Sun et al. Journal of Neuroinflammation
(2021) 18:131
https://doi.org/10.1186/s12974-021-02182-3

RESEARCH

Open Access

Rutin prevents tau pathology and
neuroinflammation in a mouse model of
Alzheimer’s disease
Xiao-ying Sun1,3†, Ling-jie Li1,3†, Quan-Xiu Dong1,3, Jie Zhu1,2, Ya-ru Huang1,3, Sheng-jie Hou1,3, Xiao-lin Yu1,2* and
Rui-tian Liu1,2*

Abstract
Background: Tau pathology is a hallmark of Alzheimer’s disease (AD) and other tauopathies. During disease
progression, abnormally phosphorylated forms of tau aggregate and accumulate into neurofibrillary tangles, leading
to synapse loss, neuroinflammation, and neurodegeneration. Thus, targeting of tau pathology is expected to be a
promising strategy for AD treatment.
Methods: The effect of rutin on tau aggregation was detected by thioflavin T fluorescence and transmission
electron microscope imaging. The effect of rutin on tau oligomer-induced cytotoxicity was assessed by MTT assay.
The effect of rutin on tau oligomer-mediated the production of IL-1β and TNF-α in vitro was measured by ELISA.
The uptake of extracellular tau by microglia was determined by immunocytochemistry. Six-month-old male TauP301S mice were treated with rutin or vehicle by oral administration daily for 30 days. The cognitive performance
was determined using the Morris water maze test, Y-maze test, and novel object recognition test. The levels of
pathological tau, gliosis, NF-kB activation, proinflammatory cytokines such as IL-1β and TNF-α, and synaptic proteins
including synaptophysin and PSD95 in the brains of the mice were evaluated by immunolabeling, immunoblotting,
or ELISA.
Results: We showed that rutin, a natural flavonoid glycoside, inhibited tau aggregation and tau oligomer-induced
cytotoxicity, lowered the production of proinflammatory cytokines, protected neuronal morphology from toxic tau
oligomers, and promoted microglial uptake of extracellular tau oligomers in vitro. When applied to Tau-P301S
mouse model of tauopathy, rutin reduced pathological tau levels, regulated tau hyperphosphorylation by increasing
PP2A level, suppressed gliosis and neuroinflammation by downregulating NF-kB pathway, prevented microglial
synapse engulfment, and rescued synapse loss in mouse brains, resulting in a significant improvement of cognition.
Conclusion: In combination with the previously reported therapeutic effects of rutin on Aβ pathology, rutin is a
promising drug candidate for AD treatment based its combinatorial targeting of tau and Aβ.
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Background
Alzheimer’s disease (AD) is an age-related neurodegenerative disorder characterized by progressive memory
loss [1], the deposition of extracellular Aβ plaques, and
intracellular neurofibrillary tangles (NFTs) composed of
tau aggregates [2, 3]. Tau is a microtubule (MT)-associated protein predominantly expressed in neuronal axons
with a primary function of promoting assembly and stability of MTs [4]. Clinical observations and insights implicate that NFTs are closely link to synapse loss, gliosis,
neuroinflammation, and clinical symptoms including
cognitive impairment and neurodegeneration [5, 6].
During procession of AD and other tauopathies,
hyperphosphorylation of tau is one of the earliest and
continuous events, which disrupt the association of tau
with MTs, and promote tau aggregation in neurons and
relocation to synapses [7, 8]. Pathological tau may destroy synaptic composition and structure, leading to synaptic dysfunction and subsequent synapse loss [9, 10].
Tau oligomers have emerged as the most toxic species
in tauopathies, which cause the spreading of tau pathology, induce further tau aggregation and neuroinflammation [11]. Each stage in tau pathology, from tau
expression to post-translational modifications and aggregation, or tau-induced synapse loss and neuroinflammation, presents opportunities for intervention [12]. To
date, various potential tau-targeting therapies, including
small-molecule therapies and immunotherapies, have
reached the clinical trial stage for AD and other tauopathies. However, none of them has yet been successfully
translated into benefits in humans, partly because of
poor efficacy or side effects [8]. Given tau pathology is a
complex multifactorial process, strategies targeting multiple phases for therapeutic intervention might be
promising.
Many natural products have shown progresses toward
AD treatment, due to their neuroprotective effects and
good safety profile. Rutin is a natural flavonoid glycoside
with diverse biological effects, such as anti-microbial,
anti-carcinogenic, anti-thrombotic, cardioprotective, and
neuroprotective activities [13]. These biological functions are mainly associated with its anti-inflammatory
and antioxidant activities [14]. As a neuroprotective
agent, rutin exerts beneficial effects on various neurodegenerative diseases, including AD, Parkinson’s disease
(PD), and Huntington’s disease (HD) [15]. Pharmacological studies indicate that rutin and its derivates protect dopaminergic neurons, mitigate apoptosis,
astrogliosis, and oxidative stress in 6-hydroxydopamineinduced rat model of PD [16, 17]. Rutin is recently reported to reverse HD through insulin/IGF1 (IIS) signaling pathway and autophagy activity [18]. For AD, rutin
has also been studied in several models of Aβ-related
pathology [14, 19–21]. In our previous studies, we found
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that rutin improved spatial memory and reduced Aβ
oligomer level and neuroinflammation in APP/PS1
mouse model of AD [14].
In this study, we investigated the effects of rutin on
tau aggregation and cytotoxity, tau oligomer-induced the
production of proinflammatory cytokines, as well as
microglial engulfment of extracellular tau in vitro, and
assessed its therapeutic effect on cognitive performance
and neuropathology in Tau-P301S mouse model of
tauopathy.

Methods
Preparation of tau oligomers and rutin stock solution for
in vitro study

The recombinant human wild-type 2N4R tau protein expression vector was a kind gift from Dr. Virginia M.-Y.
Lee. Tau proteins were expressed in Escherichia coli and
purified by heat denaturation followed by cation exchange chromatography [22]. Tau oligomers were prepared by dissolving tau proteins in aggregation buffer
(20 mM Tris-HCl, 150 mM NaCl, 2.5 μM heparin, pH
8.0) to 10 μM and incubating at 37 °C with agitation for
24 h, and then separated by size exclusion chromatography (Fig. S1a). There are two main kinds of soluble
oligomer species present in our tau oligomer preparations. The smaller oligomers are about 600–720 kDa,
and the larger oligomers are about 1000–1200 kDa.
Their oligomeric states were confirmed using western
blotting (Fig. S1b). For phagocytosis studies, a final concentration of 1 μM tau oligomers was used.
For rutin stock solution, rutin (China National Institutes for Food and Drug Control, R5143-1G, ≥ 98%) was
dissolved in DMSO to 32 mM and diluted with PBS (pH
7.4) to the indicated concentrations.
Thioflavin T fluorescence assay

