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total HDL protein mass in humans. Both apoA-I and apoA-II 
have important physiological functions in lipid transport 
and metabolism. ApoA-I is distributed approximately equally 
between lipoprotein A-I (LpA-I) and lipoprotein A-I/lipo-
protein A-II (LpA-I/A-II), whereas virtually all apoA-II is 
found with LpA-I/A-II ( 1 ). LpA-I is a major component of 
both HDL 2  and HDL 3 , while LpA-I/A-II is found predomi-
nantly in HDL 3  ( 1 ). This distribution suggests that there is 
a close relationship between these two apolipoproteins. 

 ApoA-I, the major HDL protein in all vertebrates re-
ported to date ( 2 ), plays crucial roles in lipid transport 
and metabolism by activating LCAT and promoting cho-
lesterol effl ux from peripheral tissues ( 3 ). Abundant data 
show that apoA-I has protective effects against athero-
sclerosis and cardiovascular disease in humans and 
mice, mainly by enhancing reverse cholesterol transport 
(RCT) and anti-infl ammatory, antioxidant, or nitric-oxide-
promoting properties ( 4 ). Clinically, the majority of pa-
tients with severe HDL and apoA-I defi ciencies suffer from 
premature atherosclerosis ( 5 ). The negative correlation be-
tween plasma HDL cholesterol (HDL-C) concentrations 
and atherosclerosis is not observed in all disorders involving 
apoA-I defi ciency, however ( 4 ). There are reports of muta-
tions in the  Apoa1  gene that cause severe reductions in 
HDL-C concentrations in plasma but do not appear to in-
crease coronary risk ( 6 ). In addition, apoA-I defi ciency 
alone does not promote development of atherosclerotic 
lesions in B6/129 mice ( 7 ). Indeed, studies with trans-

       Abstract   Apolipoprotein A-II (apoA-II) is the second major 
apolipoprotein following apolipoprotein A-I (apoA-I) in HDL. 
ApoA-II has multiple physiological functions and can form 
senile amyloid fi brils (AApoAII) in mice. Most circulating 
apoA-II is present in lipoprotein A-I/A-II. To study the infl u-
ence of apoA-I on apoA-II and AApoAII amyloidosis, apoA-
I-defi cient (C57BL/6J .Apoa1   � / �  ) mice were used.  Apoa1   � / �   
mice showed the expected signifi cant reduction in total cho-
lesterol (TC), HDL cholesterol (HDL-C), and triglyceride 
(TG) plasma levels. Unexpectedly, we found that apoA-I de-
fi ciency led to redistribution of apoA-II in HDL and an age-
related increase in apoA-II levels, accompanied by larger 
HDL particle size and an age-related increase in TC, HDL-C, 
and TG. Aggravated AApoAII amyloidosis was induced in 
 Apoa1   � / �   mice systemically, especially in the heart. These 
results indicate that apoA-I plays key roles in maintaining 
apoA-II distribution and HDL particle size. Furthermore, 
apoA-II redistribution may be the main reason for aggra-
vated AApoAII amyloidosis in  Apoa1   � / �   mice.   These re-
sults may shed new light on the relationship between apoA-I 
and apoA-II as well as provide new information concerning 
amyloidosis mechanism and therapy.   — Wang, Y., J. Sawashita, 
J. Qian, B. Zhang, X. Fu, G. Tian, L. Chen, M. Mori, and K. 
Higuchi.  ApoA-I defi ciency in mice is associated with redis-
tribution of apoA-II and aggravated AApoAII amyloidosis. 
 J. Lipid Res.  2011.  52:  1461–1470.   

 Supplementary key words apolipoproteins • cholesterol • lipids • dis-
tribution • age • amyloid heart disease 

 HDL contains two major proteins, apoA-I and apoA-II, 
which compose about 70% and 20%, respectively, of the 

 This work was supported by the Ministry of Education, Culture, Sports, Science, 
and Technology of Japan, Grants-in-Aid for Scientifi c Research (B) 20300144 
and Science Research on Priority Areas 22020015, and by grants from the In-
tractable Disease Division, the Ministry of Health, Labor, and Welfare to the 
Research Committees for Amyloidosis. 

 Manuscript received 28 November 2010 and in revised form 26 May 2011. 

  Published, JLR Papers in Press, May 26, 2011  
  DOI 10.1194/jlr.M013235  

 ApoA-I defi ciency in mice is associated with 
redistribution of apoA-II and aggravated 
AApoAII amyloidosis  

  Yaoyong   Wang ( 王耀勇 ) ,  Jinko   Sawashita ( 澤下仁子 ) ,  Jinze   Qian ( 钱金泽 ) ,  Beiru   Zhang ( 张蓓茹 ) , 
 Xiaoying   Fu ( 付笑影 ) ,  Geng   Tian ( 田耕 ) ,  Lei   Chen ( 陈磊 ) ,  Masayuki   Mori ( 森 政之 ) , and 
 Keiichi   Higuchi ( 樋口京一 )   1   

 Department of Aging Biology, Institute on Aging and Adaptation, Graduate School of Medicine,  Shinshu 
University , Matsumoto,  Japan  

 Abbreviations: AA, reactive amyloidosis; AApoAII, senile amyloid 
fi bril; AI, amyloid index; AL, primary amyloidosis; apoA-I, apolipopro-
tein A-I; apoA-II, apolipoprotein A-II; CETP, cholesteryl ester transfer 
protein; DDW, distilled deionized water; FAP, polyneuropathy; HDL-C, 
HDL cholesterol; Lp, lipoprotein; LPS, lipopolysaccharides; RCT, reverse 
cholesterol transport; SAM, senescence-accelerated mouse; SPF, specifi c 
pathogen free; TC, total cholesterol; TG, triglyceride; WT, wild-type. 

