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Abstract

INTRODUCTION: Red blood cells (RBCs) are crucial for oxygen delivery to active

tissues and endure significant mechanical forces in the microcirculatory bed. The

enrichment of mechanosensitive Piezo1 channels, linked to the cytoskeleton, aids

RBCs in navigating the narrow capillaries. In Alzheimer’s disease (AD), impaired brain

microcirculationmay necessitate enhanced Piezo1 function in RBCs.

METHODS:With micropipette aspiration and flow cytometry technics, we evaluated,

using the specific Piezo1 agonist Yoda1, AD-related alterations in the biomechanical

properties of RBCs from cognitively healthy patients (HC) and individuals with mild

cognitive impairment (MCI) and AD.

RESULTS:Weshowthat beta-amyloid (Aβ) peptides alter thebiomechanical properties

of RBCs. We observed significantly higher Yoda1-induced calcium responses in RBCs

in individuals withMCI and AD compared to RBCs from age-matchedHC.
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CONCLUSION:Our data suggest that Yoda1-induced Ca2+ flux through Piezo1 chan-

nel emerges as a measurable indicator associated with and improves the detection of

AD-related dementia.
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Highlights

∙ Piezo1 channels aid the navigation of red blood cells (RBCs) through narrow

capillaries.

∙ Alzheimer’s disease (AD) patients show increased Yoda1-induced activation of

Piezo1 in RBCs.

∙ Incorporation of Yoda1-induced Piezo1 readouts improved the detection of AD-

related dementia.

∙ Investigating Yoda1-induced Piezo1 activity associated with early AD.

1 BACKGROUND

Red blood cells (RBCs) or erythrocytes are specialized cells that

undergo substantial changes during maturation, shedding off most of

their organelles and intracellular machinery. During maturation, RBCs

lose their nuclei and acquire a biconcave shape.1 They play a pivotal

role in gas exchange by transporting oxygen to all cells and tissues

and by carrying carbon dioxide back to the lungs. Over their approx-

imately 120-day lifespan, human RBCs constantly circulate through

the bloodstream and interact with a diverse array of cell types. Owing

to their remarkable flexibility, RBCs can adapt their shape to traverse

the narrowest capillaries throughout the bloodstream. This is facili-

tated by highly mechanosensitive, calcium-permeable Piezo1 channels

that control RBCs’ volume homeostasis in close cooperation with

Gárdos K+ channels.2–4 Studies suggest that Piezo1 channel distribu-

tion on RBC membrane is non-uniform, with a preference for regions

with higher curvature.5 Although RBCs have relatively low number

of Piezo1 channels per RBC,5 their strategic localization and high

reactivity tomechanical stress ensure proper RBC function.

