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Abstract

Aim: Zinc ions are critical regulators of cellular homeostasis and hemostasis. Migrasomes
promote thrombus formation, yet whether zinc ions influence migrasome biogenesis and
the associated thrombotic outcomes remains unexplored. This work therefore examined
how zinc ions affect migrasome formation and assessed the functional consequences for
platelet aggregation and bleeding volume.

Methods: We performed RNA sequencing on Huh7.5.1 cells treated with ZnSO, or zinc
gluconate. Migrasome formation was evaluated in both these cells and in mouse whole
blood, while intracellular zinc levels were manipulated using disulfiram to enhance efflux or
anti-solute carrier family 39 member 6 (SLC39A6) antibodies to inhibit uptake.
Migrasomes were visualized through immunofluorescence with wheat germ agglutinin
(WGA). Changes in cholesterol, sphingomyelin and reactive oxygen species (ROS) levels
in response to zinc ions were measured. Migrasomes were isolated from mouse blood
using a specialized isolation kit.
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Results: Zinc ions treatment reduced migrasome numbers in both cellular and whole-blood models in a dose-
dependent manner. Zinc ions also decreased cholesterol, sphingomyelin, and ROS levels and impaired migrasome
biogenesis. In mice, zinc administration reduced platelet counts and aggregation while increasing bleeding volume.

Conclusion: Our findings demonstrate that zinc ions modulate migrasome formation by lowering cholesterol levels,
thereby negatively regulating platelet aggregation. This research enhances the current understanding of trace
element biology and suggests that modulating zinc ion levels could be a potential therapeutic strategy for managing
hemostatic disorders.

INTRODUCTION

Zinc, an essential trace element, plays diverse roles across a broad spectrum of biological functions. Its
deficiency causes clinical symptoms such as growth retardation, delayed development, impaired wound
healing, and alopecia”’. Zinc insufficiency is also associated with increased oxidative stress'”’ and accelerated
cellular senescence®.

Beyond these general roles, zinc ions actively modulate coagulation, anticoagulation, and fibrinolysis*°..
They bind to activated protein C and suppress its amidolytic activity, thereby inhibiting fibrinolysis!®”..
Previous in vitro studies have shown that in the presence of zinc ions, fibrin gels do not undergo
crosslinking, suggesting that zinc may influence the structural integrity of fibrin'®. Additionally, zinc ions
promote platelet activation, further enhancing the coagulation process!”’. Notably, at micromolar
concentrations, zinc ions significantly inhibit the release of serotonin from rabbit platelets induced by
platelet-activating factor and thrombin"". Zinc-delivering materials show enhanced hemostatic efficacy""/,
and zinc-complexed rutin exerts antithrombotic effects""?.

Migrasomes are a recently identified extracellular vesicle (EV) subtype that forms on retraction fibers of

[13

migrating cells"*. They differ from exosomes and microvesicles in both structure and biogenesis: they are
single-membrane vesicles (0.5-3 um), enriched in cholesterol and tetraspanin 4 (TSPAN4), and they bud
from retraction fibers rather than multivesicular bodies"*. These features position migrasomes within the EV
tield while distinguishing them as a unique, migration-dependent subtype. Intriguingly, migrasomes have
been shown to actively facilitate thrombus formation"?’. In our previous work, we unexpectedly observed
that physiological concentrations of zinc ions suppress migrasome formation?, raising the possibility that

zinc ions influence thrombosis at least in part through migrasome modulation.

Given the established roles of zinc in hemostasis and the emerging link between migrasomes and thrombosis,
we asked whether zinc ions regulate migrasome biogenesis via cholesterol metabolism and whether such
regulation affects platelet aggregation and bleeding volume in vivo. Here, we provide mechanistic evidence
that zinc ions inhibit migrasome formation by lowering cholesterol, sphingomyelin, and reactive oxygen
species (ROS) levels. These findings offer important insights into the therapeutic potential of zinc-based
strategies for hemostatic disorders.

METHODS
Materials and solution preparation
Zinc sulfate (ZnSO,, S22124, Shanghai Yuanye Bio-Technology, Shanghai, China) and zinc gluconate

(Z100287, Shanghai Aladdin Biochemical Technology, Shanghai, China) were prepared as stock solutions at
a concentration of 20 mmol/L in H,O and stored at 4 °C. Zinc oxide nanoparticles (ZnO-NPs, 30 nm;
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7820772, Macklin, Shanghai, China) were dispersed in phosphate-buffered saline (PBS) to a final
concentration of 2.5 mg/mL. The resulting suspension was vortexed for 1 min (VORTEX-5, Kylin-Bell,
Haimen, China) and sonicated at 40 kHz for 20 min (SCIENTZ, Ningbo, China), after which it was kept
refrigerated (4 °C) until use. Immediately before addition to the cells, the particles were vortexed for 5 min to
resuspend them and then brought to the desired working dilutions with culture medium.

Plasmids and reagents

The enhanced green fluorescent protein (eGFP)-TSPAN4 [Research Resource Identifier (RRID):
Addgene_210323] was supplied by Professor Li Yu from Tsinghua University. The cells were transfected
with FuGENE HD (E2311, Promega, Madison, WI, USA) following the supplier’s instructions. Cholesterol
(HY-No0322), disulfiram (HY-B0240), and filipin complex (HY-N6716) were purchased from
MedChemExpress (Princeton, NJ, USA). Wheat germ agglutinin (WGA) conjugated to fluorescein
isothiocyanate (FITC) (RRID: AB_1657336, GTX01502) was supplied by GeneTex (Irvine, CA, USA). Anti-
solute carrier family 39 member 6 (SLC39A6) (RRID: AB_11187270, Ab176216) was from Shanghai Aladdin
Biochemical Technology (Shanghai, China). N-(6-methoxy-8-quinolyl)-p-toluenesulfonamide (TSQ) (21254,
AAT Bioquest, Pleasanton, CA, USA) served as the Zn*" dye.

