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Abstract

Aims: There is mounting evidence that the transition metal copper may play an important role in the patho-
physiology of Alzheimer’s disease (AD). Triethylene tetramine dihydrochloride (trientine), a Cull-selective
chelator, is a commonly used treatment for Wilson’s disease to decrease accumulated copper, and thereby
decreases oxidative stress. In the present study, we evaluated the effects of a 3-month treatment course of
trientine (Trien) on amyloidosis in 7-month-old f-amyloid (Af) precursor protein and presenilin-1 (APP/PS1)
double transgenic (Tg) AD model mice. Results: We observed that Trien reduced the level of advanced glycation
end products (AGEs), and decreased Af deposition and synapse loss in brain of APP/PS1 mice. Importantly, we
found that Trien blocked the receptor for AGEs (RAGE), downregulated f-site APP cleaving enzyme 1 (BACE1),
inhibited amyloidogenic APP cleavage, and subsequently reduced Af levels. In vitro, in SH-SY5Y cells over-
expressing Swedish mutant APP, Trien-mediated downregulation of BACE1 occurred via inhibition of the NF-xB
signaling pathway. Innovation: In this study, we demonstrated for the first time that Trien inhibited amyloi-
dogenic pathway including targeting the downregulation of RAGE and NF-«B. Conclusion: Trien might mitigate
amyloidosis in AD by inhibiting the RAGE/NF-xB/BACE1 pathway. Our study demonstrates that Trien may be
a viable therapeutic strategy for the intervention and treatment of AD and other AD-like pathologies. Antioxid.
Redox Signal. 19, 2024-2039.

Introduction

LZHEIMER’S DISEASE (AD) is the most common form of

dementia and is characterized by progressively debili-
tating cognitive and memory impairment. The two major
neuropathological hallmarks of AD are extracellular amyloid
plaques composed of aggregated, fibrillar f-amyloid (Af)
peptide, and intracellular neurofibrillary tangles composed of
aggregated hyperphosphorylated tau protein (67, 69, 73).
Sequential endoproteolytic cleavage of Af precursor protein
(APP) by type 1 transmembrane protein fS-site APP cleaving

enzyme 1 (BACE1) and the y-secretase complex yield two
major Af C-terminal variants, Af peptide 140 and Ap1
peptide 1-42 (68, 74). Primarily, it is the low molecular weight
Ap oligomers that exhibit the greatest neurotoxicity, yielding
the formation of Af aggregates (70, 75).

Many studies suggest that excessive oxidative stress is a
common pathogenic mechanism underlying the onset of AD
(49, 60). In AD, proteins, lipids, and nucleic acids within the
hippocampus and cortex exhibit high levels of oxidative
modification. These include a complex array of advanced
glycation end products (AGEs) and advanced lipoxidation
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TRIENTINE DOWNREGULATES BACE1 VIA AGE/RAGE/NF-«xB PATHWAY

Innovation

Trien has recently been identified as a multifunctional
molecule, which was previously approved as an agent for
Wilson’s disease. Until now, the effects of Trien on Alz-
heimer’s disease (AD) in vivo have not been investigated.
We show for the first time that Trien treatment reduces f3-
amyloid (Ap) production and deposition, and it leads to
decrease of AGE in AD transgenic mouse model. More-
over, we showed that Trien downregulates f-site APP
cleaving enzyme 1 (BACEL1) in vivo and in vitro, by in-
hibiting the AGE/RAGE/NF-«B signal pathway. In con-
clusion, our findings provide the first evidence that Trien
treatment reverses specific AD phenotypes and may be an
effective clinical treatment for AD.

end products generated through glycoxidations and lipid
peroxidations, respectively (11, 13). The receptor for AGE
(RAGE) binds Af strands and is overexpressed in the de-
generated hippocampi and frontal lobes of AD patients (47).
Interestingly, AGE formation has been shown to promote Af
covalent cross-linking (54) via a process that is accelerated by
trace amounts of the transition metal ions, copper (Cu) and iron
(Fe) (44). Cu, a redox-active metal, is intimately involved in the
pathogenesis of AD (31). Cu and zinc (Zn) localize with Af in
senile plaques (29, 57), and Cu and Fe promote the neurotoxic
redox activity of Af to induce oxidative cross-linking of the
peptide into stable oligomers (4, 10, 30, 50). The f§ secretase
BACET1 possesses a Cu binding site, which implies that copper
levels may impact Af generation directly via its synthetic
pathway (1). Postmortem studies revealed that Cu, Fe, and Zn
are significantly elevated in and around the Af plaques in AD
brain (9, 45, 61) and in AD transgenic (Tg) mouse brain (42, 51).
Drugs such as anti-redox species are potential therapeutic
implications on AD (20). Indeed, metal chelators reduce the
cerebral Af deposits in the AD Tg mouse brain (18). Therefore,
it follows that therapeutic interventions that decrease Af pro-
duction or oxidative stress by modulating copper availability
may reduce the vulnerability to amyloidosis in AD.

NF-«B, a family of homo- and hetero-dimeric transcription
factors, regulates the transcription of a number of genes in
response to infection, inflammation, and DNA damage (38).
NF-«B activity has been shown to increase with age (12). NF-«xB
dysregulation has been implicated in diverse human patholo-
gies (14). In AD postmortem brain, NF-«B is found in neurons,
neurofibrillary tangles, and dystrophic neurites (72), and it is
activated by Af specifically in neurons surrounding plaques
(40). Ap-mediated transactivation of the BACE1 promoter in-
volved the NF-«xB pathway (8). In addition, RAGE activation
upregulates BACE1 expression via activation of NF-xB (35).
Interestingly, it was recently reported that NF-«B DNA-
binding activity and expression of various NF-«B target genes
were found to be increased in peripheral blood mononuclear
cells from AD patients (3). Taken together, these findings iden-
tify NF-«B as a potential therapeutic target for treatment of AD.

Wilson’s disease is an inherited disorder due to mutations
in the gene encoding an ATPase copper pump that is neces-
sary for the secretion of copper into bile (33, 56). Copper ac-
cumulation in tissues (especially in liver, brain, and eye)
promotes free radical formation and oxidative damage (33,
56). Triethylene tetramine dihydrochloride (trientine), a Cull-
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selective chelator, is commonly used for the second-line
treatment of Wilson’s disease to remove excess extracellular
Cu (76). There is some evidence that trientine (Trien) may be
effective for treatment of cancer (43, 53) and several type 2
diabetes mellitus (T2DM)-associated conditions, including
cardiomyopathy (5), neuropathy (16, 55), and left ventricular
(LV) hypertrophy (23). Long-term Trien treatment has not
been shown to alter the balance of any other element in either
diabetic or control subjects (24). Mechanistically, chronic Tri-
en treatment may promote remodeling of extracellular matrix
(ECM) proteins by decreasing the AGE content of collagen
(24). Whether long-term Trien administration can suppress or
reverse AGE formation remains to be determined.

There are several lines of evidence that suggest a link be-
tween the pathogenesis of T2DM and AD (39, 46, 65). AD ex-
hibited the altered glucose tolerance and metabolism [reviewed
by Calabrese et al. (15)]. In a carefully controlled community
study, it was found that more than 80% of an unselected group
of AD patients had either T2DM or dysglycemia (39). Both
disorders display elevated copper levels that generate Cull-
mediated oxidative stress (22) and elevated AGEs. In T2DM
patients, Trien has been shown to be a safe and efficient treat-
ment (22). In postmortem AD tissues and APP-C100 Tg AD
model mice, Trien mobilized Aff from the sedimental to the
soluble fraction (19). However, to date, there exists no com-
prehensive description of the effects of Trien on AD in vivo.

