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Abstract

Cerebral amyloid-f (Af) accumulation due to impaired A clearance is a pivotal event in the pathogenesis of Alzheimer’s
disease (AD). Considerable brain-derived Af is cleared via transporting to the periphery. The liver is the largest organ
responsible for the clearance of metabolites in the periphery. Whether the liver physiologically clears circulating A and its
therapeutic potential for AD remains unclear. Here, we found that about 13.9% of AB42 and 8.9% of Ap40 were removed
from the blood when flowing through the liver, and this capacity was decreased with AP receptor LRP-1 expression down-
regulated in hepatocytes in the aged animals. Partial blockage of hepatic blood flow increased Ap levels in both blood and
brain interstitial fluid. The chronic decline in hepatic AP clearance via LRP-1 knockdown specific in hepatocytes aggravated
cerebral AP burden and cognitive deficits, while enhancing hepatic A clearance via LRP-1 overexpression attenuated cer-
ebral A deposition and cognitive impairments in APP/PS1 mice. Our findings demonstrate that the liver physiologically
clears blood AP and regulates brain A levels, suggesting that a decline of hepatic AP clearance during aging could be
involved in AD development, and hepatic A clearance is a novel therapeutic approach for AD.
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Introduction

Alzheimer’s disease (AD) is the most common type of
dementia, and few disease-modifying treatments are
available to halt or slow its progression to date. Cerebral
B-amyloid (AP) accumulation is a pivotal event in the
pathogenesis of AD [12]. Impairment of AP clearance is
considered the main cause of sporadic AD, which accounts
for 99% of all AD cases [29]. Recently, two disease-modi-
fying drugs, aducanumab and lecanemab, have shown ben-
eficial efficacy in phase 3 trials in patients with early AD,
and have been approved for the treatment of AD [1, 3, 38].
The breakthrough of AP antibodies in clinical trials sug-
gests that AP clearance is an effective way to prevent and
treat AD, and also indicates the critical role of Af clear-
ance dysfunction in AD pathogenesis. Therefore, under-
standing the mechanism of Af clearance from the brain
could be crucial to establish interventions for AD [14, 28].

AD is traditionally considered a disease of the brain
itself. However, the pools of AP in the brain and the
periphery communicate with each other [39]. Approxi-
mately 40-60% of brain-derived AP is cleared through
transport into the periphery via the blood—brain barrier,
glymphatic-lymphatic pathway, etc. [25, 42]. However,
where and how brain-derived AP peptides are cleared in
the periphery remains unclear.

The liver is the largest organ responsible for clearing
metabolites from the blood [9, 11]. Hepatic dysfunction
is linked to both cognitive decline and AD in humans [22,
23]. A genome-wide meta-analysis indicates that some
AD-associated risk genes, such as APOE, CLU, ABCA7,
etc., are highly expressed in liver cells [15]. These findings
suggest that the liver might play a critical role in Af clear-
ance and AD pathogenesis. This study aimed to investigate
the physiological function of the liver in clearing Af from
the blood and its role in regulating brain Af deposition and
to explore the therapeutic potential of liver-mediated A
clearance for AD.

Materials and methods
Subjects

This study was approved by the Institutional Review Board
of Daping Hospital, Third Military Medical University,
Chongqing, China. To investigate the impact of liver aging
on AP clearance, 84 cognitively normal subjects aged from
40 to 90 years, whose data on blood AP and hepatic func-
tion were available, were enrolled from the Chongqing
Ageing and Dementia Study (CADS) cohort. To observe
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the impact of liver disease on AP clearance, 53 patients
with liver cirrhosis and 38 age- and gender-matched con-
trols with normal hepatic function were included from
Daping Hospital (Supplementary Table 1). Subjects were
excluded from the study if they had severe cardiac, pulmo-
nary, or kidney diseases, tumors, or experienced cerebral
vascular events or complaints of cognitive dysfunction.
The hepatic function indexes were extracted from the
case system, including serum total bilirubin (TBIL), ala-
nine aminotransferase (ALT), aspartate aminotransferase
(AST), and ALT/AST ratio.

Animals

All these procedures in the present study were approved
by the Animal Ethics Committee of Third Military Uni-
versity (Ethics Approval ID: AMUWEC20191346).
APPswe/PS1dE9 transgenic (Tg) mice on a C57BL/6
background and C57BL/6 wild type (WT) mice were
obtained from the Jackson Laboratory (Allele Sym-
bol: B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax,
RRID:MMRRC_034832-JAX) and bred in the animal facil-
ity of Daping Hospital. Female mice were used in our study
to eliminate the potential impacts of sex on AD pathologies.
Three-month-old female rabbits were used to investigate
the differences in Ap levels between hepatic inflow and out-
flow blood. Three-, 6-, 18-, and 36-month-old female rabbits
were used to explore the change in hepatic Ap clearance
with aging. Five milliliters of blood was collected from the
hepatic artery, portal vein, and posterior vena cava vein.
Sixty percent of A in the portal vein and 40% of Ap in
the hepatic artery were considered to constitute the total A
amount in liver inflow blood, and the A level difference
between the posterior vena cava vein before and after con-
verging with the liver vein was considered to be the total AP
amount in liver outflow blood in the present study [4, 7]. The
plasma was separated immediately after blood collection.