Recent data obtained by us6 and others7 suggested that changes in

Piezo1 function are associated with Alzheimer’s disease (AD). Piezo1

is prominently expressed in multiple cell types, and it regulates many

vital functions of microglia6 and astrocytes8. Notably, the expression

of Piezo1 in microglia6 and in astrocytes8 is altered in AD brain. These

data suggest that the function of Piezo1 can reflect the progression

of this disorder. While the mechanisms of how Piezo1 is involved in

AD pathogenesis are unknown, we, together with others, have demon-

strated that beta-amyloid protein (Aβ) in small concentration inhibits

the proper function Piezo1 channel.6,9,10

Since their discovery, misfolded and aggregated Aβ peptides have

been associated with AD pathology. It has been shown that levels of

the 42-residue form of beta-amyloid peptide (Aβ42) in cerebrospinal

fluid (CSF) and plasma decrease upon the pathological progression

of AD, except for individuals with familial AD, whose plasma levels

of Aβ are elevated upon the progression of dementia.11–13 While the

reduced levels of CSF Aβ have been shown to more accurately asso-

ciate with the cognitive decline in AD,11,12 the levels in plasma have

yieldedmore controversial results, given significant variations andvery

low concentrations of Aβ in plasma.12,14–16

Alterations in RBCs can serve as diagnostic indicators in various

medical conditions, reflecting significant ongoing physiological pertur-

bationswithin the humanbody. It has been shown that Piezo1 channels

play an important role in the regulation of RBC volume2,17 and their

activation in RBCs has been linked to changes in the cell shape and

deformability.2,18,19 This is crucial for the ability of RBCs to squeeze

through narrow blood vessels and effectively deliver oxygen. Notably,

brainmicrocirculation is essentially impaired in AD.20,21 RBCdeforma-

bility can also be disabled due to mutation of piezo1 in erythrocyte-

form-changing diseases such as hereditary xerocytosis.2,22

Prior studies have shown that interaction of RBCs and Aβ can

affect RBC membrane fluidity and integrity, potentially leading to

changes in the shape and function of RBCs.23–25 Some studies have

suggested that Aβ can promote aggregation of RBCs, leading to the

formation of clumps. This aggregation can affect blood flow and poten-

tially contribute to microcirculatory issues in AD.23,26,27 There is also

evidence that amyloid has a lytic effect on RBCs and can bind to

hemoglobin within RBCs.25 This interaction may have implications for

oxygen transport and could contribute to altered RBC function. In

AD, Aβ can accumulate in blood vessels, leading to a condition known

as cerebral amyloid angiopathy (CAA).28 CAA can affect blood vessel

integrity and may indirectly impact RBCs’ ability to deliver oxygen to

the brain.

Considering the important role of Piezo1 channels in RBC home-

ostasis and the proposed association between Aβ and Piezo1 in the

context of AD, we evaluated whether the Piezo1 channel activity is

altered in patients with early AD-related dementia.
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2 METHODS

Blood samples for the study have been donated from the Kuopio Uni-

versity Hospital (KUH) (APOLLO cohort), Red Cross (Helsinki), and

Azienda Sanitaria Universitaria Giuliana Isontina (ASUGI, Trieste).

2.1 Study cohort

The discovery cohort (named APOLLO) included plasma samples of

AD (N = 32), and non-demented patients (N = 70) recruited via

KUH. AD diagnosis of the study patients had been made before the

study recruitment at the KUH using 2017 National Care guideline

recommendations for diagnosing AD. These criteria were based on

2011 revised National Institute of Neurological and Communicative

Disorders and Stroke and the Alzheimer’s Disease and Related Disor-

ders Association (NINCDS-ADRDA) criteria.29 All AD cases had AD

phenotype and evidence of neurodegenerative changes in magnetic

resonance imaging (MRI) or in fluorodeoxyglucose-positron emission

tomography (FDG-PET) typical to AD. The AD patients had early (total

Clinical Dementia Rating scale [CDR] score 0.5) or mild (total CDR

score 1) stage AD.

All study patients, both non-demented and AD patients, underwent

the Consortium to Establish a Registry for Alzheimer’s Disease

neuropsychological test battery (CERAD-NB) and interviews:

demographic and CDR, interview, which included six different

dimensions.30,31 Both the study patient and family members were

interviewed. CDR combined information about cognition and daily

function. The APOLLO cohort grouping was based on these evalua-

tions. The non-demented study patients (N = 70) were shared to the

cognitively healthy controls (HC, N = 31) or to MCI group (N = 39).

The MCI group study patients had objective cognitive impairment

(amnestic or non-amnestic) on the basis of the CERAD-NB but had not

deteriorated in their everyday daily functions reflecting the total CDR

score 0.5. The HCs had performed cognitive tests within normal range

and they performed their daily tasks normally (the total CDR score 0).

Blood samples were genotyped for apolipoprotein E (APOE) ε2, ε3,
and ε4 alleles (Table 1). All the participants also passed through clini-

cal blood tests, including complete blood count (CBC) parameters, lipid

profile, and basic metabolic panel parameters (glucose, Na+, K+, Ca2+)

(Table S1). In the APOLLO cohort, participants were excluded if they

had any uncompensated disease, confirmed by the clinical blood test

results.

2.2 Blood sample collection and processing

Blood sampleswere freshly collected frommedian cubital vein inVacu-

tainer tubes K2E (BDVacutainer, UK)with ethylenediaminetetraacetic

acid (EDTA) as anticoagulant.

Sample processing was performed immediately after blood was col-

lected. In case of visible aggregates, the sample was filtered through

100 µM CellTrix filter. The blood samples (150 µL) were washed two

RESEARCH INCONTEXT

1. Systematic review: Red blood cells (RBCs) are essen-

tial for oxygen delivery and endure significant mechan-

ical forces in the microcirculatory bed. The enrich-

ment of mechanosensitive Piezo1 channels, linked to the

cytoskeleton, aids RBCs in navigating narrow capillar-

ies. Alzheimer’s disease (AD), the most common cause of

dementia in the elderly, is characterized by impaired brain

microcirculation,whichmaynecessitateenhancedPiezo1

function in RBCs.

2. Interpretation: We discovered increased Yoda1-induced

calcium flux and changes in the biomechanical properties

of the membrane in RBCs of AD patients. Incorpora-

tion of the Piezo1-driven Ca2+ responses into random

forest classifier significantly improved the detection of

AD-related dementia.

