
Extracellular deposition of mouse senile AApoAII
amyloid fibrils induced different unfolded protein
responses in the liver, kidney, and heart
Hongmin Luo1,2, Jinko Sawashita1,3, Geng Tian1,4, Yingye Liu1, Lin Li1, Xin Ding1, Zhe Xu1, Mu Yang1,
Hiroki Miyahara1, Masayuki Mori1,5, Jinze Qian1,6, Yaoyong Wang1 and Keiichi Higuchi1,3

Mouse senile amyloidosis is a disorder in which apolipoprotein A-II deposits extracellularly in many organs as amyloid
fibrils (AApoAII). In this study, we intravenously injected 1 mg of isolated AApoAII fibrils into R1.P1-Apoa2c mice, to induce
AApoAII amyloidosis. We observed that the unfolded protein response was induced by deposition of AApoAII amyloid.
We found that the mRNA and the protein expression levels of heat shock protein A5 (HSPA5; also known as glucose-
regulated protein 78) were increased in the liver with AApoAII amyloid deposits. Immunohistochemistry showed that
HSPA5 was only detected in hepatocytes close to AApoAII amyloid deposits. Furthermore, gene transcription of several
endoplasmic reticulum (ER) stress-related proteins increased, including eukaryotic translation initiation factor 2 alpha
kinase 3 (Eif2ak3), activating transcription factor 6 (Atf6), activating transcription factor 4 (Atf4), X-box-binding protein 1
splicing (Xbp1s), DNA-damage inducible transcript 3 (Ddit3), and autophagy protein 5 (Atg5). Moreover, apoptosis-positive
cells were increased in the liver. Similar results were seen in the kidney but not in the heart. Our study indicates that ER
stress responses differed among tissues with extracellular AApoAII amyloid fibril deposition. Although upregulated HSPA5
and the activated unfolded protein response might have roles in protecting tissues against aggregated extracellular
AApoAII amyloid deposition, prolonged ER stress induced apoptosis in the liver and the kidney.
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Amyloidosis refers to a group of protein-folding disorders
characterized by accumulation of fine amyloid fibrils to
which normally innocuous soluble proteins polymerize.1

Amyloid fibrils deposit mainly in extracellular spaces.
Currently, more than 28 different kinds of human proteins,
intact or in fragmented forms, have been found to be
amyloidogenic in vivo and to be associated with pathological
disorders such as Alzheimer’s disease (AD), prion diseases,
type II diabetes, reactive amyloid A (AA) amyloidosis,
familial amyloid polyneuropathy (FAP), senile systemic
amyloidosis, and dialysis-related amyloidosis, in familial
and sporadic manners.2,3

In mice, apolipoprotein A-II (ApoA-II), the second most
abundant protein in serum high-density lipoprotein, accu-
mulates to form amyloid fibrils (AApoAII) and deposits

systemically (but not in the brain or bone), leading to age-
associated systemic amyloidosis (AApoAII amyloidosis).4,5

Three major variants of ApoA-II (types A, B, and C) with
different amino acid substitutions at four positions
(positions 5, 20, 26, and 38 from the N terminus) are
present among laboratory mouse strains.6,7 The strains with
the variant C type ApoA-II (APOAIIC, Gln5, and Ala38)
spontaneously exhibit a high incidence of amyloidosis and
severe amyloid deposition with aging.8 R1.P1-Apoa2c mice
are a congenic strain of mice that have the amyloidogenic
allele type C of the apoA-II gene from the senescence-
accelerated mouse prone 1 (SAMP1) strain on the genetic
background of the senescence-accelerated mouse resistant 1
strain.9 In previous studies, we found that intravenous injec-
tion of a very small amount of AApoAII fibrils (B10� 13 g)
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isolated from the livers of old R1.P1-Apoa2c mice markedly
accelerated amyloid deposition in young R1.P1-Apoa2c

mice.10 Thus, AApoAII amyloidosis could be transmitted
by a prion-like infectious process through a seeding-
nucleation mechanism.11 AApoAII amyloidosis can also be
transmitted by the feces12 or milk secreted from affected
mice.13 However, the pathophysiology involved in AApoAII
amyloidosis is unclear.

The endoplasmic reticulum (ER) integrates protein
synthesis and folding, calcium storage, and signaling. Several
cellular stress conditions, such as accumulation of misfolded
proteins and alterations in Ca2þ homeostasis, can cause ER
dysfunction and misfolding of proteins,14 leading to a
phenomenon known as ER stress. To reestablish protein
homeostasis and normal ER function, mammalian cells
evolved a coordinated response of protein signaling pathways
termed the unfolded protein response (UPR). Heat shock
protein A5 (HSPA5), also known as glucose-regulated protein
78, is a key mediator of the UPR. ER stress leads to
dissociation of HSPA5 from three ‘stress sensor’ proteins and
thereby activates them: (1) activating transcription factor 6
(ATF6); (2) ER to nucleus signaling 1 (ERN1), also known as
inositol requiring enzyme 1 (IRE1); and (3) eukaryotic
translation initiation factor 2 alpha kinase 3 (EIF2AK3), also
known as protein kinase RNA-like ER kinase (PERK). It is
now widely accepted that the specific induction of HSPA5 is
indicative of ER stress due to its key role in the regulation
of ER stress signaling. All three branches of the UPR are
rapidly activated in response to the onset of ER stress
and co-operatively function to emit pro-survival signals.
However, under prolonged or excessive ER stress, the UPR is
not sufficient to restore homeostasis, and it can lead to cell
death15 and to disease.16–18

ER stress is involved in amyloidosis such as AD19 and type
II diabetes.20 In vitro, ER stress responses are initiated by
exposure to extracellular amyloid aggregate or oligomers.21–23

Moreover, the ER stress response has been induced in vivo in
neurons that were exposed to extracellular deposition of
transthyretin (TTR), thereby initiating amyloidosis.24

AApoAII amyloid can deposit in the extracellular spaces of
many organs, resulting in AApoAII amyloidosis and reduced
life span. Based on these observations, we hypothesized that
ER stress responses were induced by extracellular AApoAII
amyloid deposition. In this study, we demonstrate that ER
stress was indeed induced by AApoAII amyloid fibril
deposition in the liver and the kidneys, but not in the
heart. Deposition promoted the induction of ER chaperone
HSPA5 and UPR conferring resistance to aggregated protein
toxicity in hepatocytes and renal cells. However, prolonged
ER stress induced apoptosis in hepatocytes and renal cells.