In the present study, we evaluated the effects of Trien on
neuropathology in APP/presenilin-1 (PS1) double Tg mouse
model of AD and identified its underlying mechanism. We
observed that Trien reduced BACE1 activity and mitigated
amyloidosis via the AGEs/RAGE/NF-«xB pathway in both
AD Tg mice and SH-SY5Y cell line stably overexpressing
human APP Swedish mutation (APPsw) in vitro. Our data
suggest that Trien might be a potential therapeutic strategy
for the prevention and treatment of AD.

Results

Total copper, iron, and zinc levels in the serum
and brain of APP/PS1 Tg mice are unaltered following
Trien administration

Based on the fact that dyshomeostasis of copper is a char-
acteristic of AD (9, 45), we first determine copper levels in the
brain of Tg APP/PS1 mice and age-matched wild-type (WT)
C57BL/6 mice. As shown in Figure 1A, atomic absorption
spectrum analysis revealed that copper levels were statisti-
cally increased in the temporal, parietal, and frontal cortex of
Tg mice compared with WT group. There was no statistical
difference in the copper level in the hippocampus although
there was a trend toward a decrease in the Tg group com-
pared with the WT group.

Following a 3-month treatment regimen with either Trien
or vehicle, the levels of copper, iron, and zinc were measured
in the serum and brain of APP/PS1 mice. There were no
statistically significant differences in the level of copper, iron,
or zinc in either serum or brain between vehicle- and Trien-
treated groups (p>0.05; Fig. 1B-D).

We then stained brain sections by silver autometallography
and a zinc-specific fluorescent dye, N-(6-methoxy-8-quinolyl)-
p-toluenesulfonamide (TSQ) to evaluate the distribution of
copper and zinc, respectively. Trien treatment reduced copper
accumulation in the plaques of the APP/PS1 mouse brain
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FIG.1. Assessment of metal levels (copper, iron, and zinc). (A) Copper level in the temporal cortex (Tempo), parietal cortex
(Parie), frontal cortex (Front), and hippocampus (Hippo) of 7-month-old transgenic (Tg) amyloid precursor protein/presenilin-1
(APP/PS1) mice and age-matched wild-type (WT) C57BL/6 mice. (B-D) APP/PS1 mice were treated with vehicle control (Con,
0.9% physiological saline) or Trien at dose of 60 mg/kg/day (Trien 60 mg) or 180 mg/kg/day (Trien 180 mg) by gavage for 3
months. Atomic absorption spectrum assays showed that there were no statistically significant differences in the copper content
either in the brain or in the serum under Trien treatment compared with the vehicle group (B). No alterations were observed in
the brain iron and serum iron contents in Trien-treated APP/PS1 compared with the control group (C). Assays of zinc content
indicated that Trien administration did not alter the zinc levels in the brain nor in the serum of the APP/PS1 mouse (D). (E)
Silver autometallography and N-(6-methoxy-8-quinolyl)-p-toluenesulfonamide (TSQ) stains respectively showed the distribu-
tion of copper (cortex, al-b3; hippocampus, b1-b3) and zinc (cortex, ¢1-¢3; hippocampus, d1-d3) in the APP/PS1 mouse brain.
Scale bar=200 um. Values are represented as mean+SEM (1 =6). **p <0.01 versus the Tg group (Student’s t-test and one-way

analysis of variance (ANOVA) post hoc Fisher’s protected least significant difference (PLSD).

(Fig. 1E, al-b3). TSQ-fluorescence in plaques of Trien-treated
group was significantly diminished (Fig. 1E, c1-d3).

Over the course of treatment, we observed no major be-
havioral abnormalities or gross motor defects in Trien-treated
APP /PS1 mice relative to vehicle control. Trien treatment did
not significantly affect body weight of APP/PS1 mice (data
not shown).

Copper transporter 1, copper-transporting adenosine
triphosphatases, and ceruloplasmin activity are
unaffected following Trien administration in APP/PS1 Tg
mouse brain, whereas superoxide dismutase 1 activity is
elevated and malondialdehyde contents are reduced

Protein levels of copper transporter 1 (CTR1), ATP7A, and
ATP7B (Fig. 2A, B) or ceruloplasmin (Cp) activity (Fig. 2C) in
the Trien treatment group was unaltered relative to vehicle
control (p>0.05). Trien administration in APP/PS1 mouse
brain did enhance superoxide dismutase 1 (SOD1) activity

relative to vehicle [F(2,15)=6.08; p<0.05]. SOD activity was
increased to 117.13%+12.09% of control (60mg/kg;
37.51+3.87U/mgvs. 32.02+2.57 U/mg; p <0.05; Fig. 2D) and
122.93%+14.51% of control (180mg/kg; 39.37+4.64 vs.
32.02+2.57U/mg; p<0.01; Fig. 2D). The malondialdehyde
(MDA) contents were significantly reduced under Trien
treatment [F(2,15)=6.80; p<0.01]. The MDA level was re-
duced to 86.75%=%7.41% of control (60mg/kg; 4.97+
0.42nmol/mg vs. 5.72+0.39 nmol/mg; p <0.05; Fig. 2E) and
82.56%+10.85% of control (180 mg/kg; 4.73+0.62nmol/mg
vs. 5.72+0.39 nmol/mg; p<0.01; Fig. 2E).

Trien treatment inhibited Ap generation and deposition,
and reduced synapse loss in APP/PS1 mouse brain

To investigate the effects of Trien on amyloidosis in APP/
PS1 mouse brain, we compared the level of Af1-40, Af1-42,
Ap oligomer, and Af plaques between the Trien-treated
group and the control group. Immunofluorescence indicated
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FIG. 2. Effects of Trien treatment on copper transport protein, ceruloplasmin (Cp), superoxide dismutase 1 (SOD1)
activity, and MDA production. (A) Western blotting showed the protein expression levels of copper transporter 1 (CTR1),
ATP7A, and ATP7B in the vehicle- and Trien-treated APP/PS1 mouse brain. GAPDH was used as an internal control. (B)
Trien treatment did not significantly alter the protein levels of CTR1, ATP7A, and ATP7B in the APP/PS1 mice brain. (C)
Trien administration did not affect Cp activity. (D) Trien treatment dose-dependently enhanced SOD1 activity in the cortex of
APP/PS1 mice brain compared with control group. (E) Trien markedly reduced the production of MDA in the APP/PS1
mouse brain. All values are mean+SEM (n=6). *p<0.05, **p<0.01 versus the control group (one-way ANOVA post hoc
Fisher’s PLSD).
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FIG. 3. Effects of Trien administration on Af generation and Ap plaque deposition in APP/PS1 mouse brain. (A)
Fluorescent labeling of Af showing the Af plaques in the cortex and hippocampus of APP/PS1 mice brain in the vehicle
control group and Trien-treated groups at doses of 60 mg/kg and 180 mg/kg, respectively. (B) Quantification of fluorescence
indicated that Trien administration significantly reduced Af plaques number and area, both in the cortex and in the
hippocampus. Scale bar =100 um. (C) Western blot analysis showed that the protein levels of Af oligomer were markedly
reduced in the Trien-treated mice brain compared with controls. GAPDH was used as an internal control. (D) Results of
ELISA Af 1-40 and Af 1-42 assays showed that Trien treatment led to a decrease in Af production. The level of Af was
standardized to cortex tissue protein and expressed as Af ng/mg of tissue protein. All values are mean+SEM (1n=6).
*p<0.05, *p<0.01 versus the control group, "p<0.05 versus Trien 60mg/kg treatment group (one-way ANOVA post hoc
Fisher’s PLSD).
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that Af plaque formation was reduced in the brains from the
Trien-treated group relative to vehicle controls (Fig. 3A, B).
Quantification showed that Trien treatment significantly re-
duced the number and size of Af plaques in the cortex and
hippocampus of APP/PS1 mouse brain. The number of Ap-
positive plaques in the cortex was reduced to 75.56% +10.59%
of control (60mg/kg; p<0.01) and 51.99% *8.87% of control
(180mg/kg; p<0.01) [F(2,15)=36.92; p<0.01], and in the hip-
pocampus it was reduced to 43.21% +9.82% of control (60 mg/
kg; p<0.01) and 26.70% *7.14% of control (180 mg/kg; p <0.01)
[F(2,15)=31.85; p<0.01]. The immunoreactive area of Af pla-
ques in Trien-treated groups were reduced in the cortex to
74.61%%9.10% (60mg/kg; p<0.01) and 43.79%=%5.59%
(180mg/kg; p<0.01) [F(2,15)=109.42; p <0.001], and were re-
duced in the hippocampus to 73.25%*4.48% of control
(60mg/kg; p<0.01) and 53.17%+3.58% (180 mg/kg; p<0.01)
[F(2,15)=92.63; p <0.01] of control.