Parabiosis

To demonstrate AP uptake by the liver, we selected 6- to
9-month-old APPswe/PS1dE9 transgenic (Tg) mice and
their age- and weight-matched WT littermates (n=3 in each
group) on a C57BL/6 background to establish a parabio-
sis model following our previous study [43]. All the mice
were bred in the animal facility of Daping Hospital. All
mouse husbandry procedures were approved by the Third
Military Medical University Animal Welfare Committee.
Female Tg mice were used in this parabiosis experiment to
exclude the influence of sex on brain A deposition. Each
pair of mice was placed together in a cage for 1 month to
allow the mice to adapt to each other. Female Tg mice and
their age- and weight-matched female WT littermates were
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selected for parabiosis from 6 months of age to 9 months of
age (n=3 per group). The parabiosis surgery was conducted
as described in a previous study [43]. Briefly, animals were
anesthetized and placed in a parallel orientation. A left lat-
eral incision was made on one mouse, while a right inci-
sion was made on the partner mouse, extending from the
base of the ear towards the hip. The incision included skin
and muscle along the thorax and abdomen. The opposing
muscle layers of the two mice were joined with 5-0 silk
sutures. The scapulae of the mice were fixed together with
4-0 silk sutures. The corresponding dorsal and ventral skin
was sutured with 4-0 silk. After the surgery, the parabiotic
mice were allowed to recover in a warm and clean environ-
ment before being transferred into the husbandry area. Pro-
phylactic antibiotic treatment (enrofloxacin, 5 mg/kg) was
started 1 day before the surgery and continued for 1 week.
All animals received analgesic/anti-inflammatory treatment
(acetylsalicylic acid 5 mg/kg) for 2 weeks.

Hepatic portal vein ligation and microdialysis

Six-month-old AD mice were subjected to hepatic portal
vein ligation (PVL) and microdialysis experiments (n =5
in each group). Microdialysis was performed as previously
described [19]. In brief, a guide cannula (Microbiotech se/
AB, Sweden) was stereotactically implanted in the right hip-
pocampus (A/P: —2.0 mm, M/L: 2.0 mm, D/V: —2.0 mm)
and fixed using binary dental cement. After a recovery
period of at least 7 days, PVL surgery was conducted.
Briefly, surgical procedures were conducted under inha-
lation anesthesia consisting of a mixture of 3% isoflurane
and pure oxygen at a flow rate of 0.5 L/min (RWD Life
Science Co., Ltd., China). Following skin disinfection, the
abdominal cavity was opened via a transverse upper abdomi-
nal incision. The intestine was removed and covered by wet
gauze. Portal vein branches were dissected from the artery
and bile duct and then ligated with surgical sutures using an
operating microscope. Then, a probe with a 100 kDa cutoff
(Microbiotech se/AB, Sweden) was inserted through the
guide cannula. The probe was connected to a microdialy-
sis peristaltic pump (CMA, Sweden), which was operated
in push—pull mode. Artificial cerebral spinal fluid (ACSF)
containing 4% human albumin solution was introduced at a
flow rate of 1 pL/min for interstitial fluid (ISF) collection.

In vivo optical near-infrared imaging of liver AR
uptake

Three-month-old mice were used to detect hepatic Ap40 and
Ap42 distribution over time (n=3). Three- and 15-month-
old mice were used to investigate the changes in fluorescence
intensity in the liver area with aging (n=3 in each group).
Mice underwent surgical abdominal skin preparation and

fasted 24 h in advance to avoid fluorescent signal interfer-
ence by hair and fodder. Cy5.5-labeled AP (200 uL, 1 ng/
mL) (RuiXiBio, Xian, China) was administered to mice via
tail vein injection. Then, the fluorescence intensity of the
liver area in the upper right abdomen of mice was dynami-
cally detected every 2 h. Near-infrared imaging was per-
formed on an IVIS® Lumina III In Vivo Imaging System
(PerkinElmer, USA). The data were analyzed by IVIS Living
Image Software. All parameters consist of photo adjustment,
and individual image color scales are consistent.

Primary hepatocyte isolation and flow cytometry

For evaluation of hepatocyte Ap uptake capacity with age,
primary hepatocytes of 3- and 15-month-old mice (n=35 in
each group) were isolated as previously reported [5, 31].
The liver was washed by perfusion, and hepatocytes were
dissociated by collagenase, separated from other cells, and
cultured with FITC-labeled Ap42 (GL Biochem (Shanghai),
Ltd.) for flow cytometry. In brief, the livers of APP/PS1
mice were first perfused with calcium and magnesium-free
Hank’s balanced salt solution containing 10 nM Ethylene
Glycol Tetraacetic Acid (EGTA) and 10 nM N-2-hydroxy-
ethylpiperazine-N-2-ethanesulfonic acid (HEPES) at 5 mL/
min for 10 min. The liver was sequentially perfused with
low-glucose DMEM containing 25 pg/mL Liberase (Lib-
erase™ Research Grade, Sigma-Aldrich, USA) at 5 mL/min.
All perfusion solutions were preheated and maintained at
37 °C before use.

Then, the liver was dissected gently, the gallbladder was
removed, and the liver was placed in a dish with low-glucose
DMEM. The liver sack was ruptured with fine tip forceps
in a few locations along the liver surface, and the cells were
gently released and centrifuged at 50g for 2 min. The super-
natant was aspirated, 5 mL of low-glucose DMEM contain-
ing 10% fetal bovine serum (FBS) was added, and the cells
were resuspended by swirling the tube. The cell suspension
was mixed with CD45 and CD146 microbeads. The CD45
antigen is expressed on all cells of hematopoietic origin
except erythrocytes and platelets, and the CD146 antigen has
been developed to isolate mouse liver sinusoidal endothe-
lial cells (LSECs). The CD45(—) CD146(—) cells removed
from the total cell suspension were regarded as hepatocytes.
Then, the mixed cell suspension was loaded onto a MACS®
Column, which was placed in the magnetic field of a MACS
separator. The magnetically labeled CD45(+) and CD146(+)
cells were retained on the column. The unlabelled cells ran
through, and this cell fraction was depleted of CD45(+) and
CD146(+) cells and were considered hepatocytes [21].