MATERIALS AND METHODS
Animals
R1.P1-Apoa2c mice were raised in the Division of Laboratory
Animal Research, Department of Life Science, Research

Center for Human and Environmental Sciences, Shinshu
University, Matsumoto, Japan. Mice were maintained under
specific pathogen-free conditions at 24±2 1C, with a light-
controlled regimen (12 h light/dark cycles). A commercial
diet (MF; Oriental Yeast, Tokyo, Japan) and tap water were
available ad libitum. Only female mice were used in this
study, to avoid AA amyloidosis or other adverse impacts
caused by fighting and other behaviors among mice reared in
the same cage. Mice were killed by cardiac puncture under
diethyl ether anesthesia. All experiments were performed
with approval of the Committee for Animal Experiments of
Shinshu University.

Isolation of Amyloid Fibrils
AApoAII fibrils were isolated as described previously,11,25–27

from the livers of 9-month-old R1.P1-Apoa2c mice in which
severe amyloid deposition had been induced by intravenous
injection of AApoAII fibrils at 2 months of age. The amyloid-
laden liver (1.0 g) was homogenized with a Polytron
homogenizer (T 25 digital ULTRA-TURRAX, IKA, Osaka,
Japan) in 10ml of ice-cold 0.15M NaCl using three cycles of
30 s agitation at 30 s intervals. The mixture was centrifuged at
4� 104 g for 20min at 4 1C, after which the supernatant was
discarded. These operations were repeated 10 to 14 times
before the supernatant had an optical absorbance o0.3 at
280 nm. The pellet of the final centrifugation was rinsed with
10ml of distilled water (DW) by 30 s of homogenization and
was centrifuged at 4� 104 g for 20min after which the
supernatant was discarded. The amyloid fibril fraction was
extracted in 10ml of DW by homogenization for 30 s and
centrifuged at 3� 104 g for 20min at 4 1C. This extraction
procedure was repeated three to six times. Isolated
amyloid fibrils in the supernatant were further purified by
pelleting by ultracentrifugation at 105 g for 1 h at 4 1C.
Isolated amyloid fibrils were resuspended in DW at a
concentration of 1.0mg/ml.

Induction of AApoAII Amyloidosis and Preparation of
Animal Tissue Samples
We placed 1ml of amyloid fibril solution into a 1.5-ml
Eppendorf tube at a concentration of 10 mg/ml and sonicated
it on ice for 30 s, using an ultrasonic homogenizer VP-5S
(Tietech, Tokyo, Japan) at moderate power. This procedure
was repeated three times at 30-s intervals. Sonicated AApoAII
amyloid samples were used immediately.

Twelve 2-month-old female R1.P1-Apoa2c mice were in-
jected intravenously with 1mg each AApoAII fibrils, to induce
AApoAII amyloidosis. Six were killed after 2 months and the
other six were killed after 4 months. One 9-month-old and
two 13-month-old female R1.P1-Apoa2c mice showed spon-
taneous amyloid deposition without injection of amyloid
seeds. Those three mice were killed. They had been kept in
the room in which injection of seeds was routinely conducted
and spontaneous amyloidosis was observed in old mice.
In addition, we killed three aged, 15-month-old female
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R1.P1-Apoa2c mice that had been maintained in another
room, in which mouse AApoAII amyloidosis had not been
induced by seeding and in which amyloidosis had not been
observed.

The mice were euthanized by cardiac puncture under
diethyl ether anesthesia, and major tissues were dissected.
Half of the tissues were kept at � 80 1C and the other
half was fixed in 10% neutral buffered formalin, embedded
in paraffin, and cut into 4-mm sections. Six female R1.P1-
Apoa2c mice injected with DW were killed after 2 or 4
months as controls.

Detection of Amyloid Deposition
Deposition of amyloid fibrils in each mouse was identified by
polarizing microscopy using Congo Red-stained sections, where
green birefringence indicates the presence of amyloid fibrils. The
extent of amyloid deposition was determined semiquantitatively
in Congo Red-stained sections, using the amyloid score as a
parameter, which was graded from 0 to 4 in each organ as
previously described.11 The amyloid index (AI) parameter
represents the average degree of deposition in seven organs
(heart, liver, spleen, stomach, intestine, tongue, and skin).

The amount of AApoAII deposited in each organ was
generally categorized as follows: grade 0, no AApoAII; grade
1, a minute amount; grade 2, small amounts; grade 3, a
moderate amount; and grade 4, extensive AApoAII depos-
its.11 More specifically, the criteria for each grade in the liver,
kidney, and heart were as follows. Grade 2 included deposits
only in the periportal areas of the liver, only in collecting
tubules in the papillae and in the medulla nephrica of the
kidneys, and only in the interstitial tissues covering 10% of
the areas of both ventricles, atrioventriclar septum, and both
atria of the heart. Grade 3 included deposits with a moderate
amount of AApoAII in o30% of the area of the lobules of
the liver, a moderate amount of AApoAII in both the kidney
medulla and cortex including the glomerulus, and a
moderate amount of AApoAII in the interstitial tissues
covering 10–30% of the area of the heart muscles. Grade 4
consisted of extensive AApoAII deposits in 30–80% of the
area of the lobules of the liver, extensive AApoAII deposits in
430% of the area of the kidney medulla and cortex, 430%
of the glomerulus, and extensive AApoAII deposits in 430%
of the area of the heart muscles. The grading criteria in other
organs were described previously.11

Amyloid fibril proteins were identified by im-
munohistochemistry using the avidin–biotin horseradish
peroxidase (HRP) complex method. Specific antisera against
mouse AApoAII and mouse AA were used.28 Tissues were
examined by two independent observers who were blinded to
the experimental protocol.

