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Abstract: Amyloid A (AA) amyloidosis is a condition in which amyloid fibrils characterized by a
linear morphology and a cross-β structure accumulate and are deposited extracellularly in organs,
resulting in chronic inflammatory diseases and infections. The incidence of AA amyloidosis is high in
humans and several animal species. Serum amyloid A (SAA) is one of the most important precursor
amyloid proteins and plays a vital step in AA amyloidosis. Amyloid enhancing factor (AEF) serves
as a seed for fibril formation and shortens the onset of AA amyloidosis sharply. In this study, we
examined whether AEFs extracted and purified from five animal species (camel, cat, cattle, goat, and
mouse) could promote mouse SAA (mSAA) protein aggregation in vitro using quantum-dot (QD)
nanoprobes to visualize the aggregation. The results showed that AEFs shortened and promoted
mSAA aggregation. In addition, mouse and cat AEFs showed higher mSAA aggregation-promoting
activity than the camel, cattle, and goat AEFs. Interestingly, homology analysis of SAA in these
five animal species revealed a more similar amino acid sequence homology between mouse and cat
than between other animal species. Furthermore, a detailed comparison of amino acid sequences
suggested that it was important to mSAA aggregation-promoting activity that the 48th amino acid
was a basic residue (Lys) and the 125th amino acid was an acidic residue (Asp or Glu). These data
imply that AA amyloidosis exhibits higher transmission activity among animals carrying genetically
homologous SAA gene, and may provide a new understanding of the pathogenesis of amyloidosis.

Keywords: amyloid A amyloidosis; amyloid enhancing factor; homology; serum amyloid A;
quantum-dot

1. Introduction

Amyloidosis is characterized by the accumulation of an insoluble β-sheet-rich struc-
ture of amyloid fibrils into plaques in extracellular spaces of different organs and tissues,
causing organ dysfunction [1,2]. As of now, more than 50 different peptides or proteins
have been found that are associated with amyloidosis in humans and livestock, and their
fibrils lead to the pathogenesis of many disorders such as rheumatoid arthritis, tuberculosis,
and others [3–5]. Amyloid A (AA) amyloidosis, one of the most common forms of clinically
important amyloidosis, is related to chronic inflammatory diseases and chronic infections.
The structure of these amyloid fibrils may affect their ability to spread to different sites
in a cell and between organisms in a prion-like mechanism, but the mechanism by which
amyloid fibrils form in vivo and in vitro remains largely unclear although the structure of
many precursors has been elucidated [5–8].

Serum amyloid A (SAA), an evolutionarily highly conserved acute phase protein in
vertebrates and invertebrates, is predominantly secreted by hepatocytes in the liver and is
also produced by a variety of cells and tissues [9–11]. In fields of regulating inflammation
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and immunity and lipid metabolism, SAA protein plays an important role that benefits the
body [6,11,12]. SAA is an important amyloid precursor and plays a key role in AA amyloi-
dosis which impacts ∼1% of patients with chronic inflammation [13,14]. Furthermore, SAA
is a clinically important biomarker for inflammatory diseases [15,16]. The additional admin-
istration of an amyloid enhancing factor (AEF) which can be the nucleate of fibril formation
in vitro, has been shown to shorten the onset of AA amyloidosis markedly from months to
days, while amyloid fibrils themselves act as an AEF (Figure 1) [17–21]. Oral administration
and subcutaneous injection of AEF from different animal species with silver nitrate can
induce AA amyloidosis in mice, indicating a prion-like transmission [17,22,23]. In addition,
AA amyloidosis has been found to spread through feces in cheetah [24]. Perhaps these
substances are involved in the transmission of AA amyloidosis and play an important role
in the spread of this disease. Despite this knowledge, the molecular mechanism of AEF
activity in AA amyloidosis remains unclear.
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Figure 1. Mechanism of amyloid A (AA) amyloidosis development and enhancement by amyloid enhancing factor (AEF).
Serum amyloid A (SAA) protein is synthesized in the liver in normal conditions, but in AA amyloidosis, under the stimulus
of AEF, SAA protein aggregates into fibrils and is deposited in the liver. Scale bar indicates 100 µm.

Previously, we reported a real-time imaging method of various amyloid proteins
such as amyloid β (Aβ42), tau, α-synuclein, and SAA aggregation with quantum-dot (QD)
nanoprobes, which was using fluorescence probes in imaging by confocal and fluorescent
microscopy, and developed a microliter-scale high-throughput screening system (MSHTS)
to search for substances that exhibit aggregation inhibitory activity by applying this imag-
ing method [6,25–27]. Moreover, QDs are useful for long-term, single-molecule imaging
in vitro. In the MSHTS system, a sample of 5 µL in volume is needed for analysis in a
1536-well plate, and the inhibitory activity is estimated by half-maximal effective concen-
tration (EC50) [6,26,28]. These imaging techniques that employ QDs serve as quick, easy,
and powerful tools to apply to in vitro screening and monitoring.