Maintenance of cultured cells and transfection procedures

The human hepatoma line Huh7.5.1 (RRID: CVCL-E049) was supplied by Professor Francis V. Chisari from
Scripps Research Institute. Cells were propagated in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) (SH30022.01, GE Healthcare/Hyclone/whatman/Cytiva, Marlborough, MA, USA) with 10% fetal
bovine serum (FBS) (FSP500, ExCell Bio, Shanghai, China), 100 U/mL penicillin, and 100 pg/mL
streptomycin (SV30010, GE Healthcare/Hyclone/whatman/Cytiva, Marlborough, MA, USA). Cultures were
subcultured every 2-3 days after detachment with 0.25% Trypsin-EDTA (25200-056, Gibco, Thermo Fisher
Scientific, Waltham, MA, USA), with routine mycoplasma testing. Transfection was performed at about 70%
confluence in a 2-cm dish using 1 pg DNA and 2.5 uL. FuGENE HD.

Cell Counting Kit-8 (CCK-8) viability assay

Cells were seeded into 96-well plates at 1 x 10* cells/well and allowed to attach for 24 h. The medium was
then replaced with zinc gluconate or ZnSO, at final concentrations of 0-30 pmol/L, and cells were incubated
for a further 24 h. Subsequently, 10 pL CCK-8 reagent (RRID: AB_2314126, Proteintech, Wuhan, China) was
added per well, followed by a 1-h incubation. Optical density was read at 450 nm on a Multiskan GO
microplate reader (Thermo Fisher, USA).

Immunofluorescence staining and imaging

To visualize migrasomes, cells grown on glass coverslips (YA0350, Solarbio, Beijing, China) were fixed using
4% paraformaldehyde (P1110, Solarbio, Beijing, China) and then treated with WGA (2 pg/mL) or filipin
(40 pmol/L) for 30 min. An ECHO RVL2-K microscope (RRID: SCR_026523, USA) was used to capture
fluorescence images.

TSQ and WGA staining

Huh?7.5.1 cells were plated in 6-well plates and maintained for 24 h before treatment. The cultures then
received 20 pmol/L ZnSO, or zinc gluconate for 17 h, with untreated wells included as controls. After being
rinsed twice with PBS, cells were exposed for 30 min at 37 °C under 5% CO, to a phenol red-free DMEM

solution containing 10 pmol TSQ and 2 pg/mL WGA. Cells were then washed three more times with PBS,
resuspended in phenol red-free DMEM, and visualized with an ECHO RVL2-K microscope (USA).
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Scratch migration assay

Confluent Huh7.5.1 monolayers were prepared in 6-well plates using DMEM supplemented with 10% FBS.
Each well was scratched down the center with a P1000 tip, after which the medium was promptly exchanged
for serum-free DMEM with zinc gluconate, ZnSO,, or no supplement (blank). Brightfield images of the
identical region of interest (ROI) were captured with an inverted microscope (Novel Optics, Nanjing, China)
at 1, 2, and 3 days post-scratch to monitor the leading edge. Migration distance was determined in Image]J
(RRID: SCR_003070) for each time point.

Measurement of intracellular ROS

Intracellular ROS levels were assessed with 2°,7’-dichlorodihydrofluorescein diacetate (DCFH-DA). Huh7.5.1
cells were exposed to zinc gluconate or ZnSO, for 17 h, rinsed with PBS, and stained for 20 min at 37 °C
using the DCFH-DA working solution supplied in a ROS detection kit (RRID: AB_2574932, S0034S,
Beyotime, Shanghai, China). After PBS washes, the cells were maintained in DMEM without phenol red.
2’,7’-dichlorofluorescein (DCF) fluorescence was captured at 488 nm excitation on an ECHO RVL2-K
microscope (USA).

Human sphingomyelinase-linked immunoassay

Huh7.5.1 cultures were exposed to zinc gluconate or ZnSO, for 17 h and then rinsed with PBS (pH 7.2-7.4).
The cells were scraped into PBS and lysed by repeated freeze-thaw cycles; after centrifugation at 3,000 rpm
for 20 min, the supernatant was collected. Aliquots were transferred to the assay wells, sealed with film, and
kept at 37 °C for 60 min. Following five wash steps and blotting dry on clean absorbent paper, 100 pL of
3,3’,5,5"-tetramethylbenzidine (TMB) color developer from the sphingomyelinase enzyme-linked
immunosorbent assay (SPH-ELISA) detection kit (A101756-48T, Fusheng Industrial, Shanghai, China) was
applied, and the plates were held at 37 °C for 15 min. Stop solution (50 uL) was then added to each sample,
and absorbance at 450 nm was recorded on a Multiskan GO microplate reader (Thermo Fisher, USA).

