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1. Introduction

The microtubule associated protein 
tau promotes assembly and stability of 
microtubules [1]. Hyperphosphorylation of tau 
reduces its ability to fulfill this function, leading 
to microtubule disruption and to sequestration 
of tau in small aggregates called oligomers 
or larger aggregates called paired helical 
filaments (PHF), which in turn clump together 
to form neurofibrillary tangles (NFT) [1]. 
Oligomers of Aβ peptide or tau may be more 
toxic to neurons than are plaques or tangles [2]. 
Tangles occur in a variety of neurodegenerative 
diseases, including Alzheimer’s disease (AD), 
frontotemporal dementia, and progressive 
supranuclear palsy. In AD, the commonest 
tauopathy, the appearance of aggregated tau 
likely comes after Aβ aggregation and toxicity, 
which can lead to hyperphosphorylation of tau 
via activation of particular kinases [3]. 

Recent clinical trials of potential AD drugs 
that aim to decrease Aβ levels have failed to slow 

progression in AD patients, raising suggestions 
that, to prevent neurodegeneration, treatment 
that targets Aβ may need to begin at an earlier 
stage in the course of the disease [4]. However, 
it is difficult to identify patients before they 
display memory deficits. An alternative strategy 
would target AD pathways downstream of Aβ, 
such as tau aggregation perhaps. Increasing 
evidence suggests that abnormal aggregates 
of tau travel between cells and initiate further 
aggregation of tau in a spreading network 
of neurons [5], thus another advantage of 
targeting tau aggregation would be the 
opportunity to interrupt this trans-neuronal 
process.

Many compounds, both natural and 
synthetic, have been found to inhibit tau 
aggregation [6,7]. One such molecule is morin, 
a naturally occurring flavonoid which can be 
found in some plants, including old fustic, 
osage orange, guava, onion, and apple [8]. The 
chemical structure of morin (Figure 1) is similar 
to that of other flavonoids such as myricetin and 

gossypetin, which inhibited tau aggregation 
in vitro with half maximal inhibitory 
concentrations (IC50s) of approximately 1-2 
µM [9,10]. Morin inhibited tau aggregation in 
an in vitro assay with an IC50 of approximately 
13 µM (PubChem BioAssay AID 1460, CID 
5281670). In vivo, morin can inhibit an enzyme 
that phosphorylates tau, glycogen synthase 
kinase 3 beta (GSK3β), and thus decrease tau 
hyperphosphorylation [8].

Resveratrol, an antioxidant polyphenol, 
has a structure (Figure 1) related to that of 
the flavonoids mentioned above. Resveratrol 
promoted clearance of Aβ peptide [11-14] 
and inhibited tau aggregation in an in vitro 
assay with an IC50 of approximately 10 μM 
(PubChem BioAssay AID 1460, CID 445154). 
Like morin, resveratrol inhibited GSK3β in vivo 
and decreased brain levels of phosphorylated 
tau (ptau) in one study, though not in another 
study [15,16]. In transgenic mice overexpressing 
P301L mutant tau as a model of frontotemporal 
dementia, we examined the potential for morin 
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and resveratrol to prevent tau aggregation and 
deterioration in motor function.

2. Methods

2.1. Transgenic mice
JNPL3 tau transgenic mice were purchased from 
Taconic Farms, Inc. and were bred at the Chinese 
University of Hong Kong for experiments 
[17]. The mice overexpress two copies of the 
4R0N isoform of the P301L mutant human 
microtubule-associated protein tau to serve as 
a model of tauopathies, including AD. At age 
11 months, 27 mice were randomly assigned 
to three groups of equal size for treatment 
with morin, resveratrol, or placebo. Per gram 
of body weight, 0.1 mg of drug (or nothing for 
the placebo group) was mixed with 1 µL peanut 
butter and injected by syringe without a needle 
onto the mouth once daily from Monday to 
Friday. Mice readily ate all the peanut butter, 
thus ensuring full compliance in consuming the 
entire dose of drug. This non-invasive delivery 
method prevented injury to mice and modeled 
an oral mode of administration that may be 
used in human treatment.

