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Abstract Alzheimer’s disease (AD) is a neurodegenerative
disorder characterized by accumulation of amyloid-β (Aβ)
peptide in the hippocampus and frontal cortex of the brain,
leading to progressive cognitive decline. The endogenous
bile acid tauroursodeoxycholic acid (TUDCA) is a strong
neuroprotective agent in several experimental models of
disease, including neuronal exposure to Aβ. Nevertheless,
the therapeutic role of TUDCA in AD pathology has not yet
been ascertained. Here we report that feeding APP/PS1
double-transgenic mice with diet containing 0.4 % TUDCA
for 6 months reduced accumulation of Aβ deposits in the
brain, markedly ameliorating memory deficits. This was
accompanied by reduced glial activation and neuronal in-
tegrity loss in TUDCA-fed APP/PS1 mice compared to
untreated APP/PS1 mice. Furthermore, TUDCA regulated
lipid-metabolism mediators involved in Aβ production and
accumulation in the brains of transgenic mice. Overall amy-
loidogenic APP processing was reduced with TUDCA treat-
ment, in association with, but not limited to, modulation of
γ-secretase activity. Consequently, a significant decrease in
Aβ1–40 and Aβ1–42 levels was observed in both hippocampus

and frontal cortex of TUDCA-treated APP/PS1 mice, suggest-
ing that chronic feeding of TUDCA interferes with Aβ pro-
duction, possibly through the regulation of lipid-metabolism
mediators associatedwithAPP processing. These results high-
light TUDCA as a potential therapeutic strategy for the pre-
vention and treatment of AD.
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Introduction

Alzheimer’s disease (AD) is the most prevalent form of
dementia, resulting in progressive neuronal death and debil-
itating damage to brain loci that mediate memory and higher
cognitive function [1]. Accumulation of amyloid-β (Aβ)
peptide has been shown to play a critical role in the patho-
genesis of AD. Among its two predominant forms, Aβ1–42

possesses stronger aggregation and deposition propensity
than Aβ1–40 [1]. Accumulation of Aβ in the brain is asso-
ciated with mutations in amyloid precursor protein (APP)
[2], presenilin 1 (PS1) [3], and presenilin 2 (PS2) [4] genes.
Aβ peptides are generated by successive proteolysis of APP,
a large transmembrane glycoprotein that is initially cleaved
by β-secretase, and subsequently by γ-secretase in the
transmembrane domain [5–7]. The γ-secretase complex
consists of presenilin and at least three other integral mem-
brane proteins [8]. Usually, γ-secretase does not proteolyze
the full-length proteins, but so-called COOH-terminal frag-
ments (CTFs), produced from the full-length proteins by
another protease. While pathogenic mutations have been
implicated in ~2 % of AD cases, the proximal events that
underlie the common, sporadic form of the disease are
incompletely understood.
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The major genetic risk factor for late-onset AD is the
presence of the ε4 allele of the apolipoprotein E
(APOE) gene [9], which encodes a protein that contrib-
utes to AD pathogenesis by modulating the metabolism
and aggregation of Aβ peptide and by directly regulat-
ing brain lipid metabolism and synaptic function
through APOE receptors (reviewed in [10]). Based on
genetic evidence, α2−macroglubulin (A2M) gene is rec-
ognized as the second confirmed late-onset AD gene
(reviewed in [11]). DNA polymorphisms in the A2M
gene associated with AD result in significantly increased
deposition of Aβ in AD brains. This APOE receptor
ligand, like APOE itself, binds Aβ with high specificity
and is present in AD senile plaques [11]. Another
APOE-binding protein is sortilin-related receptor with
A-type repeats (SORLA; also known as SORL1 and
LR11). Recent work suggests that SORLA may play a
protective role in AD by reducing APP processing and
generation of Aβ peptides [12]. Curiously, this lipopro-
tein receptor is also genetically associated with late-
onset AD [13].

Over the past decades, the molecules that control
APP processing into Aβ have been the focus of intense
investigation. In this respect, connective tissue growth
factor (CTGF) has been recently implicated in AD path-
ogenesis by increasing Aβ peptides steady-state levels,
possibly through a mechanism that involves γ-secretase
activation [14]. Much like APOE, A2M and SORLA,
CTGF is a ligand for the low-density lipoprotein
receptor-related protein [15–17], and its expression cor-
relates with the progression of AD clinical dementia and
amyloid neuritic plaque neuropathology [14].

We have previously shown that the endogenous bile
acid tauroursodeoxycholic acid (TUDCA) is a potent
anti-apoptotic agent in neuronal cells exposed to Aβ
and a powerful neuroprotective strategy in animal mod-
els of neuronal degeneration [18–21]. TUDCA specifi-
cally modulates Aβ-induced toxicity by inhibiting
organelle-driven apoptosis [22] and interfering with up-
stream molecular targets of p53 pathways [23–25], al-
though without changing secondary structures and
fibrillogenic propensities of Aβ peptides in vitro [26].
The molecular mechanisms underlying TUDCA neuro-
protective properties appear to be complex and may
engage a number of different molecular targets, possibly
involving gene regulation. The marked downregulation
of A2M and CTGF expression by TUDCA [27] sug-
gests that TUDCA could be a potential therapeutic
strategy in AD. TUDCA is strongly neuroprotective in
pharmacologic and transgenic animal models of Hun-
tington’s disease [18, 19], in ischemic and hemorrhagic
stroke [20, 21], and in cellular models of AD [22–25].

