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Background:  Alzheimer’s  disease  (AD)  is  one  of  the  most  popular  tauopathies.  Neurofibrillary  tangles  and  senile
plaques are widely recognized as the pathological hallmarks of AD, which are mainly composed of tau and β-amyloid
(Aβ) respectively. Recent failures of drugs targeting Aβ have led scientists to scrutinize the crucial impact of tau in
neurodegenerative  diseases.  Mutated  or  abnormal  phosphorylated  tau  protein  loses  affinity  with  microtubules  and
assembles into pathological  accumulations.  The aggregation process  closely correlates  to two amyloidogenic core of
PHF6  (306VQIVYK311)  and  PHF6*  (275VQIINK280)  fragments.  Moreover,  tau  accumulations  display  diverse
morphological  characteristics  in  different  diseases,  which  increases  the  difficulty  of  providing  a  unifying
neuropathological criterion for early diagnosis.
Results: This review mainly summarizes atomic-resolution structures of tau protein in the monomeric, oligomeric and
fibrillar  states,  as  well  as  the  promising  inhibitors  designed  to  prevent  tau  aggregation  or  disaggregate  tau
accumulations,  recently  revealed  by  experimental  and  computational  studies.  We  also  systematically  sort  tau
functions, their relationship with tau structures and the potential pathological processes of tau protein.
Conclusion:  The  current  progress  on  tau  structures  at  atomic  level  of  detail  expands  our  understanding  of  tau
aggregation  and  related  pathology.  We  discuss  the  difficulties  in  determining  the  source  of  neurotoxicity  and
screening  effective  inhibitors.  We  hope  this  review  will  inspire  new  clues  for  designing  medicines  against  tau
aggregation and shed light on AD diagnosis and therapies.
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Author summary: The  accumulation  of  tau  protein  is  closely  related  to  the  pathological  process  of  Alzheimer’s
disease (AD). At present, the source of tau neurotoxicity has not been fully clarified. It may come from the misfolding of
tau in the early stage, oligomeric intermediates, or the aggregation process itself. Therefore, probing the atomic structures
of tau, exploring key interactions, and screening potential inhibitors are crucial to the proposal of effective treatments. We
hope this review can expand our understanding of tau pathology to accelerate medicine development for AD therapies.

  
INTRODUCTION

Alzheimer’s  disease  (AD)  is  an  age-related  neurodege-
nerative  disorder  with  the  characteristic  of  cognitive
decline  [1].  By  2020,  there  are  more  than  50  million
dementia patients worldwide, of which AD accounts for
50%  to  75%  [2].  The  incidence  rate  of  AD  increases

dramatically  with  age  [3].  11.3%  of  people  over  65
years  old  suffer  from  AD  and  the  number  comes  to
34.6%  for  people  over  85.  The  patient  has  a  slight
memory  loss  in  the  early  stage  of  the  disease,  and  the
memory continually declines accompanied by cognitive
dysfunction,  and  eventually,  dementia  occurs  as  the  di-
sease progresses [4,5].  The amyloid cascade hypothesis
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proposed in 1992 that the deposition of β-amyloid (Aβ)
is  the  causative  event  of  AD  pathology  [6].  Toxic
aggregates of  Aβ may lead to oxidative stress,  synaptic
dysfunction,  cellular  membrane  damage,  telomerase
dysfunction,  and  neuronal  apoptosis  [7,8].  However,
drugs  targeting  Aβ  have  not  yet  succeeded.  Emerging
preclinical  data  demonstrate  that  tau  pathology  is  not
driven by Aβ pathology [9]. The accumulation of tau arises
independently,  and  can  correlate  to  Aβ  deposits  with
the  transcellular  spread  of  pathological  tau.  Especially
once  cognitive  deficits  occur,  the  correlation  between
tau  burden  and  clinical  damage  is  stronger  than  that  of
Aβ burden [10]. The development of tau pathology may
lead  to  microtubule  instability,  defects  in  microtubule
transportation,  oxidative  stress  response,  mitochondrial
dysfunction,  and eventually  neuronal  apoptosis  [11,12].
The synergistic effect of tau and Aβ runs throughout the
AD course and fundamentally drives the progression of
the  disease  [13],  suggesting  tau  can  serve  as  an  alter-
native therapeutic target in AD treatment. A few clinical
anti-tau strategies have been tried and some have turned
out  to  be  a  failure,  such  as  the  microtubules  stabilizer
epithilone D, the GSK-3 inhibitor tideglusib, the aggreg-
ation  inhibitor  methylene  blue  and  its  derivatives  [10],
and  monoclonal  antibody  semorinemab  [14].  These
failures  may  be  attributed  to  the  diversity  of  tau
structure  and  the  complexity  of  its  interaction.  As  a
promising therapeutic strategy, structure-based inhibitors
targeting  tau  aggregation  have  gained  more  and  more
attention in recent years. 

TAU DOMAINS AND ISOFORMS

Tau  is  a  highly  soluble  and  unfolded  intracellular  pro-
tein. It belongs to the microtubule-associated protein fami-
ly and is widely found in the central nervous system [15].
Tau  is  abundant  in  axons  and  less  in  neuron  dendrites,

oligodendrocytes, and some non-neuronal tissues [16,17].
Tau  is  composed  of  the  N-terminal  region,  proline-rich
domain,  microtubule-binding  domain,  and  the  C-
terminal  region  [18],  as  shown  in  Fig. 1.  During  the
transcription  and  translation  of  tau,  the  alternative
splicing of exons 2, 3, and 10 generates six 37‒46 kDa
isoforms  which  correspond  to  352‒441  residues  res-
pectively.  It  is  worth  noting  that  exon  3  can  only  be
translated in the presence of exon 2 [19,20]. Exon 2 and
3 are accountable for encoding N1 and N2 regions, and
exon  10  is  responsible  for  encoding  the  second  repeat
region (R2) of the microtubule-binding domain. Tau iso-
forms can be distinguished by the number of N1/N2, and
whether tau includes R2 [19,21]. As displayed in Fig. 1,
4R tau isoforms have four repeat  regions,  while 3R tau
isoforms lack R2. 

