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Aβ production and clearance  results 
in its accumulation in the brain. It was 
shown that the major pathway for Aβ 
clearance is its  receptor-mediated trans-
port through the blood-brain barrier (5), 
which is found to be compromised in 
AD, with special importance in the spo-
radic late-onset form (6). In such cases, 
an increased expression of the receptor 
for advanced glycation end products 
(RAGE), the main influx transporter of 
Aβ is often observed and/or a decreased 
expression of the efflux transporters, 
such as the permeability glycoprotein 
(P-gp) and the low-density lipoprotein 
 receptor-related protein 1 (LRP1)(7).

Transthyretin (TTR), a 55kDa homo-
tetrameric protein produced mainly in 
the liver and the choroid plexus, with a 
well-established role in the transport of 
thyroxine (T4) and retinol, was described 

death, accompanied by the 2 main patho-
logical features: amyloid plaques and 
neurofibrillary tangles (NFTs). The first 
consists of extracellular aggregates of 
 amyloid-beta (Aβ) peptide, while the latter 
are intracellular aggregates of abnormally 
hyperphosphorylated tau protein (4). The 
Aβ peptide is generated upon sequential 
cleavage of the amyloid precursor pro-
tein (APP), by β- and γ-secretases, and 
it is believed that an imbalance between 
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Alzheimer’s disease (AD), first  

described by Alois Alzheimer in 1906 (1), 
is the most common cause of dementia. 
With more than 26 million AD cases 
registered in 2006 (2), the number of 
patients with AD increases every day, 
and it is expected that, by 2050, 1 new 
case of AD will appear every 33 s (3). AD 
is characterized by progressive loss of 
cognitive functions, ultimately leading to 
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Polyphenolic compounds constitute 
the main class of secondary metabolites 
in plants, and are consumed as part of 
the human diet in significant amounts. 
Polyphenols can be divided into phenolic 
acids, lignans, stilbenes and flavonoids, 
and their contribution to human health 
has been well described, with multiple 
biological effects, particularly antioxidant 
activity. Increased attention has been paid 
to polyphenols, more specifically the ones 
present in red wine, after recognition of 
the “French paradox.” This concept refers 
to the observation that in certain regions of 
France, lower than expected mortality from 
coronary heart disease was found (despite 
high intake of saturated fat), which was 
correlated to high red wine consump-
tion (24). Moreover, interest in red wine 
polyphenols as therapeutic agents—in 
particular resveratrol, due to its strong an-
tioxidant, anti-inflammatory, anti-ischemic 
and chemopreventive properties—has 
been growing, with several health benefits 
described in cancer and cardiovascular 
prevention, and protection against neu-
rodegenerative disorders such as Alz-
heimer’s, Parkinson’s and Huntington’s 
diseases (25,26). More specifically in AD, in 
vivo administration of resveratrol resulted 
in reduced neurodegeneration and cogni-
tive decline in mice displaying AD features 
(27,28), while in vitro resveratrol lowered 
the levels of secreted and intracellular Aβ 
peptides produced from different cell lines 
by promoting Aβ degradation (29). Inter-
estingly, also using an AD transgenic mice 
model, it was shown that resveratrol intake 
increased TTR levels (30). Previous work in 
our laboratory indicated that resveratrol in-
creases TTR affinity to Aβ (31), probably by 
stabilizing the TTR native tetramer confor-
mation. It has been described that the bind-
ing of resveratrol to TTR is at the T4 bind-
ing pocket, although the exact binding site 
still generates some controversy. Although 
it was first shown that resveratrol binds 
TTR in the T4 binding site (32), very re-
cently, Florio and colleagues demonstrated 
that although resveratrol can compete with 
T4 (by binding to its site), it  possesses a 
preferential  binding site  different from that 
of T4 (33).

of AD, probably as a consequence of loss 
of its stability, as in FAP. In fact, we have 
previously reported that plasma TTR 
from AD patients presents a decreased 
ability to carry T4, indicating that this 
function of TTR is impaired (10). It has 
also been demonstrated that the more 
amyloidogenic (and therefore less stable) 
the variants of TTR are, the less they 
bind Aβ (18). Thus, we hypothesized 
that TTR stabilization is a key factor in 
TTR–Aβ interaction, and subsequently 
we showed that small compounds that 
are prone to stabilize TTR increase this 
interaction in vitro. Importantly, in vivo 
administration of one such drug resulted 
in the amelioration of AD features (19). 
However, results obtained by other au-
thors suggest that it is the monomeric 
form of TTR that preferentially binds 
Aβ (20), especially when the peptide is 
in oligomeric form (21). The monomeric 
form of TTR was also shown to be the 
most efficient at inhibiting Aβ fibril for-
mation, although by isotherm titration 
calorimetry (ITC), the monomeric TTR 
did not exhibit any sign of binding to 
Aβ, contrary to the tetramer (21). Also, it 
has been shown that Aβ oligomer– 
related toxicity can be neutralized by the 
binding of TTR (especially monomeric 
TTR) by promoting their assembly into 
larger nontoxic species (22). This dual 
ability to inhibit fibril formation and 
neutralize oligomer toxicity has been  
observed in several molecular chaper-
ones, such as αB-crystallin, heat shock 
protein 70, clusterin, haptoglobin and 
α2-macroglobulin (23), thus TTR has 
also been noted as a molecule with 
ATP-independent chaperone activity 
(22). Although the results point to in-
creased efficiency of the monomeric TTR, 
most of the data were obtained using an 
engineered TTR that exists as a stable 
monomer and whose existence in vivo has 
not been demonstrated. In fact, Li and col-
leagues suggest that in vivo, the inhibition 
of Aβ fibrillogenesis should be mediated 
by TTR tetramer binding to Aβ monomer; 
however, when oligomers are formed, te-
trameric and monomeric TTR bind to Aβ 
oligomers, neutralizing its toxicity (21).