Next, the protein expression of Af oligomer in APP/PS1
mice was evaluated with immunoblot. Af expression was
significantly reduced in the 3-month Trien treatment condi-
tion [F(2,15)=16.08; p<0.01; Fig. 3C]. Moreover, the level of
Ap oligomer was reduced to 75.36%+11.06% of control
(60mg/kg, p<0.01) and 59.77% +11.46% of control (180 mg/kg,
p<0.01).

Levels of Af1-40 and Af1-42 were analyzed by sandwich
ELISA. Trien treatment significantly reduced the levels of
soluble Af1-40 [F(2,15)=6.53; p <0.01] and insoluble A1-40
[F(2,15)=14.66; p<0.01] in APP/PS1 mice. Soluble Af$1-40
levels in brain were reduced to 81.80%+8.25% of control
(60 mg/kg, 59.58 +6.01 ng/mg protein vs. 72.83£8.08 ng/mg
protein; p<0.01) and 80.64% +11.56% of control (180 mg/kg,
58.74+8.42ng/mg protein vs. 72.83+£8.08ng/mg protein;
p<0.01) (Fig. 3D). Insoluble A$1-40 levels were reduced to
85.97% +9.48% of control (60 mg/kg, 5349.38 £589.81 ng/mg
protein vs. 6222.49+568.68ng/mg protein; p<0.05) and
72.85%*7.28% of control (180 mg/kg, 4533.29+£453.01 ng/mg
protein vs. 6222.49 £568.68 ng/mg protein; p <0.01). In addi-
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tion, Trien administration significantly altered soluble A 142
[F(2,15)=15.58; p<0.01] and insoluble Af1-42 [F(2,15)=14.37;
p<0.01] levels. Trien treatment decreased soluble Af1-42 lev-
els to 82.29%%9.12% of control (60 mg/kg, 147.61+16.37ng/
mg protein vs. 179.38+6.75ng/mg protein; p<0.01) and
74.87%%9.76% of control (180mg/kg, 134.29+17.50ng/mg
protein vs. 179.38+6.75ng/mg protein; p<0.01). For the
60mg/kg and 180mg/kg Trien treatment conditions, Trien
treatment reduced insoluble levels of A 142 t0 77.88% £4.12%
of control (60mg/kg, 9811.56+519.46ng/mg protein uvs.
12599.01 +£1864.61 ng/mg protein; p <0.01) and 67.80% +10.18%
of control (180mg/kg, 8542.59+1283.06ng/mg protein vs.
12599.01 +£1864.61 ng/mg protein; p <0.01).

We then assessed the effects of Trien on synapse alterations.
As shown in Figure 4, there was a significant effect of Af
plaques on the decrease of synapse density in the APP/PS1
mouse brain. Whereas, under Trien treatment, the area of
synaptophysin (SYP) loss was reduced to 66.23%+9.15%
(60mg/kg, p<0.01) and 44.12% +6.25% (180 mg/kg, p <0.01)
of control, and the intensity of SYP was increased to
138.69%+7.27% (60mg/kg, p<0.01) and 159.83%+£13.16%
(180mg/kg, p<0.01) of control (Fig. 4A, B). In addition,
western blot analysis of the samples using the anti-SYP and
anti-synaptosomal-associated protein 25-kDa (SNAP-25) an-
tibodies also confirmed these findings (Fig. 4C).

BACET1 is downregulated in Trien-treated
APP/PS1 mouse brain

To determine whether the reduction of Af generation and
aggregation in APP/PS1 mouse brain in Trien-treated group
was correlated with ff-secretase and y-secretase activities, we
measured f-secretase and y-secretase. As shown in Figure 5A,
we assessed the protein expression of APP, p-APP668,
BACE]1, PS1, nicastrin, APH1«, and Pen2. Western blot anal-
ysis revealed that the level of p-APP668 [F(2,15)=14.33,
p<0.01] and BACE1 [F(2,15)=44.08, p<0.01] was decreased
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Trien treatment prevents synapse loss in the APP/PS1 mouse brain. (A) Brain sections of APP/PS1 mice were

respectively labeled with anti-Af and anti-synaptophysin (SYP) antibodies to detect Af plaques and synapses. Negative
stains of SYP revealed the synaptic disruption. Scale bar=50 ym. (B) Quantification showed the area of SYP loss and the
intensity of SYP-positive regions. (C) Western blot showed that the protein expression levels of SYP and synaptosomal-
associated protein 25-kDa (SNAP-25) were significantly reduced in the trientine-treated APP/PS1 mouse brain. All values are
mean +SEM (n=6); **p<0.01 versus the control group (one-way ANOVA post hoc Fisher’s PLSD).



TRIENTINE DOWNREGULATES BACE1 VIA AGE/RAGE/NF-xB PATHWAY 2029
A %% Fk
= Mok 1
APPGI5 | P e aesmmmansamm | 140, R 120, M ~ 120, HE
& 1201 T 1004 < 100+
p-APPG6S | mmummman | < 1001 % 80; I &
z | © 60 o 0-
BACE1|---——- -—-l 2 gg 8 401 — 401
& 20] & 20 ¢ 201
LE ™5 ] < ] < :
PS1‘ ._ﬁ_.;""ﬂij e Con Trien Trien a 0 Con Trien Trien @ ¢ Con Trien Trien
Nicastrin‘ | 60mg 180mg 60mg 180mg 60mg 180mg
< 1204 g 120 < 140
Pen-2 | s | € 100] 3 100/ E 1201
3 80 3 807 ) ]
APH-1 | S —— | G G0 = 601 s 8
5 & o Y @
GAPDH ‘-—-—-—-—---—‘ % o 2 & 281
- = Con Trien Trien Con Trien Trien Con Trien Trien
Con gg;’; Igg;g 60mg 180mg 60mg 180mg 60mg 180mg
B C ek
s = = %ok =
9 120 =2 :]Igg S 1000 — = ,_‘:__40
= 100 = sl T =
T 80 = 100 $§ggg Ss
2 60 80 » o 8 520
= p E 60 £ 5 400 S5
I 20 il 5 2 200 g £10
< 0 o 2 o Ll 35 — 2= 0 —
Con Trien Trien o Con Trien Trien &~ Con Trien Trien > Con Trien Trien
60mg 180mg 60mg 180mg 60mg 180mg 60mg 180mg

