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Abstract: AA amyloidosis is a protein misfolding disease characterized by extracellular deposition 
of amyloid A (AA) fibrils. AA amyloidosis has been identified in food animals, and it has been postulated 
that AA amyloidosis may be transmissible to different animal species. Since the precursor protein of 
AA fibrils is serum amyloid A (SAA), which is an inflammatory acute phase protein, AA amyloidosis 
is considered to be associated with inflammatory diseases such as rheumatoid arthritis. Chronic 
diseases such as autoimmune disease and type 2 diabetes mellitus could be potential factors for AA 
amyloidosis. In this study, to examine the relationship between the induction of AA amyloidosis and 
chromic abnormalities such as autoimmune disease or type 2 diabetes mellitus, amyloid fibrils from 
mice, cattle, or chickens were experimentally injected into disease model mice. Wild-type mice were 
used as controls. The concentrations of SAA, IL-6, and IL-10 in autoimmune disease model mice 
were higher than those of control mice. However, induction of AA amyloidosis in autoimmune disease 
and type 2 diabetes mellitus model mice was lower than that in control mice, and the amount of 
amyloid deposits in the spleens of both mouse models was lower than that of control mice according 
to Congo red staining and immunohistochemistry. These results suggest that factors other than SAA 
levels, such as an inflammatory or anti-inflammatory environment in the immune response, may be 
involved in amyloid deposition.
Key words: AA fibrils, amyloidosis, autoimmune disease, interspecies transmission, type 2 diabetes 
mellitus

Introduction

amyloid a (aa) amyloidosis is a protein misfolding 
disease characterized by the extracellular deposition of 
insoluble amyloid fibrils with β-sheet-rich structures in 
several organs, such as the spleen, liver, and kidney, that 
induces functional impairment [12]. amyloidosis is clas-
sified into approximately 30 types according to the pre-

cursor protein and clinical symptoms [28]. aa amyloi-
dosis is a common form of fatal systemic amyloidosis. 
since the precursor protein of aa is serum amyloid a 
(SAA), which is an inflammatory acute phase protein 
[8], AA amyloidosis is considered to be associated with 
inflammatory diseases such as rheumatoid arthritis (RA) 
and familial Mediterranean fever (FMF). saa is primar-
ily synthesized in the liver and increases by about 1,000-
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fold over normal levels in the plasma during the inflam-
matory acute-phase response [26].

In chronic inflammatory conditions such as RA and 
FMF, saa can incidentally aggregate as amyloid depos-
its in several organs, primarily in the spleen, liver, and 
kidney [32]. indeed, a high incidence of aa amyloidosis 
among RA patients has been reported, and in Japan, 90% 
of aa amyloidosis cases in people occurs secondary to 
RA [23]. Therefore, other inflammatory diseases, such 
as other autoimmune diseases or type 2 diabetes mellitus, 
may be potential factors for aa amyloidosis. in tissues 
of patients with autoimmune diseases, the deposition of 
antibody-antigen immune complexes causes chronic 
inflammation [11]. In the blood of people with diabetes 
mellitus, SAA levels are relatively high compared with 
those of healthy people [2].

aa amyloidosis in mice can be experimentally in-
duced by injection of agNo3, casein, or lipopolysac-
charide as an inflammatory stimulant, which causes 
causes a significant increase in SAA levels in the plasma, 
and the time to disease onset can be markedly shortened 
by injection of amyloid fibrils extracted from amyloid-
containing tissue [19, 21]. Furthermore, possible trans-
mission of AA amyloidosis from humans [27], mice [9, 
31], cattle [4], fowls [10], and cheetahs [34] to mice has 
been reported. in addition, induction of aa amyloidosis 
in rabbits using bovine amyloid fibrils has been reported 
[7, 20]. AA amyloid deposits have been observed in food 
animals including slaughtered cattle [30, 33]. Therefore, 
it is considered that amyloid fibrils in food animals such 
as cattle and chickens may have potential to induce aa 
amyloidosis in humans with chronic disease.

In this study, to investigate the relationship between 
the induction of aa amyloidosis and chronic disease, 
amyloid fibrils were experimentally injected into two 
kinds of model mice, C57BL lpr/lpr and C57BL Ham 
ob/ob mice. C57BL lpr/lpr mice are a model for autoim-
mune disease, which show systemic autoimmunity [3], 
while C57BL Ham ob/ob mice are a model for type 2 
diabetes mellitus [2]. The transmission of aa amyloi-
dosis was examined by inoculation of murine, bovine, 
and chicken amyloid fibrils into both model mouse 
strains. our results revealed that the transmission of aa 
amyloidosis to these model mice occurred to a lesser 
extent than in the controls, contrary to expectations.

Materials and Methods

Animals
Female C57BL lpr/lpr mice, C57BL mice as a control 

for C57BL lpr/lpr mice, C57BL Ham ob/ob mice, and 
C57BL Ham+/+ mice as a control for C57BL Ham ob/
ob mice were purchased from Japan SLC (Shizuoka, 
Japan). C57BL lpr/lpr mice are model animals for auto-
immune disease and show deposition of immune com-
plexes in several organs that causes inflammation [3]. 
C57BL lpr/lpr mice were used in experiments after 
confirming the development of systemic lupus erythe-
matosus-like disease by examining urine proteins using 
Albuwell M (Exocell, Philadelphia, PA, USA). C57BL 
ham ob/ob mice are model animals for type 2 diabetes 
mellitus [2]. C57BL Ham ob/ob mice were used in ex-
periments after confirming the development of type 2 
diabetes mellitus by examining urinary glucose using a 
Glucose Colorimetric/Fluorometric Assay Kit (BioVi-
sion, San Francisco, CA, USA). Animals were kept five 
mice per cage with ad libitum access to feed and water. 
For adaptation to the laboratory environment, animals 
were kept for four weeks before experiments. All pro-
cedures used in the following experiments were ap-
proved by the animal Care Committee at gifu univer-
sity (approval number 11104).