Animal administration, blood smear preparation, and platelet enumeration

All animal work was approved by the Animal Ethics Committee of Shandong First Medical University
(Approval No. W202504160624). Eight-week-old male BALB/c mice (RRID: MGI:2161072) were obtained
from Jinan Pengyue Experimental Animal Breeding (Shandong, China) and housed under specific pathogen-
free (SPF) conditions at 23 + 1 °C with 60 + 10% relative humidity. After one week of acclimation, the
animals were allocated randomly to three groups. Migrasome counting was performed in 11 mice per group,
and platelet counting and bleeding volume measurements were performed in 6 mice per group. At baseline, a
20-pL aliquot of diluted tail blood was combined with 380 pL platelet diluent (R20341, Shanghai Yuanye Bio-
Technology, Shanghai, China), and platelets were enumerated in a hemocytometer. Tail blood (3-5 pL) was
also used to prepare blood films, which were fixed in methanol for 10 min and then stained with Wright’s
solution for 10 min (Co135, Beyotime, Shanghai, China). Zinc gluconate or ZnSO, (17 umol/kg in saline) was
then administered by the intraperitoneal route. 24 h later, tail-tip blood was sampled; platelet counts and
stained blood films were obtained as at baseline.

Isolation of migrasomes from murine whole blood

Male BALB/c mice (n = 11 per group), eight weeks old, were given an intraperitoneal dose of zinc gluconate
(17 pmol/kg), ZnSO, (17 pmol/kg), or physiological saline. After 24 h under SPF conditions at 23 + 1 °C,
whole blood was drawn. Migrasomes were then purified using the Migralso™ Pro Mouse Immune Cells
extraction kit (MGS-Po07-MS, Migrasome Therapeutics, Beijing, China). The purified migrasomes were
resuspended in PBS, stained with 2 ug/mL WGA for 30 min, and spread evenly onto bovine serum albumin
(BSA)-precoated slides for imaging.
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Tail transection bleeding test

After isoflurane anesthesia, mice (1 = 6 per group) were placed on a flat surface. The distal 5 mm of each tail
was amputated. Within 2 min, blood was collected into a capillary tube (10-20 uL; Laixu, Shandong, China)
that had been precoated with ethylenediaminetetraacetic acid (EDTA) (STo063, Beyotime, Shanghai, China).
The severed tail was then transferred to 50 uL of warm PBS containing 40 mM EDTA and allowed to bleed
for 20 min. Finally, the residual blood suspension was placed on a transparent plastic sheet and
photographed for documentation.

RNA sequencing

RNA sequencing (RNA-seq) was performed with three biological replicates per group. TRIzol (Invitrogen)
was used for total RNA extraction. Sequencing and bioinformatic analysis were carried out by BGI Genomics
(Beijing, China), and RNA quality was checked on an Agilent 2100 Bioanalyzer (RRID: SCR_018043).
Sequencing used the DNBSEQ platform (RRID: SCR_025899) in PE150 mode. Differentially expressed genes
(DEGs) were identified, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and Gene
Ontology (GO) enrichment analyses were conducted on the BGI Dr. Tom platform. Figures were prepared
with GraphPad Prism 9 (RRID: SCR_002798; GraphPad Software, Inc., La Jolla, CA, USA). The dataset has
been submitted to the Gene Expression Omnibus (GEO) (RRID: SCR_005012) and assigned accession
number GSE319187.

Data quantification and statistical methods

Fluorescence intensity was quantified in ImageJ. Adobe Illustrator (RRID: SCR 010279, Adobe Inc., San Jose,
CA, USA) was used for figure preparation. Statistical testing was carried out in GraphPad Prism 8 (RRID:
SCR_002798, GraphPad Software, Inc., La Jolla, CA, USA). Paired t-tests were applied to platelet count data.
Comparisons involving two groups were made with unpaired two-tailed t-tests. When more than two groups
were compared, one-way analysis of variance (ANOVA) was used, followed by Tukey-Kramer post hoc
testing. Values are presented as mean + standard error of the mean (SEM). Symbols indicate significance as
follows: not significant (NS), P > 0.05; "P < 0.05; "P < 0.01; P < 0.001; P < 0.0001.

RESULTS

Physiological zinc concentrations inhibit migrasome formation

Zinc is an indispensable trace metal for humans that participates in diverse cellular processes and helps
maintain ionic balance, with normal blood concentrations of 8-23 uM"”. ZnSO, and zinc gluconate are
commonly used zinc supplements'®. Before evaluating their effects on migrasome formation, we exposed
Huh7.5.1 cells to 0-30 uM ZnSO, or zinc gluconate for 24 h and assessed viability with a CCK-8 assay. Cell

viability was unaffected across this range [Figure 1A and B].

We then used WGA, a migrasome marker!"?, to stain Huh7.5.1 cells and examine how zinc concentration
affects migrasome formation. Zinc ions inhibited migrasome formation at 10-30 pM [Figure 1C and D], and
retraction fiber extension was also suppressed at 10 and 30 pM. At 20 uM, retraction fibers were reduced,
though the difference was not statistically significant [Figure 1C and E].