3. Future directions: Piezo1 receptors have not yet demon-

strated their full potential as indicators of calcium sig-

naling in AD. Assessing Piezo1 calcium currents as part

of routine AD diagnostic tests may contribute to earlier

disease detection.

timeswithphosphatebuffered saline (PBS) (5min, 300g, roomtemper-

ature [RT]) to remove plasma and anticoagulant. After centrifugation,

50 µL of red blood cells were transferred to clean tube and resus-

pended in 200 µL PBS (250 µL total volume of cell suspension). 2X

Fluo-4 dye (Invitrogen, F10471) 250 µL (1:1) was added and cells were

incubated for 30 min at 37◦C in dark. After the incubation sample

was washed twice with PBS and once with Hank’s balanced salt solu-

tion (HBSS; 5 min, 300 g, RT). Supernatant was carefully removed with

transfer pipette and 50 µL pellet was resuspended in 450 µL of HBSS

to form 10% cell suspension. Tenmicroliter of 10% cell suspension was

transferred to 390 µL of RPMI buffer (RPMI [Gibco, 11835030]+1%of

FBS [Gibco, 10270106]) and used for flow-cytometry analysis.

2.3 Flow cytometry time-lapse analysis of
Piezo1-mediated Ca2+-flux

We used flow cytometry to determine the time-course of the Yoda1-

mediated response in Fluo4 1X loaded RBCs. Samples were ana-

lyzed using CytoFLEX S flow cytometer (Beckman Coulter). This flow

cytometer is equipped with peristaltic pump, which allowed the appli-

cation of the Piezo1 agonist Yoda1 during data acquisition. After 20-s

recording (baseline fluorescence), the Yoda1 at 5 µM concentrations

was applied, following by 4 min recording and addition of ionomycin

(10 µM) at 4 min 20 s recording, as positive control. Fluo4 fluores-

cence was measured by using median fluorescence intensity (MFI) of

single cells at different time points—baseline (before application of
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TABLE 1 Numerical values of SIMOA and Ca2+ max amplitudemeasurements.

Characteristic HC MCI AD p-value

Aβ40 pg/mL (mean± SD) 118.10 ± 15.66 118.00 ± 22.18 125.60 ± 35.58 0.6338

Aβ42 pg/mL (mean± SD) 6.75 ± 1.37 6.35 ± 2.03 6.07 ± 1.88 0.0235

GFAP pg/mL (mean± SD) 149.10 ± 66.10 146.70 ± 61.91 205.60 ± 100.50 0.0091

NfL pg/mL (mean± SD) 24.85 ± 7.50 24.86 ± 28.41 30.38 ± 14.02 0.0304

pTau231 pg/mL (mean± SD) 9.14 ± 3.84 10.54 ± 3.84 10.38 ± 3.48 0.0696

Max Ca2+ response from Piezo1

receptors (mean± SD)

7.74 ± 2.10 9.38 ± 1.69 10.21 ± 2.44 <0.0001

Max Ca2+ response from Piezo1

receptors (median± SD)

10.22 ± 2.51 11.88 ± 2.05 12.75 ± 2.70 0.0001

Abbreviations: Aβ40 and Aβ42, beta-amyloid peptides; AD, Alzheimer’s disease; Ca, calcium; GFAP, glial fibrillary acidic protein; HC, healthy controls; MCI

mild cognitive impairment; NfL, neurofilament light chain; SIMOA, single-molecule assay.

Yoda1) and every 20 s after Yoda1 application. Sample preparation and

flow cytometry analysis were performed blinded. Between samples,

the flow cytometer was washed to prevent fluorescent cells cumula-

tion and bias. The gating strategy of the samples is demonstrated in

Figure S1.

2.4 Flow cytometry scattered signals analysis of
Piezo1-mediated Ca-flux

Together with the time-lapse analysis of samples, optical parameters

were analyzed, using CytoFLEX S flow cytometer (Beckman Coulter).

We chose area measurement (SSC-A and FSC-A) as one having the

best correlation to the cell size and the most complete and realistic

cell scenario.32 We measured median FSC-A and SSC-A for the RBCs

at the BL and under Yoda1 treatment, when the Ca2+ reached maxi-

mum amplitude (Figure S2). After that, the differences between SSC-A

for BL and Yoda1 and FSC-A for the same time points have been cal-

culated and transferred to percentages. Then, these percentages have

been compared between groups of patients.

2.5 Imaging flow cytometry

On average, over 5000 red blood cells of each sample were charac-

terized using Amnis ImageStreamX Mk II Imaging Flow Cytometer

(Luminex, Cytek Biosciences). The gating strategy of the samples is

demonstrated in Figure S3. Excitation lasers 488 and 785 nm and 60x

magnification were used for data collection. Channels Ch01 and Ch09

were used for the bright field (BF), Ch06 for side scattering, and chan-

nel Ch02 for the fluorescence signal detection. All data were analyzed

using IDEAS 6.2 Image Data Exploration and Analysis Software.