Extraction and purification of amyloid fibrils from 
murine, bovine, and chicken AA amyloidosis

Amyloid fibrils were extracted from the spleens of AA 
amyloidosis-affected C57BL mice, the livers of AA 
amyloidosis-affected cattle, and the livers of avian AA 
amyloidosis-affected chickens, which were previously 
ascertained to have amyloid deposits by Congo red stain-
ing and immunohistochemistry (ihC) as described in 
previous reports [18, 22]. Extraction of AA fibrils was 
performed according to the method described by Pras et 
al. [24]. Briefly, 2 g of the spleens from mice or 8 g of 
the livers of cattle or chickens were homogenized in 80 
ml of 0.15 M NaCl by a microhomogenizer (Microtec, 
Chiba, Japan) and centrifuged at 40,000 × g for 20 min 
at 4°C with an MLA-55 rotor using an Optima MAX-XP 
ultracentrifuge (Beckman Coulter, Brea, Ca, usa), and 
the supernatant was discarded. The tissue pellet was 
suspended with 80 ml of 0.15 M NaCl and centrifuged 
again at 40,000 × g for 20 min at 4°C. This process was 
repeated five times. Then the pellet was homogenized 
with 80 ml of distilled water and centrifuged again, and 
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the supernatant was collected. The pooled supernatants 
were centrifuged at 100,000 × g for 1 h at 4°C. resulting 
pellets of amyloid fibrils were dissolved in 8 ml of dis-
tilled water and stored at −30°C until use. The concentra-
tion of protein was measured by a spectrophotometer 
(GeneQuant 100, GE Healthcare, Buckinghamshire, UK) 
using a DC Protein Assay kit (Bio-Rad Laboratories, 
hercules, Ca, usa).

Coomassie Brilliant Blue staining and Western blot 
analysis of amyloid fibrils

Amyloid fibrils were electrophoresed on 12% sodium 
dodecyl sulfate polyacrylamide gels. after electropho-
resis, gels were stained with Coomassie Brilliant Blue 
(CBB). Another set of electrophoresed gels was trans-
ferred onto PVDF membranes (Millipore, Billerica, MA, 
USA) and blocked with 5% skim milk in phosphate 
buffered saline (PBS) supplemented with 0.1% Tween 
20 (PBST). The membranes were incubated with anti-
mouse SAA1 goat antibody (1:5,000) (AF2948, R&D 
Systems, Minneapolis, MN, USA), anti-bovine SAA1 
monoclonal antibody, 25BF12 (1:1,600) [29], which was 
purified from the culture supernatant of hybridoma cells 
by protein A-sepharose (GE Healthcare), or anti-chick-
en SAA1 mouse antibody (1:1,600) [22] in 1% skim milk 
in PBST at room temperature for 1 h. Membranes were 
washed three times with PBST and incubated with anti-
goat igg donkey antibody F (ab’)2 conjugated with 
horseradish peroxidase (HRP) (1:1,000) (SC3851, 
Santa Cruz Biotechnology, Dallas, TX, USA), anti-
mouse igg F (ab’)2 conjugated with HRP (1:1,600) 
(NA9310V, GE Healthcare, Buckinghamshire, UK) in 
1% skim milk in PBST at room temperature for 45 min. 
The membranes were washed four times with PBST. The 
band of amyloid fibrils was detected by an ECL Western 
Blotting detection system (ge healthcare), and bands 
in Western blot analysis were visualized by an LAS 4000 
mini (Fujifilm, Tokyo, Japan).

Induction of AA amyloidosis by injection with different 
amyloid fibrils and AgNO3

As shown in Table 1, all mice in three experiments 
were sorted into four groups, with five mice in each 
group according to inoculation with different amyloid 
fibrils at different doses. Mice in the groups were in-
jected with murine, bovine, or chicken amyloid fibrils 
by intraperitoneal route. All mice were also injected 
subcutaneously with 0.5 ml of a 3% solution of AgNO3. 

Before injection of amyloid fibrils, solutions containing 
the fibrils were treated with three cycles of ultrasonica-
tion for 30 and quiescence of 1 min by an ultrasonic 
processor (model 7500, Seiko I&E, Tokyo, Japan). After 
inoculation at 10 days, all mice were sacrificed, and then 
spleens, livers, kidneys, lungs, hearts, and small intes-
tines were collected, fixed in 10% neutral buffered for-
malin, and embedded in paraffin.

Detection of amyloid deposits and immunohistochemical 
examination

Deparaffinized tissue sections were stained with he-
matoxylin and eosin or Congo red [25] and evaluated 
for amyloid depositions by a polarized light microscope 
(BX43, Olympus, Tokyo, Japan). To confirm amyloid 
deposits, sections with Congo red staining were checked 
for emerald-green birefringence under polarized light. 
Another set of deparaffinized sections was processed for 
IHC using steam/heat treatment by autoclave for antigen 
retrieval. The sections were washed with PBS and treat-
ed with 3% H2o2 and then incubated with anti-mouse 
SAA1 goat antibody (1:200) (AF2948, R&D Systems) 
as a primary antibody in PBS for 2 h at 37°C. The sec-
tions were incubated with SC3851 as a secondary anti-
body in PBS at room temperature for 30 min, and color 
development with 3,3-diaminobenzidine-4HCl (DAB) 
was performed for approximately 40s. Immunostained 
sections were observed with a BX43 light microscope. 
The intensity of amyloid deposits was scored using the 
NIH ImageJ software [1].