FIG. 5. Effects of Trien on f-secretase and y-secretase in the APP/PS1 mouse brain. (A) Western blot analysis showed the
levels of APP695, p-APP668, f-site APP cleaving enzyme 1 (BACE1), and y-secretase. There was no significant alteration in
the level of APP695. The levels of p-APP668 and BACE1, however, were significantly reduced in Trien-treated APP/PS1
mouse brain. Accordingly, the expressions of y-secretase complex proteins, PS1, nicastrin, APHl«, and Pen2 were not
statistically altered in the Trien-treated group compared with controls. (B) Real-time PCR analysis indicated that there was no
difference in mRNA levels of BACE1 between the Trien administration group and the vehicle-treated control group. (C)
f-secretase and y-secretase activities measured by an enzymatic cleavage assays showed that Trien markedly reduced
f-secretase activity compared with the controls, whereas the activity of y-secretase was not affected. All values are mean+
SEM (n=6). *p <0.01 versus the control group (one-way ANOVA post hoc Fisher’s PLSD).

with Trien treatment. The protein expression of p-APP668
was reduced to 82.14% *8.65% of control (60 mg/kg; p<0.01)
and 71.97%+10.36% of control (180 mg/kg; p<0.01). Protein
levels of BACE1 were reduced to 52.51% %12.09% of control
(60mg/kg; p<0.01) and 45.17% +10.71% of control (180 mg/kg;
p<0.01). Whereas, the variances in the protein expression
levels of APP [F(2,15)=2.73; p>0.05], PS1 [F(2,15)=0.77;
p>0.05], nicastrin [F(2,15)=0.37; p>0.05], Pen2 [F(2,15)=0.17;
p>0.05], and APH-1 [F(2,15)=0.38; p>0.05] among the
groups were not statistically significant when compared with
the vehicle control.

The mRNA level of BACE1 was analyzed by real-time
polymerase chain reaction (PCR), and Trien treatment did not
alter the level of BACE1 mRNA [F(2,15)=0.43; p>0.05; Fig.
5B]. Therefore, the downregulation of BACEL1 in Trien-treated
APP/PS1 mouse brain only occurred at the protein level.

Next, we assessed f- and y-secretase activities by an enzy-
matic cleavage assay. As shown in Figure 5C, f-secretase ac-
tivity in the Trien-treated group was significantly reduced
to 87.90%*6.18% of control (60 mg/kg; 654.51+46.03U/mg
protein vs. 744.63+32.00U/mg protein; p<0.01) and
85.12%%2.24% of control (180mg/kg; 633.85+16.70 wvs.
744.63+32.00 U/mg protein; p<0.01); [F(2,15)=18.26; p <0.01].
There was no statistically significant difference in y-secretase
activity among groups [F(2,15)=0.56; p>0.05].

Trien treatment reduced AGE and downregulated
RAGE in APP/PS1 Tg mouse brain

Both functional and pathologic research has shown that
AGE/RAGE activation precedes the steep rise in cerebral Af
and the formation of plaques (2). We assessed the effects of
Trien on AGE and RAGE in APP/PS1 mouse brain. As shown
in Figure 6A, sandwich ELISA analysis indicated that the level
of AGE in Trien-treated mice was reduced to 64.02%+10.87%
of control (60mg/kg; 0.13+£0.02 vs. 0.20+0.03ng/mg tissue;
p<0.01) and 53.68% *8.22% of control (180 mg/kg; 0.11+0.02
vs. 0.20+0.03ng/mg tissue; p<0.01) [F(2,15)=27.32; p<0.01].
RAGE expression as detected by western blot and real-time
PCR assays revealed that Trien treatment significantly down-
regulated RAGE not only at the protein level [F(2,15)=8.96;
p<0.01; Fig. 6B] but also at the mRNA level [F(2,15)=14.06;
p<0.01; Fig. 6C]. Using double immunofluorescence labeling of
Ap and RAGE in brain sections of APP/PS1 mice, we found
that RAGE predominantly colocalized with the periphery of
Ap-positive plaques (Fig. 6D).

Trien treatment attenuated NF-«xB activation
in the APP/PS1 mouse brain

It has been reported that binding of RAGE to the ligands
AGE and Ap resulted in cellular oxidant stress (41, 78, 79) and
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FIG. 6. Assessment of Trien treatment on the effects of advanced glycation end product (AGE) and the receptor for
AGEs (RAGE) in the APP/PS1 Tg mouse brain. (A) AGE contents were evaluated by sandwich ELISA. Quantization
indicated that Trien treatment significantly reduced the AGE production in the APP/PS1 mice brain. The expression of RAGE
was assessed by western blotting and real-time PCR. Western blot assays showed that the protein expression of RAGE was
markedly reduced in the Trien-treated group (B), and similar results were seen with the mRNA expression (C). (D) Sections
of APP/PS1 mouse brain were costained with anti-Af (al, b1, c¢1) and anti-RAGE (a2, b2, ¢2) antibodies to label Af plaques
and RAGE, respectively. Merged images from the double channels indicated that RAGE positive expression of immuno-
fluorescence was predominantly observed and colocalized Ap-positive plaques at the range of the Af plaques periphery in
the cortex (a3, b3, ¢3). Scale bar=50 um. All values are mean+SEM (n=6). **p<0.01 versus the control group (one-way

ANOVA post hoc Fisher’s PLSD).

subsequent activation of NF-«xB (41, 79). To determine the ef-
fects of Trien on NF-xB, we measured the expression and ac-
tivity of NF-«xB in APP/PS1 mouse brain in both Trien- and
vehicle-treated groups. The protein levels of total NF-xB
[F(2,15)=7.23; p <0.01] and NF-«B p65 subunit [F(2,15)=35.99;
p<0.01; Fig. 7A] in addition to NF-«xB mRNA level
[F(2,15)=13.88; p<0.01; Fig. 7B] were significantly reduced in
the brain-derived nuclear extracts in the Trien treatment con-
dition relative to controls. Trien treatment reduced the protein
levels of total NF-«B to 71.56% % 18.91% of control (60 mg/kg;
p<0.01; Fig. 7A), and 59.59% +14.84% of control (180 mg/kg;
p<0.01, Fig. 7A). The p65 subunit protein expression in Trien-
treated group was reduced to 53.06%+13.63% of control
(60mg/kg; p<0.01; Fig. 7A), and 39.28%+6.43% of control
(180mg/kg; p <0.01; Fig. 7A). The mRNA levels of NF-«B were
reduced to 84.62% *5.78% of control (60 mg/kg; p<0.01; Fig.
7B), and 76.19%+10.36% of control (180 mg/kg; p<0.01; Fig.
7B). Further, we assessed the activity of NF-«xB in brain-derived
nuclear extracts. As shown in Figure 7C, Trien treatment re-
duced the activity of total NF-xB to 75.73% +10.45% of control
(60mg/kg; p<0.01) and 69.97% +8.72% of control (180 mg/kg;
p<0.01) [F(2,15)=19.56; p<0.01], and the p65 subunit was

reduced to 67.54%%9.03% of control (60mg/kg; p<0.01)
and 62.28%+7.96% of control (180mg/kg; p<0.01)
[F(2,15)=28.61; p<0.01]. Using double immunofluores-
cence labeling of A and NF-«B, we found in 10-month-old
APP/PS1 mouse brain that NF-xBp65 is localized to Ap-
positive plaques and closely adjacent neurons (Fig. 7D) but
not astroglia (data not shown). In brain regions free of Af
plaques, very few NF-xBp65 immunoreactive cells were
present.