TUDCA is an orally bioavailable and central nervous
system penetrating agent, known to cross blood–brain
barrier [18]. A recent clinical study showed that uncon-
jugated UDCA is safe and well tolerated in amyotrophic
lateral sclerosis, documenting effective and dose-
dependent cerebrospinal fluid penetration [28]. Given
the effect of TUDCA in regulating lipid metabolism
gene expression and the role of lipid mediators in mod-
ulating Aβ metabolism, we hypothesize that TUDCA
reduces Aβ toxicity by interfering with its production
and accumulation. This hypothesis was investigated in
APP/PS1 mice, a well-established AD mouse model of
Aβ aggregation [29].

Materials and Methods

Transgenic Mice and TUDCA Treatment APP/PS1 double-
transgenic mice express human APP containing the KM670/
671NL Swedish double mutation and human PS1 carrying
the L166P mutation under the control of a neuron-specific
murine Thy-1 minigene promoter [29]. The two transgenes
cosegregate in these mice. APP/PS1 mice were maintained
on a C57BL/6 J genetic background and genotyped by PCR
analysis of genomic DNA from tail biopsies. All animals
were kept in standard animal cages under conventional
laboratory conditions (12 h light/dark cycle, 22 °C) with
ad libitum access to food and water. The animals were
randomized for therapy trials and coded, and the operators
remained double-blinded to which treatment they received,
until the completion of data collection. Male APP/PS1
transgenic mice and wild-type littermates were randomly
assigned into four groups: TUDCA-treated and untreated
(control) APP/PS1 mice, TUDCA-treated and untreated
(control) wild-type mice. Animals were fed a diet of stan-
dard laboratory chow supplemented with either 0.4 % (wt/wt)
TUDCA (sodium salt; Prodotti Chimici e Alimentari S.p.A.,
Basaluzzo, Italy), or no bile acid, custom made by Harlan
(Harlan Laboratories Models, S.L., Barcelona, Spain). Treat-
ment was started when the mice were 2 months old and
continued for 6 months. The dose and duration of TUDCA,
whose pharmacokinetics has been extensively studied in
rodents [30], were chosen based on pilot studies using APP/
PS1 mice and other animal studies [31]. The use of 2-month-
old APP/PS1mice to receive TUDCA treatment was based on
previous reports demonstrating that amyloid deposits in this
model start at 2–3 months and cognitive deficits are absent
until 8 months [29].

Contextual Fear Conditioning After TUDCA treatment for
6 months, contextual fear conditioning experiments were
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performed as described before [32]. Briefly, on day 1, mice
were habituated for 5 min inside a sound attenuated box by
placing them in a test chamber (26×22×18 cm) fitted with a
grid floor to deliver electric shocks by a constant current
shocker (Startle & fear combined, Panlab SLU, Harvard
Apparatus, Barcelona, Spain). Movements were recorded
online by a weight transducer system. On day 2, after
2 min of baseline recording, animals were conditioned
to tone presentations (30 s, 4 kHz, 80 dB, inter-stimulus
interval 60 s), co-terminated with a mild foot shock
(2 s, 0.3 mA). Twenty-four hours later, retention to
either context or tone (in a novel context) was assessed
in two separate sessions. For contextual fear memory,
animals were placed for 5 min in the conditioning
context, and freezing was assessed as readout for reten-
tion memory. For cue-related memory retention, animals
were tested in a novel context (context 2). Animals
were placed for 6 min in context 2 (altered in tactile,
olfactory and visual dimensions), and freezing to con-
text 2 or to tone (3 min) was recorded. To compare
contextual retention memory, freezing levels during con-
textual exposure were expressed in relation to acquisi-
tion levels (100 %) using the following formula:
[(Freezing context/Freezing acquisition) − 1]×100. Val-
ues >0 indicate increased retention memory compared to
freezing acquisition, while values <0 indicate reduced
retention memory compared to conditioning.

Immunohistochemistry After behavior testing, animals were
sacrificed by cervical dislocation, and the brain was re-
moved. One hemisphere of the brain was snap-frozen for
protein and RNA extraction. The other hemisphere was
fixed and stored in 4 % paraformaldehyde in phosphate-
buffered saline (PBS) and later dehydrated, treated with
xylene, and embedded in paraffin. Serial 4-μm-thick
coronal brain sections were cut on a microtome and
mounted on SuperFrost-Plus (Thermo Scientific, Rock-
ford, IL, USA) glass slides. Paraffin-embedded brain
sections were deparaffined, rehydrated, and boiled three
times in 10 mM citrate buffer, pH 6. Sections were then
incubated for 60 min in blocking buffer [10 % (v/v)
normal donkey serum (Jackson ImmunoResearch Labo-
ratories Inc., West Grove, PA, USA) in PBS containing
0.1 % (v/v) Triton X-100 (Sigma-Aldrich, St. Louis,
MO, USA)] and subsequently in appropriately diluted
primary antibodies overnight at 4 °C. After rinsing, the
primary antibody was developed by incubating with
cyanine 2 (Cy2, Jackson)- or Alexa Fluor 594 (Invitro-
gen, Grand Island, NY, USA)-conjugated secondary
antibodies against the corresponding species for 1 h at
room temperature. The following primary antibodies
were used for immunohistochemistry: Aβ plaques were