To monitor tau aggregation kinetics, tau proteins
(monomers) were dissolved in aggregation buffer (20
mM Tris-HCl, 150 mM NaCl, 2.5 μM Heparin, pH 8.0)
to 10 μM and incubating at 37 °C with agitation. Thioflavin T (ThT, Sigma) was dissolved in 50 mM phosphate buffer (pH 6.5) to a final concentration of 5 μM.
The ThT fluorescence intensity of tau sample was measured by adding 10 μL aliquot of the sample to 190 μL
ThT solution in a 96-well black plate with a Tecan
Safire2 microplate reader (Tecan, Switzerland) set to 450
nm/482 nm (excitation/emission). The experiments were
performed three times with at least biological triplicates
in each experiment.
Transmission electron microscopy (TEM) imaging

TEM was used for the morphological examination of
tau. Briefly, tau samples (10 μL) were spotted onto a
200-mesh formvar-coated copper grid (Electron
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Microscopy Sciences, Hatfield, PA, USA) for 5 min. The
grid was then stained with 10 μL of 2% uranyl acetate
for 30 s, and blotted with deionized water and air-dried
at room temperature. The samples were detected using a
Hitachi H7650 TEM system (Hitachi, Japan) at 80 kV
with a × 60,000 magnification.
MTT assay

SH-SY5Y neuroblastoma cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM/High Glucose,
Hyclone) containing 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin at 37 °C under a 5% CO2 atmosphere. The cells were seeded in 96-well plates with
approximately 7500 cells per 100 μL of medium per well.
Plates were incubated at 37 °C for 24 h to allow the cells
to attach. One μM tau oligomers with or without different concentrations of rutin was then added to the cell
cultures and the plates were incubated for an additional
72 h at 37 °C. Cell viability was determined by adding 25
μL of 5 mg/mL MTT to each well. After 3 h of incubation at 37 °C, the medium was gently removed, and a
150-μL aliquot of DMSO was added to each well. Plates
were then shaken at room temperature for 10 min and
the absorbance at 570/630 nm was measured by using a
SpectraMax M5 microplate reader (Molecular Devices,
Sunnyvale, CA). Data were obtained from three independent experiments with at least biological triplicates
in each experiment.
Primary mouse neurons and microglia

Primary neurons were obtained from hippocampi of
mouse embryos on embryonic day 16(E16) to E17.
Briefly, Hippocampi were dissected, trypsinized, and triturated, and the resulting dissociated cells were plated on
poly-D-lysine-coated coverslips at a density of 300,000/
well in 12-well dish and cultured in neurobasal medium
with B27 and L-GlutaMAX. Half of the medium was exchanged with fresh medium three times a week. Primary
microglia were obtained from cortices and hippocampi
from postnatal (P1–P2) pups of mice. Cells were cultured in DMEM with 10% FBS in 75-cm2 flasks for 12
days. Loosely attached microglia were harvested at
DIV12 by shaking for 60 min at 180 rpm.
Immunocytochemistry staining and image analysis

Primary neurons and microglial cells were exposed to
tau oligomers (1 μM) in the absence or presence of rutin
(8 μM) for 24 h. After that, cells were rinsed three times
in PBS, fixed in 4% paraformaldehyde for 20 min at
room temperature, permeabilized with 0.3% Triton X100 for 25 min, and blocked with 10% donkey serum albumin (DSA) for 30 min. Then cells were processed for
immunofluorescence
using
anti-MAP2
(Abcam,
ab32454, 1:100), HT-7 (Thermo fisher, MN1000, 1:100)
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and anti-Iba-1 (GeneTex, GTX101495, 1:100) antibodies
for 1 h at room temperature, followed by corresponding
secondary antibodies conjugated to Alexa Fluor 488
(Abcam, ab150081, 1:300) or Alexa Fluor 594 (Abcam,
ab150120, 1:300), respectively. Subsequently, cells were
incubated with Hoechst (1:10000) for 15 min in the dark
and mounted on coverslips with anti-fade mounting
medium (Solarbio, China). Fluorescence signals were
captured on a laser scanning confocal microscope (Leica
TCS SP8, Germany). Sholl analysis was performed using
an ImageJ plugin [23], briefly, thresholded bitmap images were measured from soma to furthest dendrite in
the MAP2 channel. Then concentric circles of gradually
increasing (20 μm) radii were calculated, and the crossing points with the MAP2 channel automatically
counted. Forty neurons per culture from three independent cultures were used for the analysis.
For microglial engulfment analysis, immunostained
microglial cells were imaged on a Leica TCS SP8 confocal microscope taking 10–12 z-stacks (0.5 μm step
size). Maximum intensity projections were created, and
the Iba-1 fluorescence signal was thresholded and used
as a mask to detect HT7-positive tau puncta in microglial cells. All puncta within the microglial cells were examined. At least 20 microglial cells per culture from
three independent cultures were used for the analysis.
Mice and rutin administration

Six-month-old male Tau-P301S mice were originally obtained from Jackson Laboratory (stock No.008169),
which express the P301S mutant form of human tau,
exhibiting many neuropathological features of human
tauopathies including cognitive deficits, gliosis, neuroinflammation, and synapse loss. Non-transgenic littermates were used as controls. All mice for experiments
were group-housed, provided food and water ad libitum,
and kept in a colony room at 22 ± 2 °C and 45% ± 10%
humidity on a reverse 12-h light/dark cycle. All experiments were performed in accordance with the China
Public Health Service Guide for the Care and Use of Laboratory Animals. Experiments involving mice and protocols were approved by the Institution Animal Care
and Use Committee of Tsinghua University. All mice
were randomly treated in cohorts. Rutin was suspended
in 0.5% carboxymethylcellulose (CMC) to 10 mg/mL. All
mice were treated with rutin (100 mg/kg) or vehicle
(0.5% CMC) daily by orally administration (100 μL rutin
suspension or vehicle per 10 g body weight) for 30 days.
Tau-P301S mice were categorized into two groups by
treatment: rutin (Tg-Rutin) and vehicle (Tg-Veh). Their
WT littermates were categorized into two groups: rutin
(WT-Rutin) and vehicle (WT-Veh). After the last administration, all mice were tested for preferences and
motor function. Eight mice without preferences and
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motor dysfunction in every group completed each behavioral task.

Morris water maze (MWM) test

The water maze consisted of a pool (110 cm in diameter) containing opaque water (22 ± 1 °C) and a platform (10 cm in diameter) submerged 1.0 cm under
the water. During the training trial, mice were
allowed to swim for 60 s to locate the hidden platform, and they were allowed to stay on it for 10 s
upon finding the platform. Mice unable to locate the
platform were guided to it. The mice were trained
twice per day over five consecutive days, with an
inter-trial interval of 3–4 h. Twenty-four hours after
the last training trial, the mice were tested for memory retention in a probe trial in the absence of the
platform. The performance of each mouse was monitored using a video camera (Sony, Tokyo, Japan)
mounted over the maze and automatically recorded
via a video tracking system.

Y-maze test

The Y-maze apparatus consisted of three arms (8 × 30 ×
15 cm) separated by an angle of 120°.The Y-maze test
consisted of two trials separated by an interval of 1 h.
The first trial was in a 10-min duration. Mice were
allowed to explore only two arms (start arm and familiar
arm) of the maze, with the third arm (novel arm) being
blocked. In the second trial, mice were put back in the
maze in the starting arm, with free access to all three
arms for 5 min. The total time spent in the novel arm
was recorded using a ceiling-mounted camera and
analyzed.