To minimize bias, all the experiments 
involved in this study were performed in 
a blind fashion, with identification of the 
treatment of individual mice unknown by the 
person performing laboratory analysis until 
quantification of all mice had been completed. 

2.2.  Ethics Statement
All experimental protocols were approved by 
the Chinese University of Hong Kong Animal 
Experimentation Ethics Committee (Ref No. 
07/043/ERG and 460207). Several mice were 

housed in each cage and had free access to 
food and water. 

2.3.  Sample Preparation
After treatment for three months, mice were 
euthanized by isoflurane, cardiac perfused with 
ice-cold PBS, and brains were removed. One 
mouse died before the end of the treatment 
period, thus only 26 brains were collected. 
One hemisphere from each mouse was frozen 
at -80°C for immunoblotting, and the other 
hemisphere was fixed in 10% formalin in PBS 
overnight, embedded in paraffin and cut 
into 5 micrometer sagittal sections using a 
microtome. 

2.4. Immunoblotting
Homogenization buffer contained 25 mM 
Tris pH 7.4, 1 mM EDTA, 1 mM EGTA, 150 mM 
NaCl, 1% phosphatase inhibitor cocktail (Sigma 
P0044 and Sigma P5726), and 1X Complete, 
EDTA-free Protease Inhibitor Cocktail (Roche 
11 873 580 001). Each brain hemisphere was 
weighed and Dounce homogenized with 3x 
(volume/weight) ice cold homogenization 
buffer. Protein content of the homogenate 
was measured by bicinchoninic acid assay, and 
paired helical filaments (PHF) were enriched 
in half of the homogenate by the following 
procedure. Homogenates (volumes were 
measured: V ml) were incubated on ice for 
20 minutes to depolymerize microtubules 
and were then centrifuged at 80,000 g for 15 
minutes at 4°C. The pellet was homogenized 
using a Dounce homogenizer in V ml of 
A68 extraction buffer (10 mM Tris pH 7.4, 
1 mM EGTA, 0.8 M NaCl, 10% sucrose, 1% 
phosphatase inhibitor cocktail [Sigma P0044 

and Sigma P5726], and 1X Complete, EDTA-
free Protease Inhibitor Cocktail [Roche 11 873 
580 001]) and centrifuged at 1000 g for 10 
minutes at 4°C. The resulting supernatant was 
transferred to a clean tube, and sarkosyl was 
added to 1% for incubation on a rotating wheel 
for 1.5 hours at room temperature, followed by 
centrifugation at 80,000 g for 30 minutes at 4°C 
and concluding with resuspension of the pellet 
in 0.2V homogenization buffer.

Homogenates containing equal volumes of 
protein, or PHF fractions extracted from a fixed 
multiple of those volumes of homogenates, 
were immunoblotted to measure total tau 
(Thermo Scientific, Cat.#MN1000, 1:5000 HT7 
anti-human tau monoclonal antibody) [20], 
hyperphosphorylated tau (Thermo Scientific, 
Cat.# MN1080, 1:1000 AT8 anti-human PHF 
tau monoclonal antibody, which recognizes 
tau phosphorylated at Ser199 and Ser202), 
and GAPDH (Sigma G8795, 1:10000 anti-
GAPDH monoclonal antibody) [19]. Blots 
were incubated in antibodies diluted in 
Tris buffered saline Tween + 5% milk. Blots 
were photographed with an Alpha Innotech 
FluorChemQ MultiImage III, and protein bands 
were quantified using ImageJ software. Three 
gels were required to run all the samples, 
and one lane on each gel was reserved to 
run a sample duplicated from another gel for 
normalization of protein bands. Quantitation 
of total tau and hyperphosphorylated tau were 
measured and normalized to GAPDH.

2.5.. Thioflavin T Staining
Paraffin sections were stained using Thioflavin 
T to detect tangles [18]. First, sections were 
deparaffinized for one hour at 60°C and 
immersed in xylene thrice for 5 minutes to 
remove paraffin. They were rehydrated in 
descending concentrations of ethanol in 
water, then immersed for 5 minutes in Mayer’s 
hematoxylin. Sections were then washed in 
running tap water for 5 minutes and then rinsed 
in distilled water. Sections were immersed for 
5 minutes in freshly prepared 1% Thioflavin T. 
Then the sections were differentiated in 70% 
ethanol for 5 minutes. Finally, they were rinsed 
in distilled water twice, mounted in glycerin 
jelly, and covered with cover slips.