2.6 Simoa Neuro4-Plex E assay

Plasma concentrations of Aβ40, Aβ42, glial fibrillary acidic protein

(GFAP), and neurofilament light chain (NfL) were measured using

the Single molecule array (Simoa) Neurology 4-Plex E Advantage

kit (103670, Quanterix, Billerica, Massachusetts, USA) on an HD-X

analyzer according tomanufacturer’s instructions.

2.7 pTau231 measurement

Plasma pTau231 concentration wasmeasured using an in-house Simoa

assay as previously described.33

2.8 Micropipette aspiration

RBC preparation was performed the same way as described above.

After staining, we diluted cells to 1% suspension, and 10 µL cells were

resuspended in 1 mL of (HBSS:RPMI buffer as 1:1). From 1% suspen-

sion, 5 µL of cellswere taken to 400 µL of recording buffer (HBSS:RPMI

buffer as 1:1). These additional dilutions have been made to get good

imaging density of the cells. Cells in recording buffer were loaded with

1 µMAβ (Bachem) or vehicle (dimethyl sulfoxide [DMSO]) and left into

darkness for 20 min for incubation. After these steps, micropipette

aspiration has been performed.

Themicropipette aspiration andmultimodal imaging systemand the

measurement of the elasticity and viscosity are described in Braidotti

et al.34 Briefly, the aspirationwasperformedbyusing a taperedborosil-

icate glass capillary (1–3µm in diameter at the tip). Amicrofluidic pump

(Flow ZE, Fluigent, France), which allows to create negative pressures

for cells aspiration, was controlled by custom software. BF and fluo-

rescence imaging are implemented in parallel on an optical inverted

microscope (Olympus IX81) working with 60 × 1.4 NA oil objective

(Olympus). The two imaging channels are recorded at seven frames

per second on a CCD dual sensor camera (Orca-D2, Hamamatsu) for

monitoring cells deformation and Ca2+ gating, respectively.

A glass capillary tubewas filledwith the recording buffer and placed

near the cell. By decreasing stepwise, the negative pressure with step

of 0.5 mbar/s a single cell is aspired at a time. Recording starts just

before the application of negative attractive pressure and lasts till the

RBC is completely sucked into the pipette.

Mechanical parameters such as Young’s Modulus and cell viscosity

have been retrieved from cell deformation (using BF imaging) against
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pressure recorded during aspiration as described in Braidotti et al.34

The activation pressure, as defined in Braidotti et al., 34 has been

evaluated from the recorded florescence signal versus pressure.

2.9 Random Forest classification

We conducted the classification of the dataset comprising 74 individu-

als divided into three classes of patients: AD, HC, andMCI. The dataset

included 47 features among clinical variables (e.g., Age, Gender, BMI,

HbA1c), MRI variables (e.g., hippocampus_right, temporal_lobe_right),

CERAD variables (e.g., Word recall, Tot_Memory_Score), and Piezo1

channel Ca2+ measurements. We then extracted the importance of

the features, the best feature interactions, and the proximity matrix

from the trained models (Supplementary Data 1). Finally, we per-

formed the re-classification of the dataset without Piezo1 channel

Ca2+ measurements to compare the trained models (Supplementary

Data 2).

The analysis was implemented using R and multiple packages,

including caret,35 randomForest,36 randomForestExplainer, and

PRROC. The random forest classifier was trained and evaluated using

a nested cross-validation approach with five folds and two iterations,

resulting in 10 independent training and testing sets. Hyperparameter

tuning was performed within each training set to optimize mtry

(number of variables randomly sampled as candidates at each split)

and nodesize (minimum size of terminal nodes). The final model was

trained using optimal hyperparameters and 3000 trees. Missing values

were imputed using missForest (blind imputation)37 for testing sets

and either missForest (blind imputation) or mice (informed by the

target variable)38 for training sets, depending on the accuracy of

the imputation. Random Forest classification output is presented in

Supplementary data 1 and Supplementary data 2.

2.10 Statistical analysis

Datawere analyzed using CytExpert 2.3 software andGraphPad Prism

8 (GraphPad Software, La Jolla, California, USA). Statistical analyses

have been chosen based on data distribution. In case of normal dis-

tribution, ANOVA statistical tests have been performed followed by

Bonferroni’s multiple comparisons test. In other case, nonparametric

Mann-Witney U-test and Kruskall-Wallis tests have been accom-

plished. Differences with p values of less than 0.05 were considered

statistically significant. The data are presented asmean± SEM.