  1  To whom correspondence should be addressed.  
   e-mail: keiichih@shinshu-u.ac.jp 

  The online version of this article (available at http://www.jlr.org) 
contains supplementary data in the form of one fi gure and one table. 



1462 Journal of Lipid Research Volume 52, 2011

and TG;  ii ) redistribution of apoA-II and larger HDL par-
ticles; and  iii ) aggravated systemic AApoAII amyloidosis 
and heart amyloidosis in  Apoa1   � / �   mice. These results 
prompted us to explore how the loss of apoA-I affects the 
metabolism of apoA-II. 

 MATERIALS AND METHODS 

 Animals 
 C57BL/6J mice were purchased from Japan SLC, Inc. 

(Hamamatsu, Japan), and C57BL/6J. Apoa1   � / �   mice (B6.129P2-
 Apoa1 tm1Unc  /J) were purchased from Jackson Laboratories (Bar 
Harbor, ME). The  Apoa1 tm1Unc   mutant strain was developed in the 
laboratory of Dr. Nobuyo Maeda ( 27 ). The C57BL/6J strain was 
produced by backcrossing the  Apoa1 tm1Unc   mutation 10 times to 
C57BL/6J inbred mice. Mice were maintained by sister-brother 
matings under specifi c pathogen free (SPF) conditions at 24 ± 
2°C with a light-controlled regimen (12 h light/dark cycle). Mouse 
pups were weaned at four weeks and then fed a commercial diet 
containing 5.6% fat (C18:2 linoleic acid, 48.4%; C18:1 linoleic acid, 
23.2%; C16 palmitic acid, 14.1%; C18:3 linolenic acid, 4%; C18 
stearic acid, 2.5%; C20:5 eicosapentaenoic acid, 1.6%; C22:6 do-
cosahexaenoic acid, 1.4%; C16:1 palmitoleic acid, 1.4%; C14 
myristic acid, 0.4%; and others, 2.0%) that was purchased from 
Oriental Yeast (Tokyo, Japan). Tap water was provided ad libi-
tum. Only female mice were used in this study to avoid AA amy-
loidosis or other adverse impacts caused by fi ghting and other 
behaviors among mice reared in the same cage. Mice were eutha-
nized by cardiac puncture under diethyl ether anesthesia. All ex-
perimental procedures were carried out in accordance with the 
Regulations for Animal Experimentation of Shinshu University. 

 Lipoprotein quantity, HDL particle size, and distribution 
of plasma lipids 

 After an overnight fast, mice were sacrifi ced for plasma collec-
tion and other experiments, such as pathologic investigation. Levels 
of plasma TC, HDL-C, and TG were detected in duplicate deter-
minations using commercially available kits (total cholesterol E-test 
kit, 439-17501; HDL-cholesterol E-test kit, 431-52501; Triglycer-
ide E-test kit, 432-40201; Wako Pure Chemical Industries, Osaka, 
Japan). Pooled plasma of some groups was also analyzed with a 
dual-detection, high-performance liquid chromatography (HPLC) 
system (Liposearch System, Skylight Biotech, Inc., Akita, Japan) 
( 28 ). HDL-C values determined by the HDL-cholesterol E-test kit 
were confi rmed by HPLC procedures (supplemental Table I). 

 To determine HDL particle size, plasma (5  � l for WT mice; 10  � l 
for  Apoa1  � / �    mice) prestained for lipids with Sudan Black B was 
electrophoresed on a nondenaturing PAGE gel with a 5-15% lin-
ear polyacrylamide gradient. Electrophoresis was carried out at 
25 mA for 2 h ( 14, 29 ). The distribution of apoA-I, apoA-II, apoE, 
apoA-IV, and apoC- II protein among the HDL species was deter-
mined by Western blot analysis of 0.5, 2, 1, 1, and 2  � l plasma, 
respectively, separated by nondenaturing PAGE. To further de-
termine the cholesterol profi les in plasma lipoproteins, pooled 
plasma from mice (n = 3) was analyzed with HPLC. Isolated 
HPLC fractions with different particle diameters (ranging from 
7.6 nm to >80 nm) from 4  � l pooled plasma were separated by 
SDS-PAGE, and apoA-II protein was determined by Western blot 
analysis. 

 Analysis of apoE and apoA-II plasma concentrations 
 Plasma (1 and 2  � l for apoE and apo-II, respectively) from 

C57BL/6J and  Apoa1  � / �    mice was separated by electrophoresis at 
15 mA for 6 h on Tris-Tricine/SDS-16.5% polyacrylamide gels 

genic mice highlight the physiological redundancy of HDL 
apolipoproteins ( 8 ). In addition to apoA-I, other apolipo-
proteins, such as apoE, apoA-II ( 9 ), and apoA-IV, are ac-
tive in inducing cholesterol effl ux from cells and may play 
important roles in substituting for the loss of apoA-I ( 10 ). 

 ApoA-II, the second most abundant protein present in 
human, mouse, rat, and fi sh plasma HDL ( 11 ), was long 
considered to be of minor physiologically importance in 
lipoprotein metabolism because apoA-II defi ciency is not 
associated with a high susceptibility to coronary heart dis-
ease ( 12 ). However, recent studies show that apoA-II plays 
multiple metabolic roles in maintaining the plasma HDL 
pool ( 13–15 ), promoting obesity and insulin resistance 
( 15, 16 ), augmenting monocyte responses to lipopolysac-
charides (LPS) ( 17 ), and decreasing triglyceride catabo-
lism, mainly by impairing lipoprotein lipase (LPL) activity 
( 13 ). Although human apoA-II is either atheroprotective 
or pro-atherogenic in transgenic mice, depending on an 
atherogenic diet ( 18 ), mouse apoA-II is pro-atherogenic 
in chow-fed transgenic mice ( 19 ). 