immunostained with a mouse monoclonal anti-Aβ
(6E10; Signet Laboratories Inc., Dedham, MA, USA;
1:1,000); astrocytes were stained with a mouse mono-
clonal glial fibrillary acidic protein (GFAP) antibody
(GA5; Millipore Corporation, Temecula, CA, USA;
1:400); microglia were stained with a rabbit polyclonal
Iba-I antibody (Wako Pure Chemicals, Richmond, VA,
USA; 1:100); neuronal cell bodies and dendrites were
labeled with a rabbit polyclonal microtubule associated
protein 2 (MAP2) antibody (Millipore; 1:100); presyn-
aptic terminals were labeled with a mouse monoclonal
synaptophysin (SYN) antibody (SY38; Millipore;
1:100); neuronal nuclei were labeled with a mouse
monoclonal neuronal nuclei (NeuN) antibody (A60;
Millipore; 1:50). On control sections, where primary
antibody was replaced by blocking buffer, no staining
was observed (data not shown).

Histochemistry Paraffin-embedded brain sections were
deparaffined, rehydrated, and stained with Thioflavin T
(Sigma), a general marker of amyloid deposits. Incuba-
tion with freshly filtered 0.05 % Thioflavin T solution
in PBS was performed for 8 min at room temperature
[33].

Image Analysis and Semiquantification of Immunofluores-
cence Images were acquired with an Axioskop fluorescence
microscope (Carl Zeiss GmbH, Hamburg, Germany). Semi-
quantitative analysis of mean fluorescence intensities
(MFIs) of GFAP, Iba-I, and MAP2 was performed using
NIH Image J software. Eight images of slides were
obtained per hippocampal and cortical regions. Images
were converted into an 8-bit format, and the background
was subtracted. An intensity threshold was set and kept
constant for all images analyzed. MFI per square milli-
meter area was calculated by dividing the MFI units by
the area of outlined regions and is presented as a bar
graph. The total number of thioflavin- and Aβ-positive
plaques in the hippocampus and frontal cortex was
counted and presented as plaque number per square
millimeter.

Real-Time PCR Total RNA from dissected hippocampus
and frontal cortex was isolated with TRIzol (Invitrogen),
according to the manufacturer’s instructions. Samples were
homogenized in TRIzol using a motor-driven Bio-vortexer
(No1083; Biospec Products, Bartlesfield, OK) and dispos-
able RNAse/DNAse-free sterile pestles (Thermo Scientific).
RNA was quantified using a NanoDrop spectrophotometer
and typically showed A260/280 ratios between 1.9 and 2.1.
cDNAwas made using Superscript II Reverse Transcriptase
(Invitrogen) according to the manufacturer’s instructions.
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Real-time quantitative PCR analysis was performed in the
7300 Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA), using SYBR Green PCR master mix (Fer-
mentas International Inc., Glen Burnie, Maryland, USA)
[34]. Triplicate reactions were run per sample. The expres-
sion levels relative to GAPDH were calculated using the
ΔΔCt method. TUDCA-untreated wild-type mice were
used as the calibrator. The n-fold change in expression was
obtained using the formula: 2−ΔΔCt [35]. Primer sequences
are presented in Table 1.

Western Blot Analysis Total protein extracts from dissected
hippocampus and frontal cortex were prepared in lysis buffer,
following standard protocols. Protein concentrations were
determined using the Bio-Rad protein assay kit, according to
the manufacturer’s specifications. Sixty micrograms of total
protein extracts was separated on 6 and 12 % sodium dodecyl
sulfate–polyacrylamide gel electrophoresis. After electropho-
retic transfer onto nitrocellulose membranes and blocking
with a 5 % milk solution, membranes were incubated over-
night at 4 °C with the following primary antibodies: rabbit
polyclonal antibody reactive to CTGF (Abcam, Cambridge,
UK), rabbit polyclonal antibody reactive to APOE (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), rabbit polyclonal
antibody reactive to SORLA (Santa Cruz), and rabbit poly-
clonal antibody reactive to A2M (Santa Cruz). Finally, sec-
ondary goat anti-mouse or anti-rabbit IgG antibody
conjugated with horseradish peroxidase (BioRad Laborato-
ries, Hercules, CA, USA) was added for 3 h at room temper-
ature. The membranes were processed for protein detection
using the SuperSignal substrate (Pierce Biotechnology, Rock-
ford, IL, USA). β-Actin (AC-15; Sigma-Aldrich) was used as
loading control. The relative intensities of protein bands were
analyzed using the QuantityOne Version 4.6 densitometric
analysis program (Bio-Rad) and normalized to the respective
loading control.

γ-Secretase Activity Assessment of γ-secretase activity was
performed by detection of the ~7-kDa CTF-γ cleavage
product of APP [14]. Briefly, 60 μg of total protein extracts was
resolved electrophoretically in 10–20% Tris–Tricine gels (Bio-
Rad) and CTF-γ (and CTF-β) identified using an anti-APP, C-
terminal rabbit polyclonal antibody (Sigma-Aldrich; 1:2,000).

After stripping, membranes were incubated with the primary
mouse monoclonal antibody reactive to soluble APP-β frag-
ment with the Swedish mutation (sAPP-β; 6A1; Immuno-
Biological Laboratories, Inc, Minneapolis, MN, USA;
5 μg/mL) and with the primary mouse monoclonal antibody
reactive to Aβ (6E10; Signet; 1:1,000) to detect total Aβ
peptide. Immunoreactivities were visualized as described above.