Measurement of concentrations of SAA and cytokines in 
serum

Blood samples were collected from mice by retro-
orbital bleeding under inhalant anesthesia before injec-
tion and 1 day after injection. Collected blood samples 
were centrifuged at 7,000 × g for 10 min at 4°C in a 
TMA-29 rotor using an MX-150 centrifuge (Tomy, To-
kyo, Japan), and collected sera were stored at −30 °C 
until use. Concentrations of SAA in sera were measured 
using a Mouse Serum Amyloid A ELISA Kit (Life Di-
agnostics, West Chester, PA, USA) according to the 
manufacturer’s instructions. Concentrations of cytokines 
(interleukin 6 [IL-6] and IL-10) in sera were measured 
using a mouse T helper type 1 (Th1)/Th2/Th17 cytokine 
cytometric bead array (CBa) kit (Bd Biosciences, 
Franklin Lakes, NJ, USA) according to the manufac-
turer’s instructions. Data were measured by a BD FAC-
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SCanto II flow cytometer (BD Biosciences) and analyzed 
with the FACSDiva software (BD Biosciences).

Statistical analysis
Data were collected from at least three independent 

experiments, expressed as means ± sd, and analyzed for 
statistical significance by unpaired t-test.

Results

Extraction and confirmation of amyloid fibrils from 
murine, bovine, and chicken amyloidosis

Extracted murine, bovine, and chicken amyloid fibrils 
were examined by CBB staining and Western blot anal-
ysis (Fig. 1). The molecular weights of the extracted 
amyloid fibrils were approximately 7–9 kDa, and the 
expected sized bands were detected by both CBB stain-
ing (Fig. 1, lanes 1, 3, 5, and 7) and Western blot analy-
sis (Fig. 1, lanes 2, 4, 6, and 8). As AA amyloidosis could 
not be induced by the first bovine amyloid fibrils in mice 
(Fig. 1, lanes 3 and 4), bovine amyloid fibrils were ex-
tracted again (Fig. 1, lanes 5 and 6). The former bovine 
amyloid fibrils (Fig. 1, lanes 3 and 4) were injected into 
C57BL, C57BL lpr/lpr, C57BL Ham +/+, and C57BL 
ham ob/ob mice at 18 weeks in experiment 1 (Table 1). 
The latter bovine amyloid fibrils (Fig. 1, lanes 5 and 6) 
were injected into C57BL and C57BL lpr/lpr mice at 21 

weeks in experiments 2 and 3 and into C57BL Ham +/+ 
and C57BL Ham ob/ob mice at 30 weeks in experiment 
2 (Table 1). extractions of murine and chicken amyloid 
fibrils were done once (Fig. 1, lanes 1, 2, 7, and 8), and 
the lots were used in all experiments.

Induction of AA amyloidosis by murine, bovine, and 
chicken amyloid fibrils

To investigate the induction of aa amyloidosis, mice 
were inoculated with AgNO3 alone or with murine, bo-
vine, or chicken amyloid fibrils with AgNO3. C57BL lpr/
lpr mice and C57BL Ham ob/ob mice were inoculated 
with AgNO3 and amyloid fibrils after confirming that the 
level of urine protein or urine glucose was significantly 
higher than that of control mice, respectively. The results 
of the C57BL mice and C57BL lpr/lpr mice groups in 
experiments 1, 2, and 3 are shown in Table 1. Murine 
AA fibrils caused AA amyloidosis in all C57BL mice in 
experiments 1 and 2. In contrast, among C57BL lpr/lpr 
mice inoculated with murine amyloid fibrils, AA amy-
loidosis was observed in 11 out of 15 mice in experi-
ments 1, 2, and 3. Bovine AA fibrils did not cause AA 
amyloidosis in either C57BL mice or C57BL lpr/lpr mice 
in experiments 1, 2, or 3, even with 1,500 µg of bovine 
amyloid fibrils. Among C57BL mice inoculated with 
chicken amyloid fibrils, AA amyloidosis was observed 
in 1 out of 10 mice in experiments 1 and 2. Injection of 

Table 1. Amyloid deposition in C57BL, C57BL lpr/lpr, C57BL Ham +/+, and C57BL Ham ob/ob mice inoculated with several AA fibrils

Mice  injection  
(+ 3% AgNO3)

experiment 1 experiment 2 experiment 3

age 
(weeks)

injected 
amount 

of protein 
(μg)

Number 
of mice 
affected/
examined

age 
(weeks)

injected 
amount 

of protein 
(μg)

Number 
of mice 
affected/
examined

age 
(weeks)

injected 
amount 

of protein 
(μg)

Number 
of mice 
affected/
examined

C57BL Murine AA fibrils 18 300 5/5 21 300 5/5 NT NT NT
Bovine AA fibrils 300 0/5 300 0/5
Chicken AA fibrils 300 1/5 300 0/5
None - 0/5 - 0/5

C57BL lpr/lpr Murine AA fibrils 18 300 4/5 21 300 3/5 21 300 4/5
Bovine AA fibrils 300 0/10 300 0/5 1,500 0/5
Chicken AA fibrils 300 0/10 300 0/5 300 0/5
None - 0/5 - 0/5 - 0/5

C57BL Ham +/+ Murine AA fibrils 18 300 5/5 30 300 5/5 NT NT NT
Bovine AA fibrils 300 0/5 1,500 2/5
Chicken AA fibrils 300 2/5 300 0/5
None - 0/5 - 0/0

C57BL Ham ob/ob Murine AA fibrils 18 300 5/5 30 300 4/5 NT NT NT
Bovine AA fibrils 300 0/5 1,500 0/5
Chicken AA fibrils 300 0/5 300 0/5
None - 0/5 - 0/5

NT, not tested.
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agNo3 alone did not cause aa amyloidosis in any 
C57BL mice or any C57BL lpr/lpr mice (Table 1).