by Schwarzman and colleagues in the 
mid-1990s to be the major Aβ binding 
protein in cerebrospinal fluid (CSF). The 
authors described that TTR was able 
to bind and sequester Aβ, inhibiting its 
toxicity and deposition, and that when 
the sequestration failed, Aβ would ag-
gregate and form amyloid plaques (8,9), 
thus suggesting for the first time a neu-
roprotective role for TTR in AD. More re-
cently, our group has shown that in AD 
and in mild cognitive impairment (MCI) 
patients, TTR protein levels are de-
creased (10) compared with age-matched 
controls, which is in agreement with a 
previous observation of lower levels of 
CSF TTR in AD patients (11). Moreover, 
TTR levels in the CSF were found to be 
negatively correlated with formation of 
senile plaques (12) and disease progres-
sion (13), and positively correlated with 
Aβ42 CSF levels in AD patients (14). Thus 
it is hypothesized that before Aβ deposi-
tion, diminishment of TTR is responsible 
for increased levels of Aβ42, consequently 
promoting its deposition, and finally, 
with disease establishment, CSF Aβ42 
levels decrease due to sequestration in 
senile plaques. The idea of the neuro-
protective role of TTR was strengthened 
with several in vivo studies using trans-
genic mice, showing also a negative cor-
relation between TTR and Aβ deposition. 
When TTR was genetically decreased, 
mice presented higher levels of Aβ (both 
Aβ40 and Aβ42) in the brain and plasma, 
accompanied by higher Aβ deposition 
(15,16) compared with control mice. This 
showed that TTR is an important mole-
cule in the clearance of Aβ, with recent 
findings suggesting that TTR promotes 
Aβ efflux from the brain to the blood, 
possibly via LRP1 (17), although the 
exact mechanism is still unknown.

Given that the familial amyloid poly-
neuropathy (FAP) is associated with TTR 
deposition due to loss of stability and 
function, compounds that stabilize the 
tetrameric conformation of TTR, such as 
tafamidis and diflunisal, have been the 
main drug therapy for FAP patients. As 
mentioned above, TTR has been indi-
cated as a participant in the development 
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containing 10% fetal bovine serum (FBS), 
3 mM CaCl2, 0.01 M HEPES and 1 mg/mL 
collagenase type V (Sigma-Aldrich) for 
another 10 min. The entire perfused liver 
was then removed to a Petri dish con-
taining isolation medium (WE medium 
containing 10% FBS, 2 mM EDTA and 
0.01 M HEPES) then proceeded to the 
next steps of filtering and centrifugation 
of cell suspension. After counting live 
cells, 5 × 105 cells were seeded in each 
well using attachment medium for 3 h, 
then the medium was changed to stim-
ulation medium. After 24 h the medium 
was renewed, and after 48 h, resveratrol 
(15 μM) was added to the media in the 
respective wells; control cells were kept 
in stimulation media. Following 24 h of 
incubation, supernatants were collected 
for subsequent TTR protein level analysis.

tissue Processing
After resveratrol administration,  

animals were euthanized following anes-
thesia with a mixture of ketamine  
(75 mg/kg) and medetomidine (1 mg/kg) 
administered by intraperitoneal injection. 
Brains were removed and bisected lon-
gitudinally; each half was either imme-
diately frozen for biochemical analyses 
or fixed for 24 h at 4°C in 10% neutral 
buffered formalin and then transferred to 
a 30% sucrose solution for cryoprotection 
before cryostat sectioning and immuno-
histochemical analyses. Liver was also 
collected, immediately frozen and kept at 
–80°C for mRNA isolation.

aa Immunohistochemistry
Aβ plaque burden was evaluated 

by using a monoclonal biotinylated 
anti-Aβ1-16 antibody (6E10) (Covance 
Research Products, Inc.) to perform 
free-floating immunohistochemistry of  
30 μm thick cryostat coronal brain 
sections. According to a previously 
described protocol by Oliveira and col-
leagues (16), free-floating brain sections 
were washed twice in phosphate buffer 
saline (PBS) and once in distilled water 
(dH2O). For partial amyloid denatur-
ation, 70% formic acid (FA) was used 
for 15 min at RT, with gentle agitation. 