Sandwich ELISA Total protein extracts from dissected hippo-
campus and frontal cortex were used to determine Aβ con-
centration. Total Aβ1–40 or Aβ1–42 content was measured by
sandwich ELISA (Millipore) according to the manufacturer’s
instructions. Wild-type animals were used as controls. Values
were normalized to the respective total protein concentration
and expressed as percentage of wild-type control.

Statistical Analysis Data were analyzed by the one-way anal-
ysis of variance (ANOVA), and differences between groups
were determined by post hoc Bonferroni’s test (Prism 2.01;
GraphPad Software, Inc., San Diego, CA, USA). Comparison
of data from two groups was made by Student’s two-tailed
unpaired t test. Values of p<0.05 were considered significant.

Results

TUDCA Prevents Aβ Plaque Accumulation in APP/PS1
Mice

Mutations of APP and PS1, as observed in APP/PS1 double
transgenic mice, lead to an increase in Aβ production and
deposition [29, 36–38]. In this study, we investigated the
effect of TUDCA on Aβ deposition in the brains of wild-
type and APP/PS1 mice. A general histological evaluation
of amyloid plaque burden was performed with thioflavin.
Thioflavin staining demonstrated a clear abundance of am-
yloid plaques in the brains of control transgenic mice,
whereas deposits were absent in both control and
TUDCA-treated wild-type mice (Fig. 1a). Importantly, a
marked reduction of thioflavin plaque number was observed
in hippocampus and frontal cortex of transgenic mice treated
with TUDCA compared to control transgenic mice (p<0.01)

Table 1 Sense and antisense
primers used to amplify each
cDNA of interest

Sense primer (5′–3′) Antisense primer (5′–3′)

Mouse CTGF AGCCTCAAACTCCAAACACC CAACAGGGATTTGACCAC

Mouse A2M CTCAGCACCACAGAAACCAA ATGAAGGAGGCACAGTGGAA

Mouse APOE TGTTTCGGAAGGAGCTGACT TGTGTGACTTGGGAGCTCTG

Mouse SORLA TAGCCTGGGAAGCCCAGC TGGCAGCTTCCAGAGGTACAC

Mouse GAPDH CATTGTGGAAGGGCTCATGAC GCCCCACGGCCATCA
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(Fig. 1a and b). Aβ immunohistochemistry confirmed the
presence of Aβ deposits in APP/PS1 transgenic mice, but
not in wild-type mice (Fig. 2a). Furthermore, Aβ plaque
number was strongly decreased by almost 65 % in the

hippocampus and 40 % in the frontal cortex of TUDCA-
treated APP/PS1 mice compared with untreated transgenic
mice (p<0.01 and p<0.05, respectively) (Fig. 2a and b).
These results demonstrate that TUDCA treatment

Fig. 1 TUDCA-treated APP/PS1 mice exhibit reduced levels of amy-
loid deposits compared with control APP/PS1 mice. a Representative
images of thioflavin staining in the hippocampus of control (a) or
TUDCA-treated (b) wild-type mice and in control (c) or TUDCA-
treated (d) APP/PS1 mice, as well as in the frontal cortex of control
(e) or TUDCA-treated (f) APP/PS1 mice. Scale bar, 50 μm. b Quan-
tification of amyloid plaque number per square millimeter in hippo-
campus and frontal cortex of TUDCA-treated and untreated APP/PS1
mice. Values are from at least four images per animal. Data are mean ±
SEM from 12–15 mice in each group. *p<0.01 from control APP/PS1
mice

Fig. 2 TUDCA treatment results in decreased Aβ deposits in the
brains of APP/PS1 mice compared with untreated APP/PS1 mice. a
Representative images of Aβ immunostaining in the hippocampus of
control (a) or TUDCA-treated (b) wild-type mice and in control (c) or
TUDCA-treated (d) APP/PS1 mice, as well as in the frontal cortex of
control (e) or TUDCA-treated (f) APP/PS1 mice. Scale bar, 50 μm. b
Quantification of Aβ plaque number per millimeter in hippocampus
and frontal cortex of TUDCA-treated and untreated APP/PS1 mice.
Values are from at least four images per animal. Data are mean ± SEM
from 12–15 mice in each group. *p<0.01 and †p<0.05 from control
APP/PS1 mice
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significantly attenuates Aβ levels in both the hippocampus
and frontal cortex of APP/PS1 transgenic mice, suggesting
an inhibitory effect of TUDCA on Aβ deposition.

TUDCA Inhibits Activation of Astrocytes and Microglia
in APP/PS1 Mice

In the brains of human AD patients and transgenic AD
mouse models, activation of astrocytes and microglia is
observed in the area of Aβ plaques [29, 39, 40], contribut-
ing to an inflammatory process that develops around injury
in the brain [41]. To investigate whether TUDCA prevents
this potentially neurotoxic, inflammatory response, we com-
pared astrocytic and microglial reactivity in TUDCA-treated
and untreated APP/PS1 and wild-type mice. Activated astro-
cytes were visualized by GFAP immunofluorescence. GFAP
staining demonstrated a marked increase of reactive astro-
cytes in the brains of control transgenic mice compared to
wild-type mice (p<0.01) (Fig. 3a and b). In contrast, GFAP
immunoreactivity was decreased in both hippocampus and
frontal cortex of TUDCA-treated APP/PS1 mice (p<0.05)
(Fig. 3a and b). Activated microglia were visualized by Iba-I
immunostaining. As shown in Fig. 4, a significant elevation
of Iba-I immunoreactivity was observed in control APP/PS1
mice compared to wild-type mice (p<0.01). Noteworthy,
significantly less Iba-I immunoreactivity was observed in
TUDCA-treated APP/PS1 mice relative to control APP/PS1
mice (p<0.05) (Fig. 4a and b). To visualize the reactive
microglia surrounding amyloid plaques, sections were
stained with thioflavin after Iba-I immunofluorescence.
Double-staining of Iba-I and amyloid plaques showed accu-
mulation of reactive microglia around the plaques in the
brains of control APP/PS1 mice, whereas fewer reactive
microglia were observed around the less amyloid plaques
in the brains of TUDCA-treated APP/PS1 mice (Fig. 4c).
NF-κB, a known marker of inflammation, increased in
control APP/PS1 mice compared to wild-type animals and
decreased in TUDCA-treated APP/PS1 mice relative to
control APP/PS1 mice (data not shown). These results sug-
gest that inflammation is modulated by TUDCA in APP/
PS1 mice.