The results of the C57BL Ham +/+ mice and C57BL 
ham ob/ob mice groups in experiments 1 and 2 are 
shown in Table 1. Murine amyloid fibrils induced AA 
amyloidosis in all C57BL Ham +/+ mice. On the other 
hand, among C57BL Ham ob/ob mice inoculated with 
murine amyloid fibrils, 9 out of 10 mice developed AA 
amyloidosis in experiments 1 and 2. Among C57BL Ham 
+/+ mice inoculated with bovine amyloid fibrils, 2 out 
of 10 mice developed AA amyloidosis, but AA amyloi-
dosis was not observed in Ham ob/ob mice (Table 1). 
Among C57BL Ham +/+ mice inoculated with chicken 
amyloid fibrils, 2 of the 10 mice developed AA amyloi-
dosis in experiments 1 and 2, but no AA amyloidosis was 
observed in C57BL Ham ob/ob mice. injection of agNo3 
alone did not cause AA amyloidosis in any C57BL Ham 
+/+ mice or any C57BL Ham ob/ob mice (Table 1). The 
occurrence of AA amyloidosis in either the C57BL lpr/
lpr or C57BL Ham ob/ob mouse strain was not influ-
enced by age.

Amyloid deposits in murine spleens were examined by 
Congo red staining and ihC (Fig. 2). amyloid deposits 
were seen around spleen follicles by staining with Congo 

red and were also observed as green birefringence under 
polarized light in all groups (Fig. 2, upper panel). More-
over, these deposits reacted with anti-mouse SAA anti-
body in ihC experiments, irrespective of the originating 
species of amyloid fibrils used for induction of AA amy-
loidosis (Fig. 2, lower panel). Amyloid deposits were not 
observed in kidneys, lungs, hearts, and small intestines.

Intensity scoring of amyloid deposits around spleen 
follicles

To estimate the severity of aa amyloidosis, the inten-
sity of amyloid deposits around spleen follicles from all 
samples was measured in IHC sections by using the 
ImageJ software (Fig. 3). The respective scores of amy-
loid deposits in each tissues section of mice inoculated 
with murine, chicken, or bovine amyloid fibrils are 
shown at the bottom of Fig. 3.

The relative mean values of ImageJ scores for the four 
groups of mice inoculated with AgNO3 alone or murine 
amyloid fibrils, bovine amyloid fibrils, or chicken amy-
loid fibrils with AgNO3 are shown in Fig. 4. The scores 
of C57BL lpr/lpr mice inoculated with murine amyloid 
fibrils were significantly lower than those of C57BL mice 
inoculated with murine amyloid fibrils. The significant 

Fig. 1. Coomassie Brilliant Blue (CBB) staining and Western blot analysis of amyloid fibrils ex-
tracted from the murine spleen, bovine liver, and chicken liver. A, murine amyloid fibrils 
(1, 2); B, bovine amyloid fibrils (3, 4, 5, and 6); C, chicken amyloid fibrils (7, 8). Amyloid 
fibrils with CBB staining (1, 3, 5, and 7) and amyloid fibrils in Western blot analysis (2, 4, 
6, and 8). Bovine amyloid fibrils were extracted twice. The former were used in experiment 
1, and the latter were used in experiments 2 and 3.
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difference in the scores of amyloid deposits between 
C57BL lpr/lpr and C57BL mice was statistically con-
firmed (P<0.001) (Fig. 4). Moreover, the ImageJ scores 
of C57BL Ham ob/ob mice inoculated with murine AA 
fibrils were also significantly lower than those of C57BL 
Ham +/+ mice inoculated with murine amyloid fibrils. 
The significant difference in the scores of amyloid de-
posits between C57BL Ham ob/ob and C57BL Ham +/+ 
mice was statistically confirmed (P=0.003) (Fig. 4). 
Amyloid deposits in groups inoculated with murine AA 
fibrils were more severe than those in groups inoculated 
with bovine or chicken amyloid fibrils (Figs. 3 and 4).

Concentrations of SAA in serum
Concentrations of SAA were measured before injec-

tion and 1 day after injection of agNo3 and murine 
amyloid fibrils (Fig. 5). The concentrations of saa in 
mice inoculated with bovine or chicken amyloid fibrils 

with AgNO3 were the same as those in mice inoculated 
with murine amyloid fibrils and AgNO3 (data not shown). 
At day 0, the relative concentration of SAA in C57BL 
lpr/lpr mice was significantly higher than that in C57BL 
control mice, but the concentration of SAA in C57BL 
ham ob/ob mice at day 0 was the same as that in C57BL 
Ham +/+ mice. The significant difference in SAA con-
centration between C57BL lpr/lpr mice and control mice 
was statistically confirmed (P=0.004) (Fig. 5). On the 
other hand, concentrations of SAA were markedly raised 
at day 1 in response to inflammatory stimuli, but were 
the same in all mice.

Concentrations of cytokines in serum
The relative concentrations of cytokines IL-6 and IL-

10 were measured before injection and 1 day after injec-
tion of agNo3 and murine amyloid fibrils (Fig. 6). The 
concentrations of cytokines in mice inoculated with 

Fig. 2. Amyloid deposits in spleens of several mice. Amyloid deposits were stained with Congo red and observed as green bire-
fringence under polarized light. Amyloid fibrils in spleens of 18-week-old mice (C57BL, C57BL lpr/lpr, C57BL Ham +/+, 
and C57BL ob/ob) inoculated with murine amyloid fibrils were reacted with AF2948 antibody in IHC. Also, amyloid fibrils 
in spleens of 18-and 30-week-old C57BL Ham +/+ mice inoculated with bovine amyloid fibrils and chicken amyloid fibrils, 
respectively, were reacted with AF2948 antibody in IHC. Bar=100 µm.