efforts were made to minimize pain and 
distress. All procedures involving ani-
mals were carried out in accordance with 
national and European Union guidelines 
for the care and handling of laboratory 
animals and were performed in compli-
ance with the institutional guidelines and 
recommendations of the Federation for 
Laboratory Animal Science Association 
and approved by the National Authority 
for Animal Health (Lisbon, Portugal).

administration of Resveratrol
AD/TTR+/– female mice were divided 

into 2 groups: the control group, which 
received a normal diet (n = 7), and the 
treated group, which received a diet incor-
porating resveratrol (0.19% w/w) (n = 4). The 
daily consumption of resveratrol was calcu-
lated to be 174 mg/kg/day (3.3 g food per 
day for a 36 g mouse). Diets were stored 
at 4°C and animals received fresh food 
3 times a week. Resveratrol was admin-
istrated for 2 months, and a summary of 
the animals’ ages is presented in Table 1. 
Control mice were all 5 months of age at 
the beginning of the experiment.

Primary Hepatocyte Culture
Primary hepatocytes were derived 

from nontransgenic TTR+/– mice, as 
previously described (17). Briefly, a can-
nula was inserted into the portal vein 
and perfusion medium (Hank’s balanced 
salt solution [HBSS] 1 × medium contain-
ing 0.025 M HEPES and 2 mM ethylene-
diaminetetraacetic acid [EDTA]) was al-
lowed to perfuse through the liver, with 
immediate cut of the vena cava. After  
10 min, the perfusion medium was  
substituted with collagenase solution 
(Williams E medium [WE], Gibco™)  

The present work was aimed at  
investigating the mechanism underlying 
TTR protection in AD, making use of res-
veratrol to improve its performance, as 
an avenue for intervention in this  
disorder.

MatERIaL anD MEtHODS

Chemicals and Proteins
Resveratrol was purchased from Tokyo 

Chemical Industry Company and dis-
solved in DMSO at 200 mM, following  
purity confirmation by high-performance 
liquid chromatography (HPLC). Syn-
thetic Aβ (1-42) (Genscript) was dis-
solved in hexafluoro-2-propanol (HFIP) 
and kept at room temperature (RT) 
overnight. The HFIP was removed under 
a stream of nitrogen and the residue 
was then dissolved in DMSO at 2mM. 
Human recombinant wild-type TTR (WT 
TTR) was produced in a bacterial expres-
sion system using Escherichia coli BL21 
(34) and purified as previously described 
(35). Briefly, after growing the bacteria, 
the protein was isolated and purified 
by preparative gel electrophoresis after 
ion exchange chromatography. Protein 
concentration was determined by the 
Bradford method (Bio-Rad), using bovine 
serum albumin (BSA) as standard.

animals
The mouse model AβPPswe/

PS1A246E/TTR used in this study 
was generated by crossing AβPPswe/
PS1A246E transgenic mice (B6/C3H 
background) purchased from the Jackson 
Laboratory with TTR-null mice (TTR–/–) 
(SV129 background), as previously 
described (16). In this study, we used 
cohorts of AβPPswe/PS1A246E/TTR+/– 
(hereafter called AD/TTR+/–) female 
mice 5 to 8 months of age.

For the primary cultures of hepatocytes, 
nontransgenic TTR-heterozygous (TTR+/–) 
mice in a SV129 background (36) were used 
at 2–3 months of age.

Animals were housed in a controlled 
environment (12-h light/dark cycle; tem-
perature, 22 ± 2°C; humidity, 45–65%), 
with freely available food and water. All 

table 1. Summary of the animals treated 
with resveratrol (n = 4).

Age at beginning 
of resveratrol 

administration
Age at 

euthanization

Resv1 8 months 10 months
Resv2 6 months 8 months
Resv3 6 months 8 months
Resv4 5 months 7 months
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Protan 0.2 μm) using a wet system  
(Bio-Rad Criterion Blotter). The mem-
branes were blocked for 1 h at RT with 
5% nonfat dry milk (DM) in PBS con-
taining 0.05% Tween-20 (PBS-T) and 
then incubated with primary antibody 
antihuman TTR (Dako) in 3% DM/PBS-T. 
Then washed membranes were incu-
bated for 1 h at RT with sheep antirab-
bit immunoglobulins conjugated with 
horseradish peroxidase (Binding Site; 
1:5000 in 3% DM/PBS-T). The blots 
were developed using ClarityTM  
Western ECL substrate (Bio-Rad), and 
levels of monomeric TTR were detected 
and visualized using a chemilumines-
cence detection system (ChemiDoc,  
Bio-Rad).