 In human hereditary amyloidosis, a rare disorder that 
may cause progressive and life-threatening organ dysfunc-
tion, apoA-II can form AApoAII amyloid fi brils, which are 
mainly deposited in the kidney ( 20 ). In mice, apoA-II is a 
precursor of senile amyloid fi brils (AApoAII), which were 
fi rst isolated from a senescence-accelerated inbred strain 
(SAMP1) having severe amyloidosis and were later found 
to be present universally in mice ( 21 ). Mouse AApoAII 
amyloidosis fi brils are spontaneously deposited systemi-
cally (excluding the brain) in an age-associated manner 
( 21 ), resulting in a 20% shortened life span for R1.P1-
 Apoa2 c   mice ( 22 ). In laboratory mice, there are three ma-
jor alleles for  Apoa2 :  Apoa2 a  ,  Apoa2 b  , and  Apoa2 c   ( 21, 23 ). 
We confi rmed that strains carrying  Apoa2 a   and  Apoa2 c   are 
more susceptible to AApoAII amyloidosis than strains hav-
ing  Apoa2 b   ( 14, 21, 23, 24 ). 

 To date, the infl uence of apoA-I on apoA-II is not clear. 
Although LpA-II, which lacks apoA-I and contains apoA-II 
as the main apolipoprotein constituent, was found in 
apoA-I-defi cient patients ( 25 ), there are no detailed data 
concerning the distribution of apoA-II. For mice lacking 
apoA-I, apoE is confi rmed to increase in compensation, 
although whether this also occurs for apoA-II is not known 
( 7, 9 ). Recently, it was shown that apoA-I may also affect 
amyloidosis pathogenesis ( 26 ). ApoA-I can bind amyloid  �  
(A � ), and decrease A � -induced cytotoxicity in vitro, as 
well as attenuate formation of A �  amyloid deposits on cen-
tral nervous system blood vessel walls in vivo ( 26 ). How-
ever, there are few studies concerning the role of ApoA-I 
in other amyloidoses, including those associated with 
pathological disorders, such as primary (AL) amyloidosis, 
reactive (AA) amyloidosis, polyneuropathy (FAP), prion 
diseases, and familial, systemic, and sporadic amyloidosis. 

 Using C57BL/6J. Apoa1   � / �   mice (with  Apoa2 a   allele), we 
confi rmed that apoA-I defi ciency results in signifi cantly re-
duced plasma levels of TC, HDL-C, and TG, as well as a 
2-fold increased apoE level that was previously described 
by other studies ( 7 ). Unexpectedly, we also found  i ) age-
related increases in the levels of plasma apoA-II, TC, HDL-C, 
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 Induction of amyloidosis in C57BL/6J. Apoa1   � / �   mice 
 Previously we have shown that AApoAII(A) amyloidosis could 

be induced by AApoAII(C) amyloid fi brils by cross-seeding, and 
confi rmed that the depositions in C57BL/6 mice with  Apoa2 a   
were endogenous AApoAII(A) amyloid fi brils (32). Therefore, to 
induce AApoAII amyloidosis, 10 or 100 µg sonicated AApoAII(C) 
amyloid fi brils suspended in 100 µl DDW were injected into the 
tail vein of two-month-old female Apoa1 � / �  and WT mice. After 
two or four months, the treated mice were euthanized, and amy-
loid deposition was determined. We also induced amyloidosis by 
self-seeding with AApoAII(A) amyloid fi brils and compared the 
amyloid deposition. Control mice were injected with 100  � l DDW 
containing no amyloid fi brils. The mice were euthanized by car-
diac puncture under diethyl ether anesthesia, and major tissues 
were fi xed in 10% neutral buffered formalin, embedded in paraf-
fi n, and cut into 4  � m sections for Congo Red staining and 
immunohistochemistry. 

 Detection of amyloid deposition 
 Deposition of amyloid fi brils in each mouse was identifi ed by 

polarizing microscopy using Congo Red-stained sections, where 
green birefringence indicates the presence of amyloid. The in-
tensity of amyloid deposition was determined semiquantitatively 
using the amyloid index (AI) as a parameter. The AI parameter 
represents the average degree of deposition, graded from 0 to 4, 
in the seven organs (heart, liver, spleen, stomach, intestine, 
tongue, and skin) examined in Congo Red-stained sections. Amy-
loid fi bril proteins were identifi ed by immunohistochemistry us-
ing the avidin-biotin horseradish peroxidase complex method. 
Specifi c antisera against mouse AApoAII and mouse AA were 
used ( 31 ). Tissues were examined by two independent observers 
who were blinded to the experimental protocol. 

 Statistical analysis 
 We used the StatView software package (Abacus Concepts, 

Berkley, CA) for data analysis. All data are presented as the mean ± 
SD. Because the AI is nonlinear, the AIs of different groups of 
mice were compared using the nonparametric Mann-Whitney 
 U -test. One-way Anova and Student’s  t -test were used for all data 
except AI. 

 RESULTS 

 ApoA-I defi ciency results in age-related increases in 
plasma apoA-II, cholesterol, and lipids 

 To determine whether apoA-I defi ciency infl uences the 
metabolism of apoA-II and apoE, the major protein con-
stituents of HDL from  Apoa1   � / �   mice ( 7, 9 ), we deter-
mined the plasma levels of apoA-I, apoA-II, and apoE in 
two-, four-, and six-month-old WT and  Apoa1   � / �   mice by 
Western blot analysis after separating plasma proteins by 
SDS-PAGE. In WT mice, plasma levels of apoA-I (data not 
shown), apoA-II, and apoE remained effectively constant 
across the ages tested. In contrast, for  Apoa1   � / �   mice, 
apoA-I protein was absent, and apoE levels were about 
2-fold higher compared with WT mice. Furthermore, the 
level of apoE in  Apoa1   � / �   mice did not change signifi cantly 
with age (  Fig. 1A , C ).  Although the level of apoA-II de-
creased in two-month-old  Apoa1   � / �   mice (from 23.9 ± 3.3 
to 18.9 ± 2.8 mg/dl), there was a signifi cant increase as 
 Apoa1   � / �   mice aged (21.0 ± 6.0 and 31.1 ± 5.8 mg/dl at 
four and six months, respectively) ( Fig. 1A, B ). 