Fig. 3. Intensity scoring of amyloid deposits in the spleen using ImageJ. Amyloid fibrils in spleens of mice inoculated with murine, 
bovine, or chicken amyloid fibrils were reacted with AF2948 antibody in IHC. Images of IHC indicate amyloid deposits 
around spleen follicles. ImageJ was used to measure the intensity of amyloid deposits. ImageJ intensity scores are shown 
at the bottom. Bar=400 µm.



TRANSMISSION OF AA AMYLOIDOSIS IN AUTOIMMUNE MODEL MICE 433

bovine or chicken amyloid fibrils with AgNO3 were 
mostly the same as those in mice inoculated with murine 
amyloid fibrils and AgNO3 (data not shown). The con-
centrations of IL-6 and IL-10 in C57BL lpr/lpr mice 
were significantly higher than those in C57BL control 
mice at day 0, and the difference was statistically sig-
nificant (P<0.001) (Fig. 6A); in particular, the concentra-

tion of IL-10 was 1,000 times that of control mice. On 
the other hand, the concentrations of these cytokines 
were roughly the same in C57BL Ham +/+ mice and 
C57BL Ham ob/ob mice at day 0 (Fig. 6B). The concen-
trations of IL-6 were raised at day 1 in response to in-
flammatory stimuli in C57BL, C57BL lpr/lpr, C57BL 
Ham +/+, and C57BL Ham ob/ob mice.

Fig. 4. Relative means of ImageJ intensity scores for amyloid 
deposits in spleens. Relative ImageJ intensity scores of 
amyloid deposits were calculated from all mice inoculated 
with amyloid fibril samples in each group. Mice were in-
oculated with AgNO3, murine amyloid fibrils, bovine 
amyloid fibrils, or chicken amyloid fibrils intraperitone-
ally and examined for amyloid deposits in spleens. results 
are expressed as means ± sd. **P<0.001 vs. C57BL. 
*P<0.01 vs. C57BL Ham +/+.

Fig. 5. Concentrations of saa in serum from different model mice 
inoculated with murine amyloid fibrils.Concentrations of 
SAA in serum at days 0 and 1 were measured by ELISA. 
results are expressed as means ± sd. *P<0.01 vs. C57BL.

Fig. 6. Concentrations of cytokines in serum from different model mice inoculated with murine amyloid fibrils. Concentrations of 
IL-6 and IL-10 in serum at days 0 and 1 were measured with a CBA kit. Results are expressed as means ± SD. **P<0.001 
vs. C57BL.
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Discussion

experimental induction of aa amyloidosis by murine, 
bovine, or chicken amyloid fibrils in C57BL lpr/lpr mice 
as a model for autoimmune disease occurred less often 
than in control mice. in addition, the amount of amyloid 
deposits in autoimmune disease mice was less than that 
in control mice. Clinically, systemic aa amyloidosis has 
rarely been described in patients with systemic lupus 
erythematosus (SLE) [6], which the C57BL lpr/lpr mice 
were a model of in this study. In contrast to SLE, patients 
with type 2 diabetes mellitus have a higher prevalence 
of renal amyloidosis [5]. We used C57BL Ham ob/ob 
mice as a type 2 diabetes mellitus model in this study. 
However, experimental induction of AA amyloidosis in 
C57BL Ham ob/ob mice occurred less often, and the 
amounts of amyloid deposits in them were less than those 
in control mice. Therefore, AA amyloidosis was trans-
mitted to two chronic disease mouse models less fre-
quently than to control mice over the short experimental 
period. in practice, these diseases progress over the 
course of long periods of time in patients and inciden-
tally have the potential for saa elevation similar to that 
seen in acute infection. The elevation of saa spontane-
ously produces some small aggregation of saa particles 
known as “seeds” that play a role as templates for further 
SAA aggregation to form amyloid deposits [17]. How-
ever, the seeds may not have been sufficient in these 
disease model mice over the short term of this study. in 
patients with these diseases, the seeds may be formed 
by spontaneous aggregation of saa through the rise and 
decline of saa levels over the long disease progression.

Bovine and chicken amyloid fibrils showed different 
specificities with respect to the cause of AA amyloidosis 
in mice and amyloid deposits in the spleen compared 
with murine amyloid fibrils (Table 1 and Fig. 4), which 
is consistent with previous studies showing that it is 
difficult to reproduce the transmission of AA amyloido-
sis between different animal species [7, 19, 21, 24]. The 
difference in specific cause of AA amyloidosis is prob-
ably due to the primary amino acid structure of the saa 
molecule [10]. Nucleotide and amino acid identities 
between murine SAA and bovine SAA and between mu-
rine saa and chicken saa (genBank accession nos.: 
mouse, NM_009117; bovine, XM_005226741; chicken, 
GU929209) are estimated to be 78.3% and 68.6% (mu-
rine and bovine) and 60.4% and 61.2% (murine and 
chicken), respectively.