Isolated hepatocytes were resuspended in low-glucose
DMEM with 10% FBS and 1% penicillin/streptomycin and
adjusted to a concentration of 2 x 10° cells/mL. For analy-
sis of the uptake of AP, hepatocytes were incubated with
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FITC-Ap42 (1 pg/mL) (GL Biochem, Shanghai, China) for
1 hat 37 °C in a 5% CO, incubator. Following incubation,
the cell suspensions were discarded, and adherent cells were
detached from the well plate with 0.25% trypsin and washed
with fluorescence-activated cell sorting (FACS) buffer twice
fixed with 1% paraformaldehyde. Flow cytometry was per-
formed on a NovoCyte Flow Cytometer (Beckman Coul-
ter, CA, USA). The data were analyzed by the CytExpert
software based on forward and side scatter and the mean
fluorescence intensity. For consistent testing conditions, a
gating strategy was designed and applied equivalently across
all study samples.

Liver-specific LRP-1 knockdown

and adeno-associated virus (AAV)-mediated
expression of the mini LRP-1 gene (mLRP-1)
in the liver

To investigate the chronic impacts of damaged liver A clear-
ance on brain AD-related pathologies, we injected 3-month-
old APP/PS1 mice with liver-specific LRP-1 knockdown
virus [rAAV2/8-hTBG-shRNA(Lrp1)-eGFP-WPRE-pA]
and control virus [rAAV2/8-hTBG-shRNA(scramble)-
eGFP-WPRE-pA] (BrainVTA, China) via the tail vein,
and mice were sacrificed and analyzed at 9 months of age
(n=9 in each group). In addition, to determine the treatment
effect of enhanced liver LRP-1-mediated A clearance, the
previously reported LRP-1 minigene (mLRP-1) containing
the LRP-IV extracellular domain and the intracellular cyto-
plasmic domain of the LRP-1 gene was packaged into liver-
specific AAV vector particles [24], and 6-month-old APP/
PS1 mice subjected to virus (AAV2/8-hTBG-Lrpl_mini_
DomlIV-3HA-pA) and (AAV2/8-hTBG-eGFP-WPRE-pA)
injection (Taitool Bioscience, China) were sacrificed and
analyzed at 12 months of age (n="7 in each group). The plas-
mid information of the LRP-1 minigene was kindly provided
by Dr. Berislav V. Zlokovic at Zilkha Neurogenetic Institute,
University of Southern California.

Brain sampling

The brains were sampled and weighed. The right hemi-
spheres were fixed in 4% paraformaldehyde (pH 7.4) at 4 °C
for 24 h and then incubated with 30% sucrose for 48 h. The
left hemispheres were snap-frozen in liquid nitrogen and
stored at — 80 °C for future biochemical analysis.

AD pathologies and quantification
Brain sections were cut coronally at a thickness of 30 um
and stored at — 20 °C in PBS with 0.1% sodium azide. A

series of five isometric brain sections (~ 1.3 mm apart)
were used for each staining protocol. Congo red staining
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and immunohistochemistry with a 6E10 antibody (803008,
BioLegend, USA) were used to identify compact and total
AP plaques as previously described. Each isometric brain
section containing the hippocampus was used. Apoptosis or
damage of neuronal cells was assessed using double immu-
nofluorescence staining for NeuN (ab104224, Abcam, UK)
and cleaved Caspase-3 (ab13847, Abcam, UK). Neuronal
degeneration was detected using double immunofluores-
cence staining with a NeuN and microtubule-associated
protein (MAP)-2 antibody (ab183830, Abcam, UK). Immu-
nohistochemistry with an anti-CD68 antibody (ab125212,
Abcam, UK) was used to detect microglia. Astrocytes were
detected by immunohistochemistry with an anti-glial fibril-
lary acidic protein (GFAP) antibody (ab134436, Abcam,
UK). Phosphorylated tau was detected by immunohisto-
chemical staining with a PT231 antibody (Peptide epitope:
aa. 229-233 (V-R-T-P-P) derived from Human Tau.) (21099,
Signalway Antibody, USA). The area fraction and/or density
of positive staining and the number of cells were quantified
with ImagelJ software in a blinded manner.

Quantification of dendrite spines by Golgi staining

Golgi staining was performed according to the manufactur-
er’s protocols (Hito Golgi-Cox OptimStain™ kit, USA). The
numerical density of spines was assessed in CA1 pyramidal
neurons. The number of dendritic spines was estimated at
high magnification (1000x) in a blinded manner. Pyramidal
neurons were chosen from three visual fields scattered in
CAl region in each brain slice, and three consecutive brain
slices containing the CA1 region were selected from each
mouse.