RNA Extraction and Analysis of mRNA Expression by RT-
PCR and Real-Time Quantitative RT-PCR
Total RNA was extracted from tissues using TRIZOL Reagent
(Invitrogen, Carlsbad, CA), after which the samples were

treated with DNA-Free (Ambion, Austin, TX) to remove
contaminating DNA and subjected to reverse transcription
using a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Carlsbad, CA). The cycling parameters
for semiquantitative reverse transcriptase-PCR (RT-PCR)
amplification were as follows: initial denaturation for 1min
at 94 1C, followed by 23 cycles of 30 s at 94 1C, 30 s at 60 1C,
and 45 s at 72 1C for Gapdh; 28 cycles for hepatic and renal
Hspa5; 32 cycles for cardiac Hspa5. Quantitative real-time
RT-PCR analysis was carried out using an ABI PRISM 7500
Real Time PCR (Applied Biosystems) with SYBR Green
(Takara Bio, Tokyo, Japan), and values were normalized with
respect to Gapdh. The primers used are listed in Table 1.

Western Blot Analysis
Tissues were lysed in ice-cold RIPA lysis buffer (Santa Cruz
Biotechnology, Santa Cruz, CA) supplemented with Phos-
STOP phosphatase inhibitor (Roche Applied Science) and
then sonicated. Samples of the resultant lysate (25 mg) were
separated by electrophoresis at 20mA for 4 h on 12% SDS-
polyacrylamide gels. After electrophoresis, proteins were

Table 1 The primers used for real time RT-PCR

Gene symbols Sequences

Hspa5 Forward 50-ACCCCGAGAACACGGTCTT-30

Reverse 50-TGCCCACCTCCAATATCAACT-30

Eif2ak3 Forward 50-TCCGTTGCTGATTGGAAGGTC-30

Reverse 50-CTTCTTCGCTGGCTGTGTAAC-30

Atf4 Forward 50-CCTTCGACCAGTCGGGTTTG-30

Reverse 50-CTGTCCCGGAAAAGGCATCC-30

Atf6 Forward 50-TCGCCTTTTAGTCCGGTTCTT-30

Reverse 50-GGCTCCATAGGTCTGACTCC-30

Ern1 Forward 50-ATGGCTACCATTATCCTGAGCA-30

Reverse 50-TCCTGGGTAAGGTCTCCGTG-30

Ddit3 Forward 50-TCCAGAAGGAAGTGCATCTTCA-30

Reverse 50-GGACTCAGCTGCCATGACT-30

Xbp1s Forward 50-GAGTCCGCAGCAGGTG-30

Reverse 50-GTGTCAGAGTCCATGGGA-30

Atg5 Forward 50-AGAGTCAGCTATTTGACGTTGG-30

Reverse 50-TGGACAGTGTAGAAGGTCCTTTT-30

Bax Forward 50-AGACACCTGAGCTGACCTTGGA-30

Reverse 50-GAGACACTCGCTCAGCTTCTTG-30

Bcl-2 Forward 50-TGTGAGGACCCAATCTGGAAA-30

Reverse 50-TTGCAATGAATCGGGAGTTG-30

Gapdh Forward 50-TGCACCACCAACTGCTTAG-30

Reverse 50-GGATGCAGGGATGATGTTC-30

RT-PCR, reverse transcriptase-PCR.

Mouse senile AApoAII amyloid fibrils

H Luo et al

322 Laboratory Investigation | Volume 95 March 2015 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


transferred to a polyvinylidene difluoride (0.45 mm pore size;
Millipore Corporation, Temecula, CA) membrane using a
semidry western blotting apparatus at 150mA for 2 h. After
blocking in 5% skim milk for 1 h, the membranes were in-
cubated overnight with primary antibodies against HSPA5
(1:1000; CST, Danvers, MA) and b-actin (1:5000; BWT, Louis
Park, MN) in TBS containing 3% bovine serum albumin and
0.1% Tween-20 at 4 1C. Subsequently, membranes were in-
cubated for 1 h with HRP-conjugated anti-rabbit IgG solu-
tion (1:3000). HSPA5 and b-actin were detected with the
enhanced chemiluminescence system (Amersham Bios-
ciences, Buckinghamshire, England). For quantification,
western blot images were captured and analyzed using Scion
Image 4.0.3.2 version (Frederick, MD).

Immunohistochemistry
Tissue sections were deparaffinized in Histoclear and dehy-
drated in an alcohol series. Endogenous peroxidase activity
was inhibited with 3% hydrogen peroxide/100% methanol,
and sections were blocked in 5% fetal bovine serum and 1%
bovine serum albumin in PBS. The following primary
antibodies were used: rabbit polyclonal anti-HSPA5 (1:100;
CST), polyclonal rabbit anti-mouse apoA-II (1:1500)
and polyclonal rabbit anti-mouse AA (1:2000),28 all of
which were diluted in blocking solution and incubated
overnight at 4 1C. The negative control was prepared by
omission of the first antibody to validate the specificity in
each immunohistochemical staining.