Alternatively, TTR alone or mixed 
with resveratrol, iododiflunisal or difl-
unisal at a molar ratio 1:10 (TTR:drug) 
was incubated at 37°C for 1 h. Then, urea 
was added at 6 M and samples were 
further incubated at 37°C overnight. The 
crosslinking reaction was performed by 
adding 2.5% glutaraldehyde for 4 min, 
then the reaction was quenched by add-
ing 0.1% sodium borohydride. Samples 
were then run on a 13.5% SDS-PAGE 
and transferred onto a nitrocellulose 
membrane, and treated as described 
above to detect folded TTR (tetramer + 
trimer + dimer).

thyroxine Binding assays
Qualitative studies of the displacement 

of T4 from WT TTR were carried out  
by incubating 5 μL human plasma with 
125I-T4 (specific radioactivity ≈ 1200 μCi/μg; 
Perkin Elmer) in the presence of the dif-
ferent compounds (final concentration of 
666 μM). Alternatively, 5 μl plasma from 
nontreated mice or mice treated with res-
veratrol was used and handled as above. 
Protein separation was carried in a na-
tive PAGE system using glycine/acetate 
buffer. The gel was dried and revealed 
using an X-ray film.

Western Blot for LRP1
The presence of LRP1 in brains 

was studied by western blot analysis. 
Protein extract of denatured samples 

ttR Levels in Plasma and Supernatants 
of Cell Culture

Mouse TTR (moTTR) in plasma of 
control and resveratrol-treated mice, as 
well as in the supernatants of primary cul-
tures of hepatocytes, was quantified using 
Mouse Prealbumin ELISA Kit (MyBio-
Source) according to the manufacturer’s  
instructions. Data were expressed in mg/L.

qRt-PCR for ttR and LRP1 Levels
Total RNA from livers was isolated 

using Trizol (Alfagene®). RNA concen-
trations were measured by NanoDrop 
1000 spectrophotometer and stored at 
–80°C until further use. For reverse 
transcription to cDNA, 4 μg RNA was 
used with the SuperScript First-Strand 
Synthesis System (Invitrogen™ or 
Enzytech). The reaction mix was then 
subjected to quantitative real-time PCR 
with the SYBR Green reporter (iQ SYBR 
Green supermix, BioRad) to detect 
levels of moTTR and glyceraldehyde 
3-phosphate dehydrogenase (GAPDH), 
as reference gene. The primers used were 
as follows: LRP-1 sense 5′-CGAGGA 
GCAGGTTGTTAG-3′; LRP-1 antisense 
5′-CAGAAGCAGCAGGAGAAG-3′; 
moTTR sense: 5′-ATGAGAAGTTT 
GTAGAAGGAGTG-3′; moTTR anti-
sense: 5′-AGAGTCGTTGGCTGTGAA-3′; 
GAPDH sense 5′-GCCTTCCGTGTTCCT 
ACC-3′; GAPDH antisense 5′-AGAGT 
GGGAGTTGCTGTTG-3′. Reactions were 
run in a Bio-Rad iCycler. The relative 
levels of expression were quantified by 
Bio-Rad iQ5 software. Data were cal-
culated using the ΔCT method, using 
GAPDH as a reference gene, before  
statistical analysis was performed.

assessment of ttR tetrameric Stability
Recombinant WT TTR (333 μM) was 

incubated alone or in the presence of 
different compounds (iododiflunisal, 
diflunisal or resveratrol) for 1 h at 37°C. 
Then, urea 8M and sample buffer with-
out sodium dodecyl sulfate (SDS) were 
added. Samples were then run in a 15% 
acrylamide gel prepared without SDS, 
and transferred onto a nitrocellulose 
membrane (AmershamTM GE Healthcare, 

After washing in dH2O and then PBS, 
endogenous peroxidase activity was 
inhibited with 1% hydrogen peroxide 
(H2O2) in PBS for 20 min. Following PBS 
washes, sections were blocked in block-
ing solution (10% FBS and 0.5% Triton 
X-100) for 1 h at RT and then incubated 
with the biotinylated 6E10 primary anti-
body (diluted 1:750 in blocking solution) 
overnight at 4°C, with gentle agitation. 
Sections were washed with PBS and 
incubated in Vectastain® Elite ABC Re-
agent (Vector Laboratories, Inc.). Sections 
were washed once more in PBS, followed 
by development with diaminobenzidine 
(Sigma-Aldrich, Inc.), mounted on 0.1% 
gelatin-coated slides, and left to dry 
overnight at RT. After dehydration and 
clearing, slides were coverslipped under 
Entellan® (Merck and Co., Inc.). Aβ 
plaque burden was evaluated using Im-
age-Pro Plus software, by analyzing the 
immunostained area fraction in the hip-
pocampus and cortex (expressed as per-
centage of analyzed area) of 3 sections 
per animal, visualized by microscopy 
(Olympus DP71 microscope).