Immunohistochemical and immunofluorescence
analysis of the liver

A series of 8-pm sections of mouse liver and 8-pm sections
from human liver punctures were subjected to immunohis-
tochemistry with a MOAB-2 antibody (6C3, MABN254,
Sigma, USA), which only recognizes AP fibers and oli-
gomers but not the APP protein, and then counterstained
with hematoxylin (H-3401, Vector Laboratories) to detect
nuclei. The tissue-specific distribution of Af in the liver
was detected by double immunofluorescence staining with a
MOAB-2 antibody and an albumin antibody (SAB3500217,
Sigma, USA) and then mounted onto slides with a DAPI
fluorescence mounting medium (Dako). All immunofluo-
rescence-stained sections were imaged with a Zeiss LSM
900 confocal laser-scanning microscope (Germany) using
a series of high-resolution optical sections (1024 x 1024-
pixel format). Laser settings for gain, digital offset, and laser
intensity were kept standardized between different samples.
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ELISA

Human plasma Ap40 and Ap42 levels were measured using
an enzyme-linked immunosorbent assay (ELISA) kit (Inv-
itrogen, USA) according to the manufacturer’s instructions.
Frozen mouse brain samples were weighed, pulverized in
liquid nitrogen, and sequentially extracted in Tris buffer
solution (TBS), 2% sodium dodecyl sulfonate (SDS), and
70% formic acid (FA). The levels of AB40 and AP42 in
brain extracts, blood, and bile were measured using super-
sensitive ELISA kits (Invitrogen, USA). The levels of the
proinflammatory cytokines TNF-a, IFN-y, IL-1f, and IL-6
and the anti-inflammatory cytokines IL-4 and IL-10 in brain
homogenates and the blood were measured using ELISA
kits (eBioscience, USA). The levels of alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), and solu-
ble LRP-1 (sLRP-1) in plasma were measured using ELISA
kits (Jiangsu Jingmei Biotechnology Co., Ltd., China). The
levels of cholesterol in the brain and plasma were measured
using ELISA kits (Sigma, USA).

Western blotting

Proteins were extracted from brain homogenates in RIPA
buffer. The samples were separated on SDS-PAGE (4-20%
acrylamide) gels and transferred to nitrocellulose mem-
branes. The blots were probed with the following primary
antibodies: an anti-insulin-degrading enzyme (IDE) anti-
body (ab32216, Abcam, UK), an anti-neprilysin (NEP)
antibody (AB5458, Millipore, USA), anti-low density
lipoprotein receptor-related protein 1 (LRP-1) (ab92544,
Abcam, UK), anti-HA-Tag (C29F4, Cell Signaling Technol-
ogy, USA), anti-Cathepsin-D (ARG55566, Arigo, China),
anti-Cathepsin-S (ARG40174, Arigo, China), anti-Lamp-1
(ab62562, Abcam, UK), anti-Lamp-2a (ab18528, Abcam,
UK), an anti-PSD95 antibody (MABNG68, Merck, USA),
an anti-Synapsin-1 antibody (MABN894, Merck, USA),
an anti-SNAP-25 antibody (MAB331-C, Merck, USA), an
anti-GAPDH antibody (G9545, Sigma, USA), and a B-actin
antibody (A1978, Sigma, USA). The membranes were
incubated with secondary antibodies conjugated to IRDye
800CW (Invitrogen, USA) and scanned with an Odyssey
fluorescence scanner. The band density was normalized to
that of brain p-actin or liver GAPDH for analysis.

Behavioral tests

Mice were subjected to behavioral tests, including the
Y-maze test, open-field test, and Morris water maze test,
as previously described [44]. In brief, mice were allowed to
move freely through a Y-maze for 5 min for the spontaneous
alternation test. Entry into all three arms in an overlapping
triplet set was defined as a successive alternation. In the

novel arm exploration test, the mice were allowed to explore
the home arm and familiar arm in the Y-maze for 5 min, with
the novel arm blocked. After a 30-min interval, the mice
were allowed to freely explore all the arms for 5 min. Novel
arm entries and time spent in the novel arm were recorded.
In the open-field test, each mouse was placed in the center of
the apparatus for 5 min. Rearing, grooming, defecation, and
urination were recorded, and the paths and distance trave-
led were recorded using a computer tracking system with
ANY-maze software (Stoelting, USA). The swimming abili-
ties of the mice were tested before the Morris water maze
test. Then, each mouse was trained daily on three platform
trials for 5 consecutive days, after which a probe trial was
performed. Performance was recorded and analyzed with
ANY-maze software (Stoelting, USA).

Statistical analysis

The data are expressed as the mean + SEM. All analyses
were completed using SPSS 20.0 software (Chicago, USA).
Comparisons between two groups were made by two-tailed
Student’s ¢ test or paired 7 test as deemed appropriate. Com-
parisons among multiple groups were made by one-way
ANOVA followed by the least significant difference (LSD)
test. Normality and equal variance tests were performed for
all assays. A p value <0.05 was considered statistically sig-
nificant. Analyses in this study were performed in a blinded
manner. All figures were plotted using GraphPad Prism soft-
ware (San Diego, USA).