TUDCA Prevents Loss of Neuronal Integrity in APP/PS1
Mice

Neuronal degeneration and loss observed in the brains of
AD patients [42] and in the brains of APP/PS1 transgenic
mice [29, 43, 44] is hypothesized to be exacerbated by an
inflammatory reaction [41]. Given the inhibitory effect of
TUDCA on glial activation, we examined the levels of the
neuronal marker MAP2, expressed on neuronal cell bodies
and dendrites, in the brains of wild-type and APP/PS1 mice

treated or untreated with TUDCA. Consistent with previous
reports showing decreased MAP2 immunoreactivity in the
hippocampus of APP/PS1 mice [43], our results showed that
control APP/PS1 mice displayed significantly less brain
MAP2 immunoreactivity when compared to wild-type mice
(p<0.01) (Fig. 5a and b). Importantly, TUDCA treatment
prevented the loss on MAP2 immunoreactivity in both the

Fig. 3 TUDCA treatment decreases astrocytic activation in the brains
of APP/PS1 mice. a Representative images of GFAP immunostaining
in the hippocampus of control (a) or TUDCA-treated (b) wild-type
mice and in control (c) or TUDCA-treated (d) APP/PS1 mice, as well
as in the frontal cortex of control (e) or TUDCA-treated (f) APP/PS1
mice. Scale bar, 25 μm. b Quantification of GFAP mean fluorescent
intensity (MFI) per square millimeter in hippocampus and frontal
cortex of TUDCA-treated or untreated wild-type and APP/PS1 mice.
Values are from at least eight images per animal. Data are mean ± SEM
from 12–15 mice in each group. *p<0.01 from control wild-type mice
and †p<0.05 from control APP/PS1 mice
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Fig. 4 TUDCA treatment
decreases microglial activation
in the brains of APP/PS1 mice.
a Representative images of Iba-
I immunostaining in the hippo-
campus of control (a) or
TUDCA-treated (b) wild-type
mice and in control (c) or
TUDCA-treated (d) APP/PS1
mice, as well as in the frontal
cortex of control (e) or
TUDCA-treated (f) APP/PS1
mice. Scale bar, 25 μm. b
Quantification of Iba-I mean
fluorescent intensity (MFI) per
square millimeter in hippocam-
pus and frontal cortex of
TUDCA-treated or untreated
wild-type and APP/PS1 mice.
Values are from at least eight
images per animal. Data are
mean ± SEM from 12–15 mice
in each group. *p<0.01 from
control wild-type mice and †p<
0.05 from control APP/PS1
mice. c Double staining of Iba-I
and amyloid plaques (thioflavin
staining) in the hippocampal
region of TUDCA-treated and
untreated APP/PS1 mice. Scale
bar, 25 μm
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Fig. 5 TUDCA treatment
prevents neuronal integrity loss
in the brains of APP/PS1 mice.
a Representative images of
MAP2 immunostaining in the
hippocampus of control (a) or
TUDCA-treated (b) wild-type
mice and in control (c) or
TUDCA-treated (d) APP/PS1
mice, as well as in the frontal
cortex of control (e) or
TUDCA-treated (f) APP/PS1
mice. Scale bar, 25 μm. b
Quantification of MAP2 mean
fluorescent intensity (MFI) per
square millimeter in hippocam-
pus and frontal cortex of
TUDCA-treated or untreated
wild-type and APP/PS1 mice.
Values are from at least eight
images per animal. Data are
mean ± SEM from 12–15 mice
in each group. *p<0.01 from
control wild-type mice and †p<
0.05 from control APP/PS1
mice. c Double staining of
MAP2 and amyloid plaques
(thioflavin staining) in the hip-
pocampal region of TUDCA-
treated and untreated APP/PS1
mice. Scale bar, 25 μm
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hippocampus and frontal cortex of APP/PS1 mice (p<0.05)
(Fig. 5a and b). Double staining of MAP2 and amyloid
plaques showed a considerable degeneration of neurons,
characterized by damage or loss of neuronal fibers surround-
ing amyloid plaques in the brains of control APP/PS1 mice
(Fig. 5c). In contrast, a significant improvement in the
integrity of the neuronal fibers was observed around the less
amyloid plaques in the brains of TUDCA-treated APP/PS1
mice. Similar results were observed with the neuronal mark-
er SYN, which labels presynaptic terminals, and the neuron-
specific nuclear protein NeuN (Fig. 6a, b and c). As depicted
in low-magnification images of NeuN immunostaining, the
decreased neuronal staining in CA1, CA3 and dentate gyrus
of APP/PS1 mice hippocampus was partially rescued by
TUDCA treatment (Fig. 6a). These data suggest that
TUDCA treatment decreases the rate of neuronal degeneration
in APP/PS1 mice.