To confirm intracellular zinc ions accumulation, we used TSQ staining. After 17 h treatment with 20 umol/L
zinc gluconate, migrasome numbers were significantly lower than in untreated cells [Figure 1F and G], and
TSQ fluorescence showed much higher intracellular zinc ions levels in zinc gluconate-treated cells than in
controls [Figure 1F and H]. Similar results were obtained with 20 umol/L ZnSO, [Figure 1I-K]. In scratch
assays, cell migration was also inhibited in Huh7.5.1 cells treated with zinc gluconate or ZnSO,
[Supplementary Figure 1A and B]. These data suggest that zinc ions alter cell migration dynamics, as
summarized in the schematic [Figure 1L].


https://file.oaecenter.com/published/pdf/3c9423ef61c192179e6af107dc6dc465/1794195975/evcna70126-SupplementaryMaterials.pdf
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Figure 1. Zinc ions inhibit migrasome formation. (A) Viability of Huh7.5.1 cells exposed to increasing concentrations of zinc gluconate
(0-30 umol/L) for 24 h, as evaluated by the CCK-8 viability assay. Values are derived from five independent experiments; (B) Viability of
Huh7.5.1 cells exposed to increasing concentrations of ZnSO, (0-30 umol/L) for 24 h, as evaluated by the CCK-8 viability assay; (C)
Photomicrographs of Huh7.5.1 cells stained with WGA following treatment with varying concentrations of zinc ions (O to 30 umol/L) for
17 h. Scale bar: 10 pm; (D and E) Statistical data from (C) include migrasome counts per 10 um retraction fibers (D) and the lengths of
retraction fibers (E). For each group, at least 107 cells were analyzed across three independent experiments; (F) Images of eGFP-TSPAN4-
expressing Huh7.5.1 cells incubated with 20 pmol/L zinc gluconate for 17 h and stained with TSQ as a zinc ion marker. A magnified view
highlights the migrasomes and retraction fibers in eGFP-TSPAN4-expressing Huh7.5.1 cells. Scale bar: 40 um; (G) Statistical data from (F)
include migrasome counts per 10 um retraction fibers. For each group, at least 116 cells were analyzed across three independent
experiments; (H) Statistical analyses of relative level of cytoplasmic zinc in (F). For each group, at least 103 cells were analyzed across
three independent experiments; (1) Images of Huh7.5.1 cells expressing eGFP-TSPAN4 incubated with 20 umol/L ZnSO, for 17 h and
stained with TSQ as a zinc ion marker. A magnified view illustrates the migrasomes and retraction fibers in Huh7.5.1 cells expressing
eGFP-TSPANA4. Scale bar: 40 um; (J) Statistical analyses of migrasome counts per 10 um retraction fibers in (1). For each group, at least
104 cells were analyzed across three independent experiments; (K) Statistical analyses of relative level of cytoplasmic zinc in (). For each
group, at least 113 cells were analyzed across three independent experiments. Data are shown as mean = SEM. NS denotes P > 0.05; P <
0.05; "P < 0.01; ""P < 0.007; ""P < 0.0001. (L) Diagram showing zinc ions inhibit migrasome formation. CCK-8: Cell counting Kit-8; eGFP:
enhanced green fluorescent protein; NS: not significant; SEM: standard error of the mean; TSPAN4: tetraspanin 4; TSQ: N-(6-methoxy-8-
quinolyl)-p-toluenesulfonamide; WGA: wheat germ agglutinin.
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Forced zinc ions export reverses the inhibition of migrasome formation

Disulfiram enhances zinc ions efflux through solute carrier family 30A (SLC30A) transporters””®. To
determine whether the inhibitory effect depends on intracellular zinc ions, we treated Huh7.5.1 cells with
disulfiram together with zinc ions supplements. Disulfiram not only increased migrasome numbers on its
own but also fully reversed the suppression caused by zinc gluconate [Figure 2A and BJ; at the same time, the
zinc ions concentration in cytoplasmic was reduced in disulfiram treated cells [Figure 2A and C]. A similar
reversal was observed in cells treated with 20 pmol/L ZnSO, [Figure 2D-F]. At 17 h, the zinc ions
concentration in the culture medium of cells treated with disulfiram plus zinc ions was far higher than that in
the medium of cells treated with zinc ions alone [Figure 2G]. A schematic representation of disulfiram-
mediated zinc ions efflux is shown in Figure 2H.

Blocking extracellular zinc ions uptake reverses zinc ions-induced inhibition of migrasome formation
Zinc transport between intracellular and extracellular compartments is mediated by the solute carrier family
39A (SLC39A) and SLC30A families'”". To prevent extracellular zinc ions from entering cells, we used an
antibody against SLC39A6, which competitively blocks zinc ions uptake. Anti-SLC39A6 treatment alone
increased migrasome numbers and completely reversed the inhibitory effect of zinc gluconate [Figure 3A
and B]. Cytoplasmic zinc ions levels were lower in anti-SLC39A6-treated cells [Figure 3A and CJ. The same
effect was observed with ZnSO, [Figure 3D-F]. After 17 h, zinc ions concentration in the culture medium of
cells treated with anti-SLC39A6 plus zinc was much higher than that of cells treated with zinc ions alone
[Figure 3G]. The proposed mechanism of antibody-mediated blockade is illustrated in Figure 3H.

Zinc ions supplementation reduces migrasome numbers and impairs platelet function in mice

To test whether ZnSO, affects migrasome numbers in vivo, mice were injected intraperitoneally once with
ZnSO, (17 pmol/kg) or saline, and whole-blood migrasomes were isolated 24 h later [Figure 4A]. ZnSO,
treatment significantly reduced circulating migrasome counts relative to saline controls [Figure 4B and C].
Next, we assessed platelet parameters. Blood collected 24 h after injection showed significant decreases in
platelet count [Figure 4D] and platelet aggregation [Figure 4E], along with increased bleeding volumes
[Figure 4F-H]. As migrasomes have been reported to promote platelet release from neutrophils and to
influence platelet counts and function [Figure 41]""%, these results suggest that ZnSO, impairs platelet

production and activation, potentially compromising hemostatic function.

