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� Morphological abnormalities of RBCs
were observed in PD patients.

� Increased aggregated a-syn in RBC
membrane were observed in PD
patients.

� A decreased proportion of normal
RBCs and increased aggregated a-syn
in RBC membrane were also observed
in PD model mice.

� Treating RBCs derived from SNCA
knockout mice with aggregated a-syn
resulted in a higher percentage of
acanthocytes.

� Applying aggregated a-syn to RBC
membrane directly induced
extracellular calcium influx along
with morphological changes.
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Introduction: Morphological abnormalities of erythrocytes/red blood cells (RBCs), e.g., increased acantho-
cytes, in Parkinson’s disease (PD) have been reported previously, although the underlying mechanisms
remain to be characterized. In this study, the potential roles of a-synuclein (a-syn), a protein critically
involved in PD and highly abundant in RBCs, were studied in PD patients as well as in a PD mouse model.
Methods: Transgenic [PAC-Tg (SNCAA53T), A53T] mice overexpressing A53T mutant a-syn and SNCA
knockout mice were employed to characterize the effect of a-syn on RBC morphology. In addition to
A53T and SNCA knockout mice, the morphology of RBCs of PD patients was also examined using scanning
electron microscopy. The potential roles of a-syn were further investigated in cultured RBCs and mice.
Results: Morphological abnormalities of RBCs and increased accumulation of aggregated a-syn on the
RBC membrane were observed in PD patients. A similar phenomenon was also observed in A53T mice.
Furthermore, while mice lacking a-syn expression showed a lower proportion of acanthocytes, treating
RBCs derived from SNCA knockout mice with aggregated a-syn resulted in a higher percentage of
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acanthocytes. In a follow-up proteomic investigation, several major classes of proteins were identified as
a-syn-associated proteins on the RBC membrane, seven of which were calcium-binding proteins.
Applying aggregated a-syn to the RBC membrane directly induced extracellular calcium influx along with
morphological changes; both observations were adequately reversed by blocking calcium influx.
Conclusions: This study demonstrated that a-syn plays a critical role in PD-associated morphological
abnormalities of RBCs, at least partially via a process mediated by extracellular calcium influx.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Parkinson’s disease (PD), a chronic and age-related slowly pro-
gressive neurodegenerative disorder, is characterized by a variable
combination of motor and non-motor symptoms [1–3].
a-Synuclein (a-syn), a major component of Lewy bodies, is a key
protein critically involved in thepathogenesis of PD [4,5]. In addition
to central nervous system (CNS), a-syn is also expressed in other
parts of the body, especially in the blood. Red blood cells (RBCs) or
erythrocytes contain over 99% of blood’s a-syn, reaching a concen-
tration much higher than that observed in the cerebrospinal fluid
(CSF) [6–8]. Oligomeric a-syn, the toxic form of a-syn [9–11], is
reported to be higher in RBCs of PD patients compared to controls
[12,13]. Furthermore, the levels of total and aggregated a-syn are
significantly higher in the RBC membrane fractions of PD patients
compared to those of healthy controls [8]. Previously, a-syn is
reported to be associated with heightened oxidative stress, dis-
rupted axonal transport, dysfunction in the ubiquitin-proteasome
system, impaired mitochondrial function, and synaptic issues
[14,15]. However, until recent years, a-syn still lacks a definitively
recognized function. Despite its remarkable conservation through-
out vertebrate evolution, it does not exhibit substantial similarity
to any protein with an established function. Consequently, the role
of both monomeric and aggregated forms of a-syn found within
RBCs remains entirely unknown.

Previously, a study reported that the RBCs of PD patients often
exhibit abnormalities, characterized by an increased presence of
acanthocytes, which are cells displaying surface membrane protru-
sions [16]. Furthermore, PD is frequently associated with anemia
[17–19], and recent research in a population-based cohort has
shown that newly diagnosed anemic patients face a higher risk
of developing PD compared to non-anemic individuals [17]. Given
the substantial presence of a-syn in RBCs and its central role in PD,
it becomes imperative to probe into the potential involvement of
a-syn in the PD-related morphological alterations of RBCs and ane-
mia. It has been suggested that a-syn is able to interact with lipid
membranes, and increasing evidence has demonstrated that: 1)
lipid membranes have the capacity to foster a-syn aggregation;
and 2) the aggregation of a-syn on the membrane can swiftly dis-
turb membrane integrity [20–22]. Structural analysis of a-syn oli-
gomers has revealed that these species harbor a highly lipophilic
element involved in interactions with the membrane and perturb
membrane integrity through insertion of a structured region into
the lipid bilayers [23].

To investigate the potential role of a-syn in RBC, we analyzed
the morphology of RBCs from individuals with PD and other neu-
rodegenerative diseases, discovering RBCmorphological abnormal-
ities only in PD patients. A similar phenomenon was also observed
in PD model mice overexpressing the A53T mutant a-syn. To test
the hypothesis that aggregated a-syn on the RBC membrane may
impact RBC morphology in PD and investigate the mechanisms
underlying this pathogenic phenomenon, we utilized SNCA (the
gene encoding a-syn) knockout mice (SNCA-KO) to demonstrate
that the RBC morphological abnormalities were clearly associated
with aggregated a-syn. Further investigation has revealed that an
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elevated presence of aggregated a-syn on the RBC membrane
might trigger an influx of extracellular calcium, subsequently lead-
ing to alterations in RBC morphology within PD. These findings
suggest that a-syn plays a critical role in PD-associated morpho-
logical abnormalities of RBCs through a process likely mediated
by extracellular calcium influx.
Methods