Since SAA is the precursor protein of amyloid fibrils 
[8], its high serum concentration is considered to be in-
volved directly in the induction of aa amyloidosis. in-
deed, there is a report showing that suppression of SAA 
with medication reduces amyloid deposits in patients with 
AA amyloidosis [16]. However, the amounts of amyloid 
deposits in C57BL lpr/lpr mice were markedly less than 
those in control mice, despite higher starting serum con-
centrations of saa in the former, contrary to expectations. 
In addition, the amounts of amyloid deposits in C57BL 
ham ob/ob mice were less than those in control mice, 
although the concentrations of SAA were the same be-
tween them. These results suggest that higher concentra-
tion of saa is not the only factor that determines inci-
dence and intensity of amyloid deposits in mice. it has not 
yet been explained why these model mice (C57BL lpr/lpr 
and C57BL Ham ob/ob) are unsusceptible to the transmis-
sion of AA amyloidosis. However, use of these model 
mice in the experimental transmission of aa amyloidosis 
might be a useful approach to estimate the transmission 
and pathogenesis of AA amyloidosis between animals.

In this study, inflammatory stimuli increased IL-6 in 
the sera of all mice. IL-6 is a proinflammatory cytokine 
that facilitates the production of saa and has an impor-
tant role in amyloid deposition [15]. IL-10 is an anti-
inflammatory cytokine and inhibits the production of 
IL-6 [13], and it was found at high levels in C57BL lpr/
lpr mice in this study. The role of IL-10 in amyloid de-
position remains unclear. However, it is known that a 
proinflammatory or anti-inflammatory environment may 
modify the function of macrophages in the formation or 
degradation of amyloids [14]. Thus, the anti-inflamma-
tory environment in C57BL lpr/lpr mice probably inhib-
ited amyloid deposition.

as described previously, aa amyloidosis is reported 
to be transmissible to different animal species [19, 21]. 
If AA amyloidosis can be transmitted between different 
species, the presence of aa amyloids in food animals 
might be a potential risk to public health. However, the 
underlying pathogenic mechanism in aa amyloidosis 
and its prevention remain unclear [21]. Our findings 
demonstrate that inflammatory or anti-inflammatory 
conditions are involved in amyloid deposition, in addi-
tion to the concentration of saa. Further investigations 
are necessary to identify the factors that stimulate or 
inhibit the formation of amyloid deposits in disease 
model mice to further understand the pathogenic mech-
anism of aa amyloidosis and its prevention.



TRANSMISSION OF AA AMYLOIDOSIS IN AUTOIMMUNE MODEL MICE 435

Acknowledgments

This work was supported in part by grants (25292171 
and 16H5027) from the Ministry of Education, Culture, 
Sports, Science and Technology of Japan, by a grant from 
the Ministry of Health, Labour, and Welfare of Japan, 
and by a grant from the Ministry of education, Culture, 
Sports, Science and Technology of Japan for the Joint 
Research Program of the Research Center for Zoonosis 
Control, hokkaido university.

References

 1. Abramoff, M.D., Margelhaes, P.J., and Ram, S.J. 2004. Im-
age processing with Image J. Biophot. Int 11: 36–42.

 2. Anderberg, R.J., Meek, R.L., Hudkins, K.L., Cooney, S.K., 
Alpers, C.E., Leboeuf, R.C., and Tuttle, K.R. 2015. Serum 
amyloid A and inflammation in diabetic kidney disease and 
podocytes. Lab. Invest. 95: 697. [Medline]  [Crossref]

 3. Andrews, B.S., Eisenberg, R.A., Theofilopoulos, A.N., Izui, 
S., Wilson, C.B., McConahey, P.J., Murphy, E.D., Roths, 
J.B., and Dixon, F.J. 1978. Spontaneous murine lupus-like 
syndromes. Clinical and immunopathological manifestations 
in several strains. J. Exp. Med. 148: 1198–1215. [Medline]  
[Crossref]

 4. Cui, D., Kawano, H., Hoshii, Y., Liu, Y., and Ishihara, T. 
2008. Acceleration of murine AA amyloid deposition by 
bovine amyloid fibrils and tissue homogenates. Amyloid 15: 
77–83. [Medline]  [Crossref]

 5. Díez, R., Madero, M., Gamba, G., Soriano, J., and Soto, V. 
2014. Renal AA amyloidosis in patients with Type 2 diabetes 
mellitus. Nephron Extra 4: 119–126. [Medline]  [Crossref]

 6. Düzgün, N. 2007. Amyloid A amyloidosis and systemic lu-
pus erythematosus. Expert Rev. Clin. Immunol. 3: 701–708. 
[Medline]  [Crossref]

 7. horiuchi, N., kotani, Y., koga, M., Yamada, M., kobayashi, 
Y., and Matsui, T. 2008. Experimental induction of amyloi-
dosis by bovine amyloid fibrils in Sore Hock rabbits. Amy-
loid 15: 84–88. [Medline]  [Crossref]

 8. Jakob, W. 1971. Spontaneous amyloidosis of mammals. Vet. 
Pathol. 8: 292–306. [Medline]

 9. Kisilevsky, R., Gruys, E., and Shirahama, T. 1995. Does 
amyloid enhancing factor (aeF) exist? is aeF a single bio-
logical entity? Amyloid 2: 128–133.  [Crossref]

 10. Liu, Y., Cui, D., Hoshii, Y., Kawano, H., Une, Y., Gondo, T., 
and Ishihara, T. 2007. Induction of murine AA amyloidosis 
by various homogeneous amyloid fibrils and amyloid-like 
synthetic peptides. Scand. J. Immunol. 66: 495–500. [Med-
line]  [Crossref]

 11. Mayadas, T.N., Tsokos, G.C., and Tsuboi, N. 2009. Mecha-
nisms of immune complex-mediated neutrophil recruitment 
and tissue injury. Circulation 120: 2012–2024. [Medline]  
[Crossref]