TAU FUNCTIONS 

Major function: binding and stabilizing
microtubule

Tau  constitutes  more  than  80%  of  microtubules-
associated  protein,  and  its  primary  function  is  to  bind
and  stabilize  microtubules  [22,23].  The  microtubule-
binding domain is composed of four repeat regions (R1,
R2,  R3,  and  R4)  and  is  the  dominant  structure  of  tau
binding  to  microtubules  [19].  The  binding  of  tau  to
microtubules  may  be  attributed  to  their  electrostatic
interaction  in  between  [24].  One  α-tubulin  and  one  β-
tubulin  form  a  tubulin  dimer,  and  then  the  dimers
assemble into protofilaments that associate laterally into
hollow microtubules. A recent cryo-electron microscopy
(Cryo-EM) study suggested that one single repeat region
of  tau  spans  the  interface  of  the  intra-dimer  and  inter-
dimer  of  tubulins  takes  α-tubulins  as  the  center  to

 

 

Figure 1.    The domains and isoforms of tau. Tau is composed of the N-terminal region (NTR), proline-rich domain (PRD),
microtubule-binding domain (MTBD), and the C-terminal region (CTR). MTBD involves four repeat regions named R1, R2, R3,
and  R4.  Six  isoforms  are  formed:  4R2N,  4R1N,  and  4R0N  for  4Rtau  isoforms;  3R2N,  3R1N,  and  3R0N  for  3Rtau  isoforms.
Hexapeptides 275VQIINK280 (PHF6*) and 306VQIVYK311 (PHF6) are respectively located at the beginning of R2 and R3.
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connect  two  β-tubulins  along  the  protofilaments  of
microtubules  [25],  as  shown  in  Fig. 2.  Peter  W.  Baas
group  suggested  that  the  actual  stabilizer  of  axonal
microtubules is MAP6 rather than tau. The reduction of
MAP6  weakens  the  stability  of  the  unstable  domain  of
microtubules, while the decrease of tau reduces the unst-
able  domain  and  increases  the  stable  domain  [26,27].
In  general,  tau  is  able  to  initiate  the  assembly  of
microtubules [28] and contribute to the stability of micro-
tubules,  directly  or  indirectly.  Inspired  by  this  notion,
reducing  the  loss  of  microtubules  through  low-dose
drugs  that  stabilize  microtubules  is  a  general  treatment
strategy for tau-related diseases [29]. 

Minor functions

Tau participates in axon transport, neurite growth regul-
ation,  and  nutrition  signal  enhancement  [30,31].  Tau
may  serve  as  a  mediator  to  link  the  cytoskeleton  and
indirectly regulate cell functions. For example, microtubule
-bound actin connects  to two or  more repeat  regions of
tau, which maintains the cellular coordinative operation
and  normal  function  [32].  Tau  also  participates  in  the
protection  and  restoration  of  DNA,  and  plays  an
important  role  in  maintaining  the  integrity  of  neuronal
genomic  DNA and  RNA [33].  Tau  in  the  nucleus  may
bind to DNA and protect it from mild heat stress damage
[34].  Tau  is  suggested  to  help  maintain  the  balance
between ions K+ and Na+ at the neuron resting state and
the intercellular transmitting of the electrical signal [24]. 

TAU AGGREGATION 

Tau pathology based on its aggregation

Neurodegenerative  diseases  associated  with  tau  self-
assembly  are  known  as  tauopathies  [35],  which  are
related to more than 20 neurodegenerative disorders [36].
In  the  mutation  or  abnormal  phosphorylation,  tau  deta-
ches  from  microtubules,  leading  to  the  subsequent
pathological process [25]. Paired helical filaments (PHFs)
are  the  pathological  aggregates  in  AD  formed  by  tau
self-assembly,  which  further  aggregate  into  NFTs  [37].
This  aggregation  process  of  intrinsically  disordered  tau
can  be  affected  by  various  factors,  such  as  post-
translational modifications, polyanion, residue mutation,
metal ions, membrane environment, proteolytic cleavage,
and  cross-seeding  with  other  amyloids  [37–39].  For
instance,  post-translational  modifications  can  regulate
the  affinity  of  tau  to  microtubules,  affect  the  conform-
ational  state  of  tau  and  trigger  the  amyloidogenesis  of
tau  monomer  [37].  For  another  instance,  heparin,  the
most  frequently  studied  polyanion,  can  promote
dimerization  at  the  early  stage  of  tau  aggregation  [37]

and  overcome  the  kinetic  and  thermodynamic  barriers
for  tau  fibrillization  [40].  Once  pathological  tau  is
formed, it would gradually cover neurons, impact cellu-
lar basis functions, result in neuron death, and transcellu-
larly  spread  to  the  entire  brain  along  with  the  neuron
networks [19,41]. The tau-containing PHFs in AD brain
have a robust quantitative and topographical association
with  neurodegeneration,  and  the  spatial  distribution  of
pathological tau reflects the level and location of cortical
atrophy [42].
The formation of tau fibrils involves oligomerization,

nucleation,  and  elongation  stages  [43,44],  as  shown
in  Fig. 2.  It  begins  with  the  transition  of  tau  monomer
from inert to seed-competent type. Compared with inert
monomer, seed-competent monomer has the aggregated-
prone  PHF6  segment  exposed  to  water  solution,  which
provides  the  structural  basis  for  further  oligomerization
[45].  Tau oligomers are diverse and reversible [46–48].
The  smaller  transient  oligomers  with  the  cross-β  struc-
ture  may  assemble  into  fibrillar  nucleus  and  are  on-
pathway to fibrils formation. Otherwise, types of oligomers
are formed to be off-pathway to fibril formation [47,49,50].
There also exists unstable oligomers which are in rapid
exchange  with  monomers  and held  together  by  electro-
static interaction [47]. Nucleation is a relatively slow but
key  step  in  the  process  of  tau  fibrillization.  Once  the
nucleus  is  established,  filaments  can  elongate  rapidly
with  the  addition  of  monomers  [43,51].  Interestingly,  a
very small amount of PHF fibrils may disaggregate into
soluble monomers over 1 month incubation, detected in
the  aggregation  of  K18  tau  (the  four  repeat  regions)  in
vitro  using  single-molecule  fluorescence  [46].  The  tau
fibril also displays a temperature-dependent stability and
the formation of tau fibrils at 343 K can be reversed into
monomers  when  cooled,  demonstrated  by  the  EM  and
molecular dynamics simulation (MD) study [52]. 