Human subjects and sample collection

The study was approved by the Clinical Research Ethics Com-
mittee of the First Affiliated Hospital, Zhejiang University School
of Medicine (No. IIT20200473A). Blood samples from a total of
72 subjects, including 26 patients with PD, 13 patients with Alzhei-
mer’s disease (AD), 5 patients with mild cognitive impairment
(MCI), 2 patients with essential tremor (ET), and 26 healthy con-
trols whose ages and sexes were matched with those of PD
patients, were derived from Beijing Tiantan Hospital and the First
Affiliated Hospital, Zhejiang University School of Medicine, for
RBC morphology assessments in this study. The contributing hos-
pitals obtained ethics approval before study enrollment, and all
participants provided written informed consent for blood sampling
as well as permission to use their clinical information for research
purposes. The data of demographics and clinical information of the
participants is shown in Supplementary Table 1.
Animals and antibodies

All experiments involving mice were approved by the Animal
Care and Use Committee of the animal facility at Zhejiang Univer-
sity School of Medicine (20221077). The mice used in this study,
including SNCA knockout mice (SNCA-KO mice, B6;129X1-
Sncatm1Rosl /J, strain number: 003692), and PD model mice (A53T
mice, dbl-PAC-Tg(SNCAA53T); SNCA -/-, strain number: 010799),
were purchased from the Jackson Laboratory, while wild-type mice
(WT mice, C57BL/6J) were obtained from Hangzhou Ziyuan
Biotechnology LTD. Both SNCA-KO mice and PD model mice lack
endogenous a-syn expression, whereas the PD model mice
expressed the human a-syn with the A53T mutation peripherally.
The mice were raised in a specific pathogen-free standard environ-
ment under a 12-hour light–dark cycle, with free access to food
and water. Blood was collected after anesthesia and stored in syr-
inges primed with 15% EDTA, which was then rapidly fixed in glu-
taraldehyde for morphological studies, or centrifuged at 1000 g for
15 min for further analysis.

The following antibodies were used for western blot (WB),
immunofluorescence (IF), and immunoprecipitation (IP): Rabbit
monoclonal [EPR20535] to Alpha-synuclein (ab212184, Abcam)
for WB; rabbit monoclonal [MJFR1] to Alpha-synuclein
(ab209420, Abcam) for IP; rabbit monoclonal conformation-
specific [MJFR-14-6-4-2] to aggregated a-synuclein (ab209538,
Abcam) for WB; mouse polyclonal against glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, HC301, TRANS) for WB; mouse
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monoclonal (JC159) against glycophorin A (CD235a, MA5-12484,
Invitrogen) for WB; rabbit monoclonal [EP1845Y] to Sodium Potas-
sium ATPase (ab76020, Abcam) for IF. Alexa Fluor 555, 488, or 633
conjugated secondary antibodies, and horseradish peroxidase
(HRP)-conjugated secondary antibodies used in IF and WB, were
purchased from Thermo Fisher Scientific.

Scanning electron microscopy (SEM)

Human/mouse blood samples and mouse RBCs treated with
monomeric a-syn, aggregated a-syn, or vehicle (PBS) for 48 h were
collected by centrifuging at 1000 g for 5 min and immediately fixed
with 2.5% glutaraldehyde. The RBC samples were dehydrated using
an acetone gradient ranging from 30% to 100%, followed by 50%,
67%, and 75% araldite in acetone, then mounted onto aluminum
stubs using conductive carbon tape, and coated with platinum in
a JEOL JEC-3000FC auto fine coater. Photomicrographs were cap-
tured using an FE-SEM JEOL JSM-7900F. Fifteen to twenty SEM
images were acquired for each RBC sample. Biconcave disc-
shaped RBCs were categorized as normal RBCs, RBCs with promi-
nent thorn-like surface protrusions were classified as acanthocytes,
and biconcave RBCs without disc-shape and surface protrusions
were identified as abnormal RBCs. A total of 1000 RBCs from 10
blinded SEM images were counted for each individual.

RBC collection and separation

Human or mouse blood was collected in EDTA-coated anticoag-
ulant tubes and then centrifuged at 1000 g for 10 min. The plasma
and leukocyte layers were removed, and the RBCs were pelleted.
Subsequently, the RBCs were washed 3 times with PBS and imme-
diately processed for membrane and cytosol separation. For the
separation of RBC fractions, the RBCs underwent five sequential
freeze (�80 �C) and thaw (25 �C) cycles. Following this, the samples
were centrifuged at 16,000 g for 15 min. The supernatant was col-
lected as the cytosolic fraction, while the pellet was further washed
3 times with PBS, incubated with STET lysis buffer (R20994, Shang-
hai Yuanye Bio-Technology Co., Ltd), and collected as the mem-
brane fraction. The efficiency of the RBCs separation was verified
through WB with membrane (CD235a) and cytoplasmic (GAPDH)
proteins.