We then tested zinc gluconate under similar conditions. Intraperitoneal injection of 17 pmol/kg zinc
gluconate also reduced whole-blood migrasome numbers [Figure 5A and B] and led to lower platelet counts
[Figure 5C] and aggregation [Figure 5D], with increased bleeding volume [Figure 5E-G]. Together, these
results show that both zinc ions supplements reduce migrasome availability and impair platelet function,
thereby potentially affecting hemostasis [Figure 5H].

Physiological zinc ions concentrations suppress cholesterol level

Next, we examined the transcriptional response to ZnSO, and zinc gluconate. RNA-seq of Huh7.5.1 cells
incubated with 20 pmol/L of each compound identified 2,693 up-regulated and 2,590 down-regulated genes
in ZnSO,-treated cells relative to controls [Supplementary Figure 2A], and 3,000 up-regulated and 2,846
down-regulated genes in zinc gluconate-treated cells [Supplementary Figure 2B]. Both treatments shared
4,826 regulated genes [Supplementary Figure 2C]. GO and KEGG enrichment analyses revealed significant
changes in lipid metabolism [Figure 6A], with most cholesterol metabolism genes down-regulated [Figure
6B] and most cholesterol synthase genes up-regulated [Figure 6C]. Filipin staining confirmed that both zinc
ions treatments markedly reduced plasma membrane cholesterol levels after 17 h compared with untreated
controls [Figure 6D-G].


https://file.oaecenter.com/published/pdf/3c9423ef61c192179e6af107dc6dc465/1794195975/evcna70126-SupplementaryMaterials.pdf
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Figure 2. Removal of intracellular zinc ions can reverse the inhibition of migrasome biogenesis induced by zinc ions. (A) Images of eGFP-
TSPAN4-expressing Huh7.5.1 cells incubated with 20 umol/L zinc gluconate, 5 pmol/L disulfiram (which can pump zinc ions out of the
cells), zinc gluconate with disulfiram, or a mock treatment for 17 h and stained with TSQ for zinc. Scale bar: 40 um; (B) Statistical analyses
of migrasome counts per 10 um retraction fibers in (A). For each group, at least 122 cells were analyzed across three independent
experiments; (C) Statistical analyses of relative level of cytoplasmic zinc in (A). For each group, at least 135 cells were analyzed across
three independent experiments; (D) Images of eGFP-TSPAN4-expressing Huh7.5.1 cells incubated with 20 pmol/L ZnSO,, disulfiram,
ZnSO, with disulfiram, or mock treatment for 17 h and stained with TSQ. Scale bar: 40 um; (E) Migrasome counts per 10 pm retraction
fibers from (D). For each group, at least 111 cells were analyzed across three independent experiments; (F) Statistical analyses of relative
level of cytoplasmic zinc in (D). For each group, at least 109 cells were analyzed across three independent experiments; (G) Concentration
of zinc ions in the huh7.5.1 cell culture after treatment with 20 pmol/L ZnSO,, 20 umol/L zinc gluconate, 5 pmol/L disulfiram, ZnSO, with
disulfiram, zinc gluconate with disulfiram and mock for 17 h. Data are shown as mean £ SEM. NS denotes P > 0.05; P < 0.001; ""P <
0.0001; (H) Diagram of disulfiram'’s role in expelling intracellular zinc ions to the extracellular space. eGFP: Enhanced green fluorescent
protein; NS: not significant; SEM: standard error of the mean; SLC30A: solute carrier family 30A; SLC39A: solute carrier family 39A;
TSPANA4: tetraspanin 4; TSQ: N-(6-methoxy-8-quinolyl)-p-toluenesulfonamide.
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Figure 3. Preventing extracellular zinc ions entry can reverse migrasome inhibition. (A) Images of eGFP-TSPAN4-expressing Huh7.5.1 cells
incubated with 20 pmol/L zinc gluconate, 10 ng/mL Anti-SLC39A6 (which inhibits zinc ion entry into cells), zinc gluconate with Anti-
SLC39A6, or a mock treatment for 17 h and stained with TSQ for zinc ions. Scale bar: 40 pm; (B) Migrasome counts per 10 um retraction
fibers in (A). For each group, at least 123 cells were analyzed across three independent experiments; (C) Statistical analyses of relative
level of cytoplasmic zinc ions in (A). For each group, at least 85 cells were analyzed across three independent experiments; (D) Images of
eGFP-TSPAN4-expressing Huh7.5.1 cells incubated with 20 pmol/L ZnSO,, 10 ng/mL Anti-SLC39A6, ZnSO, with Anti-SLC39A6, or mock
treatment for 17 h and stained with TSQ for zinc ions. Scale bar: 40 pm; (E) Migrasome counts per 10 um retraction fibers in (D). For each
group, at least 108 cells were analyzed across three independent experiments; (F) Statistical analyses of relative level of cytoplasmic zinc
jons in (D). For each group, at least 106 cells were analyzed across three independent experiments; (G) Concentration of zinc ions in the
huh7.5.1 cell culture after treatment with 20 pmol/L ZnSO,, 20 umol/L zinc gluconate, 10 ng/mL Anti-SLC39A6, ZnSO, with Anti-
SLC39A6, zinc gluconate with Anti-SLC39A6 and mock for 17 h. Data are shown as mean £ SEM. NS denotes P > 0.05; “P < 0.01;, ""P <
0.001; ""P < 0.0001; (H) Schematic diagram illustrating how Anti-SLC39A6 blocks zinc ions entry into cells. eGFP: Enhanced green
fluorescent protein; NS: not significant; SEM: standard error of the mean; SLC39A: solute carrier family 39A; SLC39A6: solute carrier
family 39 member 6; TSPAN4: tetraspanin 4; TSQ: N-(6-methoxy-8-quinolyl)-p-toluenesulfonamide.
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Figure 4. Effects of ZnSO, on migrasomes and platelet dynamics in mice. (A) Schematic overview of the migrasome isolation workflow
from mouse blood. In step 1, crude migrasomes are collected by concentration. In step 2, migrasomes are further purified with the
Migralso™ Pro Mouse Immune Cell Extraction Kit; (B) ZnSO, treatment inhibited migrasome formation in mouse blood. Scale bar: 40 um;
(C) Statistical evaluation of the data in (B) (n = 11 mice per group); (D) Platelet counts in mouse blood at O and 24 h after ZnSO,
treatment were statistically analyzed (n = 6 mice per group); (E) Representative images of platelet aggregates in blood smears from
ZnSO,-treated mice. Scale bar: 40 um; (F) Assessment of peripheral vascular bleeding in mice after 24 h of ZnSO, treatment (n = 6 mice
per group); (G) Statistical analysis of the results in (F); (H) Peripheral vascular bleeding was compared between mice incubated with
ZnSO, for 24 h and untreated controls (n = 6 mice per group). Data are shown as mean £ SEM. “P < 0.07; “"P < 0.00071; () Schematic
showing how blood migrasomes affect platelet function and coagulation dynamics. SEM: Standard error of the mean; WGA: wheat germ
agglutinin.