Results
The liver physiologically clears circulating A

We observed Af-positive staining in the hepatocytes of both
humans and APP/PS1 mice with different antibodies to Ap,
such as 6C3 antibody which only detects A but not full-
length APP protein (Fig. 1a, b), OC antibody which detects
AP in various aggregation species, as well as 6E10 antibody
which detects AP peptides and the abundant full-length APP
protein (Supplementary Fig. 1). Then, using the parabio-
sis model of APP/PS1 mice and wild type (WT) mice, we
detected high levels of human AP40 and AP42 in the liver
homogenates of the parabiotic WT mice (paraWT) mice,
suggesting that human A in circulating blood produced by
the parabiotic APP/PS1 (paraAPP/PS1) mice was physio-
logically taken up by the liver of the paraWT mice (Fig. 1c).
Additionally, via near-infrared imaging in vivo, we observed
that intravenously injected Cy5.5-labeled AP42 existed in
the liver, and the fluorescence intensity in the liver gradually
decreased after reaching a peak at 4—7 h, confirming that the
liver takes up and clears A from the blood (Fig. 1d).
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Fig. 1 Physiological A clearance of the liver. a Immunohistochemi-
cal staining of the livers of humans with or without anti-Afp antibody
(6C3) and immunohistochemical staining of the livers of APP/PS1
mice and WT mice. b Representative confocal images of Af exist
in the livers of humans and APP/PS1 mice, as detected by immuno-
fluorescence staining with antibodies against albumin (green) and
AP (red), and DAPI (blue). The arrows indicate AP staining within
the hepatocytes. ¢ Measurement of Ap in the livers of the paraWT

Then, we measured AP levels in the hepatic inflow (com-
posites of hepatic artery and portal vein) and outflow blood
(hepatic vein) in rabbits to assess the capacity of the liver
in clearing circulating AP. The results showed that the
AP42 and AP40 levels in hepatic outflow blood were 13.9%
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mice in a parabiosis model. Both Ap42 and Ap40 could be detected
by ELISAs (n=3). d The distribution and dynamic changes of Cy5.5-
labeled AP42 and AP40 in the hepatic region over time via near-infra-
red imaging in vivo. e Comparison of Ap levels in the liver outflow
and inflow blood of rabbits. Paired ¢ test, n==8 per group. *p <0.05,
**p<0.01, ***%p<0.001. The error bars represent the SEMs. Af
amyloid-f protein, /V intravenous, PV portal vein

and 8.9% lower, respectively, than those in inflow blood
(Fig. le), suggesting that circulating A is removed when
flowing through the liver.

The above findings indicate that the liver physiologically
clears A from the blood.
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Partial blockage of hepatic blood flow increases Ap
levels in blood and brain in APP/PS1 mice

We then examined the impact of the hepatic AP clearance
on blood and brain A levels. Firstly, we found that plasma
AP40 and AP42 levels were increased in patients with liver
cirrhosis compared with controls with normal hepatic func-
tion (Supplementary Fig. 2). Then, in 6-month-old APP/PS1
mice, the hepatic portal vein was ligated to partially block
hepatic inflow blood and thus to decrease A clearance by
the liver. Blood AP42 and AP40 levels were increased 7.1-
fold and 2.9-fold respectively at 6 h after portal vein liga-
tion (Fig. 2a, b). Importantly, Ap42 and AP40 levels in the
interstitial fluid (ISF) of the brain were also elevated 1.5-fold
and 1.2-fold respectively in parallel with the increase of cir-
culating AP (Fig. 2c, d). These results suggest that the liver
plays a critical role in regulating the dynamics of Af levels
in both the blood and the brain.

The capacity of A clearance by the liver declines
with age

We investigated the changes in the capacity of AP clearance
by the liver in aging. Cy5.5-labeled AB42 peptides were

intravenously injected in young (3-month-old) and aged
(15-month-old) APP/PS1 mice. We found that the maximum
fluorescence intensity in the liver area was lower and the
peak arrival time was longer in the aged mice than in the
young mice (Fig. 3a—c). There were no differences between
the two groups after injection of Cy5.5-labeled reversed
Ap42 peptide (Fig. 3b, d). In addition, we compared the
ratio of AP concentrations in liver outflow and inflow blood
(Quuuin) 1n rabbits of different ages and found increased
Q,uyin of AP40 and AP42 in the aged rabbits compared with
the young rabbits (Fig. 3e). When comparing the concen-
tration ratio of A in the liver outflow and hepatic artery
(Qouyna) and portal vein blood (Qypy). consistent results
were obtained (Supplementary Fig. 3a, b). Next, the hepato-
cytes of young and aged mice were isolated and coincu-
bated with FITC-labeled AP42 peptides (Fig. 3f). The total
fluorescence intensity and the percentage of FITC-positive
hepatocytes were lower in the aged mice than in the young
mice (Fig. 3g, h). These in vivo and in vitro results consist-
ently indicate that the capacity of Af clearance by the liver
declines with age. Then we examined the impact of the age-
related decrease in Af clearance by the liver on blood AP
levels. As expected, we observed an increase in blood Ap40
and AP42 levels in the aged rabbits than the young ones

Fig.2 Liver portal vein ligation a b
increases AP levels in the blood iz Plasma - Plasma
and brain in APP/PS1 mice. a, [7) g
b Levels of AB42 and AP40 in £ 10+ i = 47
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«Fig. 3 Hepatic capacity of AP clearance declines with aging. a, d
The distribution and dynamic changes of Cy5.5-labeled Ap42 and
reversed AP42 in the liver region of 3- and 15-month-old mice over
time via near-infrared imaging in vivo. Unpaired ¢ test, n=3 per
group. e The AP ratio of liver outflow to inflow blood in 3-, 6-, 18-,
and 36-month-old rabbits. Unpaired ¢ test, n="7 per group. f Sche-
matic diagram of APP/PS1 mouse primary hepatocyte isolation
and flow cytometry. g Following CD45 and CD146 double-nega-
tive selection by magnetic-activated cell sorting, hepatocytes were
identified by flow cytometry. For the measurement of Ap42 uptake
by hepatocytes in the two groups, hepatocytes were gated based on
FSC-H and SSC-H. h Comparison of the capability of Ap42 uptake
by hepatocytes with aging. Unpaired # test, n=>5 per group. i Western
blot analysis and quantification of the liver LRP-1 levels between 3-
and 15-month-old mice, unpaired ¢ test, n=3 per group. j Compari-
son of the liver mass between 3- and 15-month-old mice, unpaired ¢
test, n=3 per group. *p <0.05, **p <0.01, ***p <0.001. ns denotes
no significance. The error bars represent the SEMs. FSC-H forward
scatter height, SSC-H side scatter height, Af amyloid-p protein, IV
intravenous

(Supplementary Fig. 3c, d). Consistently, in cognitively nor-
mal humans, plasma Ap42 and AB40 levels were increased
with aging. Unfortunately, hepatic function indexes were not
associated with either age or plasma Af levels (Supplemen-
tary Table 2).