Meso scale discovery immunoassays

The levels of a-syn on the RBC membrane and cytosolic frac-
tions were assessed using a well-established method, following
previously described protocols [8,24]. Firstly, the capturing anti-
bodies (anti-a-syn antibody MJFR1(ab138591, Abcam) for total
a-syn or anti-a-syn filaments MJFR-14 (ab209538, Abcam) for
aggregated a-syn) were biotinylated, linker-conjugated, and
coated onto standard 96-well U-Plex plates (Meso scale discovery).
Then, the RBC membrane samples, cytosolic samples, and calibra-
tor (recombinant a-syn, Sino biological, and aggregated a-syn, Pro-
teose) were diluted by Diluent 35 and added into the plate (total
5 lg protein,100 ll/well). After incubation overnight, the plate
was washed 3 times using washing buffer. The sulfo-TAG-labeled
anti-a-syn antibody (BD42) was used as the detecting antibody
(1 ng/ml) and prepared in dilution buffer (0.1% bovine serum albu-
min (BSA) in PBS). After incubation with detecting antibody and
reading buffer T sequentially, the plate was read and analyzed
using a Quickplex SQ 120 (Meso scale discovery, USA).

Western blot (WB)

Proteins were extracted using RIPA cell lysis buffer (APPLYGEN,
C1053) and quantified using the BCA Protein Assay Kit (APPLYGEN,
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P1511) following the manufacturer’s instruction. RBC lysates
(�40 lg of total protein) or a-syn samples (�10 ng) were loaded
onto a 4–12% CriterionTM TGX Stain-FreeTM Protein Gel (Bio-Rad Lab-
oratories) before being transferred to a PVDF membrane (Merck
Millipore, 4515). The membranes were blocked with 5% skim milk
and then probed with corresponding primary antibodies. After
washing, the membranes were incubated with appropriate horse-
radish peroxidase (HRP)-conjugated secondary antibodies and
visualized using Immobilon Western Chemiluminescent HRP Sub-
strate (WBKLS0500, Merck Millipore) via the ChemiDoc XRS+ Sys-
tem (Bio-Rad). The quantification of bands was performed using
Image J.

In vitro aggregation assays

The in vitro aggregation experiments were conducted following
a previously described protocol [25]. Briefly, 1 lg/ll full-length
monomeric a-syn (12093-HNAE, Sino Biological) was incubated
at 37 �C with shaking using Multiscan GO (Thermo Fisher) for
120 h.

In vitro RBC cultures

RBCs from SNCA-KO mice, A53T mice, or age-matched WT mice
were cultured in RPMI-1640 medium. RBCs were treated with
0.15–4.5 lg/ml monomeric or aggregated a-syn or PBS (vehicle
control) and cultured at 37 �C in an incubator for 48 h. After incu-
bation, RBCs were collected by centrifuging at 1500 g for 10 min.

Immunofluorescence (IF) staining

RBCs treated with monomeric or aggregated a-syn were fixed in
4% paraformaldehyde solution for 15 min, washed with PBS buffer,
and incubated with blocking solution (1% BSA, 4% goat serum, and
0.3% Triton X-100 in PBS) for 1 h. Next, RBCs were incubated with
appropriate primary antibodies overnight at 4 �C, then washed
with washing buffer (0.1% Triton X-100 in PBS, PBST), and incu-
bated with corresponding secondary antibodies diluted in PBST
for 3 h. Then, the RBCs were embedded in Vectashield medium.
IF images were captured with a Zeiss instrument under 20� or
40� magnification.

Real-time quaking-induced conversion (RT-QuIC)

The RT-QuIC assay was carried out as in previous studies [26–
28]. Firstly, 100 mmol/L phosphate buffer (pH 8.2), 10 lM Thiofla-
vin T (ThT), 200 lg/ml full length monomeric WT a-syn
(RPB222Mu02, Cloud-clone), and 100 lg total protein from RBC
lysates were added to a microplate as the RT-QuIC assay mixture.
Each sample was run in duplicate. Two negative controls (reactions
without adding RBC lysates) and two empty controls were
included. The plate was incubated in a CLARIOstar high-
performance microplate reader (BMG LABTECH, Germany) at
30 �C for 120 h with intermittent shaking cycles: 1-min shake
(200 rpm),14-min rest, and ThT fluorescence measurement once
(445 nm excitation and 485 nm emission). A positive response
was defined as a relative fluorescence (RFU) above the mean of
the negative controls in 120 h.

Phenylhydrazine (PHZ) treatment

12-month-old WT mice received a solitary intraperitoneal
injection of 30 mg/kg PHZ, with the control group receiving an
injection of normal saline. Automated hematology analyzers were
employed to assess the RBC count and mean corpuscular hemoglo-
bin concentration (MCHC).
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Analysis of a-syn-associated proteins by liquid Chromatography-Mass
spectrometry (LC-MS/MS)