(SDS-PAGE). After electrophoresis, proteins were transferred to 
a polyvinylidene difl uoride (PVDF) membrane using a semidry 
Western blot apparatus at 150 mA for 1.5 h. The membrane was 
then probed with goat anti-apolipoprotein E polyclonal antibody 
diluted 1:2,000 (AB947, Chemicon International) or polyclonal 
rabbit anti-mouse apoA-II diluted 1:1,500 in 3% skim milk in PBS 
containing 0.1% Tween-20 (T-PBS) for 1 h at room temperature. 
Subsequently, membranes were incubated for 1 h with horserad-
ish peroxidase (HRP)-conjugated anti-goat IgG solution (1:3,000) 
or anti-rabbit IgG solution (1:3,000). ApoE and ApoA-II were de-
tected with the enhanced chemiluminescence (ECL) system and 
quantifi ed using a densitometric image analyzer with NIH Image 
version 1.61 (Bethesda, MD). Pooled plasma from two-month-old 
wild-type (WT) mice was used as standard plasma to calculate the 
relative apoE concentration. Plasma with 25 mg/dl apoA-II con-
centration, determined by purifi ed apoA-II protein ( 30 ), was 
used as standard plasma to calculate the concentration of apoA-II 
(supplemental Fig. I). 

 Anti-apoA-II antiserum was produced in rabbits by injecting 
type C apoA-II protein purifi ed from AApoAII amyloid fi brils de-
posited in the liver of a SAMP1 mouse ( 31 ). This anti-apoA-II 
antiserum can react specifi cally with plasma type A, type B, and 
type C apoA-II on a Western blot. This anti-apoA-II antiserum can 
also react specifi cally with type A, type B, and type C AApoAII fi -
brils on a Western blot or immunohistochemistry ( 14, 24, 32 ). 

 Analysis of  Apoa2  mRNA expression in the liver and heart 
 Total RNA was extracted from livers or hearts (including the 

atrium cordis and ventriculus cordis) of two- and six-month-old 
mice using TRIzol Reagent (Invitrogen), followed by treatment 
with DNA-Free (Applied Biosystems, Foster City, CA) to remove 
contaminating DNA. Then it was subjected to reverse transcrip-
tion using an Omniscript RT kit (Applied Biosystems) with ran-
dom primers (Applied Biosystems). The cycling parameters for 
reverse transcriptase-polymerase chain reaction (RT-PCR) ampli-
fi cation were initial denaturation for 1 min at 94°C, followed by 
23 cycles of 30 s at 94°C, 30 s at 60°C, and 45 s at 72°C for GAPDH; 
24 cycles for hepatic  Apoa1 ; 21 cycles for hepatic  Apoa2 ; and 32 
cycles for cardiac  Apoa2 . Quantitative real-time RT-PCR analysis 
was carried out using an ABI PRISM 7500 Sequence Detection 
System (Applied Biosystems) with SYBR Green (Takara Bio, Tokyo, 
Japan), and values were normalized with respect to GAPDH. The 
following primers were used:  Apoa1 -F 5 ′ -GTGGCTCTGGTCTTC-
CTGAC-3 ′ ,  Apoa1 -R 5 ′ -ACGGTTGAACCCAGAGTGTC-3 ′  (218 
bp);  Apoa2 -F 5 ′ -GCCTGTTCACTCAGTACTTTCAG-3 ′  and 
 Apoa2 -R 5 ′ -CAGACTAGTTCCTGCTGACC-3 ′  (155 bp); and 
GAPDH-F 5 ′ -TGCACCACCAACTGCTTAG-3 ′  and GAPDH-R 
5 ′ -GGATGCAGGGATGATGTTC-3 ′  (177 bp). 

 Isolation of amyloid fi brils 
 AApoAII(C) fi brils were isolated from the liver of a 12-month-old 

R1.P1- Apoa2 c   mouse, a congenic strain carrying the amyloidogenic 
 Apoa2 c   allele from the SAMP1 strain in the genetic background of 
SAMR1 ( 33 ), which also had severe amyloid deposition induced by 
intravenous injection of AApoAII(C) fi brils. AApoAII(A) fi brils were 
isolated from the liver of a 12-month-old C57BL/6 mouse, which 
had severe amyloid deposition induced by intravenous injection of 
AApoAII(C) amyloid fi brils. Both amyloid fi bril fractions were iso-
lated by Pras’s method with some modifi cation ( 14 ). Isolated amy-
loid fi brils were suspended in distilled deionized water (DDW) at 
a concentration of 1.0 mg/ml and kept at  � 70°C. Of this mixture, 
1 ml was placed in a 1.5 ml Eppendorf tube and sonicated on ice for 
30 s with an ultrasonic homogenizer VP-5S (Tietech Co., Ltd., To-
kyo, Japan) at maximum power. This procedure was repeated fi ve 
times at 30 s intervals. Sonicated AApoAII samples were used 
immediately. 
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 ApoA-I defi ciency results in larger HDL particle size and 
redistribution of apoA-II among HDL 

 To elucidate the effect of apoA-I defi ciency on lipo-
protein particles and the distribution of other important 
apolipoproteins, we determined HDL particle size by non-
denaturing PAGE of plasma prestained with Sudan Black 
B. We performed Western blot analysis of plasma apolipo-
proteins following separation by nondenaturing PAGE. In 
this experiment, HDL appeared monotonic (  Fig. 2A  ),  and 
we marked size classes of HDL 1 , HDL 2 , and HDL 3  based 
on the distributions of apoA-I and apoA-II in WT mice and 
our previously reported results ( 14, 29 ). 