TUDCA Modulates Lipid Metabolism Mediators
in APP/PS1 Mice

Given the effect of TUDCA in regulating the expression of
lipid-metabolism mediators in hepatocytes [27] and the role
of lipid mediators in modulating Aβ metabolism [15], we
assessed CTGF, A2M, APOE, and SORLA levels in the
brains of wild-type and APP/PS1 mice treated and untreated
with TUDCA. Quantitative real-time PCR analysis demon-
strated increased expression of CTGF, A2M, and APOE in
the hippocampus and frontal cortex of control APP/PS1
mice compared to wild-type mice (p<0.05 and p<0.01),
whereas a trend for decreased expression of SORLA in
APP/PS1 mice was observed in both cerebral regions
(Fig. 7a and b). In agreement with the microarray gene
expression profile in hepatocytes and a potential neuropro-
tective mechanism for TUDCA, this bile acid significantly
decreased CTGF, A2M, and APOE expression in APP/PS1
mice hippocampus (p<0.05), while slightly increasing
SORLA expression (Fig. 7a). In the frontal cortex, only
CTGF expression was significantly decreased by TUDCA
treatment of APP/PS1 mice (p<0.05), although a trend for
decreased A2M and APOE expression was also observed
(Fig. 7b). Similar results were obtained at the protein level

by Western blot analysis of total protein extracts from hip-
pocampus (Fig. 8a) and frontal cortex (Fig. 8b). These
results indicate that TUDCA regulates the levels of lipid-
metabolism mediators involved in Aβ production and
accumulation.

Fig. 6 TUDCA treatment prevents loss of NeuN and SYN immuno-
reactivity in the brains of APP/PS1 mice. a Representative low-mag-
nification images of NeuN immunostaining in the hippocampus of
control (a) or TUDCA-treated (b) wild-type mice and in control (c)
or TUDCA-treated (d) APP/PS1 mice. Scale bar, 50 μm. b Represen-
tative images of NeuN immunostaining in the hippocampus of control
(a) or TUDCA-treated (b) wild-type mice and in control (c) or
TUDCA-treated (d) APP/PS1 mice. Scale bar, 25 μm. c Representa-
tive images of SYN immunostaining in the hippocampus of control (a)
or TUDCA-treated (b) wild-type mice and in control (c) or TUDCA-
treated (d) APP/PS1 mice. Scale bar, 25 μm

b
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TUDCA Prevents APP Processing and Aβ Production
in APP/PS1 Mice

Having established the ability of TUDCA in modulating brain
lipid-metabolism mediators involved in Aβ metabolism, we
hypothesized that decreased amyloidogenic processing of APP
is themechanism underlying the diminished amyloid pathology
in TUDCA-fed APP/PS1mice. To determine whether TUDCA
influences γ-secretase activity, brain tissues from untreated and
TUDCA-treated APP/PS1 mice or wild-type littermates were
subjected to electrophoresis in 10–20 % Tris–Tricine gels,
followed by immunoblot analysis of APP-CTF-γ using an
anti-APP-CTF antibody, which also recognizes full-length
APP. A decrease in the production of CTF-γ was observed in
TUDCA-treated APP/PS1mice compared to control transgenic
mice, whereas full-length APP levels remained unchanged
(Fig. 9). These findings suggest that TUDCA influences APP
processing via modulation of γ-secretase activity. Curiously,
CTF-β and sAPP-β fragment were also found decreased in
TUDCA-fed transgenic mice compared to control transgenic
mice (Fig. 9). In agreement with the decreased CTF-γ and
CTF-β, total Aβ levels were also decreased in TUDCA-
treated APP/PS1 mice compared to control APP/PS1 mice
(Fig. 9). These results point toward a reduction in overall
amyloidogenic APP processing with TUDCA treatment.

To further corroborate that TUDCA-mediated decrease in
APP processing impacts on Aβ generation, we analyzed Aβ
levels in the hippocampus and frontal cortex of untreated and
TUDCA-treated wild-type and APP/PS1 brains by sandwich
ELISA. Consistent with others [29, 36–38], our results showed
a dramatic increase in Aβ1–40 and Aβ1–42 levels in the brains of
control APP/PS1 mice, with Aβ1–42 exceeding Aβ1–40 by ~10-
fold (Fig. 10a and b). Aβ1–42 to Aβ1–40 ratio, known to be
positively correlated with AD pathology [45], was also strongly
increased by ~15-fold in control transgenic mice compared to
wild-type mice (data not shown). Importantly, TUDCA treat-
ment significantly decreased Aβ1–40 and Aβ1–42 levels in both
hippocampus and frontal cortex of APP/PS1 mice (p<0.01)
(Fig. 10a and b), suggesting that TUDCA interferes with Aβ
production, possibly through the regulation of lipid-metabolism
mediators associated with APP processing.