RBC ghost preparation: 200 ll aliquots of the RBC pellet from 3
healthy individuals were pooled. RBC ghosts were prepared by
adding 9 ml of 10 mM phosphate buffer, pH 7.4, with 1 mM phenyl
methyl sulfonyl fluoride (PMSF), and then centrifuged at 39,000 g
for 30 min. Immunoprecipitation of a-syn-associated proteins:
The anti-a-syn antibody (MJFR1, ab209420, Abcam) was coupled
with Dynabeads (InvitrogenTM, 14311D) following the manufac-
turer’s instruction. 1000 lg RBC membrane protein was added to
100 ll a-syn antibody-coupled beads and incubated overnight.
After incubation, the beads were washed with lysis buffer three
times and then washed with washing buffer (50 mM TEAB,
50 mM Tris pH 8.5, 1 mM EGTA, and 75 mM KCl). After the super-
natant was removed, the a-syn-associated proteins were eluted
with urea elution buffer (50 mM TEAB with 8 M urea). LC-MS/
MS: The a-syn-associated proteins were digested overnight with
trypsin solution (25 lg/ml). 0.8 mg TMT in 41 ll acetonitrile was
added to 100 ll of digested peptides for 1 h at room temperature.
The reaction was stopped by 8 ll 5% hydroxylamine for 15 min.
The peptides were then applied to PierceTM Peptide Desalting Spin
Columns (Thermo Scientific, 89852) and dried using a centrifugal
vacuum. LC-MS/MS analysis was performed using an UltiMate
3000 nanoLC (Thermo Scientific) coupled with an Orbitrap Exploris
480 mass spectrometer (Thermo Scientific). LC-MS/MS data were
processed using Proteome Discoverer software suite v.2.5. Data-
base search was conducted using the Sequest search engine. Spec-
tra were searched against a SwissProt Homo sapiens database
concatenated with a reverse decoy database. Trypsin/P was speci-
fied as the cleavage enzyme, allowing up to 2 missing cleavages.
The false discovery rate (FDR) was set to 1% on PSM and peptide
levels. TMT-10plex quantification was performed. The gene ontol-
ogy (GO) and functional categorization of the a-syn-associated
proteins detected by MS were performed using PANTHER classifi-
cation system (http://pantherdb.org/). The list of the original
a-syn-associated proteins identified by LC-MS is presented in
Supplementary Table 2.
Measurement of intracellular Ca2+

RBCs were seeded at a density of 6 � 105 cells/cm2 on 20 mm
confocal petri dishes (430165, Corning) precoated with poly-D-
lysin/laminin and cultured with RPMI-1640 medium. One day
later, RBCs were proceeded for Ca2+ measurements. The RBCs were
washed with Ringer buffer and then incubated with 2 lM of the
cell-permeable Fluo-4 AM dye (HY-101896, MCE) in Ringer buffer
at 37 �C for 1 h. Subsequently, RBCs were treated with 0.15 lg/ml,
0.75 lg/ml, and 4.5 lg/ml of monomeric a-syn, aggregated a-syn,
or PBS. The measurements were conducted using a confocal micro-
scope (TCS-SP8, Leica). Time-lapse pictures were captured every
5 s. Signals were expressed in RFUs. The recording duration was
300 s. Before Ca2+ measurements, 10 lM Amlodipine (HY-B0317,
MCE), 50 nM x-Conotoxin GVIA TFA (HY-P0189A, MCE), or 1 lM
Fendiline hydrochloride (HY-B0984, MCE) were added.
Statistical analyses

Statistical analyses were conducted with GraphPad Prism 9. All
results were presented as mean ± standard error of the mean
(SEM). The unpaired two-tailed Student’s t-test was used for two
group comparisons, and the one-way ANOVAwas used for multiple
comparisons.
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Data sharing

The data that supports the findings of this study are available in
the supplementary material of this article.
Results

Altered morphology of RBCs in PD patients accompanied by increased
membrane-bound aggregated a-syn

To systematically assess morphological alterations in the RBCs
of PD patients, fresh RBC samples were obtained from patients
with PD (n = 26), age- and gender-matched healthy control
(n = 26), and neurological disease controls, including patients with
essential tremor (ET, n = 2), or patients with cognitive impairments
such as Alzheimer’s disease (AD, n = 13) and mild cognitive impair-
ment (MCI, n = 5) (Supplementary Table 1). The samples were ana-
lyzed using scanning electron microscopy (SEM), revealing that the
RBCs of healthy controls were generally biconcave disc-shaped
(Fig. 1A), while a significant portion of the RBCs of PD patients
were deformed, featuring protrusions on the surface (Fig. 1B), i.e.,
the formation of acanthocytes. The percentage of normally shaped
RBCs was significantly lower in PD patients compared to healthy
controls (P < 0.001), while those from patients with ET, AD, or
MCI were not significantly different from healthy controls
(Fig. 1C–F). These results suggest that the morphology of RBCs
might be altered specifically in PD patients, rather than as a general
consequence of neurodegeneration.

Given the high level of a-syn in RBCs, as well as the role of
a-syn in PD, we next sought to investigate whether a-syn partici-
pates in the mechanisms underlying PD-related morphological
alterations of RBCs. The levels of total and aggregated a-syn in
RBCs from PD patients and healthy controls were measured using
a well-established Meso Scale Discovery immunoassay [8,24].
The level of total a-syn associated with the RBC membrane of PD
patients showed a trend towards being higher when compared to
that in healthy controls, but this difference did not reach statistical
significance (P = 0.066) (Fig. 1G and Fig. S1). In contrast, the level of
membrane-bound aggregated a-syn from RBCs of PD patients was
significantly higher than that in healthy controls (P < 0.001)
(Fig. 1H). There were no significant differences observed in either
the total or aggregated a-syn levels in the cytosol of RBCs when
comparing PD patients with healthy controls (Fig. 1G–H).
Altered morphology of RBCs in A53T mice and SNCA-KO mice