 12. Merlini, G. and Bellotti, V. 2003. Molecular mechanisms 
of amyloidosis. N. Engl. J. Med. 349: 583–596. [Medline]  

[Crossref]
 13. Moore, K.W., de Waal Malefyt, R., Coffman, R.L., and 

O’Garra, A. 2001. Interleukin-10 and the interleukin-10 re-
ceptor. Annu. Rev. Immunol. 19: 683–765. [Medline]  [Cross-
ref]

 14. Mosser, D.M. and Edwards, J.P. 2008. Exploring the full 
spectrum of macrophage activation. Nat. Rev. Immunol. 8: 
958–969. [Medline]  [Crossref]

 15. Mihara, M., shiina, M., Nishimoto, N., Yoshizaki, k., kishi-
moto, T., and Akamatsu, K. 2004. Anti-interleukin 6 receptor 
antibody inhibits murine AA-amyloidosis. J. Rheumatol. 31: 
1132–1138. [Medline]

 16. Miyagawa, I., Nakayamada, S., Saito, K., Hanami, K., 
Nawata, M., Sawamukai, N., Nakano, K., Yamaoka, K., 
and Tanaka, Y. 2014. Study on the safety and efficacy of to-
cilizumab, an anti-IL-6 receptor antibody, in patients with 
rheumatoid arthritis complicated with AA amyloidosis. Mod. 
Rheumatol. 24: 405–409. [Medline]  [Crossref]

 17. Morales, R., Moreno-Gonzalez, I., and Soto, C. 2013. Cross-
seeding of misfolded proteins: implications for etiology and 
pathogenesis of protein misfolding diseases. PLoS Pathog. 
9: e1003537. [Medline]  [Crossref]

 18. Muhammad, N., Murakami, T., inoshima, Y., and ishiguro, 
N. 2015. Long-term kinetics of AA amyloidosis and effects 
of inflammatory restimulation after disappearance of amy-
loid depositions in mice. Clin. Exp. Immunol. 181: 133–141. 
[Medline]  [Crossref]

 19. Murakami, T., Inoshima, Y., and Ishiguro, N. 2015. Systemic 
AA amyloidosis as a prion-like disorder. Virus Res. 207: 
76–81. [Medline]  [Crossref]

 20. Murakami, T., Inoshima, Y., Watanabe, K., Kobayashi, Y., 
Matsui, T., Kurazono, H., and Ishiguro, N. 2011. Pathogen-
esis of experimental amyloid protein a amyloidosis in sore 
hocks-affected rabbits. Amyloid 18: 112–118. [Medline]  
[Crossref]

 21. Murakami, T., Ishiguro, N., and Higuchi, K. 2014. Transmis-
sion of systemic aa amyloidosis in animals. Vet. Pathol. 51: 
363–371. [Medline]  [Crossref]

 22. Murakami, T., Muhammad, N., inoshima, Y., Yanai, T., go-
ryo, M., and Ishiguro, N. 2013. Experimental induction and 
oral transmission of avian aa amyloidosis in vaccinated 
white hens. Amyloid 20: 80–85. [Medline]  [Crossref]

 23. Nakamura, T., Yamamura, Y., Tomoda, k., Tsukano, M., 
Shono, M., and Baba, S. 2003. Efficacy of cyclophospha-
mide combined with prednisolone in patients with AA amy-
loidosis secondary to rheumatoid arthritis. Clin. Rheumatol. 
22: 371–375. [Medline]  [Crossref]

 24. Pras, M., Schubert, M., Zucker-Franklin, D., Rimon, A., and 
Franklin, E.C. 1968. The characterization of soluble amyloid 
prepared in water. J. Clin. Invest. 47: 924–933. [Medline]  
[Crossref]

 25. Puchtler, H., Sweat, F., and Levine, M. 1962. On the bind-
ing of Congo red by amyloid. J. Histochem. Cytochem. 10: 
355–364.  [Crossref]

 26. Röcken, C. and Shakespeare, A. 2002. Pathology, diagnosis 
and pathogenesis of aa amyloidosis. Virchows Arch. 440: 
111–122. [Medline]  [Crossref]