Novel objection recognition (NOR) test

The NOR test is based on the spontaneous tendency of
mice to exhibit more interactions with a novel rather
than a familiar object. Briefly, in the habituation phase,
mice were allowed freely exploring the behavioral arena
(50 cm × 50 cm × 25 cm white plastic box, empty) for 5
min 1 day before testing. For training session, mice were
placed in the box having two identical objects in the
upper two corners and allowed to explore for 5 min.
After a 24-h retention period, in the testing session, the
right object was replaced with a novel object in the original location, and the mice were reintroduced to the
box and allowed to explore for 5 min. The time spent
exploring and sniffing each object was recorded. The results are expressed as the discrimination index, which
Time novel−Time familiar
refers to: Time
novelþTime familiar . The box was cleaned with
70% alcohol between trials to eliminate olfactory cues.
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Immunohistochemistry and image analysis

Mice were deeply anesthetized with avertin and transcardially perfused with ice-cold PBS containing heparin
(10 U/mL) before sacrificed. Their brains were immediately removed and divided along the sagittal plane. The
left brain hemisphere was fixed in 4% paraformaldehyde
in PBS at 4 °C overnight and processed for paraffinembedded sections. For immunostaining, 5 μm of coronal serial sections were deparaffinized and subjected to
antigen retrieval using citrate buffer (0.01 M, pH 6.0) at
95 °C for 20 min. The sections were then incubated with
3% H2O2 and washed 3 times with 1× PBS. Sections
were then permeabilized and blocked with 10% normal
goat serum in 0.3% Triton X-100 PBST for 1 h at room
temperature. Then sections were immunostained with
anti-Iba-1 (GeneTex, GTX101495, 1:100), anti-GFAP
(Cell Signaling Technology, 3670S, 1:100), or anti-AT8
(ThermoFisher, MN1020, 1:100) antibodies, followed by
appropriate HRP-labeled secondary antibodies and visualized with diaminobenzidine (DAB). For synaptic protein staining, sections were immunostained with antisynaptophysin (Abcam, ab32127, 1:100) and anti-PSD95
(Abcam, ab12093, 1:100) antibodies followed by corresponding secondary antibodies conjugated to Alexa
Fluor 488 (Santa Cruz, I1112, 1:1000) or Alexa Fluor
594 (Abcam, ab150084, 1:1000), respectively. All images
were acquired with an Olympus IX73 inverted microscope with DP80 camera or Leica TCS SP8 confocal
microscope. Three to seven coronal sections spanning
the cortex and hippocampus at different depths were analyzed for each animal. Six images were acquired on
matching areas per section. For AT8-, GFAP-, and Iba-1
immunostaining, the positive DAB-staining area was
quantified. For immunofluorescence analysis of synaptic
proteins, the mean fluorescence signal intensity was
measured. Values were normalized to the mean value of
vehicle-treated Tau-P301S mice (Tg-Veh) and expressed
as percentage means ± SEM. All images were analyzed
by ImageJ Software (National Institutes of Health, USA).
The experimenter was blinded to the treatment group.
To analyze the colocalization of pre- and postsynaptic
markers, the pre- and postsynaptic puncta were considered as colocalized if at least one pixel of synaptophysin
puncta colocalized with a PSD-95 cluster.
For microglial engulfment assays, sections were incubated with anti-Iba-1 and anti-PSD95 antibodies overnight at 4 °C, followed by corresponding secondary
antibodies conjugated to Alexa Fluor 488 or 647. The
brain sections were imaged on a Leica TCS SP8 confocal
microscope taking up to 55–60 z-stacks at 0.2 μm steps.
At least 20 microglia within the hippocampal CA1 region were randomly chosen for each mouse. The individual images of microglia were processed and analyzed
in Imaris software. The total volume of engulfed inputs
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in microglia was quantified. Image acquisition, quantification, and analyses were performed blind.
Brain lysate preparation and western blot

The right brain hemisphere was homogenized in a modified RIPA buffer supplemented with complete protease
inhibitor mixture tablets (Sigma, P2714-1BTL), followed
by centrifugation at 12,000×g for 30 min at 4 °C. The supernatants were obtained and the protein concentrations
were determined using the BCA protein assay (Pierce).
Protein samples were separated by a 4–12% SDS-PAGE
gel (Invitrogen) and transferred onto nitrocellulose
membranes. After blocking with 5% non-fat milk for 2 h
at room temperature, the membrane was probed with
AT8 (Thermo, MN1020, 1:1000), anti-Iba-1 (Gene Tex,
GTX101495, 1:1000), anti-GFAP (CST, 3670S, 1:1000),
anti-PP2A (abcam, ab32104), anti-p-P65 (CST, 13346S,
1:1000), anti-P65 (Santa Cruz, sc-7151, 1:1000), antiIKKβ (CST, 2678S, 1:1000), and anti-β-actin (MBL,
M177-3, 1:1000), respectively, followed by appropriate
HRP-conjugated secondary antibodies. Bands in immunoblots were developed with Super-Signal West Pico
Plus
Chemiluminescent
Substrate
kit
(Pierce,
UB278521), and quantified by densitometry using ImageJ
software (NIH).
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or two-way ANOVA followed by Tukey’s test or Bonferroni’s test. Results were expressed as group mean ±
SEM, and P < 0.05 was considered statistically significant. All samples or animals were included for statistical
analysis unless otherwise noted in pre-established
criteria.

Results
Rutin inhibits tau aggregation and reduces tau-mediated
cytotoxicity

To detect the effect of rutin on tau aggregation, we used
ThT fluorescence assay to monitor the fibril formation
of Tau in presence or absence of rutin (Fig. 1A). Tau
proteins are aggregation-prone and show an expected
nucleation-dependent polymerization process. After 48 h
of incubation, tau alone assembled into a large amount
of long fibrils, as detected by TEM (Fig. 1B, C), while
coincubation with rutin reduced tau aggregation and fibril formation (Fig. 1B). The addition of 40 μM rutin led
to a decreased population of fibrils, and 80 μM rutin induced the formation of numerous small and amorphous
tau aggregates (Fig. 1C). We next determined the effect
of rutin on tau-mediated cytotoxicity in SH-SY5Y cells.
One μM tau oligomers reduced the cell viability to
65.7%, whereas rutin significantly increased the cell viability in a concentration-dependent manner (Fig. 1D).

Dot-blot

One microgram (0.5 μg/μL) of the brain lysates was applied to nitrocellulose membranes. The membrane was
blocked with 5% non-fat milk in TBST and incubated
with OC (Millipore, AB2286, 1:1000) or anti-β-actin
(MBL, M177-3, 1:1000) antibodies for 1 h at room
temperature, followed by appropriate HPR-conjugated
secondary antibodies. Immuno-reactive blots were developed with Super-Signal West Pico Plus Chemiluminescent Substrate kit (Pierce, UB278521), and quantified by
densitometry using ImageJ software (NIH).