TUNEL Assay
Formalin-fixed, paraffin-embedded tissue blocks were cut
into 4-mm sections and processed for use in the TUNEL
assays. Sections were stained using the ApopTag Plus
Peroxidase In Situ Apoptosis Detection Kit (EMD Millipore
Corporation, Temecula, CA), according to the manu-
facturer’s manual. The sample sections were treated with
25 mg/ml proteinase K at 37 1C for 20min. After washing and
incubation with equilibration buffer for 5min, terminal
deoxynucleotidyl transferase (TdT) was diluted 1:2.3 (33 ml of
TdTenzyme in 77 ml of reaction buffer) and incubated on the
slides for 1 h at 37 1C. After applying stop solution for 10min
and washing, the samples were incubated with anti-digox-
igenin peroxidase conjugate at 37 1C for 30min. Slides were
developed with a 1:50 dilution of diaminobenzidine (3, 3’-
diaminobenzidine) substrate, counterstained with methyl
green, dehydrated, and cover slips were mounted. TUNEL-
positive cells in tissues were counted in three fields
per section at 200-fold magnification by using light micro-
scopy and the average of the total number of positively
stained cells was calculated.

Statistical Analysis
We used IBM SPSS Statistics 19 (IBM, Armonk, NY) for
data analysis. All data are presented as the mean±s.d. The
amyloid score of each organ and the AI, which is a semi-

quantitative parameter reflecting the degree of systemic
amyloid deposition, are nonlinear. Therefore, significant
differences in the values of the amyloid score of each organ
and AI were examined among the various groups of mice
using the Mann–Whitney U-test. One-way ANOVA and
Student’s t-test were used for all data, except AI.

RESULTS
AApoAII Amyloid Deposits in R1.P1-Apoa2c Mice
In this study, we intravenously injected 1 mg of AApoAII
fibrils into 2-month-old female R1.P1-Apoa2c mice to induce
systemic AApoAII deposition. The extent of amyloid depo-
sition was determined semi-quantitatively in Congo Red-
stained sections, using the amyloid score as a parameter,
which was graded from zero to four in each organ. Amyloid
deposition in each tissue was determined by the green
birefringence in Congo Red-stained sections 2 and 4 months
after the injection. AApoAII deposition was confirmed by
immunohistochemistry. As Figure 1a illustrates, there were
no amyloid deposits in any organ 2 or 4 months after DW
injection. However, systemic amyloid deposits were induced
by injection of AApoAII fibrils. Immunohistochemical
staining for amyloid deposition was positive with anti-
AApoAII antiserum but negative with anti-AA antiserum
(data not shown). The amyloid score of the liver was 0.83
two months after the injection and increased to 2.0 after

Figure 1 AApoAII amyloid deposition was induced in R1.P1-Apoa2c mice

by injection of AApoAII amyloid fibrils. The extent of amyloid deposition

was determined semi-quantitatively in Congo Red-stained sections, using

the amyloid score as a parameter, which was graded from zero to four in

each organ. Amyloid deposition was assessed in R1.P1-Apoa2c mice 2 and

4 months after injection of one mg AApoAII amyloid fibrils using Congo

Red-stained sections. The amyloid score was determined in different

organs (a). The amyloid index represents the average degree of

deposition in the seven organs examined (heart, liver, spleen, stomach,

intestine, tongue, and skin) (b). Numbers above the columns represent

amyloid-positive mice/examined mice. n¼ 6 per group. **Po0.01;

***Po0.001.

Mouse senile AApoAII amyloid fibrils

H Luo et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 95 March 2015 323

http://www.laboratoryinvestigation.org


4 months. In the kidney, one mouse out of six had amyloid
deposits and the amyloid score was 0.17 two months after
injection. After 4 months, all six had amyloid deposits and
the amyloid score had increased to 1.17. The amyloid score of
the heart increased from 1.17 after 2 months to 1.83 after 4
months. The deposition of AApoAII amyloid fibrils increased
with age in each organ and the AI, the average degree of
deposition of seven organs, increased from 0.92 after
2 months to 2.12 after 4 months (Figure 1b).

HSPA5 Levels Increased in the Liver with AApoAII
Amyloid Deposition
We analyzed the expression of HSPA5, an ER-resident cha-
perone, in the liver in R1.P1-Apoa2c mice with or without
AApoAII fibril injection. First, we examined the expression of
Hspa5 mRNA by RT-PCR. The Hspa5 mRNA levels were
increased in R1.P1-Apoa2c mice 2 and 4 months after injec-
tion with AApoAII fibrils compared with control mice
(Figure 2a). To obtain quantitative gene expression values,
mRNA levels were quantified by real-time RT-PCR. Expres-
sion of Hspa5 mRNA was increased significantly in R1.P1-
Apoa2c mice 2 months after injection of AApoAII fibrils
compared with control mice without injection. Furthermore,
Hspa5 mRNA levels were further increased by AApoAII
amyloid deposits after 4 months (Figure 2b). We next asked
whether the levels of HSPA5 protein were increased in R1.P1-
Apoa2c mice injected with AApoAII fibrils. Consistent with
the mRNA changes, the protein levels of HSPA5 were in-
creased in R1.P1-Apoa2c mice 2 and 4 months following
AApoAII fibril injection compared with age-matched control
mice (Figure 2c). HSPA5 protein levels were further elevated

by AApoAII amyloidosis deposition after 4 months
(Figure 2d). The association of HSPA5 expression with
AApoAII amyloid deposition was further analyzed in the liver
by immunochemical staining. We did not observe AApoAII
amyloid deposits in control mice (Figure 3a and e) and
HSPA5 was undetectable (Figure 3i). Heavy AApoAII amy-
loid deposits were detected in the extracellular spaces of the
liver in R1.P1-Apoa2c mice 4 months after AApoAII fibril
injection (Figure 3b–d and f–h). Hepatocytes in close contact
with AApoAII amyloid deposits exhibited positive HSPA5
staining (Figure 3j–l). In contrast, there was no detectable
HSPA5 staining in hepatocytes lacking contact with AApoAII
amyloid deposits (Figure 3f, h, i, and l).