TUDCA Rescues Cognitive Deficits in APP/PS1 Mice

The APP/PS1 AD mouse model is well-known to develop
Aβ-associated cognitive deterioration with increasing age

Fig. 7 TUDCA regulates the expression of lipid-metabolism media-
tors associated with AD pathology in the brains of APP/PS1 mice.
Quantification of CTGF, A2M, APOE, and SORLA mRNA levels in
the a hippocampus and b frontal cortex of TUDCA-treated or untreated
wild-type and APP/PS1 mice, by real-time PCR. Data are mean ± SEM
from 12–15 mice in each group. §p<0.05 and *p<0.01 from control
wild-type mice and †p<0.05 from control APP/PS1 mice

b
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[29]. To test whether TUDCA supplementation prevents the
memory deficits developed by APP/PS1 transgenic mice,
we performed the contextual fear conditioning test. No
significant effect of genotype or drug was observed in
contextual fear conditioning (context 1) on memory reten-
tion (F3, 4502.29, n.s.) (Fig. 11a). This retention memory
was specific to context 1 in all but APP/PS1 control group.
While both wild-type groups and TUDCA-treated APP/PS1
mice showed significantly reduced freezing to context 2,
APP/PS1 control mice showed unspecific (similar to condi-
tioning) freezing. Comparison of retention memory in con-
text 2 using a one-way ANOVA indicated a significant
group effect (p<0.001). Post hoc comparisons indicated a
significant difference between control wild-type and control

APP/PS1 mice (p<0.01) and between control and TUDCA-
supplemented APP/PS1 mice (p<0.001) (Fig. 11a). This
indicates a poor discrimination between a conditioned con-
text and a novel context in control APP/PS1 mice. This lack
of discrimination is reversed in TUDCA-supplemented
APP/PS1 mice. In comparison, auditory fear conditioning
to the tone was similar in all groups (Fig. 11b). These
findings suggest that TUDCA may prevent memory deficits
in APP/PS1 mice, through the attenuation of Aβ-associated
neurodegeneration.

Discussion

This is the first demonstration of the therapeutic effects of
TUDCA on AD pathology in vivo, which suggests a novel
approach in AD therapy. Our findings indicate that TUDCA
treatment inhibits accumulation of Aβ deposits in cortical
and hippocampal regions of APP/PS1 double-transgenic
mice. TUDCA was also effective at reducing astrocytic
and microglial activation, while increasing the levels of the
neuronal markers MAP2, NeuN, and SYN. Importantly,
TUDCA prevented Aβ1–40 and Aβ1–42 production in both
hippocampus and frontal cortex of APP/PS1 mice, possibly
through the regulation of lipid-metabolism mediators in-
volved in APP processing. Finally, these observations

Fig. 8 TUDCA modulates protein levels of lipid-metabolism media-
tors associated with AD pathology in the brains of APP/PS1 mice.
Representative immunoblots of CTGF, A2M, APOE, and SORLA in a
hippocampal and b frontal cortex lysates of wild-type and APP/PS1
mice treated and untreated with TUDCA. β-Actin was used as loading
control. Immunoblots are representative of 12–15 mice in each group

Fig. 9 TUDCA treatment decreases the production of APP–CTFs and
Aβ in the brains of APP/PS1 mice. Representative immunoblots of
CTF-γ, CTF-β, sAPP-β, and total Aβ in brain lysates of wild-type and
APP/PS1 mice treated and untreated with TUDCA. APP was used as a
normalization protein. Immunoblots are representative of five mice in
each group
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correlated with a clear rescue of memory deficits in
TUDCA-treated APP/PS1 mice compared to control trans-
genic mice.

The inhibitory effect of TUDCA on the accumulation of
Aβ deposits in APP/PS1 transgenic mice is likely attribut-
able to its modulation of APP processing, as the production
of amyloidogenic APP–CTF-γ and APP–CTF-β, direct pre-
cursors of Aβ was decreased by TUDCA treatment. The
lack of TUDCA effect on Aβ peptide aggregation and
secondary structure in vitro [26] further supports a role for
TUDCA on Aβ production rather than on fibrillogenesis.
APP processing can be modulated by different mechanisms,
including but not limited to an altered function of γ-
secretase [5]. Accordingly, γ-secretase activity, as assessed
by the detection of APP–CTF-γ, was reduced in TUDCA-
treated APP/PS1 mice. γ-Secretase generates the C terminus
of Aβ from APP [5], and its selective modulation represents
an attractive therapeutic strategy. Besides being an impor-
tant drug target, γ-secretase is also involved in the regula-
tion of key physiological processes, most notoriously Notch
signaling [46]. As a therapeutic application, it is essential
that TUDCA does not interfere with the cleavage of γ-
secretase substrate Notch receptor, given the potential

adverse effects of targeting this pathway [47]. Importantly,
ongoing studies suggest that TUDCA does not inhibit the
Notch signaling pathway (data not shown).

We have previously shown that bile acids modulate lipid
metabolism gene expression [27]. In fact, TUDCA-treated
hepatocytes revealed a strong downregulation of A2M and
CTGF by >10-fold, in addition to other genes mainly in-
volved in lipid and glucose metabolism. In this study, we
confirmed in vivo that TUDCA downregulates CTGF and
A2M in the brains of APP/PS1 mice. In addition to these
regulators of lipid metabolism, we also show that APOE
and, to a lesser extent, SORLA are modulated by TUDCA
treatment of APP/PS1 transgenic mice. CTGF is an impor-
tant player in AD pathogenesis as it regulates APP process-
ing and Aβ production, presumably by increasing γ-
secretase activity [14]. Consistent with increased CTGF
levels in a mouse model of AD-type amyloid plaque burden
and in AD brain [14], we observed a marked increase of
CTGF levels in the brains of untreated APP/PS1 transgenic
mice. Noteworthy, TUDCA-mediated decrease of CTGF
levels was accompanied by a reduction of APP–CTF-γ
levels, suggesting that modulation of γ-secretase activity
may account, at least in part, for TUDCA neuroprotective