Rutin decreases microglial production of proinflammatory
cytokines induced by tau oligomers

To investigate the mechanism by which rutin inhibits
the neuroinflammation, we measured the levels of IL-1β
and TNF-α in the supernatants of primary microglial
cultures challenged with 1 μM tau oligomers in the presence or absence of 8 μM rutin for 24 h. The levels of IL1β and TNF-α were significantly increased when the
microglia cells were challenged by oligomeric tau, while
rutin markedly decreased the production of IL-1β and
TNF-α by 46% and 34%, respectively (Fig. 1E).

Measurement of IL-1β and TNF-α

For in vitro study, primary microglial cells were exposed
to tau oligomers (1 μM) in the absence or presence of
rutin (8 μM) for 24 h. The levels of IL-1β and TNF-α in
the supernatant of cell cultures were determined using
ELISA kits (Neobioscience technology, Beijing, China),
according to the manufacturer’s protocols. The absorbance of the reactions was measured at 450 nm using
SpectraMax M5 microplate reader (Molecular Devices,
Sunnyvale, CA). For in vivo study, the levels of IL-1β
and TNF-α in the brain lysates of mice were determined
using the same protocol.
Statistical analysis

Data were analyzed with GraphPad Prism v.8. Statistical
significance was assessed using student’s t test, one-way

Rutin protects neuronal morphology from toxic tau
oligomers and promotes microglial engulfment of
extracellular tau

Tau oligomers may alter neuronal morphology and induce neuronal functional changes [24]. To test whether
rutin has protective effect on neuronal morphology, we
added 8 μM rutin to primary neuronal cultures upon 1
μM tau oligomer challenge (Fig. 2A). Sholl analysis revealed that the neuronal dendritic arbors were destroyed
when exposed to tau oligomers for 24 h, whereas rutin
significantly protected neuronal morphology from tau
oligomer-induced toxicity (Fig. 2B, C). To determine the
effect of rutin on microglial uptake of extracellular tau
oligomers, we added 8 μM rutin to the primary microglial cultures in presence of 1 μM tau oligomers, and
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Fig. 1 Rutin inhibits tau aggregation, reduces tau oligomer-induced cytotoxicity and proinflammatory cytokine production. A The chemical
structure of rutin. B The aggregation kinetics of 10 μM tau was assessed by thioflavin T fluorescence assay with or without the incubation of 40
or 80 μM of rutin. C The morphologies of tau were examined using a Hitachi H7650 TEM (scale bars 10 μm). D The viability of SH-SY5Y cells was
determined by MTT assay when challenged with 1 μM tau oligomers in the presence or absence of rutin. E The levels of IL-1β and TNF-α were
detected in the supernatants of primary microglial cultures when challenged with 1 μM tau oligomers in the presence or absence of 8 μM rutin.
Experiments B, D, E were performed three times with at least biological triplicates in each experiment. Data represent means ± SEM and were
analyzed by two-way ANOVA with Bonferroni’s test (B) or one-way ANOVA with Tukey’s test (D, E). **P < 0.01, ****P < 0.0001. ns, not significant

analyzed the level of intracellular tau 24 h later. A significant higher level of internalized tau was observed in
microglia cells treated with rutin compared with those
of vehicle controls, suggesting rutin promoted microglial
uptake of extracellular tau oligomers (Fig. 2D, E).

mouse group (Fig. S2), indicating that neither group was
impaired in motility and exploratory activities. Together,
these findings showed that rutin significantly rescued
memory deficits in Tau-P301S mice.
Rutin attenuates tau pathology in Tau-P301S mice

Rutin rescues memory loss in Tau-P301S mice

To investigate the effect of rutin on memory and cognitive performance of Tau-P301S mice, we treated TauP301S mice with rutin daily for 30 days and performed
the MWM, Y-maze, and object recognition tests thereafter (Fig. 3A). During the training period of MWM test,
Tau-P301S mice treated with rutin showed improved
memory retention by taking shorter time to reach the
hidden platform compared with Tau-P301S mouse controls (Fig. 3B). Similarly, in probe trials, rutin-treated
Tau-P301S mice exhibited markedly decreased escape
latencies to the platform (Fig. 3C) and increased platform crossing number (Fig. 3D). In Y-maze test, TauP301S mice treated with rutin spent more time in the
novel arm than vehicle-treated control mice (Fig. 3E). In
NOR test, treatment with rutin significantly increased
the preferences for the novel object in Tau-P301S mice
(Fig. 3F). Moreover, no significant difference in the
motor performance of each mouse was observed in any

To assess the effect of rutin on the tau pathology in TauP301S mice, we performed AT8 immunostaining for
phosphorylated-tau (p-tau) in the brains of mice (Fig. 4A).
A significant decreased level of tau hyperphosphorylation
was detected in the hippocampal CA1 and dentate gyrus
(DG) regions of rutin-treated Tau-P301S mice (Fig. 4B,
C). Consistently, rutin significantly reduced p-tau levels in
the brain lysates of Tau-P301S mice as detected by western blotting (Fig. 4D, E).
Given protein phosphatase 2A (PP2A) plays a critical
role in regulating tau phosphorylation [25, 26], we determined the levels of PP2A in the brain lysates of TauP301S mice using western blotting. Decreased levels of
PP2A were detected in Tau-P301S mice compared to
WT mice. However, rutin significantly increased PP2A
levels in Tau-P301S mice (Fig. 4D, F).
Tau oligomers are widely regarded as the most toxic
and pathogenic form of tau [11, 27]. To assess the effect
of rutin on the level of tau oligomers, we further
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Fig. 2 Rutin protects neuronal morphology from toxic tau oligomers and promotes microglial engulfment of extracellular tau. A Immunolabeling
of MAP2 (green) in primary neuronal cultures treated with 1 μM tau oligomers in the presence or absence of 8 μM rutin for 24 h (scale bar:
white, 25 μm; red, 10 μm). B The concentric rings spaced 20 μm apart centered on the soma center, which was used to count the number of
intersections for the Sholl analysis. Scale bar: 40 μm. C Sholl analysis of the dendritic branching in primary neuronal cultures treated with 1 μM
tau oligomers in the presence or absence of 8 μM rutin for 24 h. Forty neurons per culture from three independent cultures were used for the
analysis. D Immunolabeling of tau (green) within Iba-1+ (red) cell in primary microglial cultures treated with 1 μM tau oligomers in the presence
or absence of 8 μM rutin for 24 h (scale bar: 10 μm). E Quantification of tau puncta engulfed by Iba-1+ microglial cells in D. At least 20 microglial
cells per culture from three independent cultures were used for the analysis. Data represent means ± SEM and were analyzed by two-way
ANOVA with Bonferroni’s test (C) or Student’s t test (E). ***P < 0.001

determined the oligomer levels in mouse brain lysates by
dot-blot using fibrillar oligomer-specific antibody OC. A
63.7% reduction of OC-positive tau oligomers was detected in rutin-treated Tau-P301S mice, as compared
with the vehicle-treated controls (Fig. 4G, H, S1c).
Rutin reduces neuroinflammation by downregulating NFκB pathway in the brains of Tau-P301S mice