Trien treatment reduced AGE
and AP generation in vitro

To examine the effect of Trien on AGE and Af generation,
SH-SY5Y cells were transfected with APPsw. According to
MTT and lactate dehydrogenase (LDH) analysis, 10 mM
Trien for 24h was chosen for the treatment regimen for
subsequent experiments in vitro (Fig. 8A, B). The results of
sandwich ELISA assays indicated that Trien treatment re-
duced the contents of AGE to 66.57% *20.44% of control
(17.26 £5.30 pg/mg protein vs. 25.94+4.98 pg/mg protein;
Student’s t-test, p<0.05; Fig. 8C). Af 1-40 levels were
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FIG. 7. Effects on NF-«B in the APP/PS1 mouse brain under Trien treatment conditions. The expression and activity of
NF-«B in the APP/PS1 mouse brain is shown for both Trien-treated groups and the vehicle-treated control group. (A)
Western blot analysis showed that Trien administration significantly downregulated NF-«B. Protein levels of total NF-«xB and
NF-«Bp65 subunit were markedly reduced in the brain-derived nuclear extracts from the Trien-treated APP/PS1 mice. (B)
Real-time PCR assays indicated that the mRINA level of NF-«B in the brain-derived nuclear extracts of the Trien-treated group
was significantly reduced. (C) Trien treatment induced an inhibition of nuclear activation of total NF-xB, and NF-xBp65, in
brain-derived nuclear extracts of APP/PS1 mouse. (D) Double immunofluorescence labeling by anti-Af (al, a2, a3) and anti-
NF-«Bp65 (b1, b2, b3) showed the colocalization of NF-xB immunoreactivity Af-positive plaques (c1, ¢2, ¢3). Scale bar=
50 um. All values are mean+SEM (n=6). **p <0.01 versus the control group (one-way ANOVA post hoc Fisher’s PLSD).

reduced to 59.24%+9.74% of control (27.04+4.44pg/ml pro- AGE/RAGE/NF-xB signaling is involved
tein vs. 45.64+9.35 pg/ml protein; Student’s t-test, p<0.01; Fig.  in Trien-mediated downregulation of BACE1

8D) in the Trien-treated group, and the level of Af 1-42
was reduced to 58.73%+9.62% of control (54.95+9.01 pg/ml
protein vs. 93.56 £11.94 pg/ml protein; Student’s t-test, p <0.01;

Fig. 8D).

FIG. 8. Trien administration re-
duced AGE and AP generation in
SH-SY5Y cells transfected with
human Swedish mutant APP
(APPsw). MTT (A) and lactate
dehydrogenase (LDH) (B) assays
showed that 0-10mM Trien treat-
ments had not observed significant
toxic effects on SH-SY5Y cells
transfected with APPsw. The con-
tents of AGE and levels of Aff ana-
lyzed by sandwich ELISA showed
that the production of AGEs was
significantly reduced under Trien
treatment (C), and the generation of
Ap 1-40 and Ap 1-42 in APPsw
cells (D, E). All values are mean+
SEM (n=3). *p<0.05, p**<0.01 ver-
sus the control group (one-way
ANOVA and Student’s t-test).

Previous studies have indicated that AGE/RAGE interac-
tions were linked to early AD pathology (47, 64), and that
RAGE activation potentiated Ap-induced perturbation of
neuronal function (2). A recent study suggested that
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activation of the AGEs/RAGE axis upregulated BACE1 via
the NF-«B pathway (35). To further investigate the mecha-
nism underlying Trien-mediated downregulation of BACE1
and mitigation of amyloidosis, we analyzed the effects of
Trien on the AGE/RAGE/NF-«B signal in vitro. We examined
the expression of BACE1 protein in APPsw cells with pento-
sidine, a biomarker for AGE, and the RAGE agonist S100B.
Incubation time and doses of agonist or inhibitor were

WANG ET AL.

selected based on the western blot detection and LDH assays
(Fig. 9A, B). Cells were pretreated for 6h with 1 uM of pen-
tosidine and 10 pg/ml of S100B prior to the addition of either
Trien or inhibitor and activator. Pentosidine or S100B treat-
ment induced significant increases in RAGE and BACE1
protein level in APPsw cells compared with controls (Fig. 9C,
D). This effect was reversed by Trien treatment (Fig. 9C, D).
The protein expression of RAGE and BACE1 was significantly
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FIG. 9. Trien-induced downregulation of BACE1 via the inhibition of AGE/RAGE/NF-kB pathway in APPsw cells. (A)
Western blot assays indicted that the protein levels of BACE1 were induced after incubating with 1 uM pentosidine (a
biomarker for AGE) or 10 ug/ml S100B (RAGE agonist) after 3h and up to 24h in APPsw cells. (B) LDH measurement
showed that there were no significant alterations in cell viability in APPsw cells exposed to 1 uM pentosidine, 10 ug/ml
S100B, 20 uM JSH-23 (NF-«B activation inhibitor), or 30 ng/ml PMA (NF-«B activator) for 6 h. The above interventions were
used in the subsequent experiments in cultured cells. (C) Western blot analysis showed that Trien reversed the increase of
pentosidine-triggered RAGE and BACEI1 protein expression in APPsw cells, and the function of J[SH-23. (D) S100B treatment
induced increases in the levels of RAGE and BACE1 in APPsw cells. The effects were reversed by adding Trien to culture cells
pretreated with S100B, similar to JSH-23. (E) The inhibitions caused by Trien on pentosidine- or S100B-induced BACEI1
mcrease were partly blocked by NF-xB actlvator PMA. All values are meant SEM (n=3). *p<0.01 versus control group,

#p<0.01 vs. pentosidine-treatment group, **p <0.01 versus S100B-treated group, *p <0.01 versus PMA addition group (one-
way ANOVA post hoc Fisher’s PLSD).



TRIENTINE DOWNREGULATES BACE1 VIA AGE/RAGE/NF-xB PATHWAY

increased to 126.07% + 14.05% of control and 145.59% +8.71%
of control, respectively, with pentosidine administration.
These effects were reversed by either Trien or NF-xB activa-
tion inhibitor II, JSH-23 (20 uM). In APPsw cells preincubated
with pentoside and then treated with Trien, the levels of
RAGE and BACE1 were reduced to 80.65%*8.60% of pen-
tosidine-treated alone [F(5,12)=8.26; p<0.01; Fig. 9C] and
79.93%+6.81% of pentosidine-treated alone [F(5,12)=26.26;
p<0.01; Fig. 9C]. The S100B-induced increases of RAGE and
BACEL1 protein expression were 151.47% *8.87% of control
and 151.21%+19.26% of control, respectively. In cells pre-
treated with S100B, Trien treatment decreased RAGE protein
expression to 74.86%+12.47% of S100B treatment alone
[F(5,12) =47.35; p <0.01; Fig. 9D] and decreased BACE protein
level to 73.26%%3.71% of S100B treatment alone
[F(5,12)=21.32; p<0.01; Fig. 9D]. To evaluate whether Trien-
induced inhibition of pentosidine- or S100B-triggered BACE1
upregulation occurred via the suppression of NF-xB, we used
the NF-«xB activator PMA. Indeed, PMA partly attenuated
Trien-mediated inhibition of pentosidine- or S100B-triggered
BACEI1 upregulation (p <0.01; Fig. 9E).