Figure 1. Chemical structures of morin and resveratrol.
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2.6.  Immunohistochemistry
Sections on slides were deparaffinized for 
one hour, placed in xylene and rehydrated 
in descending concentrations of ethanol in 
purified water. Antigen retrieval was then 
performed with boiling citrate buffer (2.1 g 
citric acid monohydrate in 1 L water adjusted to 
pH 6.0 with NaOH) for half an hour. 

Slides were rinsed with phosphate buffered 
saline (PBS) at pH 7.4 (PBS) and were then 
immersed in 3% hydrogen peroxide in water for 
6 minutes to quench endogenous peroxidase 
activity.

Sections were blocked in 10% normal goat 
serum in PBS, then incubated with AT8, a 
monoclonal antibody against a phosphorylated 
epitope of tau, (Thermo Scientific, Cat.# 
MN1080, 1:100) overnight at room temperature 
[19]. Goat anti-mouse IgG antibody coupled 
to horseradish peroxidase polymer (DAKO 
Envision System, Cat.#K4001) was added to 
the sections for 45 minutes. Sections were 
developed using 3,3’-diaminobenzidine (DAB) 
peroxidase solution and were counterstained 
by immersion in Harris Hematoxylin, 
dehydrated, mounted with Permount, and 
covered with cover slips.

2.7. Imaging and Quantification
“Q-capturing system” software was used for 
image processing. Randomly selected regions 
throughout the brain were photographed 
at 40x magnification, either by fluorescence 
microscopy for Thioflavin T staining or by bright 
field microscopy for AT8 immunostaining. 
Stained regions in the photos were recognized 
by setting a colour threshold and quantified by 
number of positively stained pixels. For each 
mouse, positive staining for all photos was 
averaged.

2.8. Rotarod Test
Motor function performance of mice was 
assessed by the rotarod test, using a protocol 
modified from EMPReSS (European Mouse 
Phenotyping Resource for Standardized 
Screens, at http://www.empress.har.mrc.ac.uk/
viewempress/?pipelineprocedure=EUMODIC
+Pipeline+2~Rotarod). Both before and after 
treatment, one round of trial training and five 
rounds of testing were performed with a one 

hour interval in between. Mice were placed 
onto the rod of the apparatus, which was 
rotated at a constant rate of 4 revolutions per 
minute (rpm) and then accelerated at a rate of 
about 1 rpm / 9 seconds, to a maximum of 40 
rpm. The time between the beginning of the 
acceleration of the rod and the falling of each 
mouse was recorded. Mean times for each 
mouse at the end of treatment was calculated 
and compared among treatment groups.

2.9  Statistics
ANOVA tests were performed to compare all 
three treatment groups for rotarod testing, 
immunohistochemistry, immunoblotting, and 
Thioflavin staining. Two-tailed t-tests were 
performed to compare control and treatment 
groups. Statistical analyses were conducted 
using Microsoft Office Excel 2007 or PSPP (gnu.
org).

3. Results

We chose to test two drugs: morin and 
resveratrol. Morin was an attractive candidate 
because it is abundant in common foods and 
because it inhibits tau aggregation and GSK3β, 
a tau kinase. Like morin, resveratrol inhibits tau 
aggregation and GSK3β; it also induces removal 
of Aβ peptide.

Nine mice completed treatment with morin, 
eight with resveratrol (one mouse died before 
the end of the treatment period), and nine with 
no drug. The effects of treatment with morin or 
resveratrol on tau, hyperphosphorylated tau 
(ptau), and tangles are shown in Figures 2 and 
3.