HSPA5 Levels Increased in the Kidney with AApoAII
Amyloid Deposition
We also analyzed the expression of HSPA5 in the kidney in
R1.P1-Apoa2c mice with or without injection of 1 mg of
AApoAII fibrils. Hspa5 mRNA expression levels determined
by RT-PCR (Figure 4a) and real-time RT-PCR (Figure 4b)
were increased in R1.P1-Apoa2c mice 4 months after
AApoAII fibril injection compared with age-matched control
mice. Four months after AApoAII fibril injection, the ex-
pression of Hspa5 mRNA was two times higher in R1.P1-
Apoa2c mice than in control mice (Figure 4b). Next, we
analyzed HSPA5 protein levels by western blotting. The
protein levels of HSPA5 were 2.8 times higher in control
R1.P1-Apoa2c mice after 4 months than in control mice after
2 months. HSPA5 levels were 2.3 times higher in R1.P1-
Apoa2c mice 4 months after AApoAII fibril injection than
in age-matched control mice (Figure 4c and d). Thus, the

Figure 2 Hspa5 mRNA and HSPA5 protein levels increased with amyloid deposition in the liver. The expression levels of Hspa5 mRNA were determined

by reverse transcriptase-PCR (a) and real-time PCR analysis (b). The levels of HSPA5 protein were detected by western blotting (c) and analyzed

quantitatively (d). n¼ 6 per group. Data are expressed as means±s.d. *Po0.05; **Po0.01; ***Po0.001.
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protein levels of HSPA5 were elevated after AApoAII amyloid
deposition. Consistent with our assessment of mRNA and
protein levels, after 4 months immunochemical staining of
kidney tissues from control mice without amyloid deposition
revealed low-level HSPA5 expression in renal tubules in the
medulla nephrica (Figure 5a, d and g), whereas no HSPA5
expression was observed in the cortex (data not shown). Four
months after injection of R1.P1-Apoa2c mice with AApoAII
fibrils, AApoAII amyloid deposition was found in both the
kidney medulla (Figure 5b and e) and cortex (Figure 5c and
f). Renal tubular cells around AApoAII amyloid fibrils
deposits exhibited increased HSPA5 staining in both the
medulla (Figure 5h) and cortex (Figure 5i), compared
with age-matched control mice lacking AApoAII amyloid
deposition, suggesting a link between HSPA5 expression and
AApoAII amyloid deposits.

HSPA5 Levels were Unchanged in Hearts after AApoAII
Amyloid Deposition
AApoAII amyloid deposits in the heart were observed in
R1.P1-Apoa2c mice after injection (Figure 1a and Figure 6c

and d). However, increases in Hspa5 mRNA levels were not
detected by RT-PCR (Figure 6a) or real-time RT-PCR
(Figure 6b) in R1.P1-Apoa2c mice 2 and 4 months after in-
jection. As Figure 6c–e illustrate, although heavy AApoAII
amyloid deposits were observed in the hearts of R1.P1-
Apoa2c mice 4 months after AApoAII fibril injection, there
was no detectable HSPA5 staining in myocardial cells in
contact with AApoAII amyloid deposits.

Increased Expression of ER Stress-Associated Genes in
the Liver and Kidney was Associated with Amyloid
Deposits
Based on the above findings, we speculated that ER stress and
the UPR system were evoked by AApoAII amyloid deposition
in the liver and kidney. We found that the mRNA expression
levels of Eif2ak3 and Atf6 were significantly increased in the
liver in R1.P1-Apoa2c mice 4 months after AApoAII fibril
injection compared with age-matched control mice
(Figure 7a). Expression of Eif2ak3 mRNA was also sig-
nificantly increased in the kidneys of mice 4 months after
treatment with AApoAII fibrils (Figure 7b). However, there

Figure 3 HSPA5 staining was strongly association with amyloid deposition in the liver. Congo Red-stained liver sections in control mice (a) and mice 4

months after injection of AApoAII amyloid fibrils (b–d). Mice with amyloid deposition (b–d; amyloid scores of two) displayed green birefringence under

polarizing microscopy. Immunohistochemical staining of AApoAII of control mice (e) and mice (f–h) 4 months after AApoAII amyloid fibril injection.

Immunohistochemical staining of HSPA5 in control mice (i) and mice 4 months after AApoAII amyloid fibril injection (j–l). The arrows indicate amyloid

deposition and the asterisk shows that no amyloid deposition occurred around the center vein. Magnification: � 100 (a, b, e, f, i, and j). Magnification:

� 200 (c, d, g, h, k, and l).
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was no change in the mRNA expression of Ern1 in either the
liver (Figure 7a) or the kidney (Figure 7b).

We also analyzed the mRNA expression levels of down-
stream mediators of Eif2ak3. These included: (1) activating
transcription factor 4 (Atf4), (2) DNA-damage inducible
transcript 3 (Ddit3) (also known as CCAAT/enhancer-bind-
ing homologous protein (CHOP), a critical component of the
ER stress-UPR system that induces cell death29,30), and (3)
autophagy protein 5 (Atg5), which is inducible by ER
stress.31,32 Atf4, Ddit3, and Atg5 were significantly increased
in the liver (Figure 7a), and Atf4 and Atg5 were significantly
elevated in the kidney (Figure 7b) in mice 4 months after
AApoAII fibril injection. The X-box binding protein 1 tran-
scription factor splicing (Xbp1s) is a key transcription factor
of the ER stress response. We found that expression of Xbp1s
mRNA was significantly increased in the livers (Figure 7a)
and the kidneys (Figure 7b) of mice 4 months after treatment
with AApoAII fibrils.

Together, these results indicate that extracellular AApoAII
amyloid deposition induced ER stress both in the liver and
kidney. However, 4 months after injection of AApoAII fibrils,
none of the ER stress-associated genes examined here were
upregulated in the hearts of treated mice (Figure 7c).