To further explore the relationship between aggregated a-syn
in RBCs and their morphology, we examined the accumulation of
aggregated a-syn in RBCs obtained from a PD mouse model
(A53T mice), as well as from a SNCA knockout mouse model
(SNCA-KO mice). These A53T mice conventionally demonstrate
a-syn accumulation in the colon, along with early gastrointestinal
dysfunction, before developing motor abnormalities between 6
and 12 months [29]. RBCs were collected from 1-, 3-, 6-, and 12-
month-old WT and A53T mice. As shown in Fig. 2A, the RBCs of
1-month-old WT and A53T mice exhibited normal morphology.
With increasing age, the number of normal shaped RBCs gradually
decreased, and at each time point, the proportion of normal RBCs in
A53T mice was significantly lower than that in WT mice (Fig. 2B-
C). In line with the observations in human studies, the level of
aggregated a-syn on the RBC membrane was significantly higher
in A53T mice compared to WT mice (Fig. 2D). To further elucidate
the impact of aggregated a-syn on RBC morphology, we examined
the RBCs of SNCA-KO mice. WB results confirmed the absence of a-
syn in RBCs of SNCA-KO mice (Fig. 2E). In contrast to A53T mice,
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Fig. 1. Morphological abnormalities of RBCs in PD patients accompanied by increased membrane-bound aggregated a-syn. (A–E) Representative RBC images of healthy
controls (HC) (A), patients with Parkinson’s disease (PD) (B), patients with Alzheimer’s disease (AD) (C), patients with mild cognitive impairment (MCI) (D), and patients with
essential tremor patients (ET) (E). Scale bar: 3 lm. (F) The percentage of normally-shaped RBCs in the PD group was significantly different from that in the HC group. N = 1000
randomly selected RBCs counted from each individual. Statistical significance was calculated on the percentage of normal RBCs between patients and HC via one-way ANOVA
followed by Tukey’s post-hoc test. (G) The level of total a-syn in the cytosolic and membrane fractions of RBCs was examined in PD and HC. (H) The level of aggregated a-syn
in the RBC cytosolic and membrane fractions was examined in PD and HC. Values are means ± S.E.M; ns, not significant; ***, P < 0.001; ****, P < 0.0001.
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SEM findings showed that the proportion of RBCs with normal
morphology in 6-month-old SNCA-KO mice was similar to that in
WT mice (Fig. 2F–G), while the proportion of acanthocytes was sig-
nificantly lower in SNCA-KO mice when compared to WT mice
(Fig. 2H). Taken together, these results suggest a potential associa-
tion between a-syn and altered RBC morphology, particularly the
formation of acanthocytes, in PD.

Direct effect of a-syn on RBC morphology

To investigate whether a-syn could directly mediate morpho-
logical changes in RBCs, cultured RBCs from 3-month-old WT,
SNCA-KO, and A53T mice were exposed to different concentrations
of monomeric or aggregated a-syn in vitro (Fig. S2). IF analysis
revealed the presence of monomeric or aggregated a-syn on the
surface of RBCs (Fig. S3A). Notably, no significant difference in
morphology was observed in RBCs from WT mice treated with
monomeric a-syn when compared to those treated with PBS
(Fig. 3A, 3D, and S3B). However, the morphology of the WT RBCs
treated with aggregated a-syn exhibited a dose-dependent
increase in the proportion of acanthocytes (Fig. 3A, 3D, and S3B).

The morphology of RBCs from SNCA-KO mice, when treated
with a-syn, exhibited significant differences compared toWT RBCs,
with two key observations: 1) the proportion of acanthocytes sig-
nificantly increased even with monomeric a-syn treatment, and 2)
this effect was even more pronounced with aggregated a-syn
treatment, displaying a dose-dependent pattern, surpassing that
of WT RBCs (Fig. 3B and 3E). Regarding the morphology of RBCs
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from A53T mice, the application of exogenous monomeric and
aggregated a-syn had relatively modest exacerbating effects
(Fig. 3C and 3F).

The potential impact of membrane-bound aggregated a-syn on RBC
morphology

We postulated that the morphological alterations induced by
aggregated a-syn in RBCs could be attributed to the continuous
accumulation of a-syn aggregates on their membrane. To test this
hypothesis, we employed phenyl hydrazine (PHZ), an oxidatively
damaging hemolytic agent that causes acute RBC hemolysis in
mice, triggering hematopoiesis to restore RBC levels [30]. We
administered a single intraperitoneal injection of PHZ to 12-
month-old WT mice. This intervention effectively restored RBCs
to a relatively uniform early state, allowing us to monitor RBC mor-
phology and the levels of a-syn aggregates over 120 days. Consis-
tent with previous research [31], following the PHZ injection, the
total RBC count in the mice gradually decreased, reaching its low-
est level on the fifth day, concurrently with an increase in MCHC
(Fig. S4). Subsequently, the total RBC count gradually rebounded
and recovered to normal levels on the thirteenth day (Fig. S4A).
Correspondingly, MCHC also returned to its baseline value by the
thirteenth day (Fig. S4B).

To assess the relative level of aggregated a-syn in RBCs, we
employed the real-time quaking-induced conversion (RT-QuIC)
technique. This method can amplify proteins with self-
aggregation properties, enabling us to compare the levels of