Tau fibrils show structural polymorphism in
different diseases

In  AD,  all  six  tau  isoforms  are  expressed,  and  the
structural  diversity  increases  the  difficulty  of  providing
a  unifying  neuropathological  criterion  for  early  diag-
nosis [53]. Both the straight filaments (SFs) and PHFs in
AD  brains  are  formed  by  two  identical  protofilaments
(Fig. 3)  [54].  In  PHFs,  the  two  protofilaments  have  a
helical  symmetry  with  an  interface  formed  by  the  anti-
parallel stacking of residues 332PGGGQ336. The C-shaped
core of PHFs formed by residues E306 to G378 involves
eight β-strands.  β1 and β2 are parallel  stacking with β8
through  face-to-face  hydrophobic  groups  and  polar-
zipper  motifs  respectively.  A  turn  is  accomplished  by
the  links  between  β2  and  β3  on  the  outer  side  of  the
protofilament and between β8 and β7 on the inner side.
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β3 and β7 are arranged in anti-parallel alignment and are
stabilized  by  sidechain  hydrogen  bonds.  β4,  β5  and  β6
form  a  triangular  conformation,  which  is  stabilized  by
interior hydrophobic groups, aliphatic stacking and aro-
matic  stacking  [54].  Interestingly,  the  SF  and  PHF
structures  resolved  by  Cryo-EM  are  identical  between
sporadic and inherited patients of AD [55].
In Pick’s disease (PiD), tau filaments are distinguished

by  the  narrow filament  (93%)  and  wide  filament  (7%).
A  recent  Cryo-EM  study  shows  that  the  two  kinds  of

filaments both have an ordered core formed by residues
254−378  involving  nine  β-strands  [56].  The  ordered
core  is  in  a  cross−β  and  elongated  J-shaped  conforma-
tion. The wide filament consists of two narrow filaments
which form strong contacts at their distal tips by van der
Waals  (vdW) interaction.  Besides,  fibrils  in  PiD comp-
rise  3Rtau  isoform  merely,  for  the  tau  sequence  adop-
ting  the  Pick  fold  is  unable  to  accommodate  R2  [57].
In chronic traumatic encephalopathy (CTE) [58], there

are two types of tau fibrils due to the relative arrangement
 

 

Figure 2.    The process of tau aggregation. Tau binds to microtubules by the repeat regions, and one repeat region connects
three tubulins along with the protofilaments. Abnormally,  tau detaches from microtubules and assembles into on-pathway and
off-pathway oligomers.

 

 

 

Figure 3.    Tau  filaments  in  diseases. These  structures  are  derived  by  means  of  Cryo-EM.  (A)  Straight  filament  (SF)  and
paired helical filament (PHF) in AD (PDB ids: 5O3T, 5O3L). (B) Narrow filament (NF) in PiD (PDB id: 6GX5). The wide filament
is not shown here, for its structure is limited to 8 Å resolution. (C) Type I and Type II filaments in CTE (PDB ids: 6NWP, 6NWQ).
(D) Type I  filament in CBD (PDB id:  6TJO).  Type II  filament in CBD is comprised of  two type I  filaments,  which is not  shown
here.
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of  paired  protofilaments  [59].  Type  I  comprises  about
90%  of  filaments  and  type  II  10%.  Revealed  by
negative-stain  EM,  the  helical  twists  of  type  I  filament
result  in  projected  widths  of  20−25  nm,  and  the
projection  width  of  the  type  II  filament  is  15 ‒30  nm.
The tau filaments in CTE yield a C-shaped fold formed
from residues K274‒R379 of 3Rtau and S305‒R379 of
4Rtau,  more  open  than  the  tau  fold  in  AD.  The
protofilament involves eight β-strands, with the interface
of  324SLGNIH329  in  type  I  and  331KPGGGQVE338  in
type II [59].
In  corticobasal  degeneration  (CBD),  tau  filamentous

inclusions  are  made  of  4Rtau  [60,61],  involving  type  I
and type II filaments [61]. Type I filaments are composed
of  a  single  protofilament  and  adopt  a  previously
unknown four-layered fold. Type II filaments consist of
a  pair  of  identical  protofilaments  of  type  I  and  the  two
protofilaments are related by C2 symmetry. The core of
tau  filaments  in  CBD  comprises  residues  274−380,
consisting  of  eleven  β-strands.  The  interface  between
protofilaments  is  formed  by  antiparallel  stacking  of
343KLDFKDR349 through vdW interaction and hydrogen
bonds [61]. 

Amyloidogenic cores formed by PHF6 and PHF6*

Two β-sheet-prone hexapeptides 275VQIINK280 (PHF6*)
and  306VQIVYK311  (PHF6)  are  considered  as  the
ordered core of promoting tau aggregation, which are res-
pectively located at the beginning of R2 and R3 [62,63].
Normally,  the  repeat  regions  of  tau  tend  to  form  a  β-
hairpin  structure  and  failed  to  propagate  in  amyloid,
where PHF6 is shielded by its upstream flanking region
[45,64].  Under  abnormal  conditions  such  as  disease-
related  mutation,  key  proline  isomerization,  and  alter-
native  splicing,  this  local  structure  may  be  destroyed,
giving  rise  to  the  self-aggregation  of  tau  [64].  The  two
hexapeptides can assemble into fibrils on their own, and
the formed assemblies are rich in β-sheet with 3D zipper
conformation  of  closely  packed  backbones  and  inter-
digitated side chains [36,65,66].  Moreover,  PHF6 has a
structural  similarity  with  oligomers  and  neurofibrillary
tangles formed by full-length tau, and thus it is broadly
applied  as  the  template  of  screening  and  exploring
candidate  drugs  for  amyloidosis  [67].  PHF6-capping
inhibitors  are  highly  effective  at  blocking  the  aggre-
gation  of  3Rtau  isoforms  in  vitro,  and  ineffective  at
inhibiting  4Rtau  isoforms  which  contain  the  PHF6*
segment [36,68].  In addition, PHF6* inhibitors are able
to inhibit  4Rtau seeding,  which is  impossible for PHF6
inhibitors [36]. 