In this study, we attempted to clarify whether AEFs extracted from different animal
species (camel, cattle, cat, goat, and mouse) with AA amyloidosis act as seed to promote
mouse SAA (mSAA) protein aggregation and their function in transmission between
different animals in vitro. Therefore, we adopted a QD nanoprobe to visualize, in 2D and
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3D, mSAA aggregation promoted by AEFs from different animal species. Furthermore,
we analyzed the homology of SAA sequences from these five animal species and humans
then established a homologous evolutionary tree by DNAMAN software to assess the
relationship between gene homology and the degree of SAA aggregation. QD imaging
data in vitro suggested the possibility of transmission of AA amyloidosis between different
animal species.

2. Results
2.1. Real-Time Imaging of mSAA Aggregation Using QDs

In previous studies, we demonstrated that QDs can be used to observe recombi-
nant mouse SAA (mSAA.1) aggregation under fluorescence microscopy and quantify the
amount of aggregates from microscopic images [6]. In this study, 10 µM mSAA protein
mixed with QDs in PBS was incubated at 37 ◦C in 1536-well plate for one week to induce
aggregation, and 2D images were captured every 24 h by fluorescence microscopy from
0 h to 168 h, respectively (Figure 2A). The fluorescent micrographs showed that mSAA
protein did not aggregate at this concentration. Figure 2B plots the amount of aggregates
estimated from the standard deviation (SD) of the brightness of each pixel of a fluorescence
microscope image according to our previous reports [25,26]. The SD values correlate with
the amount of mSAA protein aggregates. However, the SD value did not increase after
168 h of incubation in this condition (Figure 2B). Our previous report [6] showed that SAA
spontaneously aggregates with increasing concentration, reaching a maximum SD value
when the concentration is 50 µM. These results suggest that mSAA cannot spontaneously
aggregate at a low concentration of about 10 µM.
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Figure 2. Fluorescence images of mouse serum amyloid A (mSAA) aggregation using quantum-dot
(QD) nanoprobes. (A) 2D images of mSAA aggregations at 0 h, 24 h, 48 h, 72 h, 96 h, 120 h, 144 h,
and 168 h, respectively. Scale bar in 168 h fluorescent micrograph indicates 100 µm. (B) SD value of
each image by time-dependent mSAA protein aggregation. mSAA protein could not spontaneously
aggregate at a low concentration. Each plot represents the mean ± SEM. n = 3 separate experiments.
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2.2. Imaging of mSAA Aggregation Promoted by AEFs from Various Animals

AEF as a seed can promote SAA protein aggregation and accelerate pathology in AA
amyloidosis. In this study, we used different concentrations of AEFs (20%, 40%, 60%, 80%,
and 100%) that were extracted and purified from five animal species (camel, cat, cattle, goat,
and mouse). These AEFs were added to 10 µM mSAA and aggregates in those samples were
visualized using QDs. After incubation for 168 h, the images at different concentrations and
in different animal species were compared (Figure 3A). The results show that the AEFs of the
five animals all have different degrees of promoting aggregation on mSAA protein. Control
group samples (AEFs only) seldom had aggregates after 168 h of incubation. Both mouse and
cat AEFs promoted mSAA aggregation with 100% AEF, but many aggregates were observed
even at low concentrations of AEF, such as 20% or 40%, in the presence of mouse AEFs. AEFs
from other animal species (camels, goats, and cattle) also increased aggregates as the amount
of AEF added was increased, but the increase was significantly less than that of mouse and
cat AEFs. We also confirmed these aggregates were β-sheet-rich amyloid fibrils by staining
with thioflavin T (ThT) (Supplementary Figure S1).
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Figure 3. (A) Imaging of mouse serum amyloid A (mSAA) aggregates in the presence of 20%, 40%,
60%, 80%, and 100% amyloid enhancing factor (AEFs) after 168 h of incubation. Among the AEFs
from five animals, mouse and cat AEFs showed high mSAA aggregation-promoting activity. Scale bar
in fluorescent micrograph indicates 100 µm. (B) The temporal increase of SD values in the presence of
100% AEFs from five animal species within 168 h. The SD values increased over time in all samples to
which AEFs were added. Each plotted value represents the mean ± SEM. n = 3 separate experiments.

We then compared the time-dependent manner of mSAA aggregation in the presence
of 100% AEFs using SD values (Figure 3B). The results show that the SD values increased
over time in all samples to which AEFs were added, but the amount of change differed.
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Similar to Figure 3A, aggregation of the camel, cattle, and goat group was slower than that
of the mouse and cat group. Interestingly, the SD value of the cat AEF sample was higher
than that of the mouse as was its speed of increase.