Fig. 10 TUDCA decreases
Aβ1–40 and Aβ1–42 levels in the
brains of APP/PS1 mice.
Quantification of Aβ1–40 and
Aβ1–42 levels in the a
hippocampus and b frontal
cortex of wild-type and APP/
PS1 mice treated and untreated
with TUDCA, by sandwich
ELISA. Data are mean ± SEM
from eight to ten mice in each
group. *p<0.01 from control
wild-type mice and ‡p<0.01
from control APP/PS1 mice
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mechanism. In contrast with CTGF, SORLA plays a protec-
tive role in AD by reducing APP processing and Aβ gener-
ation [12]. Loss of SORLA occurs in AD brain patients [48].
Accordingly, we observed decreased SORLA protein levels
in the hippocampus of control APP/PS1 mice. Importantly,
TUDCA treatment of APP/PS1 mice significantly increased
SORLA levels, which might explain the decreased levels of
APP–CTF-β observed in TUDCA-fed transgenic animals.
Each of these mechanisms in separate, or a combination of

both, ultimately leads to decreased Aβ production. Accord-
ingly, in this study, we demonstrate decreased Aβ levels in
the brains of TUDCA-fed APP/PS1 mice, using different
experimental approaches that included immunohistochemis-
try, ELISA, and immunoblot analysis. In addition to
TUDCA modulation of lipid metabolism mediators in-
volved in APP processing, the possibility of a direct inter-
action between TUDCA and presenilin, as recently reported
for phenylpiperidine-type γ-secretase modulators [49],
should be explored in future studies. APOE and A2M bind
avidly to Aβ peptides and are found within amyloid plaques
in AD mouse models and brain patients [50, 51]. Consistent
with the abundance of Aβ plaques, APOE and A2M were
found increased in APP/PS1 mice, whereas decreased levels
were associated with fewer amyloid plaques in the brains of
TUDCA-treated APP/PS1 animals.

Given the central role of Aβ plaques in the activation of
microglia and astrocytes in AD brain [39] and AD animal
models [29, 40], the significant decrease in activated micro-
glia and astrocytes in TUDCA-treated APP/PS1 mice can be
attributed to its inhibition of Aβ accumulation. However,
TUDCA appears to possess an inherent anti-inflammatory
function independent of Aβ [52, 53]. Although the under-
lying mechanisms remain unclear, TUDCA-mediated inhi-
bition of endoplasmic reticulum stress may play a role in
this process [52, 53]. Nevertheless, because brain inflam-
mation is a risk factor for neurodegenerative disease, the
anti-inflammatory effect of TUDCA in the APP/PS1 mouse
model provides additional evidence for its therapeutic po-
tential in AD.

In the brains of APP/PS1 mice, a discrete neuronal loss is
associated with Aβ plaques [29, 44, 54]. Consistent with
this result, we observed decreased immunoreactivity of neu-
ronal markers MAP2, NeuN, and SYN in the hippocampus
and frontal cortex of control APP/PS1 mice, indicating
impaired neuronal integrity in these animals. Noteworthy,
TUDCA treatment of APP/PS1 mice resulted in a clear
rescue of neuronal marker immunoreactivity, suggesting
that neuronal integrity loss observed in control APP/PS1
mice was prevented by TUDCA. Most degenerative neurons
were observed around amyloid plaques in control APP/PS1
mice. In TUDCA-treated APP/PS1 mice, Aβ deposits were
significantly less, and correspondingly, the extent of neuro-
nal loss was much lower compared with control APP/PS1
mice. The neuroprotective effect of TUDCA in APP/PS1
mice is in line with previous reports showing protection
against Aβ-induced neuronal toxicity [22–25] and also in
other models of neurodegenerative diseases [18, 20].

In conclusion, our findings indicate that TUDCA treat-
ment inhibits accumulation of Aβ deposits in APP/PS1
double-transgenic mice by decreasing Aβ production. Glial
activation and neuronal integrity loss observed in untreated
APP/PS1 mice were also prevented by TUDCA.

Fig. 11 TUDCA rescues memory deficits in APP/PS1 mice. a Con-
textual fear conditioning test of wild-type and APP/PS1 mice treated
and untreated with TUDCA. Using freezing during acquisition as a
reference, we measured the amount of freezing in both contexts. All
groups showed similar freezing levels in context 1. In context 2, which
was not associated with a shock, control APP/PS1 mice froze signifi-
cantly more than other groups. Both wild-type groups and TUDCA-
supplemented APP/PS1 mice recognized context 2 as a novel context
and thus displayed decreased freezing. Data are calculated as percent
change from acquisition levels and presented as mean ± SEM. b
Auditory fear conditioning was similar in wild-type and APP/PS1 mice
treated and untreated with TUDCA. Data are presented as mean ±
SEM. *p<0.01 from control wild-type mice and ‡p<0.001 from control
APP/PS1 mice
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Importantly, TUDCA improved contextual fear memory in
transgenicmice compared to untreated transgenic animals. This
study clearly contributes to a better understanding of the cellu-
lar mechanisms that specifically regulate γ-secretase activity,
Aβ load and AD pathology, and highlights TUDCA as a new,
potent, and potentially more specific therapeutic approach.
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