INHIBITORS TARGETING TAU
AGGREGATION

The  assembly  process  of  tau  protein  from  misfolding
monomers into highly ordered β-sheet-rich aggregates is
a key step in the development of tau pathology [69], and
reducing  or  removing  these  aggregates  is  beneficial  to
alleviate  the  symptoms  of  diseases.  According  to  the
process  of  amyloid  formation,  inhibitors  are  developed
to  interfere  with  tau  aggregation  in  three  stages.  First,
inhibitors  can act  on the stage of  misfolding and oligo-
merization. They bind to tau monomer and stabilize the
monomeric structure, which reduces the misfolding and
association of monomers [70,71]. Second, inhibitors can
act  on  the  nucleation  stage  [36,72].  They  directly
suppress  the  formation  of  tau  nuclei,  or  sequester
oligomers efficiently to neutralize the ability of seeding
further  aggregation.  Finally,  inhibitors  can  act  on  the
fibrillary  elongation  or  mature  fibrils.  They  block  the
ends  of  short  fibrils  to  prevent  the  addition  of  tau
peptides  [36,73],  or  remodel  and  disaggregate  the
preformed fibrils [74,75]. These inhibitors involve small
molecules,  nanoparticles,  and  short  peptides,  etc.  The
structure  of  inhibitors  mentioned  below  are  shown  in
Tables 1 and 2. 

Small molecules

Polyphenol  compounds  are  potent  in  the  inhibition  of
tau  amyloidosis  [35,76].  Curcumin  has  the  ability  to
inhibit tau aggregation and depolymerize pre-aggregated
fibrils  in  vitro  [77,78],  while  the  poor  absorption  and
metabolism  of  curcumin  in  body  limit  its  biological
activity  [79].  Therefore,  kinds  of  curcumin  derivatives
are  developed.  Curcumin  derivatives  can  promote  tau
oligomers aggregating into large off-pathway aggregates
and reduce the neurotoxicity of products [80]. Curcumin
derivative  PE859  with  the  straight  conformation  and  a
central  pyrazole  group  has  superior  pharmacokinetic
characteristics  and  more  effective  pharmacology  of
binding  to  and  inhibiting  tau  [81–83].  Curcumin
conjugated  on  the  scaffold  of  Ru(II)  complexes  can
inhibit  the  aggregation  of  tau  R3  fragment  in  both
nucleation  and  elongation  stage,  demonstrated  by  Liu
et  al.  [84].  Besides,  the  smaller  ancillary  ligand
bipyridine in curcumin-Ru1 complex can insert into the
cave  formed  by  304GSVQIVY310  which  is  the  key
segment for R3 aggregation. Resveratrol can impede the
formation of neurofibrillary tangles [85], inhibit cellular
toxicity  induced  by  tau  aggregates,  and  restrict  the
spread of tau oligomer across cells [86]. However, rapid
metabolism  and  low  bioavailability  limit  the  utility  of
resveratrol  in  the  human  body  [87].  Rosmarinic  acids
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can  hinder  the  oligomerization  and  fibrillation  of  tau
K18  fragment,  and  disrupt  the  oligomer  stability  of
paired  hexapeptide  306VQIVYK311  by  inserting  into  the
cylindrical  cavity and forming salt-bridges with residue
K311  [88].  Green  tea  extract  EGCG  can  promote  the
off-pathway  aggregation  and  dissolve  already-exiting
tau  oligomers  or  filaments  [49].  Long-term  treatment
with EGCG improves the memory function of mice [89].
Quercetin  or  enzyme-MNP  treated  quercetin  can
effectively inhibit the formation of tau fibrils and decom-
pose  pre-formed  tau  fibrils  [90].  Baicalein  can  inhibit
tau  aggregation  by  sequestering  tau  oligomers  and
promote  the  formation  of  off-pathway  tau  oligomers.
It  can  also  depolymerize  pre-formed  oligomers  or  ma-
ture  fibrils  in  a  concentration-dependent  manner  [91].
Xanthohumol, a natural phenolic compound xanthohumol,
can  reduce  the  aggregation  of  tau  K18,  prevent  K18
from  forming  long  and  compact  fibrils,  and  break  the
preformed  mature  tau  K18  fibrils,  reported  by  Zhang
et al. [92].
Quinones  can  hinder  the  formation  of  pathological

entities by inhibiting the misfolding and accumulation of
tau [93,94].  Parietin,  an orange anthraquinone pigment,
can inhibit tau aggregation in vitro with the concentration
range from 3 to 28 μg/mL, and the binding is driven by
H-bond  interaction  with  the  VQIVYK  motif  [95].
Purpurin,  another  natural  pigment  of  anthraquinones,
can  inhibit  tau  aggregation  in  a  dose-dependent  matter
and  dissemble  pre-assembled  tau  fibrils.  In  a  study  of
AD  fruit  fly,  purpurin  also  reduces  the  neurotoxicity
caused  by  tau  pathology  and  alleviates  the  neurodeg-
enerative  symptoms  [75].  Naphthoquinone-tryptoph-
an (NQTrp) complex can inhibit  the assembly of PHF6
in  vitro.  In  Drosophila  model,  NQTrp  treatment
moderates  the  cytotoxicity  induced  by  tau  aggregates
and  ameliorates  the  degeneration  of  the  eyes  and  brain
with  tauopathies  [96].  NQTrp  and  NQTrp-Cl  disass-
emble  pre-formed  PHF6  fibrils  into  non-toxic  interme-
diates and dissolve pre-formed full-length tau fibrils  by
opening up the ordered core [67].
Tenuiorin  moderately  holds  back  the  aggregation  of

tau  and  reduces  the  content  of  β-sheet  structure,  which
may result from the hydrogen bonding and hydrophobic
interactions  between  tenuiorin  and  the  PHF6  motif  of
tau [97]. The derivative of usnic acid effectively hinders
the  formation  of  Ac-PHF6  fibrils  and  thus  Ac-PHF6
peptides  adopt  small  dot  structures  [98].  Nimbin  and
Salannin  are  respectively  the  intermediate  and  terminal
limonoids,  which  can  hamper  the  formation  of  β-sheet
structure  and  enhance  the  cellular  viability.  Nimbin  is
more  effective  in  inhibiting  tau  aggregation,  while
Salannin prefers to depolymerize preformed tau fibrils [99].
Isobavachalcone,  an  ingredient  in  traditional  Chinese