Neuroinflammation plays a key role in the pathogenesis of tauopathy, which is characterized by extensive
gliosis and the release of inflammatory cytokines [6,
28]. To assess inflammation-associated pathology in
the brains of Tau-P301S mice, we evaluated astrogliosis and microgliosis by GFAP and Iba-1 immunostaining, respectively (Fig. 5A). Rutin significantly
reduced the astrogliosis and microgliosis in the

brains of Tau-P301S mice (Fig. 5B, C). Western blot
analysis consistently showed the decreased levels of
GFAP and Iba-1 in the brains of Tau-P301S mice
treated with rutin (Fig. 5F, G). We also found the
levels of IL-1β and TNF-α in the brains of TauP301S mice were higher than those of WT mice,
whereas rutin markedly decreased the levels of these
proinflammatory cytokines (Fig. 5D, E).
The nuclear factor-kappa B (NF-kB) activation is
closely associated with AD via neuroinflammation [29,
30]. To investigate whether rutin influences the NFkB pathway in the brains of Tau-P301S mice, we determined the levels of IKK-β, P65 and p-P65 in the
brain lysates of mice by western blotting. A significant increase in IKK-β and p-P65/P65 ratio was observed in Tau-P301S mice relative to that of WT

Sun et al. Journal of Neuroinflammation

(2021) 18:131

Page 8 of 14

Fig. 3 Rutin rescues memory deficits in Tau-P301S mice. A Schematic representation of pharmacological treatment and experimental measurement.
B–D The Morris water maze was performed on Tau-P301S mice and their WT littermates treated with rutin or vehicle. (n = 8 mice). B The latency to
find the hidden platform was measured during training trials. C, D During probe trials, the latency to the position of the removed platform (C) and the
number of platform crossings (D) were measured. E The time spent in the novel arm in Y-maze test was determined on Tau-P301S mice and their WT
littermates treated with rutin or vehicle (n = 8 mice). F The novel object recognition test was performed on Tau-P301S mice and their WT
littermates treated with rutin or vehicle. The results were expressed as the discrimination index (n = 8 mice). Data represent means ± SEM and were
analyzed by two-way ANOVA with Bonferroni’s test (B) or one-way ANOVA with Tukey’s test (C–F). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
ns, not significant

mice, while treatment with rutin markedly decreased
the levels of IKK-β and p-P65/P65 in Tau-P301S mice
(Fig. 5H, I).
Rutin rescues synapse loss in Tau-P301S mice

Synapse loss is a key feature of tauopathies, which
is strongly linked to cognitive deficit [9, 10]. To
assess the effect of rutin on synapse density in
Tau-P301S mice, we measured the levels of two
synaptic marker proteins, synaptophysin and postsynaptic density protein-95 (PSD95) in the brains
of Tau-P301S mice by immunohistochemistry
(Fig. 6A, S3). The colocalization of pre- and postsynaptic markers represent structural integrity of
synapses, quantification of colocalized pre- and

postsynaptic puncta (synaptophysin and PSD95)
revealed a significant increase of synapses in TauP301S mice treated with rutin (Fig. 6B–D), suggesting that rutin rescued synapse loss in TauP301S mice.
Rutin prevents microglial synapse engulfment in TauP301S mice

To determine whether rutin can prevent microglial synapse engulfment to rescue synapse loss in vivo, we quantified PSD-95 puncta in microglia (Fig. 7A, S4). We
observed PSD95 engulfment is highly present in microglia in Tau-P301S mice but not WT mice, whereas rutin
treatment resulted in a 56.7% reduction of PSD95
puncta in microglia of Tau-P301S mice (Fig. 7B). Our
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Fig. 4 Rutin attenuates tau pathology in Tau-P301S mice. A AT8 immunostaining for phosphorylated-tau in the brains of Tau-P301S mice and
their WT littermates treated with rutin or vehicle (scale bar: 100 μm). B, C Quantification of AT8 immunostaining in the hippocampal CA1 (B) and
DG (C) regions (n = 8 mice). D Western blot analysis of phosphorylated-tau (AT8), PP2A, and β-actin in the brain lysates of Tau-P301S mice and
their WT littermates treated with rutin or vehicle. E, F Quantification of AT8 positive p-tau (E) and PP2A (F) in D (n = 8 mice). G Dot-blot analysis
of OC-positive oligomers in the brain lysates of Tau-P301S mice and their WT littermates treated with rutin or vehicle. H Quantification of OCpositive tau oligomers (n = 8 mice). Data represent means ± SEM and were analyzed by one-way ANOVA with Tukey’s test (B–F, H). ***P < 0.001,
****P < 0.0001, ns, not significant

results demonstrate that rutin reduces synapse engulfment by microglia and leads to a recovery of synapse
density in Tau-P301S mice.

Discussion
Alzheimer’s disease is a chronic, multifaceted and multifactorial neurodegenerative disorder. For more than
three decades, the amyloid hypothesis proposes that Aβ
is the driving force of AD, which triggers a deleterious

cascade involving tau pathology and neurodegeneration
[31]. Accumulating evidence now suggests that Aβ and
tau pathologies have synergistic effects [32]. This may
not only help explain the continued failure of anti-Aβ
clinical trials but also suggest that rational strategy to
counteract AD may need to target both pathologies simultaneously. Our previous study demonstrated that rutin
reduced Aβ pathology and improved spatial memory in
APP/PS1 mouse model [14]. We here reported that rutin
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Fig. 5 Rutin reduces neuroinflammation in the brains of Tau-P301S mice. A GFAP immunostaining and Iba-1immunostaining in the brains of TauP301S mice and their WT littermates treated with rutin or vehicle (scale bar: black, 100 μm; red, 10 μm). B, C Quantification of GFAP (B) and Iba-1
(C) immunostaining in A. (n = 8 mice). D, E The levels of IL-1β (D) and TNF-α (E) in the brain lysates of Tau-P301S mice and their WT littermates
were determined using corresponding ELISA kits. (n = 8 mice). F Western blot analysis of GFAP, Iba-1, and β-actin in the brain lysates of TauP301S mice and their WT littermates treated with rutin or vehicle. G Quantification of GFAP and Iba-1 in F. (n = 8 mice). H Western blot analysis
of p-P65, total P65, IKKβ, and β-actin in the brain lysates of Tau-P301S mice and their WT littermates treated with rutin or vehicle. I Quantification
of p-P65/P65 and IKKβ in H. (n = 8 mice). Data represent means ±SEM and were analyzed by one-way ANOVA with Tukey’s test (B–E, G, I). **P <
0.01, ***P < 0.001, ****P < 0.0001, ns, not significant

rescued cognitive deficits and synapse loss, attenuated
tau pathology and neuroinflammation in Tau-P301S
mouse model. Our findings indicate that rutin is a
promising drug candidate for AD treatment by combinatorial targeting of tau and Aβ.
Tau protein plays a critical role in the physiology and
morphology of neurons [33]. In AD, excessive hyperphosphorylated tau appears to aggregate into intracellular
NFTs, which correlates well with the onset of clinical
symptoms [5]. Here, we observed that rutin inhibited
tau aggregation, which is consistent with the effects
of rutin on Aβ accumulation. The mechanism underlying rutin inhibits amyloid aggregation could be that