Discussion

Trien is a potent and selective copper chelator that works to
ameliorate the symptoms of Wilson’s disease by facilitating
the excretion of copper. Recent studies demonstrated that
Trien may be a potential therapeutic option for several sec-
ondary complications of diabetes. Trien reversed LV damage
in diabetic rats, ameliorated LV hypertrophy in humans with
T2DM (23), decreased symptoms of cardiomyopathy in the
Zucker T2DM rat (5), reduced the concentration of MDA in
diabetic rats (55), and improved motor nerve conduction ve-
locity in streptozotocin-induced diabetes rats (16). Shared
characteristics of diabetes and AD, such as oxidative stress,
vascular disease, and formation of localized protein aggre-
gates, suggest there may be a common underlying pathogenic
mechanism. Indeed, the Cu (I) chelator, D-penicillamine, has
been shown to effectively resolubilize copper-Af1-42 aggre-
gates (25). In addition, tetrathiomolybdate, a copper-binding
agent, attenuated amyloid pathology in the Tg2576 Tg mouse
(59), and Trien and a compound containing Trien were shown
to solubilize Af from postmortem AD tissues and C100 AD
model mice (19). However, there existed no detailed report of
the therapeutic effects of Trien on AD in vivo and in vitro.

In the current study, the effects of Trien on several AD
phenotypes in the APP/PS1 mouse brain were examined.
Oral administration of Trien for 3 months did not affect body
weight or alter the levels of Cu, Fe, and Zn in serum or brain,
suggesting that the drug was well tolerated by the animals
(24). Copper transporters in humans are complex molecular
machines that regulate intracellular copper concentration,
and they critically facilitate copper-dependent enzyme bio-
synthesis (48). We assayed the expression of various copper
transport proteins, including CTR1, ATP7A, and ATP7B in
the APP/PS1 mouse brain and found that Trien treatment did
not alter their levels. On the other hand, we found that Trien
treatment was neuroprotective in APP/PS1 mouse brain by
increasing SOD1 activity, reducing AGE contents, reducing
the oxidative stress product MDA, and attenuating amy-
loidosis. Trien significantly reduced the levels of Af1-40 and
Ap1-42, significantly attenuated aggregation of Af oligo-
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mers, and it markedly reduced the formation of Af plaques in
APP/PS1 mouse brain. Meanwhile, Trien treatment reduced
copper and zinc accumulation in the plaques. In addition, the
loss of synaptic markers correlates with the disease progres-
sion and cognitive decline in AD (67). In the present study,
Trien administration reduced the loss of SYP and SNAP-25
signals, which further revealed its therapeutic potentials on
mitigating AD-like pathologies.

Ap is derived from sequential cleavage of APP by the
amyloidogenic f-secretases and y-secretases. The abnormal
aggregation of Af is intimately linked to the pathogenesis of
AD (36, 37, 71). Therefore, we then examined the effects of
Trien on the f-secretase BACE1, and the y-secretase complex,
PS1, Nicastrin, APH1o, and Pen2. In this study, Trien treat-
ment did not significantly affect y-secretase activity or protein
expression. However, Trien treatment did reduce the activity
and protein expression of BACE1. Quantitative real-time PCR
assays showed that Trien administration did not alter BACE1
mRNA levels, which indicated that Trien-mediated down-
regulation of BACE1 expression occurred at the level of pro-
tein expression only.

Several lines of study have observed that AGE-mediated
pathology is via reactive oxygen species (17, 58). Increased
levels of extracellular AGEs have been found in Af plaques
(62). RAGE is a multiligand transmembrane receptor that can
bind AGE, Af, amphoterin, S100B, and other ligands (7, 27,
63). Tg mice that express mutant human APP and RAGE in
neurons display functional and pathologic neuronal pertur-
bations that precede Afi and plaque formation in cerebrum
(2). RAGE functions as a transporter of Af5, and RAGE asso-
ciation with Ap results in increased Af influx into the brain
across the blood-brain barrier (27, 28). Increased RAGE levels
may coincide with the onset of AD (52). Most importantly,
activation of RAGE stimulates functional BACE1 expression
and potentiates A production and deposition (21), whereas,
blockade of RAGE suppresses Aff aggregation (27). In the
present study, we observed that AGE and RAGE levels are
markedly reduced in Trien-treated APP/PS1 mouse brain.
Immunofluorescent double labeling revealed the colocaliza-
tion of RAGE and Af in the APP/PS1 mouse brain. This
supports the model of RAGE-mediated transport of Af.

Further, we elucidated the mechanism underlying Trien-
induced inhibition of RAGE and downregulation of BACE1.
The elevation of RAGE, the oxidative stress marker, could
activate cell signaling pathways such as NF-xB and Nrf2 in
AD (13). NF-xB pathway is a representative transcription
factor activated by RAGE-ligand interactions (34, 41), and
BACE1 promoter activity was regulated by NF-«B (6). Re-
cently, Guglielmotto and colleagues observed that AGEs/
RAGE complex upregulated BACE1 through NF-«B activa-
tion (35). To determine whether downregulation of BACE1
protein by Trien in APP/PS1 mice was via the same pathway,
we analyzed NF-xB in the nuclear extract of brain tissue. The
results showed that Trien treatment in the mice reduced total
NF-xB and NF-xBp65 levels, and reduced NF-xBp65 immu-
noreactivity in Af plaques. Further, we observed in vitro that
pentosidine (a biomarker for AGE) and S100B (a RAGE ago-
nist) induced the activation of BACE1 in APPsw cells, and that
JSH-23 (NF-xB activation inhibitor IT) blocked this effect. Our
data are in strong agreement with a previous study that
described RAGE-mediated activation of BACE1 through the
NF-«B pathway (35). Most interestingly, Trien treatment



2034

suppressed pentosidine- or S100B- triggered upregulation of
BACE], and this effect was partly attenuated by the NF-«xB
activator PMA, suggesting that a component of Trien down-
regulation of BACE is through inhibition of NF-«B.

Our findings add to a growing consensus that dysregula-
tion of copper plays an important role in the progression of
AD. The copper chelator Trien alleviates several cellular ab-
normalities in AD mouse model animals including decreased
SOD1, elevated MDA and AGEs, and amyloidosis.

Materials and Methods
Animals and treatment

APP/PS1 (APPswe/PSEN1dE9) double-Tg mice were ob-
tained from the Jackson Laboratory (West Grove, PA). Mice
were maintained in a controlled environment (22°C-25°C,
40%—-60% relative humidity, and 12 h light/dark cycle) with a
standard diet and distilled water available ad libitum. All ex-
perimental procedures using animals were designed to min-
imize suffering and the number of subjects used. These
studies were carried out in accordance with the guidelines for
the care and use of medical animals established by the Min-
istry of Health, Peoples Republic of China (1998) and the
ethical standards for laboratory animals of China Medical
University.

Seven-month-old, female APP/PS1 double Tg mice were
randomly divided into three treatment groups (n=6 in each
group): vehicle control, 60mg/kg Trien (Sigma-Aldrich,
St. Louis, MO), and 180 mg/kg Trien. Trien was administered
by oral gavage once a day for 3 months, and vehicle control
mice were given physiological saline (100 ul). Body weight
and general health of the mice were monitored daily.