medicine psoralea corylifolia, can protect cells from the

toxicity  of  tau  oligomer,  inhibit  the  aggregation  of  tau
K18  and  dissolve  well-formed  K18  fibrils  by  mainly
interacting with R2 region, reported by Xiao et al. [100].
Vitamin  B12  can  inhibit  the  aggregation  and  fibrilliza-
tion of tau by binding to the cysteine residues of tau [101].
Folic acid, also known as vitamin B9, helps stabilize the
natural conformation of tau. It can effectively hold back
the  formation  of  β-sheet  structure  and large  fibrils,  and
in  turn  cause  misfolded  tau  to  form  amorphous
oligomers and shorter fibrils [102]. On the contrary, the
lack of vitamin B12 and folic acid may increase the risk
of AD [103].
Toluidine blue (TB), a basic dye of the phenothiazine

family,  can  stabilize  the  coil  structure  of  tau  in  the
brains  of  fruit  flies  and  prevent  the  conformational
change  into  aggregates  [104].  Moreover,  light  excited
TB  can  disaggregate  mature  fibrils  and  thereby  relieve
neurodegenerative  symptoms  of  fruit  flies  such  as
olfactory  disorders,  memory  loss,  and  movement
disorders [104].
Palmatine  chloride  can  inhibit  tau  aggregation  and

dissolve pre-formed tau fibrils into small fragments, and
the  anti-tau  pathological  ability  of  palmatine  chloride
increases  obviously  with  the  increment  of  concentrati-
on [105]. MK-886 can inhibit the formation of tau toxic
oligomers  and  transfer  toxic  oligomer  to  nontoxic
conformation,  via  binding  to  the  proline-rich  domain
and microtubule-binding domain of tau monomer [106].
Trazodone  alleviates  the  burden  of  tau  phosphoryla-

tion,  recovers  memorial  injury,  lessens  hippocampal
atrophy,  and  prevents  neurodegeneration  [107–110].
Trazodone  can  inhibit  the  formation  of  small  toxic
oligomers  and  destruct  the  β-sheet  structure  of  mature
fibrils  [111].  Melatonin  can  reduce  the  acetylated  and
hyperphosphorylated tau in mice models, and as a result,
it  reverses  cognitive  impairment  and  dementia-
associated behaviors of anxiety and apathy [112]. At the
concentration  of  5  mM,  melatonin  can  inhibit  tau
assembly  through  hydrophobic  interaction  revealed  by
an  NMR  spectroscopy  study.  Melatonin  hinders  the
formation of  the salt  bridge between tau molecules  and
decomposes  the  already-formed  tau  aggregates  by
interacting  with  histidine  [113].  Melatonin  reduces  the
formation of higher-ordered oligomers of full-length tau
but has no significant effect on the β-sheet content [114].
There are two points to note here. First, different small

molecules have a distinct ability to cross the blood-brain
barrier  (BBB)  [115,116],  which  may  restrict  the
opportunity to enter the human body in the form of food
to  exert  anti-tau  pathology  effects.  Second,  small
molecules  have  to  accumulate  in  the  brain  to  pharma-
cologically  relevant  concentration  (~μM)  so  as  to
achieve  effective  inhibition  [87,117].  The  penetration
and accumulation, as well as the toxicity, are concluded
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Table 1    The structure of small molecular inhibitors
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to be curial in screening prospective candidate drugs and
measuring the effectiveness of inhibitors. Therefore, the
combination  of  nanomaterials  and  small  molecules  is
employed  to  overcome  the  inherent  shortcomings  of
isolated  small  molecules  and  improve  the  effectiveness
of inhibitors. 

Nanoparticles

During  the  past  few  years,  nanoparticles  have  consis-
tently  exhibited  great  value  in  the  diagnose  and  treat-
ment  of  amyloid  disorders  [118,119].  Nanoparticles
inhibitors  have  high  large  surface  areas  and  strong
adsorption capacity, enabling peptides, protein molecules,
or  aggregates  to  interact  with  their  surfaces  in  various
forms,  generate  a  large  number  of  conformational
changes,  and  affect  the  interaction  of  protein/peptide
molecules, the pathway of aggregation, and the structure
of  the  aggregates  [120].  Kinds  of  nanoparticles  are
designed  to  prevent  tau  pathology  and  tau-related
neuronal  apoptosis.  Iron  nanoparticles  can  stabilize  the
random coil conformation of tau monomer through vdW
interaction and hydrogen bonds and impede the misfold-
ing  [121].  Nicotinamide  loaded  phosphatidylserine-
functionalized  solid  lipid  nanoparticles  can  protect  tau
from  hyperphosphorylation  and  as  a  result  relieve
neuron  death  and  cognitive  impairment  in  the  study  of
AD rat model [122]. Nanogold polyethylene glycol (Au-
PEG)  conjugate  hinders  tau  aggregation  in  the  early
stage  by  stabilizing  the  conformation  of  aggregation-
prone  tau  [123].  Au-PEG  is  suggested  to  reduce  the
burden of  phosphorylated  tau  and improve  the  learning
ability  of  mice.  In  addition,  Au-PEG  treatment  has  no
apparent  toxicity  and  modulate  tau  function  to  prevent
proteotoxicity. Nanoparticles of protein-capped cadmium
sulfide (PC-CdS) and iron oxide (PC-Fe3O4) impede the
formation  of  toxic  tau  fibrils  and  dissolve  already
existing  PHFs  [124].  The  smaller  size  and  stronger
absorption  capacity  make  PC-CdS  nanoparticle  an
inhibitor of greater potential.
Treatment of methylene blue (MB) alone has failed in

Phase  3  of  clinical  therapeutics  [125].  Isolated  MB
merely inhibits fibrils formation but is invalid to prevent
the  formation  of  granular  oligomer  which  is  closely
related  to  neuron  death.  However,  combining  nano
composite  CeNC/IONC/MSN-T807  with  MB  (CeN
C/IONC/MSN-T807-MB)  can  impede  the  hyperphos-
phorylation  and  polymerization  of  tau  effectively  by
binding  to  phosphorylated  tau  with  high  affinity,
demonstrated  by  Chen  et  al.  [1].  CeNC/IONC/MSN-
T807-MB  can  also  reduce  neuronal  apoptosis,  rescue
memory decline and cognitive impairment, and improve
the  learning  ability  of  AD  rats.  Nanomaterial  Fe-MIL-
88B-NH2-NOTA-DMK6240 loading MB (Fe-MIL-88B-