 There were clear differences between HDL species for 
WT and  Apoa1   � / �   mice, with HDL 3  and HDL 2  being the 
predominant form observed in WT mice. Although there 
was no clear band corresponding to HDL on nondenatur-
ing PAGE for two-month-old  Apoa1   � / �   mice due to low 
plasma lipid levels, for four- and six-month-old  Apoa1   � / �   

 We confi rmed that  Apoa1   � / �   mice had highly signifi cant 
reductions in plasma TC, HDL-C, and TG ( Fig. 1D–F ), as 
previously described in other studies ( 7 ). For example, in 
two-month-old  Apoa1   � / �   mice, TC and HDL-C levels de-
creased to about one fi fth of normal levels (from 66.4 ± 9.7 
to 12.7 ± 3.1 mg/dl for TC, and from 49.0 ± 7.8 to 9.4 ± 2.3 
mg/dl for HDL-C), while TG was one third that of normal 
levels (from 42.5 ± 4.0 to 13.4 ± 2.8 mg/dl). For WT mice, 
plasma levels of TC, HDL-C, and TG did not change sig-
nifi cantly as the mice aged. In contrast,  Apoa1   � / �   mice dis-
played signifi cant increases in levels of plasma TC, HDL-C, 
and TG with age. Levels of plasma TC increased to 22.8 ± 
3.8 mg/dl at four months, and to 34.1 ± 4.0 mg/dl at six 
months. HDL-C plasma levels increased to 17.1 ± 3.4 mg/
dl at four months, and to 23.4 ± 3.0 mg/dl at six months. 
Levels of plasma TG were also raised signifi cantly, from 
17.4 ± 1.6 mg/dl at four months to 22.0 ± 2.0 mg/dl at six 
months ( Fig. 1D–F ). 

  Fig.   1.  Plasma apolipoproteins, TC, HDL-C and 
TG in Apoa1 � / �  mice at two, four, and six months. A: 
ApoA-I, apoA-II. and apoE from WT and  Apoa1  � / �    
mice were detected with specifi c antisera after SDS-
PAGE and Western blot. B, C: Plasma concentrations 
of apoA-II and apoE were quantitated using a densi-
tometric image analyzer with NIH Image. D, E, F: 
Plasma concentrations of TC, HDL-C, and TG. KO, 
 Apoa1  � / �   ; n = 3-6.   

  Fig.   2.  ApoA-I defi ciency results in redistribution 
of apoA-II and larger HDL particles. A: HDL parti-
cle size and apolipoprotein distribution among 
HDL species were analyzed by nondenaturing 5-15% 
PAGE. To detect HDL particle size, 5 or 10  � l plasma 
from two-, four-, or six-month-old WT or  Apoa1   � / �   
mice were prestained with Sudan Black B. ApoA-I, 
apoA-II, apoE, apoA-IV, and apoC-II protein distri-
bution among HDL species was detected with spe-
cifi c antisera following Western blot. B: Cholesterol 
profi les in plasma lipoproteins were analyzed using 
a dual detection HPLC system. C: Isolated HPLC 
fractions of 4  � l pooled plasma were separated by 
SDS-PAGE, and apoA-II protein was determined by 
Western blot analysis. Line 1: Two-month-old WT 
mice. Line 2: Two-month-old  Apoa1   � / �   mice. Line 3: 
Six-month-old  Apoa1   � / �   mice.   
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analysis of apoA-II protein clearly showed that apoA-II 
existed mainly in HDL particles with diameters ranging 
from 10.9 to 12.1 nm in two-month-old WT mice, while 
two-month-old  Apoa1  � / �    mice had larger HDL and LDL 
particles with diameters from 12.1 to 18.6 nm. Particle 
sizes were further increased for six-month-old  Apoa1  � / �    
mice, which had HDL and LDL particles from 10.9 to 
28.6 nm in diameter ( Fig. 2C ). 

 ApoA-I defi ciency results in aggravated 
AApoAII amyloidosis 

 In this experiment, we used AApoAII(C) amyloid fi brils 
to induce AApoAII amyloidosis, and we used AApoAII(A) 
amyloid fi brils to confi rm the results. Amyloid deposition 
in tissues was determined by Congo Red staining and im-
munohistochemistry two and/or four months after injec-
tion. As a control, mice were injected with 100  � l distilled 
water, which produced no amyloid deposition in WT or 
 Apoa1  � / �    mice two and four months after injection (data 
not shown). Systemic amyloid depositions were induced 
by administration of 10 or 100  � g AApoAII(C) amyloid fi -
brils in WT and  Apoa1  � / �    mice. Immunohistochemical 
staining for amyloid deposition was positive with anti-
AApoAII antiserum but negative with anti-AA antiserum 
(data not shown). 

mice, the predominant form was HDL 1 , rather than HDL 3  
and HDL 2  ( Fig. 2A ). ApoA-I was distributed mainly in 
HDL 3  and HDL 2  in WT mice, while there was no apoA-I in 
 Apoa1   � / �   mice, as expected. Although apoA-II was largely 
found with HDL 3  in WT and two-month-old  Apoa1   � / �   
mice, it was unexpectedly found mainly with HDL 1  in four- 
and six-month-old  Apoa1   � / �   mice. Although there was no 
clear band for apoA-IV and apoC-II from two-month-old 
 Apoa1   � / �   mice due to low plasma concentration as de-
scribed ( 7, 9 ), it was shown that apoA-IV was distributed 
extensively with HDL, while apoE and apoC-II were dis-
tributed mainly with HDL 1  in both WT mice and  Apoa1   � / �   
mice. As such, apoA-I defi ciency resulted in redistribution 
of apoA-II in an age-dependent manner, but it had no ob-
vious infl uence on the distribution of other apolipopro-
teins detected in this study ( Fig. 2A ). 