3 RESULTS

3.1 Aβ-induced changes in biomechanical
properties of RBCs

We first explored the impact of Aβ on biomechanical properties of

RBCs of healthy volunteers. To this end, we employed a recently vali-

dated approach based on the combination of multimodal imaging and

micropipette aspiration.34 We applied micropipette aspiration tech-

nique, mimicking the deformation of RBCs in capillary bed34,39,40 to

measure cell deformation and Ca2+ influx through mechanosensitive

channels confirming prominent Yoda1 induced Ca2+ influx (Figure 1A,

B). The level of calcium responses was evaluated in vehicle-treated

RBCs and in RBCs exposed to 1 µM Aβ42. RBCs incubated with Aβ
required higher activation pressure to trigger Ca2+ influx through

Piezo1 channels compared to vehicle treated RBCs (Figure 1C, D).

Application of 1 µM Aβ increased the activation pressure (Figure 1C,

D), however, induced a significant decrease in Young’s Modulus and

membrane viscosity of the RBCs (Figure 1E, F), suggesting that Aβ
alters the biomechanical properties of RBCs.

3.2 Aβ decreased Yoda1-induced calcium
responses in RBC

Toevaluate furtherwhether these responseswere related toRBCmor-

phology, we imaged the Yoda1-induced responses in the presence or

absence ofAβ atmicromolar, nanomolar, and picomolar concentrations

in single RBCs using Amnis ImageStreamX MkII imaging flow cytome-

ter (Amnis). The advantage of the imaging flow cytometer is the ability

for real-time detection of both the morphology and fluorescent signal

of every cell passing through the laser (Figure 2A). Pre-incubation of

RBCs with Aβ led to dose-dependent decrease in the percentage of

Yoda1 induced fluorescent cells (Figure 2B) and visible Yoda1-induced

alterations in RBCmorphology.

3.3 RBCs from MCI and AD patients show
enhanced Yoda1-induced Ca2+ flux

To address if the activation properties of Piezo1 are altered in RBC

in AD, we measured Yoda1-induced calcium responses in RBC from

age-matched HCs, individuals with MCI and patients diagnosed with

AD. Calcium responses were recorded using CytoFlex flow cytome-

ter (Beckman Coulter) in a time-lapse mode after application of Yoda1

at 5 µM concentration chosen based on our previous studies.6 We

detected a significant increase in the amplitude of Ca2+ response in

both the patients with MCI and AD compared to HCs in tested con-

centration (Figure 3). However, the response failed to reach statistical

significance between patients with MCI and AD suggesting an early

increase in Yoda1 responsiveness during the disease.

3.4 RBCs from MCI and AD patients show
alterations in their morphological characteristics as
analyzed by flow cytometry

Considering that the biomechanical properties of RBCs are altered in

the presence of Aβ, and that Piezo1 receptor activity is increased in

AD and MCI patients, we analyzed scatter properties of the Yoda1-

treated RBCs in the flow-cytometry data. SSC generally reflects cell

complexity (granularity), but in the case of RBCs, we associated it with
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membrane irregularities such as appearance of spikes during shrinkage

of the cell, while FSC represents cell size changes under Yoda1 applica-

tion (Figure 4A). Quantification of the relative difference between the

baseline (BL) and Yoda1 exposure revealed a significant increase in the

SSC and decrease in the FSC upon Yoda1 exposure (Figure S2). More-

over, AD patients showed significant increase in percentage of both

SSC and FSC compared to HCs. The elevation in SSC was significantly

increased also in patients withMCI compared to HCs (Figure 4).

3.5 AD patients show an expected increase in the
conventional AD-biomarkers

To evaluate whether the Yoda1-induced Ca2+ flux in RBCs outper-

forms the conventional AD biomarkers 42 and 40 amino acid-long

amyloid β (Aβ42 and Aβ40), tau phosphorylated at amino acid 231

(pTau-231),33,41 GFAP, andNfL in plasma,12,13,16 wemeasured the con-

centrations of Aβ42, Aβ40, pTau-231, GFAP, and NfL concentrations in
plasma samples of patients using highly sensitive Singlemolecule array

(Simoa) assays (Figure 5, Table 1). Our data confirm the expected, sig-

nificantly lower levels of Aβ42 and the ratio of Aβ42 and Aβ40 in AD

patients compared to HCs. Also, the concentrations of GFAP and NfL,

markers of astrocytic activation and neurodegeneration, respectively,

were significantly higher in AD patients compared to HCs. None of

the biomarkers showed alterations in patients withMCI. Together, this

profile of biomarkers confirmed the clinical diagnosis of AD.