Tissue preparation

Twenty-four hours after the last oral gavage treatment of
either Trien or vehicle, mice were anesthetized with sodium
pentobarbital (50mg/kg, intraperitoneally), and venous
blood was collected from the retro-orbital sinus. Animals
were then transcardially perfused with saline and sacrificed
by decapitation. The brains were immediately removed and
dissected in half on an ice-cold board. One was prepared for
morphological assessment. The other half was frozen at
—80°C for biochemical analyses.

Atomic absorption spectrum

Copper levels in the temporal lobe, parietal lobe, frontal
lobe of cortex and hippocampus of 7-month-old APP/PS1
mice and age-matched C57BL/6 mice were measured as
previously described with minor modifications using a po-
larized Zeeman atomic absorption spectrophotometer (Model
180-80; Hitachi, Tokyo, Japan) (59). After 3 months Trien
treatment, the levels of copper, iron, and zinc in the serum and
cortex of APP/PS1 mice were also determined. Briefly, sam-
ples were weighed and digested in 0.5-2ml of concentrated
nitric acid (~ 69.5%) overnight and then centrifuged at 15,000
g for 10min. The supernatants were sequentially diluted to
yield a final nitric acid concentration of 35%. Samples were
diluted further with 2% nitric acid so that they were in the
linear absorption range of the calibration curve (1-10ppb
[ng/L]). Twenty microliters of each sample was injected, and
the injection time depended on the standard deviation of the
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measurement. Metal ion concentration of the sample was
extrapolated from a calibration curve.

Autometallography

Autometallography was performed according to previ-
ously reported procedure with minor modifications (26).
Briefly, fresh brain slices (2mm) were cut with a vibratome
and immersed in a mixture of 3% glutaraldehyde in 0.15 M
phosphate buffer (pH 7.4) at 4°C for 24 h. The brain slices were
placed in 30% sucrose overnight at 4°C. Ten micrometer cor-
onal cryostat sections were prepared. Brain sections were in-
cubated in the autometallography developer at room
temperature for 1h. After a 1-min wash in running water, the
sections were fixed in 10% sodium thiosulfate for 10 min to
yield silver grains at the sites of Cu deposition. After several
washes with distilled water, the sections were then dehy-
drated, covered, and examined with a microscope equipped
with a digital camera (Model DP71; Olympus, Tokyo, Japan).

TSQ staining

TSQ fluorescence staining was performed as previously
described (32, 42). Briefly, without fixation, cryostat brain
sections (20 um) were prepared and immersed in a TSQ so-
lution buffer (pH 10.5) containing 4.5 uM TSQ (Molecular
Probes, Eugene, OR), 140 mM sodium barbital, and 140 mM
sodium acetate for 1 min. TSQ binding was imaged with a
fluorescence microscope (Model DP71; Olympus).

Immunofluorescence and confocal
laser scanning microscopy

Coronal paraffin sections (6 um) were dewaxed, rehy-
drated, and then treated in 0.1 M Tris-HCI buffer (pH 7.4)
containing 3% hydrogen peroxide for 5min. After three wa-
shes with Tris-buffered saline (TBS), sections were boiled in
Tris, EDTA, and glycine buffer (TEG, pH 8) for 5min in a
microwave oven. After washing, the sections were blocked
with 3% normal bovine serum albumin for 30 min. The slides
were incubated with mouse anti-Apf (1:500; Sigma-Aldrich) at
room temperature overnight. Negative control sections were
identically treated except for the exclusion of the primary
antibodies. Following washes, sections were incubated with
DyLight 488-labeled goat anti-mouse IgG (1:100; Jackson
ImmunoResearch Laboratories, West Grove, PA) for 2h at
room temperature. The sections were mounted with an anti-
fade mounting medium and examined using a microscope
(Model DP71; Olympus). Analysis was performed using
Image-Pro Plus 6.0 software.

For immunofluorescent double staining, sections or cell
cultures were blocked with normal donkey serum (1:20;
Jackson ImmunoResearch Laboratories) and incubated over-
night with either mouse anti-Af (1:500; Sigma-Aldrich) and
rabbit anti-SYP (1:200; Abcam, Cambridge, United Kingdom),
mouse anti-Af and rabbit anti-RAGE (1:50; Santa Cruz Bio-
technology, Santa Cruz, CA), or mouse anti-Af and rabbit
anti-NF-xB p65 (1:100; Santa Cruz Biotechnology). Subse-
quently, samples were incubated in DyLight 488-labeled goat
anti-mouse IgG, Texas Red-conjugated donkey anti-rabbit
IgG (1:100; Jackson ImmunoResearch Laboratories) at room
temperature for 2h. The sections and cultured cells were
mounted and examined using a confocal laser scanning
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microscope (Model SP2; Leica, Wetzlar, Germany). Images
were collected and analyzed using Nikon EclipseNet and Im-
age ] software (National Institutes of Health, Bethesda, MD).

Western blotting

Homogenates of APP/PS1 mouse brain and treated cells
were lysed in RIPA buffer (150 mM NaCl, 1% Nonidet P-40,
0.5% deoxycholic acid, 0.1% sodium dodecyl sulfate (SDS),
and 50 mM Tris, pH 8.0) containing protease inhibitor cocktail
(Sigma-Aldrich) and then centrifuged at 15,000 g for 30 min at
4°C. The supernatants were collected and total protein levels
were measured using a UV 1700 PharmaSpec ultraviolet
spectrophotometer (Shimadzu, Tokyo, Japan). Thirty micro-
grams of protein was loaded onto 10% SDS polyacrylamide
gels and transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore, Billerica, MA). After blocking with 5%
non-fat milk in TBS containing 0.1% Tween-20 for 1h, trans-
ferred PVDF membranes were probed overnight with the
following antibodies: rabbit anti-amyloid oligomer (1:500;
Millipore), rabbit anti-SYP (1:2000; Abcam), rabbit anti-
SNAP-25 (1:1000; Abcam), rabbit anti-BACE1 (1:1000; Sigma-
Aldrich), rabbit anti-PS1 (1:1000; Abcam), rabbit anti-APH1a
(1:500; Abcam), rabbit anti-nicastrin (1:1000; Abcam), rabbit
anti-Pen2 (1:200; Invitrogen, Carlsbad, CA), rabbit anti-APP
(1:4000; Chemicon, Temecula, CA), rabbit anti-p-APP668
(1:1000; Cell Signaling Technology, Danvers, MA), rabbit anti-
RAGE (1:200; H-300, Santa Cruz Biotechnology), rabbit anti-
NF-xB p65 (1:1000, C-20; Santa Cruz Biotechnology), rabbit
anti-CTR1 (1:500; Abcam), rabbit anti-ATP7A (1:200; Sigma-
Aldrich), rabbit anti-ATP7B (1:200; Sigma-Aldrich), and
mouse anti-GAPDH (1:10,000; Kangchen Biotech, Shanghai,
China). Immunoblots were washed and treated with the ap-
propriate species horseradish peroxidase (HRP)-conjugated
secondary antibody (1:5000; Santa Cruz Biotechnology), and
immunological complexes were visualized by enhanced che-
miluminescence (Pierce, Rockford, IL) using the ChemiDoc
XRS system and the accompanying Quantity One software
(Bio-Rad, Hercules, CA). The immunoreactive bands were
quantified using Image-pro Plus 6.0 analysis software.