 To confi rm this result, pooled plasma from two- and 
six-month-old WT and  Apoa1  � / �    mice was analyzed with 
a dual-detection HPLC system. For WT mice, there was 
no marked age-dependent change in the quantity of 
cholesterol and HDL particle size. In contrast,  Apoa1  � / �    
mice showed a marked increase in the quantity of cho-
lesterol and HDL particle size between two and six 
months of age ( Fig. 2B ). Separation of isolated HPLC 
fractions by SDS-PAGE and subsequent Western blot 

  Fig.   3.  Aggravated AApoAII amyloid deposition was induced in  Apoa1   � / �   mice. Four months after injec-
tion of 100  � g AApoAII(C) amyloid fi brils, heavy amyloid deposition was observed in hearts of six-month-old 
 Apoa1   � / �   mice (B, C, E, F) but not of WT mice (A, D). Amyloid deposits in the blood vessels and interstitial 
tissues surrounding myocardial fi bers of  Apoa1   � / �   mice (B, C) displayed green birefringence in Congo Red-
stained sections. Amyloid deposition was identifi ed using anti-apoA-II antiserum (E, F). G, H: The grade of 
amyloid deposition in the heart and system was determined using Congo Red-stained sections two and four 
months after mice were injected with 10 or 100  � g AApoAII(C) amyloid fi brils. Systemic amyloid score rep-
resents the average degree of deposition, graded 0 to 4, in the seven organs examined (heart, liver, spleen, 
stomach, intestine, tongue, and skin). Numbers above the columns represent amyloid positive mice/exam-
ined mice. BV, blood vessel; End, endocardium; Ep, epicardium; N, nucleus.   
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 In WT mice, injection of 10  � g AApoAII(C) amyloid fi -
brils induced amyloid deposition that was observed only in 
the tongue (3/3) (AI = 0.24) two months after injection; 
by four months postinjection, deposits were seen in the 
stomach (3/3) and intestine (3/3) as well as more depos-
its in the tongue (3/3) (AI = 0.57). In contrast, aggravated 
amyloid deposits were observed in the tongue (6/6), heart 
(5/6), and stomach (3/6) of  Apoa1  � / �    mice two months 
after injection (AI = 0.36), and additional deposits were 
found in the tongue (3/3), heart (3/3), stomach (3/3), 
intestine (3/3), liver (3/3), and skin (1/3) (AI = 1.29) 
four months after injection. 

 Like R1.P1- Apoa2 c   mice ( 34 ), the degree of amyloid de-
position increased in a dose-dependent manner in both 
WT and  Apoa1  � / �    mice. In WT mice, administration of 100 
 � g AApoAII(C) amyloid fi brils induced amyloid deposi-
tion in the tongue (6/6) and stomach (5/6) (AI = 0.41) 
two months after injection and further in the tongue 
(5/5), stomach (4/5), intestine (3/5), liver (3/5), and a 
few in the heart (1/5) (AI = 0.71) four months postinjec-
tion. On the other hand, injection of 100  � g AApoAII 
amyloid fi brils in  Apoa1  � / �    mice aggravated the amyloid 
deposits observed in the tongue (6/6) and produced de-
posits in the heart (5/6) and stomach (3/6) (AI = 0.36) 
after two months; after four months, deposits were de-
tected in the tongue (3/3), heart (3/3), stomach (3/3), 
intestine (3/3), liver (3/3), spleen (2/3), and skin (1/3) 
(AI = 1.90) (  Fig. 3  ,   Table 1  ).  

 To confi rm our result in  Apoa1  � / �    mice, 10 or 100  � g en-
dogenous AApoAII(A) amyloid fi brils were injected. Two 
months after injection, mice were euthanized, and the de-
gree of amyloid deposition was determined. Again, we found 
that more aggravated amyloidosis was induced in  Apoa1  � / �    
mice compared with WT mice following injection of 
AApoAII(A) amyloid fi brils ( Table 1 ). We did not perform 
the experiment of four-month treatment of AApoAII(A). 

 In summary, we confi rmed that regardless of amyloid 
fi bril type (AApoAII(C) versus AApoAII(A) or quantity 
(10 versus 100  � g), and the amount of time following 
treatment (two versus four months), more AApoAII amy-
loid deposition was induced by fi bril injection in  Apoa1  � / �    
mice compared with WT mice. 

 ApoA-I defi ciency results in higher expression of hepatic 
and cardiac  Apoa2  mRNA 

 Although  Apoa2  mRNA is expressed in many organs, 
apoA-II is mostly synthesized by the liver ( 35 ). To eluci-
date the mechanism of elevated plasma apoA-II concentra-
tion and high sensitivity to AApoA-II amyloidosis in 
 Apoa1  � / �    mice hearts, we determined the levels of hepatic 
and cardiac  Apoa2  mRNA in two- and six-month-old mice 
by RT-PCR and real-time PCR. In WT mice, levels of he-
patic and cardiac  Apoa2  mRNA did not change until six 
months, when the level of cardiac  Apoa2  mRNA was about 
5,000 times lower than hepatic  Apoa2  mRNA (data not 
shown). Interestingly,  Apoa1  � / �    mice had higher expres-
sion of hepatic  Apoa2  mRNA (1.2 times at two months and 
1.5 times at six months) and cardiac  Apoa2  mRNA (about 
5 times at two and six months). 
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at least part of its pro-atherogenic effect by counteracting 
the antioxidant properties of HDL, not by impairing mac-
rophage-specifi c RCT ( 36, 37 ). Furthermore, in  hApoa2  
transgenic mice, RCT from macrophages to liver and feces 
was enhanced under a chow-fed diet ( 38 ). On the other 
hand, mice that over express  mApoa2  have increased HDL-C 
( 14 ), and apoA-II-defi cient mice have dramatically de-
creased HDL-C ( 15 ). 