Fig. 2. Morphological abnormalities of RBCs and the expression of a-syn in A53T mice and SNCA-KO mice. (A) Scanning electron micrographs of RBCs of WT mice and
A53T mice. Scale bar: 1 lm. (B) Proportion of normal RBCs in WT mice and A53T mice. (C) Proportion of acanthocytes in WT mice and A53T mice. N = 5 mice, 1000 randomly
selected RBCs counted from each mouse. (D) The level of aggregated a-syn was examined in WT mice and A53T mice (N = 5). (E) Representative western blot images of a-syn
in SNCA-KO mice. (F) Scanning electron micrograph showing the morphology of SNCA-KO RBCs. Scale bar: 500 nm. (G) No significant difference was observed in the
proportion of RBCs with normal morphology in WT and SNCA-KO mice. (H) The proportion of acanthocytes in WT mice was significantly higher than in SNCA-KO mice. N = 8
mice, 1000 randomly selected RBCs counted for each mouse. Values are presented as means ± S.E.M; ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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aggregation-promoting ‘‘seeds” in the original sample [26,27].
Using this technique, the RBC membrane sample collected on day
90 exhibited a faster positive response compared to the sample
collected on day 30, indicating that the level of aggregated a-syn
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on the RBC membrane on day 90 was significantly higher than that
on day 30 (Fig. 4A). From the perspective of RBC morphology, on
day 30 after the PHZ injection, the proportion of RBCs with normal
morphology was higher than that in the control group injected



Fig. 3. The effect of a-syn on the morphology of RBCs. (A–C) Scanning electron micrographs show RBCs of WT mice (A), SNCA-KO mice (B), and A53T mice (C) treated with
different concentrations of monomeric a-syn (a-syn) or aggregated a-syn (a-syn aggregates) for 48 h. Scale bar: 1 lm. (D-F) Comparison of the percentage of RBCs in WT
mice (D), SNCA-KO mice (E), and A53T mice (F) treated with a-syn. N = 5 mice, 1000 randomly selected RBCs counted for each mouse. Statistical significance was calculated
on the percentage of normal RBCs between certain groups via Student’s t-test. Values are presented as means ± S.E.M; ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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with normal saline (Fig. 4B-C). However, by day 90, the morphol-
ogy of RBCs did not change significantly in the control group, while
in the PHZ injection group, the proportion of RBCs with normal
morphology decreased, and the proportion of acanthocytes
increased (Fig. 4D-E). These findings lend support to the notion
that the level of aggregated a-syn on RBCs can indeed influence
RBC morphology.
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Proteins associated with a-syn on the RBC membrane revealed by
proteomic analysis

To further investigate the mechanism by which a-syn affects
RBC morphology, RBC ghosts were prepared from fresh human
RBCs, a-syn-interacting RBC membrane proteins were co-
immunoprecipitated by a-syn antibody-coupled dynabeads, and



Fig. 4. The level of aggregated a-syn on themembrane of mouse RBCsmight affect the RBCmorphology. (A) RT-QuIC responses observed with reactions seeded with RBC
samples of mice treated with PHZ. (B) The RBC morphology in blood samples of control group over time. Scale bar: 1 lm. (C) The RBC morphology in PHZ treatment group
over time. (D) Comparison of the proportion of RBCs with normal morphology in control and PHZ treated mice (N = 6 mice, 1000 randomly selected RBCs counted for each
mouse). (E) Comparison of the proportion of acanthocytes in control and PHZ treated mice (N = 6 mice, 1000 randomly selected RBCs counted for each). Values are presented
as means ± S.E.M; ns, not significant; *, P < 0.05.
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the proteins potentially associated with a-syn on the RBC mem-
brane were examined by LC-MS/MS. We identified a total of 477
a-syn-associated proteins across 3 independent biological sam-
ples, with each sample analyzed in duplicate. Among these, 119
proteins (24.95%) were consistently identified in all 3 biological
samples (Supplementary Table 3). To gain insights into the func-
tional roles of these a-syn-associated proteins, we categorized
them using the UniProt protein knowledge database based on their
molecular function, biological process, molecular pathway, and
protein class (Fig. S5). The pathway analysis revealed the involve-
ment of 22 pathways, including those related to Parkinson’s dis-
ease, Huntington’s disease, the Apoptosis signaling pathway, the
Gonadotropin-releasing hormone receptor pathway, and Glycoly-
sis (Fig. S5D). Categorization based on the protein class of the
a-syn-associated proteins revealed 16 distinct classes, including
metabolite interconversion enzyme, cytoskeletal protein, chaper-
one, calcium-binding protein, and defense/immunity protein
Fig. 5. Aggregated a-syn induced intracellular calcium increase via influx of extrac
response to different concentrations of monomeric a-syn at the times indicated during th
mice in response to different concentrations of monomeric a-syn. N = 20 RBCs from 3 b
RBCs of WT mice in response to different concentrations of aggregated a-syn at the tim
fluorescence of RBCs of WT mice in response to different concentrations of aggregated a
confocal images showing RBCs of WT mice in response to 0.75 lg/ml aggregated a-syn w
the trace. Scale bar: 1 lm. (F) Traces show calcium dependent fluorescence of RBCs of W
N = 20 RBCs from 3 biologically independent experiments. (G) Scanning electron microg
and aggregated a-syn (a-syn aggregates), with or without Amlodipine. Scale bar: 2 lm
monomeric a-syn and aggregated a-syn, with or without Amlodipine (N = 1000). Statisti
groups via Student’s t-test. Values are means ± S.E.M; ns, not significant; *, P < 0.05.
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(Fig. S5C). Importantly, we observed 7 calcium-binding proteins,
namely 45 kDa calcium-binding protein, Calmodulin-like protein
5, Annexin A1, Annexin A2, Protein S100-A7, Protein S100-A8,
and Protein S100-A9, were associated with a-syn on the RBC
membrane.
Aggregated a-syn induced calcium influx