 27. Shirahama, T., Lawless, O.J., and Cohen, A.S. 1969. Het-

http://www.ncbi.nlm.nih.gov/pubmed/26012704?dopt=Abstract
http://dx.doi.org/10.1038/labinvest.2015.38
http://www.ncbi.nlm.nih.gov/pubmed/309911?dopt=Abstract
http://dx.doi.org/10.1084/jem.148.5.1198
http://www.ncbi.nlm.nih.gov/pubmed/18484333?dopt=Abstract
http://dx.doi.org/10.1080/13506120802005833
http://www.ncbi.nlm.nih.gov/pubmed/25337080?dopt=Abstract
http://dx.doi.org/10.1159/000363625
http://www.ncbi.nlm.nih.gov/pubmed/20477021?dopt=Abstract
http://dx.doi.org/10.1586/1744666X.3.5.701
http://www.ncbi.nlm.nih.gov/pubmed/18484334?dopt=Abstract
http://dx.doi.org/10.1080/13506120802005882
http://www.ncbi.nlm.nih.gov/pubmed/4950728?dopt=Abstract
http://dx.doi.org/10.3109/13506129509031899
http://www.ncbi.nlm.nih.gov/pubmed/17953525?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17953525?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-3083.2007.02005.x
http://www.ncbi.nlm.nih.gov/pubmed/19917895?dopt=Abstract
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.771170
http://www.ncbi.nlm.nih.gov/pubmed/12904524?dopt=Abstract
http://dx.doi.org/10.1056/NEJMra023144
http://www.ncbi.nlm.nih.gov/pubmed/11244051?dopt=Abstract
http://dx.doi.org/10.1146/annurev.immunol.19.1.683
http://dx.doi.org/10.1146/annurev.immunol.19.1.683
http://www.ncbi.nlm.nih.gov/pubmed/19029990?dopt=Abstract
http://dx.doi.org/10.1038/nri2448
http://www.ncbi.nlm.nih.gov/pubmed/15170926?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24252016?dopt=Abstract
http://dx.doi.org/10.3109/14397595.2013.844294
http://www.ncbi.nlm.nih.gov/pubmed/24068917?dopt=Abstract
http://dx.doi.org/10.1371/journal.ppat.1003537
http://www.ncbi.nlm.nih.gov/pubmed/25736960?dopt=Abstract
http://dx.doi.org/10.1111/cei.12615
http://www.ncbi.nlm.nih.gov/pubmed/25533533?dopt=Abstract
http://dx.doi.org/10.1016/j.virusres.2014.12.019
http://www.ncbi.nlm.nih.gov/pubmed/21815744?dopt=Abstract
http://dx.doi.org/10.3109/13506129.2011.582901
http://www.ncbi.nlm.nih.gov/pubmed/24280941?dopt=Abstract
http://dx.doi.org/10.1177/0300985813511128
http://www.ncbi.nlm.nih.gov/pubmed/23548152?dopt=Abstract
http://dx.doi.org/10.3109/13506129.2013.783474
http://www.ncbi.nlm.nih.gov/pubmed/14677008?dopt=Abstract
http://dx.doi.org/10.1007/s10067-003-0763-9
http://www.ncbi.nlm.nih.gov/pubmed/5641627?dopt=Abstract
http://dx.doi.org/10.1172/JCI105784
http://dx.doi.org/10.1177/10.3.355
http://www.ncbi.nlm.nih.gov/pubmed/11964039?dopt=Abstract
http://dx.doi.org/10.1007/s00428-001-0582-9


M. Maeda, ET AL.436

erologous transfer of amyloid--human to mouse. Proc. Soc. 
Exp. Biol. Med. 130: 516–519. [Medline]  [Crossref]

 28. Sipe, J.D., Benson, M.D., Buxbaum, J.N., Ikeda, S., Merlini, 
G., Saraiva, M.J., and Westermark, P. 2014. Nomenclature 
2014: Amyloid fibril proteins and clinical classification of 
the amyloidosis. Amyloid 21: 221–224. [Medline]  [Cross-
ref]

 29. Taira, Y., Inoshima, Y., Ishiguro, N., Murakami, T., and Mat-
sui, T. 2009. Isolation and characterization of monoclonal 
antibodies against bovine serum amyloid a1 protein. Amy-
loid 16: 215–220. [Medline]  [Crossref]

 30. Tojo, K., Tokuda, T., Hoshii, Y., Fu, X., Higuchi, K., Matsui, 
T., Kametani, F., and Ikeda, S. 2005. Unexpectedly high in-
cidence of visceral AA-amyloidosis in slaughtered cattle in 
Japan. Amyloid 12: 103–108. [Medline]  [Crossref]

 31. Watanabe, K., Uchida, K., Chambers, J.K., Tei, M., Shoji, A., 
Ushio, N., and Nakayama, H. 2015. Experimental transmis-

sion of aa amyloidosis by injecting the aa amyloid protein 
into interleukin-1 receptor antagonist knockout (IL-1raKO) 
mice. Vet. Pathol. 52: 505–512. [Medline]  [Crossref]

 32. Westermark, G.T. and Westermark, P. 2009. Serum amyloid 
a and protein aa: molecular mechanisms of a transmissible 
amyloidosis. FEBS Lett. 583: 2685–2690. [Medline]  [Cross-
ref]

 33. Yoshida, T., Zhang, P., Fu, X., Higuchi, K., and Ikeda, S. 
2009. Slaughtered aged cattle might be one dietary source 
exhibiting amyloid enhancing factor activity. Amyloid 16: 
25–31. [Medline]  [Crossref]

 34. Zhang, B., Une, Y., Fu, X., Yan, J., Ge, F., Yao, J., Sawashita, 
J., Mori, M., Tomozawa, H., Kametani, F., and Higuchi, K. 
2008. Fecal transmission of AA amyloidosis in the cheetah 
contributes to high incidence of disease. Proc. Natl. Acad. 
Sci. USA 105: 7263–7268. [Medline]  [Crossref]

http://www.ncbi.nlm.nih.gov/pubmed/5812749?dopt=Abstract
http://dx.doi.org/10.3181/00379727-130-33594
http://www.ncbi.nlm.nih.gov/pubmed/25263598?dopt=Abstract
http://dx.doi.org/10.3109/13506129.2014.964858
http://dx.doi.org/10.3109/13506129.2014.964858
http://www.ncbi.nlm.nih.gov/pubmed/19922333?dopt=Abstract
http://dx.doi.org/10.3109/13506120903421595
http://www.ncbi.nlm.nih.gov/pubmed/16011986?dopt=Abstract
http://dx.doi.org/10.1080/13506120500107097
http://www.ncbi.nlm.nih.gov/pubmed/25391376?dopt=Abstract
http://dx.doi.org/10.1177/0300985814556154
http://www.ncbi.nlm.nih.gov/pubmed/19393650?dopt=Abstract
http://dx.doi.org/10.1016/j.febslet.2009.04.026
http://dx.doi.org/10.1016/j.febslet.2009.04.026
http://www.ncbi.nlm.nih.gov/pubmed/19291511?dopt=Abstract
http://dx.doi.org/10.1080/13506120802676831
http://www.ncbi.nlm.nih.gov/pubmed/18474855?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0800367105