2.3. D observation of mSAA Aggregates with Various Animal AEFs

The 3D aggregates with five animal AEF (100%) samples after incubation for 168 h
in the 1536-well plate with QDs were observed and captured by the confocal microscopy
directly (Figure 4A). The aggregation speed of each sample in the 3D imaging (Figure 4A)
was consistent with the 2D imaging and, over time (Figure 3B), the thickness of each
protein increased due to aggregates [27]. The thickness of mouse and cat samples was
much greater than that of camel, cattle, and goat. The XY view images showed that the
size and density of cattle, cat, camel, and goat aggregation were more similar, showing a
dotted-like aggregation whereas the mouse sample aggregation showed a mesh-like form
(Figure 4B).
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Figure 4. (A) 3D reconstruction images of the mouse serum amyloid A (mSAA) aggregates in the presence of camel, cattle,
goat, cat, and mouse amyloid enhancing factor (AEFs) (final concentration = 100%) after 168 h of incubation. The thickness of
aggregates in the presence of mouse and cat AEFs was much greater than that of camel, cattle, and goat AEFs. Three-dimensional
white lines with the letters x, y, and z each indicates a scale of 50 µm. (B) Slice images of aggregates of each sample in panel (A).
The morphology of each aggregate was different depending on the added AEF. Scale bar in the goat fluorescent micrograph
indicates 100 µm.
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2.4. Homology Analysis

Owing to SAA protein being encoded by a family of closely-related genes, it is a
highly evolutionarily conserved protein in vertebrate [9]. In this study, a total of 27 SAA
protein sequences had high homology (at least 77.75%) across the six vertebrate species
studied. A phylogenetic tree showed that the group with mouse and cat (red box) had
higher homology than the other animals and humans (Figure 5). In our previous report, we
showed that the sequences of different SAA subtypes had high homology among different
samples from the same individual animal but almost no differences between different
subtypes within a given animal species [4]. Moreover, when these SAA sequences were
compared (Figure 6), we found that in mouse and cat sequences, the 48th amino acid was
Gln and Ile, whereas in cattle, goat, and camel, it was Lys with a basic side chain (red
arrow). The 125th amino acid of mouse and cat was Glu with an acidic side chain, but it
was Ala in the other animals (blue arrow). The differences in these amino acids may affect
SAA protein aggregation because the charge on the amino acid side chains significantly
affects protein-protein interactions.
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The numbers following the species’ names indicate the National Center for Biotechnology Information
(NCBI) accession numbers. The red box indicates clustering of sequences from mouse, human, and
cat isoforms with similar homology.
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Figure 6. Monomeric structure of serum amyloid A (SAA) sequences from five animal species and human. Color description
of SAA gene homology sequences: 100% similarity (blue); similarity > 75% and <100% (pink); similarity >5 0% and <75%
(green); similarity <50% has no color. Red and blue arrows indicate the position of the 48th and 125th amino acid. Red
boxes indicate clustering of sequences from mouse, human, and cat isoforms with similar homology.
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3. Discussion

AA amyloidosis (reactive, secondary), which is characterized by the accumulation and
deposition of β-sheet-rich and non-branching amyloid fibrils, associates with a number of
pathological conditions in which can be associated with a severe complication of chronic
inflammatory and other inflammatory-related diseases [29–32]. During the occurrence
and development of this disease, SAA protein plays an important role in AA amyloidosis.
In our previous research, we already showed that mouse AEF can induce and shorten
AA amyloidosis [6,19,23]. Moreover, AEF consisted almost exclusively of AA-related pro-
tein [17]. There are related reports in which AEF plays an important role in the cross-species
transmission of AA amyloidosis among different species [2,23,33,34]. Moreover, current
research reveals that AA amyloidosis could be transmitted by a prion-like mechanism [35].
As of now, there is no successful therapy that directly and clearly targets amyloid aggrega-
tion and deposition in organs or tissues, and there are no approved treatments to revert or
arrest the progression of amyloidosis [36,37]. In previous studies [6,25,27,38,39], we have
demonstrated that rosmarinic acid, which is one active compound of the Lamiaceae family,
shows high inhibitory activity for amyloid fibrils formation. Moreover, it has also been
reported that several small-molecule compounds such as natural polyphenols suppressed
amyloid fibril formation by generating small “off-pathway” oligomers that non-toxic to
cells [40–43]. These reports provide the molecular mechanisms involved in amyloidosis
and propose more efficient drugs for therapy amyloidosis.

In this study, in order to prove whether AEFs from different animal species can pro-
mote and accelerate mSAA protein aggregation in vitro, we used a QD imaging method [26].
We selected five animal species (camel, cat, cattle, goat, and mouse) with AA amyloidosis
and extract AEFs from the liver or kidney. Those AEFs at different concentrations were
mixed with mSAA protein and incubated in a 1536-well plate for 168 h. We found that all of
these AEFs promoted mSAA protein aggregation after incubation (Figure 3). A comparison
of 2D imaging data suggests that mouse and cat AEFs promote activity more than the
AEFs of other animals (camel, cattle, and goat). mSAA aggregation in the presence of
100% cat AEF was faster than in the presence of 100% mouse AEF and its SD value was
higher (Figure 3B). On the other hand, mouse AEFs promoted aggregation even at low
concentrations (Figure 3A). 3D imaging showed that some differences exist between these
aggregate forms. The aggregation induced by mouse AEFs had a mesh-like form but those
induced by cat, camel, cattle, and goat AEFs were a dotted-like form. Since the morphology
of the aggregates affects the SD value, the high SD value of the cat AEF sample (Figure 3B)
may reflect a difference in the morphology of the aggregate rather than the amount of the
aggregate [44]. In our previous research [4,19,23], we observed amyloid fibrils in AEFs,
which were extracted and purified from different animal organs, by transmission electron
microscopy). In that study [4], we showed that AEFs contain multiple peptides, including
SAA fragments, by SDS-PAGE and Western blot analysis. An interesting future study
would be to analyze the ultrastructure of mSAA co-aggregated with diverse AEFs.