3.6 Interaction analysis

We used a machine learning algorithm to evaluate whether the

Ca2+ flux in RBCs outperforms the measurement of conventional
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SITNIKOVA ET AL. 7 of 13

(A) (B)

F IGURE 2 Aβ preincubation decreasing Yoda1-activated positive cells. (A) Visual presentation of non-activated (a) and Yoda1 5 µM activated
(b) RBCs in flow cytometry stream. (B) Box-and-whiskers plots of cell responded to Yoda1 5 µM application in RBCs that were incubated (or not)
20min with Aβ protein in different concentrations for 20min prior to flow recording. Ionomycin was used as a positive control. For the
box-and-whisker plots, the horizontal bar shows themedian, and the upper and lower boundaries show themin andmax values, respectively.N
(samples)= 4, Kruskal-Wallis test, *p< 0.05, **p< 0.01. Aβ, beta-amyloid protein; RBC, red blood cell.
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F IGURE 3 Yoda1-induced activation of Piezo1 receptors in human RBC. Activation of Piezo1 receptors presented as normalized on baseline
values of Fluo4median fluorescence intensity (MFI) induced by 5 µMYoda1 agonist in RBCs of groups of patients: HC versusMCI patients (A), HC
versus AD patients (B), andMCI versus AD patients (C) the time-course of changes inMFI. Themoment of Yoda1 applicationmarkedwith an
arrow. (D-F) Box-and-whiskers plots showing Fluo-4 fluorescence at 60 s in the presence of Yoda1 5 µM. For the box-and-whisker plots, the
horizontal bar shows themedian, and the upper and lower boundaries show themin andmax values, respectively. *p< 0.05, ***p< 0.001 [n
(control)= 31, n(MCI)= 39, n(AD)= 32, two-way ANOVA, followed by Bonferroni’s multiple comparison test]. ANOVA, analysis of variance;MCI,
mild cognitive impairment; RBC, red blood cell.
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8 of 13 SITNIKOVA ET AL.

(   ) (   )

(   )

F IGURE 4 Changes in optical measurements after Piezo1 receptors activation in human RBC. (A) Schematic presentation of alterations in
scattered parameters of RBCs after Yoda1 application. Created with Biorender.com (B) SSC-A and (C) FSC-A differences in HC,MCI, and AD
patients’ RBCs. Every box-and-whiskers plot dot is showing percentage differences between BL signal and Yoda1 treated signal within one RBC
sample Ca2+ recording. For the box-and-whisker plots, the horizontal bar shows themedian, and the upper and lower boundaries show themin
andmax values, respectively. *p< 0.05, **p< 0.01 [n (control)= 31, n(MCI)= 39, n(AD)= 32, ANOVA, followed by Bonferroni’s multiple
comparison test].

AD biomarkers in plasma and provides additional benefit for clini-

cians in diagnosing patients with early AD-related dementia. Since

the diagnosis procedure also includes a variety of clinical information

in addition to the conventional AD biomarkers, we used this entire

dataset of patient information covering a broad range of the param-

eters related to patient apolipoprotein E (APOE) status, demographic

characteristics, clinical measurements (Table S1), confirmed comor-

bidities,MRI parameters, CERADparameters, and lifestyle parameters

(Table 2). The random forest classifier was ran twice using five-fold

cross-validation to train the model on known patients and to test

whether it could distinguish unknown patients. Togetherwith themea-

suredbiomarker concentrations (Aβ40,Aβ42,NfL,GFAP, pTau231) and
known classification of patients provided by hospital, an in-depth anal-

ysis of Yoda1-induced Ca2+ signals (maximum values of the median

5 µMYoda1 signal) was conducted.

The randomforest classifier demonstrated strongperformance, get-

ting areas under curves (AUCs) of 0.81, 0.78, and 0.60 for AD, HC,

and MCI, respectively (Figure 6A). This indicates robust predictive

capability for AD andHC, but less forMCI.

Feature importance analysis revealed Yoda1-induced Ca2+ flux as

the most predictive feature, particularly for distinguishing MCI from

HC (Figure 6B). While CERAD memory test variables and left hip-

pocampal volume were also found important for the classification of

AD patients and HCs, they were less predictive for MCI. Notably,

Yoda1-induced Ca2+ flux was the only feature significantly contribut-

ing to recognition ofMCI.