 In this study, we found that apoA-II levels in apoA-I-defi -
cient mice at two and four months of age did not differ 
signifi cantly from WT mice, but by six months of age, 
apoA-II levels markedly increased to about 1.5-fold more 
than in six-month-old WT mice. Although  Apoa2  mRNA is 
expressed in many organs, apoA-II is mostly synthesized by 
the liver ( 35 ). We found that there was a higher expres-
sion of hepatic  Apoa2  mRNA in apoA-I-defi cient mice (1.2 
and 1.5 times at two and six months, respectively). These 
changes may account for the age-dependent increase in 
apoA-II levels in apoA-I-defi cient mice. In addition, there 
are other possibilities that could account for these changes, 
such as alterations in the secretion and metabolism of 
apoA-II in apoA-I-defi cient mice. We believe that the in-
creased apoA-II levels may play more important roles than 
simply substituting for the loss of apoA-I. The role of apoA-II 
during RCT and its powerful ability to impair LPL activity 
( 13 ) may explain the observed age-related increases in 
plasma cholesterol and TG. 

 In humans and mice, most apoA-II exists as an integral 
protein constituent of LPA-I/A-II, which is present in 
HDL 3 . Interestingly, LP A-II, a minor HDL species charac-
terized by having apoA-II as its major protein constituent, 
was isolated from normolipidemic subjects and apoA-I-
defi cient patients ( 25 ). LP-A-II also can interact with other 
apolipoproteins to form LPA-II:B or LPA-II:B:C:D:E com-
plexes in VLDL of apoA-I-defi cient patients ( 25, 39 ). The 
lipid profi le of LPA-II from apoA-I-defi cient patients is 
characterized by a signifi cantly higher percentage of trig-
lycerides and a lower percentage of phospholipids com-
pared with LPA-II from normolipidemic subjects ( 25 ). 
These differences suggest that human lipoprotein parti-
cles containing apoA-II from apoA-I-defi cient patients 
have larger sizes than normal LPA-I/A-II particles. In this 

 Aggravated AApoAII amyloidosis results in decreased 
HDL-C and apoA-II concentrations in  Apoa1  � / �    mice 

 To evaluate how AApoAII amyloidosis induction affects 
the concentrations of HDL-C and the precursor protein 
apoA-II, serial plasma samples were evaluated two and four 
months after injection of 10 or 100  � g AApoAII(C) amy-
loid fi brils (1.5 times at six months) and cardiac  Apoa2  
mRNA (about 5 times at two and six months) (  Fig. 4  ).    

 In WT mice, there was no signifi cant change in HDL-C 
and apoA-II concentrations two or four months after injec-
tion of 10 or 100  � g AApoAII(C) amyloid fi brils. In 
 Apoa1  � / �    mice, there was no signifi cant change in HDL 
and apoA-II plasma concentrations two months after fi bril 
injection. After four months, however, there was a signifi -
cant decrease in the plasma concentrations of HDL and 
apoA-II when 100  � g AApoAII(C) amyloid fi brils were in-
jected, compared with control mice (  Fig. 5A , B, D ).  

 To determine whether AApoAII amyloidosis infl uences 
lipoprotein particles, we determined HDL particle size by 
nondenaturing PAGE. We observed no clear change in 
HDL sizes for either  Apoa1  � / �    or WT mice ( Fig. 5C ), which 
was supported by HPLC analysis (data not shown). 

 DISCUSSION 

 In this study, we focused on how apoA-I defi ciency infl u-
ences apoA-II and AApoAII amyloidosis in mice. We con-
fi rmed that apoA-I defi ciency resulted in a signifi cant 
reduction of TC, HDL-C, and TG but increased plasma 
apoE levels ( 7, 9 ).Unexpectedly, we found that apoA-I de-
fi ciency results in  i ) age-related increases in apoA-II, TC, 
HDL-C; and TG plasma levels;  ii ) redistribution of apoA-II 
and larger-sized HDL particles; and  iii ) aggravated 
AApoAII amyloidosis and heart amyloidosis. 

 ApoA-I plays key roles in lipid transport and metabolism 
mainly by activating LCAT and maintaining RCT ( 3, 4 ). As 
such, it is not surprising that human apoA-I overexpres-
sion results in elevated HDL-C levels in mice ( 14 ) and that 
apoA-I-defi ciency causes a marked reduction in HDL-C 
levels in humans and mice ( 5–7 ). 

 ApoA-II is also known to be important for RCT and 
maintaining the plasma HDL pool. Human apoA-II exerts 

  Fig.   4.  ApoA-I defi ciency results in higher expres-
sion of hepatic and cardiac  Apoa2  mRNA. Total RNA 
was extracted from livers and hearts of two- and six-
month-old mice. After cDNA synthesis, expression of 
 Apoa1  and  Apoa2  mRNA was determined by RT-PCR 
analysis (A). Levels of  Apoa1  and  Apoa2  mRNA were 
detected by real-time PCR analysis (B).   
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necessary to study the effects of reducing apoA-I levels on 
apoA-II- as well as heterozygous apoA-I-defi cient mice, 
which may be an ideal model for further research. 