SAA protein is an evolutionarily conserved protein in vertebrates with high homology
among different animal species. Since AA amyloid can be transmitted between different
animal species, the processes underlying amyloidosis in those species may be similar [4,34].
Species with similar homology are more likely to transmit AA amyloidosis to each other.
In this study, the SAA sequences in humans and five animal species (camel, cat, cattle,
goat, and mouse) showed 77.75% homology, with mouse and cat showing the most similar
homology. Some reports have shown that in α-synuclein the putative prion-like templating
and spreading ability of amyloid seeds greatly depend on their amyloid fibril size [45,46].
Our previous study also indicated that in different animal species the amyloid fibrils reveal
high genetic homology and morphological feature similarity in fibrils width and crossover
distance [4]. In this study, we found that species with similar homology have a higher
ability to enhance SAA aggregation. We speculate that fibrils with similar morphology are
more infectious in infectious amyloidosis.
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Most importantly, the 48th amino acid of mouse and cat was Gln and Ile, but that of
cattle, goat, and camel was a basic Lys residue (Figure 6, red arrow). The 125th amino acid
of mouse and cat was an acidic Glu residue, but that of other animals was Ala (Figure 6,
blue arrow) in the C-terminal. In mice in which amyloidosis had been induced, treatment
with the C-terminal peptide inhibited further extension of amyloid fibrils in AApoA2
amyloidosis [47]. We speculate that Glu125 may affect the aggregation and transmission of
SAA in different species.

In summary, we successfully visualized the aggregation of mSAA mixed with AEFs
from five animal species using QD nanoprobes. Furthermore, we demonstrated that
AEFs from species with similar homology enhanced SAA aggregation. This information
may provide a better understanding of amyloid disease and lead to the development of
novel therapies.

4. Materials and Methods
4.1. Preparation of AEFs Extracts

AEFs from different animals were extracted according to Pras’ method [48]. Mouse
(Mus musculus), cattle (Bos taurus), goat (Capra aegagrus hircus), camel (Camelus bactrianus),
and cat (Felis catus) with AA amyloidosis, which was identified by section antibody stain-
ing [4,23], were used in the present study. Animal experiments were approved by the
Research Center of Global Agromedicine of Obihiro University of Agriculture and Veteri-
nary Medicine to Obihiro, Japan (Permission No. 19-179: 7 Oct 2019). The preparation
of mSAA protein (SAA1.1: accession No. NP_033143) was performed as previously de-
scribed [6]. The Lowry [49] method was used to determine mSAA protein concentration of
these five animal AEFs samples, which were stored at −80 ◦C until use.

4.2. Imaging of mSAA Protein

Ten µM mSAA protein sample was mixed with 30 nM QD605 (Q21501MP, Thermo
Fisher Scientific, Waltham, MA, USA) in PBS. Five µL of the sample was injected into
each well of a 1536-well plate and centrifuged at 3700 rpm for 5 min at room temperature
(PlateSpin, Kubota, Tokyo, Japan). The plate was incubated at 37 ◦C in an air incubator
(SIB-35, Sansyo, Tokyo, Japan), observed, and images were captured at 0 h, 24 h, 48 h, 72 h,
96 h, 120 h, 144 h, and 168 h using an inverted fluorescence microscope (TE2000, Nikon,
Tokyo, Japan).

4.3. Imaging of AEF Enhancing mSAA Protein Aggregation

Various concentrations (20%, 40%, 60%, 80%, and values represent the relative ratio
of mSAA protein) of AEFs (camel, cattle, goat, cat, and mouse) were mixed with 10 µM
mSAA and 30 nM QD605 in PBS, pH 7.4. 100% AEFs, which served as the control group,
were mixed with 30 nM QD605 in PBS. Then, 5 µL of the sample was transferred into
a 1536-well plate, the plate was centrifuged at 3700 rpm for 5 min, then incubated at
37 ◦C in an air incubator. Samples were observed and images were captured at 0 h, 24 h,
48 h, 72 h, 96 h, 120 h, 144 h, and 168 h using an inverted fluorescence microscope. The
amount of amyloid aggregates was estimated from fluorescent micrographs according to
our previous reports [6,25,27]. At 168 h, the 3D images of 100% concentration samples of
different animal samples were captured by a confocal laser microscope (Nikon C2 Plus,
Nikon, Tokyo, Japan). The same angle was adjusted to contrast these 3D images, then slice
images of aggregates of each animal’s 3D images were selected. Moreover, we performed
thioflavin T (ThT) fluorescence observe as control, briefly, 100% of AEFs (camel, cattle,
goat, cat, and mouse) were mixed with 10 µM mSAA and 50 µM ThT added in PBS and
transferred into a 1536-well plate, then incubated and observed by fluorescent microscopy
(TE2000, Nikon, Tokyo, Japan).
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4.4. Homology Analysis

On the NCBI website (http://www.ncbi.nlm.nih.gov), we searched a total of 27 se-
quences of SAA protein from five animal species (cattle, goat, mouse, cat, and camel) and
humans. Since there are many subtypes in SAA protein, we selected sequences with the same
length in this study and compared their homology. DANMAN software (Lynnon Biosoft, San
Ramon, CA, USA) was used to analyze the homology of these SAA protein sequences and to
establish a homology evolution tree by protein multiple sequence alignment.
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Author Contributions: K.W. and K.T. designed the research. X.L. performed the experiments. X.L.
and M.K. analyzed the data. X.L. wrote the paper. K.W. and K.T. supervised the paper. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by The Japan Society for the Promotion of Science (JSPS) KAKENHI,
JP16H03288 (K.T.).