To measure the effect of the compounds 
on tau, ptau, and tangles, we used 
immunoblotting. Immunoblotting of total 
brain homogenate or a PHF-enriched brain 
fraction revealed no significant differences (by 
ANOVA) between treatments in either total tau 
(HT7 antibody), hyperphosphorylated tau (AT8 
antibody), or the ratio of hyperphosphorylated 
tau to total tau (Figure 2). However, there 
appears to be a tendency toward increased 
hyperphosphorylated tau in the PHF fraction 
due to treatment with either drug (Figure 
2g). To confirm this observation, a t-test 
(2-tailed, equal variances not assumed) was 

performed to compare control brains with 
drug-treated brains (pooling morin and 
resveratrol groups together), demonstrating 
a significant difference (p=0.006). Similarly, 
the ratio of hyperphosphorylated tau to total 
tau (Figure 2i) was also increased in all drug-
treated brains (p=0.03). For total homogenate, 
the corresponding comparisons were p=0.035 
and p=0.84 for hyperphosphorylated tau and 
the ratio of hyperphosphorylated to total tau, 
respectively. Therefore, the drugs increased the 
amount of extractable hyperphosphorylated 
tau.

To measure the effect of the compounds 
on tangles, we used immunohistochemistry. 
Immunohistochemistry suggested that 
morin and resveratrol exhibited a tendency 
to decrease tangle deposition (Figure 3). This 
tendency was stronger for resveratrol than 
for morin. The area of Thioflavin T staining 
(not shown) did not significantly differ 
among the three treatment groups (Figure 3c, 
p=0.42), but the area of AT8 immunoreactivity 
(representative photos shown in Figure 3a) 
differed (Figure 3b, p=0.045). When comparing 
morin with control treatment, morin changed 
neither AT8 (p=0.29) nor Thioflavin T (p=0.57) 
staining. When comparing resveratrol with 
control treatment, resveratrol significantly 
altered AT8 (p=0.036) but not Thioflavin T 
(p=0.26) staining. Thus, resveratrol decreased 
tangles as measured by immunoreactivity.

Since tauopathies may affect motor 
function, we used the rotarod test. The effects 
of treatment with morin or resveratrol on motor 
coordination, as measured by the rotarod test, 
are shown in Figure 4. Rotarod performance 
did not significantly differ among the three 
treatment groups (p=0.85). Therefore, the 
drugs did not affect motor function.

4. Discussion

Resveratrol and morin tended to increase 
hyperphosphorylated tau in the PHF fraction 
extracted from brain homogenates, while they 
tended to decrease hyperphosphorylated tau 
in tangles in brain sections. These apparently 
contradictory results are surprising. One 
possible explanation for the results is that 
these compounds might block or reverse late 
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stages of aggregation of hyperphosphorylated 
tau, thus decreasing tangles but leading 
to accumulation (just before the point of 
blockage) of relatively more soluble forms 
of hyperphosphorylated tau. In other words, 

tau that has been hyperphosphorylated may 
bind resveratrol or morin and be stabilized 
in a relatively soluble form, preventing tau 
from aggregating into tangles. This would 
also have the effect of increasing the amount 

of extractable hyperphosphorylated tau. 
Conversely, the absence of resveratrol or 
morin might allow hyperphosphorylated 
tau to aggregate into insoluble tangles, thus 
increasing tangles visible in brain sections and 

Figure 2. Tau in immunoblots. A) Representative AT8 antibody immunoblot of whole brain homogenate, showing hyperphosphorylated tau. B) Representative HT7 anti-
body immunoblot of whole brain homogenate, showing total tau. C) Representative GAPDH antibody immunoblot of whole brain homogenate, indicating total protein. D) 
AT8 antibody immunoreactivity in whole brain homogenate. Each point represents one mouse. Values for some mice were nearly the same, thus some points overlap. “X” 
represents the mean value for each drug. E) HT7 antibody immunoreactivity in whole brain homogenate. F) Ratio of AT8 to HT7 antibody immunoreactivity in whole brain 
homogenate. G) AT8 antibody immunoreactivity in PHF. H) HT7 antibody immunoreactivity in PHF. I) Ratio of AT8 to HT7 antibody immunoreactivity in PHF.
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decreasing soluble hyperphorylated tau. To 
understand these findings, these compounds 
can be incubated with aggregated recombinant 
tau or with brain homogenate from tangle-
containing transgenic mice or postmortem 
human brain tissue. 