LRP-1 is the main receptor responsible for Ap phagocy-
tosis by hepatocytes [32]. We found that LRP-1 levels in the
liver homogenates of the aged mice were decreased com-
pared to those in young mice (Fig. 3i and Supplementary
Fig. 3e, 1), while the weight of the liver had no significant
differences between the two groups (Fig. 3j). No differences
were observed in the Ap-degrading enzymes neprilysin
(NEP) and insulin-degrading enzyme (IDE), lysosomal-
associated proteins Lamp-1 and Lamp-2, or cathepsin-D
and cathepsin-S between the young and aged mice (Sup-
plementary Fig. 3e-h). These results suggest that the com-
promised hepatic AP clearance with aging may be attributed
to reduced LRP-1 expression.

Decline of hepatic AB clearance aggravates
the brain A burden in APP/PS1 mice

To test whether decline of hepatic A clearance contributed
to AD development, we specifically knocked down LRP-1
expression in hepatocytes of 3-month-old APP/PS1 mice
with AAV-mediated delivery of shLPR1 gene under hepat-
ocyte-specific promoter hTGB (AD-AAV g rp.;) (Fig. 4a).
This was further confirmed by the hepatocyte-specific
expression of the reporter gene enhanced green fluorescence
protein (eGFP) (Supplementary Fig. 4a—c). Mice were sacri-
ficed and analyzed at 9 months of age. The AD-AAV y; pp_
mice had 46% lower levels of LRP-1 in the liver (Fig. 4b,
c and Supplementary Fig. 4d, e) and 13.9% lower soluble
LRP-1 levels in plasma (Supplementary Fig. 4f) than the
AD-AAV controls.

vehicle

Compared with the AD-AAV ;... controls, the AD-
AAV  rp.; mice had lower AP levels in the liver (Sup-
plementary Fig. 4g) and higher AP levels in the blood
(Fig. 4d), suggesting that the capacity of the liver in clear-
ing circulating AP was decreased. Furthermore, the AD-
AAV rp.; mice had more AP plaques (Fig. 4e, f) and
higher AP levels in the brain (Fig. 4g, h). In total, a chronic
decline of hepatic AP clearance via specifically knock-
down LRP-1 in hepatocytes resulted in a~37% increase
of AP plaque in cerebral cortex and a~43% increase in
hippocampus of APP/PS1 mice by 6E10 immunostaining.

No differences in transaminase and cholesterol levels
were observed between the two groups (Supplementary
Fig. 4h, 1), suggesting that the increased cerebral amyloi-
dosis was not likely due to hepatocyte damage and abnor-
mal lipid metabolism.

Decline of hepatic AB clearance aggravates other
AD-type pathologies in APP/PS1 mice

Compared with the AD-AAV ., mice, the AD-
AAV 1 rp.; mice had higher levels of tau phosphoryla-
tion at Thr231 (Supplementary Fig. 5a, b). Moreover, the
AD-AAV zp.; mice had aggravated neuroinflammation,
as reflected by more astrogliosis and microgliosis, as well
as higher levels of the proinflammatory cytokine IL-6 and
lower levels of the anti-inflammatory cytokine IL-4 in the
brain (Supplementary Fig. S5c—e). Furthermore, the AD-
AAV, rp.; mice presented aggravated axonal degenera-
tion, neuronal apoptosis and damage, and loss of dendritic
spines and synapses in the brain compared with the AD-
AAV i mice (Supplementary Fig. 5f-k). The above
findings indicate that the decline of hepatic AP clearance
aggravates tau hyperphosphorylation, neuroinflammation,
and neurodegeneration in the brain.