 Mouse AApoA-II amyloid is spontaneously deposited 
systemically in the body, although not in brain, in an age-
associated manner ( 21 ). Exogenous amyloid fi brils could 
act as seeds (nuclei) that accelerate the conformational 
change of endogenous amyloid protein into fi bril form. 
Regardless of the seed type [AApoAII(C) or AApoAII(A) 
amyloid fi brils], seed quantity (10 or 100  � g), or time after 
treatment (two or four months), more AApoAII amyloid 
deposition was induced in  Apoa1  � / �    mice than in WT mice. 
This result may be due primarily to apoA-II redistribution 
rather than increased apoA-II concentrations, because ag-
gravated AApoAII amyloidosis was induced in  Apoa1  � / �    
mice two months after treatment (i.e., at four months of 
age), a time when apoA-II levels in  Apoa1  � / �    mice were no 
higher than that of four-month-old WT mice. This result 
indicates that apoA-II in LPA-I/A-II is more resistant to 
conformational changes from the normal host cellular 
protein to an abnormal form. In agreement with our re-
sults, low concentrations of HDL and apoA-I were shown 
to be highly correlated with the severity of Alzheimer’s dis-
ease, likely because apoA-I can suppress A �  in vitro and in 
vivo ( 26 ). These fi ndings suggest that apoA-I may be a po-
tential therapeutic target for human amyloidoses, such as 
Alzheimer’s disease, AL and AA amyloidosis, and FAP. 

study, we clearly showed that apoA-II in  Apoa1   � / �   mice 
mainly exists in HDL 3  at two months as expected, whereas 
the predominant species at four and six months is HDL 1 . 
At the same time, the size of HDL from  Apoa1   � / �   mice was 
larger compared with WT mice. Thus, it is possible that 
mouse apoA-II may form LP-A-II or interact with other 
apolipoproteins to form LP complexes in HDL. At pres-
ent, there has been little research about the characteristics 
and functions of the apoA-II only lipoprotein. Further in-
vestigations of apoA-II could be helpful to understand the 
mechanism of larger HDL in apoA-I mutation in humans 
( 40 ) and the relationship between apoA-I and other lipo-
proteins. ApoE is an important component of LP-A-
II:B:C:D:E particles in apoA-I-defi cient humans ( 25 ). In 
 Apoa1   � / �   mice, apoE mainly exists in large HDL, and the 
2-fold higher level of apoE suggests that apoE may play an 
important role in increasing HDL size and substituting for 
the loss of apoA-I. Because mice lack endogenous choles-
teryl ester transfer protein (CETP), a hydrophobic plasma 
glycoprotein that promotes transfer of CE from HDL to 
apoB-containing lipoproteins ( 41 ), apoA-I-defi cient mice 
have considerably higher HDL-C levels (>10 mg/dl) than 
apoA-I-defi cient humans (<4 mg/dl). The lack of CETP in 
mice may also account for why apoA-I-defi cient humans 
have decreased apoA-II in HDL, while we observed in-
creased apoA-II in HDL from apoA-I-defi cient mice. As 
complete apoA-I defi ciency in humans is rare, it would be 

  Fig.   5.  Induction with AApoAII amyloid fi brils decreased apoA-II and HDL-C concentration in  Apoa1  � / �    mice. Two and four months after 
mice were injected with DDW, 10  � g AApoAII(C) amyloid fi brils, or 100  � g AApoAII(C) amyloid fi brils, apoA-II and HDL-C concentrations 
were determined. A: ApoA-II was detected with specifi c antisera following SDS-PAGE and Western blot. B: The plasma concentrations of 
apoA-II were quantitated using a densitometric image analyzer with NIH Image. C: HDL particle size was analyzed by nondenaturing 5-15% 
PAGE using 5 or 10  � l plasma from WT or  Apoa1   � / �  mice, respectively. D: HDL-C was determined by an enzymatic procedure. Values are 
means ± SD.   
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 In mice, AApoAII amyloid deposits fi rst form in the 
tongue, stomach, and intestine, and then extend to other 
tissues, with the heart moderately susceptible to AApoAII 
amyloidosis ( 14 ). In this study, we showed that hearts of 
 Apoa1  � / �    mice were highly susceptible to AApoAII amyloi-
dosis. Why this result occurred is unclear, but one possible 
explanation is that apoA-I defi ciency may alter the mi-
croenvironment of the heart. The heart has signifi cant 
muscle content, but we noticed that there was no obvious 
AApoAII amyloid deposition in the muscle tissues from 
the tongues, intestines, and stomachs of  Apoa1  � / �    mice 
(data not shown). As such, heart may have tissue specifi city 
to AApoAII amyloidosis in  Apoa1  � / �    mice. Although there 
is very low expression of  Apoa2  mRNA in the heart, we 
found that there was about 5-fold higher expression of car-
diac  Apoa2  mRNA in  Apoa1  � / �    mice. This higher endoge-
nous apoA-II may, at least in part, account for the heart’s 
higher susceptibility to AApoAII amyloidosis. 

 In humans, the heart is also highly vulnerable to some 
types of amyloidoses, such as AL and AA amyloidosis, FAP, 
and isolated atrial amyloidosis ( 42 ). There is no effective 
treatment for amyloid heart disease, which leads to an infi l-
trative/restrictive cardiomyopathy ( 42 ). Further research on 
apoA-I may help defi ne the mechanism of amyloid heart dis-
ease and aid in the development of therapeutic strategies. 

 We also detected a signifi cant decrease in HDL and 
apoA-II plasma concentrations four months after severe 
amyloidosis was induced in  Apoa1  � / �    mice by injection of 
100  � g AApoAII(C) amyloid fi brils. In earlier studies, we 
confi rmed that the serum level of apoA-II decreased dur-
ing amyloidosis in SAMP1 mice ( 43 ). Since aggravated 
AApoAII amyloidosis did not alter the synthesis of apoA-II 
but instead accelerated apoA-II catabolism ( 43 ), the decrease 
in HDL and apoA-II plasma concentrations may be the re-
sult of, rather than the reason for, severe amyloidosis. 

 In conclusion, these results indicate that apoA-I plays 
key roles in maintaining apoA-II distribution and HDL 
particle size. Furthermore, the redistribution of apoA-II 
may be the main reason for aggravated AApoAII amyloido-
sis in  Apoa1   � / �   mice. ApoA-II may thus play important 
roles in substituting for the loss of apoA-I. These fi ndings 
should provide novel insights for the relationship between 
apoA-I and apoA-II and the mechanism of amyloidosis.  
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