If these compounds or derivatives could 
be used to reduce tau hyperphosphorylation 
or aggregation, they may have potential to 
treat AD and other tauopathies, such as Pick’s 

disease, corticobasal degeneration, progressive 
supranuclear palsy, or frontotemporal 
dementia and parkinsonism linked to 
chromosome 17 [21]. Although tangles may 
not in and of themselves be neurotoxic [2] (in 
fact, suppression of mutant tau expression 
can restore brain function despite continued 
tangle deposition [22]), they may serve as 
indicators that neurotoxic forms of tau had 
been present. Thus, treatments that lead to 

reductions in tangle density might also affect 
tau neurotoxicity. Further studies of resveratrol, 
morin, and related compounds in animal 
models of tauopathy are warranted to explore 
doses of drugs and ages of mice to explore 
possible conditions for treatment.

Two previous studies have investigated the 
effect of resveratrol on tau in mice [15,16]. 
Porquet et al found a reduction in the ratio 
of ptau to tau, however Varamini et al did not 

Figure 3. Hyperphosphorylated tau in brain sections. A) Representative photos of sections stained by AT8 antibody. Brown indicates phosphorylated tau stained by AT8. 
Blue indicates cell nuclei stained by hematoxylin. Scale bar: 50 µm. B) Effect of drug treatment on the area of sections stained by AT8 antibody. Each point represents one 
mouse. Values for some mice were the same, thus some points overlap. For each drug, “X” represents the mean value, shown in parentheses. C) Effect of drug treatment on 
the area of sections stained by Thioflavin T.
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Figure 4. Rotarod test performance. Each point represents one mouse. Values for some mice were the same, thus 
some points overlap. Mean values are shown in parentheses.

[15,16]. Table 1 summarizes key features of 
these studies in an attempt to identify the cause 
of this discrepancy. Several factors were similar 
among studies and thus can likely be ruled out. 
The doses of resveratrol were comparable, as 
were the assay methods of Porquet et al and 
Varamini et  al. Treatment began much later, 
and continued for a much shorter duration, in 
the study by Varamini et al than in the study 
by Porquet et al, which might have diminished 
any effect in the former study; however, our 

study encompassed an age range similar to 
that of Varamini et al yet detected an effect of 
resveratrol on ptau deposition. The number 
of mice tested by Varamini et al was smaller 
than in the other two studies if the wildtype 
and transgenic mice are counted separately. 
However, Figure 6 of Varamini et al displays 
very similar levels of ptau/tau for wildtype and 
transgenic mice, thus it may be reasonable to 
consider combining wildtype and transgenic 
mice for analysis, which would bring the 

number of mice up to the levels of the other 
studies. One factor differing among the studies 
was the animal model. Ours used human tau, 
Porquet et al used a strain of mice exhibiting 
premature aging, and Varamini et al used 
wildtype mice and mice overexpressing Aβ. It 
is not clear why resveratrol would affect tau 
differently in any of these strains, but perhaps 
this is part of the reason for the different effects 
among the three studies.

Our study showed that resveratrol and 
morin affected ptau accumulation yet did 
not affect motor function, as measured by 
our rotarod test. Perhaps treatment started 
after degeneration had already occurred, and 
functional loss was irreversible. Alternatively, 
the reduction of tangles and increase of soluble 
ptau by the compounds may not have fully 
suppressed disruption of normal tau function 
and resulting neurotoxicity.

5. Conclusions

In conclusion, in an animal study, resveratrol or 
morin tended to increase hyperphosphorylated 
tau on immunoblots but to decrease tangles 
in brain sections. Neither drug affected motor 
function.
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Table 1: Comparison of studies of the effect of resveratrol on tau in mice 

Factor Porquet [15] Varamini [16] Yu (this paper)

Model SAMP8 wildtype; APP/PS JNPL3

# of mice 10-12 v. 10-12 3 v. 6; 6 v. 3 9 v. 8

Age 2 months 12 months 11 months

Duration 7 months 4 months 3 months

Dose ~0.09 mg/g, daily ~0.17 mg/g, daily 0.10 mg/g, 5 times/wk

Assay ptau v. tau blot ptau v. tau blot ptau sections ptau v. tau blot

Fraction 10k g supernatant 13k g supernatant all PHF

Effect Decrease no change decrease no change
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