Decline of hepatic AB clearance aggravates
behavioral deficits in APP/PS1 mice

Compared with the AD-AAV ;. mice, the AD-AAV ) pp.;
mice displayed worse spatial learning as reflected by a
longer escape latency in the platform trial, and worse mem-
ory consolidation shown by less time in the target quadrant
and fewer platform area crossings in the probe trial in Mor-
ris water maze (MWM) test (Fig. 4i-k), as well as worse
spatial recognition memory as reflected by less time spent
in the novel arm and a lower percentage of spontaneous
alternations in the Y-maze test (Fig. 41). In the open field
test, no difference in travel distance was observed between
two groups, suggesting that the locomotor activity was not
altered in the AD-AAV y gp.; mice (Fig. 4m).
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«Fig. 4 Chronic hepatic dysfunction of A clearance aggravates the
brain AP burden and cognitive impairments in APP/PS1 mice. a
Schematic diagram of liver-specific LRP-1 KD virus in a model
APP/PS1 mouse (virus injection at 3 months of age and analy-
sis at 9 months of age). b, ¢ The knockdown effects of the virus, as
reflected by immunohistochemical staining with anti-LRP-1 anti-
body. d AP levels in the blood of the AD-AAV y; pp; and AD-AAV-
vehicle Mice. Unpaired ¢ test, n=9 per group. e, f Immunostaining and
quantification of AP plaques stained with 6E10 and Congo red in the
neocortex and hippocampus of 9-month-old AD-AAV y; zp.; and AD-
AAV i mice. Unpaired ¢ test, n=9 per group. g, h Comparison of
AP42 and AP40 levels in the TBS, SDS, and FA fractions of brain
homogenates between the AD-AAV g zp.; and AD-AAV ... mice. i,
Jj Water maze tracing graphs and latency from day one to day five.
k Time spent in the platform quadrant and platform crossing num-
bers in the target quadrant by wild type, AD-AAV y; ¢p i, and AD-
AAV i mice in the Morris water maze. One-way ANOVA, n=38
in WT group, n=9 in AD-AAV group. 1 The time spent in the novel
arm, and the percentage of alternations in the Y-maze test. One-way
ANOVA, n=8in WT group, n=9 in AD-AAV group. m Moving dis-
tance of wild type, AD-AAVy; rp.;, and AD-AAV .. mice in the
open-field test. One-way ANOVA, n=8 in WT group, n=9 in AD-
AAV group. *p<0.05, **p<0.01. **¥*p<0.001. ns denotes no sig-
nificance. The error bars represent the SEMs. Af amyloid-f protein,
TBS Tris buffer solution, SDS sodium dodecyl sulfonate, FA formic
acid, WT wild type

Enhancing hepatic AB clearance attenuates AD-type
pathologies and behavioral deficits.

To evaluate the therapeutic potential of enhancing the
hepatic AP clearance for AD, LRP-1 was overexpressed
specifically in hepatocytes by genetically delivering exog-
enous functional LRP-1 minigene to 6-month-old APP/PS1
mice (AD-AAV ; rp.;) (Fig. 5a and Supplementary Fig. 6a).
Mice were sacrificed and analyzed at 12 months of age. The
AD-AAV | rp.; mice had increased LRP-1 levels in the liver
(Fig. 5b, c¢). No significant differences in sLRP-1, transami-
nase, and cholesterol were observed between the two groups
(Supplementary Fig. 6¢c—e).

Compared with the AD-AAV_ggp mice, the AD-
AAV_; rp.; mice had higher A levels in the liver (Supple-
mentary Fig. 6b) and lower Ap levels in the blood (Fig. 5d),
indicating that the capacity of the liver in clearing circulat-
ing AP was enhanced in AD-AAV  pp.; mice. Moreover,
the AD-AAV ; rp.; mice had less AP plaques (Fig. 5e, f)
and lower Ap levels in the brain (Fig. 5g, h). These findings
suggest that enhancing Ap clearance in the liver can attenu-
ate A pathologies in the brain.

As well, compared with the AD-AAV gpp mice, the
AD-AAV _ rp.; mice had lower tau phosphorylation, neu-
roinflammation, and neurodegeneration, as reflected by
decreased levels of tau phosphorylation at Thr231, astroglio-
sis, and microgliosis, as well as rescued axonal degeneration
and neuronal apoptosis (Supplementary Fig. 6f-1).

In addition, the AD-AAV | rp.; mice displayed better spa-
tial learning and memory consolidation by a shorter escape

latency in the platform trial, more time spent in the target
quadrant, and a higher number of platform crossings in the
probe trial in the MWM test, as well as better spatial recog-
nition memory as reflected by longer distance in the novel
arm in the Y-maze test and rescued anxiety-like behavior by
higher rearing numbers in the open-field test (Fig. 5i—m).