Apoptosis was Increased in Hepatocytes and Renal
Tubule Cells after Deposition of AApoAII
A significant fraction of B-cell leukemia/lymphoma 2 (BCL2)
family members including pro-apoptotic BCL2-associated X
protein (BAX) and anti-apoptotic BCL2 are important reg-
ulators of apoptotic cell death associated with excess ER

stress.15 We analyzed the expression of pro-apoptotic Bax and
anti-apoptotic Bcl2 mRNA by real-time RT-PCR. Four
months after AApoAII fibril injection, the expression of
pro-apoptotic Bax mRNA was increased significantly both in
the livers (Figure 8a) and the kidneys of the treated mice
(Figure 8c) compared with control mice. The expression of
anti-apoptotic Bcl2 mRNA was unchanged in the livers
(Figure 8a) and the kidneys (Figure 8c). Thus, the ratio of
Bax/Bcl2 increased in the liver (Figure 8b) and the kidney
(Figure 8d), with aggravated AApoAII amyloid deposition.
The expression of pro-apoptotic Bax mRNA and anti-
apoptotic Bcl2 mRNA was unchanged in the hearts
(Figure 8e) and the ratio of Bax/Bcl2 was unchanged
(Figure 8f). We analyzed cell apoptosis by TUNEL assays.
TUNEL assays confirmed that the numbers of TUNEL-po-
sitive cells were increased in the liver (Figure 9b and c) and
the kidney (Figure 9e and f) 4 months after injection with
AApoAII fibrils compared with control mice, in which few
TUNEL-positive cells were seen in the liver (Figure 9a) and
the kidney (Figure 9d). We could not find TUNEL-positive
cells in cardiac tissue, either in control mice or in mice with
amyloid deposition 4 months after injection of AApoAII
amyloid fibrils (Figure 9g, h and i).

ER Stress Responses in Aged Mice with Spontaneous
Amyloid Deposition
As Supplementary Figure S1a illustrates, there were no
amyloid deposits in any organ in young 4-month-old control
mice or in aged, 15-month-old control mice that had been
maintained in another room in which amyloidosis had not

Figure 4 mRNA and protein expression of HSPA5 was increased with amyloid deposition in the kidney. The expression levels of Hspa5 mRNA were

determined by reverse transcriptase-PCR (a) and real-time PCR analysis (b). Levels of HSPA5 protein were detected by western blotting (c) and analyzed

quantitatively (d). n¼ 6 per group. Data are expressed as means±s.d. *Po0.05; **Po0.01.
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been induced and observed. However, spontaneous systemic
amyloid deposits were observed in aged, 9- and 13-month-
old mice that had not been injected with amyloid fibrils
but were instead kept in the same room where injection
of seeds had been done. The AI, the average degree of sys-
temic amyloid deposition, was 2.33 (Supplementary Figure
S1a and b).

Hspa5 mRNA expression levels were determined in old
mice with spontaneous amyloid deposition in the liver, kid-
ney and heart (Supplementary Figure S2). The Hspa5 mRNA
levels were increased in the livers of old mice with or without
amyloid deposition compared with young mice. However,
no difference was observed between amyloid-negative and

-positive mice. The Hspa5 mRNA levels were significantly
increased only in the kidneys of old amyloid-positive mice
compared with young and aged, 15-month-old control mice.
In the heart, the Hspa5 mRNA levels were increased in both
the amyloid-negative and -positive old mice compared with
young mice, but amyloid deposition did not induce further
Hspa5 expression.

We assessed ER stress and the UPR in mice with sponta-
neous amyloid deposition in the liver, kidney and heart. We
found that the mRNA expression levels of Eif2ak3, Atf6 and
Ern1 were significantly increased in the livers of R1.P1-
Apoa2c mice with spontaneous amyloid deposition compared
with young mice, but only Ern1 significantly increased

Figure 5 Increased intensity of immunohistochemical staining of HSPA5 was associated with amyloid deposition in the kidney. Congo Red-stained

sections displayed green birefringence in control mice (a) and experimental mice 4 months after AApoAII amyloid fibril injection (b and c).

Immunohistochemical staining of AApoAII in control mice (d) and experimental mice (e and f) 4 months after AApoAII amyloid fibril injection.

Immunohistochemical staining of HSPA5 in control mice (g) and experimental mice 4 months after AApoAII amyloid fibril injection (h and i). Amyloid

scores of the kidneys were one and two in mice (b and c, respectively). The arrows indicate amyloid deposition. Magnification: � 200.
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relative to aged, 15-month-old control mice (Supplementary
Figure S3a). Expression of Eif2ak3, Atf6, Ern1, Ddit3, and
Atg5 mRNAs was significantly increased in the kidneys of
mice with spontaneous amyloidosis, but only Ern1 and Atg5
mRNAs significantly increased relative to aged control mice
(Supplementary Figure S3b). In the heart, Atf6, Ern1,
Xbp1, and Ddit3 were significantly increased in mice
with spontaneous amyloid deposition compared with young
mice, but there was no significant difference compared with
aged amyloidosis-negative control mice (Supplementary
Figure S3c).

DISCUSSION
In this study, we selected specific organs (the liver, kidney and
heart) for our investigation for the following reasons: The
liver has the most severe AApoAII amyloid deposition and
synthesizes ApoA-II. The kidney also has severe AApoAII
deposition that leads to contraction in mice. Finally, the
heart shows severe amyloid deposition, leading to cardiac
failure in human amyloid immunoglobulin light chain (AL)
amyloidosis and FAP.