its aromatic structure binds to the hydrophobic βsheet secondary structure of amyloid aggregates and
disturbs polymeric features of amyloidogenic proteins
[21, 28, 34]. Misfolding of tau and its assembly into
oligomers has been considered to contribute to taumediated toxicity [11]. As the most toxic species, tau
oligomers lead to a deterioration of neuronal function, including synapse loss, oxidative stress, and impairment of axonal transport and mitochondrial
function. Our present study revealed that rutin markedly prevented tau oligomer-induced cytotoxicity and
protected neuronal morphology. In pathological conditions, tau aggregates could be released from
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Fig. 6 Rutin rescues synapse loss in Tau-P301S mice. A PSD95 immunostaining and synaptophysin immunostaining in the brains of Tau-P301S
mice and their WT littermates treated with rutin or vehicle (scale bar: 3 μm). B–D Quantification of PSD95 puncta (B), synaptophysin puncta (C)
and their apposition (D) in A. (n = 8 mice). Data represent means ± SEM and were analyzed by one-way ANOVA with Tukey’s test (B–D). **P <
0.01, ****P < 0.0001, ns, not significant

neurons into extracellular space and be taken up by
other neurons, leading to tau propagation and the
spread of tau pathology [35, 36]. Here in cultured primary microglia, we found that rutin treatment significantly promoted microglial engulfment of extracellular
tau oligomers, thus blocking the spread of tau pathology within neurons.
Genetic and molecular insights into the pathophysiology of AD reveal that hyperphosphorylation of tau
plays an important role in AD progress [37]. Hyperphosphorylation is crucial for tau to detach from microtubules, which increases cytoplasmic tau levels, and causes
tau to aggregate into oligomers [8, 38]. In our study,
rutin significantly reduced both levels of p-tau and OCpositive tau oligomers. PP2A accounts for approximately
70% of the total tau phosphatase activity in human

brains [26], and expression of PP2A is significantly decreased in the brains of AD patients [25]. We here
showed that rutin treatment elevated PP2A levels in the
brains of Tau-P301S mice, which contributing to a significant improvement of cognitive performance in TauP301S mice.
Rutin has been reported to exert various biological effects, which mainly links to its anti-inflammatory activity
[14, 15, 21]. Neuroinflammatory processes are strongly
associated with tau pathology and play an important role
in the development and progression of AD [6]. Our results showed that rutin directly lowered microglial production of proinflammatory cytokines mediated by tau
oligomers in vitro. Rutin treatment significantly reduced
neuroinflammation through decreasing gliosis and the
levels of IL-1β and TNF-α in the brain lysates of Tau-
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Fig. 7 Rutin prevents microglial synapse engulfment in Tau-P301S mice. A Representative images show the engulfed PSD95 (red) puncta within
Iba-1+ (green) microglial cells in the brains of Tau-P301S mice and their WT littermates treated with rutin or vehicle (scale bar: white, 10 μm; cyan,
5 μm; red, 5 μm). B Quantification of PSD95 puncta per Iba-1+ microglial cell (n = 8 mice). Data represent means ± SEM and were analyzed by
one-way ANOVA with Tukey’s test. ****P < 0.0001, ns, not significant

P301S mice. The anti-inflammatory mechanism of rutin
was the downregulation of the abnormal NF-κB
activation.
Synapse loss and tau pathology correlate with cognitive impairment, which are hallmarks of AD [39]. During
AD development, pathological tau accumulates and mislocalizes to synapses, leading to synaptic dysfunction and
synapse loss [9, 10]. Moreover, increased microglial engulfment of synapses was found in AD patients and
transgenic mice, correlating with a drop in synapse density [9]. Our results revealed that rutin significantly prevented microglial synapse engulfment of synapses and
restored the levels of PSD95 and synaptophysin, thus
rescuing synapse loss in the brains of Tau-P301S mice.
Rutin presents as a natural flavonoid with a wide range
of biological activities. In the present study, our results

indicate that rutin exert multiple effects simultaneously.
Rutin inhibits tau aggregation and tau oligomer-induced
cytotoxicity, lowers the production of proinflammatory
cytokines, protects neuronal morphology from toxic tau
oligomers, and promotes microglial uptake of extracellular tau oligomers in vitro. Based on these mechanisms,
rutin reduced tau pathology, regulated tau hyperphosphorylation by increasing PP2A level in vivo, inhibited
neuroinflammation via normalizing of NF-κB pathway,
prevented microglial synapse engulfment and rescued
synapse loss in the brains of Tau-P301S mice.
Rutin has been reported to exert various neuroprotective effects. Although the poor water solubility and low
bioavailability, rutin is able to pass the blood brain barrier (BBB). It is reported that the peak plasma concentration (Cmax) of rutin was 262.85 ± 6.15 ng/ml after
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oral administration at a dose of 35 mg rutin to rabbits
[40], and the concentration of rutin in serum was about
300 ng/ml after 2 h of oral administration with 100 mg/
kg rutin to mice [19]. After i.v. administration to rats at
the dose of 10 mg/kg, the Cmax of rutin in plasma and
brain homogenate was 1511.24 ± 46.92 ng/ml and
111.57 ± 12.01 ng/ml, respectively [41]. Recently, various
strategies have been developed to improve its solubility
and bioavailability in order to extend its clinical application. A sodium salt of rutin has been reported to be
highly water soluble and bioavailable, with increased
ability for BBB penetration [19]. In our study, we found
that rutin exerted multiple effects on pathological tau
in vitro. In AD patients, the concentrations of total-tau
in CSF were about 700 pg/ml [42]. Although the low
bioavailability, rutin can pass BBB and reach the CSF
concentrations high enough to neutralize pathological
tau. Therefore, we believe rutin should exert direct effects on tau pathology in the brain rather than indirect
affecting the brain pathology by effects on gut microbiota or cardiovascular function.

Conclusions
Given Aβ-tau synergy in AD pathogenesis, the combinatorial targeting of tau and Aβ would largely improve
treatment efficacy. Based on rutin’s therapeutic effects
on Aβ and tau pathology and its good safety profile,
rutin presents as a promising drug candidate for AD
treatment.
Abbreviations
AD: Alzheimer’s disease; ANOVA: Analysis of variance;
CMC: Carboxymethylcellulose; DAB: Diaminobenzidine; DG: Dentate gyrus;
DMEM: Dulbecco’s modified Eagle’s medium; DMSO: Dimethyl sulfoxide;
FBS: Fetal bovine serum; GFAP: Glial fibrillary acidic protein; Iba-1: Ionized
calcium-binding adapter molecule 1; IGF1: Insulin-like growth factor 1; IL1β: Interleukin 1β; MAP 2: Microtubule associated protein 2; MTT: 3-(4,5Dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide; MWM: Morris water
maze; NF-κB: Nuclear factor κB; NFTs: Neurofibrillary tangles; NOR: Novel
objection recognition; PP2A: Phosphatase 2A; PSD95: Postsynaptic density
protein-95; TEM: Transmission electron microscopy; ThT: Thioflavin T; TNFα: Tumor necrosis factor α