Cell culture and drug treatments

Human neuroblastoma SH-SY5Y cells stably transfected
with Swedish mutant APP (APPsw) were grown as previ-
ously described (77). The cells at ~80% confluence were
treated with a biomarker for AGEs, pentosidine (Santa Cruz
Biotechnology), RAGE agonist S100B (Millipore), NF-«B ac-
tivation inhibitor II (Millipore), Trien, NF-xB activator, or
phorbol myristate acetate (PMA; Sigma-Aldrich) as indicated.
Untreated culture cells were used as the vehicle control.

Measurement of Cp, SOD1, B-secretase
and y-secretase activities, and MDA contents

Plasma Cp activity was measured using the oxidase
method (66). Briefly, 7.5 ul of plasma was treated with 75 ul of
100mM sodium acetate (pH 6.0) at 37°C for 5min. Thirty
microliters of prewarmed aqueous o-dianisidine dihy-
drochloride solution (2.5mg/ml) was added to each sample
and incubated another 5min at 37°C. For the first time point,
half of the sample was quenched with 150 ul of 9 M sulfuric
acid (t1). The remainder of the solution was incubated for
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15min at 37°C, and quenched as described above (t2). Ab-
sorbance (Abs) of each sample was read at 540 nm. The en-
zymatic activity of Cp was calculated from the following
equation: Activity (U/ml)=416 x (Abs t2— Abs t1) (59).

SODI1 activity in the frontal cortex or cell lysates was de-
tected using a Superoxide Dismutase Activity Colorimetric
Assay Kit (Abcam). Brain tissue or cells were lysed in ice-cold
buffer containing 0.1M Tris/HCI, pH 7.4 with 0.5% Triton
X-100, 5mM f-mercaptoethanol, and 0.1 mg/ml PMSF.
Samples were centrifuged at 15,000 g for 5min. According to
the manufacturer’s instructions, the supernatant was diluted
by 1:19 with the assay buffer solution, and the absorbance was
read at 450nm using a microplate reader (Tecan Group,
Maennedorf, Switzerland).

MDA levels in the frontal cortex homogenates were ana-
lyzed using a Malondialdehyde Colorimetric Assay Kit ac-
cording to the manufacturer’s instructions (Jiancheng Biology,
Nanjing, China). The absorbance was read at 532 nm using a
microplate reader.

y-secretase and ff-secretase activities in frontal cortex or cell
lysates were detected by using specific peptides conjugated to
the reporter molecules EDANS and DABCYL (R&D Systems,
Minneapolis, MN). Briefly, brain tissues or treated cells were
incubated in extraction buffer for 1Th on ice, homogenized,
and centrifuged at 15,000 g for 2min. The supernatant was
mixed with 2Xreaction buffer and 5ul of substrate. The
samples were incubated at 37°C away from light for 2h and
read on a fluorescent microplate reader.

NF-«B activity was measured according to the protocol
described previously (35). Briefly, nuclear extract was isolated
from brain tissue homogenates using the Nuclear Extract Kit
(Active Motif, Rixensart, Belgium). Samples were added onto
a 96-well plate immobilized with an oligonucleotide con-
taining an NF-«xB consensus binding site (5-GGGACTTTCC-
3’) specific for the active form of NF-«xB. Next, the primary
antibody against the active form of NF-«B total and p65
subunits was added to the wells, and after thoroughly rinsing,
the secondary HRP-conjugated antibody was added. The
absorbance was measured by spectrophotometry at 450 nm.

Real-time PCR

Total RNA was isolated from cerebral cortex tissues using
TRIzol (Invitrogen) according to the manufacturer’s instruc-
tions. Two micrograms of total RNA from each tissue sample
was reverse transcribed using the Prime Script™ RT Reagent
Kit (Takara, Otsu, Japan) and the following reverse tran-
scription program: 37°C for 15min, 85°C for 5s. Quantitative
PCR was performed with the SYBR Green PCR Master mix
(Applied Biosystems, Inc. [ABI], Foster City, CA) using an
ABI 7300 Sequence Detection System. Fifty nanograms sam-
ples of cDNA were added to the reaction mixtures. Cycling
conditions included preincubation at 50°C for 2 min, DNA
polymerase activation at 95°C for 5min, and 40 cycles of de-
naturing at 95°C for 30 s and annealing and extension at 58°C
for 30s. Each cDNA sample was tested in triplicate. The fol-
lowing PCR primers were used for quantification: BACE1:
forward, GGC AGT CTC TGG TAC ACA CC and reverse,
ACT CCT TGC AGT CCA TCT TG; RAGE: forward, CCC
TGA GAC GGG ACT CTT TA and reverse, GTT GGA TAG
GGG CTG TGT TC; NF-«B p65: forward, GGC GGC ACG
TTT TAC TCT TT and reverse, CCG TCT CCA GGA GGT



2036

TAA TGC; p-actin: forward, GTA TGA CTC CAC TCA CGG
CAA A and reverse, GGT CTC GCT CCT GGA AGA TG.
Expression was calculated using cycle time (Ct) values nor-
malized to f-actin, and relative differences between control
and treatment groups were expressed as a percentage relative
to control.

Sandwich ELISA

For Af detection, the cortex of mice was placed in either ice-
cold 20mM Tris, pH 8.5 (soluble) or 5 M guanidine HCl/
50 mM Tris-HCI, pH 8.0 (insoluble), and thoroughly ground
with a hand-held motor. The homogenate was diluted with
dilution buffer plus protease inhibitor cocktail centrifuged at
15,000 g for 30 min at 4°C, and the resultant supernatant was
collected. For determination of Af secretion in vitro, culture
medium of treated cells was collected. The levels of Aff 1-40
and Ap 1-42 were measured using human A 1-40 ELISA Kkits
(Invitrogen) and Af1-42 ELISA kits (Invitrogen), respec-
tively, according to the manufacturer’s instructions.

For quantification of AGE levels, mouse brain homogena-
tes were centrifuged for 30 min at 1000 g. For the measure-
ment of AGE in vitro, treated cells were collected and lysed.
The levels of AGE were detected using an AGE ELISA kit (Cell
Biolabs, Inc., San Diego, CA) per the manufacturer’s instruc-
tions. The samples were read at 450 nm.

Statistical analysis

All values are presented as mean+SEM. Statistical signifi-
cance between vehicle and Trien treatment was determined
by one-way analysis of variance (ANOVA) followed by post
hoc Bonferroni or Tamhane’s T, test when appropriate. All
other comparisons were analyzed by one-way ANOVA with
post hoc Fisher’s PLSD. Results were reported to be highly
statistically significant if p <0.01 and statistically significant if
p<0.05.
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Abbreviations Used
Ap = f-amyloid
AD = Alzheimer’s disease
AGE =advanced glycation end products
APP =amyloid precursor protein
APPsw =human APP Swedish mutation
BACE1 = f-site APP cleaving enzyme 1
Cp = ceruloplasmin
CTR1 = copper transporter 1
HRP = horseradish peroxidase
LDH = lactate dehydrogenase
LV =left ventricular
MDA = malondialdehyde
PLSD = protected least significant difference
PS1 = presenilin-1
PVDEF = polyvinylidene fluoride
RAGE =receptor for advanced glycation end
products
SDS = sodium dodecyl sulfate
SNAP-25 = synaptosomal-associated protein 25-kDa
SOD1 = superoxide dismutase 1
SYP = synaptophysin
T2DM = type 2 diabetes mellitus
TBS = Tris-buffered saline
Tg = transgenic
TSQ = N-(6-methoxy-8-quinolyl)-p-
toluenesulfonamide