NH2-NOTA-DMK6240/MB) can bind to full-length tau
to hamper further fibrillization [126]. In AD model rats,
it  can  also  lessen  neuronal  apoptosis  and  alleviate
memory injury as well as cognitive decline.
Encapsulating  curcumin  in  nanoparticles  can  release

curcumin  slowly  and  lastingly,  thereby  increasing  its
concentration  in  the  central  nervous  system  [127,128]
and  enhancing  the  inhibitory  effect  of  curcumin  on  tau
in  body  [77].  PLGA-PEG-B6  nanoparticles  can  effec-
tively  transport  curcumin  across  BBB.  PLGA-PEG-
B6/curcumin nanoparticles can reduce the burden of Aβ
and inhibit the hyperphosphorylation of tau in APP/PS1
mice  [129].  This  treatment  also  improves  the  learning
ability,  alleviates  the  memory  deficit,  and  rescues  the
cognitive  decline  of  mice.  The  complexes  formed  by
T807/RPCNP  nanoparticles  and  curcumin  (CUR-load
T807/RPCNP  NPs)  can  cross  BBB,  lessen  phosphory-
lated  tau  and  inhibit  tau  polymerization.  CUR-load
T807/RPCNP  NPs  treatment  improves  the  memory
impairment of AD mice without obviously affecting cell
viability  [130].  Tannic  acid  nanoparticles  promote  tau
R3  fragment  forming  a  hairpin  structure  to  hinder  the
interaction  between  tau  peptides,  which  is  against  the
further aggregation [131]. EGCG combined with nanopart-
icles can reduce Aβ plaque and neurofibrillary tangles of
tau  in  the  brain  [132].  EGCG  nanoparticles  inhibit  the
activity  of  acetylcholinesterase,  moderate  oxidative
stress, and greatly save the learning disabilities and mem-
ory  deficits  in  AD  rats  induced  by  aluminum  chloride. 

Short peptides

Peptide-based inhibitors can interact with tau at different
stages  of  fibrillar  formation:  monomeric  misfolding,
primary  nucleation,  secondary  nucleation,  fibril  elon-
gation, and fibril  fragmentation, or remodel,  degrade or
disassemble  already-formed  fibrils,  mainly  by  three
modes [133]. First, the native sequence of amyloid core
and  its  derivatives  with  the  introduction  of  β-breaker
(e.g., proline), amide bond N-methylation or cyclization
can  prevent  amyloidosis  of  the  protein.  Second,  the
crystal structure of the amyloid core can also be used as
the template for designing inhibitors capping the ends of
the  fibrils  to  prevent  further  elongation.  Third,  short
peptides derived from one amyloid core can impede the
cross-interaction of two amyloids and isolatedly mediate
the self-assembly of another amyloid.
The steric zipper structure of PHF6 fragment is widely

used  as  the  template  to  design  tau  inhibitors  [66,68].
Short  peptides  targeting  PHF6  can  inhibit  fibril
formation not only of the VQIVYK segment, but also of
tau K12 and K19 [68]. PHF6 mutants (see Table 2) with
one single residue substituted by proline can prevent the
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aggregation  and  decompose  the  pre-formed  fibril  of
VQIVYK segment [69], for the high rigidity and lack of
amide  protons  for  hydrogen  bonding  make  proline  an
efficient β-sheet breaker [134,135]. Especially, the inhi-
bitor  P2  increases  the  lag  time  of  aggregation  and
reduces  the  cytotoxicity  of  fibrils.  P2  and  P3  show the
best inhibitory effect, which may be attributed to the sensit-
ivity of the second and third residue positions to the hydro-
gen bond absence caused by proline substitution. Other

forms  of  PHF6  segment  with  single  residue  mutation,
acetylation in the N terminus and different chirality are
tested  [136].  P15  and  P16,  as  accelerators,  can  reduce
cytotoxicity  by  promoting  the  aggregation  of  A3  into
nontoxic  stable  fibrillar  aggregates;  P18  to  P21,  as
inhibitors,  can  inhibit  the  aggregation  progress  and
disrupt the A3 assembly; P17 shows no significant effect
on the fibrillization and cytotoxicity. A similar reduction
in cytotoxicity by accelerating the fibrillization progress

  

Table 2    The structure of nanoparticles and the sequence of short peptides employed as inhibitors

Different boxes correspond to different studies; †: D-amino acid. Sr: sarcosine.
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was observed in the study of Aβ [137], and the employ-
ment  of  accelerators  may  also  be  a  promising  strategy
against tau-related pathologies. The SVQIVYK mutants
by single tryptophan substitution at  each position along
the  peptide  can  also  serve  as  inhibitors  [73].  Among
them,  VY-WIW  exhibits  the  best  potency  to  block
seeding tau K18 by AD extracts and purified fibrils.
The structure of KVQIINKKLD consisting of PHF6*

fragment  is  another  template  used  to  design  short
peptide inhibitors [36,73]. Substitution of the isoleucine
at  position  4  along  the  fragment  with  methionine  or
tryptophan,  will  disrupt  the  steric  zipper  interfaces
formed in  tau  fibrils.  Inhibitors  based  on  this  structure,
MINK,  WINK  and  W-MINK,  not  only  cap  the  fibril
ends  to  block  the  steric  incorporation  of  additional  tau
peptide,  but  also  restrict  the  ability  of  exogenous  full-
length tau fibrils to seed tau amyloidogenesis in HEK293
biosensor cells [36]. M4W39 mutant with the substitution
of the arginine at position 9 of W-MINK by tryptophan,
is more effective in inhibiting tau aggregation. However,
WWW and WMW do not  exhibit  any inhibitory effect.
Particularly,  IN-M4  is  the  best  inhibitor  of  seeding  tau
K18 by AD extracts. The aggregation-prone interface of
PHF6* is broadly sensitive to IN-M4, implying that this
interface adopts a similar structure despite numerous tau
fibril  polymorph  [73].  Still,  short  peptides  have  a  high
protease  sensitivity  and  low  BBB  permeability,  which
needs to overcome before applied in clinical therapy [138].
Aβ-derived  peptides  can  also  be  used  to  inhibit  tau

aggregation,  such as KLVFF and its  derivative (P4 and
P5) peptides [139]. The high-ordered tau aggregates are
significantly  reduced  and  more  random  coil  conforma-
tion of tau tends to form in the presence of KLVFF, P4,
or  P5.  It  can  be  observed  by  transmission  electron
microscopy that heparin-induced tau filaments are broken
and form short fractured filaments when coexisting with
KLVFF, P4, or P5 peptides. 