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12974-021-02182-3.
Additional file 1:. Fig.S1 Tau oligomer preparation and control dotblots of brain lysates without primary antibody OC. a Tau oligomer preparation by size exclusion chromatography. b Oligomer native gel electrophoresis visualized by coomassie stain, followed by western blot using
HT-7 antibody. c Control dot-blots of brain lysates were probed without
primary antibody OC, or using β-actin as a control. The blots were stained
for total protein with Ponceau S simultaneously. Fig.S2. The motor performance of mice in behavioral test. a The travelled distance in probe trial
of MWM. b The swim speed in MWM. c The travelled distance in Y-maze.
d The velocity of mice in Y-maze. e The travelled distance in NOR. f The
total exploration time in NOR. Fig.S3 Rutin rescues synapse loss in TauP301S mice. PSD95 immunostaining and synaptophysin immunostaining
in the brains of Tau-P301S mice and their WT littermates treated with

Page 13 of 14

rutin or vehicle. (Scale bar: 10 μm). Fig.S4 Rutin prevents microglial synapse engulfment in Tau-P301S mice. Representative images show the
engulfed PSD95 (red) puncta within Iba-1+ (green) microglial cells in the
brains of Tau-P301S mice and their WT littermates treated with rutin or
vehicle. (Scale bar: cyan, 25 μm; white, 20 μm).
Acknowledgements
We thank Dr. Virginia M.-Y. Lee (University of Pennsylvania School of
Medicine) for tau protein expression vector.
Authors’ contributions
X.-L.Y. and R.-T.L. designed experiment and wrote the manuscript. X.-Y.S. and
Q.-X.D. performed behavioral experiments. L.-J.L., S.-J.H., and J.Z. performed
immunocytochemistry and immunohistochemistry. X.-Y.S., Y.-R.H., and L.-J.L.
conducted biochemistry experiments. X.-Y.S. and L.-J.L. analyzed the data. All
authors read and approved the final manuscript.
Funding
This work was supported by grants from the National Natural Science
Foundation of China (81971610).
Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
All experiments were performed in accordance with the China Public Health
Service Guide for the Care and Use of Laboratory Animals. Experiments
involving mice and protocols were approved by the Institution Animal Care
and Use Committee of Tsinghua University.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
State Key Laboratory of Biochemical Engineering, Institute of Process
Engineering, Chinese Academy of Sciences, Beijing 100190, China.
2
Innovation Academy for Green Manufacture, Chinese Academy of Sciences,
Beijing 100190, China. 3School of Chemistry and Chemical Engineering,
University of Chinese Academy of Science, Beijing 100049, China.
Received: 1 March 2021 Accepted: 26 May 2021

References
1. Hodson R. Alzheimer's disease. Nature. 2018;559(7715):S1. https://doi.org/1
0.1038/d41586-018-05717-6.
2. Long JM, Holtzman DM. Alzheimer disease: an update on pathobiology and
treatment strategies. Cell. 2019;179(2):312–39. https://doi.org/10.1016/j.cell.2
019.09.001.
3. Drew L. An age-old story of dementia. Nature. 2018;559(7715):S2–3. https://
doi.org/10.1038/d41586-018-05718-5.
4. Mandelkow EM, Biernat J, Drewes G, Gustke N, Trinczek B, Mandelkow E.
Tau domains, phosphorylation, and interactions with microtubules.
Neurobiology of Aging. 1995;16(3):355–62. https://doi.org/10.1016/0197-4
580(95)00025-A.
5. Arriagada PV, Growdon JH, Hedley-Whyte ET, Hyman BT. Neurofibrillary
tangles but not senile plaques parallel duration and severity of Alzheimer's
disease. Neurology. 1992;42(3):631–9. https://doi.org/10.1212/WNL.42.3.631.
6. Ising C, Venegas C, Zhang S, Scheiblich H, Schmidt SV, Vieira-Saecker A,
et al. NLRP3 inflammasome activation drives tau pathology. Nature. 2019;
575(7784):669–73. https://doi.org/10.1038/s41586-019-1769-z.
7. Wang Y, Mandelkow E. Tau in physiology and pathology. Nat Rev Neurosci.
2016;17(1):5–21. https://doi.org/10.1038/nrn.2015.1.

Sun et al. Journal of Neuroinflammation

8.

9.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

(2021) 18:131

Congdon EE, Sigurdsson EM. Tau-targeting therapies for Alzheimer disease.
Nat Rev Neurol. 2018;14(7):399–415. https://doi.org/10.1038/s41582-0180013-z.
Dejanovic B, Huntley MA, De Maziere A, Meilandt WJ, Wu T, Srinivasan K,
et al. Changes in the synaptic proteome in tauopathy and rescue of tauinduced synapse loss by C1q antibodies. Neuron. 2018;100(6):1322–1336.e7.
https://doi.org/10.1016/j.neuron.2018.10.014.
Ittner A, Ittner LM. Dendritic tau in Alzheimer's disease. Neuron. 2018;99(1):
13–27. https://doi.org/10.1016/j.neuron.2018.06.003.
Shafiei SS, Guerrero-Munoz MJ, Castillo-Carranza DL. Tau oligomers:
cytotoxicity, propagation, and mitochondrial damage. Front Aging Neurosci.
2017;9:83.
Li C, Gotz J. Tau-based therapies in neurodegeneration: opportunities and
challenges. Nat Rev Drug Discov. 2017;16(12):863–83. https://doi.org/10.103
8/nrd.2017.155.
Negahdari R, Bohlouli S, Sharifi S, Maleki Dizaj S, Rahbar Saadat Y, Khezri K,
et al. Therapeutic benefits of rutin and its nanoformulations. Phytother Res.
2020.
Xu PX, Wang SW, Yu XL, Su YJ, Wang T, Zhou WW, et al. Rutin improves
spatial memory in Alzheimer's disease transgenic mice by reducing Abeta
oligomer level and attenuating oxidative stress and neuroinflammation.
Behav Brain Res. 2014;264:173–80. https://doi.org/10.1016/j.bbr.2014.02.002.
Budzynska B, Faggio C, Kruk-Slomka M, Samec D, Nabavi SF, Sureda A, et al.
Rutin as Neuroprotective Agent: From Bench to Bedside. Curr Med Chem.
2019;26(27):5152–64. https://doi.org/10.2174/0929867324666171003114154.
Baluchnejadmojarad T, Jamali-Raeufy N, Zabihnejad S, Rabiee N, Roghani M.
Troxerutin exerts neuroprotection in 6-hydroxydopamine lesion rat model
of Parkinson's disease: Possible involvement of PI3K/ERbeta signaling. Eur J
Pharmacol. 2017;801:72–8. https://doi.org/10.1016/j.ejphar.2017.03.002.
Khan MM, Raza SS, Javed H, Ahmad A, Khan A, Islam F, et al. Rutin protects
dopaminergic neurons from oxidative stress in an animal model of
Parkinson's disease. Neurotox Res. 2012;22(1):1–15. https://doi.org/10.1007/
s12640-011-9295-2.
Cordeiro LM, Machado ML, da Silva AF, Obetine Baptista FB, da Silveira TL,
Soares FAA, et al. Rutin protects Huntington's disease through the insulin/
IGF1 (IIS) signaling pathway and autophagy activity: study in Caenorhabditis
elegans model. Food Chem Toxicol. 2020;141:111323. https://doi.org/10.101
6/j.fct.2020.111323.
Pan RY, Ma J, Kong XX, Wang XF, Li SS, Qi XL, et al. Sodium rutin
ameliorates Alzheimer's disease-like pathology by enhancing microglial
amyloid-beta clearance. Sci Adv. 2019;5:eaau6328.
Hu B, Dai F, Fan Z, Ma G, Tang Q, Zhang X. Nanotheranostics: Congo red/
rutin-MNPs with enhanced magnetic resonance imaging and H2O2responsive therapy of Alzheimer's disease in APPswe/PS1dE9 transgenic
mice. Adv Mater. 2015;27(37):5499–505. https://doi.org/10.1002/adma.201
502227.
Wang SW, Wang YJ, Su YJ, Zhou WW, Yang SG, Zhang R, et al. Rutin inhibits
beta-amyloid aggregation and cytotoxicity, attenuates oxidative stress, and
decreases the production of nitric oxide and proinflammatory cytokines.
Neurotoxicology. 2012;33(3):482–90. https://doi.org/10.1016/j.neuro.2012.03.
003.
Li W, Lee VM. Characterization of two VQIXXK motifs for tau fibrillization
in vitro. Biochemistry. 2006;45(51):15692–701. https://doi.org/10.1021/
bi061422+.
Ferreira TA, Blackman AV, Oyrer J, Jayabal S, Chung AJ, Watt AJ, et al.
Neuronal morphometry directly from bitmap images. Nature Methods.
2014;11(10):982–4. https://doi.org/10.1038/nmeth.3125.
Lee SH, Le Pichon CE, Adolfsson O, Gafner V, Pihlgren M, Lin H, et al.
Antibody-mediated targeting of tau in vivo does not require effector
function and microglial engagement. Cell Rep. 2016;16(6):1690–700. https://
doi.org/10.1016/j.celrep.2016.06.099.
Sontag JM, Sontag E. Protein phosphatase 2A dysfunction in Alzheimer's
disease. Front Mol Neurosci. 2014;7:16.
Liu F, Grundke-Iqbal I, Iqbal K, Gong CX. Contributions of protein
phosphatases PP1, PP2A, PP2B and PP5 to the regulation of tau
phosphorylation. Eur J Neurosci. 2005;22(8):1942–50. https://doi.org/10.1111/
j.1460-9568.2005.04391.x.
Hill E, Wall MJ, Moffat KG, Karikari TK. Understanding the pathophysiological
actions of tau oligomers: a critical review of current electrophysiological
approaches. Front Mol Neurosci. 2020;13:155. https://doi.org/10.3389/
fnmol.2020.00155.