Brain aa42 Level Determination
Aβ42 levels in brain extracts  

(detergent-soluble and FA-soluble Aβ) 
were evaluated using sandwich ELISA, 
as previously described. (16) Each half-
brain was homogenized in 1mL 0.1% 
Triton X-100 and 2 mM EDTA in 50 mM 
Tris-buffered saline (TBS) (pH 7.4) with 
protease inhibitors (GE Healthcare), 
and centrifuged at 21500 × g for 15 min 
at 4°C. The supernatant was collected, 
aliquoted and frozen at –80°C for subse-
quent analysis (detergent-soluble fraction 
of brain Aβ). The FA-soluble fraction of 
brain Aβ was obtained by homogenizing 
the pellet with 1 mL 70% FA in dH2O 
and centrifugation, as described. The su-
pernatant was collected and neutralized 
with 1M Tris (pH 11.0) (1/20 dilution), 
aliquoted and frozen at –80°C. Sandwich 
ELISA analysis of Aβ42 in the obtained 
fractions was performed using Human 
Aβ42 ELISA Kit (Invitrogen) according 
to the manufacturer’s instructions. Data 
were expressed in pmol/g wet tissue.
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nontreated mice were not statistically 
significant (Figure 2B). Of note, in the 
resveratrol-treated mice, the age at the 
beginning of the treatment was different 
within this group, and consequently 
the age at euthanization (see Table 1). 
At the time of death, treated animals 
were 10 months (n = 1), 8 months (n = 2) 
or 7 months (n = 1) of age. Performing 
an age-dependent analysis on plaque 
burden and Aβ brain levels (Figure 3), 
the 10-month-old mouse demonstrated 
increased levels of Aβ42 in the FA- soluble 
Aβ fraction, presenting 2- and 8-fold 
increases in Aβ levels, compared with 
the averages of the control group and 
the 7-month-old treated animals, re-
spectively. Thus, considering only the 
younger treated mice, the differences 
between controls and treated animals 
were found to be statistically significant 
(Figure 2C). Nonetheless, still consider-
ing the 10-month-old mouse, resveratrol 
treatment induced a diminished plaque 
burden and lowered the levels of the Aβ 
detergent-soluble fraction compared to 
the average of the control mice 7 months 
of age at the end of the experiment  
(Figure 3).

Resveratrol administration Increases 
ttR Protein Levels

We then set out to assess whether the 
treatment using our AD mouse model 

RESULtS

Resveratrol administration Reduces 
aa Brain Burden

The effect of resveratrol in AD features 
was first assessed in terms of Aβ deposi-
tion in the AD/TTR+/– mice by immu-
nohistochemical analysis of brain sec-
tions using the 6E10 antibody, followed 
by quantification using Image Pro-Plus 
software. Results are depicted in Figure 1 
and clearly show that resveratrol admin-
istration resulted in a significant dimin-
ishment of plaque burden in treated mice 
compared with control animals.

Resveratrol administration Reduces 
total aa42 Brain Levels

We also evaluated the effect of resvera-
trol in the AD/TTR+/– mice by measur-
ing Aβ42 levels in brain extracts in 2 differ-
ent fractions, a detergent-soluble and an 
FA-soluble fraction, corresponding to the 
intra- and extracellular soluble Aβ (initial 
aggregates/oligomers), and to insoluble 
extracellular Aβ (higher ordered aggre-
gates of Aβ) (37), respectively. ELISA 
analysis showed that treatment with res-
veratrol resulted in a significant decrease 
in Aβ levels in the detergent-soluble 
fraction (Figure 2A). As for the FA-soluble 
fraction, initial analysis including the 4 
resveratrol-treated mice revealed that the 
differences in Aβ42 between treated and 

(30–50 μg) was separated in 15% SDS-
PAGE gels and then transferred to 
nitrocellulose membrane (AmershamTM 
GE Healthcare, Protan 0.2 μm) using a 
wet system (Bio-Rad Criterion Blotter). 
The membranes were blocked for 1 h at 
RT with 5% DM/PBS-T. After blocking, 
membranes were then incubated with 
primary antibodies in 3% DM/PBS-T 
against the proteins under study: rab-
bit anti-LRP1 (Abcam, 1:10,000) and 
mouse anti-14-3-3 (pan) (Cell Signaling, 
1:10,000). Then washed membranes 
were incubated for 1 h at RT with 
sheep antirabbit (Binding Site; 1:5,000) 
or antimouse (Binding Site; 1:5000) 
immunoglobulins conjugated with 
horseradish peroxidase in 3% DM/
PBS-T. The blots were developed using 
ClarityTM Western ECL substrate (Bio-
Rad), and proteins were detected and 
visualized using a chemiluminescence 
detection system (ChemiDoc, Bio-Rad).

Statistical analyses
D’Agostino and Pearson tests were 

used to evaluate normal distributions. 
The differences in brain Aβ levels and 
plaque burden were analyzed by Mann 
Whitney test. A p < 0.05 was considered 
significant for all analyses. GraphPad 
Prism version 5.04 for Windows (Graph-
Pad Software) was the statistical  
software used.