Combining Yoda1-induced Ca2+ flux with features such as memory

scores and MRI measurements further improved the model clas-

sification (Figure 6C). The proximity matrix also showed distinct

clustering of AD, MCI, and HC, albeit with some overlap attributed to

the dimensionality reduction (i.e., from 47 dimensions of the feature

space to 2) (Figure 6D). Removing Yoda1-induced Ca2+ flux resulted

in a 10% decrease in the performance, underscoring the importance

of this parameter in the classification of the patients. Precisely, AUCs

dropped to 0.78, 0.72, and 0.53 for AD, HC, and MCI, respectively,

highlighting the challenge of detecting MCI without an effective

 15525279, 2025, 6, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.70368 by U

niversita D
i T

rieste, W
iley O

nline L
ibrary on [03/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense
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(A) (B) (C)

(D) (E) (F)

F IGURE 5 Plasma biomarkers characteristics of APOLLO cohort. (A) Aβ40, (B) Aβ42, (D) GFAP, (E) NfL, (F) pTau231 plasma concentrations of
individuals across the AD,MCI, and HC cases. The box-and-whisker plots show plasma concentrations of chosen biomarkers across groups. For the
box-and-whisker plots, the horizontal bar shows themedian, and the upper and lower boundaries show themin andmax values, respectively.
Statistical outliers have been removed using GraphPad Prism 10. p values indicate the results of the Kruskal-Wallis test with Dunn’s multiple
comparisons test at *p< 0.05, ** p< 0.01. Aβ40, beta-amyloid peptide; GFAP, glial fibrillary acidic protein; HC, healthy controls; MCI, mild
cognitive impairment; NfL, neurofilament light chain.

biomarker. Thus, Piezo1 has a superior value in predicting AD-related

dementia (Figure S4).

3.7 Limitation

The limitation of the current study is the lack of CSF and PET

measurements of patients,making it impossible to link the Piezo1mea-

surementswithCSFdata andPET.42 In addition, due to the rather small

group of patients, our ability to detect associations between the clini-

cal parameters andCa2+ responses is limited, and our interpretation of

the correlation analysis should be viewedwith caution.

4 DISCUSSION

Here, we report enhanced Yoda1-induced Ca2+ flux, indicative of

increased Piezo1 sensitivity, in human RBCs as a feature associated

with early AD-related dementia. We also provide a mechanistic expla-

nation for the enhanced Yoda1-induced Ca2+ flux in patients with

AD.

We modeled Aβ-induced alterations in the biomechanical proper-

ties of RBCs. During aspiration, RBC experienced mechanical stress

followed by increase in the Ca2+ flux through Piezo1 channels. While

the initial Ca2+ influx can be attributed to Piezo1 channel activation,

the secondary elevation in the fluorescent signal observed in our mea-

surements suggest that additional mechanisms may be involved. One

possible explanation is that Piezo1 activation triggers Gárdos channel-

mediated membrane potential flickering, which in turn activates the

voltage-dependent Ca2+ channel Cav2.1. Such mechanism has been

previously described in RBCs43 and could contribute to the sustained

Ca2+ rise observed in our study. Further investigations are needed to

confirm this hypothesis and elucidate its potential implications for RBC

deformability andmicrocirculatory efficiency.

Our findings showed decreased Young’s modulus indicating a par-

tial loss of membrane stiffness. This decreased stiffness results in an
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10 of 13 SITNIKOVA ET AL.

TABLE 2 Characteristics of the APOLLO cohort.

Characteristic

All patients

(102)

HC

(31)

MCI

(39)

AD

(32)

Age (mean± SD) 70.60± 6.81 70.65± 5.68 70.38± 6.70 70.81± 8.03

Gender (females, %) 45.10 74.19 28.21 37.50

APOE carriers (2.3/3.3/3.4/
4.4/not reported, %)

0.98/40.20/26.47/

14.71/17.65

0/51.61/32.26/3.23/

12.90

2.56/46.15/28.21/

5.13/17.95

0/25/28.13/37.50/

9.38

Hypertension (yes/no/

not reported, %)

46.1/51/2.9 41.94/54.84/3.23 58.97/41.03/0 34.38/59.38/6.25

Hypercholesterolemia (yes/

no/not reported, %)

53.92/43.14/2.94 45.16/51.61/3.23 56.41/43.59/0 59.38/34.38/6.25

Diabetes (yes/no/not reported, %) 11.76/85.29/2.94 6.45/90.32/3.23 17.95/82.05/0 9.38/84.38/6.25

Cancer (yes/no/not reported, %) 2.94/94.12/2.94 3.23/93.55/3.23 0/0/0 6.25/87.50/6.25

Migraine (yes/no/not reported, %) 11.76/85.29/2.94 19.35/77.42/3.23 5.13/94.87/0 12.50/81.25/6.25

Heart/vascular disorders

(yes/no/not reported, %)

34.31/62.75/2.94 45.16/51.61/3.23 28.21/71.79/0 31.25/62.50/6.25

Smoking (never/quitted/

sometimes/constantly

58.82/37.25/2.94/0.98 51.61/45.16/3.23/0 64.10/33.33/2.56/0 59.38/34.38/6.25/0

Drinking (never/occasionally/

recently increased/problem use)

