has been shown to reduce tau phosphorylation in cultured
cells [134] and in obese rats [135], and to attenuate learning and memory deficits in Tg2567
transgenic APP mice [136]. A recent clinical trial has shown therapeutic efficacy of
rosiglitazone in AD patients who did not carry the apoE4 allele [137]. It is possible that
rosiglitazone achieves its efficacy via increasing brain insulin sensitivity, restoring brain
glucose metabolism, increasing tau O-GlcNAcylation, and finally, inhibiting tau
hyperphosphorylation.

Tau O-GlcNAcylation is also dynamically regulated by O-GlcNAc transferase and β-N-acetyl-
glucosaminidase (O-GlcNAcase) [138]. This mechanism offers a possibility to alter tau
phosphorylation via tau O-GlcNAcylation by targeting these two enzymes. Small inhibitory
compounds that selectively inhibit O-GlcNAcase, the enzyme that removes O-GlcNAc from
proteins, have been developed recently [139,140]. These inhibitors and their future derivatives
have the potential to be used to inhibit tau hyperphosphorylation via increasing tau O-
GlcNAcylation.
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CONCLUDING REMARKS
This article has discussed the rationale and the current status of therapeutic strategies targeting
tau hyperphosphorylation for treating AD. AD is multifactorial and heterogeneous, and these
causative factors appear to lead to the same pivotal downstream event of abnormal
hyperphosphorylation of tau, leading to neurodegeneration. It is possible that inhibition of such
a vital downstream event may be more effective than targeting an upstream event that might
benefit only a subgroup of AD patients [86]. Alternatively, a “cocktail” strategy or multi-target
therapy, targeting Aβ, tau, acetylcholinesterase, inflammation, oxidative stress, and cognitive
symptoms, could be more efficacious than monotherapy. As pointed out by Zhu et al. [141],
complete success in treating AD requires further understanding of the exact molecular
mechanisms of this disease.
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Fig. (1).
Proposed mechanism of neurofibrillary degeneration and targets for therapeutic interventions.
Multiple etiological factors cause abnormal hyperphosphorylation of tau via various pathways,
including Aβ, dysregulation of phosphorylation/dephosphorylation, and impaired brain
glucose metabolism. The abnormally hyperphosphorylated tau not only loses its biological
activity and disassociates from microtubules (MTs), but also promotes its polymerization. The
soluble abnormal tau and/or its oligomers are toxic to neurons and lead to neuronal death and
dementia. Probably due to the defense mechanism of the neuron, abnormal tau further
polymerizes into highly aggregated paired helical filaments (PHFs) and neurofibrillary tangles
(NFTs) that might be inert but might finally choke the affected neurons and facilitate cell death.
Thus, tau protein is obviously a promising target for developing disease-modifying therapy for
AD. The gray arrows indicate several therapeutic strategies targeting neurofibrillary
degeneration.
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