Figure 1. Aβ plaque burden in AD/TTR+/– mice, control or treated with resveratrol (A) Photomicrographs illustrate immunohistochemical 
analysis of brain Aβ plaques using the 6E10 antibody. (B) Aβ plaque burden in AD/TTR+/– mice, control (n = 7) or treated with resveratrol 
(Resv) (n = 4). Error bars represent SEM. *p < 0.05.
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In our work, we did not find any statisti-
cally significant difference between mice 
of different ages (data not shown). Inter-
estingly, TTR mRNA levels in the liver 
were not altered by resveratrol admin-
istration (Figure 4B), indicating that the 
effect was at the level of the protein.

The levels of TTR were also investigated 
by ELISA upon incubation of resveratrol 
with primary cultures of hepatocytes  
derived from TTR+/– mice (Figure 4C). 
Corroborating the results obtained from 
the in vivo treatment, after 24 h of incu-
bation with resveratrol, the levels of TTR 
in the supernatant were increased com-
pared with the control situation (absence 
of resveratrol). This observation supports 
our suggestion that the increased levels 
of TTR are not age-related but are due to 
the administration of resveratrol.

Resveratrol Is Capable  
of Stabilizing ttR

After observing that resveratrol had an 
effect on TTR protein levels, significantly 
increasing the levels of protein while not 
affecting the levels of its transcript, we 
set out to investigate whether this effect 
was due to increased stability of the pro-
tein. For that, we started with an in vitro 
approach, where we incubated human 
recombinant TTR with resveratrol and 
then subjected the mix to denaturation 

2 months of treatment with resveratrol 
(Figure 4A). Variation of TTR plasma 
levels with age is still controversial, 
and while some authors have shown 
increased levels (11), others have not 
observed any significant differences (38). 

had any effect on TTR protein levels 
and gene expression, by measuring 
TTR plasma levels and TTR mRNA 
in the producer organ, the liver. TTR 
plasma levels were measured by ELISA 
and were significantly increased after 

Figure 2. Brain Aβ levels in AD/TTR+/– mice, control or treated with resveratrol, quantified by ELISA. Levels of detergent-soluble Aβ42 (A) 
and FA-soluble Aβ42 (B and C) were determined in brain extracts of control (n = 7) and treated mice (Resv) (n = 4 in A and B, n = 3 in C). 
Error bars represent SEM. *p < 0.05; **p < 0.01.

Figure 3. Age-dependent analysis of Aβ deposition and Aβ levels in AD/TTR+/– mice, con-
trol or treated with resveratrol. Analyzing the results in an age-dependent manner, we 
observed that Aβ plaque burden (left axis) and brain detergent-soluble Aβ42 levels (right 
axis) had a tendency to decrease along with lower age. As for the FA-soluble fraction, 
we observed that for the older mouse, the treatment did not confer any protection, 
showing even higher levels than the average of the control group.
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monomer and an increase in the intensity 
of the bands corresponding to folded 
TTR. Interestingly, resveratrol also 
promoted an increase of folded TTR, 
although its effect is likely to be inferior 
to the one produced by iododiflunisal 
and more similar to the one created by 
diflunisal, as inferred by the amount of 
monomeric TTR.

and monomer). In both cases, the final 
evaluation was done by western blot. To 
strengthen the result, we used iododifl-
unisal and diflunisal, both described as 
TTR stabilizers. As expected, incubation 
with iododiflunisal and diflunisal re-
sulted in increased TTR stability, as de-
duced by a decrease in the intensity  
of the band corresponding to the  

by urea, followed by a semidenaturating 
PAGE (Figure 5A1), to evaluate the lev-
els of monomeric TTR. Alternatively, the 
mix underwent denaturation by urea 
and the generated species were cross-
linked with glutaraldehyde, after which 
the samples were analyzed by a standard 
SDS-PAGE (Figure 5A2), to evaluate the 
levels of folded TTR (tetramer, trimer 

Figure 4. TTR protein and gene expression levels in AD/TTR+/– mice, control or treated with resveratrol (A) Significant differences were  
observed between control (n = 7) and treated mice (Resv) (n = 4) by ELISA, showing increased plasma TTR protein levels after resveratrol 
administration. (B) No significant alteration in gene expression was observed in livers of treated mice (Resv) (n = 3), compared with  
control (n = 6). (C) TTR protein levels measured by ELISA were found to be increased in the supernatants of hepatocytes after resveratrol 
(15 μM) incubation. *p < 0.05.