To determine whether cholesterol replenishment could reverse this inhibition, 25 pmol/L cholesterol was
added to cells exposed to zinc ions. Cholesterol supplementation significantly increased migrasome numbers
compared with zinc ions-treated controls [Figure 6H and I], and retraction fibers tended to lengthen, though
this change was less pronounced [Figure 6H and J]. These results indicate that cholesterol availability is
critical for counteracting zinc ions-induced suppression of migrasome formation [Figure 6K].
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Figure 5. Effects of zinc gluconate on migrasomes and platelet dynamics in mice. (A) Zinc gluconate treatment inhibited migrasome
formation in mouse blood. Scale bar: 40 pm; (B) Statistical analysis based on (A) (n =11 mice per group); (C) Platelet counts in mouse
blood before and 24 h after zinc gluconate treatment were statistically evaluated (n = 6 mice per group); (D) Images representative of
aggregated platelets in blood smears from zinc gluconate-treated mice. Scale bar: 40 um; (E) Evaluation of peripheral vascular bleeding
after 24 h of zinc gluconate treatment in mice (n = 6 mice per group); (F) Statistical analysis of the data in (E); (G) Peripheral vascular
bleeding in mice after 24 h of zinc gluconate treatment vs. untreated controls (n = 6 mice per group). Values are mean = SEM. “P < 0.07;
P < 0.0007; (H) Diagram illustrating the effect of reduced migrasome levels on blood clotting. SEM: Standard error of the mean.

Effects of zinc ions on sphingomyelin, phosphatidylinositol-4,5-bisphosphate (PI(4,5)P,), guanosine
triphosphate (GTP)-bound Ras homolog family member A (RhoA), and ROS levels

Sphingomyelin is critical for migrasome formation, and previous studies show that zinc ions reduce
sphingomyelin levels”. In zinc ions-treated cells, we observed downregulation of SGMS1, SPTLC1, SPTLC3,
CERS1, CERS2, and NFKBIA, genes associated with sphingomyelin activity [Figure 7A]. Both ZnSO, and
zinc gluconate reduced sphingomyelin levels [Figure 7B]. To test whether sphingomyelin depletion mediates
zinc ions-induced inhibition, we supplemented zinc ions-treated Huh7.5.1 cells with sphingomyelin. Cells
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and ZnSO, models, then subjected to KEGG enrichment analysis of pathways associated with lipid metabolism; (B) Expression levels of
gene clusters associated with cholesterol metabolism; (C) Expression of gene clusters associated with cholesterol synthase; (D) Huh7.5.1
cells incubated with 20 umol/L ZnSO, for 17 h were labeled with filipin. Scale bar: 10 um; (E) Statistical analysis of relative membrane
cholesterol levels in ZnSO,-treated cells. For each group, at least 220 cells were analyzed across three independent experiments; (F)
Huh7.5.1 cells incubated with 20 pmol/L zinc gluconate for 17 h. were labeled with filipin. Scale bar: 10 um; (G) Statistical analysis of
relative membrane cholesterol levels in zinc gluconate-treated cells. For each group, at least 255 cells were analyzed across three
independent experiments; (H) Images of eGFP-TSPAN4-expressing Huh7.5.1 cells incubated with 20 pmol/L zinc gluconate, 20 umol/L
ZnSO,, zinc gluconate with cholesterol, ZnSO, with cholesterol, and 25 pmol/L cholesterol for 17 h. Scale bar: 10 um; (1) Statistical
analyses of migrasome counts per 10 um retraction fibers in (H); (J) Statistical analyses of retraction fiber lengths in (H). For each group,
at least 206 cells were analyzed across three independent experiments. Data are shown as mean = SEM. “P < 0.07; ""P < 0.001; ""P <
0.0001; (K) Zinc ions inhibit migrasome formation, whereas cholesterol supplementation partially restores it. DEGs: Differentially
expressed genes; eGFP: enhanced green fluorescent protein; HMGCR: 3-hydroxy-3-methylglutaryl-CoA reductase; KEGG: Kyoto
Encyclopedia of Genes and Genomes; SEM: standard error of the mean; TSPAN4: tetraspanin 4; TPM: transcripts per million.

supplemented with 10 pmol/L sphingomyelin after zinc ions treatment showed a significant increase in
migrasome numbers compared with zinc ions-treated cells [Figure 7C and D], and retraction fibers showed a
similar but weaker trend [Figure 7C and E]. These results suggest that zinc ions-induced sphingomyelin
reduction inhibits migrasome formation, and sphingomyelin supplementation promotes migrasome
development [Figure 7F].