It has been suggested that an increase in intracellular calcium
could be the trigger of eryptosis in human erythrocytes [32], lead-
ing to cell shrinkage, membrane scrambling, and membrane bleb-
bing [33,34]. Furthermore, alteration in intracellular calcium levels
has been associated with neuronal cell death in PD [35,36]. A high
level of a-syn can induce calcium entry pathways and contribute
to neuronal damage [37–42]. Therefore, we questioned whether
aggregated a-syn in RBCs regulated calcium hemostasis, thus lead-
ing to morphological changes in RBCs. To test this hypothesis, we
ellular calcium. (A) Representative confocal images showing RBCs of WT mice in
e trace. Scale: 1 lm. (B) Traces show calcium dependent fluorescence of RBCs of WT
iologically independent experiments. (C) Representative confocal images showing
es indicated during the trace. Scale bar: 1 lm. (D) Traces show calcium-dependent
-syn. N = 20 RBCs from 3 biologically independent experiments. (E) Representative
ith PBS as control, with or without Amlodipine, at the time points indicated during
T mice in response to 0.75 lg/ml aggregated a-syn, with or without Amlodipine.

raphs showing RBCs of WT mice treated with 0.75 lg/ml monomeric a-syn (a-syn)
. (H) Comparison of the percentage of RBCs of WT mice treated with 0.75 lg/ml
cal significance was determined for the percentage of normal RBCs between certain
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monitored calcium signal in RBCs loaded with calcium-dependent
fluorescence fluo-4 upon exposure to monomeric or aggregated a-
syn. No difference in calcium signal was observed when RBCs from
3-month-old WTmice were treated with monomeric a-syn vs. PBS,
except at the highest concentration of a-syn (4.5 lg/ml) (Fig. 5A
and 5B). In contrast to monomeric a-syn, aggregated a-syn evoked
a rapid, dose-dependent increase of calcium signal within minutes
(Fig. 5C and 5D). In the absence of extracellular calcium, using
calcium-free buffer, the intracellular calcium increase induced by
aggregated a-syn was completely abrogated (Fig. S6). These find-
ings suggest that aggregated a-syn and high levels of monomeric
a-syn were able to trigger an increase in intracellular calcium in
RBCs from an extracellular calcium source.
Aggregated a-syn affected RBC morphology through calcium influx

To further investigate how aggregated a-syn impacts RBC mor-
phology through calcium influx, we added Amlodipine (an L-type
calcium channel inhibitor), x-Conotoxin GVIA TFA (an N-type cal-
cium channel inhibitor), or Fendiline hydrochloride (a nonselective
calcium channel blocker) to RBCs before incubation with
0.75 lg/ml aggregated a-syn. While the magnitude of the signal
response in the presence of x-Conotoxin GVIA TFA and Fendiline
hydrochloride was comparable to that obtained in their absence
(Fig. S7), Amlodipine significantly abrogated the intracellular cal-
cium increase induced by aggregated a-syn (Fig. 5E and 5F), sug-
gesting that calcium influx through L-type calcium channel
contributes to the aggregated a-syn-induced intracellular calcium
increase. Remarkably, following the treatment with Amlodipine,
the morphological alternations in aggregated-a-syn-treated WT
RBCs were significantly rescued (Fig. 5G and 5H). These results
suggest that aggregated a-syn induces extracellular calcium influx,
thus leading to changes in the morphology of RBCs.
Discussion

This investigation has yielded several novel observations. First,
compared to healthy controls and other neurodegenerative disor-
ders (e.g., AD), PD patients exhibited significant alterations in the
morphology of their RBCs, including the presence of surface pro-
trusions or the formation of acanthocytes. This observation not
only validates previous reports [16] but also suggests that the
observed morphological alterations in PD are likely specific to
the disease. It’s worth noting that changes in RBC morphology have
also been reported in AD patients [43]; however, at least in terms
of the major change observed in our study (formation of acantho-
cytes), PD appears to differ significantly from AD. Furthermore, our
study suggests that an excess of aggregated a-syn on the RBC
membrane may be primarily responsible for the changes unique
to PD. However, due to the limited number of patients included
in the study, it is necessary to validate the key observations in a
larger group of patients in further investigations. Additionally, it
is worth noting that a significant portion of the recruited patients
lacked comprehensive records of the total dopamine or related
medications received at the time of blood collection. In future stud-
ies, it is critical to investigate the potential impact of varying levels
of dopamine or related medications on the morphology of RBCs in
PD patients.

The second significant advancement lies in demonstrating the
correlation between the level of membrane-bound aggregated
a-syn and RBC morphology. We conducted a comparison of the
levels of aggregated a-syn on the RBC membrane in PD patients
and healthy controls, as well as between A53T and WT mice. The
results revealed that both PD patients and A53T mice exhibited sig-
nificantly higher levels of aggregated a-syn on their RBC mem-
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branes compared to the control groups. Previous studies have
demonstrated elevated levels of total a-syn in RBCs of PD patients
compared to controls [44], and the ratio of aggregated a-syn to
total RBC protein was higher in PD patients [12]. More recent
research has identified significantly increased levels of a-syn
dimers on the RBC membrane in PD patients [45]. Furthermore, a
cohort study involving 225 PD patients and 133 healthy controls
demonstrated markedly elevated levels of total a-syn, pS129 a-
syn, and aggregated a-syn on the RBC membrane in PD patients
[8]. The findings presented in this study align with these previous
results, demonstrating that the levels of aggregated a-syn on the
RBC membrane in both PD patients and A53T mice were signifi-
cantly higher than those in the control groups. Given the signifi-
cant differences in RBC morphology observed in PD patients and
A53T mice compared to controls, we hypothesized that the aggre-
gated a-syn on the RBC membrane in PD may contribute to the
abnormal RBC morphology.