Institutional Review Board Statement: The study was conducted according to the guidelines
of the Declaration of Helsinki, and approved by the Research Center of Global Agromedicine
of Obihiro University of Agriculture and Veteri-nary Medicine to Obihiro, Japan (Permission
No. 19-179: 7 Oct. 2019).

Data Availability Statement: http://www.ncbi.nlm.nih.gov.

Conflicts of Interest: The authors declare no competing interests.

References
1. Merlini, G.; Bellotti, V. Molecular mechanisms of amyloidosis. N. Engl. J. Med. 2003, 349, 583–596. [CrossRef] [PubMed]
2. Ogawa, S.; Murakami, T.; Inoshima, Y.; Ishiguro, N. Effect of heating on the stability of amyloid A (AA) fibrils and the intra- and

cross-species transmission of AA amyloidosis. Amyloid 2015, 22, 236–243. [CrossRef] [PubMed]
3. Sipe, J.D.; Benson, M.D.; Buxbaum, J.N.; Ikeda, S.I.; Merlini, G.; Saraiva, M.J.M.; Westermark, P. Amyloid fibril proteins

and amyloidosis: Chemical identification and clinical classification International Society of Amyloidosis 2016 Nomenclature
Guidelines. Amyloid 2016, 23, 209–213. [CrossRef] [PubMed]

4. Lin, X.; Kuragano, M.; Watanabe, K.; Tokuraku, K. Comparison of AA amyloid fibril morphology and serum amyloid A gene
sequence in 5 animal species. Vet. Pathol. 2020. [CrossRef] [PubMed]

5. Iadanza, M.G.; Jackson, M.P.; Hewitt, E.W.; Ranson, N.A.; Radford, S.E. A new era for understanding amyloid structures and
disease. Nat. Rev. Mol. Cell Biol. 2018, 19, 755–773. [CrossRef]

6. Lin, X.; Watanabe, K.; Kuragano, M.; Kurotaki, Y.; Nakanishi, U.; Tokuraku, K. intake of rosmarinic acid increases serum inhibitory
activity in amyloid A aggregation and suppresses deposition in the organs of mice. Int. J. Mol. Sci. 2020, 21, 6031. [CrossRef]

7. Radamaker, L.; Lin, Y.-H.; Annamalai, K.; Huhn, S.; Hegenbart, U.; Schönland, S.O.; Fritz, G.; Schmidt, M.; Fändrich, M. Cryo-EM
structure of a light chain-derived amyloid fibril from a patient with systemic AL amyloidosis. Nat. Commun. 2019, 10, 1103–1111.
[CrossRef]

8. Kollmer, M.; Close, W.; Funk, L.; Rasmussen, J.; Bsoul, A.; Schierhorn, A.; Schmidt, M.; Sigurdson, C.J.; Jucker, M.; Fändrich,
M. Cryo-EM structure and polymorphism of Aβ amyloid fibrils purified from Alzheimer’s brain tissue. Nat. Commun. 2019,
10, 4760–4768. [CrossRef]

9. Sack, G.H. Serum amyloid A—A review. Mol. Med. 2018, 24, 46–47. [CrossRef]
10. Sun, L.; Ye, R.D. Serum amyloid A1: Structure, function and gene polymorphism. Gene 2016, 583, 48–57. [CrossRef]
11. Lin, A.; Liu, J.; Gong, P.; Chen, Y.; Zhang, H.; Zhang, Y.; Yu, Y. Serum amyloid A inhibits astrocyte migration via activating p38

MAPK. J. Neuroinflamm. 2020, 17, 254–268. [CrossRef] [PubMed]
12. Benditt, E.P.; Eriksen, N. Amyloid protein SAA is associated with high density lipoprotein from human serum. Proc. Natl. Acad.

Sci. USA 1977, 74, 4025–4028. [CrossRef] [PubMed]
13. Jang, S.; Jang, W.Y.; Choi, M.; Lee, J.; Kwon, W.; Yi, J.; Park, S.J.; Yoon, D.; Lee, S.; Kim, M.O.; et al. Serum amyloid A1 is involved

in amyloid plaque aggregation and memory decline in amyloid beta abundant condition. Transgenic Res. 2019, 28, 499–508.
[CrossRef] [PubMed]

14. Lu, J.; Yu, Y.; Zhu, I.; Cheng, Y.; Sun, P.D. Structural mechanism of serum amyloid A-mediated inflammatory amyloidosis.
Proc. Natl. Acad. Sci. USA 2014, 111, 5189–5194. [CrossRef] [PubMed]