Page 14 of 14

28. Sun XY, Dong QX, Zhu J, Sun X, Zhang LF, Qiu M, et al. Resveratrol rescues
tau-induced cognitive deficits and neuropathology in a mouse model of
tauopathy. Curr Alzheimer Res. 2019;16(8):710–22. https://doi.org/10.2174/1
567205016666190801153751.
29. Lian H, Yang L, Cole A, Sun L, Chiang AC, Fowler SW, et al. NFkappaBactivated astroglial release of complement C3 compromises neuronal
morphology and function associated with Alzheimer's disease. Neuron.
2015;85(1):101–15. https://doi.org/10.1016/j.neuron.2014.11.018.
30. Granic I, Dolga AM, Nijholt IM, van Dijk G, Eisel UL. Inflammation and NFkappaB in Alzheimer's disease and diabetes. J Alzheimers Dis. 2009;16(4):
809–21. https://doi.org/10.3233/JAD-2009-0976.
31. Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer's disease at 25
years. EMBO Mol Med. 2016;8(6):595–608. https://doi.org/10.15252/emmm.2
01606210.
32. Busche MA, Hyman BT. Synergy between amyloid-beta and tau in
Alzheimer's disease. Nat Neurosci. 2020;23(10):1183–93. https://doi.org/10.1
038/s41593-020-0687-6.
33. Grundke-Iqbal I, Iqbal K, Tung YC, Quinlan M, Wisniewski HM, Binder LI.
Abnormal phosphorylation of the microtubule-associated protein tau (tau)
in Alzheimer cytoskeletal pathology. Proc Natl Acad Sci U S A. 1986;83(13):
4913–7. https://doi.org/10.1073/pnas.83.13.4913.
34. Yu XL, Li YN, Zhang H, Su YJ, Zhou WW, Zhang ZP, et al. Rutin inhibits
amylin-induced neurocytotoxicity and oxidative stress. Food Funct. 2015;
6(10):3296–306. https://doi.org/10.1039/C5FO00500K.
35. Goedert M, Eisenberg DS, Crowther RA. Propagation of tau aggregates and
neurodegeneration. Annu Rev Neurosci. 2017;40(1):189–210. https://doi.
org/10.1146/annurev-neuro-072116-031153.
36. Gibbons GS, Lee VMY, Trojanowski JQ. Mechanisms of Cell-to-Cell
Transmission of Pathological Tau: A Review. JAMA Neurol. 2019;76(1):101–8.
https://doi.org/10.1001/jamaneurol.2018.2505.
37. Iqbal K, Liu F, Gong CX. Tau and neurodegenerative disease: the story so far.
Nat Rev Neurol. 2016;12(1):15–27. https://doi.org/10.1038/nrneurol.2015.225.
38. Guo T, Noble W, Hanger DP. Roles of tau protein in health and disease. Acta
Neuropathol. 2017;133(5):665–704. https://doi.org/10.1007/s00401-017-17079.
39. Vogels T, Murgoci AN, Hromadka T. Intersection of pathological tau and
microglia at the synapse. Acta Neuropathol Commun. 2019;7(1):109. https://
doi.org/10.1186/s40478-019-0754-y.
40. Ramaswamy S, Dwarampudi LP, Kadiyala M, Kuppuswamy G. Veera Venkata
Satyanarayana Reddy K, Kumar CKA, Paranjothy M: Formulation and
characterization of chitosan encapsulated phytoconstituents of curcumin
and rutin nanoparticles. Int J Biol Macromol. 2017;104(Pt B):1807–12. https://
doi.org/10.1016/j.ijbiomac.2017.06.112.
41. Ahmad N, Ahmad R, Naqvi AA, Alam MA, Ashafaq M, Samim M, et al. Rutinencapsulated chitosan nanoparticles targeted to the brain in the treatment
of Cerebral Ischemia. Int J Biol Macromol. 2016;91:640–55. https://doi.org/1
0.1016/j.ijbiomac.2016.06.001.
42. Karikari TK, Pascoal TA, Ashton NJ, Janelidze S, Benedet AL, Rodriguez JL,
et al. Blood phosphorylated tau 181 as a biomarker for Alzheimer's disease:
a diagnostic performance and prediction modelling study using data from
four prospective cohorts. Lancet Neurol. 2020;19(5):422–33. https://doi.org/1
0.1016/S1474-4422(20)30071-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