To further confirm a critical role of a-syn in RBC morphology,
the effects of a-syn on the morphology of RBCs were investigated
using SNCA-KO mice, which showed a lower proportion of acan-
thocytes compared to WT mice. The in vitro culture of RBCs from
WT, SNCA-KO, and A53T mice treated with monomeric and aggre-
gated a-syn, along with in vivo acute hemolysis induced by PHZ in
mice, further demonstrated the correlation between the level of
aggregated a-syn on the RBC membrane and the proportion of
RBC morphological abnormalities. Of note, previous study reported
abnormal RBC morphology in PD patients and hypothesized that
peripheral inflammation, increased iron levels, and elevated serum
ferritin levels could be contributing factors [16]. To this end, the
effects of a-syn and peripheral inflammation may not be mutually
exclusive, particularly considering the known effects of aggregated
a-syn on inflammation [24].

In the present study, the difference in RBC morphology could be
detected in 3-month-old A53T mice, while the subtle motor behav-
ior abnormalities could only be detected in this PD model between
6 and 12 months of age, suggesting the biological importance of
RBCs in the early development and progression of PD. This is sup-
ported by a recent population-based cohort study that demon-
strated that, within a mean follow-up period of 6.6 years, newly
diagnosed anemic patients were at a higher risk of PD compared
to non-anemic controls [17]. Also, notably, the A53T mice utilized
in this study predominantly exhibited peripheral pathology, with
a-syn protein levels in the brain showing only a 1–1.5-fold
increase compared to WT mice. This observation may provide an
explanation for why we detected RBC morphological abnormalities
occurring earlier than motor behavior abnormalities. Nonetheless,
to gain deeper insights into the role of RBC-derived a-syn in the
progression of PD, prospective PD cohorts are essential for moni-
toring morphological changes and a-syn levels in RBCs at various
disease stages.

The final major result relates to the identification of a mecha-
nism that is likely responsible for the a-syn-mediated alterations
on the RBC morphology. This process commenced with LC-MS/MS
analysis, identifying 119 proteins associated with a-syn in 3 inde-
pendent biological samples. Among these, 7 proteins, including
45 kDa calcium-binding protein, Calmodulin-like protein 5,
Annexin A1, Annexin A2, Protein S100-A7, Protein S100-A8, and
Protein S100-A9, belonged to the category of calcium-binding pro-
teins. They can bind to Ca2+ and act as Ca2+ delivery proteins and
chaperones, thus regulating calcium homeostasis [46]. Previous
studies reported that the increase of intracellular Ca2+ may trigger
eryptosis in human erythrocytes [32], leading to cell shrinkage,
membrane scrambling and membrane blebbing [33,34]. In this
study, we observed aggregated a-syn could evoke a rapid dose-
dependent increase of Ca2+ signals in RBCs within minutes, which
could be eliminated by Amlodipine, a L-type Ca2+channel inhibitor.
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Furthermore, the addition of Amlodipine significantly rescued the
morphological changes in WT RBCs treated with aggregated a-
syn. Notably, prior research by Adamczyk et al. reported that mono-
meric a-syn could induce Ca2+ influx in rat synaptoneurosomes,
which could be eliminated by x-conotoxin GVIA, an N-type Ca2+-
channel inhibitor [47]. Meanwhile, Danzer et al. suggested that
homemade a-syn aggregates could induce calcium influx in SH-
SY5Y, independent of cobalt-sensitive calcium channels [48]. These
two studies are different from our studies in two species. First, they
used different a-syn species (monomeric a-syn or a-syn aggregates
generated under different conditions, and second, they investigated
the calcium influx in different cell types (rat synaptoneurosomes,
human neuron cell SH-SY5Y, and RBC). Therefore, these two studies
are not in direct contradiction to our findings and provide comple-
mentary insights into the calcium-related effects of a-syn in differ-
ent contexts and cell types.

Regarding the mechanism underlining the increased calcium
influx induced by aggregated a-syn in RBC, previous studies
reported that a-syn can interact with lipid membrane and aggrega-
tion of a-syn on the membrane can disrupt membrane integrity
[20,21]. Additionally, Fusco et al. reported that a-syn aggregates
can form a structured region to insert into lipid bilayers, perturb
membrane integrity and increase calcium influx in SH-SY5Y cells
[23]. Furthermore, it is also possible that aggregated a-syn directly
interacts with calcium-binding proteins to regulate calcium home-
ostasis. Nonetheless, the precise mechanisms involved in the
increased calcium influx in RBC induced by aggregated a-syn,
including membrane integrity disruption and direct interaction
with calcium-binding proteins, need to be investigated further.
Conclusion

Taken together, we found the RBC morphology of PD patients
commonly exhibited changes, characterized by an increased pres-
ence of acanthocytes. The lower percentage of normally shaped
RBCs in patients with PD compared to those with other neurolog-
ical disorders suggests specific morphological changes in RBCs in
PD patients, rather than a general effect of neurodegeneration. Fur-
ther study revealed that elevated aggregated a-syn on the RBC
membrane may induce extracellular calcium influx, leading to
changes in RBC morphology in PD. This study proposes a mecha-
nism by which a-syn, a key protein in PD, regulates RBC morphol-
ogy, providing a potential new avenue for exploring the
pathogenesis of a-syn and establishing a theoretical basis for the
discovering blood-based biomarkers for early diagnosis of PD.
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