The present data clearly demonstrate a connection between
ER stress and the deposition of extracellular AApoAII amy-
loid. We observed that AApoAII amyloid had deposited 2
months after AApoAII fibril injection, and that it was more
pronounced after 4 months. Increased mRNA and protein
expression of the ER-resident chaperon HSPA5 was observed
in the liver and kidney, associated with AApoAII amyloid
deposition. Interestingly, immunohistochemical staining
showed that hepatocytes in close contact with AApoAII
amyloid deposition exhibited strong HSPA5 staining. In
contrast, there was no detectable HSPA5 staining in hepa-
tocytes lacking contact with AApoAII amyloid deposits,
suggesting a cause-and-effect relationship. Using im-
munohistochemical staining, we also found increased HSPA5
was associated with AApoAII amyloid deposits in the kidney.
However, HSPA5 staining was detected in renal tubular cells
surrounding but lacking contact with AApoAII amyloid de-
posits in both the medulla and cortex of the kidney. It is
unclear how AApoAII amyloid deposition induced
HSPA5 expression in cells lacking contact with the fibrillar
deposition in the kidney. It is possible that oligomeric or

Figure 6 mRNA and protein expression levels of HSPA5 did not change with amyloid deposition in the heart. The expression of Hspa5 mRNA was

determined by reverse transcriptase-PCR (a) and real-time PCR analysis (b). Congo Red-stained (c) and immunohistochemical staining of AApoAII (d)

and HSPA5 (e) in mice 4 months after AApoAII amyloid fibril injection. The arrows indicate amyloid deposition. The amyloid score of the heart was

three. Magnification: � 200. n¼ 6 per group.
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nonfibrillar AApoAII around the cells might induce an
HSPA5 response.

HSPA5 belongs to the HSP70 family of molecular cha-
perones.33 Expression of HSPs is upregulated by the presence
of misfolded proteins within the ER, leading to reduced
aggregation.14,34 HSPA5 has a dual role in the ER,
functioning as a resident chaperone regulating protein
folding and preventing aggregation while also regulating
signaling within the UPR. As a chaperone, HSPA5 recognizes
and binds hydrophobic residues in the unfolded regions of
proteins35 and works with other ER molecular chaperones
that process unfolded protein substrates.36 HSPA5 and other
UPR markers are increased in the neurons of AD patients
versus the non-demented controlled individuals.37 In vitro
studies have demonstrated that HSPA5 is induced by Ab
fibrils in neuronal cells.38,39 Moreover, upregulation of
HSPA5 was believed to protect against Ab toxicity.40

HSPA5 was detected with extracellular TTR deposition,
whereas HSPA5 was negative without deposition in FAP
model mice.24

HSPA5 is a key mediator of the UPR, being a ‘sensor’ of ER
stress.41 HSPA5 functions as a master regulator of the UPR by

binding to and preventing the activation of all three proximal
stress sensors (under nonstressed conditions): EIF2AK3,
ERN1, and ATF6. Under conditions of ER stress, the release
of HSPA5 results in the activation of EIF2AK3, leading to
phosphorylation of the PERK eukaryotic translation
inhibition factor 2a (EIF2A), reducing global mRNA
translation, while favoring the translation of selected
mRNAs, such as Atf4 mRNA. ATF4 activates the
transcription of UPR target genes encoding factors involved
in restoring ER homeostasis via amino acid biosynthesis,
antioxidative stress responses, autophagy, and apoptosis.
Dissociation of HSPA5 from ATF6 uncovers a Golgi
localization sequence and triggers translocation of ATF6 to
the Golgi where it is cleaved by site-1 and site-2 proteases.42

The N-terminal cleavage product of ATF6 translocates to the
nucleus and regulates gene expressions. Target genes of ATF6
are mainly adaptive proteins, such as HSPA5. ATF6 also
upregulates expression of the pro-survival transcription
factor XBP1.43 Under ER stress, activated ERN1 removes a
26-nucleotide intron from Xbp1 mRNA.43 The Xbp1 splicing
(Xbp1s) mRNA encodes a potent transcription factor that
translocates to the nucleus and activates the expression of
genes involved in the re-establishment of protein folding or
in the degradation of unfolded proteins.44 Under severe ER
stress, ATF4, XBP1s, and ATF6 can increase the expression of
the pro-apoptotic transcription factor DDIT3.19

We found that expression Eif2ak3, Atf6, Atf4, Xbp1s, Ddit3,
and Atg5 mRNAs was significantly increased in the livers
showing AApoAII deposition. The expression of Eif2ak3,
Atf4, Xbp1s, and Atg5 mRNAs was significantly increased in
kidneys in which AApoAII was deposited. These results in-
dicate that the UPR might be important for maintenance of
cellular ER function with extracellular AApoAII amyloid
deposition. Our results are in agreement with recent findings
that ER stress is related to extracellular amyloidosis.21,22,24

Although it is unclear how extracellular Ab sends signals to
the ER, it has been shown that extracellular Ab can induce
the UPR.19,38,39 AApoAII amyloid fibrils deposit in
extracellular spaces, but it remains unclear whether
monomers, oligomers, or fibrils accumulate intracellularly.
HSPA5 does not localize exclusively to the ER and under
specific circumstances, such as development of drug
resistance and cell transformation, it has been shown to
relocate to the cell membrane.45 During aging, there is a shift
in the balance between the protective/adaptive responses of
the UPR and pro-apoptotic signaling. Thus, the protective
arm decreases in activity and the apoptotic arm becomes
more robust with aging.46 HSPA5 expression levels are
significantly reduced in several species with age.46,47 The loss
of HSPA5 function could be a predisposing factor for many
neurodegenerative disorders associated with age, including
AD.48 We assessed the UPR in old mice with and without
spontaneous amyloid deposition. Hspa5 mRNA levels were
elevated in old mice without amyloid deposits in the liver or
heart. Moreover, spontaneous amyloid deposition did not

Figure 7 mRNA expression of endoplasmic reticulum (ER) stress-

associated genes increased in the liver and kidney with amyloid deposits

but not in the heart. ER stress-associated mRNA expression was assessed

by real-time PCR analysis in the liver (a), kidney (b) and heart (c). n¼ 6

per group. Data are expressed as the means±s.d. *Po0.05; **Po0.01.
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induce further induction of Hspa5 expression in the liver or
heart. HSPA5 might be induced adaptively to maintain
homeostasis of disturbed protein metabolism associated with
aging. The lack of further induction of HSPA5 might be
associated with acceleration of spontaneous senile AApoAII
amyloidosis in the mouse liver and heart. Amyloid
deposition increased Hspa5 expression significantly in the
kidney.