15. Couderc, E.; Morel, F.; Levillain, P.; Buffière-Morgado, A.; Camus, M.; Paquier, C.; Bodet, C.; Jégou, J.-F.; Pohin, M.; Favot, L.; et al.
Interleukin-17A-induced production of acute serum amyloid A by keratinocytes contributes to psoriasis pathogenesis. PLoS ONE
2017, 12, e0181486. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov
https://www.mdpi.com/1422-0067/22/3/1036/s1
https://www.mdpi.com/1422-0067/22/3/1036/s1
http://www.ncbi.nlm.nih.gov
http://doi.org/10.1056/NEJMra023144
http://www.ncbi.nlm.nih.gov/pubmed/12904524
http://doi.org/10.3109/13506129.2015.1095735
http://www.ncbi.nlm.nih.gov/pubmed/26588017
http://doi.org/10.1080/13506129.2016.1257986
http://www.ncbi.nlm.nih.gov/pubmed/27884064
http://doi.org/10.1177/0300985820970490
http://www.ncbi.nlm.nih.gov/pubmed/33205703
http://doi.org/10.1038/s41580-018-0060-8
http://doi.org/10.3390/ijms21176031
http://doi.org/10.1038/s41467-019-09032-0
http://doi.org/10.1038/s41467-019-12683-8
http://doi.org/10.1186/s10020-018-0047-0
http://doi.org/10.1016/j.gene.2016.02.044
http://doi.org/10.1186/s12974-020-01924-z
http://www.ncbi.nlm.nih.gov/pubmed/32861245
http://doi.org/10.1073/pnas.74.9.4025
http://www.ncbi.nlm.nih.gov/pubmed/198813
http://doi.org/10.1007/s11248-019-00166-x
http://www.ncbi.nlm.nih.gov/pubmed/31407125
http://doi.org/10.1073/pnas.1322357111
http://www.ncbi.nlm.nih.gov/pubmed/24706838
http://doi.org/10.1371/journal.pone.0181486
http://www.ncbi.nlm.nih.gov/pubmed/28708859


Int. J. Mol. Sci. 2021, 22, 1036 11 of 12

16. Nuvolone, M.; Merlini, G. Systemic amyloidosis: Novel therapies and role of biomarkers. Nephrol. Dial. Transplant. 2017, 32, 770–780.
[CrossRef]

17. Lundmark, K.; Westermark, G.T.; Nyström, S.; Murphy, C.L.; Solomon, A.; Westermark, P. Transmissibility of systemic amyloidosis
by a prion-like mechanism. Proc. Natl. Acad. Sci. USA 2002, 99, 6979–6984. [CrossRef]

18. Omoto, M.; Yokota, T.; Cui, D.; Hoshii, Y.; Kawano, H.; Gondo, T.; Ishihara, T.; Kanda, T. Inactivation of amyloid-enhancing factor
(AEF): Study on experimental murine AA amyloidosis. Med. Mol. Morphol. 2007, 40, 88–94. [CrossRef]

19. Watanabe, K.; Uchida, K.; Chambers, J.K.; Ushio, N.; Nakayama, H. Deposition, clearance, and reinduction of amyloid A amyloid
in interleukin 1 receptor antagonist knockout mice. Vet. Pathol. 2017, 54, 99–110. [CrossRef]

20. Jayaraman, S.; Gantz, D.L.; Haupt, C.; Gursky, O. Serum amyloid A forms stable oligomers that disrupt vesicles at lysosomal pH
and contribute to the pathogenesis of reactive amyloidosis. Proc. Natl. Acad. Sci. USA 2017, 114, E6507–E6515. [CrossRef]

21. Muhammad, N.; Murakami, T.; Inoshima, Y.; Ishiguro, N. Long-term kinetics of AA amyloidosis and effects of inflammatory
restimulation after disappearance of amyloid depositions in mice. Clin. Exp. Immunol. 2015, 181, 133–141. [CrossRef]

22. Brundin, P.; Melki, R.; Kopito, R. Prion-like transmission of protein aggregates in neurodegenerative diseases. Nat. Rev. Mol. Cell
Biol. 2010, 11, 301–307. [CrossRef] [PubMed]

23. Watanabe, K.; Uchida, K.; Chambers, J.K.; Tei, M.; Shoji, A.; Ushio, N.; Nakayama, H. Experimental transmission of AA
amyloidosis by injecting the AA amyloid protein into interleukin-1 receptor antagonist knockout (IL-1raKO) mice. Vet. Pathol.
2015, 52, 505–512. [CrossRef] [PubMed]

24. Zhang, B.; Une, Y.; Fu, X.; Yan, J.; Ge, F.; Yao, J.; Sawashita, J.; Mori, M.; Tomozawa, H.; Kametani, F.; et al. Fecal transmission
of AA amyloidosis in the cheetah contributes to high incidence of disease. Proc. Natl. Acad. Sci. USA 2008, 105, 7263–7268.
[CrossRef] [PubMed]

25. Ishigaki, Y.; Tanaka, H.; Akama, H.; Ogara, T.; Uwai, K.; Tokuraku, K. A microliter-scale high-throughput screening system with
quantum-dot nanoprobes for amyloid-β aggregation inhibitors. PLoS ONE 2013, 8, e72992. [CrossRef] [PubMed]