Figure 5. TTR stabilization by resveratrol (A) Western blot of human recombinant TTR showed increased TTR stability upon incubation with 
iododiflunisal, resveratrol and diflunisal. After urea denaturation, the analysis was performed either under semidenaturing conditions, 
revealing decreased monomeric TTR (A1), or after cross-linking of the generated species, showing increased folded TTR (tetramer, trimer 
and dimer) (A2), compared with the control. (B) Native gel electrophoresis of human plasma, incubated with 125I-T4 and competitor, 
showing that iododiflunisal, diflunisal and resveratrol compete with T4 for its binding site. (C) Native gel electrophoresis of control and  
resveratrol-treated mice plasma, incubated with 125I-T4, showing that resveratrol at its plasma concentration was not bound to TTR at the 
T4 binding site. TBG: thyroxine-binding globulin.
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1% when administered orally) (39), and 
therefore studies have been performed 
using high doses (50-300 mg/kg/day) 
(40) in mice. The corresponding human 
dose, using a scaling factor of 0.08, is ap-
proximately 1 g. This concentration was 
found to be within the range of doses 
used in human studies, in which 1 g  
of resveratrol was shown to be well  
tolerated (41).

In this study, we conducted various 
experiments to study resveratrol’s neu-
roprotective role, suggesting that the 
effects observed are, at least partially, 
TTR-dependent. It has been previously 
determined that amyloidogenic and un-
stable TTR mutants bind poorly to Aβ, 
suggesting that this interaction is depen-
dent on TTR stability. Here, we show 
that in vivo administration of resveratrol 
(0.19% w/w) to 5- to 8-month-old AD/
TTR+/– mice, in which disease onset and 
Aβ deposition has been described to start 
around the age of 6 months, ameliorated 
the analyzed AD features. Thus, after 2 
months of treatment, mice presented sig-
nificantly lower levels of amyloid depos-
its, accompanied by a decrease in brain 
Aβ peptide levels, both detergent- and 
FA-soluble fractions, compared to non-
treated mice. Interestingly, regarding  
the older mouse (10 months old), the 
FA-soluble fraction of Aβ was much 
higher than that observed in both the 
control and the rest of the treated group. 
These observations suggest that resver-
atrol performs best at inhibiting Aβ ag-
gregation in the initial stages, rather than 
at removing already installed amyloid 
plaques. Previous work by Varamini and 
colleagues, using AD transgenic mice 
and resveratrol administrated at a dose 
similar to the one used in our study, 
failed to show decreased Aβ deposition 
and Aβ brain levels, as well as tau phos-
phorylation levels, although positive al-
terations in other markers were reported, 
such as glycogen synthase kinase 3-β 
(GSK3-β) and developmentally regulated 
brain protein (drebrin) (30). This study was 
performed in older mice (11–13 months 
at the beginning of treatment), further 
supporting our observation in relation to 

brain and liver, and we suggested that 
TTR-assisted Aβ clearance is via LRP1. 
Thus, in this work we investigated LRP1 
levels after resveratrol administration 
in brain homogenates by western blot 
(Figure 6A), which showed increased 
levels upon treatment with resveratrol. 
To further characterize the mechanism 
underlying resveratrol’s effect in AD 
features, we assessed whether the gene 
expression was also being upregulated 
by the administration of resveratrol. We 
measured LRP1 mRNA levels in liver 
samples (Figure 6B) and observed that 
the treatment had no significant effect on 
expression of the LRP1 gene.

DISCUSSIOn
TTR is described as a transporter of  

T4 and retinol; however, more recently it 
has been shown to be a binding partner 
for Aβ and suggested to be intimately 
involved in its clearance from the  
brain (17). As for resveratrol, apart from 
its potent antioxidant properties, several 
studies have demonstrated that this 
polyphenol also plays a neuroprotective 
role, although the mechanism by which 
this is performed is still unknown. Res-
veratrol bioavailability is low (less than 

In addition, since it has been described 
that compounds that bind in the T4 
binding pocket are prone to stabilize 
TTR, we tested the ability of resveratrol 
to compete with radiolabeled T4. In this 
assay we used human plasma as the 
source of TTR and measured the degree 
of competition with 125I-T4 by evaluat-
ing the decrease in the intensity of the 
TTR/125I-T4 band. All the compounds 
were able to displace T4, showing that 
resveratrol, although to a lesser extent 
than in our positive controls, was able 
to bind in the T4 binding pocket and 
displace T4 (Figure 5B). We then inves-
tigated if resveratrol competed with 
T4 in vivo, using plasma samples from 
control and resveratrol-treated mice. 
Again, a radiolabeled T4 assay was per-
formed, showing no differences in the 
TTR/125I-T4 band between treated and 
nontreated animals, suggesting that, at 
least at the concentrations that resvera-
trol reached the plasma, the compound  
was not able to compete with T4 (Figure 5C).