More recently, it was shown that the UPR leads to the
transcriptional upregulation of a number of autophagy-re-
lated genes essential for both the induction and construction
of the autophagy machinery during ER stress.31,32 Autophagy
upregulation during ER stress is an essential pro-survival
response and is required for the removal of unfolded
proteins, protein aggregates, and damaged organelles.
Activation of these processes relieves the stress and
reinstates homeostasis of the ER.49 In fact, a recent study
suggests that autophagy is a major degradation pathway
following UPR activation in neuronal cells, highlighting a
connection between UPR activation and autophagic patho-
logy in AD.50 Autophagy deficiency leads to intracellular Ab

accumulation. Moreover, autophagy deficiency induces
neurodegeneration51 and Ab amyloid deposition intensifies
autophagy-induced neurodegenerative processes.52 We also
found that expression of Atg5 mRNA was significantly
increased in the liver and kidney with extracellular
AApoAII amyloid deposition.

When protein aggregation is persistent and the stress
cannot be resolved, signaling switches from pro-survival to
pro-apoptosis.15 ER stress conditions have been observed in
numerous diseases including AD, Huntington disease, as well
as type 2 diabetes, indicating that ER stress-induced
apoptosis is an important factor in pathophysiology. The
mRNA levels for the pro-apoptotic transcription factor Ddit3
increased in the liver with AApoAII amyloid deposition. We
speculated that apoptosis is increased by AApoAII amyloid
deposition in the liver and/or the kidney. The BCL2 family
can be either pro-apoptotic (eg, BAX and BAK) or
anti-apoptotic (eg, BCL2 and BCL-xL). In resting
conditions, pro-apoptotic BAX and BAK are kept inactive
by interaction with BCL2. Severe ER stress leads to the anti-
apoptotic BCL2 being displaced from the pro-apoptotic

Figure 8 Apoptotic genes in the liver and kidney increased expression in R1.P1-Apoa2c mice 4 months after AApoAII fibril injection. Levels of Bax and

Bcl2 mRNAs were detected by real-time reverse transcriptase-PCR analysis of the liver (a), kidney (c) and heart (e). The ratio of Bax/Bcl2 was increased in

the liver (b) and kidney (d), but not in the heart (f). n¼ 6 per group. Data are expressed as means±s.d. *Po0.05; **Po0.01.
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proteins, leading to activation. Thus, the balance between
pro-apoptotic and anti-apoptotic proteins determines
apoptotic cell death. Overexpression of BCL2, or deficiency
of BAX and BAK, can protect against lethal ER stress.53,54 We
investigated whether apoptosis was involved in AApoAII
amyloid deposition. Our data showed that the ratio of
Bax/Bcl2 was increased and TUNEL-positive cells were
enhanced in the liver and kidney, with marked deposition
of AApoAII amyloid.

In R1.P1-Apoa2c and SAMP1 mice, severe amyloid de-
position associated with aging caused enlargement of the li-
ver and heart, contracted the kidney and shortened the life
span about 30%.55,56 AApoAII deposition might decrease
Apoa2 mRNA expression in the liver.57 However, functional
impairments in the liver, kidney and heart associated with
AApoAII amyloid deposition were not examined in detail
and it is not clear how the UPR and ER stress contribute to
maintaining and disrupting cellular functions.

It is interesting that UPR and ER stress responses in
the liver and kidney differed from that in the heart. The

differences could be explained by the organ-specific structure
of amyloid fibrils and organ-specific cell responses to amy-
loid deposition. We do not currently have evidence that
AApoAII amyloid deposits among the organs differ in their
structures, including the constituents of the fibrillar proteins
and surrounding co-deposited molecules. However, further
experiments will be planned to study organ-specific struc-
tures. There might be common adaptive and apoptotic URP
and ER stress response systems in the hepatic cells in the
liver,58 glomerular and tubulointerstitial cells in the kidney59

and cardio muscular cells in the heart60 in the pathogenesis of
various diseases. No studies have assessed different UPR and
ER responses among tissues. It has been reported that
amyloid deposits in the heart induce heart failure in systemic
AL amyloidosis.61 TTR deposits in the peripheral nerves and
the intestine induce ER stress in systemic TTR amyloidosis,62

but the mechanism of tissue specificity is not known.
In conclusion, our study indicates that ER stress responses

were induced by extracellular AApoAII amyloid deposition.
The data demonstrate that the ER resident chaperon HSPA5

Figure 9 Apoptosis-positive cells in the liver and kidney were increased in R1.P1-Apoa2c mice 4 months after AApoAII fibril injection. TUNEL-positive

cells in the liver were detected in control mice (a) and mice 4 months after AApoAII amyloid fibril injection (b). Numbers of TUNEL-positive cells per

1000 cultured cells in the liver (c). TUNEL-positive cells in the kidney were detected in control mice (d) and mice 4 months after AApoAII amyloid fibril

injection (e). Numbers of TUNEL-positive cells per 1000 cultured cells in the kidney (f). No TUNEL-positive cells in the heart were detected in control

mice (g and i) or in mice 4 months after AApoAII amyloid fibril injection (h and i). Magnification: � 200. n¼ 6 per group. Data are expressed as

means±s.d. *Po0.05; **Po0.01.
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was upregulated and the UPR was induced in hepatocytes
and renal cells in response to aggregated extracellular AA-
poAII amyloid deposits. Apoptosis of hepatocytes and renal
cells was also induced by prolonged ER stress. Much remains
to be learned about organ-specific UPR and the beneficial
and/or deleterious effects of upregulated UPR associated with
amyloid deposition in cells and organs. Elucidation of the
underlying mechanisms will guide the development of pre-
ventive and therapeutic procedures for amyloidosis.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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