26. Tokuraku, K.; Marquardt, M.; Ikezu, T. Real-time imaging and quantification of amyloid-beta peptide aggregates by novel
quantum-dot nanoprobes. PLoS ONE 2009, 4, e8492. [CrossRef]

27. Lin, X.; Galaqin, N.; Tainaka, R.; Shimamori, K.; Kuragano, M.; Noguchi, T.Q.P.; Tokuraku, K. Real-time 3D imaging and inhibition
analysis of various amyloid aggregations using quantum dots. Int. J. Mol. Sci. 2020, 21, 1978. [CrossRef]

28. Kuragano, M.; Yoshinari, W.; Lin, X.; Shimamori, K.; Uwai, K.; Tokuraku, K. Evaluation of amyloid β42 aggregation inhibitory
activity of commercial dressings by a microliter-scale high-throughput screening system using quantum-dot nanoprobes. Foods
2020, 9, 825. [CrossRef]

29. Maeda, M.; Murakami, T.; Muhammad, N.; Inoshima, Y.; Ishiguro, N. Experimental transmission of systemic AA amyloidosis in
autoimmune disease and type 2 diabetes mellitus model mice. Exp. Anim. 2016, 65, 427–436. [CrossRef]

30. Brownlee, M.; Vlassara, H.; Cerami, A.; Martin, T.R.; Li, J.J.; McAdam, K.P. Association of insulin pump therapy with raised
serum amyloid A in type I diabetes mellitus. Lancet (Lond. Engl.) 1984, 1, 411–413. [CrossRef]

31. Anderberg, R.J.; Meek, R.L.; Hudkins, K.L.; Cooney, S.K.; Alpers, C.E.; LeBoeuf, R.C.; Tuttle, K.R. Serum amyloid A and
inflammation in diabetic kidney disease and podocytes. Lab. Investig. 2015, 95, 250–262. [CrossRef] [PubMed]

32. O’Hara, R.; Murphy, E.P.; Whitehead, A.S.; FitzGerald, O.; Bresnihan, B. Acute-phase serum amyloid A production by rheumatoid
arthritis synovial tissue. Arthritis Res. 2000, 2, 142. [CrossRef] [PubMed]

33. Nakayama, Y.; Kamiie, J.; Watanabe, G.; Suzuki, K.; Murakami, T. Spontaneous, experimentally induced, and transmissible AA
amyloidosis in japanese quail (Coturnix japonica). Vet. Pathol. 2017, 54, 912–921. [CrossRef] [PubMed]

34. Murakami, T.; Ishiguro, N.; Higuchi, K. Transmission of systemic AA amyloidosis in animals. Vet. Pathol. 2014, 51, 363–371.
[CrossRef] [PubMed]

35. Bucciantini, M. Inherent cytotoxicity of aggregates implies a common origin for protein misfolding diseases. Nature 2002, 416, 507–511.
[CrossRef] [PubMed]

36. Long, J.M.; Holtzman, D.M. Alzheimer disease: An update on pathobiology and treatment strategies. Cell 2019, 179, 312–339.
[CrossRef]

37. Selkoe, D.J.; Hardy, J.; Sciences, B.; Hu, N.-W.; Nicoll, A.J.; Zhang, D.; Mably, A.J.; O’Malley, T.; Purro, S.A.; Terry, C.; et al. Amyloid
β-protein dimers isolated directly from Alzheimer brains impair synaptic plasticity and memory. Nat. Med. 2016, 7, 3374–3389.
[CrossRef]

38. Taguchi, R.; Hatayama, K.; Takahashi, T.; Hayashi, T.; Sato, Y.; Sato, D.; Ohta, K.; Nakano, H.; Seki, C.; Endo, Y.; et al. Structure–
activity relations of rosmarinic acid derivatives for the amyloid β aggregation inhibition and antioxidant properties. Eur. J. Med.
Chem. 2017, 138, 1066–1075. [CrossRef]

39. Sasaki, R.; Tainaka, R.; Ando, Y.; Hashi, Y.; Deepak, H.V.; Suga, Y.; Murai, Y.; Anetai, M.; Monde, K.; Ohta, K.; et al. An automated
microliter-scale high-throughput screening system (MSHTS) for real-time monitoring of protein aggregation using quantum-dot
nanoprobes. Sci. Rep. 2019, 9, 2587–2596. [CrossRef]

40. Ferreira, N.; Saraiva, M.J.; Almeida, M.R. Natural polyphenols inhibit different steps of the process of transthyretin (TTR) amyloid
fibril formation. FEBS Lett. 2011, 585, 2424–2430. [CrossRef]