Resveratrol administration  
Increases LRP1 Protein Levels

In a previous work, we showed that 
TTR modulates LRP1 levels in both the 

Figure 6. LRP1 protein and gene expression levels in AD/TTR+/– mice, control or treated with 
resveratrol (A) Brain LRP1 protein levels were measured by western blot, and found to be 
increased upon treatment with resveratrol (n = 4), compared with control (n = 4). (B) Liver 
LRP1 gene expression was measured by qRT-PCR and showed no difference  between 
treated (n = 4) and control mice (n = 4). *p < 0.05.
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animal model for AD while showing a 
TTR-dependent mechanism, its bioavail-
ability is very low. Therefore, it would 
be very interesting to test polyphenol 
metabolites, since their bioavailability 
is much higher compared with non-
metabolized polyphenols; for example, 
resveratrol-3-O-sulfate presents similar 
stabilization and inhibition of fibrillization 
of TTR compared with resveratrol (33). 
In addition, other polyphenols present in 
wine in much larger quantities should be 
assessed.

COnCLUSIOn
Altogether, our results indicate that 

resveratrol stabilizes TTR, thus increas-
ing its circulating levels. In turn, the 
stabilized TTR presents an improved 
ability to bind Aβ peptide, which avoids 
its aggregation and deposition, thus ex-
plaining the amelioration in AD features 
in vivo.
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a TTR tetramer demarcate through the 
molecule an open channel where 2 bind-
ing sites for thyroid hormones are lo-
cated (44,45). These 2 binding sites pres-
ent negative cooperativity (46), implying 
that when the first thyroid hormone mol-
ecule occupies the first site, affinity for 
the second molecule is greatly reduced. 
Interestingly, resveratrol, also character-
ized by negative binding cooperativity 
to TTR, binds preferentially to the other 
site, consistent with the data of X-ray 
analysis of TTR in complex with both 
ligands. (33) Although T4 displacement 
from TTR was detected at high concen-
trations, the concentration at which this 
polyphenol reached the plasma upon 
oral administration was likely not high 
enough to produce the same effect. Res-
veratrol is well known for its antioxidant 
proprieties and for acting as an antitu-
mor (47), anti-aging (48) and antineu-
rodegeneration (28) agent. Therefore, it 
is important to consider that the effects 
observed in AD features, namely in Aβ 
levels and aggregation state, may be a 
combination of effects.

We also analyzed the levels of LRP1, 
known to be reduced in AD patients. 
We assessed protein and gene expres-
sion levels of this receptor and found 
increased protein levels in the brains of 
the resveratrol-treated animals, while its 
gene expression values did not present 
any differences in the liver when com-
paring treated and nontreated animals. 
Our previous work has shown that TTR 
modulates LRP1 levels, in both the brain 
and the liver, impacting both in protein 
and mRNA levels, as analyzed in non-
transgenic animals. (17) Our present 
results might indicate an indirect action 
of TTR in LRP1, via its stabilization by 
resveratrol. For instance, it has been de-
scribed that Aβ peptide promotes LRP1 
degradation at the proteasome (49).  
The decrease in Aβ levels induced by 
TTR, which were increased due to in-
creased stability and therefore reduced/
normalized clearance, resulted in  
increased LRP1.

Although administration of resveratrol 
was undoubtedly very effective in our 

the 10-month-old mouse, and reenforc-
ing the need for early-stage treatments.

Resveratrol is known to bind TTR, 
avoiding its aggregation (42) through 
stabilization of the native tetramer. To 
understand the effect that the in vivo 
administration of resveratrol produced 
in TTR, we measured plasma TTR levels, 
which were increased in treated mice 
compared with the control group. This 
corroborated the results obtained by 
Varamini and colleagues (30), which 
described increased TTR protein levels 
measured in brain extracts. In addition 
to the in vivo studies, we established 
primary cultures from hepatocytes de-
rived from TTR+/– mice, confirming the 
capacity of resveratrol to increase TTR 
protein levels. Since we found no differ-
ences in liver TTR mRNA, these results 
strengthen our hypothesis regarding the 
neuroprotective role of resveratrol via 
TTR stabilization, which appears to be 
most effective when administered before 
disease onset. Thus, the increase in TTR 
levels is due to its stabilization by resver-
atrol, consequently increasing the half-
life time in circulation. A recent work 
with human TTR transgenic mice in the 
context of FAP showed that administra-
tion of a TTR stabilizer resulted in in-
creased serum TTR levels and increased 
TTR tetrameric resistance to acid dena-
turation, without changing liver mRNA 
(43). In the AD context, higher levels of 
stabilized TTR would result in improved 
Aβ binding, therefore avoiding aggrega-
tion and deposition of the peptide. Thus, 
we could confirm the ability of resvera-
trol to improve TTR stability in vitro and 
investigate the underlying mechanism. 
Although resveratrol competed with 
T4 for TTR binding in vitro, using high 
resveratrol concentrations, plasma TTR 
from treated mice showed no T4 dis-
placement compared with nontreated 
mice. This indicates either that resver-
atrol in plasma did not reach a concen-
tration high enough to compete with T4 
and, in this case, the beneficial effects in 
AD features were not necessarily TTR- 
related, or that resveratrol binds TTR 
in another site. The 4  monomers within 
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