28.43/64.71/4.9/1.96 25.81/67.41/6.45/0 28.21/66.67/2.56/2.56 31.25/59.38/6.25/3.13

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; HC, healthy control; MCI, mild cognitive impairment.

increased deformability during aspiration by micropipette: the cell

acquires a more liquid-like behavior, reducing viscosity and requires

higher activation pressure to achieve the same Yoda1-induced fluores-

cent signal as for untreatedRBCs.At the same time, incubationofRBCs

with Aβ blocked the proper Yoda1-induced activation of Piezo1 chan-

nel. This simple and rough model demonstrates increased deformabil-

ity that is crucial for the microcirculatory capacity of RBCs. Indeed,

prior studies have shown alterations in the biochemical properties of

RBCs of AD patients.44

Recent advances in analytical methodologies, notably mass spec-

trometry, and single-molecule immunoassays, which boast enhanced

sensitivity for detecting Aβ at min concentrations, have disclosed

a decrease in plasma Aβ42/Aβ40 ratios of less than 20% in indi-

viduals manifesting cerebral Aβ pathology as compared to healthy

individuals.13 Aβ protein can fold easily and aggregate a fibrillar form

on the surface of the RBCs of AD-confirmed patients.26 AD patients

have been reported to have lower plasma Aβ levels compared to HC.

We hypothesize that this is reflected as less Aβ-induced blockage

in Piezo1 resulting in higher Yoda1-induced Ca2+ flux in individuals

with AD and higher deformability of AD patients’ RBCs, which has

been demonstrated in our flow cytometry experiments. Indeed, it is

well established that Piezo1 channel-mediated Ca2+ flux contributes

greatly in RBC volume homeostasis and physiology,2 and it has been

demonstrated that small concentrations of Aβ are able to block the

proper function of Piezo1 channel in multiple different cell types.6,9,45

Here, we provide evidence that this phenomenonmay extend to RBCs.

However, Aβ is also known to interact with and alter membrane lipid

composition.46–48 Lipid-fibril interaction,46 Aβ oligomer toxicity,49 and

Aβ-induced production of reactive oxygen spieces50 may all impact

RBC membrane properties and thus Piezo1 channel activity. These

changes in the lipid environment could be another possible explana-

tion for the increased Piezo1 activity observed in AD patients. Further

research is needed to explore this aspect in detail, and is beyond the

scope of this study.

Interaction analysis performed based on the medical information

of the patients demonstrated that Yoda1-induced Ca2+ flux provides

significant benefit in detectingMCI andADcases fromHC. This param-

eter was crucial for identifying AD and was the only variable that

significantly aided the identification of patients with MCI. In addition,

Yoda1-induced Ca2+ response parameter showed significant AD pre-

dictive capacity in the performance analysis. Interestingly, exclusion

of this parameter from the classifier decreased its performance with

10%, underscoring the importance of Yoda1-induced Ca2+ response in

predicting AD-related dementia.

None of the comorbidities or blood parameters had a signifi-

cant contribution to the patient classification in our analyzed cohort.

This may be due to the fact that patients included in this study

had well-managed comorbid conditions, which can be confirmed

by their clinical blood test data. It is conceivable that these indi-

viduals are undergoing treatment regimens that effectively main-

tain the pertinent hematological parameters associated with their

comorbidities within the normal range. Consequently, it is reason-

able to infer that these comorbidities do not exert a substantive

impact on the principal mechanistic pathway under investigation in

this study. However, in general, it has been shown that diabetes

and vascular disorders may alter the proper function of Piezo1

channel.51

Summarizing our findings, we suggest that Yoda1-induced Ca2+ flux

emerges as a measurable indicator associated with and improves the

detection of AD-related dementia.
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(A)

(C) (D)

(B)

F IGURE 6 Results of the patient classification using a random forest model. (A) The receiver operating characteristic (ROC) curves, illustrating
themodel’s performance in distinguishing Alzheimer’s disease (AD), controls, andmild cognitive impairment (MCI) based on the area under the
curve (AUC). (B) The importance of individual features in the classification of each patient class, measured by Gini decrease and p-value. Precisely,
the point size is related to the overall Gini decrease of the feature, while axis and shape are related to the Gini decrease of the feature for each
specific class (i.e., more the point is at the right andmore important for recognizing control patients). (C) The importance of feature interactions,
represented by the frequency of co-occurrence within the random forest’s decision trees. (D) The t-distributed Stochastic Neighbor Embedding
(t-SNE) representation of the random forest proximity matrix, revealing the similarity between individual patient samples based on their feature
values and assigned class.
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