41. Ferreira, N.; Pereira-Henriques, A.; Almeida, M.R. Transthyretin chemical chaperoning by flavonoids: Structure–activity insights
towards the design of potent amyloidosis inhibitors. Biochem. Biophys. Rep. 2015, 3, 123–133. [CrossRef] [PubMed]

http://doi.org/10.1093/ndt/gfw305
http://doi.org/10.1073/pnas.092205999
http://doi.org/10.1007/s00795-007-0361-z
http://doi.org/10.1177/0300985816658772
http://doi.org/10.1073/pnas.1707120114
http://doi.org/10.1111/cei.12615
http://doi.org/10.1038/nrm2873
http://www.ncbi.nlm.nih.gov/pubmed/20308987
http://doi.org/10.1177/0300985814556154
http://www.ncbi.nlm.nih.gov/pubmed/25391376
http://doi.org/10.1073/pnas.0800367105
http://www.ncbi.nlm.nih.gov/pubmed/18474855
http://doi.org/10.1371/journal.pone.0072992
http://www.ncbi.nlm.nih.gov/pubmed/23991168
http://doi.org/10.1371/journal.pone.0008492
http://doi.org/10.3390/ijms21061978
http://doi.org/10.3390/foods9060825
http://doi.org/10.1538/expanim.16-0037
http://doi.org/10.1016/S0140-6736(84)91750-1
http://doi.org/10.1038/labinvest.2014.163
http://www.ncbi.nlm.nih.gov/pubmed/25531567
http://doi.org/10.1186/ar78
http://www.ncbi.nlm.nih.gov/pubmed/11062604
http://doi.org/10.1177/0300985817723692
http://www.ncbi.nlm.nih.gov/pubmed/28812532
http://doi.org/10.1177/0300985813511128
http://www.ncbi.nlm.nih.gov/pubmed/24280941
http://doi.org/10.1038/416507a
http://www.ncbi.nlm.nih.gov/pubmed/11932737
http://doi.org/10.1016/j.cell.2019.09.001
http://doi.org/10.1038/nm1782.Amyloid
http://doi.org/10.1016/j.ejmech.2017.07.026
http://doi.org/10.1038/s41598-019-38958-0
http://doi.org/10.1016/j.febslet.2011.06.030
http://doi.org/10.1016/j.bbrep.2015.07.019
http://www.ncbi.nlm.nih.gov/pubmed/29124175


Int. J. Mol. Sci. 2021, 22, 1036 12 of 12

42. Bu, X.L.; Rao, P.P.N.; Wang, Y.J. Anti-amyloid aggregation activity of natural compounds: Implications for Alzheimer’s drug
discovery. Mol. Neurobiol. 2016, 53, 3565–3575. [CrossRef]

43. Ferreira, N.; Saraiva, M.J.; Almeida, M.R. Uncovering the neuroprotective mechanisms of curcumin on transthyretin amyloidosis.
Int. J. Mol. Sci. 2019, 20, 1287. [CrossRef]

44. Ogara, T.; Takahashi, T.; Yasui, H.; Uwai, K.; Tokuraku, K. Evaluation of the effects of amyloid β aggregation from seaweed
extracts by a microliter-scale high-throughput screening system with a quantum dot nanoprobe. J. Biosci. Bioeng. 2015, 120, 45–50.
[CrossRef]

45. Abdelmotilib, H.; Maltbie, T.; Delic, V.; Liu, Z.; Hu, X.; Fraser, K.B.; Moehle, M.S.; Stoyka, L.; Anabtawi, N.; Krendelchtchikova, V.; et al.
α-Synuclein fibril-induced inclusion spread in rats and mice correlates with dopaminergic Neurodegeneration. Neurobiol. Dis. 2017,
105, 84–98. [CrossRef] [PubMed]

46. Van Den Berge, N.; Ferreira, N.; Gram, H.; Mikkelsen, T.W.; Alstrup, A.K.O.; Casadei, N.; Tsung-Pin, P.; Riess, O.; Nyengaard,
J.R.; Tamgüney, G.; et al. Evidence for bidirectional and trans-synaptic parasympathetic and sympathetic propagation of
alpha-synuclein in rats. Acta Neuropathol. 2019, 138, 535–550. [CrossRef] [PubMed]

47. Sawashita, J.; Zhang, B.; Hasegawa, K.; Mori, M.; Naiki, H.; Kametani, F.; Higuchi, K. C-terminal sequence of amyloid-resistant type F
apolipoprotein A-II inhibits amyloid fibril formation of apolipoprotein A-II in mice. Proc. Natl. Acad. Sci. USA 2015, 112, E836–E845.
[CrossRef] [PubMed]

48. Pras, M.; Schubert, M.; Zucker-Franklin, D.; Rimon, A.; Franklin, E.C. The characterization of soluble amyloid prepared in water.
J. Clin. Invest. 1968, 47, 924–933. [CrossRef] [PubMed]

49. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951,
193, 265–275. [CrossRef]

http://doi.org/10.1007/s12035-015-9301-4
http://doi.org/10.3390/ijms20061287
http://doi.org/10.1016/j.jbiosc.2014.11.018
http://doi.org/10.1016/j.nbd.2017.05.014
http://www.ncbi.nlm.nih.gov/pubmed/28576704
http://doi.org/10.1007/s00401-019-02040-w
http://www.ncbi.nlm.nih.gov/pubmed/31254094
http://doi.org/10.1073/pnas.1416363112
http://www.ncbi.nlm.nih.gov/pubmed/25675489
http://doi.org/10.1172/jci105784
http://www.ncbi.nlm.nih.gov/pubmed/5641627
http://doi.org/10.1016/S0021-9258(19)52451-6