TAU INTERACTION REVEALED BY
MOLECULAR DYNAMICS SIMULATION

MD  simulation  is  a  good  complement  to  experimental
observations  of  tau  aggregation,  especially  for  tau
monomer,  oligomer,  and  interaction  mechanisms  that
are  difficult  to  observe  experimentally  [140].  MD
simulation  can  provide  detailed  information  about  the
structure, dynamics, and interaction at atomic level [141]. 

Tau monomer

The  N-terminus  and  C-terminus  of  tau  bound  to  the
microtubules  are  too  far  from  each  other  to  form  an
extended conformation, which allows tau to bind to the
tubulin heterodimer through electrostatic interaction and

hydrogen bonds [25]. When falling off the microtubules,
tau  gets  compacted  in  solution  and  the  N-terminus  and
C-terminus may have a higher chance of contacting each
other to form a paperclip conformation [24]. The native
structure of tau monomer in solution involves an ensem-
ble  of  compact  globular  conformations  with  transient
secondary structure elements [142]. Especially, plenty of
β-sheet  elements  are  identified  in  R3  and  R4  regions,
which  may  facilitate  the  subsequent  misfolding  and
oligomerization. Using replica exchange MD simulations,
Larini  et  al.  showed  that  monomeric  tau273−284
encompassing  PHF6*  preferentially  adopts  compact
conformations,  while  the  point  mutation  of  ∆K280  can
disrupt  the  K280-D283  salt-bridge  and  lead  to  the
extension of backbone [143]. 

Tau oligomer

R3 is a core component of tau fibrils [144] that can self-
aggregate  into  fibrils  in  the  absence  of  poly-anion  and
shares similar characteristics to full-length tau [145]. Liu
et  al.  demonstrated  that  the  N-terminal  PHF6,  middle
residues  324‒327,  and  C-terminal  residues  331−334  of
R3  are  critical  to  its  misfolding  [146].  These  residues
undergo  a  conformational  change  from  disordered
structure  to  β-sheet  through a  critical  intermediate  state
of turn structure, revealed by the transition path analysis.
Li  et  al.  showed  that  R3−R4  repeats  of  K18  protofila-
ment  exhibit  a  stable  C-shaped  motif  while  R1−R2
repeats  tend  to  be  linear  in  shape.  The  former  can  be
further stabilized by heparin [147].
The  aggregation  of  tau  may  begin  with  the  local

environmental  change  of  PHF6/PHF6*,  in  which  the
aggregation-prone  hexapeptides  become more  extended
and  get  exposed  to  water  to  enable  further  inter-
molecular assembly [45]. A computational study showed
that isolated PHF6 can self-aggregate through a two-step
nucleation.  The  hexapeptide  first  aggregates  into  a
disordered  oligomer,  and  then  converts  into  a  fibrillar
structure  consisting  of  two  parallel  β-sheets  [148].  Liu
et  al.  studied  the  dimerization  of  PHF6  and  found  it
occurs  by  three  steps  [149].  First,  the  separated
monomers  randomly  collide,  and  then  form  a  short  β-
sheet  structure  at  the  N-termini;  finally,  the  β-sheets
elongate  continuously  to  form  an  extended  parallel  β-
sheet  dimer.  Larini  et  al.  showed  that  dimeric
tau273−284  encompassing  PHF6*  can  adopt  kinds  of
conformations  without  predominant  structural  prefer-
ence  [143].  The  extended  dimer  in  parallel  and
antiparallel alignments are detected, and these extended
conformations probably constitute pre-cursors to fibrils.
The  end-to-end  distances  of  tau273−284  dimers  and
fibrils are respectively 1.5−3.0 nm and ~3.5 nm, signifi-
cantly larger than ~0.8 nm for monomers with the most
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populated hairpin structure [150]. The extended β-strand
state  is  readily  populated  in  aggregates,  which  can  be
used as a conformational signature of aggregation-prone
tau.
Tau  and  Aβ  can  form  soluble  complexes  in  extracts

from  AD  brain  tissue,  and  the  fibrils  and  prefibrillar
oligomers of Aβ can also facilitate tau aggregation [151].
A  recent  MD  simulation  indicated  that  Aβ  tetramer
mainly  interacts  with  R1  and  R4  regions  of  tau  by
16KLVFFA21  fragment  [152].  Although  the  number  of
hydrogen  bonds  formed  between  each  isolated  repeat
domain  and  Aβ  is  similar,  the  R2  and  R3  regions  in  a
four-repeat  tau  are  shielded  in  a  β-hairpin  structure
which  impedes  their  interaction  with  Aβ.  The  Aβ-tau
interaction  also  increases  the  β-sheet  content,  but  does
not enhance the ability of tau repeat regions to dimerize,
which may be attributed to the necessity of R2 or R3 to
tau  aggregation.  Buyong  Ma  group  found  that  the
oligomer  formed  by  isolated  tau  repeat  R3  or  R4  is
structurally  stable  while  the  R2  oligomer  is  not;  how-
ever,  the  R2  oligomer  gets  stabilized  when  interacting
with  Aβ17−42  protofibrillar  oligomer.  Thus,  the  R2
region  is  suggested  to  be  most  likely  to  interact  with
soluble Aβ oligomers and consequently promote aggre-
gation [153]. Tau273‒284 monomer was found to prefer
to  associate  with  Aβ25 ‒35  monomer  over  another  tau
monomer,  for  the  dry  interface  and  abundant  hydrogen
bonds  in  between  enabling  the  heterodimer  to  be  more
stable  than  pure  tau273‒274  dimer  [154].  This  hetero-
dimer  mainly  adopts  an  extended  conformation  con-
ducive  to  further  fibrillization.  When  these  two  pep-
tides are abundantly mixed, their  proportion determines
the  morphologies  of  formed  aggregates.  The  hetero-tau
oligomers  tend  to  produce  granular  aggregates  with
small  sizes,  limited  by  the  side-chain  interdigitation;
the hetero-Aβ oligomers have a high content of β-sheet,
and can grow into heterofibrils. Aβ oligomer is the most
effective form of seeding tau compared to Aβ monomer
or  fibril  [155].  These  computational  researches  have
given useful enlight-enment on the interactions involved
in tau aggregation. 