PI(4,5)P2 is also critical for migrasome biogenesis'*>*. To examine whether zinc affects PI(4,5)P2 levels, we
transfected Huh7.5.1 cells with PH-PLCD1-GFP, a P1(4,5)P2 probe. After 17 h exposure to 20 uM ZnSO, or

zinc gluconate, immunofluorescence showed no significant change in PH-PLCD1 signal [Figure 7G-J].

Signaling through RhoA and its downstream effector Rho-associated protein kinase 1 (ROCK1)"”?. RNA-seq
suggested that actin cytoskeleton and focal adhesion pathways regulate RhoA GTP activity [Supplementary
Figure 2D]. To test this possibility, Huh7.5.1 cells were transfected with eGFP-2x-Rhotekin-GBD, a probe for
GTP-bound RhoA. Immunofluorescence analysis after treatment revealed increased signal in cells treated
with zinc gluconate [Figure 7K and L], but no significant change in ZnSO,-treated cells [Figure 7M and N].

RNA-seq also indicated changes in autophagy, autophagosome, and mechanistic target of rapamycin
(mTOR) signaling upon zinc ions treatment [Supplementary Figure 2D and E]. Both ZnSO, and zinc
gluconate reduced intracellular ROS levels and mitigated ROS activation induced by ZnO-NPs [Figure 70-
R].

DISCUSSION

The present work assessed the impact of two zinc supplements, ZnSO, and zinc gluconate, on migrasome
biogenesis, platelet function, and coagulation in vivo and explored the underlying molecular mechanisms.
Our data show that zinc ions suppress migrasome biogenesis by lowering intracellular levels of cholesterol,
sphingomyelin, and ROS, thereby limiting platelet aggregation and, potentially, thrombus formation [Figure
8].

Transcriptomic profiling was performed on Huh7.5.1 cells exposed to 20 umol/L ZnSO, or zinc gluconate,
revealing significant enrichment of changes in lipid metabolism pathways. Given the dependence of
migrasome formation on cholesterol"*, we measured cellular cholesterol content and observed a marked
decrease following zinc ions treatment. Data from the National Health and Nutrition Examination Survey
(NHANES) have previously linked dietary zinc intake to lower levels of highly sensitive C-reactive protein,
triglycerides, and high-density lipoprotein cholesterol®. In diabetic patients, zinc supplementation also
reduced total cholesterol®”. However, how zinc ions lower cholesterol levels remains unclear. We therefore
measured the activity of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), the rate-limiting enzyme in
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analyzed across three independent experiments; (E) Statistical analyses of retraction fiber lengths in (C). For each group, at least 200 cells
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every group across three independent experiments; (K) Huh7.5.1 cells expressing eGFP-2X-Rhotekin-GBD incubated with or without zinc
gluconate for 17 h. Scale bar: 10 um; (L) Data in (K) were statistically analyzed using more than 129 cells in every group across three
independent experiments; (M) Huh7.5.1 cells expressing eGFP-2X-Rhotekin-GBD incubated with ZnSO, for 17 h. Scale bar: 10 pm; (N)
Data in (M) were statistically analyzed using more than 142 cells in every group across three independent experiments; (O) Huh7.5.1 cells
were incubated for 17 h with 20 umol/L zinc gluconate, 20 pg/mL 30 nm ZnO-NPs, or a combination of zinc gluconate and ZnO-NPs, and
then labeled with DCFH-DA to assess ROS levels. Scale bar: 40 pm; (P) Statistical analysis of relative ROS levels in zinc gluconate-treated
cells. For each group, at least 117 cells were analyzed across three independent experiments; (Q) Huh7.5.1 cells were incubated for 17 h
with 20 umol/L ZnSO,, 20 pg/mL 30 nm ZnO-NPs, or a combination of ZnSO, and ZnO-NPs, and then labeled with DCFH-DA to assess
ROS levels. Scale bar: 40 um; (R) Statistical analysis of relative ROS levels in ZnSO,-treated cells. For each group, at least 132 cells were
analyzed across three independent experiments. Data are shown as mean £ SEM. NS denotes P > 0.05; ‘P < 0.05; “"P < 0.01; ""P < 0.0071;
P < 0.0001. DCF: 2',7'-dichlorofluorescein; DCFH-DA: 2',7'-dichlorodihydrofluorescein diacetate; eGFP: enhanced green fluorescent
protein; GBD: GTPase-binding domain; GFP: green fluorescent protein; NS: not significant; PH: pleckstrin homology domain; PI(4,5)P2:
phosphatidylinositol 4,5-bisphosphate; PLCD1: phospholipase C delta 1; RhoA: Ras homolog family member A; ROS: reactive oxygen
species; SEM: standard error of the mean; SM: sphingomyelin; TPM: transcripts per million; TSPAN4: tetraspanin 4; ZnO: zinc oxide; ZnO-
NPs: zinc oxide nanoparticles.