Discussion

Our present study provides evidence that the liver physi-
ologically clears circulating AP, with approximately 13.9%
of AB42 and 8.9% of AP40 in the blood removed when flow-
ing through the liver once. Consistently, we found that levels
of plasma AP were increased in patients with liver cirrhosis,
suggesting that the liver plays a role in regulating circulating
Ap. The localization of AP mainly in hepatocytes in the liver
of humans and APP/PS1 mice suggests that hepatocytes are
the major cell type of the liver responsible for AP clearance.
Does the hepatic Ap clearance function further impact Af
levels in the brain? We found that acute reduction of blood
flow in the liver via hepatic portal vein ligation resulted in
an increase of Af in both blood and brain ISF. Further, a
decline in hepatic AP clearance aggravates the brain AP
burden in APP/PS1 mice. These findings suggest that the
hepatic AP clearance from the blood could further regulate
AP levels in the brain. Consistently, previous studies of ours
and others have shown that clearing circulating Ap could
effectively reduce cerebral Af burden via hemodialysis,
peritoneal dialysis, plasma exchange, enhancing A clear-
ance by the kidney or blood monocytes, etc. [2, 6, 16, 26,
36]. Phase III clinical trials with a peripheral injection of
Ap monoclonal antibodies aducanumab and lecanemab can
substantially reduce brain PET AP signals in AD patients [3,
37]. All these findings support the peripheral “sink” hypoth-
esis which postulates that central and peripheral pools of Af
co-exist in equilibrium, and sequestering Af in blood could
facilitate the efflux of A from the brain [8, 17, 18, 33].
The question of whether a decline in hepatic Ap clear-
ance is involved in AD development is not clear. A growing
number of studies have established a link between impaired
hepatic function and cognitive impairment [10, 30, 40, 41].
In addition, abnormal hepatic function, as reflected by an
elevated ratio of AST to ALT, was associated with increased
Ap deposition in the brain, AD diagnoses and poor cog-
nitive performance in 1581 older adults from the ADNI
cohort [23], suggesting that dysfunctional hepatic clear-
ance may play a role in regulating brain AP pathology and
AD development. In the present study, we have provided
direct experimental evidence showing that chronic decline
of AP clearance in the liver increased brain Af deposition,
aggravated tau hyperphosphorylation, neuroinflammation,
neurodegeneration, and cognitive deficits in APP/PS1 mice.
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«Fig.5 Enhancing the hepatic capacity of AP clearance alleviates the
AP burden and rescues cognitive impairments. a—¢ Schematic dia-
gram of liver-specific mLRP-1 expression virus in a model APP/PS1
mouse (virus injection at 6 months of age and analysis at 12 months
of age), and the mLRP-1 expression effects, as reflected by immuno-
histochemical staining with an anti-LRP-1 antibody. d A levels in
the blood of the AD-AAV ;p; and AD-AAV, ;e mice. Unpaired
t test, n=7 per group. e, f Immunostaining and quantification of
AP plaques stained with 6E10 and Congo red in the neocortex and
hippocampus of 12-month-old AD-AAV ;gp; and AD-AAV gpp
mice. Unpaired 7 test, n="7 per group. g, h Comparison of Ap40 and
AP42 levels in the TBS, SDS, and FA fractions of brain homogen-
ates between the AD-AAV  rp.; and AD-AAV gpp mice. Unpaired ¢
test, n="7 per group. i, j Water maze tracing graphs and latency from
day one to day five. k Time spent in the platform quadrant and plat-
form crossing numbers in the target quadrant by WT, AD-AAV _; rp.;»
and AD-AAV,gpp mice in the Morris water maze. One-way ANOVA,
n=28 in WT group, n=7 in AD-AAV group. I, m Moving distance
and rearing numbers of wild type, AD-AAV ; cp , and AD-AAV gpp
mice in the open-field test. One-way ANOVA, n=8 in WT group,
n=7 in AD-AAV group. *p<0.05, *¥p<0.01, **¥p<0.001. ns
denotes no significance. The error bars represent the SEMs. mLRP-1
minigene LRP-1, Af amyloid-f protein, 7BS Tris buffer solution, SDS
sodium dodecyl sulfonate, FA formic acid, WT wild type

These findings imply that reduced hepatic AP clearance is a
potential factor involved in AD development. Whether liver
diseases could induce AD pathology in the brain of humans
is worth exploring in the future.

Aging is considered the major risk factor for sporadic
AD and leads to declined function in all organs of the whole
body [13]. We found that the uptake of AP42 by the liver
decreased with age, along with the reduction in LRP-1
expression in mice. Similarly, a previous study also reported
decreased hepatic uptake of '*I-labeled Ap40 and LRP-1
expression in aged rats [35]. The above studies indicate that
aging is an important factor causing declined Af clearance
by the liver, where the reduction of LRP-1 expression may
play an important role. In the present study, plasma Ap lev-
els increased with age in humans, implying that Ap clear-
ance is decreased with age in the periphery. Unfortunately,
no associations were observed between hepatic function
indexes and either age or plasma Ap levels, implying that
current clinically available liver function indexes are not able
to reflect liver aging. As mentioned above, liver LRP-1 may
be a better marker to reflect the relationship between liver
aging and AP clearance. This needs to be further verified
in humans.

The effects of hepatic AP clearance on AP levels in the
blood and the brain also have implications in the diagno-
sis and treatment of AD. Some chronic hepatic disorders
or diseases (e.g. liver cirrhosis, fatty liver disease, chronic
hepatitis, etc.) may lead to increased AP levels and poten-
tially result in incorrect or missed diagnosis of AD based on
biomarkers. Recent AD biomarker studies found that comor-
bidities such as chronic kidney disease, myocardial infarc-
tion, stroke, etc., significantly affect Ap and tau levels in the

blood and disturb the establishment of a normal reference
range and cut points of blood biomarkers for AD [20, 34].
Future biomarker studies on AD diagnosis involving blood
AP should also take into consideration the effects of chronic
hepatic disorders or diseases.

The traditional view on AD drug development believes
that therapeutics promoting brain Af clearance is required
to overcome the obstacle of the blood-brain barrier (BBB)
[18]. This view has prevented many potential therapeutics
from entering clinical trials. Based on several studies which
support the peripheral sink hypothesis, we have proposed to
develop AD therapeutic strategies from a systemic approach
[39]. In the present study, we found that enhancing hepatic
AP clearance by upregulating LRP-1 expression in the liver
could rescue AD pathologies in the brain and improve cog-
nition in APP/PS1 mice. Consistently, it has been reported
that upregulating LRP-1 expression in the liver by Withania
somnifera attenuated cerebral AD pathologies and cognitive
deficits in APP/PS1 mice [27]. These studies suggest that
targeting the periphery including the liver may be a promis-
ing therapeutic approach for AD. Most importantly, targeting
the periphery for Af clearance may avoid adverse effects of
therapeutics on the brain through BBB.

In conclusion, our findings demonstrate that the liver
physiologically clears A from the blood and further regu-
lates AP levels in the brain, suggesting that facilitating Ap
clearance via the liver represents a novel potential thera-
peutic approach for AD. Our study provides a novel insight
into the disease pathogenesis, diagnosis, and intervention for
AD from a systemic perspective and additional evidence of
targeting peripheral Ap for drug development.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00401-023-02559-z.
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