Interaction of tau with inhibitors

Recent  MD  studies  provide  atomistic  insights  into  the
interaction  of  tau  with  inhibitors  and  some  potential
inhibitory mechanisms have been proposed.
Quercetin  was  found  to  stabilize  the  random  coil

conformation of monomeric tau R2 fragment by hydro-
gen  bonding  and  hydrophobic  interactions  [90].  It  also
disrupts  the  α-helix  structure  of  tau  R2  monomer  by
forming hydrogen bonds with the residue G273, resulting
in  the  increment  of  coil  content.  Especially,  quercetin
has a strong interaction with tau273−284 encompassing
aggregation-prone PHF6*, and the packing of quercetin

spatially  hinders  tau  self-association  to  prevent  further
aggregation.
Trazodone  has  six  preferential  binding  sites  when

interacting with 1N4R tau isoform: Y29 and Y197; resi-
dues  118−125;  residues  210−215;  residues  275−280;
residues  306−310;  Y394  [111].  The  binding  of  trazo-
done  causes  the  fluctuation  of  the  six  corresponding
regions  to  be  significantly  reduced.  Besides,  the  decre-
ments of root-mean-square deviation (RMSD), radius of
gyration and solvent-accessible surface area indicate that
tau  becomes  more  compressed  in  the  presence  of
trazodone.  As  a  result,  the  aggregation-prone  motifs
PHF6 and PHF6* are shielded by surrounding environ-
ments, which lessens fibril formation.
EGCG preferentially binds to PHF6 of monomeric tau

K18 with a series of short-term interactions, binding and
partial  dissociation  events,  revealed  by  MD  simulation
[49].  In  tau-EGCG  interaction,  hydrogen  bonding  is
predominant,  to  which  residues  N265,  L266  and  V313
contribute  the  majority;  hydrophobic  interaction  also
plays an important role, to which K267, Y310, P312 and
K340 have a great contribution.
Purpurin  contacting  with  PHF6  fibrils  leads  to  the

break of fibrillar strands and makes the β-sheets loosely
packed  [75].  This  remarkable  conformation  change  is
attributed  to  the  formation  of  hydrogen  bonds  and  π-π
stacking  between  purpurin  and  PHF6  residues,  which
destroys  the  interpeptide  mainchain  hydrogen  bonds  of
tau fibrils and facilitates fibril disaggregation.
Baicalein  can  inhibit  the  aggregation  of  repeat  tau,

which is suggested to be dominated by covalent modifi-
cation [91]. The simulation showed that baicalein stably
binds  to  tau  by  hydrogen  bonding  and  hydrophobic
interactions,  especially  with  residues  Q307,  Y310  and
K311  of  PHF6.  The  two  adjacent  hydroxyl  groups  of
Baicalein  interact  with  L266,  which  might  have  the
ability  to  modify  the  tau  oligomers  and  induce  the
formation of off-pathway oligomers.
NQTrp  and  NQTrp-Cl  can  reduce  the  integrity,

stability  and  β-sheet  content  of  PHF6  fibrils  [67].  The
interaction  of  adjacent  peptides  and  neighboring  β-
strands is disrupted by the formation of hydrogen bonds
between  tau  and  inhibitors.  Palmatine  chloride  exhibits
the inhibitory effect  by converting the β-sheet  structure
of  PHF6  oligomer  to  the  random  coil.  It  can  also
disassemble PHF6 fibrils by disrupting the inter-peptide
hydrogen bonds [105]. 

CONCLUSIONS

We  have  reviewed  recent  studies  of  tau  protein  in  the
monomeric state, their nucleation, and fibril elongation.
With  the  help  of  new  experimental  techniques,  several
atomic  structures  of  tau  fibrils  have  been  resolved,
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showing  the  structural  polymorphism  in  different  tau-
related diseases. This diversity reflects the complexity of
pathological  aggregation  for  tau  as  an  intrinsically
disordered  protein,  and  increases  the  difficulty  of
providing  a  unifying  neuroimage  criterion  for  early
diagnosis.  The  computational  simulations  mainly  focus
on  the  monomeric  or  oligomeric  structures  of  tau,  as
well  as  the  kinetics  of  monomer  association  to  the
fibrillar tips. These studies have provided valuable insi-
ghts into the structures and pathways of tau aggregation.
We  also  reviewed  recent  studies  of  promising  tau

inhibitors. With continuous failures of medicines target-
ing  Aβ,  scientists  have  turned  their  attention  to  tau-
based drug development. As mentioned above, kinds of
compounds  have  been applied  to  inhibit  tau  misfolding
or aggregation. These inhibitors are usually good β-sheet
breakers, carrying one or more aromatic rings, hydroxyl
or  amino  groups.  The  most  popular  binding  site  of
inhibitors  to  tau  is  the  highly  aggregation-prone  PHF6
or  certain  amino  acids  in  this  segment.  The  binding
affinity  of  most  inhibitors  is  dominated  by  hydrogen
bonds  and  hydrophobic  interactions.  Some  inhibitors
can  even  remodel  or  dissolve  mature  fibril,  which  is
very promising as a new drug candidate.
In  spite  of  intensive  efforts  from  experimental  and

computational  studies,  several  questions  on  tau  agg-
regation  remain  elusive.  First,  there  is  still  a  gap
between oligomeric structure and toxic species involved
in  tau  pathology.  Does  less  β-sheet  content  necessarily
correspond  to  less  toxicity,  since  some  off-pathway
oligomers  may  still  have  neurotoxicity?  Second,  inhi-
bitors in brain have to accumulate to a pharma cological
abundance  so  as  to  achieve  effective  inhibition.  They
may react with other substances in the human body and
be  consumed  in  multiple  physiological  processes,  and
their  BBB  permeability  also  needs  to  be  taken  into
consideration before clinical application. The understanding
of  the  current  progress  at  atomic  level  of  detail  and
potential  difficulties  may  help  in  designing  medicines
against  tau  aggregation.  We  hope  this  review  will
inspire new clues for  AD therapies to shed light  on the
possibility of treatment before symptom onset. 
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