Collagen

Migrasomes in bloo

Figure 8. Model depicting the role of zinc ions in migrasome formation. All graphical elements are original, and no third-party copyrighted
material was used. ROS: Reactive oxygen species; SM: sphingomyelin.

cholesterol synthesis. Surprisingly, zinc ions significantly increased HMGCR activity [Supplementary Figure
3]. This is consistent with zinc interfering with the efficacy of statins"”*, which inhibit HMGCR activity"*..
Although our RNA-seq analysis revealed transcriptomic changes in autophagy, autophagosome, and mTOR
signaling after zinc ions treatment, we focused our mechanistic model on cholesterol and sphingomyelin
biosynthesis. This choice was guided by functional rescue experiments: supplementation with cholesterol or
sphingomyelin partially restored migrasome formation in zinc ions-treated cells, providing causal evidence
that these metabolic pathways directly contribute to migrasome biogenesis. In contrast, the changes in
mTOR/autophagy-related genes may represent secondary or parallel responses to zinc ions-induced ROS
reduction, rather than the primary driver of migrasome inhibition.

We previously reported that ZnO-NPs promote migrasome formation"*, whereas the present work shows
that soluble zinc ions exert an opposite effect. This contrast suggests that whether zinc exists as free ions or
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solid compounds determines its influence on migrasome dynamics, probably through different routes of
cellular entry and downstream signaling.

Earlier studies proposed that low concentrations of zinc ions inhibit platelet aggregation via the
prostaglandin I, (PGI,) pathway"*.. However, our transcriptomic data did not detect significant changes in
PGI: synthase or other pathway genes in zinc ions-treated cells. While zinc ions influx during platelet
activation has been characterized”", the direct action of physiological zinc ions concentrations on platelet
aggregation and coagulation factor recruitment during thrombus formation has not been reported. Our
in vivo experiments therefore address this gap by demonstrating that zinc ions directly increase bleeding
volume, and we implicate migrasomes as a mediator of this effect.

In our cell-based assays, both ZnSO, and zinc gluconate inhibited migrasome formation at physiological

concentrations (0-30 umol/L). Notably, this suppression was evident even at 10 pmol/L and was sufficient to
counteract the migrasome-promoting effect of TSPAN4 overexpression, indicating that zinc ions can
effectively counteract migrasome biogenesis within their physiological range.

To verify that the inhibitory action requires intracellular zinc ions, we manipulated cellular zinc ions levels
using disulfiram (which promotes zinc ions export via SLC30A transporters) and an anti-SLC39A6 antibody
(which blocks zinc ions import)"***!. Reducing intracellular zinc ions in cells treated with either supplement
restored migrasome numbers, confirming that the effect is mediated by internal zinc ions rather than
extracellular interactions.

Zinc is required for platelet production, and both chronic and acute zinc deficiency impair platelet formation
and coagulation">**. Because migrasomes contribute to thrombus formation"?), the zinc ions-induced
reduction in migrasomes might be expected to limit thrombosis. To test this in vivo, we administered a low
dose of zinc ions intraperitoneally to mice. Within 24 h, circulating free migrasomes decreased markedly,
and platelet counts and coagulation parameters were also altered, consistent with the idea that zinc ions-
mediated suppression of migrasomes limits thrombus formation. However, translating this finding into an
antithrombotic strategy faces several obstacles. Zinc ions have a narrow safety window. While adequate
intake is essential, excess zinc ions can cause copper deficiency, gastrointestinal distress, and other adverse
effects””. The antithrombotic efficacy of zinc has not been compared with that of established drugs such as
aspirin, clopidogrel, or direct oral anticoagulants, and whether zinc supplementation offers any advantage in
efficacy or safety is unknown. Further studies are needed to determine whether zinc can reach therapeutic
concentrations at sites of thrombosis without systemic toxicity and to compare its effects directly with
current clinical therapies.

Our study has several limitations. First, we did not validate the RNA-seq changes in autophagy,
autophagosome, and mTOR signaling by Western blot for markers such as p-mTOR, p-p70S6K,
microtubule-associated protein 1 light chain 3 (LC3)-I/IL, and p62. These changes may be secondary to the
zinc ions-induced reduction in ROS rather than direct drivers of migrasome inhibition. Second, zinc
increased HMGCR activity, which is difficult to reconcile with the reduced cholesterol levels we observed,
leaving the link between zinc ions and cholesterol suppression unresolved. Third, our cell-based assays relied
on Huh7.5.1 cells, which are not endothelial in origin. Endothelial cells would provide a more physiologically
relevant context for thrombosis. Fourth, only male mice were used, and sex differences in zinc metabolism
and coagulation could affect the generalizability of our results. Fifth, we administered zinc intraperitoneally
rather than orally, which does not fully mimic dietary intake. Finally, although we measured migrasome
numbers, platelet counts, and bleeding volume, we did not use a direct thrombosis model. The conclusion
that zinc suppresses thrombosis should therefore be considered preliminary and warrants further validation.
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Conclusion

In summary, our data show that zinc ions regulate migrasome formation via cholesterol, sphingomyelin, and
ROS, and that this regulation affects platelet function and thrombosis. These findings establish a connection
between trace element homeostasis and migrasome-mediated hemostasis, and point to zinc ion modulation
as a potential avenue for therapeutic intervention in thrombotic disorders. They also raise further questions
about the interplay between zinc, cholesterol synthesis, and organelle biogenesis that merit additional study.
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